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Abstract

Deubiquitinases (DUBs) are critical regulators of ubiquitin signalling, with
direct implications in cancer, neurodegeneration, inflammatory conditions, and
autoimmune diseases. This thesis presents the development of novel chemical tools to
study DUB function, combining radical-mediated bioconjugation strategies,
bioorthogonal chemistry, and lysine-targeted warheads to create novel ubiquitin

constructs.

Building on the well-established thiol-yne reaction, a radical-based method for
protein coupling was developed, enabling the first examples of linking two proteins via
this approach. Using this radical thiol-yne strategy, a di-ubiquitin construct containing
an internal alkene was generated. Although minor amounts of tri-ubiquitin were also
formed via a thiol-ene reaction, steric hindrance largely suppressed trimer formation.
As a result, access to the alkene was effectively restricted to small molecules, sterically
compatible active-site cysteines in DUBs, and potentially other cysteine-containing
ubiquitin-binding proteins. The di-ubiquitin probe was partially purified and
successfully shown to label the cysteine protease DUB OTUB1 via a thiol-ene reaction,
demonstrating promising, if modest, labelling that warrants further study. These
findings reveal the potential of probes containing internal alkenes to label other
cysteine proteases. Complementary approaches, utilising azido-modification of lysine
side chains followed by azide—alkyne cycloaddition, enabled the formation of ubiquitin
dimers bearing terminal alkenes. Terminal alkenes were shown to undergo a thiol-ene
reaction, providing proof of concept for combining these specific biorthogonal

methods to achieve controlled protein crosslinking.

To expand the repertoire of DUB-targeting probes, squaramide-functionalized
ubiquitin constructs were developed, capable of covalently capturing DUBs via lysine
residues near their active sites. These probes demonstrated activity against the
metalloprotease DUB Rpnll, warranting further investigation to elucidate their
binding interactions. Combining the bioorthogonal conjugation methods presented in
this thesis shows promise for designing multifunctional, controllable ubiquitin-based

probes to dissect DUB specificity and function.

By integrating radical chemistry, bioorthogonal reactions, and lysine-reactive
warheads, this work contributes a versatile chemical biology toolkit for probing

ubiquitin signalling and advancing our understanding of the roles of DUB in biology.
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1: Introduction

Chapter 1: Introduction

1.1. Protein  modification and expansion of protein

functionalities

The Human Genome Project was completed in 2003,* however, sequencing the
human genome did not resolve all issues with our understanding of human diseases
and their fundamental causes. This is in part due to the impact of dysregulation in
protein expression, function or Post-Translational Modifications (PTMs) on disease
onset and progression.? Proteomics is a discipline that has emerged as a means of
untangling the purposes of complex, dynamic, and often transient interactions

between proteins.?

Challenges associated with selectively labelling, enrichment and detection of
proteins, and following their interactions in native systems have prompted the
development of biorthogonal reactions that enable selective modification of proteins
in their native environments.* To be fully biorthogonal, tools using these chemistries
should contain functional groups that are not present in living systems, react in a
predictable, specified manner under biocompatible conditions and be inert towards

other native components.

B\ological modificatiop.

eynthetic protein .

g, sermeV? Pressio, .
mutagenesis 4 ' )y

~ - - -

' \ =
Native Protein PTMs I .", .//g’
-t vV o

w l’
LAY
> }- |
Chemical modificatio®™ - 2
v

©famino acid side chain®

r

Unmodified Protein

Modified Protein with
new functionalities

Figure 1: Biological and chemical methods for protein modification.
Chemical and biological modification of proteins affects their physical
properties, alters their pharmacokinetics, or grants them novel functionalities.
Biological strategies for protein modification depicted in Figure 1 include native PTMs,
Genetic Code Expansion (GCE),> semisynthetic protein expression,® and mutagenesis,’
whereas chemical methods include reactions selectively modifying amino acid side
chains.® Applications of controlled protein modification include: the attachment of

polyethylene glycol to therapeutic proteins,® to improve solubility and stability;°
1



1: Introduction

tagging proteins with fluorophores or affinity tags to facilitate tracking and isolation!
12 for academic research®® and medicine;* protein crosslinking;*> and the tailoring of

protein activities for biocatalysis,® biosensing,*” and biomaterials.®

1.1.1. Modifying nucleophilic residues in proteins to alter protein
functions
Post-translational chemical modification of proteins enables their tracking, and
allows control over their localisation, dynamics, and interactions in vitro and in vivo.*
Prominent examples of how chemically modified polypeptides have been harnessed
include the conjugation of therapeutic molecules to antibodies, to create Antibody-
Drug Conjugates (ADCs);* the development of new molecular scaffolds such as cyclic

21 and the modification of enzymatic functionalities.??

peptides for drug discovery;
Protein modification efforts have historically been focused on cysteine and lysine
residues, due to their chemical reactivity. Cysteine residues are strong nucleophiles
with low abundance relative to other amino acids (ranging between 2.26% in mammals
and 0.5% in some Archaea),?* yet, due to their involvement in catalysis and disulfide
bridge formation, their positions are evolutionarily conserved.? Several strategies for
the selective modification of cysteine residues have been reported, including
maleimide derivatives (Figure 2 A),%® radical thiol-ene chemistry (Figure 2 B),%’” and
nucleophilic substitution (Figure 2 C), amongst others. These approaches have been

applied in probing the cysteinome on several occasions.?-3

A ® oo
N
Jé B) }’
hi id S
Thiosuccinimide- ,«ﬂ H  Thiol-ene product
Jﬂ“ PN N
N b
H oo

N /*

SH
o N w
~N N\ﬂ"\‘ . J‘I\N
H
0
Native cysteine Thioether-containing product
Figure 2: Chemical modification of cysteines using A: maleimide derivatives, B:

thiol-ene reaction, C: nucleophilic substitution (X — halide).

Lysine residues on the other hand, are highly abundant®! and often solvent-

exposed, allowing for multiple bioconjugations to be performed in a single reaction,



1: Introduction

for lysine-specific yet target-agnostic profiling of the proteome.?? Lysine side chains
contain a primary amine that is positively charged under physiological conditions.
Many chemical groups have been used to specifically modify lysine side chains. These
include N-hydroxysuccinimide (NHS) esters (Figure 3 C),>® sulfonyl halides (Figure 3 B),
and isothiocyanates (Figure 3 A),*> among others. Reversible lysine-specific probes
containing iminoboronates have also been reported.®® Covalent labelling of targeted
lysines in protein systems with small molecule probes, fluorophores, biotin, and other

polypeptides have been reported.’’

vNH
A HNAS O\\S/OA
) B) HN~ \b
Thiourea- Sulfonamide-
containing product  ~< H\ H containing product
i
(o] I g ” >
X-S-0 o]

S Q. o
s
o]
H H
Jﬂ“\N N\ o w‘\N N o
Ho o H o
Native lysine Secondary amine product

Figure 3: Chemical modification of lysines using A: isothiocyanates, B: sulfonyl

halides (X - halide), C: NHS esters.

Although global lysine modification can be useful for probing the proteome,
labelling of individual, specific lysine residues in a protein can be highly desirable.
Lysines can have significantly different reactivities due to different solvent accessibility
and higher-order protein structure. Cravatt and colleagues reported a
chemoproteomics platform to quantify which lysine residues were highly reactive in
native biological systems.®® Using the sulfotetetrafluorophenyl (STP) electrophile
capable of selectively binding highly reactive lysine residues, they mapped over 9,000
lysine residues and found that 100 had high reactivity. Individual lysine residues could
therefore be targeted, based on their reactivity or proximity to lysine-reactive groups.
Engineered protein ligands containing lysine-reactive moieties such as
2-hydroxybenzaldehyde have been reported to selectively modify specific lysine
residues on the targeted proteins. Selective, proximity-based lysine modification of
enzymes has also been reported. Notably, the primary glycolytic intermediate
1,3-bisphosphoglycerate was found to covalently modify lysines in the active site of

Glyceraldehyde 3-phosphate dehydrogenase, as well as those in other glycolytic
3
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enzymes, resulting in the capture of these enzymes.® In another case, the C-terminal
lysine of a protein nanobody has been conjugated to other biomolecules and small
molecules, using a chemoenzymatic method termed Lysine Acylation Using
Conjugating Enzymes (LACE).*! This technique employs E2 ubiquitin-conjugating
enzymes to attach acyl groups to lysine residues independent of E1 ubiquitin-activating
enzymes or E3 ubiquitin ligases. LACE uses a chemically-activated acyl donor and a
short, engineered recognition sequence on the target protein to modify a specific,
proximate lysine. Collectively, these strategies for cysteine and lysine modification
demonstrate the capacity to selectively alter protein properties. The strategies
outlined here also underpin the construction of clinically important molecules, such as

ADCs.

1.1.2. Linking antibodies to payloads in Antibody-Drug Conjugates (ADCs)

ADCs, seen in Figure 4, are a class of biomolecules that combine the high
specificity of antibodies for disease-relevant molecular targets with the potent
tumoricidal activity of attached payloads for the effective killing of malignant cells.*?
Currently, multiple ADCs have been approved by the FDA as cancer therapies.** Several
bioconjugation strategies have been used to link antibodies to payloads. New methods
for controlled, biocompatible conjugation of antibodies to cytotoxic agents are highly
sought after, as approved approaches often yield ADCs with varying drug-to-antibody
ratios (DARs) and conjugation sites.* Lysine conjugation via NHS esters forms amide
bonds with lysine residues, while cysteine-based conjugation typically uses maleimide

chemistry to link payloads to free thiols after interchain disulfide reduction.

-

The antibody can

activate immune

responses or allow for

. I Cytotoxic reagent is
complex internalisation

@

Figure 4: Components of ADCs. Antibodies (in pink) specific to cancer cells allow

linked via a cleavable or

a non-cleavable bond to

the antibodv

for complex internalisation, or immune modulation, while cytotoxic agents (in

brown) are attached via cleavable or non-cleavable linkages.
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To improve homogeneity and therapeutic profiles, enzymatic techniques that
allow for site-specific incorporation of payloads have been developed. Microbial
transglutaminase (MTGase) was used to exchange a glycosylated glutamine for a
payload-bearing primary amine in engineered or deglycosylated antibodies, enabling
highly controlled attachment of cytotoxic agents.* Attachment of branched linkers by
MTGase was also achieved, increasing the DARs without compromising the specificity

of ADCs.

Sortase A recognises an LPXTG tag engineered into the antibody, mediating
precise conjugation with an oligoglycine-functionalized payload.*®
Formylglycine-Generating Enzyme (FGE) introduces an aldehyde tag (CXPXR motif) that
can undergo site-specific ligation, enabling uniform and high-precision

bioconjugation.”’

Hsu et al. used N-acetylglucosaminyltransferase 3 to conjugate
azide-containing glycans to several glycoforms of HER2-specific antibodies.*® Addition
of cytotoxic payloads via Copper-Catalysed Azide-Alkyne Cycloaddition (CUAAC) was
then performed, and cytotoxic effects on cancer cells were shown. This method
enabled site-specific conjugation of antibodies, without the need for genetic

engineering or glycan synthesis, relying instead of glycan remodelling of antibodies.

1.1.3. Click reactions for bioconjugation
CuAAC reaction allows for efficient, biorthogonal linking of azides with alkynes
via a 1,2,3-triazole ring formation, facilitated by a copper catalyst. CUAAC originally
emerged in 2002 via two independent groups: Meldal* and Sharpless/Fokin.>® In this
reaction, compounds are linked via a stable triazole ring.>! CUAAC has been used in

52 as well as in vitro and in vivo labelling studies.>

many biomedical applications,
Recently, CUAAC was used by McKenna et al. to create Affinity-Based Probes (AfBPs)
capable of interrogating zinc metalloproteases.> It is worth mentioning that probing
metalloprotease DUBs relies on non-covalent chelating of zinc ions.>® This is due to

metalloproteases not forming covalent intermediates upon activation.

Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC) is a copper-free version
of CuAAC reaction introduced by Bertozzi et al.*® It utilizes highly strained cyclooctynes
to accelerate azide-alkyne cycloaddition under physiological conditions. Mbua et al.*’
used SPAAC for live cell glycan labelling, as well as preparation and derivatisation of

different strained cyclooctyne variants.
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Biorthogonal click reactions also include Inverse Electron Demand Diels-Alder
(IED-DA) reactions, which involve tetrazines and strained alkenes, allowing for 4+2
cycloaddition.>® They have been used in nucleic acid, protein, antibody, lipid, glycan,
and bioactive small molecule conjugation.>® Collectively, click chemistry conjugations
have transformed chemical biology by enabling site-specific, efficient, and tunable

bioconjugation.

Radical-based thiol-yne and thiol-ene reactions meet the criteria of click
reactions. They are highly efficient, selective when optimised, can proceed in mild
conditions, produce minimal side reactions, and are highly versatile. Thiol-yne and

thiol-ene reactions have been used in bioconjugation efforts.®°

1.2. Radical chemistry in synthetic protein modification
Radical reactions have been used for decades for the synthesis of natural
products ! and other small molecules.®> More recently, they have found use in the
pharmaceutical industry.®® Several examples of protein modification by radicals formed

from aromatic and basic®

side chains have been reported. Beyond radicals these
side chains, phenolic radicals derived from the small-molecule tyrosine analogue
tyramine have also been used in protein modification. Tyrosyl and tyramide radicals
formed under oxidative conditions, or due to single-electron transfer (SET), can
dimerise, forming dityrosines and dityramides.®® Additionally, tyrosyl and tyramide
radicals can be formed by metal complexes such as Ni(lll) and Ru(I11).%” Tyrosyl radicals

can also crosslink to other aromatic and basic residues. This idea was used to crosslink

viral capsid proteins under radical conditions vig their native tyrosines.%®

Several enzymes can facilitate this radical crosslinking, including peroxidases,®
0 tyrosinases,’® and laccases.”? In the Proximity-Dependent Labelling (PDL) approach,
an enzyme capable of generating tyrosyl radicals is incorporated into a molecular probe.
A molecule containing a phenol group and a chemical handle is also incubated with the
probe. While the probe interacts with its target, the enzyme produces phenoxyl
radicals from nearby phenols, which mediate covalent crosslinking of the chemical
handle to the target proteins. The short lifetime of radicals restricts crosslinking of the
phenol-bearing chemical handles to the immediate protein microenvironment, which
can then be isolated and analysed via mass spectrometry-based proteomic
approaches.”® 7% This workflow is illustrated in Figure 5. Rhee et al.”® expressed a probe
containing horseradish peroxidase (HRP) in mitochondria and incubated it with

biotinylated phenol. Phenoxyl radicals enabled covalent attachment of biotin to nearby

6
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tyrosine, tryptophan, histidine, and cysteine residues via PDL, facilitating proteomic

mapping of mitochondria in living cells.

0 €.

Biotinylated binders

+ H202
1 o WPES é
Probe containing

a peroxidase

Complex protein matrix

Phenoxyl radical generation by the proxidase

Figure 5: PDL approach for radical labelling of proteins, resulting in biotinylated

targets that can be isolated via and identified by mass spectrometry.

Radical-based C-C bond-forming methods, such as addition to alkenes or
cross-coupling with electron-deficient aryl partners,’® have been successfully applied
to the site-selective modification of peptides, notably through the aryl
radical-mediated modification of cysteine residues using eosin Y-catalysed photoredox
reactions under visible light.”” Visible-light’® and electrochemical’ radical generation
have also facilitated the late-stage functionalization of proteins® and in the synthesis

of complex molecules.®!

Building on the success of radical-driven approaches in modifying polypeptides,
researchers sought to apply radical reactions to the far more complex environment of
protein bioconjugation, due to their localised nature, reaction speed, dependence on

proximity, and responsiveness to external stimuli.

Modification of isolated proteins via cysteine radicals has been successfully
performed on several occasions. Taylor et al. leveraged radical thiol-ene chemistry to
create Activity-Based Probes (ABPs) for DUBs, which covalently captured purified
cysteine DUBs, and native DUBs in HEK293T cell lysates.®? Unlike traditional
nucleophilic probes, radical probes contained a latent alkene warhead that remained
inert under ambient conditions. Activation of thiols in cysteine protease DUBs via

7
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photoinitiated radical mechanisms, in the presence of alkenes, enabled precise control
over the timing of DUB capture. This idea was expanded on, with thiol-ene labelling of

DUBs being initiated by exposure to visible light in the presence of Eosin Y.5%

Mitchell et al. reported a method for site-specific peptide and protein labelling,
which allowed for the installation of carbon-carbon bonds through radical-mediated
desulfurative transformations of cysteines.® They used this method for cyclisation of
cysteine-containing unprotected peptides in agueous solution, by visible-light-induced
removal of sulphur, resulting in a new hydrocarbon link.® This method demonstrated
the applicability of blue-light-induced radical reactions for polypeptide modifications

across diverse peptide chain lengths, under ambient conditions.

1.2.1. Application of radical chemistry in living systems
Use of radical chemistry in cells has been limited, due to high reactivity of free
radicals. Additionally, presence of radical scavengers in cellular milieu dampens the
reaction propagation,®” while the high level of compartmentalization in living cells®
limits accessibility of targets in vivo. Radical reactions are an attractive modality for
biorthogonal modification of biomolecules, as they can proceed under mild
conditions,® unlike traditional reactions which require conditions incompatible with

biomolecules.

Despite these hurdles, Geng et al.*® were able to show radical polymerisation
in cellulo. Their approach for light-mediated free-radical polymerisation utilised a
biocompatible radical initiator Irgacure2959, 1 (Figure 6 A), and HPMA, 2 (Figure 6 B),
monomers at non-cytotoxic concentrations. Compound 1 is known to be tolerated by

9%, and the monomers used were not cytotoxic at the tested

several cell types
concentrations. Hela cells containing monomers were exposed to UV light (365 nm)
for 5-15 min, in the presence of compound 1 and once polymers formed, they were
isolated. Their identity was confirmed via MALDI-ToF. Fluorophore acryloxyethyl
thiocarbamoyl rhodamine B (Figure 6 C) was then incubated with HPMA, and after

introduction to cells and radical initiation, fluorescent polymers were detected.
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A) B)

Figure 6 A: 2-Hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone (1,
Irgacure2959), B: N-(2-hydroxypropyl)methacrylamide (2, HPMA), C: acryloxyethyl

thiocarbamoyl rhodamine B salt (3, fluorophore).

Modification of surface-exposed cysteine residues on the surface of living cells,
was achieved by Iwasaki and coworkers.%* Acryloyl-labelled carbohydrates were
exposed to visible light, in the presence of Eosin Y, to modify mammalian cell surfaces
under mild, biocompatible conditions. The method enabled stable glycan conjugation

without compromising cells, demonstrating its utility for surface engineering.

1.2.2. Potential for the use of radical chemistry in biology
Radicals such as Reactive Oxygen Species (ROS) and Reactive Nitrogen Species
(RNS) are naturally formed in aerobic cells by various molecular pathways, including
cellular metabolism®® and immune responses.®® Sources such as heat,” ionizing

radiation®® and immune responses® can also form radicals in cells.

Unpaired electrons cause oxidative stress in biological environments, which
can damage DNA, proteins and lipids, leading to diseases such as cancer, dermatitis,
cataracts, stroke, and asthma.’®” 1! Endogenous human antioxidants quench and

scavenge radicals. Primary antioxidative enzymes include superoxide dismutase,

103 104

glutathione peroxidase,'® catalase,'® and peroxiredoxins.!®” Secondary antioxidant
enzymes which do not neutralise radicals directly, but maintain primary enzymes’
activity include: thioredoxin reductases,®> heme oxygenase-1,% thioredoxins,'® and

paraoxonases.’® Non-enzymatic endogenous antioxidants and radical scavengers

9



1: Introduction

include metal-binding proteins, glutathione, uric acid, melatonin and bilirubin.'°
Exogenous antioxidants, such as flavonoids,!'! vitamins A, E and C, trace minerals,

112

carotenoids and polyphenols,** are also well known to combat oxidation.

Exposure to ROS can lead to oxidation of amino acid side chains. Cysteines can
be oxidised to form thiyl radicals, which can lead to disulfide formation. Cysteine
oxidation to sulfenic, sulfinic and sulfonic acids can also take place.''* Methionine can
be oxidised to form methionine sulfoxide and methionine sulfone,!** while tryptophan
can be oxidised to form a variety of products, including N-formylkynurenine,
kynurenine, and hydroxytryptophan.'*> All of these modifications can alter protein
structures and functions. They can also cause peptide bond cleavage and protein
aggregation. Lastly, carbonylation of lysine, arginine, proline, and threonine residues is
a known marker of oxidative stress connected to ageing and associated diseases.!!®
RNS can modify proteins through nitration of tyrosine residues and S-nitrosation of
cysteine residues,'!’ or oxidation of tryptophan.!!® Cysteine-derived thiyl radicals are

highly reactive in both aqueous and lipidic environments, with polyunsaturated fatty

acids in membranes and protein side chains in cytosol being oxidised.®

Lipid peroxidation is another result of free radicals in cells, especially in the
case of polyunsaturated fatty acids (PUFAs) found in cellular membranes.??® Following
lipid peroxidation, membrane damage, changes in permeability and eventually, cell
lysis take place. Toxic aldehydes such as malondialdehyde and 4-hydroxynonenal,
which can modify DNA and proteins, are also produced. Oxidised lipids can activate

123

immune responsest? and contribute to cardiovascular,?? neurodegenerative,'?® and

chronic inflammatory diseases.?

Free radicals can abstract hydrogen atoms from the sugar-phosphate backbone
of DNA or modify nucleobases, generating a variety of lesions, including base
modifications, single- and double-strand breaks, abasic sites, cross-links, and tandem
damage clusters.'® Guanine can be oxidised, which can mispair with adenine, leading
to mutations.??® DNA can also be crosslinked,'*” or DNA-protein adducts can be formed

due to the presence of free radicals.!?®

Radical reactions can substantially modify biomolecules due to their reactivity;
however, harnessing these reactions with precise control would allow for probing and
manipulation of cellular processes in real time, without interfering with native
biological functions. This could, in turn, open interesting avenues of research in
live-cell imaging, targeted drug activation, and the development of novel tools.

10
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1.3. Activity-Based Probes (ABPs)

ABPs contain three elements:*¥®

chemical traps (also called ‘warheads’) that
covalently bind active enzymes, reporter tags, and a recognition element (as seen in
Figure 7). Reporter tags may include chemical handles or peptides that enable the
manipulation and isolation of enzymes bound to the probe, as well as fluorophores
that allow for tracking of captured enzymes. Importantly, these tags do not interfere

with the probe-enzyme interaction.*°

Recognition
element

Reactive group Reporter group, or
a.k.a. ‘Warhead’ bioorthogonal handle

Figure 7: General structure of ABPs.

ABPs have been widely used in medicinal chemistry to support the discovery,
design, and synthesis of enzyme inhibitors across several classes, including serine and
cysteine proteases.® 132 By directly reporting functional target engagement and
selectivity in biological systems, ABPs facilitate compound discovery and optimisation,
enabling the prioritisation and refinement of active molecules. In drug discovery, small
molecule libraries are typically screened using biochemical and phenotypic assays to
identify compounds that elicit a desired biological effect,'** which may subsequently
be developed into lead compounds through further pharmacokinetic and
pharmacodynamic evaluation.’®* Within this context, ABPs can function either as
reversible or irreversible inhibitors, analogous to therapeutic drugs, or as chemical
probes for selectively labelling and isolating active enzyme populations.’®> The
Activity-Based Protein Profiling (ABPP) approach utilises ABPs to selectively label and
interrogate populations of active enzymes in a proteome.® This strategy is
summarised in Figure 8. This facilitates the discovery of novel drug targets and protein
binders of small molecules, with the potential to elucidate active sites of targets.'®’
ABPs can help gain insight into the metabolic and signalling pathways related to disease,
a benefit demonstrated in cancer investigations.'*® Additionally, temporal activation of
ABPs is possible through external stimuli. In one example, photoactivatable inhibitors
of presenilin 1 and 2 were synthesised. Upon UV irradiation, these probes covalently
bound their targets.’>° In another example, a pH-responsive probe was desighed, which
exhibited near-infrared fluorescence and generated singlet oxygen upon near-infrared

light exposure. The probe's activation was pH-dependent: it was protonated and
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fluorescent in acidic conditions, while remaining inactive in neutral pH

environments.'*

ABP addition
(imitating enzyme substrates)

v set. 34
e L ‘“e " y‘* ig Analysis by LC-MS/MS
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Figure 8: ABPP Strategy for capturing active enzymes using ABPs.

14. Ubiquitination

1.4.1. Ubiquitin cascade
One of the early and highly conserved protein systems is ubiquitination,*** as
well as structurally related ubiquitin-like proteins (UBLs),'* which are thought to have
existed in the Last Universal Common Ancestor (LUCA).1® Ubiquitin itself is a highly
conserved, small protein consisting of 76 amino acids, found in all eukaryotic
organisms.'** Ubiquitination is the addition of ubiquitin to other proteins, as a PTM,
directing protein substrates to various fates, including involvement in immune cell

145 regulation of endocytosis,*® DNA damage response,*” and proteasomal

signalling,
degradation.® In this process, C-terminus of ubiquitin becomes covalently bonded to
a lysine residue of a polypeptide substrate, via an isopeptide linkage, through the
activity of a sophisticated network of Ubiquitin-activating (E1), Ubiquitin-conjugating
(E2) and Ubiquitin-ligating (E3) enzymes, as can be seen in Figure 9. Ubiquitin itself can
be ubiquitinated on one or more of the 7 lysine residues or the amino terminus.
Alternatively, or in addition, ubiquitin lysine residues can be modified by ubiquitin-like

proteins. Finally, ubiquitin lysines can also be acetylated, while serine and threonine

residues can be phosphorylated.
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Ubiquitin precursors
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Figure 9: Sequential addition and editing of ubiquitin to other proteins. Ubiquitin,
E1, E2, E3, DUBs, and ubiquitin precursors - UbB, UbC, UbA52 are highlighted.
Note. Image created by the author using Microsoft PowerPoint (Version 2511).
Structure of ubiquitin visualised using the PyMOL Molecular Graphics System,

Version 3.1.6.1 Schrodinger, LLC. (entry 1UBQ on PDB, in grey).

In the case of polyubiquitination, specific E2/E3 enzyme combinations sequentially
add ubiquitin monomers to one or more of the seven lysine residues within the
ubiquitin sequence itself, or occasionally to the N-terminal methionine, enabling the
formation of ubiquitin polymers with various architectures, including homotypic,
heterotypic, mixed, and branched chains.*> 13° Ubiquitination can be dynamic and
transient, therefore regulatory enzymes are needed for precise control over this
process. DUBs are a crucial superfamily of isopeptidases specific to ubiquitinated
substrates.’® Specific DUBs cleave isopeptide bonds to edit polyubiquitin chains and
remove ubiquitin from substrate proteins.> They are also responsible for the initial
maturation of ubiquitin from precursor polypeptides, thereby regulating the

ubiquitination status and availability of ubiquitin in cells.

The human genome encodes two E1, more than forty E2, six hundred E3 and over
a hundred DUB enzymes,®? highlighting the vast, reversible, and context-specific
potential for ubiquitin addition, trimming, and recycling, that remains to be fully

characterised. When unbalanced, this vast network of enzymes is implicated in

13
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autoimmune disorders,** chronic inflammation,**® cancer,'>® and

neurodegeneration.’

1.4.2. Structure of Ubiquitin

It is important to consider the structure of ubiquitin both as a monomer and as a
polymer, in order to frame the complexity of ubiquitin’s vast and highly regulated
interactions with its many binding partners. Polyubiquitin chains can vary in topologies,
giving rise to a plethora of unique interactions that take place as a result of processing

an unchanging and stable ubiquitin protein.

C-terminal

Figure 10: Crystal structure of ubiquitin highlighting potential linkage sites.
Visualised using the PyMOL Molecular Graphics System, Version 3.1.6.1
Schrodinger, LLC. (entry 1UBQ on PDB, in green), highlighting seven lysine residues
(K6, K11, K27, K29, K33, K48, K63 — in blue), starting methionine (M1 —in

magenta), and the C-terminus (the site of isopeptide bond formation).

Ubiquitin (seen with lysine side chains, methionine 1 and C- and N-termini
highlighted in Figure 10) contains a tight B-grasp fold consisting of a central a-helix, a
short 310 helix, and a mixed B-sheet with five strands and seven reverse turns. Three
hydrophobic residues found on the a-helix and eleven hydrophobic residues from the
B-sheet create a hydrophobic core, reinforced by an extensive hydrogen-bonding
network. Due to these structural features, ubiquitin shows high degree of structural

158 1y 159
pH,

stability when faced with changes in pressure, and temperature.'®®

Several ubiquitin-like proteins (UBLs) are also found in eukaryotes which,
despite lacking sequence homology with ubiquitin, share its conserved B-grasp fold,
highlighting the biological requirement for rigid signalling tags with similar structural
features.®! Small Ubiquitin-Like Modifier (SUMO) is a protein tag impacting substrate

degradation, nuclear-cytosolic transport, and the cell’s transcriptional regulation.®?

14
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Neuronal precursor cell-expressed developmentally down-regulated protein 8
(NEDDS) is a protein that tags substrates for roles in cell growth and development.13
Both deSUMOylases'® and deNEDDylases!®> reversing these processes exist.
Ubiquitin-like analogues and homologues, as well as enzymes for their processing exist

166

in some prokaryotes,™® and even in extremophilic Asgard archaea which are closely

related to eukaryotes.!®’

1.4.3. Functional diversity of polyubiquitin chains
Ubiquitin monomers can be covalently linked through isopeptide bonds to
form polyubiquitin chains, which mark substrate proteins for distinct cellular pathways.
These chains have unique quaternary structures in solution, due to various
hydrophobic patches being exposed, or hidden, depending on the linkage and chain
length. Notably, structural diversity emerges early on in polymer formation, with

distinct three-dimensional confirmations observable in ubiquitin dimers (Figure 11).

K48 K63

Figure 11: Structural diversity of di-ubiquitin linkage types. The panel displays the

distinct three-dimensional conformations adopted by ubiquitin dimers linked via
the N-terminal methionine (M1) or the seven internal lysine residues (K6-K63).
These unique quaternary structures, ranging from compact (e.g., K11, K48) to

open (e.g., M1, K63) conformations, dictate the surface exposure of hydrophobic

patches. This structural topology serves as a specific code, allowing cellular

effectors to distinguish between signals, such as K48-linked chains (proteasomal

degradation) and K63-linked chains (signalling and DNA repair). Reproduced with
permission from Fanklin, T. G.; Pruneda, J. N., PLoS Pathogens 2021, 17(3), in

Figure 1. Copyright: © 2021 Franklin, Pruneda.

Specific roles of some polyubiquitylated chains in protein processing have
been described in the literature. Best-studied are K48-linked polymers.t®®
Polyubiquitylated chains of at least four K48-linked monomers target proteins for
degradation by the 26S proteosome. The second most studied are the effects of
K63-linked polyubiquitination on proteins. Activation of nuclear factor-kB (NF-kB)

complex and, therefore, certain immune responses, endocytosis, DNA repair, or

15



1: Introduction

kinases requires K63-linked polyubiquitination.’®® Similar to K48, K11
polyubiquitination is important in protein recycling via the proteasome. Linear
polyubiquitination through N-terminal Methionine is atypical, although has been
shown to participate in immune responses.’’” 1 The purpose of K29-linked linear
polyubiquitination is not well understood, however, K29-linked branched
polyubiquitination is enriched as a cellular stress response during cell cycle arrest in
G1/S phase,*”? and has been implicated in protein degradation during viral infection.”®
174The cellular fates of substrates modified with polyubiquitin chains linked via K6, K27

and K33 remain poorly understood.

Branched K48/63 chains increase in response to activation of NF-kB
signalling,'’®> K11 branched ubiquitination is involved in cell cycle control, while K11/48

chains are overrepresented in mitosis,'’®

and can be seen as a response to proteotoxic
stress.’’ Interestingly, even polyubiquitin chains unanchored to a substrate, so-called
‘free chains’ have been observed in cellular environments,*”® with functions beyond
the standard ubiquitination pathway, such as second messengers in
interferon-mediated antiviral responses.'® Polyubiquitin architecture can be edited by
deubiquitinating enzymes (DUBs), which further complicates the tracking of specific
polyubiquitination events in vivo. Chains linked through different lysine residues adopt
distinct structural conformations, exposing specific hydrophobic patches that allow
selective binding by downstream partners. This selective recognition directs
polyubiquitinated proteins toward different cellular fates. Despite insights into how

polyubiquitin chain architecture influences protein fate, considerable gaps remain in

our knowledge of the diverse biological roles of polyubiquitin chains.

1.5. Role of DUBs

1.5.1. DUBs and their activities

Over 100 members of the superfamily of DUBs exist in the human genome.
They fall into either cysteine protease or zinc metalloprotease classes, based on their
mechanism of action. Based on their homology, seven distinct families of DUBs have
been described so far. The largest of these is the ubiquitin-specific proteases (USPs).
The other families include ubiquitin C-terminal hydrolases (UCHs), ovarian tumour
proteases (OTUs), MIU-containing novel DUBs (MINDYs), Machado-Joseph disease
protein domain proteases (MJDs), zinc finger with UFM1-specific peptidase domain

protein (ZUFSP), and Jab1/Mov34/Mprl (JAMM) metalloproteases.'® Activity of DUBs
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in vivo is regulated by their differential expression in tissues, restricted localisation

within a cell, and PTMs. 18!

Lack of control over ubiquitin editing contributes to the onset and progression
of certain diseases. In some cases, overactive DUBs can inhibit the degradation of

misfolded proteins, contributing to their accumulation,®

or suppress immune
signalling pathways, attenuating immune responses.'® In other cases, inactive or
downregulated DUBs fail to stabilise tumour suppressors, leading to their

degradation. '8

1.5.2. Diseases associated with disregulated DUBs

Faulty protein processing is related to several ‘Hallmarks of Cancer’.'®7 As a
central mode of marking proteins for degradation, ubiquitination and ubiquitin
processing are often dysregulated in cancer. Ubiquitination controls the cell cycle by
regulating cyclins and Cyclin-Dependant Kinases (CDKs). Sequential activation,
followed by removal of previous cyclin/CDK complexes by ubiquitin-linked proteasomal
degradation drives cell cycle progression.'®1%° DUBs also regulate cell proliferation?®!
through targeting key signalling pathways in cell proliferation, such as the
Whnt/B-catenin pathway.?® 1% Tumour suppressors are also targets of DUBs.?®
Ubiquitination status of tumour suppressor p53 can be changed by ATXN3,% CYLD,®
OTUB1,%” OTUD1,'*® amongst others. Changes in ubiquitin status of members of
PI3K/AKT/mTOR signalling pathway,'®® Androgen Receptor signalling,’®® and
Transforming Growth Factor Beta (TGF-B)?°! are also associated with cancer onset.
DUBs target apoptotic machinery, allowing cellular evasion of death.2%2% Additionally,
DNA damage response elements are subject to ubiquitination.?62° OTUB1, DUB3, and
USP3 stabilise Epithelial-Mesenchymal Transition (EMT) factors in metastatic
carcinomas.?’ 212 Rpn11, a component of the 19S regulatory ‘lid’ of the 26S
proteasome, has also been implicated in human cancer.?® Lastly, high expression of
14-3-3y has been found in breast cancer and Non-Small Cell Lung Cancer (NSCLC),

promoting cell migration,?** and 14-3-3y is regulated by USP37 via deubiquitination.?®®

Mutations that potentially lead to neurodegenerative diseases, including
Alzheimer’s, Parkinson’s, Huntington’s and Amyotrophic Lateral Sclerosis, are often
found in genes involved in protein degradation and clearance pathways. Changes in
DNA damage response, apoptosis and cell proliferation due to dysregulated DUBs
contribute to neurodegeneration. Additionally, autophagy, mitophagy, receptor

trafficking and neuroinflammation are affected in the nervous system by issues with
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specific DUB activities. DEP-domain containing mTOR interacting protein (DEPTOR), an
inhibitor of mTOR is continuously ubiquitinylated and degraded.?'® During starvation,
DEPTOR is stabilised by OTUB1 deubiquitination, inactivating mTOR, and leading to the
formation of unc-51-like autophagy activating kinase 1 (ULK1) complex, starting
autophagosome formation and clearance of toxic proteins. ULK1 is also stabilised by
USP20,2'”> which promotes autophagy initiation. DUBs such as USP30,%%® and USP15
oppose the activity of Parkin. Parkin is an E3 ligase that functions as a tumour
suppressor by ubiquitinating oncogenic or pro-survival factors such as HIF-1a and
mitochondrial GAPDH, promoting their degradation and inhibiting tumour progression.
Inhibiting USP30 may have a positive impact on Parkinson’s disease prognosis.?!® 220
Uncleared ubiquitylated proteins have been found in intracellular inclusions diagnostic
of neurodegenerative diseases, such as: Lewy bodies of Parkinson disease,?*!
neurofibrillary tangles and senile plaques of Alzheimer disease,?? Pick bodies of Pick’s
disease,??®* Rosenthal fibres in astrocytes of Alexander Disease patients,?** Lewy
body-like hyaline inclusions of Familial Amyotrophic Lateral Sclerosis,?*® and
intranuclear inclusions in Huntington’s disease.??® Defects in USP8,%?’ USP13,2%
USP14,%%% USP22,2° USP25,%3! USP46,232 UCHL1,%3and ATXN3%*are also implicated in

neurodegeneration via disrupted protein degradation.

K63-linked polyubiquitination is vital for the activation of immune
responses.?® Specifically, NF-kB transcription factor regulates innate immunity through
transcription of pro-inflammatory cytokines. CYLD is a DUB known to directly impact

236 and its substrates often contain K63-linked

components of the NF-kB pathway,
polyubiquitin  chains. These substrates include Tumour-Necrosis Factor
Receptor-Associated Factor (TRAF) family of proteins, TAK1 kinase complex, the IKK
regulatory subunit IKKy, and others.?®” CLYD has also been implicated in susceptibility
to bacterial infection. Loss of CYLD allowed for prolonged mouse survival after acute
lung injury caused by Streptococcus pneumoniage.?®® CYLD additionally diminished
NF-kB activation and lowered immune response in the lungs of mice infected with non-

9

typeable Haemophilus influenzae.®® During viral infection, DUBA inhibits

self-ubiquitination of E3 ligase TRAF3, and thus suppresses Interferon-I activity.?4% 24
Overexpression of OTUB1 and OTUB2 lowered NF-kB activation and therefore immune
response in vitro, while their knockdown caused an opposite effect. Deubiquitinating
TRAF3 and TRAF6, attenuated innate immunity.2*?> CYLD in known to regulate T-cell

development from thymocytes?*® as adaptive immunity is activated. CYLD stabilises

tyrosine kinase LCK interaction with target kinase ZAP70.2** ZAP70, in turn, regulates
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the maturation of T-cells from double-negative to double-positive cells. Several E3
ligases have been noted to be responsible for targeting self-reactive T-cells for
degradation, including CBL-B, TRAF6, GRAIL, ROQUIN and ITCH.?*> USP9X has been
found to regulate ITCH,?*® while OTUB1 was seen to allow for T-cell anergy — a process
where T-cells are inactive to antigens, but are left alive for extended periods of time in
a functionally attenuated state.?”” CYLD is involved in T-cell activation through
impacting IKKy and TAK1.2*® B-cell maturation in adaptive immunity requires signals
from the previously described NF-kB pathway, making CYLD a crucial regulator for this

process.’*

Although prokaryotes do not produce ubiquitin, they evolved specific DUBs
which cleave polyubiquitin and UBL protein chains.?*° Several examples of DUBs unique
to prokaryotes have been described in literature.?*! Viral tegument-like deubiquitinases
have been demonstrated to actively diminish cellular ubiquitin-dependent processes,

suppressing innate antiviral responses.

1.6. Probing cysteine protease DUBs

DUBs can be probed using a variety of recognition elements, including small
molecules that mimic ubiquitin or substrate motifs, inhibitors that selectively engage
particular DUBs, and ABPs that covalently label active enzymes. Together, these tools
allow the study of DUB activity, specificity, and regulation in vitro and in cells, and can

also inform the development of therapeutic inhibitors targeting DUBs.

1.6.1. Small-molecule probes of cysteine protease DUBs
Many small-molecule ABPs of DUBs have been reported in the literature.?>% 253
Some of them include fluorescent ABPs such as 8RK59 (Figure 12 A, compound 4), and
its rhodamine-tagged derivative 9RK87 (Figure 12 B, compound 5), which covalently
label UCHL1 in vitro, in cell lysates, live cells and zebrafish embryos.?** Another UCHL1
probe, GK13S (Figure 12 C, compound 6) has a high specificity for that DUB even in

cellular contexts.?>®
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Figure 12: UCHL1-specific small-molecule binders. A: fluorophore 8RK59 (4), B:
fluorophore 9RK87 (5), C: cell-permeable ABP of DUBs, GK13S (6).

Some small-molecule pan-DUB include IMP-2373 (compound 7, Figure 13
A),%*% a pan-DUB ABP, and N-methylpyrrole derivatives, compounds 8 and 9, which are

USP-specific (Figure 13 B and C, respectively).?®’
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Figure 13: Small-molecule binders of DUBs. A: IMP-2373 (7),
B: N-benzyl-4-(2-chloroacetyl)-1-methyl-1H-pyrrole-2-carboxamide (8),
C: 4-(2-chloroacetyl)-N-(4-ethynylbenzyl)-1-methyl-1H-pyrrole-2-carboxamide (9)

1.6.2. Non-covalent protein-based probes of DUBs

DUB activities can be profiled using ABPs with ubiquitin scaffolds, as these
contain large recognition elements imitating DUB substrates. First ubiquitin-based
covalent probes for DUB activity were reversible, with aldehyde (Ubal, compound 22,
seen in Figure 15),%% and nitrile (Ub-CN, 16, seen in Figure 14)*° warheads on the
C-terminus.?° Probes 22 and 16 have been used to help crystallization studies, gain
mechanistic insights into DUB activities, and reveal protein complex associations.?% 262
Reversible binding of 22 has helped in structural investigations. For example, OTUB1

study has shown that conformational changes occur upon initial binding to 22,

allosterically increasing the affinity of OTUB1 to the second ubiquitin.?®3

1.6.3. Second-generation covalent probes of DUBs
Irreversible ABPs for DUBs were created as an alternative to reversible binders.
The first example of an irreversible ubiquitin-based ABP targeting DUBs contained a
vinyl sulfone (Ub-VS, compound 11, seen in Figure 14) trap in place of the C-terminal
Gly-76 residue. The Michael acceptor of the vinyl sulfone was situated at ubiquitin’s
C-terminus, imitating the natural position of DUB attack, and labelled the catalytic
cysteine residue via conjugate 1,4-Michael addition. Many Ubiquitin and UBL ABPs

with thiol-reactive electrophilic warheads that undergo conjugate (1,4) addition have
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been reported since, including Ub-VSPh (12), and Ub-OEtVS (14), thioacrylonitrile
(Ub-CN, 16), vinyl cyanide (Ub-VCN, 13), methyl ester (Ub-VME, 15),%* and
dehydroalanine (Ub-Dha-N-methylamide, 17).

Enzymatic hydrolysis: native bond
DUB target : ‘—\
~ 0 ) {
o~ R N———"
I sH {
Ka8-linked diubiquitin (10) Aetive DUB
Conjugate (1,4) addition
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Figure 14: Cysteine-reactive warheads and their mechanisms of action —

compared to native isopeptide bond. Ub - Ubiquitini.zs.

Ub-Prg (23), which contains an alkyne warhead (seen in Figure 15), reacts with
cysteine protease DUBs via direct (1,2) addition. Catalytic cysteine performs a direct
nucleophilic attack on the terminal alkyne.?®® The transition state between an alkyne
and a vinyl thioether is stabilised by the oxyanion hole within close proximity to the

active site.2%®
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Ub-Lac (21) is an electrophilic ABP seen in Figure 15, which forms an
irreversible covalent bond with the catalytic cysteine of DUBs via nucleophilic attack
and ring opening of the strained B-lactone warhead. Other electrophilic ABPs may
incorporate leaving groups, such as halides, enabling nucleophilic substitution by the
activated catalytic thiol of a target enzyme. These include Ub-Br2 (18), Ub-Br3 (20) and
Ub-CI (19).25” Ub-Monomeric probes have been found to broadly target all DUBs, with

little preference for any specific family.?7- 268

Nucleophilic su bstltutlon

/z_f\rrN\/\Br - //J\w“\/\c'
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Ubal (22) Ub-Prg (23)

Figure 15: Additional cysteine-reactive monomeric probes of DUBs that act via

nucleophilic substitution or direct 1,2-addition.

1.6.4. Multimeric ubiquitin probes
Ubiquitin is most commonly found in polymeric forms when functioning in
signalling.?®® Di-ubiquitin probes have the advantage of targeting specific DUBs by

mimicking the isopeptide linkage and incorporating an extended recognition motif.

Several di-ubiquitin probes have been reported in the literature, featuring
chemical traps either between the proximal and distal monomers or within the
inter-ubiquitin linker. An azide-containing ubiquitin monomer (24) was conjugated to

an alkyne-functionalized Ub-VME (25) via a CuAAC reaction, forming di-ubiquitin

23
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probes with VME-like activity (Figure 16).2° Dimers mimicking all seven isopeptide

linkages, as well as a methionine-linked dimer, were synthesised using this approach.

M1, K6, K11, K27, K29, K33, K48, ‘_\
and K63-linked di-ubiquitin probes —/
BA
‘ r |
Va H\/[NN L‘
N
/\/wo_r
QUB target
SH
]
Active DUB

Figure 16: Di-ubiquitin ABPs with VMA-like activity.

Activity-based di-ubiquitin probes designed by McGouran et al.?’® exhibit
widely varying patterns of enzyme capture and linkage selectivity. For instance, the M1
(linear) di-ubiquitin probe demonstrates unusually broad reactivity, efficiently labelling
USP13, USP25, and USP40, despite these DUBs showing little activity toward native
linear chains in prior in vitro assays.?’* This discrepancy has been attributed to the
triazole-based linker used in the probe, which is longer and more rigid than the native
isopeptide bond and thus confers reduced specificity and heightened promiscuity. In
contrast, many DUB families maintain pronounced linkage preferences. For example,
OTUB1 binds strongly to K48-linked di-ubiquitin probes,?’? while OTU7B shows a strong
preference for K11-linked probes.?”® The USP16 enzyme displays preferential labelling
by K27-linked di-Ub probes, and to a lesser extent, the K29 probe.

Ubiquitin K63C or K48C

NS

O

~4 Ubiquitin C63- or C48-
linked di-ubiquitin ABP

/ﬁ*/\/\ﬁs ti '3<

DUB targe

94 Active DUB

Figure 17: Formation of C63- and C48-linked di-ubiquitin probes.
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Formation of another dimeric ubiquitin probe involved conjugation of a
ubiquitin containing a reactive a-bromo-vinylketone warhead (26) to both a K63C and
a K48C ubiquitin mutant, forming two separate probes, each with an a,B-unsaturated
ketone linker (Figure 17).27* These probes labelled DUBs via a mechanism similar to 15;
however, unlike 15, C48-linked dimers showed specificity for OTUB1, while C63-linked
dimers did not. Both C63 and C48 dimers showed strong binding to USP enzymes, and
neither covalently labelled UCH enzymes. The labelling pattern in cell lysates for both
C48- and C63-linked dimeric probes was greatly simplified relative to 15, with each
probe giving rise to distinct bands not observed with 15. This suggested preferential

binding of dimeric probes to unique DUBs compared to monomeric ones.

SPPS
30

Figure 18: UbGly;sDha-Ub formation. SPPS — Solid Phase Peptide Synthesis.

UbGlyssDha-Ub (27) was also synthesised, as a dimeric ABP (Figure 18).2”> Here,
two ubiquitini.;s monomers were first synthesised, one containing methyl
3-mercaptopropionate at the C-terminus (28), and the other containing Cysteine at the
N-terminus (29). Native chemical ligation of the two resulted in thiol-containing 30,
and transformation of linking Cysteine residue into electrophilic Dehydroalanine with
2,5-dibromohexanediamide (DBHDA, 30) resulted in a di-ubiquitin ABP with
Ub-VME-like functionality, 27. This dimeric ABP had high specificity for OTULIN and
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USP5. Polymeric ubiquitin probes have also been reported, further expanding on

recognition sequences against DUBs.2’®

Ubiquitin containing an alkyne instead of a lysine can undergo a CuAAC
reaction with another ubiquitin containing an azide, enabling the formation of
multimeric structures that have been used as probes for ubiquitin-binding proteins,

including DUBs.?”

1.7. Radical probes of DUBs

1.7.1. Probing DUBs via radical chemistry

1/-\
=

) -:\ . J\H/H\/\
——*‘ , ©
S8 31

Figure 19: Ubiquitin-based ABP containing a terminal alkene (31).

A radically-activated ubiquitin ABP for DUBs has been reported, employing a
UV-initiated thiol-ene reaction to allow DUB labelling in vitro.®? Specifically, OTUB1,
OTUB2, UCHL3 and HEK293T cell lysate containing DUBs were exposed to a
terminal-alkene-functionalised ABP (31), seen in Figure 19 A, under radical conditions.
Proteomic analysis revealed that this radical probe labelled DUBs from several classes.
The radical thiol-ene reaction used by Taylor et al.8? is summarised in Scheme 1. Thiol-
ene capturing of DUBs required proton abstraction from a thiol. The resulting thiyl
radical reacted with the ubiquitin warhead - a terminal alkene - resulting in a carbon-
centred radical. A covalent bond between the C-terminus of the probe and the active
site cysteine was formed. Radicals formed propagated this reaction, as long as the
sample was exposed to UV light. Alkene-containing probe 31 could have off-target
reactions with other proteins containing free thiols; however, preferential labelling of
ubiquitin binding proteins was expected. Degassing samples with nitrogen gas was
required to improve the rate of DUB labelling, making labelling conditions incompatible
with in vivo studies. Moreover, UV light has been shown to degrade proteins?’® through
mechanisms such as disulfide degradation. Despite these issues, radical chemistry as a
novel mode of activating ABPs is attractive, as external stimuli that can be easily
controlled (light or heat) initiate radical formation, allowing linking the active site

cysteine of DUBs and the alkene probe.
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Scheme 1: The radical cycle for a generalised thiol-ene reaction was applied by
Neil et al to label DUBs with a ubiquitin ABP containing a terminal alkene.
1.8. Thesis objectives
Dysregulation of ubiquitin homeostasis contributes to a variety of diseases,
driving the development of inhibitors and probes targeting the ubiquitination
machinery. Among these, DUBs play context-specific roles in determining the fate of
ubiquitinated proteins, though their functions remain incompletely understood. While
small-molecule ABPs and inhibitors have been developed for certain cysteine protease
DUBs, and several pan-DUB ABPs have been reported, many DUBs still lack selective
tools for interrogation. For example, no covalent small-molecule ABPs have been

reported for metalloprotease DUBs.

Monomeric ubiquitin-based ABPs containing electrophilic warheads have
shown strong potential in selectively capturing many cysteine protease DUBs. Recent
advances include the use of radical thiol-ene reactions to capture DUBs on demand in

cell lysates, offering an exciting approach for controlled and temporally precise probing.

To more accurately mimic native DUB substrates, ABPs incorporating larger
recognition elements, such as di- and tri-ubiquitin with near-native linkages, have been
developed. However, the reviewed literature highlights a lack of multimeric ABPs

capable of context-specific and time-resolved probing of polyubiquitin editing by DUBs.

Integrating radical-initiated DUB capture with the linkage-specific recognition
of polyubiquitin chains by DUB subsets offers a promising strategy for developing tools
that reveal DUB specificities. Such tools could significantly enhance our understanding
of DUB function and support the development of targeted DUB inhibitors. This thesis
aims to expand the toolbox of protein bioconjugation methods and to form novel

probes of DUBs which can be temporarily activated. Methods described in this thesis
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could be applied to the construction of novel protein constructs that could target a

variety of other cysteine proteases.

Chapter 2 focused on performing light-activated radical thiol-yne and thiol-ene
reactions between a ubiquitin construct containing a terminal alkyne and a small
molecule containing a thiol. The reaction proceeded via sequential thiol-yne and
thiol-ene additions, leading to either mono- or bis-adducts, without control over the
extent of functionalization. Additionally, biocompatible model systems for thiol-ene
labelling of DUBs were explored. One application of the proposed radical thiol-yne
bioconjugation method was the controlled formation of dimeric ubiquitin-based ABP
with a sterically hindered internal alkene linkage. This construct was designed to mimic
native substrates of specific DUB subfamilies and, in principle, could undergo thiol-ene

addition at the active site cysteines of DUBs.

In Chapter 3, the controlled formation of di-ubiquitin constructs via thiol-yne
chemistry was investigated, followed by efforts to purify the resulting products and test
their activity in model DUB systems. Due to significant steric hindrance surrounding the
internal alkene, the second thiol-ene addition is unlikely to occur efficiently. As a result,

the reaction predominantly yielded mono-adducts.

In Chapter 4, the formation of a di-ubiquitin construct containing a terminal
alkene was explored. To mimic the native isopeptide linkage found in physiological DUB
substrates, lysine residues on the terminal alkene-containing ubiquitin monomer were
subjected to azido-exchange, followed by CuAAC reactuion with a second ubiquitin
monomer bearing a terminal alkyne. To establish and optimise the azido-modification
protocol, initial experiments were performed on Bovine Serum Albumin (BSA), which
served as a model protein substrate. This methodology was then applied to a ubiquitin
construct containing both an HA tag and a terminal alkene. Subsequent formation of
the di-ubiquitin construct via click chemistry was reported in a 2024 publication in

Organic & Biomolecular Chemistry.?’®

To expand probe repertoire to label metalloprotease DUBs, ubiquitin
constructs containing lysine-reactive mono-suquaramide warheads were constructed
in  Chapter 5. Monomeric ubiquitin constructs containing C-terminal
mono-squaramides could interact non-covalently with model metalloprotease and
cysteine protease DUBs, for long enough to allow covalent binding of non-catalytic

lysines near the active site of DUBs.
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Chapter 2: Radical bioconjugation of thiol-containing
molecules to alkyne-containing ubiquitin ABP

2.1. Objectives

For the construction of di-ubiquitin probes via radical thiol-yne reaction,
ubiquitin monomers containing an alkyne group and a free thiol were required. The
approach selected to achieve this included installation of an alkyne warhead onto the
C-terminus of a ubiquitin construct, resulting in ubiquitin with a terminal alkyne 23, as
well as expression and purification of a lysine-to-cysteine ubiquitin mutant, Ubiquitin
K48C. The structure of 23 is shown in Scheme 1, which also illustrates its activity as an
electrophilic ABP of DUBs. Additionally, ubiquitin-based radical ABP containing a
terminal alkene (31 seen in Scheme 2) was prepared, to test biocompatible conditions

for thiol-ene labelling of DUBs

Scheme 2: Comparison of spontaneous versus light-activated DUB labelling

mechanisms. (Right) Electrophilic probe 23 undergoes spontaneous nucleophilic
attack by the active site cysteine of OTUB1. (Left) Radical-based probe 31 binds

non-covalently to the active site, but remains inert in the absence of a trigger.
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Biocompatible radical conditions for labelling model DUBs via thiol-ene
conditions included incubation of radical ABP 31 with OTUB1, in the presence of
LAP (32), or Riboflavin (33) and co-initiators: TEA (34) or DIPEA (35), followed by visible
light or UV irradiation. Radical activator DMPA (36), seen in Figure 20, and its stabiliser
MAP (37), previously used by Taylor et al. were used for radical initiation, as positive
controls. These initiators and co-initiators can be seen in Figure 20. The objective was
to create a biocompatible protocol for thiol-ene labelling of DUBs that could be used

for in vivo investigations in the future.
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Figure 20 A: Structures of Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP,
32), B: Riboflavin (33), triethanolamine (TEA, 34), C: N,N-Diisopropylethylamine
(DIPEA, 35), D: 2,2-dimethoxy-2-phenylacetophenone (DMPA, 36),

4’-methoxyacetophenone (MAP, 37).

Final objective of this chapter is the application of radical chemistry for the
thiol-yne adduct formation between alkyne-containing ubiquitin monomer and
thiol-containing small fluorophores, and large proteins, for the purpose of developing
a model system that can be applied later to thiol-containing ubiquitin for di-ubiquitin

formation.

2.2. Semi-synthetic construction of ubiquitin ABPs containing
alkyne and alkene warheads, their activation, and preparation of

Ubiquitin K48C

1

Following established procedures,®® monomeric ABPs of DUBs were

constructed (Scheme 3). Construct 38, containing an N-terminal human influenza
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haemagglutinin (HA) tag, ubiquitin sequence 1-75, and an intein domain linked to a
Chitin Binding Domain (CBD) was expressed in BL21 (DE3) E. coli cells. After cell lysis,
intein-containing 38 was captured on chitin beads, while other cellular components
were washed away. An Asp to Ala mutation within the intein sequence resulted in an
equilibrium between the amide and thioester bonds at the N-terminus of intein
domain. Incubation with excess sodium 2-mercaptoethanesulfonate (MESNa, 39)
allowed for thiolysis, resulting in the elution of 40, which contained MESNa at the
C-terminus. Construct 40 was concentrated using 5 kDa MWCO filters, and
N-hydroxysuccinimide (41) was added to the mixture to activate the thioester, in the
presence of a primary amine precursor of the target warhead. The amine could attack
the thioester, leading to the insertion of a desired warhead at the C-terminus of the
construct. Addition of propargylamine (45) and allylamine (46) resulted in the

formation of 23 and 31, respectively, both of which have been reported as DUB ABPs.2%°
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Scheme 3: Construction of monomeric ubiquitin-based probes of DUBs

2.2.1. lIdentification and activity of established monomeric ABPs

Once constructs 23 and 31 were synthesised, their identities were confirmed
by Mass Spectrometric analysis of their tryptic and elastase digests. Trypsin is an
endopeptidase, which cuts proteins after arginine and lysine residues, unless proline
immediately follows them, while elastase cleaves at the C-terminus of alanine, valine,
serine, glycine, leucine or isoleucine. Tryptic digests produced consistent, high-quality
peptides. Elastase digests enabled sequencing of protein regions lacking arginine or
lysine residues, thereby increasing sequence coverage; however, peptide signals were
less consistent and of lower quality. UniProt human protein database was modified to
include the HA tag (amino acid sequence: YPYDVPDYA) and variable modifications of

glycine were added to account for the warheads when searching LC-MS/MS spectra.
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Validated peptide sequences met a 1% Peptide Spectrum Matching False Discovery
Rate (PSM FDR). Alkyne-containing ABP 23 was found with 62.88% validated protein
coverage after trypsin digestion, and 89.08% non-validated protein coverage after
elastase digestion, as seen in Appendix A. Alkene-containing ABP 31 trypsin digestion
resulted in 79.91% validated protein coverage, and elastase digestion with 70.74%
validated protein coverage and the entirety of the HA tag was detected, as seen in
Appendix B. BSA, as well as a water sample, were treated with trypsin and elastase and
run in a sequence on LC-MS alongside both probes, in a random order, to provide a
control for the digestion process and account for instrument calibration. BSA was
detected by LC-MS/MS as a potential contaminant in the UniProt database, with
26.36% protein coverage after trypsin digestion, and 15.49% protein coverage after
elastase digestion, as seen in Appendix C. Samples containing water on their own
showed the presence of both trypsin and elastase, identified as common contaminants,
with 24.28% and 15.49% protein coverage, respectively, as seen in Appendix D. Trypsin

digestions were performed from this point onwards, unless otherwise stated.

To confirm activity of the resulting constructs as ABPs of DUBs, probes were
incubated separately with 1 ug OTUB1 (a model purified DUB), and with 50 ug HEK293T
cell lysate, and samples containing alkene probe 31 were incubated with radical
initiator 36 and co-initiator 37, followed by degassing under a nitrogen stream and
irradiation with UV light. On the anti-HA Western blot, bands from both constructs 23
and 31 were seen at ~10 kDa (Figure 21 A, lanes 1 and 2), while OTUB1 and HEK293T
lysate can be seen on the silver stain (in Figure 21 B, lanes 3 and 4, respectively). OTUB1
is seen on silver stain to be around 34 kDa in size, and after labelling with alkyne probe
23, a second band appears in both Western blot and silver stain at 43 kDa in lane 7.
Alkene probe 31 labels OTUBL1 in lane 5 only under radical conditions, while several
bands corresponding to the presence of the HA tag can be seen in Figure 21 A, lane 6,
suggesting multiple proteins in the cell lysate are labelled under radical conditions by
31. Thiol-ene labelling of DUBs using alkene probe 31 was shown to require radical
intiators previously,® therefore negative controls were not included on this gel. OTUB1
labelling intensity with alkene-containing 31 is lower than the alkyne-containing 23, as
seen on the Western blot and silver stain in Figure 21. Distinct labelling patterns in the

Western blot are seen when cell lysates are incubated with 31 or 23 (lanes 6 and 8).
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Figure 21 A: Anti-HA Western blot and B: silver stain analysis of probes 23 and 31
binding DUBs in model systems, OTUB1 and HEK293T cell lysate. Radical initiation
required the addition of 36 and 37, degassing under a nitrogen stream, and

irradiation by UV light for 2.5 min.

2.2.2. Investigating biocompatible radical initiators for thiol-ene chemistry
Monomeric ubiquitin-based ABPs of DUBs with thiol-ene Ilabelling
functionalities could be introduced to living systems, if not for several issues, such as
cytotoxicity of radical initiators. Additionally, prolonged UV light exposure can cause
cell damage.?® 8! Alternative thiol-ene reaction conditions for labelling recombinant
OTUB1 and HEK293T lysates were investigated, beyond DMSO-soluble photoinitiator
36 with co-initiator 37. Initiator pair 36/37 required the removal of oxygen for efficient
thiol-ene labelling, and can be activated only using UV. More biocompatible
photoinitiator systems are needed. Although precedence in literature exists
showcasing thiol-ene ABP initiation using visible light,®* when biocompatible radical
initiators such as Eosin Y are used and the light source is weaker than UV, a low level of
DUB labelling in cell lysates is seen. Recently, progress in biocompatible thiol-ene
labelling of proteins in cell lysates has been reported.® Addition of initiator 1 followed
by UV irradiation showed enhanced protein labelling compared to 36/37. Alternative
activation of radicals via redox mechanism showed most promise, in the case of

manganese (l1) acetate, as it did not require a light source for radical initiation. Taken
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together, several options now exist for minimally cytotoxic thiol-ene radical labelling of

DUBs, which can be used to activate the planned di-ubiquitin construct containing an

internal alkene linker.

Riboflavin (33) was used as an alternative radical initiation system with TEA
(34) or DIPEA (35), and UV or visible light irradiation. Initiator 33 with either
co-initiators 34 or 35 did not require the degassing step, and could initiate radicals
under visible light, and the results of thiol-ene reaction initiation with this system can
be seen in Figure 22. Adding aqueous 34 or 35 solutions with initiator 33 showed
labelling of OTUB1 similar to 36/37. Lane 1 shows 2 pg alkene probe 31, and lane 2
contains 1 pg OTUBI. Lanes 3-11 contain 250 uM radical initiators (either 36 in lane 3,
or 33 in lanes 4-11) and varying concentrations of co-initiators. 500 uM co-initiators 34
and 35, seen in lanes 5 and 8, allowed the best labelling of OTUB1. Using 33 instead of
36 as a radical initiator had the advantage of using visible light, instead of UV, alkene
probe 31 to label OTUB1 (lanes 10 and 11) via radical thiol-ene reaction, although to a
lesser extent than with initiator 36 and UV light. The effect of prolonged exposure to
visible light (30 min) on OTUB1 labelling by probe 31 was investigated in lanes 10 and
11. Although some labelling of OTUB1 by the alkene-containing 31 was seen, 2 min of
UV exposure in the presence of 36/37 resulted in a more intense band at 45 kDa in lane
3 than using 35 with co-initiators. Using 0.5 mM 35 as a co-initiator of 33 was seen to
provide the best OTUB1 labelling, compared to other concentrations of riboflavin

co-initiators, when exposed to UV and visible light.
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Figure 22: Riboflavin (37) as a radical initiator of probe 31, with increasing

concentrations of 34 or 35 as co-initiators, compared to established radical

initiators 36/37.
The reaction was further optimised in Figure 23 by diluting initiator 33 to 125

UM, and using 1 mM of co-initiator 35. This concentration showed the highest intensity
in OTUB1 labelling, seemingly better than the established 36/37 system. UV was used
as a source of energy, as visible light did not seem to provide better labelling. Silver

stain was used to show similar protein content in all wells.
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Figure 23 A: Western blot, and B: silver stain showing optimisation of 33 and
35 concentrations for radical labelling of OTUB1 by probe 31 under UV light.

Once OTUBI labelling was optimised, alkene-containing 31 was incubated with
HEK293T lysate, followed by radical initiation, as seen in Figure 23 A. Lane 1 contained
2 ug of probe 31, while lane 2 contained 1 pg OTUB1. Lane 3 contained probe 31
incubated with the cell lysate, followed by 36/37 addition and UV irradiation for 2.5
min. Lanes 4 and 5 contained increasing amounts of initiator 35, while lane 6 contained
250 uM of initiator 33 and no co-initiators, and was seen to label the cell lysate faintly.
Lane 7 contained both 250 uM 33 and 500 uM 35, and did not show an increase in
band intensity. Lane 8 was a negative control and contained the cell lysate, with 36/37,
without probe 31. Initiators 36/37 showed better labelling intensities in HEK293T

lysates. Figure 22 B shows even loading of lysate samples in all lanes.

It is known that riboflavin 33 at 0.01-100 uM is not cytotoxic in mouse
fibroblasts when kept in the dark, while showing marginal cytotoxicity at 1 uM under
UV light (340-400 nm).%2 500 uM of 33 was seen to be slightly cytotoxic for corneal

).283 Melanoma cells exposed to

cells when exposed to UV light for 30 min (at 370 nm
visible light for over 10 min at 10-25 uM of 33, and bladder cancer cells exposed for

24 h at 10 uM of 33 showed signs of cell death.?®* In the case of 36/37 radical initiation
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system, 2 mM of 36 and brief UV exposure (1-2 min) resulted in 5-30% drop in cell

viability.?®

Although the exact dose of radical initiators required to cause cell death
depends on the cells investigated, as well as the length of UV exposure, 36/37 is more
cytotoxic at higher concentrations (22 mM) under 365 nm UV due to radical generation,
while riboflavin 33 is more cytotoxic at lower concentrations due to ROS production.
33’s cytotoxic effect plateaus at 0.1-0.5 mM, while 36/37 becomes increasingly
destructive beyond 2—4 mM under UV. The results in Figure 24 show that radical
labelling of purified DUBs such as OTUB1 with probe 31 can be achieved with
alternative, potentially less cytotoxic radical initiators. Riboflavin 33 requires both light
and oxygen to generate radicals, while the presence of radical quenchers, such as
superoxide dismutase, catalase, glutathione peroxidase and vitamins C, E, glutathione

and melatonin, as well as other antioxidants?®®

in cell lysates, could significantly
hamper radical labelling. Previously optimised conditions with 36/37 were found to be
more suitable for lysate labelling.
A) B)
Anti-HA Western blot Silver stain
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Figure 24: 33-initiated radical labelling of HEK293T lysate by 31.

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 32) has several
distinct advantages over riboflavin 33 for radical initiation. LAP 32 is more soluble in
water compared to 33,27 and doesn’t require co-initiators. Radical initiation under
visible light with the addition of 32 provided encouraging results, as labelling of

HEK293T lysates and OTUB1 was seen without the need for degassing of samples, nor
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the presence of co-initiators. Lane 1 in Figure 25 contained 1 pug OTUB1, lane 2
contained both probe 31 and OTUB1, without radical initiation, and lane 3 contained 2
ug 31. Lanes 4, 5, and 6 contained probe 31 incubated with OTUB1 after irradiation
with UV for 3 minutes, at 2.5, 1, and 0.5 mM LAP 32, respectively. Labelling under
visible light was performed on ice, in lanes 7, 8, 9 and 10 to make sure heat did not
cause the reaction. Labelling signal was seen at 55 kDa in samples irradiated with UV
and visible light. That could be due to bis-labelling of OTUB1 via catalytic Cysteine 91
and non-catalytic Cysteine 23, or the probe oligomerized before reacting under the
tested conditions. Alternatively, labelled OTUB1 dimer (68 kDa), or a cross-linked
species are the cause for the observed band. Interestingly, excess LAP 32 presence was
detrimental to OTUB1 labelling, and 5 mM of 32 in lane 8 did not show any sign of
OTUBL1 labelling.

Anti-HA Western blot

kDa
2—
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43 ==
34==
26
17 =
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12 345678910
Initiator (mM): 2.5, 0.5,5, 0.5
32
Light source: UV: 2.5 min, Visible light: 60 min
[ e—

Figure 25: Anti-HA blot showing LAP 32 as a radical initiator of probe 31 for
OTUB1 labelling.

LAP 32 was used as a radical initiator of thiol-ene reaction between
alkene-containing probe 31 and HEK293T lysate, as seen in Figure 26. Lane 1 contained
HEK293T lysate, while lane 2 contained probe 31 with lysate, and lane 3 contained
probe 31. Here again, lower concentrations of LAP seem to improve labelling of
proteins when exposed to both UV and visible light. At 5 mM LAP 32 (lane 7), no
labelling of lysate can be seen when visible light is used as the source of energy, while
the best signal is obtained at 0.5 mM 32 (lane 6) when exposed to UV light, and around

10 mM 32 (lane 9) when exposed to visible light.
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Figure 26: Compound 32 used to initiate radical labelling of HEK293T lysate by
probe 31.

Out of the tested radical initiation systems, LAP 32 seems to present a good
compromise in terms of showing some labelling of OTUB1, as well as potentially
allowing in vivo labelling, due to good water solubility, use of visible light for thiol-ene
activation, and lack of degassing required for 36/37 radical activation. It was envisioned
that the construction of di-ubiquitin probes via thiol-yne reaction could be performed
using established methods such as 36/37 radical initiators and degassing. Thiol-ene
activation of the dimeric construct in vitro could then be performed using
biocompatible radical chemistry, with 32 as a radical initiator under visible light, or

Irgacure2959 1 under UV light.

2.3. Small molecule adduct formation via thiol-yne reaction

2.3.1. Thiol-yne reaction between 23 and fluorophore 42

Previous studies by the McGouran group have revealed conditions needed for
free-radical-initiated thiol-ene reaction between thiol-containing DUBs and ubiquitin
probes containing alkene warheads.® In this section, alkyne probe 23 was shown to
undergo a similar thiol-yne conjugation reaction with thiol-containing small

fluorophores and proteins under radical conditions. Thiol-yne reaction should result in
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an internal alkenyl sulfide moiety connecting 23 and its binding partner. The goal of

this work is for the newly formed alkene linkage to undergo further functionalisation

via thiol-ene chemistry, creating a time-resolved trapping mechanism for other

thiol-containing molecules.

To study this idea, a small fluorophore containing a free thiol group was first
used as a model for the proposed thiol-yne reaction, as seen in Scheme 4 A.
Thiol-containing fluorophore 42, generously provided by Dr. Laura Ramirez Lazaro, has
an excitation maximum in the near UV range (~300 nm), while having emission in the

yellow/green range (~¥500 nm), features that can be used in gel visualisation.

Athiol-yne reaction was performed between 42 and 23, resulting in the protein
being modified with either one or two molecules of the fluorophore 42, resulting in 72.
This was visualised via SDS-PAGE. Fluorescence of the adducts at 600 nm was
confirmed, as seen in Scheme 4 B. 23 incubated with 42 without radical initiation
formed no adducts, which was visualised by a slight fluorescent band containing
unreacted molecules (lane 1). Under radical conditions, 23 reacted with 42, forming a
fluorescent band slightly above the unreacted molecule (lane 2). Increase in
fluorescence was due to adduct formation with the fluorophore, via thiol-yne and
potentially thiol-ene reactions. Alkyne-containing 23 alone was present in lane 3, and
emitted faint background fluorescence when visualised. To confirm the reproducibility

of the observed reaction, technical replicates of samples in lanes 1 and 2 were resolved
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on the same gel, in lanes 4 and 5, respectively (annotated as rep.2).
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Scheme 4 A: Construction of thiol-yne and thiol-ene adducts between 23 and 42,

B: Fluorescence detection of adducts resolved via 18% SDS-PAGE.
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To remove signal interference from unreacted fluorophore 42, NAP-5 gel

filtration columns, followed by concentration using a 5 kDa molecular weight cut-off

filter were employed after radical initiation, prior to resolving samples on SDS-PAGE.

Effects of purifying thiol-yne products can be seen in Figure 26, in both Ethidium

Bromide fluorescence visualisation method and the silver stain.
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Figure 27 A: NAP-5 purification of thiol-yne product and its visualization via 12%

SDS/PAGE, visualized by fluorescence at 600 nm, and B: silver stain.

Alkyne probe 23 alone displayed slight autofluorescence (lane 1). Fluorescence
signal from compound 42 was observed in lane 2, where the fluorophore migrated with
the dye front, forming a band near the bottom of the gel. A smearing effect throughout
the entire length of the lane was observed in samples that contained the fluorophore,
which were not purified via NAP-5 columns, due to the low solubility of fluorophore 42
in water. Lane 3 contains the product of a thiol-yne reaction between 23 and 42,
without removal of unreacted fluorophore 42 from the sample prior to injecting onto
a gel. Smearing of compound 42 seen in lane 3, Figure 27 A interfered with the
visualisation of 23 and 42 adducts, by artificially enhancing the fluorescence
background throughout the lane. Silver stain shows that similar protein amounts have

been injected in lane 3 as in lane 1. Lanes 4 and 5 in Figure 27 contain technical
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replicates of the thiol-yne reaction between 23 and 42, after NAP-5 purification,
annotated as ‘rep.2’. NAP-5 columns were used to separate unbound small molecules
from proteins by trapping small molecules and allowing proteins and protein adducts
to pass through. Fluorescence signal after NAP-5 purification diminished when
compared to lane 3, confirming that unbound 42 interfered with the fluorescence of
thiol-yne reaction products, which still retained some fluorescence when compared to
alkyne probe 23 alone, as seen in lane 1. Lane 6 contained probe 23 and the
fluorophore 42 without radical initiation, after NAP-5 purification. The fluorescence
signal seen in this lane is almost equivalent to the autofluorescence of probe 23 alone

(lane 1), suggesting that the majority of unreacted fluorophore 42 was removed.

To determine if non-specific binding between fluorophore 42 and ubiquitin
could account for fluorescence changes observed under radical conditions, two
ubiquitin variants: Ubiquitin K48C and wild type Ubiquitin (Ubiquitin WT) were
incubated with 42, in the presence or absence of radical initiators, as seen in Figure 28.
Importantly, these proteins did not contain alkyne moieties. They also did not contain
the HA tag, which provides an additional 9 amino acids to alkyne-containing 23,
however, it was not expected that compound 42 would interact with this tag. Lane 1
contained 23 alone, and lane 2 contained 42. Lane 3 contained 23 incubated with 42,
without radical initiation. Out of the three proteins tested, only probe 23 incubated
with compound 42 showed an increase in fluorescence after radical initiation, seen in
lane 4, compared to the same protein incubated with compound 42, without radical
initiation. No background fluorescence was seen in Ubiquitin WT (lane 5). No
difference in fluorescence intensity was observed when Ubiquitin WT was incubated
with fluorophore 42 without radical initiation (lane 6) or under radical conditions (lane
7) - both samples showed similar fluorescence intensity to 42 alone (lane 2). Ubiquitin
K48C showed no background fluorescence on its own; however, faint fluorescent signal
did appear in samples containing Ubiquitin K48C and 42 (lanes 9 and 10). Fluorescence
intensity, however, did not change between UbK48C incubated with 42 in the absence
(lane 9) or presence (lane 10) of radical conditions. Some non-specific reactivity

between the fluorophore and the cysteine mutant could account for this signal.
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Figure 28: Testing the interaction between 42 and different ubiquitin variants

under radical conditions.

UV light exposure required for the radical-mediated thiol-yne reaction
between 23 and 42 was investigated to optimise the reaction. As seen in Figure 29,
probe 23 alone displayed background fluorescence (lane 1) and compound 42 on its
own showed streaking effect (lane 2), both of which have been discussed in Figure 27.
Alkyne-containing probe 23 incubated with compound 42 without radical initiation,
and without NAP-5 purification (lane 3) showed a combined background signal from
the protein and unreacted 42. A clear fluorescent band forming at around 10 kDa mark
was observed when 23 and 42 were incubated with radical initiators, after just 30
seconds under UV light (lane 4), which suggested fluorescent adduct formation. A
noticeable increase in fluorescence intensity took place when the concentration of
radical initiators was kept constant, but UV light exposure was prolonged (lanes 4-7).
Optimal signal intensity was seen after 15 minutes of UV exposure (lane 7). UV
exposure was not prolonged past 2 h, as protein degradation was seen at that time

point.
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Figure 29: UV exposure time course for the thiol-yne/ene reaction between
alkyne-containing 23 and thiol-containing 42.

2.3.2. Thiol-yne reaction between 23 and TAMRA-thiol 43

Successful conjugation of 23 to thiol-containing fluorophore 42 under radical
conditions via thiol-yne reaction warranted further investigation into other
thiol-containing fluorophores. Investigating other fluorophores would confirm the
robustness of the assay, optimise thiol-yne reaction vyields, and test the general
principle of the reaction for other molecules and its versatility in biomolecular
conjugation. Additionally, several features of 42 were found to affect the visualisation
of thiol-yne reaction on a gel, such as significant background interference from probe
23 autofluorescence due to broad excitation and emission maxima, as well as
‘smearing’ of 42 on SDS-PAGE due to its high hydrophobicity. A second fluorophore,
TAMRA-thiol 43 was selected for further studies. The structure of 43 and the reaction

can be seen in Scheme 5, resulting in construct 73.

) HS =
) -~ H Z 43
— N
el hv, initiator N~ A
23 -

Thiol-yne/ene product (73)

Scheme 5: 23 and 43 interaction under radical conditions.
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Fluorophore 43 has a moderate to high solubility in DMSO (>10 mg/mL), high

guantum vyield, high extinction coefficient (= 70,000 cm-1M-1), and a more specific

excitation/emission maxima (551/573 nm),%®® which can be used for SDS-PAGE

visualisation. High fluorescence intensity allows for direct visualisation of thiol-yne

product formation on a gel, and the specificity of excitation and emission wavelengths

helps differentiate between the 43-conjugated proteins and interference from the

background.
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Figure 30: UV exposure time course for the thiol-yne/ene reaction between the

alkyne probe 23 or the alkene probe 31, and thiol-containing 43.

Results of a time course for the thiol-yne reaction between alkyne probe 23
and thiol-containing compound 43 can be seen in Figure 30. Alkyne probe 23 alone
(lane 1) displayed very faint background fluorescence at 10 kDa mark. Similarly,
unreacted 43 formed a slightly fluorescent band (lane 2). High fluorescent intensity can
be seen in a sample containing 23 incubated with 43, under radical conditions, after 30
sec of UV exposure (lane 3). Fluorescence intensity remains the same after between
30 sec and 15 min of UV exposure under radical conditions (lanes 3-8), suggesting the
reaction was completed. Fluorescence slightly diminishes after 30 min (lane 9). As a

control, alkyne-containing 23 was incubated with thiol-containing 43 without radical
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initiation (lane 10), which resulted in a very faint background fluorescence. Terminal

alkene-containing 31 was incubated with thiol-containing 43 and radical initiators

36/37, followed by UV irradiation for 15 minutes (lane 11). This resulted in a

fluorescent band of roughly half the intensity of 23 reacting with 43, providing

evidence for the thiol-yne reaction between 23 and 43 proceeding to thiol-ene reaction,

resulting in the addition of a second 43 fluorophore.

2.3.3. Addition of thiol-containing small molecules to labelled DUBs via thiol-
ene chemistry
Alkyne probe 23 labels cysteine protease DUBs via direct electrophilic addition.
This reaction is stabilised by an oxyanion hole near the catalytic centre of DUBs, and

results in a vinyl sulfide,?*

which should be able to undergo thiol-ene reaction with
molecules containing a free thiol group, under radical conditions (summarised in

Scheme 6).

36/37

15 min UV
H\43

gt

e

L;rb/el ed and fluoresceﬁf\
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Scheme 6: Electrophilic addition of probe 23 to OTUB1, followed by radical thiol-

ene reaction of the complex with thiol-containing 43.

Reaction between thiol-containing molecules (43 and OTUB1) and the
alkyne-containing 23 under radical conditions was investigated in Figure 31. Probe 23

is seen in lane 1, fluorophore 43 in lane 2, and OTUB1 in lane 3. Lane 4 contains 23
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interacting with OTUB1 via electrophilic addition, resulting in labelling seen in the
anti-HA Western blot, and on the silver stain, at 43 kDa. Lane 5 contains probe 23
incubated with compound 43, without further purification. A band in this lane at 10
kDa can be seen on the Western blot, which was also faintly seen via TAMRA
fluorescence, showing slight conjugationof probe 23 by 43 without radical initiation.
Lane 6 contains alkyne probe 23 incubated under radical conditions with 43, without
further purification, followed by the addition of OTUB1 and further incubation.
Anti-HA Western blot only shows a band at 10 kDa due to the presence of probe 23,
and no labelling of OTUB1 can be seen at 43 kDa. Alkyne-containing 23 did not label
OTUBL1, as the probe 23 was modified by TAMRA-thiol. The presence of OTUB1 is seen
via TAMRA fluorescence at 34 kDa. OTUB1 fluorescence suggests that a non-specific
interaction between 43 and OTUB1 could be taking place. Lane 7 contains OTUB1
incubated with 23, followed by the addition of 43 and radical initiation. This resulted
in a complex seen at 43 kDa on the anti-HA Western blot, which was also fluorescent.
Lane 8 contains 23 incubated with 43 and OTUBLI. It shows OTUB1 labelling at 43 kDa.
Lane 9 contains OTUB1 incubated with 43, and here, OTUB1 shows binding to the
fluorophore via non-specific interaction. Lane 10 contains OTUB1 incubated with 43,
with radical initiation. OTUB1 was seen to fluoresce more intensely than without
radical initiation, suggesting non-specific radical interaction between the two
molecules. Lane 11 contains alkyne probe 23 incubated with the fluorophore 43 under
radical conditions. An increase in fluorescence can be seen at 10 kDa on the Western

blot, alongside fluoresces due to TAMRA-thiol covalently binding the probe 23.
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Figure 31 A: Anti-HA Western blot showing fluorophore 43 complex formation
with probe 23 and OTUB1, under radical and non-radical conditions. B: TAMRA

fluorescence of each sample injected on SDS-PAGE.

These results suggest that TAMRA-thiol 43 can interact non-specifically with
proteins such as OTUB1, which do not contain alkyne moieties. Although radical
initiation increases fluorescence intensity of the resulting comple, it is unlikely that
thiol-ene reaction on its own results in this fluorescent signal. To test the idea of
non-specific binding of compound 43, a titration of the fluorophore with labelled

OTUB1 was performed next.

Alkyne probe 23 was incubated with OTUB1, followed by the addition of
various concentrations of fluorophore 43 (from 10 to 0.1 mM). Samples were then
incubated in radical conditions, under UV light for 2.5 min. Figure 32 A shows TAMRA
fluorescence of both OTUB1 and OTUBL labelled with probe 23 diminishes as the
concentration of compound 43 lowers, at a similar rate for both. Lane 1 contains probe
23, lane 2 contains OTUB1, and lane 3 contains OTUB1 incubated with 23. Background
fluorescence due to protein presence in all three lanes was noted. Lanes 4-11 contain
OTUBL1 incubated with alkyne probe 23, followed by fluorophore 43 addition at various
concentrations, and radical initiation. Fluorescence intensity in lanes 4-11 diminished
with lowered fluorophore concentration, however signal intensity in each lane at both

34 and 43 kDa stayed at a similar level. This result suggests that under radical
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conditions both labelled and unlabelled OTUB1 were non-specifically modified by the

fluorophore 43 . Silver stain in Figure 31 B shows equal loading of proteins in each well.
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Figure 32 A: Titration of TAMRA-thiol 43 under radical conditions, checking

non-specific binding to OTUB1/23 complex, B: silver stain of the same gel.

In conclusion, TAMRA-thiol 43 was seen to interact non-specifically with
proteins under radical conditions. The clear interaction between the first
thiol-containing fluorophore, 42 and the alkyne probe 23 under radical conditions was

enough to encourage protein thiol-yne coupling studies.

2.4. Protein model thiol-yne reaction optimisation with BSA

Following successful demonstration of thiol-yne reaction between a small
molecule containing a thiol and alkyne-bearing ubiquitin, protein conjugation using
thiol-yne reaction was attempted. BSA was chosen as a protein model for optimising
thiol-yne bioconjugation reaction as it contains one free thiol group, and seventeen
interchain disulfide bonds. Additionally, BSA should interact with ubiquitin through
hydrophobic forces and those, following denaturation, are not expected to be
visualised in a gel. Serum albumin usually binds a variety of molecules in blood, such
as bilirubin, fatty acids, hormones, metal ions, drugs and toxins, in a non-covalent
manner, and is responsible for maintaining fluid balance and regulating blood pH.?%°

Any covalent interaction between probe 23 and BSA is therefore only expected to
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happen due to radical thiol-yne/ene reaction. A schematic showing radical labelling of

BSA is shown in Scheme 7.

BSA BSA labelled with 23
Scheme 7: Proposed thiol-yne reaction for coupling of probe 23 to BSA.

Using conditions optimised in the previous section, the thiol-yne reaction was
successfully performed between alkyne-containing 23 and BSA, as seen in Figure 33.
Lane 1 in Figure 33 B contained probe 23, and lane 2 contained 1 pug BSA, which was
visible on the silver stain, at 72 kDa. Lanes 3-9 in Figure 33 A showed how an increase
in BSA quantity allowed for an increase in labelling with the alkyne probe 23 (band
formed above 72 kDa on the anti-HA Western blot). Bands above 130 kDa suggest that
UV irradiation in radical conditions breaks down disulfide bridges, allowing for multiple
probes 23 to bind through thiol-yne and thiol-ene couplings. Truncated and hydrolysed
variants of BSA and other proteins related to BSA manufacturing can be seen in lanes

6-11 on the silver stain, beneath 66 kDa.
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Figure 33 A: Radical thiol-yne reaction between probe 23 and BSA. B: Silver stain
showing change in concentration of BSA in each lane.
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It was noted that without UV radiation, 1 pug of BSA can be visualised via silver
stain (lane 2), however, once irradiated in the presence of alkyne probe 23, (lane 3), 1
ug of BSA shows diminished signal, suggesting exposure of the protein to 36/37 and
UV leads to some degree of degradation. This experiment highlighted the correlation
between a change in concentration of thiols and radical-initiated thiol-yne reaction
yield, as the same amount of probe 23 was used in each lane, yet an increase in signal
intensity on the anti-HA Western blot was seen when the concentration of BSA
increased. To investigate the effect of UV exposure on the thiol-yne protein conjugation,
BSA amount was increased to 200 pg, and UV irradiation was performed under radical
conditions for up to 2 hours, seen in Figure 34. Lane 1 on the anti-HA Western blot
contained 2 pg of probe 23, lane 2 contained 200 pg BSA, and lane 3 contained probe
23 incubated with 200 pg BSA. Samples in lanes 4-9 contained 2 ug of probe 23 and
200 pg BSA as in lane 3, exposed to UV light for an increasing amount of time. Figure
34 A showed the strongest signal intensity after 10-20 minutes of UV irradiation (lanes
5-7), and almost no signal after 2 hours under UV. For protein bioconjugation via thiol-
yne reaction using 36/37 as radical initiators, UV exposure time was set to be 15 min
from this point onward, unless otherwise specified. Figure 34 B shows a large

concentration of BSA was used for labelling via the thiol-yne reaction.
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Figure 34: UV exposure time course for the thiol-yne/ene reaction between 23

and BSA.
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2.5. Conclusions and future outlook

These results confirmed the hypothesis that proteins containing alkyne
moieties, proteins containing thiols, can undergo thiol-yne reaction, under radical
conditions, in aqueous environments, possibly following on to thiol-ene conjugation to
other thiol-containing molecules. Protocol for thiol-yne/ene reactions between small
fluorophores and a ubiquitin construct containing a terminal alkyne was optimised. The
first example of time-resolved protein-protein conjugation via radical thiol-yne/ene
reactions was presented. The exact number of alkyne-containing monomers binding to
BSA is unknown, because even though Figure 32 shows a band in the anti-HA Western
blot at 72 kDa, which would correspond to one monomer addition, there is a second
band seen at above 130 kDa, which could be due to multimeric BSA impurities, or due
to several probes 23 reacting with BSA monomers. It is assumed that thiol-yne/ene
reactions could occur between truncated BSA molecules containing free thiols and
alkyne-containing 23, resulting in products seen at 43 and 55 kDa. It is envisioned that
structural studies could help visualise the exact nature of bioconjugation using
thiol-yne/ene reactions, as well as determine if any damage to protein sequence or
structure occurred. Presented thiol-yne/ene reaction for conjugation of proteins could
be used for time-resolved site-specific cross-linking of proteins, which could be applied

in ABP design for a variety of protein targets, including enzymes such as DUBs.

Adduct formation between a fluorophore containing a thiol and the alkyne
probe 23 was successfully performed, which was followed by the first example of
protein-protein thiol-yne reaction. Encouraged by these results, the construction of a

biocompatible radical di-ubiquitin ABP of DUBs was envisioned.
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Chapter 3: Radical di-ubiquitin formation, purification and
application

3.1. Objectives

The main objective of this chapter is the formation of a di-ubiquitin construct
containing an internal alkene, as seen in Scheme 8. Thiol-yne reaction between one
monomer containing a C-terminal alkyne and another containing a single
lysine-to-cysteine substitution would result in the desired product. Steric hindrance

would prevent a second thiol addition via thiol-ene reaction.

A di-ubiquitin construct linked at position 48 was chosen as a target construct,
due to several known DUBs targeting K48-linked polyubiquitination, and an established
link between their dysregulation and disease states. Ubiquitin K48C mutant was
selected as the target thiol-containing protein, alongside alkyne-containing 23. The
specific aims of this chapter are: expression and purification of the Ubiquitin K48C
mutant, synthesis of the di-ubiquitin construct (44) via thiol-yne coupling, exploring
two distinct radical initiation systems, and the optimization of an in-solution

purification strategy to isolate the final probe.
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Scheme 8: Comparing native di-ubiquitin target of DUBs with the proposed semi-
synthetic di-ubiquitin 44.
The secondary objective is the biorthogonal, time-resolved labelling of model
cysteine protease DUB, OTUB1, via radical thiol-ene reaction, as seen in Scheme 9. In
order to label DUBs with alkene-containing constructs, biocompatible radical initiation

systems will be explored. Two aqueous, visible-light-induced, radical initiators were
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explored for thiol-ene labelling of DUBs, alongside a previously published radical

thiol-ene system for labelling DUBs.

Radical
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Scheme 9: Thiol-ene reaction between di-ubiquitin construct 44 and model DUB,

OTUBL1.

3.2.  Thiol-yne reaction for controlled di-ubiquitin ABP formation

3.2.1. Preparation of thiol-containing ubiquitin mutant

Performing the thiol-yne reaction between two ubiquitin proteins required
alkyne-containing 23 and a thiol-containing ubiquitin monomer. Ubiquitin contains no
thiols; therefore, a lysine-to-cysteine mutant was needed. Ubiquitin K48C mutant was
selected as a model for di-ubiquitin construct formation to allow validation against

DUBs known to target this linkage, such as OTUB1.

Plasmid pET3a-Ub-K48C containing Ubiquitin K48C was obtained from
Addgene in DH5a E. coli cell stab. Cells were streaked, single colonies isolated, glycerol
stocks made, and the plasmid was extracted and purified following a standard
protocol.?®* Competent BL21 (DE3) cells were transformed with the purified plasmid
and overexpressed with 0.4 mM IPTG.?*? Cells were pelleted and frozen, followed by
their lysis and optimisation of the protein purification process, as seen in Figure 34.
The purification process started with cell growth (lanes 1-3), cell lysis (lane 4), followed
by protein precipitation with 0.5 % Perchloric acid (lane 6), and the removal of the
precipitate by centrifugation, as seen in the literature.?®® Soluble proteins were then
dialysed to remove the acid (lane 7). Knowing that the melting temperature for the
wild type ubiquitin was calculated to be 90.6 °C,%°* a heating step was added (lane 8).
Dialysed, soluble proteins were incubated at 85 °C for 5 min, and the insoluble
precipitate was again removed by centrifugation. The soluble fraction was filtered

using 10 kDa Vivaspin500 (lane 9) and concentrated using 5 kDa MW(CO filters (lane

54
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11). Digestion with trypsin showed 62.88% validated sequence coverage of ubiquitin,
although peptides containing K48C mutation were not detected. Mass Spectrometric
results are visualised in the Appendix E. The process required for the purification of

the mutant was assessed via silver stain (Figure 35).

Silver stain
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Figure 35: Silver stain analysis of Ubiquitin K48C purification process.

3.2.2. Controlled di-ubiquitin formation

Radical thiol-yne reaction between purified Ubiquitin K48C and probe 23 was
successfully performed, as seen in Figure 36 A. Excess ubiquitin K48C was used for the
first trial of di-ubiquitin formation, as thiol concentration is considered rate-limiting for
the reaction.?® 200, 400 and 800 pg of Ubiquitin K48C showed full conversion with 2
ug of alkyne probe 23 to dimers (44) in lanes 4, 5, and 10, Figure 36 B (at 17 kDa), while
evidence of trimers was also seen (26 kDa). Silver stain showed excess Ubiquitin K48C

used (Figure 45 C).
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Figure 36 A: Schematic showcasing di-ubiquitin formation via thiol-yne
reaction. B: Anti-HA Western blot for the thiol-yne reaction between probe 23

and Ubiquitin K48C. C: Silver stain of the same reactions.

It was noted that, unlike with thiol-yne reaction between probe 23 and BSA,
full conversion of monomers 23 and Ubiquitin K48C to dimers 44 seemed to take place
at high Ubiquitin K48C concentrations. Two additional batches of Ubiquitin K48C were
prepared to test purification and thiol-yne reaction reproducibility, and the minimal

amount of Ubiquitin K48C required to initiate dimer formation was investigated.
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Figure 37 A: Dimer 44 formation at increased thiol concentrations. B: silver stain.
Figure 37 shows alkyne probe 23 undergoing radical thiol-yne reaction with
increasing concentrations of Ubiquitin K48C. Interestingly, at a ratio of 50:1 (100 pg
thiol to 2 ug alkyne), formation of dimers can be clearly seen at 17 kDa. When lower
amounts of Ubiquitin K48C were used, some conversion to 44 was seen; however,
dimers seem to produce broadened bands of lower intensities, due to diffusion of
proteins on the gel. Low protein content might mean that thiols are less likely to be in

proximity to alkynes to allow coupling.

3.2.3. Further Investigating thiol-yne reaction between two ubiquitin
monomers
It has been noted that for coupling between Ubiquitin K48C and probe 23
was very inefficient, and reaction optimisation was attempted. Thiol-yne reaction
should ideally proceed in a 1:1 ratio of thiol to alkyne; therefore methods of

optimising dimer formation were investigated next.
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Figure 38 A: Di-ubiquitin formation at increased alkyne concentrations. B: silver

stain showing even sample loading in lane 1, and in lanes 3-6.

Increasing the amount of alkyne-containing 23 to improve di-ubiquitin 44 yield
was attempted, as seen in Figure 38 A. Lane 1 contained 150 pg Ubiquitin K48C, and
lane 2 contained 20 pg 23. Lanes 3-6 contained between 2 and 20 pg of probe 23,
incubated with 150 pg Ubiquitin K48C. No improvement was observed between
samples with 1:75, 1:30, 1:15, and 1:7.5 ratios of alkyne to thiol. Figure 38 B shows
even loading of samples in lanes 1, and 3-6. Additionally, the effect of heating the
reaction on dimer formation was investigated. Unfortunately, heating the samples up
to 70 °C while shaking, followed by UV irradiation in radical conditions, did not improve
the dimer drastically (Figure 39 A, lanes 3-7, anti-HA Western blot and silver stain).
Lanes 5 and 7 seem to show slightly improved dimer formation, after incubation at

50 °C and 70 °C for 90 min.
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Figure 39 A: Di-ubiquitin formation at increased temperature. B: Silver stain

showing even sample loading in lanes 2-7.
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Changing the radical initiator to compound 1, a UV-activated, commercially
available radical initiator, significantly improved the reaction yields compared to radical
initiation with 36/37, as shown in Figure 40. Lane 1 contains 23, lane 2 contains
Ubiquitin K48C (100 pg), and lane 3 contains 23 with Ubiquitin K48C. Lanes 4-6 contain
2 ug of 23 each, and an increasing amount of Ubiquitin K48C, with high concentrations
of 1 (10 mM), followed by UV exposure for 2.5 min. This contrasted significantly with
UM concentrations of raical initiators 36/37, and 15-min UV irradiation used in lanes
7-9. Lower UV exposure time and high concentration of compound 1 resulted in better

dimer formation and lower protein degradation compared to 36/37.
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Figure 40: Compounds 1 and 36/37, as radical thiol-yne initiators.

3.2.4. Reaction Templating

It has been noted in Figure 37 A that for dimer formation between a thiol of
Ubiquitin K48C and an alkyne probe, a ratio of 10:1 is required. As thiol-yne reaction
would ideally proceed in a 1:1 ratio of thiol to alkyne, a method of optimising dimer
formation was investigated. One hypothesis was that the introduction of a catalytically
inactive OTUB1 (C91S) mutant, which can accommodate both proximal and distal
ubiquitin monomers, would allow monomers to align in the binding pocket, facilitating

thiol-yne reaction. This idea is summarised in Scheme 10.
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OTUB1 C91S
accommodating
monomers

44

Scheme 10: Catalytically inactive OTUB1 C91S to be used for templating of di-
ubiquitin formation via thiol-yne reaction.

Templating of the reaction due to the presence of OTUB1 C91S was not
observed to a significant degree, despite several attempts, at various ratios of OTUB1
C91S, probe 23 and Ubiquitin K48C. Almost a complete loss of signal at 10 kDa can be
seen in Figure 41 A, when OTUB1 C91S is added to the thiol-yne reaction (lane 11),
compared to the same reaction without OTUB1 C91S (lane 7), however, it is unclear
from the anti-HA Western blot alone whether the quantity of dimers has increased.
Only an increase in the thiol-containing monomer had a significant effect on the
formation of the dimeric 44, as seen in Figure 41, and the idea of templated thiol-yne

reaction was not pursued further.
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Figure 41 A: Catalytically inactive OTUB1 C91S trial for templated thiol-yne dimer

formation. B: Silver stain.
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3.3. Labelling of model DUBs via thiol-ene reaction

So far, it was demonstrated that thiol-yne reaction between proteins results in
covalently bound constructs, which should contain internal alkenes. For di-ubiquitin
constructs to label OTUB1, non-covalent interactions between the construct and a DUB
must occur first, followed by radical thiol-ene reaction of the alkene to the catalytic
cysteine. Presence of unreacted probe 23 after dimer formation would have priority
reacting with DUBs, as no activation is required for the alkyne warhead of probe 23. To
test this, dimeric 44 was prepared, and without further purification, incubated with
OTUB1 and HEK293T lysate, followed by radical activation with 36/37 under UV light.
Figure 42 illustrates 23 reacting with Ubiquitin K48C, forming 44 (lane 1). Lane 2
contains OTUB1. No additional band can be seen at 52 kDa in lane 3, which contained
dimeric construct 44 alongside a mixture of unreacted monomers. Instead, probe 23
seems to label OTUB1, resulting in a band at 43 kDa. Lane 4 contains HEK293T lysate,
and lane 5 contains the lysate incubated with a mixture of monomers and dimers,
followed by radical activation. Although many proteins seem to be labelled in HEK293T
lysate treated with the crude mixture containing dimers, these bands are due to DUBs
being labelled by 23 via direct nucleophilic attack by the catalytic cysteines of DUBs.
Silver stain visualisation was performed to ensure equal loading of proteins. This
experiment has not been able to show dimers labelling OTUB1. Low dimer yield, and

the presence of unreacted monomers prevent visualisation of dimers labelling OTUB1,
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Figure 42: Crude 44 reacting with OTUB1 and HEK293T under radical conditions.
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3.3.1. CuAAC for reacting with alkyne-containing 23 in crude 44

In mixtures containing mono- and di-ubiquitin, the unreacted
alkyne-containing probe 23 interacted with OTUB1 by covalently binding catalytic
cysteines. This interaction prevented construct 44 from labelling of the OTUB1 under
radical conditions via a thiol-ene reaction. CuUAAC reaction was therefore performed

on the crude 44 to covalently bind any unreacted probe 23, as seen in Scheme 11.
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Scheme 11: CuAAC reaction between constructs 23 and 31, and compound 47.

CuAAC reaction can help differentiate between probes with alkyne and alkene
warheads, 31 and 23 were separately treated with biotin-PEG4-azide (47), which was
generously provided by Dr. Sean McKenna. CuAAC cocktail containing Copper(ll) sulfate,
sodium ascorbate and Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) was then
added to both samples. Next, activity of the molecules as ABPs was checked, as seen
in Figure 43 A. Probe 23 can be seen in lane 1 and probe 31 in lane 2 of the anti-HA
Western blot. OTUB1 can be seen in lane 3 of the silver stain. OTUB1 was incubated
with 23, showcasing labelling of OTUB1 in lane 4. Probe 23 was reacted with
biotinylated azide 47, and then incubated with OTUBL. Labelling of the OTUB1
diminished almost completely, as seen in lane 5. In lane 6, 31 was incubated with
OTUB1, followed by radical activation, and lane 7 contained 31 reacted with 47,
incubated with OTUB1, followed by radical activation (lane 7). Although small drop in
signal efficiency was seen in lane 7, OTUB1 was labelled by both probe 31 and probe
31 treated with 47 under radical conditions. Lanes 8-11 contain the same samples as
lanes 4-7, with the addition of NAP-5 purification after CUAAC reaction, to check if the
CuAAC reagents or unreacted 47 interfere with the activity of the constructs. Anti-

biotin Western blot (Figure 43 B) shows successful removal of most unreacted 47 by
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NAP-5 purification, when lane 5 is compared to lane 9. Unreacted 47 covalently
interacts with OTUB1 in lane 5, while after NAP-5 purification, only probe 23 (seen at
10 kDa) is biotinylated (lane 9).

A) anti-HA Western blot B) anti-biotin Western blot
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Figure 43: CuAAC reaction inhibits activity of 23 as ABP of OTUB1, while not

affecting activity of 31.

Thiol-yne reaction between alkyne-containing 23 and thiol-containing
Ubiquitin K48C was then performed once more, resulting in crude 44. Crude 44 was

reacted with azide 47 using established protocols,3!3

with results seen in Figure 44.
OTUB1 was then incubated with crude 44 reacted with 47, followed by radical initiation.
CuAAC reaction requires an azide and a terminal alkyne, and alkenes do not participate
in this reaction.”® CuAAC reaction should not interfere with a thiol-ene reaction
between dimeric 44 and OTUB1, and should instead interfere with unreacted probe 23,

preventing it from labelling OTUB1.
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Figure 44: Thiol-yne reaction between probe 23 and Ubiquitin K48C, followed by
CuAAC reaction with azide 47, and thiol-ene labelling of OTUBI1.

Due to successful CUAAC reaction with unreacted probe 23, labelling of OTUB1
is very faint. No clear band at 52 kDa can be seen in lanes 3, 4, or 5, showing no clear
thiol-ene labelling of OTUB1 by dimers. Lane 1 contains probe 23, and lane 2 OTUB1.
Lanes 3-6 contain 5, 20, 40 and 2 pg of Ubiquitin K48C, respectively, which were reacted
with probe 23 under radical conditions, followed by NAP-5 purification and CuAAC
reaction with azide 47. Reacted constructs were incubated with OTUB1 (seen in Figure
44, lanes 3, 4, 5 and 6), followed by second radical initiation. Dimers 44 can be seen
forming at 17 kDa, at increasing amounts of thiol-containing ubiquitin mutant.
Labelling of OTUB1 with unreacted probe 23 can be seen at 43 kDa in those lanes. The
crude 44 needs to be purified and concentrated for the thiol-ene labelling of OTUB1 to

be clearly visible on the Western blot.

3.3.2. Dimer Purification via Size-Exclusion Chromatography (SEC)

A Size-Exclusion Chromatography (SEC) method using Shim-pack Bio Diol-120,
3um, 4.6x300 column was developed for the purification of di-ubiquitin constructs.
Di-ubiquitin constructs were formed through thiol-yne reaction, as previously
described. Briefly, 2 pg of probe 23 was mixed with 50 pg Ubiquitin K48C, in the
presence of 36 (250 mM) and 37 (250 mM). Samples were irradiated with UV light for
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15 min and then diluted 2x in deionised water to stop the reaction. Samples were
injected at 40 pL on a SEC column via direct injection, under isocratic flow, without the
removal of radical initiators. Mobile phase initially consisted of distilled water, pH 7.
This approach resulted in SEC Chromatogram 1. Protein monomers (23 and Ubiquitin
K48C), dimers (44), as well as larger aggregates appear to be eluting at the same time,
between 9-15.5 min, compared to the standards available in the column’s certificate of
analysis. Anti-HA Western blot of fractionated run showed HA-tagged dimers and
monomers co-eluted (Figure 45, lane 3). Monomers containing the HA tag were found
in most of the fractions, from 10 min (lane 2) until the end of the run (lane 9), although
the highest concentration of monomers can be seen in fractions eluting between

10-13 min.
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Figure 45: First attempt at purification of dimer 44 using SEC. Chromatogram 1
shows proteins eluting between 9-15 min, with overlapping peaks. Lanes 2-9 in
the Western blot show monomers containing HA tag at 10 kDa, while dimers can
be seen in lane 3 only, at 17 kDa. Majority of both monomers and dimers coelute

in lane 3.

To improve the separation of dimers, the ionic strength of the mobile phase
was increased. 25 mM ammonium bicarbonate was selected as the additive, as its
volatility ensures compatibility with downstream mass spectrometric analysis and
biological assays. As shown in SEC Chromatogram 2, the addition of salt caused the
dimer 44 to elute earlier compared to the water-only mobile phase, likely by reducing
non-specific interactions with the stationary phase. Western blot in Figure 46 shows

dimers eluting at the same time as monomers containing the HA tag (lane 1), although

the addition of ammonium bicarbonate allowed for slightly earlier elution of dimers.

Monomers containing the HA tag are continuously eluted from 10-15 min.
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Figure 46: Addition of 25 mM ammonium bicarbonate to the mobile phase
resulted in a slight improvement in peak sharpness, seen in Chromatogram 2. This
did not help noticeably with protein species separation, as seen in the Western
blot - lanes 1-8 the show monomers containing HA tag at 10 kDa, while dimers can

be seen at 17 kDa. Majority of both monomers and dimers coelute in lane 1.

Mobile phase composition was then adjusted to 0.2 M Na;HPO,4, 0.2 M NaCl
(pH 7.0), and a flowrate of 0.4 mL/min was used. Radical initiators were also removed
from samples using 5 kDa Vivaspin500 concentrators. Under these conditions,
improvement in peak separation was noted, as seen in SEC Chromatogram 3, however
anti-HA Western blot still determined incomplete separation of proteins (Figure 47).

HA-tag containing ubiquitin monomers 23 started to elute at 5 min (lane 1), and
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continued until 12 min (lane 4), with most HA-Ubiquitin present in 9-12 min fraction
(lane 4). Although HA-tagged dimers 44 showed the highest signal intensity in a
fraction eluted between 7-9 min (lane 3), they could also be seen in between 6-7 min

and 9-12 min.
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Figure 47: Increasing NaCl concentration in the mobile phase to 0.2 M resulted in

an improved, although not complete dimer separation, as seen in Chromatogram
3. This resulted in an improvement in the separation of dimers and monomers, as
seen in the Western blot, with majority of dimers seen in lane 3, while the

majority of monomers are in lane 4. Monomers are coeluting with dimers (lane 3).

It was hypothesised that increasing the amount of NaCl would further improve

protein resolution on the column by interfering with the electrostatic interactions
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between the proteins, as well as between the proteins and the column. The
concentration of NaCl was increased to 0.4 M; however, once the samples were
injected on the column, absorbance dropped significantly, indicating proteins were
crashing out of solution (as seen in Chromatogram 4). Additionally, Western blot
(Figure 48) showed a decrease in peak separation and in signal intensity. Only two
fractions eluting between 7-9 min and later between 13-15 min showed a significant

presence of HA-tagged monoubiquitin 23 (lane 1 and lane 4).
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Figure 48: Increasing NaCl concentration to 0.4 M NaCl resulted in protein
precipitation, as seed by the drop in peak intensity seen in Chromatogram 4. This
did not result in a noticeable improvement in the separation of dimers and
monomers, as seen in the Western blot. Monomers are mostly coeluting with

dimers (lane 1).
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At 1M NaCl in the mobile phase, the vast majority of proteins precipitated out
of solution, resulting in SEC Chromatogram 5, Figure 49. Fractions collected during
that run did not contain enough HA-tagged proteins to allow for Western blot

visualisation.

SEC Chromatogram 5
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Figure 49: Majority of proteins precipitated at 1 M NaCl, as seen by the drastic
drop in a signal intensity in Chromatogram 5. Western blot could not be visualized

due to the lack of signal from the HA tag, and low protein content in each lane.

Salt content in the mobile phase was adjusted back to 0.2 M Na;HPQO,4, 0.2 M
NaCl (pH 7.0). Increase in flow rate should allow for sharper peaks; however, as seen in
SEC Chromatogram 6, Figure 50, although doubling the flow rate to 0.8 mL/min
decreased retention times, it did not improve peak separation. Two large peaks can be
seen starting at 6.5 min and ending at 10 min, which are due to peptides present in the
starting materials used, or due to protein degradation under radical conditions, which

were not efficiently removed by filtering through 5 kDa concentrators.
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SEC Chromatogram 6
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Figure 50: NaCl concentration of 0.2 M in the mobile phase was chosen for further
method optimization. Chromatogram 3 shows that a 2-fold increase in flowrate

did not result in better peak resolution for peaks eluting between 3 and 6.5 min.

30% acetonitrile was then added to the mobile phase that contained 0.2 M
Na;HPO,, 0.2 M NaCl (pH7) with the hope of improving protein separation by
minimising any potential interactions between hydrophobic residues of proteins and
the stationary phase. Flow rate was adjusted back to 0.4 mL/min. No improvement in
protein separation was achieved, however, as seen in SEC Chromatogram 7, Figure 51,
and fractions had to be dried out to remove organic solvent. Once dry, samples would
have to be reconstituted in homogenate buffer before downstream analysis by
Western blot or their use as ABPs. No Western blot analysis was carried out for these

samples, due to a lack of improvement in dimer 44 separation.

SEC Chromatogram 7
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Figure 51: Addition of 30% acetonitrile to the mobile phase that contained 0.2 M

Na;HPO4, 0.2 M NaCl, however it did not improve peak resolution.

Increasing NaCl content to 0.25 M and decreasing Na;HPO,4 to 0.1 M allowed
for a slight improvement of peak resolution, without affecting protein solubility (SEC
Chromatogram 8). Western blot in Figure 52 shows each of the eluted fractions

incubated with OTUB1, a model deubiquitinase, followed by radical initiation. Fraction
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eluting at 7-9 min contained HA-tagged mono and di-ubiquitin. OTUB1 was labelled by
construct 23 present in this fraction (lane 3). Unfortunately, due to small quantities of
di-ubiquitin formation, due to low efficiency of thiol-yne reaction, no clear signal from
OTUB1 labelled with HA-tagged di-ubiquitin can be seen. OTUB1 labelled with
HA-tagged monoubiquitin 23 is most clearly visible in the fraction eluting at 9-11 min,

highlighting the improvement in removal of monomers from earlier fractions.

SEC Chromatogram 8
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Figure 52: SEC method was changed, with NaCl at 0.25 M, Na;HPO4 at 0.1 M, pH 7,
flowrate of 0.2 mL/min. This resulted in an improved peaks resolution, as seen in
Chromatogram 8. This method did not affect protein solubility substantially. The
anti-HA Western blot shows each fraction collected being concentrated and

desalted using 5 kDa Vivaspin filters being incubated with OTUB1 under radical

conditions. No clear labelling of OTUB1 with dimers was seen.

NaCl concentration was increased to 0.3 M, in an attempt to further improve
separation of dimers. Three separate samples containing dimer 44 were run on SEC
and fractionated at 5-6 min, 6-8 min, 8-10.5 min, and 10.5-13 min (as seen in

Chromatogram 9). Respective fractions from each of the three runs were pooled and
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concentrated using 5 kDa filter, followed by their incubation in the presence of OTUB],

and radical initiation.

Western blot in Figure 53 shows that HA-tagged 23 elutes from the SEC column
between 6-13 min (lanes 2, 3, and 4), with the most intense signal coming from the
fraction eluting at 8-10.5 min (lane 3). HA-tagged dimeric 44 is eluted from the column
between 6-10.5 min (lanes 2, and 3). Alkyne probe 23 eluting between 10.5-13 min
(lane 4), has similar signal intensity to monomers eluted between 6-8 min (lane 2),
however, without the presence of dimeric 44, highlighting improved separation of
dimers from monomers. OTUB1 was labelled by probe 23 in lanes 2, 3, and 4, however,
only lanes 2 and 3 show signs of labelling OTUB1 with HA-tagged di-ubiquitin
constructs under radical conditions. This is the first evidence of a thiol-ene reaction
between an alkene-linked di-ubiquitin and a model DUB. Band intensity due to
HA-tagged monoubiquitin-labelled OTUB1 in lanes 2 and 4 show that the amount of
HA-tagged monoubiquitin is very similar in both samples. The only major difference
between the two fractions is the presence of HA-labelled di-ubiquitin, and OTUB1
being labelled by it. Lane 3 also seems to show a band corresponding to OTUB1 being
labelled with HA-tagged di-ubiquitin, providing further evidence for the activity of the
HA-tagged di-ubiquitin construct as a radical ABP. The fraction containing eluant from
6-7 min (lane 1) contained a negligible amount of HA-tagged ubiquitin and did not label
OTUBL1 significantly.
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SEC Chromatogram 9
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Figure 53: NaCl concentration was increased to 0.3 M, in an attempt to further

improve separation of dimers. Three separate samples containing dimer 44 were
run on SEC and fractionated at 5-6 min, 6-8 min, 8-10.5 min, and 10.5-13 min.
Chromatogram 9 shows a representative chromatogram. Respective fractions
from each of the three runs were pooled and concentrated using 5 kDa filter,
followed by their incubation in the presence of OTUB1, and radical initiation. Anti-
HA Western blot shows the first example of alkene-containing di-ubiquitin

construct labelling OTUB1 via thiol-ene reaction.

In an attempt to determine the exact moment at which HA-tagged di-ubiquitin
is eluted, without the presence of HA-tagged monoubiquitin 23, seven independent

thiol-yne reactions were injected on the SEC column, and fractionated every 30 s
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starting at 5 min and ending at 11 min, as seen in SEC Chromatogram 10. Respective
fractions from all seven runs were pooled, concentrated using 5 kDa concentrators and
incubated with OTUB1, followed by radical activation. Western blot in Figure 54 shows
that HA-tagged di-ubiquitin is eluted between 7.5-10 min, while HA-tagged
monoubiquitin is eluted between 8-11 min. OTUB1 labelling under radical conditions
in the corresponding lanes supports this observation. It seems that only 30 s between
7.5-8 min (lane 5) contain mostly HA-tagged di-ubiquitin, although in minuscule
guantities, with the majority of the dimers being eluted alongside monomers between
8-11 min (lanes 6, 7, 8, 9, 10, and 11). Resolution provided by this approach is not
sufficient for robust purification of HA-tagged di-ubiquitin 44, and another method of
dimer purification needs to be utilised.
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Figure 54: Seven samples containing dimer 44 were separated via SEC, as seen in

Chromatogram 10. Each run was separated into 30 sec fractions, pooled,
concentrated and desalted, incubated with OTUB1 under radical conditions.
Dimers elute between 8 — 10 min, while monomers between 8.5 — 11 min. This

leaves 30 sec between 8-8.5 min where only dimers are eluted.
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One approach that was attempted was the simplification of matrix in SEC
samples, by re-injecting fractions containing mixtures of mono and di-ubiquitin
constructs, to further isolate them while in solution, based on their size. Timepoints
between 7-10 min seen in SEC Chromatogram 11, Figure 55 were chosen for that
purpose. Between 7-8 min, HA-tagged di-ubiquitin constructs with little presence of
mono-ubiquitin are expected. Between 8-9 min, a mixture of monomers and dimers is

expected, while between 10-11 min, mostly monomers should be present.

SEC Chromatogram 11
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Figure 55: Seven samples containing dimer 44 were injected on SEC, fractionated
at times between 7-8, 8-9 and 9-10 min, desalted and concentrated into three

samples.

When a fraction collected between 7-8 min seen in SEC Chromatogram 11 was
concentrated from 400 pl to 60 uL using 5 kDa filters, and reinjected 20 uL at a time
via direct injection on the SEC column, SEC Chromatogram 12, Figure 56 was the result.
Although absorbance diminished drastically after re-injection of the selected fraction,
separation of di-ubiquitin constructs (seen as a peak eluting between 6-8.5 min) was
improved significantly. Some monomers still can be seen eluting from the column from

8.5-12 min, which was expected.
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Figure 56: Pooled fraction containing eluent between 7-8 min seen in

Chromatogram 11 was run on SEC, as seen in Chromatogram 12. Peak separation
has improved, but a clear drop in signal intensity was observed, and the presence
of both monomers and dimers is still clear. Although promising, this approach

requires further fractionation to completely separate dimers from monomers.

When a concentrated fraction containing a mixture of monomers and dimers
was injected on the SEC column (fraction eluting at 8-9 min seen in SEC Chromatogram
11), peaks presumably belonging to monomers and dimers were seen to overlap to a

significant degree. As seen in Chromatogram 13, Figure 57 these peaks elute between

7-10.5 min.
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Figure 57: Pooled fraction containing eluent between 8-9 min seen in
Chromatogram 11 was run on SEC, as seen in Chromatogram 13. A clear drop in

signal intensity was observed, both monomers and dimers are present.

Lastly, when the concentrated fraction containing eluant between 9-10 min
from Chromatogram 11 was re-injected, mostly monomers were found (eluting

between 8-10.5 min) as seen in SEC Chromatogram 14, Figure 58.
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SEC Chromatogram 14
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Figure 58: Pooled fraction containing eluent between 9-10 min seen in
Chromatogram 11 was run on SEC, as seen in Chromatogram 14. A clear drop in

signal intensity was observed, mostly monomers are present.

Western blot containing re-injected and concentrated fractions from SEC
Chromatograms 12, 13 and 14 did not contain enough HA-tagged proteins to be
visualised. Next, 20 samples containing di-ubiquitin 44 were fractionated, and their
fractions were pooled, followed by their concentration. Unfortunately, re-injecting
and fractionating the pooled sample resulted in significant losses, and the
double-purified 44 was not detectable on the anti-HA Western blot. Due to persistent
issues in isolating dimers using SEC, further attempts were not carried out, and
alternative methods for di-ubiquitin construction were explored. In the future,
alternative modes of separation, such as ion exchange chromatography could be

attempted in order to separate monomers from dimers.

3.4. Alternative approach for di-ubiquitin construction

Alternative strategies for constructing di-ubiquitin ABPs containing an internal
alkene linker connecting monomers were explored. In formulating this new approach,
the absence of alkyne-containing ubiquitin monomer, higher conversion of dimers
from monomers, and maintaining an internal alkene were required. The strategy
chosen involved attachment of a linear hydrocarbon chain containing an internal
double bond and a terminal primary amine to HA-ubiquitini.;s-MESNa. The second
terminus needed to be substituted by the side chain of distal ubiquitin at position 48,
linking monomers. Resulting dimers would retain the internal alkene, resembling
putative sites of DUB attack. 4-Bromobut-2-en-1-amine 51 was seen as a perfect
candidate to be installed via NCL onto the proximal ubiquitin construct, followed by
substitution of alkyl halide with thiolate of Ubiquitin K48C, resulting in the target

thioether bond. The resulting dimer 48 would contain an additional CH, between the
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alkene and the sulfur atom, in contrast to dimer 44, which would bring the double bond
closer to the catalytic thiol of DUBs. Retrosynthetic analysis shown in Scheme 12
highlights the route needed for obtaining the desired di-ubiquitin construct. Optimising
coupling conditions between monomers, ideally converting all starting monomers to
dimers, was seen as the greatest challenge. That’s because previous work on the
thiol-yne product 44 showed unreacted monomers containing alkynes bind cysteine
protease DUBs. Additionally, it was established that one-step purification of dimers by
the selected HPLC modality was not achievable for the thiol-yne product; thus,

improving coupling yield could greatly help in dimer isolation.

Ubiquitin K48C

Br/\/\/Br
51

Scheme 12: Retrosynthesis of construct 48.

(2E)-4-Bromobut-2-en-1-amine 50 was selected as a target linking molecule;
however, it was not available commercially. A di-brominated analogue was seen as a

potential starting point for target molecule synthesis. 1,4-dibromo but-2-ene 51
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specifically contains the correct number of carbons required to resemble the native
substrate when connecting ubiquitin monomers. Modification of one terminal bromine
with a primary amine was required. Exchanging bromide for phthalimide or
hexamethylenetetramine (HMTA), used in Gabriel Amine Synthesis*®’ and Delepine
Amine Synthesis®®® respectively, was seen as a potential synthesis. Several other
methods for primary amine formation have been considered, including the reduction
of Nitro compounds and Nitriles, the Leuckart Reaction, Hofmann Bromamide
Degradation, and the Curtius Rearrangement; however, most of them have significant
drawbacks. Reduction of Nitriles and Nitro compounds was not attempted due to the
inaccessibility of starting materials, and the use of metal catalysts, which in trace
amounts could interfere with the reaction. Reducing conditions were seen as likely to
convert the internal alkene to an alkane. Overalkylation was likely to be a problem in

299

Leuckart Reaction,*”” and this reaction was not explored.

Strong basic conditions required for Hofmann Bromamide Degradation could
result in the loss of both terminal bromides, with the final product containing both an
internal and a terminal alkene.3® It is therefore unlikely target molecule would be

synthesised using this approach.

Unstable and potentially explosive intermediates are produced in the Curtius
Rearrangement,®** and less hazardous synthetic routes were required.3?? Lastly, cross
metathesis between linear hydrocarbons containing: terminal alkenes and bromides,
as well as symmetric terminal diamines and dibromides, was also considered; however,
due lack of selectivity,3*® and a high cost of transition metal catalysts,3* this idea was
not further explored. Using a protection/deprotection strategy for primary amine

formation was seen as the most straightforward solution to form the target molecule.
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3.4.1. Gabriel synthesis

Gabriel synthesis is a method of obtaining primary amines, without the risk of
secondary or tertiary amines’ formation.3% In this reaction, an alkyl halide reacts with
potassium phthalimide, resulting in N-alkyl phthalimide. The phthalimide protecting
group is then removed in basic or acidic environments by reacting the protected
product with hydrazine to form the primary amine. When hydrazine is used for
phthalimide deprotection, 2,3-dihydro-1,4-phthalazinedione is formed as a side
product. Protected 2-(4-Bromobut-2-en-1-yl)isoindoline-1,3-dione  (52) was
synthesised via Gabriel synthesis, as described in the literature,®® in good yield (87%).

51 was reacted at room temperature with potassium phthalimide in DMF, while stirring,

for 21 h.
0
H
: 2 o)
52 Q HaN—NH;
leq . I‘TIII
g~ —— - B —x— NH
DMF. RT. 21 h EtOH. 50°C. 2h
51 86.9% 53 50
54

Scheme 13: Unsuccessful linker formation via Gabriel synthesis.

Resulting (E)-2-(4-Bromobut-2-en-1-yl)isoindoline-1,3-dione (5) was then
reacted with hydrazine, in EtOH, as seen in Scheme 13. Unfortunately, the final product
was not obtained and it was hypothesised that product degradation occurred during
the basic workup. Presence of 2,3-dihydro-1,4-phthalazinedione (54) was, confirmed,
which suggests that product 50 might have formed in the reaction. The reaction was
repeated at room temperature; however, no product formation was observed.
Hydrazine concentration was reduced 5-fold, in case hydrazine participated in SN2
reaction, which removed one terminal bromide. Reaction was repeated in reflux
conditions; however, TLC showed several spots, suggesting degradation of the product.
Alternative methods of phthalimide deprotection were sought after to assess the

potential negative impact of hydrazinolysis on the target molecule.

3.4.2. Deprotection with sodium borohydrate

An exceptionally mild method for deprotection of phthalimides has been
reported in 1984,3 as seen in Scheme 14. Using the published procedure, the
phthalimide moiety was expected to be reduced to O-hydroxymethyl benzamide,
which would have lactonized to release the primary amine 50 and side product

phthalide (55). After an 21 h reaction, degradation of the starting material was
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observed, although the presence of side product 55 was noted. NaBH, solution is
strongly basic (pH 12), suggesting again that the terminal bromide is unstable in basic

environments.
0 0

NaBH,
e v X = + o
IPA:H,0 85.56:14.44, RT, 21 h
o]

53 50 55
Scheme 14: Mild deprotection of phthalimide without hydrazine.

3.4.3. Delepine synthesis

Following a published procedure,®® (E)-4-Bromobut-2-en-1-amine 50 was
synthesised using Delepine amine synthesis. In this reaction, alkyl halide reacts with
hexamethylenetetramine (HMTA) in DMF, under inert, slightly basic conditions.
Nitrogen atom in HMTA first attacks the primary carbon in the alkyl halide, via SN2
reaction, forming a quaternary ammonium salt (56). Hydrolysis of HMTA is performed
in concentrated HCI, resulting in a deprotected molecule with a primary amine, as well

as formaldehyde and ammonium chloride.

N/TJ_N
NZ"°N
]
05eq N
Br/‘\/\\/Br N*}> _ = Br/\/\\/NHZ
CHCI;. Ary. darkness. RT. 16 h Br/\\/\\/ \—N IMHCL reflux 2 h

51 56 50

Scheme 15: Successful formation of the linker containing an internal alkene.

Protection with HMTA was successfully achieved, as seen in Scheme 15. 1 eq
of (T)-1,4-dibromobut-2-ene was reacted with 0.5 eq HMTA, affording
(E)-1-(4-bromobut-2-en-1-yl)-1,3,5,7-tetraazaadamantan-1-ium, presence of which
was confirmed via IR and mass spectrometric analysis. This intermediate was not

further characterised.

Salt 56 was hydrolysed in 2M HCI, under reflux conditions, for 2 h. The release
of the protecting group was confirmed by the formation of a new spot on TLC that
reacted with ninhydrin stain at the end of the reaction. Identity of the crude product
50 was confirmed by NMR and mass spectrometry. After basifying the solution to pH
8, the solution was extracted with DCM twice, dried with sodium sulphate and filtered,
and both the organic extract and the aqueous solution were dried under vacuum.
Neither NMR, mass spectrometry nor TLC analysis were able to conclusively determine
presence of the target molecule in the organic extract, nor in the aqueous phase. It is

presumed that the product degraded in a basic environment.
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The reaction was repeated until hydrolysis of the product in acid, and the crude
product was dried under vacuum. Purification attempts on Weak-Cation Exchange
(WCX) and Normal Phase flash chromatography did not result in product purification,
and TLC showed product degradation when WCX resin was treated with increasingly

basic mobile phase (linear gradient 0 — 0.3 M NaOH).

Crude product 50 was therefore incubated with MESNa-containing 40, to
create construct 49, followed immediately by incubation with ubiquitin K48C. Western
blot seen in Figure 59 shows no di-ubiquitin (48) formation, due to construct 49 failing
to form in acidic conditions. This approach was abandoned, and the intermediate

products were not analysed further.

kDa anti-HA Western blot
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Ubiquitin K48C: 1leq 2 eq 3eq
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Figure 59: Unsuccessful formation of di-ubiquitin construct 6, likely due to the

linker molecule degrading in basic environments.

3.5. Conclusions and future outlook

Di-ubiquitin construct containing an internal alkene linking ubiquitin
monomers has been formed, and the validity of thiol-yne reaction for protein
bioconjugation has been shown through a series of reactions between
alkyne-containing ubiquitin monomers, a small thiol-containing fluorophore, as well as

two proteins containing cysteine residues (BSA and Ubiquitin K48C).
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Thiol-ene activation of crude di-ubiquitin constructs, and labelling of a
model DUB, OTUB1, were shown. Progress has been made in di-ubiquitin construct
purification; however, due to low reaction yields, a pure di-ubiquitin construct was not
isolated. In the future, using different radical initiators could improve thiol-yne yields;
however, improved vyields would have to be combined with improved purification
methods. Different separation modalities could be employed, such as ion-exchange
chromatography or tangential flow filtration. Combining improvements in product
formation and purification would lead to the isolation of pure dimers. Pure dimers
could be identified via MALDI-ToF mass spectrometry and tested against a panel of
purified DUBs to confirm construct affinities and DUB specificities. Affinity pull-down
experiments against HA-tagged targets, followed by tryptic digestion of the resulting
proteins and their proteomics identification, could allow for the discovery of new,
K48-specific DUBs. A panel of di-ubiquitin probes linked by an internal alkene at the
remaining six lysines could be formed. These constructs would help determine the
specificities of DUBs. Biocompatible thiol-ene probe activation would need to be
further investigated, with the potential use of radical initiators activated by

near-infrared light.

The addition of cell-permeable cyclic peptides, or other methods allowing
biomolecules to cross membranes, such as nanoparticles and micelles, would allow for
translation of the radical di-ubiquitin probes to cells. Biological activity assays could
then be performed, with the intent of capturing or blocking DUBs related to disease,
for a deeper understanding of biochemical mechanisms behind pathologies, as well as

interrogation of DUB inhibitors and their targets.
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Chapter 4: Alternative approaches for lysine-specific
protein conjugation

4.1. Objectives

The primary objective of this chapter was the controlled formation of a
di-ubiquitin 58 containing a terminal alkene, seen in Scheme 16. To achieve this,
imidazole-1-sulfonyl azide 59 was successfully used for azido-substitution of lysines in
model protein systems, including terminal alkene-containing 31. Copper-catalyzed
Azide-Alkyne Cycloaddition (CuAAC) reaction was then performed between
azido-modified 57 and terminal alkyne-containing 23, resulting in a di-ubiquitin

construct with a terminal alkene 58.
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Scheme 16: Di-ubiquitin construct formation by azido-substitution of lysines on
one monomer, followed by CUAAC reaction to an alkyne-containing monomer.

A secondary objective of the chapter was the application of dimer 58 for the
thiol-ene chemistry for covalent labelling of thiol-containing proteins. Thiol-ene
reaction between alkene-containing 58 and cysteine-containing model proteins:
OTUB1, and Ubiquitin K48C mutant was attempted; however, no clear labelling of the

DUB model with dimers, nor controlled tri-ubiquitin formation was initially observed.
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4.2. Formation of di-ubiquitin construct with a terminal alkene

Polyubiquitin chains are primarily connected via isopeptide bonds connecting
lysine side chains of a distal ubiquitin to the C-terminus of a proximal ubiquitin.
Therefore, Di- and multi-ubiquitin ABPs of DUBs containing covalent warheads at sites
where isopeptide linkages in native polyubiquitin chains are found, imitate sites of DUB
attack. A strategy for the controlled formation of di-ubiquitin ABPs containing an
internal alkene via thiol-yne reaction was described in Chapter 3. Purification of
product dimer 44 using Size Exclusion Chromatography (SEC) was attempted; however,

only partial purification of dimers was achieved.

Due to the technical challenges in purifying dimers, purification efforts were
abandoned. Alternative warheads yielding di-ubiquitin constructs with internal alkenes
were explored. Attempted Delepine amine synthesis resulted in a
hexamethylenetetramine-protected target molecule. When exposed to strongly acidic
conditions, the protecting group was removed, and the target molecule was formed.
Installing the resulting molecule onto the C-terminus of MESNa-containing 40 and
coupling that construct to a thiol-containing Ubiquitin K48C was attempted; however,

due to the warhead’s instability in basic conditions, the construct did not form dimers.

Forming a di-ubiquitin construct with a terminal alkene (31) instead of an
internal alkene linkage (44) was attempted, as probe 31 has the potential to label
protein populations distinct from 44, under radical conditions. Previously reported di-
ubiquitin ABPs of DUBs exploited the fact that several ubiquitin binding sites can exist
near catalytic domains of DUBs, allowing for polyubiquitin chains or other protein
substrates to bind. Flierman et al.>® created a panel of di-ubiquitin ABPs, linked at all 7
lysine residues, with propargylamine warheads at the C-termini. K11-linked
di-ubiquitin probe with a terminal alkyne showed high specificity for OTUD2, while
OTUD3 was shown to bind K11 and K6-linked di-ubiquitin probes with terminal alkynes.

McGouran et al.?”°

showed ubiquitin monomers containing a C-terminal Michael
acceptor warhead followed by a terminal alkyne, covalently bound to 8 ubiquitin
variants, using CUAAC reaction, where each of the 7 lysines, and one methionine (M1)
were mutated to azidohomoalanine. This resulted in a series of di-ubiquitin probes,
containing warheads in between monomers. Probes containing warheads at the
linkage site between ubiquitin monomers were found to be broadly reactive, but some
showed unexpected linkage preferences, especially for noncanonical chains (OTUB1 for

K48, OTU7B for K11, USP15/16/24 for K27/29/11, respectively). The positioning of the

warhead either between or at the terminus of di-ubiquitin probes affected which DUBs
86



Chapter 4: Alternative approaches for lysine-specific protein conjugation
were labelled, due to specific binding pockets being occupied by ubiquitin monomers,
and the proximity of warheads to the DUBs’ catalytic cysteines. In both papers, USP14
was captured by several ABPs, and the position of the warhead at the terminus or the
linker did not affect the reactivity to USP14 much. Construct 44, containing an internal
alkene linker, could undergo thiol-ene reaction at the active site of K48-specific cysteine
protease DUBs, while dimer 58, containing a terminal alkene, could undergo thiol-ene
reaction with other DUBs. Novel radical di-ubiquitin 58 described in this chapter has
the advantage of time-resolved capture of specific DUB populations, via radical

thiol-ene reaction.

4.2.1. Azido-substitution of lysines in amino acids and short peptides
Diazotransfer reagent, imidazole-1-sulfonyl azide 59 was synthesised as

described in the literature,3*°

characterised and generously donated by Dr. Susannah
Calvert. Dr. Calvert used azide 59 to successfully modify primary amines with an azide
group in an amino acid model system, Fmoc-Lys-OH, as well as in a model heptapeptide,
HoN-Trp-His-lle-Ser-Lys-Glu-Tyr-CONH,, which contained two NH; groups. The

procedure for compound 59 formation can be seen in Scheme 17 below:

1. MeCN, 16 h, rt

Il .
NaNg + CI-%—CI > N3—§—N\?,

o 2. imidazole, 3 h, rt
3. HCI, EtOH 59
55% across 3 steps

Scheme 17: Imidazole-1-sulfonyl azide 59 formation.

4.2.2. Novel approach in protein bioconjugation through lysine modification
BSA was selected as a model protein to optimise reaction conditions, as it
contains 59 lysines and a terminal primary amine, all of which could be modified by the
azido-transfer reaction. The concentration of imidazole-1-sulfonyl azide 59 was varied
from 0.1 mg/mL to 10 mg/mL to determine the equivalents necessary for the

modification of a single primary amine.

——NH;
/

<N - HpS04

=

Q
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o
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:
CUSO4-5H,0, KoCO;3

N
NH;

BSA Azido-modified BSA
Scheme 18: BSA lysine modification with compound 59.
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Scheme 18 shows the reaction schematic for a single modified lysine in BSA. A
bar chart summarising Mass Spectrometric results, with protein coverage in blue, and
number of modified lysines in orange, averaged over two analytical replicates, is
presented in Figure 60 below. A clear correlation between increasing diazotransfer
reagent concentration and an increase in the number of azido-modified lysines can be
seen. 10 mg/mL of imidazole-1-sulfonyl azide 59 contains 89 eq azide per 1 eq amine
in BSA, resulting in azido-modification of 10 out of 15 observed lysines. 5 mg/mL
compound 59 contains 44 eq azide per 1 eq amine in BSA, resulting in
azido-modification of 8 out of 12 observed lysines. 2.5 mg/mL compound 59 contains
22 eq azide per 1 eq amine in BSA, resulting in azido-modification of 6 out of 10
observed lysines. 1 mg/mL compound 59 contains 8 eq azide per 1 eq amine in BSA,
resulting in azido-modification of 5 out of 11 observed lysines. 0.5 mg/mL compound
59 contains 4 eq azide per 1 eq amine in BSA, resulting in azido-modification of 3 out
of 11 observed lysines. 0.1 mg/mL compound 59 contains 0.8 eq azide per 1 eq amine
in BSA, resulting in azido-modification of 1 out of 10 observed lysines. Neat BSA
contained no azido-modified lysines, and 7 lysines overall were observed. Mass

Spectrometric results can be found in Appendix F.
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Figure 60: Summary of LC-MS/MS results showing number of modified lysines at

varying concentrations of imidazole-1-sulfonyl azide 59.

Table 1 below summarises results from LC-MS/MS runs, which were
performed and analysed in duplicate. Specific positions of modified lysines in BSA,
alongside numerical values showing protein coverage, and ratios of protein and

primary amine to imidazole-1-sulfonyl azide 59 in each reaction are outlined.
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Azdio-modification was added as a variable modification for lysine residues (+ 25.99

Da), and files were searched against the PDB human proteome database.

Table 1: Summary of LC-MS/MS results showing specific lysines modified on BSA

by treatment with imidazole-1-sulfonyl azide 59.

Eq azide 59 Protein

Unmodified lysines observed Modified lysines observed
per amine  coverage (%)
89 25.54 K12, K20, K51, K388, K533 K204, K211, K221, K224, K232,
K239, K377, K413, K431, K524
44 23.89 K51, K204, K388, K533 K211, K221, K224, K232, K239,
K413, K431, K524
22 20.26 K51, K204, K239, K431 K211, K221, K224, K232, K413,
K524
8 24.05 K51, K204, K239, K375, K431, K211, K221, K224, K232, K413
K533
4 22.57 K51, K204, K224, K232, K239, K211, K221, K413
K524, K533
0.8 19.11 K51, K204, K221, K224, K232, K413
K239, K388, K524, K533
0 18.62 K51, K204, K232, K273, K388, -
K413, K533

The number of azido-modified lysines changed depending on the equivalents
of diazotransfer reagent used. Different lysines show different reactivity to azido
modification. Factors such as proximity to other amino acids, solvent exposure, and
pKa/acidity have been identified as potentially contributing to this sequential reactivity

of lysines, in the case of another non-enzymatic modification of lysines, acylation.3!

Having optimised the diazotransfer reaction on BSA, and observed surprising
levels of site selectivity, the reaction was attempted on alkene ABP 31. Probe 31
consists of Ubiquitini.zs (containing 7 lysines), a terminal alkene on the C-terminus, and
a terminal primary amine on the HA tag. The HA tag consists of 9 amino acids:
YPYDVPDYA. Inspired by work done by McGouran et al.?’® a di-ubiquitin probe with a
terminal alkene 58 instead of an internal alkene seen in dimeric construct 44 was
proposed. First, selective azido-modification of a single lysine was carried out on
alkene-containing 31 to afford azido-substituted derivative 57. Di-ubiquitin probe 58
was synthesised by reacting alkyne-containing 23 with one azido-substituted lysine of
57, using the CuAAC reaction, allowing for bioconjugation at physiological conditions

in high yields.

Probe 31 was treated with several concentrations of azide 59 (10, 5, 2.5, 1, 0.5,
0.1 and 0 mg/mL), however, only at 10 mg/mL of the azide, a single lysine modification
at position K48 was detected, out of 4 lysines observed.

89



Chapter 4: Alternative approaches for lysine-specific protein conjugation

H
N~ N3-5- (=N« H,;S0,

o

59
CuS04+5H,0, K,CO5

25x10% NH2-L I FiA G QLEDG R-COOH

v 2x1 YiYa¥e Vo¥s Vs

N X104 x b H,0 .
Vi Lt i H Dyth0 Vo
- asx o 7 3

| 1 Lbb 5 | i it ‘ - ! | 1 .
0 100 200 300 400 S00 60D 700 8O0 800 1000 1100 1200 1.300 0 100 200 300 400 500 600 700 800 @00 1000 1100 1200 1300

Figure 61: Azido-modification of lysines on probe 31, alongside LC-MS/MS spectra

of the peptide containing K48 before and after modification.

Identity of the substituted lysine, K48, was determined by LC-MS/MS analysis
of tryptic digests, as seen in Figure 61. The sequence of the alkene ABP 31 was
confirmed by 69.43% of validated peptide sequences, while azido-modified 57 by
39.3% of validated peptide sequences. Mass Spectrometric results can be found in

Appendix F.
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Figure 62: Anti-HA Western blot showing di-ubiquitin formation via CUACC.
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Azido-modified 57 was reacted with the alkyne probe 23 using CUACC (Figure
62 A). The reaction product was visualised by Anti-HA WB (Fig. 3B). Treatment of probe
31 with 10 mg/mL compound 59 (a ratio of 1:125 of primary amines in probe 31 to
azide 59), followed by CuAAC reaction with an additional 2 ug of probe 23 resulted in
di-ubiquitin formation. Lanes 1 and 2 in Figure 62 B contain 2 pg of probe 31 and 2 ug
of probe 23, respectively. 2 pug of probe 23 and 2 pug of azido-substituted 57 were
incubated in the presence (lane 3) and absence (lane 4) of CuAAC coupling reagents.
When both constructs were incubated in the presence of CUAAC reagents, in lane 3, a
new band formed at 20 kDa, showcasing di-ubiquitin formation. When no CuAAC
reagents were present, in lane 4, no additional band was observed, as no dimers

formed.

Tryptic digests of alkyne probe 23 incubated alongside 5, 10 and 20 mg/mL of
azide 59 were analysed by LC-MS, and only one azido-modification of lysine K48 was

found when probe 23 was incubated with 10 mg/mL of azide 59.

4.2.3. Trials of azido-substituted 31 as ABP of OTUB1

Scheme 19 showcases an attempted radical-initiated thiol-ene reaction
between dimer 58 and cysteine protease OTUBLI. It was postulated that dimer 58 would
have its’ terminal alkene in the proximity of OTUB1’s catalytic cysteine, and following

radical activation, thiol-ene reaction would covalently link OTUB1 to dimer 58.

First, the azido-substitution reaction between probe 31 and compound 59 (at
5 mg/mL) was performed, but no significant difference in anti-HA Western blot signal
intensity at 20 kDa was observed. This observation, combined with LC-MS data,
suggests that only negligible amounts of di-ubiquitin formed, primarily because the

azido-transfer reaction does not result in azido-modified lysines.
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Scheme 19: Radical labelling of OTUB1 by dimer 58.

Figure 63, shows the second attempt at forming di-ubiquitin constructs with
terminal alkenes, as well as continuation of OTUB1 labelling trials with these constructs,
under radical conditions. Azido-substitution reaction was performed at 10 mg/mL of
compound 59, and a significant increase in signal intensity can be seen at 20 kDa.
Alongside LC-MS data, this provides evidence for di-ubiquitin formation via subsequent
CuAAC reaction. Probe 31 was incubated alongside OTUB1 for 90 min at 37 °C, then
mixed with radical initiator, degassed and exposed to UV for 3 min. OTUB1 was
incubated alongside probe 23, and separately, with probe 31, under radical conditions

were used as a positive control, resulting in covalent labelling of OTUB1.
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anti-HA Western blot
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Figure 63 A: Anti-HA Western blot and silver stain showing attempted OTUB1

labeling with di-ubiquitin 58, B: silver stain of the same reactions.
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Lane 1 in Figure 63 contains 2 pug of OTUB1, which can be seen on the silver
stain. Lane 2 contains 2 ug of the alkyne ABP 23, and lane 3 contains 2 ug of the alkene
ABP 31, both of which form a band on the anti-HA Western blot at the 10 kDa mark.
Lane 4 contains 2 ug OTUB1 incubated alongside 2 pg of probe 31, followed by 36/37
addition and radical initiation under UV light. This is a positive control of monomeric
radical ABP labelling OTUB1, where a band can be seen at 45 kDa on an anti-HA
Western blot. Lane 5 contains 2 pg of probe 31, azido-substituted with 10 mg/mL
compound 59, purified with a NAP-5 column and concentrated using 5 kDa MWCO filter,
resulting in azido-modified 57, followed by CuAAC reaction with an additional 2 pg of
probe 23. A substantial increase in band intensity at around 20 kDa can be seen in the
anti-HA Western blot, representing formation of di-ubiquitin construct 58 via CuUAAC
reaction. Lane 6 contains the same constructs as lane 5, with the final addition of 2 pg
OTUB1, without radical initiation, while lane 7 contains di-ubiquitin construct 58 as in
lane 5, with the addition of 2 ug OTUB1 and radical initiation with 36/37 under UV light.
No significant change in band intensities, nor formation of a new band at 55 kDa can
be seen in the anti-HA Western blot, showing that no significant labelling of OTUB1
with di-ubiquitin 58 took place in the presence, or absence of radical initiators. There
was a drop in signal intensity of a band at 13 kDa in the anti-HA Western blot, in lane
7, which is due to radical initiators degrading one of the side-products. Lane 8 contains
a positive control, 2 pug of probe 23 incubated alongside 2 ug OTUB1. This results in a
very strong band at 45 kDa in the anti-HA Western blot, due to electrophilic addition
of probe 23 to OTUBL. Lane 9 contains 2 pg of probe 31, purified by NAP-5 and
concentrated with a 5 kDa MWCO filter, followed by the addition of CUAAC reagents
alongside an additional 2 ug of probe 23. No change in band intensity at 20 kDa mark

can be seen in the anti-HA Western blot, as no CUAAC reaction took place.

It is unclear from stained gels and Western blots alone whether OTUB1 was
labelled with 20 kDa di-ubiquitin adducts in samples where radical initiators were
added, compared to samples where no radical initiation took place. The presence of
probe 23 in both cases labels OTUB1 preferentially, obscuring any di-ubiquitin binding
under radical conditions. At 20 mg/mL of compound 59, no bands at 10 kDa were
observed on the anti-HA Western blot, and a significant drop in signal intensity was
seen on the silver stain, suggesting that elevated concentrations of

imidazole-1-sulfonyl azide degrade ubiquitin or interfere with the HA tag itself.
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4.2.4. Combining bioorthogonal chemistries for multi-ubiquitin formation
Combining bioorthogonal chemistries for sequential modification of protein
electrophilic residues has been used in the past for the modification of antibody ADCs

with two distinct payloads.3!2

Figure 64 A shows the schematic for sequential bioorthogonal reactions
between ubiquitin constructs. First, azido-substitution of lysines on probe 23
(formation of 57) was performed, followed by CuAAC reaction with probe 31
(formation of dimer 58), and lastly a, thiol-yne reaction with construct 59, resulting in
tri-ubiquitin formation (60). Figure 64 B presents the anti-HA Western blot analysis of
the initial attempt to synthesize a tri-ubiquitin construct by combining CuAAC,
azido-exchange, and thiol-ene chemistries. However, no distinct band was observed at
the expected molecular weight of ~27 kDa, indicating that the formation of the trimeric
species was unsuccessful. It was noted that since the radical reaction requires a large
excess of thiol to an alkene or alkyne, the final step in trimer formation may yield low

amounts of the product.
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Figure 64 A: Schematic for tri-ubiquitin formation combining bioorthogonal
reactions. B: Gels showing the first attempt at tri-ubiquitin formation via thiol-yne

reaction, followed by azido-substitution and CUAAC reactions.

Alkyne-containing 23 incubated alongside ubiquitin K48C resulted in no dimer
formation (lane 4), compared to dimers being formed in the presence of radical
initiators (construct 44 in lane 6). Probes 23 and 31 were incubated together without
CuAACreagents, as seenin lane 7, as a negative control for dimeric 58, which contained

a terminal alkene, seen in lane 9. Lane 8 contained dimer 58 incubated alongside
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ubiquitin K48C, followed by radical initiation. Unfortunately, no clear evidence of
trimer 60 was seen, and no additional bands at 28 kDa in the anti-HA Western blot
were revealed. Some loss of signal intensity at 20 kDa suggests that radical initiation
either started forming trimers (60) or that probe 31 starts to degrade under radical

conditions.

Following this experiment, the order of reactions was changed, with
thiol-yne/ene reaction occurring first, followed by azido-substitution of lysine residues,
and then by a CuAAC reaction. When optimised, bioconjugation via CuAAC reaction

313 while bioconjugation using radical,

can have nearly quantitative product yields,
thiol-yne reaction can result in several products, and often results in moderate to low
yields.3!* Yields of azido-modification of lysines in protein and peptide models were
reported to be moderately high.3'> For those reasons, the order of reactions was
altered, with the lower-yielding thiol-yne reaction proceeding first, resulting in dimeric
44, followed by azido-modification of lysines, and finally, high-yielding CUAAC reaction

with probe 23. As a result, a tri-ubiquitin 62 was formed, structure of which can be

seen in Figure 65 A.

A band at 17 kDa can be seen in lane 3 on the anti-HA Western blot (Figure 65
B), showing di-ubiquitin 44 prepared via thiol-yne reaction. A faint band at 27 kDa can
be seen, suggesting that under radical conditions, thiol-ene reaction took place
between dimer 44 and ubiquitin K48C. Mixture containing dimer 44 detected in lane 3
was desalted using a NAP-5 column, followed by 5 kDa MWCO filter concentration. The
purification step resulted in a significant loss in signal intensity at 10 and 17 kDa on the
anti-HA Western blot, and the silver stain shows loss of protein content, as seen in lane
4. The resulting construct in lane 4 was treated with imidazole-1-sulfonyl azide 59, and
the azido-exchanged dimer was again purified via NAP-5 column, and concentrated
using 5 kDa MWCO filter. An additional 2 pg of probe 23 was incubated with
azido-exchanged 61 in lane 5. In lane 6, CuAAC reaction was performed between
azido-exchanged 61 and dimer 44, resulting in faint trimers observed at 27 kDa
(containing two 10 kDa monomers and one 7 kDa monomer), as well as unintended
tetramers at 37 kDa (three 10 kDa monomers and one 7 kDa monomer) and larger
multimers. These results suggest that full control over radical reaction was not
achieved, and multimeric side products that do not contain an internal alkene could
form. Lane 7 contains the same sample as in lane 6, which was purified using a NAP-5

column, and concentrated using a 5 kDa MWCO filter.
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Figure 65 A: Tri-ubiquitin formation schematic. B: Anti-HA Western blot and silver
stain showing successful tri- and multi-ubiquitin construct formation.
To test whether larger multimers could be constructed via azido-substitution
of lysines in alkyne probe 23, followed by CuAAC reaction, as seen in Figure 66 A.
Anti-HA Western blot in Figure 66 B shows the uncontrolled formation of

multiubiquitin constructs, after 23 was azido-modified, and a CuAAC reaction was
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performed. In lane 1, 2 ug of alkye probe 23 alone can be seen. Lane 2 contains 2 ug of
azido-modified 63. Lane 3 contains NAP-5 purified, azido-modified 63 that
was concentrated using 5 kDa MW(CO filters. Significant losses of the construct were
noted due to loss of signal at 10 kDa on the Western blot, and a decrease in band
thickness on silver stain. In lane 4, an additional 2 ug of probe 23 were added to the
purified, concentrated and azido-modified 63. Lane 5 contains 2 pg of 23, incubated
alongside CuAAC reagents, which did not result in dimers or multimers. Lane 6 contains
the same constructs as lane 4, incubated with CUAAC reagents, NAP-5 column purified
and concentrated via 5 kDa MWCO filter. Several new bands, including trimers (64),
can be seen in lane 7. Although trimers 64 are the intended product of this reaction,
larger multimers are also clearly visible. This is likely due to the presence of a terminal
alkyne within trimer 64, which can continue on coupling to azido-substituted construct
63, as well as probe 23 via CUAAC reaction. CuAAC reagent concentrations would need
to be optimised, to selectively form trimers, and stop further uncontrolled CuAAC

reaction between azido-substituted 63 and the alkyne-containing 23.
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Figure 66 A: Schematic showing uncontrolled multi-ubiquitin formation via

thiol-yne and CuAAC reactions. B: Gels showing multi-ubiquitin formation.
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4.3.  Conclusions and future outlook

This chapter focused on chemical azido-modification of primary amines in
lysine residues of protein model systems. In the case of BSA, azido-modification of
lysines followed a sequential order, that depended on diazo transfer reagent
concentration, which was determined by LC-MS/MS analysis of tryptic digests of
protein samples. K413 was modified first, followed by K211 and K221. Other lysines,
including K224 and K232 followed. In all samples combined, on average, 22.36% of BSA
was sequenced. A slight improvement in protein coverage and peptide identification in
samples that contained higher amounts of diazo-transfer reagent was noted. Out of
the lysines that were found in each sample, a clear positive trend was found between
the number and sequence of lysines being modified, and the concentration of

imidazole-1-sulfonyl azide 59 used in each reaction.

Proton acidity and specific environments of each lysine contributed to residue
reactivity. This phenomenon has been seen in literature,3® for other proteins,
suggesting order of azido-modification of lysines will vary between proteins, yet within

the protein, it will remain consistent.

Radical ubiquitin ABP (31) was also azido-modified; however, here, despite a
large excess of imidazole-1-sulfonyl azide 59 to primary amine (125:1), only one lysine
was confirmed to have been modified. LC-MS/MS analysis of tryptic digests has
confirmed that out of 4 lysines detected, only K48 was azido-substituted. CuAAC
reaction between azide-containing 57 and alkyne-containing ABP 23 resulted in dimer
formation. When lower concentrations of diazotransfer reagent were used, no
modification was seen on Western blots or via mass spectrometry, while higher
concentrations completely removed anti-HA Western blot signal, and produced no
modified lysine LC-MS/MS spectra, suggesting degradation of the model protein at

elevated imidazole-1-sulfonyl azide 59 concentrations.

Azido-modification of protein models, as well as CUAAC reaction between
constructs 57 and 23 presented in this chapter, were published in 2024, in Organic and

Biomolecular Chemistry.*”®

Bioorthogonal thiol-yne, azido-substitution and CuAAC reactions were
combined, allowing conjugation of ubiquitin monomers, resulting in polymeric
constructs. These constructs can be further purified, and their use as multimeric ABPs
of DUBs explored. Purification of multimeric ubiquitin-based constructs and evaluation

of their activities as ABPs of DUBs could also be performed. Due to the technical
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difficulties in purification of dimeric and multimeric constructs using SEC, attempts at

their purification were not pursued in this work.

Additionally, site-selective modification of lysines with an azide group was
observed in BSA model, which could be leveraged in various proteins, including
antibodies, for the installation of drugs, fluorophores, and other chemical tags in a
controlled manner. It is assumed that the presented strategy would need to be
optimised for each protein of interest. Chemical reasons for sequential
azido-modification of specific lysines could be modelled, taking into consideration the
3D structure of each protein, the acidity of specific protons and solvent accessibility of
each lysine. Future work could also include quantification of the degree of azido-
exchange of lysines in large proteins, such as BSA, using 2,4,6-Trinitrobenzene Sulfonic

Acid (TNBS) assay.3’
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Chapter 5: Squaramide-containing ubiquitin constructs for
labelling of lysines in DUBs

5.1. Chapter objectives

In this chapter, formation and application ubiquitin constructs containing
lysine-binding moieties is explored. These constructs utilize mono-squaramide
reactivity with primary amines, and due to affinity of DUBs to ubiquitin, could bind

lysines near catalytic residues of DUBs.

The first objective was the formation of a mono-squaramide warhead
3-ethoxy-4-hydrazineylcyclobut-3-ene-1,2-dione (65 in Figure 67). This mono-
squaramide was to be attached to the C-terminus of HA-ubiquitini.;s, forming a
ubiquitin construct which could react with primary amines. Labelling of OTUB1, a
cysteine protease DUB, as well as its catalytically inactive variant: OTUB1 C91S, and
Rpnll, a model metalloprotease would then be attempted. Determination of the
specific residues being modified would then be explored by using N-ethylmaleimide
(NEM) and Phenylmethylsulfonyl fluoride (PSMF), which are established cysteine and

serine protease inhibitors, respectively.

Currently, there are no covalent ABPs of metalloprotease DUBs. The second
objective was the covalent capture of Rpnl1, a model metalloprotease DUB. Covalent
Rpnll ABPs are needed, because Rpnll activity is transient and strictly dependent on
proteasome engagement, complicating detection and analysis of its biologically
relevant active state. Once faint labelling of DUBs by the squaramide-containing
ubiquitin construct was observed, efforts to improve their binding were undertaken.
Specifically, the linker between the squaramide warhead and the ubiquitin recognition
element was extended by two carbons, resulting in 3-((2-aminoethyl)amino)-4-
ethoxycyclobut-3-ene-1,2-dione (66 in Figure 66). Compound 66 was then installed on

the C-terminus of HA-ubiquitini.7s, and tested against purified model DUBs.

A) B)
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Figure 67 A: 3-ethoxy-4-hydrazineylcyclobut-3-ene-1,2-dione (65),
B 3-((2-aminoethyl)amino)-4-ethoxycyclobut-3-ene-1,2-dione (66).
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5.2. Targeting non-catalytic lysines near active sites of DUBs

Bioconjugation via the squaramide moiety allows for sequential joining of two

NH2-containing biomolecules. Squaric acid esters have been used in literature for

318 319

bioconjugation, with proteins being linked to glycans,>*® polymers to antibodies,**” and
peptides to RNA.3? First amine addition to a squaric acid diester results in
mono-squaramide, and can be performed at room temperature and neutral pH. The
remaining ester becomes less electrophilic, due to resonance stabilisation between
newly formed C-N bond, and electron donation from the first substituent delocalizing
into the ring. Another primary amine can displace the leftover ester under basic pH, or
in the presence of a strong nucleophile. Proteins with a strong affinity for ubiquitin,
such as DUBs, could bind squaramide-containing HA-ubiquitini.7s construct, while the
C-terminal mono-squaramide could covalently bind nearby lysines. Choosing
squaramide derivatives as warheads targeting lysines instead of more
broadly-targeting electrophilic warheads has the advantage of avoiding off-target
labelling of other nucleophilic residues, which has the potential to simplify the sample

matrix when the construct is applied to cell lysates.

To conjugate ubiquitin to a lysine found near the catalytic residues of DUBs, a
squaramide warhead targeting non-catalytic lysines was designed. OTUB1 and OTUB1
C91S were chosen as DUB models to be labelled by mono-squaramide ubiquitin
constructs. The distance from wild type ubiquitin's C-terminal carboxylate to the
catalytic cysteine 91 in OTUB1 is around 12.5 A3 Crystal structure of OTUB1 (entry
2ZFY on PDB) seen in Figure 68, shows lysine 84 (orange) within 8.6 A from cysteine 91
(green). It is reasonable to assume that a monosubstituted squaramide warhead found
on the C-terminus of HA-ubiquitini.;s would have access to lysine residues near
OTUB1’s active site, such as lysine 84. OTUB1 C91S cannot be labelled by probe 23, due
to a lack of cysteine at position 91, however lysine 84 is still available for targeting with

mono-squaramide ubiquitin construct.
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4 Cysteine 91

v,
v ..

Figure 68: Structure of OTUB1 (entry 2ZFY on PDB, in blue), visualised using the
PyMOL Molecular Graphics System, Version 3.1.6.1 Schrodinger, LLC. with lysine
84 (highlighted in orange) and cysteine 91 (highlighted in green). Distance
between the two is 8.6 A (highlighted in red).

All known deubiquitinating metalloproteases contain zinc ions, which are
coordinated by histidine, aspartate and serine residues. These residues activate water
molecules, which attack isopeptide bonds. Metalloprotease DUBs do not form covalent
intermediates with their substrates,? and although several ABPs chelating zinc ions
have been reported for DUBs,3 no covalent ABPs have been reported to date. The
strategy proposed in this chapter could allow covalent capturing of metalloprotease
DUBs, such as Rpnll, by allowing mono-squaramide ubiquitin constructs to bind
lysines near the active site. Rpnll is a component of the 26S protease, involved in
ATP-dependent degradation of ubiquitinated proteins. Interestingly, Rpnll itself
specifically recognises K63-linked polyubiquitin chains, and its role in the 26S

proteosome remains unclear.

5.2.1. Squaramide warhead synthesis

Diethyl squarate (67) was mixed with hydrazine, as seen in Scheme 20, and the
product (65) was dried and stored at -20 °C. Once solubilised in DMSO, compound 65
was stable for 1 week at 4 °C, after which NH, protons began coalescing with NH

protons, as observed by NMR, suggesting loss of the primary amine.

o o HoN—NH; . .
-0 o~ "~ DCM.RT.18h g 2
67 65 |
1.1 eq

Scheme 20: Formation of mono-squaramide

(3-ethoxy-4-hydrazineylcyclobut-3-ene-1,2-dione) 65.
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5.2.2. Squaramide-containing ubiquitin construct formation
It was expected that under slightly basic conditions (pH 7.5)
installation of mono-squaramide amine 65 onto the C-terminus of
HA-Ubiquitini.7s-MESNa (40) would be possible.3?* No modification of ubiquitin lysines
or the N-terminus by compound 65 should take place, as compound 65 was diluted
substantially in this reaction.
. o, 0
2D 2 L

B
< NHS (41) \&(

40 68

Scheme 21: Formation of construct 68, by reacting compound 65 with construct

40.

Scheme 21 shows the formation of construct 68. Once 68 was ready, its activity as a

lysine-specific DUB probe was investigated.

5.2.3. Testing squaramide-containing ubiquitin constructs against OTUB1 and
OTUB1 C91S
Non-covalent interactions between construct 68 and OTUB1 should allow for
the squaramide moiety to interact with any nearby lysines. Lysine 84 of OTUB1 may
be subject to modification by the squaramide probe. This idea is summarised in

Figure 69 A.
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Figure 69 A: Covalent labelling of DUBs using a squaramide warhead in construct
68, B: anti-HA Western blot comparing reactivities of constructs 3 and 4 towards

OTUB1 and HEK293T lysate, C: Ponceau stain of the same Western blot.

Squaramide-containing 68 covalently interacted with OTUB1, and proteins
found in HEK293T lysate, as seen in Figure 69 B and C. Figure 69 B shows that construct
68 labels OTUB1 to a small degree (lane 3), compared to 23 (lane 7). Construct 68
appears to also label a large number of proteins found in the HEK293T lysate, as seen
in Figure 69 B, lane 5. Alkyne-containing 23 labels fewer targets in HEK293T lysate,
compared to construct 68; however, signal intensity from the proteins labelled with
probe 23 is significantly stronger than with construct 68. Ponceau stain in Figure 69 C
was used to verify even loading of all samples. Although some reactivity towards
OTUB1 was seen, further experiments determining which specific residues were being

covalently modified were required.
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Figure 70 shows an anti-HA Western blot comparing the reactivities of
constructs 23, and 68 towards OTUB1, and catalytically-inactive OTUB1 C91S. Probe 23
is seen to bind OTUB1, producing a strong signal at 55 kDa and above, as seen in lane
5, Figure 70. Probe 23 does not bind OTUB1 C91S, as seen in lane 6, as expected. Probe
68 binds both OTUB1 and OTUB1 C91S to a similar extent, as seen in lanes 8 and 9,
respectively, suggesting residues other than cysteine are being covalently modified by
the squaramide-containing 68. When the concentration of OTUB1 variants is halved (in
lane 7), signal intensity at 55 kDa is also halved. Halving the enzyme concentration and
observing a halved signal intensity from ABP labelling suggests that the signal is directly
proportional to the amount of enzyme present, indicating a quantitative and specific
binding interaction. The binding of probe 68 to OTUB1 is weaker compared to probe

23.
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Figure 70: Reactivity of probe 68 against OTUB1 and against catalytically-inactive

OTUB C91S, compared to reactivity of probe 23.

Building on the observation that probe 68 binds the cysteine protease DUB,
OTUB1, even in its catalytically inactive variant, it is possible that targeting lysine
residues specifically could provide an effective means for probing all DUBs, including
metalloproteases. The use of a lysine-specific ABP is advantageous because it avoids
the broad reactivity seen with electrophilic warheads, such as sulfonyl fluorides, which
can bind both lysines and cysteines.3?® These types of warheads could lead to
non-selective binding across different proteases, thereby reducing the specificity of the

probe. By focusing on lysine residues, the ABP enhances the selectivity for all DUBs
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which contain lysines near their active sites. Further studies on the specificity of the

squaramide-containing 68 were conducted by inhibiting lysine and cysteine residues.

5.2.4. Inhibition of cysteines and lysines

Figure 71 shows probe 68 labelling both OTUB1 and OTUB1 C91S to a very
similar extent, providing some evidence that residues other than cysteine or serine are
being covalently modified by the squaramide warhead. Squaramides are known to only
target primary amines, such as those found in lysine side chains.3*32° No evidence of
binding to other nucleophilic side chains, including histidines, tyrosines or serines in
proteins was found. To provide further evidence that the squaramide moiety is not
binding the catalytic cysteine in OTUB1, or the serine mutant in OTUB1 C91S, selective
protease inhibitors were employed. NEM is a cysteine protease inhibitor, which
alkylates free sulfhydryl groups,®*° while PMSF is a serine protease inhibitor,3*! which
sulfonylates serines. Figure 71 A shows the structures of NEM and PMSF. Figure 71 D
and E show the first trial of selectively inhibiting the catalytic cysteine of OTUB1, and
serine in OTUB1 C91S.
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Figure 71 A: Structures of NEM (69) and PMSF (70). B: Structure of probe 23. C:
Structure of 68. D: anti-HA Western blot showing labelling of OTUB1 and OTUB1
C91S after treatment with cysteine and serine protease inhibitors, using constructs

23 and 68. E: Ponceau stain of the same blot.

Lane 1 in Figure 71 D contains OTUB1 treated with 5 mM NEM, for 5 min,
followed by incubation with probe23. Figure 71 D, lane 1 shows a complete lack of
labelling of OTUBI1, signified by the lack of a band at 45 kDa. Lane 1 in Figure 71 E,
shows no OTUB1 degradation by the treatment with the cysteine protease inhibitor. 23,
an alkyne-containing ubiquitin monomer seen in Figure 71 B, was not expected to react
with OTUBI, as the catalytic cysteine was alkylated by NEM. Lane 2 on the Ponceau
stain shows degradation of OTUB1, after treatment with 4 mM PMSF for 5 min, in the
presence of 23. Lane 3 in Figure 71 D shows an almost complete disappearance of 45
kDa band, resulting from the treatment of OTUB1 with 5 mM NEM, followed by
incubation with 68, a squaramide-containing ubiquitin monomer seen in Figure 71 C.

It was not expected that the binding of probe 68 could be disrupted by NEM at 5 mM.
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Chapter 5: Squaramide-containing ubiquitin construct for labelling lysines in DUBs
Increasing the concentration of NEM to 10 mM was necessary to bind the amino groups
of lysine residues;*? therefore, at 5 mM, NEM may begin binding lysines, potentially
interfering with the activity of the squaramide warhead. Lane 4 in both B and C shows
that PMSF at 4 mM incubated for 5 min with OTUB1, degrades the enzyme. Lane 6 in
both B and C did not show labelling of OTUB1, due to OTUB1 C91S not being captured
by 23. Lane 7 showed that treatment of OTUB1 C91S with 4 mM PMSF caused protein
degradation, as seen in Figure 71 E. Lane 8 showed a drop in signal intensity at 45 kDa
in Figure 71 D, after OTUB1 C91S was treated with NEM, followed by treatment with
probe 68, compared to lane 10, which showed uninhibited labelling of the catalytically
inactive DUB with probe 68. Lane 9 in Figure 71 E shows degradation of the catalytically
inactive DUB after treatment with 4 mM PMSF. Inhibition of cysteine and serine
proteases with NEM and PMSF was attempted once more. This time, PMSF
concentration was lowered from 4 mM to 2 mM, not to denature the tested DUBs, and
NEM was increased to demonstrate inhibition of both cysteines and lysines in both

OTUB1 variants.

anti-HA Western blot

kDa
130
95
72

55
43

34
26

B
.

R N
exoexo&xoe"o&xoexoe > exOchO
NN N
%, %, %, %, %, %, %, %,
Q, 0, R %y

Figure 72: Inhibition of OTUB1 and OTUB1 C91S with 10 mM NEM or 2 mM PMSF,

followed by incubation with constructs 23 or 68.

111



Chapter 5: Squaramide-containing ubiquitin construct for labelling lysines in DUBs
Figure 72 provides a detailed analysis of the binding behaviour of constructs

23 and 68 with OTUB1 C91S and wild-type OTUB1, under various treatment conditions.

In lane 1, alkyne probe 23 does not bind to OTUB1 C91S, which lacks the
catalytic cysteine at position 91. In contrast, lane 9 shows robust binding of probe 23
to wild-type OTUB1, indicating that the wild-type protein can engage with probe 23
effectively. Lane 2 presents the squaramide-containing 68 binding to OTUB1 C91S, with
a signal intensity almost identical to that seen in lane 10 for probe 68 binding to
wild-type OTUBL. This similar binding pattern suggests that probe 68 may interact with
a site other than the active-site cysteine, or it binds to a non-catalytic serine in C91S
mutant. In lane 3, after treatment with 2 mM NEM, there is a faint labelling of OTUB1
C91S with probe 23, a result similar to lane 1. This suggests that NEM may not be fully
inhibiting the binding of probe 23 under these conditions. Lane 4 shows that when
OTUB1 C91S is treated with 10 mM NEM, probe 68 fails to bind, indicating that the

higher concentration of NEM inhibits nucleophilic residues involved in binding.

Further, lane 5 demonstrates the effect of 10 mM NEM on probe 23 binding to
OTUB1 C91S. At this concentration, NEM effectively inhibits binding by modifying
cysteines,3® leading to an almost complete loss of signal when compared to lane 9,
where probe 23 binds wild-type OTUB1 without inhibition. Lane 6 reveals that OTUB1
C91S, after treatment with 2 mM PMSF, still shows binding to squaramide-containing
68, although with diminished intensity. This reduced binding strength may be due to
the protein degradation caused by PMSF treatment, as PMSF is known to inhibit serine

proteases and possibly degrade proteins.

Finally, lanes 7 and 8 show the binding of constructs 23 and 68, respectively.
Notably, probe 68 was still able to bind OTUB1 C91S after a 5 min treatment with 2 mM
PMSF (as shown in lane 6). This observation is significant because it suggests that the
squaramide-containing 68 does not interact with serine residues, further supporting
the hypothesis that its binding site is independent of the active-site cysteine or any

serine residue in position 91.

Together, these results give insights into the binding of constructs 23 and 68
with OTUB1 and OTUB1 C91S, revealing differences in their binding mechanisms and

susceptibility to inhibition by nucleophilic reagents.

PMSF concentration was then further lowered, as 0.1 to 1 mM PMSF already
inhibits serine proteases.®* NEM concentration was also lowered to 1 mM, with little

inhibition of cysteines, to compare the effects of both inhibitors at the same
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concentrations. Figure 73 A and B, lane 1 shows that treatment of OTUB1 with 1 mM
NEM has no substantial effect on the ability of probe 23 to bind covalently. OTUB1
treated with 1 mM PMSF or 1 mM NEM has very little effect on the binding of probe
23, as seenin lanes 1 and 2, in both Figure 73 A and B. In lane 3, OTUB1 was treated
with 1 mM NEM, resulting in significant inhibition of probe 68 activity. Lane 4 shows a
slight activity decrease of probe 68 after OTUB1 is treated with 1 mM PMSF, compared
to lane 5, which shows uninhibited binding of probe 68 to OTUBL. It is possible that
even slight alterations of the active site, including modification of serine by PMSF, lead
to a lowering in the labelling efficiency of probe 68. Lanes 6 and 7 in the anti-HA
Western blot show that alkyne-containing 23 doesn’t interact with OTUB1 C91S almost
at all. Lanes 8 and 9 show how treatment of OTUB1 C91S with 1 mM NEM and PMSF,
respectively, lowers the efficiency of probe 68, compared to full labelling seen in lane

10. Lane 11 contains probe 68 on its own.
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Figure 73 A: anti-HA Western blot showing inhibition of OTUB1 and OTUB1 C91S
with 1 mM NEM or 1 mM PMSF, followed by incubation with constructs 23 or 68.

B: Ponceau stain of the same blot.

Taken together, these results indicate that the binding of probe 23 to cysteine
91 in OTUB1 is minimally inhibited by 1 mM NEM, while 5 mM and 10 mM NEM led to
inhibition of both OTUB1 and construct 68 binding to lysines in the OTUB1 C91S variant.
Freshly prepared 4 mM PMSF incubated with OTUB1 and OTUB1 C91S degrades both
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enzymes. At 2 mM PMSF, probe 68 covalently interacted with OTUB1 C91S, and neither
OTUB1 nor OTUB1 C91S were degraded. There was a slight drop in signal intensity of
OTUB1 C91S labelling with probe 68, after treatment with 2 mM PMSF. At 1 mM PMSF,
the binding of neither constructs 23 nor 68 to the tested DUBs was affected

substantially.

5.2.5. Optimising squaramide construct binding

The effect of incubation time on the binding of probe 68 to OTUB1 was
investigated next. OTUB1 and OTUB1 C91S were incubated with probe 68 for between
30 min and 2 h, as seen in Figure 74. Marginal improvement in labelling of both DUBs
was seen after 2 h of incubation at 37 °C in Figure 74 A. Ponceau stain (Figure 74 B)

was performed to verify even sample loading in each well.
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Figure 74 A: Effect of change of incubation time on OTUB1 and OTUB1 C91S

labelling with probe 68. B: Ponceau stain of the same blot.

It was hypothesised that, to label lysines near the active site of DUBs more
effectively, a longer, more flexible linker between the ubiquitin recognition element
and the squaramide warhead would be required. Extending the linker too much could
result in unintended reactivity with lysines in ubiquitin itself, potentially interfering

with the targeted binding.

5.3.  Using squaramide-containing ubiquitin construct to bind Rpn11
Labelling of catalytically inactive OTUB1 C91S was encouraging enough to

attempt binding Rpn11 (a model metalloprotease DUB involved in the proteosomal

degradation of ubiquitinated proteins), to probe 68. Rpn8/11 heterodimer was

expressed, purified and generously provided by Dr. Sean McKenna. Figure 75 A shows
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the scheme for labelling lysines near the active site of DUBs, with metalloproteases

such as Rpnl1l being captured alongside cysteine protease DUBs.
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Figure 75 A: Scheme showing selective labelling of DUBs, in the presence of other
proteins. B: anti-HE Western blot showing Incubation of 1 pg of constructs 23 and
68 with 4 pg Rpn 8/11 heterodimer (2 pug of Rpn 8 and Rpn 11 each). C: Ponceau

stain of the same blot.

Figure 75 B shows that, after incubation of probe 68 with Rpn8/11 heterodimer,
some labelling of the Rpn11 (34 kDa band seen in Figure 75 C) is seen (43 kDa band
seen in Figure 75 B), in lane 3. To a lesser extent, Rpn8 (26 kDa band seen in Figure 75
C) is also labelled (35 kDa band seen in Figure 75 B). Lane 5 shows that probe 23

incubated with Rpn8/11 heterodimer does not label either of the proteins.

Heterodimer of Rpn8/Rpn11 (entry 40CL on PDB, seen in Figure 76) doesn’t
contain lysines within 12 A of the catalytic Zn* ion (grey ball), however when the

distance is extended to 20 A (seen in Figure 76, protein backbone in purple), lysines 36,
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39, 127, 148, and 150 (side chains in yellow), which, if in proximity to the

squaramide-containing 68, could be labelled.

Figure 76: Structure of Rpn8/Rpn11 heterodimer visualised using the PyMOL
Molecular Graphics System, Version 3.1.6.1 Schrodinger, LLC. (entry 40CL on PDB)
in green, with Zn?*ion in grey (highlighted by a blue arrow) backbone of residues

within 20 A of Zn?* in purple, with lysine sidechains highlighted in orange.

Extending the time of incubation of the Rpn8/11 heterodimer with probe 68
was then attempted, as seen in Figure 77. Rpn8/11 heterodimer was incubated at 37 °C
with the squaramide-containing 68 as well as the alkyne-containing 23, for over 2 h.
Lane 1 contained probe 23, while lane 2 contained probe 68. Faint labelling of Rpn11
by probe 68 was seen after 2 h incubation (Figure 77 A, lane 8). This was an
improvement over 1 and 1.5 h incubation seen in lanes 6 and 7, respectively. No
significant interaction between probe 23 and Rpn8/11 heterodimer could be seen in

Figure 77 A, lanes 3-5.
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Figure 77 A: anti-HA Western blot showing time course for incubation of Rpn 8/11

with constructs 23 and 68. B: Ponceau stain of the same blot.

5.3.1. Extending the linker between ubiquitin and the squaramide warhead
Extending the linker between ubiquitin and the squaramide warhead by two
carbons could enhance binding to lysines near the active sites of DUBs. To form the
squaramide warhead, diethyl squarate (67) was first mixed with ethylenediamine.
Scheme 22 shows this reaction. Upon reaction completion, product (66) was dried and

stored at -20 °C until reacting it with HA-Ubiquitini-7s-MESNa.
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Scheme 22: Formation of mono-squaramide warhead 66, by reacting 1.1 eq

diethyl squarate (67) with 1 eq ethylenediamine.

Construct 71 was then formed, as seen in Scheme 23. Activity of construct 71

as a lysine-specific DUB probe was investigated next.
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Scheme 23: Forming construct 71, by reacting compound 66 with construct 40.
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Labelling of OTUB1 and catalytically inactive OTUB1 C91S by construct 71 was

attempted next, and compared with probe 68, as seen in Figure 78.
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Figure 78 A: Scheme showing construct 71 binding DUBs, B: anti-HA Western blot
showing construct 71 binding OTUB1 and OTUB1 C91S, compared to constructs 23

and 68, C: ponceau stain of the same blot.

Figure 78 A shows a schematic of the squaramide-containing construct 71
binding to OTUBL. Extending the linker has the potential to provide greater flexibility
of the warhead, as well as bridging the distance to lysine 84 in OTUB1, resulting in a
stronger signal on the anti-HA Western blot at 43 kDa. Construct71 was also incubated
with BSA, to check for any off-target reactivity to lysines found in proteins that should

not interact with ubiquitin to a substantial degree.

Lanes 1, 2 and 3 in Figure 78 B contain constructs 68, 23 and 71, respectively.
Lanes 4 and 5 show 68 binding OTUB1 and OTUB1 C91S, respectively. Lane 6 shows 23

labelling OTUB1, which is also visible on the Ponceau stain (Figure 78 C), while lane 7
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in Figure 78 B shows that probe 23 does not covalently bind OTUB1 C91S. Lanes 8 and
9 show probe 71 binding both OTUB1 and OTUB1 C91S to a similar extent. It is worth
noting that the intensity of the bands at 43 kDa in lanes 8 and 9 is significantly more
intense than that in lanes 4 and 5. Lastly, probe 71 was incubated with BSA, as well as
with OTUB1 C91S, as seen in Figure 79. Alkyne probe 23 was also incubated with BSA
and OTUB1 C91S. No labelling of BSA was seen by either of the two probes, suggesting

no off-target reactivity from either of the two probes.
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Figure 79 A: anti-HA Western blot showing 1 ug probe 71 binding 2 ug OTUB1
C91S and not 2 pug BSA, as well as 1 ug probe 23 incubated with OTUB1 C91S and

BSA. B: ponceau stain of the same blot.

Figure 79 A shows that only OTUB1 C91S is significantly labelled by probe 71,
and probe 23 does not label either BSA or OTUB1 C91S. Lanes 1, 2, 3 and 4, show BSA,
OTUB1 C91S, 71 and 23 on their own. Lane 5 in the anti-HA Western blot shows
construct 71 binding OTUB1 C91S, while, in this experiment, probe 23 in lane 6 didn’t
bind OTUB1 C91S. Lanes 7 and 8 contain probes 23 and 71, respectively, incubated with
BSA. Neither of the constructs was seen to label BSA. These results further support the
hypothesis that squaramide-containing ubiquitin constructs can selectively label

ubiquitin-binding proteins with minimal off-target reactivity.

5.4.  Conclusions and future outlook

In conclusion, the mono-squaramide warhead (65) was successfully
synthesised and subsequently attached to construct 40, resulting in a ubiquitin-based

construct, 68, with a C-terminal mono-squaramide. Probe 68 effectively labelled both
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OTUB1 and the catalytically inactive OTUB1 C91S, and showed signs of protein labelling
in HEK293T cell lysates, due to lysine modification of ubiquitin-binding proteins. When
OTUB1 C91S was incubated with 1 mM and 2 mM PMSEF, followed by incubation with
probe 68, there was no significant loss of labelling signal, indicating that probe 68 did
not bind to serine residues. However, at a lower NEM concentration (1 mM), some
reduction in probe 68 activity was observed with both OTUB1 C91S and OTUBI1. At
higher NEM concentrations (10 mM), binding to OTUB1 C91S was inhibited, suggesting
that lysine residues near the DUB’s active site, as well as cysteines, were modified
under these conditions. Notably, a 5 mM NEM concentration only slightly diminished
the binding of probe 68 to both OTUB1 and OTUB1 C91S, indicating a weaker effect at
this intermediate concentration. Probe 68 showed some labelling activity towards
Rpn8/11 heterodimer, with a slight preference for Rpnll. Extending the linker
connecting the squaramide warhead and ubiquitin by two carbons was performed,
resulting in mono-squaramide (71). The squaramide-containing construct 71 was then
formed by reacting warhead 66 with construct 40, and construct 71 showed more
intense labelling of both OTUB1 and OTUB1 C91S than probe 68. Construct 71 did not
bind BSA, which suggested that direct binding to ubiquitin is required for covalent
binding of construct 71. It remains to be tested whether construct 71 binds Rpn8in the
Rpn8/11 heterodimer. A panel of ubiquitin binding partners, including cysteine and
metalloprotease DUBs, E2 conjugases and E3 ligases, could be tested against probe 71,
along with proteins unrelated to the ubiquitination system, to determine the
specificities of probe 71. Additionally, affinity enrichment of construct 71 binders in cell
lysates, followed by their identification by proteomics methods, could be performed in
the future. Selective modification of lysine residues in target proteins offers a powerful
approach for protein bioconjugation, enabling the attachment of various functional
groups, tags, or probes to specific sites. This strategy can also be used to capture
targeted enzymes by exploiting their non-catalytic residues, which are often critical for

protein-protein interactions, stability, or substrate recognition.
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This thesis presents the design of dimeric ubiquitin constructs featuring
internal and terminal alkenes, assembled using biocompatible chemical strategies.
These constructs provide a platform for probing the dynamics of ubiquitin editing in a
selective and time-resolved manner, using radical thiol-ene chemistry to capture active
DUBs. Beyond ubiquitin, the methods developed here offer versatile tools for the

controlled linking and functionalisation of other proteins.

Chapter 2 showcases the development of a bioconjugation method between
an alkyne-containing ubiquitin construct and small molecular fluorophores via a
controlled radical-initiated thiol-yne reaction. This reaction proceeded through to a
thiol-ene addition of a second thiol-containing molecule. Additionally, Chapter 2
introduces the first example of radical thiol-yne protein—protein conjugation, achieved
between an alkyne-containing ubiquitin construct and BSA. This study highlights the
impact of thiol concentration on modulating the reaction yield. Lastly, an investigation
into biocompatible systems for radical thiol-ene initiation expands the range of

available conditions for in vitro activation of radical probes of DUBs.

Chapter 3 demonstrates that the thiol-yne reaction can be used to form
di-ubiquitin constructs and, to a lesser extent, tri-ubiquitin constructs through
sequential thiol-ene coupling of a second thiol-containing monomer. This finding is
noteworthy, as it confirms that internal alkenes between protein units can undergo
radical thiol-ene reactions; however, the efficiency of these reactions is constrained by
steric hindrance from the participating macromolecules. Importantly, this steric
hindrance may help restrict reactivity to proteins that naturally engage with ubiquitin,
such as DUBs, thereby reducing non-specific interactions. Certain DUBs can recognise
di- and multi-ubiquitin constructs in their active sites, and this can be exploited to
interrogate members of the DUB families that selectively bind di-ubiquitin and

preferentially cleave isopeptide bonds linked via different lysine residues.

Di-ubiquitin yields were enhanced by increasing thiol concentrations and
optimisation of radical initiators. Complete consumption of the alkyne-containing
monomers was not seen. Partial purification of dimers via HPLC was achieved; however,
complete isolation of the dimers was unsuccessful due to the large amounts of

thiol-containing monomers required for the reaction.
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Testing different radical initiators could improve thiol-yne product vyields,
which, combined with different modes of separating di-ubiquitin probes, such as ion
exchange chromatography or large-scale tangential flow filtration, could result in the
isolation of pure dimers. Removal of unreacted alkyne-containing monomers via

CuAAC reaction could also be employed to help in di-ubiquitin purification.

An alternative, non-radical method for introducing an internal alkene between
ubiquitin monomers was devised, although it ultimately did not result in the required
dimers. Other non-radical means of ubiquitin dimerisation that would result in internal

alkenes could be investigated in the future.

Chapter 4 shows the formation of di-ubiquitin constructs containing a terminal
alkene. The approach used for the dimer construction combined biorthogonal
azido-modification of lysines of one monomer, followed by CuAAC reaction with an
alkyne-containing monomer. The terminal alkene of that construct was shown to have
thiol-ene functionality. This approach can be used for site-specific labelling of other
proteins, as well as for constructing molecular probes for measuring activities of
enzymes other than DUBs. It can also be employed as a strategy for ADC construction,
where selective azido-modification of antibody lysines can be followed by CuAAC
reaction with alkyne-containing cytotoxic payloads or the introduction of orthogonal

chemical handles.

Once di-ubiquitin constructs containing internal and terminal alkene warheads
are purified, they can be tested against a panel of purified DUBs to check their
specificities. A panel of di-ubiquitin constructs with internal and terminal alkenes
mimicking isopeptide bonds targeted by various DUBs can then be constructed. These,
in turn, can be used to help unravel DUB specificities in vitro. A strategy for the use of
di-ubiquitin constructs in vivo can be designed, such as the incorporation of
membrane-crossing peptides into the construct, and radical activation using blue or
infrared light, alongside appropriate radical initiators. Resulting constructs can be
tested against different diseased and healthy cells, to help unravel DUB specificities

and their contribution to disease states.

Chapter 5 highlights squaramides as potential lysine-specific warheads of
ubiquitin-based probes. Ubiquitin constructs containing squaramides were able to
capture OTUB1 as well as catalytically inactive OTUB1 C91S, via non-catalytic lysines
near the active sites of DUBs. The exact binding mode to DUBs and specific residues

targeted by squaramide-containing constructs can be confirmed in the future by

122



Chapter 6: Conclusions and future work
structural studies of the complexes, via cryo-EM, X-ray crystallography, and

multidimensional NMR.

One of the synthesised ubiquitin constructs containing a squaramide warhead
was explored as a molecular probe of Rpnll, a metalloprotease DUB. In the future,
testing of ubiquitin constructs linked to squaramide warheads via extended linkers
against Rpnll and other DUBs <could be performed. Monomeric
squaramide-containing constructs can be used in the future for proteomics

investigations into their specificities as selective probes of DUBs.
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7.1.

7.1.1.

General biochemical methods

Buffers
2X Reducing sample buffer: 0.2 M Tris-Cl pH 6.8, 30% glycerol, 0.4%

B-mercaptoethanol, 9% SDS, 0.1 % bromophenol blue.
Blotting transfer buffer: 25 mM Tri, 190 mM Glycine, 20% MeOH).
BSA blocking buffer: 5% BSA in PBS-T.

Cell resuspension buffer for plasmid extraction: 25 mM Tris-HCl pH 8, 50 mM

glucose, 10 mM EDTA, in deionised water.

Cell denaturation buffer: 0.2 N NaCl, 1% SDS, in deionised water.

Column buffer: 50 mM HEPES pH 6.8, 100 mM NaOAc, in deionised water.
Dialysis buffer: NH;0Ac 50 mM, 1 mM EDTA, 1 mM DTT; pH 4.5.

Homogenate buffer: 50 mM Tris-Cl pH 7.4, 5 mM MgCl;, 250 mM sucrose, 1

mM dithiothreitol (DTT), in deionised water.

MESNa solution: 50 mM Sodium 2-mercaptoethanesulfonate, in deionised

water.

Ni elution buffer A: 50 mM sodium phosphate pH 8.0, 300 mM NaCl, 150 mM

imidazole.

Ni elution buffer B: 50 mM sodium phosphate pH 8.0, 300 mM NaCl, 300 mM

imidazole.

Ni wash buffer: 50 mM sodium phosphate pH 8.0, 300 mM NaCl, 10 mM

imidazole.
MS buffer A: 98% desionised water, 2% MeCN, 0.1 % TFA.
MS buffer B: 80% MeCN, 20% deionised water, 0.1% TFA.

OTUB1/0TUB1co1s storage buffer: 20 mM Tris-Cl pH 8.0, 1mM DTT, 10%
glycerol, 50 mM NacCl.

PBS: 8 mM Na;HPO4, 150 mM NaCl, 2 mM KH;PO4, 3 mM KCl, in deionised

water.
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- PBS-T: 8 mM Na;HPO., 150 mM NacCl, 2 mM KH2PO., 3 mM KCI, 0.1% Tween

20, in deionised water.
- Phenol/Chloroform/Isoamyl alcohol solution: 25/24/1 ratio.

- Ponceau stain: 1 mg of Ponceau S powder (Sigma Aldrich) in 5 mL of glacial

acetic acid, and 90 mL deionised water.

- Renaturation buffer: 3 M sodium acetate, 11.5% glacial acetic acid, in

deionised water.
- Silver stain developer solution: 3% K,COs3, 0.05% formaldehyde.
- Silver stain fixative solution: 40% EtOH, 10% AcOH.
- Skimmed milk blocking buffer: 5% skimmed milk powder in PBS-T.
- TE buffer: 10 mM Tris-HCl pH 8, 1 mM EDTA, in deionised water.
- Urea buffer: 6 M urea, 33 mM Tris-Cl, pH 7.8.

7.1.2. Chitin column preparation and use

Chitin bead slurry (New England Biolabs) stored at 4 °C in 20% EtOH was resuspended
by mixing, and 5 mL of the slurry was poured into a capped plastic purification column.
A filter paper was placed inside the column, the storage solution was drained, and the
beads were primed with 50 mL of ice-cold column buffer, taking care not to allow them
to dry out. Clarified cell lysate containing expressed proteins was then poured through
the chitin-binding beads at 4 °C. The column was then washed with 50 mL of ice-cold
column buffer. The column was then washed with 10 mL of ice-cold MESNa solution,
and then capped. An additional 5 mL of MESNa solution was added. The top of the
column was sealed, and the column was incubated 20 h at 37 °C, 120 rpm. Construct
40 was eluted from the beads. The column was then washed with 10 mL of column
buffer, and both solutions were combined for further concentration. 50 mL of
deionised water was poured through the column, followed by 25 mL of 0.3 M sodium
hydroxide. The column was capped and incubated for 30 min at room temperature,
with 5 mL of 0.3 M sodium hydroxide. 100 mL of deionised water was poured through
the column, followed and 10 mL 20% EtOH solution. The column was capped, and an
additional 5 mL of 20% EtOH solution was poured onto the chitin beads. The column

was stored at 4 °C until further use. The column was reused up to 5 times.
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7.1.3. NAP-5 column preparation and use

NAP-5 desalting column (GE Healthcare, lllinois USA) was fixed above a waste beaker.
The column cap was removed, and the storage solution was fully drained. 500 pL of the
sample to be purified was applied through the column. When the liquid was fully
drained from the column, 1 mL of column buffer was applied, and the eluant containing
the desalted sample was captured into a fresh Eppendorf tube. To clean the NAP-5
column, 10 mL of column buffer was poured through the column, allowing it to fully
drip through, followed by 10 mL of 20% ethanol solution. The capped NAP-5 column
was stored in 5 mL of 20% ethanol solution at room temperature. NAP-5 columns were

reused up to 10 times.

7.1.4. HEK293T lysate preparation

HEK293T immortalised cells were gifted by the Bowie group (TBSI, School of
Biochemistry and Immunology), and stored as cell pellets at -80 °C. Cells were
resuspended in between 100 pL and 250 pl of ice-cold homogenate buffer (depending
on the size of the cell pellet), transferred to a 1.5 mL Eppendorf tube, and
approximately the same volume of glass beads was added to the cell suspension. An
additional volume of between 100 pL and 250 puL of homogenate buffer was added,
and the solution was vortexed using a benchtop vortex for 20 seconds. Immediately
afterwards, Eppendorf with the cell lysate was placed on ice for 90 seconds. Cell lysis
by vortex followed by resting on ice was repeated an additional 20 times. The
Eppendorf tube was then centrifuged at 13200 rpm for 5 minutes, and the supernatant

was mixed by pipetting and aliquoted 10 pL at a time. Aliquots were stored at -80 °C.

7.1.5. Protein and DNA quantification

Absorbances at 215 nm and 280 nm were used to measure the protein content in each
full protein or protein digest sample. For DNA quantification, absorbance at 260 nm
was measured. The 260/280 nm ratio was also recorded, with values between 1.8 and
2.0 indicating pure plasmid DNA. The NanoDrop application was opened, and the
appropriate measurement setting was selected. The stage was washed with deionised
water and blotted dry using a lint-free tissue. Once the stage was dry, a droplet of
deionised water was placed onto it, and the instrument was closed to initialise. After
initialisation, the water was wiped off with a lint-free tissue, and a droplet of the
experimental buffer was placed on the stage. A 'blank' measurement was taken, after
which the buffer was wiped off using a lint-free tissue. The sample was then applied,

measured, and the results were recorded with a screenshot. Finally, the stage was
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wiped with a lint-free tissue, rinsed with deionised water, and the instrument was

cleaned by washing the stage once more with deionised water and blotting it dry.

7.1.6. SDS-PAGE (12% Acrylamide)

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) is used to
separate proteins based on their molecular weight. Samples were prepared for
separation by adding an equal volume of reducing sample buffer, followed by heating
at 95 °C for 5 minutes. Samples were loaded onto the gel alongside Fisher’s EZ-Run TM
Pre-Stained Rec Protein Ladder. Proteins were separated on a 12% acrylamide gel
(resolving gel: 1.3 mL 1.5 M Tris-Cl pH 6.8, 1.5 mL 40% acrylamide/bis-acrylamide 29:1,
2 mL dH;O, 50 pL 10% SDS, 50 pL 10% ammonium persulfate APS, 5 pL
Tetramethylethylenediamine TEMED; stacking gel: 630 puL 0.5 M Tris-Cl pH 6.8, 300 pL
acrylamide/bis-acrylamide 29:1, 1.3 mL dH,0, 25 pL 10% SDS, 25 plL 10% APS, 2.5 pL
TEMED). Separation was achieved by passing a current of 150 V through the gel
submerged in SDS-PAGE running buffer for 1-2 hours (25 mM Tris, 190 mM Glycine, 1%

SDS) and visualised either by Western blotting, silver staining or Ponceau staining.

7.1.7. Anti-HA Western blot

A nitrocellulose membrane (GE Healthcare, Illinois USA) was soaked in a blotting
transfer buffer along with the filter papers and sponges. The transfer stack was
assembled with a plastic cover on the outside, followed by two wetted layers of
sponges, followed by one wetted filter on top of the sponges. The gel was placed on
the wetted filter, followed by a wetted nitrocellulose paper. Another wetted filter was
placed on top of the membrane, followed by two additional wetted sponges and
another plastic cover. The assembled stack was clamped. Once the transfer stack was
assembled, it was submerged in blotting transfer buffer, and proteins were transferred
onto the nitrocellulose membrane 18 h by passing a current of 15 V through the gel.
The membrane was incubated in a skimmed milk blocking buffer (5% skimmed milk
powder in PBS-T) for 1 h at room temperature, 120 rpm, before immunoblotting. The
primary mouse monoclonal anti-HA antibody (Biolegend, California USA) was diluted
1:2,000 in blocking buffer and incubated with the membrane for 1 h at room
temperature, 120 rpom. The membrane was washed with PBS-T (3 times for 4 min each
time) and PBS (2 times for 4 min each time). The secondary antibody, Peroxidase
conjugated AffiniPure Goat Anti-Mouse IgG (H+L) (Jackson ImmunoResearch,
Cambridgeshire UK), was diluted in blocking buffer 1:4,000, added to the membrane
and incubated for an additional 1 h at room temperature with gentle shaking. The

membrane was washed with PBS-T (3 times for 4 min each time), PBS (3 times for 4
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min each time) and kept in deionised water briefly before being imaged. Pierce ECL
western blotting substrate (Thermo Fisher, Massachusetts USA) was used to visualise
the chemiluminescence. BioRad and Imagel software were used to process images

obtained through Western blotting.

7.1.8. Anti-Biotin Western blot

A nitrocellulose membrane (GE Healthcare, lllinois, USA) was soaked in a blotting
transfer buffer (25 mM Tris, 190 mM Glycine, 20% MeOH) along with the filter papers
and sponges. The transfer stack was assembled as described in section 1.7. The blot
was submerged in blotting transfer buffer, followed by two ice packs on either side of
the transfer stack and proteins were transferred onto the nitrocellulose membrane 18
h by passing 15 V current through the gel. The membrane was incubated in BSA
blocking buffer for 1 h at room temperature before immunoblotting. The blocking
buffer was removed and replaced with an antibody solution (12 mL 2.5% BSA in PBS-T
with 2.4 uL of IRDye 800CW- Streptavidin). The membrane was incubated at room
temperature for 1 h, 120 rpm. The membrane was rinsed for 4 min in PBS-T, room
temperature, 120 rpm, and the used PBS-T was discarded. The washing step was
repeated 3 more times. Biotin-containing molecules were visualised using the Odyssea
IR membrane reader, as streptavidin bound to biotin was attached to IR-active dye.

Images were processed using ImagelJ software.

7.1.9. Silver stain

Gels were treated with siler stain fixative solution at room temperature for 1 h, 120
rpm. Gels were washed in 20% EtOH (2 times for 10 min each time), then in dH,0 (2
times for 10 min each time). Gels were sensitised in ag. Na;S;0s (0.02%) for 45 s and
then immediately washed with dH,O (2 times for 1 min each time). Gels were
incubated in a silver staining solution at 4 °C for a minimum of 20 min and up to 2 h, at
120 rpm. Following this, gels were washed in dH,0 (2 times for 30 s each time) and
transferred to silver stain developer solution. Development was stopped using 5%
AcOH. Images were made using Typhoon FLA9500 (GE Healthcare, lllinois USA). Once

images were digitised, ImagelJ software was used to process these images.

7.1.10. Ponceau stain
Ponceau stain was poured over the Western blot membrane, after overnight transfer,
and left for 5 min at rt, 120 rpm. Excess ponceau stain was poured off and reused for

up to 5 times. The nitrocellulose membrane was washed twice with 5% acetic acid in
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water, 2 min at a time. A picture of the membrane was taken and the aqueous acetic

acid was poured off, followed by Western blot.

7.2.  Synthesis of HA-tagged ubiquitin constructs

7.2.1. HA-Ubqiuitini7s-MESNa 40
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Expression and purification of HA-Ubgiuitini.zs-MESNa 40 was carried out as per
published procedures.?%® 336 Briefly, BL21 (DE3) competent cells transfected with a
pTYB2 encoding haemagglutinin (HA) tagged on the N-terminus Ubiquiting.ss) protein,
and chitin-binding domain (CBD) fused to a linker on the carboxy terminus were
transferred from a glycerol stock to 8 mL of autoclaved room temperature Lysogeny
Broth (LB) medium with 100 pg/mL ampicillin. The inoculated broth was incubated at
37 °C, 180 rpm 20 h. Inoculated broth was poured into a conical flask containing 300
mL autoclaved 1x LB broth, with 1x ampicillin. Cells were incubated at 37 °C, 180 rpm
for 3 h 45 min, or until the UV absorbance measured at 600 nm (Optical Density, ODgo)
reached between 0.6-0.9. Bacteria were then treated with 02 M
Isopropylthio-B-galactoside (IPTG), and incubated at room temperature, 180 rom, 18 h,
to express the target protein. Cells were pelleted at 6000 rpm for 15 min at room
temperature, and dry pellets were kept at -20 °C. All spent consumables and media
were left overnight in 1x Vircon solution and disposed of in the sink. Frozen cell pellets
containing HA-Ubiquitin(-75)-intein-CBD were reconstituted in 25 mL of cold column
buffer and lysed via sonication on ice. Lysate was centrifuged at 12000 rpm for 45 min
at 4 °C, and supernatant was poured directly onto a primed Chitin column. After
incubating for 18 h at 37 °C, 180 rpm, HA-Ubiquitin;-7s-MESNa 40 was eluted, and
concentrated to 500 uL using 5 kDa Vivaspin500 concentrators (Sartorious, Gottingen
Germany). The purified construct was applied to the NAP-5 desalting column. After
desalting, the construct was concentrated once again with a fresh 5 kDa Vivaspin500
concentrator to 500 pL, and the protein content was checked via NanoDrop (2 mg/mL,

500 pL). Construct 40 was either used immediately or frozen at -20 °C overnight.
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7.2.2. HA-Ubiquitini.7s-CH2-C-CH 23
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45 uL of 2 M aqueous N-hydroxysuccinimide 41 solution was mixed with 10 pL of 100
mM Tris buffer (pH 7.5), creating ‘NHS solution’. ‘NHS solution’ was added to an
Eppendorf tube containing 500 pL of construct 40 and incubated at 37 °C for 10 min,
at 60 rpm. In a separate tube, 15 pL of propargylamine 45 was added to 56 pL of 1:1
H,0:DMSO solution. After incubation of construct 40 with ‘NHS solution’ for 10 min,
propargylamine 45 in H,O:DMSO was added, and the solution was incubated for a
further 3 h at 37 °C, 60 rpm. A new NAP-5 column was used to purify probe 23, and
after desalting, probe 23 was concentrated via 5 kDa Vivaspin500 concentrators.
Protein content was measured by absorbance at 280 nm, via NanoDrop (1.71 mg/mL,

200 pL), and aliquots were frozen at -80 °C.

7.2.3. HA—UbiqUitin1.75—CHz—CH—CH2 31

31

45 plL of 2 M aqueous N-hydroxysuccinimide 41 solution was mixed with 10 pL of 100
mM Tris buffer (pH 7.5), creating ‘NHS solution’. ‘NHS solution’ was added to an
Eppendorf tube containing 500 pL of construct 40 and incubated at 37 °C for 10 min,
at 60 rpm. In a separate tube, 15 pL of allylamine 45 was added to 56 plL of 1:1
H,0:DMSO solution. After incubation of construct 40 with ‘NHS solution’ for 10 min,
allylamine 45 in H,0:DMSO was added, and the solution was incubated for a further 3
h at 37 °C, 60 rpm. A new NAP-5 column was used to purify probe 31, and after
desalting, probe 31 was concentrated via 5 kDa Vivaspin500 concentrators. Protein
content was measured by absorbance at 280 nm, via NanoDrop (0.92 mg/mL, 200 L),

and aliquots were frozen at -80 °C.
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7.2.4. HA-Ubiquitini7s-NH-CeHsNO3 68
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45 uL of 2 M aqueous N-hydroxysuccinimide 41 solution was mixed with 10 uL of 100
mM Tris buffer (pH 7.5), creating ‘NHS solution’. ‘NHS solution’ was added to an
Eppendorf tube containing 500 L of 40 and incubated at 37 °C for 10 min, at 60 rpm.
In a separate tube, 15 pL of compound 65 dissolved in DMSO was added to 56 uL of
1:1 H,0:DMSO solution. After incubation of construct 40 with ‘NHS solution’ for 10 min,
compound 65 in H,0:DMSO was added, and the solution was incubated for a further 3
h at 37 °C, 60 rpm. A new NAP-5 column was used to purify probe 68, and after
desalting, probe 68 was concentrated via 5 kDa Vivaspin500 concentrators. Protein
content was measured by absorbance at 280 nm, via NanoDrop (7.34 mg/mL, 150 L),

and aliquots were frozen at -80 °C.

7.2.5. HA-Ubiquitini-75-CH2-CH2-NH-CsHsNO3 71

71

45 plL of 2 M aqueous N-hydroxysuccinimide 41 solution was mixed with 10 pL of 100
mM Tris buffer (pH 7.5), creating ‘NHS solution’. ‘NHS solution” was added to a new
tube containing 500 uL of construct 40 and incubated at 37 °C for 10 min, at 60 rpm. In
a separate tube, 15 pL of warhead 66 dissolved in DMSO was added to 56 plL of 1:1
H,0:DMSO solution. After incubation of construct 40 with ‘NHS solution’ for 10 min,
66 in H,0:DMSO was added, and the solution was incubated for a further 3 h at 37 °C,
60 rpm. A new NAP-5 column was used to purify construct 71, and after desalting,
construct 71 was concentrated via 5 kDa Vivaspin500 concentrators. Protein content
was measured by absorbance at 280 nm, via NanoDrop (14.6 mg/mL, 100 uL), and

aliquots were frozen at -80 °C.
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7.2.6. Ubiquitin K48C expression and purification

Plasmid pET3a-Ub-K48C containing Ubiquitin K48C was obtained as a DH5a E. coli cell
stab from Addgene. Cells were streaked on LB agar plates (100 pg/mL ampicillin), single
colonies were isolated, and glycerol stocks were made, as per Addgene protocols.?!
Plasmid was extracted and purified as per kit-free alkaline plasmid extraction protocol
as per Addgene protocols.?®? For plasmid purification, Phenol/Cloroform/Isoamyl
alcohol solution was used, where phases were saturated by mixing vigorously for 30
seconds and leaving to separate 16 h at 4 °C. The phenol phase containing the plasmid
was used. Plasmid purity was determined by checking OD2so/250. A value between 1.7—
1.9 was accepted as sufficiently pure for transfection. Competent BL21 (DE3) cells
obtained from Thermo Fisher Scientific were transfected with the purified plasmid and
overexpressed with 0.4 mM IPTG, as per the manufacturer’s protocol.?®? Cells were
grown in fresh LB media containing 100 pg/mL ampicillin (first in 8 mL 18 h at 37 °C,
180 rpm, then in 300 mL for 4 h, 180 rpm), induced with 120 uL of 1 M IPTG and
incubated at 37 °C at 180 rpm, pelleted by centrifugation (6000 rpm, 5 min, rt),
resuspended in 25 mL column buffer and lysed via sonication. Lysate was centrifuged
at 12000 rpm for 45 min at room temperature. The clarified supernatant was acidified
to 0.5% perchloric acid in a dropwise fashion and centrifuged once more for an
additional 45 min at room temperature. Supernatant was poured into a 5 kDa Servacell
dialysis sleeve (Serva, Heidelberg, Germany) and dialysed for 4 h at 4 °C, and then 18 h
at 4 °Cin a fresh dialysis buffer. The dialysed extract was concentrated via VivaSpin500
5 kDa concentrator and aliquoted. Protein concentration was measured by NanoDrop

(9.05 mg/mL, 200 pL) and aliquots were frozen at -80 °C.

7.2.7. WT Ubiquitin expression and purification

WT Ubiquitin was expressed as per the literature procedures.?’ Competent BL21 (DE3)
cells containing a plasmid encoding WT Ubiquitin were grown in LB media containing
100 pg/mL ampicillin, first in 8 mL 17 h at 37 °C, 180 rpm, then in 300 mL for 4 h, 180
rpm. Protein expression was induced with 120 pL of 1 M IPTG, and cells were incubated
at 37 °C at 180 rpm. Cells were pelleted by centrifugation and lysed via sonication. The
lysate was centrifuged at 12000 rpm for 45 min at room temperature. Clarified
supernatant was slowly acidified with perchloric acid to a final concentration of 0.5%
acid. The lysate was centrifuged at 12000 rpm for an additional 45 min at room
temperature. The supernatant was poured into 5 kDa Servacell dialysis sleeve and
dialysed for 4 h at 4 °C, and then 18 h at 4 °C in a fresh dialysis buffer. Dialysed extract

was concentrated via VivaSpin500 5 kDa concentrator and aliquoted. The protein

132



Chapter 7: Materials and methods
concentration was measured by NanoDrop (5.4 mg/mL, 150 L), and aliquots were

frozen at -80 °C.

7.2.8. OTUB1 C91S and OTUB1 expression and His-tag purification

The expression and purification of His tagged OTUB1 and OTUB1 with Cys-to-Ser
mutant at position 91 (inactive OTUB1 variant) were carried out according to literature
procedures.?® 33 N-terminal His6 tagged OTUB1 or OTUB1c915s were transferred from
a glycerol stock into 8 mL LB medium containing 100 pug/mL kanamycin and grown for
18 h at 37 °C, 180 rpm. Cells were transferred into fresh 300 mL LB medium containing
100 pg/mL kanamycin and grown at 37 °C at 180 rpm, and ODgy measurements were
taken using NanoDrop, until a value of between 0.6 and 0.9 was reached. 120 pL of 1M
IPTG was added, giving a final concentration of 0.4 mM and the bacteria were
incubated at room temperature 18 h with vigorous shaking. The cells were pelleted via
centrifugation at 6000 rpm for 15 min. Cells were reconstituted in 25 mL ice-cold
homogenate buffer containing 20 mM PMSF and lysed via sonication. Cell lysate was
centrifuged at 12000 rpm for 45 min, at room temperature. Ni NTA agarose resin
(Sigma-Aldrich, Missouri, USA) (1.5 mL, 1:1 suspension in 20 % EtOH) was centrifuged
at 2200 rpm for 5 min at room temperature, and the supernatant was discarded. 700
uL of deionised water was added to the beads, which were gently inverted until the
resin was fully resuspended. The resulting solution was centrifuged at 2,200 rpm at
room temperature for 5 min, and the supernatant was discarded. Washing the beads
in distilled water was repeated once more. 1.4 mL Ni wash buffer was added to the
resin, which was transferred to the clarified lysate in a 50 mL Falcon tube and incubated
17 h at 4 °C with rolling. The resin was centrifuged at 2200 rpm for 5 min at room
temperature, and the supernatant was discarded. Ni wash buffer (1 mL) was added to
the resin, which was fully resuspended by gentle inversion and centrifuged at 2200 rpm
for 5 min at room temperature. This wash step was repeated four times, and the
supernatant was discarded after each washing step. 0.7 mL Ni elution buffer A was
added to the resin, which was resuspended by gentle pipetting. The solution was
centrifuged at 2200 rpm for 5 min at room temperature, and the supernatants from
these washes were pooled in clean microcentrifuge tubes. This elution step was
repeated 3 more times, and eluents were combined. A final wash step was carried out
with 1 mL Ni elution buffer B at 2200 rpm for 5 min at room temperature, and the
supernatant was discarded. Pooled eluates were concentrated in a VivaSpin500 10 kDa
centrifugal concentrators in at 9000 rpm, 500 pL at a time, at room temperature, to a

final concentration of 50 pL. Ni wash buffer (450 pL) was added to the tubes and
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concentrated to 50 pl in a centrifuge at 9000 rpm, room temperature. This wash step
was repeated, the solution was resuspended in 150 pL of OTUB1/OTUB1ce1s Storage
buffer, and pure OTUB1 or OTUBlceis were aliquoted 10 uL at a time. Protein
concentration was measured by NanoDrop (6.05 mg/mL, 100 uL for OTUB1; 5.7 mg/mL,
100 pL for OTUB1coss), and aliquots were frozen at -80 °C.

7.3. HPLC protein purification

7.3.1. HPLC hardware and software

LabSolutions Lite chromatography software was used to run the Shimadzu LC-10
analytical system with a PDA detector, and to analyse the data. Shimadzu Scientific
column, LC, Shim-pack Bio Diol-120, 3um, 4.6%300 was used for the separation of
ubiquitin dimers. Since peptide bonds absorb light at wavelengths between 180-230
nm,*3¢ absorbance at 215 nm was chosen as an indicator of protein presence. Peaks

337

appearing at 280 nm, 205 nm,**” and 260 nm were also monitored.3*®

7.3.2. Mobile phase
Mobile phase used for dimer purification contained: 0.25 M NaCl, 0.1 M Na;HPO,, pH
7 in dH20. The mobile phase was prepared fresh every week and degassed before use.

An isocratic flow of 0.4 mL/min, 30 min run was used in the final method.

7.4. Labelling experiments

7.4.1. Labelling of DUBs by 23, 68 and 71

1 ug of constructs 23, 68 or 71 was added to 0.2 mL Eppendorf tube, alongside OTUB1
(1 pg), OTUB1coss (1 ug), Rpn8/11 (2 pg), or HEK293T cell lysate (50 ug). Samples were
made up to 30 uL with homogenate buffer. Controls, including the construct being
tested, HEK293T cell lysate and OTUB1 alone, were included in separate Eppendorf
tubes. Samples were incubated at 37 °C for between 90 min (probe 23) and 2 h
(constructs 68 and 71) while shaking at 120 rpm. Following incubation, the samples

were prepared for SDS-PAGE.

7.4.2. Labelling of DUBs by 31 under UV light, initiated by 36 and 37.

1-2 pg of probe 31 was added to a fresh 0.2 mL Eppendorf tube, alongside OTUB1 (1
ug), or HEK293T cell lysate (50 ug). Samples were made up to 30 puL with homogenate
buffer. Controls were included in separate Eppendorf tubes, including probe 31, lysate
and OTUB1 on their own, and a mixture of probe 31 and OTUB1 or HEK293T without
36/37 and without UV irradiation. Samples were incubated at 37°C for 90 minutes

while gently shaking. In the meantime, 3 ug of initiator 36 and 15 ug co-initiator 37
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were added to a fresh 1.5 mL Eppendorf tube and solubilised in 500 pL of pure DMSO.
250 pL of deionised water was added to the 36/37 solution, which was vortexed
vigorously, resulting in 250 uM concentration for each. 36/37 solution was then
degassed under a stream of nitrogen gas for 15 seconds. Protein samples after
incubation were treated with 1 pL 36/37 solution (or 1 uL H,O/DMSO, 500/250 pL
solution for controls). Samples were degassed under a stream of nitrogen gas. Samples
were transferred to clean PTFE-coated LC-MS vials, and these vials were irradiated for
2-3 minutes under direct UV light. Samples were transferred back into their original

Eppendorf tubes and kept at 4 °C for further testing.

7.4.3. Di-ubiquitin formation between probe 23 and Ubiquitin K48C, and
conjugation of 23 to BSA under UV light, initiated by 36 and 37

2 ug of probe 23 probe was added to between 1 pg and 180 pg of Ubiquitin K48C, and
samples were made up to 30 plL in homogenate buffer. Alternatively, 2 ug of probe 23
was added to between 1 ng and 200 ug of BSA (Sigma), and samples were also made
up to 30 pL in homogenate buffer. Samples were incubated at 37 °C for 90 minutes
while gently shaking. In the meantime, 3 pg of initiator 36 and 15 ug co-initiator 37
were added to a fresh 1.5 mL Eppendorf tube and solubilised in 500 pL of pure DMSO.
250 pL of deionised water was added to the 36/37 solution, which was vortexed
vigorously, resulting in 250 uM concentration for each. 36/37 solution was then
degassed with nitrogen gas. Protein samples after incubation were treated with 1 pL
36/37 solution (or H,O:DMSO, 500:250 pL solution as a control). Samples were
transferred to clean PTFE-coated LC-MS vials, degassed under a stream of nitrogen gas
(each for 15 seconds), and these vials were irradiated for between 2 minutes and 2
hours under direct UV light. Samples including Ubiquitin K48C were transferred back
into their original Eppendorf tubes, and dimer formation was checked via SDS-PAGE,
followed by Western blot and silver staining. Samples including BSA were checked for

thiol-yne labelling in the same manner.

7.4.4. Di-ubiquitin construct 44 preparation for HPLC purification

500 ug of thiol-containing Ubiquitin K48C was added to 50 ug of alkyne-containing 23,
and the thiol-yne reaction was performed, as described in subsection 7.4.3. page 134.
The sample was concentrated using a 10 kDa MWCO filter (Vivaspin500). The
concentrate was then filtered through a 30 kDa MWCO filter (Vivaspin500), and the
crude 44 was visualised via Western blot and silver stain. Crude di-ubiquitin construct

44 was aliquoted at 10 pL and frozen at -80°C.
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7.4.5. Construct 44 templating by OTUB1 C91S

Probe 23 and Ubiquitin K48C were mixed with OTUB1 C91S at various ratios. Samples
were made up to 30 uL in the homogenate buffer and incubated at 37 °C for 90 min,
120 rpm. Following incubation, the samples were treated with 1 pL 36/37 solution or
with water as a control. The samples were transferred to clean PTFE-coated LC-MS vials,
degassed under a stream of nitrogen gas (each for 15 sec), and the vials were irradiated
for 20 min under direct UV light. Samples were transferred to their original Eppendorf

tubes and prepared for SDS-PAGE.

7.4.6. Di-ubiquitin formation between 23 and Ubiquitin K48C, initiated by 33
with 34 or 35 as photosensitisers

33-saturated DMSO solution was prepared by dissolving 50 mg of 33 in 1 mL od DMSO,

vortexing for 30 seconds and centrifugation at 13200 rpm for 5 minutes. Riboflavin 33.

Samples containing probe 31 and protein targets were prepared, and made up to 30

pL using 33, and homogenate buffer. Either UV light or white light irradiation was used

as an energy source for the thiol-ene reaction, for between 1 minute and 3 hours of

exposure. Compounds 34 or 35 were tested alongside photosensitizer 33.

7.4.7. Labelling of DUBs by 32 under UV light, initiated by 32

Lithium phenyl-2,4,6-trimethylbenzoyl phosphine (LAP) 32 was solubilised in
homogenate buffer. Probe 31 was incubated with OTUB1 and HEK293T cell lysate.
Samples were made up to 30 pL of homogenate buffer. LAP 32 was added as a radical
initiator of probe 31, and the samples containing 32 were exposed to either 1 h of white

light or 2.5 min of UV light irradiation.

7.4.8. Di-ubiquitin formation between 23 and Ubiquitin K48C, initiated by 1

Irgacure2959 1 was purchased from Sigma-Aldrich. 1 was solubilised in homogenate
buffer to an appropriate concentration. Probe 23 was mixed with Ubiquitin K48C, and
samples were made up to 30 uL homogenate buffer. A solution containing 1 was added,

and samples were exposed to 2.5 min of UV light irradiation.

7.4.9. Azido-substitution of lysines in BSA by 59

Imidazole-1-sulfonyl azide 59 was solubilised in aqueous K,COs (350 pL; 10 mg/mL),
followed by the addition of aqueous CuSO4¢5H,0 (150 pL; 1 mg/mL). BSA was added,
samples were mixed, and then incubated at room temperature, 120 rpm for 20 min.
The proteins were purified via NAP-5 columns, followed by their concentration to 30

uL using 5 kDa Vivaspin500 concentrators.
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7.4.10. Azido-substitution of lysines in 31 by 59
Imidazole-1-sulfonyl azide was added to aqueous K,COs (350 pL; 10 mg/mL), followed
by the addition of aqueous CuSO4¢5H,0 (150 uL; 1 mg/mL). The solution was mixed
with 64.5 ug of probe 31 and incubated at room temperature, 120 rpm for 20 min. The
sample was then desalted via NAP-5 column, followed by concentration to 30 pL using
5 kDa Vivaspin500 concentrators. The resulting construct 57 was used immediately for

LC-MS/MS sample preparation, or CUAAC reaction with probe 23.

7.4.11. CuAAC reaction between 23 and 57

CuAAC cocktail was prepared fresh by adding CuSO,¢5H,0 (4 pL; 250 mM) to
homogenate buffer (16 pL; 50 mM Tris-HCI pH 7.4, 5 mM MgCl;, 250 mM sucrose, 1
mM dithiothreitol), followed Tris(benzyltriazolylmethyl)amine (THPTA — 10 uL; 100
mM), and finally, sodium ascorbate (15 pL; 100 mM). The solution was mixed by
pipetting after each ingredient was added. CuAAC cocktail (22.5 uL) was added to
construct 57 (30 pL, 50 mM), alongside 2 ug of probe 23. Control samples included
azido-substituted and alkyne-containing ubiquitin constructs, and deionised water
alone. Samples were incubated at 37 °C for 3 h, at 120 rpm. After incubation, the
construct was desalted using a NAP-5 column and concentrated to 30 pL using 5 kDa

Vivaspin500 concentrators.

7.4.12. CuAAC reaction between 23, 31 or 44 and 47, followed by labelling of
OTUBL1.

CuAAC cocktail was prepared fresh by adding CuSO4e5H20 (4 pL; 250 mM) to
homogenate buffer (16 pL; 50 mM Tris-HCI pH 7.4, 5 mM MgCl2, 250 mM sucrose, 1
mM dithiothreitol), followed Tris(benzyltriazolylmethyl)amine (THPTA — 10 ulL; 100
mM), and finally, sodium ascorbate (15 pL; 100 mM). The solution was mixed by
pipetting after each ingredient was added. CuAAC cocktail (22.5 plL) was added to
azido-substituted 47 (30 uL, 50 mM), alongside 2 pg of probe 23. 47 was also mixed
with probe 31, and separately, 47 was mixed with dimer 44. Samples were incubated
at 37 °C for 3 h, at 120 rpm. After incubation, the construct was desalted using a

NAP-5 column and concentrated to 30 pL using 5 kDa Vivaspin500 concentrators.

7.4.13. Tri- and multi-ubiquitin formation between Ubiquitin K48C and 58, 23
and 61, or 23 and 63.

Formation of tri-ubiquitin constructs was attempted on three occasions. First time,

probe 31 was azido-exchanged, as described in section 7.4.10, resulting in construct 57.

Sample was then purified using NAP-5 column, and concentrated via 5 kDa MWCO
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filters. Azido-substituted 57 was conjugated via CUAAC reaction, as described in section
7.4.11, resulting in dimeric construct 58, which was once again purified via NAP-5
column and concentrated. This was followed by degassing under nitrogen stream, and
thiol-ene reaction with 500 pg of Ubiquitin K48C, with 250 uM of both 36 and 37 as
radical initiators, under UV light for 3 min. Samples were then purified via a NAP-5
column and concentrated. Results can be seen in Figure 63. Second time, di-ubiquitin
construct 44 was prepared, as described in section 7.4.3, which was then treated with
10 mg/mL imidazole-1-sulfonyl azide, purified using a NAP-5 column and concentrated,
resulting in construct 61. That construct was treated with probe 23, and CuAAC
reaction was performed as described in section 7.4.12, resulting in construct 62.
Results can be seen in Figure 64. Third time, construct 63 was formed by reacting probe
23 with imidazole-1-sulfonyl azide, using the same conditions as in section 7.4.10.
Following purification with a NAP-5 column and concentration, construct 63 was
reacted with additional 2 pg of probe 23 via CuAAC reaction, using conditions

described in section 7.4.11, resulting in construct 64. Results can be seen in Figure 65.

7.5. Mass Spectrometry analysis

7.5.1. In-solution digestion of proteins

Proteins were extracted using 4x sample volume of ice-cold methanol with 0.1% formic
acid. Samples were centrifuged at 13200 rpm for 5 min, and supernatants were
disposed of. Urea buffer (50 uL) was added to the extracted protein pellets. Samples
were sonicated for 20 sec in an ultrasonic bath, heated for 30 sec at 80 °C, vortexed for
20 sec and sonicated once more for 2 min. Samples were diluted in 250 uL Milli-Q water,
vortexed for an additional 20 sec and sonicated for an additional 2 min. To samples
which required the removal of disulfide bonds, dithiothreitol (DTT)was added to a final
concentration of 10 mM. Samples containing DTT were incubated in the dark at room
temperature for 15 min, followed by the addition of iodoacetamide to a final
concentration of 50 mM, incubation at room temperature for an additional 15 min, 5
sec of vigorous mixing using a vortex, and centrifugation at 11800 rpm for 15 min.
Elastase or Trypsin were added to the samples, once the samples reached room
temperature, in a ratio of 1:15 or 1:20 (enzyme to sample protein content), respectively.

Digestion was carried out 18 h at 37 °C while shaking at 80 rpm.

7.5.2. Ziptip sample desalting prior to LC-MS/MS analysis
Ziptips were obtained from Merck. They have a capacity for capturing around 5-10 pg

of peptide content. 10 pL pipette was fitted with a zip-tip, and the pipette was fully
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depressed - 10 pL of Buffer B (80% acetonitrile, 20% ddH,0O, 0.1%TFA) was slowly
aspirated to wet the ziptips, without allowing them to dry out or introducing air
bubbles. Fluid was discarded. Using the back pipetting technique, fresh 10 L of Buffer
B was aspirated through the filter. 2 x 10 pL of Buffer A (2% acetonitrile, 98% ddH-0,
0.1% TFA) was then aspirated to equilibrate the ziptip resin. Digested protein content
was slowly transferred through the ziptip, 10 L at a time, and discarded. Ziptip resin
was slowly washed with 5 x 10 pL Buffer A to remove salts, discarding the liquid after
each wash. Purified peptides were eluted with 2 x 10 pL Buffer B, allowing sufficient
time for Buffer B to be in contact with the C18 resin to recover peptides. Samples were
dried on a Vacuum Concentrator until fully dry, reconstituted in Buffer A to around 1
mg/mL initial protein content, and centrifuged at 13200 rpm for 5 minutes to remove
any particulates. The samples were transferred to PTFE-covered inserts and then into

LC-MS vials, stored on ice and submitted for analysis.

7.5.3. Mass spectrometry data acquisition and analysis

Mass spectrometric data acquisition for proteomic samples was performed by Dr. Gary
Hessman (TCD, School of Chemistry). Captive spray ionisation was performed using a
Thermo Scientific UltiMate 3000RSLCnano LC (Waltham, MA USA) equipped with an
Acclaim PepMap C18 (2 um, 0.075 mm X 150 mm) column. For each injection, 5 uL of
a (1 pg/uL) digested peptide was loaded onto a Nano Trap Column (100 um |.D. X 2 cm,
packed with Acclaim PepMap100 C18) at 10 pL/min with 95% water/ 5% acetonitrile/
0.1% formic acid for 3 min. Trapped peptides were eluted onto the analytical column
using a multi-step gradient with a flow rate of 0.3 pL/min. The gradient utilised two
mobile phase solutions: A, water/0.1% formic acid and B, acetonitrile: 0 min, A (98%),
B (2%); 3 min, A (98%), B (2%); 63 min A (65%), B (35%); 69.5 min A (5%), B (95%); 74
min A (5%), B (95%); 78 min A (98%), B (2%), curve 5 for each step. Peptide digest were
analysed on a Bruker compact Qg-TOF mass spectrometer via CaptiveSpray
nanoBooster (Bremen Germany). Precursor ions were scanned from 150 m/z to 2200
m/z at 2 Hz with a cycle time of 3.0 seconds, with fixed windows excluded (20-350,
1221-1225, 2200-40000). Smart Exclusion was used to ensure only chromatographic
peaks were selected as precursors. Active Exclusion enabled the analysis of less-
abundant ions to be analysed and not excluded from precursor selection. Data
acquired on the Bruker compact was converted to mzXML format for analysis. Data was
analysed using the free SearchGUI-4.1.7 software. The modified human protein
database (UniProt) was used as a library against which experimental spectra were

compared. PeptideShaker-2.2.5 was used for data visualisation.
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ESI mass spectra were acquired using a Bruker micrOTOF-Qlll spectrometer interfaced
to a Dionex UltiMate 3000 LC in positive and negative modes as required. The
instrument was calibrated using a tune mix solution, (Agilent Technologies ESI-l Low
concentration tuning mix) this was also used as an internal lock mass. Masses were
recorded over the range 100-2000 m/z. Operating conditions were as follows: end-
plate offset 500V capillary 4500V, nebulizer 2.0Bar, dry gas 8.0 L/min, and dry
temperature 180 °C. MicroTof control 3.2 and HyStar 3.2 software were used to carry

out the analysis.

APCl experiments were carried out on a Bruker micrOTOF-Q lll spectrometer interfaced
to a Dionex UltiMate 3000 LC or direct insertion probe. The instrument was operated
in positive or negative mode as required. Agilent tuning mix APCI-TOF was used to
calibrate the system. Masses were recorded over a range of 100-2000 m/z. Operating
conditions were as follows: Capillary voltage 4000V, corona 4000nA, nebulizer gas 2.0
Bar, dry gas 3.0 L/min, dry gas temperature 100-200 °C, vap. temperature 100-400 °C.

MicroTof control and HyStar software were used to carry out the analysis.

7.6.  General chemical methods

Chemicals were purchased from Acros Organics, Alfa Aesar, Thermo Fisher Scientific,
Fluorochem, Sigma-Aldrich, Merck, and TCl Chemicals and were used without further
purification. Anhydrous DCM was purchased from Thermo Fisher Scientific. TEA, 34,
and 35 were purchased from Merck and Thermo Fisher Scientific. Nitrogen gas was
obtained from BOC gases. Room temperature (rt) refers to 19-21 °C. Flash column
chromatography was performed on silica gel, particle size 0.04-0.063 mm, purchased
from Sigma Aldrich or VWR. TLC analysis was performed on TLC Silica gel 60 F,s4 plates
purchased from Merck and was visualised by UV irradiation (254 nm), as well as
ninhydrin stain (1.5 g ninhydrin, 5 mL AcOH, 500 mL 95% EtOH), or potassium
permanganate stain (3 g KMnO,, 20 g K,COs, 300 mL H,0).

In NMR experiments, chemical shifts are reported in parts per million (ppm), while
coupling constants are reported in Hertz (Hz) and are accurate to 0.2 Hz. 135C NMR
spectra are proton-decoupled. 'H and 3C NMR spectra were recorded by Dr. John
O'Brien on Bruker DPX 400 MHz (400.13 MHz for *H NMR and 100.61 MHz for *C NMR),
Bruker AV 400 MHz (400.13 MHz for *H NMR and 100.61 MHz for 3C NMR), Bruker AV
600 MHz (600.13 MHz for *H NMR and 150.90 MHz for 3C NMR), or Agilent MR400
(400.13 MHz for 'H NMR and 100.61 MHz for 3C NMR) spectrometers. >N NMR

spectra were recorded by Dr. Manuel Ruether using Solid State NMR, using Bruker 400
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MHz Avance Il HD equipped with a 3.2mm H/X CP-MAS probe. Nitrogen frequency was
40.54 MHz. The carbon low field signal was set to 38.48 ppm. Nitrogen spectra were
recorded with a standard CP pulse sequence, with a spin rate of 20 kHz, 80 kHz proton
decoupling. A cross-polarisation pulse of 4 ms was used for nitrogen spectra. The
sample temperature was set to 20 °C. NMR spectra for each compound were assigned
using HSQC and HMBC experiments. For NMR analysis, dry samples were reconstituted
in and referenced to their residual deuterated solvent, DMSO-ds (61 = 2.50 ppm, 6¢ =
39.52 ppm) for compounds 65, 67, 51, and 52.

Infrared (IR) spectra were obtained on Perkin Elmer spectrophotometer. ESI mass
spectra of small molecules were acquired by Dr. Gary Hessman, using a Bruker
microToF-Q llispectrometer interfaced to Dionex UltiMate 3000 LC in positive and
negative modes as required. The instrument was calibrated using a standard (Agilent
Technologies ESI-I Low concentration tuning mix), which was also used as an internal
lock mass. Operating conditions were as follows: end-plate offset 500 V, capillary 4500
V, nebuliser 2.0 Bar, dry gas 8.0 L/min, and dry temperature 180 °C. MicroToF control
3.2 and HiStar 3.2 software were used for data analysis. APCI-ToF experiments were
carried out on the same system, with Agilent tuning mix APCI-ToF as calibrant. APCI
conditions were as follows: capillary voltage 4000 V, corona 4000 nA, nebuliser gas 2.0
Bar, dry gas 3.0 L/min, dry gas temperature 100-200 °C, vapour temperature 100-400 °C.

Data analysis was performed using MicroToF control 3.2 and HiStar 3.2 software.
7.6.1. Synthesis of 3-ethoxy-4-hydrazineylcyclobut-3-ene-1,2-dione (65)
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Diethyl squarate 67 (187 mg, 1.1 mmol) was dissolved in MeOH (10 mL), while stirring,
followed by the addition of hydrazine hydrate (63 pL, 1 mmol), dropwise at room
temperature. The reaction mixture turned greyish-blue on hydrazine addition.
Hydrazine was reacted with diethyl squarate to completion, over 22 h, as visualised by
TLC (water-isopropanol-EtOAc, 2:2:1). Consumption of hydrazine (R¢= 0.23) and diethyl
squarate (Rf= 0.8) resulted in the formation of a new product (R¢= 0.9), which was

bright orange, when stained with ninhydrin. Reaction was concentrated under reduced
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pressure (97.1% vyield). The flaky grayish-white solid was stored at -20 °C, and used for

ubiquitin probe construction without further purification.

IR (ATR, neat) Vma/cm: 3350 (N-H), 2981 (C-H), 2625 (CH, CHO), 1808 (C=0), 1729
(C=0), 1674 (C=0), 1572 (C=0), 1509, 1473, 1380 (C-H), 1334, 1274, 1170, 1124, 1083,
915, 792, 700

1H NMR (600 MHz, DMSO-ds): 6 = 5.22 (s, 1H, N-H), 4.65 (g, J = 7.2 Hz, 2H, H-2), 1.38
(t,J=7.1Hz, 3H, H-1)

13C NMR (100 MHz, DMSO-ds): § = 196.16 (C-5, C-6), 189.58 (C-3), 184.11 (C-4), 70.66
(C-2),15.77 (C-1)

15\ NMR (40 MHz, DMSO-ds): 6 = 56.78 (N-H), 52.89 (N-H.)
HRMS (APCI): m/z calc. for CsHgN,0s, 157.055 [M+H]*, found = 157.063

7.6.2. Synthesis of 3-((2-aminoethyl)amino)-4-ethoxycyclobut-3-ene-1,2-dione

(66)
O54H 2
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Diethyl squarate (187 mg, 1.1 mmol) was dissolved in DCM (10 mL), while stirring,
followed by the addition of ethylenediamine (75 pulL, 1 mmol), dropwise, at room
temperature, for 20 h. TLC analysis (water-isopropanol-EtOAc, 2:2:1) confirmed the
consumption of ethylenediamine (R:= 0.62) and diethyl squarate (R¢= 0.8), resulting in
the formation of a new product (Rf= 0.46), which had a faint orange colour when
stained with ninhydrin. Upon completion, the reaction was dried under vacuum,
without further purification (95.3% yield). Flaky grayish-white solid was stored at -20 °C,

and used for ubiquitin probe construction without further purification.

IR (ATR, neat) vma/cm™: 3114 (N-H), 2989 (C-H), 2804, 2357, 2161, 1980, 1811 (C=0),
1728 (C=0), 1594 (N-H), 1481, 1382 (C-H), 1336, 1072, 1026, 848, 797, 668

H NMR (600 MHz, DMSO-ds): 6 = 10.80 (s, 1H, N-H), 8.23 (s, 2H, N-H,), 4.66 (q, /= 7.1
Hz, 2H, H-2), 2.56 (t, J = 5.5 Hz, 4H, H-7, H-8), 1.37 (t, J = 7.1 Hz, 3H, H-1)
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13C NMR (100 MHz, DMSO-d¢): 6 = 192.55 (C-6), 190.24 (C-5), 189.58 (C-3), 184.11 (C-
4), 70.65 (C-2), 34.86 (C-7), 34.06 (C-8), 15.77 (C-1)

HRMS (APCI): m/z calc. for CsH12N>03, 184.08 [M+H]*, found = 184.08

7.6.3. Synthesis of (E)-1-(4-bromobut-2-en-1-yl)-1,3,5,7-tetraazaadamantan-1-

ium (56)
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The intermediate was synthesised using an established protocol.3® 1.08 g (7.19 mmol)
of (E)-1,4-dibromobut-2-ene (51) was dissolved in chloroform (9.48 mL) while stirring,
and kept under an argon stream to maintain inert conditions. The flask was cooled to
4 °C. At that point, the argon stream was switched off, and 505 mg (3.6 mmol)
1,3,5,7-tetraazaadamantane (HMTA) was added. The nitrogen stream was replaced,
and the reaction was warmed up to room temperature. The reaction proceeded under
inert conditions, at room temperature, for 16 h. The following day, the product was
washed twice with chloroform to remove unreacted starting materials, and the filtered
white precipitate was dried in vacuo. The white precipitate was solubilised in DMSO for
TLC analysis. TLC analysis (water-isopropanol-EtOAc, 2:2:1) confirmed partial
disappearance of the starting material ((7)-1,4-dibromobut-2-ene, Rf= 0.95), and HMTA
(R¢=0.7), and formation of the product (56) (Rs=0.73), which had a faint orange colour
when stained with ninhydrin. Dry powder was stored at -20 °C for up to a week (73.8%
yield). Only IR spectrum and mass spectrometric analysis were performed on this

intermediate, and the intermediate was used in preparation of compound 51.

IR (ATR, neat) Vmax/cm™: 3744, 2978 (H-C=C), 2159, 1468 (C=C), 1398, 1370, 1273, 1237,
1214, 1113, 999, 971, 931, 867, 829, 810, 783 (C-Br), 705, 654

HRMS (ESI*): m/z calc. for CioH1sBrN4, 273.07 M-H*, found = 273.07

143



Chapter 7: Materials and methods

7.6.4. Synthesis of (E)-2-(4-bromobut-2-en-1-yl)isoindoline-1,3-dione (52)

52

920 mg (4.58 mmol) of (T7)-1,4-dibromobut-2-ene (51) was reacted at room
temperature with 850 mg (4.58 mmol) of potassium phthalimide (52) in 15 mL DMF,
while stirring, for 21 h. 20 mL of dH,0 was added to the reaction, followed by 20 mL of
diethyl ether, mixed, and the organic phase was collected. Extraction of the aqueous
phase with diethyl ether was repeated twice more, and the resulting 60 mL of organic
extracts were combined. 20 mL of brine was added to the organic phase, mixed, and
the phases were separated. The organic phase was then dried over MgS0,, filtered and
dried in vacuo. TLC analysis (hexane:EtOAc, 8:2) showed starting material ((T)-1,4-
dibromobut-2-ene, R = 0.7) was almost completely consumed, with a new spot (R =
0.2) that turned brownish-red when exposed to potassium permanganate stain.
Product (52) was purified by flash column chromatography (hexane:EtOAC, 8:2) and
obtained as a light-brown solid (86.9% yield). Dry powder was stored at -20 °C for up

to a week.

IR (ATR, neat) Vma/cm™: 3787, 3100 (H-C=C), 2933 (H-C=C), 2531, 2159, 2029, 1976,
1464 (C=C), 1398, 1370, 1326, 1274, 1236, 1214, 1113, 1030, 1000, 970, 930, 810, 783
(C-Br), 704

'H NMR (600 MHz, DMSO-ds): 6 = 7.88 (dd, J = 3.03 Hz, J = 5.5, 4H, H-7, H-8, H-9, H-
10), 7.75 (dd, J = 5.5, 3.0 Hz, 13H), 5.78-6.03 (m, 2H, H-2, H-3), 4.25-4.36 (m, 2H, H-4),
3.93(dd, J=7.2, 1.0 Hz, 2H, H-1)

13C NMR (100 MHz, DMSO-ds): 6 = 167.81 (C-5, C-12), 134.11 (C-6, C-11), 132.04 (C-8,
C-9), 129.99 (C-3), 128.36 (C-2), 123.42 (C-7, C-10), 38.62 (C-4), 31.26 (C-1)

HRMS (ESI*): m/z calc. for C1,H10NO,Br = 278.88
The spectroscopic data are in agreement with those reported in the literature.*®

Melting point: 97-99 °C (literature)?°, 97 °C (experimental).
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Chapter 7: Materials and methods

7.6.5. Synthesis of (E)-4-bromobut-2-en-1-amine (51)

4 2
Br
N

51

The compound was synthesised using an established protocol.3®® Quaternary amine
salt 56 (1 g, 3.64 mmol) was hydrolysed in 2M HCI (1.96 mL dH;0, 9.8 mL EtOH) in reflux
conditions, for 2 h. Release of the protecting group was confirmed by the formation of
a new spot on TLC that turned orange when treated with ninhydrin stain. Several other
spots were seen. Crude reddish oil 51 was not further purified, nor dried, as ion
exchange chromatography was required for purification, and the product degraded on
basification. NMR and Mass Spectrometric analysis confirmed the presence of the
target molecule in the crude. No melting point was established due to issues with

product purification.

H NMR (600 MHz, DMSO-ds): & = 8.33 (s, 1H, N-H), 5.84-6.12 (m, 2H, H-2, H-3), 4.24
(d,J = 6.4 Hz, 2H, H-1), 3.46 (q, J = 5.8 Hz, 2H, H-4)

13C NMR (100 MHz, DMSO-ds): & = 131.56 (C-3), 127.33 (C-2), 44.68 (C-1), 39.69 (C-4)

HRMS (APCI): m/z calc. for C4HsBrN, 150.05 [M+H]"*, found = 149.99
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Appendix A - Trypsin digest of probe 23 (searched against the modified HPD)
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Appendix B - Trypsin digest of probe 31 (searched against the modified HPD)
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Appendix C - Trypsin digest of BSA (searched against the HPD) — positive control

showing up as a ‘contaminant’
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Elastase digest of BSA (searched against the HPD) — positive control showing up as a
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Appendix D -Trypsin digest of a blank water sample (searched against the HPD) —

negative control showing up as a ‘trypsin contaminant’
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Elastase digest of a blank water sample (searched against the HPD) — negative control

showing up as a ‘chymotrypsin-like elastase contaminant’
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Appendix E -Trypsin digest of purified, concentrated UbiquitinK48C — peptide

containing K48C mutation was not found, likely due to signal loss
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Appendix F - Extracted ion chromatograms of modified and native BSA lysine residues,
as well as modified and native K48 Ubiquitin can be found on pages 14-37 in
supplementary information of: Calvert, S. H., Pawlak, T., Hessman, G., McGouran, J. F,,
Rapid diazotransfer for selective lysine labelling. Org. Biomol. Chem. 2024,

22(39):7976-7981, seen in the link below:

https://www.rsc.org/suppdata/d4/ob/d40b01094a/d40b01094al.pdf
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