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Abstract

Ubiquitination is a highly conserved post-translational modification that regulates a
multitude of critical cellular events. This process is orchestrated by a complex
enzymatic network. Deubiquitinating enzymes (DUBS) are responsible for removal
of ubiquitin from its conjugates. There are over 100 DUBs expressed in eukaryotes
and several diseases are associated with their dysregulation, including cancer and
neurodegeneration. Activity-based probes (ABPs) have been developed as an

effective strategy to study DUBSs.

ABPs targeting these enzymes are typically based on a ubiquitin scaffold and
incorporate an electrophilic group that reacts with an active site cysteine. These
probes have greatly enhanced the mechanistic and structural understanding of
DUBSs but offer no external control over the timing of the reaction. In this work, ABPs
consisting of a monoubiquitin recognition element and warheads with reactivity
previously unexplored in the context of ABPs were designed and synthesised. The
reactivity of these novel ABPs with DUBs was examined and new labelling

strategies were developed to improve the study of these enzymes.

New electrophilic probes with fluoride reactive groups were designed and
synthesised. These probes were tested alongside previously reported electrophilic
probes and demonstrated negligible reactivity with DUBs.

Latent ubiquitin-based probes that target DUBs via a site selective, photoinitiated
thiol-ene coupling mechanism were developed. A novel labelling methodology was
developed for these alkene-functionalised probes and reactivity was demonstrated
against recombinant DUBs and endogenous DUBs within cell lysate. Specificity of
this probe labelling was confirmed using inhibitor and proteomic studies. Novel
assays to probe reversible and irreversible inhibitors for this enzyme were also

demonstrated.

In order to enhance the biocompatibility of this methodology, a milder source of UV
light was used to initiate the reaction between DUBs and the alkene-functionalised
probes. Alternative radical initiators were examined for a visible light-mediated
thiol-ene reaction. Successful labelling of recombinant DUBs was achieved in both
strategies, but visible light activation was limited by off-target reactivity in more

complex systems. The visible light-mediated thiol-ene reaction and the thiol-yne



reaction were also explored for non-templated protein conjugation, affording modest

coupling in both cases.

Overall, the novel electrophilic probes presented do not improve upon existing
probes of similar reactivity. However, the work on alkene functionalised probes
enables more finely resolved investigations of DUB activity in complex systems. In
contrast to existing cysteine reactive probes, control over the timing of the
enzyme-probe reaction is possible for the alkene functionalised probes as they are
completely inert under ambient conditions, even upon probe binding. This is
expected to help provide a better understanding of these enzymes and aid in the
study and development of novel inhibitors. The visible light-mediated thiol-ene and

thiol-yne reactions were found to have limited applications for bioconjugations.
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Chapter 1 — Introduction

1 Introduction

1.1 Ubiquitination as a post-translational modification

Ubiquitination is a post-translational modification wherein ubiquitin is conjugated to
substrate proteins.® The conjugation of this 76 amino acid protein changes the
activity of the substrate proteins and their interactions with other proteins.! The
ubiquitination process is carried out by a series of enzymes that comprise what is
known as the ubiquitin cascade. This cascade consists of the highly conserved E1,
E2 and E3 enzymes that carry out a series of activation and ligation reactions to
ultimately conjugate the C-terminus of ubiquitin to a lysine (Lys) residue or the

N-terminus of substrates (Scheme 1.1).%3

H O
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o E3 E2 0
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Scheme 1.1: The ubiquitin cascade. Ubiquitin monomers travel through the ubiquitin
cascade via a series of transthioesterifcation reactions before conjugation to a lysine (Lys)

residue of a substrate protein.

The array of these enzymes in eukaryotes and the differences in their relative

promiscuity results in highly complex enzymatic networks that regulate numerous
1



Chapter 1 — Introduction

cellular events. Initially, the cascade was understood to provide the early signals for
the ATP-dependent degradation of short-lived proteins by the proteasome. Since
then, the cascade has also been identified to play a major role in DNA repair,®
transcriptional regulation,® the cell cycle’® and stress responses’® among many

other processes.®

The cellular pool of ubiquitin-substrate conjugates is highly dynamic, with rapid
removal and addition of monomers.!®!! The E1 ubiquitin-activating enzymes
catalyse the formation of a high-energy adenylate intermediate that is transferred to
the E2 and E3 enzymes via transthioesterification reactions with the active site
cysteine (Cys) of each enzyme (Scheme 1.1).1? Ultimately, an isopeptide bond is
formed between a lysine (Lys) residue of a substrate protein and the C-terminus of
the ubiquitin monomer by an E3 enzyme.*? Alternatively, RING E3 enzymes can act
as scaffolds, templating the interaction between E2 enzymes and the substrate

proteins to facilitate isopeptide bond formation.

Substrates can be monoubiquitinated, as seen in proliferating cell nuclear antigen
(PCNA)® and the transcription factor p53.14 Alternatively, multiple ubiquitin
monomers can be conjugated to multiple Lys residues of a protein in a process
known as multimonoubiquitination. A well-established example of this is the
epidermal growth factor receptor.'® Isopeptide bonds can also be formed with the
N-terminus of another ubiquitin monomer, or one of its seven surface-exposed Lys
residues to construct polyubiquitin chains.'® These chains vary in length and linkage
type, affording distinct topologies which determine the substrate protein’s

interactions.1’

All possible polyubiquitin linkage types have been found in eukaryotic cells, with
chains adopting either an ‘open’ or ‘compact’ conformation depending on this
linkage type.’®1° These differing topologies are recognised by subsets of other
enzymes, allowing for numerous different processes to be regulated by
ubiquitination. The best studied of these chains is the Lys 48 linkage type.° Proteins
with Lys 48 linked polyubiquitin chains of at least four units long are marked for
degradation by proteasome.?® Ubiquitin receptor proteins have been demonstrated
to escort these ubiquitinated proteins to the proteasome and certain deubiquitinating
enzymes (DUBSs) such as Rpnll associate with the proteasome to regulate this
process.?%?! In contrast, chains linked via the Lys 63 residue are known to be

2



Chapter 1 — Introduction

involved in DNA damage signalling.?? The exact function of chains linked via other
Lys residues or chains of mixed linkage type remains unclear, and the complexity
of the process is added to by the occurrence of chains containing other ubiquitin-like
proteins such as NEDD and SUMO.*® The importance of the ubiquitin cascade is
underlined by the range of pathologies that have been linked to mutations of
enzymes within the cascade. These include cancer,?® genetic syndromes?* and
neurodegenerative diseases.?® The ubiquitination process therefore requires tight
regulation and the enzymes that oppose the action of this cascade and remove

ubiquitin monomers from substrates play an critical role.

1.2 Deubiquitinating enzymes

DUBs possess ubiquitin C-terminal hydrolytic activity and are responsible for
removal of ubiquitin from its conjugates.?® The human genome encodes for
approximately 100 of these enzymes, and they are split into eight classes based on
sequence similarity and mechanism of action: ubiquitin-specific proteases (USPs),
ubiquitin C-terminal hydrolases (UCHs), ovarian tumour proteases (OTUS),
Machado-Josephin domain proteases (MJDs), the JAB1/MPN/MOV34 family
(JAMMs), the motif interacting with Ub-containing novel DUB family (MINDY),
monocyte chemotactic protein-induced proteins (MCPIPs) and the recently
discovered Zn-finger and UFSP domain proteins (ZUFSPs).?”:28 This wide range of
enzymes adds to the intricacy of the ubiquitin system already afforded by the
conjugation machinery and array of linkage types for polyubiquitin chains.

All families, except the JAMM metalloproteases, are Cys proteases.?’ Their active
site contains a Cys and histidine (His) residue, which together form a catalytic diad.
Often a third residue, typically an asparagine (Asn) or aspartate (Asp), also
contributes to form a catalytic triad (Scheme 1.2).2° The catalytic Cys residue is
deprotonated by the adjacent His, promoting nucleophilic attack by this Cys. If
present, the third residue polarises and aligns the His to promote hydrogen bonding
with the Cys (Scheme 1.2).2° DUBs cleave the amide bond between C-terminal
glycine (Gly 76) of ubiquitin and the Lys side chain of the protein that is conjugated

to the monomer.
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R = Substrate protein

Scheme 1.2: Mechanism of action for Cys protease classes of DUBs. (A) Nucleophilic
attack at the carbonyl carbon of Gly 76 by Cys, (B) Elimination of amine to form thioester,

(C) Hydrolysis of thioester, (D) Elimination of Cys and release of ubiquitin.

The JAMM family of DUBs are zinc metalloproteases.® Two zinc ions are
coordinated within the active site by conserved His and Asn residues. The zinc ions
activate a water molecule to attack the isopeptide bond, creating a charged catalytic
intermediate which then collapses to release the amino group.3233 As with the Cys
protease DUBSs, the isopeptide bond between the Gly 76 residue of ubiquitin and
the conjugated Lys residue is cleaved.

DUB-ubiquitin binding interactions are mediated by various ubiquitin binding
domains (UBDs). Examples include the ubiquitin associated domain, the ubiquitin
interacting motif and the zinc-finger ubiquitin-specific protease domain.3* The
C-terminal sequence of ubiquitin, in particular the arginine (Arg) 74 and Gly 75
residues, is fundamental for recognition by DUBs, with the final Gly residue
orientated immediately adjacent to the active site Cys.3® DUBs display varying
specificities for different polyubiquitin linkage types. For example, OTUBL1, a
member of the OTU family, has high specificity for Lys 48 linked chains.®¢ OTUB1
therefore plays a crucial role in the protein degradation pathway. Conversely, some

members of the USP family demonstrate little linkage preference, suggesting they



Chapter 1 — Introduction

play a more general role in the ubiquitin network.3” The primary roles of DUBs in

cells are summarised below (Scheme 1.3).

C @D "

Ub
E1,E2, E3 Ub
Ub
Ub maturation
¢ ==
Ub
Ub
Ub
Ub
C-ter fusion Ub
protein
Poly-ub Complete
Ub editing de-ub
Ub
+ w

+

Ub
Ub

Ub
Ub

Disassembly
and recycling
Ub = Ubiquitin

C-ter = C-terminus

Scheme 1.3: Summary of the roles of DUBs in cells. The general roles of DUBs are the
processing of immature ubiquitin monomers, the complete removal of polyubiquitin chains,
editing poly ubiquitin chains and the disassembly and recycling of these chains. Figure

adapted with permission from Todi et al.®

Ubiquitin precursors are first synthesised in the cell as C-terminally extended
proteins, fused to ribosomal proteins or as ubiquitin polymers. DUBs are responsible
for processing these precursors, adding to the pool of free ubiquitin monomers
available for the conjugation machinery to add to substrate proteins.®® The complete
disassembly and recycling of ubiquitin chains is also carried out by DUBs and is
critical in sustaining ubiquitin homeostasis. The partial disassembly or editing of
these chains is also performed.*® PA700-isopeptidase has been reported to
associate with parts of the proteasome and perform a ‘proofreading’ role, ensuring
no protein is mistakenly degraded.*' Several DUBs have been implicated in the
developmental processes of Drosophila, including Fat facets (faf)*2 and members of
the OTU family.*® Similarly, DUBs are established to have important roles in the
development of mice.** Furthermore, the role of DUBs in stem cell maintenance and
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differentiation is also well established.*>*” The DUB USP1 has been demonstrated
to have a close relationship with the DNA repair enzyme Fanconi anaemia group
D2 protein (FANCDZ2).#® Several other DUBS, including USP3, are believed to be
involved in DNA repair and maintenance.*®>° Finally, USP16,°1 USP22% and
USP3%3 have all been strongly implicated in cell cycle regulation. DUBs are known
to regulate several other cell signalling pathways in combination with the ubiquitin
conjugation machinery via the controlled addition and removal of ubiquitin
monomers. Regulating effects have been demonstrated on the p53,°* NFkB,°
TGF-B°® and Csf3®’ signalling pathways, all of which are critical to the homeostasis
of a cell.

Dysregulation of DUBs can promote the development of certain disease states.
Genes encoding the DUBs CAP-GLY and BAP1 are established tumour suppressor
genes and are often mutated in cancer phenotypes.>® Additionally, upregulation in
the expression of members of the OTU family is linked to the development of many
cancer types.>® An increasing number of studies also link mutations and changes in
the expression levels of DUBs and members of the ubiquitin cascade to neurological
diseases.?>6%-63 The apparent importance of DUBs in a number of cellular processes
and disease states has created a significant demand for new tools and methods to

increase the understanding of these enzymes. 4

1.3 Activity-based probes targeting DUBs

Traditional methods to understand and profile an enzyme’s influence on a cell rely
on monitoring the abundance of the associated messenger ribonucleic acid (MRNA)
sequence using transcriptomic techniques.®® These methods are limited as they
assume that all mRNA present will be translated into active enzyme. They do not
account for regulation of a protein’s expression at the mRNA level or the regulation
of an enzyme’s activity via post-translational modifications or interactions with other
molecules. Therefore, transcriptomic analysis does not provide a complete picture
of enzyme activity. Activity-based probes (ABPs) were developed to overcome
these limitations.®¢ These probes target only the active form of an enzyme and allow
for the identification and characterisation of active enzymes within complex cellular
milieu, giving a more accurate picture of an enzyme’s influence in a cell. ABPs
contain three common elements; a reactive group, or ‘warhead’, that covalently

reacts with the enzyme’s active site, a recognition element that mimics the enzyme’s
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substrate, and a reporter tag to allow for the visualisation and purification of the
probe-enzyme adduct (Scheme 1.4). This tag also facilitates the identification of
bound proteins through quantitative proteomics. The probes are designed such that
when the target enzyme binds to the recognition element of the probe, the warhead
IS positioned proximal to the active site residue and a covalent bond is formed,
typically by nucleophilic attack of the active site residue.

Recognition

element
l Whole cells, cell lysate /* *_
or recombinant enzyme Analysis

[
Warhead Tag * ‘
1 | |

Gel electrophoresis

Proteomics

Scheme 1.4: Design and application of ABPs. Probes contain a recognition element that
directs binding to the enzyme of interest. The warhead covalently traps the enzyme upon

binding and the tag facilitates downstream analysis.

1.3.1 Monoubiquitin based probes

Probes targeting DUBs that use a monoubiquitin recognition element have been
successful in the identification and characterisation of new DUB family members,’
helping in crystallisation studies of DUBs® and evaluating inhibitors for these
enzymes.%° The first example of an ABP targeting DUBs consisted of a vinyl sulfone
warhead in place of the C-terminal Gly 76 residue of ubiquitin (Figure 1.1A).7° The
Michael acceptor of the vinyl sulfone is positioned such that the site of attack is
equivalent to that on the natural substrate of DUBS, a ubiquitin-protein conjugate.
Many subsequent probes follow this same pattern, positioning an electrophilic
warhead to mimic the site of attack on the natural substrate. The vinyl sulfone probe
was synthesised using a transpeptidation approach and since then a variety of thiol-
reactive electrophiles have been reported. Lactone’ and alkyl halide®” based
warheads are two further examples of probes that work via nucleophilic attack
(Figure 1.1B and C). The vinyl methyl ester (VME) warhead (Figure 1.1D) has the
same reactivity as the vinyl sulfone, labelling DUBs via conjugate 1,4-addition.®’

Unexpectedly, propargyl amide groups (Figure 1.1F) were found react with the

active site Cys by direct 1,2-addition to form a vinyl thioether.”? Crystal structure

7
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experiments confirmed the formation of a vinyl thioether with the active-site Cys of
DUBs. This was explained by stabilisation of the unfavourable vinylic anion
intermediate formed during the labelling by acidic residues within the nearby
oxyanion hole. More recently, a disulfide probe (Figure 1.1G) capable of reversibly

labelling DUBs by a thiol-specific exchange reaction was described.”®
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Figure 1.1: A selection of warhead structures targeting the Cys protease DUBs.

An alternative strategy towards monoubiquitin ABPs uses the random mutation of
wild-type (WT) ubiquitin followed by a phage display assay to examine the effects
of these mutations on the binding affinity between ubiquitin and DUBs and select for
those that improve binding.”* The method was originally developed to inhibit or
enhance DUB activity through endogenous expression of such ubiquitin mutants.
Certain mutations resulted in class specific ubiquitin variants and several of these
DUB classes and some of the conjugation machinery have been targeted in this
manner.”>’® The methodology was extended to ABPs by Gjonaj et al. who
functionalised these mutants with tags and warheads to generate USP7 selective
probes using some of the previously developed ubiquitin variants along with novel
variants made using computational models as starting points.”*7>77.79 The probes
consisted of a C-terminal alkyne warhead along with an N-terminal rhodamine dye.
This strategy is limited as although some mutations enhance binding affinity, they
appear to alter the position of the C-terminus when the probe is bound to a DUB,

and this influences the covalent capture of the enzyme.”

Interestingly, certain warheads also show reactivity towards the ubiquitin
conjugation machinery as well as DUBs.”* The majority of enzymes also employ an
active site Cys and are ATP dependent.’? One example of a ubiquitin-based ABP
designed to target these enzymes is the Ub7s-dehydroalanine (Dha) probe reported
by Mulder et al. (Figure 1.1H).8° This probe contains the unnatural amino acid Dha
at its C-terminus. Like WT-ubiquitin, the Ub7s-Dha probe can travel down the
ubiquitin cascade through a series of transthioesterification reactions following
8
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conjugation to ADP in the active site of an E1 enzyme. At each step the probe can
trap the enzyme via nucleophilic attack of the Michael acceptor in the Dha residue

or be processed as normal via cleavage of the peptide bond.

Using a NCL approach, ubiquitin probes have been generated by fragment based
approaches and total synthesis using Fmoc solid-phase peptide synthesis
(SPPS).8183 One such approach developed by Erlich et al. demonstrated that the
synthesis of ubiquitin analogues could be achieved starting from two peptide
fragments.®! An Ala46Cys mutation in the N-terminal fragment facilitated NCL of the
two fragments and a C-terminal N-methylcysteine was then converted to a thioester
under acidic conditions. Amines functionalised with reactive groups were coupled to
this thioester to afford the final probe. The total synthesis of C-terminal ubiquitin
analogues using NCL has been achieved using a chlorotrityl resin.®® The mild
conditions required to cleave peptides from this resin meant that a ubiquitin peptide
with all protecting groups intact was cleaved and the free C-terminus was coupled
selectively to the desired nucleophile. Global deprotection using trfifluoroacetic acid
(TFA) provided the desired probe.

In addition to NCL, other enzymatic and semi-synthetic methods have been used to
synthesise these monoubiquitin probes. A common semi-synthetic method for
monoubiquitin probe preparation starts by expressing a fusion protein containing an
intein and chitin-binding domain (CBD) 1 and proceeds via a reactive thioester 2
(Scheme 1.5).%7 Inteins are protein motifs which are observed across several
organisms and act as auto-processing domains that post-translationally modify
proteins via splicing events.8* The splicing typically involves the cleavage of two
peptide bonds, the excision of the intein domain and the ligation of the two flanking
extein sequences. The process is spontaneous and requires no external driving
force other than the correct folding of the domain. These domains have been
repurposed to facilitate tagless protein purification.8> An Asp to alanine (Ala)
mutation results in a trapped equilibrium forming between an amide and thioester
bond at the N-terminus of the intein (Scheme 1.5). An affinity binding domain is
usually included C-terminally to the intein domain that immobilises the construct on
a column. At this point other proteins are removed by affinity purification. Following
purification, base is added to induce hydrolysis of the thioester or alternatively,
cleavage can be induced through the attack of a nucleophile. In the context of

monoubiquitin probes, addition of sodium 2-mercaptoethanesulfonate (MESNa) to
9
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induce thiolysis is most commonly employed (Scheme 1.5).5” The resulting
thioester 2 can be reacted with an amine warhead which replaces the C-terminal
glycine, providing an efficient and convenient method to obtain a monoubiquitin

probe.

IZ

\J
* =HAtag B = intein domain ( = Chitin-binding domain @ - Immobilised chitin beads

Scheme 1.5: Formation of a reactive HA-ubiquitin-thioester 2 on an immobilised

chitin column by MESNa-mediated thiolysis. The protein construct is expressed in
bacteria consists of HA-ubiquitin without the C-terminal glycine residue (Ubss), an intein
domain and a CBD. The construct can be purified on an immobilised chitin column and then

eluted as the reactive thioester following MESNa induced thiolysis.

Transpeptidation is an enzymatic strategy used for the synthesis of monoubiquitin
ABPs (Scheme 1.6). When the tertiary structure of ubiquitin is retained, the only site
efficiently cleaved by trypsin is Arg 74, resulting in the release of the final two Gly
residues.® This knowledge was used to design an approach to synthesise ubiquitin
reagents such as the fluorogenic Ub-7-amido-4-methyl coumarin (UbAMC) probe
before being adapted to make ABPs.”%87-8% The method adapted for ABP synthesis
starts with the treatment of ubiquitin with trypsin followed by the addition of excess
hydrazine to promote proteolysis to Ub7s-NHNH2 3 (Scheme 1.6).7° Oxidation with
nitrous acid leads to the formation of Ub7s-N3s 4 and the final probe is formed by
coupling Ub7s-N3 4 to a Gly residue conjugated to the desired warhead. The
reactivity of E2 enzymes has been used in a similar way to generate ubiquitin
modified C-terminally with small molecules or whole proteins, although it has not yet

been used to synthesise ABPs.%0
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Scheme 1.6: Transpeptidation approach towards the synthesis of monoubiquitin
ABPs.

1.4 Advances in the application of DUB ABPs
1.4.1 Mass spectrometry-based techniques using DUB ABPs

Several studies have effectively demonstrated the power of monoubiquitin DUB
ABPs by coupling their use with advanced proteomic techniques. Hewings et al.
developed an enhanced chemoproteomic technique using an on-bead digest
protocol that not only allowed for comprehensive identification of captured DUBS,
but also permitted precise identification of the labelled residues.®* Probe labelling of
the active-site Cys for multiple DUBs was confirmed as well as unexpected off-target
labelling of non-catalytic Cys residues within active sites. The results of this study
provided a valuable insight into the promiscuity of monoubiquitin ABPs and provides
further opportunities for the identification of the reaction sites of covalent molecules.
A total of 61 DUBs were identified in this study, which was the most comprehensive
study at that time. Furthermore, a novel DUB class, ZUFSP, was identified in this

study and its chain selectivity was assessed.

More recently, Pinto-Fernandez et al. performed an even larger study of DUB
activity using the haemagglutinin (HA)-tagged probes HA-Ub7sCH2CH2Br 5 and
HA-Ub7s-PA 6 (Figure 1.2).%2 An extended chemoproteomic workflow identified 74
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DUBs and was able to distinguish between enzyme isoforms. This was achieved by
incorporating an additional high-pH fractionation step prior to analysis by
LC-MS/MS. This extra step reduced sample complexity, resulting in a 92% increase

in the number of DUBs observed relative to existing ABPP workflows using the same

equipment.
LN SN
5 6

Figure 1.2: Structure of ABPs used for in studies by Pinto-Fernandez et al.*?

Comparative transcriptomic experiments looking at the presence of DUB-associated
MRNA demonstrated the value of this methodology, with certain DUBs only detected
at the mRNA level while others were only found as proteins. These results suggest
distinct regulatory pathways are at play at both these levels, confirming that using
ABPs provides distinct and valuable information relative to transcriptomic analysis.
This study provides a framework for future analysis of DUBs and small molecules
targeting these enzymes as the number of DUBs detectable was equivalent to the
DUBs known to be expressed in the examined cell lines. Analysis is therefore more

accurate and provides a more complete picture of the activity of the DUBome.

1.4.2 Cell permeable DUB ABPs

The large size of ABPs incorporating a ubiquitin recognition element means that
they are generally cell impermeable. This is limiting as cell lysis is known to impact
protein function. Upon cell lysis, protein-protein interactions, which are known to be
important to DUB function, are affected and ubiquitination patterns have been
observed to change.®93°4 Efforts have therefore been made to enable the use of
these probes in more physiologically relevant systems. One way this has been
addressed is by using pore-forming toxins. The first example of this by
Claessen et al. employed perfringolysin O (PFO) which is known to bind to
cholesterol and form large pore complexes (Figure 1.3B).%® Used in combination
with a ubiquitin ABP, this facilitated its transport across the cell membrane and a

comparative study of DUBs in chlamydia-infected HelLa cells was carried out.
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Electroporation is generally used for transfecting impermeable small molecules or
DNA into cells.?% |t creates transient micropores on the surface of a cell, meaning
it can be used in the same way as the pore forming toxins but with less impact on
cell viability (Figure 1.3B). Its use for ubiquitin ABPs was first reported by
Mulder et al. when examining the activity of their Ub7s-Dha probe (Figure 1.1H).8°

More recently, the Zhuang group incorporated a variety of cell-penetrating peptides
(CPPs) into existing DUB probes (Figure 1.3A and B).%* The CPPs were conjugated
by a disulfide bond, meaning once inside the reducing environment of the cell the
CPP is cleaved from the probe. Uptake of these ABPs was visualised using
fluorescent tags in combination with live-cell fluorescent confocal microscopy.
Alternative HA-tagged probes permitted immunoblotting and affinity purifications for
quantitative mass spectrometry. Interestingly, the results obtained by these
measures were different to those observed in equivalent cell lysate labelling
experiments, demonstrating the importance of accessing tools to study these
enzymes in more physiologically relevant systems. Furthermore, some of the DUBs
identified in whole cells are known to localize to specific organelles, suggesting that

the probe can permeate different sub-cellular compartments.
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Figure 1.3: Methods to facilitate ubiquitin ABP transport into whole cells. (A) Structure
of ubiquitin ABP conjugated to a cell peptide. (B) Methods to profile DUB activity in whole

cells using ABPs with ubiquitin recognition elements.

1.4.3 Small molecule DUB ABPs

Probes using ubiquitin recognition elements offer a convenient scaffold to selectively
target DUBs and they have provided significant advances in the understanding of
DUB biology. However, as discussed, their size means they are generally cell
impermeable. Their use is therefore limited to cell lysate or with recombinant
enzymes unless they are used in combination with the methodologies previously
discussed. To provide an alternative to these techniques, significant efforts have
been made to develop small molecule DUB ABPs. These molecules are cell
permeable and therefore offer a powerful alternative to the existing ubiquitin-based

probes.
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The first example of this type of probe was adapted from a compound that was
initially identified as a potent USP4 and USP11 inhibitor by high-throughput
screening.®’ The original chloroacetylpyrrole scaffold was furnished with an alkyne
handle to afford the ABP 7 (Figure 1.4) which was demonstrated to label twelve
DUBs in live U20S cells. Unsurprisingly, this probe demonstrated increased
off-target labelling relative to probes with a ubiquitin scaffold but it represented a
significant advance as a tool to study DUB inhibitors in whole cells.®*%7 This was
validated by experiments showing that the parent molecule could compete for

binding with the ABP 7 in a concentration dependent manner with several DUBSs.
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Figure 1.4: Structures of small molecule DUB ABPs.

A similar approach was taken to equip a small molecule USP14 inhibitor with an
alkyne handle affording the probe 8 (Figure 1.4).°® However, this probe was found
to be even more promiscuous than the previous small molecule probe 7, causing
protein aggregation and affecting cell viability. UCHL specific probes designed using
the same concept have been more successful. One example, IMP-1710 9
(Figure 1.4), was based on a cyanopyrrolidine scaffold known to covalently inhibit
UCHL1.%° This scaffold was functionalised with an alkyne handle to make a highly

selective ABP for UCHL1. Only the S-enantiomer of the probe was bound by the
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enzyme. The value of these cell permeable probes was demonstrated by using this
IMP-1710 probe 9 to show that the previously reported UCHL1 inhibitor LDV-57444
is not bound by UCHL1 in whole cells. A closely related probe 10 based on a similar
cyanopyrrolidine skeleton was reported more recently but was significantly less
potent than IMP-1710 9 and less specific (Figure 1.4).1%°

Geurink et al. also employed a cyanopyrrolidine scaffold in the design of
fluorescently labelled and biotinylated derivatives of UCHL1 specific probes 11a—c
and 12a-b respectively (Figure 1.4).1%1 These derivates were strongly selective for
UCHL1 over other DUBs but some off-target labelling was observed with PARK7, a
human deglycase, limiting its utility relative to the original IMP-1710 probe 9.

1.5 Ubiquitin conjugate probes targeting DUBs

Probes incorporating a monoubiquitin recognition element are extremely useful
research tools that provide valuable information about global DUB activity.%%%? In
addition to the small molecule probes which demonstrate specificity, a generation
of ubiquitin-conjugate probes was developed to allow for more focused
investigations of DUB activity.'?> These probes target subsets of the ubiquitin
conjugation/deconjugation machinery to help elucidate enzyme specificity. They
provide a more precise picture of enzyme activity compared to the existing
monoubiquitin probes. Ubiquitin conjugate probes were designed using the
knowledge that DUB specificity is largely mediated by the C-terminal adduct or
substrate protein proximal to the ubiquitin, as well as the linkage type in cases where
the substrate is a polyubiquitin chain (Figure 1.5A). In ABPs, the isopeptide bond

is replaced by a linker containing a reactive group (Figure 1.5B).
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Figure 1.5: Structure of (A) WT ubiquitinated protein or ubiquitin dimer (B) Ubiquitin
probes resembling these WT conjugates.

1.5.1 Ubiquitin peptide probes

The first probes using this concept were designed by Iphdfer et al. and consisted of
ubiquitin monomers conjugated to peptides mimicking certain ubiquitin linkages 13
(Figure 1.6).103 Sequences mimicking the regions around Lys 48 and Lys 63 were
tested, and a lower number of enzymes were captured relative to the existing
Ub7s-VME probe (Figure 1.1D). Further examples of Ub-peptide probes 14 were
synthesised using selenocysteine (SeCys) ligation (Figure 1.6).1°* The peptide
used was centred around the Lys 117 residue of the TRIM25 protein, a known
ubiquitination target that is specifically bound by USP15. Deselenisation furnished
the probe 14 with a Dha residue by in place of the Gly 76 which acted as the
electrophilic trap.
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Figure 1.6: Structures of reported Ub-peptide probes.

1.5.2 Diubiquitin ABPs

In addition to the ubiquitin-peptide conjugates, probes consisting of a diubiquitin
recognition element have also been developed. Several full length diubiquitin probes
were synthesised by McGouran et al. (Figure 1.7A).1% All eight linkage types were
successfully mimicked, allowing for quantification of DUB selectivity. Another
approach to diubiquitin probe synthesis centred around a linker containing an
acetal-protected Michael acceptor (Figure 1.7B).1%¢ Acetal deprotection in the final
step of the synthesis unmasked a Michael acceptor which functioned as the

electrophilic warhead in the probe 16.

Ub;s

UbLysGSCys
Figure 1.7: Structures of selected ABPs with diubiquitin recognition elements.

Since then, several other ABPs consisting of diubiquitin recognition elements have

been synthesised (Figure 1.8). They mostly follow the same design with a warhead
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positioned between the two ubiquitin monomers. The traps employed are also very
similar to the Michael acceptors used in monoubiquitin probes and the first
diubiquitin probes, with some using the unnatural amino acid Dha for this purpose
(Figure 1.8A) and others a vinyl amide (Figure 1.8B).107-199 All diubiquitin probes
demonstrated increased DUB selectivity, but only probe 19 synthesised by Weber
et al. was completely selective for a single class of DUB (Figure 1.8C).1%° The probe
synthesis followed a similar route to probe 17, once more using unnatural amino
acid DHA as a reactive warhead. This probe structure was selectively bound by
OTULIN in cell lysate.'%® Diubiquitin ABPs following this design have significantly
enhanced the understanding of DUB linkage selectivity!!® and aided in the

identification and characterisation on new DUB families.111
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Figure 1.8: Structures of selected ABPs with diubiquitin recognition elements.

All diubiquitin probes discussed thus far probe the S1°-S1 pockets of DUBs, with the
warhead positioned between the two ubiquitin components. Flierman et al. designed
the probe 20 which positioned the warhead proximal to the second ubiquitin
monomer, to probe the S1-S2 pocket of DUBs (Figure 1.9).112
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Ub7s

Figure 1.9: Structure of the ABP S1-S2 pocket of DUBs with a diubiquitin recognition

element reported by Flierman et al.'*

Additionally, Paudel et al. synthesised a probe with a triubiquitin recognition element
(Figure 1.10). The probe 21 consisted of a native isopeptide bond between the
proximal and central ubiquitin and the warhead positioned between the central and

distal monomers.110

UbLys+Cys

21 Ubagp77

Figure 1.10: Structure of the ABP with a triubiquitin recognition element reported by

Paudel et al.**®

1.5.3 Ubiquitin-protein conjugate probes

To further examine DUB specificity, similar methodologies were employed for
probes with ubiquitin conjugated to other protein substrates (Figure 1.11). As an
extension to their Dha based methodology, Meledin et al. designed a probe, 22,
based on ubiquitin conjugated to a-globin (Figure 1.11A).1*® The final probe 22
mimicked a ubiquitin-a-globin conjugate with a Dha electrophilic trap between the
two proteins. Another probe, 23, followed a similar principle using Dha as an
electrophilic trap and the Zhuang lab reported a probe, 24, using a Michael acceptor
between ubiquitin-PCNA. (Figure 1.11B and C).}'4115 The value of these probes
was best demonstrated in studies that demonstrated differing DUB specificity for the
ubiquitin-PCNA probe 24 relative to diubiquitin ABPs.11°
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Figure 1.11: Structures of selected ABPs with a ubiquitinated protein as the

recognition element.

1.6 Probes for Ubiquitin Conjugation Machinery

Monoubiquitin probes have been demonstrated to label members of the ubiquitin
conjugation machinery but they lack specificity.”172116-119 To Dbroaden the
understanding of the complete ubiquitination process, probes targeting members of
the ubiquitin conjugation machinery analogous to those targeting DUBs have been
developed. The design of these probes followed the same concept of adding groups
to the C-terminus to a ubiquitin monomer to make a recognition element targeting

specific members of the ubiquitin cascade.

1.6.1 Ubiquitin-adenine probes

The ubiquitin cascade begins with the formation of a high energy ubiquitin-adenylate
intermediate within the active site of an E1 enzyme.'?° Lu et al. hypothesised that
mimicking this adenylate intermediate would provide a probe specific for E1
enzymes.'?! A Ubri-thioester was coupled to a modified C-terminus containing an
electrophilic trap in place of Gly 74 and a 5'-sulfonyladenosine-based modification
using NCL to afford the probe 25 (Figure 1.12A). A second E1 specific probe 26
was synthesised by An et al. once more using NCL (Figure 1.12B).*?? A Dha residue
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functioned as the electrophilic trap and although the design lacks a phosphate
mimic, potentially reducing binding affinity, covalent labelling was observed with

UBAL1 in recombinant enzyme experiments.

26b

Figure 1.12: ABPs resembling the ubiquitin-adenylate intermediate of the ubiquitin

cascade to target E1 enzymes.

Using the knowledge that transthioesterification occurs between E1 and E2
enzymes within the ubiquitin cascade, an alternative probe design using an E2
enzyme as the recognition element was proposed. Stanly et al. used
tosyl-substituted doubly activated ene (TDAE) compounds to enable sequential
functionalisation of two thiols at a single carbon centre and profile E1 activity by
studying this transthioesterification step (Figure 1.13A).123 In this example, the
single Cys residue of the E2 UBE2N was reacted with a TDAE for probe 27
(Figure 1.13B). Labelling of E1 UBA1 was observed using the modified E2 probe
and this was enhanced by co-incubation with WT ubiquitin and ATP. Endogenous
UBA1 was selectively labelled in HEK293T lysate.
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Figure 1.13: Using TDAEs to generate E1 targeting enzymes. (A) Strategy for the
formation of ABPs using TDAEs and subsequent binding dependent labelling reaction. (B)
Structure of the ABP 27 with an E2 recognition element and warhead formed in reaction
with a TDAE reported by Stanly et al.**

1.6.2 Ubiquitin-protein Probes for E3 ligases

The concept of the TDAE probes was elaborated upon to create a probe specific for
the E3 ligase Parkin (Figure 1.14A).1>> Two alkyne functionalised acrylate and
acrylamide TDAEs were prepared and coupled to ubiquitin monomers. A single Cys
mutant of His-UBE2L3 was reacted with the TDAE functionalised monomers to form
the final probes 28a-b. The active-site Cys of Parkin covalently reacted with both
probes which were both unreactive with recombinant DUBs. A similar probe 29
consisting of a ubiquitin conjugated E2 enzyme was developed by Xu et al. with a
Dha residue incorporated as the electrophilic trap (Figure 1.14B).12* The probes

enriched for several E3 enzymes following a reaction in HelLa cells.
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UBE2D2

Figure 1.14: Structures of selected ABPs with a ubiquitin-E2 recognition element.

1.7 Radical chemistry in biological systems

Free radicals are involved in several essential processes in cells including
combating pathogens and in cell signalling pathways.*?° In biological systems, they
are generated primarily by electron transfer reactions, but they can also be
generated by the direct cleavage of bonds. Such radicals can be generated within
the highly controlled environment of an enzyme’s active site, by normal oxidative
metabolism or alternatively as a result of exogeneous agents such as y-radiation
and ultraviolet (UV) light.126-128 |n most cases these processes result in the formation
of short-lived radical anions or cations that react rapidly to form new radical species.
As a result, there are several different mechanisms by which a variety of radical
species and oxidants are formed. The best studied of these are reactive oxygen
species (ROS), most notably, peroxide radicals, superoxide radicals and hydroxyl
radicals.'?® In addition to their importance in the previously mentioned processes,
the uncontrolled release of these oxygen species is often damaging to proteins,

DNA or other biomolecules.129

Despite their damaging effects in certain circumstances, free-radical reactions are
an attractive prospective tool in chemical biology research for several reasons. They
are compatible with aqueous environments and tend to be highly efficient.

Free-radical reactions also allow for significantly more temporal control when
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compared to other biorthogonal reactions. This allows for the controlled release of

a reactive species, enabling the bioconjugation reaction to occur on demand.

1.7.1 Cysteine selective radical-mediated bioconjugations

The thiol-ene reaction is a coupling reaction that involves the addition of a thiyl
radical to an alkene.3%13! This coupling reaction was the first radical reaction used
for the photo conjugation of whole proteins.*? The reaction proceeds by a radical
mechanism following photochemical or thermal induction and usually requires the
inclusion of a radical initiator. The resulting product is an anti-Markovnikov-type
thioether (Scheme 1.7).133

Radical initiator

or hv .
JSH 000 .
R S R‘/\/S‘R

Scheme 1.7: The thiol-ene radical reaction.

Wittrock et al. used this reaction to conjugate tumour associated glycopeptides
antigens to bovine serum albumin (BSA) due to its compatibility with a wide range
of functional groups, and its previously demonstrated efficiency under aqueous
conditions.'32134 Additionally, the resulting thioether linkage is stable to strong acidic
and basic conditions. The coupling reaction was found to proceed efficiently with no
observed side-reactions in this case. The resulting thioether linkage was found to
not alter the processing of the protein, adding further to the biocompatibility of this

reaction.

Subsequently, the thiol-ene reaction has been extensively used in protein chemistry.
‘Biohybrids’ combining synthetic polymers with proteins or amino acids are often
synthesised using this technique.'®® It also remains widely used for selective
glycosylation reactions of proteins.'3¢ Significantly, the thiol-ene reaction has been
used by Valkevich et al. to forge an isopeptide bond mimic between two ubiquitin
molecules.'3’ The related thiol-yne reaction, in which the alkene functional group is
replaced with an alkyne, has also been reported for protein conjugation.t38139
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Griffiths et al. recently used radical chemistry to target Cys and SeCys residues in
a novel way (Scheme 1.8A).14° Using the knowledge that phosphine-mediated
desufurisation and deselenisation pathways used in NCL proceed via free-radical
processes, a persistent radical species based on 2,2,6,6-tetramethyl-1-
piperidine-1-oxyl (TEMPO) was employed as a trapping reagent. This permitted the
chemoselective functionalisation of peptides and proteins containing these

residues.

A TCEP [ | ] ro
Mn(OAc)3
X =SH or SeCys . .
X
[ R
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X =SH ‘ ‘

= Handle for further functionaliation
HAT = Hydrogen atom transfer

Scheme 1.8: Radical bioconjugations targeting Cys residues on proteins. (A) and (B)

Existing methods targeting Cys residues of whole proteins using radical chemistry.

1.7.1.1 Photocatalysts for visible light-mediated thiyl radical generation

More recently, Cys residues of peptides have also been selectively arylated via
visible light promoted hydrogen atom transfer (HAT) reactions, using Ni/photoredox
complexes,'*! palladium reagents'*? or the organic dye Eosin Y (30)
(Figure 1.15).142 Of these, only palladium reagents have also been used to perform
this conjugation on proteins. The selective generation of radicals upon exposure to
visible light is highly desirable for chemical biology applications. Although UV light
is widely used for photochemical biotransformations, long exposure times can
damage proteins and cause increased ROS production. Compounds that can
generate thiyl radicals upon exposure to longer wavelength visible light therefore

represent a significant advance.
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Eosin Y (30) is particularly promising from this point of view. The first reported
examples of visible light-mediated generation of thiyl radicals required metal-based
catalysts which limits the translation of the methodology to more complex biological
systems.144145  Qrganic photocatalysts are considered more suitable for
bioconjugations and the cytocompatibility of Eosin Y (30) has already been
demonstrated.*® Shih et al.'*® and Hao et al.}** employed this photocatalyst as the
only additive to catalyse thiol-ene reactions in biological systems. Another organic
photocatalyst, 9-mesityl-10-methylacridinum tetrafluoroborate (31) and the
inorganic Bi2O3 have also been reported to catalyse visible light-mediated thiol-ene
reactions of biomolecules but neither have been applied to proteins thus far

(Figure 1.15).147-149
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Figure 1.15: Organic photocatalysts used for visible light-mediated thiol-ene

reactions.

Choi et al. developed an organic photocatalyst 32a that was demonstrated to
catalyse a visible light-mediated thiol-ene reaction (Figure 1.14).2° The catalyst
was based on a quinolinone chromophore scaffold. Better yields of the desired
conjugate were obtained relative to Eosin Y (30) and the methodology was
demonstrated to be selective and tolerant of other amino acid side chains. The
photocatalyst also exhibited high quantum yields of blue fluorescence in aqueous
media. By incorporating a terminal alkene linker into the photocatalyst 32a to obtain
the derivative 32b (Figure 1.15), it catalysed its own conjugation to afford
fluorophore labelled biomolecules. However, the catalyst had low solubility in H20,
so reactions required a high percentage of DMSO or DMF, limiting its applicability

to most proteins and in whole cells.

1.7.2 Tyrosine selective radical-mediated bioconjugations

In addition to Cys, the reactivity of other natural amino acids has been exploited for

protein crosslinking reactions. Agents capable of oxidising tyrosine (Tyr) residues,
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such as ruthenium complexes, have been used to probe protein-protein interactions
(Scheme 1.9A).151.152 By generating tyrosyl radicals at the interface of a
protein-protein complex a bond forming reaction can occur and provide valuable
information about these interactions. Notably, palladium porphyrin complexes have
been demonstrated to catalyse this crosslinking using only visible light
(Scheme 1.9B).152 Similar strategies have been employed using ruthenium
complexes as single electron transfer (SET) photocatalysts to generate tyrosyl
radicals to probe protein-ligand binding interactions (Scheme 1.9C).1%3 The
ruthenium complexes were conjugated to the ligand of interest and a local SET
reaction generated tyrosyl radicals on the binding protein. Tyrosyl radical trapping
reagents consisting of an N’-acyl-N,N-dimethyl-1,4-phenylenediamine moiety
conjugated to a tag for downstream proteomic analysis were added to the mixture

to identify binding proteins.
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Scheme 1.9: Tyrosine selective radical bioconjugations.

1.7.3 Tryptophan selective radical-mediated bioconjugations

Tryptophan (Trp) has a relatively low natural abundance and a distinct reactivity
when compared to other amino acids. It has therefore been the target of numerous
residue selective conjugation techniques, including some involving the use of radical
chemistry. A radical trifluoromethylation reaction used to conjugate CF3 to proteins

was demonstrated by Sato et al. to primarily fluorinate Trp residues, although
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reactivity was also observed with Cys and other aromatic residues
(Scheme 1.10A).153 The addition of such groups is useful to add functionality to
proteins and monitor them using °F NMR. In a separate study, conjugates of the
organoradical 9-azabicyclo[3.3.1]Jnonane-3-one-N-oxyl were also shown to be
highly selective for Trp conjugation in both peptides and proteins
(Scheme 1.10B).1%* Seki et al. carried out this reaction in agueous media and
required minimal additives.!® The reaction was elegantly applied to form
antibody-fluorophore conjugates which were used in downstream SDS-PAGE

analysis with no reduction in antibody binding efficiency.
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Scheme 1.10: Tryptophan selective radical bioconjugations.

Trp has a known propensity to participate in photoinduced electron transport (PET)
reactions.’> This knowledge was used by Tower et al. in the design of
N-carbamoylpyridinium salts used in a Trp selective conjugation
(Scheme 1.10C).%%¢ Various N-substituents, including purification tags and linker
groups, were linked to the pyridinium salt and ultimately conjugated to the
tryptophan residue. It was hypothesised that upon exposure to UV-B light, a PET
reaction occurs between the Trp side chain and the pyridinium salt. The N-N bond

of the salt undergoes homolytic cleavage following this PET reaction and the
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aromaticity of the Katrinsky-type salt is restored. The newly formed nitrogen-centred
radical species then participates in a bond forming reaction with Trp. The indole C2
position was the primary site of modification with no detectable off-target labelling in

studies using whole proteins.

1.7.4 C-terminal and Dha selective radical bioconjugations

Along with amino acid side chains, the C-terminus of proteins has been targeted for
site and chemoselective bioconjugation. Bloom et al. used photoredox-catalysed
decarboxylation to generate carbon centred radicals that underwent coupling with
several electrophilic partners (Scheme 1.11A).15" The C-terminus is more readily
oxidised relative to the carboxylates of Asp and Glu side chains and this permits a
high degree of selectivity. Flavin based photocatalysts were found to provide the
highest alkylation yields and norbornanones bearing bioorthogonal tags gave
promising results as radical acceptors. A similar approach that used organic dyes
as photocatalysts for the conjugation of alkyne moieties to C-termini has shown

promise in the context of peptides but has not yet been applied to proteins.*%®
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Scheme 1.11: Radical bioconjugation selective for (A) protein C-terminus'®’ or (B)

Dha amino acids.1®®

More recently, radical chemistry was utilised for a biocompatible C-C bond forming
reaction by Wright et al. (Scheme 1.11B).'%° Dha functioned as a protein bound
radical acceptor. This provided a highly accessible methodology as Dha is readily
installed using a variety of techniques.16%-163 A range of alkyl halides were employed
as radical precursors using various initiators. Remarkably, NaBH4 was found to be
highly effective as a source of hydride radicals. The alkyl radical formed is proposed
to participate in a site-selective bond-forming reaction with Dha, forming a carbon
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centred radical at the a-carbon of this residue. This is not dissimilar to stabilised
radicals that are suggested to form during enzymatic processes.'?° Several natural
and unnatural modifications could be introduced in this way on a variety of proteins
scaffolds. These included the addition of polar and non-polar side chains such as

cyclo-leucine and citrulline (Cit) to scaffolds including the histones H3 and H4.

1.8 Radicals and other activatable chemistry in ABPP

An ABP centred around an artemisinin scaffold was designed by Zhou et al. and it
worked by a radical labelling mechanism.'%4 It was previously established that
coordination of haem with the peroxide bridge of artemisinin induces the formation
of either a primary or secondary carbon-centred radical that non-specifically
crosslinks the artemisinin to proximal residues (Scheme 1.12).1%5 Using this
knowledge, the artemisinin-based probe was incubated in cell lysate and covalent
binding was induced by the addition of an oxidised form of haem, hemin
(Scheme 1.12). Using this strategy numerous protein binders of artemisinin were
identified. Recently organohydrazine ABPs developed by Lin et al. have been

proposed to react via a radical mechanism.66
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Scheme 1.12: Radical chemistry in ABPP. Carbon-centred radical forming on artemisinin
scaffold following coordination of heme promoting the non-specific crosslinking of the

artemisinin-based probe to binding enzyme following addition of hemin.164
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1.8.1 Photoactivatable groups for ABPP

Photoactivated crosslinkers are a very common strategy used to probe enzyme-
substrate interactions.'®” Upon irradiation photoactivated crosslinkers can form
highly reactive radical species (Scheme 1.13) that covalently crosslink to proximal
residues within the active site of the target enzyme. This crosslinking is not residue
specific or mechanism-based, so probes incorporating these groups are considered
to be a measure of enzyme affinity rather than activity. As no active-site residue is
required for binding, this strategy is extremely valuable in the probing of
metalloenzymes.1%8 Benzophenone (33) is the most commonly used of these photo
crosslinkers. Upon irradiation by long wavelengths of 350 nm to 365 nm it forms a
diradical species which reacts by a sequential abstraction-recombination
mechanism  with  relatively high affinity towards methionine (Met)
(Scheme 1.13A).1%° Along with diazirines (Scheme 1.13B), benzophenone was the
first crosslinker reported to probe metalloproteases helping to broaden the
understanding of this previously difficult to study group of enzymes.68170 A major
breakthrough in the use of this crosslinker was the development of the unnatural
amino acid p-benzoyl-L-phenylalanine which allowed incorporation of

benzophenone into proteins to study protein-protein interactions in vivo. 171
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Scheme 1.13: Photocrosslinking groups for affinity-based protein profiling. Formation
of reactive species for (A) benzophenone (33), (B) diazirines or (C) aryl azides upon

exposure to UV light.

Diazirines and aryl azides are also extensively used in ABPP and have been
incorporated into unnatural amino acids to facilitate the study or protein-protein
interactions.'6”171.172 However, they rely of a different mode of action, forming
carbenes or nitrenes respectively upon irradiation (Scheme 1.13B and 1.13C).

Diazarines were among the first groups employed for metalloprotease profiling and
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their small size and high reactivity upon irradiation make them particularly attractive
for probing these interactions.'’® In most comparative studies, diazirine based

probes perform better than other crosslinking groups.16’

The shorter activation wavelength of aryl azides means they are less widely used
than diazirines or benzophenones for ABP. Nonetheless, this group was installed
between two ubiquitin monomers to form a photoactivated diubiquitin probe 34
(Figure 1.16).174 In this study Tan et al. demonstrated reactivity with linkage specific
DUBs. A slightly broader reactivity profile was seen in comparison to the
corresponding Dha probe in HEK 293F lysate. As this photo-crosslinking does not
require an active site Cys, this probe 34 can also profile metalloprotease DUBSs. In
a separate study, the aryl azide group was once again incorporated into ubiquitin
scaffolds to afford photoaffinity-based probes.!”> Comparative analysis of the aryl
azide and diazirine groups was carried out with the diazirine group proving more
efficient and selective. Linkage specificity was achieved using the diubiquitin based
probes but their use as ABPs was limited by the inclusion of the native isopeptide
bond.

U bLy327Acm

Figure 1.16: Structure of the photocrosslinker ABP with a diubiquitin recognition

element reported by Tan et al.1™

Another approach towards inducible ABPs is photo-uncaging. This method relies on
UV activation and instead of producing a reactive species in the form of a radical,
carbene or nitrene species, photo-uncaging typically liberates an electrophile that
can then react with an active-site residue. Initial studies in this area focus on profiling
specific residues within the proteome such as Cys and those with carboxylic acid
sidechains.1’6177 Chakrabarty et al. developed covalent inhibitors targeting
caspases in which the electrophilic warhead was sterically hindered by a

nitroindoline photocage (Scheme 1.14A).178
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The Zhuang group recently expanded on their CPP strategy to design a cell
permeable DUB ABP 35 that can be activated using photo-uncaging chemistry
(Scheme 1.14B).17® A CPP was conjugated via a disulfide bond as in the original
probe design (Figure 1.3) and a warhead incorporating a tetrazole group was
employed. Upon UV irradiation the tetrazole is converted to an electrophilic
nitrilimine which reacts with the active-site Cys of the enzyme. The advantages of
having improved temporal control over the reaction were elegantly demonstrated by

profiling DUBs in whole cells at different points during the cell cycle.
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Scheme 1.14: Photo-uncaging groups in ABPs. (A) Uncaging of nitroindoline using UV
light to reveal reactive group. 1’8 (B) Activation of DUB ABP in whole cells using UV light to

form a reactive nitrilimine. 17°

1.9 Objectives

The importance of DUBs and the ubiquitin conjugation machinery to cell function is
overwhelmingly clear.?” Many ABPs targeting these enzymes have been developed
and have greatly aided in gaining a better understanding of enzyme activity,
structure and function.8 The objective of this work was to design and test probes
that used new chemistry to add to and improve upon this existing panel of DUB
ABPs. To achieve this, existing monoubiquitin probes HA-Ub7s-CH2CH2Br 5 and
HA-Ub7s-PA 6 were made to optimise the probe synthesis and methodologies
required to test the probes (Figure 1.17A). Alongside these known probes, two
novel derivatives with fluoride warheads, HA-Ub7s-CH2CH2F 36 and

HA-Ub7s-CH2CHF2 37, were designed (Figure 1.17B). A fluoride leaving group was
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used in place of the other existing halide probes to offer a more stable warhead that
could show selectivity for specific subsets of DUBs. Derivatives were designed in
which multiple fluorides were attached to a single carbon atom to increase its
electrophilicity and promote the attack of the active site Cys. These novel probes
were tested for reactivity alongside the reported probes that also react via
electrophilic mechanisms. This work is presented in Chapter 2.

A J
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Figure 1.17: Structures of target probes. (A) Previously reported electrophilic probes.
(B) Structures of novel fluoride probes designed to work by electrophilic mechanisms.

(C) Structures of alkene-based probes designed to label by a thiol-ene reaction.

One common feature of existing Cys reactive DUB ABPs is that once bound, the
reactive warhead is positioned next to the active site Cys and a nucleophilic attack
occurs. Therefore, there is no external control over the timing of the reaction. The
objective of the work described in Chapter 3 was to design and test a probe that can
react via a radical mechanism. It was hypothesised that this would provide increased
control over the timing of the covalent capture of DUBs and allow for more refined
studies of these enzymes. Three novel ABPs consisting of a monoubiquitin
recognition element and an alkene moiety as the reactive warhead were designed
(Figure 1.17C). Upon UV irradiation it was hypothesised that radical initiators would

catalyse the formation of a thiyl radical on the active-site Cys. This can undergo a
fole]
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thiol-ene reaction with the alkene warhead which will be held proximal due to the
binding interaction of the DUB and monoubiquitin recognition element. Terminal and
substituted alkene alternatives were designed to investigate the steric and radical
stability requirements of the reaction. The reactivity of the probes was assessed
using recombinant enzyme and cell lysate experiments. The specificity and potential
applications of these probes were examined using DUB inhibitors, where they were

compared to existing electrophilic probes, and proteomic studies.

Finally, to help facilitate the transfer of the thiol-ene labelling methodology to whole
cells, the use of a milder source of UV light was investigated in Chapter 4.
Additionally, alternative radical initiators were selected to be assessed for use in a
visible light-mediated thiol-ene reaction. Avoiding the use of UV light would
significantly improve the cytocompatibility of the reaction and enable studies in more
physiologically relevant systems. Eosin Y (30) was chosen to be tested due to recent
studies demonstrating its effectiveness at catalysing thiol-ene conjugations on
biomolecules and its cytocompatibility at micromolar concentrations. Bi2O3 was also
selected due to recent reports showing its efficiency at catalysing visible light
mediate thiol-ene reactions. This visible light thiol-ene reaction was investigated for

ABPP using recombinant DUBs and those expressed endogenously in cell lysate.

Visible light-mediated thiol-ene and thiol-yne reactions were assessed for
non-templated protein-protein conjugations to potentially improve upon existing UV
light-dependent conjugations. The thiol-yne reaction using the reported alkyne
functionalised probe offers a route towards a diubiquitin probe furnished with an

alkene between the monomers. These investigations are described in Chapter 4.

This work provides an alternative methodology by which enzyme activity can be
probed and presents how this methodology can be used to study DUB activity and

inhibitors in a novel way.
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2 Electrophilic probes for DUBs

The existing array of ABPs targeting DUBs means that novel probes targeting these
enzymes must represent a significant advance by addressing some of their
limitations. In this chapter, existing probes were first synthesised to serve as positive
controls when testing novel probes. Additionally, this provided an opportunity to
optimise the synthesis of monoubiquitin ABPs and techniques to test their reactivity.
A panel of probes examining the suitability of fluoride leaving groups for DUB ABPs
were also synthesised and their reactivity was assessed in relative to reported
ABPs.

The first literature examples of ABPs targeting DUBs employed Ub7s as a
recognition element.®”7° This protein is one amino acid shorter that WT ubiquitin but
retains a strong binding affinity with DUBs. When acting upon ubiquitinated
substrates, DUBs cleave the amide bond of the C-terminal Gly, the 76" residue of
WT ubiquitin (Figure 2.1A).2" In the original Ub7s based probes, this Gly 76 residue
is replaced with an electrophilic warhead in which a leaving group or Michael
acceptor is positioned such that the site of attack is analogous to the position of the
carbonyl carbon of Gly 76 (Figure 2.1B).5”:7 Once bound by a DUB, a covalent
bond is formed between the probe and the enzyme via nucleophilic attack by the
active site Cys. A tag is incorporated into the probe design to allow for visualisation
of this reaction within complex biological samples and subsequent purification of

probe-enzyme adducts from these systems.
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Figure 2.1: Structural basis of DUB ABP design. (A) Structure of WT DUB substrates
with site of attack indicated in red on the isopeptide bond between the ubiquitin monomer

and substrate Lys. (B) General structure of DUB ABPs with site of attack indicated in red.

Two reported electrophilic probes HA-Ub7s-CH2CH2Br 5 and HA-Ub7s-PA 6 were
synthesised (Figure 2.2A).67.72 All probes synthesised in this work proceeded via a
common HA-Ubz7s-thioester 2 intermediate. The HA-Ub7s-CH2CH2Br 5 and
HA-Ub7s-PA 6 probes therefore allowed for the optimisation of the formation of this
intermediate as well as key methodologies such as recombinant enzyme labellings
and an immunoprecipitation. Finally, these known probes were synthesised to serve
as positive controls when testing the reactivity of novel probes with recombinant

enzyme or cell lysate.

Novel electrophilic probes based on a fluoride leaving group were also synthesised
(Figure 2.2B). It was anticipated that if these probes demonstrated reactivity against
DUBS that they would serve as a more stable alternative to the existing halide
probes. Their reactivity was tested with the recombinant DUB OTUB1 and in cell
lysate, with existing probes serving as positive controls for these tests. OTUB1 was

selected as it is known to have promiscuous reactivity.
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Figure 2.2: Structures of target DUB ABPs. (A) Reported electrophilic probes
HA-Ub7s-CH,CH2Br 5 and HA-Ubzs-PA 6. (B) Novel probes based on fluoride as a leaving

group.

2.1 Synthesis and testing of reported electrophilic probes
2.1.1 Expression and purification of HA-Ub7s-thioester

The expression and purification of HA-Ub7s-thioester 2 was carried out according to
literature procedures.'8! The first step in the synthesis of this HA-Ubzs-thioester 2
was the expression of a HA-Ubrs-intein-chitin binding domain (CBD) protein 1
construct in E. coli cells. Lysis of these cells allowed for the purification of this
construct using over a chitin column (Scheme 2.1). The CBD facilitated this
purification by immobilizing the construct on the chitin column, with all other proteins
removed in a series of washing steps. An Asp to Ala mutation within the intein
domain results in a trapped equilibrium forming between an amide and thioester
bond at the N-terminus of the intein (Scheme 2.1).8% The construct could therefore
be excised using an excess of MESNa 43 to induce thiolysis. HA-Ubz7s-thioester 2
was then eluted off the chitin column and the amine precursors of the desired
warheads was coupled to this reactive thioester affording the final probes

(Scheme 2.1). These probes contained an N-terminal HA-tag which facilitated
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detection and isolation of this protein construct and the resulting probes
(Scheme 2.1).

* = HA-tag - = Intein domain ( = Chitin-binding domain . = Immobilised chitin beads

Scheme 2.1: Formation of areactive HA-Ubs-thioester 2 on an immobilised chitin and

amide coupling to the desired warhead.

The protein construct’s expression and purification as the HA-Ubzs-thioester 2 was
followed by SDS-PAGE. Samples were taken at defined stages throughout the
process. Following separation by gel electrophoresis they were visualised using an
anti-HA western blot, to selectively image proteins containing a HA-tag, or silver

staining, to visualise all proteins in the sample (Figure 2.3).
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Figure 2.3: Expression and purification of HA-Ubzs-Intein-CBD 1. Visualised by (A) Anti
HA-tag western blot and (B) Silver stain. The protein construct 1 was expressed in BL21
E. coli cells using the pTYB2 plasmid. Expression was induced by the addition of IPTG

(0.4 mM). Samples were taken at various points throughout the purification process.

Comparison between pre-induction and post-induction samples indicates the
expression of the HA-Ubzs-intein-CBD construct 1 was successfully induced
(Figure 2.3A and B, lanes 1 and 2). A band was observed following induction at
around the expected mass of the protein construct, 72 kDa, and it was visible by
anti-HA western blot confirming the presence of a HA-tag (Figure 2.3A, lane 2).
The same band was evident where expected in subsequent steps of the purification
confirming the stability of the construct throughout the process (Figure 2.3A and B,
lanes 4 and 5). The construct 1 was retained on the column during the washing
steps as evidenced by the absence of any band in samples taken during the wash
steps (Figure 2.3A and B, lane 8). In the sample taken following an incubation with
MESNa (43), a band appeared just below 11 kDa in the elute, the expected mass
of HA-Ubzs-thioester 2 (Figure 2.3A and B, lane 9). Once again, the visualisation
of this band by anti-HA western blot confirmed the presence of a HA-tag and the
absence of any other bands by silver staining indicated a high level of purity
(Figure 2.3B, lane 9). The synthesis of the monoubiquitin probes can be realised
using this HA-Ubzs-thioester 2.

2.1.2 Synthesis and reactivity of the HA-Ub7s5-CH2CH2Br probe

The HA-Ub7s-CH2CH:2Br probe 5 was synthesised according to a modified literature

procedure in which 2-bromoethylamine-HBr (44) is coupled to HA-Ub7s-thioester 2
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(Scheme 2.2).97 Its synthesis from the HA-Ub7s-thioester 2 is well established, as is
its reactivity towards DUBS.
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Scheme 2.2: Synthesis of HA-Ub7s-CH2CH2Br 5 from HA-Ubzs-thioester 2.

The activity of the newly synthesised HA-Ub7s-CH2CH2Br probe 5 was first tested
against a purified, recombinant DUB, OTUB1 (Figure 2.4A and B). OTUB1 is
known to react with HA-Ub7s-CH2CH2Br 5. However, in these initial experiments no
new band representing a covalent adduct between the probe and the enzyme was
observed by anti-HA western blot or silver staining when they were incubated
together. (Figure 2.4A and B, lane 3).

A second attempt was made to synthesise the HA-Ub7s-CH2CH2Br probe 5 and this
was tested for reactivity alongside the first replicate in HEK 293T cell lysate
(Figure 2.4C). HEK 293T cell lysate was selected as it is the standard cell line used
for the testing and development of DUB ABPs due to its high expression levels of
several DUB classes. In this experiment it was used to confirm the lack of observed
reactivity between the HA-Ub7s-CH2CH2Br probe 5 and OTUB1 was due to
problems in the probe synthesis and not the condition of the OTUB1. When a
covalent bond forms between the HA-tagged probe and a DUB present in the
HEK 293T lysate it is visualised as a new band at a molecular weight higher than
the probe alone by anti-HA western blot. When both HA-Ub7s-CH2CH2Br probes 5
were tested for reactivity in cell lysate, very limited labelling was observed
(Figure 2.4C, lanes 4 and 5). The lack of significant reactivity in both cases
confirmed issues in the installation of the reactive warhead of the
HA-Ub7s-CH2CH2Br probe 5.
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Figure 2.4: Reactivity of the HA-Ub7s-CH2CH2Br probe 5 against OTUB1 and HEK 293T
cell lysate. Visualised by (A) and (C) Anti-HA western blot or (B) silver staining. (A) and (B)
HA-Ub7s-CH,CH2Br 5 (2 ug) was incubated with OTUB1 (1.5 ug) at 37 °C for 60 min in
phosphate buffer (50 mM Na;HPO,, 50 mM NaH>PO4 pH 8.0). (C) HA-Ub7s-CH2CH2Br 5
(1 pg) was incubated with HEK 293T cell lysate (50 ug) in homogenate buffer at 37 °C for

60 min.

To address the problems with the coupling step of the probe synthesis, changes
were made at points of the protocol that were identified as detrimental to probe
stability. Prior to the coupling reaction of HA-Ub7s-thioester 2 and
2-bromoethylamine-HBr (44), the thioester required extended periods of
centrifugation to concentrate the protein sample and remove excess MESNa.
Similarly, following the coupling reaction, the HA-Ub7s-CH2CH:2Br 5 required a long
centrifugation step to concentrate and to remove excess
2-bromoethylamine-HBr (44). It was hypothesised that during one or both steps, the
elevated temperature inside the centrifuge over time was promoting the hydrolysis
of the thioester or the bromide warhead in the aqueous buffer. To overcome this,
the centrifugal desalting steps at both stages were replaced by a NAP-5 size
exclusion column. Using this new protocol, another attempt was made to synthesise
the HA-Ub7s-CH2CH2Br probe 5 and its reactivity was assessed using recombinant
OTUB1 and HEK 293T cell lysate (Figure 2.5A and B).
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Figure 2.5: Reactivity of the HA-Ub7s-CH2CH2Br probe 5 against OTUB1 and HEK 293
cell lysate following protocol optimisation. Visualised by anti-HA western blot.
(A) HA-Ub7s-CH2CH2Br 5 (2 ug) was incubated with OTUB1 (1.5 ug) at 37 °C for 60 min in
phosphate buffer for 60 min. (B) HA-Ub7s-CH.CH2Br 5 (7 ug) was incubated with HEK 293T
cell lysate (60 ug) in homogenate buffer at 37 °C for 60 min.

Following a 60 min incubation of the new HA-Ub7s-CH2CH2Br probe 5 with OTUB1,
a new band was observed by anti-HA western blot around the 43 kDa molecular
weight marker (Figure 2.5A, lane 3). This is consisted with the expected molecular
weight of around 41 kDa for the probe-enzyme covalent adduct. A second
experiment was conducted in which the probe was incubated with HEK 293T cell
lysate (Figure 2.5B). The probe synthesised using the new protocol was tested in
parallel with a HA-Ub7s-CH2CH2Br probe 5 synthesised following the original
protocol. When incubated with cell lysate for 60 min, the HA-Ub7s-CH2CH2Br
probe 5 synthesised following the new protocol showed a marked improvement in
reactivity (Figure 2.5B, lanes 2 and 4). This is visualised as multiple new bands
visible at higher molecular weights, representing covalent adducts between probe
and enzymes expressed within the cell lysate. The introduction of a size exclusion
column in place of a centrifugation step to desalt the HA-Ub7s-thioester 2 and
HA-Ub7s-CH2CH2Br probe 5 limited hydrolysis at key stages and an active probe
was generated. This altered protocol was used in all future probe syntheses.
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2.1.3 Optimisation of the immunoprecipitation protocol using the HA-Ubz7s-

CH2CH:2Br probe

The active HA-Ub7s-CH2CH2Br probe 5 was taken forward and used to optimise the
immunoprecipitation protocol. This technique uses agarose beads coupled to
antibodies to enrich for proteins that the antibodies target. By using anti-HA
antibodies, the HA-Ub7s-CH2CH2Br probe 5 is bound and enriched for along with
any protein that it has covalently bound. Analysis of this enriched material provides
valuable information about a probe’s specificity and reactivity. The
immunoprecipitation was first carried out using amounts 3-fold higher than in
previous labelling reactions, 3 pg of HA-Ub7s-CH2CH2Br 5 and 150 pg of HEK 293T
cell lysate. An otherwise standard labelling reaction was carried out and a series of
washing steps were carried out using the homogenate buffer used for previous
lysate labelling reactions. An equivalent fraction of the sample was taken at multiple
stages throughout the protocol to allow for the process to be followed by SDS-PAGE
and failed steps to be identified. These samples were visualised by anti-HA western
blot (Figure 2.6A).

4 5 6 7 12 34 5 6 7

Figure 2.6: Optimisation of immunoprecipitation conditions. Visualised by anti-HA
western blot. A lysate labelling was carried out using HEK 293T cell lysate (150 ug) with
HA-Ub7s-CH>CH2Br 5 (3 ug) in (A) homogenate buffer or (B) NET buffer (50 mM Tris pH 7.5,
5 mM EDTA, 150 mM NaCl, 0.5% NP-40). The pulldown was performed with anti-HA
coupled agarose beads (60 pL of 50% slurry) for 90 min at 4 °C. After a series of washing
steps using (A) homogenate buffer or (B) NET buffer, equivalent fractions of the input,

supernatant, washes and eluate samples were taken.

As in the previous cell lysate labelling, the probe was observed to covalently react
with several higher molecular weight proteins (Figure 2.6A, lane 1). Although the
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initial labelling reaction was successful, all captured material was lost in the first
washing step (Figure 2.6A, lane 3). Therefore, none of this material was carried
through the following wash steps (Figure 2.6A, lanes 4-6). The elution lane which
should represent a sample enriched for the HA-Ub7s-CH2CH2Br probe 5 and its
adducts contains only a negligible amount of unbound probe just below the 11 kDa
molecular weight marker and the light and heavy chains of the antibody at 26 kDa
and 43 kDa respectively (Figure 2.6A, lane 7). To resolve this issue, the experiment
was repeated using an alternative buffer, NET buffer (50 mM Tris pH 7.5, 5 mM
EDTA, 150 mM NaCl, 0.5% NP-40), that had been used in previous
immunoprecipitation studies using monoubiquitin probes (Figure 2.6B).67

The initial labelling reaction was largely unaffected when carried out in this
alternative buffer (Figure 2.6B, lane 1). Only very minor protein loss was observed
throughout the subsequent washing steps (Figure 2.6B, lanes 2-6). A significant
increase in material captured by the probe was seen in the elution lane indicating a
successful pulldown (Figure 2.6B, lane 7). The labelling pattern appeared different
to that seen in the input lane of the immunoprecipitation (Figure 2.6B, lanes 1 vs 7).
This was attributed to the presence of the light and heavy chains of the antibody
being present in the eluate sample and the minor loss of material in the various
washing steps (Figure 2.6B, lane 7). These were promising initial results that
indicated that the pulldown was successful. Optimal storage and experimental
conditions are unique to each antibody. It was hypothesised that the high sucrose
concentration was detrimental to antibody stability when using homogenate buffer.
Additionally, the inclusion of the non-ionic detergent, NP-40, in the NET buffer limits
non-specific binding interactions, prioritising antibody-antigen binding throughout

the immunoprecipitation.

To further optimise the protocol and ensure the number of washing steps was
appropriate, another immunoprecipitation was performed and followed by a silver
stain in addition to an anti-HA western blot. Once more, samples were taken at
defined stages of the protocol to be analysed by these techniques
(Figure 2.7A and B).
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Figure 2.7: Optimisation of immunoprecipitation conditions. Visualised by (A) anti-HA
western blot or (B) silver staining. A labelling was carried out using HEK 293T cell lysate
(150 ug) with HA-Ub7s-CH.CH2Br 5 (3 ug) in NET buffer. The pulldown was performed with
anti-HA coupled agarose beads (60 uL of 50% slurry) for 90 min at 4 °C. After a series of
washing steps using NET buffer equivalent fractions of the input, supernatant, washes and

eluate samples were taken.

By western blot, the labelling pattern seen in the eluate sample was more consistent
with that seen in the input sample when compared the previous experiment
(Figure 2.6A, lanes 1 vs 7 and Figure 2.7B, lanes 1 vs 7). There was also less
detectable loss of HA-tagged proteins in any of the washing steps (Figure 2.7A,
lanes 2-6). The purpose of the washing steps was to remove proteins that were not
specifically interacting with the anti-HA antibodies. Tracking the removal of these
untagged proteins was possible using the non-specific silver staining technique
(Figure 2.7B). The removal of unbound proteins was primarily observed in the early
washing steps up until the third wash step at which point very few proteins are
detected (Figure 2.7B, lanes 2-5). The absence of detectable proteins in the final
washing step (Figure 2.7B, lane 6) strongly suggested that the proteins seen in the
eluate lane represented probe-enzyme adducts that were enriched for by the
immunoprecipitation (Figure 2.7B, lane 6). It was concluded that four washing steps

were therefore appropriate for future experiments.

To identify the proteins present in this enriched sample, the remainder of the eluate

sample from the previous experiment was digested using trypsin, desalted and the

analysed by LC-MS/MS. Several DUBs were identified in this sample along with

some DUB associated proteins and proteins with no known connection to DUBs

(Table 2.1). Additionally, the number of DUBs relative to unrelated proteins in this
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sample represents a significant enrichment relative to expected endogenous levels
of DUBs in HEK 293T cell lysate (Table 2.1). No quantification was carried out at
this point. From these results it was concluded that immunoprecipitation was

sufficiently optimised to be carried out using novel probes.
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Protein ID Protein full name Role

UBP14 Ubiquitin carboxyl-terminal hydrolase 14 DUB

UBP5 Ubiquitin carboxyl-terminal hydrolase 5 DUB

UCHL1 Ubiquitin carboxyl-terminal hydrolase isozyme L1 DUB

UCHL1 Ubiquitin carboxyl-terminal hydrolase isozyme L1 DUB

UCHL3 Ubiquitin carboxyl-terminal hydrolase isozyme L3 DUB

UCHL5 Ubiquitin carboxyl-terminal hydrolase isozyme L5 DUB

OoTuB1 Ubiquitin thioesterase OTUB1 DUB

EIF3K Eukaryotic translation initiation factor 3 subunit K Forms complex with DUBs
UBB Polyubiquitin-B Probe

PSB1 Proteasome subunit beta type-1 Forms complex with DUBs
uB2D3 Ubiquitin-conjugating enzyme E2 D3 Ub conjugation machinery
HS71A Heat shock 70 kDa protein 1A Induced by ubiquitination
HS105 Heat shock protein 105 kDa Induced by ubiquitination

RS6 40S ribosomal protein S6 No known connection to DUBs
YBOX1 Nuclease-sensitive element-binding protein 1 No known connection to DUBs
NDKB Nucleoside diphosphate kinase B No known connection to DUBs
RB15B Putative RNA-binding protein 15B No known connection to DUBs
SYWC Tryptophan-tRNA ligase, cytoplasmic No known connection to DUBs

Table 2.1: Proteins identified by LC-MS/MS following immunoprecipitation of
HA-Ub7s-CH.CH.Br probe 5 after a HEK 293T lysate labelling.

2.1.4 Synthesis and reactivity of HA-Ub7s-propargylamine probe

The HA-Ub7sCH2CH2Br probe 5 suffers stability issues in aqueous buffer. The

HA-Ub7s-PA probe 6 was therefore synthesised to serve as an alternative positive

control. The terminal alkyne group of the HA-Ub7s-PA 6 is considerably more stable

in aqueous conditions relative to the bromide group of the HA-Ub7sCH2CH2Br

probe 5. The probe 6 was synthesised following a different literature procedure,

originally developed in the synthesis of the Ub7s-VME probe (Scheme 2.3).57
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Scheme 2.3: Synthesis of HA-Ub7s-PA 6 from HA-UB7s-thioester.
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To test the activity of the newly synthesised HA-Ub7s-PA probe 6, a recombinant
enzyme labelling was carried out using OTUB1 (Figure 2.8A). For comparison, an
identical experiment was carried out using the HA-Ub7s-CH2CH2Br probe 5
(Figure 2.8A). In both cases a new band was visible around the 43 kDa molecular
weight marker in the sample were the probe was incubated with OTUBL1
(Figure 2.8A, lanes 3 and 4). These bands corresponded to the molecular weight
of the probe-OTUB1 covalent adduct and more labelling was observed using the
HA-Ub7s-PA probe 6 relative to the HA-Ub7s-CH2CH2Br probe 5 (Figure 2.8A,
lanes 3 vs 4). Similarly, when both probes were incubated with HEK 293T cell
lysate, increased labelling was observed for the HA-Ubzs-PA probe 6 (Figure 2.8B,
lanes 6 vs 8). It was suggested that due to its increased stability, the synthesis of
the HA-Ub7s-PA probe 6 afforded more active probe than the HA-Ub7s-CH2CH2Br
probe 5 synthesis. Consequently, in several later experiments the HA-Ub7s-PA
probe 6 served as a positive control in place of the HA-Ub7s-CH2CH2Br probe 5.
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Figure 2.8: Reactivity of the HA-Ubs-CH,CH2Br probe 5 and HA-Ub7s-PA 6 against (A)
OTUB1 and (B) HEK 293T cell lysate visualised by anti-HA western blot.
HA-Ub7s-CH2CH2Br 5 (3 ug) or HA-Ub7s-PA 6 (3 pg) was incubated with (A) OTUB1 (2 ug)
or (B) HEK 293T cell lysate (50 pug) at 37 °C for 60 min in homogenate buffer.

2.2 Synthesis and reactivity of fluoride probes

In addition to the HA-Ub7s-CH2CH2Br probe 5, a monoubiquitin probe using a

chloride warhead has also been reported.®” Other halide warheads have not yet
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been explored in the literature. In line with leaving group ability, it was assumed that
an iodide warhead would face even greater stability issues and therefore was not
pursued. Conversely, a fluoride-based warhead would be significantly more stable
in aqueous buffer and much like the HA-Ub7s-PA probe 6 avoid hydrolysis issues in
the later stages of the probe synthesis. It was noted that an Sn2 reaction between a
thiol and alkyl fluoride group would typically be unanticipated in solution'®2183 put
given the demonstrated reactivity of a terminal alkyne in the context of an active
site, it was hypothesised that a reaction may be possible due to stabilising
interactions with the oxyanion hole that usually stabilises the oxygen anions formed
during peptide bond cleavage (Scheme 2.9). Additionally, arylfluorosulfates have
been successfully employed in ABPP, with the stabilisation of the fluoride leaving
group through H-bond donation of proximal cationic amino acids residues found to
be essential for the labelling reaction (Scheme 2.9).184 It was hypothesised that
similar stabilising interactions within the active site of DUBs could achieve similar

results.

A Oxyanion hole B Oxyanion hole C  Oxyanion hole

Figure 2.9: Stabilisation within the active site of enzymes promoting the reactivity
of (A) HA-Ub+s-PA 6 and (B) arylsulfonate based probes. (C) The proposed reactivity
of fluoride based ABPs.

To investigate this, the HA-Ub7s-CH2CH2F 36 and HA-Ub7s-CH2CHF2 37 probes
were synthesised (Scheme 2.4). The HA-Ub7s-CH2CHF2 probe 37 was synthesised
to investigate if increasing the electrophilicity of the carbon atom by adding multiple
fluoride groups would increase reactivity in this context. By the same reasoning, the
corresponding HA-Ub7s-CH2CF3 41 was synthesised by Dr. Fergus Poynton in the
McGouran lab along with a HA-Ub7sCH2CH2CF3 probe 42 to examine CFs as an

alternative leaving group.
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Scheme 2.4: Synthesis and structures of the HA-Ubss-CHCH.F 36,
HA-Ub75-CH2CHF2 37, HA-Ub75-CH2CF3 41 and HA-Ub75CH2CHch3 42.

The synthesis of the HA-Ub7s-CH2CH2F 36 and HA-Ub7s-CH2CHF2 37 probes was
realised using the same procedure as the HA-Ub7s-PA probe 6.5 The probes were
first tested in HEK 293T cell lysate at concentrations consistent with those used in
the previous cell lysate experiments (Figure 2.9A). It was expected that the probes
would demonstrate reduced reactivity compared to the HA-Ub7s-CH2CH2Br probe 5.
However, it was hypothesised that the reduced reactivity would provide some
specificity, selecting for DUBs with increased active site nucleophilicity or
appropriately positioned cationic residues. However, in this experiment no covalent
adducts were observed in either case when the probe was incubated with the HEK
293T cell lysate (Figure 2.9A, lanes 3 and 5). To definitively confirm the absence
of any reactivity, a second experiment was carried out in which the concentration of
the probe was increased 3-fold and the incubation time was increased from 60 min
to 180 min (Figure 2.9B). A labelling with HA-Ub7s-CH2CH2Br 5 was also carried
out as part of this experiment as a positive control (Figure 2.9B, lane 1).
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Figure 2.10: Lysate labelling with the HA-Ub7s-CH,CH,F 36 and HA-Ub7s-CH,CHF, 37
probes. Visualised by anti-HA western blot. (A) and (B) HA-Ubzs-CH2CH2F 36,
HA-Ub7s-CH>CHF, 37 or HA-Ub7s-PA 6 was incubated with HEK 293T cell lysate (50 ug) at
37 °C for 60 min at the indicated concentration.

Very faint labelling bands were observed for the HA-Ub7s-CH2CH2F 36 and
HA-Ub7s-CH2CHF2 37 probes but when compared to the HA-Ub7s-CH2CH2Br 5
positive control there is negligible reactivity (Figure 2.9B, lanes 1-3). A similar lack
of reactivity was observed for the HA-Ub7s-CH2CF3 41 and HA-Ub7sCH2CH2CF3 42
when tested by Dr. Fergus Poynton. It was concluded that due to this lack of
reactivity the fluoride-based probes were not worth pursuing and no further testing

was carried out.

2.3 Conclusions

In conclusion, the previously reported HA-Ub7sCH2CH2Br 5 and HA-Ub7s-PA 6
probes were synthesised, and their reactivity was confirmed against the
recombinant DUB, OTUB1 and against endogenous DUBs within cell lysate. The
synthesis of these probes allowed for the identification of key stages of the protocol
during which hydrolysis of key reactive groups was an issue and the subsequent
optimisation of these stages. Additionally, the HA-Ub7sCH2CH2Br 5 probe was used
to find appropriate conditions for the immunoprecipitation protocol, an essential
method used to characterise the reactivity and selectivity of any new ABP. Two
novel probes, HA-Ub7s-CH2CH2F 36 and HA-Ub7s-CH2CHF2 37, were synthesised

to interrogate the applicability of fluoride warheads in monoubiquitin ABPs. These
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new probes demonstrated very restricted reactivity in cell lysate and therefore where
not taken forward for any further testing.
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3 The thiol-ene reaction for ABPP of DUBs

3.1 Introduction and probe design

A novel monoubiquitin probe with a C-terminal alkene warhead was designed to
capture active DUBs using the thiol-ene reaction. The labelling assay differs from a
typical labelling as the HA-Ub7s-propene probe 38 requires a pre-incubation time
prior to radical initiation under UV light to initiate covalent bond formation between
the probe and the enzyme. This strategy means a binding equilibrium is established
between the probe and target enzymes, followed by a short activation period.
Therefore, the thiol-ene labelling provides precise temporal control which is not

achievable using existing Cys reactive probes (Scheme 3.1A).

Ubiquitin 1-75

DUB = Deubiquitinating enzyme
*= HA tag for detection and purification

| = Initiator
Scheme 3.1: (A) Proposed covalent bond formation of probes to DUBs via a thiol-
ene reaction following the establishment of a binding equilibrium. (B) Stepwise

visualisation of bond formation.

Another advantage of this warhead is its increased stability relative to most other
monoubiquitin probes, with the exception of the HA-Ub7s-PA probe 6.72 The alkene
moiety is unreactive under ambient conditions, only forming an adduct with the
target enzyme upon exposure to UV light. The probe works via a radical mechanism
within the enzyme active site with initiators acting as the primary radical source. The

radical initiators abstract a hydrogen from the active site Cys and the
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resulting thiyl radical reacts with the aligned alkene moiety of the probe affording a
carbon-centred radical (Scheme 3.1B). This radical is expected to abstract a
hydrogen from within the active site. The result is a covalent bond between the C-
terminus of the probe and the active site Cys residue. Initiators are expected to have
access to the active site even after reversible ubiquitin binding as DUBs typically act
upon ubiquitinated substrates, leaving significant space within this pocket.?’
Additionally, a water molecule participates in mechanism of action of Cys protease
enzymes so this pocket must be solvent accessible. Selected crystal structures of
the DUBs OTUB1, OTUB2 and UCHL3 bound to monoubiquitin probes were
analysed to visualise solvent accessibly around the C-terminus of ubiquitin
(Figure 3.1). All structures analysed showed a solvent accessible cavity at the C-
terminus of the bound ubiquitin, demonstrating that radical initiators can access the

active site Cys.

Ub probe ——F——
UCHL3

Figure 3.1: Solvent accessibility of the active site Cys of DUBs binding ubiquitin

variants. (A) Crystal structure of OTUB2 covalently bound to monoubiquitin probe
displaying one solvent accessible pocket (red).*®® (B) Crystal structure of OTUB1 bound to
a ubiquitin variant with three solvent accessible pockets highlighted (red, blue, green).”
(C) Crystal structure of UCHLS3 covalently bound to monoubiquitin suicide probe displaying
two solvent accessible pockets (red, green).®® In each case the position of the ubiquitin

C-terminus is highlighted by a yellow circle. Images obtained using CASTp 3.0 software.*®
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DUBs operate in several complex enzymatic networks and are known to be
post-translationally modified.?” Therefore, the ability to induce the formation of a
probe-enzyme complex in vitro at specific times or after different external inputs
could offer a greater understanding of how these enzymes act within cells. This
coupling reaction represents a promising and novel strategy to target the active form
of these enzymes. It differs from existing photocrosslinking strategies as it has high
residue selectivity.'®” Although it has been widely used in protein chemistry,
including in the formation of ubiquitin dimers and trimers,3’ the thiol-ene reaction
has not previously been used in ABPP. Results presented in this chapter were
published in Chemical Science in 2020.188

3.2 Synthesis, characterisation and testing of HA-Ub7s-propene

HA-Ubzs-propene 38 was the first in a series of alkene-based probes that were
synthesised (Scheme 3.2). This probe consisted of a functionalised HA-Ubz7s in
which the C-terminal Gly residue is replaced with an unsubstituted alkene moiety.
This was selected as terminal alkenes typically demonstrate increased reactivity in
thiol-ene reactions relative to substituted alkenes.®® As for the HA-Ub7s-PA probe 6
the synthesis was adapted from literature procedures used for the synthesis of the
Ub7s-VME probe.%” In a two-step protocol, N-hydroxysuccinimide (NHS) (46) was
incubated with the HA-Ubz7s-thioester 2, acting as a nucleophilic catalyst for the
coupling. Allylamine (47) was added to the mixture in a 1:1 MeCN:H20 mixture to

improve solubility.

)3 2) H,N N »

in MeCN:H,0 (1:1)
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Scheme 3.2: Synthesis of HA-Ubzs-propene 38.

The synthesis of the probe was confirmed by both MS and gel electrophoresis
(Figure 3.2). The intact probe was characterised using MALDI mass spectrometry
which identified species at 10061 Da and 5034 Da which represented the predicted
weights for the singly and doubly charged species respectively (Figure 3.2A).
LC-MS/MS analysis of the peptides resulting from an elastase digest of this protein

resulting in 100% sequence coverage of HA-Ub7s and located a shift in molecular
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weight at the C-terminus of the protein, consistent with the incorporation of the
allylamide functionality (Figure 3.2B). A single band was observed at the expected
molecular weight after separation by SDS-PAGE and subsequent silver staining
(Figure 3.2C). These results indicated the successful synthesis of the

HA-Ubzs-propene probe 38 with a high level of purity.
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Figure 3.2: Identification of HA-Ubzs-propene by MALDI-TOF. (A) MALDI-TOF analysis
of HA-Ubzs-propene (25 ug). (B) LC-MS/MS identification of modified C-terminal ubiquitin
peptide. (C) Silver stain analysis of 2 ug of HA-Ubzs-propene probe 38.

3.2.1 Recombinant enzyme experiments using HA-Ub7s-propene 38.

With the HA-Ub7s-propene probe 38 in hand, its reactivity was first validated in an
assay performed with the His-tagged, recombinant DUB OTUBL1 (Figure 3.3). The
initial reaction conditions were adapted from selected literature examples of
thiol-ene reactions involving biomolecules and proteins.37:1%0-192 Following a 60 min
preincubation at 37 °C, the radical initiator 2,2-Dimethoxy-2-phenylacetophenone
(DPAP) (48) was added along with 4’-Methoxyacetophenone (MAP) (49). Samples
were then degassed with N2 for 2 min to prevent the formation of reactive oxygen
species (ROS). It has been shown that ROS can reversibly inhibit DUBs and DPAP
(48) mediated thiol-ene couplings required degassing.’®> The samples were
exposed to UV light (365 nm) for 10 min. The reaction was analysed by gel
electrophoresis and visualised by silver staining and an anti-His western blot to
selectively visualise the His-tagged OTUBL1 (Figure 3.3A and B).
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Figure 3.3: Labelling of recombinant OTUB1 with HA-Ubss-propene 38. Visualised
using (A) Anti-His western blot and (B) silver stain. HA-Ubzs-propene 38 (4 ug) was
incubated with OTUB1 (2.5 ug) at 37 °C for 60 min in phosphate buffer (60 mM Na;HPOa,
50 mM NaH:PO4 pH 8.0) for 60 min. DPAP (48) (0.5 mM) and MAP (49) (0.5 mM) were
added, the samples were degassed for 2 min with N2 and then exposed to UV light (365
nm) for 10 min. Upon completion, 2X reducing sample buffer (30 uL) was added and the
proteins were heated to 95 °C for 5 min. (C) LC-MS/MS analysis of proteins found in
indicated bands.

A new band corresponding to the expected molecular weight of the probe-enzyme
adduct, approximately 43 kDa, was observed in all samples containing the
HA-Ubzs-propene 38 and the enzyme. This new band strongly suggested that
OTUBL1 had reacted covalently with a protein of approximately 10 kDa, consistent
with the molecular weight of the probe. To confirm the identity of this new band, it
was excised from the silver stain gel and subjected to an in-gel digest using trypsin.
As controls, the bands corresponding to the expected molecular weight of OTUB1
and the HA-Ubrs-propene probe 38 alone, around 34 kDa and 11 kDa respectively,
were also excised and digested in parallel (Figure 3.3B, lane 6). LC-MS/MS
analysis was used to identify the peptides present in each sample (Figure 3.3C).
The results are expressed as the % protein coverage of HA-Ub7s and OTUB1 in the
corresponding bands. Both proteins were observed in the newly formed band
around the 43 kDa MW marker, while only OTUB1 or HA-Ub7s alone were observed
in the other bands analysed. These results add to the evidence that this new band
represents a covalent adduct between the probe and the enzyme.

It could not be ruled out that the labelling observed in the previous experiment was

due to a non-templated thiol-ene reaction occurring with one of the non-catalytic Cys
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residues of OTUBL. A further experiment was devised to confirm that this new band
was the result of a reaction with the active-site Cys of OTUBL following a specific
binding interaction (Figure 3.4). It was proposed that when OTUB1 was denatured,
no specific binding interaction would occur between OTUB1 and the probe and no
covalent bond would form, as at these concentrations the reaction will only occur
when templated. OTUB1 was denatured by heating it in-solution at 95 °C for 5 min
or by sonicating and vortexing the enzyme in a solution containing 0.5% SDS prior
to the probe labelling being carried out (Figure 3.4A and B). These reactions were
run in parallel with an OTUB1 labelling under non-denaturing conditions
(Figure 3.4A and B, lane 5).
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Figure 3.4: Investigating the binding requirement for recombinant enzyme labelling
using probe 38. Labelling of recombinant OTUB1 (2 pg) with HA-Ubzs-propene probe 38
(4 ng). Visualised using (A) Anti-HA western blot and (B) Silver stain. Recombinant OTUB1
(2ug) was denatured using heat or SDS prior to incubation with the HA-Ubzs-propene
probe 38 in lanes 3 and 4. HA-Ubzs-propene 38 (4 ug) was incubated with OTUB1 (2.5 ug)
at 37 °C with gentle shaking in phosphate buffer (50 mM Na;HPO,4, 50 mM NaH,PO,
pH 8.0) for 60 min. DPAP (48) (0.5 mM) and MAP (49) (0.5 mM) were added, the samples
were degassed for 2 min with N» and then exposed to UV light (365 nm) for 10 min.

Consistent with this hypothesis, no new band was observed by either silver staining
or anti-HA western blot in these samples (Figure 3.4A and B, lanes 3 and 4).
Conversely, a new band was seen under the standard conditions around the
43 kDa MW marker as seen in the previous experiment (Figure 3.4A and B,
lane 5). This finding validated the need for a specific binding interaction between

the probe and the active form of an enzyme for the reaction to occur. The absence
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of a reaction under denaturing conditions also confirmed the probe did not react with
off-target Cys residues at these concentrations.

Further to this, it was also demonstrated how the Kq of the probe can be determined
using OTUBL1 as a model system. Given the unique temporal resolution of this probe
and the binding equilibrium that is formed prior to covalent bond formation, it was
reasoned that a simple assay could provide information about this equilibrium. The
concentration of the probe was increased across several experiments, while the
concentration of OTUB1 remained constant. The samples were otherwise treated
identically and separated by SDS-PAGE before visualisation by Coomassie blue
staining (Figure 3.5A). The intensity of the new 43 kDa band was measured using
Image Quant software and the band with the highest intensity was taken to be
complete saturation of OTUBL. The other values were expressed as a fraction of
this and plotted against the concentration of the probe (Figure 3.5B). From this
graph, the concentration that results in a fractional saturation of 0.5 is taken to be
the Kd. A Kdvalue of 7.8 uM was derived. If applied in combination with reversible

inhibitors, this system could be an additional technique to evaluate their potency.
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Figure 3.5: Probing the Ky of probe enzyme binding. (A) Visualised by Coomassie blue
stain. Recombinant DUB OTUB1 (5 pg) was incubated with increasing concentrations of
the HA-Ubrs-propene probe 38 in phosphate buffer. DPAP (48) (0.5 mM) and MAP (49)
(0.5 mM) were added, the samples were degassed for 2 min with N> and then exposed to
UV light (365 nm) for 10 min. Upon completion, 2X reducing sample buffer (30 uL) was
added and the proteins were heated to 95 °C for 5 min. (B) Intensity of the labelled band

was analysed on Image Quant and plotted against the concentration of probe.
3.2.2 Cell lysate experiments and optimisation of thiol-ene reaction conditions

Having confirmed its reactivity in a simple two-component system, the

HA-Ub7s-propene 38 was next tested in HEK 293T cell lysate. The first variables
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tested were the time under UV required for maximum labelling to occur and the
effect of the preincubation time on the labelling (Figure 3.6 and 3.7). Time points
under UV ranging from 0 min to 360 min were investigated. In addition to this,
several control experiments were also performed. A labelling with
HA-Ub7s-CH2CH2Br 5 was subjected to the same radical conditions as the thiol-ene
labelling, a labelling was performed without radical initiators and finally, a labelling
experiment was carried out after the cell lysate was preincubated with the thiol
alkylator N-ethylmaleimide (NEM) (50) (Figure 3.6, lanes 1 and 8-10).
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Figure 3.6: Thiol-ene labelling with varying UV exposure. Visualised by anti-HA western
blot. Lanes 1-8 all contain HA-Ubzs-propene 38 (1 ug) and HEK 293T cell lysate (50 ug).
Lanes 9 and 10 show a labelling with HA-Ub7s-CH>CH2Br 5 (2 ug) and HEK 293T cell lysate
(50 ug) in the presence of DPAP (48) and MAP (49). Lanes 1-6 exposed to UV light
(365 nm) for increasing time periods. N-ethylmaleimide (NEM) (13 mM) was added to lane
8 and incubated for 15 min before the addition of the HA-Ub7s-propene 38.

The absence of either UV light or radical initiators resulted in no visible labelling
(Figure 3.6, lanes 1 and 2). Lane 1 can be directly compared to lane 5 as these
samples were exposed to UV light for an equivalent amount of time. Similarly, lane 2
can be compared to lanes 3 to 7 as they were treated with identical amounts of
initiators (Figure 3.6A, lanes 2-7). The absence of detectable labelling in lanes 1
and 2 validated the requirement of radical initiation for a covalent labelling
interaction (Figure 3.6). There was no discernible difference between the 1 min and
10 min timepoints (Figure 3.6, lane 3 vs 4). 1 min of UV light exposure therefore
appeared sufficient for maximum labelling under these conditions. This rapid
labelling was reasoned to be due to the templating of the reaction. Prior to UV
exposure the samples were incubated at 37 °C for 60 min. Therefore, once the

radical reaction was initiated, a binding equilibrium was already established between
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the probe and the enzyme and the alkene warhead of HA-Ub7s-propene 38 was
positioned adjacent to the active site Cys. Continued exposure to UV light started to
degrade the proteins at timepoints longer than 10 min resulting in loss of signal in
these lanes (Figure 3.6, lane 5-7). As a result of these findings, 10 min was taken
to as the standard exposure time to ensure complete labelling in future experiments.

Additionally, by this time point sample degradation was not observed.

Preincubation of the lysate with the thiol alkylator NEM inhibited labelling by the
HA-Ubz7s-propene probe 38 (Figure 3.6, lane 8). The conditions in this lane were
otherwise identical to the 10 min time point (Figure 3.6, lane 4). This abrogation of
labelling strongly indicated the covalent bond formation occurs between the alkene
warhead and a Cys residue. A lysate labelling was also performed in which the
HA-Ub7s-CH2CH2Br 5 probe was subject to the same conditions as the
HA-Ubz7s-propene probe 38 to test if these conditions were altering enzymatic activity
(Figure 3.6, lanes 9 and 10). Interestingly, not only was there no apparent reduction
in enzyme activity under these conditions, the intensity of the labelling pattern has
increased under these conditions. These results indicated that enzymatic activity
was not reduced under these conditions and that the HA-Ub7s-CH2CH2Br 5 warhead

can also react with the active-site cysteine in a radical-mediated reaction.

To test the hypothesis that a binding equilibrium was forming between the
HA-Ub7s-propene probe 38 and DUBs, an experiment was designed in which the
time given to form this equilibrium was varied. Preincubation times from 0 min to
180 min were examined (Figure 3.7A). In this experiment the importance of the
degassing step was also evaluated along with a test for non-specific reactions with
proteins using an inactive probe 51 (Figure 3.7A).
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Figure 3.7: Thiol-ene labelling with varying preincubation times. (A) Lanes 1-6 show
labellings with HA-Ubzs-propene 38 (1 ug) and HEK 293T lysate (50 ug). Lane 7 shows a
labelling with an inactive HA-Ubzs probe 51 (2 ug). Pre-incubation time at 37 °C was varied
for lanes 1-5. Lanes 6 and 7 were both pre-incubated for 60 min. All lanes contained
DPAP (48) (0.5 mM) and MAP (49) (0.5 mM), were degassed for 2 min and were exposed
to UV light for 5 min. (B) Structure of hydrolysed HA-Ub7s 51.

Following a preincubation time of 5 min, partial labelling was observed in HEK 293T
cell lysate (Figure 3.7A, lane 1). An increase in the incubation time from 20 min to
90 min correlated to an increase in the intensity of the labelling pattern and therefore
an increase in the covalent capture of proteins (Figure 3.7A, lanes 2-4). This
intensity peaked after 90 min, indicating that the hypothesised binding equilibrium
was fully established by this time (Figure 3.7A, lanes 4 and 5). The drop in enzyme
capture by 180 min was attributed to protease mediated degradation of the sample
due to the extended incubation at 37 °C. These results provided evidence for the
influence of a preincubation time on the reaction between probe 38 and enzyme.
Based on these results, the following experiments were carried out with a 90 min

preincubation period to maximise labelling intensity.

The importance of a degassing period before radical initiation was also investigated.
Excluding this degassing period lead to marked variation in both labelling pattern
and intensity (Figure 3.7A, lane 6). It was evident that a thorough degassing step
was required to limit the interference of ROS on the reaction (Figure 3.7A, lane 6).
To validate that an alkene moiety was needed for the reaction to proceed, a control
experiment was performed in which a hydrolysed HA-Ubzs 51 was used
(Figure 3.7A, lane 7). The absence of any labelling when the hydrolysed probe 51
was used confirmed that the alkene warhead was necessary for any covalent bond

formation. This result, in combination with previous findings that show that the
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reaction does not proceed when Cys residues are alkylated, provides strong
evidence that the thiol-ene reaction is responsible for the observed labelling

(Figure 3.7A, lane 7 and figure 3.6, lane 8).

A panel of radical initiators were tested for their suitability in this system and as
alternatives to DPAP (48) and MAP (49) (Figure 3.8). Additionally, alterations in the
concentration of DPAP (48) and MAP (49) were also investigated (Figure 3.9).
2,2'-Azobis(2-amidinopropane)  dihydrochloride  (AAPH) (52), 4,4'-Azobis
(4-cyanopentanoic acid) (ACPA) (53) and t-butyl peroxide (54) were tested as
alternative initiators (Figure 3.8, lanes 2-4). t-Butyl peroxide proved the most
promising of these (Figure 3.8, lane 2), with very little protein capture observed
when AAPH and ACPA are used as the radical initiators at these concentrations
(Figure 3.8, lanes 4-6). However, none of these initiators demonstrated the same
level of capture as the previously optimised DPAP (48) and MAP (49) concentration
of 0.5 mM (Figure 3.8, lane 7). DPAP (48) and MAP (49) were therefore retained

as the radical initiator and stabiliser in future experiments.
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Figure 3.8: Alternative initiator screening. Visualised by anti-HA western blot.
HA-Ubrs-propene 38 (1 pg) was incubated with HEK 293T lysate (50 pg) for 90 min before
the indicated radical initiator was added. All initiators were added at the same concentration
(0.5 mM) apart from lanes 5 and 6 which contained 0.1 mM DPAP (48) and MAP (49) and
2.5 mM DPAP (48) and MAP (49) respectively. Samples were degassed for 2 min with N>
and exposed to UV light (365 nm) for 2 min.

In addition to this, DPAP (48) and MAP (49) were tested at a five-fold increase and
five-fold decrease relative to the optimised 0.5 mM (Figure 3.8, lanes 5 and 6). The

amount of captured protein varied in these samples, increasing or decreasing
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corresponding to the change in initiator concentration (Figure 3.8, lanes 5 and 6).
A second experiment was conducted to investigate if the increase in protein capture
observed in the sample containing 2.5 mM of DPAP (48) and MAP (49) was the
result of an increase in the capture of DUBs or an increase of side reactions
(Figure 3.9). A ten-fold increase in DPAP (48) and MAP (49) concentrations was

investigated in parallel with this five-fold increase.
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Figure 3.9 Investigating increased concentrations of radical initiators. Visualised by
anti-HA western blot. HA-Ubzs-propene 38 (1 pg) was incubated with HEK 293T lysate
(50 pg) for 90 min before DPAP (48) and MAP (49) were added at the indicated
concentration. Samples were degassed for 2 min with N2 and exposed to UV light (365 nm)

for 2 min.

To validate that these conditions were not promoting off target reactions with other
residues, the Cys alkylator NEM was used. At a five-fold increase in concentration
significant protein capture is observed, indicating several off-target reactions are
occurring (Figure 3.9, lane 4). Unexpectedly, less capture is observed in the sample
with a ten-fold increase in concentration but in both cases, significant labelling is still
visible when the pre-incubation step is omitted (Figure 3.9, lane 5, 6 and 7).
Consequently, it was concluded that many of the proteins being captured at these
concentrations were not specifically interacting with the probe, and off-target
reactions were occurring at these higher concentrations. Using higher

concentrations of radical initiators was therefore ruled out at this point

A more refined optimisation of the initiator concentration and the time under UV were
carried out to investigate if milder conditions could be used to initiate the reaction
(Figure 3.10A and 3.10B).
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Figure 3.10: Optimisation of reaction conditions. Visualised by anti-HA western blot. (A)
HA-Ubrs-propene 38 (1 pg) was incubated with HEK 293T lysate (50 pug) for 90 min before
DPAP (48) and MAP (49) were added at a range of concentrations. Samples were degassed
for 2 min and exposed to UV light (365 nm) for 2 min. (B) Time under UV was investigated
using DPAP (48) and MAP (49) (0.25 mM). The initiators were added to the samples after
a 90 min incubation of HA-Ubzs-propene 38 (1 pg) with HEK 293T lysate (50 pg) and

samples were exposed to UV light (365 nm) for the time indicated.

Decreasing concentrations ranging from the optimised 0.5 mM to 0.05 mM were
examined (Figure 3.10A, lanes 2-5). No decrease in labelling intensity was
observed after a reduction in concentration from 0.5 mM to 0.25 mM, but at lower
concentrations there was a clear reduction in the number of proteins captured
(Figure 3.10A, lanes 2-5). Future experiments were therefore carried out at
0.25 mM DPAP (48) and MAP (49). Similarly, the relative amount of captured
proteins appears to decrease as the time under UV is reduced (Figure 3.10B,
lanes 2-5). In this more refined study, it appears that the reaction is complete after
5 min with no evident difference between this and the 5 min timepoint (Figure 3.10B,
lanes 2 and 3). Based on these results, DPAP (48) and MAP (49) were used at a
final concentration of 0.25 mM in future experiments. To ensure the reactions had

gone to completion, samples were exposed to UV light for 5 min.

3.3 Investigating the specificity of the thiol-ene labelling using PR-619

The specificity of the HA-Ubz7s-propene probe 38 towards DUBs was investigated by
observing the changes in labelling pattern following a preincubation of the known
pan DUB inhibitor, PR-619 with cell lysate (Figure 3.11).1%
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Figure 3.11: Testing specificity with DUB inhibitor PR-619 (55). Visualised by anti-HA
western blot. (A) HEK 293T cell lysate (50 ug) was preincubated for 90 min with increasing
concentrations of PR-619 before the addition of HA-Ub7s-propene 38 (1 ug). Samples were
incubated for a further 90 min at 37 °C before DPAP (48) (0.25 mM) and MAP (0.25 mM)
were added. Samples were degassed for 2 min with N2 and exposed to UV light (365 nm)

for 2 min.

PR-619 was incubated with cell lysate for 30 min prior to the addition of
HA-Ub7s-propene 38 and the optimised conditions of 0.25 mM initiator and 2 min
under UV were used to carry out the labelling. A clear concentration-dependent
reduction in labelling intensity was observed in samples where PR-619 was
preincubated with the lysate (Figure 3.11A, lanes 1-4). This provided compelling
evidence that the labelling bands observed in previous experiments represent
covalent adducts of the probe bound to DUBs and indicated specificity of the probe

towards these enzymes.

To demonstrate how this methodology can be used advantageously in inhibitor
studies, an additional experiment was performed whereby the HA-Ub7s-propene 38
was preincubated with the lysate to form a binding equilibrium with any DUBs
present. PR-619 was added to the samples at concentrations analogous to the
previous experiment and incubated for a further 30 min before initiators were added
and the samples were exposed to UV light (Figure 3.12B). This experiment

analysed the displacement of the reversibly bound probe by the inhibitor.
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Figure 3.12: Displacement of the probe with inhibitors. Visualised by (A), (B) and (D)
anti-HA western blot and (C) Silver stain. (A) and (C) HEK 293T cell lysate (50 pg) was
preincubated with HA-Ubzs-propene 38 (1 pg) for 90 min before PR-619 was added at
increasing concentrations. Samples were incubated for a further 90 min at 37 °C before
DPAP (48) (0.25 mM) and MAP (0.25 mM) were added. Samples were degassed for 2 min
with N> and exposed to UV light (365 nm) for 2 min. (B) HEK 293T cell lysate (50 pg) was
incubated with HA-Ub7s-CH,CH.Br 5 and PR-619 (100 uM) was added to one sample.
Samples were incubated for a further 90 min at 37 °C before DPAP (48) (0.25 mM) and
MAP (49) (0.25 mM) were added. Samples were degassed for 2 min with N> and exposed
to UV light (365 nm) for 2 min. (D) HEK 293T cell lysate (50 pg) was preincubated with
HA-Ubrs-propene 38 (1 pg) for 90 min before WT-ubiquitin was added at increasing
concentrations. Samples were incubated for a further 90 min at 37 °C before DPAP (48)
(0.25 mM) and MAP (49) (0.25 mM) were added. Samples were degassed for 2 min with N»
and exposed to UV light (365 nm) for 2 min.

The inhibition of labelling appears less pronounced than in the previous experiment
as access to DUB active sites is limited by the presence of the HA-Ubz7s-propene

probe 38 (Figure 3.12A, lanes 2—-6). However, the effect of the inhibitor is clearly
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visible, reducing enzyme capture in a concentration dependent manner
(Figure 3.12A, lanes 2-6). This experiment demonstrated how PR-619 can disrupt
the binding of the probe and providing a novel way to study inhibitors. A parallel
experiment was performed using the HA-Ub7sCH2CH2Br probe 5 for contrast
(Figure 3.12B). When it is subject to identical conditions as lanes 2 and 6, 0 uM and
100 uM PR-619 respectively, only a minor reduction in protein capture is observed
(Figure 3.12C, lanes 2 and 3). These results demonstrated that as the
HA-Ub7s-CH2CH2Br probe 5 reacts once bound by a DUB and does not form the
same reversible binding equilibrium as HA-Ub7s-propene probe 38. Therefore, it
cannot be used to study inhibitors in the same way. A silver stain was performed for
all samples on this gel to confirm the stability of the probe in this experiment
(Figure 3.12C). Similar results were obtained using an excess of WT ubiquitin in
place of PR-619 (Figure 3.12D). At higher concentrations the WT ubiquitin disrupted
the binding equilibrium of the HA-Ub7s-propene probe and reduced overall DUB
capture (Figure 3.12D, lane 4). These results illustrated how this methodology can
be utilised to study reversible protein binding events as well as covalent and
irreversible inhibitor interactions. This methodology therefore allows for the study of
inhibitors and protein binding events with much greater temporal control, with the

potential to provide valuable information about binding affinities.

3.4 Design, synthesis and testing of substituted alkene probes.

Two further alkene-based probes were designed and synthesised to study the
effects of alkene substitution on labelling efficiency. Assuming the labelling reaction
using HA-Ub7s-propene 38 forms a covalent bond at the expected site of attack by
analogy with the WT substrate, an unstable primary alkyl radical will form
(Scheme 3.3). If the bond forms at the terminal carbon of the alkene, forming a more
stable secondary radical, attack must occur at a non-optimal position. It was
hypothesised that if a substituted alkene was used instead of the terminal alkene,
attack at the optimal site would form a more stable radical, increasing the efficiency
of the reaction (Scheme 3.3).

72



Chapter 3 — The thiol-ene reaction for ABPP of DUBs

©
S
LT
Ty —
© N

Wild-type substrate

S
0 9 T
%N/\/ - - %J\N/W/S
H H
1st generation design
SN
O

o e
\81\ AN \HJ\N S

Proposed design

Scheme 3.3: Effect of alkene substitution on potential radical stability. Site of attack
on WT DUB substrate and radicals resulting from covalent bond formation at the equivalent

position using the thiol-ene labelling.

Two new warheads were designed for this purpose (Scheme 3.4). The first of these
two consisted of a methyl substituted alkene, while the other was a phenyl
substituted alkene, affording the HA-Ub7s-butene 39 and
HA-Ubz7s-phenylpropene 40 probes respectively.
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Scheme 3.4: Structure and reactivity of new alkene probes.

3

The synthesis of the (E)-3-phenylprop-2-en-1-amine warhead (56) was carried out

using modified literature procedures’®*1% in a 40% vyield over two steps

(Scheme 3.5). The reaction was carried out using standard Gabriel amine synthesis

conditions with potassium phthalimide (57) used to introduce amino functionality.
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The amine group was freed using hydrazine and the new warhead was available for

coupling to the HA-Ubz7s-thioester 3 as in the synthesis of the HA-Ubz7s-propene 38.

DMF, Ar H,N-NH,, MeOH
/\/\@ RT 3h /\/\@ RT 2h H,N 7
62% 65% 56

Scheme 3.5: Synthesis of (E)-3-phenylprop-2-en-1-amine 56.

The second warhead was synthesised over four steps in 54% yield (Scheme 3.6).
It was initially synthesised as the (E)-but-2-ene-amine hydrochloride salt (62)
following literature procedures (Scheme 3.6).1%6:1%7 As in the previous synthesis,
potassium phthalimide (57) was used to introduce amino functionality and hydrazine
was employed to deprotect the phthalimide. However, purification of the
hydrochloride salt 62 by column chromatography proved difficult due to retention of
the salt on silica. To overcome this, the amine was Boc-protected using modified
literature procedures!® and purified by flash column chromatography at to afford
63. The amine was deprotected using standard deprotection conditions'®® and the

warhead was available for coupling to the HA-Ubz7s-thioester 2 as the TFA salt 64.

57 0
DMF, RT, Ar 1. Ho,N-NH,, MeOH

18 h /\/\ 60°C,3h o ®
Br/\/\ » cl HaN/\/\
60 76% 2. HCI 62

(Boc),0, Et;N, DCM

72%

0 °C-RT, 16 h
TFA, CH,Cl,
RT, 0.5 h
/ \
TFA- HQN/\/\ - BOCHN/\/\
64 99%

63

Scheme 3.6: Synthesis of (E)-but-2-ene-amine trifluoroacetate 64.

Two new warheads 56 and 64 were successfully synthesised, coupled to the
HA-Ubz7s-thioester 2 and tested in cell lysate (Figure 3.13). The new probes,
HA-Ub7s-butene 39 and HA-Ubz7s-phenylpropene 40, both showed restricted
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labelling patterns compared to the HA-Ub7s-propene 38 (Figure 3.13, lanes 1 vs 3
and 5).
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Figure 3.13: Testing of new alkene warheads. Visualised by anti-HA western blot.
HA-Ubrs-propene 38 (1 ug), HA-Ubzs-phenylpropene 40 (1pg) or HA-Ubzs-butene 39 (1pg)
was incubated with HEK 293T lysate (50 pg) for 90 min before DPAP (48) (0.25 mM) and
MAP (49) (0.25 mM) were added. Samples were degassed for 2 min with N2> and exposed
to UV light (365 nm) for 2 min.

These results suggest that the least sterically hindered warhead reacts most
efficiently, despite the potential formation of a less stable radical. Conversely, when
comparing HA-Ub7s-butene 39 and HA-Ubz7s-phenylpropene 40 there is an apparent
reduction in labelling intensity (Figure 3.13, lane 3 vs 5). It is important to note that
the efficiency of the coupling reaction for the different warheads during probe
synthesis was not quantified so the differences in labelling efficiency observed could
be explained by different levels of coupling. Furthermore, the coupling reaction for
the HA-Ubrzs-butene probe 39 required modification as the warhead was
synthesised as the TFA salt. The reduction in labelling intensity may be due to a
less efficient coupling as the reaction was not optimised in this case. A more
definitive comparison can therefore be drawn between the HA-Ub7s-phenylpropene
40 and HA-Ubrs-propene 39 probes. Additionally, these probes represented the
biggest contrast in terms of steric bulk and potential radical stability so were both

taken forward for further analysis at this point.

75



Chapter 3 — The thiol-ene reaction for ABPP of DUBs

3.5 Immunoprecipitation analysis of thiol-ene labelling

An immunoprecipitation was carried out on material captured by a thiol-ene
labelling to unambiguously identify the enzymes captured by the probe and compare
the reactivity of the HA-Ubrs-propene probe 38 to the HA-Ubzs phenylpropene
probe 40. As discussed, the protocol for the immunoprecipitation was optimised
using the HA-Ub7s-CH2CH2Br probe 5 (Section 2.3.1, figure 2.7). To confirm
compatibility of the thiol-ene labelling strategy with these conditions, it was first
carried out on a small scale (Figure 3.14A and B). Additionally, one extra elution
step was introduced at this point in addition to the Gly elution. Following this elution,
the anti-HA coupled agarose beads were incubated at 95 °C for 5 min in reducing
sample buffer as in the previous immunoprecipitation. This step was introduced to
help visualise the efficiency of the Gly elution and allow for any proteins still bound

after this elution to be included in subsequent analysis.

Western blotting revealed both eluates afforded pulled down material with labelling
patterns consistent to the initial lysate labelling, or input (Figure 3.14A and B,
lanes 1, 7 and 8). Once again, the heavy and light chains of the antibodies are
visible in these samples around 26 kDa and 43 kDa (Figure 3.14A and B, lanes 7
and 8). Silver staining of the same samples revealed that although some material
remained bound following incubation in the Gly buffer, most of the sample was
eluted in this step. The difference between the two elution steps was more apparent
using this technique (Figure 3.14B, lane 7 vs 8). Furthermore, silver staining also
confirmed that the four washing steps effective in removing all detectable unbound
material (Figure 3.14B, lane 6). These results suggested that the conditions
optimised using the HA-Ub7s-CH2CH2Br probe translated well to the thiol-ene

methodology on this smaller scale.
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Figure 3.14: Optimisation of immunoprecipitation conditions. Visualised by (A) anti-HA
western blotting or (B) silver staining. A standard labelling was carried out under optimised
conditions using HEK 293T cell lysate (150 ug) with HA-Ubzs-propene 38 (3 ug) in NET
buffer. The pulldown was performed with anti-HA coupled agarose beads (60 pL of 50%
slurry) for 90 min at 4 °C. After a series of washing steps, equivalent fractions of the input,

supernatant and washes were taken.

The remainder of the eluate samples were subjected to a tryptic digest and
submitted for analysis by LC-MS/MS. Although the immunoprecipitation appeared
to work well when analysed by gel electrophoresis methods, a very limited number
of proteins were confidently identified in a search against a Uniprot database of
human proteins. It was expected that proteins visible by silver staining would also
be identified by LC-MS/MS due to the high sensitivity of this technique. It was
therefore hypothesised that either the exposure to UV light or subsequent off-target
radical reactions were resulting in the formation of undesired protein adducts which
were affecting the identification of the peptides. To investigate this hypothesis, a
series of lysate samples were exposed to a variety of conditions in which the time
under UV and the presence of initiators were varied (Table 3.1). To replicate the
conditions of the immunoprecipitation as accurately as possible the samples were

incubated at 4 °C for 2 h following this treatment and then analysed by LC-MS/MS.
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Entry UV (min) Initiators Protein IDs 2 80% confidence
1 0 No 2775 612

2 5 Yes 2578 30

3 1 Yes 2225 540

4 2 Yes 2835 471

5 5 No 1938 10

Table 3.1: Protein IDs by LC-MS/MS following UV light and radical exposure. All
samples contained HEK 293T cell lysate (50 ug). Samples treated with radical initiators
contained DPAP (48) (0.25 mM) and MAP (49) (0.25 mM) and the UV light wavelength was
365 nm. After treatment samples were subject to tryptic digest then desalted and

concentrated by zip-tipping prior to analysis by LC-MS/MS.

A control sample was left untreated and incubated for 2 hrs at 4 °C (Table 3.1,
entry 1). A total of 2775 proteins were identified in this sample, with 612 of these
having over 80% confidence (Table 3.1, entry 1). Conversely, in the sample that
was exposed to standard labelling conditions, a similar number of proteins were
identified but a much smaller fraction of these had confidence level over 80%
(Table 3.1, entry 2). To examine if this reduction in confidence was primarily due to
the UV light or off-target radical reactions, samples were prepared in which the effect
of one of these variables was limited or removed (Table 3.1, entries 3-5). When
UV exposure was reduced to 1 min or 2 min and the radical initiator concentration
was kept consistent, a significant improvement in confidently identified proteins
(Table 3.1, entry 3 and 4). In contrast to this, when the time under UV remained at
5 min and radical initiators were omitted, protein confidence was comparable to
standard labelling conditions (Table 3.1, entry 5). Based on these results, it was
concluded that the exposure time to UV was significantly degrading the protein
sample by 5 min and this was affecting peptide identification by LC-MS/MS. To
overcome this, the exposure time for a standard labelling reaction was reduced to
2 min. Although a drop in confidently identified proteins is observed between the
1 min and 2 min time points, previous experiments demonstrated that there was a
substantial difference between these time points in terms of protein capture
(Section 3.2.2, Figure 3.10, lanes 3 vs 4). In the same experiment, no difference

was seen between 2 min and 5 min timepoints.
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Using these newly optimised conditions of 2 min exposure to UV light, another
Immunoprecipitation was carried out (Figure 3.15). In addition to these new
conditions, two minor changes were made to the protocol. Firstly, the initial labelling
was carried out on a larger scale than previously, with 5 pg of probe compared to
3 ug. Concentrations of the other components of the reaction were increased
accordingly with the aim of increasing the final amount of enriched material.
Additionally, the elution step in Gly buffer was increased in time from 30 sec to 2 min
with the microcentrifuge tube being inverted twice during this time ensuring the
beads were fully resuspended each time. This was done to ensure complete elution

of bound material during this step.
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Figure 3.15: Optimisation of immunoprecipitation conditions. Visualised by (A) anti-HA
western blotting or (B) silver stain. A standard labelling was carried out under optimised
conditions using HEK 293T cell lysate (250 ug) with HA-Ubzs-propene 38 (5 ug) in NET
buffer. The pulldown was performed with anti-HA coupled agarose beads (100 pL of 50%
slurry) for 90 min at 4 °C. After a series of washing steps, equivalent fractions of the input,
supernatant, washes and eluate samples were taken. (C) The remainder of the input and
eluate samples were digested using trypsin and then desalted and concentrated by

Zip-tipping prior to analysis by LC-MS/MS.

Analysis by silver staining and western blotting confirmed that the
immunoprecipitation successfully enriched for captured material (Figure 3.15A
and B). The changes to the protocol resulted in an increased amount of protein

visible in the Gly elution relative to previous gels, and all proteins appeared to be

79



Chapter 3 — The thiol-ene reaction for ABPP of DUBs

eluted in this step (Figure 3.15A and B, lanes 7 and 8). As with previous
immunoprecipitations the labelling pattern observed in the elution lane is consistent
with that of the input lane (Figure 3.15A, lane 1 vs 7). The remainder of the eluate
sample was digested and analysed by LC-MS/MS. An equivalent fraction of the
input sample was also digested in parallel (Figure 3.15A). In contrast to previous
results several proteins were confidently identified in both samples with a five-fold
enrichment of DUBs and ubiquitin conjugation machinery in the eluate sample
relative to the input (Figure 3.15C). These were promising initial results that
suggested specificity of the HA-Ubrs-propene probe 38 towards these enzymes. As
no negative control was run in parallel, no more quantification was carried out at this

stage.

One further experiment was carried out following this immunoprecipitation. Sections
of the Gly elution lane were excised and were subjected to an in-gel digest
(Table 3.2). A selection of DUBs and members of the conjugation machinery were
identified in these samples. These were largely found in the section of the gel
corresponding to their MW (Table 3.2). These result once more pointed towards
specificity of the HA-Ubzs-propene probe 38 towards DUBs. However, to confirm
this, an immunoprecipitation was carried out in with an appropriate negative control

to allow for definitive quantification of enrichment.

kDa
Section  Protein ID MW Type

170 - UBP32  182kDa  DUB

130 - A UBPS 127 kDa DUB
95— UBP21 113 kDa DUB
72—

UBP37 110 kDa DuB

43- UBP13 97 kDa DUB
34 - uUI7L3 81 kDa DUB
- B UBP14 75 kDa DUB
uBP27 60 kDa DUB

26 - é DCSTY 56 kDa E3

TRIM18 50kDa E3

- MYCB2 51 kDa E3

c RNF26 47 kDa E3

17— UBE2A 17 kDa E2

\D— i

11— - E Ub Probe

Table 3.2: In-gel digestion and LC-MS/MS analysis of immunoprecipitation eluate.
Indicated sections were excised from the gel and subjected to an in-gel digestion using
trypsin. Resulting samples were desalted and concentrated by zip-tipping prior to analysis
by LC-MS/MS.
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An immunoprecipitation was carried out in triplicate using the HA-Ub7s-propene 38
and HA-Ubz7s-phenylpropene 40 probes. The results were analysed by both western
blot analysis and LC-MS/MS (Figures 3.16 and 3.17).

A Inputs

o)
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34—

17—
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Figure 3.16: Analysis of immunoprecipitation. Visualised by anti-HA western blot. A
standard labelling was carried out in triplicate under optimised conditions using HEK 293T
cell lysate (250 ug) with HA-Ubzs-propene 38 (5 ug), HA-Ubzs-phenylpropene 40 (5 pg) or
no probe in NET buffer. (A) A fraction of this labelling was taken for analysis. The pulldown
was performed with anti-HA coupled agarose beads (100 pL of 50% slurry) for 90 min at
4 °C. (B) After a series of washing steps, equivalent fractions of the eluate samples were

taken for analysis.

A labelling was performed under optimised conditions with each probe and a small

fraction of the sample was removed for analysis by anti-HA western blot

(Figure 3.16A, lanes 1-6). The only variable in the negative control sample was the

exclusion of any probe, the sample was otherwise treated identically (Figure 3.16A,
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lanes 7-9). The proteins were then enriched using agarose beads coupled to anti-
HA antibodies and an equivalent fraction of the resulting sample was again analysed
by anti-HA western blot (Figure 3.16B).

For both probes, comparison of the inputs against the eluate samples confirms the
labelling and the subsequent immunoprecipitation were successful (Figure 3.16A
and B). The remainder of the eluate sample was subjected to tryptic digest and
submitted for analysis by LC-MS/MS. The samples were analysed using label-free
guantification (LFQ). This is a method whereby the abundance of each protein
detected in sample is quantified relative to a negative of positive control run in
parallel. The results of this analysis are expressed as a relative intensity and
visualised as a heat map (Figure 3.17). The replicate that had the highest intensity
for an individual protein was taken as 100% and if that protein was detected in

another sample, its intensity was expressed as a percentage of this.
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Figure 3.17: LC-MS/MS analysis of immunoprecipitation in triplicate. Heatmap
showing the enrichment of DUBs and ubiquitin conjugation machinery after
immunoprecipitation with anti-HA coupled agarose beads using HA-Ubzs-propene 38,
HA-Ubzs-phenylpropene 40 and lysate alone. Intensities calculated using label-free
guantification following LC-MS/MS analysis. The replicate that had the highest intensity for
each individual enzyme was taken as 100% and the values of other replicates for the

enzyme are expressed as a percentage of this value.

Twelve DUBs were identified following the IP as well as eight components of the

ubiquitin conjugation machinery. Enrichment of eleven DUBs was observed in

samples treated with the HA-Ubzs-propene probe 38 (Figure 3.17). Some

enrichment was also seen for HA-Ubrs-phenylpropene 40, although this was less

pronounced (Figure 3.17). The HA-Ubrs-propene probe 38 therefore yields more

efficient capture in this case. This finding further indicates that less steric bulk is
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favoured over the formation of a more stable radical species, consistent with the
earlier western blot results (Section 3.4, Figure 3.13).

Additionally, enrichment of ubiquitin conjugation machinery was also observed in
both cases. Our probe design is therefore also applicable to labelling the less
nucleophilic active site Cys of these enzymes. Interestingly, the
HA-Ub7s-phenylpropene 40 warhead appeared to be more efficient at capturing
these conjugation machinery enzymes, even enriching for enzymes not observed in
any of the replicates for the alkene probe. This result may be an indication that these
enzymes have a greater tolerance for the extra steric bulk of this probe

3.6 Conclusion

In conclusion, a novel activity-based monoubiquitin probe that is completely inactive
under ambient conditions and can be selectively activated to label DUBs and
enzymes of the ubiquitin conjugation machinery was synthesised. This occurs via a
thiol-ene reaction between the active site Cys of the enzyme and an alkene warhead
on the probe. This is the first successful application of thiol-ene chemistry in ABPP.
The probe’s reactivity was demonstrated against recombinant, purified DUB OTUB1
and HEK 293T lysate and the methodology was made compatible for downstream
analysis by LC-MS/MS. Experiments using heat and SDS treated recombinant
enzyme showed the probe is selective for the active form of the DUB, requiring a
specific binding interaction. This new HA-Ubz7s-propene probe 38 was also used to
study the effects of inhibitors displacing bound probe, providing novel information
about these binding interactions. Finally, DUB selectivity was shown using a
combination of inhibitor assays and immunoprecipitations and this selectivity could

be influenced by the addition groups proximal to the alkene.

The short activation period of the probe following specific binding provides a
snapshot of the DUBs bound at that time. The consequence of capturing the
equilibrium in such a way results in a small proportion of DUBs captured relative to
similar existing probes. However, it does provide an opportunity to study binding
affinity and inhibitor potency in new ways for both reversible and irreversible binding
interactions. Unlike existing photocrosslinking probes this technique offers a residue
specific method to provide a time-resolved readout of enzyme activity rather than

protein binding. This radical labelling approach is broadly applicable and provides
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further opportunities in chemical proteomics beyond the study of reactivity and
selectivity in the ubiquitin system as any enzyme bearing an active site Cys could
be targeted in this way. The alkene moiety is chemically inert and sterically
undemanding to introduce to other biological entities, such as carbohydrates, DNA

or inhibitor scaffolds to access a wide variety of enzyme classes.
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4 Towards the application of the thiol-ene reaction for ABPP in cells

The thiol-ene methodology developed in Chapter 3 was optimised to effectively
profile DUB activity in HEK 293T cell lysate. Certain aspects of this methodology
make it unsuitable for whole cell analysis. The UV photoreactor consisted of ten 8 W
UV bulbs. These levels of UV light exposure afforded a rapid and extremely
time-resolved reaction, but extended exposure times resulted in degradation of
proteins, which was observed by SDS-PAGE and LC-MS/MS analysis
(Section 3.2.2, Figure 3.6). It was anticipated that even short exposures would be
cytotoxic if applied to whole cells. Additionally, such photoreactors are not in
widespread use in biological contexts, limiting the accessibility of the technique.
Finally, the oxygen sensitivity of the reaction would be limiting in more complex

systems.

In this chapter, two routes towards a milder photoinitiation of the thiol-ene coupling
were explored. Firstly, a weaker source of UV irradiation was investigated using the
previously optimised conditions with DPAP (48) and MAP (49) (Figure 4.1A). Low
wattage UV lamps are widely available and offer a more affordable and milder

alternative to the previously used photoreactor.

Secondly, the radical initiators Eosin Y (30) and Bi2Os were examined as alternatives
to DPAP (48) and MAP (49) (Scheme 4.1B). Both Eosin Y (30) and Bi2Os have been
demonstrated to catalyse thiol-ene coupling reactions of biomolecules using only
visible light.147200 Additionally, Eosin Y (30) has been used to generate thiyl radicals
for Cys arylation reactions on peptides and is known to be cytocompatible at
micromolar concentrations.46-291 Eosin Y (30) is often used in combination with a
coinitiator such as triethanolamine, but recent studies have demonstrated that it can
be used as the sole photoinitiator to generate thiyl radicals.?°® Furthermore, these
couplings did not require degassing, and are tolerant of oxygen.2°° Therefore, it was
hypothesised that Eosin Y (30) would provide a milder photoinitiation by avoiding
the need for UV light, while also eliminating the requirement for a degassing step.
Conversely, couplings reported using Bi2Os required degassing and the inclusion of
an organohalide, BrCCls, as a chain carrier.'#’ Bi2O3 has also been used as part of
a nanocomposite to catalyse a thiol-ene coupling.*® The cytocompatibility of Bi2O3

and BrCCls are not well characterised. However due the relative simplicity of the
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system and previously demonstrated tolerance in biomolecule functionalisation they

were examined for use in ABPP.

A combination of recombinant enzyme and cell lysate studies were used to evaluate
Eosin Y (30) and Bi2Os as initiators for this templated thiol-ene reaction. Both
ambient light and a 10 W white light source were employed, and the concentration
and time dependencies of the reaction were examined. Additionally, the distance

from the light source was varied.
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Figure 4.1. Further development of the thiol-ene reaction in biological systems. (A) A
milder source of UV was investigated using conditions optimised in Chapter 3. (B) Visible

light induced thiol-ene reaction was examined using the initiators Eosin Y (30) and Bi;Os.

Further studies were carried out with Eosin Y (30) to assess its ability to catalyse a
non-templated thiol-ene reaction between the HA-Ub7s-propene probe 38 and BSA.
Although the thiol-ene reaction has been used previously to conjugate proteins in
this non-templated manner, this required UV light irradiation.'3” Achieving
comparable coupling efficiency with visible light would significantly improve the
biocompatibility of the reaction, providing a mild and facile route towards protein
conjugation. Further to this, carrying out the analogous thiol-yne coupling with
HA-Ub7s-PA 6 and BSA could potentially be used to afford a dimer with an alkene
positioned between the monomers. The resulting conjugate could therefore be

designed to mimic specific ubiquitin dimer linkages or known ubiquitination targets
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and used for ABPP using the thiol-ene methodology. Once more, ambient light and
a 10 W source of white light were employed to initiate the thiol-ene and thiol-yne

reactions using BSA as a model system (Scheme 4.1).
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Scheme 4.1: Visible light-mediated thiol-ene and thiol-yne coupling of HA-Ubss
probes and BSA.

4.1 Examining a milder UV source for the thiol-ene methodology

In order to evaluate the use of a commercially available UV lamp to initiate labelling,
a time-course was performed using the conditions optimised in Chapter 3
(Section 3.2.2), with a low wattage UV lamp in place of the UV photoreactor
(Figure 4.2). This lamp consisted of four 9 W UV bulbs, compared to ten 8 W bulbs
in the photoreactor, resulting in a significantly lower cumulative UV exposure. The
HA-Ubz7s-propene probe 38 was used in this experiment and all others in this chapter

unless stated otherwise.
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Figure 4.2: Time dependence of low wattage UV lamp light exposure time. Visualised
by anti-HA western blot. HA-Ubzs-propene 38 (1 ug) was incubated with HEK 293T cell
lysate (50 ug) at 37 °C with gentle shaking in homogenate buffer for 60 min. DPAP (48)
(0.25 mM) and MAP (49) (0.25 mM) were added, the samples were degassed for 2 min with

N2 and then exposed to UV light (365 nm) for 2 min in a UV photoreactor or the indicated
time (2-30 min) in a low wattage UV lamp.

As a positive control, a standard labelling reaction was carried out in the UV
photoreactor (Figure 4.2, lane 2). A series of exposure times, ranging from the
optimised photoreactor time of 2 min to 30 min were examined using the low wattage
UV lamp (Figure 4.2, lanes 3-6). Comparison of the 2 min timepoint for both
conditions showed reduced labelling intensity for the milder source of UV
(Figure 4.2, lane 2 vs 3). By the 10 min timepoint, labelling intensity is comparable
to that seen for the optimised methodology (Figure 4.2, lane 2 vs 5). Interestingly,
no degradation of the sample is observed at the 30 min timepoint (Figure 4.2,
lane 6). Using the original conditions, sample degradation was typically observed at
this timepoint using western blot analysis (Section 3.2.2, Figure 3.6, lanes 5-7).
From these observations it was concluded that using this milder source of UV
sacrifices some of the time resolution but still maintains a rapid coupling with greater
preservation of protein integrity. It is expected that this change would greatly
enhance the cytocompatibility of the methodology while also improving its

accessibility due to the significantly lower cost of equipment.
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4.2 Ambient light-mediated thiol-ene labelling experiments
4.2.1 Recombinant enzyme ambient light labelling

To investigate whether ambient light could initiate the thiol-ene coupling reaction, a
recombinant enzyme experiment was performed using Eosin Y (30) as the only
initiator in place of DPAP (48) and MAP (49) (Figure 4.3A and B). The concentration
of Eosin Y (30) was consistent with that of DPAP (48) and MAP (49), 0.25 mM,
which were also used as a positive control. Both samples underwent a 90 min
pre-incubation and were degassed for 2 min prior to the addition of initiators, as
previously optimised. The sample containing DPAP (48) and MAP (49) was exposed
to UV light for 10 min in the low wattage UV lamp using the newly optimised
conditions. As it was assumed radical initiation would be slower under ambient light,
this reaction was incubated for 30 min following the addition of Eosin Y (30) at a
concentration of 0.25 mM. The resulting samples were analysed by anti-HA western

blot and silver staining (Figure 4.3A and B).
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Figure 4.3: Comparative labelling of recombinant OTUB1 using DPAP (48) and MAP
(49) or Eosin Y (30). Visualised using (A) Anti-His western blot; (B) silver stain.
HA-Ubzs-propene 38 (3 ug) was incubated with OTUB1 (2 ug) at 37 °C with gentle shaking
in homogenate buffer for 90 min. DPAP (48) (0.25 mM) and MAP (49) (0.25 mM) or
Eosin Y (30) (0.25 mM) were added, the samples were degassed for 2 min with N> and then

exposed to UV light (365 nm) for 10 min or ambient light for 30 min.

As expected, a new band was visible by anti-HA western blot and silver staining

around the 43 kDa marker using the original conditions (Figure 4.3A and B, lane 2).
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By western blot, no corresponding band was seen in the sample incubated with
Eosin Y (30) (Figure 4.3A, lane 3). However, a faint streak was visible around the
expected molecular weight, with similar streaking observed for the unbound probe
in the same sample (Figure 4.3A, lane 3). It was hypothesised that significant
protein degradation was causing a loss of signal. To investigate this, a silver stain
was performed with all samples containing OTUB1 (Figure 4.3B). By comparison
of the OTUB1 alone lane and the sample treated with Eosin Y (30) (Figure 4.3B,
lane 1 vs 3), it is apparent the protein sample was degraded. The faint labelling
observed by western blot indicated that some labelling may have been achieved but
substantial optimisation of the reaction was required.

The first variable examined to avoid this degradation was the Eosin Y (30)
concentration (Figure 4.4). As degradation was observed at the optimised DPAP
(48) and MAP (49) concentration (250 puM), lower concentrations were examined.
The incubation time with Eosin Y (30) was also reduced to 10 min to avoid this
degradation, and the degassing step was omitted to examine the air sensitivity of

the reaction.
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Figure 4.4: Concentration dependence of recombinant OTUB1 labelling using
Eosin Y (30). Visualised by anti-HA western blot. HA-Ubzs-propene 38 (3 ug) was incubated
with OTUBT1 (2 ug) at 37 °C with gentle shaking in homogenate buffer for 90 min. Eosin Y
(30) was added at the indicated concentration and the samples were exposed to ambient

light for 10 min.

The reduced incubation time and/or the lack of degassing had a positive effect on
the labelling reaction (Figure 4.4, lane 3). A clear band was visible by anti-HA
western blot at the 43 kDa marker for all concentrations tested in this assay

(Figure 4.4, lanes 3-7). Surprisingly, only minor concentration dependence was
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observed for the reaction (Figure 4.4, lanes 3-7). At the highest concentrations
tested less labelling was observed (Figure 4.4, lanes 3 and 4). OTUB1 capture
appeared to peak at the 50 UM concentration point with no major drop in capture by
the final concentration which is ten-fold lower in Eosin Y (30) concentration
(Figure 4.4, lanes 5-7). Encouragingly, the conjugation of the HA-Ubz7s-propene
probe 38 to OTUBL1 can be carried out using only ambient light at significantly lower
concentrations than DPAP (48) and MAP (49). Furthermore, this conjugation did not

require a degassing step.

The incubation time of the sample after the addition of Eosin Y (30) was examined
further (Figure 4.5). The HA-Ub7s-propene probe 38 was preincubated with OTUB1
for 90 min followed by the addition of Eosin Y (30) and incubation for a range of

times. Samples were analysed by anti-HA western blot (Figure 4.5).
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Figure 4.5: Time dependence of recombinant OTUB1 labelling using Eosin Y (30).
Visualised by anti-HA western blot. HA-Ubzs-propene 38 (3 ug) was incubated with
OTUBL1 (2 ug) at 37 °C with gentle shaking in homogenate buffer for 90 min. Eosin Y (30)

(5 uM) was added and the samples were exposed to ambient light for the indicated time.

A time dependent increase in OTUBL capture was observed until the 30 min
timepoint (Figure 4.5, lanes 5-8). Beyond this timepoint, no increase in labelling
was observed, with similar capture seen after 60 min (Figure 4.5, lane 4). By the
longest timepoint, 90 min, sample degradation had occurred (Figure 4.5, lane 3).
Based on these results it was concluded that a 30 min incubation following Eosin Y

(30) addition was optimal for a labelling using ambient light at this concentration.
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4.2.2 HEK 293T lysate experiments using ambient light

The ambient light labelling methodology was next examined in cell lysate. An initial
experiment was performed comparing the concentration used for DPAP (48) and
MAP lysate labellings , 0.25 mM, to the concentration reported by Shih et al. for an
Eosin Y (30) catalysed thiol-ene reaction using visible light (Figure 4.6).2%°
Additionally, an analogous experiment was performed using Bi2Os and BrCCls, also
comparing the optimised DPAP (48) and MAP (49) concentration to that reported by
Fadeyi et al. (Figure 4.6).147
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Figure 4.6: Ambient light catalysed labelling of HEK 293T lysate. Visualised by anti-HA
western blot. HA-Ubzs-propene 38 (1 ug) was incubated with HEK 293T cell lysate (50 ug)
at 37 °C with gentle shaking in homogenate buffer for 90 min. Eosin Y (30), DPAP (48) and
MAP (49) or Bi»O3 and BrCCls; were added at the indicated concentrations and the samples
were degassed for 2 min with N,. Samples containing DPAP (48) and MAP (49) were
exposed to UV light (365 nm) in the low wattage UV lamp for 10 min and all other samples

were exposed to ambient light for 30 min.

As a positive control, a labelling was carried out using the optimised DPAP (48) and
MAP (49) conditions (Figure 4.6, lane 3). As with the recombinant enzyme labelling,
substantial protein degradation was seen at Eosin Y (30) concentrations equivalent
to those optimised for DPAP (48) and MAP (49) (Figure 4.6, lane 4). At the lower
Eosin Y (30) concentration, less damage was observed, and a streaking was
apparent at higher molecular weight (Figure 4.6, lane 5). Neither concentration of
Bi2O3 and BrCCls resulted in any detectable labelling (Figure 4.6, lanes 6 and 7).

No loss of signal was observed for the unbound probe band of these samples when
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compared to the equivalent band in the probe alone lane (Figure 4.6, lanes 1 vs 6
and 7). This implied the absence of labelling was due to the lack of radical initiation
rather than protein damage. Ambient light catalysed labelling with Bi2Os was
therefore not pursued any further. As with the recombinant enzyme studies, initial
experiments using Eosin Y (30) in lysate showed that protein degradation occurred,

and further optimisation was required.

A concentration dependence experiment was performed using the same
concentrations as the OTUB1 labelling (Figure 4.7). As before, following a
preincubation of 90 min, Eosin Y (30) was added to the reaction which was

incubated for a further 10 min.
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Figure 4.7: Concentration dependence of HEK 293T cell lysate labelling using Eosin Y
(30). Visualised using anti-HA western blot. HA-Ubzs-propene 38 (1 ug) was incubated with
HEK 293T cell lysate (50 ug) at 37 °C with gentle shaking in homogenate buffer for 90 min.
Eosin Y (30) was added at the indicated concentration and the reaction was exposed to

ambient light for 30 min.

As in the OTUBL1 labelling and the initial cell lysate experiment, streaking and loss
of signal are observed at the highest concentration, indicating the integrity of the
protein sample was compromised (Figure 4.7, lane 2). Protein capture peaks at the
50 uM and 25 pM concentrations (Figure 4.7, lanes 4 and 5) before a drop in
intensity at the lowest concentration, 5 uM (Figure 4.7, lane 6). A time dependence

analysis was therefore carried out using the 25 uM concentration (Figure 4.8).
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Figure 4.8: Time dependence of HEK 293T cell lysate labelling using Eosin Y (30).
Visualised by anti-HA western blot. HA-Ubss-propene 38 (1 ug) was incubated with
HEK 293T cell lysate (50 ug) at 37 °C with gentle shaking in homogenate buffer for 90 min.
Eosin Y (30) (25 puM) was added and the reaction was exposed to ambient light for the

indicated time.

As expected, streaking and loss of signal was observed at the longest timepoint of
90 min (Figure 4.8, lane 2). As with the recombinant enzyme labelling, signal
intensity peaks after a 30 min incubation (Figure 4.8, lane 4), indicating maximum
protein capture has occurred by this time. There is a time-dependent decrease in
labelling intensity at shorter intervals (Figure 4.8, lanes 5-7). It was noted that
protein labelling appeared less efficient under these conditions in cell lysate relative
to the optimised DPAP (48) and MAP (49) labelling conditions. Additionally,
problems with reproducibility were encountered as there was limited control over the

levels of ambient light.

4.3 Controlled visible light source thiol-ene labelling experiments
4.3.1 Recombinant enzyme 10 W lamp thiol-ene labelling

To overcome the reproducibility problems and provide a stronger, more controlled
light source, a 10 W white lamp was introduced. To analyse the dependence of the
reaction on the light source, three OTUBL1 labellings were carried out in parallel and
analysed by anti-HA western blot and silver staining (Figure 4.9A and B). The
conditions optimised for the ambient light labelling of OTUB1 were used in each

case.
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Figure 4.9: Comparative labelling of recombinant OTUB1 in darkness, ambient light
or using a 10 W light source. Visualised using (A) Anti-His western blot, (B) silver stain.
HA-Ubrs-propene 38 (3 ug) was incubated with OTUB1 (2 ug) at 37 °C with gentle shaking
in homogenate buffer for 90 min. Eosin Y (30) (5 uM) was added, the samples were
incubated for 30 min either in the dark, exposed to ambient light for or exposed to white
light (10 W) from 10 cm.

A covalent adduct was formed at the expected molecular weight when
HA-Ubz7s-propene 38 was incubated with OTUB1 and Eosin Y (30) while exposed to
ambient light (Figure 4.9A, lane 4). To confirm the requirement of light to initiate the
labelling, a control experiment was carried out in which the sample was incubated
in darkness (Figure 4.9A and B, lane 3). No band corresponding to the
probe-OTUBL adduct is visible in this sample, signifying that without light no radical
reaction is initiated and no covalent bonds are formed (Figure 4.9A and B, lane 3).
The adduct band is clearly visible by anti-HA western blot in the sample irradiated
with the 10 W lamp (Figure 4.9A, lane 5). The band formed is more intense than
that seen for the sample exposed to ambient light (Figure 4.9A, lanes 4 and 5).
However, the increased capture was offset by the increased sample damage which
is particularly evident by silver staining (Figure 4.9A and B, lane 5).

It was anticipated that increasing the distance between the sample and the light
source would maintain a strong labelling reaction while avoiding sample
degradation. According to Lambert’s law, when the distance from the light source is
doubled, the light intensity reaching the sample is a quarter of the original intensity.
This was investigated in an OTUBL1 labelling experiment and analysed by western

blotting and silver staining (Figure 4.10A and B).
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Figure 4.10: Lamp distance variation for OTUB1 labelling. Visualised using (A) Anti-His
western blot, (B) silver stain. HA-Ubzs-propene 38 (3 ug) was incubated with OTUB1 (2 ug)
at 37 °C with gentle shaking in homogenate buffer for 90 min. Eosin Y (30) (5 uM) was
added, the samples were either incubated in the dark for 10 min, exposed to ambient light

for 10 min or exposed to white light (10 W) from the indicated distance for 10 min.

Based on the previous experiment, a 30 min exposure from 10 cm was too long, so
the irradiation time was reduced to 10 min (Figure 4.10A and 4.10B). Covalent
adduct formation was observed by anti-HA western blot and silver stain at all
distances tested (Figure 4.10A and 4.10B, lanes 3-8). A decrease in adduct
formation was seen as the distance was increased in 10 cm increments
(Figure 4.10A and 4.10B, lanes 3-8). The formation of lower molecular weight
bands representing broken down protein also reduced as this distance was
increased (Figure 4.10A and 4.10B, lanes 3-8). To maintain sufficient adduct
formation for detection by silver staining while also limiting protein damage, a
distance of 50 cm was considered optimal based on these results. However, it is
expected that the optimal distance will change if the initiator concentration or light

exposure time is changed.

The formation of an unanticipated band at the 72 kDa marker was also observed in
all samples containing the probe and OTUB1 (Figure 4.10A and B). It is possible
that this band represented off-target crosslinking. The molecular weight of this band
is consistent with an adduct between the HA-Ubz7s-propene probe 38 and two
OTUBL1 enzymes. Its formation was more pronounced at closer lamp distances,
suggesting it is dependent on radical initiation suggesting Eosin Y (30) is causing

off-target crosslinking.
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4.3.2 HEK 293T lysate experiments using a 10 W lamp

Initial experiments aiming to initiate a thiol-ene coupling in cell lysate using ambient
light using Bi2O3z and BrCCls were unsuccessful (Section 4.2.2, Figure 4.6, lanes 6
and 7). A similar experiment was conducted to investigate if higher light intensity
and longer incubation times would facilitate a coupling in lysate (Figure 4.11). A
standard HEK 293T lysate labelling using optimised DPAP (48) and MAP (49)
conditions was included as a positive control (Figure 4.11, lane 2).
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Figure 4.11: Time dependence of HEK 293T cell lysate labelling using Bi»-Os and
BrCCls. Visualised by anti-HA western blot. HA-Ubzs-propene 38 (1 ug) was incubated with
HEK 293T cell lysate (50 ug) at 37 °C with gentle shaking in homogenate buffer for 90 min.
Bi»O3 (250 uM) and BrCCls (600 uM) were added and the samples were degassed for 2 min

with N2. Samples were exposed to white light (10 W) from 5 cm for the indicated time.

Samples were exposed to white light from 5 cm, and the initiator concentration was
the same as the optimised DPAP (48) and MAP (49) concentrations. At the shortest
timepoint tested, no labelling is apparent (Figure 4.11, lane 3). Labelling increased
slightly as the exposure time increased up to 90 min (Figure 4.11, lanes 4-6).
Despite indications that some labelling was occurring, it was deemed not worth

pursuing any further due to the relative success of Eosin Y (30) (Section 4.2.2).

For Eosin Y (30), when ambient light was used to initiate the reaction, samples in
lysate required higher initiator concentrations compared to recombinant enzyme

labelling under ambient light (Section 4.2, Figure 4.4 vs Section 4.2.2, Figure 4.7).
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To explore if lower concentrations could be used when higher intensity light was
applied, a concentration dependence study was carried out (Figure 4.12).
Irradiation time and lamp distance were kept consistent with optimised conditions
for OTUBL labelling.
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Figure 4.12: Concentration dependence of HEK 293T cell lysate labelling using
Eosin Y (30). Visualised by anti-HA western blot. HA-Ubzs-propene 38 (1 ug) was incubated
with HEK 293T cell lysate (50 ug) at 37 °C with gentle shaking in homogenate buffer for
90 min. Eosin Y (30) was added at the indicated concentration and exposed to white light
(20 W) for 10 min from 50 cm.

Interestingly, even with the additional light intensity, similar initiator concentrations
to the ambient light experiment were required to achieve maximal labelling
(Figure 4.7 vs Figure 4.12). Increased sample degradation was observed at the
125 uM concentration (Figure 4.12, lane 2) but protein capture peaks around the
50 uM and 25 puM concentrations as before (Figure 4.12, lanes 3 and 4).
Additionally, the increase in labelling intensity moving from ambient light exposure
to white light exposure from the lamp was not comparable to that seen for OTUBI.
To examine if altering either the distance from the light source or the irradiation time
would improve this labelling, both these parameters were varied (Figure 4.13A
and B).
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Figure 4.13: Time dependence of HEK 293T cell lysate labelling using Eosin Y (30).
Visualised by anti-HA western blot. HA-Ubzs-propene 38 (1 ug) was incubated with
HEK 293T cell lysate (50 ug) at 37 °C with gentle shaking in homogenate buffer for 90 min.
Eosin Y (30) (50 uM) was added and reactions were exposed to white light (10 W) for (A) a

range of times from 50 cm or (B) 10 min from a range of distances.

As anticipated, longer exposure times led to a loss of signal due to protein damage
(Figure 4.13A, lanes 6-8). The optimal exposure time appeared to be 5 min but
only a very faint signal was detected (Figure 4.13A, lane 5). Similarly, only weak
labelling was obtained when the distance from the light source was varied
(Figure 4.13B). A closer distance of 10 cm proved optimal for a cell lysate labelling
at this concentration and exposure time (Figure 4.13B, lane 3). The addition of the
high intensity light source did not have the desired effect on the labelling reaction in
cell lysate. It was apparent that ABPP using Eosin Y (30) was significantly more

successful in recombinant enzyme studies than in more complex cell lysate.

4.4 Investigating the influence of degassing on the Eosin Y catalysed

labelling

The omission of a degassing step was one of the primary advantages of this
methodology. However, in a bid to improve reactivity in cell lysate the importance of
this step was analysed. Firstly, recombinant OTUB1 labellings were carried out at
increasing concentrations of Eosin Y (30) with evaluation of the degassing step at
each concentration (Figure 4.14A and B).
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Figure 4.14: Effect of degassing of recombinant enzyme sample on labelling using
Eosin Y (30). Visualised using (A) Anti-His western blot; (B) silver stain. HA-Ubzs-propene
38 (3 ug) was incubated with OTUB1 (2 ug) at 37 °C with gentle shaking in homogenate
buffer for 90 min. Eosin Y (30) was added at the indicated concentration and indicated

samples were degassed for 2 min using N,. Samples were exposed to white light (10 W) for

5 min from 50 cm.

Unexpectedly, despite avoiding some protein degradation, degassing reduced the
extent of labelling at all concentrations examined (Figure 4.14A and B, lanes 3-8).
This was attributed to the mechanical stress of the degassing step, which involved
bubbling gas through the sample, reducing enzyme activity. An equivalent
experiment was carried out using cell lysate to see if the same phenomenon was
observed (Figure 4.15).
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Figure 4.15: Effect of degassing of HEK 293T cell lysate sample on labelling using
Eosin Y (30). Visualised by anti-HA western blot. HA-Ubzs-propene 38 (1 ug) was incubated
with HEK 293T cell lysate (50 ug) at 37 °C with gentle shaking in homogenate buffer for
90 min. Eosin Y (30) was added at the indicated concentration and indicated samples were
degassed for 2 min using N,. Samples were exposed to white light (10 W) for 10 min from
10 cm.

A similar reduction in labelling intensity as a result of degassing was not observed
in cell lysate (Figure 4.15). However. there was no improvement in protein capture
at any of the concentrations examined (Figure 4.15, lanes 3-8). Following these
experiments, it was concluded that a degassing step was not required in future
experiments and its omission was not causing the lack of reactivity observed in cell
lysate. Instead it was hypothesised that unanticipated off-target reactivity of Eosin Y
(30) may be affecting the reaction in this more complex system.

4.5 Investigating the off-target reactivity of Eosin Y
4.5.1 Fluorescent gel studies

Eosin Y (30) is known to associate with positively-charged amino acids via
electrostatic interactions and its binding to proteins has previously been well
characterised.?0%293 |t s plausible that in cell lysate experiments, Eosin Y (30) was
being sequestered by off-target proteins due to these interactions. It was noted that
the unbound probe band was often shifted slightly higher in molecular weight in

previous western blots (Section 4.3.1, Figure 4.9). This was particularly apparent
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for conditions that resulted in high protein degradation. This was consistent with the
hypothesis that Eosin Y (30) as binding to off-target proteins and being sequestered.

To investigate the potential off-target reactivity of Eosin Y (30), two fluorescent gels

were performed along with an anti-HA western blot (Figure 4.16A, B and C).
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Figure 4.16: Formation of Eosin Y (30) adducts following visible light excitation.
Samples were visualised by (A) and (C) fluorescent imaging or (B) anti-HA western blot.
HA-Ubzs-propene 38 (1 ug) was incubated with HEK 293T cell lysate (50 ug) at 37 °C with
gentle shaking in homogenate buffer for 90 min. Eosin Y (30) (50 uM or as indicated) was
added and reactions were exposed to white light (10 W) from 10 cm for 10 min or kept in

darkness for 10 min.

Two reactions were carried out in parallel, comparing a higher Eosin Y (30)
concentration of 0.25 mM, at which protein degradation was previously observed,
to the newly optimised 50 pM for cell lysate reaction (Figure 4.16A). Using
fluorescent gel imaging, Eosin Y (30) adducts were visible at both concentrations
and, as expected, less adducts formed at the lower concentration (Figure 4.16A,
lane 1 vs 2). To elucidate if these adducts were the result of off-target radical
reactions, a negative control reaction was carried out in darkness (Figure 4.16B
and C). No labelling was observed by western blot without light exposure, indicating
no radical reaction was initiated (Figure 4.16B, lane 2). Similarly, when the same
sample was visualised by fluorescent imaging, negligible protein-Eosin Y adducts
were observed despite their formation in the analogous light-exposed sample
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(Figure 4.16C, lane 2 vs 3). These results strongly suggested that Eosin Y (30) was
reacting with off-target amino acid residues in a radical-dependent manner.

To elucidate if the low abundance of specific amino acids within the OTUB1
sequence resulted in it being highly compatible with Eosin Y (30), further
experiments were carried out with a second recombinant DUB UCHL1. Labelling
reactions were carried out for the recombinant enzymes OTUB1 and UCHL1 using
optimised conditions for DPAP (48) and MAP (49) and Eosin Y (30) (Figure 4.17A
and B). Lysate labellings using the optimised conditions for both initiators were also
carried out to observe if a greater reduction is labelling intensity was seen in this

case relative to the recombinant enzymes (Figure 4.17A).
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Figure 4.17: Comparing DPAP (48) and MAP (49) labelling to Eosin Y (30) labelling for
recombinant enzyme and cell lysate. Visualised using (A) anti-HA western blot or
(B) fluorescent imaging. HA-Ubzs-propene 38 (3 ug) was incubated with OTUB1 (2 ug),
UCHL1 (2 ug) or cell lysate (150 ug) at 37 °C with gentle shaking in homogenate buffer for
90 min. Eosin Y (30) (5 pM for recombinant enzyme or 50 pM for cell lysate) was added
and reactions were exposed to white light (10 W) from 50 cm for recombinant enzyme or
10 cm for lysate for 10 min. Upon completion, 2X reducing sample buffer (30 uL) was added

and the proteins were heated to 95 °C for 5 min.

For the recombinant enzyme experiments, comparable probe-enzyme binding was
achieved using both initiators (Figure 4.17A, lanes 3 vs 4, 6 vs 7). Conversely, a
clear reduction in enzyme capture was observed between the optimised DPAP (48)
and MAP (49) conditions relative to Eosin Y (30) in cell lysate (Figure 4.17A,

lane 9 vs 10). Interestingly, adduct formation between enzyme and Eosin Y (30)
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was observed for both OTUB1 and UCHL1 using fluorescence imaging
(Figure 4.17B, lanes 1 and 3). Despite differing abundances of key amino acids,
no significant differences were seen in probe-enzyme labelling or adduct formation
for the recombinant enzymes (Figure 4.17A and B). For example, OTUB1 does not
contain any Trp residues. Therefore, Trp alone is not responsible for either the loss
in reactivity moving into lysate or the off-target adduct formation. Both OTUB1 and
UCHL1 consist of relative high amounts of positively charged amino acids. It was
therefore unlikely that sequestering of Eosin Y (30) by these amino acids was the
major cause of the problems observed moving into cell lysate. Notably, the HA-Ubzs
recognition element does not contain any Cys residues and adduct formation was

also seen for this protein (Figure 4.17B, lanes 1 and 3).

4.5.2 Analysing the effects of certain amino acids on the Eosin Y labelling

To better characterise the influence of different amino acid side chains, a series of
OTUBL1 labelling experiments were conducted in which an excess of several amino
acids were included in the reaction (Figure 4.18). Additionally, the tripeptide
glutathione (GSH) was also used in a similar experiment at a physiologically relevant
concentration. GSH is an important cellular component responsible for reducing
oxidative stress within the cell and is typically present at a concentration of 0.5 mM
to 10 mM.2%* Another experiment was carried out in which BSA was added in 24-fold
excess (Figure 4.18). The abundance of the positively charged amino acids Lys,
arginine (Arg) and His in BSA is 10%, 4.3% and 2.8% respectively. The average
abundance of these residues in proteins is 7.2%, 4.2% and 2.9%, respectively. This
makes BSA an appropriate model for Eosin Y (30) sequestering in an environment

with an excess of off-target proteins, such as cell lysate.
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Figure 4.18: Recombinant OTUB1 labelling with amino acid spike. Visualised by
anti-HA western blot. The indicated amino acid (6 mM) was incubated with OTUB1 (2 ug)
at 37 °C in homogenate buffer for 5 min. HA-Ubrs-propene 38 (3 ug) was added and the
solution was incubated at 37 °C for 90 min. Eosin Y (30) (5 uM) was added and reactions

were exposed to white light (10 W) from 50 cm for 5 min.

As positive controls, a standard labelling using Eosin Y (30) was carried out along
with one containing an excess of Gly (Figure 4.18, lanes 3 and 4). No reduction in
probe-enzyme bond formation was observed when Gly was added in excess
(Figure 4.18, lane 4). As a representative for positively charged amino acids, the
effect of excess Lys was analysed (Figure 4.18, lane 5). There was a small
reduction in the intensity of the band representing the probe-enzyme adduct
(Figure 4.18, lane 5). A similar effect was observed for an excess of Cys (Figure
4.18, lane 6). An even greater inhibition was observed for Trp which was included
as a representative aromatic amino acid (Figure 4.18, lane 7). Excess Ser had little
effect on the OTUBL labelling (Figure 4.18, lane 8). This amino acid was selected
to examine the influence of hydroxyl groups due to the abundance of amino acids
with this functional group. The addition of BSA to bring the total protein amount
present to 50 ug, as in the cell lysate experiments, had little effect on the reaction
(Figure 4.18, lane 10). In the context of cell lysate, Lys, Cys, Trp and residues with
similar reactivity may have a cumulative effect of reducing labelling efficiency.
However, the presence of off-target proteins such as BSA appears to have
negligible effects on the reaction indicating that reactivity with off-target amino acids

is not the primary cause of the observed problems.
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Fascinatingly, the addition of GSH completely inhibited the labelling reaction
(Figure 4.18, lane 9). This was even more noteworthy given GSH had such a
marked effect relative to Cys alone at the same concentration (Figure 4.18,
lane 6 vs 9). The negative influence on labelling resulting from the degassing step
was initially attributed to mechanical stress on the enzyme. However, these results,
in combination with the knowledge that GSH inhibits the reaction, imply that ROS
may play a critical role in this reaction. Previous studies have found that the
production of ROS from O: facilitates the regeneration of Eosin Y (30) from
intermediate radical species.?® It is also possible that ROS are acting as radical
carriers for the reaction. GSH can convert these ROS to H20 via the formation of
disulfide bonds, ultimately reducing the concentration of Oz in solution and
preventing catalytic turnover of Eosin Y (30).2°* Trp metabolites and derivatives
have also been reported as ROS scavengers,?%® and this amino acid had the
greatest effect of all single amino acids in this experiment. However, it would be
expected that the addition of excess Cys would have a similar effect to GSH. To
further investigate this and analyse the influence of individual amino acids on the
Eosin Y (30) catalysed labelling, a silver stain and fluorescent gel of this amino acid
spike experiment were conducted (Figure 4.19A and B).

Probe + OTUB1 Probe + OTUB1
S

Figure 4.19: Recombinant OTUBL1 labelling with amino acid spike. Visualised by (A)
silver staining and (B) fluorescent gel imaging. The indicated amino acid (5 mM) was
incubated with OTUB1 (2 ug) at 37 °C in homogenate buffer for 5 min. HA-Ubzs-propene 38
(3 ug) was added and the solution was incubated at 37 °C for 90 min. Eosin Y (30) (5 puM)

was added and reactions were exposed to white light (10 W) from 50 cm for 5 min.
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By silver staining, varying effects were observed on OTUB1 in samples containing
different additives (Figure 4.19A, lanes 2-10). Interestingly, a new band was
observed just above the band representing OTUBL1 alone at around 34 kDa when
Cys was added in excess (Figure 4.19A, lane 6). The same band was not observed
for OTUBL1 alone (Figure 4.19A, lane 2). This indicates that multiple Cys residues
crosslinked with OTUBL following the formation of thiyl radicals, causing a small but
discernible increase in molecular weight for OTUB1. The same band was not
observed for GSH (Figure 4.19A, lane 9). Lower molecular weight bands, indicative
of OTUB1 degradation, were apparent in all samples apart from those spiked with
GSH and Trp (Figure 4.19A, lanes 3-6, 8). This was hypothesised to be due to the

ROS scavenging of these additives.

As in the western blot and silver stain, Cys and GSH had differing effects when
analysed by fluorescent gel (Figure 4.19, lanes 4 and 7). The formation of Eosin Y
-OTUB1 adducts is apparent in the sample containing an optimised labelling
reaction without additives (Figure 4.19B, lane 1). Added Gly does not impact the
formation of these adducts (Figure 4.19B, lane 2). An excess of Cys eliminated the
formation of Eosin Y-OTUB1 adducts and appeared to have quenched Eosin Y (30)
(Figure 4.19, lane 4). In contrast to this, despite containing a Cys residue in its
structure, GSH had no effect on the formation of these adducts (Figure 4.19,

lane 7).

Based on these results, it can be proposed that Cys reacted directly with Eosin Y
(30). Similar results were obtained for Lys and Ser in this experiment, which can
feasibly react by nucleophilic addition with Eosin Y (30) (Figure 4.19, lane 3 and 6).
The increased steric bulk and overall negative charge of GSH at pH 7.4 are possible
reasons for the lack of similar reactivity with Eosin Y (30), which is also negatively
charged at this pH. This allows GSH to modulate ROS formation and prevent
regeneration of Eosin Y (30), while the zwitterionic Cys reacted more directly with
Eosin Y (30). It is important to note that GSH and Trp, which had the greatest
negative effect on the labelling reaction (Figure 4.18, lanes 7 and 9), demonstrated
no impact on the formation of Eosin Y adducts on OTUB1 (Figure 4.19, lanes 5
and 7). Therefore, this adduct formation is not the primary mechanism by which the
methodology failed in cell lysate, but it is still important to consider for these

applications.
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4.6 Using Eosin Y for non-templated thiol-ene conjugation of proteins

In addition to its application in ABPP, Eosin Y (30) was also investigated as a
catalyst for the thiol-ene conjugation of proteins using visible light. BSA was selected
as a model protein for these initial experiments as despite containing multiple Cys
residues, all but one of these are involved in disulfide bonds. Therefore, using the
HA-Ub7s-propene probe 38, a site-selective thiol-ene reaction with a Cys residue
could be achieved. Initial experiments were carried out using ambient light and

varying amounts of protein (Figure 4.20).
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Figure 4.20: HA-Ubss-propene 38 and BSA conjugation concentration curve.
Visualised using (A) anti-His western blot; (B) silver stain. HA-Ubzs-propene 38 (1-70 ug)
was incubated with BSA (1-10 ug) at 37 °C with gentle shaking in NaOAc buffer (250 mM,
pH 6.8). Eosin Y (30) (50 uM) was added and the samples were incubated in ambient light

for 30 min.

At the highest concentrations, a faint band was seen above the 72 kDa marker by
anti-HA western blot consistent with the molecular weight of a covalent adduct
between the HA-Ub7s-propene 38 and BSA (Figure 4.20A, lanes 5 and 6). The
same adduct was seen by silver staining at the highest concentration examined
(Figure 4.20A, lane 6). Significantly less covalent bond formation was observed
relative to experiments with DUBSs, demonstrating the importance of templating the
reaction. While these were promising initial results, optimisation was required. The
first step of optimisation was increasing the time samples were exposed to light for
(Figure 4.21A and B).
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Figure 4.21 HA-Ubss-propene 38 and BSA conjugation time dependence experiment.
Visualised using (A) and (C) anti-HA western blot; (B) silver stain. HA-Ubzs-propene 38
(10 g, 5 uM) or HA-Ub7s-PA 6 was incubated with BSA (10 ug, 30 uM) at 37 °C with gentle
shaking in NaOAc buffer (250 mM, pH 6.8). Eosin Y (30) (50 uM) was added and the
samples were either incubated in ambient light for (A) and (B) the indicated time or (C)
30 min or white light (10 W) from 10 cm for 30 min.

Times ranging from 10 min to 180 min were examined with no significant time
dependence on the amount of adduct formed (Figure 4.21A and B, lanes 2-6). The
HA-Ub7s-PA probe 6 was used in equivalent conditions to carry out the similar
thiol-yne reaction (Figure 4.21A, lane 7). Similar coupling efficiency to the
HA-Ub7s-propene 38 was observed (Figure 4.21A, lane 5 vs 7). The resulting
adduct contains an alkene bond between the HA-Ubzs recognition elementand BSA.
As expected, double addition of the BSA was not observed. It is expected that
following the thiol-yne reaction, steric clashes surrounding the newly formed alkene
will prevent the second addition via a thiol-ene reaction. It is proposed that this can
be overcome by templating the second addition in an enzyme-substrate binding
interaction which would position an active-site Cys proximal to this alkene. Although
the Ub-BSA adduct does not represent a substrate of any target enzyme, it allows
for the optimisation of the methodology to then be applied for more desirable

couplings such as diubiquitin.192

Introducing a stronger source of white light did not provide any improve the amount
of adduct formed for a coupling with the HA-Ubz7s-propene probe 38 (Figure 4.21C,

lane 1 vs 2). In a final attempt to optimise the reaction, the concentration of both the
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BSA and HA-Ubrs-propene 38 were increased further, and a time dependence
analysis was performed at this higher concentration (Figure 4.22).
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Figure 4.22: High concentration HA-Ubss-propene 38 and BSA conjugation time
dependence. Visualised by silver staining. HA-Ubzs-propene 38 (710 ug, 15 pM) was
incubated with BSA (10 ug, 90 uM) at 37 °C with gentle shaking in NaOAc buffer (250 mM,
pH 6.8). Eosin Y (30) (50 uM) was added and the samples were incubated while exposed
to white light (10 W) for the indicated time from 5 cm.

The time dependency of the coupling was investigated using times ranging from
10 min to 180 min (Figure 4.22, lanes 2-7). No improvement in coupling efficiency
was seen at the 10 min timepoint (Figure 4.22, lane 3). Additionally, significant
degradation of the sample was apparent at longer times (Figure 4.22, lanes 4-7).
Shorter exposure times were therefore preferable, but the coupling achieved by this
time is minimal and does not represent a significant improvement of literature

procedures.

Overall, promising initial results were obtained for both the HA-Ub7s-propene
probe 38 and the HA-Ub7s-PA probe 6 but the coupling appears to have significant
limitations. While the methodology for HA-Ub7s-propene 38 does not provide an
improvement on current methods in this form, it could allow for the facile synthesis
of a range of ABPs when alkyne HA-Ub7s-PA 6 is used. Using this methodology, a
wide range of alkene probes mimicking ubiquitinated proteins can potentially be
synthesised in a facile manner but degradation observed when using higher
concentrations of Eosin Y (30) will be limiting for the approach.
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4.7 Conclusions

In conclusion, milder conditions for the thiol-ene labelling of DUBs were explored. A
less intense UV light source was found to sacrifice some time resolution when used
to catalyse the thiol-ene reaction for ABPP. Nonetheless, comparable labelling was
attained within a slightly longer timeframe and the integrity of the protein sample
was retained for longer. This represented a small change to the methodology but is
expected to have significant impact on the cytocompatibility and availability of the

approach.

BizOsand Eosin Y (30) were assessed as radical initiators for a visible light catalysed
thiol-ene reaction to be used for ABPP of DUBs. Bi2O3z was tested in cell lysate in
combination with the radical propagator BrCCls using ambient light and a source of
white light to initiate the reaction. In this context, only negligible levels of capture
were observed between the HA-Ub7s-propene probe 38 and endogenous DUBSs.
The requirement of degassing for Bi2Os was another limiting factor for the purpose
of translating the methodology into whole cells. Due to the observed lack of
reactivity, this radical initiator and propagator combination was not pursued any
further.

Eosin Y (30) was successfully employed in recombinant enzyme labelling
experiments using both ambient light and a source of white light to initiate the
reaction. This represents the first time a visible light thiol-ene reaction has been
used to conjugate two proteins. Significantly, the methodology avoided using UV
light, did not require a degassing step and lower concentrations of radical initiators
were required than for DPAP (48) and MAP (49). Significant limitations of
Eosin Y (30) were identified when moving into cell lysate. Reactivity was observed
using both ambient light and a white light source to catalyse the reaction, but it was

not comparable to what was seen in recombinant enzyme studies.

Off-target reactivity of Eosin Y (30) was identified with certain amino acid side
chains. This was found to be dependent on visible light exposure and was observed
following incubation of Eosin Y (30) with cell lysate and subsequent fluorescent
imaging analysis. The negative influence on labelling of specific amino acid residues
was identified in experiments using OTUBL1 and the tripeptide GSH was found to
completely prevent the labelling reaction. The known ROS scavenging function of

GSH in the cell coupled with results demonstrating that degassing had a negative
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effect on the reaction indicate the potential requirement for Oz in the reaction. Other

initiators may prove more successful for this application.

Finally, Eosin Y (30) was also investigated as an initiator for non-templated visible
light induced thiol-ene coupling. Modest coupling was achieved using the
HA-Ub7s-propene probe 38 and BSA using both ambient and white light. The
observed coupling does not represent an improvement relative to literature methods
that rely on UV light to induce this coupling. The off-target reactivity of Eosin Y (30)
resulting in unwanted adducts may also limit the protocol going forward. Further
investigations of the technique at lower initiator concentrations and longer

incubation times may prove more successful.

The HA-Ub7s-PA probe 6 and BSA coupled with comparable efficiency to the
HA-Ubzs-propene probe 38. This is the first example of the thiol-yne reaction being
used for a protein-protein conjugation and potentially represents a facile route
towards ABPs. Their application in this context was not yet explored, but double
addition of the BSA to the HA-Ub7s-PA probe 6 was not observed under these
conditions. This finding indicates that a second thiol addition would require enzyme
binding to template it. As before, the formation of Eosin Y adducts may be limiting
as they would disrupt protein structure and enzyme binding. Investigation of

alternative initiators would therefore be desirable.
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5 Conclusions and outlook

This work describes investigations into novel ABPs that target the cysteine protease
classes of DUBs, exploring fluoride and alkene warheads. Novel probes using
fluoride warheads were designed and evaluated. As part of this work, the reported
probes HA-Ub7sCH2CH2Br 5 and HA-Ub7s-PA 6 were synthesised, and their
reactivity was confirmed against recombinant DUBs and those within cell lysate.
Problems were encountered during the generation of the HA-Ubz7s-thioester 2 and
the synthesis of this intermediate was optimised. Additionally, key protocols required
for the evaluation of novel probes were optimised using the probe
HA-Ub7sCH2CH2Br 5. Two novel probes, HA-Ub7s-CH2CH2F 36 and
HA-Ub7s-CH2CHF2 37, were generated to investigate fluoride warheads in
monoubiquitin ABPs, but no significant labelling was observed in either case. These
results show that the anticipated stabilisation of the fluoride leaving group either did
not occur or was insufficient to drive the reaction, making these warheads unsuitable

for probing cysteine-containing DUBS.

To develop a time-resolved labelling strategy, a novel ABP, HA-Ub7s-propene 38,
was designed and synthesised. This probe is inert under ambient conditions and is
activated using UV light and radical initiators to label the active-site Cys of DUBs via
a thiol-ene reaction (Scheme 7.1). This was the first successful application of
thiol-ene chemistry in ABPP. The probe’s reactivity was demonstrated against the
recombinant, purified DUB OTUB1 and HEK293T lysate and the methodology was
made compatible for downstream analysis by LC-MS/MS. This new
HA-Ubzs-propene probe 38 was confirmed to be specific for only the active form of
DUBs and novel methods to evaluate inhibitors were demonstrated.
Immunoprecipitation and proteomic analysis allowed for characterisation of the
probe reactivity and exhibited the potential to confer specificity by adding
substituents to the alkene moiety. While the methodology captured fewer DUBs
relative to reported monoubiquitin probes, it provides opportunities to examine both
reversible and irreversible inhibitors in a new way, thus generating information that
cannot be obtained using existing probes. The potential of this methodology can be
fully realised by examining DUB activity in more physiologically relevant settings

such as whole cells and designing derivatives that are specific for particular DUBs.
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Scheme 5.1: ABPP of DUBs within cell lysate using a UV light-initiated thiol-ene

reaction.

As an extension to this work, a less intense UV light source was successfully applied
to initiate this reaction. Although some time resolution was sacrificed, this enhances
the biocompatibility of the reaction and provide opportunities for future investigations
in whole cells. Bi2O3 and Eosin Y were assessed as radical initiators for a visible
light catalysed thiol-ene reaction to be used for ABPP of DUBs. Although only
negligible capture was observed in the case of Bi2Os, Eosin Y was found to work
well in recombinant enzyme labelling experiments using both ambient light and a
source of white light to initiate the reaction. Off-target reactivity of Eosin Y was
identified with certain amino acid side chains and the tripeptide GSH. This was
hypothesised to be primarily due to the ROS scavenging ability of GSH and Trp
metabolites and limits the applicability of this radical initiator in HEK 293T cell lysate.
Other initiators may prove more suitable for a more biocompatible visible

light-mediated thiol-ene reaction.

Finally, Eosin Y was also investigated as an initiator for non-templated visible light
induced thiol-ene and thiol-yne couplings between proteins. Modest coupling was
achieved using the HA-Ub7s-propene probe 38 and HA-Ub7s-PA probe 6 with BSA
using both ambient and white light. The off-target reactivity of Eosin Y observed in
cell lysate experiments is assumed to also be limiting in this case and optimisation

of this methodology will require the implementation of alternative initiators.

Overall, a novel radical labelling approach was successfully developed for the ABPP

of DUBs in complex biological systems. This works adds to the repertoire of existing

ABPs for these enzymes and provides opportunities for more finely resolved
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examinations of DUB activity and inhibitors. Furthermore, as the alkene warhead is
chemically inert and sterically undemanding, it is expected that this approach will be
broadly applicable to study other enzymatic processes. Although promising initial
results were obtained in improving the cytocompatibility of the approach, more
optimisation is required for the method to be applied in whole cells. However, the
methodology already has high biocompatibility in complex cell lysate systems.
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6 Experimental

6.1 General biological methods
6.1.1 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.

PBS: 8 mM Na2HPO4, 150 mM NaCl, 2 mM KH2PO4, 3 mM KCI.
PBST: 8 MM NazHPO4, 150 mM NacCl, 2 mM KH2PO4, 3 mM KCI, 0.1% Tween 20.
Column buffer: 50 mM HEPES pH 6.8, 100 mM NaOAc

Homogenate buffer: 50 mM Tris-Cl pH 7.4, 5 mM MgCl2, 250 mM sucrose, 1 mM
dithiothreitol (DTT) or 1 mM tris (2-carboxyethyl) phosphine) (TCEP)

NET buffer: 50 mM Tris-Cl pH 7.5, 5 mM EDTA, 150 mM NacCl, 0.5% NP-40
NaOAc buffer: 250 mM, pH 6.8 with TCEP 1 mM
MS buffer A: 98% dH20, 2% MeCN, 0.1 % formic acid

MS buffer B: for peptides; 80% MeCN, 20% H20, 0.1% TFA, for full proteins; 65%
MeCN, 35% Hz20, 0.1% TFA

6.1.2 SDS-PAGE

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 dH20, 50 uL
10% SDS, 50 ppyL 10% ammonium persulfate (APS), 5 L
Tetramethylethylenediamine (TEMED); stacking gel: 630 uL 0.5 M Tris-Cl pH 6.8,
300 uL acrylamide/bis-acrylamide (29:1), 1.3 mL dH20, 25 pyL 10% SDS, 25 uL 10%
APS, 2.5 uL TEMED). Samples were prepared for separation by adding 2X reducing
sample buffer followed by heating at 95 °C for 5 min. The proteins were loaded along
with Fisher's EZ-Run™ Pre-Stained Rec Protein Ladder. Separation was achieved
at 150 V for 1-2 h in running buffer (25 mM Tris, 190 mM Gly, 1% SDS) and

visualised either by western blotting or silver staining. All gels were imaged using
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Chemidoc XRS+ (Biorad, California USA) and Typhoon FLA9500 (GE Healthcare,
lllinois USA).

6.1.3 Silver staining

Gels were treated with fixative (40% EtOH, 10% AcOH) at RT for 1 h or at 4 °C for
16 h. Gels were washed in 20% EtOH (2 x 10 min), then in dH20 (2 x 10 min). Gels
were sensitised in ag. Na2S203 (0.02%) for 45 s and then immediately washed with
dH20 (2 x 1 min). Gels were incubated in a solution of AQNOs (12 mM) with
formaldehyde (0.02%) at 4 °C for a minimum of 20 min and up to 2 h. Following this,
gels were washed in dH20 (2 x 30 s) and transferred to developer solution (3%
K2COs, 0.05% formaldehyde). Development was stopped using 5% AcOH.

6.1.4 Coomassie blue staining

Gels were treated with fixative (50% MeOH, 10% AcOH) at RT for 30 min or at 4 °C
for 16 h. Gels were incubated in 0.25% Coomassie blue R-250 for 2—4 h until the
gel was a uniform blue colour. After this time, the gels were incubated at RT in
destaining solution (5% MeOH, 7% AcOH) for up to 18 h. At this point the saturated
solution was removed, replaced with fresh destaining solution and incubated at RT

until the background was clear.
6.1.5 Western Blotting

A nitrocellulose membrane (GE Healthcare, lllinois USA) was soaked in blotting
transfer buffer (25 mM Tris, 190 mM Gly, 20% MeOH) along with the filter papers
and sponges that will form the transfer sandwich. The sandwich was assembled,
and proteins were transferred onto nitrocellulose membranes in blotting transfer
buffer overnight at 15 V and 4 °C. The membrane was incubated in blocking buffer
(5% skimmed milk powder in PBST) for 1 h at RT or 16 h at 4 °C prior to
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 RT with gentle shaking. The membrane was washed with PBST
(2 x 5 min) and PBS (2 x 5 min). 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 1 h at RT with gentle shaking. The membrane was washed with PBST (3 x 5 min),
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PBS (2 x 5 min) and dH20 (1 x 5 min). Pierce ECL western blotting substrate
(Thermofisher, Massachusetts USA) was used to visualise the chemiluminescence.

6.1.6 Expression and purification of WT ubiquitin

BL21 (DE3) E. coli cells containing a pET-15b expression plasmid were transferred
from a glycerol stock into LB broth (10 mL) containing ampicillin (100 pg/mL) and
grown for 16 hrs at 37°C with vigorous shaking. This culture was transferred into
fresh LB broth (300 mL) containing ampicillin (100 pg/mL) and grown until an ODsoo
of 0.6—0.9 was reached. Isopropyl B-D-1-thiogalactopyranoside (IPTG, 0.4 mM) was
added and the bacteria were incubated at 37°C for a further 4 hrs. The cells were
centrifuged at 8,000 rpm for 15 min. The resulting pellet was re-suspended in
column buffer and lysed using a sonication tip. Sonication was carried out for 5 min
on ice with the tip set to pulse for 3 sec on and 3 sec off. The lysate was centrifuged
at 14,000 rpm for 45 min. The clarified supernatant was stirred vigorously on ice
while perchloric acid (200 pL) was added dropwise. The resulting white precipitate
was pelleted. The supernatant was transferred into MEMBRA-CEL dialysis tubing
(Serva, Heidelberg Germany) and left for 16 h in dialysis buffer (2 L; NH4OAc
50 mM, 1 mM EDTA, 1 mM DTT; pH 4.5). The protein concentration was checked
on the nanodrop (1.33 mg/mL in 15 mL).

6.1.7 Expression and purification of OTUB1

The expression and purification of His tagged OTUB1 Cys91Ser mutant was carried
out according to literature procedures.®”207 BL21 (DE3) cells transfected with a
pPET28a-LIC vector containing an N-terminal His6 tagged OTUB1 was transferred
from a glycerol stock into LB medium (8 mL) containing kanamycin (100 ug/mL) and
grown for 18 h at 37 °C at 180 rpm. The cells were transferred into fresh LB medium
(300 mL) containing kanamycin (100 ug/mL) and grown at 37 °C at 180 rpm until an
ODeoo of 0.6 to 0.9 was reached. IPTG was added at a final concentration of 0.4 mM
and the bacteria were incubated at 18 °C for 16 h with vigorous shaking. The cells
were centrifuged at 6,000 rpm for 15 min. The resulting pellet was re-suspended in
homogenate buffer (25 mL) containing PMSF (20 uM) and lysed via sonication. The
lysate was centrifuged at 13,000 rpm for 45 min. Ni NTA agarose resin (Sigma-
Aldrich, Missouri, USA) (1.5 mL, 1:1 suspension in 20 % EtOH) was centrifuged at
2,200 rpm for 5 min and the supernatant was discarded. dH20 (2 x 0.7 mL) was

added to the beads which were gently inverted until the resin was fully resuspended.
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The resulting solution was centrifuged at 2,200 rpm and the supernatant was
discarded. Ni wash buffer (1.4 mL, 50 mM sodium phosphate pH 8.0, 300 mM NacCl,
10 mM imidazole) was added to the resin which was transferred to the clarified
supernatant and incubated overnight at 4 °C with rolling. The resin was centrifuged
at 2,200 rpm 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
2,200 rpm for 5 min. This wash step was repeated four times. The supernatant was
discarded after each washing step. Ni elution buffer A (4 x 0.7 mL; 50 mM sodium
phosphate pH 8.0, 300 mM NaCl, 150 mM imidazole) was added to the resin that
was resuspended by gentle inversion. The solution was centrifuged at 2,200 rpm for
5 min and the supernatants from these washes were pooled in clean microcentrifuge
tubes. A final wash step was carried out with Ni elution buffer B (1 mL; 50 mM
sodium phosphate pH 8.0, 300 mM NacCl, 300 mM imidazole) at 2,200 rpm for 5 min.
The supernatant was discarded, and the beads were stored in 20% EtOH. The
pooled supernatants were concentrated in a 10 kDa MW cut-off Vivaspin 500
centrifugal concentrators in a centrifuge at 9,000 rpm to a final concentration of
50 pL. Ni wash buffer (450 uL) was added to the tubes and concentrated to 50 pL
in a centrifuge at 9,000 rpm. This wash step was repeated, and the solution was
resuspended in storage buffer (150 pyL, 20 mM Tris-Cl pH 8.0, 1ImM DTT, 10%
glycerol, 50 mM NacCl). The concentration was measured by nanodrop (13.78 pg/uL
in 150 pL).

6.2 Mass spectrometry
6.2.1 CHCI3/MeOH extraction

MeOH (600 uL) and CHCIs (150 uL) were added to a sample of protein (200 pL) and
the solution was vortexed for 20 s. dH20 (450 uL) was added and the sample was
vortexed for a further 20 s. The sample was centrifuged at 14,000 rpm for 2 min.
The upper layer was aspirated off and discarded. The sample was diluted with
MeOH (450 pL), vortexed for 20 s and centrifuged at 14,000 rpm for 1 min. The
supernatant was aspirated and discarded. The pellet was prepared for an in-solution

digestion.

123



Chapter 6 — Experimental

6.2.2 In-solution digest following CHCl3/MeOH extraction

A protein pellet obtained using a CHCIs/MeOH extraction was diluted in urea buffer
(50 pL; 6 M urea, 33 mM Tris-Cl pH 7.8) and dissolved by vortexing for 20 s and
sonicating for 2 min. The sample was diluted with dH20 (250 uL), vortexed for 20 s
and sonicated for a further 2 min. Elastase was added in a 1:15 dilution relative to
the protein concentration. The digest was carried out at 37 °C with gentle shaking
for 16 h. Samples were prepared for MS analysis by zip-tipping and analysed by

captive spray ionisation mass spectrometry

6.2.3 In-gel digest

Samples were separated by SDS-PAGE and visualised by silver staining. Bands of
interest were excised, cut into small pieces and incubated for 18 h in wash solution
(200 pL; 50% MeOH, 45% dH20, 5% formic acid). The wash solution was aspirated,
and fresh wash solution was added. The samples were incubated for a further 2 h
at RT. The wash solution was removed, and the gel pieces were dehydrated for 5
min in MeCN (200 pL). This dehydration step was repeated, DTT buffer (30 pL;
100 mM NH4HCOs3, 10 mM DTT) was added to the gel pieces and they were
incubated for 30 min at RT. The DTT buffer was aspirated and iodoacetamide
solution (30 uL, 50 mM in dH20) was added. The samples were incubated for a
further 30 min. After the removal of the iodoacetamide solution the gel pieces were
dehydrated for 5 min in MeCN (200 pL). Rehydration was performed in NH3HCOs3
solution (200 pyL, 100 mM). Dehydration and rehydration steps were repeated.
Trypsin, modified sequencing grade (Sigma-Aldrich, Missouri, USA) stock was
diluted in NHsHCO3 solution and this 1X stock (30 pL, 20 ug/mL) was added to the
dehydrated gel pieces. The solution was incubated on ice for 10 min with gentle
mixing. Following this incubation step, NH3HCO3 solution (5 pyL, 50 mM) was added
to the mixture and it was incubated for 18 h at 37 °C with gentle shaking. After this
incubation, NH3HCO3 solution (50 uL, 50 mM) was added. The gel pieces were
incubated in this mixture for 10 min with occasional vortexing. The supernatant was
transferred to a fresh microcentrifuge tube. Extraction buffer 1 (50 uL; 50% MeCN,
45% dH20, 5% formic acid) was added to the gel pieces. The pieces were incubated
for 10 min in this buffer with occasional vortexing. The supernatant was then added
to the collection tube and the gel pieces were incubated for a further 10 min in
extraction buffer 2 (85% MeCN, 10% dH20, 5% formic acid) with periodic vortexing.
124



Chapter 6 — Experimental

The supernatant was again added to the collection tube. For more abundant protein
bands an additional extraction with extraction buffer 2 was performed. The
combined supernatants were dried in a vacuum centrifuge, resuspended in MS

buffer A (20 pyL) and analysed by captive spray ionisation mass spectrometry.

6.2.4 Filter Aided Sample Preparation (FASP)

FASP2% was carried out using a 10 kDa MW cut-off Vivaspin 500 centrifugal
concentrators (10 kDa MW cut-off). The concentrator was conditioned with 50 uL
dH20. It was spun at 11,800 rpm for 2 min. The protein solution to be digested was
transferred to the filter and centrifuged at 13000 rpm until concentrated to a
maximum of 25 L. UA buffer (200 pL, 8 M urea in 0.1 M Tris-Cl pH 8.5) was added
to the filter and centrifuged at 11,800 rpm for 15 min. This step was repeated twice.
DTT solution (100 pyL, 10 mM in UA buffer) was added to the concentrator and
vortexed for 5s. The concentrator was centrifuged at 11,800 rpm for 15 min. IAA
solution (100 pL, 50 mM) was added and the solution was vortexed for 5 s and then
centrifuged again at 11,800 rpm for 15 min. Washes were performed using UA
buffer (3 x 100 pL) followed by NH4HCO3 solution (3 x 100 pL, 50 mM). After the
final wash, trypsin solution (200 uL, 50 mM NH4HCOs3 solution, 1:50 enzyme:protein)
was added and the concentrator was incubated overnight at 37 °C. The concentrator
was centrifuged at 11,800 rpm for 15 min. NaCl solution (50 uL, 0.5 M) was added
and it was centrifuged at 11,800 rpm until all the of the solution had passed the filter.

Samples were de-salted by zip-tipping and analysed by LC-MS/MS.

6.2.5 Zip-tip purification

A 10 pL zip-tip with 0.6 pL Cis resin (Merk Millipore, Massachusetts USA) was
equilibrated by aspirating and MS buffer B four times and further four times with MS
buffer A. 10 puL of the protein sample was aspirated across the tip ten times.
Buffer A (10 pL) was used to wash the sample by aspirating and dispensing four
times. The protein or peptides were then eluted in buffer B (2 x 10 yL) and dried

using a vacuum centrifuge. The sample was analysed by MALDI or LC-MS/MS.

6.2.6 MALDI-TOF mass spectrometry

MALDI-TOF analysis was carried out by Dr Edel Durack on a Bruker Ultraflextreme
MALDI-TOF/TOF mass spectrometer. The matrix used was a saturated solution of

HCCA (a-Cyano-4-hydroxycinnamic acid) in TA 85% (85% ACN with 0.1% TFA),
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and the calibrant was prepared in the same matrix. The matrix (1 pL) was mixed
with the sample (1 pL) and 1pL of this mixture was deposited onto a ground steel
MALDI target plate and allowed to dry in air. Mass spectra were recorded in positive

reflection mode.

6.2.7 Orbitrap mass spectrometry

Orbitrap mass spectrometry was carried out by Dr. Holger Kramer. Protein digests
were redissolved in 0.1% TFA (30 yL per sample) by agitation (1,200 rpm, 15 min)
and sonication in an ultrasonic water bath (10 min). This was followed by
centrifugation (14,000 rpm, 5 °C, 10 min) and transfer to MS sample vials.
LC-MS/MS analysis was carried out in technical duplicates (4.0 pL per injection) and
separation was performed using an Ultimate 3,000 RSLC nano liquid
chromatography system (Thermo Scientific) coupled to an Orbitrap Velos mass
spectrometer (Thermo Scientific) via an Easy-Spray nano-electrospray source
(Thermo Scientific). Samples were injected and loaded onto a trap column (Acclaim
PepMap 100 C18, 100 um x 2 cm) for desalting and concentration at 8 uL/min in
2% MeCN, 0.1% TFA. Peptides were then eluted on-line to an analytical column
(Acclaim Pepmap RSLC C18, 75 ym x 50 cm) at a flow rate of 250 nL/min. Peptides
were separated using a 120 min gradient, 4—-25% of buffer A for 90 min followed by
25-45% buffer B for another 30 min (buffer A: 5% DMSO, 0.1% FA,; buffer B: 75%
MeCN, 5% DMSO, 0.1% FA) and subsequent column conditioning and equilibration.
Eluted peptides were analysed by the mass spectrometer operating in positive
polarity using a data-dependent acquisition mode. lons for fragmentation were
determined from an initial MS1 survey scan at 30,000 resolution, followed by CID
(Collision-Induced Dissociation) of the top 10 most abundant ions. MS1 and MS2
scan AGC targets were set to 16 and 3* for maximum injection times of 500 ms and
100 ms respectively. A survey scan m/z range of 350-1500 was used, normalised
collision energy set to 35%, charge state screening enabled with +1 charge state
rejected and minimal fragmentation trigger signal threshold of 500 counts. Data was
processed using the MaxQuant?®® software platform (v1.6.7.0), with database
searches carried out by the in-built Andromeda search engine against the Swissprot
H.sapiens database (version 20180104, number of entries: 20,244). A reverse
decoy database approach was used at a 1% false discovery rate (FDR) for peptide

spectrum matches. Search parameters included: maximum missed cleavages set
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to 3, fixed modification of Cys carbamidomethylation and variable modifications of
methionine oxidation, Asp deamidiation and protein N-terminal acetylation. Label-

free quantification was enabled with an LFQ minimum ratio count of 1.

6.2.8 Captive spray ionisation mass spectrometry

Captive spray ionisation was carried out by Dr. Gary Hessman. It 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 pm I.D. x 2 cm, packed with Acclaim PepMap100 C18) at 10 pL/min
in 95% water, 5% MeCN, 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 phases (buffer A, H20, 0.1% formic acid; buffer B
MeCN : 0 min, A (98%), B (2%); 3 min, A (98%), B (2%); 63 min A (65%), B (35%);
64 min A (5%), B (95%); 66 min A (5%), B (95%); 67 min A (98%), B (2%); 75 min
A (98%), B (2%). Peptide digest were analysed on a Bruker compact Qq-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, 1,221-1,225, 2,200-40,000). 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 and searched against a custom database
containing the probe sequence inserted into a uniprot database with taxonomy

restricted to human on PeptideShaker. 210

127



Chapter 6 — Experimental

6.3 Synthesis of HA-tagged activity-based monoubiquitin probes

6.3.1 Expression and purification of HA-Ub7s-thioester

The expression and purification of HA-Ub7s-thioester 2 was carried out according to
literature procedures.f”207 BL21 (DE3) cells transfected with a pTYB2 plasmid
encoding for a HA-tagged ubiquitinzs fusion protein containing an intein domain and
chitin-binding domain (HA-Ubz7s-intein-CBD) 1 were transferred from a glycerol stock
into LB medium (8 mL) containing ampicillin (100 pg/mL) and grown for 18 h at 37 °C
at 180 rpm. The cells were transferred into fresh LB medium (300 mL) containing
ampicillin (100 pg/mL) and grown at 37 °C at 180 rpm until an ODsoo of 0.6 to 0.9
was reached. IPTG was added at a final concentration of 0.4 mM and the bacteria
were incubated at 18 °C for 16 h with vigorous shaking. The cells were centrifuged
at 8,000 rpm for 15 min. The resulting pellet was re-suspended in column buffer and
lysed using a sonication tip. Sonication was carried out for 5 min with the tip set to
pulse for 3 sec on and 3 sec off. The lysate was centrifuged at 14,000 rpm for
45 min. A column containing chitin resin (2.5 mL) (New England Biolabs) was
equilibrated with column buffer (25 mL). The clarified supernatant was run over this
column. The column was washed with column buffer (25 mL). After this wash,
column buffer containing MESNa 43 (7.5 mL; 50 mM) was run through the column
before incubation in this buffer for 18 h at 37 °C with gentle shaking.
HA-Ubzs-thioester 2 was eluted in column buffer (5 mL) before concentration by
spinning at 14,000 rpm in 5 kDa MW cut-off Vivaspin 500 centrifugal concentrators
(Sartorious, Gottingen Germany). HA-Ubzs-thioester 2 was desalted using a NAP-5
column (GE Healthcare, lllinois USA) and eluted in column buffer according to
manufacturer’s instructions. The sample was concentrated again at 14,000 rpm
using 5 kDa MW cut-off Vivaspin centrifugal concentrators and the protein

concentration was measured on a nanodrop (4.8 mg/mL, 100 uL).
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6.3.2 Synthesis of HA-Ub75-CH2CH2Br 5

H

*g&% J

5

HA-Ub7s-CH2CH2Br 5 was synthesised using literature procedures.®’
2-bromoethylamine-HBr 44 (31 mg, 0.15 mmol) was dissolved in column buffer
(200 pL) and the pH of the solution was adjusted to pH 8.0 by the addition of
ag. NaOH (1 M). HA-Ubrs-thioester 2 in column buffer (2.2 mg/mL, 100 L) was
added to this solution and it was shaken gently for 90 min at RT. The reaction
mixture was desalted using a NAP-5 column according to manufacturer's
instructions, eluted in column buffer and concentrated by centrifuging at 14,000 rpm
in a 5 kDa MW cut-off Vivaspin centrifugal concentrator. The protein concentration

was measured on a nanodrop (1.5 mg/mL, 100 uL).

6.3.3 Synthesis of HA-Ub7s-alkene probes 38-40

* G 5

N
A H

Probe 38: R=H
Probe 39: R = Me
Probe 40: R = Ph

N-Hydroxysuccinimide 46 solution (0.2 M, 45 pL) and Tris-Cl (100 mM, 10 pL,
pH 7.5) were added to HA-Ubrs-thioester 2 in column buffer (1.2 mg/mL, 500 uL)
and incubated for 10 min at RT. Allylamine 47 (23 pL, 0.3 mmol),
E-but-2-en-1-amine.TFA 57 or cinnamylamine 56 (40 mg, 0.3 mmol) was added to
a solution of MeCN-H20 (1:1, 56 uL). This solution was added to the reaction mixture
and the pH was adjusted to 9.0. The reaction was incubated for 18 h at 37 °C with
gentle shaking. After this time, the reaction mixture was desalted using a NAP-5
column according to manufacturer’s instructions and concentrated in a 5 kDa MW
cut-off Vivaspin centrifugal concentrator at 14,000 rpm. The protein concentration
was measured on a nanodrop, probe 38 = (3.4 mg/mL, 100 pL); probe 39 =
(2.3 mg/mL, 100 pL) probe 40 = (5.6 mg/mL, 100 pL). Samples of the probe were
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concentrated and desalted using a combination of CHCIl3s/MeOH and zip tipping prior

to a tryptic digest or submission for MALDI analysis.

6.3.4 Synthesis of HA-Ub7s-alkyl fluoride probes 36-37

7 R

&y
*\%‘ij

Probe 36 R =H
Probe 37 R=F

N-Hydroxysuccinimide 46 (0.2 M, 45 pL) and Tris-Cl (100 mM, 10 uL, pH 7.5) were
added to HA-Ubz7s-thioester 2 in column buffer (1.2 mg/mL, 500 pL) and incubated
for 10 min at RT. 2-Fluoroethanamine hydrochloride (30 mg, 0.3 mmol) or
2,2-Difluoroethylamine (21 pL, 0.3 mmol) was added to a solution of MeCN-H20
(1:1, 56 pL). This solution was added to the reaction mixture and the pH was
adjusted to 9.0 with 1M NaOH or 1M HCIl as appropriate. The reaction was incubated
for 18 h at 37 °C with gentle shaking. After this time, the reaction mixture was
desalted using a NAP-5 column according to manufacturer’s instructions and
concentrated in a 5 kDa MW cut off Vivaspin centrifugal concentrator at 14,000 rpm.
The protein concentration was measured on a nanodrop, probe 36 = (3.9 mg/mL,
150 pL); probe 37 = (4.2 mg/mL, 100 pL).

6.3.5 Synthesis of HA-Ub75-PA 6

N-Hydroxysuccinimide 46 (0.2 M, 45 pL) and Tris-Cl (100 mM, 10 uL, pH 7.5) were
added to HA-Ubz7s-thioester 2 in column buffer (1.2 mg/mL, 500 pL) and incubated
for 10 min at RT. Propargyl amine 45 (19 uL, 0.3 mmol) was added to a solution of
MeCN-H20 (1:1, 56 pL). This solution was added to the reaction mixture and the pH
was adjusted to 9.0. The reaction was incubated for 18 h at 37 °C with gentle
shaking. After this time, the reaction mixture was desalted using a NAP-5 column

according to manufacturer’s instructions and concentrated in a Vivaspin centrifugal
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concentrator at 14,000 rpm. The protein concentration was measured on a
nanodrop, HA-Ub7s-PA 6 = (8.7 mg/mL, 200 pL).

6.4 Invitro DUB labelling
6.4.1 HEK 293T cell lysate preparation

A HEK 293T cell pellet was lysed using glass beads. To a 100 uL cell pellet, 100 pL
of glass beads (0.5 mm, Sigma-Aldrich, Missouri, USA) were added. Homogenate
buffer (200 yL) was added. The mixture was vortexed for 20 s before being placed
on ice for 90 s. This sequence was repeated 20 times. Cell debris and glass beads
were pelleted by centrifuging at 14,000 rpm for 5 min. The resulting supernatant was
aspirated off. The protein concentration of the clarified extract was measured by
nanodrop (19.9 mg/mL, 200 uL)

6.4.2 Invitro HA-Ub75CH2CH2Br 5 labelling

HA-Ub7s-CH2CH2Br 5 (0.75 pL, 1.5 mg/mL in column buffer) was incubated with
HEK 293T cell lysate (2.5 pL, 19.9 mg/mL in homogenate buffer). The final volume
of the labelling was adjusted to 30 puL with homogenate buffer. Incubation was
carried out for 90 min at 37 °C with gentle shaking. Upon completion, 2X reducing
sample buffer (15 pyL) was added and the proteins were heated to 95 °C for 5 min.
Proteins where visualised using silver staining and anti-HA western blotting after
being separated on a 12% SDS-PAGE.

6.4.3 Optimised in vitro thiol-ene labelling with alkene probes

All thiol-ene reactions were carried out in 2 mL transparent glass vials with a
PTFE/silicone septum (Sigma-Aldrich, Missouri, USA). UV light (365 nm) was
applied in a Luzchem LZC photoreactor oven containing 10 x 8 W UV lamps or
Mylee UV Gel Nail Curing Lamp 4 x 9 W UV bulbs. The relevant probe (1-4 ug) was
incubated with HEK 293T cell lysate (2.5 pL, 19.9 mg/mL in homogenate buffer) or
OTUB1 (2 pg). The final volume of the labelling was adjusted to 30 pL with
homogenate buffer containing TCEP (1 mM) for the lysate labelling, or phosphate
buffer (pH 8.0) containing TCEP (1 mM) for the OTUBL1 labelling. The probes were
pre-incubated with the DUBs for 90 min at 37 °C with gentle shaking before the
addition of radical initiator DPAP (48) (0.25 mM) and MAP (49) (0.25 mM). The
reaction mixture was degassed for 2 min with N2 and exposed to UV light (365 nm)
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for 2 min in the Luzchem LZC photoreactor or 10 min in Mylee UV Gel Nail Curing
Lamp. Upon completion, 2X reducing sample buffer (30 pL) was added and the
proteins were heated to 95 °C for 5 min. Proteins where visualised using silver

staining and anti-HA western blotting following separation on a 12% SDS-PAGE.

6.4.4 Lysate labelling with N-ethylmaleimide (NEM)

HEK 293T cell lysate (2.5 pL, 19.9 mg/mL) was incubated at 37 °C for 15 min with
N-ethylmaleimide (NEM) (13 mM final concentration) in homogenate buffer
containing TCEP (1 mM). The relevant probe (1 pg) was added to the solution so
final volume of the labelling was adjusted to 30 pL. The probes were incubated with
the lysate for 90 min at 37 °C with gentle shaking before the addition of radical
initiator DPAP (48) (0.25 mM) and MAP (49) (0.25 mM). The reaction mixture was
degassed for 2 min with N2 and exposed to UV light (365 nm, Luzchem photoreactor,
10 x 8 W UV bulbs) for 2 min. Upon completion, 2X reducing sample buffer (30 uL)
was added and the proteins were heated to 95 °C for 5 min. Proteins where
visualised using silver staining and anti-HA western blotting following separation on
a 12% SDS-PAGE.

6.4.5 Screening of alternative initiators

HA-Ub7s-propene 38 (0.3 pL, 3.4 mg/mL in column buffer) and was incubated with
HEK 293T cell lysate (2.5 pL, 19.9 mg/mL) in homogenate buffer at a final volume
at 30 L. (2,2'-Azobis(2-amidinopropane) dihydrochloride (AAPH) (0.25 mM),
4,4'-azobis(4-cyanopentanoic acid) (ACPA) (0.25 mM) or t-butyl peroxide (0.25 mM)
was added to the sample. The solutions were degassed for 2 min using N2 and
exposed to UV light (365 nm, Luzchem photoreactor, 10 x 8 W UV bulbs) for times
ranging from O min to 5 min. Upon completion, 2X reducing sample buffer (30 pL)
was added and the proteins were heated to 95 °C for 5 min. Proteins where
visualised using silver staining and anti-HA western blotting following separation on
a 12% SDS-PAGE.

6.4.6 Investigating increasing DPAP and MAP concentrations

HA-Ubzs-propene 38 (0.3 pL, 3.4 mg/mL in column buffer) was incubated with HEK
293T cell lysate (2.5 pL, 19.9 mg/mL) in homogenate buffer at a final volume of
30 uL. Across two different experiments DPAP (48) and MAP (49) were added at
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four different concentrations (0.05 mM, 0.25 mM, 1.25mM and 2.5 mM). The
solutions were degassed for 2 min using N2 and exposed to UV light (365 nm,
Luzchem photoreactor, 10 x 8 W UV bulbs) for times ranging from 0 min to 5 min.
Upon completion, 2X reducing sample buffer (30 uL) was added and the proteins
were heated to 95 °C for 5 min. Proteins where visualised using silver staining and
anti-HA western blotting following separation on a 12% SDS-PAGE

6.4.7 Optimisation of labelling conditions for LC-MS/MS

HEK 293T cell lysate (2.5 pL, 19.9 mg/mL) was added to homogenate buffer (30 uL)
and all samples which were incubated at 37 °C for 90 min. At this point DPAP (48)
(0.25 mM) and MAP (49) (0.25 mM) were added where appropriate. The solutions
were degassed for 2 min using N2 and exposed to UV light (365 nm, Luzchem
photoreactor, 10 x 8 W UV bulbs) for times ranging from 0 min to 5 min. They were
incubated at 4 °C for 90 min with rolling to mimic the immunoprecipitation protocol.
The samples were subject to tryptic digest using the FASP protocol, desalted by zip
tipping and analysed by LC-MS/MS using captive spray ionisation mass
spectrometry.

6.4.8 Invitro thiol-ene labelling with alkene probes and denatured OTUB1

OTUB1 (0.25 L, 8.0 mg/mL) was denatured either by heating at 95 °C for 10 min
or by the addition of SDS (0.5% final concentration). The final volume of the labelling
was adjusted to 30 pL with phosphate buffer (pH 8.0) containing TCEP (1 mM). In
this step SDS concentration was reduced fifteen-fold. The HA-Ubz7s-propene 38 was
pre-incubated with the DUBs for 90 min at 37 °C with gentle shaking before the
addition of radical initiator DPAP (48) (0.25 mM) and MAP (49) (0.25 mM). The
reaction mixture was degassed for 2 min with N2 and exposed to UV light (365 nm,
Luzchem photoreactor, 10 x 8 W UV bulbs) for 2 min. Upon completion, 2X reducing
sample buffer (30 yL) was added and the proteins were heated to 95 °C for 5 min.
Proteins where visualised using silver staining and anti-HA western blotting

following separation on a 12% SDS-PAGE

6.4.9 PR-619 (55) pre-incubation assay

Inhibitor PR-619 (55) was pre-incubated with HEK 293T cell lysate (2.5 pL,
19.9 mg/mL) on ice for 30 min at a range of concentrations (0 pM—-100 uM).
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HA-Ubzs-propene 38 (0.3 pL, 3.4 mg/mL in column buffer) was added giving the
labelling a final volume of 30 pL. The reaction mixture was incubated for a further
90 min before addition of DPAP (48) (0.25 mM) and MAP (49) (0.25 mM) and
degassing for 2 min with N2. The mixture was exposed to UV light (365 nm, Luzchem
photoreactor, 10 x 8 W UV bulbs) for 2 min. Upon completion, 2X reducing sample
buffer (30 uL) was added and the proteins were heated to 95 °C for 5 min. Proteins
where visualised using silver staining and anti-HA western blotting following
separation on a 12% SDS-PAGE

6.4.10 Probe displacement assay

HA-Ubzs-propene 38 (0.3 L, 3.4 mg/mL in column buffer) or HA-Ub7s-CH2CH2Br 5
(0.75 uL, 1.5 mg/mL in column buffer) was incubated with HEK 293T cell lysate
(2.5 pL, 19.9 mg/mL) at 37 °C for 60 min. PR-619 (55) was added at a range of
concentrations (0 uM—100 pM) and the mixture was incubated for a further 30 min
at 37 °C. DPAP (48) (0.25 mM) and MAP (49) (0.25 mM) were added and the
mixture was degassed for 2 min with N2. The mixture was exposed to UV light
(365 nm, Luzchem photoreactor, 10 x 8 W UV bulbs) for 2 min. Upon completion,
2X reducing sample buffer (30 yL) was added and the proteins were heated to 95 °C
for 5 min. Proteins where visualised using silver staining and anti-HA western

blotting following separation on a 12% SDS-PAGE

6.4.11 Determining the Kd of the probe-OTUB1 complex

Recombinant OTUB1 (5 pg) was incubated at 37 °C for 90 min with increasing
concentrations of HA-Ub7s-propene 38 (5 uM-22.5 uM in Homogenate buffer).
DPAP (48) (0.25 mM) and MAP (49) (0.25 mM) were added and the reaction mixture
was degassed for 2 min with N2 and exposed to UV light (365 nm, Luzchem
photoreactor, 10 x 8 W UV bulbs) for 2 min. 2X reducing sample buffer (30 yL) was
added and the samples were heated at 95 °C for 5 min. The reaction was visualised
by Coomassie blue staining following separation on a 12% SDS-PAGE. The
intensity of the labelled band was quantified on Image Quant and plotted against the

concentration of probe.
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6.5 Immunoprecipitation (IP)

The relevant alkene probe (5 pg) was pre-incubated with HEK 293T cell lysate
(12.5 pL, 19.9 mg/mL in homogenate buffer) in NET buffer (136 uL; 50 mM Tris-ClI
pH 7.5, 5 mM EDTA, 150 mM NaCl, 0.5% NP-40) containing TCEP (1 mM) for
90 min at 37 °C. DPAP (48) (0.25 mM) and MAP (49) (0.25 mM) were added and
the solution was degassed with N2 for 2 min. The solution was exposed to UV light
(365 nm, Luzchem photoreactor, 10 x 8 W UV bulbs) for 2 min. SDS solution (10%
in dH20, 7.5 pL) was added to the reaction before vortexing for 30 s and sonication
for 2 min. The mixture was diluted with homogenate buffer (1.5 mL). EZview™ Red
Anti-HA Affinity Gel (Sigma-Aldrich, Missouri, USA) (100 pL of 50% slurry) was
equilibrated by adding NET buffer (750 pL), gently inverting and centrifuging at
9,000 rpm. The supernatant was aspirated, and the equilibration step was repeated.
The lysate was added to the equilibrated beads and incubated at 4 °C for 90 min
with rolling. The mixture was centrifuged at 9,000 rpm for 30 s and the supernatant
was aspirated. NET buffer (750 pyL) was added to the beads which were inverted
until the beads were fully resuspended before being centrifuged at 9,000 rpm for
30 s. This washing step was repeated four times. After the final wash Gly buffer
(250 pL, 150 mM, pH 2.5) was added to the beads. The solution was inverted until
the beads were resuspended and then left on ice for 2 min. The solution was
centrifuged at 9,000 rpm for 30 s. The resulting supernatant was transferred to a
clean microcentrifuge tube, and this elution step was repeated. 1X reducing sample
buffer (250 yL) was added to the beads which were heated at 95 °C for 5 min. A
small % of the samples were separated by 12 % SDS-PAGE and visualised by
western blotting. The remainder of the samples was transferred to a clean
microcentrifuge tube and subject to tryptic digest using the FASP protocol along with
the Gly elution. Samples were desalted by zip tipping and analysed by LC-MS/MS
using an Orbitrap.

6.6 Optimised Eosin Y lysate labelling

The HA-Ubrs-propene probe 38 (1 ug) was incubated with HEK 293T cell lysate
(2.5 pL, 19.9 mg/mL in homogenate buffer). The final volume of the labelling was
adjusted to 30 yL with homogenate buffer containing TCEP (1 mM). A stock solution
of Eosin Y (30) (2.9 mM in DMSO-homogenate buffer, 4:1) was prepared fresh

before use and protected from light. The reaction was preincubated for 90 min at
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37 °C with gentle shaking before the addition of Eosin Y (0.5 pL of stock, final
conc. = 50 uM). Samples were exposed to white light (10 W) from 10 cm for 5 min
at 37 °C or ambient light for 30 min at 37 °C. Upon completion, 2X reducing sample
buffer (30 pL) was added and the proteins were heated to 95 °C for 5 min. Proteins
where visualised using silver staining and anti-HA western blotting after being
separated on a 12% SDS-PAGE.

6.6.1 Optimised Eosin Y recombinant enzyme labelling

The HA-Ubz7s-propene probe 38 (2 pg) was incubated with OTUB1 (0.2 pL,
13.78 pg/uL in storage buffer) or UCHL1 (3.3 uL, 0.9 pg/uL in storage buffer). The
final volume of the labelling was adjusted to 30 uL with homogenate buffer
containing TCEP (1 mM). A stock solution of Eosin Y (30) (0.29 mM in DMSO-
homogenate buffer, 4:1) was prepared fresh before use and protected from light.
The reaction was preincubated for 90 min at 37 °C with gentle shaking before the
addition of Eosin Y (0.5 pL of stock for recombinant enzyme labelling, final
conc. =5 pM). Samples were exposed to white light (10 W) from 50 cm for 5 min or
ambient light for 30 min at 37 °C. Upon completion, 2X reducing sample buffer
(30 pL) was added and the proteins were heated to 95 °C for 5 min. Proteins where
visualised using silver staining and anti-HA western blotting after being separated
on a 12% SDS-PAGE.

6.6.2 Amino acid spike OTUB1 labelling using Eosin Y

A stock solution (0.15 M in H20) of the amino acids Gly, Lys, Cys, Trp and Ser and
the tripeptide GSH were prepared and adjusted to pH 7.5. Each amino acid or
tripeptide (1 uL, for 5 mM final conc.) was added to OTUB1 (0.2 pL, 13.78 pg/uL in
storage buffer) and incubated for 5 min at 37 °C. The HA-Ub7s-propene probe 38
(2.2 pL, 3.4 mg/mL in column buffer) was added to the reaction and the final volume
of the labelling was adjusted to 30 pL with homogenate buffer containing TCEP
(1 mM). The solution was preincubated for 90 min at 37 °C with gentle shaking
before the addition of Eosin Y (30) (0.5 pL of 0.29 mM stock, final conc. = 5 uM).
Samples were exposed to white light (10 W) from 50 cm for 5 min. Upon completion,
2X reducing sample buffer (30 yL) was added and the proteins were heated to 95 °C
for 5 min. Proteins where visualised using silver staining and anti-HA western
blotting after being separated on a 12% SDS-PAGE.
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6.6.3 Eosin Y for the conjugation of ubiquitin monomers and BSA

BSA (1-10 pg) was incubated with HA-Ubzs-propene 38 (1-10 pg) or HA-Ub7s-PA 6
(10 pg) in NaOAc buffer (250 mM, pH 6.8) at a final volume of 30 pL. A stock solution
of Eosin Y (2.9 mM in DMSO: homogenate buffer, 4:1) was prepared fresh before
each use and protected from light. Eosin Y (30) (0.5 pL of 2.9 mM stock, final
conc. = 50 uM) was added and samples were incubated at 37 °C for the specified
time (10-180 min) while exposed to ambient light or white light (10 W) from 10 cm.
Upon completion, 2X reducing sample buffer (30 uL) was added and the proteins
were heated to 95 °C for 5 min. Proteins where visualised using silver staining and

anti-HA western blotting after being separated on a 12% SDS-PAGE.

6.6.4 Bi203 labelling

The HA-Ub7s-propene probe 38 (1-4 pg) was incubated with HEK 293T cell lysate
(2.5 uL, 19.9 mg/mL in homogenate buffer). The final volume of the labelling was
adjusted to 30 pL with homogenate buffer containing TCEP (1 mM). The
HA-Ubz7s-propene probe 38 was pre-incubated for 90 min at 37 °C with gentle
shaking before the addition of Bi2O3 (250 uM or 0.2 pM) and BrCCls (600 uM or
0.48 pM). The solution was degassed with N2 for 2 min and exposed to white light
from 5 cm for the specified time (2-90 min) or ambient light for 60 min at 37 °C.
Upon completion, 2X reducing sample buffer (30 uL) was added and the proteins
were heated to 95 °C for 5 min. Proteins where visualised using silver staining and
anti-HA western blotting after being separated on a 12% SDS-PAGE.

6.7 General chemical methods

'H and 3C NMR spectra were recorded on Bruker 400 MHz or 600 MHz system
spectrometers. Spectra were recorded in DMSO-ds or CDCl3 relative to residual
DMSO (6 =2.50 ppm) or CHCIs (& = 7.26 ppm). Chemical shifts are reported in parts
per million (ppm), coupling constants are reported in Hertz (Hz) and are accurate to
0.2 Hz. NMR spectra were assigned using HSQC and HMBC experiments. Mass
spectrometry measurements were carried out on a Bruker ESI or APClI HRMS.
Melting points were measured using a Griffin melting points apparatus and are
uncorrected. Infrared (IR) spectra were obtained on a Perkin Elmer
spectrophotometer. Flash column chromatography was carried out using silica gel,
particle size 0.04-0.063 mm. TLC analysis was performed on precoated 60F2s4
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slides and visualised by UV irradiation, potassium permanganate stain (3 g KMnOa,
20 g K2COs, 300 mL dH20) and ninhydrin stain (1.5 g ninhydrin, 5 mL, AcOH,
500 mL EtOH 95%). All solvents were obtained from commercial sources and used
as received. Petroleum ether refers to the fraction of petroleum ether that boils at
40-60 °C.

6.7.1 Synthesis of (E)-1-phenyl-3-phthalimido-2-propene 59

59
Cinnamyl bromide 58 (500 mg, 2.54 mmol) and potassium phthalimide 57 (729 mg,

3.94 mmol) were dissolved in dry DMF (10 mL) under argon. The reaction mixture
was stirred at RT for 3 h. TLC analysis (petroleum ether) showed complete
consumption of cinnamyl bromide (Rf = 0.6) and formation of the product (Rf = 0.1)
after this time. The solution was diluted with Et2O (40 mL) and brine (30 mL) and
the white precipitate formed was collected by vacuum filtration. The aqueous layer
was extracted with Et20 (2 x 30 mL). The combined organic layers were dried over
MgSOy, filtered and concentrated to afford the crude product as a yellow solid. This
was combined with the precipitated product and recrystallised from toluene to afford
the product 59 as colourless crystals (411 mg, 62%); mp 152-154 °C (toluene).
Lit.1%4 154—155 °C.

vmax/cm™ (neat) 3461 (C-Har), 3102 (C-Har), 3083 (C-Har), 3026 (C-H), 2915 (C-H),
1769 (C=0), 1701 (C=0), 1426 (C=C), 1394, 1321, 1106, 969, 952, 724.

IH NMR (400 MHz, CDCl3) & = 7.86 (dd, J = 2.9 Hz, J = 5.5 Hz, 2H, CHphtn), 7.72
(dd, J = 2.9 Hz, J = 5.5 Hz , 2H, CHpntn), 7.37-7.32 (M, 2H, CHpn), 7.31-7.27 (m,
2H, CHpn), 7.24-7.20 (m, 1H, CHpn), 6.66 (d, J = 16.1 Hz, 1H, CH=CH-Ph), 6.28 (dt,
J=6.7 Hz, J = 16.0 Hz, 1H, CH=CH-Ph), 4.45 (d, J = 6.7 Hz, 2H, CH2) ppm.

13C NMR (100 MHz, CDCls) & = 168.2 (C=0), 136.2 (qCph), 134.0 (qCrht), 133.7
(CHphin), 132.2 (CH=CH-Ph), 128.5 (CHrn), 127.9 (CHph), 126.5 (CHpn), 123.3
(CHphth), 122.8 (CH=CH-Ph), 39.7 (CH2) ppm.

HRMS (APCI*): m/z calc. 264.1025 [M+H]*, found 264.1014

The spectroscopic data are in agreement with those reported in the literature.?!?
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6.7.2 Synthesis of (E)-3-phenyl-prop-2-en-1-amine 56

P

? 56

(E)-1-phenyl-3-phthalimido-2-propene 59 (700 mg, 2.66 mmol) was dissolved in
MeOH (12 mL). Hydrazine hydrate solution (80%, 150 uL, 2.95 mmol) was added
dropwise and the reaction was stirred at RT for 2 h. TLC analysis after this time
showed the complete consumption of the starting material (petroleum ether-EtOAc,
3:1; Rr=0.8) and formation of the product 56 (H20-IPA-EtOAc, 1:2:2; Rr=0.2). The
reaction was cooled to 4 °C resulting in the formation of a white precipitate. The
white precipitate was collected by vacuum filtration and washed with MeOH (3 x
10 mL). The filtrate was concentrated under reduced pressure and the residue was
dissolved in DCM (20 mL) and washed with agq. KOH (20 mL, 0.5 M). The aqueous
layer was extracted with DCM (3 x 20 mL) and the combined organic layers were
concentrated to afford the product 56 as a yellow oil (228 mg, 65%).

vmax/cm™ (neat) 3676 (NHz), 3261 (C-Har), 2988 (C-H), 2902 (C-H), 1570 (C=C),
1447, 1403, 1315, 1274, 1067, 1057, 964, 739, 689.

IH NMR (400 MHz, CDCls) & = 7.37 (d, J = 7.4 Hz, 2H, CHen), 7.33-7.27 (m, 2H,
CHen), 7.25-7.15 (m, 1H, CHen), 6.50 (d, J = 15.9 Hz, 1H, CH=CH-Ph), 6.32 (dt, J =
5.9 Hz, J= 15.9 Hz, 1H, CH=CH-Ph), 3.48 (d, J = 5.9 Hz, 2H, CH2) ppm.

13C NMR (100 MHz, CDCls) & = 137.2 (qC), 131.1 (CHpn), 129.6 (CHen), 128.5
(CHpr), 127.3 (CH=CH-Ph), 125.8 (CH=CH-Ph), 44.3 (CH2) ppm.

HRMS (ESI*): m/z calc. 136.1121 [M+H]*, found: 136.1126

The spectroscopic data are in agreement with those reported in the literature.?!?
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6.7.3 Synthesis of (E)-1-phthalimido-2-butene 61

(0]

Crp”

o
Potassium phthalimide 61 (4.12 g, 22.2 mmol) was dissolved in dry DMF (10 mL)
under argon. Crotyl bromide 60 (2.00 g, 10.8 mmol) was added dropwise and the
reaction mixture was stirred for 18 h at RT. TLC analysis (petroleum ether-EtOAc,
3:1) showed the complete consumption of crotyl bromide 60 (Rf = 0.9) and formation
of the product 61 (Rf = 0.6) in this time. The reaction mixture was poured into H20-
ice (1:1, 480 mL) and stirred vigorously until the ice had melted. A white precipitate
formed and was collected by vacuum filtration. The precipitate was washed with
H20 (3 x 10 mL) and dissolved in DCM (20 mL). The aqueous filtrate was extracted
with DCM (2 x 100 mL). The combined organic layers were dried over MgSQOa4,
filered and concentrated. Recrystallisation from DCM-petroleum ether (4:1)
afforded the product 61 as colourless crystals. (2.26 g, 76% vyield); mp 72-75 °C
(DCM-petroleum ether, 4:1). Lit.1°¢ 62—65 °C

Vmax/cm'! (neat) 3461 (C-Har), 2919 (C-H), 1765 (C=0), 1611 (C=C), 1465, 1426,
1394, 1355, 981, 954, 716.

IH NMR (400 MHz, CDCl3) & = 7.84 (dd, J = 2.9 Hz, J = 5.5 Hz, 2H, CHph), 7.70
(dd, J = 2.9 Hz, J = 5.5 Hz, 2H, H-1), 5.81-5.69 (m, 1H, CH=CH-CHs), 5.58-5.48
(m, 1H, CH=CH-CHa), 4.22 (dd, J = 1.2 Hz, J = 6.3 Hz, 2H, CH2), 1.67 (dd, J= 1.2
Hz, J = 6.5 Hz, 3H, CHa)

13C NMR (100 MHz, CDCl3) & = 168.2 (C=0), 133.8 (CHphtn), 132.8 (qCrhtn), 130.1
(CH=CH-CH3), 124.8 (CH=CH-CHs), 123.5 (CHpht), 39.5 (CHz), 17.6 (CHa).

HRMS (ESI*): m/z calc. 202.0862 [M+H]*, found: 202.0855

The spectroscopic data are in agreement with those reported in the literature.1%
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6.7.4 (E)-but-2-ene-amine hydrochloride 62

o ®
CITHN N

62

(E)-1-phthalimido-2-butene 61 (1.20 g, 5.9 mmol) was dissolved in EtOH (30 mL).
Hydrazine monohydrate (311 pL, 6.4 mmol) was added dropwise and the reaction
was heated to 60 °C for 3 h. After this time, TLC analysis showed the consumption
of the starting material (petroleum ether-EtOAc, 7:3; Rt = 0.8) and formation of the
product (H20-IPA-EtOAc, 2:2:1; Rf = 0.1). The reaction mixture was cooled to 4 °C
and the resulting white precipitate was removed by vacuum filtration. The filtrate
was acidified to pH 3.0 using HCI (2 M). Following concentration under reduced
pressure the crude intermediate 62 was obtained as a yellow solid and carried

forward without further purification.

6.7.5 (E)-tert-butyl but-2-en-1-ylcarbamate 63

(0}
>|\O)J\H/\/\

63

(E)-but-2-ene-amine hydrochloride 62 (150 mg, 1.4 mmol) was added to DCM
(5 mL) and the suspension was cooled to 0 °C. EtsN (440 pL, 3.2 mmol) was added
dropwise. (Boc)20 (500 mg, 2.3 mmol) was added and the reaction mixture was
stirred and warmed slowly to RT. After 16 h TLC analysis showed the complete
consumption of the intermediate amine 62 (H20-IPA-EtOAc, 2:2:1; Rf = 0.1) and the
formation of the product 63 (petroleum ether-EtOAc, 47:3; Ri=0.3). The reaction
mixture was diluted with aqg. NH4Cl (10 mL) and the aqueous layer was extracted
with DCM (3 x 20 mL). The combined organic layers were dried with MgSOu4, filtered
and concentrated. Purification by flash column chromatography (petroleum ether-
EtOAc, 47:3) afforded the product 63 as a colourless oil (633 mg, 72%).

Vmax/cm™* (CHCI3) 3350 (N-H), 2978 (C-H), 2934 (C-H), 1680 (C=0), 1505 (C=C),
1366 (C-H), 1249 (C-0), 1169 (C-0), 910, 732

IH NMR (400 MHz, CDCls) & = 5.65-5.53 (m, 1H, CH=CH-CHs), 5.24 (dtqg, J
1.4 Hz, J = 5.8 Hz, J = 15.2 Hz, 1H, CH=CH-CH?3), 4.51 (bs, 1H, NH), 3.65 (d, J
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5.8 Hz, 2H, CH2), 1.66 (dd, J = 1.4 Hz, J = 6.3 Hz, 3H, CH=CH-CH?3), 1.43 (s, 9H,
CHssoc) ppm.

13C NMR (100 MHz, CDCI3) 6 = 168.0 (C=0), 127.9 (CH=CH-CH3), 127.3 (CH=CH-
CHs), 80.2 (Csoc), 42.3 (CH2), 128.1 (CHsgoc), 17.3 (CH=CH-CHs) ppm.

HRMS (ESI*): m/z calc. 194.1151 [M+Na]*, found: 194.1159
The spectroscopic data are in agreement with those reported in the literature.?!3
6.7.6 (E)-but-2-ene-amine trifluoroacetate 64

O

T

(E)-tert-butyl but-2-en-1-ylcarbamate 63 (118 mg, 0.7 mmol) was dissolved in DCM
(12 mL). TFA (3 mL) was added dropwise and the reaction was stirred for 30 min.
TLC analysis showed the complete conversion of the starting material (petroleum
ether—EtOAc, 3:1; Rr = 0.5) to the product 64 (H20-IPA-EtOAc, 2:2:1; Ri= 0.1). The
reaction mixture was diluted with toluene (12 mL) and concentrated under reduced
pressure. The product was obtained as a white solid and used without further
purification (128 mg, 99%).

Vvmax/cm* (neat) 3037 (N-H), 2960 (C-H), 2937 (C-H), 1775 (C=0), 1665 (C=C), 1199
(C-0), 1145 (C-0), 967, 704

IH NMR (400 MHz, CDCls) & = 7.82 (bs, 3H, NHs*), 5.84-5.71 (m, 1H, CH=CH-
CHs), 5.52-5.42 (m, CH=CH-CHa), 3.40-3.30 (m, 2H, CHz) 1.67 (dd, J = 1.2 Hz, J
= 6.6 Hz 3H, CHs) ppm.

13C NMR (100 MHz, CDCls) & = 159.0 (q, J = 34.1 Hz, C=0), 132.0 (CH=CH-CHj),
124.0 (CH=CH-CHs), 118.2 (¢C), 40.9 (CHz), 17.9 (CHs) ppm.

The spectroscopic data are in agreement with those reported in the literature.%
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