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The greatest joy of life is to accomplish. It is the getting not the
having. It is the giving not the keeping. I am a firm believer in the
theory that you can do or be anything that you wish in this world,
within reason, if you are prepared to make the sacrifices, think and

work hard enough and long enough.

- Frederick Banting, 1923.
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Abstract

Thiol-ene ‘click’ chemistry is a radical-chain-mediated reaction between a thiol and
alkene that furnishes a robust, covalent thioether linkage. This reaction is considered a
‘click’ process due to its numerous beneficial attributes including chemoselectivity, rapid
reaction times and tolerance to atmosphere conditions. Over the years, thiol-ene
chemistry has been applied across diverse areas including chemical biology, polymer
chemistry, materials science and for the synthesis of therapeutic agents. This thesis
explores the development of thiol-ene mediated “click™ reactions for peptide and protein
modification, with potential applications in peptide bioconjugation methodologies

relevant to drug discovery and chemical biology.

Chapter 2 presents a ‘green’ methodology for peptide bioconjugation. For the first
time, peptide ligation was carried out under continuous-flow conditions using deep
eutectic, bio-based solvents and aqueous conditions. The scope of this methodology was
further expanded to the glycosylation of bioactive peptides demonstrating its scalable and

sustainable advantages for the pharmaceutical industry.

Chapter 3 describes the use of UV-initiated thiol-yne ‘click’ reaction for peptide
disulfide rebridging. The use of sodium borohydride (NaBH4) as an emerging peptide
disulfide reducing agent is investigated, since its use had previously been restricted to
protein modifications. The strategy was extended to include a range of biomolecules and
applied to an analogue of the naturally occurring hormone Somatostatin, with potential

cellular bioimaging applications.

Chapter 4 outlines the application of naphthalimides as a novel type of organic
photocatalyst for thiol-ene-mediated photoredox catalysis. Their aggregation-induced
emission properties enabled the study of this methodology in both organic and aqueous
media. Several examples of successful ligation reactions employing the novel

photocatalysts are presented.

Chapter 5 focuses on the development of a covalent, site-selective thiol-ene-
mediated mRNA display platform. This system consists of the incorporation of thiol-ene
‘click’ chemistry onto a standard mRNA display for more efficient discovery of peptide-

based protein-protein interaction inhibitors. The efficacy of the thiol-ene mediated
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process is demonstrated on a model system, highlighting potential applications for library

screening methods utilising this approach.
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Chapter 1

Introduction






Chapter 1 - Introduction

1.1 Therapeutic Proteins and Peptides

Proteins and peptides are crucial for many biological and physiological functions
in living organisms. Proteins, the building blocks of life, play a crucial role in various
aspects of cellular systems, including structure, binding, regulation, transport, immunity
and enzymatic activities.! These macromolecules are present in each component of every
cell, emphasising their origin from the Greek word “proteios”, meaning “primary”.? They
are essential for the function of every living organism.* There are three categories of well-
known therapeutic agents: small molecules, peptides and biologics (Table 1.1).* Peptides
are a distinct category of pharmaceutical compounds, positioned in between small
molecules and biologics, but possessing fundamental biochemical and therapeutical
differences from their counterparts. Apart from their low stabilities and short half-lives
in comparison with small molecules and biologics,” peptides possess sophisticated
advantages such as high specificity, low immunogenicity and low-cost manufacturing.*
Peptides intrinsically signal molecules for many physiological functions such as cellular
communication, as defence molecules for the microorganism or biomarkers.® Peptides

present an opportunity for therapeutic intervention that closely mimic natural pathways.’

Table 1.1: Three categories of well-established therapeutic agents and their properties.*

EN Y /4
Fors

g

Properties Small molecules Peptides Biologics

Target Limited Extensive Extensive
Affinity Low High High
Selectivity Low High High
Toxicity High Low Low
Immunogenicity Low Low High
Stability High Low Low
Tissue penetration High Low Low
Production cost Low Low High

In biology, natural peptides function as hormones and neurotransmitters for cell
communication, as antibodies in the immune system to defend against pathogens and
assist in transporting substances across biological membranes, amongst other activities.®’

They bind to cell surface receptors and trigger intracellular processes with high affinity
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and specificity. Therapeutic proteins and antibodies have a similar mechanism of action
to that of biologics, allowing for precise modulation of cellular responses.'® Short peptide
chains primarily serve as messengers for various endocrine signals, such as those
involving G protein-coupled receptors or growth factor receptors.!! This vital function
has been leveraged to develop drugs that can act as agonists in signal transduction

processes.

Exploration of therapeutic peptides began with the isolation of insulin, a 51-amino
acid (AA) peptide, from animal pancreases for therapeutic use in diabetic patients during
the 1920s.'? In the following years, more than 40 peptides drug were approved
worldwide.> In the 1950s, the nonapeptides Oxytocin'* and Vasopressin!® were
synthesised by Vincent du Vigneau, for which he was awarded the Nobel Prize. Oxytocin
(1, Figure 1.1) is a multifunctional peptide hormone, acting as a stress-coping agent, anti-
inflammatory, and antioxidant.'® Vasopressin (2, Figure 1.1) is a nonapeptide that serves
multiple roles as a neurohormone, neuropeptide, and neuromodulator, and is integral to
the homeostatic regulation of various physiological processes.!” Both Oxytocin and

Vasopressin are produced in the hypothalamus and released by pituitary glands.

OH
Q o
N [
’\RLH

: \\\ HN
P © j\ Ul
L _o° NH, NH2 X Y B\ N o
WV s z
)‘\ NH, OJ\,N\H/'\NAO e %
HN;\ U H HoN NH,
07 NH, °

Oxytocin, 1 Vasopressin, 2

Figure 1.1: Chemical structure of Oxytocin 1 and Vasopressin 2.

As ever more sophisticated platforms systems for peptide drug discovery and
development have been established, peptide drugs have evolved beyond simple hormone
mimetics and are no longer limited to natural AAs. To date, more than 170 peptides are

in active clinical development, with many more in preclinical studies.” '
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1.1.1 Therapeutic Properties of Peptides

Therapeutic peptides are a unique class of drugs composed of specific AA
sequences. They typically have molecular weights ranging from 500 to 5000 Da, which
is significantly greater than those of small molecule drugs.!'® The high specificity and low
toxicity of peptide drugs stem from their exceptionally tight binding to their targets,
which can be attributed to the vast chemical diversity provided by the side-chain
variations of native AAs.'® Calculations based on 17 variable residues (excluding Cys,
Met, and Trp, which are underrepresented in known ligands) indicate that an 83,000-
membered tetrapeptide library can be generated to effectively encompass all unique
protein-binding regions.!” Peptide drugs exhibit remarkable target selectivity, which is
reflected in their high success rate in clinical trials. Between 2020 and 2023, a total of 21
peptide-based drugs received regulatory approval, representing a substantial increase
compared to only 10 recorded in 2012.%2° However, despite their promising attributes,
the potential for peptides as therapeutics has been hampered by certain limitations of
native peptides, including short plasma half-life, poor oral bioavailability, membrane
impermeability, and limited in vivo stability.”?!?> These drawbacks of peptide
therapeutics arise from the presence of numerous peptidases and excretory mechanisms
which rapidly degrade and clear them via hydrolysis of peptidic amide bonds.>* While
this degradation plays a crucial role in regulating hormone levels and maintaining
homeostasis, it possess significant challenges for therapeutic development.?*
Furthermore, the necessity for injection has made peptides a less attractive option for
chronic outpatient treatments compared to oral drug delivery, which is preferred for
patient compliance. In order to address these challenges, innovative chemical
modification strategies have been employed to modulate pharmacokinetic properties.
While appropriate formulations or drug delivery systems can help mitigate these issues,?

chemical modification of peptides has been the primary focus of efforts to date .

1.1.2 Synthetic Strategies for Peptide Modifications

With few exceptions, most peptides exhibit oral bioavailability below 1%.2° In
order to address these limitations, various strategies has been developed to enhance the
oral bioavailability and membrane permeability. These include N-methylation to reduce
hydrogen bonding potential, cyclisation to increase structural rigidity, and the

introduction of intramolecular hydrogen bonds to minimise intermolecular hydrogen
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bonding and molecular flexibility.?* Cyclosporin A 3 (Figure 1.2) exemplifies the

successful integration of these strategies within its structure.

To overcome amide bond degradation by peptidases and proteases present in
human tissues,?’ strategies such as N- and C-terminal protection, substitution of L-AA
with D-AA, AA modification, cyclisation, and conjugation to macromolecules have all
been employed to enhance peptide stability. Some of these approaches enhance other
Absorption, Distribution, Metabolism, Excretion (ADME) properties, for example, both
stability and permeability can be enhanced in cyclisation, while conjugation to
macromolecules can enhance stability and reduce renal clearance. A notable example is
the cyclic peptide octreotide 4 (Figure 1.2) an analogue of the peptide Somatostatin,
which contains non-canonical AAs and has a half-life of approximately 100 minutes in
humans.?® This prolonged half-life is attributed to its binding to plasma lipoproteins,

which reduces renal clearance.
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Figure 1.2: The chemical structures of cyclosporin A, 3 with N-methylation (in blue) and butenyl-methyl-
L-threonine (Bmt) (in purple) modifications and octreotide 4, with D-AA (in blue) and reduced terminus
(in purple) modification.

Considering the therapeutic potential of cyclic peptides, cyclic peptide libraries
have gained significant interest in recent years.?*~*! Advancements in biotechnology have
led to the successful development of various display techniques for selecting novel
peptide-based macrocyclic binders targeting previously undruggable sites.?? In the 21st
century, three primary methods have been developed for peptide library preparation:
combinatorial synthetic libraries, DNA-encoded chemical libraries (DELs), phage
display, and mRNA display (Figure 1.3).>* The introduction of DELs has significantly
expanded high-throughput screening capabilities, surpassing the conventional small

molecule library size of approximately 10° and establishing itself as a key approach in hit
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identification. Meanwhile, mRNA display effectively leverages DEL technology, further
increasing the library size limit to approximately 10'3, thereby enhancing the discovery

of novel peptide-based therapeutics.>* >

In 1992, Sydney Brenner and Richard Lerner pioneered the creation of chemical
libraries and individual compounds connected to DNA fragments, which serve as
amplifiable identification tags or barcodes.*® DELs are generated using a split-and-pool
strategy, where each synthesised molecule is linked to a unique DNA tag. This DNA tag
enables the retrospective identification of the synthetic history of the molecule.’’
Screening of DELs is conducted against an immobilised protein target, and suitable
binders are identified through sequencing of the covalently attached DNA tag. (Figure
1.3a)

By contrast, phage display is an in vivo technique in which the translated peptide
is attached to a bacteriophage cell surface protein. cDNA is added into the phage coat
protein gene.*® During infection the cDNA is translated and the library peptide becomes
attached to a protein which is then displayed on the outside of the phage during phage
assembly. The selected sequences can be run through several cycles of phage display to

isolate binding sequences with higher affinities for the target (Figure 1.3b).

mRNA display involves transcribing a ¢cDNA library into mRNA, with a
puromycin molecule attached to its 3" end. During in vitro translation, the ribosome reads
the mRNA in the 5’ to 3' direction, utilising the P (peptidyl) site and A (aminoacyl) site
of the ribosome for tRNA binding. The P site holds the tRNA bearing the growing peptide
chain, while the A site accommodates the tRNA with the next AA to be incorporated.
Upon reaching the stop codon, translation ceases due to the absence of the release factor,
allowing the ligated puromycin to enter the A site. Puromycin then covalently attaches to
the polypeptide in the P site. The resulting polypeptide is linked to its coding mRNA tag
through a DNA spacer, facilitating sequence identification. Typically, the mRNA-peptide
complex undergoes reverse transcription, generating a library of cDNA-mRNA duplexes
linked to their respective peptides. This is followed by the selection and isolation of
binding peptides using an immobilised protein target. The cDNA sequences from the
selected binders are then recovered and amplified via polymerase chain reaction (PCR)
(Figure 1.3c). Successive rounds of mRNA display selection are performed until a

significant enrichment of specific sequences is achieved. mRNA display has enabled the
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screening of 10!2 — 10'* unique library sequences, establishing it as a powerful technique
for analysing vast libraries.>* This technique has several disadvantages, such as the small

scale at which peptides are synthesised. In such cases, it may be necessary to resort to

synthetic organic chemistry for peptide production.
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Figure 1.3: Primary methods developed for peptide library preparation in the 21 century: a) DELs, b)
Phage display ¢) mRNA-display.*

1.2 Peptide Synthesis

1.2.1 Solution Phase Peptide Synthesis

The fundamental reaction of peptide synthesis is the formation of an amide or
‘peptide’ bond between the amino group of one AA and the carboxyl group of another.
However, this reaction does not occur spontaneously under ambient conditions and
requires temperatures exceeding 200 °C.* Usually the formation of the amide bond

requires the activation of the carboxylic acid to form a reactive intermediate, followed by

6
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the acylation of the amine and subsequent loss of the activating group. This activation of
the carboxylic acid can be achieved by the conversion to highly reactive carboxylic acid
derivatives such as acid chlorides or anhydrides, or by the formation of an ‘active ester’
in situ using a coupling reagent. In 1901, Emil Fischer reported the first synthesis of a
dipeptide glycylglycine by hydrolysis of the diketopiperazine of glycine*® and few years
later, he developed a method of peptide coupling based on the use of acid chloride
derivatives (Scheme 1.1a).*! Theodor Curtius developed an azide-coupling method to
synthesize N-protected polyglycines (Scheme 1.1b).*> However, several limitations were
identified with the pioneering work of Fischer and Curtius, including the explosive nature
of azides and difficulties in obtaining enantiomerically pure L-AA with easily removable
amino-protecting groups. Therefore, a new generation of amide coupling reagents were

developed becoming commonplace in the pharmaceutical industry at that time.*

a) Fischer, 1905
0]

[0}
OEt
R,HN R,HN Et
2! j)LC| + HzN/\n/ — . 2 W)LN/\H/O
(0] -HCI R H o
1

R4
b) Curtius, 1902

0 e a H\)OL
N OEt
©)LH/\IOI/N3 + HZN/IrNJLOEt T’ ©)Lu/ﬁo]/ u/ﬁc])/

Scheme 1.1: a) Amide coupling by Fischer in 1905. b) Amide coupling by Curtius in 1902.

A key innovation in peptide chemistry lies in the introduction of the coupling
reagents typically employed to synthesise the ‘active ester’ intermediate. The principle
coupling reagents include carbodiimides such as N, N’-diisopropylcarbodiimide (DIC, 5),
phosphonium  salts such as  benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate ~ (PyBOP 6) and uronium/iminium  salts such as
Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium (HATU) 7 (Figure 1.4a).
The high reactivity of the O-acylurea can undergo either direct a-hydrogen abstraction
(Path A, Figure 1.4b), leading to formation of enolate species, or intramolecular
cyclisation to the formation of an oxazolone (Path B, Figure 1.4b), both of which can

lead to the racemised product.**



Chapter 1 - Introduction
a) Coupling Reagents and Additives :
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Figure 1.4: a) The chemical structures of coupling reagents and additives used for the synthesis of amide
coupling. b) Racemisation mechanisms via enolate formation (Path A) and via oxazolone (Path B) occurred
during amide coupling.

However, the introduction of carbamate based N-protecting additives such as 1-
hydroxybenzotriazole (HOBt, 9) was shown to reduce the formation of the oxazolone
species.*’ This occurs due to the conversion of the O-acylurea ester to an O-benzotriazole
(OBt) activated ester, stabilising the molecule and prevent O- to N-acyl transfer. HOBt
was later replaced by Oxyma Pure 10, reported by Albercio,*® which was determined to
be more favourable for industry use due to achieving superior coupling efficiencies while
inhibiting racemisation and lacking the explosive character of benzotriazole additives.
Tertiary amine additives such as N,N-Diisopropylethylamine (DIPEA, 11) or N-
methylmorpholine (NMM) can limit the deprotonation pathway due to their non-
nucleophilic character.*’ Finally, PyBOP 6 and Hexafluorophosphate Benzotriazole
Tetramethyl Uronium (HBTU) 8 (Figure 1.4a) have been demonstrated to be very
efficient as coupling reagents due to their mild activation conditions, racemisation

suppression, relative safety and low cost.*8

Due to the multiple steps required for these deprotection/coupling methodologies,
as well as the use of various coupling reagents which necessitate purification at each step,
solution-phase peptide synthesis becomes ineffective and tedious. This inefficiency is

further intensified by the need to repeat the process for each AA used, leading to a
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significant decrease in yields and making the peptides synthesis of longer sequences
nearly impossible.*’ The discovery of solid-phase peptide synthesis (SPPS) resulted in a

paradigm shift which enabled modern synthetic peptide chemistry as we now know it.

1.2.2 Solid Phase Peptide Synthesis

SPPS was first developed by Merrifield in 1963 who was awarded the Nobel Prize in
1984 for the synthesis of a tetrapeptide, Leucine-Alanine-Glycine-Valine (H-Leu-Ala-
Gly-Val-OH), using polystyrene resin functionalised with chloromethyl linker.> SPPS
utilises a functionalised insoluble polymer support to facilitate the covalent attachment
of the C-terminus residue of an N-protected AA through successive reactions and
filtrations resulting in the elongation of a sequence bound to the resin (Figure 1.5).%!
Reactive side chains from the AA are protected by orthogonal protecting groups in order
to prevent unwanted side reactions. Once the AA is attached to the resin, cycles of
washings and filtration are enacted to remove any side-products and excess reagents
without the need of chromatographic purification. The N-protecting group from the
following AA 1is then deprotected and coupled to the existing C-terminus. The cycle is
then repeated until the desired peptide sequence is complete. Finally, the AA side chains
of the resin-bound peptide are globally deprotected and the peptide is cleaved from the
resin. SPPS possesses several advantages over the solution-phase synthesis such as the
rapid synthesis of peptides, as purification steps between coupling steps are avoided, and
the ease with which more synthetically challenging couplings are achieved, due to the
energy provided by microwave heating.>? Another fundamental advantage is that the resin
imparts a high level of chemical selectivity itself due to the resin serves as a temporary
protecting group and also enables the specific functionalisation of the peptide C-

terminus.>>
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Figure 1.5: SPPS workflow. PG =Protecting Group

In 1965, Merrifield and Stewart engineered a fully automated peptide synthetiser
and applied it to the synthesis of 9-AA hormone bradykinin in 32 h, allowing 4 h per
AA* In 1962, a 124-AA biologically active enzyme was synthesised by Gutte and
Merrifield which become the largest peptide automatically synthesised at the time.>® The
application of microwave systems by Yu et al.>® along with development of new supports
and novel activating groups represent some of the emerging technologies that the
scientific community has been focused in the recent times.** °” *® Microwave-automated
solid-phase synthesisers have revolutionised both the pharmaceutical industry and

academic research.>’

1.2 3 Limitations of SPPS

Although SPPS has proven to be the most efficient methodology for peptide
synthesis, it still possesses several disadvantages and ongoing challenges. For the
synthesis of larger peptides (>30 AAs), it is necessary to use low-loading resins, which
provide greater spacing between C-terminal attachment sites on their surface to minimise
peptide aggregation. However, due to the inherently lower AA loading capacity per mmol

of resin, there is a higher cost per mmol of product peptide. Kent et al.,*°

introduced the
concept of ‘difficult sequences’, referring to peptide chains with a high number of AAs
which tend to form intramolecular B-sheets structures, leading to increased aggregation
potential (Figure 1.6). This aggregation arises from non-covalent hydrogen bond

interactions between the hydrogen amides and the carbonyls from the core of the peptide.

10
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Consequently, these sequences often exhibit poor deprotection and coupling efficiencies,
making their handling, synthesis, and purification particularly challenging or even
unfeasible.®! Various factors contribute to the increased propensity for inter-chain

interactions during peptide synthesis, including AA side chains, protecting groups, the

nature of N-substitution on the amide backbone and the solvent system employed.®*%

R
H
N Aggregation |
Hr OH process Ogezqn:‘,o:g‘:‘p‘:onzﬁo
K " ﬁ Ld Ll Ld L3
.'.' R H \ N a‘O'.‘n‘Q‘o'n'G‘o"w.G’
(@) N\e\N - . .
H
QLN)\‘( R

H (e}

A1 0
NJS/N H
I-{I R WT YILN/Sr
° R ¥
: W

Figure 1.6: Inter-chain hydrogen bonding during on-resin peptide synthesis and aggregation into [-
sheets.®!

Additionally, large amounts of solvent and reagents are typically required, often
resulting in very low overall peptide yields. In general, achieving a satisfactory yield of
the final product requires at a minimum: 4 equivalents of coupling reagent/additive, 4
equivalents of AA, and 8 equivalents of base.** Further research is still needed to improve
the synthesis of larger peptides and to develop more sustainable alternatives to the

standard conditions of SPPS.

1.2.4 Chemical Ligations

Novel chemical and chemoenzymatic approaches have been developed for the
synthesis of large peptides and proteins to address the limitations of SPPS. Chemical
ligation has proven to be the most useful and important approach, as it enables the general
coupling of unprotected peptide fragments in aqueous solution. In 1953, Wieland
reported the ability to form an amide bond via an intramolecular acyl shift (Figure
1.7a).%° They reported that valine thiophenyl ester 12 carried out amide bond formation
at an accelerated rate in aqueous solution at pH >7 with unprotected Cys 13 to form Val-

66, 67

Cys dipeptide 14. Following a similar principle, Kemp and Kerman introduced the

first ligation methodology for coupling two SPPS-synthesised peptide fragments through

11
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a "prior thiol capture strategy". In this strategy, peptide fragment 1 is protected at the C-
terminus by derivatisation with an ester group. Activation of the system occurs through
deprotection of a thiol group, which then reacts with the N-terminal cysteine (Cys)
residue of peptide fragment 2, forming a disulfide bond. The “capture site” is defined by
the thiol residue, which facilitates the attachment of the second peptide fragment. An
intramolecular acyl transfer subsequently forms a new amide bond between peptide
fragments 1 and 2, and the final peptide is then released from the template (Figure 1.7b).
The kinetics of the acyl transfer process have been shown to be highly sensitive to steric
effects, with reaction times ranging from 3 hours for Ala to 51 hours and 34 hours for
Val and proline (Pro), respectively.®® This methodology was applied to the synthesis of

the 29-residue C-terminus of the protein basic trypsin inhibitor.®’

a) Wieland, 1953
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Figure 1.7: Mechanism of: a) The first example of amide coupling via an acyl shift by Wieland in 1953.
b) The principle of the “prior thiol-capture strategy’ by Kemp and Kerman in 1981.8 PG= Protecting Group.

Following this work, several chemical ligation strategies were developed, among
which native chemical ligation (NCL) became the most important and widely used, as
reported by Kent and co-workers in 1994.”° NCL involves the chemoselective reaction
between an N-terminal Cys and a C-terminal thioester. The process begins with a

transthioesterification step at pH 7, forming a labile thioester intermediate, followed by

12
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an intramolecular S-to-N-acyl shift to furnish the native amide bond (Scheme 1.2). In
comparison with the previously reported technique by Kemp and co-workers, this
strategy also enables the coupling of two unprotected peptide fragments in aqueous
solution. However, in this case, the ligation reaction results in the formation of a ‘native’
amide bond at the ligation site.® Despite its advantages, this methodology is limited by
the requirement for a Cys residue at the ligation junction, a significant drawback, since
Cys is relatively rare in natural proteins.’! To overcome this limitation, a variety of related
methodologies inspired by NCL have been developed. These include the substitution of
anon-essential AA with Cys, as demonstrated by Dawson et al.,”* applied to the synthesis
of the 110-residue enzyme Cys49 barnase and auxiliary-mediated ligation (AML), which

enables ligation at non-Cys sites.
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Scheme 1.2: NCL mechanism.

1.3 Peptide Modifications

Synthetic modifications, which are often analogous to post-translational
modifications (PTMs), can be achieved by several methods, depending on the biomedical
objective. For example, the addition of polymers,’* carbohydrates,’* > or lipids’®”® to the
peptide, or the formation of antibody—peptide drug conjugates’ can promote cellular
targeting and uptake of the drug. These modifications can also facilitate bioimaging®® and
have applications in material science.’! In 2019, oral Semaglutide became the first
glucagon-like peptide-based receptor agonist (GLP-1RA) with C;g fatty diacid chain is
attached to Lys26 via a spacer, to receive marketing authorisation for the treatment of
type 2 diabetes.” Among 2024 approvals, examples include Palopegteriparatide, which
uses PEGylation to extend circulation time, and Pegulicianine, which is enzymatically

activated within the tumour microenvironment.>
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Modified peptides have been used as drug candidates in the treatment of cancer,
enzyme deficiency or metabolic disorders and infectious diseases.!® Creating additional
methods targeting to individual AAs holds great potential to enable researchers in
chemical biology, life sciences, and clinical medicine to use these techniques for targeted
applications.®>® Furthermore, targeting weakly nucleophilic or poor surface-exposed AA
residues has also been a primary aim for the researchers in these areas. An example of
this was the chemoselective bioconjugation of methionine (Met) residues via photoredox
reaction by Lin et al.%* More recently, there has been focused on the activation of AA
residues by the addition of reactive reagents for relatively inert AA or the addition of

electrophiles that can react with AA residues such as Lys and Cys.?¥

1.3.1 Cysteine-selective Chemical Peptide Modification

Cys is one of the least abundant AA in human proteins® and is therefore an ideal
functional handle to achieve selective modification of therapeutic peptides. Cys thiol is
both reduction/oxidation (redox)-active and highly nucleophilic.®® In proteins, Cys
participates in numerous chemical reactions such as catalysis, redox and metal trafficking
due to its high nucleophilicity and variable oxidation states.”® The nucleophilicity of the
Cys residue is governed by the pKa and ionisation state of the thiol,”! whereas the
oxidative capacity depends on the redox potential of a disulfide pair.”* The pKa of a
surface-exposed Cys thiol is around 8.0,”> however the pKa values range can be from 3.5
to 12 depending on the local protein environments.”* For this reason, Cys modification
using selective electrophiles has been developed in the recent years with the use of alkyl

halides, Michael acceptors and alkynes (Figure 1.8).%°
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Figure 1.8: Traditional electrophiles for Cys modification.

The most extensively explored electrophilic group for reaction with thiols are the
haloacetamides, which are compounds containing a halide in the o position of a carbonyl
moiety. This reaction was first reported in the 1930s with a ligation between glutathione

(GSH) and iodo-, bromo-, and chloroacetyl reagents.”® Several years later, this reaction,
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which is spontaneous at basic pH, was employed for peptide cyclisation, occurring
between a chloroacetyl group at the N-terminus and an internal Cys residue of the peptide.
This approach was widely used in the Random non-standard Peptides Integrated
Discovery (RaPID) platform for the discovery of biologically active peptide macrocycles
via mRNA display.”’

The thia-Michael addition reaction has also become a valuable tool for Cys
modification in a wild range of fields in chemical and biological systems. The thia-
Michael reaction consists of the nucleophilic attack of an induced thiolate anion onto the
electron deficient alkene, shown to be the rate-determining step of the thia-Michael
addition reaction pathway (Figure 1.9). The initiation process can begins with the
abstraction of a proton from a thiol which acts as a Brensted acid by a Bronsted base
catalyst, resulting in the in situ generation of a thiolate anion and its corresponding
conjugate acid (Figure 1.9a).°% The efficiency of this deprotonation step is governed
primarily by the pKa of the thiol and the basicity of the catalyst. A lower thiol pKa or a
stronger base facilitates more efficient formation of the thiolate, which is a highly
nucleophilic with typically unstable intermediate.” This reactive thiolate subsequently
performs a nucleophilic attack on the electron-deficient B-carbon of an activated alkene,
forming a carbanion intermediate (Figure 1.9b). In the final step, the carbanion abstracts
a proton from the previously formed conjugate acid, leading to the formation of the
thioether product and regeneration of the thiolate species, thereby enabling catalytic

turnover.

a) Base-catalyzed thia-Michael initiation

b) Thial-Michael propagation (;)
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Figure 1.9: Thia-Michael addition mechanism. a) Base-catalysed thia-Michael initiation b) Propagation
step of the thiolate to the B-carbon of an activated alkene and consequent proton abstraction from another
thiol with the thiolate regeneration.'?
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Maleimide motifs are the most commonly used modification for Cys residues in

proteins,'%

since they are considered to be highly reactive and selective conjugate
acceptors. The importance of maleimide chemistry was demonstrated in 1949 with the
antimitotic activity of maleimide in tissue cultures of chick fibroblasts,!! and the first
conjugation reaction between maleimide and a Cys residue was published in 1956 with
N,N'-(1,3-phenylene)-bis-maleimide, which was used as a crosslinking agent.!*? Several
applications have been developed following this approach and they have been used for
imaging Cys residues in proteins and for the bioconjugation of drugs onto

macromolecules.!??

Finally, some advances in the applications of Cys-reactive small molecules have
been developed as diagnostic and therapeutic tools for cancer. Some proteins such as
oxidoreductases, proteases, kinases, transcription factors, and metabolic enzymes that
regulate cancer pathogenesis have been identified as potential theragnostic targets.”
Owing to the presence of a highly reactive Cys residue in these proteins, targeting these
functional Cys with Cys-reactive small molecules represents a common strategy to
modulate activity. Other methodologies have recently been developed, including
photochemical peptide reactions as modification and bioconjugation strategies for Cys

residues in proteins.

1.3.2 Photochemical Peptide Modifications

Photochemical bioconjugation methods possess spatial and temporal control with
their reagent-free and selective nature. These types of reaction require the use of light
which initiates the reaction, generating highly reactive intermediates in sifu. The first
investigations of this method utilised high-energy ultraviolet (UV) light which was very
efficient for certain applications in chemical biology.!** However several disadvantages
were found as a result of the UV exposure, such as the observation of side-reactions or
the damage of biomolecules, cells and whole organisms.!®> Switching from UV to visible
light was shown to be milder even in complex matrices and in the case of far-red or near-
infrared (NIR) light, high tissue penetration with minimum cellular damage has been

achieved.!%

Photochemical peptide modification can typically be grouped in two categories,
based on whether the photoexcited state is generated by 1) direct excitation or ii) indirect

excitation via a photoactive additive. By direct excitation, the molecule itself achieves
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the desired excited state. This method has been used in biomacromolecular modification
and in peptide macrocyclisation.!®” However, this process has limited application and is
often used with conjugated systems to lower their excitation energies into the range of
visible light.!%* Therefore, indirect excitation is the more commonly employed
photochemical modification method used with biomolecules. It involves the activation of
a surrogate visible-light antenna chromophore to its excited state, such as a photocatalyst
(PC) or photoinitiator. Three main methodologies have been studied for indirect
excitation: hydrogen atom transfer (HAT), single electron transfer (SET), and energy

transfer (EnT) (Figure 1.10).

a) Radical-mediated HAT b) Photoredox mechanism via SET

AA AA
hv AA AA
H
Pc” hv pct
\V PC ﬂ/

AW

Initiation

AA—-H

c) Dexter EnT

T — +

EnT
hv —_—

P . _PE i [ iy

PC N

Figure 1.10: Indirect methodologies mechanisms for reactive intermediates via photosensitation. PI =
photoinitiator, PC = photocatalyst, AA = amino acid, A = Acceptor.'*

HAT involves the abstraction of a hydrogen atom from the substrate by an initiator
to generate a reactive intermediate. SET occurs when a high-energy excited state interacts
with the substrate, typically mediated by a PC. A wide variety of PCs exist, each with
distinct photochemical properties. When electron transfer occurs from the excited PC to
the substrate, the process is referred as a photoredox reaction.'”® EnT involves the
transmission of energy from an excited donor, usually in a high-energy triplet state, to a
substrate.!”” In this process, the donor relaxes to its ground state while transferring its
energy to the acceptor, promoting the acceptor to its own triplet excited state. In contrast

with SET, HAT is not recovered since the photoinitiator breaks down into a two different
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radical species and they are cleaved by the hydrogen extraction of the substrate, although

this not always the case.''”

Photoactivable moieties are widely employed in the field of bioconjugation,
particularly in photoaffinity labelling strategies. Commonly used photoreactive groups,
such as diazirines and aryl azides, generate highly reactive intermediates upon light
activation. These species can covalently modify proximal biomolecules in a broadly
reactive and non-selective manner. A notable example being the thiol-ene click (TEC)
reaction, which offers broad applicability for peptide and protein modification. Thiols are
commonly used in nucleophilic reactions such as alkylation,'!! arylation,'!? and disulfide
bond formation.!'®* However, nucleophilic TEC reactions often suffer from limited
selectivity, as they typically require activation and may involve electrophilic alkenes that
can undergo side reactions with other nucleophilic residues, such as Lys.!!* In contrast,
the photoinduced TEC mechanism, which proceeds via the generation of thiyl radicals
that selectively add onto unactivated alkenes, provides a more chemoselective and

efficient alternative.'?’

1.4 Thiol-Ene Click reaction

Free-radical mediated reactions have emerged as one of the most powerful tools for
the modification of peptides and proteins at Cys.!!> TEC has emerged as the preeminent
methodology in recent years.!!® This reaction is considered a ‘click’ reaction as defined
by Sharpless.!” A “click’ reaction must fulfil several criteria including (i) possess wide
scope (i1) generate readily removable by-products (iii) be stereospecific (iv) high yielding
(v) atom efficient and (iv) compatible with ambient conditions (H20 or O,).!!” The thiol-
ene reaction requires an initiator in order to facilitate thiyl radical formation. Thermal
initiation or photoinitiation can be used, although the latter is preferred for peptide
substrates in order to avoid undesirable side reactions under heating.!'®!"” The most
commonly employed initiators reported in peptide radical chemistry are 2,2-dimethoxy-
2-phenylacetophenone (DPAP, 15), 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959, 16) and 2,2’-azobis[2-(2 imidazolin-2-yl)
propane]-dihydrochloride (VA-044, 17) (Figure 1.11).197
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Figure 1.11: Molecular structure of common initiators: DPAP 15, Irgacure 2959 16, and VA-044 17.

The radical-mediated thiol-ene mechanism involves three distinct stages (i)
initiation: which involves generation of a thiyl radical by an homolytic cleavage of the S-
H bond (ii) propagation: whereby the thiyl radical undergoes anti-Markovnikov addition
onto an alkene to furnish a carbon-centered radical. The carbon-centered radical then
extracts a hydrogen from another thiol to give the thioether product and a new thiyl
radical capable of propagating the cycle and finally (iii) termination: whereby any
unreacted radical species dimerise, notably, termination products are usually
undetectable in thiol-ene reactions due to the high overall efficiency of the process

(Figure 1.12).1%°

l AR

hv

JSH N\ 4’; S S AR

Initiation

Chain Transfer

/Sj/\R /SH
H

Figure 1.12: Radical chain mechanism of the thiol-ene reaction.'?! PI= Photoinitiator.

1.4.1 Mechanistic Considerations

The radical chain mechanism of the thiol—ene reaction is governed by the ease of
hydrogen atom abstraction to generate thiyl radicals, as well as its compatibility with both
organic and aqueous solvents. The relatively low bond dissociation energy (BDE) of the
thiol S—H bond, approximately 87 kcal-mol™, is significantly lower than that of a typical
C—H bond. This facilitates efficient radical formation, making thiols effective initiating
species in radical processes. Depending on the thiol nature BDE differs in significant

units. As an example, aryl thiols BDE are around 79 kcal mol™! whereas in the alkyl thiols
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can achieve 70 or 84 kcal'mol! in the case of 4-aminothiolphenol and

pentafluorothiophenol, respectively.

The key steps for rate determination are the attack of the thiyl radical on the alkene
(propagation) and the chain transfer of the reaction via thiol proton abstraction by the
carbon-centred radical. The nature of the alkene plays a very significant role in governing
the efficiency and outcome of the thiol-ene reaction.!”” Experimental investigations of
photoinitiated thiol-ene reactions have shown that alkene structure can affect the rate of
the reaction. Norbornene and electron rich alkenes, such as vinyl ether and allyl ether, are
the most reactive while electron poor and conjugated alkenes are the least reactive due to
the respective stabilities of the C-centred radical intermediates in each case.!'> In
addition, when the radical attack is significantly slower than the chain transfer, the
concentration of alkene is the determining factor, as in the case of less reactive or electron
poor alkenes.!?? In contrast, the thiol becomes the rate limiting reactant when the chain
transfer is the limiting step. This occurs with thiols with a low propensity to form thiyl
radicals such as sterically hindered or less stable thiols due to the lack of resonance
stabilisation.'>> All of these kinetic factors have been studied over the years by the
correlation between the propagation (kp) and chain transfer rates (kct), first published by

Griesbaum in 1970.1%*

1.4.2 Thiol-yne Reaction

The analogous reaction thiol-yne click (TYC) reaction involves the addition of a thiyl
radical to an alkyne. In some instances, it is followed by a second addition of either the
same or a different thiol undergoing a sequential thiol-ene reaction (Scheme 1.3). As in
the case of TEC reaction, TYC requires use of an initiator to induce the thiyl radical and
start the cycle. The initiators typically employed for this reaction are typically the same
as those employed for TEC.

//R _SH ~
~SH ;4 S - 0 - S ’S\)\R

Initiation
Scheme 1.3: TYC reaction workflow.
Several potential side products can arise from competing termination pathways.
Compared to the thiol-ene reaction, the intramolecular thiol-yne reaction has been less

extensively studied, with only a limited number of examples reported in the
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literature.'?>!2® As a disadvantage, the Z/E-isomers of TYC varies, but some examples
have been reported where formation of the Z-isomer is favoured.'?”!?® Generally
considered complementary to thiol-ene and copper-catalyzed azide-alkyne cycloaddition
(CuAAC) reactions, the thiol-yne reaction may offer unique advantages for peptide
science where dual modification is an advantage, for example in the case of
glycosylation.!?® Peptide conjugation via TYC has proven particularly useful for network
polymer synthesis,!*® post-polymerization modification,'*! hyperbranched and dendritic

(co)polymer synthesis,'3? and surface functionalization.!

1.5 Applications of Thiol-Ene in Peptide Chemistry

Chemical modifications have become an efficient tool for synthesis of modified
peptides and proteins. Chemical modifications give rise to precise and uniform alterations
for the development of therapeutics.!?* One of the most common approaches involves
targeting native AAs such as Lys or Cys, which possess functional side chains amenable
to chemical modification. Numerous methodologies have been reported demonstrating
chemoselective targeting of specific functional groups or AA residues. Among these, the
most widely explored and established approach is the CuAAC, developed by Meldal and
Tornge, who were awarded the Nobel Prize in 2022.'3* Thiol-ene chemistry offers some
advantages over other related ‘click’ methodologies by forming an irreversible thioether
bond between the target protein or peptide and the desired probe (Figure 1.13). This
robust linker, which is also found naturally in nature, for example in methionine, is
resistant to degradation by enzymes, rendering the thiol-ene reaction a highly selective
and efficient strategy for bioconjugation. Thiol-ene chemistry has been most commonly
used for chemical peptide and protein modification applications including glycosylation,

lipidation and macrocyclisation.

a) TEC b) CuAAC
SH hv S E N3 R cu' 'l\l—
~ + SR ——m SR . + // —_— zN\/)_R

Figure 1.13: Comparison of covalent 'click' linker reactions: a) TEC reaction, b) CuAAC.
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1.5.1 Peptide Bioconjugation

Both ionic and radical-mediated chemistries have been successfully employed in peptide
and protein bioconjugation to achieve the formation of modified substrates displaying
distinct chemical entities linked by thioether bonds. Due to the mild reaction conditions
the thiol-ene reaction, the high degree of functional group compatibility and the complete
chemoselectivity, the TEC reaction suited to the study of biomolecules including

peptides, proteins, carbohydrates, nucleotides and lipids.

a) Seeventer et al.
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Figure 1.14: a) First glycosylation reaction via TEC chemistry by Seeventer et al. b) Work by Dondoni et
al. with the previous optimisation of allylated monosaccharide 24 with protected Cys and the optimised
conditions applied to the Cys-containing protein BSA.

It has been estimated that more than 50% of the human proteins are glycosylated,
making glycosylation one of the most common post-translational modifications (PTMs)
of proteins.!?* The first example of a thiol-ene mediated glycosylation reaction was

reported in 1974 by Lee et al.,,'*® and expanded by Van Seeventer and coworkers in the
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1990°s.'*” The reaction consisted of an allylated disaccharide 18 with mercaptoethanol

19 to furnish the target thioether product 20 in a 76% yield (Figure 1.14a).

Following these early studies which demonstrated compatibility of TEC with
glycans, thiol-ene chemistry has been widely applied in glycoscience, for example it has
been used for the synthesis of thiosugar monomers and S-disaccharides as enzymatic
probes,!*¢ for the synthesis of glycosylated AAs for use in SPPS,'*® and even for
oligosaccharides and carbohydrate derived biomaterials.'** Dondoni and coworkers first
applied radical mediated thiol-ene to the glycosylation of protected Cys derivates. The
reaction consisted of C-allyl glycoside 21 reacting with Fmoc and ‘Bu protected Cys 22
using DPAP 15 as photoinitiator to furnish the glycosylated monomer 23 in 92% yield
(Figure 1.14b).1*° This methodology was later applied to the glycosylation of bovine
serum albumin (BSA) which contains three distinct Cys residues (Figure 1.14b).!%
These optimised conditions were then applied to the thiolate monosaccharide 24 and
alkene-based unnatural amino acids (UAAs), including protected allylglycine (Agl) and

protected vinylglycine, achieving the corresponding thioether glycoconjugates in yields

greater than 80% (Figure 1.14b).!*!

Floyd et al. demonstrated direct thiosugar conjugation onto unsaturated proteins
via TEC chemistry by incorporating the UAA L-homoallylglycine (Hag) in place of Met
residues.'*? Initially, they optimised the reaction conditions between a thiosugar 25 and
Hag 26 using VA-044 17 as a photoinitiator, achieving a 79% isolated yield of the
glycoconjugate 27 (Figure 1.15a). This chemistry was subsequently applied to three
different protein substrates: Np276, SspG, and the Q virus capsid, each expressed in E.
coli with a single Met codon replaced by Hag through site-directed mutagenesis. All
inputs were performed at pH 4 and achieved over 95% conversion as determined by RP-
HPLC (Figure 1.15b). This work demonstrated the first application of the thiol-ene

reaction for site-specific protein modification using a ‘tag-and-modify’ strategy.
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Figure 1.15: The work of Floyd ef al.; a) the optimisation of thiosugar 25 with L-homoAgl 26 in presence
of VA-044 17 as photoinitiator in phosphate buffer. b) Demonstration of this chemistry applied to an
allylated protein such as SspG-Hag43.

Lipidation is a key chemical modification affecting the physiochemical properties
of peptides and is widely used in the design of drug candidates.!*’ The addition of lipids
onto peptides is utilised to increase the stability, bioavailability and membrane stability
of therapeutics.!*146  Lipopeptides have been employed to combat microbial

147.198 and have been synthesised by the inclusion of lipids during SPPS.'*’ The

infections,
use of TEC chemistry for the synthesis of lipo-AAs for use in SPPS has been
demonstrated by Triola et al. in a two-step process.'>® The first step is the deprotection
of the trityl-protected Cys, followed by the addition of the lipid chain alkene. This
approach has been proved to decrease the racemization on the o position in comparison
with other methods. Based on this, the Cysteine Lipidation on a Peptide or Amino Acid
(CLipPA) approach developed by Brimble group in 2013 has become one of the most
prominent tools for peptide lipidation (Figure 1.16).">! The unprotected peptide is
lipidated with vinyl palmitate 28 using DPAP 15 as photoinitiator, achieving lipidated
antigenic peptide via TEC chemistry (Figure 1.16a). This approach involves vinyl esters
28 with a bonded lipid chain, which can modify the Cys residues using TEC chemistry.'>!
This methodology was optimised and applied to longer-chain peptides by Yang et al.,
including a 44-residue peptide, achieving a lipidated peptide in 81% vyield (Figure
1.16b).">? Finally, Brimble group expanded their methodology combining NCL and
CLipPA. Yim et al. carried out the NCL of the linear peptide with a thioester in the C-

terminus and Cys residue at the N-terminus. The reaction was conducted at pH 7.5 in the
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presence of dithiothreitol DTT obtaining cyclised peptide in 30 min. Using vinyl
palmitate 28 as the unsaturated lipid derivative and DPAP 15 as photoinitiator in acidic

conditions for 1 h, the iturin analogue was prepared in 85% conversion (Scheme
1.16C).153’154
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Figure 1.16: CLipPA approach by Brimble group. a) TEC reaction towards peptide lipidation for SPPS by
Wright et al.'>! b) Lipidation via TEC of 44-residue peptide with vinyl palmitate 28 by Yang et al.'> ¢)
NCL-CLipPA via TEC chemistry yielding lipidated cyclic Iturin analogue by Yim et al.'>>!%

1.5.2 Peptide Macrocyclisation and Stapling

The most widely explored application to date for radical mediated thiol-ene
chemistry on peptides is peptide macrocyclisation and stapling in order to increase the
durability, stability, selectivity and permeability of biologically active peptides.!'>
Macrocyclic peptides are primarily peptide-based molecules characterised by one or

more ring structures that include several AA residues.'”® On the other hand, stapled
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peptides consist of peptide chains that bring an external brace, the ‘staple’, that forces the
peptide structure into an a-helical arrangement.!>’ In addition, thiol-yne mediated
reactions have recently been explored in the context of peptide macrocyclisation and
stapling and have been found to be equally as versatile as thiol-ene while furnishing
useful vinyl-sulfide containing cyclic peptide products.'?” Interestingly, in many of these
applications catalytic amounts of initiator are often sufficient for full conversion, which
is usually not the case for other intermolecular reactions. Trapping of thiyl radicals in an
intermolecular process is a useful approach that has been employed as an effective
method for peptide stapling in both one- and two-component systems, with successful

applications both in solution and for solid support synthesis.'?°

The one-component methodology requires the presence of both a thiol and an
alkene within the same molecule. Therefore, the alkene moiety must be strategically
incorporated into the peptide sequence in advance. A common example is the use of Lys
side-chain with an Alloc-protecting group or norbonene functionalisation.'*® In 2010,
Aimetti et al. reported the first thiol-ene mediated on-resin peptide macrocyclisation,
which was also the earliest example of photochemical thiol-ene mediated peptide
macrocyclisation. The Cys residue of an integrin-binding cyclic Arg-Gly-Asp (RGD)
peptide and internal alkene, incorporated through a Lys sidechain, were reacted with
DPAP 15 as photoinitiator in DMF under UV-light.!>® The cyclised peptide was achieved
in 37% and 24% yield respectively, with yields based on SPPS standards (Figure 1.17a).
Photoactivation was shown to be more efficient and a quicker approach than the use of
thermal activation. Following this work, the same authors demonstrated that a sequential
thiol-ene macrocyclization followed by thiol-yne addition could be employed for the
formation of multivalent cyclic peptides.'”® This approach enabled conjugation of a
cyclic-RGD motif onto a multivalent polymer backbone in a chemoselective process.
Interestingly, a combination of cyclic and multivalent peptides was found to act
synergistically to enhance the inhibition of fibrinogen binding to glycoprotein IIb/I1la, a
key integrin found on the surface of platelets, by up to two orders of magnitude. On-resin
thiol-ene macrocyclisation was subsequently expanded by Zhao et al. with the use of
UAAs bearing but-4-enyl, pent-5-enyl, or hex-6-enyl sidechains (Figure 1.17b). Peptides
were cyclised using Irgacure 2959 16 as photoinitiator in DMF under UV-light conditions
achieving 79-90% RP-HPLC conversions.!'®
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Figure 1.17: On-resin peptide cyclisations via TEC by: a) Aimetti ef al.,'>® b) Zhao et al.'*

This approach has been explored in both on-resin and for solution-phase
cyclisation. Hoppmann et al. reported the incorporation of a photoswitchable click AA
(PSCaa) with a terminal alkene, enabling the TEC reaction.!®! The PSCaa was introduced
into the peptide by SPPS and cyclised with a Cys residue located at position 9 of the
peptide. TEC cyclisation was then carried out using VA-044 17 as a photoinitiator,
triggering a trans-to-cis isomerisation of the azo group (Figure 1.18a). Full conversion
to the cyclised peptide was confirmed by RP-HPLC. More recently, Nolan et al. applied
TEC-based peptide cyclisation to develop thioether-bridged neuropeptide analogues of
the well-known hormone oxytocin.!®> While oxytocin is susceptible to reduction in vivo,
the introduction of a stable thioether linkage could enhance its suitability for drug
development. In their study, the authors introduced an Agl residue at position 6 via SPPS,
and, using DPAP 15 as the photoinitiator, achieved cyclisation with RP-HPLC
conversions exceeding 90%, as well as confirming the structure by 'H NMR

spectroscopic analysis (Figure 1.18b).
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Figure 1.18: One component TEC stapling in solution by: a) Hoppman et al.,'®! b) Nolan et al.'®?

Two-component methodologies involve both the peptide of interest and an
external modifier, resulting in a two-step cyclisation process. The first step consists of a
TEC reaction between the peptide and the external stapling agent, which subsequently
undergoes an intramolecular TEC reaction to form the second staple.'%* Compared to one-
component cyclisation, this approach offers the advantage that no modifications are
required within the peptide itself, as native Cys residues can be used in combination with
a variety of dienes. The pioneers of this approach were Wang et al., who employed diene
29 and a peptide containing two Cys residues, along with DPAP 15 as a photoinitiator, to
obtain the stapled peptide in 90% yield under UV-light irradiation.'®* The same authors
later extended this chemistry to diallylurea-type dienes 30 and peptides, this time
employing aqueous conditions with the water-soluble photoinitiator VA-044 17. In this
case, the stapled peptide was obtained in 95% yield (Figure 1.19).!% This study was then
extended to a TYC stapling and a combination of TYC-TEC stapling, where the first step
is TYC-mediated to form a vinyl sulfide linkage which was subsequently modified by
TEC under UV-light conditions to furnish bicyclic stapled peptides and proteins.'%
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Figure 1.19: Two component TEC-stapling by Wang et al.!>% 164 165 i) The peptide was reacted with the
diene linker 29 to yield stapled peptide in the presence of DPAP 15 and NMP for 15 min under UV-light
conditions.!?’ ii) The peptide was reacted with urea diene 30 in aqueous conditions with VA-044 17 and
TCEP for 15 min to yield the stapled peptide.'®

1.5.3 Other Applications

TEC and TYC chemistries have been widely explored in various fields beyond
peptides, including sugars and proteins.!¢%!¢” The acyl-thiol-ene (ATE) reaction shares
a similar mechanism with the previously mentioned TEC reaction and has recently gained
significant attention. ATE involves the reaction between a thioacid and an alkene in the
presence of a thermal initiator or photoinitiator. This reaction yields a thioester product,
which serves as a valuable intermediate for accessing the corresponding thiol due to its
ease of hydrolysis. Numerous reports in the literature have highlighted the utility and
versatility of this transformation. In 2018, McCourt et al. reported the synthesis of
thiolactones via ATE and acyl-thiol-yne (ATY) cyclisation.'®® The authors synthesised
thioacid 41 containing a terminal alkene, and reacted it under UV irradiation for 2 h using
DPAP 15 as the photoinitiator and MAP as the photosensitizer to selectively obtain the
final y-thiolactone 42 in 88% yield. The same approach was extended to the ATY
reaction: an unsaturated thioacid 43 was cyclized in the presence of DPAP 15 and MAP,
affording y-unsaturated thiolactones 44 in 51% yield (Scheme 1.4). Interestingly, they
also reported that the 5-exo-trig product was more favoured in the case of thiolactones
due to the stability of the corresponding carbon-centred radical. However, in case of

thiol—ene thioether products, the 6-endo-trig product was more stable.
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Scheme 1.4: ATE and ATY cyclisation of y-alkenyl and alkynyl thioacids by McCourt ef al.'®®

Inter- and intramolecular ATE has also been applied to peptide macrocyclisation.
Benny et al. reported the cyclisation of a linear peptide 45 via ATE, introducing an alkene
moiety through the incorporation of an Agl residue, and synthesizing Boc-Asp(STrt)-
OTMS to generate the corresponding thioacid upon deprotection/cleavage.!®® Peptide
cyclisation was then carried out in the presence of DPAP 15 as a photoinitiator under
UV-light irradiation for 15 min (Figure 1.20a). Crude RP-HPLC analysis showed
complete consumption of the starting material and 90% conversion to the final
thiolactone peptide 46. The methodology was further expanded to a series of bioactive
peptides containing diverse chemical functionalities. All the cyclised peptides were
achieved in high conversion according with RP-HPLC analysis. A recent study by
Ostrovitsa et al. developed a new strategy for on-resin direct peptide hydrothiolation
employing intermolecular ATE and S-deacetylation chemistries.!’”” This study
synthesised several Vasopressin and Somatostatin analogues by the addition of a Fmoc-
Agl residue during the SPPS. This methodology, implementing TEC, was performed by
the addition of thioacid 47, DPAP 15 and MAP as photoinitiator and photosensitiser
respectively in DMF for 15 min. This reaction was then followed by S-deacetylation
using DTT and H-Cys-OMe in DMF/PBS at pH 8.5 for 1 h at rt. The thiolated product
was cleavage from the resin and cyclised by the disulfide bond formation. The final

cyclised product was yielded in 24% isolated yield (Figure 1.20b).
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Figure 1.20: a) Intramolecular peptide cyclisation via ATE by Benny et al.,'®® b) On-resin hydrothiolation
methodology via intermolecular ATE reaction and followed S-deacetylation for the synthesis of
Vasopressin and Somatostatin analogs.!”

TEC chemistry has also found application in the study of native protein post-
translational modifications (PTMs), particularly ubiquitination. Ubiquitination is a
fundamental PTM that involves the covalent attachment of ubiquitin, a 76-AA protein,
to modify proteins through the coordinated action of the E1, E2, and E3 enzyme cascade.
This modification plays a critical role in regulating protein function, subcellular
localisation, and proteasomal degradation.!”! Given the high selectivity of TEC, this is a
valuable method for site-selective Cys labelling in proteins. Deubiquitinating enzymes
(DUBs), which catalyse the removal of ubiquitin from substrate proteins, represent a
diverse family of approximately 100 members.'®” These enzymes are classified into seven
subfamilies, six of which are Cys proteases.!”* Neil et al. reported the design of an alkene-
functionalised ubiquitin activity-based probe (ABP), referred to as HA-1-75Ub-alkene
probe, which undergoes a TEC reaction to selectively label DUBs (Figure 1.21).! In
this study, an alkene moiety was introduced at the C-terminal isopeptide linkage of
ubiquitin, enabling a covalent reaction with the Cys residue within the DUB active site.
The TEC reaction was initiated under UV-light irradiation in the presence of DPAP 15
as photoinitiator and MAP as photosensitiser. Notably, successful labelling was highly
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dependent on a degassing step along with the UV explosion. Building on this approach,
Campanico et al. optimised the TEC labelling strategy by evaluating alternative initiation
conditions.'%” They explored UV-, visible-light-, and redox-initiated TEC using Irgacure
2959 16, 9-mesityl-10-methylacridinium perchlorate (Mes-Acr*), and manganese(III)
acetate (Mn(OAc)3), respectively. The authors demonstrated that all initiators effectively
triggered TEC-mediated DUB labelling. However, Irgacure 2959 16 was found to be
particularly advantageous for experiments involving cell lysates, due to its ability to
achieve rapid and efficient bond formation under atmospheric conditions.

_ o
: I')LN/\%\R Binding

—ee

Ubiquitin 475

Figure 1.21: Covalent bond formation of probes to DUBs via a thiol-ene reaction by Neil et al.'”

1.6 Work Presented in this Thesis

As discussed in this chapter, TEC reaction has been demonstrated as a selective and
broadly applicable strategy for protein and peptide modification. Nevertheless, there are

certain applications of thiol-ene reaction that have not yet been explored.

Chapter 2 describes a novel methodology that involves the development of TEC-
mediated ‘green’ peptide bioconjugation under continuous flow. Building on previous
work from the Scanlan group which established the potential of ‘green’ peptide
conjugation. This study extends the ‘green’ chemistry dogma to a continuous flow
approach. Glutathione (GSH) was utilised as a model peptide and, once its conjugation
under continuous flow was optimised, the scope was expanded to include a variety of
alkenes in ‘green’ solvents such as Deep Eutectic solvents (DES), bio-based solvents and
fully aqueous conditions. This approach was then applied for the glycosylation of
bioactive peptides, culminating with the glycosylation of an anticancer RGD peptide

under continuous-flow conditions in both DES and aqueous media.
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In Chapter 3, the development of one-pot peptide disulfide rebridging via TYC was
investigated inspired by previous work of Griebenow et al.!’* To date, phosphines have
been the predominant disulfide-reducing agents employed in this context. However, this
work introduces NaBH4 as an unexplored disulfide reducing agent in peptide chemistry.
First, optimisation of this strategy was undertaken for both disulfide reduction and TYC
reaction. A broad scope was investigated with a range of synthetised alkynes and, this
approach was finally applied to the modification of the Somatostatin analogue octreotide

4 with a view towards cellular bioimaging applications.

Chapter 4 explores an emerging methodology employing a new class of organic
photocatalyst for thiol-ene reaction. While naphthalimides have been previously reported
as photoinitiators for polymer chemistry, herein we demonstrate its reactivity suitable as
photocatalyst for organic molecules and peptide modifications via TEC-mediated
photoredox. Optimisation studies of naphthalimides as photocatalyst for thiol-ene
chemistry was carried out in both organic and aqueous conditions as homo- and
heterogeneous catalysis, respectively in order to understand its mechanisms under UV-
light irradiation. This approach allows us to develop a variety of applications from

organic photochemistry to peptide modifications in biological environments.

Chapter 5 describes a novel approach for site-selective, peptide-based protein-protein
interactions (PPI) inhibitors using TEC. mRNA display has been established as a
powerful platform for discovering peptide ligands via affinity-based selection of a target
protein. However, no evidence of site-specific inhibition can be obtained by this method.
To address this limitation, in this chapter a selective chemistry such as TEC chemistry
was integrated into the standard mRNA protocol. By introducing covalent warheads such
as the thiol group from a Cys residue of the target protein and an encoded alkene moiety
in the DNA library, site-selective covalent inhibition can be achieved. Initially,
optimisation of the thiol-ene reaction under mRNA display conditions was undertaken in
order to confirm compatibility with the TEC reaction using a mRNA display parameters,
such as small-scale reactions. Finally, this approach was applied to a first round of mRNA

display selection as proof-of-concept of this method.
Chapter 6 presents a final summary of the work presented throughout this thesis.

Chapter 7 contains experimental details and characterisation data for the compounds

synthesised over this thesis.
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‘Green’ thiol-ene mediated
peptide bioconjugation under

continuous flow+
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Chapter 2

2.1 Introduction

The traditional perception of radicals as highly reactive intermediates over which little
selectivity and control can be wielded has evolved significantly in recent years, largely
due to the development of highly selective reagents and catalysts that can modulate
radical reactions under mild reaction conditions through, fast, well-understood
mechanistic pathways.!” The application of radical species in organic chemistry began
over 120 years ago with the discovery of C-centred radicals.!”® Extensive use of metals
including Sn, Sm and Hg for radical generation persists within contemporary organic
syntheses, despite issues with toxicity and disposal.!”” This has severely limited the
potential for radical chemistry to adhere to the principles of ‘green chemistry’, especially

within an industrial context.

From a green chemistry perspective, the large requisite quantities of solvents used
in both industry and academia remains highly problematic. Green chemical syntheses are
governed by regulations to minimise the use of organic solvents, instead favouring non-
hazardous alternatives.!”® The thiol-ene reaction has the potential to be considered an
archetypal green reaction due to its numerous advantages, as previously discussed in
Chapter 1.4. One of the most prominent limitations of this reaction, from the perspective
of sustainability, is the requisite use of harmful organic solvents. This is to ensure
sufficient solubility of organic photoinitiators such as DPAP 15 and organic biomolecules
used for peptide bioconjugation, both of which possess negligible aqueous solubility.'?!
For substrates possessing some organic solubility, the addition of alcohol or ethereal
solvents such as methanol (MeOH), butan-1-ol (BuOH) or tetrahydrofuran (THF) is
sufficient to permit efficient thiol-ene addition. Peptide chemistry is also in need of an
ecological makeover, as current synthetic methods commonly rely on
dimethylformamide (DMF), dimethylsulfoxide (DMSO) and related hazardous solvents
to ensure initiator solubility.!” N-methylpyrrolidone (NMP) and DMF are defined as
substances of very high concern by the European Chemicals Agency (ECHA) and have

serious and irreversible effects on human health and the environment.'3°

In order to address these limitations, the use of greener solvents, such as water,
bio-based solvents, and deep eutectic solvents (DESs), in place of noxious organic
solvents. Water is the prototypical green solvent as it is non-toxic, readily available and

cheap. Peptide chemistry presents an ideal opportunity for the use of aqueous conditions
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in synthesis due to the fact that native peptides tend to be water soluble. Deep eutectic
solvents (DESs) consist of two components: a hydrogen bond acceptor, usually an
ammonium salt, and a hydrogen bond donor. These individual components form strong
interactions, resulting in an overall decrease in the melting point compared to an ideal
mixture.'®! The use of DESs is highly advantageous as they can be reused, biodegradable,
they have low toxicity and natural origin, thereby reducing solvent waste in organic
syntheses. It has also been shown that DESs are compatible with TEC chemistry.'®? Bio-
based solvents, such as glycerol, ethyl lactate, D-limonene, and methyl soyate are isolated
from renewable raw materials or waste feedstock.'®® DESs and bio-based solvents
possess advantages such as safer use, greater biodegradability and reduced toxicity in

comparison with conventional organic solvents.

2.1.1 Continuous-Flow Chemistry

Fundamentally, continuous-flow chemistry refers to chemical reactions undertaken
through a continuous flow of solvent, reagents and substrates which are pumped through
tubing at a constant rate. Reagents, flow rate, solvents, reaction time, and temperature are
fixed over the course of the reaction. Reaction efficiency is controlled by flow rate and
the residence time of the reactor.'® The type of reactor is selected based on the type of

chemical reaction that is being carried out (Figure 2.1).

T,Y, Cross
Reagents and pumps Mixing Reactor Collection Optional

in-line purification
Reagent A @*_
UV-light l
Reagent B Q—; —

§ =

Chip Coil Packed-bed

Figure 2.1: Flow system reported by Kerry Gilmore and co-workers.!35 The system begins with reagent
delivery where all the reagents are introduced in the system and subsequent mixing is carried out if more
than one reagent is included. The mixture is then introduced into a reactor. Quenching and pressure
regulation can be included in the system. Finally, collection or connection to an analytical or purification
system.
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Chip type reactors are commonly used for organic processes in solution. Chips
are designed to ensure laminar flow dominates over the course of the reaction, achieving
more efficient mixing. The use of smaller chip reactors is beneficial due to the prevention
of undesired local overheating (‘hot spots’), giving greater selectivity and higher
yields,'® however, they are significantly more expensive than simpler coil-based
reactors. Coil reactors consist of a long length of tubing coiled around a central support,
permitting greater reaction scales. Coil reactors are also easier to set up and more cost
efficient. Packed bed reactors feature immobilised reagents or catalysts in heterogeneous
catalysis and other reaction processes.'®” Once the reaction has been carried out,
analytical or purification strategies such as high-performance liquid chromatography
(HPLC), liquid chromatography-mass spectrometry (LC-MS), infrared (IR)
spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy may be incorporated

in-line to easily monitor reaction completion and aid in product characterisation (Figure

2.1).187, 188

The goals of flow chemistry and green chemistry are closely aligned in
prioritising the development of highly efficient synthetic approaches.'® Flow chemistry
has contributed to making chemical processes more sustainable and safer in both industry
and academic settings.'”® Flow chemistry offers numerous advantages over traditional
batch synthesis, including greater control over selectivity and reproducibility, safer
reaction setups, and more precise regulation of parameters such as temperature, reagent
equivalents, and solvent volume.'®® It also facilitates easier scale-up, making it especially
well-suited for the large-scale synthesis of pharmaceuticals.'®> As a highly efficient two-
component reaction requiring only catalytic quantities of initiator, the radical mediated

thiol-ene reaction is an ideal candidate for adaptation to a continuous flow set-up.

TEC under continuous flow has been reported for the synthesis of alkylic
thioesters,'”! lipidated Cys derivatives,'”® substituted cinchona alkaloids,'”?
thiomorpholines'** and polyamidoamines.!”> To date, however, radical mediated thiol-
ene modification of biologically pertinent unprotected peptides has not been
demonstrated either under continuous flow or in fully aqueous or ‘green’ conditions. This
concept is explored in the following chapter through the radical-mediated hydrothiolation
of small molecules displaying a terminal alkene functionality with Cys containing

peptides under continuous-flow.
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2.2 Previous Work Within the Scanlan group and Aims

Previous work within the Scanlan group demonstrated the compatibility of the TEC
reaction with DESs under batch conditions. The TEC reaction was optimised to afford
excellent yields using either organic photoinitiators or molecular oxygen to propagate the
reaction. Following the successful application of this system to small molecules, its
application to a peptide binder for the SARS-CoV-2 spike protein was performed using

this green platform to generate conjugated analogues. '

In this project, the primary aim is to establish the first application of a green,
photoactivated, radical-mediated thiol-ene reaction for peptide bioconjugation under
continuous-flow conditions. A series of bioconjugation reactions were carried out using
DESs, bio-based solvents, and fully aqueous systems to demonstrate their compatibility
with a range of biologically relevant peptide substrates. The incorporation of the water-
soluble photoinitiator Irgacure 2959 16 enables the efficient synthesis of bioactive
glycosylated peptides under entirely aqueous conditions, thereby eliminating the need for
organic solvents and improving the overall environmental sustainability of the process.
The chapter concludes with a study on the glycosylation and biotinylation of an
anticancer RGD peptide under continuous flow conditions in both DES and aqueous

media.

2.3 Results and Discussion

Glutathione (GSH) 48 was selected as a model thiolated substrate due to the therapeutic
potential of GSH conjugates (GSX)!°® and its commercial availability. GSH is a tripeptide
that consists of glutamic acid (Glu), Cys, and glycine (Gly) residues (Glu-Cys-Gly). GSH
is a major antioxidant in cellular homeostasis that maintains the cellular redox status to
enable efficient physiological functions such as detoxifying xenobiotics and drug
metabolism.'®” Decreased GSH levels are commonly associated with the aging process,
as well as in a wide range of pathological conditions, such as neurodegenerative
disorders.!”® Notably, GSH depletion and/or alterations in GSH metabolism appear to be

crucial in the onset of Parkinson’s disease.'””-!®
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2.3.1 Optimization of the Thiol-ene Reaction with GSH Under Batch Conditions

Initial investigations into radical mediated thiol-ene chemistry to access GSX conjugates
were carried out under conditions previously reported by Conway and co-workers.!
DPAP 15 was used as a photoinitiator in THF/H20 (1:1) in order to ensure sufficient
solubility of both GSH 48 and DPAP 15. Allyl alcohol 49 was selected as a model alkene
substrate as it is readily available and exhibits good solubility in the solvent system.
Optimisation reactions were performed using GSH 48 and allyl alcohol 49 with DPAP

15 as photoinitiator in a 112 W Luzchem UV photoreactor under stirring (Table 2.1).

Table 2.1: Optimization table of GSH 48 and allyl alcohol 49 with DPAP 15 as photoinitiator in THF/H,O

%\/4 H/
9

S
0 0 0 (0] (0] (0]
H DPAP (15) Jl\/\)j\ H
N
HOJWLN/Q(N\)LOH _— HO v N \)LOH
z H
0 Ha 0

OH

NH, H THF/H,0 N
(1:1)
48 hv 50
Entry GSH:Alkene DPAP GSH Concentration Time Power Yield?

(eq.) (eq.) [M] (min) W) (%)
1 1:1 0.05 0.2 60 112 82
2 1:2.5 0.05 0.2 60 112 91
3 1:25 0.1 0.2 60 112 91
4 1:2.5 0.2 0.2 60 112 93
5 1:2.5 0.05 0.4 60 112 87
6 1:25 0.05 0.6 60 112 96
7 1:2.5 0.05 0.6 5 112 88
8 1:2.5 0.05 0.6 10 112 91
9 1:2.5 0.05 0.6 20 112 93
10 1:25 0.05 0.6 20 36 89
11 1:25 0.05 0.6 30 36 86

2% yields are quoted as isolated yields.

The thiol-ene reaction of 1 eq. of GSH 48 and 1 eq. allyl alcohol 49 in the presence
of 0.05 eq. of DPAP furnished thioether adduct 50 in 82% yield (entry 1, Table 2.1)
following purification by column chromatography. Analysis of the 'H NMR
spectroscopic spectrum of the crude mixture indicated the presence of unreacted GSH 48.
A further 1.5 eq. of allyl alcohol 49 was added to achieve complete consumption of GSH
and 91% yield of conjugated GSH product (entry 2, Table 2.1). The number of

equivalents of photoiniator DPAP 15 was increased, however, this did not result in any
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appreciable increase in yield (entry 3 and 4, Table 2.1). Concentration in continuous flow
systems has a critically important role. The ability to perform reactions at high
concentration is beneficial from a green perspective as the required solvent volume is
reduced. To investigate the effect of concentration on this reaction, it was performed at
increased GSH 48 concentrations of 0.4 M (entry 5, Table 2.1) and 0.6 M (entry 6, Table
2.1) with yields of 87% and 96% respectively, with no detected formation of undesirable
side products. This confirmed that higher reaction concentrations lead to an overall
improvement in yield. The effect of reaction time on reaction yield was also investigated
(entry 7, 8, and 9, Table 2.1). 'H NMR spectroscopy after 20 min indicated full
conversion of GSH 48 and isolation via column chromatography gave GSX conjugate 50
in a 93% yield. A change in the UV-light source used for these reactions was necessary
to enable easy modification of the continuous flow set up. The reaction of GSH 48 and
allyl alcohol 49 was carried out using a 36 W portable UV nail lamp, with only a minor
reduction in yield (86-89%) observed upon isolation of the product (entry 10 and 11,
Table 2.1). With the optimised conditions for this model reaction in hand, application to

a continuous flow set up commenced.

2.3.2 Optimisation of the Thiol-ene Reaction with GSH Under Continuous Flow

Conditions.

Optimisation reactions under continuous flow employed a system consisting of two
HPLC pumps and a microchip reactor (1000 puL) covered by a 36 W UV lamp (Figure
2.2).8

Figure 2.1: a) Integrated Syrris Ltd. continuous flow system in the O'Shea Laboratory (RCSI) on which
initial radical mediated thiol-ene chemistry optimisation was carried out. b) Chip reactor used in this
project.

 Access to the continuous flow system discussed in this section was provided by Prof. Donal O'Shea, Royal
College of Surgeons in Ireland (RCSI), York House, York Street, Dublin 2, Ireland.
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The radical mediated thiol-ene reaction of GSH 48 and allyl alcohol 49 under
continuous flow conditions was optimised as shown in Table 2.2. All reactions were

repeated in quadruplicate and stated isolated yields are an average.

The reaction of GSH 48 (1 eq.) with allyl alcohol 49 (1 eq.) in the presence of
DPAP 15 (0.05 eq.) under UV light in continuous flow for 20 min resulted in 83% yield
of thioether adduct 50 following isolation by aqueous work up (entry 1, Table 2.2).
However, crude 'H NMR spectroscopic analysis revealed unreacted residual GSH. An
increase to 2.5 eq. of allyl alcohol 49 was performed (entry 2, Table 2.2) in order to
promote GSH 48 consumption and to provide a direct comparison between flow and
batch reactions. Increased equivalents of DPAP 15 result in a decrease in yield (entry 3,
Table 2.2), possibly due to mixing difficulties caused by the higher concentration of

DPAP in THF diminishing mixing and subsequent reaction efficiency.

Table 2.2: Thiol-ene reaction optimisation of GSH 48 and allyl alcohol 49 in flow under entry 1-5

conditions.

" Al . A %r 1
o R O

DPAP (15)

OH

Z

Entry GSH:Alkene DPAP Temp. Time  Yield?

(eq.) (eq) O (min) (%)
1 1:1 0.05 rt 20 83
2 1:25 0.05 rt 20 91
3 1:25 1 rt 20 85
4 1:25 0.05 rt 10 34
5 1:25 0.05 40 10 99

2Yield quoted as mean yield obtained from replicates of each reaction (n = 4).

Decreasing the reaction time from 20 min to 10 min resulted in a significant
reduction in yield from 91% to 34% (entry 4, Table 2.2), however, near quantitative
yields were restored when a 10 min reaction was coupled with an increase in temperature
from rt to 40 °C (entry 5, Table 2.2). As the increased temperature required the addition

of a heating source under the reactor, which would complicate the scale up and negatively
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impact the environmental impact of this approach, the optimal conditions selected for a
reproducible GSH thiol-ene reaction involved a 20 min reaction time, with the reaction

being performed at rt (entry 3, Table 2.2).

2.3.3 Scope of the Thiol-ene Reactions of GSH in Batch

With optimal reaction conditions established both in batch and under continuous flow
using allyl alcohol 49, a series of alkenes were selected to explore the scope of the
reaction. Each alkene was selected to demonstrate the applicability of thiol-ene chemistry

to biochemically relevant substrates.

The synthesis of protected allyl monosaccharide 52 was achieved through the
allylation of per-acetylated galactose derivative 51 with allyl alcohol 49 in the presence
of BF3-OEt; in CH2Cl> (Scheme 2.1). The reaction was monitored by TLC and after 3.5
h the starting material was fully consumed. Following an aqueous work up and column
chromatography, the product 52 was obtained in 56% yield. Acetyl deprotection was
performed using NEt; in MeOH and the desired product 53 was isolated in 92% yield.

é\/OH
OAc OAc OH
OAc BF,-OFt, OAc) MeOH/NEL o
. b S —_—
AcO OAc  ch,cl,  ACO o reflux, HO NS
OAc 1, 3.5 h, Ar OAc 18h OH
51 52, 56% 53, 92%

Scheme 2.1: Synthesis of unprotected monosaccharide 53.

Further water-soluble alkenes were used to broaden the scope of the reaction,
including allyl alkenes including allyl alcohol 49 and 4-pentenol 54. Allyl AA derivatives
including Fmoc-Lys(OAll)-OH, Fmoc-Glu(OAll)-OH and Fmoc-Asp(OAll)-OH were
also used. Finally, unprotected allyl monosaccharide 53, allyl urea, and allyl thiourea

completed the scope of selected alkene containing reactants.

Fmoc deprotection of allyl AAs was performed upon treatment with 20%
piperidine in DMF (v/v) (Scheme 2.2). The deprotected AA was then precipitated by
trituration with cold Et;O to furnish desired compounds 55 (40%), 56 (40%) and 57
(53%).
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H 20% piperidine: DMF ( v/v)
OOIOH 07 ~OH

R= H o o
N__O R
O O
55, 40% 56, 40% 57, 53%

Scheme 2.2: Allyl AA’s 55, 56 and 57 via Fmoc deprotection.

The comparison of yields obtained from the reaction of GSH with water soluble
alkenes 49, 53, 54, 55, 56, 57, allyl thiourea 58, allyl urea 59 and vinyl glycine 60 under

both flow and batch conditions is shown in Figure 2.2.

As a general observation, yields obtained under continuous flow conditions
tended to be higher than those obtained from standard batch reactions (50, 61, 62, 63, 64,
65, 67 and 68, Figure 2.2). This is likely due to increased mixing efficiency and
decreased attenuation of UV irradiation, which is comparable to a decrease in irradiation
path length. In the case of hydroxyl GSX conjugates 50 and 61 and unprotected
monosaccharide GSX conjugate 62, no prominent difference was observed between batch
and continuous flow as the yields of batch reactions were already >80%. Yields were
particularly enhanced (~30% increase from batch to continuous flow) in reactions
involving electron-poor alkenes 63 and 67, derived from aspartic acid and allylurea,
respectively. Electron-poor alkenes suffer from decreased TEC reactivity due to the poor
stability of the corresponding C-centered radical intermediate (Figure 2.2).""° The yields
of GSX conjugates 64, 65 and 68 (Figure 2.2) increased significantly under continuous
flow due to the greater reactivity and faster reaction kinetics of the respective alkene
precursors 56, 57 and 60 (Figure 2.2). However, in the case of compound 66, quantitative
conversion was observed for the batch reaction, dropping to 84% under continuous flow

conditions.
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Figure 2.2: Scope of GSH thiol-ene reaction with water soluble alkenes in batch (a) and under continuous
flow (b). Yields were measured by 'H NMR spectroscopic analysis with dimethyl sulfone as internal
standard (100% mol).

The significant improvement in conversion for thiourea derivative 66 relative to
the urea 67, in particular for the batch reaction, may be due to improved solubility and
reactivity of the thiourea substrate 66.2° In the case of vinylglycine 68, the shorter allyl
chain positions the carbon-centred radical closer to the heteroatom and therefore
potentially stabilises the carbon-centred radical and, as a result, the homopolymerisation
can occur at a faster rate. Therefore, the difference in batch versus flow yields is notable

in comparison to the rest of the alkene derivatives (c.f. Figure $9.1-89.9).!2!1:20!
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2.3.4 Radical Mediated Thiol-ene Reactions in DESs, Bio-based and Less Harmful

Solvents

With the efficiency of the TEC mediated GSH bioconjugation reactions under continuous
flow demonstrated successfully, further optimisation of this method was undertaken in
order to enhance its ‘green’ properties. This was done by employing green solvents. The
use of DESs in the radical mediated TEC reaction has previously been reported by the
Scanlan group and circumvents the requirement for organic solvents.'8? However, due to
the higher viscosity of DESs in comparison to the H>O/THF solvent system, the use of
the continuous flow system in a chip reactor was not possible. In place of this, based on
previous work from Seeberger!®>187 and Baker,?*? a simple, high volume flow system
was developed using a 2-channel syringe pump and a coil reactor (9.65 m length and 0.8
mm internal diameter length). This setup was placed in a UV oven with a sample collector
for analysis (Figure 7.1). In addition to DESs, a number of bio-based solvents were also
investigated (Figure 2.3). The use of the chosen bio-based solvents has been previously
reported under continuous flow,?*® but not in the context of the radical mediated thiol—

ene reaction for peptide bioconjugation.

=0
|- OH o Q 0 =0
+ Q
AN HOSNon Y b ID
HO cr HO\)\/OH QN“ O\)AN SN HO/\/ 0= ",O/
H
2-methyltetra- propylene 1-butylpyrrolidin- 1-(2-Hydroxyethyl) Dimethyl

T

choline ethylene

chloride glycol (gclyllce;(zl) hydrofuran carbonate 2-one pyrrolidine isosorbide
(ChCl, 69) (EG,70) Y. (2Me-THF, 72) (PC, 73) (BP, 74) (HEP, 75) (DM, 76)
Deep Eutectic Solvent (DES) Bio-based Solvents

Figure 2.3: Chemical structure of DES and bio-based components used in this project.

An initial study was performed using DES/H20 in a ratio of 3:2 based on previous
studies carried out in the Scanlan lab. This ratio was chosen in order to achieve the
substrate solubility and reduce viscosity whilst retaining the hydrogen bonding
characteristics of the DESs.!®? TEC reactions were performed with GSH 48 and
unsaturated alcohols 49 and 54. DPAP 15 was used as a photoinitiator and the reaction
was performed under UV irradiation at 254 nm with the previously optimised continuous

flow conditions (Table 2.3).
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Table 2.3: Radical mediated thiol-ene reaction with allyl alcohol 49 and 4-pentenol 54 in DESs and bio-
based solvents in batch® and under continuous flow”.
(
]
uv

SH
Q Q H 9 a b Q Q H 9
N OH Batch®/Flow Jj\/\/[j\ N
—
HOJI\./\/U\H \)LOH Ay HO” N \)LOH
Hsp 0

N — 1 NH, 0
49,n =1 50, n=1
48 54,n=2 O je O 61, n=2
15
Solvent/H,0 (3:2),
20 min, rt, hv
Entry Solvent Conv 50° Conv 61° Conv 50* Conv 61°
1 ChCl: EG (2:1) 69:70 >99% 83% 98% 91%
2 ChClI: Gly (2:1) 69:71 Quant. 84% >99% Quant.
3 2 Me-THF + BHT 72 >99% 95% >99% 86%
4 Propyl Caro 73 Quant. 96% >99% >99%
5 BP 74 Quant. 93% >99% >99%
6 HEP 75 98% 96% Quant. Quant.
7 DMI 76 >99% 96% Quant. Quant.

* % yields were measured by RP-HPLC area integration utilising a calibration curve.

Conversion of GSH 48 to the GSXs 50 and 61 was determined by RP-HPLC
analysis by area integration utilising a calibration curve (Appendix Fig. S9.17). In batch
reactions, conversions were >95% (columns 3 and 5, Table 2.3) in all solvent systems
investigated highlighting the compatibility of DESs with the radical mediated thiol-ene
reaction. Conversions under continuous flow (columns 4 and 6, Table 2.3) were slightly
lower than those obtained in batch, although they remained >80% in all cases. This is
likely due to the higher viscosity of DESs, bio-based and less harmful solvents creating
distortions in the flow system, preventing effective reagent mixing.'?! The lowest reaction
conversions were observed with choline chloride 69 based DESs (entry 1 and 2, Table
2.3), less harmful solvent HEP 75 (entry 6, Table 2.3) and bio-based solvent DMI 76
(entry 7, Table 2.3). These solvent systems possess the highest viscosity. With these
promising results in hand, the next step was to achieve peptide bioconjugation under

continuous flow in fully aqueous conditions.

2.3.5 Substrate Scope of the Thiol-Ene Reaction in Water Under Continuous-Flow

In order to circumvent the use of hazardous organic solvents, water-soluble
photoinitiator, Irgacure 2959 16, was employed for the following reactions under fully

aqueous conditions. Irgacure 2959 16 has been used principally in dental and biomedical
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applications for the crosslinking of hydrogels and polymers.?** However, 16 is not widely
used synthetically and has not previously been used to initiate thiol-ene additions in a
synthetic context.!?! Radical mediated thiol-ene reactions of GSH 48 and alkenes 49 and
53-60 were undertaken in the presence of water-soluble initiator 16 in batch and under

continuous-flow conditions (Figure 2.4).
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Figure 2.4: Substrate scope of radical mediated TEC using Irgacure 16 as photoinitiator under a) batch and
b) continuous-flow conditions. Yields were calculated by '"H NMR spectroscopy using dimethyl sulfone as
an internal standard (100 mol%).

Upon first observation, the product yields obtained from reactions initiated with
16 under continuous flow were lower than the corresponding reactions initiated with
DPAP 15 (Figure 2.4). This is as a result of the slower rate of homolytic cleavage to form
the corresponding initiating radical species of 16 in comparison to DPAP 15 (Figure
2.5).2% The secondary alkyl radical species resulting from cleavage of 16 (Figure 2.5, D)
exhibits significantly lower stability than the stabilised benzoyl radical resulting from the

cleavage of DPAP 15 (Figure 2.5, B), thereby limiting the rate of homolytic fission. !
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Figure 2.5: Homolytic cleavage of photoinitiators 15 and 16.

Comparison of the crude '"H NMR spectra of the thiol-ene reactions of GSH 48
and aspartic acid derived alkene 55 using DPAP 15 and Irgacure 2959 16 indicated that
the reaction mixture initiated by Irgacure 2959 16 contained a greater proportion of
signals corresponding to unreacted initiator. This suggested that the slower homolytic
fission of initiator 16 is indeed responsible for the lower yields observed in comparison
to reactions with DPAP 15. Nevertheless, satisfactory reaction yields of the peptidic
substrates were obtained. Continuous flow proved to generate greater yields in the
majority of the cases compared to the standard batch conditions. With the applicability
of the thiol-ene reaction demonstrated, this method was carried out using a biologically

relevant target peptide substrate.

2.3.6 Thiol-Ene Mediated Glycosylation of Biologically Active Peptides in Water Under

Continuous-Flow

Tumour homing peptide, CREKA 77, containing the sequence H-Cys-Arg-Glu-Lys-Ala
is known for to its high specificity for cancer cells.?’® CREKA 77 is used to target tumour
extracellular matrix (ECM). In tumour cells, CREKA 77 forms an integral component of
the intracellular matrix, therefore increasing its tumour-homing potential.2*® Conjugation
of CREKA peptide 77 to maleimide at the Cys residue of the peptide has been commonly
been performed to facilitate the imaging of cancer cells.?’” CREKA peptide 77 represents
an ideal model substrate for aqueous radical mediated thiol-ene bioconjugation due to the

presence of a terminal Cys residue and its inherent aqueous solubility. Allylated
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monosaccharide 53 was selected as a model alkene substrate. This saccharide-based
substrate was chosen as the synthesis of CREKA peptide 77 glycoconjugates have not
been previously reported in the literature and may be of considerable interest for
biological applications due to the unique properties of glycoconjugates, including cell
uptake and lectin binding.!?! CREKA peptide 77 was prepared via manual SPPS and
purified by RP-HPLC. TEC addition of galactoside 53 (20 eq.) to CREKA peptide 77
was carried out in the presence of 16 as photoinitiator under UV irradiation in H>O (+
0.1% formic acid (FA)) under continuous flow (Scheme 2.3). Mild acidic conditions were
used to avoid the oxidation of the starting material to a disulfide bond.?%?% The progress
of the reaction was monitored by RP-HPLC analysis and indicated full consumption of
the starting material 77 in 2 h. Subsequent freeze drying and semi-PREP HPLC analysis
permitted isolation of the target glycosylated peptide 78 in a 44% isolated yield (c.f.
Figure S9.10 and S9.12).

Peptide 79 was selected as a second biologically relevant peptide of interest given
that antifungal proteins (AFP) are useful for the treatment of fungal infections such as
Candidiasis, Cryptococcosis and Aspergillosis.?!® The sustainability, high efficacy, low
toxicity, and relatively cheap production of AFPs grant their suitability to peptide
bioconjugation.?!® CKYKAQ peptide 79 is an AFP sequence located in bacterial type 3
chitin-binding domains.?!! This sequence is also located in the chitin-binding domains of
fungi, such as A4. giganteus.?'® CKYKAQ peptide 79 was prepared via manual SPPS and
purified by RP-HPLC. The progress of the thiol-ene reaction with 53 under aqueous
continuous flow conditions was monitored by RP-HPLC analysis and full consumption
of starting material 79 was observed in 2 h (Scheme 2.3). HPLC purification permitted
isolation of the target glycosylated peptide 80 in a 58% isolated yield (c.f. Figure S9.11
and S9.13). The addition of 6 M Guanidine HCI to the reaction mixture, as reported by
Wang and co-workers, ' to disrupt intramolecular and intermolecular hydrogen bonding
and improve the solubility of reagents was investigated, however, no notable increase in

the yield of products 78 or 80 was observed.
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Scheme 2.3: Radical mediated TEC reaction of allylated monosaccharide 53 and: a) CREKA peptide 77
b) CKYKAQ peptide 79 under continuous-flow conditions in aqueous media.

Finally, the RGD peptide 81 which comprises 11 AA residues was selected to

prove the applicability of the green approach on longer-chain peptides. RGD-peptides are

known to be over-expressed in cancer cells.?!> The RGD motif targets integrins expressed

on the tumour vasculature, enabling targeting of imaging agents, therapeutics, and gene

delivery systems.?!> RGD peptide conjugates are therefore of considerable interest for

medicinal chemistry and drug development. H-PQVTRGDVFTEG-NH; peptide 81 was

synthesised by SPPS using a Liberty Blue® peptide synthetiser.® In an attempt to improve

ligation yields, a strategy was reported by Alexander and co-workers'*

whereby the

alkene moiety is installed on the peptide substrate, thereby limiting any side reaction with

Cys residues.

In order to perform this reaction, a thiolated GIcNAc derivative 84 was selected

and synthesised from glucosamine in a two-step synthesis (Scheme 2.4).

® RGD peptide 81 was synthesized by Dr. Nikita Ostrovitsa.
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Scheme 2.4: Synthesis of the thiolated derivative 84 through glucosamine modification.

The first step consisted of the thioacetylation of glucosamine 82 in the presence
of triethylamine (TEA), this was followed by the universal protection of the
monosaccharide in the presence of acetic anhydride. The thioacetylated product 83 was
purified by flash-column chromatography and obtained in a 50% yield. Subsequently,
thioacetylated product 83 was selectively deprotected at the 1,3,4,5-positions in the
presence of Nag). Dowex® 50WX8 (H+) ion exchange resin was added to the crude
mixture and final product was filtered and concentrated in vacuo achieving a 94% yield

of deprotected thiosugar 84 (c.f. Figure S9.14 and S9.15).

The TEC reaction was then carried out between RGD-peptide 81 and thiolated
GlcNAc derivative 84 (5 eq.), with Irgacure 2959 16 (2.5 eq.) as photoinitiator, under
continuous flow for 2 h in EG:H>O (3:2) (Figure 2.6). The crude material was analysed
and purified by RP-HPLC, furnishing conjugated-peptide 85 in a 62% isolated yield. The
use of the DES:H>0 system was optimal for the RGD peptide and compatibility of this
green solvent system with the chosen initiator 16 has previously been demonstrated in
section 2.3.3. These examples represent the first application of the radical mediated thiol-
ene reaction in the bioconjugation of biologically active peptides, in green solvents, under
continuous flow. This is an extremely promising result as this method significantly

reduces the environmental impact of traditional thiol-ene bioconjugation methodologies.
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Figure 2.6: a) TEC reaction of RGD peptide 81 and thiolated sugar 84 with Irgacure 2959 16 as
photoinitiator under continuous flow conditions. b) Crude RP-HPLC trace (220 nm, 5-95% MeCN/H,O +
0.1% TFA) of the reaction between RGD peptide 81 and thiolated sugar 84 after 2 h.

For the culmination of this chapter TEC under continuous-flow conditions was
demonstrated for biotinylation. In molecular biology and biochemistry, biotinylation is a
highly important modification involved in selective labelling, detection, and

manipulation of proteins and other bioactive molecules.?!” In this project biotin-PEG-
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thiol 86 was selected to investigate this reaction.® In the first instance, the reaction was
conducted with RGD peptide 81 under standard batch conditions using EG/H>0 (3:2) as
solvent for 2 h under UV-light irradiation. The crude mixture was analysed by RP-HPLC
and 50% conversion to the biotinylated peptide 87 was achieved (Figure 2.7b).
Subsequently, the same reaction was performed under continuous flow conditions to
assess whether the conversion could be improved, using the same reaction parameters.
However, no formation of the desired product 87 was observed by RP-HPLC. This
negligible conversion may be attributed to the nature of the strongly hydrophilic PEG
moiety, which likely adhered to the tubing of the flow reactor, despite its hydrophobic
nature and polytetrafluoroethylene (FEP) composition, highlighting a potential limitation
for continuous flow processing of large hydrophilic molecules. Future studies will

investigate how these limitations may be overcome through judicious selection of
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Figure 2.7: TEC reaction between biotin-PEG-thiol 86 and RGD peptide 81 in the presence of Irgacure
16 as photoinitiator in DES/HO.

¢ Biotin-PEG-thiol 86 was synthetized by Lucy McCormack.
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2.4 Conclusions

This research has established the viability of the radical-mediated thiol-ene reaction under
continuous-flow conditions in environmentally friendly solvents with peptide-based
substrates. By initially optimising the batch conditions reported by Conway and
colleagues in THF/H>0,'?® it was shown that continuous flow could effectively produce
GSX conjugates in excellent yields. Further exploration of the reaction scope with various
alkenes revealed that continuous flow generally afforded higher yields compared to
traditional batch methods, underscoring the potential of the continuous-flow system to
enhance the efficiency and sustainability of widely used organic reactions. Several novel
GSX peptide derivatives of biological relevance were successfully synthesised using this
method. This study demonstrated that DESs, as well as other bio-based and less
hazardous solvents, are compatible with radical-mediated thiol-ene chemistry in
continuous-flow, thereby eliminating the reliance on toxic organic solvents. Notably, the
use of the water-soluble photoinitiator Irgacure 2959 16 enabled efficient synthesis under
entirely aqueous conditions, eliminating the need for organic solvents and significantly
reducing the environmental effect of the reactions. The developed continuous-flow
approach was further validated through the successful glycosylation of three biologically
significant peptides, furnishing the desired glycoconjugates in good yields. Overall, this
work highlights the effectiveness and broad applicability of a ‘green’, radical-mediated
peptide bioconjugation strategy. Furthermore, it showcases the enhanced sustainability
achieved over traditional techniques through integration of continuous-flow techniques

and ‘greener’ solvent selection.
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One-pot peptide disulfide
rebridging via thiol-yne ‘click’

chemistry+
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3.1 Introduction

Amongst the myriad of synthetic peptide modifications available, peptide cyclisation and
stapling offer a promising approach to enhance stability and improve binding affinity.
Stapled peptides contain one or more specific macrocycles that help stabilise the a-helical
conformation.?'® This involves the formation of a linkage between two side chain residues
of the same peptide to maintain and stabilize its helical structure. The external brace
restricts the flexibility of the molecule, lowering the entropic cost of binding the peptide,
thereby increasing its affinity and selectivity for the target. Additionally, this
conformation obscures the amide bond within the helix, improving protease stability and

facilitating easier cell membrane permeation.?!”-*!8

Over time, several different methods of peptide stapling have been developed,

¥ copper-catalysed azide-alkyne cycloaddition'*,

including ring-closing methasis,?!
lactamisation®?’ and Cys stapling. Disulfide functionalisation has emerged as one of the
most useful approaches for site-selective protein modifications towards the generation of
peptide/protein  hybrids.?*!?*  Disulfide rebridging’ strategy involves the
functionalisation of the disulfide bond via reduction followed by a covalent reaction with
a bis-reactive reagent and is demonstrated to enhance the pharmacokinetics and
properties of proteins, peptides and antibodies (Figure 3.1).22*??”7 The functional
rebridging of native disulfides was first introduced by Brocchini e al.?*®??° and it has

gained considerable attention in recent years, leading to the development of various new

approaches.

a) Disulfide rebridging strategy of proteins

1. Reduction

Y

2. Addition of R
(R= polymer, drug
dye, bioorthogonal

handles)

Bromomaleimides Alkynes Allyl sulfones

Figure 3.1: a) Surface-exposed disulfide bond rebridging in proteins. b) Representative covalent linkers
from literature.?2! 227- 230
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Chemical rebridging of a reduced disulfide bond will inevitably cause some
structural alteration to the peptide or protein, as the number and hybridisation of atoms
in the new bridge will differ from the natural geometry of the original linkage. However,
the biological properties of a native peptide can be maintained or even enhanced through
disulfide rebridging, in particular via increase in the stability of the peptide.?*!?3?
Developing a method to photochemically rebridge peptides includes several advantages
such as (a) facile attachment of tags; (b) fast and high-yielding photochemical reactions;
and (c) functional group selectivity during irradiation, maximizing the potential for
reforming the pharmacophore.?** The thiol-yne click (TYC) reaction is known as a ‘click’
reaction due to its adaptability to aqueous environments, its biorthogonal characteristics,
and its modularity with the added benefit of being a metal-free process (Figure 3.2).2%*
TYC reactions offer a unique opportunity to extend the chemistry of related thiol-ene
reactions (discussed earlier in this thesis), enabling the creation of a wide variety of novel
materials with diverse properties.”>> However, the TYC reaction presents some
limitations, such as its sensitivity to steric hindrance and the tendency to form mixtures
of stereoisomers.'® The general mechanism of TYC reaction (Figure 3.2) involves the
addition of a thiyl radical (generated via a thermal- or photoinitiator as discussed
previously for the thiol-ene reaction) to a C=C bond to give an intermediate vinyl
thioether radical. The next step involves a hydrogen atom transfer (HAT) between the
intermediate vinyl-based radical and a thiol. A second hydrothiolation occurs on the
intermediate vinyl thioether to furnish the target 1,2-bisaddition of the thioether

product.'*°

Initiation E
: R—s-
' S,
. \

R N 4

v

Propagation

Chain Transfer

R—\.\—s\

Chain Transfer Propagation

Figure 3.2: Thiol-yne chain reaction mechanism workflow. '3
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TYC has been employed by Y. Wang et al.'®® in protein macrocyclization along
with D. A. Richards et al.?*° for stapling helical peptides. While one-pot methods offers
several advantages such as the reduced waste and high mass efficiency,??” a common
limitation is the incompatibility between the reagents for the distinct reactions as in the

case of rebridging chemsitry.2*°

Thiol-yne conjugation of peptide and proteins via disulfide rebridging has been
previously reported by Griebenow et al.!”* The authors demonstrated their strategy on a
range of disulfide-containing systems, including the disulfide bonds of the telipressin
peptide and antibodies. However, to the best of our knowledge, no additional reducing
agents have been investigated for this methodology, and the range of alkynes studied

remains limited.

3.2 Aims

The objective of this project was to develop a one-pot peptide rebridging strategy with a
suitable disulfide reducing agent and to apply the optimised methodology to a broad range
of alkynes to further demonstrate the versatility of this strategy beyond the current
literature (Figure 3.3). Initially, we set out to investigate the use of NaBHj4 as a potential
reducing agent for the first step of the disulfide rebridging process, owing to the ease of
quenching of excess reagent and facile removal of the corresponding salts. By contrast,
Griebenow and co-workers reported the use of tris(2-carboxyethyl)phosphine (TCEP) as
a reducing agent which is known to undergo desulfurization reactions under light
mediated conditions.”*® An extensive investigation was carried out to assess the
rebridging potential of our modified strategy on various biomolecules and is reported
herein. The chapter concludes with the application of this chemistry to a synthetic
analogue of the peptide hormone Somatostatin (octreotide 4), aimed at advancing

bioimaging techniques.

G
\

| | S

$ SH hv

S - - > SH > S

| i) reduction | ii) rebridging -

Biologically Inactive Biologically active
active bioconjugated peptide

Figure 3.3: One-pot disulfide peptide rebridging methodology.'7* 233
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3.3 Results and Discussion

3.3.1 Synthesis of disulfide peptide analogue

The selected model peptide for this study was a 5-AA cyclic model peptide 89 which
contains a generic sequence of AAs along to two terminal Cys residues to mimic the

natural disulfide bonds found in proteins.

To commence the initial investigations, the model pentapeptide H>N-Cys-Ala-
Tyr-Gly-Cys-CONH> 88 was synthesised using manual Fmoc SPPS on Rink Amide resin,
with Fmoc deprotection achieved using 20% (v/v) piperidine in DMF (2 x 10 min)
(Figure 3.4a). Coupling of the deprotected peptide amine was achieved through use of
PyBOP coupling agent in the presence of N-methyl morpholine base (NMM). The initial
AA was coupled using a solution of Fmoc-Cys(Trt)-OH (4 equiv.), DIC (4 equiv.) and
Oxyma Pure (8 equiv.) in DMF for 45 min, so as to ensure efficient and complete coupling
to the resin. The following three residues were coupled using a solution of Fmoc-AA-OH
(3 equiv.), PyBOP (3 equiv.) and NMM (6 equiv.) and the final residue coupled using,
Fmoc-Cys(Trt)-OH (3 equiv.), DIC (3 equiv.) and Oxyma Pure (3 equiv.) for 45 min.
Following chain assembly, the peptide was deprotected and cleaved from the resin using
a cleavage cocktail consisting of TFA:TES:H>O:DTT (90:2.5:2.5:5) for 2 h to furnish the
linear peptide 88. The isolated crude peptide was obtained in >95% purity by analytical
RP-HPLC (Figure 3.4b) which was sufficiently pure for use in the following steps.
Peptide 88 was cyclised via disulfide bond formation between the Cys residues located
at both the C- and N-terminus of the sequence. The cyclisation was based on the
conditions outlined by Krdling et al.,?*
peptide was dissolved in MeCN:H,O (1:1) + 0.1% FA along with 10% (v/v) DMSO. The
reaction was stirred at rt and monitored by analytical RP-HPLC and after 48 h full

employing DMSO as an oxidative reagent. The

conversion to the intramolecular disulfide product was achieved (Figure 3.4¢). The final
cyclised product 89 was purified on semi-preparative RP-HPLC using a gradient of 0-
100% MeCN in H20 (+ 0.1% TFA) and lyophilised to furnish a white powder (c.f. Figure
S9.18 and S9.19).
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Figure 3.4: a) Synthesis of disulfide-bridged cyclic peptide 89. b) HPLC trace (220 nm, 5-95% MeCN/H,0
+ 0.1% TFA) of the crude linear peptide 88 post SPPS. ¢) Crude HPLC trace (220 nm, 5-95% MeCN/H,O
+ 0.1% TFA) of the cyclisation reaction, forming peptide 89.

3.3.2 NaBH4 reduction

Three primary classes of disulfide reducing agents have been established in the literature:
(i) phosphines, (ii) thiols or dithiols and (iii) NaBH4.2*’ In this study we set out to achieve
a one-pot rebridging method through use of borohydride reagents. The use of thiols as
reducing agents was excluded as an option due to the potential formation of an excessive
quantity of uncontrollable thiyl radicals during the thiol-yne reaction. This would
interfere with the reaction mechanism, ultimately preventing its progression. In the
context of phosphines, although they function efficiently as disulfide reducing reagents,

it is well-established that Cys containing peptides, when exposed to TCEP and a radical
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initiator, can undergo competing desulfurisation processes (Scheme 3.1). The application
of TCEP for peptide radical-based desulfurisation was reported by Wan and Danishefsky
in 2007,2*! who utilized VA-044 and tert-butyl thiol (‘BuSH) to facilitate radical-based,
chemoselective desulfurisation for polypeptides. Furthermore, Gonzalez and Valencia, in

1998,%*? reported the photochemical desulfurisation of Cys in Cys-containing peptides.

Init.

1
;U-'iJ:(/)
)

Desulfurated
product

Scheme 3.1: Radical chain mechanism of desulfurisation reaction using phosphines.?*

NaBH4 has been employed as reducing agent for disulfide bonds in organic
molecules, offering advantages over phosphine reagents including its relatively low cost
and facile handling and work-up properties. It has been reported that NaBH4 can
specifically reduce disulfides to free thiols without affecting other major functional
groups in proteins.?**?*> Hermanson developed a protocol for borohydride disulfide
reduction for organic compounds that eliminates the need for purification steps to remove
the reducing agent after the reaction.?*® As a result, peptides reduced using this protocol
can be directly applied in bioconjugation without the need for further purification. To the

best of our knowledge, its application in peptide chemistry has not previously been

reported to date.

Following the conditions developed by Jocelyn et al. for reducing protein
disulfides,?*” peptide 89 was dissolved in a 0.75 M solution of NaBH4 in H,O and then
redissolved in H2O to achieve a final reaction concentration of 0.3 M at pH 9 (Figure
3.5a). The reaction was stirred for 1 h at rt while being monitored by analytical RP-HPLC.
The reaction was then worked up by acidifying the mixture with 1 M HCI, leading to the
decomposition of NaBH4. 25% conversion to the dithiol product 88 was achieved within
15 minutes as determined by analytical RP-HPLC, and after 1 h, the reaction mixture
reached a maximum of 38% dithiol product 88 based in RP-HPLC conversion. Based on

these results, it was postulated that higher concentrations of NaBH4 may be required to
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improve conversion to the desired dithiol product.?*’ This was confirmed by dissolving
peptide 89 in a 0.75 M NaBH4 in H>O solution, which successfully achieved 88% product
conversion within 15 minutes. When the same reaction was carried out in PBS (pH 7) to
simulate cell culture conditions, it was observed that 89% product conversion was
achieved within 2 minutes (Figure 3.5b). After 30 minutes, the reaction reached >95%
dithiol product 88 RP-HPLC conversion. Conversions on this study were based on RP-
HPLC area integration of peptide 88 (peptide 88 metrics are included in the appendix
Figure S9.29).

a)
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Figure 3.5: a) Reduction of disulfide 89 with NaBH4. b) Comparison of the HPLC trace (220 nm, 5-95%
MeCN/H>0 + 0.1% TFA) of the disulfide peptide 89 after 2 min reaction (top) and the crude HPLC trace
(220 nm, 5-95% MeCN/H>0 + 0.1% TFA) of the disulfide peptide 89 after 30 min (bottom).

3.3.3 TEC reaction

A thiol-ene-mediated model reaction was developed to evaluate if both thiols in the
peptide could undergo radical formation in a reasonable period of time. Allyl alcohol 49
was selected as the alkene due to its ease of handling and small size, along with high

yields for thiol-ene ligation as reported in Chapter 2. Thus, peptide 88 and allyl alcohol
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49 along with Irgacure 2959 16 as the photoinitiator were dissolved in H,O + 0.1% FA
and stirred at rt for 1 h under UV-light (Figure 3.6a). The reaction resulted in complete
consumption of the starting material, as confirmed by RP-HPLC analysis, with >95%
product conversion (Figure 3.6b). No disulfide dimer of peptide 89 was observed thereby
demonstrating the suitability of the selected peptide 89 for thiol-yne conjugation (c.f.
Figure S9.20).
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Figure 3.6: a) Thiol-ene test reaction of peptide 88 with allyl alcohol 49. b) Crude RP-HPLC trace (220
nm, 5-95% MeCN/H,0 + 0.1% TFA) of the thiol-ene test reaction

3.3.4 TYC optimization

In the radical thiol-yne reaction, several side processes can compete during the reaction,
including double addition products and disulfide formation along with the various
potential stereoisomers formed from thiol-ene addition onto the vinylsulfide product of
the initial thiol-yne reaction. Therefore, optimisation of the reaction conditions was
performed. The radical TYC reaction was optimised using the linear peptide 88, and
propargyl alcohol 91 as the alkyne due to its ease of handling and relatively small size
which should prevent unwanted steric interference during the thiyl radical mediated
reactions. The reaction was performed at rt and under UV irradiation. The results of the

optimization studies are summarized in Table 3.1.
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Table 3.1: Optimization of TYC on linear peptide 88.

JY¢LJ;E:LL
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HoN

89

HO.

HNT@ K%ALE%L

/\OH

91

Solvent
hv,rt, 1 h

92a, Ry: CH,OH; Ry: H
92b, Ry:H; Ry: CH,OH

OH

Photoinitiators

Chapter 3

o]

HO\/\O/©)k’(O :

Irgacure 2959 16

o™

DPAP 15

MAP 94

Entry SH: 88 Conc.  Photoinitiator Solvent Notes Conv.*

Alkyne (mM) (0.5 equiv.) (HPLC)
1 1:1 5 Irgacure 2959 H,O:MeCN (9:1) +0.1% FA 35%
2 1:2 5 Irgacure 2959  H,O:MeCN (9:1)  +0.1% FA 30%
3 1:4.5 5 Irgacure 2959 H,O:MeCN (9:1) +0.1% FA 20%
4 2:1 5 Irgacure 2959 H,O:MeCN (9:1) +0.1% FA 25%
5 1:2 5 Irgacure 2959 H,O:MeCN (1:1) +0.1%FA 5%
6 1:2 5 Irgacure 2959 DMF +0.1% FA NR
7 1:1 5 DPAP+MAP H,O:MeCN (9:1) +0.1% FA 52%
8 1:1 10 DPAP+MAP H,O:MeCN (9:1) +0.1% FA 70%
9 1:1 10 DPAP+MAP PBS:MeCN (9:1) pH7 23%
10 1:1 10 DPAP+MAP H>0:MeCN (9:1) No FA 40%
11 1:1 10 - H>0:MeCN (9:1) Dark NR
12 1:1 10 - H,O:MeCN (9:1) +0.1% FA NR

*Conversions measured by RP-HPLC as a sum of the two resulting isomers 92a and 92b. NR=
No reaction occurred.

The reaction was conducted with Irgacure 2959 16 as the photoiniator based on

the favourable results reported using this initiator in Chapter 2. A ratio of 1:1 thiol:alkyne

respectively was used initially, as this ratio was theoretically considered to be sufficient.

However, it was observed that the desired conjugated peptide 92a/b was only obtained in

35% conversion (entry 1, Table 3.1). Upon the addition of 1 more equiv. of alkyne 91,
the RP-HPLC conversion remained at 30% (entry 2, Table 3.1). Notably, when an

additional 2.5 equiv. of alkyne were introduced, the conversion decreased further to 20%

(entry 3, Table 3.1). This decline in conversion was attributed to the excess alkyne, which

likely facilitated dual addition to the peptide, resulting in peptide 93 being obtained in
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19% and 44% RP-HPLC conversion (entry 2 and 3, respectively, Table 3.1). To
investigate the source of proton extraction during the TYC reaction, 2 equiv. of linear
peptide 88 were added (entry 4, Table 3.1). However, RP-HPLC conversion remained
unchanged at 25%. The study was extended by altering the solvent system to a 1:1 ratio
of HO:MeCN (entry 5, Table 3.1) and to DMF (entry 6, Table 3.1) in 0.1% FA. In both
cases, not only did the conversion to the desired product fail to improve, but disulfide
peptide 89 was also obtained in 6% and 18% RP-HPLC conversion, with the dual addition
product 93 in 89% and 79%, respectively. These results confirm that the proton extraction
originates from the solvent. As discussed in Chapter 2, it is established that DPAP 15
exhibits a faster rate of the homolytic cleavage compared to Irgacure 2959 16. Given that
TYC is a time-dependent reaction, the standard conditions previously optimized were
employed, utilising DPAP 15 as the photoinitiator and MAP 94 as a photosensitiser (entry
7, Table 3.1). As anticipated, the RP-HPLC conversion of the desired product 92a/b
increased to 52%. As in the case of TEC, the TYC reaction is also concentration-
dependent; thus, the linear peptide concentration 88 was increased to 10 mM (entry 8,
Table 3.1) in order to achieve better yield. Under these modified conditions, a 70%
conversion of peptide 92a/b was achieved. To investigate the important influence of the
pH in this process (to maintain the thiol residues in the protonated form required for the
radical chain process), reactions were carried out in PBS at pH 7 (entry 9, Table 3.1), and
without FA (entry 10, Table 3.1). The peptide 92a/b conversions were 19% and 37%,
respectively, with disulfide peptide 89 being obtained in RP-HPLC conversion of 77%
and 54%. These results suggest that in the absence of formic acid (FA), the thiol can
deprotonate, thereby promoting the formation of the disulfide bond more readily and
hindering the likelihood of TYC occurring. In the final study, reactions were conducted
both without a photoinitiator (entry 11, Table 3.1) and without UV irradiation (entry 12,
Table 3.1) to confirm that the reaction proceeded via a radical mechanism rather than a
nucleophilic one, as seen in the thiol-michael reaction. Neither of these conditions led to
a successful reaction, suggesting that the reaction does indeed proceed via a radical
mediated TYC reaction. The optimal conditions for the reaction were achieved with a
thiol:alkyne ratio of 1:1, using 10 mM of peptide 88, DPAP 15 as the photoinitiator, and
MAP 94 as the photosensitizer (entry 8, Table 3,1). A key advantage of this protocol is
that disulfide peptide 89, previously considered a side-product in the TYC optimisation,
can now be repurposed as a starting material in the one-pot reaction, enabling the reaction

to proceed recurrently. Having demonstrated the efficacy of NaBH4 as a potential
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alternative reducing agent to phosphine for disulfide bond reduction and the efficacy of
the model dithiol peptide in TYC reactions with propargyl alcohol 91, we next set out to
investigate if these two reactions could be combined into a ‘one-pot’ protocol suitable for

rebridging disulfide containing peptides and proteins.

3.3.5 One-pot, thiol-yne mediated disulfide rebridging reaction

Synthetic chemistry consistently necessitates the development of more efficient and
environmentally sustainable techniques aimed at improving mass efficiency, minimising
the effort required for intermediate isolation, reducing energy consumption, and
decreasing waste generation.??” The one-pot TYC reaction for disulfide-based peptide
rebridging has been previously explored by Griebenow et al.,'”* demonstrating distinct
behaviours across various peptide-based disulfides, beginning with intermolecular
disulfide reduction, followed by intramolecular disulfide rebridging, and culminating in

an exploration of antigen scopes.

Based on the previous optimised conditions identified for the stepwise process, a
one-pot TYC-mediated disulfide rebridging reaction of disulfide peptide 89 was
performed using NaBH4 as the reducing agent for the disulfide bond with propargyl
alcohol 91. Peptide 89 was added to a solution of 0.75 M NaBH4 in H>O. The reaction
mixture was stirred for 15 min at rt. Then a mixture of DPAP 15, MAP 94 and propargyl
alcohol 91 in HO:MeCN (9:1) + 0.1% FA was added to this solution and it was let stir
at rt under UV-light irradiation for 1 h (Scheme 3.2a).
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o O,

:O
H,N i N s
2! H,N H HN< OH
N \>=o

g HN O OH i) NaBH, g HN
i T QY > Dl ¢
HNT "
H,N Y o) 91 0
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H ; HoN
ii) DPAP, MAP

H,0:MeCN (9:1)
+0.1% FA

92a, Ry: CH,0OH; Ryt H
2h,rt, hy

92b, Ry:H; Ry: CH,OH

HN O OH i) TCEP
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HNT . & oH I 2 HN
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H,0:MeCN (9:1)
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89 2h, tt, hy 92b, Ry:H; Ry: CH,0H

Scheme 3.2: a) One-pot disulfide rebridging of peptide 89 using NaBH, as reducing agent of disulfide
bonds. b) One-pot disulfide rebridging of peptide 89 using TCEP as reducing agent of disulfide bonds.

66



Chapter 3

The addition of acidified buffer would allow the reaction to be worked up in situ,
enabling the TYC process to proceed. However, the reaction was unsuccessful, likely due

8 occurring

to competing crosslinking reactions, such as hydroboration of the alkyne,**
simultaneously with the TYC-mediated process. Given that this strategy was successful
using TCEP as the reducing agent, the study was subsequently continued employing
TCEP as the standard disulfide reducing agent under the same procedure (Scheme 3.2b).
Desulfurisation requires an excess of TCEP and longer reaction times, typically
performed with a thermal initiator, compared with the TYC reaction.?*! To prevent

desulfurisation, only 1.5 equivalents of TCEP were used, and the reaction time was

limited.

A one-pot reaction between peptide 89 and propargyl alcohol 91 was performed.
Disulfide reduction of peptide 89 with TCEP in H>O was achieved within 15 min.
Subsequently, a mixture of DPAP, MAP, and propargyl alcohol 91 in HO:MeCN (9:1) +
0.1% FA was added to the peptidyl solution and the reaction was stirred at rt under UV
irradiation for 1 h. After this period, the dithiol peptide 88 remained with 65% conversion
as determined by RP-HPLC. Addition of a second equivalent of propargyl alcohol 91
followed by an additional hour under UV irradiation. Full consumption of the starting
material was achieved with >95% RP-HPLC conversion to thioether isomers 92a/b (c.f.
Figure S9.21). No alkene intermediates were detected by 'H NMR spectroscopy,

indicating an optimisation relative to previously reported conditions.??®

3.3.6 Scope of One-Pot TYC Peptide rebridging with Chemically Diverse Alkynes

To comprehensively examine the behaviour of the chemistry with alkynes of varying size
and functionality, the synthesis of alkynes 91, 95-100 (Scheme 3.3-3.5) was carried out.
For this study, two commercially available alkynes, propargyl alcohol 91 and 4-pentynoic
acid 95 were also used. In the case of the sugar alkynes, such as galactose-alkyne 96 and
lactose-alkyne 97, these were synthesized following conditions reported by Hsiao-Wu et
al.,*® through the addition of propargyl alcohol 91 onto the sugar in the presence of
BF;.0Et; in dry CH2Cl, (Scheme 3.3). The reaction was monitored by TLC and carried
out for 3.5 h. Following an aqueous work up and column chromatography purification,
the protected galactose-alkyne 100 and lactose-alkyne 101 were obtained in 67% and

27% 1isolated yield, respectively. Acetyl deprotection of both monosaccharide and
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disaccharide were performed using NEt3 in MeOH (1:4) and the desired products 96 and
97 were isolated in 82% and 64% yield, respectively (c.f. Figure S9.22-S9.25).

///\OH
91
OAgOAc OAGOAc MeOH:NEt; OH OH
é o BF3.0Et, L é o (4:1) 1 f o
—_— —_—
AcO: oA OAc dr;/ SC}:Z;;IZ AcO oA OV; 18 h, reflux HO:! SR O\/ﬁ
Protected 101, 67% 96, 82%
Galactose
///\OH
OAcopc o OAcoAC MeOH:NE, OH on
\f ;0 OAc BF3.OEt, 'f ;o OAc (4: 1) § ;
Q —_— (o)
AcO: O AcO O
OAc Amom dry CHzCl ¢ OAc Amo e /&,
OAc 35h,rt OAC =
Protected 102, 27% o7, 64%

Lactose

Scheme 3.3: Synthesis of the monosaccharide 96 and disaccharide 97.

The synthesis of the alkyne-azide 98 was performed by dissolving bromide alkyne
103 in DMF and NaN3 was added. The mixture was stirred for 18 h at 80 °C. After the
extraction with EtOAc, the product 98 was obtained in 15% isolated yield (c.f. Figure
$9.26).>>°

\\\/\/Br &» \\\/\/N;;
DMF
18 h, 80 °C
103 98, 15%

Scheme 3.4: Synthesis of alkyne-azide 98.

Finally, biotin-alkyne 99 was synthesised by the addition of coupling reagents
HCTU, DIPEA and DMAP (lequiv., lequiv. and catalytic quantity, respectively) to a
solution of biotin 104 and propargyl amine in DMF (Scheme 3.5). The reaction mixture
was stirred at rt overnight. The reaction was worked up through extraction with EtOAc,
in order to remove residual DMF. Flash column chromatography was performed and the

desired product 99 was obtained in 55% isolated yield (c.f. Figure $9.26).%%!

\/\)OL Z OYNHH \/\)oj\
_— \‘\\
HCTU, DIPEA, HN)&’ H/\\\

S S
H DMAP, DMF H

104 80 °C, overnight 99, 55%

Scheme 3.5: Synthesis of the biotin-alkyne 99.
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The standard protocol as reported by Griebenow et al.,'™ was followed for the
one-pot reduction-TYC reaction, in this case using the alkynes prepared as outlined
above. Disulfide peptide 89 and TCEP (1.5 equiv.) were added to a 1 mL glass vial and
dissolved in H>O. The peptide containing solution was allowed to stir for 15 min to allow
complete reduction of the disulfide to dithiol. Next, a mixture of DPAP 15 (1 equiv.),
MAP 94 (1 equiv.), and the corresponding alkyne (1 equiv.) in HoO:MeCN (9:1) + 0.1%
FA was added to the peptidyl solution and allowed to stir at rt under UV-light conditions
for 1 h (Figure 3.7). After this time, a second equiv. of the corresponding alkyne was

added and stirred for 1 h under UV irradiation.

a) Disulfide rebridging of peptide 88 via TYC
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Figure 3.7: Scope of the one-pot TYC-mediated rebridging of the disulfide peptide 88. % Conversions
were measured by RP-HPLC as a summary of the 2 resulting isomers a and b. * Denotating a different
solvent system such as H;O:MeCN (7:3) + 0.1% FA. N.R = No reaction occurred.

When performing the reactions with propargyl alcohol 91 and 4-pentynoic acid
95, complete consumption of the starting materials was observed, with >95% conversion

to isomers 92a/b and 105 a/b determined by RP-HPLC. This efficient reactivity was most
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likely due to the small steric bulk of the allyl alkynes. In the case of the slightly bulkier
monosaccharide alkyne 96, 25% of the disulfide peptide 89 was also formed. This by-
product is likely attributable to partial reoxidation of the dithiol 88, promoted by the
electron-withdrawing groups present on the alkyne 96, which render it a more
electron-poor substrate, resulting in overall slower kinetics for the thiyl radical mediated

reaction.

To extend the scope towards the introduction of ‘clickable’ handles, the alkyne-
azide 98 was investigated as a potential linker with capability for further modification, as
previously demonstrated by Markey et al.''® However, no product formation was
observed when disulfide peptide 89 was treated with alkyne—azide 98. This is likely
attributable to a competing reductive side reaction of the azide moiety in the presence of

a dithiol (Figure 3.8).

)5
SH SH

R,N:N*'=N —_— S\N NNy — R=NH; + N
RN R™ NTH
N\H

Figure 3.8: Azide reduction by dithiols.?*?

In comparison to the previously mentioned alkynes, biotin—alkyne 99 displayed a
selective trend, furnishing a 100:0 ratio of isomers 108a/b. However, further studies
could not be performed to confirm the structural isomerism of the conjugate due to the
limited material obtained after purification. On the other hand, full consumption of

starting materials was achieved with >95% conversion of biotinylated peptide 108a/b.

For the disaccharide alkyne 97, complete consumption of the starting materials
was not achieved, with 31% of disulfide 89 and 29% of dithiol 88 obtained. This was
likely due to the significantly larger steric bulk of the alkyne group relative to the
monosaccharide alkyne 96. Conjugated peptide 109a/b was achieved in a 39% RP-HPLC
conversion. To promote product conversion, an additional equivalent of TCEP was
introduced after 1 h of reaction; however, no substantial improvement was observed.
Instead, formation of a desulfurisative by-product was detected by mass spectrometry. A

comparable outcome was observed in the case of the naphthalimide-alkyne 100.9 In this

4 Naphthalimide-alkyne 100 was synthetised by Dr. Ramirez-Lazaro.
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case, solvent polarity was adjusted by increasing the proportion of MeCN in the
H>0:MeCN mixture from 9:1 to 7:3 in order to achieve maximum solubilisation of the
reagents. Despite these changes, only 48% RP-HPLC conversion was achieved for the
bioconjugated naphthalimide-peptide 110a/b, along with traces amounts of

desulfurisation by-product.

Future work will fully address the isomeric distribution of products of the TYC

reaction and further clarify the stereochemical aspects of this methodology.

3.3.7 Octreotide scaffold

To demonstrate the applicability of this chemistry to larger substrates, the octreotide
peptide 4 was selected as a model disulfide bond-containing peptide. Octreotide is a long-
acting synthetic octapeptide analogue of the naturally occurring hormone Somatostatin.
It functions by inhibiting the secretion of anterior pituitary growth hormone and thyroid-
stimulating hormone, as well as a broad range of peptide hormones from the
gastroenteropancreatic endocrine system.?>®> Compared with the Somatostatin peptide,
octreotide exhibits an extended half-life and exerts stronger inhibitory effects.?>* Due to

255 and

these properties, it has been approved as a first-line treatment for acromegaly
cancer therapy.>>®?%” The conjugation of octreotide with a fluorophore has been widely
explored for tumour targeting®® and for its quantification in biological or cellular

environments.>>8-201

Octreotide peptide 4 was synthesized via Fmoc-SPPS synthesis using the Liberty
Blue peptide synthesiser, employing repetitive cycles of Fmoc-AA couplings and Fmoc
deprotections under microwave-assisted conditions and elevated temperature. Amide
couplings were carried out using DIC (3 equiv.) as a coupling reagent and Oxyma Pure
(6 equiv.) as an activating additive, and Fmoc deprotections were achieved upon
treatment of the resin-bound peptide with 20% (v/v) piperidine in DMF. The combination
of DIC and Oxyma pure in both manual and automated synthesis is an effective
racemisation-free method for amide formation.?®> Following peptide cleavage and
deprotection as previously described, the crude product was dissolved in MeCN:H>O
(1:1) + 0.1% FA along with 10% (v/v) DMSO without further purification for 48 h at rt.
Crude product was then purified by semi-preparative RP-HPLC yielding the final
octapeptide 4 with >95% purity as confirmed by analytical RP-HPLC and ESI-MS
(Figure 3.9).
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Figure 3.9: a) SPPS synthesis of octreotide peptide 4. b) Crude RP-HPLC trace (220 nm, 5-95%
MeCN/H>0 + 0.1% TFA) of the cyclisation with 10% (v/v) DMSO.

Following our one-pot disulfide reduction and TYC rebridging protocol,
naphthalimide-alkyne 100 was used to generate a rebridged fluorescent peptide analogue
of octreotide suitable for potential bioimaging applications. Octapeptide 4 and TCEP (1.5
equiv.) were added into a vial and dissolved in H>O. The peptide solution was allowed to
stir for 15 min in order to reduce the disulfide to the dithiol. Next, a mixture of DPAP 15,
MAP 94 and the naphthalimide-alkyne 100 in H2O:MeCN (7:3) + 0.1% FA was added to
the peptidyl solution and let stir at rt under UV-light conditions (Scheme 3.10). The crude
mixture was monitored by analytical RP-HPLC and purified by semi-preparative RP-
HPLC furnishing the final conjugated octapeptide 111a/b in 62% RP-HPLC conversion.
The starting material was completely consumed in the reaction; however, a 38%
conversion to the desulfurisation byproduct 112 was also observed. In an attempt to

improve the product yield, an additional equiv. of TCEP was added after 1 h of reaction.
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However, this resulted in >95% conversion to the desulfurised byproduct 112, with no

detectable formation of the desired product due to the excess of TCEP.
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Figure 3.10: a) TYC-mediated rebridging of octreotide peptide 4 with Nap-alkyne 110 in order to yield
novel fluorescent peptide conjugates 111a/b. b) Structure of desulfurisation by-product 112, as
characterised by ESI-MS.

3.4 Conclusions and future work

In this chapter, a TYC-mediated rebridging method was developed for peptide
bioconjugation with a focus on applications towards delivering suitably labelled peptide
macrocycles as tools for chemical biology. Additionally, use of NaBH4 as a disulfide-

reducing agent for use in the stepwise process was identified.

Initially, the optimisation of NaBH4 was undertaken to establish the most efficient
conditions for peptide disulfide reduction. Its high efficiency was demonstrated with a
model peptide 89, achieving >95% dithiol conversion by RP-HPLC within 15 minutes in
PBS buffer. A subsequent TEC-based model reaction confirmed the feasibility of
performing thiyl-radical mediated reactions at both thiols, furnishing >95% of the

diconjugated product after 1 h. Optimisation of the TYC reaction was also performed to
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gain mechanistic insights into the rebridging reaction and to minimise side-product
formation. The optimum conditions were identified as 10 mM of the disulfide peptide 89
with DPAP 15 and MAP 94 as photoinitiator and photosensitiser, in HoO:MeCN (9:1) +
0.1% FA, yielding 70% conversion of the desired product 92a/b after 1 h.

However, attempts to perform a one-pot reduction—rebridging using NaBH4 and
TYC failed to furnish the desired rebridged product, likely due to potential side reactions
between alkynes and NaBH4. Consequently, the one-pot approach was adapted to employ
the previously reported reducing agent TCEP, which afforded high RP-HPLC

conversions in an expanded alkyne scope study.

As a proof of concept, the one-pot method was successfully applied to the
rebridging and fluorescent labelling of a biologically active peptide, octreotide 4.
Treatment of octreotide with an alkyne containing fluorophore, namely naphthalimide-
alkyne 100 afforded the corresponding conjugate 111a/b in 62% conversion,

demonstrating the potential utility of this approach.

Moving forward, future work will involve a detailed stereochemical study of the
TYC reaction, given that the initial reactivity can occur at either Cys residues.
Furthermore, fluorophore—octreotide conjugate 111a/b will be explored for bioimaging
applications in cellular environments, thereby expanding the scope and relevance of this

strategy, as has been demonstrated in previous studies.?*”2%!
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Naphthalimide-mediated

thiol-ene photoredox catalysis +

75



Chapter 4

4.1 Introduction

As previously discussed in Chapter 1, TEC is a versatile photochemical ‘click’ reaction
that often relies on light irradiation and the presence of a photoinitiator to induce the
radical chain process, although thermal initiation is also a viable option. Thus, the use of
light has a distinctive role in the photomediated approach to generate thiyl radicals.
Methods for the thiyl radical formation comprise a diverse range of photoinitiators
including direct photoinitiation, nanoparticle-based photoinitiators and molecular
photoinitiatiors. Development of novel photoinitiators remains an active field of research
as more sophisticated methods for proximal thiyl-radical formation are required for
applications of thiol-ene ligation in biological systems.?%* Indeed, for applications of
thiol-ene ligation in biological milieu, where an abundance of different thiols exist, often
within high concentrations of glutathione, selective thiyl radical initiation remains the
only logical approach towards achieving selective processes. Direct photolysis of the S-
H bond is the simplest method to generate thiyl radicals; however, it requires longer
exposure times and higher energy photons compromising the molecules stability.?6*?% In
the case of nanoparticle-based photoinitiators, they generally function as heterogeneous
catalysts for chemical synthesis and modification.?®® They offer advantages such as
reusability, sustainability and ease of separation which fit with the concepts of ‘click’ and
‘green’ chemistry. Commonly used nanoparticles in current research include transition
metal oxides (e.g., TiO2, Bi203) and metal nanoparticles such gold (Au) and silver
(Ag).2®"- 28 However, the most widely used method for generating thiyl radicals is
through the use of molecular photoinitiators. These are commonly known as HAT
photoinitiators and can be classified in two groups: (i) bond-cleavage photoinitiators
(type 1), such DPAP 15 and Irgacure 2959 16 as previously showed in Section 2.3.4 and
(ii) bimolecular photoinitiating systems (type II), such as benzophenone.!’*% HAT
photoinitiators are the most widely utilised photoinitiators for peptide chemistry
involving UV-light. However, shifting to lower excitation energies offers the possibility
of milder excitation sources with reduced potential for radical induced damage when
performing ligation reactions in biological systems.?®* Therefore, novel methodologies
such as photoredox catalysis focused in longer wavelength such as blue and visible light

are under investigation due to their improved compatibility with biological systems.?”
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4.1.1 Photocatalysis

Photoredox catalysis is a relatively recent ‘tool’ that fits well with the ‘green-chemistry’
dogma owing to its compatibility with room temperatures conditions and low energy
photons.?”! The general mechanism of photoredox catalysis involves the absorption of
light of by photocatalyst (PC) entering in a photoexcited state (PC*). Once the PC has
been excited, it can transfer the electron via two different pathways (Figure 4.1): the

oxidative quenching cycle where PC* transfers an electron to an acceptor species (A) and
is consequently oxidised to PC"*which is then reduced back to the ground-state (GS) PC
by accepting an electron from a donor (D) or via the reductive quenching cycle where
PC* is reduced to a PC " by a D followed by the oxidation back to the GS-PC through

electron transfer to the A.2%

D A
-+ PC*
D A
Reductive Oxidative

— . A +e
PC quenching quenching PC

cycle cycle
A D
C

P
e 5t
Figure 4.1: Reported catalytic quenching cycles of a photoexcited photoredox catalyst PC* .27

The most widely explored photocatalytic redox methodology for thiol-ene
reaction is the visible-light-mediated ruthenium (Ru) PC due to its atmospheric redox
activity in reductive or oxidative cycles.?’*:2’* However, various catalytic structures are
also used, including transition metal polypyridyl complexes,'® lanthanide ions,?”> metal-

275

organic frameworks“’> and organic molecules such as naphthalimides.

4.1.2 Naphthalimides

1,8-naphthalimides (naps) are ben[de]isoquinolin-1,3-diones that possess a naphthalene

core connected to a third ring formed by an imide bond (Scheme 4.1).
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Scheme 4.1: Generic scheme for the synthesis of 1,8-Naphthalimides.

The R; group is commonly functionalised with various organic groups which
modulate the photophysical properties of these molecules. In 1986, Middleton et at. first
reported the internal charge transfer (ICT) behaviour of naps.?’® This study showed how
naps can adjust the ICT excited state to produce a ratiometric fluorescence response. The
naphthalene ring acts as a n-bridge between the electron-accepting imide R» group and
R1 group. When R; is installed at the 4-position with an electro-withdrawing group such
as NO», the resulting compound exhibits minimal fluorescence.?’’ This is likely due to
the high electronegativity of the oxygen atoms which disrupts the conjugation between
the donor nitrogen and the rest of the fluorophore, thereby effectively obstructing its ICT.
In contrast, substitution of R; by electron-donating group (e.g., NH2) results in
‘unrestricted’ naps that display ‘push-pull” ICT excited-state, where the electrons
delocalisation occurs from the NHz group to the electron-withdrawing imide (Figure
4.2).?"" This leads to a broad emission bands centred around 450 and 550 nm,

respectively.

Figure 4.2: Electron delocalization causing ICT within the Nap ring.

Applications of naps have been reported in antitumor research,?’® fluorescent
markers in biochemistry,?”® analgesics in medicine,”® fluorescent switchers,?®! and laser
dyes.?®? Henwood et al., reported a novel aggregation-induced emission (AIE) strategy
in which nap 113 (Scheme 4.2), in the presence of the clinically approved amphiphilic
poloxamer P188 developed a co-assembly strategy.?®® This could demonstrate the ‘on’

(emissive) or ‘off” (quenched) behaviour in cells.
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Scheme 4.2: Co-assembly strategy to develop water-soluble nanoparticles in aqueous P188.283

This strategy involves the use of P188, a tri-block copolymer composed of two
hydrophilic polyethylene glycol chain flanking and a central hydrophobic core
(polypropylene oxide), which encapsulates hydrophobic compounds such 113.2%
Compound 113 is completely insoluble in water and thus serves as a hydrophobic
template around which the hydrophobic core of the polymer can assemble, causing the
hydrophilic segments to orient outward and make the resulting particles water-soluble.?8*
This approach has been further employed to image Hela cells as demonstrated by Ramirez

Lazaro et al.*®

Finally, while various naps derivatives have been reported as efficient
photoinitiators in polymer chemistry,?*® 287 their use as PC in peptide chemistry is yet to

be reported.

4.2 Aims

Certain naps, such as compound 113, possess an AIE behaviour. This phenomenon often
described as ‘turn-off/turn-on’, involves changes in fluorescence due to molecular
aggregation. Aggregation restricts intramolecular motions, resulting in enhanced
emission of the fluorophore.?®® The nap 113 is fluorescent in 100% THF, however, as the
H>O content increases, fluorescence is quenched (‘turn-off”) due to reduced solubility
and the onset of aggregation. At 60% water content, aggregation and subsequent
restriction of the bonds start to occurs among the nap 113 molecules, recovering the
fluorescence (‘turn-on’).?®* This phenomenon is illustrated in Figure 4.3, reproduced

here with permission from Henwood et al.?%}
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Figure 4.3: Turn-off/turn-on phenomenon by increasing the H,O content. Picture obtained from ref 283

With these characteristics in mind, this project aimed to develop a novel
methodology of nap-mediated TEC applicable in both organic and aqueous media, for
the bioconjugation of organic molecules and peptides focused on drug discovery (Figure
4.4). Initially, optimisation studies were carried out in both solvent environments to
identify suitable conditions for the thiol-ene reaction and towards development of a
putative mechanistic understanding of nap-mediated TEC. Once optimised, a series of
structurally diverse AIE naps® were employed to investigate the applicability of this
method. This approach will enable the development of a new versatile strategy for nap-
mediated TEC photoredox in organic-soluble systems. Furthermore, under aqueous
conditions, the objective is to generate the previously described water-soluble particles,
thereby facilitating intracellular internalisation of the conjugated drug obtained via TEC.
Simultaneously, nap 113 will, in theory, serve as a PC mediating the thiol-ene reaction
within the cellular environment (Figure 4.4). The internalisation can be confirmed by

confocal cellular imaging.

¢ All naps used in this project were synthetised by Louisa Constance Sigurvinsson, Dr. Laura Ramirez
Lazaro and Dr. Adam Henwood.
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Figure 4.4: Encapsulation of thiols and alkenes along with nap 113 in water-soluble nanoparticles, which
are subsequently internalised within the cellular environment. The cells are then irradiated with blue light
to trigger the thiol-ene reaction, leading to the formation of the desired intracellular drug.

4.3 Results and Discussion

Nap 113, reported by Henwood ef al. was selected to be a representative example for this
methodology.”®® Previous studies conducted by Henwood in Trinity Biomolecular
Sciences Institute, demonstrated its UV-vis absorption and emission spectra in THF, with
its absorption observed at ca. 300-400 nm and emission within the 550—700 nm range,
indicating the requirement of blue or visible light for its excitation. Although UV light
could also be suitable for this project, a milder irradiation source was chosen due to the
focus on cellular applicability. In addition, the use of UV light in combination with
electron transfer is limited by the presence of AA residues such as Tyr and Trp that also
absorbs in the same wavelength range and which might lead to side-chain oxidation
potential.'”” Given the higher photonic energy of blue light, a 2 Kessil LED
PhotoReaction Light (KSPR160L-440) centred at 440 nm light source was employed in
this project.

4.3.1 Optimisation in Organic Solvents

Previous investigations by the Scanlan group demonstrated a photocatalytic TEC reaction
between allyl benzoate 114 and thioacetic acid 115 using a carbon/Bi>O3 nanocomposite
as PC.2%7 The authors reported the novel application of a catalyst that is simple to prepare
and allows straightforward purification, affording excellent yields. The same optimised

conditions were selected for the naps-mediated TEC reaction.

In an initial experiment allyl benzoate 114 (1.0 equiv.) and thioacetic acid 115 (4.0
equiv.) with nap 113 (0.05 equiv.) as the PC were combined in moderate polar solvent

such as THF (Figure 4.5). The reaction was performed at rt for 1 h under blue light
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irradiation. The desired thioester product 116 was purified by flash column

chromatography and achieved in 76% isolated yield (c.f- Figure S9.30).

CgHiz
O, N O
0 o Nap 113 0 0 OO
NF + )L (005eq) o )LS/\/\O
SH THF O
1h,rt, hy
14 115 116, 76% : N :

113

Figure 4.5: Synthesis of thioester 116 via nap-mediated TEC reaction.

The first hypothesis suggested that the nap indeed played a role as a catalyst of the
reaction but further experiments also showed a second potential radical source which
could come from peroxide decomposition arising from the THF. To address this, a full
optimisation study was conducted in a moderately polar organic solvent such as
CH2ClLa.The reaction was carried out following the conditions displayed in entries 1-10

(Table 4.1).

Table 4.1: Optimisation of TEC reaction between allyl benzoate 114 and thioacetic acid 115 under blue
light irradiation in entries 1-10 conditions

" 0 Nap 113 a O
©)Lo/\¢ . )L - )LS/\/\O)‘\©
SH CH,Cl,
rt, hv
114 115 116
Entry Time Nap 02 Light Thioester
(min) 113 conversion®
1 60 0.05 equiv. Yes Yes 86%
2 5 0.05 equiv. Yes Yes N.R
3 30 0.05 equiv. Yes Yes 67%
4 60 -- Yes Yes 4%
5 60 0.05 equiv. -- Yes 61%
6 60 0.05 equiv. Yes -- N.R
7 60 -- -- Yes N.R
8 60 -- Yes -- N.R
9 60 0.05 equiv. -- -- 3%
10 60 -- -- -- N.R

All the reactions were carried out with allyl benzoate 114 in 1 equiv. and thioacetic acid 115 in 4
equiv. in CH,Cl, at rt. * % yields are quoted as isolated yields. N.R = No reaction occurred.
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The same conditions previously applied to THF as discussed above were employed,
achieving an 86% isolated yield of the desired thioester product 116 (entry 1, Table 4.1).
In an effort to develop faster reaction conditions, the reaction time was reduced, given
that TEC is considered a click-type reaction. Reactions conducted for 5 and 30 minutes
resulted in no product formation and a 67% yield of thioester 116, respectively (entries 2
and 3, Table 4.1). Thus, 1 h was established as an optimal reaction time for completion
of the photocatalytic cycle. The role of nap 113 as a PC in the TEC reaction was then
investigated. The reaction was performed at rt under blue light irradiation in the absence
of nap 113 (entry 4, Table 4.1). Only 4% of the desired thioester adduct was obtained,
confirming the critical importance of the nap 113 as a PC. Previously, the Scanlan group
reported O>-mediated thiol-ene reaction.® The authors demonstrated that heating the
reaction to 66 °C in the presence of atmospheric oxygen (O.) led to quantitative 'H NMR
conversion and >95% isolated yields. To assess the role of atmospheric O2 in the current
system, the reaction was conducted with 0.05 equiv. of PC for 1 h at rt under degassed
conditions (entry 5, Table 4.1). A notable decrease in yield to 61% of the desired product
was observed, confirming the important role of O, in the photocatalytic process.
Furthermore, the same reaction was carried out with 0.05 equiv. of nap 113 under
atmospheric Oz, but in the dark (entry 6, Table 4.1). No thioester product 116 was
observed, confirming that the reaction proceeds via excitation of nap 113. Additional
experiments were performed to assess the individual roles of the three key parameters:
nap 113, atmospheric O, and light (entries 7, 8, and 9, Table 4.1). Almost no product
formation was observed in the absence of any of these components. Finally, to confirm
that the reaction proceeds via a radical pathway rather than a nucleophilic mechanism, as
in the case of the thiol-Michael reaction, the reaction was repeated under degassed
conditions, in the absence of nap 113 and light (entry 10, Table 4.1) where, as expected,

no reaction was observed.

Following these optimisation studies, which confirmed the essential role of each
variable, and following previous reported mechanisms for organic PC such as for the role
of Eosin Y,?*%?°! a proposed mechanism for the nap-mediated TEC reaction is presented
in Figure 4.6. The mechanism begins with nap 113 in its GS. Upon irradiation, nap 113
1s promoted to its excited state (PC*), where it undergoes a single electron transfer (SET)

via oxidative quenching, resulting the formation of the thiyl radical cation from the thiol.

Subsequently, PC™* is oxidised back to its ground state by atmospheric O2, which

83



Chapter 4

develops into a superoxide species. Further studies such as electron paramagnetic
resonance (EPR) spectroscopy will be required to conclusively report a definitive

mechanism.
+
TEC -—-—— HS\R

HS<
R -

*

Nap

\ ©
hv Nap

Figure 4.6: Suggested photoredox mechanism for nap-mediated TEC reaction.?

The ICT phenomenon occurs when electrons are transferred from an electron-rich
region to an electron-deficient region within the same molecule.”®® This n cloud of
electrons can be easily stabilised or destabilised by the dipole moment of a given solvent.
Therefore, the ICT properties of a molecule will be affected based on the polarity nature
of the solvent in question. (Figure 4.7a).>33 Herein, the previous optimised reaction
between allyl benzoate 114 and thioacetic acid 115 was then repeated using different
organic solvents to confirm nap 113 efficiency for thiol-ene reaction in a set of different
polarity solvents. Thioacetic acid 115 and allyl benzoate 114 were dissolved in hexane,
CH>Cl; and EtOAc. Nap 113 was then added to the solution and the reaction was stirred
for 1 h under blue light irradiation at 440 nm (Figure 4.7b). The polarity phenomena of
the different solvents were observed when the reaction was irradiated under blue light.
The reaction mixture was shown with yellow colour (closer to blue) than in the case of
CH>Cl> that presented a red coloured mixture (Figure 4.7b). This can be explained by
the fact that, in more polar organic solvents, n—n* transitions exhibit a red shift as solvent
polarity increases, resulting in a smaller transition energy ‘gap’. In contrast, in less polar
solvents, these transitions present blue-shifted, corresponding to a higher transition
energy. The thioester product 116 was obtained in 80%, 86% and >95% isolated yields,
respectively demonstrating the great efficiency of nap 113 in all the different organic

solvent polarities.?8*832% Future work will focus on the photophysical studies of nap 113
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in the different solvents in order to address the difference within the yield achieved of the

product.
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Figure 4.7: a) Influence of solvent polarity on the energy gap. b). TEC reaction of allyl benzoate 114 and
thioacetic acid 115 in hexane (yellow), EtOAc (orange) and CH,Cl, (red).

4.3.2 Scope of Naphthalimides

With the nap 113-mediated TEC conditions optimised as discussed in the previous
section, a series of different nap derivatives exhibiting AIE behaviour were investigated

to demonstrate their efficiency and suitability in thiol-ene chemistry.

Naps 113, 117, 118, 119 were used as PC for the photoredox catalysis TEC
reaction.” Allyl benzoate 114 (1.0 equiv.) and thioacetic acid 115 (and 4.0 equiv.) were
used with naps 113, 117-119 (0.05 equiv.) at rt for 1 h under blue light irradiation at 440
nm. CDCl; was used in this experiment to quantify product conversion via 'H NMR

spectroscopy using 1,3,5-trimetoxybenzene as an internal standard (Figure 4.8).

f Synthesis of naps 113, 117, 118 and 119 used in this project were carried out by Louisa Constance
Sigurvinsson, Dr. Laura Ramirez Lazaro and Dr. Adam Henwood.
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Figure 4.8: TEC reaction performed with nap 113, 117, 118 and 119. ? Yields were calculated by 'H
NMR spectroscopy using 1,3,5-trimetoxybenzene as an internal standard (100 mol%).®

Excellent yields were obtained for naps 113 and 117 (Figure 4.8) with >95% 'H
NMR spectroscopy conversion of the desired thioester product 116. In the case of Re-
nap 118, thioester product 116 was obtained in 47%, as determined by 'H NMR
spectroscopy conversion (Figure 4.8). As a final example Troger’s base nap 119 was
utilised as photoinitiator for the reaction and thioester product 116 was obtained in 80%
'H NMR conversion (Figure 4.8). Further photophysical studies will be carried out in
order to address the distinct reaction efficiencies for naps 113, 117, 118 and 119 as PC of
TEC. Nevertheless, these naps demonstrated efficient activity as PCs for nap-mediated
TEC, comparable to standard HAT photoinitiators, culminating in the establishment of a
promising novel PC for the photoredox cycle of nap-mediated thiol-ene reaction in

organic solvents.

4.3.3 Optimisation in Aqueous Solvents

Water-soluble naps salts have been previously used in biological system as PC for the
photooxidative cleavage of proteins and DNA.?*?% Naps have also been reported as
heterogenous PC when immobilised on mesoporous silicas for applications such as textile
dye degradation.?®® However, to the best of our knowledge, there are no reports of naps
being employed as heterogeneous PC for peptide bioconjugation in the context of drug

discovery.

86



Chapter 4

Following the successful results in organic solvents and with the aim of enabling
nap-mediated TEC reactions at the cellular scale, optimisation under aqueous conditions
was undertaken. Up to this point, all reactions had been performed under homogeneous
conditions. However, nap 113 is not a water-soluble molecule, although it remains
fluorescent, as previously demonstrated. Therefore, a novel methodology for nap-

mediated TEC was developed under heterogeneous conditions.

Building upon the conditions reported by Conway et al. and the promising results
obtained in Chapter 2 of this thesis,'?"- ! GSH 48 and allyl alcohol 49 were selected to
carry out the heterogeneous nap-mediated TEC reaction (Table 4.2).

Table 4.2: Thiol-ene reaction in aqueous conditions with GSH 48 and allyl alcohol 49 with nap 113 as a
PC in the reaction.

(0] (0] (o] Nap 113
H 0 0 o}
A~ AN+ o = A K
HO™ 7% N OH H,0 +0.1% FA HO™ 7Y N \)LOH

t hy, 1h

Entry  Thiol:Alkene Nap 113 Time Thioester

equiv. (equiv.) (h) conversion
1 1:2.5 1 1 NR
2 2.5:1 0.5 2 75%*
2.5:1 0.05 1 >95%°

2 % yields are quoted as '"H NMR conversion. ® % yields are quoted as RP-HPLC
conversion. NR = No reaction occurred.

Initially, identical conditions as reported in Chapter 2 were applied. GSH 48 (1.0
equiv.), allyl alcohol 49 (2.5 equiv.), and nap 113 (1.0 equiv.) were added into a solution
of H20O + 0.1% FA. The reaction was conducted for 1 h at rt under blue light irradiation
at 440 nm (entry 1, Table 4.2). The reaction was filtered to remove nap 113 from the
crude mixture which was then analysed by RP-HPLC and 'H NMR spectroscopy.
Unfortunately, no desired product formation of compound 50 was observed under these

conditions.
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Since TEC chemistry is initiated through the formation of thiyl radicals, an excess
of thiol was employed to help promote the initiation of the reaction. Using an excess of
GSH 48 (2.5 equiv.), allyl alcohol 49 (1.0 equiv.) and nap 113 (0.5 equiv.) were added to
the reaction mixture and the reaction was stirred for 2 h at rt under blue light irradiation
(entry 2, Table 4.2). In the crude 'H NMR spectrum (400 MHz, D,O, Figure 4.9),
residual alkene peaks from 6.07-5.06 ppm can be observed, suggesting incomplete
consumption of the starting materials. Additionally, peaks in the region of 3.36—3.26 ppm
correspond to the formation of the disulfide dimer of GSH 48, likely due to the excess of
GSH 48 used in the reaction and the long reaction time (Figure 4.9). The presence of the
disulfide was further confirmed by RP-HPLC and MS. Nevertheless, the desired product
50 was observed in 75% conversion determined by '"H NMR, confirming the successful

heterogeneous thiol-ene reaction mediated by nap 113.
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Figure 4.9: '"H NMR spectrum (400 MHz, D;0) of the crude reaction mixture with GSH 48 and allyl
alcohol 49 after 2 h reaction under aqueous conditions.

Given that the excess of thiol promotes successful product formation, along with
a reduced amount of nap equivalents, a final optimisation attempt was carried out using
GSH 48 (2.5 equiv.) and allyl alcohol 49 (1 equiv.), with nap 113 serving as the PC in
only 0.05 equiv. The reaction was irradiated with blue light for 1 h (entry 3, Table 4.2).
The crude reaction mixture was then filtered and analysed by analytical RP-HPLC, 'H
NMR, and mass spectrometry. To our delight, a >95% RP-HPLC conversion to product
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50 was observed under these conditions, (Figure 4.10b), strongly highlighting the
synthetic potential for heterogeneous catalysed thiol-ene reactions under aqueous

conditions.

Future studies will focus on encapsulating the target Cys-based peptide with an
alkene probe to perform the reaction mediated by nap 113 in a cellular environment, as

outlined in Figure 4.4.

o) o) o) Nap 113 o 0 S 0
H
OH - H
HOJI\:/\)LN%N\)LOH NS > HOJWLN/([rN\)LOH
NH, H § H,0 +0.1% FA S Ho S
i, hv, 1h 2
48 49 50
b)
48
50
A N
0 5 10 15 20

Figure 4.10: a) Scheme of Thiol-ene reaction in aqueous conditions with GSH 48 and allyl alcohol 49 with
nap 113 as a PC in the reaction. b) RP-HPLC trace (220 nm, 2-15% MeCN/H20 + 0.1% TFA) of the crude
mixture after filtration of the nap 113.

4.4 Conclusion and Future Work

This chapter presents the initial development of a novel approach towards nap-mediated
thiol—ene reaction under both homogeneous and heterogeneous conditions. Initially, the
reaction was successfully optimised in organic solvents using simple thiols, such as
thioacetic acid 115, and aromatic alkenes, such as allyl benzoate 114, to gain a
comprehensive understanding of the possible role of nap 113 acting as a PC under

homogeneous conditions. A putative catalytic mechanism is proposed based on the
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obtained results; however, more detailed studies are required to elucidate individual steps
within the catalytic cycle. Subsequently, a study involving organic solvents with higher
polarity was performed to confirm the ICT phenomenon of nap 113. In addition, the scope
of AIE naps was explored, including distinct structural naps such as 117, 118 and 119 to

investigate the different suitability to TEC reaction.

Once the reaction was optimised under homogeneous organic conditions, a novel
heterogeneous thiol-ene reaction was developed with nap 113 to enable the ligation
process under aqueous conditions. The reaction, using GSH 48 in 2.5 equiv. and allyl
alcohol 50 in 1 equiv. with nap 113 in 0.05 equiv. was carried out in H>O containing 0.1%
FA. The thioether product 50 was obtained with >95% conversion as determined by RP-
HPLC.

As hypothesised, nap 113 exhibited the most suitable behaviour for this
application, enabling photocatalysis of the TEC reaction in both organic and aqueous
media. Future studies will focus on optimising the nap-mediated TEC reaction within a
cellular environment. The capacity of the polymer P188 to form water-soluble
nanoparticles encapsulating nap 113, combined with its ability to catalyse the TEC
reaction, allows for the co-encapsulation of thiol-based targets and alkene-based probe
biomolecules, thereby facilitating the cellular internalisation of these biomolecules for

advanced biological applications as outlined in Figure 4.4.
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Covalent site-selective
screening platform to discover
protein-protein interactions

inhibitors
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5.1 Introduction

Protein-protein interaction (PPI) networks play essential roles in the regulation of
numerous biological processes, including cell proliferation, signalling, and pathogen-host
interactions.?”® Recent structural and biochemical studies have demonstrated that key
immune checkpoint pathways, such as PD-1/PD-L1, are mediated by high-affinity PPIs
that facilitate immune evasion in cancer and chronic infections.?”’ Furthermore, emerging
pathogens, such as SARS-CoV-2, are known to exploit PPIs; in particular, they utilise the
interaction between the viral spike protein and host ACE2 receptor to enable viral entry
and establish infection.! Efficient disruption of these interactions requires drug
molecules that not only bind tightly to their target proteins, but also engage selectively
with the specific interfacial contact sites. Since peptides intrinsically signal molecules for
many physiological functions, research efforts have sought to exploit the inherent
biocompatibility of AA and peptides, combined with the vast customisability of their
individual sequencings, for therapeutic interventions that closely mimic natural
pathways.?”®” Major advancements in synthetic methodologies have enabled the
production of peptide drugs exhibiting high specificities and low immunogenicities via
efficient, low-cost manufacturing methods.* However, despite their promising attributes,
the enthusiasm for peptide therapeutics has been tempered by certain limitations such as

their in vivo stability and low cell permeability.?””

Cyclic peptides are a well-known modality to target challenging PPI surfaces due
to their ability to engage the relatively flat protein binding surfaces.*?’ In addition, cyclic
peptide possess advantages such as increased enzymatic stabilities and improved target
selectivity, affinity and cell permeability.*! The growing interest in the therapeutic
application of peptides has driven the development of advanced screening platforms, such
as the Random non-standard Peptides Integrated Discovery (RaPID) system, as
previously mention in Chapter 1.1.2. However, all current screening methods lack the

precision to evaluate direct binding to specific functional ‘hot-spots’.

The RaPID system is a type of mRNA display that consists of a powerful platform
to discover new protein inhibitors (Figure 5.1).”” This system is able to screen a library

of more than 10'? macrocyclic peptides binding to a desired protein.
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Figure 5.1: Conventional RaPID system workflow. Briefly, DNA is transcribed to RNA (1), connected
with puromycin by ligation (2), and then translated in vitro (3). The resulting mRNA-peptide conjugates
are copied to cDNA (4) and optionally chemically modified (5). The mature library is then panned for
affinity to a protein target (6) and the cDNA encoding binders is eluted (7) for amplification by PCR (8) to
generate a new DNA library enriched in binders.

The mRNA display procedure is carried out entirely in vitro, which makes it
possible to select under a wide range of interesting conditions that would be incompatible
with traditional in vivo selection methods.*** In the RaPID system, a DNA library is first
transcribed to mRNA. A linker containing puromycin (Pu) is attached to the 3’ end of the
mRNA via a molecular spacer. Pu is an antibiotic that mimics the 3’ end of an
aminoacylated tRNA and is used as a bridge between the RNA and the peptide. The
resulting mRNA-Pu template is subjected to an in vitro translation. The translated peptide
(phenotype) is therefore covalently linked to its own genetic information in the form of
mRNA (genotype). After reverse transcription of the genotype and peptide modification,
the phenotype-Pu-genotype hybrid is then exposed to the target protein for the affinity
selection. Its purpose is to enable recovery of the genotype of binding peptides through
affinity-based enrichment against the desired immobilised protein. Elution washes
followed by DNA amplification are conducted in order to generate a new library for the

next round with peptides that presents high affinity for the target protein 3%

The RaPID system can incorporate non-canonical building blocks, either

replacing canonical AA with a close structural homologue, or for more exotic AA by
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attaching them to synthetic tRNAs using catalytic RNA called ‘flexizymes’ (Figure
5.2).2% The flexizymes mechanism consists of unique molecular recognition of aromatic
motifs which can be present in the sidechain or the activating group of the non-canonical
AA3% The flexizyme-catalysed acylation then occur between the activated non-
canonical AA and the hydroxyl group of the completely conserved 3° CAA sequence of
any tRNA.3%:397 Incorporation of non-canonical AA’s enables the generation of modified
peptides such as cyclic peptides,®®® or those displaying backbone modification.’*® These
modified peptides allow the library to be progressively enriched with high-affinity

binders before sequencing.®!”

]

9

Flexizyme 7 "r‘ 4

Figure 5.2: Mechanism of flexizyme-mediated tRNA acyla‘[ion.3 MAG = Activating Group.

To date, the RaPID system enables screening of the largest known library size for
peptide discovery, comprising over 10'? cyclic peptides. Numerous successful examples
of RaPID-mediated identification of bioactive cyclic peptides have been reported in the
literature,?*% demonstrating its effectiveness for the discovery of potent peptide
ligands. However, RaPID possesses a major limitation as it gives no information
regarding where a peptide hit binds. In order to target specific PPIs, the peptide needs to

bind at the functional interface otherwise the desired inhibition will not occur.

5.2 Aims

The aim of this project is to develop a novel strategy that integrates the powerful RaPID
system with proximity-driven, site-selective covalent capture by Thiol-ene Click (TEC)
mediated chemistry. By introducing complementary orthogonal chemical handles on the
target protein and within the peptide library (Cys and an alkene, respectively), this
covalent cross-link will be dependent on strong non-covalent binding, specifically in the

target site. As a result, only peptides that bind at the protein functional interface will be
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enriched (Figure 5.3). The use of peptide discovery methods that rely on a covalent
warhead for binding has been previously reported in literature.?!? This is a viable strategy
in drug discovery but comes with risks such as non-specific reactivity and problems with
warhead stability. In this project, the hits resulting from the covalent selection strategy
will be re-synthesized without the covalent warhead, and non-covalent binding to the
original (Cys-free) protein will be confirmed. Once optimised, this will be the first
method capable of selective targeting of PPI regions. This method will be broadly

applicable and will enable site-specific peptide discovery with high precision.
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Figure 5.3: TEC-mediated RaPID selection workflow. As compared to the standard workflow in Figure
5.1, the affinity selection step (6) involves a photoinitiated thiol-ene click reaction between the Cys in the
target protein’s binding interface and the alkene in any library members that bind in close proximity
(boxed).

5.3 Results and discussion

This methodology was first investigated using the well-established target protein, human
nicotinamide N-methyl transferase (R(NNMT), which already contains a Cys in its active
site. A broad range of peptide inhibitors have previously been reported for NNMT protein,
with allosteric and orthosteric binding.?%**!3 This will allow rapid proof of concept before

moving to a more biologically relevant target.
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5.3.1 Preliminary studies

5.3.1.1 Compatibility test

To begin this project, a compatibility test between thiol-ene reaction conditions and the
RaPID system was carried out. In the RaPID selection cycle, following the in vitro
translation, reverse transcription is conducted in order to add a cDNA counterpart to the
mRNA strand. This stabilised complex can then be chemically altered before enrichment
through binding to an immobilized target protein.’'” In order to apply the TEC reaction
to the RaPID selection, it was first necessary to confirm the stability of the mRNA/cDNA
complex under UV light irradiation and in the presence of radical species. Yoshisada et
al., reported the mRNA/cDNA complex stability studies under a broad range of
fundamental chemical conditions.*'’ Based on this work, a mRNA/cDNA complex was
synthesised by reverse transcription of a random mRNA library with an encoding binding
site for the ribosome, a peptide encoding region with a start codon, a random region
(NNK;s5), a Cys codon, and a flexible ‘GSGSGS’ peptide spacer before a stop. A
fluorescently (FAM) labelled reverse transcription primer was used to facilitate the
detection of product after conducting the experiment. The reverse transcription mixture
was then incubated for 42 °C for 1 h. Phenol-chloroform-isopropanol (PCI) extraction
was conducted, followed by EtOH precipitation. This complex is applicable since in
mRNA display, modification reactions are performed after the purification of the reverse

transcription product.

Once synthesised, the mRNA/cDNA complex was dissolved in ultrapure (MQ)
H>O to a concentration of 0.5 pM. Samples were exposed to UV-light (254/365 nm) for
5, 10, 15, 30 min at rt (Figure 5.4). To further assess stability under radical conditions,
the complex (0.5 pM) was incubated with Irgacure 2959 16 (50 uM) and irradiated with
UV-light for 30 min at rt. As a reference for the complex size within the gel, an additional
sample of the complex (0.5 uM) was treated with 1 M NaOH at 37 °C for 30 min, yielding
pure cDNA. The resulted products were visualised by 8% urea-SDS-PAGE for qualitative

analysis.
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Figure 5.4: 8% Urea-SDS-PAGE of mRNA/cDNA complex samples alone (lane 1), in the presence of
NaOH (line 2), under UV irradiation for 5, 15, 30 min (lanes 3, 4, 5, respectively) and 30 min in the presence
of Irgacure 2959 (lane 6).

In the urea-SDS-PAGE it was confirmed that stability after 30 min UV-irradiation
(lanes 3, 4 and 5) and tolerance to the radical initiator Irgacure 2959 (lane 6) was
achieved. The mRNA/cDNA complex and cDNA (lane 1 and 2) were sampled as a control
for the urea-PAGE. The mRNA/cDNA complex exhibited full compatibility under TEC
conditions, representing the first step towards establishing the RaPID-TEC platform.

5.3.1.2 Affinity measurement of peptide

Hayashi et al. reported a variety of novel NNMT inhibitors based on peptide 120 (Figure
5.5a) which demonstrated potent inhibitory activity (ICso) against both human and mouse
NNMT.*!® Based on this, peptide 121 was suggested as an analogue of peptide 120 using
conventional SPPS AA owing to the cost and synthetic challenges associated with non-
canonical AA for this peptide. Furthermore, according to a crystal structure of the desired
protein, the modified Tyr residue of the peptide 120 lies in close proximity to a Cys
residue in the NNMT binding pocket (Figure 5.5b).¢ To enable the thiol-ene reaction,
the non-canonical Tyr was replaced with allyl glycine (Alg) as the closest proximity
residue of peptide 121 to the Cys residue located in the active site of the protein. The N-
terminal residue 1 was also changed to tyrosine and residue 6 to phenylalanine, to

facilitate ease of later in vitro translation using building blocks available on-hand.

¢ Crystal structure analysis was made by Dr. Seino A.K. Jongkees.
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Figure 5.5: a) Chemical structures of peptides 120 and 121. b) Crystal structure of hNNMT (grey) in
complex with peptide 120 as an inhibitor (green). (¢) Zoom-in view highlighting the interaction between
the modified Tyr residue from the peptide 120 and the Cys residue of NNMT (shown in yellow).

Fluorescence polarisation (FP) is a technique that relies on the principle that a
fluorescently labelled molecule, when excited with polarised light, emits light whose
polarisation depends on how fast the molecule rotates. Small molecules rotate quickly
and give low polarisation signals, whereas larger complexes rotate more slowly and give
higher signals (Figure 5.6). This property enables the detection of interactions between
a small, labelled ligand (or peptide) with a larger protein, forming the basis for both direct
and competitive binding assays. In this project, peptide 123 was chemically modified
through addition of a fluorophore in order to be able to study its interaction with the

NNMT protein.
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Figure 5.6: Mechanism of FP method.

Inhibitor peptide ClAc-Tyr-Pro-Tyr-Arg-Pro-Phe-Gly-Cys-Gly-Pegs-
azidohomoalanine (Aha)-Gly was synthesised on a Rink amide resin, using a SPPS
synthesiser. Fmoc deprotection was carried out with 20% (v/v) piperidine in DMF (2 x
10 min) (Figure 5.7). AA coupling was performed using a solution of Fmoc-AA-OH (3
equiv.), DIC (8 equiv.), and Oxyma (4 equiv.) in DMF for 45 min, to ensure efficient and
complete coupling to the resin. Following chain assembly, the peptide was deprotected
and cleaved from the resin with a cleavage cocktail consisting of TFA:TIPS:H,O:DTT
(90:2.5:2.5:5) for 2 h, furnishing the linear peptide. The crude product was >95% pure by
analytical RP-HPLC, which was sufficient for subsequent steps. For the spontaneous
ClAc—SH cyclisation, the crude peptide was dissolved in DMSO (2 mL) in the presence
of DIPEA (10 pL) to provide basic conditions. After 30 min stirring, the cyclised peptide
122 was obtained with >95% conversion by RP-HPLC. The crude product was then
purified by PREP RP-HPLC. The purified peptide was redissolved in DMSO and reacted
with DBCO-FAM 123 to achieve the ‘click’ reaction. After 30 min, the fluorescent
peptide 124 was obtained with >95% conversion by RP-LCMS.
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Figure 5.7: Synthesis of fluorescent peptide 124.

The non-covalent interaction between fluorescent peptide 124 and NNMT protein
was measured by FP. Fluorescent peptide 124 showed an affinity of 510 nM for the
NNMT protein (Figure 5.8)." While this indicates moderate affinity, it is not sufficiently
strong for stable complex formation, suggesting that covalent linkage could enhance

binding stability and overall interaction strength. This binding affinity is, however, strong

h FP assay was carried out by Antonius J. P. Hopstaken.
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enough for recovery in an mRNA display experiment, making this variant peptide a

suitable tool for reaction development.
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Figure 5.8: Fluorescence polarization measurements from 1:1 serial dilution of NNMT protein with 10 nM
FAM labelled peptide 123. Error bars show =+ standard deviation of three technical repeats.

5.3.2 Thiol-Ene Optimisation

Once the compatibility between TEC reaction and a RaPID library was confirmed,
TEC reaction was optimised in order to achieve the best conditions for RaPID display. In
recent years, targeted covalent inhibitors (TCIs) have attracted considerable attention
owing to their outstanding pharmacological properties.’!> Compared with non-covalent
inhibitors, TCIs offer notable advantages, including enhanced potency, improved
selectivity, and extended duration of action.’'® Commonly, Cys residues serve as the

primary targets.>!’

As previously discussed in Chapter 1, Campanico et al. demonstrated the ability
to performed radical thiol-ene activation of DUB proteins with Ub-alkene probes through
the use of Irgacure 2959 16 as photoinitiator.'®” The authors optimised incubation time
between protein and probe, reaction time and photoinitiator concentration. Based on these
reported findings, the TEC reaction was carried out between hNNMT target, which
possesses a Cys residue on its active site and fluorescent cyclic peptide 123, with Irgacure
2959 16 as a water-soluble photoinitiator to initiate the reaction (Figure 5.9). The
fluorescent property from the peptide allowed us to follow the reaction between the target

protein and the cyclic peptide.

hNNMT protein (1.8 uM) was incubated with the fluorescent peptide 124 at
different concentrations (70, 100 and 150 uM) on ice for 20 min. We expect this
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incubation step played a crucial role in facilitating the reaction, as it positioned the alkene
moiety of peptide 124 in close proximity to the active-site Cys residue of NNMT. The
TEC reaction was subsequently carried out in the presence of Irgacure 2959 16 (50 uM)
for 2 min at rt under UV-light irradiation (254/365 nm) in tris HCI buffer at pH 7.4.
Results were analyzed by SDS-PAGE and visualized by fluorescence (A and C, Figure
5.9) and silver staining (B and D, Figure 5.9).
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Figure 5.9: Thiol-ene reaction between human NNMT (hNNMT) and cyclised peptide 124 in the presence
of a water-soluble photoinitiator. 10% SDS-PAGEs visualized by fluorescence (A and C) and silver staining
(B and D).

Successful hANNMT labelling was confirmed by comparison of fluorescence and
silver staining. hNNMT alone was loaded as a control (lane 1). TEC reaction was
performed in 70, 100 and 150 uM peptide concentration (lane 3, 4 and 5) with Irgacure
2959 as the photoinitiator. Bands were observed in both fluorescent and silver stain
visualisation, suggesting successful conjugation between the protein and the probe.
Interestingly, slightly higher molecular-weight bands were observed upon coupling (lanes
3,4, and 5), consistent with the increased mass of the labelled protein. A second attempt
was performed with 40 uM of peptide 124 (lane 5) where successful peptide labelling

was also observed. In addition, negative controls lacking either the photoinitiator or UV-
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light exposure (lane 6 and 7) were undertaken and sampled in a 10% SDS PAGE. The
absence of labelling in the negative controls confirmed that the reaction proceeded via a

radical mechanism.

In mRNA display, the reaction scale is typically in the nanogram range. The
protein component can be supplied in excess, but the peptide is always the limiting
reagent as it is generated through in vitro translation. For this reason, the TEC reaction
was specifically adapted to accommodate these constraints. hNNMT at 0.5 uM was
incubated with fluorescent peptide 123 at 1 uM for 20 min on ice. Then, Irgacure 2959
16 was added, and the reaction mixture was irradiated with UV-light for 2, 5, 10 and 15
min (lane 2, 3, 4 and 5, Figure 5.10).

Irradiation time
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Figure 5.10: 10% SDS-PAGE visualised by silver stain.

No fluorescent visualisation of the SDS-PAGE was possible due to the lower
concentrations of the peptide 124. In this assay, no successful reaction was observed after
2 min (lane 2). On the other hand, a slight upward shift of the band can be appreciated in
lane 3, 4 and 5 compared with lane 2, consistent with longer reaction times used. These
observations suggest that the reaction may have occurred; however, the results were not
conclusive. A different methodology was then utilised in order to better demonstrate the

capacity of the TEC to occur under RaPID conditions.

The streptavidin—biotin interaction is considered one of the strongest non-
covalent bonds in biochemistry and chemical biology.*'® The streptavidin-biotin bond has
a dissociation constant of around 10'* M3 If a biotinylated peptide is used, successful
reaction between the protein and peptide will be captured by streptavidin beads. This
method can then be visualised by comparing bead-bound material with its supernatant
(SN) content using SDS-PAGE. The biotinylated peptide was synthesised through a
three-step procedure (Figure 5.11). The peptide core was assembled via SPPS, as
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previously described. The Aha residue was reduced with TCEP (5 equiv.) under aqueous
conditions for 2 days, until all of the starting material was consumed.*?° The resulting
crude peptide 125 was purified by PREP RP-HPLC. Using the exposed amine residue,
conventional liquid-phase amide coupling was performed with biotin (1 equiv.), HCTU
(1 equiv.), DIPEA (2 equiv.), and DMAP (0.5 equiv.). The reaction was allowed to
proceed overnight, and the biotinylated peptide 126 was purified by PREP RP-HPLC and
obtained in 5%.

Ns o HoN o
S H}NH H}NH
o N 2 o) N 2
/\/o}"‘ o} Ho}ﬂ o}
H H
o N—/"© o N—/"0
N/\\( N {
i © i ©
< S
o HN —_ TCEP O HN —
N, HN M, HN
» (
S=o O}‘\\Q ? 0 @
N o o (N o O NH
HO ‘\{ o % HO \\\.L« OO;/
NH
e Oa
A SrN / NO \\“Srn A NO
o o
XN; oy
NH
HO HN 2 HO o
122 125
o
HHN—‘qNH
3\\/\/”"
H
HN S
o}
H
o} N\)LNHZ
o\)\‘N
o} H\/\ON "o
":‘b/\‘g o W HN fo)
ox""% Hn HoANA NH
NH ~ S H
iy, L HN L
-
N oo 9 A
HO \\\\\\( o~y HCTU
o % DIPEA
NH DMAP
\u-SrN)‘NQ DMF
2 2 days, rt
¢} \L
NH
HO HN&‘NHQ

126

Figure 5.11: Three step-synthesis of biotinylated peptide 126.

Thiol-ene reaction and streptavidin-beads binding assay was performed by first
carrying out TEC reaction with hNNMT at different concentrations (1 and 1.5 pM,) in
the presence of biotinylated peptide 126 (1 pM) and Irgacure 2959 16 (7 uM) as the
photoinitiator in tris HCI bufter at pH 7.4 (Figure 5.12). The reaction was carried out for
15 min at rt. Subsequently, pull down with 4 uL of streptavidin beads was added to the
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reaction mixture in order to capture only the biotinylated protein. Bead binding was
performed at 4 °C with gentle rotation for 30 min. The samples were then analyzed by

10% SDS-PAGE and visualised by silver staining.
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Figure 5.12: Thiol-ene bead-binding assay between the conjugated protein and streptavidin beads.
Samples were analysed on a 10% SDS—PAGE gel, with both the beads and their corresponding supernatants
(SN) loaded.

No reaction was observed at 1 uM protein, as the protein remained entirely in the
SN (lanes 2 and 3). However, upon increasing the protein concentration to 1.5 uM (lanes
4 and 5), a distinct band corresponding to the conjugated protein was detected, suggesting
that some TEC reaction had proceeded successfully under RaPID conditions. With all the
parameters optimised and a clear notion of the TEC reaction working under RaPID

conditions the final step of this project was to proceed with mRNA display selection.

5.3.3 Thiol-ene—-Mediated mRNA Selection

The main aim of this project was that peptides identified through the covalent selection
strategy will be resynthesised without the covalent warhead, allowing them to bind non-
covalently to the native (Cys-free) protein. However, due to time constraints, only TEC-

mediated selection was performed as proof-of-concept of this methodology.

To begin this study, chloroacetyl-L-Tyr-cyanomethyl ester (ClAc-L-Tyr-CME)
was added to the flexible in vitro translation (FIT) system. The CME leaving group
facilitated efficient charging onto an initiating model tRNA (tRNA™¢,y) through
flexizyme eFx-mediated acylation, as described earlier in this chapter.'? After 1 h on ice,
the amino acetylated tRNA was purified by EtOH precipitation. The ClAc moiety on the
Tyr residue promoted spontaneous cyclisation after translation with a Cys programmed
later in the sequence.*?! This ClAc—Cys cyclisation has been widely reported in the

literature as a robust strategy to achieve macrocyclisation of target-binding sequences,
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and has also been applied in the development of NNMT inhibitors.?*>*!* Along with this,
hNNMT protein was biotinylated by the addition of Biotin-PEG4-NHS (5 equiv.) to allow

the capture of the protein into streptavidin beads for the selection.

A selection experiment was carried out, with some modifications from the standard
RaPID protocol to focus on covalent ligand discovery against a biotinylated protein
target. Two mRNA-displayed peptide libraries were used in parallel, incorporating either
L-homo allyl Gly (Hag) or L-Alg, as a methionine analogue, in order to identify the most
suitable alkene residue for TEC-mediated RaPID selection. The selection began with a
reprogrammed DNA library encoding peptide 121, followed by a section encoding
CGSGSGS linker was assembled by PCR and subsequently transcribed in vitro using T7
RNA polymerase at 37 °C overnight. The resulting library was ligated by T4 RNA ligase
at rt for 30 min to a short oligonucleotide terminating in Pu. EtOH precipitation was
carried out with RN Ase-free glycogen. /n vitro translation using PURExpress system was
then performed at 37 °C for 30 min. Reverse transcription of the resulting complex was
undertaken at 42 °C for 1 h to achieve the final construct consisting of a peptide—Pu—
mRNA/cDNA complex (with “=” and “/” denoting covalent linkage and nucleotide
hybridisation, respectively). Spontaneous cyclisation occurred between the N-terminal
ClAc group and the first translated Cys side chain, generating an mRNA-displayed
equivalent of the cyclised peptide 121. Sodium acetate buffer (pH 5) was added to
peptide—Pu—mRNA/cDNA complex solution in reverse transcription buffer at pH 8.3 to
give a final reaction mixture at pH 7. A 0.5 pL aliquot of the sample was diluted in 500
pL of Milli-Q H>O and used as an input sample for later qPCR quantification. The
biotinylated protein (1.15 uM) was then added to the mixture and incubated for 20 min
on ice. Irgacure 2959 16 (17 uM) was introduced as a photoinitiator, and the mixture was
divided into 4 output tubes. Two outputs were irradiated with UV light (254/365 nm) for
15 min at rt. A denaturing solution of 4 M urea was included on two of the tubes (1 each
with and without UV treatment) to remove all non-covalently bound peptides.
Streptavidin bead pull-down was then performed, followed by three PBS-T washes to
ensure complete removal of unbound ligands. Finally, the DNA associated with
covalently cross-linked peptides was quantified by quantitative PCR as a measure for
DNA recovery, and therefore peptide binding. Results are shown in Figure 5.13. As
positive control, the non-denatured and non-irradiation output was considered, while non-

irradiated but denatured output was considered a negative control.
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Figure 5.13: Bar charts showing the DNA recovery for both Hag 127 and Alg 128 containing libraries
against hNNMT protein. Light grey bars with circle datapoints refer to the recovery upon UV-light
irradiation outputs, dark grey bars with triangle datapoints refer to the recovery without UV-irradiation
(254/365 nm) outputs. 4 M urea was used as denaturing conditions for this experiment. Native refers to the
outputs that were not denatured.

As a first observation, the recovery was lower for the Hag 127 library, with a
maximum of 0.005%, compared with 0.013% for the Alg 128 recovery. This difference
may be attributed to the greater difficulty of Hag 127 incorporation during translation,
possibly due to its longer side chain relative to Alg 128. On the other hand, a clear
difference was observed for both AAs when comparing irradiated vs. non-irradiated under
denaturing conditions (4 M urea), confirming that successful covalent linkage was
achieved via the TEC reaction. Furthermore, comparable recovery levels were obtained
upon UV-light irradiation under both denatured and non-denatured conditions for both

AA’s, which is consistent with the advantages previous reported about covalent ligands.

These results provide promising evidence supporting the feasibility of the TEC-
mediated RaPID platform. While the standard percentage recovery of mRNA display is
estimated between 1-2% recovery, the low percentage recovery observed in this selection
may be due to the harsh conditions applied prior to streptavidin pull-down, which may
have impaired effective binding of the protein to the beads. Future studies should
therefore focus on optimising the recovery conditions, for example by performing the

bead pull-down prior to denaturation, as has been reported in the literature.?!?
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5.4 Conclusions

In this work, a novel site-selective strategy for the discovery of peptide-based PPI
inhibitors was developed. TEC-mediated RaPID selection was demonstrated to be a
promising methodology. Although the approach is intended to be applicable to a wide
range of targets, hNNMT was selected as a model protein due to the presence of an

accessible Cys residue in its active site, which facilitated the feasibility studies.

Preliminary experiments established the physical compatibility of mRNA/cDNA
complex with UV irradiation and radical conditions. In parallel, peptide 124, whose
design was based on previously reported NNMT inhibitors,*!* was evaluated and
displayed a dissociation constant (K4) of 510 nM in FP assays, indicating moderate

binding affinity with potential for further enhancement through covalent linkage.

Once the compatibility between RaPID and TEC was confirmed, the thiol-ene
reaction was optimised under conditions analogous to the standard RaPID protocol. A
successful covalent conjugation between hNNMT and fluorophore-labelled peptide 124
was achieved in the presence of Irgacure 2959 under UV irradiation, with an optimal
reaction time 1s <2 min. Furthermore, covalent capture of hNNMT was demonstrated
using a biotinylated peptide in a 1:1.5 ratio, yielding satisfactory results as an initial

proof-of-concept for the strategy.

Finally, TEC-mediated RaPID selections were performed using two mRNA-
displayed peptide libraries incorporating Hag 127 and Alg 128, respectively, to identify
the most suitable alkene residue for covalent capture. Successful enrichment was
observed in both cases, with superior recovery obtained using Alg 128, likely due to its
higher translation efficiency or improved alkene positioning compared to Hag 127.
Despite these promising outcomes, the overall recovery remained relatively low, most
likely due to the application of denaturing conditions prior to bead binding. Future
optimisation will focus on refining the pull-down step, in particular by performing

streptavidin capture prior to denaturation, as suggested by previous reports.
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Conclusions
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The work outlined in this thesis explores applications of thiyl radical-mediated ‘click’
reactions for peptide bioconjugation and stapling, with potential applications in drug

discovery and development in both academia and in pharma.

As an initial study, discussed in Chapter 2, TEC-mediated, continuous-flow
methodology was applied to peptide bioconjugation. This work demonstrated, for the first
time, the compatibility of TEC reaction with continuous flow system in DES, bio-based
solvents and fully aqueous media, offering scalable conditions which address the
principles of green chemistry. Firstly, excellent results were obtained for GSH ligation
under continuous flow as a-proof-of-concept study, in both DES and biobased solvents
under continuous flow. This strategy was applied to a variety of alkenes under both batch
and continuous flow with DPAP 15 as a photoinitiator in order to demonstrate the
efficiency of the continuous-flow process for peptide bioconjugation and potential scale-
up. Product yields under continuous flow were consistently higher than those achieved in
batch reactions, ranging from quantitative to 50%. In aqueous conditions, the use of the
water-soluble initiator Irgacure 2959 16 resulted in lower improvements compared to
DPAP reactions, due to its slower cleavage rate. Nevertheless, GSH conjugates were
obtained in 94%-67% under continuous flow. This approach was successfully extended
to the glycosylation of two bioactive peptides, CREKA 77 and CKYKAQ 79 under
exclusively aqueous conditions. Finally, the conjugation of an anticancer RGD peptide
81 was achieved in 62% isolated yield under DES and aqueous continuous flow
conditions. This chapter highlights the potential of TEC chemistry under continuous flow
as a scalable and sustainable platform for peptide bioconjugation and diversification

strategies relevant to drug discovery and development.

Chapter 3 presents the application of the related Thiol-yne Click (TYC)
chemistry for the purpose of peptide disulfide rebridging. Also in this study, the use of
NaBH4 as an emerging peptide disulfide reducing agent was demonstrated. Disulfide
reduction of peptide 89 by NaBH4 was achieved within 2 min in nearly 90% product
conversion which confirmed its viability as an alternative to other conventional peptide
reducing agents. Despite the incompatibility of NaBH4 with TYC chemistry, study of the
disulfide rebridging via TYC chemistry was achieved using TCEP as the reducing agent.
Expanding on previous reported literature and providing new mechanistic insights, a
diverse scope of synthesised alkynes was tested for disulfide rebridging of peptide 89 in

order to demonstrate the generality of this approach, achieving conversions of between
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39% up to quantitative yields. This chapter culminated with the application of this
strategy to the Somatostatin analogue, Octreotide 4, which was conjugated with the
fluorophore alkyne 100 to furnish the rebridged product in 62% conversion. Future
studies will investigate the applications of the fluorophore octreotide peptide 111 in

cellular bioimaging.

In Chapter 4 naphthalimides were investigated as a novel class of photocatalyst
for the TEC-mediated photoredox reaction. For this project, nap 113 was selected as a
model naphthalimide based on previous studies from Henwood et al. The AIE properties
of naphthalimides enabling fluorescence in both organic and aqueous media allowed us
to investigate its photoredox mechanism. A detailed optimisation study was conducted
based on a model reaction with thioacetic acid 114 and allyl benzoate 115 in organic
solvents. A putative photoredox catalysis mechanism was proposed according with the
results achieved in the optimisation studies involving the relevant role of atmospheric O>
and the light irradiation. Further exploration of solvent polarity and a range of AIE-active
naphthalimides confirmed the broader applicability of these photocatalysts to TEC
reactions. Preliminary studies for the heterogenous naphthalimide-mediated thiol-ene
reaction under aqueous conditions were also performed, offering novel insights into this
emerging field. Nap 113 can be captured within water-soluble nanoparticles composed of
P188 polymer; therefore, future work will focus on the applications of these, nap-
containing, water-soluble particles as tenable photocatalysts for thiol-ene mediated

reaction within the cellular environment.

Finally, Chapter 5 describes a proof-of-concept approach for the development of
site-selective peptide-based, protein—protein interaction (PPI) inhibitors via TEC
chemistry. This novel strategy addresses a current limitation of mRNA screening
platforms whereby the site of peptide binding is not controlled within the mRNA display
platform. Initially, successful compatibility optimisation was carried out by exposure of
the mRNA/cDNA complex to TEC conditions, resulting in successful covalent binding
of the alkene-modified peptide 124 to the NNMT protein. Following optimisation, TEC
reaction was optimised under RaPID selection parameters to confirm the compatibility
of both methods. Once compatibility study was confirmed, a TEC-mediated RaPID
selection was undertaken as a proof-of-concept for this strategy. Promising preliminary

results demonstrated the basis for this novel site-selective strategy to target PPIs.
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Figure 6.1: Graphical summary of the work described in this thesis.

Napthalimides-mediated photaredox

In summary, this thesis establishes thiyl radical-mediated ligation as a versatile
and broadly applicable platform for peptide science. These findings open future
directions in therapeutic discovery, cellular imaging, and the selective inhibition of PPIs,

positioning thiyl radical chemistry as a valuable tool for both academic research and drug

discovery in pharma.
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7.1 General Experimental Details

Commercial reagents and materials were purchased from Sigma Aldrich, Fluorochem,
VWR, Carbosynth, Rapp Polymere and Tokyo Chemical Industry and used without
further purification. Solvents for synthesis were purchased at High Performance Liquid
Chromatography (HPLC) grade. Silica gel 60 (Merck, 230-400 mesh) was used for
manual flash column chromatography. Automated reverse-phase flash chromatography
was performed on a Biotage system using Telos Cig flash column cartridges. Room
temperature (rt) is classified in this work as 18-21 °C. TLC was performed on Merck 60
Fas4 silica gel plates (fluorescence indicator F2ss, Merck) and visualised by UV light (Amax
= 254 nm), ninhydrin staining (1.5 g ninhydrin, 3 mL acetic acid in 100 mL n-butanol),
permanganate staining (1.6 g potassium permanganate, 10 g potassium carbonate and
1.25 mL 10% NaOH in 200 mL H20) or molybdenum staining (5.0 g ammonium
molybdate, 5.3 mL concentrated H2SO4 in 100 mL H20O) or Ellman stains. UV reactions
were performed in a Luzchem LZC-EDU (110 V/ 60 Hz) photoreactor housing 12 UV
lamps centred at 354 nm. Blue-LED reactions were performed using either a blue LED
strip obtained from a domestic supplier or using 2 x Kessil PR160L lamps centred at 440
nm. SPPS was performed in polypropylene syringe vessels (Torviq) fitted with a
polypropylene frit and was performed manually with continuous agitation. Melting points
(m.p.) are uncorrected and were measured with a Stuart SP-10 melting point apparatus.
Infrared spectra (IR) were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer.
Deuterated solvents for Nuclear Magnetic Resonance (NMR) spectroscopic analyses
were purchased from Merck, VWR and Fluorochem. Figures and schemes showed in this

thesis were made using ChemDraw 23.1.2.32-bit and Biorender.
Nuclear Magnetic Resonance (NMR) Spectroscopy

'H- and *C-NMR spectroscopic analyses were performed on a 400 MHz ('H,
400.13 MHz and '3C, 100.61 MHz) Bruker Avance spectrometer or a 600 MHz Bruker
Avance spectrometer ('H, 600.13 MHz and *C, 150.90 MHz). Resonances () are in ppm
units downfield from an internal solvent reference. 'H and '3C NMR assignments were
confirmed using additional experiments such as 2D COSY, HSQC, HMBC, and NOESY.
"H NMR reaction conversions were measured using 'H NMR spectroscopy with dimethyl

sulfone as internal standard (1 equiv.). '"H NMR spectroscopic experiment was executed
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utilising a long relaxation time (D1 = 14 s). NMR data was analysed using MestReNova

software.
High-performance Liquid Chromatography (HPLC)

Analytical and semi-preparative reverse phase HPLC was performed on a
Shimadzu Nexera system equipped with a photodiode array detector. For analytical
HPLC, either a Cig Jupiter 5 um, 110 A, 250 x 4.6 mm column or a Cis Jupiter 5 pm, 110
A, 100 x 4.6 mm column was used, with a flow rate of 1 mL/min. For semi-preparative
HPLC a Cg Jupiter 5 um, 110 A, 250 x 10.0 mm LC column was used. UV absorption
signals were detected with a PDA detector at suitable wavelengths as dictated by the
resultant absorption spectrum. LC-MS analyses were performed with a UHPLC single
quadrupole MS system (Shimadzu LC-MS-2020) using a Cig Phenomenex Kinetex
2.1 x50mm, 100 A, 2.6 um column. Preparative RP-HPLC was performed using a
Waters system equipped with a 2489 UV detector on a Cjs Xterra OBD column
(19 x 250 mm, 125 A, 10 pm).

High Resolution Mass Spectrometry (HRMS)

ESI mass spectra were acquired using a Bruker microTOF-Q III spectrometer
interfaced to a Dionex UltiMate 3000 LC in positive and negative modes as required. The
instrument was calibrated using a tune mix solution, (Agilent Technologies ESI-1 Low
concentration tuning mix) this was also used as an internal lock mass. Masses were
recorded over the range 100-2000 m/z. Operating conditions were as follows: end-plate
offset 500V capillary 4500V, nebulizer 2.0 Bar, dry gas 8.0 L/min, and dry temperature
180 °C. MicroTof control 3.2 and HyStar 3.2 software were used to carry out the analysis.
APCI experiments were carried out on a Bruker micrOTOF-Q III spectrometer interfaced
to a Dionex UltiMate 3000 LC or direct insertion probe. The instrument was operated in
positive or negative mode as required. Agilent tuning mix APCI-TOF was used to
calibrate the system. Masses were recorded over a range of 100-2000 m/z. Operating
conditions were as follows: Capillary voltage 4000 V, corona 4000 nA, nebulizer gas 2.0
Bar, dry gas 3.0 L/min, dry gas temperature 100-200 °C, vap. temperature 100-400 °C.

MicroTof control and HyStar software were used to carry out the analysis.
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Carbohydrate positions were numbered from 1 to 6, starting at the anomeric
position. In the case of disaccharides, individual glycans are labelled A and B, with A

being located at the reducing terminus, as shown in Figure 7.1.

OH
~ m C
5 -0
HO 2 HO 0]
HO —-OH Ho OH OMO
3 OH OH \R
B A

Fig. 7.1: Nomenclature of the carbohydrate moiety.

Continuous Flow Set Up for Initial Optimisation of Radical Mediated Thiol-ene

Reactions of Glutathione

The flow reactor used was from Syrris Ltd and consists of two Cavro-type syringe pumps
with flow rates ranging from 2.5 to 2500 pL min™!. Reagents were loaded into the reactor
chip from two pressurized containers A and B. Glass chip reactors of 1000 uL or 250 uLL
volume with inner S5 channel diameters of 0.25 mm were used and the temperature was
controlled using a cooling/heating plate. For photoinitiation a 36 W Mylee lamp covered
was placed over the chip assembly along with a box to prevent radiation leakage. Modules
of the system were connected with 0.5 mm internal diameter PTFE tubing. The whole
system was computer controlled and pressurized with dry N> with a back pressure

regulator (1-7 bar).

Figure S7.1: Integrated Syrris Ltd. continuous flow system of the O'Shea Laboratory (Royal College of
Surgeons in Ireland, RCSI, York House, York Street, Dublin 2, Ireland) on which initial radical mediated
thiol-ene chemistry optimisation was carried out.
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Continuous Flow Set Up for Investigation the Radical-Mediated Thiol-ene
Reactions in THF/H:0, Bio-based solvents, DESs and H20

The flow reactor consisted of a 10 mL syringe pump which was set up with a flow rate
of 0.08 mL min™'. Reagents were loaded into dual syringes at atmospheric pressure. FEP
tubing with an inner diameter of 0.8 mm was coiled around a glass insert. This insert was
placed inside a Luzchem photoreactor, LZC-EDU (110 V/60 Hz) containing 10 UVA
lamps centred at 352 nm. The terminus of the tubing was inserted into a glass vial for

sample collection and analysis

4 - .
(NRARARARARA

Figure S7.2: Continuous flow system within a 110 V UV oven (Scanlan Laboratory, Trinity Biomedical
Sciences Institute, Trinity College Dublin, 152-160 Pearse Street, Dublin 2, Ireland). Investigation of the
radical mediated thiol-ene chemistry of a variety of alkenes in THF/H,O, DESs and bio-based solvents and
H,O under continuous flow was carried out using this apparatus.

7.2 Experimental details for Chapter 2

7.2.1 General procedures

General Procedure A: Radical-Mediated Thiol-ene Reaction of Glutathione
in Batch. Alkene (1.63 mmol), glutathione 1 (20 mg, 0.065 mmol) and photoinitiator
(0.05 equiv., 0.003 mmol) were stirred at rt in THF/H>O (1 mL, 1:1) under UV irradiation
(352 nm, 110 V) for 20 min. Solvent was removed in vacuo. Dimethyl sulfone (6 mg,
0.065 mmol) was added to the mixture and reaction conversions were measured using 'H
NMR spectroscopy with dimethyl sulfone as internal standard (1 equiv.). 'H NMR
spectroscopic experiment was performed utilising a long relaxation time (D1 = 14 s). All
compounds synthesised using this experimental set-up were subsequently isolated by
column chromatography and characterised to enable accurate determination of reaction

conversions.
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General Procedure B: Radical-Mediated Thiol-ene Reaction of Glutathione
under Continuous Flow. A solution of glutathione 1 (20 mg, 0.065 mmol), alkene (0.16
mmol) and photoinitiator (0.05 equiv., 0.03 mmol) in THF/H20 (1 mL, 1:1) or H2O (1

mL) was pumped at 80 pL min! through the coil reactor at room temperature under UV
irradiation (352 nm, 110 V). Residence time was 20 min. Solvent was removed in vacuo.
Dimethyl sulfone (6 mg, 0.065 mmol) was added to the mixture and reaction conversions
were measured using 'H NMR spectroscopy with dimethyl sulfone as internal standard
(1 equiv.). 'TH NMR spectroscopic experiment was executed utilising a long relaxation
time (D1 = 14 s). All compounds synthesised using this experimental set-up were
subsequently isolated by column chromatography and characterised to enable accurate

determination of reaction conversions.

General Procedure C: Radical Mediated Thiol-ene Reactions of Glutathione
in Deep Eutectic Solvents (DESs) and Bio-Based Solvents in _Batch. Alkene (0.16
mmol), glutathione 1 (20 mg, 0.065 mmol) and photoinitiator (0.05 equiv., 0.003 mmol)
were stirred at rt in DES/H20 (3:2, 1 mL) under UV irradiation (352 nm, 110 V) for 20
min. The resulting product containing solutions were collected and analysed by RP-

HPLC.

General Procedure D: Radical Mediated Thiol-ene Reactions of Glutathione

in Deep Eutectic Solvents (DES) and Bio-Based Solvents under Continuous Flow. A

solution of glutathione 1 (20 mg, 0.065 mmol), alkene (0.16 mmol) and photoinitiator
(0.05 equiv., 0.03 mmol) in DES/H>0O (3:2, 1 mL) or H>O (1 mL) was pumped at a flow
rate of 80 pL min™!' through the coil reactor at room temperature under UV irradiation
(352 nm, 110 V). Residence time was 20 min. Solvent was removed in vacuo and the

resulting crude analysed by RP-HPLC.

General Procedure E: Solid Phase Fmoc Deprotection Utilising Wang Resin.
To a polypropylene syringe fitted with a polypropylene frit was added Wang resin (200
mg, 1.0 mmol/g, 0.2 mmol) and DMF (5 mL). The syringe was agitated for 20 min, then
drained. To a solution of Fmoc-AA-OH (5 equiv., 1.00 mmol) in DMF (1.5 mL) were
added DIC (5 equiv, 1.0 mmol.), HOBt (5 equiv., I mmol) and DMAP (0.5 equiv, 0.1
mmol). The resulting solution was preactivated for 5 min prior to addition to the fritted
syringe. The syringe was agitated for 1.5 h. Excess reagents were drained from the
syringe and the resin was washed with DMF (3 x 5 mL), CH2Cl> (3 x 5 mL) and DMF (3

x 5 mL) again. Fmoc deprotection of the resin bound peptide was accomplished by the
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addition of piperidine (20% v/v) in DMF (2 x 10 mL, 20 min). The deprotection solution
was expelled from the syringe and the resin washed with DMF (3 x 5 mL), CH>Cl> (3 x
5 mL) and DMF (3 x 5 mL). Cleavage and global deprotection of the resin bound amino
acids was undertaken by addition of cleavage cocktail (TFA:TES:H>0, 95:2.5:2.5 v/v/v,
5 mL) to the syringe which was tightly capped and agitated for 1.5 hours. The syringe
was drained, and the filtrate was collected. The resin was washed with TFA (2 x 2.5 mL)
and washings combined with the initial filtrate. The solution was concentrated under a
stream of Ny and triturated in cold Et2O prior to freeze drying to yield the desired amino

acid derivative.

General Procedure F: Solid Phase Peptide Synthesis on Rink Amide Resin.
To a polypropylene syringe fitted with a polypropylene frit was added Rink amide resin
(256 mg, 0.78 mmol/g, 0.20 mmol), and DMF (5 mL). The syringe was agitated for 20
min, then drained. Fmoc deprotection of the resin was accomplished by the addition of
piperidine (20% v/v) in DMF (2 x 10 mL, 20 min). The deprotection solution was
expelled from the syringe and the resin washed with DMF (3 x 5 mL), CH>Cl> (3 x 5 mL)
and DMF (3 x 5 mL). PyBOP (3.0 equiv.), NMM (6.0 equiv.) and Fmoc-AA-OH
protected amino acid (3.0 equiv.) were dissolved in DMF (0.2 M) and the resulting
solution was preactivated for 5 min prior to addition to a fritted syringe. The syringe was
agitated for 45 min. Excess reagents were drained from the syringe and the resin was
washed with DMF (3 x 5 mL), CH2CL> (3 x 5 mL) and DMF (3 x 5 mL). Subsequent
amino acid coupling cycles consisted of i) Fmoc deprotection of the resin bound peptide
by the addition of 20% (v/v) piperidine in DMF (5 mL) to the resin for 10 min. Following
this the solution was expelled from the syringe and replaced by fresh deprotection
cocktail and the deprotection repeated, ii) resin washes with DMF (3 x 5 mL), CH>CL (3
x 5 mL) and DMF (3 x 5 mL), iii) peptide coupling with addition of PyBOP (3.0 equiv.),
NMM (6.0 equiv.) and Fmoc-AA-OH (3.0 equiv.) in DMF (0.2 M) to the peptide resin
for 45 min, (iv) resin washes with DMF (3 x 5 mL), CH2Cl> (3 x 5 mL) and DMF (3 x 5
mL), (v) qualitative monitoring of reaction progress with bromophenol blue. Following
the final coupling, the resin was treated with 20% (v/v) piperidine in DMF x 2 for 10 min
and the resin was washed with DMF (3 x 5 mL) and CH>Cl; (3 x 5 mL). Cleavage and
global deprotection of the resin bound amino acids was undertaken by addition of
cleavage cocktail (TFA:TES:H>O, 95:2.5:2.5 v/v/v, 5 mL) to the syringe, which was
tightly capped and agitated for 1.5 hours. The syringe was drained and the filtrate was
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collected. The resin was washed with TFA (2 x 2.5 mL) and washings combined with the
initial filtrate. The solution was concentrated under a stream of N> and triturated in cold
Et,0 prior to freeze drying. The resulting crude peptide was purified by semi-preparative

RP-HPLC.

7.2.2 Characterisation data

Allyl-2,3,4,6-tetra-0O-acetyl-p-n-galactopyranoside (52).

OAcOAC
(0]

AcO O
OAc \/\
Peracetylated galactose 51 (3.57 g, 9.15 mmol) was dissolved in dry CH2Cl2 (15 mL). To
the mixture was added BF3-OEt; (1.24 mL, 10.06 mmol). The mixture was stirred for 1 h

before addition of allyl alcohol 49 (0.93 mL, 13.7 mmol). The mixture was left stirring at
rt for 3.5 h after which time the reaction was quenched by addition of sat. ag. NaHCO3

solution (20 mL). After stirring for 30 min, the mixture was washed three times with H,O
(3 x20 mL). The organic layer was dried over MgSQu, filtered and concentrated in vacuo.
Purification by flash column chromatography using Hex/EtOAc (6:4) as eluent afforded
the product 52 (2.00 g, 56%) as a clear colourless syrup. The isolated product was in good
agreement with literature.>?? Rr= 0.44 (Hex:EtOAc, 6:4)."H NMR (600 MHz, CDCls):
5.84 (dddd, J=17.0, 10.8, 6.3, 4.9 Hz, 1H, OCH,CH=CH>), 5.27 (dd, /= 17.0, 1.6 Hz,
1H, CH,CH=CH2a), 5.22-5.18 (m, 2H, CH=CHg + H3), 5.09 (app. t,J= 10 Hz, 1H, H4),
5.02 (dd, J=9.6, 8.0 Hz, 1H, H2), 4.55 (d, /= 8.0 Hz, 1H, H1), 4.33 (app. ddt, J=13.1,
4.9, 1.6 Hz, 1H, O-CH2oCH=CH>), 4.25 (dd, J = 12.2, 4.8 Hz, 1H, H6a), 4.14 (dd, J =
12.2,2.4 Hz, 1H, H6B), 4.09 (app. ddt, /= 13.1, 6.3, 1.4 Hz, 1H, O-CH28CH=CH>), 3.68
(ddd, J =10, 4.8, 2.4 Hz, 1H, HS), 2.08 (s, 3H, OAc), 2.04 (s, 3H, OAc), 2.01 (s, 3H,
OAc), 2.00 (s, 3H, OAc) ppm. HRMS: (m/z ESI'): found 411.1264 ([M+Na]",
C17H24NaOo requires 411.1262).
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Allyl-B-D-galactopyranose (53)

OH

OH
&
HO (@)

OH \/\

A round bottom flask was charged with compound 52 (3.68 g, 9.48 mmol) and dissolved
in MeOH/NEt; (4:1, 20 mL) and heated at reflux for 18 h. The solution was cooled down
to rt and DOWEX (H+) 50WX8-200 resin was then added until pH = 5 was achieved.
The resin was then filtered off and the solvent was evaporated in vacuo to yield a light
red solid. The crude product was then titrated with CH>Cl, (20 mL) and redissolved in
MeOH. Finally, the solvent was removed in vacuo. Compound 53 was obtained as a white
solid (1.91 g, 92%). The isolated product was in good agreement with literature.>?* m.p.
104-106 °C (Lit.*** m.p. 102-103 °C). R¢= 0.82 (IPA:ACN:H0, 10:9:2). '"H NMR (400
MHz, MeOD-dj4) 6 6.00 (dddd, /= 17.0, 10.9, 6.1, 5.2 Hz, IH,OCH,CH=CH>), 5.36 (dd,
J=17.0,1.7 Hz, 1H, OCH2CH=CH24), 5.19 (dd, /= 10.9, 1.7 Hz, 1H, OCH>CH=CH>B),
4.41 (dd, J=12.8, 5.2 Hz, 1H, OCH2ACH=CH>), 4.33 (d, /= 7.8 Hz, 1H, H1), 4.18 (dd,
J=12.8, 6.1 Hz, 1H, OCH8CH=CH>), 3.89 (dd, J=11.9, 2.0 Hz, 1H, H64), 3.69 (dd, J
=11.9, 5.3 Hz, 1H, Hég), 3.38-3.27 (m, 3H, H3 + H4 + H5), 3.23 (dd, /= 9.0, 7.8 Hz,
1H, H2) ppm. HRMS (m/z ESI"): found 243.0837 ([M+Na]", CoHisNaOs requires
243.0839).

NS-((allyloxy)carbonyl)-p-lysine (55)

OH

55 was prepared by solid phase Fmoc deprotection of Fmoc-Lys(Alloc)-OH as per
general procedure E (138 mg, 40%) and was obtained as a white solid. The isolated
product was in good agreement with literature.’*® m.p. 191-192 °C (dec.) (Lit.**> m.p.

189-190 °C). '"H NMR (400 MHz, D,0): & 5.96 (ddt, J = 17.0, 10.6, 5.0 Hz, 1H,
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CH=CH>»), 5.33 (d, /= 17.4 Hz, 1H, CH=CHza), 5.26 (d, J = 10.6 Hz, 1H, CH=CH2g),
4.57 (d, J=5.0 Hz, 2H, OCH,CH=CH>), 4.00 (t, /= 6.3 Hz, 1H, Lys aCH), 3.17 (app. t,
J=6.3 Hz, 2H, Lys BCH>»), 2.05-1.87 (m, 2H, Lys ¢CH3), 1.60-1.56 (m, 2H, Lys 6CH>),
1.51-1.40 (m, 2H, Lys yCH,) ppm. HRMS (m/z ESI"); found 231.1235 (M+H]",
Ci10H18N20 requires 231.1267).

(8)-5-(allyloxy)-2-amino-5-oxopentanoic acid (56)

56 was prepared by solid phase Fmoc deprotection of Fmoc-Glu(OAll)-OH as per
general procedure E (92 mg, 40%) and was obtained as a yellow oil. The isolated
product was in good agreement with literature.>*> 'H NMR (400 MHz, D,0): 6 5.99 (ddt,
J =16.7, 11.1, 57 Hz, 1H, OCH.CH=CH»), 538 (dd, J = 16.7, 1.6 Hz, 1H,
OCH2CH=CHaa), 5.31 (dd, J = 11.1, 1.6 Hz, 1H, CH=CH2B), 4.66 (d, J = 5.7, 2H,
OCH,CH=CH>), 3.89 (t, J = 6.5 Hz, 1H, Glu aCH), 2.67-2.62 (m, 2H, Glu yCH>), 2.29-
2.14 (m, 2H, Glu BCH>) ppm. HRMS (m/z EST"): found 188.0880 ([M+H]", CsH3NO4
requires 188.0845).

(R)-4-(allyloxy)-2-amino-4-oxobutanoic acid (57)

57 was prepared by solid phase Fmoc deprotection of Fmoc-Asp(OAll)-OH as per
general procedure E (146 mg, 53%) and was obtained as a white solid. The isolated
product was in good agreement with literature.>> m.p. 102-105 °C (dec.) (Lit.**® m.p.
105-108 °C). TH NMR (400 MHz, D,0): & 5.41 (ddd, J = 17.4, 11.0, 6.0 Hz, 1H,
CH,CH=CH>), 5.34 (d, J = 17.4 Hz, 1H, CH=CH2a), 5.34 (d, J = 11.0 Hz, 1H,
CH=CH:3), 4.50 (d, /= 6.0 Hz, 2H, OCH.CH=CH>), 3.23 (dd, /= 18.4, 5.9 Hz, 1H, Asp
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BCHaa), 3.23 (dd, J = 18.4, 4.3 Hz, 1H, Asp BCHzg), 3.03-3.02 (m, 1H, Asp «CH) ppm.
HRMS (m/z EST): found 174.0625 ([M+H]", C7H11NO4 requires 174.0688).

1-thioacetyl-3,4,6-tri-Oacetyl-2-deoxy-2-acetamido-p-D-glucopyranoside (83).

OAc

AcO
AcO SAc

AcHN

N-Acetyl-D-glucosamine 82 (500 mg, 2.26 mmol) and triethylamine (3.1 mL, 22.6 mmol)
were stirred in H2O (10 mL) and cooled to 0 °C. 2-Chloro-1,3-dimethylimidazolinium
chloride (1.2 g, 6.78 mmol) was added. After 0.5 h, thioacetic acid (2.4 mL, 33.9 mmol)
was added dropwise, and the reaction mixture was allowed to stir for an additional 0.5 h
at 0 °C. The reaction mixture was then diluted with H>O (10 mL) and washed with CH>Cl»
(5 x 20 mL). The aqueous layer was concentrated in vacuo and the solid suspended in
pyridine (7 mL) under an atmosphere of N>. The mixture was stirred at rt and acetic
anhydride (7 mL, 74.1 mmol) was added. The reaction was stirred for 12 h, after which
time TLC (100% EtOAc) indicated the formation of a single major product. H2O (10 mL)
was added, and the mixture was then washed with CH>Cl; (3 x 100 mL). The combined
organic extracts were washed with aqueous HCI (1 M, 100 mL), NaHCO3 (sat. aqueous
soln., 100 mL), H,O (100 mL) and brine (100 mL), dried (MgSOs4), filtered, and
concentrated in vacuo. The residue was recrystallised (Hex/CH>Cl,) to afford thiolated
glucose 83 (453 mg, 50%) as a white solid. The isolated compound was in good
agreement with the literature.”'* m.p. = 184-186 °C (Lit.2"* m.p. 186-188 °C). Rt= 0.53
(100% EtOAc). 'H NMR (400 MHz, CDCl3) § 5.52 (d, J=9.7 Hz, 1H, NH), 5.3-5.0 (m,
3H, H1 + H3 + H4), 4.35 (app. q, /= 10.1 Hz, 1H), 4.24 (dd, J=12.5, 4.5 Hz, 1H. H6a),
4.10(dd,J=12.4, 2.1 Hz, 1H, H6b), 3.80-3.76 (m, 1H, HS), 2.4 (s, 3H,0Ac), 2.1 (s, 3H,
OAc), 2.0 (s, 6H, OAc), 1.9 (s, 3H, SAc) ppm. HRMS (m/z ESI"): found 406.116823
(IM+H]", C16H24NOoS requires 406.116629).
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2-acetamido-2-deoxy-1-thio-B-D-glucopyranose (84).

OH
HO o
HO SH
AcHN

Sodium metal (25.4 mg, 1.1 mmol) was added to MeOH (5 mL) and stirred. 1-
Thioacetyl3,4,6-tri-O-acetyl-2-deoxy-2-acetamido-f-D-glucopyranoside 83 (203 mg,
0.50 mmol) was added and the reaction was stirred for 0.5 h, at which point TLC (100%
EtOAc) indicated complete consumption of starting material (Rf= 0.53) and formation
of a single product (Rf = 0). Dowex® 50WX8 (H+) ion exchange resin was added
portion-wise until the reaction reached neutral pH. The mixture was then filtered and
concentrated in vacuo to afford 1-thio-2-acetamido-2-deoxy-pB-D-glucopyranose 27 (121
mg, 94%) as a white solid. The isolated compound was in good agreement with the
literature.?!* m.p. 176-178 °C (lit.2'* 177-179 °C); 'H NMR (400 MHz, MeODy) & 4.57
(d, J=10.0 Hz, 1H, H1), 3.88 (dd, J = 12.0, 2.0 Hz, 1H, H64), 3.74-3.65 (m, 2H, H2 +
H6g), 3.45-3.36 (m, 3H. H3 + H4 + H5), 2.0 (s, 3H, OAc) ppm. HRMS (m/z ESI"): found
238.0746 ([M+H]", CsHisNOsS requires 238.0744).

7.2.3 Characterisation Data of Thiol-ene Products

N-((R)-1-((carboxymethyl)amino)-3-((3-hydroxypropyl)thio)-1-oxopropan-2-yl)-p-
glutamine (50)

OH

/

S
0] 0] H 0]
HO)WJ\N N\)J\OH
NH, H o

50 was prepared by radical mediated thiol-ene reaction of glutathione 48 and allyl alcohol
49 as per general procedure A in batch (21 mg, 89%) and as per general procedure B
under continuous flow (22 mg, 91%). The reaction mixture was washed with CH>Cl, (2
x 50 mL), and aqueous layer was lyophilized prior to 'H NMR spectroscopic analysis.
The isolated product was in good agreement with literature.!”® m.p. 131-139 °C (dec.).
Rr=0.59 (IPA:ACN:H-O0, 10:9:2)."H NMR (400 MHz, D>0): 6 4.59 (dd, J=8.7, 5.1 Hz,
1H, Cys aCH), 3.96 (s, 2H, Gly aCH>), 3.82 (t, /= 6.3 Hz, 1H, Glu aCH), 3.68 (t, J =
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6.3 Hz, 2H, CH,CH,CH>OH), 3.09 (dd, J = 14.1, 5.1 Hz, 1H, Cys BCH24), 2.90 (dd, J =
14.1, 8.7 Hz, 1H, Cys BCHa2g), 2.67 (t,J=7.5, Hz, 2H, Glu YCH>), 2.58-2.52 (m, 2H, Glu
BCHz), 2.21-2.15 (m, 2H, CH,CH>CH,0OH), 1.88-1.79 (m, 2H,CH,CH>CH>OH) ppm.
HRMS (m/z ESI"): found 366.1329 ([M+H]", Ci3H24N307S requires 366.1329).

N-((R)-1-((carboxymethyl)amino)-3-((5-hydroxypentyl)thio)-1-oxopropan-2-yl)-p-
glutamine (61)

OH

O 0] S H O
HOJ\./\)J\NLW N \)J\OH
NH, H o

61 was prepared by radical mediated thiol-ene reaction of glutathione (48) and 4-penten-
1-ol (54) as per general procedure A in batch (21 mg, 84%) and as per general
procedure B under continuous flow (24 mg, 94%). The reaction mixture was washed
with CH2Cl, (2 x 50 mL) and aqueous layer was lyophilized prior to 'H NMR
spectroscopic analysis. m.p. 180-185 °C (dec.). Rr= 0.56 (IPA:ACN:H,0, 10:9:2).'H
NMR (400 MHz, D;0O): 8 4.59 (dd, J = 8.7, 5.1 Hz, 1H, Cys aCH ), 4.00 (s, 2H, Gly
aCH,), 385 (t, J = 64 Hz, 1H, Glu oCH), 3.62 (t, J = 6.5 Hz 2H,
CH>CH>CH>CH>CH>0OH), 3.08 (dd, J=14.0, 5.1 Hz, 1H, Cys BCH24), 2.90 (dd, J = 14.0,
8.7 Hz, 1H, Cys BCHzp), 2.63 (t, J = 7.4 Hz, 1H, Glu yCH>), 2.59-2.54 (m, 2H, Glu
BCH>), 2.22-2.16 (m, 2H, CH,CH>CH>CH>CH,OH), 1.64 (dt, J= 8.5, 6.8 Hz, 2H,), 1.64-
1.54 (m, 4H, CH>CH,CH>,CH,CH>OH + CH,CHCH>CH>CH>OH), 1.49-1.37 (m, 2H,
CH>CH,CH,CH>CH>0OH) ppm. 3C NMR (101 MHz, D;0): § 174.8 (C=0), 173.5
(C=0), 173.5 (C=0), 172.8 (C=0), 61.6 (CH2CH2CH2CH>CH>0H), 54.8 (Glu aCH),
53.2 (Cys aCH), 41.3 (Gly aCH>), 32.7 (Cys BCH>»), 31.5 (Glu yCH>), 31.2 (Glu BCH>),
30.8 (CH2CH2CH2CH2CH20H), 27.9 (CH2CH2CH2CH>CH20H), 26.0
(CH>CH>CH,CH,CH,0H) 24.2 (CH.CH>CH,CH,CH,OH) ppm. HRMS (m/z ESI"):
found 392.1487 ([M+H]", C15H26N307S requires 392.1496). vmax (film)/cm™: 3342 (N-
H, O-H), 2929 (CH>), 1673 (C=0), 1256 (C-0O), 684 (C-S).
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N-((R)-1-((carboxymethyl)amino)-1-ox0-3-((3-(((2R,3R,4S,5R,6R)-3,4,5-trihydroxy-
6-(hydroxymethyl) tetrahydro-2H-pyran-2-yl)oxy)propyl)thio)propan-2-yl)-L-
glutamine (62)

OH OH

0
HO 0
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NH, H o

62 was prepared by radical mediated thiol-ene reaction of glutathione 48 and allylated
monosaccharide 53 as per general procedure A in batch (34 mg, 96%) and as per general

procedure B under continuous flow (49 mg, 94%). The reaction mixture was washed
with CHxCl, (2 x 50 mL) and aqueous layer was lyophilized prior to 'H NMR
spectroscopic analysis. m.p. 132-140 °C (dec.). Rf= 0.5 (EtOH:H-O, 8:2).'H NMR (400
MHz, D;0): 6 4.59 (dd, J = 8.9, 4.9 Hz, 1H, Cys aCH), 4.46 (d, J = 7.9 Hz, 1H, H1),
4.02-3.97 (m, 1H, Glu aCH), 3.92 (dd, J=12.4,2.2 Hz, 1H, H64), 3.79-3.73 (m, 5H, Gly
aCH> + CH,CH>CH»S + HY), 3.72-3.62 (m, 1H, H6g), 3.52-3.44 (m, 1H, H4), 3.40-3.36
(m, 1H, H3), 3.27 (dd, J = 9.3, 7.9 Hz, 1H, H2), 3.10 (dd, J = 14.1, 5.0 Hz, 1H, Cys
BCH:2a), 2.89 (dd, J = 14.1, 8.9 Hz, 1H, Cys BCH2s), 2.70 (t, /= 6.9 Hz, 2H, Glu yCH>),
2.55 (app. td, J = 7.5, 2.5 Hz, 2H, CH.CH,CH.>S), 2.20-2.14 (m, 2H, CH,CH>CH:S),
1.96-1.88 (m, 2H, Glu BCH>) ppm. 3C NMR (101 MHz, D;0): § 176.2 (C=0), 174.9
(C=0), 174.3 (C=0), 171.7 (C=0), 102.3 (C1), 75.7 (C3), 73.1 (C2), 69.7 (C4), 68.71
(Glu aCH, CH2CH2CH:>S), 60.6 (CH2, C6), 54.1 (C5), 53.9 (CH2CH2CH20), 53.2 (Cys
aCH), 43.3 (Gly aCH2), 32.8 (Cys BCH2), 31.4 (Glu BCH>), 28.8 (CH2CH2CH20), 27.9
(Glu yCHa), 26.2 (CH2CH2CH,0) ppm. HRMS (m/z ESI"): found 550.1674 ([M+Na]",
C19H33N3Na012S requires 550.1677). vmax (film)/cm™: 3263 (N-H), 2929 (CH), 1634
(C=0), 1235 (C-0).
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(2R, 7R, 20R)-2,20-diamino-7-((carboxymethyl)carbamoyl)-5,14-dioxo-13-0xa-9-
thia-6,15-diazahenicosanedioic acid (63).
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63 was prepared by radical mediated thiol-ene reaction of glutathione 48 and Lys(OAll)-
OH 55 as per general procedure A in batch (55%) and as per general procedure B under
continuous flow (75%). The reaction mixture was washed with CH>Cl> (2 x 50 mL), and
aqueous layer was lyophilized prior to "H NMR spectroscopic analysis. m.p. 187-195 °C
(dec.). Rf= 0.66 (H20:ACN, 7:3) reverse phase C1z3 TLC."H NMR (600 MHz, DMSO-
ds): 0 8.19 (d, J = 6.0 Hz, 1H, Gly NH), 8.05 (d, J= 8.5 Hz, 1H, Cys NH), 6.85 (t, J =
5.8 Hz, 1H, Lys NH), 4.23 (ddd, /=9.4, 8.5, 4.8 Hz, 1H, Cys aCH), 3.74 (t, /= 6.5 Hz,
2H, SCH>CH2CH»0), 3.66 (app. t, J = 6.4 Hz, 1H, Glu aCH), 3.60 (app. t, J = 6.2 Hz,
1H, Lys aCH), 3.53 (d, J = 6.0 Hz, 2H, Gly aCH>), 2.74-2.72 (m, 2H, Lys €¢CH>), 2.63
(dd,J=13.7,4.8 Hz, 1H, Cys BCH2a), 2.38 (dd, J=13.7, 9.4 Hz, 1H, Cys BCH2B), 2.34-
2.30 (m, 2H, SCH2CH>CH>0), 2.16 (ddd, J = 15.3, 9.4, 6.2 Hz, 1H, Glu yCH2a), 2.08
(ddd, J=15.3,9.3, 6.2 Hz, 1H, Glu yCH2B), 1.85-1.70 (m, 2H, Glu BCH>), 1.57-1.47 (m,
4H, SCH>CH>CH-0 + Lys BCH>»), 1.20-1.12 (m, 2H, Lys yCH>), 1.09-1.03 (m, 2H, Lys
8CH;) ppm.13C NMR (151 MHz, DMSO): § 171.1 (C=0), 171.1 (C=0), 170.9 (C=0,
Lys), 170.8 (C=0), 170.6 (C=0), 156.2 (C=0), 62.3 (SCH2CH>CH»0), 52.1 (Cys aCH),
52.0 (Lys aCH), 51.8 (Glu aCH), 40.7 (Gly aCH>), 39.8 (Lys €CH>), 33.5 (Cys BCH>),
30.7 (Glu yCH2), 29.7 (Lys BCH2), 28.8 (Lys yCHz), 28.6 (SCH2CH.CH:0), 27.7
(SCH>CH>CH,0), 26.1 (Glu BCH>), 21.6 (Lys 8CH>) ppm. HRMS (m/z ESI"): found
538.2184 ([M+H]", C20H36Ns5010S requires 538.2177). vmax (film)/cm™: 3320 (N-H),
2939 (CH»), 1661 (C=0), 1241 (C-O).
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(R)-2-amino-5-(3-(((R)-2-((R)-4-amino-4-carboxybutanamido)-3-
((carboxymethyl)amino)-3-oxopropyl)thio)propoxy)-5-oxopentanoic acid (64).

NH,
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64 was prepared by radical mediated thiol-ene reaction of glutathione 48 and Glu(OAll)-
OH 56 as per general procedure A in batch (73%) and as per general procedure B under
continuous flow (86%). The reaction mixture was washed with CH>Cl (2 x 50 mL) and
aqueous layer was lyophilized prior to 'H NMR spectroscopic analysis. m.p. 120-135 °C
(dec.). Rr= 0.94 (H,0:ACN, 9:1) reverse phase Cis TLC. '"H NMR (600 MHz, DMSO-
ds): 0 8.43 (t,J=5.7 Hz, 1H, Gly NH), 8.27 (d, /= 8.5 Hz, 1H, Cys NH), 4.48 (ddd, J =
8.9, 8.5, 4.8 Hz, 1H, Cys aCH), 3.98 (t, J = 6.4 Hz, 2H, Glu aCH + Glu (GSH) aCH),
3.90-3.83 (m, 2H, SCH,CH>CH0), 3.76 (dd, J=5.7, 2.2 Hz, 2H, Gly aCH>), 2.97-2.94
(m, 2H, SCH>CH>CH»0), 2.87 (dd, J=13.6, 4.8 Hz, 1H, Cys BCH2a), 2.62 (dd, J=13.6,
8.9 Hz, 1H, Cys BCH2g), 2.57-2.54 (m, 2H, Glu (OAll) BCH>), 2.40-2.29 (m, 2H, Glu
(GSH) BCH2), 1.80-1.72 (m, 4H, Glu(GSH) yCH:2 + Glu yCH»), 1.43-1.37 (m, 2H,
SCH>CH>CH>O) ppm. ¥C NMR (151 MHz, DMSO-ds): § 207.1 (C=0), 171.6 (2 C=0),
171.44 (C=0), 171.40 (C=0), 171.1 (C=0), 62.8 (Glu aCH), 52.6 (Cys aCH), 52.5
(SCH2CH2CH?0), 41.2 (Gly aCH>), 40.4 (SCH2CH2CH0), 34.1 (Cys BCHz), 30.2 (Glu
vCH2), 29.3 (Glu (GSH) BCH2), 29.2 (Glu BCH»), 28.20 (Glu (OAll) yCH»), 22.1
(SCH2CH,CH,0) ppm. HRMS (m/z ESI"): found 495.1757 ([M+H]", CisH31N4O10S
requires 495.1755). Vmax (film)/cm™': 2936 (CH>), 1635 (C=0), 1199 (C-O).
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N-((R)-3-((3-(((S)-3-amino-3-carboxypropanoyl)oxy)propyl)thio)-1-
((carboxymethyl)amino)-1-oxopropan-2-yl)-L-glutamine (65).
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65 was prepared by radical mediated thiol-ene reaction of glutathione 48 and Asp(OAll)-
OH 57 as per general procedure A in batch (53%) and as per general procedure B under
continuous flow (83%). The reaction mixture was washed with CH>Cl (2 x 50 mL) and
aqueous layer was lyophilized prior to "H NMR spectroscopic analysis. m.p. 131-139 °C
(dec.). Rt= 0.67 (H20:ACN, 9:1) reverse phase Ci3 TLC.'"H NMR (400 MHz, D,0): §
4.60 (dt, J=8.9,4.1 Hz, 1H, Asp aCH ), 4.49-4.42 (m, 1H, Cys aCH), 4.40 (dd, J = 8.9,
7.5 Hz, 1H, Asp BCHaa), 4.35 (dd, J = 7.5, 4.1 Hz, 1H, Asp BCHzg), 4.01 (s, 2H, Gly
aCHy), 3.89 (t, J = 5.7 Hz, 1H, Glu aCH), 3.20 (dd, J = 18.2, 5.8 Hz, 1H, Cys BCH2a),
3.13-3.01 (m, 1H, Cys BCH2g), 2.94-2.87 (m, 2H, CH.CH>CH>0), 2.69 (t, J = 7.3 Hz,
2H, CH2CH:CH0), 2.60-2.55 (m, 2H, Glu BCH>), 2.23-2.17 (m, 2H, Glu yCH>»), 2.05-
1.95 (m, 2H, CH,CH>CH>0) ppm. 3C NMR (101 MHz, D,0): § 174.8 (C=0), 173.6
(C=0), 173.3 (C=0), 172.8 (C=0), 169.2 (C=0), 65.7 (Asp BCH>2), 53.5 (Glu aCH), 53.0
(Asp aCH), 49.5 (Cys aCH), 41.3 (Gly aCH>), 34.1 (Cys BCH>), 32.7 (CH,CH>CH>0),
31.1 (Glu BCH2), 27.9 (CH2CH2CH20), 27.4 (CH2CH>CH>0), 25.9 (Glu yCH2) ppm.
HRMS (m/z ESI"): found 481.1599, (IM+H]", Ci17H20N4010S requires 481.1598). Vmax
(film)/cm™': 3338 (N-H), 2929 (CH,), 1671 (C=0), 1222 (C-O).
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N-((R)-1-((carboxymethyl)amino)-1-0x0-3-((3-thioureidopropyl)thio)propan-2-yl)-
L-glutamine (66)

SYNHZ
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0] 0] H 0]
)‘J\/\/U\ N
HO Y ” \)J\OH
NH, e}

66 was prepared by radical mediated thiol-ene reaction of glutathione 48 and N-
allylthiourea 58 as per general procedure A in batch (quantitative) and as per general
procedure B under continuous flow (84%). The reaction mixture was washed with
CH2Cl: (2 x 50 mL) and aqueous layer was lyophilized prior to '"H NMR spectroscopic
analysis. m.p. 210-215 °C (dec.). Rt= 0.61 (H2O:ACN, 9:1) reverse phase Cis TLC.'H
NMR (400 MHz, DMSO-ds): 6 8.53 (d, J = 9.6, 5.3 Hz, 1H, Gly NH), 8.34 (d, /= 8.6
Hz, 1H, Cys NH), 7.08 (t,J= 5.8 Hz, 1H, Thiourea NH), 4.46 (ddd, J=8.7, 8.61,4.2 Hz,
1H, Cys aCH), 3.97 (t, J = 6.3 Hz, 1H, Glu aCH), 3.73 (d, J = 5.3 Hz, 2H, Gly aCH>),
3.60-3.53 (m, 2H, SCH.CH>CH>NH), 2.88 (dd, J = 13.5, 4.6 Hz, 1H, Cys BCH>), 2.62
(dd, J=13.8, 8.61 Hz, 1H, Cys BCH>»), 2.55 (t,J=7.2 Hz, 1H, Glu yCH>), 2.37-2.31 (m,
2H, SCH2CH>CH:NH), 1.97-1.89 (m, 2H, SCH,CH>CH>NH), 1.78-1.70 (m, 2H, Glu
BCH>) ppm. C NMR (101 MHz, DMSO-dg): & 172.1 (C=0), 172.1 (C=0), 170.8
(C=0), 170.8 (C=0), 156.7 (C=S), 62.7 (Glu aCH), 55.5 (Cys aCH), 534
(SCH2CH>CH2NH), 529 (Cys aCH), 41.4 (Gly aCHz), 34.1 (Cys BCH2), 31.9
(SCH2CH2CH2NH), 29.3 (Glu BCH2), 28.3 (Glu yCHz), 27.2 (SCH2CH2CH>NH) ppm.
HRMS (m/z EST"): found 424.1319 ([M+H]", C14H26N506S: requires 424.1319). Vmax
(film)/cm: 2937 (CH,), 1645 (C=0), 1133 (C=S).
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N-((R)-1-((carboxymethyl)amino)-1-0x0-3-((3-ureidopropyl)thio)propan-2-yl)-L-
glutamine (67).
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67 was prepared by radical mediated thiol-ene reaction of glutathione 48 and N-allylurea
59 as per general procedure A in batch (36%) and as per general procedure B under
continuous flow (67%) as a white solid. The reaction mixture was washed with CH>Cl»
(2 x 50 mL) and aqueous layer was lyophilized prior to 'H NMR spectroscopic analysis.
m.p. 195-200 °C (dec.). Rf= 0.88 (H20:ACN, 9:1) reverse phase Ci1s TLC.'H NMR (400
MHz, DMSO-ds): & 8.53 (t, J= 5.7 Hz, 1H, Gly NH), 8.48 (d, J = 8.6 Hz, 1H, Cys NH),
6.38 (s, 1H, Urea NH), 5.60 (s, 2H, Urea NH>), 4.44 (ddd, J = 9.0, 8.6, 4.5 Hz, 1H, Cys
aCH), 3.71 (d, J= 5.7 Hz, 2H, Gly aCH>), 3.47 (t, J = 6.6 Hz, 1H, Glu aCH), 3.02-2.98
(m, 2H, SCH>CH>CH>NH), 2.87 (dd, J=13.8, 4.4 Hz, 1H, Cys BCH>), 2.64 (dd, J=13.8,
9.0 Hz, 1H, Cys BCH2), 2.55-2.48 (m, 2H, SCH2CH,CH>NH), 2.34 (t, /= 7.3 Hz, 2H,
Glu yCH>), 1.95-1.89 (m, 2H, Glu BCH), 1.62-1.54 (m, 2H, SCH,CH>CH,NH) ppm. 3C
NMR (101 MHz, DMSO-ds): 6 172.3 (C=0), 171.6 (C=0), 171.5 (C=0), 171.3 (C=0),
159.5 (C=0), 53.5 (Glu aCH), 533 (Cys oCH), 41.7 (Gly aCH2), 38.7
(SCH,CH>CH,NH), 34.1 (Cys BCH»), 32.0 (Glu yCH), 30.4 (SCH2CH>CH>NH), 29.6
(Glu BCH>), 27.3 (SCH,CH,CH>NH) ppm. HRMS (m/z ESI'): found 408.155190
([M+H]", C14H26N507S requires 408.1547). vmax (film)/cm™': 3280 (N-H), 1644 (C=0).
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N-((R)-3-(((R)-3-amino-3-carboxypropyl)thio)-1-((carboxymethyl)amino)-1-
oxopropan-2-yl)-D-glutamine (68).
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68 was prepared by radical mediated thiol-ene reaction of glutathione 48 and vinylglycine
60 as per general procedure A in batch (50%) and as per general procedure B under
continuous flow (63%). The reaction mixture was washed with CH>Cl, (2 x 50 mL) and
aqueous layer was lyophilized prior to 'H NMR spectroscopic analysis. m.p. 210-240 °C
(dec.). Re=0.95 (H20:ACN, 7:3) reverse phase Cis TLC.'H NMR (400 MHz, D,0): §
4.62 (dd, J = 8.4, 5.3 Hz, 1H, Cys aCH), 4.04-4.01 (m, 3H, Gly aCH; + SCH2CH,CH),
3.93 (t, J=6.3 Hz, 1H, Glu aCH), 3.11 (dd, J = 14.0, 5.3 Hz, 1H, Cys BCH2a), 2.94 (dd,
J=14.0, 8.4 Hz, 1H, Cys BCHz2g), 2.75 (t, J = 7.5 Hz, 2H, Glu yCH>»), 2.63-2.54 (m, 2H,
Glu BCH>), 2.24-2.18 (m, 4H, SCH,CH>CH + SCH>CH>CH) ppm. 13C NMR (101 MHz,
D,0): 8 174.7 (C=0), 173.1 (C=0), 173.0 (C=0), 173.0 (C=0), 172.7 (C=0), 53.3 (Glu
aCH), 53.0 (Cys aCH), 52.8 (SCH2CH>CH), 41.2 (Gly aCH), 32.5 (Cys fCH>), 31.1 (Glu
SCH>), 29.9 (SCH2CH2CH), 27.0 (Glu yCH>), 25.8 (SCH2CH>CH) ppm. HRMS (m/z
ESI"): found 409.1389 ([M+H]", C14H25N4OsS requires 409.1387). Vmax (film)/cm™': 2924
(CH2), 1725 (C=0), 1635 (C=0), 1217 (C-0O).
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(8)-5-(((S)-6-amino-1-(((S)-1-amino-1-oxopropan-2-yl)amino)-1-oxohexan-2-
y)amino)-4-((S)-2-((R)-2-amino-3-mercaptopropanamido)-5-

guanidinopentanamido)-5-oxopentanoic acid (77).

S MH,
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Peptide 77 was prepared as per general procedure E utilising Rink amide resin (20 mg,
156 umoles), Fmoc-Ala-OH, Fmoc-Lys(Boc)-OH, Fmoc-Glu(O'‘Bu)-OH, Fmoc-
Arg(Pbf) and Fmoc-Cys(Trt)-OH. 77 was afforded as a fluffy white solid (60.4 mg, 64%,
>95% purity). m.p. 202-212 °C (dec.). Retention time: 1.62 min (5 - 95% ACN, 20 min
0.1% TFA, A = 214 nm). HRMS (m/z EST"): found 605.3174 (IM+H]", C23H4sN1007S
requires 605.3188). vmax (film)/cm™': 3305 (O-H, N-H), 1667 (C=0), 1202 (C-N).
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(S5)-5-(((S)-6-amino-1-(((S)-1-amino-1-oxopropan-2-yl)amino)-1-oxohexan-2-
yl)amino)-4-((5)-2-((R)-2-amino-3-((3-(((2R,3R,4S,5R,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)propyl)thio)propanamido)-5-

guanidinopentanamido)-5-oxopentanoic acid (78)
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A solution of CREKA peptide 77 (10 mg, 16.5 umol), alkene 53 (72.8 mg, 0.33 mmol)
and photoinitiator 16 (9 mg, 41.3 pmol) in H>O in 0.1% FA (2 mL) was pumped at 500
uL min™! with 20 mm syringe diameter through the coil reactor at rt under UV irradiation
(352 nm, 110 V). Residence time was 120 min. Solvent was removed in vacuo.
Glycosylated peptide 23 was purified by analytical RP-HPLC (Cis, 100 A x 4.6 mm, 5
pm LC column). Glycosylated peptide 78 was as a flyffly white solid (6.02 mg, 44%)).
Retention time: 10.14 min (5 - 95% MeOH, 20 min 0.1% TFA, A = 220 nm). HRMS
(m/z ESI"): found 825.4111 ([M+H] ", C32He1N10013S requires 825.4135). Vmax (film)/cm™
1: 3325 (O-H, N-H), 1657 (C=0), 1050 (C-O).
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(S)-2-((2S,5S,8S,11S,14R)-14-amino-5,11-bis(4-aminobutyl)-8-(4-hydroxybenzyl)-
15-mercapto-2-methyl-4,7,10,13-tetraoxo-3,6,9,12-

tetraazapentadecanamido)pentanediamide (79)
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OH

AFP peptide 79 was prepared as per general procedure E utilising Fmoc-Gln(trt)-OH,
Fmoc-Ala OH, Fmoc-Lys(Boc)-OH, Fmoc-Tyr(tBu)-OH, (x 2), Lys(Boc)-OH and Fmoc-
Cys(Trt)-OH. Peptide 79 was afforded as a fluffy white solid. m.p: 220-224 °C (dec.).
Retention time: 14.50 min (2 - 60% ACN, 20 min 0.1% TFA, A = 254 nm). HRMS (m/z
ESI"): found 739.3925 ([M+H]*, C32HssNjoOsS requires 739.3920). vmax (film)/cm™:
3280 (O-H, N-H), 1675 (C=0), 1625 (C=C), 1457 (C-H), 1202 (C-N), 1138 (C-N), 1024
(C-0), 694 (C=C).
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(S)-2-((2S,5S,8S,11S,14R)-14-amino-5,11-bis(4-aminobutyl)-8-(4-hydroxybenzyl)-
2-methyl-4,7,10,13-tetraoxo-19-(((2R,3R,4S,5R,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)-16-thia-3,6,9,12-

tetraazanonadecanamido)pentanediamide (80)
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A solution of AFP peptide 79 (10 mg, 13.5 umol), alkene 53 (0.27 mmol) and
photoinitiator 16 (2.5 equiv., 33.8 pumol) in H>O in 0.1% FA (2 mL) was pumped at 500
uL min! with 20 mm syringe diameter through the coil reactor at rt under UV-light
irradiation (352 nm, 110 V). Residence time was 120 min. Solvent was removed in vacuo.
Glycosylated peptide 25 was purified by analytical RP-HPLC (Cis, 100 A x 4.6 mm, 5
pm LC column). Glycosylated peptide 25 was afforded as a fluffy white solid (7.4 mg,
58%). Retention time: 14.94 min (5 - 95% ACN, 20 min 0.1% TFA, A =220 nm). HRMS
(m/z ESI"): found 480.2477 ([IM+2H]**, Cs1H72N10014S requires 480.2470). Vmax
(film)/cm': 3354 (O-H), 1672(C=0), 1033 (C-0).
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(3S,6S8,9S,12S,15S)-3-((3S,6S,9S,125)-1-((2S)-1-(5-(((2S,3R 4R,5S,6R)-3-acetamido-
4,5-dihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)thio)-2-
aminopentanoyl)pyrrolidin-2-yl)-3-(3-amino-3-oxopropyl)-12-(3-guanidinopropyl)-
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9-((R)-1-hydroxyethyl)-6-isopropyl-1,4,7,10,13-pentaoxo-2,5,8,11,14-
pentaazahexadecan-16-amido)-15-((2-amino-2-oxoethyl)carbamoyl)-9-benzyl-12-
((R)-1-hydroxyethyl)-6-isopropyl-4,7,10,13-tetraoxo-5,8,11,14-

tetraazaoctadecanedioic acid (85)

ﬁ&gﬁﬁé ¢ ﬁ}gﬂm

HO NHAc
HOHO

A solution of RGD peptide 81 (10 mg, 3.57 pmol), thiol 84 (4.23 mg, 0.017 mmol) and
photoinitiator 16 (2.5 equiv., 8.93 pumol) in DES: H>O (EG:H20) (3:2, 1.5 mL) was
pumped at 500 pL min! with 20 mm syringe diameter through the coil reactor at room
temperature under UV irradiation (352 nm, 110 V). Residence time was 120 min. Solvent
was removed in vacuo. Glycosylated peptide 28 was diluted in H2O (2 mL) and purified
by analytical RP-HPLC (Cjs, 100 A x 4.6 mm, 5 pm LC column). Glycosylated peptide
85 was afforded as a fluffy white solid (3.60 mg, 62%). Retention time: 9.13 min (5 -
95% ACN, 20 min 0.1% TFA, A = 220 nm). HRMS (m/z ESI"): found 819.8945
([M+2H]*", CooH113N19025S requires 819.8932). vmax (film)/cm™: 3270 (O-H, N-H), 1625
(C=0), 1528 (C=C benzene), 1425 (O-H carboxylic) acid), 1200 (C-N), 1133 (C-0), 800
(C=0).

mAU
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7.3 Experimental details for Chapter 3

7.3.1 General procedures

General procedure G, Sugar propargylation. Peracetylated sugar (1 equiv.)
was dissolved in dry CH>Cl> (15 mL). To the mixture was added BF3-OEt; (1.1 equiv.).
The mixture was stirred for 1 h prior to addition of the propargyl alcohol (1.5 equiv.). The
mixture was left stirring at rt for 3.5 h after which time the reaction was quenched by
addition of sat. ag. NaHCOs3 solution (20 mL). After stirring for 30 min, the mixture was
washed three times with H,O (3 % 20 mL). The organic layer was dried over MgSQOa,

filtered and concentrated in vacuo. Purification by flash column chromatography.

General procedure H, Sugar acetyl deprotection. A round bottom flask was
charged with the corresponding peracetyl sugars and was dissolved in MeOH/NEt3 (4:1)
and heated at reflux for 18 h. The solution was cooled down to rt and DOWEX(H+)
S0WX8-200 resin was then added to the flask until pH = 5 was achieved. The resin was
then filtered off and the solvent was evaporated in vacuo to yield a light red solid. The
crude product was then titrated with CH>Cl> (20 mL) and redissolved in MeOH. Finally,

the solvent was removed in vacuo.

General procedure 1, Disulfide rebridging via TYC chemistry. Disulfide (1
equiv.) and TCEP (1 equiv.) were dissolved in H2O + 0.1% FA and stirred for 15 min.
Then, DPAP (1 equiv.), MAP (1.equiv.) and the corresponding alkyne (1 equiv.) were
dissolved in MeCN:H>O (1:1) +0.1% FA and added to the previous mixture. The mixture
was introduced to a UV-oven and stirred for 1 h. After this time, a second equiv. of the
corresponding alkyne was added and stirred for 1 h. The crude product was analysed and

purified by RP-HPLC (C;s, 100 A x 4.6 mm, 5 um LC column).
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7.3.2 Characterisation data

(R)-2-amino-N-((S)-1-(((S)-1-((2-(((R)-1-amino-3-mercapto-1-oxopropan-2-
yl)amino)-2-oxoethyl)amino)-3-(4-hydroxyphenyl)-1-oxopropan-2-yl)amino)-1-

oxopropan-2-yl)-3-mercaptopropanamide. (88)

1
2 OH
HS SH
H 0] G o}
N N NH
H2N \)J\H \)J\H 2
0] = o @)

Peptide 88 was prepared as per general procedure E utilising Fmoc-Cys(trt)-OH, Fmoc-
Ala-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Gly-OH and Fmoc-Cys(Trt)-OH. Peptide 88 was
obtained as a fluffy white solid (150 mg, 90%, >95% purity). m.p: 171-175°C (dec.). 'H
NMR (600 MHz, DMSO-ds) 6 9.17 (s, 1H, Ar OH), 8.60 (t, J = 5.7 Hz, 1H, Gly NH),
8.35(d,J=7.0 Hz, 1H, Ala NH), 8.22 (d, J= 8.2 Hz, 1H, Tyr NH), 7.87 (d, /= 7.9 Hz,
1H, Cys NH), 7.40 (s, 1H, CONH>»), 7.22 (s, 1H, CONH»), 7.04 (d, J = 8.5 Hz, 2H, Ar
H2), 6.64 (d, J= 8.5 Hz, 2H, Ar H1), 4.48 (ddd, /=9.9, 8.2, 4.0 Hz, 1H, Tyr CaH), 4.33
(td, J=7.5,5.0 Hz, 1H, Cys CaH CONH>), 4.30-4.25 (m, 1H, Ala CaH), 4.00 (t,/J=5.3
Hz, 1H, Cys CaH), 3.78 (d, J= 5.7 Hz, 2H, Gly CH>), 2.94 (ddd, /= 15.0, 10.9, 4.9 Hz,
2H, Cys CHza + Tyr CH2a), 2.86 (dd, J = 14.5, 5.0 Hz, 1H, Cys CH2g), 2.83-2.71 (m,
2H, Cys CH> CONH>»), 2.65-2.61 (m, 1H, Tyr CHz), 2.22 (s, 1H, Cys SH CONH>), 1.25
(d, J = 7.0 Hz, 3H, Ala CH3) ppm. 13C NMR (151 MHz, DMSO) § 172.0 (Ala C=0),
171.3 (Cys CONHz C=0), 171.2 (Tyr C=0), 168.0 (Gly C=0), 167.0 (Cys C=0), 155.8
(Ar C-OH), 130.1 (Ar CH>), 127.7 (Ar C-CH»), 114.8 (Ar CH1), 54.4 (Cys CaH CONH>),
54.2 (Tyr CaH), 53.8 (Cys CaH), 48.5 (Ala CaH), 41.7 (Gly CoH), 36.8 (Tyr CH2), 26.2
(Cys CH2 CONHa»), 25.3 (Cys CH>), 17.7 (CH3) ppm. Retention time: 7.87 min (5-95%
ACN, 20 min 0.1% TFA, A = 220 nm). HRMS (m/z ESI"): found 515.1750 ([M+H]",
C32HssN19OsS requires 515.1741). vmax (film)/cm™: 3310 (N-H, OH), 1668 (C=0), 1025
(C-0).
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(4R,108,13S,16R)-16-amino-10-(4-hydroxybenzyl)-13-methyl-6,9,12,15-tetraoxo-
1,2-dithia-5,8,11,14-tetraazacycloheptadecane-4-carboxamide (89).

Peptide 89 (20 mg, 38.9 umoles) was dissolved in 20 mL of MeCN:H,O (1:1) + 0.1% FA
and 10% DMSO at rt for 48 h.%3%2* The crude peptide was purified by semi-preparative
RP-HPLC (Cis ®4.6 x 250 mm column, 1 mL min™! flow rate). Peptide 89 was obtained
as a fluffy white solid (9 mg, 46%). m.p: 200-202 °C (dec.). 'H NMR (600 MHz, DMSO-
ds) 8 9.24 (s, 1H, Ar OH), 8.44 (dd, J=7.6,4.0 Hz, 1H, Gly NH), 8.34 (s, 2H, Cys NH>),
8.27 (d, J=6.0 Hz, 1H, Tyr NH), 8.06 (d, J= 6.6 Hz, 1H, Ala NH), 7.89 (d, /= 8.5 Hz,
1H, Cys NH CONH>), 7.26 (s, 1H, CONH>»), 7.24 (s, 1H, CONH>), 7.01 (d, J = 8.5 Hz,
2H, Ar H1), 6.67 (d, J= 8.5 Hz, 2H, Ar H2), 4.34 (app. dt, /= 8.5, 4.3 Hz, 1H, Cys CaH
CONH2»), 4.13 (app. dt, J= 8.4, 6.0 Hz, 1H, Tyr CaH), 4.09-4.06 (m, 1H, Ala CaH), 4.03-
3.99 (m, 2H, Cys CoH + Gly CHza), 3.68 (dd, J = 15.6, 4.0 Hz, 1H, Gly CH2g), 3.25 (dd,
J=13.8,5.6 Hz, 1H, Cys CH2a), 3.20 (dd, J=13.3, 4.3 Hz, 1H, Cys CH2a CONH>), 3.13
(dd, J=13.8, 6.7 Hz, 1H, Cys CHz2g), 3.06 (dd, J=13.3, 9.4 Hz, 1H, Cys CH2s CONH>»),
2.91(dd,J=14.1, 6.0 Hz, 1H, Tyr CH2a), 2.88 (dd, J= 14.1, 8.4 Hz, 1H, Tyr CH2g), 1.24
(d, J = 7.1, Ala CH3) ppm. 3C NMR (151 MHz, DMSO) § 171.9 (Gly CO), 171.4
(CONH2), 171.2 (Tyr CO), 169.1 (Gly CO),167.3 (Cys CO), 156.0 (Ar C-OH), 130.0 (Ar
CHI), 126.9 (Ar C-CH>), 115.0 (Ar CH2), 56.6 (Tyr CaH), 52.6 (Cys CaH CONH>), 52.2
(Cys CaH), 49.2 (Ala CaH), 42.3 (Gly CaH), 40.7 (Cys CH, CONH>), 40.0 (Cys CH>»),
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35.8 (Tyr CH2), 16.8 (Ala CH3) ppm. Retention time: 7.15 min (5-95% ACN, 20 min
0.1% TFA, A = 220 nm). HRMS (m/z ESI"): found 513.1586 ([M+H]", C32Hs5N190sS
requires 513.1584). vmax (film)/cm™': 3348 (N-H, O-H), 1643 (C=0), 1434 (C-H), 1195
(C-0), 723 (Ar).

mAU

750

P
iims?

(R)-2-amino-N-((2S,5S,11R)-11-carbamoyl-16-hydroxy-5-(4-hydroxybenzyl)-3,6,9-
trioxo-13-thia-4,7,10-triazahexadecan-2-yl)-3-((3-hydroxypropyl)thio)propenamide
90).

OH
1
) OH
HO s S
N N NH
. :QLN QLN »
o = H ¢ H oo

A solution of peptide 88 (5 mg, 9.72 umoles), allyl alcohol 49 (13.22 uL, 11.29 mg, 194
pumoles) and photoinitiator 16 (5.4 mg, 24.3 umoles) in H>0 in 0.1% FA (2 mL). Crude
mixture was stirred and irradiated for 1 h under UV-light irradiation. The crude peptide
was purified by semi-preparative RP-HPLC (Cis ®4.6 x 250 mm column, 1 mL min!
flow rate). Peptide 90 was obtained as fluffy white solid. "H NMR (400 MHz, DMSO-
ds) 0 9.17 (s, 1H, Ar OH), 8.63 (s, 1H, Gly NH), 8.32 (d, /= 7.1 Hz, 1H, Ala NH), 8.19
(d, J=8.3 Hz, 1H, Tyr NH), 7.87 (d, J = 8.1 Hz, 1H, Cys NH CONH>»), 7.44 (s, 1H,
CONH_z, 7.20 (s, 1H, CONH>), 7.05 (d, J = 8.6 Hz, 2H, Ar H1), 6.65 (d, J = 8.6 Hz, 2H.
Ar H2), 4.53-4.46 (m, 1H, Tyr CaH), 4.35-4.27 (m, 2H, Ala CaH + Cys CaH CONH>),
3.91-3.85 (m, 2H, Cys CaH + Gly CaH2a), 3.64 (dd, J = 16.8, 5.0 Hz, 1H, Gly CaH2g),
3.47-3.44 (m, 4H, HOCH,CH>CH>S), 2.97-2.88 (m, 2H, Cys CHza +Tyr CH2a), 2.83 (dd,
J=13.6,5.8 Hz, 1H, Cys CH2a CONH>), 2.76-2.66 (m, 3H, Tyr CH2g + Cys CHz2g + Cys
CHzz CONH), 2.61-2.55 (m, 4H, HOCH>CH>CH:S), 1.69-1.63 (m, 4H,
HOCH>CH>CH>S), 1.20 (d, J= 7.4 Hz, 3H, Ala CH3) ppm. 3C NMR (151 MHz, DMSO)
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0 172.0 (Cys CONH»), 171.9 (Gly C=0), 171.2 (Cys C=0), 167.8 (Ala C=0), 155.8 (Ar
C-OH), 130.2 (C1), 127.9 (Ar C-CH»), 114.9 (C2), 59.4 (HOCH2CH>CH>S), 54.1 (Tyr
CaH), 52.2 (Cys CaH CONH>»), 51.6 (Cys CaH), 48.5 (Ala CaH), 41.8 (Gly CHz), 36.9
(Cys CH»), 33.5 (Cys CH> CONH»), 32.3 (HOCH2CH2CH:>S), 28.9 (Tyr CHz), 27.7
(HOCH2CH2CHa>S), 18.0 (CH3) ppm. Retention time: 8.91 min (5-70% ACN, 20 min
0.1% TFA, A = 220 nm). HRMS (m/z ESI"): found 631. 2582 ([M+H]", C3,Hs5N100sS
requires 631.2578).
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(6R,12S,15S,18R)-18-amino-12-(4-hydroxybenzyl)-3-(hydroxymethyl)-15-methyl-
8,11,14,17-tetraoxo-1,4-dithia-7,10,13,16-tetraazacyclononadecane-6-carboxamide
(92a/b).

a) 0 b)
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Peptide 92a/b was prepared as per general procedure I (>95%). 89 (5 mg, 9.72 umoles),
propargyl alcohol 91 (2 pL, 2.18 mg, 38.86 pumoles), DPAP (1.25 mg, 4.86 pmoles) and
MAP (0.8 mg, 4.86 umoles) were dissolved in H>O + 0.1% FA (1 mL). Peptide 92 was
isolated as a mixture of a and b isomers, obtained as a fluffy white solid (0.7 mg, 13%).
'TH NMR (600 MHz, DMSO-ds) 6 9.25 (s, 1H, Ar OH), 8.47 (s, 1H, Gly NH), 8.34 (s,
IH, Tyr NH), 8.11 (d, J = 6.6 Hz, 1H, Ala NH), 7.86 (s, 1H, Cys CONH2 NH), 7.27 (s,
1H, NH2a), 7.23 (s, 1H, NH32B), 7.17 (s, 1H, CONH24), 7.08 (s, 1H, CONH2s), 6.99 (d, J
=8.5 Hz, 2H, Ar H1), 6.65 (d, J = 8.5 Hz, 2H, Ar H2), 5.23 (d, /= 3.6 Hz, 1H, CH,OH),
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4.32 (td, J= 8.8, 4.3 Hz, 1H, Cys CaH CONH>»), 4.11 (dt, J = 8.3, 6.0 Hz, 1H, Tyr CaH),
4.07-4.03 (m, 1H, Ala CaH), 4.00-3.96 (m, 1H, H4), 3.93 (d, /= 16.8 Hz, 1H, Gly CaHa),
3.69 (d, J=16.8 Hz, 1H, Gly CaHg), 3.23-3.19 (m, 1H, Cys CH2a CONH>), 3.17 (dd, J
=13.5, 4.2 Hz, 1H, H34), 3.10 (dd, J = 13.5, 6.6 Hz, 1H, H3g), 3.07-3.01 (m, 3H, Cys
CH2s CONH: + Cys CaH + HS54), 2.90-2.87 (m, 2H, Tyr CH>), 2.85-2.81 (m, 1H, Cys
CHza), 2.75-2.70 (m, 12H, Cys CHzp+ HS5g), 1.20 (d, J = 7.0 Hz, 3H, Ala CH3) ppm.
Retention time: 7.457 min (5-95% ACN, 20 min 0.1% TFA, A = 220 nm). HRMS (m/z
ESI"): found 571.1989 ([M+H]", C23H35N6O7S, requires 571.2003).
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3-((6R,128S,15S,18R)-18-amino-6-carbamoyl-12-(4-hydroxybenzyl)-15-methyl-
8,11,14,17-tetraoxo-1,4-dithia-7,10,13,16-tetraazacyclononadecan-3-yl)propanoic

acid (105a/b).
O
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Peptide 105a/b was prepared as per general procedure I (>95%). 89 (3 mg, 5.85 umoles),
4-pentynoic acid 95 (0.5 mg, 5.85 umoles), TCEP (2.2 mg, 8.78 pmoles), DPAP (1.50
mg, 5.85 umoles) and MAP (0.88 mg,5.85 umoles) were dissolved in H,O + 0.1% FA (1
mL). Retention time (mixture of a and b isomers): 6.984 min (5-95% ACN, 20 min 0.1%
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TFA, X =220 nm). HRMS (m/z ESIT"): found 613.2117 ([M+H]", C2sH37N¢OsS> requires
613.2109).
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Propargyl-2,3,4,6-tetra-O-acetyl-p-p-galactopyranoside (101)

OAcOAc

0

A 0
°0 Orc ="
7

Protected monosaccharide 101 was prepared as per general procedure G. Peracetylated
galactose (3.00 g, 7.70 mmol), BF3-OEt: (4.72 mL, 38.50 mmol) and propargyl alcohol
91 (1.84 mL, 30.80 mmol) were dissolved in dry CH>Cl> (20 mL). Purification by flash
column chromatography using Hex/EtOAc (6:4) as eluent afforded the product 101 (1.98
g, 67%) as a clear colourless syrup. The isolated product was in good agreement with
literature.?>® Rr: 0.8 (Hex:EtOAc, 6:4). "TH NMR (400 MHz, CDCls3) § 5.46 (dd, J = 3.5,
1.4 Hz, 1H, H4), 5.35 (dd, J=10.9, 3.8 Hz, 1H, H2), 5.31 (d, /= 3.8 Hz, 1H, H1), 5.16
(dd, J =10.9, 3.5 Hz, 1H, H3), 4.27 (d, J = 2.4 Hz, 2H, H7), 4.25-4.23 (m, 1H, H6,),
4.10-4.09 (m, 2H, H6g, HS), 2.45 (t,/=2.4 Hz, 1H, H9), 2.14 (s, 3H, OAc), 2.08 (s, 3H,

OAc), 2.04 (s, 3H, OAc), 1.98 (s, 3H, OAc) ppm. HRMS (m/z ESI*): found 409.1109
([M+Na]", C17H22NaO requires 409.1105).

Propargyl--D-galactopyranoside (96)

OH OH

&
HO (@) _—9

OH VB/
7

Monosaccharide 96 was prepared as per general procedure H with 101 (1.98 g, 5.12
mmol). Reaction was monitored by TLC (Hex/EtOAc (6:4)) indicated complete

consumption of starting material (Rr = 0.8, Hex:EtOAc, 6:4) and formation of a single

144



Chapter 7- Experimental

product (Rf= 0, Hex:EtOAc, 6:4). The compound 96 was obtained as a white solid (0.91
mg, 82%). The isolated product was in good agreement with literature.>>* "TH NMR (400
MHz, MeODy4) 0 4.39-4.37 (m, 3H, H7 +H1), 3.80 (dd, J= 3.0, 1.1 Hz, 1H, H2), 3.72-
3.69 (m, 3H, H6 + H4), 3.50-3.43 (m, 2H, H3, HS), 2.82 (t, J = 2.4 Hz, 1H, H9) ppm.
HRMS (m/z ESI"): found 241.0681 ([M+Na]", CoH14NaOg requires 241.0682).

(6R,12S5,15S,18R)-18-amino-12-(4-hydroxybenzyl)-15-methyl-8,11,14,17-tetraoxo-
2-(((2R,3R,4S,5R,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-
yhoxy)methyl)-1,4-dithia-7,10,13,16-tetraazacyclononadecane-6-carboxamide

(106a/b)
a) b)
OH o
00
HN Y 0
7]/\,\, OH OH NH HNJS
oH oH 2N & S U o

HO&OH/ \/z HNf " o S HNfO

S%o ’ H -
HoN

Peptide 106a/b was prepared as per general procedure I (72%). Disulfide 88 (3 mg, 5.85

umoles), sugar 96 (1.28 mg, 5.85 umoles), TCEP (2.2 mg, 8.78 umoles), DPAP (1.50 mg,

5.85 umoles) and MAP (0.88 mg,5.85 umoles) were dissolved in H,O + 0.1% TFA (1

mL). Retention time (mixture of a and b isomers): 8.267 min (5-95% ACN, 20 min 0.1%

TFA, L =220 nm). HRMS (m/z EST"): found 733.2527 (IM+H]", C20HasNsO12S, requires

755.2351).

min
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Propargyl p-p-2,3,4,6-tetra-O-acetylgalactopyranosyl-[1->4]-2,3,6-tri-O-acetyl-f-
D-glucopyronoside (102)

QACoAC
0 OAc
OAc AcO OV?

Protected monosaccharide 102 was prepared as per general procedure G. Peracetylated
lactose (4 g, 5.89 mmol), BF3-OEt (678 pL, 0.92 g, 6.48 mmol) and propargyl
alcohol 91 (514 pL, 0.5 g, 8.84 mmol) were dissolved in dry CH2Cl> (15 mL).
Purification by flash column chromatography using Hex/Acetone (5:5) as eluent
afforded the product 102 (1.6 g, 27%) as a crystalline solid. The isolated product
was in good agreement with literature.?% 326 m.p: 78-80 °C (Lit. m.p: 80-82 °C).
Rt: 0.75 (Hex/Acetone (5:5)). 'TH NMR (400 MHz, CDCls) 8 6.16 (d, J = 3.7 Hz,
1H, H4g), 5.39-5.34 (m, 1H, H5g), 5.27-5.25 (m, 1H, H34), 5.14 (app. t,J=9.3
Hz, 1H, H3g), 5.02 (td, J=10.4, 8.0 Hz, 2H, H24), 4.92 (d, /= 3.7 Hz, 1H, H3B),
4.88 (app. td, J = 10.4, 3.4 Hz, 1H, H44 ), 4.82 (dd, J = 9.3, 8.0 Hz, 1H, H2p),
4.66 (d, J=8.0 Hz, 1H, H1g), 4.44 (dd, /= 8.0, 1.7 Hz, 1H, H1A), 4.37-4.34 (m,
1H, H6’A), 4.25 (d, J = 2.4 Hz, 2H, H7), 4.09-3.98 (m, 4H, H6A, H6B, H5’4),
3.86-3.81 (m, 1H, H54), 3.75 (td, J=9.5, 3.1 Hz, 1H, H4g), 3.57 (ddd, J = 9.8,
5.0,2.0 Hz, 1H, H5g), 2.42 (t,J= 2.4 Hz, 1H, H9) ppm. HRMS (m/z ESI"): found
697.1958 ([M+Na]", C29H3sNaOg requires 697.1950).

Propargyl B-D-galactopyranosyl-[1->4]-B-D-glucopyranoside (97)

OH oH

(o] OH
HO O&
HO HO A= o=
7

Monosaccharide 97 was prepared as per general procedure H with sugar 102 (1.98 g, 5.12
mmol). Reaction was monitored by TLC (Hex/Acetone (5:5)) indicated complete
consumption of starting material (Rf = 0.53) and formation of a single product (Rf = 0).
The compound 97 was obtained as a brown solid (0.36 mg, 64%). The isolated product
was in good agreement with literature.?% 326 Rz 0 (Hex/Acetone (5:5). '"H NMR (400
MHz, MeODys) 6 4.52 (d, J=7.8 Hz, 1H, H24), 4.44 (d,J=2.4 Hz, 2H, H7),4.38 (d, J =
7.6 Hz, 1H, H2g), 3.95-3.75 (m, 8H, H44, H4g, H54, H58, H64A, H6B), 3.62-3.48 (m, 3H,
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Hla, Hig, H3p), 3.26-3.11 (m, 1H, H34), 2.89 (t, J = 2.4 Hz, 1H, H9) ppm. HRMS (/2
ESI"): found 403.1208 ([M+Na]", C15sH24NaO; requires: 403.1211).

(6R,12S,15S,18R)-18-amino-2-((((2R,3R,4R,5S,6R)-3,4-dihydroxy-6-
(hydroxymethyl)-5-(((2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)tetrahydro-2H-pyran-2-
yhoxy)methyl)-12-(4-hydroxybenzyl)-15-methyl-8,11,14,17-tetraoxo-1,4-dithia-

7,10,13,16-tetraazacyclononadecane-6-carboxamide (109a/b).
a)

OH

b)
OH OH
oH
HO OH
HO \ L OH 1o Q 2 Q
O— OH H,N N HO HN Y o
Ho I\ o O— (OH NH  HN
e Q g O HN HO o s
o HO HN
N O\/‘\ 0
s

HN—

H

H,N O
Peptide 109a/b was prepared as per general procedure I (39%). Disulfide 89 (3 mg, 5.85
pumoles), sugar 97 (2.23 mg, 5.85 umoles), TCEP (2.2 mg, 8.78 umoles), DPAP (1.50 mg,
5.85 umoles) and MAP (0.88 mg,5.85 pmoles) were dissolved in H2O +0.1% FA (1 mL).
Retention time (mixture of a and b isomers): 3.025 min (5-95% ACN, 20 min 0.1%

TFA, A =220 nm). HRMS (m/z ESI"): found 733.2527 ([M+H]", C20H4sNeO12S: requires
755.2351).
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(6R,12S,15S,18R)-18-amino-3-((6-amino-1,3-dioxo-1H-benzo|[de]isoquinolin-2(3H)-
yD)methyl)-12-(4-hydroxybenzyl)-15-methyl-8,11,14,17-tetraoxo-1,4-dithia-
7,10,13,16-tetraazacyclononadecane-6-carboxamide (110a/b).

a) b)

Peptide 110a/b was prepared as per general procedure I (48%). Disulfide 89 (3 mg, 5.85
pmoles), alkyne- nap 100 (0.3 mg, 5.85 pmoles TCEP (2.2 mg, 8.78 umoles), DPAP (1.50
mg, 5.85 umoles) and MAP (0.88 mg, 5.85 umoles) were dissolved in H2O + 0.1% FA (1
mL). Retention time (mixture of a and b isomers): 8.672 min (5-95% ACN, 20 min 0.1%
TFA, A =220 nm). HRMS (m/z ESI"): found 733.2527 (IM+H]", C20HasN¢O12S: requires
755.2351).
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5-azidopent-1-yne (98).

\/3\/"‘3
2 4

Alkyne bromide 103 (250 mg, 1.70 mmoles) was dissolved in DMF (34 mL) and NaNj
(442 mg, 6.80 mmol) was added in one portion. The mixture was stirred for 18 h at 80
°C. After extraction with EtOAc, the solvent was evaporated under vacuo.>** The product
98 was obtained as syrup (8.8 mg, 15%). The isolated product was in good agreement
with literature.**” "TH NMR (400 MHz, CDCl3) & 2.85 (t, J = 6.6 Hz, 2H, H4), 1.70 (td, J
=6.9, 2.6 Hz, 2H, H2), 1.66 (t, J = 2.6 Hz, 1H, H1), 1.22-1.15 (m, 1H, H3) ppm. Vmax
(film)/cm™: 2924 (Csp?), 2100 (N3, Csp), 1207 (C-N).

5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d|imidazol-4-yl)-N-(prop-2-yn-1-
yDpentanamide (99).3%8

e} 10 9
T I
11HN>6~‘ N
H S
12 13

Propargylamine (84 pl, 1.33 mmol) was added dropwise to a cooled solution (0 °C) of D-
(+)-biotin 104 (324 mg, 1.33 mmol), HCTU (355 mg, 1.33 mmol), DIPEA (462 uL, 2.65
mmol) and DMAP (81 mg, 663 umoles.) in DMF (16 mL). The reaction mixture was
allowed to reach rt overnight. After reduction of the volume under reduced pressure
(~1/2), excess EtOAc was added and the resulting suspension was stored overnight at -
20 °C. Filtration and rinsing with EtOAc and Et0 ultimately afforded the title compound
as an white powder (205 mg, 55%). The product 99 was obtained as syrup (8.8 mg, 15%).
The isolated product was in good agreement with literature.>>! "TH NMR (400 MHz,
DMSO) & 8.23 (t,J = 5.5 Hz, 1H, H3), 6.47-6.38 (m, 1H, H10), 6.36 (s, 1H, H11), 4.31
(dd, J=7.8,5.1 Hz, 1H, H12),4.13 (ddd, /= 7.9, 4.3, 2.1 Hz, 1H, H9), 3.84 (dd, J=5.5,
2.5Hz, 2H, H2), 3.14-3.10 (m, 1H, H8), 3.08 (t,/=2.5 Hz, 1H, H1), 2.83 (ddd, J=12.5,
5.1, 1.0 Hz, 1H, H134), 2.58 (d, J = 12.5 Hz, 1H, H13B), 2.21 (app. t, J = 7.4 Hz, 1H,
H74), 2.09 (t, J= 7.5 Hz, 1H, H7g), 1.69-1.27 (m, 6H, H4+H5+H6) ppm. HRMS (m/z
ESI"): found 282.1261 ([M+H]", C13H20N30:S requires 282.1270).
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(6S,12R,15R,18S)-18-amino-12-(4-hydroxybenzyl)-15-methyl-8,11,14,17-tetraoxo-
3-((5-((3aR,4R,6aS)-2-oxohexahydro-1H-thieno[3,4-d|imidazol-4-
yl))pentanamido)methyl)-1,4-dithia-7,10,13,16-tetraazacyclononadecane-6-
carboxamide (108a/b).

Peptide 108 was prepared as per general procedure I (>95%). Disulfide 89 (3 mg, 5.85
umoles), biotin-alkyne 99 (1.65 mg, 5.85 5.85 umoles), TCEP (2.2 mg, 8.78 umoles),
DPAP (1.50 mg, 5.85 umoles) and MAP (0.88 mg,5.85 umoles) were dissolved in H,O
+ 0.1% FA (1 mL). Retention time (mixture of a and b isomers): 8.066 min (5-95%
ACN, 20 min 0.1% TFA, A = 220 nm). HRMS (m/z ESI"): found 796.2927 ([M+H]",
C33Hs50N9OgS;3 requires 796.2938).
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((4R,7S,10S8,13R,16S,19R)-13-((1H-indol-3-yl)methyl)-19-((R)-2-amino-3-
phenylpropanamido)-10-(4-aminobutyl)-16-benzyl-7-((R)-1-hydroxyethyl)-
6,9,12,15,18-pentaoxo-1,2-dithia-5,8,11,14,17-pentaazacycloicosane-4-carbonyl)-L-

threonine (4).

NH,

Peptide 4 was prepared as per general procedure F utilising Fmoc-D-Phe-OH, Fmoc-
Cys(Trt)-OH, Fmoc-Phe-OH, Fmoc-D-Trp(Boc)-OH, Fmoc-Lys(Boc)-OH, Fmoc-
Thr(tBu)-OH, Fmoc-Cys(Trt)-OH, Fmoc-Thr(tBu)-OH. Then, crude peptide (21.3 mg,
20.30 pumoles) without further purification was dissolved in 10% DMSO (1 mL) in
MeCN:H,O (1:1, 10 mL) + 0.1% FA at rt for 48 h.2** The crude peptide was purified by
semi-preparative RP-HPLC (Cig ®4.6 x 250 mm column, 1 mL min™ flow rate). Peptide
4 was obtained as fluffy white solid (22 mg, 52%). Retention time: 12.064 min (5-95%
ACN, 20 min 0.1% TFA, A = 220 nm). HRMS (m/z ESI"): found 1032.4437 ([M+H]",

C49HesN11010S2 requires 1032.4430).
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(3S,6R,128,15R,18S,21R)-15-((1H-indol-3-yl)methyl)-3-((6-amino-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)methyl)-N-((3R)-1-amino-3-hydroxy-1-oxobutan-2-
yD)-21-((R)-2-amino-3-phenylpropanamido)-12-(4-aminobutyl)-18-benzyl-9-((R)-1-

hydroxyethyl)-8,11,14,17,20-pentaoxo-1,4-dithia-7,10,13,16,19-

pentaazacyclodocosane-6-carboxamide (111a/b).

NH, s o
NH, OSj/\S/\/NH OH __NH OH
O N 07 NH O N Z® 62 \H
0 ; © 0
HN O OH NH, OO OH NH,
NH,

Peptide 111a/b was prepared as per general procedure I (62%). Disulfide 4 (3 mg, 2.91
umoles), alkyne-nap 100 (1.45 mg, 5.81 pumoles), TCEP (0.80 mg, 2.91 umoles), DPAP
(0.7 mg, 2.91 umoles) and MAP (0.4 mg, 2.91 pmoles) were dissolved in H2O + 0.1%
FA (409 pL). Retention time (mixture of a and b isomers): 9.838 min (5-95% ACN, 20
min 0.1% TFA, A = 220 nm). HRMS (m/z ESI'): found 1284.5324 ([M+H]",
Ce4H78N 1301252 requires1284.5329).
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7.4 Characterization product of Chapter 4

7.4.1 Characterisation data

3-(acetylthio)propyl benzoate (116)

(0] (0] 5
)J\S/\/\O)‘\QZ
1

Naphthalimide 113 (3.41 mg, 6.17 pmoles), allyl benzoate 114 (19.05 uL, 20 mg, 123
pmoles) and thioacetic acid 115 (34.8 pL, 37,53 mg, 493 pumoles) were added and
dissolved in THF (200 pL). The mixture was stirred under blue LED light for 1 h.
Purification by flash column chromatography using Hex/EtOAc (8:2) as eluent afforded
the product 116 (22.1 mg, 76%) as a yellow syrup. Product spectroscopic data correlated
well to that reported in the literature.?®’” '"H NMR (400 MHz, CDCl3) § 8.05 (d, J = 7.0
Hz, 2H, H3), 7.56 (t, J = 7.5 Hz, 1H, H1), 7.4 (app. t, J = 7.5 Hz, 2H, H2), 4.38 (t, J =
6.2 Hz, 2H, SCH>CH»CH,-0), 3.04 (t,/=7.1 Hz, 2H, SCH.CH>CH-0), 2.34 (s, 3H, CH3),
2.10 — 2.03 (m, 2H, SCH,CH>CH>O) ppm. HRMS (m/z ESI'): found 261.0563
([M+Na]", C12H14NaO3S requires 261.0556).
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7.5 Characterization products of Chapter 5

7.5.1 Sequences

Name Sequence Application

TAATACGACTCACTATAGGGTTAACTTTAAGAAGGAGATA DNA construction,

T7g10M.F48
TACATatg qPCR
GCTGCCGCTGCCGCTGCCGCAMNNMNNMNNMNNMNN
MNNMNNMNN mRNA/CDNA
NNK15.R90
MNNMNNMNNMNNMNNMNNMNNCATATGTATATCTCCT  complex
TCTTAAAG
5'-/56-
Fluorescent primer
FAM-GS3-an2.R36 FAM/TTTCCGCCCCCCGTCCTAGCTGCCGCTGCCGCTGCC o
3 reverse transcription
DNA construction,
GS3an2.R36 TTTCCGCCCCCCGTCCTAGCTGCCGCTGCCGCTGCC

qPCR

CGCTGCCGCTGCCGCACATGAATGGTCTATATGGCATATG
NNMTI 121 R65 RaPID selection
TATATCTCCTTCTTAAAGTTAACCC

7.5.2 General Procedures

General Procedure J. Preparation of mRNA/cDNA Complexes.
mRNA/cDNA complexes were prepared as a reverse transcribed product of NNK;s
library. To commence the reverse transcription procedure, the NNK;is library was
introduced at a final concentration of 1 uM into a preassembled reverse transcription mix.
The reverse transcription mix consisted of 1.25 mM dNTPs (Thermo Fisher Scientific,
United States of America), 62.6 mM tris. HCI (pH 8.3), 5 uM fluorescent primer (FAM-
GS3-an2.R36), 37.5 mM MgClz, 25 mM KOH, and 200 units/pL reverse transcription
enzyme. The reaction mixture was mixed thoroughly by careful pipetting and incubated
at 42 °C for 1 h. The reverse transcription product (mRNA/cDNA complex) was purified
by phenol-chloroform-isoamyl alcohol (PCI) DNA extraction, adding 1 volume equiv. of
0.6 NaCl and 2 volume equiv. of PCI solution (Amresco K169-400mL) relative to the
original reverse transcription mixture. The combined mix was vortexed and then
centrifuged at 13,000 rcf for 3 min. The supernatant was transferred to a new tube and

mixed with an equal volume of chloroform-isoamyl alcohol (CI) solution (Amresco
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X205-450 mL), vortexed and centrifuged at 13,000 rcf for 3 min. The aqueous phase was
transferred to a new tube with 2 volume equiv. of EtOH, vortexed and then centrifuged
at 13,000 rcf for 15 min. The supernatant was discarded, and the pellet was washed by
adding 30 pL of 70% EtOH and centrifuging at 13,000 rcf for 3 min. The precipitate was

air-dried. The tube was covered with aluminium foil and stored at —70 °C until use.

General Procedure K. Sodium Hydroxide Control. Reverse transcription
product (1 uM) was mixed at 1:1 (v/v) with 1 M sodium hydroxide (NaOH) and incubated
at 37 °C for 30 min before quenching with 1 equiv. of AcOH. Samples were then diluted
with loading buffer (LB) solution and sampled on Urea-SDS-PAGE.

General Procedure L. UV- Light Control. Reverse transcription product (1 uM)
was mixed 1:1 (v/v) with MQ H2O to give 0.5 uM. Samples were exposed to UV light
(UVP UVGL-15, analytikjena, 254/365 nm) from above in an open tube and aliquots
were sampled after 5 min, 15 min, and 30 min. Both experiments were carried out under
the exclusion of natural light in a cold room at 4 °C. Samples were then diluted with LB

solution and sampled on Urea-SDS-PAGE.

General Procedure M. Irgacure 2959 16 Control. The solution consisted of 0.5
uM reverse transcription product and 50 mM Irgacure 2959 16. For the preparation of
the solution, Irgacure 2959 was dissolved in MQ H>O before adding the reverse
transcription product. Upon incubation at rt for 30 min under UV-light. Samples were

then diluted with LB solution and sampled on Urea-SDS-PAGE.

General Procedure N. Peptide Selection. Cyanomethyl ester of
chloroacetylated L-tyrosine (separate reactions) were charged with tRNAcau.?*’ Based
on a previously reported method, selections were carried out against biotinylated ANNMT
immobilised on streptavidin magnetic beads for both Homo allyl Gly (Hag) and L-allyl
Gly (Alg) initiated libraries in parallel.

The DNA library, which encodes for peptide 121 codons followed by a section
encoding a CGSGSGS linker, was assembled by PCR and monitored by 3% agarose gel,
followed by transcription to RNA using T7 RNA polymerase (NEB) at I mL overnight at
37 °C. Pu ligation [T4 buffer (1.11X), 1.1 mM ATP, 1.1 mM DTT, 1.1 mM PEG8000, Pu
linker 1.67 uM, 300 mU/uL of T4 RNA ligase (NEB)], peptide translation (using
PURExpress (NEB)) and reverse transcription [0.625 mM dNTPs, 5 uM CGS3an13.R36
primer, 62.5 mM tris. HCI (pH 8.3), 37.5 mM, KOH 25 mM and 2.5X ProtoScript II
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Reverse Transcriptase (NEB)] were performed as reported previously.?”” cDNA/mRNA-
tagged peptide were diluted with stock solutions of NaOAc buffer (240 mM NaOAc pH
5.2, 375 mM NaCl, 0.0005% tweens) to achieve the final mixture at pH 7, and 0.5 uL of
the reverse transcription reaction was diluted in 499 pL. MQ H2O to serve as an input
sample for qPCR analysis. Biotinylated hNNMT (1.15 uM) was added to cDNA/mRNA-
tagged peptide mixture and incubated during 20 min on ice. Irgacure 2959 16 (17.5 uM)
was then added to the reaction mixture with a total volume of 55 pL mixture in the
selection round. Reaction mixture was then divided on 4 tubes in order to carry out
positive and negative controls. TEC-mediated outputs were irradiated for 15 min with
UV-light (254-365 nm). For the denatured outputs, 4 M urea (17 pL) was added to the
reaction mixture. In the case of native outputs PBS-T (17 uL). 4 uL of streptavidin beads
was added to each tube and the mixture was gently rotated for 20 min at rt. Stringent
washing with 3 x 20 uL PBS-T. Only the denaturing essays were washed one more time
with urea 4 M, hepes 25 mM, tween 0,01% for 10 sec. Bound peptides were then eluted
by incubation with 50 ul MQ H>O for 5 min at 95 °C. Samples of the input, positive and
negative outputs (1 uL each) were analysed by qPCR alongside a standard curve which
was obtained by reverse transcription of the input library. Recoveries were calculated for
the positives and negatives selections by dividing the respective amount by the amount
of the input sample after compensating for dilution factors.

General Procedure O. Peptide synthesis. All peptides of this chapter were
synthesized a peptide synthetiser. Fmoc SPPS on a SYRO II (Biotage) using Tentagel
rink amide aminomethyl (RAM) resin (25 umol scale, Rapp Polymere). Each coupling
step of 40 min was performed with 5 equiv. of AA, 5 equiv. of HATU and 10 equiv. of
DIPEA in DMF. This was followed by a second coupling step using 5 equiv. of PyBOP
instead of HATU. Next, uncoupled peptide was capped using 0.5 M acetic anhydride and
pyridine in DMF for 5 min at room temperature. Fmoc deprotection was performed using
20% (v/v) piperidine in DMF for 10 min twice. Peptide synthesis was finished by
treatment with 0.2 M chloroacetyl N-hydroxysuccinimate in DMF for 30 min, twice.
Peptide cleavage, global deprotection, and cyclization were performed by the treatment
of the cleavage cocktail (TFA:TIPS: H,O:DTT, 90:2.5:2.5:5). Peptides were subjected to
purification via PREP-RP-HPLC using a preparative Cig column (Gemini Cg, 250 x 21.2
mm, 10 um particle size, Phenomenex). Fractions were analysed by RP-LCMS and those
containing the correct peptide mass were pooled and lyophilized. Impure fractions

containing product were not re-purified at this stage.
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7.5.3 Analysis

Urea-SDS-PAGE. 2 uL of the incubation mix containing 0.5 pM mRNA/cDNA
complexe were sampled, in order to load 1 pmol reverse transcription product onto the
8% urea-SDS-PAGE [0.05% (w/v) SDS, 6 M urea, 8% acrylamide/bis mixed solution
(37.5:1)]. Samples were mixed with a loading buffer [34.5% (v/v) formamide, 62.5 mM
tris.HC1 pH 6.8, 5 mM dithiothreitol (DTT), 10 mM EDTA, and 0.05% (w/v) SDS]. The
gel electrophoresis was performed at 200 V for 45 min and visualized with UV exposure
(at the wavelength 472-513 nm) followed by staining with SYBRTM Green II (10,000x
concentrate in DMSO, Invitrogen) and measurement of fluorescence at the wavelength

472-595 nm.

SDS-PAGE. Labelling samples were analysed on a 10% acrylamide gel (2.5 mL
MQ H20, 1.25 mL 40% acrylamide/bis-acrylamide (29:1), 1.25 mL pH 8.8 SDS solution,
50 pL 10% ammonium persulfate (APS), 10 pL Tetramethylethylenediamine (TEMED);
stacking gel: 625 pL MQ H>O, 125 pL acrylamide/bis-acrylamide (29:1), 250 uL pH 6.8
SDS solution, 10 uLL 10% APS, 2.5 uL TEMED). PreqGold II Protein Ladder was loaded
alongside the samples. Protein separation was performed at 200 V for 45 min in running

buffer (25 mM Tris, 190 mM Gly, 1% SDS) and visualised by fluorescence of silver stain.

qPCR. The gPCR mix contained KOD buffer (120 mM tris, 10 mM KCI, 6 mM
(NH4)2SO04, 0.1% Triton X-100, 0.001% bovine serum albumin (BSA) (w/v), adjusted to
pH 8 using HCl), 0.25 mM dNTPs, 2 mM MgCl,, 0.25 uM forward primer (F48), 0.25
UM reverse primer (R36) , 1x KOD DNA polymerase (in-house production, stored in 5
mM tris, 5 mM KCI, 0.01 mM EDTA, 0.1 mM DTT, 0.02% Tween-20, 5% glycerol, pH
7.5 ), and 1x SYBR™ Green I Nucleic Acid Gel Stain (Invitrogen, United States of
America) in MQ H>O. Each sample for qPCR analysis was prepared by adding 0.5 pL of
the incubation mix to 499 pL of MQ H:O to dilute the reactants. In each qPCR reaction,
19 puL of the above qPCR mix was transferred into individual qPCR tubes. Subsequently
1 pL of the specific qPCR sample was added to each tube. Measurements included
negative controls containing MQ H»O instead of sample, and standard curves with a 10X
serially diluted reverse transcribed peptide 121-encoded R65 primer RNA at
concentrations ranging from 2 x 10° to 2 x 10° molecules/uL. The PCR amplification
profile encompassed an initial cycle at 95 °C, annealing at 55 °C for 10 sec, and extension

at 72 °C for 30 sec, followed by 35 cycles of amplification steps, which consisted of
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denaturation at 95 °C for 10 sec, annealing at 62 °C for 10 sec, and extension at 72 °C

for 30 sec, with fluorescence measurement after the extension step.

7.5.4 Characterisation data

(6S,12R,188S,20aS,26S,29S,31aS)-15-allyl-N-(1-amino-5-(2-azidoethyl)-1,4,7,16-
tetraoxo-9,12-dioxa-3,6,15-triazaheptadecan-17-yl)-18-benzyl-26-(3-
guanidinopropyl)-6,29-bis(4-hydroxybenzyl)-5,8,14,17,20,25,28,31-
octaoxooctacosahydro-1H,5H-dipyrrolo[1,2-g:1',2'-
pl(1]thia[4,7,10,13,16,19,22,25]octaazacycloheptacosine-12-carboxamide (122).

HO <\N o)
\\\-Kfo o \\©
NH OYNH

Peptide 122 was prepared as per general procedure O utilising ClAc. Fmoc-Tyr(OtBu),
Fmoc-Pro-OH, Fmoc-Tyr(OtBu)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Pro-OH, Fmoc-Phe-
Oh, Fmoc-Gly-OH, Fmoc-Cys(trt)-OH, Fmoc-Gly-OH, Fmoc-Pegs-OH, Fmoc-Aha-OH,
Fmoc-Gly-OH). Crude peptide was dissolved in DMSO (2 mL) with DIPEA (10 pL) and
the reaction was stirred for 30 min. Cycled product was then purified by preparative RP-
HPLC. Peptide 122 was obtained as fluffy white solid. LC/MS: Retention time: 6.816
min (5-95% ACN, 10 min 0.1% FA, A = 280 nm); MS (ESpos): m/z = 1466.60 [M+H]".
HRMS (m/z MALDI): found 1466.265 ([IM+H]", Cs7H92N19017S requires 1466.6595 ).

mAU

6:816
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(6S,12R,188S,20aS,26S,29S,31aS)-15-allyl-N-(1-amino-5-(2-(8-(3',6'-dihydroxy-3-
oxo-3H-spiro[isobenzofuran-1,9'-xanthene]-6-carbonyl)-3a,8,9,13b-tetrahydro-1H-
dibenzo|[b,f][1,2,3]triazolo[4,5-d]azocin-1-yl)ethyl)-1,4,7,16-tetraoxo-9,12-dioxa-
3,6,15-triazaheptadecan-17-yl)-18-benzyl-26-(3-guanidinopropyl)-6,29-bis(4-
hydroxybenzyl)-5,8,14,17,20,25,28,31-octaoxooctacosahydro-1H,5SH-dipyrrolo[1,2-
g:1',2'-p][1]thia[4,7,10,13,16,19,22,25]octaazacycloheptacosine-12-carboxamide

(124)
HO O o O OH
o
CLEOA
N
N-
e
Q /\\<H O/\/O\)\H O
o{s/\Hthlb °
e HN D
Q/(”L AR
HO \\/(NH oo%
° \\\NH
HO HN)\NHz

Peptide 124 (1.7 mg, 1.16 pmoles) was dissolved in DMSO with DBCO-FAM (0.784
mg, 1.16 pmoles) and stirred for 30 min. Crude peptide was then purified by preparative
RP-HPLC. Peptide 124 was obtained as fluffy yellow solid (0.7 mg, 29%). LC/MS:
Retention time = 7.156 min (5-95% ACN, 10 min 0.1% FA, A =280 nm); MS (ESpos):
m/z = 2143.06 [M+H]. HRMS (m/z MALDI): found 2166.587 ([M+Na]",
CiooH126NaN21024S requires 2166.9028).
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(6S,12R,188S,20a8,26S,29S,31aS)-15-allyl-N-(1-amino-5-(2-aminoethyl)-1,4,7,16-
tetraoxo-9,12-dioxa-3,6,15-triazaheptadecan-17-yl)-18-benzyl-26-(3-
guanidinopropyl)-6,29-bis(4-hydroxybenzyl)-5,8,14,17,20,25,28,31-
octaoxooctacosahydro-1H,SH-dipyrrolo[1,2-g:1',2'-
pli1]thia[4,7,10,13,16,19,22,25]octaazacycloheptacosine-12-carboxamide (125).

HoN
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o .
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NH H\)\\
- '
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\\\NH
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HO HN

Peptide 122 (1.1 mg, 4.19 pmoles) was dissolved in 500 pL of H2O. To the peptidyl
mixture 7 uL of 1 M TCEP in H>0 + 0.1% FA were added and stirred for 2 days at rt.>*°
Crude mixture was then purified by preparative RP-HPLC. Peptide 125 was obtained as
fluffy white solid (1.1 mg, 19%). LCMS: Retention time = 6.401 min (5-95% ACN, 10
min 0.1% FA, A =280 nm); MS (ESpos): m/z = 1440.24 [M+H]". HRMS (m/z MALDI):
found 1440.420 ([M+H]", Cs7HoaN17017S requires 1440.6690).
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Chapter 7- Experimental

(6S,12R,18S,20a8,26S,29S,31aS)-15-allyl-N-(13-((2-amino-2-oxoethyl)carbamoyl)-
2,11,17-trioxo-21-((3aR,4R,6aS)-2-oxohexahydro-1H-thieno|3,4-d]imidazol-4-yl)-
6,9-dioxa-3,12,16-triazahenicosyl)-18-benzyl-26-(3-guanidinopropyl)-6,29-bis(4-
hydroxybenzyl)-5,8,14,17,20,25,28,31-octaoxooctacosahydro-1H,5H-dipyrrolo[1,2-
g:1',2'-p][1]thia[4,7,10,13,16,19,22,25]octaazacycloheptacosine-12-carboxamide

(126).
il
o NH
HNW \ H
o}
o] H\)\NHZ
O}” o
o H\/\O
N
O{S I’b 0
HN
. NH =
L HN
(SIS
Ho C\‘.\\(o OOQ/’/NH
NH ;
H\)\\NQ

Peptide 125 (1.1 mg, 764 umoles) was dissolved in 1 mL of H>O. To the peptidyl solution,
0.35 mM of biotin, 0.35 mM of HCTU, 0.35 mM of DIPEA and 0.17 mM of DMAP were
added. The mixture was stirred overnight. Crude peptide 126 was then purified by
preparative RP-HPLC. Peptide 126 was obtained as fluffy white solid (0.2 mg, 16%).
LC/MS: Retention time = 7.318 min (5-95% ACN, 10 min 0.1% FA, A = 280 nm); MS
(ESpos): m/z = 1666.56 [M+H]". HRMS (m/z MALDI): found 1666.768 ([M+H]",
C77H108N19019S; requires 1666.7466).
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9.1 Chapter 2

9.1.1 NMR Spectra
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Figure S9.1: 'H and *C NMR (400 MHz, D20) spectra of compound 50
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9.1.2 Analytical Calibrations

Table S9.1: Measures of retention times for different concentrations of GSH, standard deviation (s) and
coefficient of variation (RSD) and RP-HPLC data. (2 - 15% ACN, 20 min 0.1% TFA, A =214 nm).

Data1
DataZ2

Data4

C Retention time Average s RSD (%)
(mg-ml) (min)
1 1.911 1.916 1.903 1.91 0.00535 0.28
33 1.886 1.836 1.836 1.85 0.02357 1.27
4.8 1.873 1.879 1.875 1.88 0.00249 0.133
7.6 1.863 1.811 1.733 1.80 0.0534 2.96
9.7 1.853 1.754 1.789 1.80 0.0410 2.28
750000- |
250000 h
500000 1 :
] | {\
. i
1
4 l 0 X
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Figure S9.16: GSH 48 HPLC calibration data.

—Datab

The suitability of the method was determined by quantifying the limit of detection (LOD)

and limit of quantification (LOQ) of GSH calibration. LOD was evaluated by considering

the analyte concentration that yield a signal-to-noise ratio (s/n) of 3. LOQ is the minimum

concentration of the analyte that can be determined at an acceptable precision and

accuracy under the analytical conditions used its calculated by determinate signal-to-

noise ratio (s/n) of 10. LOD of this calibration was 5.08-10°% umol mL! and LOQ 0.154

umol mL",
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Table S9.2: Measures of different concentrations of GSH, peak area of GSH, and average between the 3
area measurements in RP-HPLC data. (2 - 15% ACN, 20 min 0.1% TFA, A =214 nm).

C Retention time (min) Average s RSD (%)
(mg'ml™')
1 1.911 1.916 1.903 1.91 0.00535 0.28
33 1.886 1.836 1.836 1.85 0.02357 1.27
4.8 1.873 1.879 1.875 1.88 0.00249 0.133
7.6 1.863 1.811 1.733 1.80 0.0534 2.96
9.7 1.853 1.754 1.789 1.80 0.0410 2.28

Glutathione 48 calibration
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Figure S9.17: GSH 48 RP-HPLC calibration.
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9.2 Chapter 3

9.2.1 NMR Spectra:
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9.2.2 Analytical Calibrations

Table S9.3: Calibration curve of peptide 88

C (mg/mL) Area Repeated Areas Average Average/1000
1,1 865396 869910 844141 859815,7 859,8157
3.4 2543695 2534650 2582093 2553479 2553,479
5,0 3818996 3805620 3805041 3809886 3809,886
7,0 5393157 5453265 5387572 5411331 5411,331
10 7559610 7594535 7651840 7601995 7601,995
uV
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Figure S9.28: Peptide 88 HPLC calibration data.
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Figure S9.29: Peptide 88 RP-HPLC calibration curve.
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9.3 Chapter 4

9.3.1 NMR Spectra
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Figure S9.30: 'H NMR (400 MHz, CDCls) spectrum of compound 116.
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9.4 Chapter 5

9.4.1 Urea/SDS-PAGE:s reported in Chapter 5.

Figure S9.31: Full urea-SDS-PAGE stained by SYBRO Green II of the mRNA/cDNA complex.

Figure S9.32: full gel of 10% SDS-PAGE of TEC optimisation visualised by fluorescent.

Figure S9.33: full gel of 10% SDS-PAGE of TEC optimisation visualised by silver stain.
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Figure S9.35: Full gel of 10% SDS-PAGE of TEC reaction under RaPID conditions visualised by
silver stain.

Figure S9.36: Full gel of 10% SDS-PAGE of TEC optimisation under RaPID conditions with
streptavidin beads visualised by silver stain.
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