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ABSTRACT

Cyclic peptide natural products have played an essential role in drug development and biomedical
research, with drugs such as vancomycin, penicillin, and cyclosporine revolutionising modern
medicine. Modification of cyclic peptides improves a number of their pharmacological properties
such as target selectivity, binding affinity and specificity, proteolytic stability, oral bioavailability,
and reduced toxicity. In addition to improvement of the pharmacological properties, current
advances in peptide synthesis, rational drug design, and structure determination have assisted the
development of novel macrocyclic peptides. The growing interest in peptide-based drugs in
organic synthesis and medicinal research, along with the promising efficacy of cyclic peptides,
offers many opportunities for the development of cyclic peptides towards the treatment of several

diseases.

This research project focused on the total synthesis of complex biologically active cyclic peptides.

Specifically, three projects where undertaken:

- Total synthesis of asperipin-2a

- A new method for the macrolactonisation of peptides through a thioamide strategy: total

synthesis of seongsanamide E and Kahalalide B.

- Total synthesis of seongsanamide B

Asperipin-2a is a modified bicyclic hexapeptide which possesses two aryl-alkyl ether bridges. The
unusual structure of asperipin-2a, together with its unknown configuration and potent biological
activity, prompted us to investigate a route toward its total synthesis. The ether bridges were
successfully synthesised through an aziridine ring opening reaction and a Mitsunobu reaction. The

diastereomers were separated and 2D-NMR spectroscopy together with X-ray crystallography



were employed to identify the absolute configuration of stereogenic centres. The synthetic route

was continued and the total synthesis of asperipin-2a was performed.

In the second project, a new macrolactonisation strategy was investigated employing a Ag(l)-
promoted transformation of peptide thioamides. Linear peptide thioamides were synthesised using
general SPPS protocols incorporating amino thioacyl benzotriazolidines as thioacylating agents
and the macrolactonisation in the presence of silver carbonate was investigated. The project
highlighted a new method for the macrolactonisation of peptides through silver-assisted thioamide
cyclisation. Moreover, this new method enabled the preparation of a range of depsipeptide ring
sizes and could overcome the common drawbacks of standard macrolactonisation methods

including cyclisation yields and limited reactivity of the Thr/Ser hydroxyl group.

The final chapter entails the total synthesis of the seongsanamide B. The main challenge in the
synthesis of seongsanamide B was the formation of the biaryl ether linkage in the highly
functionalised bicyclic macrolactone. Initial efforts towards the synthesis of seongsanamide B
focused on the synthesis of the biaryl ether linkage. The dopa and phenylalanine-boronic acid
starting materials were synthesised. An early stage esterification and a late stage construction of
the biaryl ether was elected. On resin esterification of dopa, solution-phase macrolatonisation, and

a late stage intramolecular Evans-Chan-Lam coupling reaction furnished seongsanamide B.
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Chapter 1

Introduction to Cyclic peptides



1.1Cyclic peptides

Drug discovery and development are a continuous endeavour for humankind as microorganisms
can, in general, evolve to become resistant against new drugs. Penicillin, discovered in 1928 by
Fleming, has saved millions of lives over the past half-century. This discovery launched an era of
huge progress in the fight against bacterial infections. However, penicillin has become drastically
less effective over time, and penicillin-resistant bacteria have become more and more common.
Several factors such as widespread use of antibiotics have contributed to the prevalence of antibiotic
resistance we see today. Therefore, access to new drug candidates and accelerated drug discovery

processes are warranted.® 2

Nature provides a rich source of diverse molecules with privileged biological activity, with
numerous clinically approved drugs being natural products or their analogous.®# One category of
natural product that has received increased attention druing the past decade is peptide natural
products. It is thought that peptides may fill the gap between small molecules and protein drugs,

combining advantages of both classes of molecules.>

Linear oligopeptides are commonly disordered in aqueous solvents and rapidly convert between a
range of conformations. Macrocyclisation decreases the number of available conformations,
making target engagement easier by minimising entropic loss due to binding and allows more
selective and stronger interaction with target proteins.” Thus, cyclic peptides possess several
favorable properties such as increased target selectivity, high binding affinity and specificity,
proteolytic stability, and low toxicity relative to the linear counterparts.” The increasing focus of
pharmaceutical companies to develop macrocyclic peptide drugs has led to several de novo
discovered peptides entering clinical trials.® ® Overall, progress toward the transformation of

macrocyclic peptides into a viable drug modality has been observed.



Since 1940, on average one new cyclic peptide drug has entered the market per year.” The vast
majority of new cyclic peptide drugs are derived from natural products, such as human peptide
hormones or antimicrobials. For example, oxytocin 1, octreotide 2 and vasopressin 3 are hormones

or hormone analogues and vancomycin 4, daptomycin 5 and polymyxin B 6 are antibiotics (Figure
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Figure 1. Examples of natural cyclic peptide drugs

Over the past ten years, cyclic peptide drugs approved by the US Food and Drug Administration
(FDA) and European Medicinal Agency (EMA) have accounted for 3% of the new drugs entered

onto the market. In 2017, 13% of approved drugs (6 of 46) were peptides or peptidomimetics.? 13



Examples of recently approved macrocyclic peptide therapeutics include telavancin, voxilaprevir,
romidepsin, linaclotide, and plecanatide. Telavancin 7 is a semi-synthetic cyclic lipoglycopeptide
employed in the treatment of bacterial and fungal infections. This peptide belongs to the class of
drugs that includes the antibiotics vancomycin and teicoplanin. These macrocyclic peptides
contain a heptapeptidic core with five fixed residues and inhibit bacterial cell wall synthesis by
binding to the b-Ala-p-Ala terminus of the peptidoglycan in the growing cell wall.** Voxilaprevir
8 is a direct-acting antiviral (DAA) medication used as a part of combination therapy to treat
chronic hepatitis C, an infectious liver disease caused by infection with Hepatitis C Virus (HCV).%®
Romidepsin 9, an oncology drug approved for the treatment of T-cell lymphoma, is a natural
product isolated from Gram-negative Chromabacterium violaceum. This bicyclic depsipeptide is
composed of five backbone-cyclised residues and a disulfide bond that generates a bicyclic
structure. Linaclotide 10 is a cyclic peptide derived from heat-stable enterotoxins produced by
various Escherichia coli strains. This 14-amino acid cyclic peptide contains three disulfide bonds
that constrain the conformation of the peptide and provide high proteolytic stability. The drug
provides well-tolerated relief in patients with chronic constipation and irritable bowel
syndrome.!®” Plecanatide 11 is a 16-residue peptide possessing two disulfide bridges, and is
approved for the treatment of chronic idiopathic constipation (CIC) and irritable bowel syndrome

with constipation (IBS-C) (Figure 2).13
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Figure 2. Examples of approved peptide drugs.

1.2 Peptide biosynthesis: Nonribosomal peptide synthetases (NRPS) and

ribosomally synthesised and post-translationally modified peptides (RiPPs)

Non-ribosomal peptides (NRPs) and ribosomally synthesised and post-translationally modified
peptides (RiPPs) are two major classes of peptidic natural products. NRPs are synthesised by large
and complex enzymes which add amino acids onto the growing peptide chain in an iterative
manner.’® NRPs often encode non-proteinogenic amino acids that are unavailable to RiPPs.

(Figure 3).
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Figure 3. Examples of bioactive nonribosomal cyclic peptide.

RiPPs are synthesised on the ribosome, which limits the amino acids incorporated to the canonical
20 proteinogenic amino acids. This limitation decreases their structural diversity to some degree.
However, post-translational modifications (PTMs) lead to extensive modification of RiPPs and
generates products with many features resembling in NRPs. A great advantage of RiPPs is that
their sequence can be modified by simple base-pair changes in their encoding gene.'®> 2 These
modifications include N-methylation of the peptide backbone, as well as ether and thioether

oxidative cross linkages, and more (Figure 4).
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Figure 4. RiPPs bioactive cyclic peptides.

1.2.1 Non-ribosomal peptide biosynthesis

Non-ribosomal peptides are synthesised by multidomain enzymes known as non-ribosomal
peptide synthetases (NRPSs). These enzymes comprise a modular organisation, in which each
module is responsible for the incorporation of one amino acid into the final peptide.!® 2% 22
Furthermore, the modules are divided into catalytic domains, which exhibit the enzymatic activity

that catalyse the particular steps of non-ribosomal peptide synthesis.?®

Three common domains are known as the adenylation-domain (A-domain), the peptidyl carrier
protein (PCP), and the condensation-domain (C-domain). These domains are an integral part of
every NRPS module as they are essential for substrate recognition and activation, transport to the
respective catalytic centers, and formation of the peptide bond.

The A-domains are involved in substrate recognition and activation. They control the incorporation
of the substrates into non-ribosomal peptide synthesis by ‘selecting” amino acid substrates, and

catalyse their activation as aminoacyl adenylates with the consumption of ATP (Figure 5, A).2*



As the selection of substrates is governed by A-domains, the structural features of the peptides are
solely determined by the nature of the A-domains.8

The next step of non-ribosomal biosynthesis is the transfer of the activated amino acids to the co-
factor of the peptidyl carrier protein (PCP).2> 2% A covalent thioester linkage between the enzyme
and substrate is established by this transformation. (Figure 5, B).?’

Peptide bond formation — the elongation step — is catalysed by the C-domain. The C-domain

catalyses the nucleophilic attack of the acceptor substrate with the donor substrate (Figure 5, C,
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Figure 5. Nonribosomal peptide biosynthesis.

All steps are repeated until the full sequence of the peptide is established. During the elongations,
other domains such as the cyclisation-domain (Cy-domain), epimerisation-domain (E-domain),
oxidisation-domain (OX-domain), N-methylation-domain (N-(Mt)-domain), formylation-domain
(F-domain) carry out specific modifications. When the peptide is ready to be released, the
termination-domain (TE-domain) hydrolyses the polypeptide chain from the PCP domain of the
previous module. At this stage, the peptide can be cyclised to form a lactam, or lactone, or released

as a linear peptide.?” 2



1.2.2 Ribosomally synthesised and post-translationally modified peptides

RiPPs are synthesised in the ribosome and therefore, unlike non-ribosomal peptides, are dependent
upon messenger RNA (MRNA). The type of amino acids in RiPPs is restricted to the 20 canonical
proteinogenic amino acids. In the biosynthesis of RiPPs a core peptide is fused to a leader peptide,
a follower peptide, or both that aid installation of post-translational modifications (PTMs).
Following modification of the core peptide, the leader and/or follower regions are removed to

release the final product (Figure 6).%°
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Figure 6. Biosysnthetic logic of RiPPs.*°

RiPPs undergo significant post-translational modifications before being exported as mature
peptides. Figure 7 shows some common post-translational modifications. These modifications
dramatically increase the chemical and functional space of mature peptides.3* For example,
lantibiotics are RiPPs with antibiotic activitiy against Gram-positive bacteria and are considered
to be a very promising source of novel antibiotics.®? Lantibiotics contain a high proportion of

unusual amino acids, including lanthionine (Lan) 26, B-methyllanthionine (MeLan) 27, and a



number of dehydrated amino acids such as a,3-dehydro alanine (Dha) 23 and dehydro butyric acid
(Dhb) 24. This dehydration results in unstandard amino acids containing electrophilic centers that
can react with neighboring nucleophilic groups. The thioether bond in Lan and MeLan is formed
when the thiol (-SH) group of a cysteine 25 residue attacks the double bond in Dha and Dhb,
respectively (Scheme 1). The biosynthetic pathway of lantibiotics suggestes that LanB and LanC

enzymes catalyse the dehydration of hydroxyamino acids and thioether formation.

H
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Scheme 1. General mechanism for the formation Lan and MeLan.
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1.3 Cyclic peptide natural products

Cyclic peptide natural products are produced through both RiPP and NRP biosynthetic pathways.
In addition to classifying these natural products based on their biosynthesis, such peptide natural
products can be classified based on the type of bonds which result in the ring formation. The most
common mode of peptide cyclisation is head-to-tail cyclisation between the a-amino group of the
N-terminal residue and the carboxylic acid of C-terminal residue, such as in axinellin A 28.%°
Another type of cyclisation is the linkage between the N-terminal amino group and the side chain
carboxyl group of another residue, as seen in microcystin 29.3° Alternatively, ring closure can
occur between the C-terminal carboxyl group and the side chain hydroxyl group of threonine or
serine through an ester linkage, such as in seongsanamide B 30.3” Cyclic peptides can also be
formed by bridging between two side chains. Examples include the thioether linkage seen in
phalloidin 31, the ether bonds in asperipin-2a 323% %% and seongsanamide B 30, and the disulfide

bond in oxytocin 33* (Figure 8).
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Figure 8. Different approach of peptide cyclisation.



1.4 Synthesis of cyclic peptide natural products

Nature provides an abundance of novel peptide natural products with interesting structural
diversity and biological activity. However, the available amount of isolated compounds is often
not sufficient for biological evaluation. Further, the biological activity of novel cyclic peptide drug
candidates often requires optimisation through synthesis and semi-synthesis of their analogues.

Therefore, establishment of a feasible synthetic method to bioactive cyclic peptides is neccessery.

Cyclic peptides containing biaryl or biaryl-ether bridges are a common class of peptide natural
products. Vancomycin 16, an antibiotic of last resort, was isolated from Amycolatopsis orientalis.
Vancomycin is a tricyclic heptapeptide interconnected with two biaryl-ether and one biaryl bond.
The biaryl crosslinks are crucial for the bioactivity of vancomycin as an inhibitor of cell wall
biosynthesis.*> ** Another highly potent anti-infective agent is teicoplanin A 34 which was isolated
from Actinoplanes teichomyceticus. Teicoplanin differs from vancomycin by the presence of an
additional biaryl ether bridge and further sugar moieties (Figure 9). Teicoplanin A exhibits similar

antibiotic and antiinfective effects as vancomycin.* 4°

Figure 9. Structure of vancomycin and teicoplanin A.



The valuable therapeutic properties of the vancomycin family of drugs, together with their unusual
biaryl and biaryl-ether cross-linked structures have intrigued synthetic chemists to undertake their
total synthesis. However, due to their challenging structural features, only few total synthesis have
been accomplished, including the preparation of the vancomycin aglycon by Nicolaou,*¢-*8 Boger*®
and Evans® ®! as well as the total synthesis of teicoplanin aglycon achieved by Evans®? and

Boger.*9:>3

Besides chemical synthesis, a chemoenzymatic approach is an effective method for the synthesis
of highly sophisticated natural products. Despite advances in synthetic methods, modern organic
synthesis still faces difficulties such a regio- and strereoselective control in the reliable production
of cyclopeptides. This problem can be solved by using enzymes which catalyse the regio- and
stereoselective cyclisation of linear peptides without the use of protecting groups. For example, in
the chemoenzymatic synthesis of vancomycin, natural product precursors are synthesised and
combined with isolated enzymes which can catalyse biaryl-ether bridge bond formation (Figure
10).>* However, isolation of appreciable amounts of enzyme and synthesis of different analogous

of natural product is problematic.>> %
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Figure 10. Oxidative cross-linking of phenol side chain



Semisynthesis is another approach to the optimisation of the biological activity of peptide natural
products. Telavancin 7 is a semisynthetic derivative of vancomycin possessing a hydrophobic
(decylaminoethyl) side chain appended to the vancosamine sugar and a hydrophilic

(phosphonomethyl)aminomethyl group (Figure 11).°7

Figure 11. Semisynthesis of telavancin 7.

1.5 Non-natural cyclic peptides

In addition to the chemoenzymatic and semisynthetic methods used for the macrocyclisation of
natural peptides, a variety of synthetic macrocyclisation strategies has been developed over the
years. Peptide-derived macrocycles prove to be a particulary valuble starting point for the
generation of biologically active compounds.® The design process often starts by macrocyclisation
of known peptides or by the screening of macrocyclic peptide libraries to unveil structures that

exhibit good affinity for their target.58-5

1.5.1 Peptide Stapling
Peptide stapling is a strategy for constraining peptides in a specific conformation through

crosslinking of side chains. This method can lead to improvements in proteolytic stability and cell



permeability.52® Stapling methods can be performed with either one or two components (Figure

12).

One-component

T\ ki

Two-component

) W X

Figure 12. Different approaches for peptide stapling.

The one-component stapling technique is defined as a direct bond-forming reaction between the
side-chains of two non-native amino acids, such as ring-closing methasesis®’ and
cycloaddition.®®® For example, olefin metathesis has been employed to generated o-helical
macrocycle BHs peptide 39 (Figure 13-A).”° Wang and co-workers have utilised stapling in the
Cu(l)-catalysed azide-alkyne cycloaddition (CuAAc) ‘click’ reaction to generate the cyclised

peptide 41 which inhibits the oncogenic interation of BCL9 with beta-catenin (Figure 13-B)."
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Figure 13. A) Ring closing methasesis of BH3 a-helical peptide,
B) Optimised CUAAC-stapling of BCL9 peptide.
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Two-component stapling involves using a bifunctional linker to bridge two side-chain functional
groups. Most commonly, two-component stapling strategies apply CuAAC reactions, arylation or
alkylation chemistry of cysteine and lysine residues, or acylation chemistry of aspartic acid and

glutamic acid residues (Figure 14).
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Figure 14. A) Double-click stapling, B) Bis-lactam stapling C) Bis-arylation stapling strategies.

Bifunctional cross linkages such as dibromoxylene can also generate cyclic peptides. For example,

linear peptide 50 cyclised through the cysteine side chains and dibromoxylene linker (Figure 15).7?
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Figure 15. Macrocyclisation of unnatural peptide U1.



Trifunctional linker similary used to generate bicyclic peptides. For example, sortase A inhibitor
52 was synthesised via a cyclisation of three cysteine residues with 1,3,5-
tris(bromomethyl)benzene linker.”® BT1718 53, cyclised via the same strategy, is a new cancer

drug candidate (Figure 16).”
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Figure 16. Side chain-to-side chain bicyclisation with a trifunctional linker.

Another trifunctional linker that can provide bicyclic peptides is 1,3,5-benzenetricarboxylic acid,

employed in the synthesis of 54, an inhibitor of NF-1xB essential modulator (Figure 17).7
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Figure 17. N-terminus-to-side chain bicyclisation with a trifunctional linker

1.5.3 Modified ribosomal peptide cyclisation method

In addition to chemically synthesised non-natural cyclic peptides, several chemical biology
methods have been introduced to construct the cyclised peptides using modified ribosomes. For
example, “Flexible invitro translation” (FIT) is a highly flexible tool for generating and screening
of large peptide libraries. In this strategy, non-proteinogenic amino acids are charged onto tRNA
by artificial tRNA acylating flexizymes. Addition of the resulting non-proteinogenic aminoacyl-
tRNA into an in vitro reconstituted translation system enables the expression of peptides
containing non-proteinogenic amino acids. Incorporation of an N-terminal chloroacetyl group
incorporated via the genetic code reprogramming technology enables spontaneous
macrocyclisation with the sulfhydryl group of a downstream cysteine residue, generating a cyclic

peptide product (Figure 18).7
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Figure 18. FIT Cyclisation strategy.

This technology was used to generate EGAP Ub ligase inhibitor 55 (Figure 19).””
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Figure 19. N-terminus-to-side chain cyclisation.

1.6 Conclusion and project aims

In recent years an abundance of structurally intriguing non-ribosomal peptides (NRPs) and
ribosomally synthesised and post-translationally modified peptides (RiPPs) have been identified

due to the revolution in sequencing technologies and the development of efficient de novo
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discovery methods. In the total synthesis of natural products, the bioactivity of the target molecule
is recognised and synthetic analogues of natural products with improved potency can be prepared.

Therefore, natural products are often used as starting point for drug discovery.

Macroyclic peptides have the potential to overcome the limitations of their linear counterparts as
drug candidates by addressing issues such as target selectivity, proteolytic stability, and poor oral
bioavailability. Improvement of their pharmacological properties in conjunction with the current
advances in peptide synthesis, rational drug design, and structure determination have aided the
development of novel macrocyclic peptides. The growing interest in peptide-based drugs, along
with the promising in vitro and in vivo efficacy of cyclic peptides, affords many opportunities for

the development of cyclic peptides towards the treatment of several diseases.”

In this thesis the synthesis of biologically active macrocylic peptides will be discussed. The thesis
comprises three chapters: In chapter 2, the synthesis of asperipin-2a will be described, focusing on
the synthesis of alkyl-aryl ether bonds and cyclisation of asperipin-2a. Chapter 3 presents the
development of new synthetic method for the macrolactonisation of peptides through a thioamide
strategy. This strategy employes a Ag(l)-promoted transformation of peptide thioamide. Finally, a
synthetic approach to the bicyclic depsipeptide natural product seongsanamide B is described in

chapter 4.
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Chapter 2

Total synthesis of asperipin-2a
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2.1 Isolation of asperipin-2a

Small, highly functionalised peptides such as the ustiloxins were originally believed to be
biosynthesised via NRPS pathway. Ustiloxin B 20 is a tetrapeptide, derived from a Tyr-Ala-lle-
Gly sequence, which is ‘cyclised’ through an ether linkage between the side chains of Tyr and Ile
and modified with an N-methyl group, a B-hydroxyl group and a non-proteinogenic amino acid,
sulfinyl norvaline, attached to the tyrosine aromatic ring. The highly functionalised structure of
ustiloxin B is reminiscent of complex cyclic peptides known to be products of NRPS biosynthesis,
such as vancomycin. However, it was found that no gene in the biosynthetic cluster encodes a
protein with the NRPS-specific catalytic domains A, C, PCP, TE. Further studies discovered a
gene, ustA, encoding a protein with a repeating Tyr-Ala-1le-Gly motif that matches the sequence
of ustiloxin.” The biosynthetic gene cluster of ustiloxin was fully elucidated to prove the ustiloxins

are ribosomally synthesised peptides (Figure 20).

A common feature of RiPPs is that they are initially synthesised as precursor peptides, modified
by enzymes, and processed by peptidases.® Precursor peptides usually have a leader peptide, a
repeating core peptide, and a C-terminal recognition sequence. The leader peptide is essential for
recognition by post-translational modification enzymes and export.&
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Figure 20. Structure of ustiloxin B and protein sequence of the ustiloxin B precursor peptide.




The ustiloxin gene clusters from Aspergillus flavus and U. virens possess 15 and 13 genes,
respectively, which encode the precursor protein, a transcription factor, a transporter, and several
enzymes involved in PTMs.”® 8! The proposed biosynthetic pathway of ustiloxins is illustrated in
Scheme 2. It was identified that three enzymes—UstQ, UstYa and UstYb-are essential for the
cyclisation of the precursor peptide. N-methylation of 56 by UstM produces ustiloxin F 57.
Addition of a cysteine residue to ustiloxin F then generates S-deoxyustiloxin H 58. Oxidation of
58 by UstF1-a flavin containing monooxygenase (FMO), produces ustiloxin H 59. Ustiloxin H
then affordes oxime 60 in the presence of UstF2. Hydrolysis of 60 affords aldehyde intermediate
61, with the final transformation catalysed by pyridoxal-5’-phosphate (PLP) dependent enzyme

UstD to give ustiloxin B 20.
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Scheme 2; proposed biosynthetic pathway of ustiloxin. MT = methyltranferase,
P450 = cytochrome P450 monooxygenase, FMO = flavin-containing monooxygenase.

During the elucidation of the biosynthesis of the ustiloxins in 2016, it was recognised that

Aspergillus flavus possesses another RiPP precursor type gene. The metabolites of deletion



mutants were analysed using LC-MS, and it was observed that a peak correlating to a mass of
808.3 disappeared when this gene was deleted. The compound characterised as asperipin-2a 32
was then isolated and its chemical structure was determined by NMR.3® However, the absolute
configuration (specifically at positions 1, 2, and 16) and biological activity of asperipin-2a were
not elucidated.® In early 2019, towards the later stage of this PhD project, Oikawa and coworkers
achieved the heterologous production of asperipin-2a and completed the full identification of its

absolute configuration by chemical degradation, chiral HPLC, and NMR analyses (Figure 21).%
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Figure 21. Structure and numbering of asperipin-2a.

2.2 Putative biosynthetic pathway of asperipin-2a

Asperipin-2a 32 is a bicyclic peptide that is derived fro