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Abstract

Due to the overuse of antibiotics, bacteria have become increasingly resistant to many different
antibiotics, resulting in antibiotic-resistant strains such as methicillin-resistant Staphylococcus
aureus (MRSA) and vancomycin-resistant S. aureus (VRSA). It also makes the clinical
treatment of bacterial diseases more difficult and leads to an increased mortality rate. The
development of new classes of antibiotics has remained stagnant for a long time. In 2016,
lugdunin, a new natural product from Staphylococcus lugdunensis which is presented in the
human nostrils, was found to display potent antimicrobial activity against antibiotic-resistant
strains of S. aureus (MIC = 1.5 pg/ml against MRSA). Thus, the project aims to design a
focused series of lugdunin analogues and to determine their antimicrobial activities against

different strains of S. aureus.

To synthesize lugdunin and its analogues, the Fmoc-based solid phase peptide synthesis (Fmoc-
SPPS) was used. Moreover, various types of solid supports (resin) were investigated and used
to optimize the reaction. For the total synthesis of lugdunin and analogues thereof, threonine-
glycine (TG) resin was used as the most effective resin due to several advantages, such as high
yields and simple operation. A modified TG resin was then prepared by the pre-loading of
different Fmoc-amino aldehydes, which in turn were prepared from their corresponding Fmoc-
amino acids by a one-pot procedure involving 1, 1'-carbonyldiimidazole (CDI)-activation

followed by diisobutylaluminium hydride (DIBAL-H)-mediated reduction.

To determine the importance of each amino acid residue to the antimicrobial activity, alanine
scanning was first introduced. Then, to establish a preliminary structure-activity relationship
(SAR), several analogues were synthesized, such as the installation of modified amino acids,

including D-phenylalanine and D-tryptophan at position-6 and L-norvaline, L-norleucine, N-
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methyl-L-valine, N-methyl-L-leucine, L-tryptophan, L-cyclopropylalanine and L-homoleucine

at position 7.

For the antimicrobial assessment, different strains of S. aureus including SH1000 and USA300
JE2 were used to investigate the antibacterial activity. Amongst all the evaluated compounds,
lugdunin (ICso = 27.58 + 0.62 pM), (Leu)’-lugdunin (ICso = 6.88 = 0.75 pM), (L-N-Me-Val)’-
lugdunin (ICsop = 25.49 + 0.18 uM) and (D-Trp)S-lugdunin (ICsp = 19.74 + 0.27 puM) showed
good-to-high antibacterial activity against S. aureus USA300 JE2. Then, the three analogues
were further evaluated against several other strains of S. aureus, including Mu50, Newman and
PM64. The analogue (Leu)’-lugdunin was found to be the most potent analogue tested to date,

displaying typically 4-fold higher potency than the synthesized lugdunin.

Following the results of antimicrobial activity tests, an SAR study of lugdunin at position 6
and 7 was established. At position 7, it is found that a linear side chain is more potent than a
cyclic/aromatic side chain. Moreover, four carbon atoms are found to be the most suitable
length of the side chain. In the contrast, a cyclic/aromatic side chain showed more potent
activity than a linear side chain at positon 6. Future work will focus on further analogues with
the modification and substitution at position 7, time-kill assay and also antimicrobial tests

against different bacteria.
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Chapter 1

Introduction

1.1 Development of antimicrobial agents

Antimicrobial agents have played a vital role in the clinical treatment of infectious diseases
and hence profoundly affected the destiny of human beings.!* However, mankind is now facing
a countercharge due to the appearance of infectious diseases caused by antibiotic-resistant
bacteria. Currently, antibiotic-resistant bacteria have left mankind with a serious problem to
deal with in the clinic.®> With inappropriately chosen antimicrobial agents, the therapy may not
achieve the best effect, and moreover can result in the exacerbation of the disease.*> In addition,
the excessive use of broad-spectrum antibiotics is known as the key reason for causing the

spread of multidrug-resistant bacteria.®

Owing to the problem of increasing antibiotic-resistant bacterial strains, antibiotic choices for
infection control have become increasingly limited and more expensive.” Therefore, it is
important to have a complete understanding of the mechanisms and patterns of bacterial
resistance and to further engage in the development of new drugs or therapy. Furthermore,
increased effort to promote the proper prescription of antimicrobial agents is needed to preserve
antibiotics which are currently in use in the clinic. At present, a few antimicrobial agents with
anovel mode of action (MoA) are coming onto the market.® Since the first antibiotic, penicillin,
was found in 1928,° many antibiotics have been discovered or synthesized (Figure 1.1).
However, no new antibiotics have been brought through to the clinic from the discovery stage
over the past decade.!® In the current status, due to the wide spread of multidrug-resistant
bacteria, options for treatment with antibiotics are limited, and the number of brand-new drugs

placed on the market is decreasing.'!
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Aeruginosa (MDRP) and .. . y P
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Figure 1.1 Historical development of antimicrobial agents.! The figure shows the impact of drug-
resistant bacteria and the discovery of all generations of antimicrobial agents during the past century.
The development of novel antimicrobial agents has dramatically decreased since 2000 while the cases
of drug-resistant bacteria are still increasing.

Therefore, the first step to resolve the issue of resistant bacteria could focus on the proper use
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of the existing antibiotics and the effort to minimize the transmission and spread of resistant

bacteria through appropriate infection control.!!

Nevertheless, we are currently facing a reality that the discovery of novel antimicrobial agents
with unique MoA is truly urgent.!> As mentioned before, the number of new antimicrobial
agents being brought to the market has undergone a steady decline. So far, to solve the problem,
efforts have been made on the modification of existing antimicrobial agents or the development
of new ones.!*> However, during the past four decades, a few new groups of antibacterial agents,
such as oxazolidinones, diarylquinolines and streptogramins have been marketed and most of

them are for the treatment of Gram-positive bacterial infections.!*

There are several reasons for the decrease in the development of new antimicrobial agents. For
example, most of the obvious targets for antibacterial activity which allow selective toxicity
have already been discovered.!> Moreover, current new approaches, such as the exploitation of
microbial genomics and high-throughput screening, have not led to the expected discovery of
an abundance of new agents.!> Since the 1990s, owing to the consolidation in the
pharmaceutical industry, a reduction of around 70 reasonable-sized companies with research
and development (R&D) efforts in the antibacterial area to less than a dozen, has also taken a
toll.!> It is estimated that only a few of the companies in the USA and Europe are maintaining
active R&D programmes for antimicrobial agents.!> The lack of interest by big pharma in
antibacterial agents is related to a number of factors, including the many generic antibacterial
agents currently on the market that still have varying degrees of effectiveness and that are
considered first lines of therapy by many public health authorities. There is a tendency to place

t15

new expensive agents on reserve status, largely as a matter of cost containment. > Moreover,

the duration of treatment with antibacterial agents is limited, which means that these agents are



less profitable to big pharma than drugs for treatment of cancer, and neurological,
psychological, musculoskeletal or cardiovascular diseases, which are often given chronically
and yield higher prices in some instances.'® Finally, a number of regulatory issues have also
made it difficult to bring new agents to the market, particularly in the USA, including the fact
that the US Food and Drug Administration (FDA) has recently shown a tendency to ‘shift
goalposts’ for approval criteria for antimicrobial agents and has raised significant issues
regarding the need to carry out placebo-controlled trials for patients with serious bacterial

infections.!?

To develop new antimicrobial agents, peptide antibiotics are frequently regarded as an
important source of new drugs.!®!® Naturally occurring antimicrobial peptides are thus
recognized as a potential source for pharmaceutical research and the development of modern
medicines.!” As mentioned before, the discovery of novel antibiotics is necessary and urgent,
therefore, the aim of the project reported in this thesis is to develop potentially new antibiotics
with potent activity and unique MoA. Lugdunin is a potent peptide antibiotic first reported in
2016.%° Thus, the project will focus on synthetic approaches to lugdunin and analogues thereof,
and their design and antimicrobial assessment against various strains of the opportunistic

human pathogen, Staphylococcus aureus.

1.2 Gram-positive bacteria

Bacteria can easily be distinguished and classified into two categories based on the result of
the Gram stain test because of the different physical and chemical properties of the cell walls.?*
The Gram staining test, which was introduced in 1884 by Christian Gram, a Danish
microbiologist is now the most common method.?? Under the observation of an optical

microscope, a blue-purple color will be seen for Gram-positive bacteria due to their thick mesh-



like cell wall while it appears red for Gram-negative bacteria after the general procedure

(Figure 1.2).%
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Figure 1.2 Gram staining test for Gram-positive (A) and Gram-negative bacteria (B). Thick cell wall

retains the crystal violet stain, whereas the Gram-negative cell wall loses the color as it is washed away

(Figure obtained from Thairu et al.).?*

Despite the difference in their peptidoglycan layer, Gram-positive bacteria are known to be
more sensitive to specific antibiotics that interact with targets in the cell wall because of the
lack of an outer membrane (Figure 1.3).2% In general, several characteristics can be found in
Gram-positive bacteria, such as lipoteichoic acids which are related to adherence, smaller
periplasm and thicker peptidoglycan layer.2® Moreover, rigid cell walls are generated from the

cross-linking of peptidoglycan chains by DD-transpeptidase.?’

To differentiate bacterial species and observe the cell shape, Gram staining is also a convenient
and useful tool.?! Based on several factors, such as the staining, antibiotic susceptibility testing,
physiological tests, growth requirement and macroscopic tests, the bacteria can subsequently
be classified (Figure 1.4).2% Staphylococcus aureus, a member of the family of staphylococci,

is one of the most important bacterium causing infectious diseases.
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Figure 1.3 Cell structure of Gram-negative (left) and Gram-positive (right) bacteria. The thicker
peptidoglycan layer and the lack of the outer membrane can be seen in the Gram-positive cell envelope

(Figure obtained from Liu, Yao et al.).”
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Bacilli Cocei Branching
Filaments
Aerobic Anaerobic I I
Aerobic Anaerobic
I I Aerobic I I
Listeria Clostridium : X .
Bacillus Nocardia Actinomyces
Corvnebactrium (Weakly acid fast) (No acid fast)
Catalase” Catalase”
Streptococcus “
Staphylococcus
o B T
Partial hemolysis Complete fhemolysis No hemolysis
Coagulase” Coagulase”
Optochin sensitivity Growth in 6.5% NaCl
No I I Yes No I I Yes S. aureus
Novobiocin sensitivity
Viridans strep . X Nonenterococcus  Enterococcus
(unencapsulated) §. Pneumoniae 8. bovis (Group D)
S. mutans (encapsulated) E. faecium No I__ _I Yes
S. mitis Bacitracin sensitivity E. faecalis
S. saprophyticus  S. epidermidis

No |__| Yes

§. Pyrogene
(Group A)

S. Agalactiae
(Group B)

Figure 1.4 Classification and subdivision of G(+) bacteria (Figure obtained from Rea et al.).?

1.2.1 Staphylococcus aureus

In 1881, Staphylococcus spp. was discovered to cause wound infections from an abscess
surgery performed by Sir Alexander Ogston.® In 1884, Staphylococcus aureus which was
separated and isolated from Staphylococcus albus was then identified by the German
scientist Friedrich Julius Rosenbach.®! Since 1940s, infections caused by S. aureus have been

thought to be the most virulent.*?
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S. aureusis a Gram-positive bacterium which is widely distributed and found almost
everywhere, particularly on the skin of humans and other animals.>*** About 60% of the human
population is estimated to be colonized by S. aureus and 20-30% of humans are persistent
carriers.>>% Although the nose is found to be the most favourable site for colonization by S.
aureus, the bacteria can also survive on the skin and in the environment for a long time.*® As a
facultative anaerobe, oxygen is not necessary for their survival. With the ability to produce
surface proteins which facilitate the adherence to host tissues and the secretion of toxins, S.

aureus can cause mild to severe infections.?’

1.2.2 Epidemiology and pathology

According to the statistics, around 20-30% of the human population are long-term S. aureus
carriers.>®3 Several illnesses can be caused by S. aureus, from slight skin infections to life-
threatening diseases, including pneumonia, endocarditis, respiratory tract infection, meningitis,
bacteremia, and sepsis.>**

It is also one of the major causes of infection after surgery. Each year in the USA, around one
in 31 patients in hospitals acquire S. aureus infection and one-tenth die from it.*!*** In the UK,
more than 9000 cases of S. aureus bacteremia were reported in 2014.* In 2016, there were 18.2
cases per 100,000 people reported.** In the latest report from the UK government, 1 person out
of every 100,000 had a methicillin-resistant Staphylococcus aureus (MRSA) bacteraemia in
2021. In contrast in 2022, 22 people out of every 100,000 had MRSA bacteraemia.*

Furthermore, people with diabetes, heart diseases or injection medicine users are at a higher

risk of infection.3®

In broad terms, the consequences of antibiotic resistance can be severe and result in a

tremendous influence on morbidity and mortality. It also without doubt imposes a financial
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burden for patients and the public health systems.®*® For example, in the U.S. an average of
45% of microorganisms found in surgical site infections are resistant to the clinically used
antibiotics.*’ It was also found that patients with infections caused by multidrug-resistant
(MDR) microorganisms have a higher chance of poor outcome and death, and thus more
medical resources will be needed and consumed.*®* It has been reported that among the
patients with Klebsiella pneumoniae (K. pneumonia) bacteremia, a two-fold higher risk of
death was found in those whose infection was caused by carbapenem-resistant strains of K.
pneumonia compared to the susceptible strains.’® Meanwhile, it was estimated by the hospitals
in the U.S. that approximately an extra 10,000-40,000 US dollars were spent on the treatment
of infections caused by antibiotic-resistant bacteria versus antibiotic-susceptible strains in

20151

According to the statistics reported by the Centers for Disease Control and Prevention (CDC)
in the U.S., there are at least 2 million infections caused by antibiotic-resistant bacteria every
year, and furthermore resulted in 23,000 deaths and $55-70 billion in economic impact each
year.”>>* In Europe, it was estimated that around 33,000 people die from MDR-induced

bacterial infections every year, and along with an annual cost of 1.5 billion EUR.>>?’

The route of S. aureus infections is mainly via the infected wound or personal objects.*®
Cleaning hands and bodies often is an effective measure to prevent infection, however S. aureus
can have a long incubation period in the human body and remain undetected for several years.>
Once symptoms begin to appear, it may take a few weeks to fully recover from the infection,

and the disease can even be deadly without proper treatments.5%-¢!



1.2.3 Invasion strategies of S. aureus

As a facultative intracellular bacterium, the adherence of S. aureus to the skin and nasal cavity
of humans with its specific secreted factors is the first step of invasion.®>* This process is also
regarded as the crucial pathogenesis step of S. aureus.®*% These secreted factors play an
important role in the ability of S. aureus to withstand the immune response of hosts and further
aid its colonization.®*® Figure 1.5 shows the examples of secreted factors produced by S.
aureus. Among them, fibronectin-binding protein A (Fnbp A) and fibronectin-binding protein
B (Fnbp B) can bind to fibronectin and fibrinogen, subsequently stimulating the
colonization.®>” Tron-regulated surface determinant A (Isd A) is a multifunctional surface
protein found in S. aureus.”"’* It is also known as the factor contributing to the resistance of S.
aureus. The high binding affinity of Isd A to heme-iron from hemoglobin had been mapped to
the near-iron transporters (NEAT) domain.”>™* According to the investigations, the C-terminal
domain of Isd A was thought to be related to the survival of S. aureus on the human body.”>’¢
The hydrophilic nature of the C domain was found to be the reason for the bacterial resistance

72,77

to potent anti-staphylococcal agents, such as human skin fatty acids. Staphylococcal

enterotoxins (SEs) will reduce the host immune response and are thought to be related to

several clinical symptoms, such as nausea and vomiting.”%%°

Aureolysin is an extracellular metalloprotease that acts to cleave various host immune
components and proteins.®!%> A major pathway by which aureolysin contributes to infection is
by inactivating certain targets within the complement system. In the pathways of complement
activation, there is a target for the protease to modulate.** Aureolysin has also been noted to
lead to overstimulation of neutrophils that ultimately results in neutrophil death. Aureolysin
cleaves and inactivates protease inhibitor aj-antichymotrypsin and partially inactivates ou-

antitrypsin.The cleavage of ai-antitrypsin generates a fragment that is chemotactic to
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neutrophils, and the cleavage of both protease inhibitors causes deregulation of neutrophil-
derived proteolytic activity.®> The extracellular adherence protein (Eap) is known to be

associated with a lot of interactions within proteins. These interactions will promote the

86,87

initiation and propagation of diseases caused by S. aureus.

Figure 1.5 Secreted factors produced by S. aureus. SEs indicates Staphylococcal enterotoxins which
act both as potent gastrointestinal toxins, as well as superantigens that stimulate non-specific T-cell
proliferation. Aureolysin effectively inhibits phagocytosis and killing of bacteria by neutrophils. Eap
indicates extracellular adherence protein which is found as an extracellular protein of S. aureus. Isd are
iron-regulated surface proteins which are responsible for heme scavenging from hemoproteins. Fnbp
indicates fibronectin-binding protein which might contribute to virulence via host cell attachment,

invasion, and interference with signaling pathways.

After the host adhesion and colonization, S. aureus can then penetrate the cell and reside in
certain areas.®®® The toxin factors of S. aureus are thought to play a key role in helping the

bacteria to enter and live in the cell.®’

Here, the function of these toxin factors will be briefly
discussed. The o-toxin, also named a-hemolysin (Hla), is known as a member of the family
of pore-forming toxins. Produced by S. aureus, it is the main component that leads to the
toxicity to the living cells.”®”! The a-toxin can penetrate the host cell membrane, induce

apoptosis and then result in the death of bacterial cells.”>** So far, a-toxin-induced apoptosis is
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known to be mediated through various pathways in different cell types, including intrinsic and
extrinsic pathways. However, tumor necrosis factor a (TNFa) is the only cytokine that has
demonstrated importance in o-toxin-triggered apoptosis. Given its propensity to
oligomerization, a-toxin could exert a more profound influence on cell death than apoptosis.”
As a major toxin of S. aureus, a-toxin has multiple functions aside from pore-formation, but
its exact pro-apoptotic role needs further investigation. The apoptosis-inducing abilities of a-
toxin in different cell types and the underlying mechanisms remain complex, and more cell
types should be selected to determine the range of apoptotic roles of a-toxin.”> The p-toxin is
a neutral sphingomyelinase which is also secreted by S. aureus. With the function to hydrolyze
sphingomyelin which is a type of sphingolipid found in animal cell membranes, -toxin can
assist -toxin to accumulate in the hydrophobic ceramide domains.’® Under the cooperation of

B-toxin and 3-toxin, S. aureus can easily penetrate the host cell membrane (Figure 1.6).7
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Figure 1.6 The diagram indicates how S. aureus penetrates cell membranes through the help of B-toxin
and o-toxin. Sphingomyelin is hydrolyzed by B-toxin, enabling the accumulation of &-toxin in the
hydrophobic ceramide domains and the bacteria eventually permeabilize the cytomembrane (Figure

obtained from Zhou et al.).®!

After endocytosis, with the assistance of specific factors generated by S. aureus, the fusion of
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lysosome and phagosome can be prevented (Figure 1.7).°%° When the host cell is successfully
invaded, S. aureus small-colony variant (SCVs) can then help the persistence of bacteria. SCVs
are a naturally occurring, slow-growing subpopulation with distinctive phenotypic
characteristics and pathogenic traits. SCVs are defined by mostly non-pigmented and non-
haemolytic colonies which are approximately 10 times smaller than the parent strain. The
recovery of SCVs from clinical specimens was first described around 100 years ago. However,
the connection of this phenotype to persistent and recurrent infections has only been
appreciated in recent years.!%° SCVs have also been reported to be related to the antimicrobial
resistance of S. aureus, re-infection, and chronic infections.'®' In the mid-1990s, the clinical
importance of SCVs that are defective in electron transport gained considerable attention, and
SCVs were linked to persistence and relapsing human infections.!®> Subsequently, clinical
SCVs were frequently isolated from humans with persistent and relapsing infection, including
septicemic arthritis, osteomyelitis, unmanageable wound infections, or cystic fibrosis

following antimicrobial therapy with gentamicin or trimethoprim—sulfamethoxazole.!%3-1%
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Figure 1.7. The figure shows how host cell is infected by Staphylococcus aureus. After endocytosis,
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some bacteria can inhibit the fusion of phagosomes and lysosomes or escape from phagosomes by using

various virulence factors and mechanisms (Figure obtained from Zhou et al.). ®!

1.2.4 Treatments for S. aureus infection

1.2.4.1 pB-lactam antibiotics

The B-lactam antibiotics contain a B-lactam ring as their core structure that is combined with a
heterocyclic ring, incliding a thiazolidine ring in penicillin such as penicillin G (1.1) and
penicillin V (1.2), or a six-membered dihydrothiazine ring in cephalosporins such as cephalexin
(1.3) and cefaclor (1.4) (Figure 1.8).%198197 The antimicrobial activity, pharmacokinetics and
the stability to B-lactamase can be determined by the R/R1 group in the amino acyl side chain
which is attached to the p-lactam ring.1%1% The B-lactam antibiotics work by inhibiting
bacterial cell wall biosynthesis.’?®'® The B-lactam ring can cause the malfunction of the
enzyme DD-transpeptidase by binding to it and inhibiting the generation
of peptidoglycan cross-linkages.*'® As a result, the balance between cell wall formation and
degradation is disrupted, leading to the death of the bacterial cell. Statistically, more than 50%
of clinically used antibiotics are still B-lactam antibiotics.® However, resistance to these agents

has gradually become a common and severe problem.
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Figure 1.8. Penicillins (top left) with a 3-lactam fused to thiazolidine core structure and cephalosporins
(top right) with a B-lactam fused to six-membered dihydrothiazine core structure, which are exemplified
by penicillin G (1.1) and penicillin V (1.2), and cephalexin (1.3) and cefaclor (1.4), respectively.

The B-lactamases are the major cause of bacterial resistance to B-lactam antibiotics. The
function of B-lactamases is to cleave the B-lactam ring of the penicillin molecule, thereby
inactivating the antibiotic. Following the Ambler sequence-based system!!!, B-lactamases can
be divided into four distinct classes, termed A, B C and D. Figure 1.9 shows the 3-D crystal
structures of these four classes of B-lactamases. Among them, classes A, C and D are found to
possess active-site serine B-lactamases (SBLs) while class B comprises a heterogeneous group

of zinc metallo-B-lactamases (MpLs).!!>!13
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Class C (AmpC) Class D (OXA-48)

Figure 1.9 The crystal structures of four classes of f-lactamases including Class A KPC-2 (PDB 5ul8),
Class B NDM-1 (PDB 5zgy), Class C AmpC (PDB 1ke4) and Class D OXA-48 (PDB 3hbr). Catalytic
important residues of serine-fB-lactamases are colored orange, and the metallo-B-lactamase zinc ions are

shown as gray spheres (Figure obtained from Tooke et al.). ''?

Scheme 1.1 shows the mechanism how SBLs employ the serine as the reaction nucleophile and
hydrolyze B-lactams via a covalent acyl enzyme intermediate. General base B1 activates Ser
for nucleophilic attack on the amide carbonyl carbon (C7) generating a covalent acyl enzyme
via a tetrahedral oxyanionic acylation transition state. General base B2 activates incoming
deacylating water molecules for nucleophilic attack on the acyl enzyme carbonyl liberating the

penicilloate product via a tetrahedral deacylation transition state.''?
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Scheme 1.1. Mechanistic overview of serine -lactamases react with penicillin. The identities of general

bases B1 and B2 vary between B-lactamase classes.!'?

MBLs are the main mechanism of resistance to carbapenems. Clinically approved inhibitors of
MBLs are currently unavailable as their design has been limited by the incomplete knowledge
of their mechanism. Scheme 1.2 shows the general mechanism of carbapenem hydrolysis by
binuclear class B metallo-B-lactamases.!'? A Zn-bridging hydroxide will firstly be displaced by
substrate binding to a terminal position enabling attack upon the scissile carbonyl. Then an
anionic intermediate with negative charge delocalized around the pyrroline ring reacts either
by protonation at C2 by bulk water generating the Al pyrroline or at N4 by incoming water at

the bridging position generating the A2 pyrroline product.'!?
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In the UK, over 90% of S. aureus strains have become tolerant to penicillin, and the situation
is similar worldwide.'** Previously, this has led to the increasing clinical use of p-lactamase-

resistant antibiotics, such as methicillin (1.5) and oxacillin (1.6) (Figure 1.10).
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Figure 1.10 Structures of methicillin (1.5) and oxacillin (1.6).

Methicillin (1.5) is a semi-synthetic B-lactam antibiotic which was first discovered in 1960.
Methicillin is well-known due to its resistance to penicillinase, a type of B-lactamase generated
by penicillin-resistant bacteria.!'>!'® With the functional group ortho-dimethoxyphenyl
attached to the carbonyl group of the penicillin, the improvement in the ability to resist -
lactamase was observed. The reason is thought to be associated with the side-chain steric

hindrance, which causes the intolerance of the enzymes.'!’

Despite the discovery of penicillinase-resistant p-lactam antibiotics, the first case of
methicillin-resistant Staphylococcus aureus (MRSA) was found in England in the 1960s.%8
MRSA is regarded as a significant pathogen relative to the development of antimicrobial
resistance (AMR).1*® The emergency of MRSA is spread worldwide, and hence development

of new antimicrobial agents remains a big challenge.*?°
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1.2.4.2 Aminoglycosides

The aminoglycosides are traditionally effective against Gram-negative bacteria.'?! They are
isolated from the Streptomyces genus, and hence are named with the suffix -mycin, whereas
those that are derived from Micromonospora are named with the suffix -micin.!?>!%
Aminoglycosides are currently used for numerous infection types in clinical settings due to
several advantages, such as broad-spectrum activity and rapid bactericidal action.!?!"!>* Since
the discovery of streptomycin (1.7) (Figure 1.11) in 1944, aminoglycosides have become a
milestone of antimicrobial chemotherapy.'? They were also known as the first antibiotics used
routinely in the clinic, including neomycin (1.8), gentamicin A (1.9) (Figure 1.12). The core
structure of aminoglycosides is characterized by an amino sugar which is attached to a dibasic
aminocyclitol through a glycosidic linkage.!'?!:1?6 The mode of action of aminoglycosides is the
inhibition of protein synthesis,'?! by binding to the Aminoacyl site (A site) on the 16S

ribosomal RNA of the 308 ribosome.'?!126:127 Typically, the A-site binds the incoming tRNA

with the complementary codon on the mRNA.

However, the increasing resistance to aminoglycosides has led to the development of novel
aminoglycosides. Arbekacin (1.10) and plazomicin (1.11) (Figure 1.13) were thus designed and
synthesized to deal with the problem of resistance without the loss of potency against

multidrug-resistant (MDR) pathogens. '?!
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Figure 1.11 Structure of streptomycin (1.7).
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Figure 1.12 Chemical structures of neomycin (1.8) amd gentamicin A (1.9).
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Figure 1.13 Chemical structures of arbekacin (1.10) amd plazomicin (1.11).

1.2.4.3 Quinolones

Since the first discovery of quinolones in the 1960s, their antibacterial activity has aroused the
interests of generations of scientists.’ Several features can be found in this class of antibiotics,
such as high potency, broad spectrum, good bioavailability and lower risk of side-effects.’
Among them, nalidixic acid was the first synthetic quinolone with an alternative structure to
the others (Figure 1.14).!2%12% Nalidixic acid (1.12) is used primarily against Gram-negative
bacteria, and is clinically used for the treatment of urinary tract infections caused
by Escherichia coli and Klebsiella."** Norfloxacin and ciprofloxacin, which contain a fluorine
atom in their chemical structure, are members of the fluoroquinolone family (Figure 1.15).

They are frequently used against both Gram-negative and Gram-positive bacteria.'’!
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Nalidixic acid 1.12

Figure 1.14 Structure of nalidixic acid (1.12). The core structure is a naphthyridone, not a quinolone.
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Figure 1.15 Structures of norfloxacin (1.13) and ciprofloxacin (1.14).

The quinolones act by inhibiting DNA synthesis, preventing replication, and thus leading to
bacterial death.!3? Specifically, they inhibit the activity of the topoisomerase I, topoisomerase
IV, and DNA gyrase.!*? Topoisomerases are nuclear enzymes that play essential roles in DNA
replication, transcription, chromosome segregation, and recombination. Topoisomerase II
protein is important for DNA replication, chromosome build-up and chromosome isolation.
Inhibitors of topoisomerase II are essential medications for the chemotherapy of numerous
neoplasms, including lung malignancy, testicular tumor, lymphomas and sarcomas.'?
Topoisomerase II breaks and passes double stranded DNA through the nick to allow relaxation
of supercoiled DNA. Topoisomerase 1V is one of two Type II topoisomerases in bacteria, the
other being DNA gyrase. Like gyrase, topoisomerase IV can pass one double-strand of DNA
through another. DNA gyrase is an essential bacterial enzyme that catalyzes the ATP-dependent
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negative super-coiling of double-stranded closed-circular DNA. Generally speaking, the
activity of quinolones against Gram-positive bacteria is linked to inhibition of DNA gyrase and

the inhibition of topoisomerase IV is more relevant to Gram-negative bacteria.'>*

1.2.4.4 Macrolides

Macrolide antibiotics were first introduced in the 1950s with their bacteriostatic effects
on bacteria.!*®> The archetype, erythromycin was isolated from the soil bacterium Streptomyces
erythraeus. In the 1970s to 1980s synthetic derivatives of erythromycin (1.15), such as
clarithromycin (1.16) were developed (Figure 1.16).1% This class of antimicrobial agents is
characterized by their large lactone ring structure and contain one or more modified sugars,
such as cladinose (1.17) (Figure 1.17)."*” The mode of action of macrolide antibiotics is via
binding to the 50S ribosomal subunit and thus inhibiting the biosynthesis of bacterial
proteins.'*® S. aureus was found to acquire mutations that change the macrolide binding site,
which resulted in bacterial resistance.'*® Other mechanisms of resistance to macrolides,
including the activation of drugefflux proteins and the production of drug-

inactivating enzymes, have emerged in some strains of bacteria.!*%140
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Erythromycin (1.15) Clarithromycin (1.16)

Figure 1.16 Structures of erythromycin (1.15) and clarithromycin (1.16), where the hydroxy group is

changed to methoxy group.

Cladinose (1.17)

Figure 1.17 Structure of cladinose (1.17), which is an deoxysugar attached to the large

macrocyclic lactone ring of the macrolides.

1.2.45 Vancomycin and VRSA

Vancomycin (1.18) (Figure 1.18), one of the glycopeptide antibiotics, is used as the last-line
drug for the treatment of serious infections by Gram-positive pathogens, especially MRSA. It
was first discovered in the 1950s.1! However, due to the overuse of vancomycin, S. aureus has
become resistant to vancomycin. The first report was found in 2002. Three more cases of

vancomycin-resistant S. aureus (VRSA) infection were then reported in the U.S. in 2005,142143
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OH
Vancomycin (1.18)

Figure 1.18. Structure of vancomycin (1.18).

Vancomycin (1.18) prevents cell wall biosynthesis by targeting lipid II, the peptidoglycan
precursor. The mode of action of vancomycin is found to be associated with the binding to the
C-terminus (D-Ala-D-Ala) of the peptodoglycan and then blocking the addition of late
precursors by transglycosylation and preventing subsequent cross-linking by transpeptidation.
(Figure 1.19)."**+1% From research into vancomycin resistance, analysis of the cell wall
peptidoglycans from resistant Staphylococci has indicated the lack of altered cross-links
compared to susceptible strains. It is also well-known that the outer membrane of Gram-
negative bacteria is the main reason for the resistance to vancomycin due to their ability to

prevent the permeation of large glycopeptide molecules.'*
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Figure 1.19. The diagram shows the biosynthesis of peptidoglycan and MoA of vancomycin.
Antibiotics are able to bind to the C-terminus of peptidoglycan precursors and hence inhibit the catalytic

reaction by enzymes (Figure obtained from Courvalin ef al.).'*

1.3 Peptide medicines
1.3.1 Introduction of peptide medicines

During the past decade, studies have shown an increasing interest in peptides, especially in the
applications of biotechnology and therapeutics.!> Moreover, peptide therapeutics have already
played a vital role in clinical treatments since the discovery and commercialization of insulin
in the 1920s.!*" Insulin is a protein composed of two chains, an A chain (with 21 amino acids)
and a B chain (with 30 amino acids), which are linked together by disulfide bonds (Figure

1.20).148
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Figure 1.20 Schematic drawing of human insulin and its 3D structure. The A-chain and the B-chain are
shown in blue and green, respectively. The intra- and inter-chain disulfide bridges between cysteine

residues are shown in yellow (Figure obtained from PDB-101).

With the undoubted benefits such as efficacy, good selectivity, safety, and tolerance, relative
to traditional small molecule therapeutics, peptides are recognized as a potential source for
pharmaceutical research and the development of novel medicines.'*® Peptides represent a
unique class of pharmaceutical compounds.*#”1 Peptides have the advantage of filling a gap
in molecular size space between small molecule therapeutics (<500 Da) and larger (>5000 Da)
protein-based biologics.™! Biologics do have excellent specificity and potency but are typically
not orally bioavailable like their small molecule counterparts and are more expensive than

small molecule drugs.'*2

Peptides are known as the intrinsic molecules for several physiological functions, and thus,
offer a route of therapeutic intervention which is like natural pathways.*” The utilization of
peptides as therapeutics has evolved over time and continued to evolve with changes in the

history of drug development over time.!>® In the 1950s, synthetic oxytocin and vasopressin
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were introduced into clinical use due to the feasibility of sequence elucidation and chemical
synthesis of peptides (Figure 1.21).2%* In the 20" century, peptides isolated from natural sources
like insulin and adrenocorticotropic hormone (ACTH), were discovered as important clinical
medicines.’> Moreover, isolation of natural products from exotic sources became a popular
strategy for identifying new potential therapeutics.**"*>> The genomic era allowed for the
identification and molecular characterization of receptors for many important endogenous
peptide hormones, which provided a good start to pursue novel peptidic ligands for these

receptors, in industry and academia.®

The advantages of peptides are reflected in the market estimated for therapeutic peptides of
more than 10 billion US dollars.'? Still, there were more than 10 peptide-based drugs have
entered the market since 2017.1% So far, over 80 peptide drugs have been approved in the USA,
Europe, and Japan, and additional hundreds more in preclinical or clinical trials. There is no
doubt that peptides are having an impact in the pharmaceutical industry.4"150152157 Those
peptides have been applied as medicines in several different therapeutic areas, such as cancer
(abarelix and bleomycin), antifungal (anidulafungin and capsofungin), myeloma (carfilzomib
and bortezomib), diabetes (exenatide and desmopressin), immunosuppressant (cyclosporine)
and antibiotics (bacitracin, capreomycin, colistin, daptomycin and daptinomycin, as well as
vancomycin which was discussed earlier).1®® Among them, there is more attention and interest
in peptides as the source of antibiotics due to the increased resistance of bacteria and the

difficulty in the development of novel antibiotics.
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Figure 1.21 Chemical structures of oxytocin (left) and vasopressin (right).

1.3.2 Antimicrobial peptides

Naturally occurring antimicrobial peptides (AMPs) can be discovered in a wide range of
sources from microorganisms to humans.!>® AMPs are also well known as the host defense
peptides with the features of short and positively charged peptides.'*® As reported, most of the
AMPs possess the ability to kill microbial pathogens, while some can only modulate the host
defense systems.!*® Since 2000, due to the increasing resistance to current antimicrobial agents,
efforts to bring AMPs as novel drug candidates into clinical use are accelerating and thus, the

number of published articles on AMPs have also increased (Figure 1.22).'%!

AMPs can be found in all organisms, and they demonstrate several features such as remarkable
structural and functional diversity, direct antimicrobial activity and immunomodulatory
properties.'®? With these advantages, AMPs are always regarded as a reliable source for the
development of novel antimicrobial therapeutics. Figure 1.23 shows that more than 10% of the

developing AMPs had already been introduced into the market, and around 30% of them are

30



also being tested in clinical trials.!*® It provides a positive aspect for the introduction of novel

AMP-based medicines in different areas of disease.!00-163-165

In broad terms, many peptide antimicrobial agents have been discovered during the past 50
years.!%® They can be divided into two classes, the ribosomally synthesized peptides and non-
ribosomally synthesized peptides.'®” Ribosomally synthesized are produced by all species of
life as a major component of the natural host defense.!®”-!®® Non-ribosomally synthesized
peptides are often drastically modified and produced by bacteria and will be discussed in more

detail with emphasis on their clinical importance, similarities in function to the natural peptides

169

and future prospects.

1,400 -
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Number of scientific publications on AMPs per year
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Figure 1.22 Published research on AMPs identified from 2000 to 2018. From the figure, it is found that
the number of published articles on AMPs is increasing stably (Figure obtained from Mahlapuu et

al).1s!
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Figure 1.23 Current development status of therapeutic AMPs in 2018, of which more than half of
discovered drugs were discontinued and only 10-12 % were approved for clinical use. Moreover, most

of the active drugs were still in the phase 1 or 2 stages (Figure obtained from Lau et al.).'*

1.3.3 Ribosomally synthesized peptides

1.3.3.1 Ribosomally synthesized peptides from natural sources

Ribosomally synthesized peptides with antimicrobial properties can be produced by most
organisms, including bacteria, plants and animals and represent crucial components of their
defensive systems against microorganisms.!”%!”> Structures of ribosomally synthesized AMPs
encompass molecules ranging from 6 and up to 60 amino-acid residues, being linear, cyclic, or
cross-linked by numerous internal disulfide bridges.'%!74!7> Despite the difference in structure,
they are all cationic and very often amphiphilic, which reflects the fact that many of them attack
their target cells by permeabilizing the cell membrane. The details of the mechanism will be

further discussed in the later section.

Certain ribosomally synthesized compounds show an exceptionally broad spectrum of activity

against fungi, viruses, parasites and both Gram-negative and -positive bacteria.!”® Thus,
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ribosomally synthesized AMPs and their derivatives are thought to be potential new classes of

antimicrobial agents.

1.3.3.2 Mechanism of ribosomally synthesized AMPs

As mentioned before, most of the structures of ribosomally synthesized AMPs are cationic.
Thus, their positive charge facilitates interactions with the negatively charged bacterial
phospholipid-containing membranes and or acidic bacterial cell walls, whereas their
amphiphilic character enables membrane permeabilization.!”® Depending on the peptide and
the microbial species, two possible MoA of ribosomally synthesized peptides have been
reported.'®” The peptides can be membrane-disruptive or membrane-interactive. The former is
known to result in cell lysis. The latter leads to the formation of transient pores and the transport
of peptides inside the cell, which brings them into contact with intracellular targets.!”” Models
of peptide insertion and membrane permeabilization can be categorized into three types, one
with a high content of a certain amino acid, most often proline, one with intramolecular
disulfide bridges, and the one with an amphiphilic region if an o-helical structure was

assumed.!”°

In mammals, ribosomally synthesized AMPs can be found in phagocytes and mucosal
epithelial cells, which are regarded as crucial components of the innate immune system.'”
Amphibian skin is another rich source of AMPs, and these AMPs display potential
microbiocidal activity against both Gram-positive and Gram-negative bacteria.!’”® Thus,
antimicrobial peptides in animals are thought to be significant effector molecules in innate
immunity and therefore play a key role in early defense against the invasion of
microorganism.!” As reported by Bowman et al., antimicrobial peptides can be considered as

the ideal first line of defense due to their more rapid preparation than protein drugs.!’!-176.180
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Moreover, it is found that small peptides diffuse faster than large protein molecules.!”®
Furthermore, the production of ribosomally synthesized antimicrobial peptides by bacteria as

a defense mechanism against other organisms had already been well reported.!”%!8!

1.3.3.3 Challenges in development of ribosomally synthesized AMPs

With several advantages such as the bioactivity against bacteria, effect on immune responses,
stability at a wide range of temperature and pH values and different mode of actions from
clinical antibiotics, ribosomally synthesized AMPs are regarded as a solution to the problem of

increasing drug resistance.!'®?

However, there are still challenges in the development of ribosomally synthesized AMPs. For
example, their prominent level of chemical and biological diversity which lead to difficulty in
identification in a specific screen.'®>!8¢ Moreover, the production cost are not economically
feasible and are 5-20 times higher than typical antibiotic drugs.'”® Still, the half-life of a peptide
is particularly important and can be extended by modifications, such as glycosylation and

conjugation.!”

Although many challenges need to be addressed, the benefits of ribosomally synthesized AMPs

are undeniable. Thus, ribosomally synthesized AMPs are still believed to be a good and

important source in the development of new antimicrobial drugs.t”®
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1.3.4 Non-ribosomally synthesized peptides

1.3.4.1 Introduction to non-ribosomally synthesized peptides

Non-ribosomal peptides (NRPs) are secondary metabolites synthesized by the non-ribosomal
peptide synthetases (NRPSs), which are multi-modular enzyme complexes typically found in
bacteria, cyanobacteria, and fungi.!®>'% Non-ribosomal peptide synthetase enzymes can be
subdivided into modules, each module involved in the incorporation of one amino acid residue.
Each module consists of three domains: adenylation (A) domain, peptidyl carrier protein (PCP)
domain, and condensation (C) domain, which carry out the assembly of non-ribosomal
peptides.'®” NRPs are formed from a series of enzymatic transformations employing a much
more diverse set of precursors and biosynthetic reactions. Both proteinogenic and
nonproteinogenic amino acids can be found as building blocks.!®3!%% From antimicrobial to
anticancer, NRPs exhibit a broad spectrum of biological activities because of their unique
structural features. These secondary metabolite peptides contain either D-amino acids, N-
terminally attached fatty acid chains, N- and C-methylated residues, N-formylated residues,
heterocyclic elements, glycosylated amino acids, or phosphorylated residues.'”® Another
common characteristic of non-ribosomally synthesized bioactive peptides is the macrocyclic
structure, which is responsible for reduction in structural flexibility and results in a biologically

active conformation.'®!

The discovery of NRPs began when tyrocidine, a cyclic decapeptide produced by Bacillus
brevis, was first reported by Tatum and colleagues.!*>!”* Tyrocidine was biosynthesized by a
mechanism which did not involve the ribosomal machinery for its synthesis. These
observations also gave the first hint of an amino acid as a “carrier” being involved in NRPS
enzymology.'®%!°* Considering the complexity and biological activities of NRPs, the relative

biosynthetic research might be challenging.!®> Each non-ribosomal peptide synthetase is
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composed of distinct modular sections, each of which is responsible for the incorporation of
one defined monomer into the final peptide product.!®> The potential of NRPs as therapeutic

agents, especially with antimicrobial activity will be discussed in the next section.

1.3.4.2 Non-ribosomally synthesized peptides as antimicrobial agents

Non-ribosomal antibacterial peptides (NRAPs) possess several features, such as versatile
chemical scaffolds, potent antibacterial activity, and unique modes of action. In the past decade,
a diverse range of NRAPs have been identified. Table 1.1 shows examples of several NRAPs
including their sources, antibacterial activity, and targets. Research on NRAPs has been
conducted for a long time since the initial discovery of penicillin in 1928. Subsequently,
increasingly NRAPS from different bacteria sources have been discovered. Bacteria found in
the soil are one of most important and the largest sources of NRAPs. Several NRAPs which
are commonly used in the clinic, such as vancomycin and daptomycin were all discovered from
soil bacteria. Other sources like marine, water, insect, mushroom, nematode, and even human
are found to be useful sources of NRAPs. Due to the increasing problem of antimicrobial
resistance, the need for novel antibiotics with different MoAs is urgent and necessary. Thus,
NRAPs are highly regarded because of their unique range of bacterial targets, which contribute

to different mechanisms in antimicrobial activity (Figure 1.24).

Although the interest in NRAPs as therapeutic agents is increasing, there are still several crucial
obstacles: excessive cost of production or manufacture, poor protease stability and nonspecific
toxicity in both in vivo and in vitro models.'”® Moreover, most NRAPs tend to be quite
expensive drugs due to their unique structures with complicated modifications.!'*®

Another problem in the development of NRAPs is the loss of activity due to protease-mediated

proteolysis.'?’

36



penicillins

* vancomycin
« teixobactin
Cell « daptomycin
membrane « bacaucin
Ribosome « odilorhabdins
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Figure 1.24 Examples of NRAPs with different MoAs and targets.

To improve the protease resistance of NRAPs, several approaches have been proposed. For
example, the modification at N- and C-termini, such as acetylation and amidation,
respectively.!?® They are the most basic form to protect the N- and C- termini.!” To extend the
protection to endoproteases, the alpha amino acid backbone can be modified.?”® These
peptidomimetic molecules can be generated via modifications such as isosteric replacement of
amide bonds, amide alkylation, and carbon skeleton extension, among others.?’! Moreover, the
natural amino acids in the peptide sequence can be replaced by D-amino acids.?’* Peptides that
are entirely composed of D-amino acids are known as “enantio” peptides. This kind of peptide
has attracted increasing interest, owing to its high resistance to proteolytic degradation under

physiological conditions.?%

While modification of peptide is helpful for the resistance to proteolytic degradation, it may
also lead to the reduction of peptide affinity.**?% In contrast, cyclization may increase not only
hydrolytic stability but also binding to the target protein.’®® Cyclic peptides often show

improved biological activity compared with their linear counterparts since the active
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conformation can be favored, thereby decreasing the entropic component in binding.?’’ In
addition, the constraint induced by cyclization decreases the probability of a good fit in the
active site of endoproteases.’’® Amide bonds that are part of a hydrogen-bonding network, as
in stapled peptides, are particularly poor enzymatic substrates.?”” Furthermore, most
cyclizations are also designed to involve the terminal residues.?!” Thus, they also protect the
peptide from exoproteases.?!® Depending on the peptide structural context, several cyclization
strategies can be applied: head-to-tail, side chain-to-head, side chain-to-tail and side chain-to-

side chain.?%®

In fact, due to the unfavorable pharmacokinetic properties or toxicity, synthesis of compounds
with antibacterial activity is still difficult.?!! Some clinically used antibiotics have been
criticized for their toxicity, including their ability to cause hemolysis, cytotoxicity, apoptosis,
and degranulation of mast cells.?!! It leaves without doubt another huge obstacle and challenge

in the development of NRAPs.

Multi drug-resistant pathogens are regarded as a severe threat to human health. The
development of antibiotics from a diverse range of sources offers promising approaches to
tackle antimicrobial resistance. Innovative approaches such as high-throughput screening in
genome sequencing and bioinformatics tools have been applied to accelerate the discovery of
new NRAPs.'”® Compared to conventional antibiotics, NRAPs are less prone to causing
resistance due to their unique MoAs. Furthermore, the combination therapy containing NRAPs
based antibiotic and other existing antibiotics could enhance antibacterial activity and reverse
resistance.”!> With these benefits, NRAPs are valuable leads for developing next-generation
antibiotics. Within those NRAPs, lugdunin (mentioned in Table 1.1) has awakened interest.

First reported in 2016, lugdunin was thought to be a potent antimicrobial agent with a mode of
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action different from other antibiotics.?® Therefore, lugdunin and analogues thereof were
synthesized, and their activity as antimicrobial agents were determined.??!> The details are

discussed in the next section.
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Table 1.1 Examples of discovered NRAPSs. From the table, it is found that NRAPs can be obtained from

different sources like soil, marine and insect. Among them, lugdunin was specially found form human.

NRAPs

Penicillin

Polymycins

Vancomycin

Daptomycin

Bogorol A

Bogorols B-E

Sansanmycin

Entolycin

Pseudofctin

Sevadicin

Teixobactin

Telomycin

Lugdunin

Paenipeptins

Bacaucin

Odilorhabdins

Years of Organism
discovery

1928 Penicillium

1947 Paenibacillus
polymyxa

1953 Amycolatopsis

1987 Streptomyces
r0seosporus

2001 Bacillus sp.

2006 Brevibacillus
laterosporus

2007 Streptomyces
sp. SS

2010 Pseudomonas
entomophila

2010 Pseudomonas
fluorescens

2014 Paenibacillus
larvae

2015 Eleftheria
terrae

2016 Streptomyces
canus

2016 Staphylococcus
lugdunensis

2017 Paenibacillus
sp.

2017 Bacillus
subtilis

2018 Xenorhabdus
nematophila
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Sources

Soil

Soil

Soil

Soil

Marine

Marine

Soil

Soil

Water

Insect

Soil

Soil

Human

Mushroom

Soil

Nematode

Activity

Gram (+)

Gram (-)

Gram (+)

Gram (+)

MRSA,
VRE

MRSA,
VRE,

E. coli

M.
tuberculosis

S. aureus

Gram

and (-)

()
B.
megaterium

Gram (+)

S. aureus,
B. subtilis

Gram (+)

Gram

and (-)

()

Gram (+)

Gram
and (-)

()

Targets

1)131)214

Lps*

Lipid 11216
Cell
membrane?!”-

218

Unknown?!®

Unknown??°

Translocase
1221

Unknown???

Unknown?®

Unknown??*

Lipid II and
lipid 1112%°

Cardiolipin?®

DNA, RNA,
protein  and
cell wall?

Unknown??’

Cell
membrane??®

Ribosome??®



1.4 Lugdunin — an overview

1.4.1 Background of lugdunin

Since the host defence peptides from higher organisms, as well as organisms that colonise
specific tissues/organs in mammals, are regarded as a powerful source of new anti-infective
compounds, many researchers are focusing their efforts in this area.'>?*° In 2016 a novel and

potent compound named lugdunin was isolated from Staphylococcus lugdunensis.*

Staphylococcus lugdunensis, a coagulase-negative staphylococcus (CoNS), is thought to cause
several important infections, such as skin infections, endocephalitis, cardiovascular infections,
osteomyelitis, central nervous infections, and urinary tract infections.?*!?32 It is also part of the
normal skin flora and is frequently found in the nasal cavity.?*>*** Moreover, unlike other

CoNS, S. lugdunensis is sensitive to most antibiotics.***

The microbiota in humans, such as the nasal microbiota is a valuable resource for novel
antibiotics, as opposed to screening soil microorganisms which has been exploited extensively
over the decades and frequently the same compounds are found. Thus, in the study by Zipperer
et al., a collection of nasal staphylococcal isolates was tested for antimicrobial activity against
S. aureus. Among those strains, an antimicrobial substrate produced by S. lugdunensis VK28

was found to be highly active against S. aureus.?

Furthermore, in S. lugdunensis IVK28, an uncharacterized gene that encodes for several non-
ribosomal peptide synthetases (NRPS) was found to be associated with the antibiotic

).2% The operon consists of four NRPS genes encoding adenylation

biosynthesis. (Figure 1.25
domains for five amino acids (Figure 1.25). The /ug operon is comprised of all genes whose

protein products are required for the biosynthesis of the non-ribosomally synthesized peptide,
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lugdunin (Figure 1.26).

lugA lugB lugC lugD

Thiazolidine

Figure 1.25 The figure reveals the biosynthesis pathway of lugdunin. a, NRPS genes lugA, B, C, D. b,
Modular organization of gene products. Functional domains: A, adenylation; P, peptidyl carrier protein;
C, condensation; E, epimerization; R, reductase. The sequential biosynthesis of lugdunin starts
presumably at the characteristic initiation module of LugD and continues with LugA-C (Figure obtained

from Zipperer et al.).?
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Figure 1.26 The formation of thiazolidine ring through peptide cyclisation. The terminal reductase of
LugC is proposed to initiate cleavage of the thioester-bound peptide chain with the aid of an NAD(P)H
cofactor. The mature heptapeptide is liberated reductively from the NRPS multienzyme complex and
cyclises via the N-terminal amine (L-Cys) and C-terminal aldehyde (L-Val) to form a macrocyclic
imine/Schiff base. Subsequent nucleophilic attack of the cysteine thiol group generates the five-

membered thiazolidine heterocycle (Figure obtained from Zipperer et al.).?

Structurally, although the thiazolidine moiety can also be found in certain linear NRPS products,
such as watasemycin A and yersiniabactin (Figure 1.27) but it is unique to be reported in a
macrocyclic peptide so far.?’ The thiazolidine ring is formed by condensation of an N-terminal
L-cysteine with a C-terminal L-valine residue upon reductive release of a linear heptapeptide

aldehyde from the NRPS mega-enzyme by the terminal reductase of LugC (Figure 1.26).%°

It was unexpected that lugdunin would be obtained from a heptapeptide due to the limited
adenylation domains on NRPS proteins. As known, the number of incorporated amino acids
are determined by the number of central enzymatic domains, which indicates that it should be

only restricted to 5 amino acids.?> However, a new specificity for the second adenylation
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domain of LugA was observed at position 3, where threonine was replaced by tryptophan.?
Furthermore, LugC displayed an unusual modular organization with one adenylation (A)
domain (valine), but two downstream peptide-bond-forming condensation (C) and three
peptidyl carrier protein (P) domains required for amino acid transfer.?’ The result indicated that
the single adenylation domain of LugC is responsible for activation of three subsequent valine

residues, which are then incorporated in alternating L- and D-configurations.?°

vy
SNk s NCe
OH /\ﬂs

OH S

Watasemycin A (1.21) Yersiniabactin (1.22)

Figure 1.27 Structures of watasemycin A (1.21) and yersiniabactin (1.22).

1.4.2 Antimicrobial activity and MoA of lugdunin?®2!3

Lugdunin is known to possess potent antimicrobial activity against antibiotic-resistant Gram-
positive bacteria, such as methicillin-resistant S. aureus and vancomycin-resistant
Enterococcus. The minimal inhibitory concentration (MIC) values for lugdunin tested on
different strains of bacteria showed high potency (Table 1.2). It was also found that lugdunin
is broadly inactive against Gram-negative bacteria (MIC value for S. aureus, MRSA and
Pseudomonas aeruginosa was 3 pg/ml, 1.5 pg/ml and >50 pg/ml, respectively). Importantly,
lugdunin was found not to cause lysis of primary human cells nor inhibit the metabolic activity
of the human monocytic cell line, even at higher concentrations. In earlier studies, lugdunin
was discovered to cause a rapid breakdown of bacterial energy resources, suggesting that the
mode of action of lugdunin was to cause cessation of metabolic pathways in a manner similar

to daptomycin (Figure 1.28).
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Table 1.2 Lugdunin spectrum of activity.?

S. aureus USA300 (LAC) MRSA 1.5
+ 50% human serum 1.5
S. aureus USA300 (NRS384) MRSA 1.5
S. aureus Mu50 Glycopeptide-intermediate 3

Staphylococcus aureus

(GISA)
Enterococcus faecium BK463 VRE 3
Enterococcus faecium VRE366 VRE 12
Listeria monocytogenes ATCC19118 6
Streptococcus pneumonia ATCC49619 1.5
Bacillus subtilis 168 (trpC2) 4
Pseudomonas aeruginosa PAO1 > 50
Escherichia coli DH5a > 50

0. OH

Daptomycin (1.23)

Figure 1.28 Structure of daptomycin (1.23).
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However, further investigation showed that the exact mode of action is thought to be proton
translocation because of the observation of the dissipation of the membrane potential in S.
aureus. Lugdunin and its analogues were found to disrupt the electrical potential of bacterial
cell membranes, thereby leading to the bacteria death. Based on the structure-activity
relationship (SAR) results by Schilling ez al. it was suggested lugdunin modulated ion transport
across the bacterial membrane, which results in the difference in voltage between the interior

and exterior (Figure 1.29).2"3

9
L
QOO
OO0

<y
QPP
OO0

Figure 1.29 Proton translocation is thought to be the mode of action of lugdunin. Lugdunin causes
proton leakage in synthetic, protein-free membrane vesicles, suggesting that it does not need to target a

proteinaceous molecule to exert its antibacterial activity (Figure obtained from Schilling et al.).*"

1.4.3 Research on lugdunin analogues and SAR study

Lugdunin is comprised of five kinds of amino acids (L-tryptophan, D-leucine, L-cysteine, L-
valine and D-valine) and a unique thiazolidine ring which results from the condensation of L-
cysteine and L-valine. To investigate the importance of each amino acid residue for the
antimicrobial activity of lugdunin, the common method of alanine-scanning was performed.*!?
Alanine is a commonly and useful tool for mutational scanning. Replacing the side chains with
other larger, more constrained, more polar/non-polar substitutions may lead to changes in

structures and conformation as well as the side-chain chemistry, and thus complicating analyses
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of results. More details of alanine scanning will be discussed in Chapter 3. Figure 1.30 shows
the structures of lugdunin and the analogues synthesized following alanine scanning. Their
antimicrobial activities were also determined by the evaluation against USA 300 LAC.?!* In
the antimicrobial activity test against S. aureus USA300, the results showed that all the alanine

analogues were less active or inactive compared to lugdunin itself (Table 1.3).213
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Figure 1.30 Structures of lugdunin (1.24) and its alanine scan analogues 1.25 to 1.30. All the amino
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acids are replaced by alanine with the same stereo-configuration.?'

Table 1.3 Antimicrobial test (against MRSA USA300 LAC) of lugdunin and analogues from alanine

scanning by Schilling et al.?*®

MIC (uM)
Compound (USA300 LAC)
Lugdunin (lug) (1.24) 3.9
(L-Ala)’-lug (1.25) 33.1
(D-Ala)®-lug (1.26) 33.1
(L-Ala)’-lug (1.27) 16.6
(D-Ala¥-lug (1.28) >100
(L-Ala¥-lug (1.29) >100
(D-Ala)*-lug (1.30) 16.6

A further study on the effect of a change in the stereo-configuration of individual amino acid
residues was then conducted by Schilling et al.?** Compounds 1.31-1.37 were synthesized with
each amino acid replaced by its enantiomer (Figure 1.31).2'2 All the compounds were found to
be inactive (Table 1.4).2" The results indicate that the potency is affected by the inversion of
a stereogenic centre. To understand the crucial impact of the absolute configuration of lugdunin
on bioactivity, compound 1.38, an enantiomer analogue of lugdunin was synthesized (Figure
1.31).2%3 Interestingly, this analogue showed identical antibiotic activity to lugdunin (Table 1.4).
The insignificance of the absolute configuration of lugdunin suggests that the mode of action
is not relative to a stereospecific receptor-ligand interaction but could involve the recognition

of achiral compounds.
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Figure 1.31 Structures of compounds 1.31-1.38. Compounds 1.31-1.37 were synthesized as a stereo-

scan series of lugdunin while 1.38 was an enantiomer of lugdunin.
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Table 1.4 Bioactivity test (against MRSA USA300 LAC) of compounds 1.8-1.15.%%3

MIC (uM)
Compound (USA300 LAC)

1.24 lugdunin (lug) 3.9

1.31 (D-Val)’-lug >100
1.32 (L-Val)®-lug > 100
1.33 (D-Val)*-lug >100
1.34 (L-Leu)*-lug > 100
1.35 (D-Trp)*-lug >100
1.36 (L-Val)*-lug > 100
1.37 (D-Val)!-lug > 100
1.38 enantio-lug 3.9

Then, compounds 1.39-1.45 were synthesized by Schilling et al. to determine the importance
of the thiazolidine ring since it is thought to be the core structure.?!'* Compounds 1.39 and 1.40
are both linear peptides without a thiazolidine ring (Figure 1.32). Compound 1.39 carries
neither thiazolidine nor cyclic structure due to the lack of cysteine. Compound 1.40 was
regarded as the linear peptide of lugdunin and the analogue 1.41, in which the ring is composed
exclusively of normal peptide bonds, was formed by the intramolecular cyclization of 1.40. All

compounds turned out to be inactive against S. aureus USA300 (Table 1.5).213
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Figure 1.32 Structures of linear or cyclic lugdunin analogues 1.39-1.41 which lack the thiazolidine

ring.?!?

Table 1.5 Bioactivity against MRSA USA 300 LAC of compounds 1.16-1.18.2"*

MIC (uM)
Compound (USA300 LAC)
1.24 Lugdunin (lug) 3.9
1.39 (Ala)'-lug > 100
1.40 Linear-lug (-COOH) > 100
1.41 Cyclized homodemic-lug >100

In an experiment to demonstrate the importance of the thiazolidine NH functionality,
compounds 1.42 and 1.43 were designed and synthesized.?!* Modifications in these analogues

consist of N-methylation or N-acetylation in the thiazolidine ring (Figure 1.33). Consequently,
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these analogues with a tertiary amine or amide were found to be inactive against S. aureus
USA300, thus revealing the requirement of the secondary amine in the thiazolidine ring."
Investigations into the importance of the size of the five-member thiazolidine ring were then
carried out. Compounds 1.44 and 1.45 (Figure 1.33), with an expanded heterocycle by an
additional methylene group or a simplified proline-containing homodetic peptide were also
found to be inactive (Table 1.6).2!* Therefore, to maintain the antimicrobial activity, the

presence of both the thiazolidine ring and its secondary amine is required.

: L ﬁ

)\/N )\/“
o / (6] z o /4
Y N Y N
H

1.42 1.43

NH o
N
O)\é/N O)\-/ o /
Y o / Y
N
N H
144 1.45

Figure 1.33 Structures of lugdunin analogues 1.42-1.45, in which the thiazolidine ring was modified or

replaced with1,3-thiazinane and L-proline homodemic.?'3
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Table 1.6 Bioactivity against MRSA USA300 LAC of compounds 1.19-1.22.213

MIC (nM)
Compound (USA300 LAC)
1.24 lugdunin (lug) 3.9
1.42 N-methylthiazolidine-lug >100
1.43 N-acetylthiazolidine-lug >100
1.44 1,3-thiazinane-lug > 100
1.45 L-Pro homodetic-lug > 100

Nevertheless, analogue 1.46 with two tryptophan residues in the structure was synthesized to
strengthen the assumed interaction with the bacterial membrane (Figure 1.34).%!* Surprisingly,

the analogue showed a two-fold increase in activity (Table 1.7).213

?; HN k
NH a
(o]

HN O
NH
)~—N
Y,
he N

H

1.46

Figure 1.34 Structure of lugdunin analogue 1.46, in which another tryptophan is introduced.?'?
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Table 1.7 Bioactivity test against MRSA USA300 LAC of compound 1.46.21

MIC (uM)
Compound (USA300 LAC)
1.24 lugdunin (lug) 3.9
1.46 (D-Trp)®-lug 1.8

In 2021, more lugdunin analogues were designed and synthesized by Saur ef al.** In this latest
published paper, the authors have focused on a different synthetic method for the preparation
of lugdunin and the analogues with modifications at position 2, 3 and 4. The new synthetic
route which was via the pre-synthesis of a thiazolidine dipeptide building block will be

discussed more in detail in Chapter 2 and compared to our synthetic strategy.>*>

At position 2, compounds 1.47-1.52 were synthesized by the replacement of original D-Val
residue with hydrophobic aliphatic amino acids, including D-allo-Ile, D-Leu, D-Hle, D-Nva,
D-Ile and D-Phe (Figure 1.35). All the analogues were found to be less active or inactive
compared to lugdunin (Table 1.8). Among them, compound 1.47, with an incorporated D-allo-
Ile residue, was found the most potent analogue which is only around 2-fold less active than
lugdunin. In general, prolongation, extended branching, and increased bulkiness of substituents

at D-Val® of lugdunin resulted in reduced biological activity.?*’
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Figure 1.35 Structures of lugdunin analogues 1.47-1.52, in which the D-Val at position 2 was

substituted with a set of hydrophobic aliphatic amino acids.**

Table 1.8 Bioactivity against MRSA USA 300 LAC of compounds 1.47-1.52.%%°

MIC (uM)
Compound (USA300 LAC)
1.24 lugdunin (lug) 3.9
1.47 (D-allo-1le)*-lug 7.9
1.48 (D-Leu)*-lug 15.7
1.49 (D-Hle)*-lug 61.7
1.50 (D-Nva)*-lug 16
1.51 (D-Ile)*-lug 31.4
1.52 (D-Phe)*-lug >100

At position 3, the original L-Trp was substituted with (hetero)aromatic amino acids, and the
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variants were evaluated in terms of their membrane interaction properties by S. aureus
inhibition assays. Compound 1.53 (Figure 1.36), where the original L-Trp was replaced by L-
Phe, was found to be 4-fold less active than lugdunin (Table 1.9). Then, a wider range of
unusual, noncanonical, aromatic amino acids was set out to substitute L-Trp® and to get access
to an attractive chemical diversity. Modified phenylalanine analogues 1.54 and 1.55 (Figure
1.36) were both found inactive (Table 1.9). These findings indicate that polarity or charges is
not tolerated. Among all the analogues with the modifications at position 3, the
hydrophobically enhanced amino acids with annelated benzene rings, such as naphthalene 1.56
and anthracene side chains 1.57 (Figure 1.36) were found only 2-fold less active than lugdunin
(Table 1.9). It indicated the influence of hydrophobicity on the biological activity of lugdunin.
The highly hydrophobic aromatic functionality ensures the fast association as well as insertion
into the bacterial membrane, representing the initial step for membrane penetration as a

protonophore.?®

ﬁ
- “Nsz y “LQ - y “Lf

NH
}\/
1.54 Y 1.55

Cl

Figure 1.36 Structures of lugdunin analogues 1.53-1.57.%%
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Table 1.9 Bioactivity against MRSA USA 300 LAC of compounds 1.53-1.57.%%

MIC (uM)
Compound (USA300 LAC)
1.24 lugdunin (lug) 3.9
1.53 (L-Phe)*-lug 16.8
1.54 L-Phe (4-chloro)*-lug > 100
1.55 L-Phe (3-nitro)*-lug >100
1.56 L-Ala (1-naphthyl)*-lug 7.9
1.57 L-Ala (9-anthracenyl)*-lug 7.4

At position 4, D-Leu was proven as a critical residue for substitution in the research by
Schilling et al.?*® To address the prominent importance in dynamic membrane interactions,
compound 1.58 (Figure 1.37), in which the original D-Leu was replaced by D-lle, was found
to have an 8-fold reduced activity compared to lugdunin (Table 1.10). Then, based on the
previous research on the most potent compound 1.46 at position 6 (where D-Val was replaced
by D-Trp), several analogues with the combination of D-Trp®and modifications of D-Leu® were
synthesized.?®® Among them, only compounds 1.59-1.61 (Figure 1.37), in which the residue at
position 4 was substituted by D-allo-lle, D-Tle and D-Nva, show weak antimicrobial activity

(Table 1.10).2%
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Figure 1.37 Structures of lugdunin analogues 1.58-1.61.

Table 1.10 Bioactivity against MRSA USA 300 LAC of compounds 1.58-1.61.

MIC (uM)
Compound (USA300 LAC)
1.24 lugdunin (lug) 3.9
1.58 (L-Ile)*-lug 25
1.59 (L-allo-1le)*~(D-Trp)®-lug 12.5
1.60 (L-Tle)*-(D-Trp)°-lug 25
1.61 (L-Nva)*-(D-Trp)®-lug 12.5
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Moreover, as mentioned before, the synthetic enantiomer of lugdunin was found to display the
same antimicrobial potency as lugdunin. Compound 1.62 was synthesized as a retro-sequence
of lugdunin, where the amino acid residues at position 3, 4, 5 and 6 are in an opposite order
compared to the original lugdunin (Figure 1.38) and it was found to be only 2-fold reduced
activity compared to lugdunin (Table 1.11). It was thought that 1.62 resembles the lugdunin

enantiomer due to its similarity to a mirror image of lugdunin.?*

7-L-Val

,€/< N ,.g/i,s
o 0
| NH HNL.'// 6-D-Trp©\/< NH HN
6-D-Va > k 2-D-Val e HN \\k 2-D-Val
L NH L

0 NH HN”
)\,N H
5-L-Val g : : 3-L-Val

H o) H
Y /N 3-L-Trp 5-L-Leu ~. ©
H
4-D-Leu 4-D-Val
1.62

Lugdunin (1.24)

Figure 1.38 Structures of lugdunin and the refro-sequence analogue 1.62.

Table 1.11 Bioactivity against MRSA USA 300 LAC of compounds 1.62.

MIC (uM)
Compound (USA300 LAC)
1.24 lugdunin (lug) 3.9
1.62 (L-Val)*-(D-Val)*-(L-Leu)*-(D-Trp)’-lug 8.0

Thus, based on the SAR study performed by Schilling et al., several factors are significant
contributors to the antimicrobial activity of lugdunin.?!*?** For example, the N-unsubstituted
thiazolidine ring at position 1 is required and any change of the ring size is not tolerable. At
position 2, prolongation, extended branching, and increased bulkiness of substituents will lead
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to the reduction of biological activity.?*>> At position 3, hydrophobic aromaticity is thought to
be necessary, and only the modifications with benzo-heterocyclic aromates or fused benzene
rings are accepted. Position 4 is classified as essential in the comprehensive alanine scan.
Therefore, it is thought the both residues at position 3 and 4 strictly tolerate only a small
alteration of polarity and charge. Still, it was found that there is no benefit for the D-Trp® with

simultaneous D-Val? and D-Leu” substitution. Moreover, the alternating D- and L- amino acids

are also necessary (Figure 1.39).21?

Modification or change of ring size is
not tolerated

1-thiazolidine
T-L-valine

’é/{‘ J\{ 2 D-valine 1. Biosimilar hydrophobic
moieties are tolerated.
6-D-valine

Most potent compound

was found when replaced 2. Tolerated desaturation: Alkyl >

by D-Trp Alkyne > Alkenp . ‘
U 3. Hetero-containing polar motifs
NH HN will lead to inactive
M
Modification is not 5-L-valine Sz o 7
tolerated Y
N
H
4-D-leucine 3-L-tryptophan
1. Bioisosteric similar to Leu is necessary 1. Essential for hydrophobic aromatic
2. Moderate substitution in the side chain ring
branching is tolerate 2. Benzo-heterocyclic aromates and bi-
/tri-cyclic fused benzene ring are
tolerated

3. Halogenated, polar-decorated
aromatics or five-ring-ring heterocycles
are not tolerated

Figure 1.39 An overall review of the structure of lugdunin and a summary of the importance of each

residue in the structure.?'3%
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1.4.4 Interaction between lugdunin and bacterial membrane resulting in

proton translocation

Whilst the work described in this thesis was ongoing, a SAR study of lugdunin was reported
by Schilling et al. in 2019, which highlighted the importance of the unsubstituted thiazolidine
ring, tryptophan, leucine and alternating stereo-configuration of amino acid residues as
necessary elements of lugdunin.?!® It was hypothesized that, in the interactions of lugdunin
with the bacterial membrane, both the leucine-4 and tryptophan-3 residues in lugdunin point
towards the hydrophobic region of the bacterial membrane. As mentioned before, compound
1.38 which is the enantiomer analogue of lugdunin showed the identical activity to ludgunin
(1.24).213 The result suggested that the MoA of lugdunin might be related to the enhanced

transfer of achiral molecules or ions through lipid membranes.

An experiment was then carried out by Schilling ef al. to investigate the different effect of
analogues on the transmembrane potential of S. aureus NCTC8325 (Figure 1.40).%1
Transmembrane potential is referred to the difference in electric potential between the interior
and the exterior of a biological cell. 3,3'-Diethyloxacarbocyanine iodide (DiOC>(3)) was used
as the dye in this study. DiOC»(3) is a membrane potential probe which is usually utilized to
analyse bacterial viability by flow cytometry using fluorescence emission ratio detection.?!?
Moreover, the phenomenon of partial membrane depolarization was also found when the active

analogues were tested.?!* It was suggested that the MoA of lugdunin and other active analogues

was related to the impairment of membrane integrity or ion leakage-transport.?'

61


https://en.wikipedia.org/wiki/Electric_potential
https://en.wikipedia.org/wiki/Cell_(biology)

Lugdunin (1.24) entio-lug (1.38)

52-5 §2.5

o >

320 5 2.0 I

2 E

o o 1

-31.5 915 1 T

: g

[+

210 3 1.0

) c

@ 3

g $05

S 5 TTETET

8 & 0.0
P oW aF KF ot ST O R it b aF o b oF ab ot
N ¢ V¥ VT P . YV NI S

Q8 O
(fold MIC) (fold MIC)

Figure 1.40 Effect of lugdunin (1.24) and entio-lug (1.38) on the S.aureus NCTC8325 membrane
potential after 0.5 (black bars) and 1 hour (gray bars) of treatment. The positive and negtive contol was
protonophore CCCP (5Smm) and DMSO repectively. Error bars represent the standard deviation (SD) of

two biological replicates including two technical replicates each.

In a further study by Schilling et al., S. aureus was treated with lugdunin and a mixture of dyes,
Syto9 and propidium iodide (PI) to understand the influence on bacterial membranes.?!* Syto9
is a fluorescent nucleic acid stain which is commonly used in microbiology, especially in
fluorescence microscopy and flow cytometry analyses, while PI is a popular red fluorescent
intercalating agent that can be used to stain cells and nucleic acids.?!* The addition of these two
reagents can be used as an indicator for pore formation. The result revealed that the MoA of
lugdunin was not connected to the formation of pores.?'* The ability of lugdunin to impair
vesicle integrity was then investigated.?!® In this experiment, unilamellar vesicles composed of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was applied as a membrane model
system in order to evaluate the bioactivity of 1.24.2!* An investigation whether 1.24 impairs
vesicle integrity was first conducted by Schilling et al.>'* Lugdunin (1.24) was compared with
the cyclic decapeptide gramicidin S for the ability to induce the release of the fluorescent dye

carboxyfluorescein (CF), while the latter can lead to destabilization of membranes.?!* The dye
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is entrapped in vesicles and an increase in fluorescence is caused by leakage. In contrast to
gramicidin S, only a small smount of leakage was observed with lugdunin (1.24) even at higher
concentrations. The outcome indicated that lugdunin might act by translocating ions since it

would not destabilize the membrane.?!?

The ability of lugdunin to facilitate the translocation of protons was subsequently established
by Schilling et al.*"* Vesicles filled with 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt
(HPTS) were used as the dye in the experiment.?!* HPTS is also known as a fluorescent
membrane-impermeant pH indicator.?’* Lugdunin was found to cause a rapid increase in
intracellular fluorescence, indicating an increase in intracellular proton concentration. Thus,

the MoA of lugdunin was thought to be associated with enhanced proton translocation.?!?

1.5 Aims and objectives

As discussed in the previous section, lugdunin displayed potent antimicrobial activity against
Gram-positive bacteria, including antibiotic-resistant strains, and hence was considered to be a
promising lead compound. In this project, several lugdunin analogues were designed,
synthesized and evaluated for their antimicrobial activity against S. aureus, in order to establish

a structure-activity relationship (SAR).

The synthetic strategy for the preparation of lugdunin is first discussed. The formation of the
thiazolidine ring was thought to be the key part in the total synthesis of lugdunin. Thus, several
methods were investigated including the introduction of a dipeptide building block and the
utilizing of various kinds of resins. Since the same synthetic method via the preparation of

dipeptide building block had been reported by Saur et al. in 2021, differences will be discussed
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as well in Chapter 2.23° Due to the higher yields and simple operation, a method that utilized a
modified Threonine-Glycine (TG) resin was adopted.?*® The desired linear peptide chain will
be assembled following general Fmoc-SPPS protocol (Scheme 1.3). Then, the linear peptide
chain with C-terminal aldehyde will be afforded by acidolytic cleavage and the lugdunin (1.24)
will be secured via a peptide cyclization. The detailed synthetic strategies and mechanisms will

be discussed in Chapter 2.

o
1
Q-Linker + HO-C-AA/NHR
P

O Solid support

R Temporary N-terminal amine protecting group,
Fmoc or Boc

Loading of resin

P Side chain protecting group

o
1]
O—Linker—X—C—/?\ArNHR

P X Either O or NH

Wash / Deprotect /
Wash
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Scheme 1.3 General protocol of SPPS. The first N* -protected amino acid is attached to the linker-
polymer support. Then, DMF was used to remove excess amino acids and coupling reagents. After
deprotection, DMF was still used to remove the deprotecting reagent, which is followed by the coupling
of the next amino acid residue. The linear peptide chain is thus assembled by coupling cycles. Finally,

the free linear peptide may be obtained after an acidolytic cleavage from the resin.

In the method to prepare the modified TG resin, the reaction with Fmoc-amino aldehyde is the
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most crucial step. Thus, different synthetic strategies will also be discussed in Chapter 2. A
rapid and efficient one-pot synthetic protocol reported by Ivkovic et al. was adapted (Scheme
1.4).27 The method was subsequently used for the total synthesis of lugdunin analogues, in

which different Fmoc-amino aldehydes (at position 7) will be utilized.

0 0
R4 |
HN \\/
~ HN\ —
Fmoc Fmoo HN\Fmoc
1.63

Scheme 1.4 Synthesis of Fmoc-amino aldehyde (1.64) by using CDI/DIBAH-H.?*” The Fmoc-protected
carboxylic acid (1.63) will be converted to an activated amide via the reaction with CDI. Then the

desired aldehyde product will be obtained after cleavage by DIBAL-H.

As the synthetic method was established, the first series of analogues was synthesized after the
alanine-scan. Alanine-scan was considered as an effective method to investigate the
significance of each amino acid residue. Analogues were prepared by the replacement of L- or

D-alanine at each position without the change of its original stereo-configuration.

Following the SAR study from Schilling et al.*'* and the specific alanine-scan study carried
out in this project, it was found that position 7 could be an important site for chemical
modifications. Thus, several analogues with the modification at position 7 of lugdunin were
then designed and synthesized. The L-leucine (1.65) and L-homoleucine (1.66) analogues were
firstly used to investigate the importance of the hydrocarbon length in the side chain. Then,
analogues with position 7 replacement by L-norvaline (1.67), L-norleucine (1.68), L-
tryptophan (1.69), L-phenylalanine (1.70) and L-cyclopropyl alanine (1.71) were prepared to
determine the influence of branched and (hetero)aromatic groups in the amino acid side chain.

Figure 1.39 shows the structures of analogues 1.65-1.71.
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Figure 1.39 Structures of planned analogues 1.65-1.71.
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Furthermore, analogues with N-methylated amino acids were synthesized to increase the
hydrophobicity, while the introduction of L-threonine will make the structure more hydrophilic.
In Chapter 4, synthetic strategies for the preparation Fmoc-N-methyl amino acids will be
discussed in detail. The robust protocol shown in Scheme 1.5 was previously reported by
Freidinger et al.>**, which was adopted for the synthesis of the building blocks, Fmoc-N-methyl

amino acids.

R R

Fmoc\N/kﬂ/OH OH(CH,0),H, PTSA TES. TFA R
H Fmoc— O Fmoc. OH
¢ N N

CeHg \ |

o) (0]

Scheme 1.5 Protocol for the preparation of Fmoc-N-methylated amino acid. The oxazolidinone
intermediated will be firstly formed from the amino acid. Then the desired N-methyl compound will be

obtained after cleavage by TFA.

In the SAR study by Schilling ef al., several lugdunin with modification at position 6 were
synthesized. Their results indicated that position 6 is also a site that tolerates modifications.?'?
Therefore, to compare with position 7, three analogues with the modifications at position 6
were designed and synthesized. At this position, compounds with replacement by D-leucine
(1.72), D-tryptophan (1.46) and D-phenylalanine (1.73) were prepared (Figure 1.40). Similar
to the SAR study at position 7, the substitution with D-leucine was used to determine if the

length of the hydrocarbon side-chain affects antimicrobial activity.
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Figure 1.40 Structures of planned analogues 1.46, 1.72 and 1.73.

In order to establish an SAR, all synthesized analogues, including lugdunin, were tested for

their antimicrobial activity against different strains of S. aureus. The in vitro antimicrobial

potency of compounds were determined via growth inhibition assay and broth microdilution

assay, and the ICso and MIC values will be obtained, respectively. The growth inhibition assay

was generally performed using the Gram-positive strains, S. sureus SH1000 and USA300 JE2.

MIC is determined as the lowest concentration (in pg/mL) of a tested compound that inhibits

the growth of a given strain of bacteria. Herein, S. aureus SH1000 and USA300 JE2 were used

as the strains for initial assessments. The most active compounds were then further tested

against another three different strains of S. aureus, including Newman, PM64 and Mu50. The

results of the in vitro antimicrobial assays and the SAR will be further discussed in detail.

68



Chapter 2

Total synthesis of lugdunin

2.1 Synthesis of lugdunin

As reported by Schilling et al., total chemical synthesis of lugdunin could be achieved by a
Fmoc solid-phase peptide synthesis strategy and using a H-Val-H NovaSyn TG resin (2.1) and
HATU was used as the coupling reagent (Scheme 2.1).2!3 After assembly of the peptide chain
and deprotection of the side chains, the linear peptide aldehyde was released from the resin.?!3
Subsequent intramolecular cyclization via the C-terminal aldehyde and the N-terminal cysteine
afforded the macrocycle through in situ thiazolidine formation.?!* The thiazolidine exists in

two interconverting and therefore, inseparable epimeric forms (Scheme 2.1).213
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Scheme 2.1 The reported solid-phase aldehyde peptide synthesis of lugdunin (1.24).2!?
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In 2021, an apparently improved synthetic method was further published by Saur ef al., which
was based on a dipeptide building block.?*> The required thiazolidine building block Fmoc-L-
Thz(L-Val) (2.5) was achieved in three steps (Scheme 2.2). Firstly, reduction of the amino acid
Fmoc-L-Val-OH (2.2) to the corresponding amino alcohol Fmoc-L-valinol (2.3) using sodium
borohydride (NaBHj4) following pre-activation of the carboxylic acid by carbonyl diimidazole
(CDI).?** The intermediate 2.3 was then re-oxidized to the corresponding aldehyde 2.4 by Dess-
Martin periodinane (DMP).?* Finally, condensation of the amino aldehyde 2.4 with L-cysteine

gave the desired Fmoc-L-Thz(L-Val)-OH (2.5), which favorably precipitates during the

reaction.??’
4 0 ! e
_N a,b c N
Fmoc \E)J\OH —t> Fmoc/N\;/\OH — > Fmoc” \i)J\H
= Z 0, -
A (quant.) Al (90%) AL
2.2 2.3 2.4
O
g j»OH
B HN S
(79%) /H y
Fmoc™ Y S
A 2.5

#Reagents and conditions: (a) Fmoc-L-Val-OH, CDI, tetrahydrofuran (THF), room temperature (rt), 15 min; (b) NaBH, in
H,0, 0 °C, 25 min; (c¢) Dess-Martin periodinane, 0 °C to rt, DCM, addition of 1.1 equiv. of H,O during the first hour of the
reaction, O/N; (d) L-cysteine, MeOH/H,0 (2:1), 24 h, 65 °C

Scheme 2.2 Synthesis of Fmoc-protected thiazolidine amino acid which was reported by Saur ef al.>*

The subsequent synthesis of lugdunin (1.24) was then achieved by the standard solid-phase
peptide synthesis (SPPS) protocol (Scheme 2.3).23° In their protocol, Fmoc removement was
achieved by treatment of the resin with a mixture of 2,3,4,6,7,8,9,10-octahydropyrimido[ 1,2-a]
azepine (DBU, 2%) and morpholine (10%) in DMF, resulting in a fast and efficient Fmoc

removal.>*> A double coupling strategy, with the initial use of 1-[bis(dimethylamino)-
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methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium 3-oxide (HATU) followed by (benzotriazol-1-
yloxyo)tripyrrolidinophosphonium  hexafluorophosphate  (PyBOP) carboxyl-activating
reagents was introduced to avoid truncation products.?*> Efforts to reduce the coupling reaction
to only one reagent turned out to give truncated sequences. Furthermore, a capping step with
AcxO/Pyr in DMF was included in the SPPS protocol after the consecutive Val® — Val®
coupling to prevent truncated peptide byproducts.>*®> Complete assembly of the lugdunin
peptide sequence on-resin was followed by the removal of the terminal Fmoc group. The linear
lugdunin heptapeptide 2.8 was cleaved off the resin under standardized conditions
TFA/TIPS/H20: 90/5/5). After lyophilization, the linear peptide was subjected to
macrolactamization under high dilution conditions of 2.8 (2 mM) in DMF using HATU/3-
hydroxytriazolo[4,5-b] pyridine (HOAt)/DIPEA as coupling reagents.>*® Due to the high
hydrophobicity of 1.24, all byproducts after the SPPS and macrolactamization can be extracted

by polar solvents (DMF), whereas lugdunin remains in the lipophilic CHCl3/n-BuOH phase.?*
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a Reagents and conditions: (a) Fmoc deprotection: 2% DBU/10% morpholine (v/v) in DMF, rt, 3 and 12 min; (b) double coupling:
Fmoc-D/L-AA-OH, (1.) HATU, HOBt, 4-methylmorpholine (NMM), DMF, tt, 30-45 min, (2.) PyBOP, HOBt, NMM, DMF, tt, 30-
45 min; (c) capping after Val®-Val® coupling: DMF/Ac,O/Pyr (6:3:1, v/v); (d) cleavage: TFA/TIPS/H,0 (90:5:5, v/v); (e)
macrolactamization: 2.8, HATU, HOAt, DIPEA, DMF (conc. of 2.8 =2 mM), rt, 24 h.

Scheme 2.3 Synthesis of lugdunin (1.24) with the use of a thiazolidine dipeptide building block which

was reported by Saur et al.**

2.2 An overview of synthetic strategies

The structure of lugdunin (1.24) contains several important parts. First, there are seven amino
acids residues in total, comprising of two L-alanine, two D-alanine, one D-leucine, one

L-tryptophan, and one L-cysteine. Secondly, the structure is a cyclic peptide with a core
thiazolidine ring, which is partly derived from the cysteine residue, and a configuration of
alternating D- and L-amino acids (Figure 2.1). The formation of the thiazolidine ring is thought

to be a key part in the synthesis of lugdunin.

Herein, in our consideration of synthetic methods for the total synthesis of lugdunin, two

contrasting synthetic strategies were envisaged (Figure 2.2). The first method was via the
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condensation of an aldehyde-containing building block with L-Cys-OH to form a thiazolidine
dipeptide. Then the thiazolidine dipeptide was used as a new building block in the synthesis of
lugdunin following general Fmoc solid-phase peptide synthesis (Fmoc-SPPS) protocol. This
approach is similar to that reported by Saur et al. in 2021.2*>> However, the work reported in
this thesis was completed by early 2019, which was approximately 1-2 years prior to the
publication by Saur et al. An overview of the basic principles of Fmoc-SPPS will be further
discussed in the next section. The final cyclisation step would be achieved via an amide-bond

formation at a strategic location.

The other method was based on the use of different kinds of modified polymer or solid support,
in which a peptidyl aldehyde is generated. This approach is like that reported by Schilling et
al. in 2019.213 In this approach, the expected linear peptide would be assembled following the
general Fmoc-SPPS strategy, and then a chemical reagent-mediated cleavage or release will
trun the C-terminal carbonyl ester of the peptide into an aldehyde functionality. Subsequently,
cyclization will be performed to form the thiazolidine ring via condensation of the C-terminal
aldehyde with a N-terminus located L-cysteine residue. These two different methods were

investigated and discussed in the next section.

1-Thiazolidine

7-L-valine
/m
6-D-valine > k 2-D-valine
NH H
)\/N
(@) =

5-L-valine
Y O

4-D-leucine

3-L-tryptophan

=z

Figure 2.1 Structure of lugdunin. The core structure is a thiazolidine ring which is derived from the

condensation of L-Val-H with L-Cys-OH.
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Figure 2.2 The two strategies for the total chemical synthesis of lugdunin: (a) N-protected modified L-
Val-OH (where PG is Fmoc or Boc) was condensed with L-Cys-OH to form the thiazolidine building
block, PG- L-Thz(L-Val)-OH and then used in the synthesis of lugdunin via assembly of the linear
sequence followed by a cyclisation step, and (b) the linear peptide sequence with L-cysteine and L-Val
amino aldehyde as the head and tail was synthesized first, and then the desired lugdunin compound is

obtained via a cyclisation step.

2.3 Solid-phase peptide synthesis (SPPS)

2.3.1 An overview of peptide synthesis

It has been over a hundred years since a peptide was first assembled from amino acids by
Fischer and Fourneau in 1906.%° The key conception in peptide assembly is the coupling
reaction between amino acids and the removal of N%protecting groups.?*® In 1932, the first
reversible N“ -protecting group-carboxybenzyl (Cbz) was established by Bergmann and
Zervas®*t and then was applied to peptide synthesis by Vigneaud et al in 1953%*? (Figure 2.3).
Although the classical solution-phase method is still usable for large-scale or laboratory
preparation, it is the use of solid-phase techniques that makes peptide synthesis more practical

in current scientific research.?*?
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Figure 2.3 Structure of carboxybenzyl group.

2.3.2 Introduction of solid-phase peptide synthesis (SPPS)

The concept of SPPS is to elongate the peptide chain that is attached to polymeric support such
as resin by a repetitive acylation reaction.”*® Although excess reagents will be used in the
reaction, their removal can be achieved easily through washing and filtration steps. After the
linear peptide sequence is obtained, different reagents or conditions can be used to cleave the

crude peptide product from the resin.>*-4

Peptides can be assembled by amino acids (typically 2 to 50) and the amino acids are usually
combined through the amide coupling reaction.?*> Following the carboxybenzyl group (Cbz),
another protecting group #-butyloxycarbonyl (Boc) (Figure 2.4) was introduced for the peptide
synthesis reaction.?*® In the Cbz methodology, strong acids like anhydrous hydrofluoric acid
(HF) or trifluoromethanesulfonic acid (TFMS) are required to cleave the protecting groups.**’
In contrast, the removal of the N* -Boc group can be achieved by trifluoroacetic acid (TFA) in
DCM (25-50%).%*® However, the above methods have several disadvantages. For example,
with strong acids, there are established side reactions and limitations to the use of some acid-
labile amino acids, such as tryptophan.’** Thus, an alternative N%protecting group was

introduced: 9-fluorenylmethyloxycarbonyl (Fmoc) (Figure 2.4).%>°
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Boc O Fmoc

Figure 2.4 Structures of z-butyloxycarbonyl group (Boc) and 9-fluorenylmethoxycarbonyl group
(Fmoc).

2.3.3 Introduction of Fmoc-SPPS

The 9-fluorenylmethoxycarbonyl (Fmoc) was first introduced for peptide synthesis in 1972.2%
In contrast to acid-labile Boc/benzyl (Bzl) methodology, the Fmoc-based strategy relies on an
orthogonal scheme which utilizes base to remove the N%protecting group.”>! Fmoc-
deprotection is usually accomplished with 20% piperidine in dimethylformamide (DMF). The
Fmoc cleavage mechanism is an E1cB elimination reaction (Scheme 2.4).2°2 The electron-
withdrawing fluorene ring system makes the hydrogen on the B-carbon highly acidic, which is
readily removed/abstracted by a weak or mild base.?®> Subsequently, migration of the anionic
charge triggers the release of CO> and dibenzofulvene (DBF). Finally, the base, typically an
amine used for Fmoc cleavage ‘neutralizes’ the reactive dibenzofulvene (DBF). An important
stage in Fmoc cleavage is dibenzofulvene (DBF) scavenging.?* DBF is a highly reactive
molecule which can cause the peptide alkylation side reaction(s). Consequently, the base used

for deprotection should be present in excess to scavenge the reactive DBF.

In Fmoc SPPS, removal of the side-chain protecting groups and release/cleavage of the peptide
chain from resin is always mediated by an acidic reagent. Scavengers such as water
and triisopropylsilane (TIPS) are added during the final cleavage step to prevent side-chain

deprotection due to the release of reactive cationic species.?
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Due to the employment of the Fmoc protecting group, some problems in peptide synthesis have
been solved. For instance, tryptophan (Trp) is challenging to use and is readily modified when
using Boc-based peptide synthesis strategy because of the reactivity of the indole ring.?>* In
Boc-based SPPS chemistry, tryptophan is usually protected with a formyl group on the indole
nitrogen.?® The formyl group can be removed with the use of hydrogen fluoride (HF).
However, this step must be prior to other cleavage reagents. In Fmoc chemistry, the tryptophan
side chain is usually protected with a Boc group and can be easily removed with TFA, which
is also the reagent used for the cleavage of the resin.?® In this context, using Boc/Bzl-based
chemistry, the yield of a pentadecapeptide gramicidin A is poor (5% to 24%) due to the
presence of four tryptophan residues, but improvement was observed (up to 87% in some cases)
after the introduction of Fmoc-SPPS.?’ Indolicidin, another peptide that contains multiple
tryptophan residues, is also successfully synthesized in high yield by Fmoc-SPPS.2%8:2%
Following the general method of SPPS, the required linear peptide sequence in the preparation
of lugdunin could be synthesized. Thus, it is important to consider the most appropriate solid
support (resin) for the preparation of linear peptide and the coupling reagent(s) for peptide

cyclization.

O piperidine
) (o)

H

(",
P Ay~ 0( A :
?O H g —_— QS)LN/I(O T HZN/I(O

R: amino acid side chain
.
O \\/ H O <\‘:>

dibenzofulvene (DBF) dibenzofulvene-piperidine adduct

N
HOH

Scheme 2.4 Mechanism of Fmoc-deprotection reaction in peptide synthesis. Fmoc group removal in

77



solid phase peptide synthesis (SPPS) proceeds through a two-step mechanism: the removal of the acidic
proton at the 9-position of the fluorenyl ring system by piperidine, and the subsequent (3-elimination
gives the deprotection product and a highly reactive dibenzofulvene (DBF) intermediate which is

immediately trapped by the piperidine to form stable adducts.

2.3.4 Solid supports (resin) for Fmoc-SPPS

For the solid supports (resin) in the SPPS reaction, several characteristics are required. First, it
should be stable and allow the successful attachment of the first amino acid. Second, it must
allow rapid filtration of reagents and will not generate any side reactions with solvents or
reagents.?’ Initially, different kinds of resins were evaluated for the synthesis of lugdunin and
its analogues, including 2-chlorotrityl chloride resin, Weinreb AM resin and modified TG resin
(derived from Rink amide AM resin) (Figure 2.5). For example, following peptide assembly,
the peptidyl moiety tethered to 2-chlorotrityl chloride resin can be cleaved under extremely
mild acid conditions that leave Boc/tBu based protecting groups in place and give a peptide
acid (COOH).?®® Thus, it is used to prepare protected peptide fragments. Amino acids can be
attached to 2-CI-Trt chloride resin with very little or no racemization. The steric bulk of 2-
chlorotrityl chloride resin inhibits diketopiperazine formation, which can be a major side
reaction in the synthesis of peptides with C-terminal proline.?’! In contrast to the 2-CI-Trt
chloride resin, the product of the Weinreb AM resin and the Rink amide AM resin will finally

give a peptide aldehyde and a peptide amide respectively (CONH>).
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Figure 2.5 Structures of 2-Chlorotrityl chloride resin, Weinreb AM resin and TG resin and their peptide

products after cleavage from the resins.

2.3.5 Introduction of peptide macrocyclization

Lugdunin and its analogues all possess a macrocyclic scaffold. As discussed previously, cyclic
peptides are known as an important source of therapeutic agents and hence the development of

various cyclization strategies were considerd.

Generally, the most common methods to cyclize a linear peptide are macrolactonization (via
ester bond formation), macrolactamization (via amide bond formation), and disulfide bridge
formation (Figure 2.6).2°>2* With the advantage that the amine group is a better nucleophile,
macrolactamization is the more frequently used method.?%> In the macrocyclization reaction, a
highly diluted condition is always used to avoid unwanted intermolecular reactions such as
oligomerization and polymerization.?®> Besides that, the linear peptide can be cyclized before
the cleavage from the resin (on resin) or after (in solution). Alternatively, the cleavage and the
cyclization reaction can also be combined in one step which is known as cyclative cleavage.
Cyclative cleavage is a very effective methodology for the synthesis of amide-containing

heterocycles in the solid phase.?®¢
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An important factor for successful macrocyclization is the ring size. Cyclization of several
naturally occurring tetrapeptides and pentapeptides have been attempted, and the results were
largely negative.?®’ In fact, it was found that cyclization of smaller peptides that contain less
than seven amino acids is thought to be difficult and troublesome.?®> Apart from that, the
composition of the linear peptide sequence is also regarded as a significant reason. Due to the
tendency to adopt an extended conformation, peptides with amino acids in only one

configuration such as all L- or all D-residues are more difficult to cyclize.?%> 268

O
O H acid or base
—_—
Macrolactonization
OH g
@]
OH .
acid or base L.
—_— ‘ NH Macrolactamization
NH,
S H acid or base S
—_— / Disulfide bond formation
SH 3

Figure 2.6 Common cyclization strategies. The cyclic peptides are usually formed by

macrolactonization, macrolactamization and disulfide bond linkage.

2.3.6 Peptide coupling reagents

The coupling step is an important feature to ensure high yields in Fmoc-SPPS.?® Therefore,
optimized amide bond formation conditions are important and necessary.?’ This involves
activation of the carboxyl group of an amino acid, which plays a vital role in increasing the

reaction efficiency. It is often activated to a more reactive 'active ester'.”® In this context,
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several peptide coupling reagents have been developed and can be generally divided into three

categories: the carbodiimides, aminium/uronium salts and phosphonium salts.

2.3.6.1 Carbodiimides

The carbodiimides, including dicyclohexylcarbodiimide (DCC), diisopropylcarbodiimide
(DIC) and I-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) have been used as
activators in peptide synthesis (Table 2.1).27° They are also commonly used for the preparation
of carboxylic acid derivatives such as esters. These reagents are also useful in the chemical
reaction for the synthesis of nitriles from primary amides.?’! Moreover, DCC is advantageous
in solution phase reactions since its byproduct, dicyclohexylurea, is almost insoluble in most
organic solvents and will therefore precipitate from the reaction mixture.?’> However, it is not
appropriate for reactions on resin. Thus, DIC is alternatively used in solid phase synthesis due
to the better solubility of its urea byproduct.?”> EDC is more often utilized in certain reactions,
such as modifying proteins. The byproduct formed from EDC and excess coupling reagent can
be easily removed by aqueous extraction since both of them are water soluble.’’* However,
there are disadvantages to their use such as the problem of racemization. To overcome this
problem, benzotriazole-based additives such as 1-hydroxy-7-aza-benzotriazole (HOAt) and 1-
hydroxy-benzotriazole (HOBt) are often added into the reaction (Figure 2.7). Scheme 2.5

shows the mechanism of DIC-mediated carboxylic acid activation with the addition of HOBt.

HOALt HOBt

Figure 2.7 Structures of HOAt and HOBL.
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Table 2.1. Carbodiimide coupling reagents.

Carbodiimides275-280

DCC

DIC

EDC

N

Lower racemization or Lower racemization or 1. Water-soluble reagent.
epimerization when epimerization when 2. Water-soluble byproduct.
combined with HOAt or combined with HOAt or 3. Suitable for the conjugation of
HOBt. HOBt. small molecules or peptides to

Due to its insoluble by-
product (DCU), it is
more favorable in
solution reaction.

It is more useful in SPPS
because the urea byproduct
has better solubility in
most organic solvents.
Ideal for base free
condition

proteins.

2.3.6.2 Aminium/uronium salts
Examples of aminium/uronium reagents include 1-[bis(dimethylamino)methylene]-1/-1,2,3-
triazolo[4,5-b]  pyridinium  3-oxide

hexafluorophosphate =~ (HATU)  and  3-

[bis(dimethylamino)methyliumyl]-3 H-benzotriazol-1-oxide hexafluorophosphate (HBTU)
(Table 2.2). They are derived from HOAt and HOBt respectively, so they similarly form a
benzotriazole-based active ester.?3!"282 However, aminium/uronium reagents are capable of

reacting with the peptide N-terminus to yield an inactive guanidino byproduct which terminates

peptide elongation.??

The 1-[1-(cyano-2-ethoxy-2-oxoethylideneaminooxy)-dimethylamino-morpholino]-uronium
hexafluorophosphate (COMU) (Table 2.2) is known as a coupling reagent with better

efficiencies and higher safety compared to HATU and HBTU.?*
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Table 2.2 Aminium/Uronium salts coupling reagents.

Aminium/Uronium?2385-2%0

HATU HBTU COMU
© © 0
\ PFg \ PFg [ j
—Na v~ e )N\ 0
\ + N
- S oo
| N . ]
’, N PF
N N b(; Il 6
%o

Highly efficient coupling
reagent for solid- and
solution-phase reactions
Faster coupling rates than
HBTU.

Widely applied in both solid-
phase reactions and in
solution because of water-
soluble byproduct.
Possibility of allergic
reactions.

Safer and better solubility than
HBTU and HATU

Especially suitable for
microwave accelerated SPPS.
It is better to use for ester
formation.

2.3.6.3 Phosphonium salts

The phosphonium reagents, including 7-azabenzotriazol-1-yloxy) trispyrrolidinophosphonium

hexafluorophosphate  (PyAOP) and benzotriazol-1-yloxy)-trispyrrolidinophosphonium
hexafluorophosphate (PyBOP), have the similar function to aminium/uranium salts, but these

reagents will not cause the side reaction of guanidinylation (Table 2.3),286: 291292

Due to the potential explosive properties of HOAt and HOBt, making them hazardous for use,
[ethylcyano(hydroxyimino)acetato-0?] tri-1-pyrrolidinylphosphoniumhexafluorphosphate
(PyOxim) is used alternatively to improve safety (Table 2.3).2°3 The use of PyOxim is limited

due to its side product tris-pyrrolidinophosphoramide (Figure 2.8), which leads to difficulty of

separation in solution phase peptide synthesis,2%42%
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Figure 2.8 Structure of tris-pyrrolidinophosphoramide.

Table 2.3 Phosphonium salts coupling reagents.

PhOsphonium292,293,296,297
PyAOP PyBOP PyOxim
@N\ @ @:N\
\/N \/N N
NN N N G _ () |l _
51 \ N PF, N PF¢
FO | e (O
N ! N
AN ) O °
1. HOAt-analogue to PyBOP. | 1. Safer to use. 1. Safety is improved because of
2. Fast coupling rates than | 2. Fast coupling rates the different core structure.
PyBOP. 2. Good choice for SPPS, but
removal of by-product remains
a problem.

2.4 Synthesis of thiazolidine dipeptide

2.4.1 Synthesis of amino aldehyde

As mentioned earlier in section 2.1 for the total synthesis of lugdunin, one approach is to use
the pre-assembled thiazolidine dipeptide, which could be formed through the condensation of
L-Cys-OH with an appropriate amino aldehyde. Hence, the preparation of the suitable amino
aldehyde was first considered. To prepare the aldehyde compounds from a carboxylic acid, two

distinct routes were typically followed (Scheme 2.5). In the first route, the N-protected amino
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acid is reduced to the corresponding amino alcohol and then the desired N-protected amino
aldehyde is obtained via oxidation. In the second route, the amino acid is initially converted
into an activated carboxylic acid derivative, such as activated ester or amide and then reduced

to the corresponding aldehyde.

R
reduction P G - O H oxidation
PG. OH
N /'ﬁ( R PG. N )\[( H
H O activation PG X ducti H
—_— ~ H O
@)

Scheme 2.5 Two distinct routes for the synthesis of N-protected amino aldehydes. PG can be
Boc/Fmoc/Cbz. R group was varied when different amino acids were used. Group X was varied when

different reagents were used, such as an imidazole if CDI was used.

The reduction-oxidation route was first attempted, and Fmoc-L-Ala-OH (2.9) was used
(Scheme 2.6). In this step, sodium borohydride (NaBH4) was used as a reducing reagent since
it is safer compared to lithium tetrahydridoaluminate. However, NaBHa is not reactive enough
to reduce carboxylic acids. Thus, 2.9 was first converted to succinimide ester by reacting an
EDC-activated intermediate with N-hydroxysuccinimide (NHS) to form an activated
carboxylic acid derivative 2.10, and NaBHs was used subsequently to reduce 2.10 to the
corresponding amino alcohol 2.11. Then, the oxidation reaction to the desired amino aldehyde
2.12 was achieved by the use of Dess-Martin periodinane (DMP) as oxidant. DMP is a
hypervalent iodine compound which offers selective and very mild oxidation of alcohols to
aldehydes or ketone.?®® The oxidation is usually performed in dichloromethane or chloroform
at room temperature and is usually complete within 0.5-2 hours. DMP was chosen as the
oxidant because of its advantages over chromium- and DMSO-based oxidants that include

milder conditions, rapid reaction, better yields, simplified workups, and good chemoselectivity.
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Products are easily separated from the iodo-compound by-product after basic work-up. Herein,
Fmoc-L-Ala-OH was used in the trial reaction and due to the poor solubility of the intermediate
compound 2.11, a mixture solvent of DCM and DMSO was used as solvent. The total yield by

this method was about 70%.

In contrast, Saur et al. reported the method for preparing Fmoc-L-Val-H by using CDI, NaBH4
and Dess-Martin periodinane.?® Their overall yields of the Fmoc-L-Val aldehyde were
typically 90%, which is more efficient than our results. The most different step was found to
be the use of Dess-Martin perodinane (71% yield and 90% yield respectively). It is thought that

the operation of this step might be a key point and should be further improved.

0 0
|
S
\(#J\OH \Hk \H ()
90% 71%

HN .
Fmoc “Fmoc “Fmoc Fmoc

2.9 2.10 2.11 212

#Reagents and conditions: (a) N-hydroxysuccinimide, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride,
dry dichloromethane, rt, 3 h. (b) NaBH,4, -10°C, 1 h, then H,O, rt, 30 mins. (c) Dess-Martin perodinane, rt, 3 h

Scheme 2.6 Method A: synthesis of amino aldehyde by reduction-oxidation.

In the second approach, the reduction of carboxylic acid to aldehyde can be achieved via the
formation of carboxylic acid derivatives such as activated esters or amides. It is often a
challenge because stronger reducing agents, such as lithium aluminium hydride (LiAlHz)
further reduce the formed aldehyde to an alcohol. Alternatively, diisobutylaluminium hydride
(DIBAL-H) is often used as a reduction reagent inorganic synthesis, including

converting carboxylic acids to the corresponding aldehydes.

The use of N-methoxy-N-methylamides has rapidly become popular in organic synthesis since
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it was first reported by Nahm and Weinreb.?*® This functional group had advantages such as
the ease of preparation, the lack of side reactions during nucleophilic addition, and the selective
reduction, e.g., with DIBAL-H to aldehydes (Scheme 2.7). The aldehyde compound would not
be formed until aqueous workup because of a stable intermediate, and therefore, over-reduction
was prevented. Overall, the efficiency of this method was poor, with a yield of 48% when
applied to the reaction with N-protected amino acid. Thus, a rapid and efficient one-pot

synthetic protocol reported by Ivkovic et al. was adapted (Scheme 2.8)*".

O b I
a
HN 54% | 42%
~ HN_ HN .
Fmoc Fmoc Fmoc
29 213 212

#Reagents and conditions: (a) THF, NMM CDI, N,O-dimethylhydroxylamine hydrochloride, DCM, rt, 2-3 h. (b)
DIBAL-H (1.0 M in toluene), dry DCM, -78 °C, 2 h

Scheme 2.7 Method B: synthesis of amino aldehyde by the forming of Weinreb amide.

i Q . o
a
1\‘)J\OH R,I\HJ\N/\\ R1

HN\RZ HN. N 75%-85% HN.
2 R
2.11: R, = CH3, R, = Fmoc 2.12: R, = CH3, R, = Fmoc (85%)
2.14; R, = CHj, R, = Boc 2.16: R, = CHj, R, = Boc (75%)
2.2: R, = CH(CH3)y, R, = Fmoc 2.4: R, = CH(CH3)5, R, = Fmoc (83%)
2.15: R; = CH(CH3),, R, = Boc 2.17: Ry = CH(CH3),, R, = Boc (81%)

#Reagents and conditions: (a) Carbonyldiimidazole (CDI), dry DCM, 0°C, 1 h, then (b) DIBAL-H (1.0M in toluene), -
78°C,1.5h

Scheme 2.8 Method C: synthesis of amino aldehyde by using CDI/DIBAL-H.

In this method, N-protected amino acids were converted to the N-protected a-amino aldehydes by in
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situ activation with 1,1'-carbonyldiimidazole (CDI) to form the activated amide and facilitates
the diisobutylaluminium hydride (DIBAL-H) reduction reaction. Scheme 2.8 shows the
activation by CDI. With the advantages of the convenient one-step reaction, simple extractive
workup and short overall reaction time (commonly less than 4 hours), compound 2.12 was obtained
in a high yield of 85% and confirming the good efficiency of the method. Following this evaluation,
the method was successfully applied to prepare N-protected amino aldehyde compounds 2.4, 2.12,
2.16 and 2.17, and the yields were between 75% to 85%. The purified aldehyde compounds 2.4,
2.12, 2.16 and 2.17 were then used into the next step for the preparation of dipeptide. Moreover, an
optical rotation study was carried out to determine if there are any differences between the three

methods.

2.4.2 Optical rotation study

To check the stereo-integrity of the synthesized compounds, optical rotation was measured.
Optical rotation, also known as polarization rotation or circular birefringence, is the rotation of
the orientation of the plane of polarization about the optical axis of linearly polarized light as
it travels through certain materials.>® For a pure substance in solution, if the wavelength and
path length are fixed and the specific rotation is known, the observed rotation can be used to

calculate the concentration.>"!

Due to the different reported values, an optical rotation study of compounds 2.4, 2.12, 2.16 and
2.17 and in either DCM or MeOH was investigated (Table 2.4) and a comparison with all
reported values was considered. In the first instance, tested compounds were all synthesized by
the same method which was via CDI/DIBAL-H. From Table 2.4, it was found that the same

amino aldehyde with different protecting groups was quite similar in the solvent DCM, but

88


https://en.wikipedia.org/wiki/Polarization_(waves)
https://en.wikipedia.org/wiki/Linear_polarization
https://en.wikipedia.org/wiki/Specific_rotation

slightly different in MeOH. The value was always observed positive in DCM but negative in

MeOH which indicated that the value is influenced by the solvents.

Then, compound 2.12 prepared by different synthetic methods was used to evaluate the effect
of synthetic method on optical purity (Table 2.5). From Table 2.5, it was found that though the
optical rotation of compound 2.12 was almost the same when obtained by different synthetic
methods, the yield was the highest in the method via CDI/DIBAL-H. As a conclusion, the
observed specific rotation angles and optical rotatory dispersion (ORD) spectra are strongly
influenced by solvent-solute interactions.?®? The opposite measuring value of the same
compound was observed when different solvents were used. Still, it was observed that the same
compound 2.12 prepared by different methods (methods A to C) showed no significant
difference. Hence, CDI/DIBAL-H approach (method C) was used in the preparation of all other
N-protected amino aldehydes, which were subsequently used for synthesis of lugdunin

analogues.
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Table 2.4: optical rotation of compounds 2.4, 2.12, 2.16 and 2.17 in different solvents.

Optical rotation

Optical rotation

Value reported

[a]D23.4, DCM [a]D23.4, MeOH
Fmoc-L-Ala-H +30.9 -85 [a]p?® = +43.4 (c = 1.00 in CHCl3)*
(2.12) (c=0.69) (c=0.5) [a]p2 = +13.0 (¢ = 1.00 in CHCl3)**
Boc-L-Ala-H (2.16) +29.4 -30.5 [a]p® = +14.2 (c = 1.07 in DCM)**
(c=0.58) (c=0.98) [a]p2 = +33.9 (¢ = 1.00 in DCM)3%
[a]p2 = -25.5 (¢ = 1.00 in MeOH)>?
[a]p'® = -33.3 (c = 1.01 in MeOH)**
[a]p2 = +23.4 (¢ = 2.30 in CHCl;)*”
Fmoc-L-Val-H (2.4) +61.8 +22.1 [a]p?® =-10.9 (¢ = 0.22 in MeOH)*"?
(c=0.58) (c=0.58) [a]p® = +16.6 (¢ = 1.00 in MeOH)*!!
Boc-L-Val-H (2.17) +77.8 -12.4 a]p? = +78.6 (¢ = 1.07 in DCM)>*
(c=0.76) (c=0.76) a]p® = -11.6 (¢ = 1.00 in MeOH)>'2

[o]
[o]
[a]p* = +80.4 (c = 1.00 in DCM)**
[0]p* =-19.0 (c = 1.00 in MeOH)*'®

Compounds were all prepared by the method of using CDI/DIBAL-H.

Table 2.5: yield and optical rotation of compound 2.12 by different methods.

Yields (%) Optical rotation Optical rotation

[a]p*4, DCM [a]p™4, MeOH
Method A 70 +23.6(c=0.7) -74(c=0.7)
Method B 48 +252(c=0.7) -59(c=0.7)
Method C 85 +30.9 (¢ =0.69) -8.5(c=0.5)

A: synthesis by oxidation from alcohol

B: synthesis by reduction from Weinreb amide

C: synthesis by CDI/DIBAL-H

2.4.3 Synthesis of thiazolidine dipeptide

As mentioned in the previous section, the thiazolidine ring can be formed by the condensation

of an amino aldehyde and L-cysteine (2.18) (Scheme 2.9). Hence, N-protected amino aldehyde

compounds 2.4, 2.12, 2.16 and 2.17 were reacted with L-cysteine in a mixture of methanol and
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water and stirred for 18 hours to afford their corresponding thiazolidine dipeptide compounds

2.5 and 2.19-2.21 (Scheme 2.9).

However, in our hands, compounds 2.5, 2.20 and 2.21 were found to have extremely poor
solubility in most of the common solvents, including dichloromethane, chloroform, methanol,
water, DMF or even a mixture with DMSO. Only compound 2.19 was found to be slightly
dissolved in DMF. Therefore, compounds 2.5, 2.20 and 2.21 being insoluble in a wide range
of solvents were considered unsuitable for application in SPPS. Compound 2.19 was able to be
applied to the next step to prepare (L-Ala)’-lugdunin (1.25) as one of the lugdunin analogues
by the use of 2-chlorotrityl chloride resin in Chapter 3. Moreover, alternative methods to
synthesize lugdunin were evaluated, which do not require the use of pre-assembled thiazolidine

building blocks.

o o 0
Ry | NH, RiH N L
1 + o 2 HJ on
—_—
HN .
R, HS

HN S
R2
2.18
2.12: R, = CHa, R, = Fmoc 2.19: R, = CHa, R, = Fmoc (52%)
2.16: R, = CHa, R, = Boc 2.20: R, = CHs, R, = Boc (49%)
2.4: R, = CH(CHs),, R, = Fmoc 2.5: R, = CH(CHa),, R, = Fmoc (47%)
2.17: R, = CH(CHa),, R, = Boc 2.21: R, = CH(CH3)y, R, = Boc (55%)

#Reagents and conditions: (a) MeOH/H,O, RT, 18 h

Scheme 2.9 Condensation of amino aldehyde and L-Cys-OH (2.18) to form the desired thiazolidine.

2.5 Synthesis of lugdunin

2.5.1 Synthesis of lugdunin by Weinreb AM resin

Since the poor solubility of thiazolidine dipeptide compounds make it difficult for them to be

used as a building block in the method by 2-CI-Trt chloride resin, another strategy was

91



evaluated. Thus, L-Val-OH and L-Cys-OH were designed to be the head and tail, respectively,
of the linear peptide sequence (Figure 2.9). Importantly, when the peptide is cleaved from the
resin, the carboxylic acid group will be converted to an aldehyde group. As a result, the
thiazolidine ring will be formed spontaneously via the condensation of the head and tail
9213

moieties (Figure 2.9). The synthetic approach is like that reported by Schilling et al. in 201

Thus, Weinreb AM resin was firstly evaluated (Figure 2.13).

D-Val D-Leu D-Val

o Y o _/L o o}
HZN%L = Nl /\rrH@L /\[rH@L
N N Y N Y COH
SHH/\[O]/ Lo AT 0 AL

2) /
L-Cys \ L-Val L-Val

Figure 2.9 Structure of linear peptide sequence of lugdunin and the linear lugdunin with the C-terminal

aldehyde.

Weinreb AM resin can be used for the peptide sequence directly without a pre-loading step.
Likewise, L-Val-OH and L-Cys-OH were designed as the head and tail in the sequence and all
the amino acids (L-Val-OH, D-Val-OH, L-Val-OH, D-Leu-OH, L-Trp-OH, D-Val-OH, L-
Cys(Trt)-OH) were attached stepwise and all double coupled. Following the general Fmoc-

SPPS protocol, the desired linear peptide sequence 2.24 was obtained.
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After the sequence was completed, DIBAL-H (1.0 M in THF) was used to cleave the peptide
from the resin and compound 2.25 was afforded as a linear peptide with the side-chain protected
L-cysteine as the N-terminus and L-valine amino aldehyde as C-terminus (Scheme 2.10). Here,
three different conditions were tested to find the best solvent system for the cleavage reaction.
These were DCM, THF and 1:1 mixture of DCM and THF; anhydrous solvents were used in
all cases. The results showed no differences between these three conditions. Thus, for the
convenience of work up, the co-solvent containing anhydrous DCM-THF (1:1) was chosen.
Then, the desired lugdunin (1.24) was obtained after treatment with TFA — it was anticipated
that thiazolidine formation. i.e., head-to-tail cyclisation, would occur under acid conditions.
The TFA mixture, TFA-TIPS-H>O (90:5:5) was used to cleave the protecting groups and the
subsequently cyclized crude peptide product 1.24 was obtained. The scale was based on 0.1
mmol of Weinreb AM resin. Only 0.22 mg of the crude product 1.24 was obtained (overall
yield less than 1%) as pure compound after purification by RP-HPLC. Due to the low yield of

this method, an alternative method to improve the yield was evaluated.
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L-Cys—D-Val—L-Trp—D-Leu—L-Val—D-Val—L-Val H

Trt

90% TFA

Scheme 2.10 Protocol to prepare lugdunin (1.24) by using Weinreb AM resin.

2.5.2 Synthesis of lugdunin by Thr-Gly functionalized Rink TG resin

Threonyl-glycyl functionalized Rink amide resin (TG resin) was recently exploited for the total
synthesis of lugdunin.?*> The TG resin, first reported by Ede and Bray, relies on a reversible
oxazolidine formation between an aldehyde building block and the threonine 1,2-amino alcohol
motif.3!* The oxazolidine tether is stable to the reaction conditions employed in standard Fmoc-
SPPS but is readily hydrolyzed upon treatment with aqueous acid to afford a C-terminal peptide
aldehyde. Herein, a method following the approach reported by Malins et al. in 2017 was

adopted.?*
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Thus, Fmoc-Gly-OH and Fmoc-Thr-OH were used for derivatisation of the Rink amide AM
resin to form the TG resin 2.28 (Scheme 2.11). Subsequently, a loaded resin 2.29 with an
oxazolidine ring was obtained after the condensation of the amino aldehyde, Fmoc-L-Val-H
with the TG resin. Next, BocoO was utilized to protect the NH group in the oxazolidine ring to
afford the product 2.30, and then used to assemble the peptide sequence following general

Fmoc-SPPS protocol.

L)

(0]

~
O NH,
~o HN’go
T T, g O [ o
H
O x J9 o o™y
0 oY ! o}
o}
2.27
Rink amide AM resin
2.26
F <
oH moc NH
H O - O,
HIN—Q — s HN N - W o
z \/[(N/O HN 8 o]
227 H \/Z(N/O 2.29
. . S 2.28 0 N
Rink amide AM resin (simplified)
Fmoc<
';‘H ~Fmoc
WO I-!N
ot Val-L o
—_— /N\%rn\/zi \( s
Boc N
i =) Bod Gly-Q
H
o
2.30

Scheme 2.11 Chemical preperation of modified TG resin. The rink amide AM resin (2.26) is
commercial available. 2.26 was first attached by glycine and threonine. Then, the thiazolidine ring was
formed after the reaction with Fmoc-L-valine aldehyde. The final product 2.30 was then obtained after

the protection reaction by Boc.?*

Although the resin 2.30 is commercially available, it is prepared manually due to the higher
loading capacity (0.21 g/mmol in the commercial resin, but 0.36 g/mmol in the in-house

prepared) and lower cost. As indicated earlier, the linear sequence was assembled by following
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the general Fmoc SPPS protocol (Scheme 2.12). As the adjacent valine residues in the sequence
may sterically impede coupling efficiency, all the amino acids were double coupled at room
temperature for 24 h. The mixture TFA-TIPS-H>O (90:5:5) was used to cleave the resin, trityl
protecting group on the L-cysteine and the Boc protecting group on the oxazolidine ring. The
linear peptide with L-Val-H as the C-terminal was obtained, which should participate in the
condensation reaction of the head (amino acid aldehyde) and the tail (L-cysteine) to form the
thiazolidine ring, and to afford the desired lugdunin (1.24) as a crude product. The crude

lugdunin (1.24) was then purified by RP-HPLC.

In this method, crude product 1.24 was obtained of 30 mg under 0.1 mmol scale, and the 1.5
mg (1.9 % overall yield) was recovered as pure compound following purification by RP-HPLC.
Due to the better yield and more convenient to operate, all lugdunin analogues were synthesized

using this method.
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Val/-L (o) Fmoc SPPS L-Cys—D-Val—L-Trp—D-Leu—L-Val—D-Val—L-Val (o)
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Bod Gly—Q Bod Gly-Q
(0] (0]
2.30 2.31

90% TFA

H,N—L-Cys—D-Val—L-Trp—D-Leu—L-Val—D-Val—L-Val—CHO

2.32

> o

Y 4 1.24
N
H

Scheme 2.12 Protocol to prepare lugdunin by using modified TG resin.

2.5.3 Purification by RP-HPLC

Herein, RP-HPLC was used to purify the crude compound 1.24. Several peaks were found by
semi-preparative column under the condition: 45 to 61% B over 17 min, at 4 mL/min (Figure
2.10). When checked by LC/MS/MS, the peak at a retention time of 14.9 min was considered
to be the desired compound 1.24. High-resolution mass spectrometry (HRMS) also showed the
expected molecular ion (Figure 2.11). The overall yield of 1.24 was 1.9 % based on the original

Rink amide AM resin (0.1 mmole was used, with its loading capacity as 0.66 mmol/g).
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Figure 2.10 RP-HPLC trace of compound 1.24.
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Figure 2.11 HRMS result of the sample with retention time of 14.9 min.
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2.6 Conclusions

In summary, this Chapter outlined an overview of the synthetic strategies toward the
preparation of lugdunin (1.24). As discussed in section 2.2, the key part of the synthesis was
the formation of thiazolidine. Thus, different methods including the preparation of thiazolidine

dipeptide building block and the use of various resins were evaluated.

The first method was via the synthesis of the thiazolidine building block. The thiazolidine ring
can be formed by the condensation reaction between an amino aldehyde and the L-cysteine.
Thus, N-Fmoc-L-valine, N-Boc-L-valine, N-Fmoc-L-alanine and N-Boc-L-alanine were used
and converted to corresponding amino aldehyde compounds 2.4, 2.12, 2.16 and 2.17 using
CDI/DIBAL-H. Subsequently, the desired thiazolidine dipeptide compounds 2.5 and 2.19-2.21
were obtained through the condensation reaction. However, due to the poor solubility in a wide
range of solvents, Fmoc-L-Thz(L-Ala) (2.19) was the only one that could be used for the next

step. Thus, 2.19 will be introduced to prepare lugdunin analogue in Chapter 3.

An alternative method utilizing aldehyde-generated resin was then considered. Two resins were
introduced in this Chapter, which were Weinreb AM resin and the TG resin. The C-terminal
aldehyde was obtained by Weinreb AM resin when DIBAL-H was treated for the resin cleavage.
Different from Weinreb AM resin, the C-terminal aldehyde was obtained when treated with
TFA to cleave both the linear peptide from the Rink TG resin support and the oxazolidine ring.
The method with the use of TG resin was then adopted for the synthesis of all lugdunin

analogues due to its higher yield and simpler operation.

The optical rotation of synthesized Fmoc-amino aldehydes was then further measured to check

their stereo-integrity and compared with the reported values. The results indicated that the
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optical rotation value will be strongly influenced by solvent-solute interactions. Moreover, it
was found that the optical rotation value of the same Fmoc-amino aldehyde synthesized by
different methods (methods A to C, which showed in section 2.3.1) showed no significant

difference.

Due to the different reported values, an optical rotation study of compounds 2.4, 2.12, 2.16 and
2.17 and in either DCM or MeOH was investigated (Table 2.4) and a comparison with all
reported values was considered. It was observed that the compound 2.12 prepared by different

methods (methods A to C) showed no significant difference.

Subsequently, the desired linear peptide sequence of lugdunin was assembled following general
Fmoc-SPPS protocols. For this method, the step to deprotect the Fmoc was accomplished with
20% piperidine in DMF. Then coupling reaction between each amino acid was accomplished
via the the use of HATU and DIPEA. Different types of coupling reagents were also discussed
in section 2.3.6. The method of Fmoc-SSPS was thus applied to all synthesized lugdunin

analogues in this project.
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Chapter 3

Synthesis and alanine-scanning of (Ala)’-lugdunin

3.1 Synthesis of (Ala)’-lugdunin

3.1.1 Synthesis of (Ala)’-lugdunin by using 2-CI-Trt chloride resin

To investigate the effect of the 7-Val in lugdunin on the antimicrobial bioactivity, the first
modification was to make the side-chain simpler. Thus, (Ala)’-lugdunin was synthesized.
Whilst the work was ongoing, Schilling et al. in 2019 reported the synthesis and antimicrobial
evaluation of (Ala)’-lugdunin, which was observed to be approximately 8-fold less potent than

the native lugdunin against S. aureus USA300 LAC.?"

As discussed in Chapter 2, the thiazolidine dipeptide Fmoc-L-Thz(L-Ala) (2.19), which was
obtained by condensation of Fmoc-L-Ala-OH and L-Cys-OH, is fortuitously the only building
block with acceptable and usable solubility. Hence, the method utilizing 2-CI-Trt chloride resin
was first attempted (Scheme 3.1). The desired peptide sequence was prepared following
general Fmoc-SPPS protocol, in which the Fmoc-D-valine was the pre-loaded amino acid and
Fmoc-L-Thz(L-Ala) (2.19) was the last coupled building block. The carboxyl-activating
reagent, COMU was chosen since it is reported to display better efficiency, higher safety and
comparable to HATU/HBTU. However, the assembly of the linear sequence was found to be
incomplete, leading to a mixture of the linear five-mer 3.5 and seven-mer 3.4 after cleavage
from the resin using 2% of TFA in DCM. Unexpectedly, though peptides under seven amino
acids are thought to be difficult in undergoing intramolecular ring closing reactions, it was
observed that both linear five-mer 3.5 and seven-mer 3.4 were cyclized to form cyclic peptides
3.6 and 1.25 respectively. When monitored by LC/MS, the molecular ions 754.42 and 596.37

were both observed, accounting for 1.25 and 3.6 respectively. Since both compounds 1.25 and
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3.6 showed nearly identical retention time, they were difficult to separate by RP-HPLC. Thus,
an alternative method to prepare the peptide compounds by using TG resin which was had been

described in Chapter 2 was applied.

o)
O PN a S D-Val)-(L-Trp)-(D-Leu)-(L-Val)-(D-Val
. (¢} H B (D-Val)-(L-Trp)-(D-Leu)-(L-Val)-(D-Val) Fmoc—u'(D»Val)-(L-Trp)-(D-Leu)-(L-Va\)-(D»VaI)
3.1

O PP - N
O O ® SPPS Fmoc—NH H OO OO

3'2 3.3
Fmoc-D-Val-2-CI-Trt chloride resin
l b
o

S
HfKD-Val—L-Trp—D-Leu—L-Val—D-Val—OH 3.4
HoN N
H
+

HoN—D-Val—L-Trp—D-Leu—L-Val—D-Val—OH 3.5

1.25 3.6

*Reagents and conditions: (a) Coupling cycle: Fmoc-amino acid, HATU, DIPEA, DMF, RT, 4-6 hr; deprotection cycle:
20% piperidine in DMF, RT, 15 minutes. (b) 2% TFA:1% TIPS:97% DCM, RT, 30 minutes. (¢()COMU, DIPEA, DCM/DMF, RT, 2 h

Scheme 3.1 Synthesis of (Ala’)-lugdunin 1.25 by using dipeptide and 2-chlorotrityl chloride resin.

3.1.2 Synthesis of (Ala”)-lugdunin by TG resin

The preparation and utilization of the TG resin had been previously discussed, in section 2.5.5.
Herein, to synthesize (Ala)’-lugdunin (1.25), a modified TG resin with the pre-loading of
Fmoc-L-Ala-H was needed. The protocol to prepare the desired modified TG resin is outlined
in Scheme 3.2. Then, the desired (Ala)’-lugdunin (1.25) was obtained by applying the general

Fmoc-SPPS protocol.

Following purification by RP-HPLC, the overall yield of (Ala)’-lugdunin (1.25) was 3.7 %.
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The unexpected low yield might due to the lower loading capacity (0.47 mmol/g) of the
modified resin (modified TG resin pre-loaded with L-Ala which was prepared from rink amide
AM resin (0.79 mmol/g). Still, the purification method by RP-HPLC might be another reason.
The crude product was usually purified by semi-prep column and then further purified by
analytical column to obtain an acceptable ratio (> 95 %). Hence, the loss of the product would

increase after each injection into the RP-HPLC.

PROTON: 7-Ala-Lugdunin (8)
DMSO, 298 K

Wbt

11.0 10.5 10.0 95 9.0 85 80 7.5 7.0 65 60 55 50 45 4.0 3.5 3.0 25 2.0 1.5 1.0 05 0.0 -0.5
1 (ppm)

J m VO Y " .“J‘Jbu
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: T T : T T T T
10 8 [ a 2 o [ppm]

Figure 3.1 'H-NMR spectra of (Ala)’-lugdunin (1.25) reported in literature (upper one) and this project

(lower one).?!?

The structure of the purified compound was then analysized by 'H-NMR and compared with

the literature. Figure 3.1 shows the NMR spectra from the literature and synthesis in this project
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and several key signals were also found.?'® For examples, the CH3 on L-Ala-OH at position 7
was found at 0.8 (in this project) and 0.87 (in the literature); the NH on L-Trp-OH at position

3 was found at 10.62-10.71 (in this project) and 10.69-10.77 (in the literature)?'?.

~Fmoc
. OH . HN
L-Ala
HN—Q ——> N Gy Q —> o .
2.26 o HN—_ay-Q
Rink amide AM resin (simplified)
2.27 0
3.7
_F
H’\‘l mocC
L-Ala\ro
cl
c
N
—_—
Bod Gly—-Q
o
3.8

#Reagents and conditions: (a) 1.Fmoc-Gly-OH; 2.Fmoc-Thr-OH, folloeing general Fmoc-SPPS protocol
(b) Fmoc-L-Ala-H, DIPEA, MeOH, 5h, 60°C (¢) Boc,0, NMM, THF, 5h, 50°C

Scheme 3.2 Preparation of pre-loaded (Fmoc-L-Ala-H) TG resin from Rink amide AM resin.
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Scheme 3.3 Synthesis of (Ala)’-lugdunin (1.25) by using modified TG resin.

3.2 Alanine-scanning of (Ala’)-lugdunin

3.2.1 Introduction of alanine-scanning

The alanine-scanning is a common and useful method to determine the contribution of a
specific residue to the stability and/or function of a peptide or protein.*'> For example, the non-
covalent binding between the receptors and ligand molecules is determined by the residues
present in the receptor and the ligand.>!® The binding contacts could be revealed by biophysical
techniques such as X-ray crystallography and NMR.*!” A majority of the binding interactions
is mediated by a subset of residues through hydrogen bonds, salt bridges, dipole-dipole

interactions and hydrophobic interactions.*'® Identification of these amino acid residues that
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partake in the interactions helps to understand the protein function. Residues are also
responsible for the folding of the protein,*!® which contributes to the stability of the protein.
Alanine-scanning is ideally suited for identifying these residues.’!” In fact, the alanine residue
with a beta carbon but without any other side-chain functionality is commonly regarded as the

first choice for mutational scanning.

In medicinal chemistry, alanine-scanning is one of the useful tools for understanding peptide
activity and for determining structure-activity relationships (SARs). This approach establishes
the contribution of each amino acid residue to specific peptide pharmacology/activity and helps
to rationalize further modifications. As an example, alanine scan was applied in the research
of aurein 1.2 by Migon et al.**° Aurein 1.2 is an antimicrobial peptide with 13 residues. In their
study, the alanine scan of aurein was performed to investigate the effect of each amino acid
residue on its biological and physico-chemical properties, including the determination of MIC,
activity against biofilm, inhibitory effect on its formation, hemolytic activity and serum
stability. The results not only provided information on the SAR study of aurein but also gave
insights into design of novel analogs of AMPs in the future.*?® Thus, the alanine residue, as the
smallest chiral amino acid, was exploited in a similar manner as outlined above to establish an

initial SAR.

Furthermore, it was anticipated that the bulky structure due to continuous valine residues in
lugdunin leads to lower yields and difficulties in purification. Therefore, (Ala)’-lugdunin (1.25),
with a less bulky structure, has used as the reference compound for initial SAR study. Moreover,
Schilling et al. previously had reported that Ala-scanning of the native lugdunin afforded
analogues that are 4- to 8-fold less potent ((Ala)>-lugdunin; (Ala)’-lugdunin; (Ala)®-lugdunin

and (Ala)’-lugdunin) or inactive analogues ((Ala)’-lugdunin and (Ala)*-lugdunin).?!* Uniquely,
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the study reported herein would determine the importance of individual amino acid residues by

an alanine-scanning of (Ala)’-lugdunin (1.25) to yield compounds 3.11-3.15 (Figure 3.2). Here,

the effects of combining two changes, i.e., Ala-OH at position 7 and Ala-scanning at the other

positions, were systematically evaluated. Thus, each amino acid residue of compound (Ala)’-

lugdunin (1.25) was replaced by alanine with the same stereo-configuration.
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Figure 3.2 Structures of (Ala)’-lugdunin (1.25) and its alanine-scanning analogues 3.11-3.15.



3.2.2 Synthesis of compounds 3.11-3.15

To synthesize the alanine-scanning analogues 3.11-3.15, the method that utilizes a TG resin
was deployed. Since the position 7 on all compounds is L-alanine, the modified TG resin 3.8
with the pre-loaded Fmoc-L-Ala-H was prepared on a larger scale following Scheme 3.2. No
significant difference in the loading capacity was found when the reaction was scaled up (at
0.4 mmol scale) — the loading capacity was 0.39 mmol/g compared to 0.35 mmol/g when the
reaction was carried out at 0.1 mmol scale. After the preparation of resin 3.8, compounds 3.11-
3.15 were then synthesized following general Fmoc-SPPS protocol (Scheme 3.4). The crude
products were purified by RP-HPLC and also evaluated for their antimicrobial activity against
S. aureus. Typically, the yields were 1.5-2.5% (based on the loading scale of Rink amide AM

resin), with purity in excess of 95%.

H'\Il/Fmoc

AA%O L-Cys(Trt) - AA2S _AAT__ o /AA;MS

Bod cly-Q a Bod cly-Q b A<\ a2

3.8 o] (0] AA“—’—A/A3
3.16 a-e 3.11-3.15

AA’: L-alanine

a: AA7 = L-Ala, AA® = D-Ala, AA® = L-Val, AA* = D-Leu, AA% = L-Trp, AAZ = D-Val
b: AA7 =L-Ala, AA® = D-Val, AA% = L-Ala, AA* = D-Leu, AA% = L-Trp, AAZ = D-Val
c: AA7 = L-Ala, AA® = D-Val, AA® = L-Val, AA* = D-Ala, AA% = L-Trp, AA? = D-Val
d: AA7 =L-Ala, AA® = D-val, AA® = L-val, AA* = D-Leu, AA% = L-Ala, AA? = D-Val
e: AA7 = L-Ala, AA® = D-Val, AA® = L-Val, AA* = D-Leu, AA3 = L-Trp, AA? = D-Ala

3.11: AA” = L-Ala, AA8 = D-Ala, AAS = L-Val, AA* = D-Leu, AA% = L-Trp, AA? = D-Val (4.2%)
3.12: AA” =L-Ala, AA® = D-Val, AAS = L-Ala, AA* = D-Leu, AA® = L-Trp, AA? = D-Val (4.1%)
3.13: AA” = L-Ala, AA® = D-Val, AA® = L-Val, AA* = D-Ala, AA® = L-Trp, AA% = D-Val (3.2%)
3.14: AA” =L-Ala, AA® = D-Val, AA® = L-Val, AA* = D-Leu, AA® = L-Ala, AA% = D-Val (3.4%)
3.15: AA” = L-Ala, AA® = D-Val, AA® = L-Val, AA* = D-Leu, AA% = L-Trp, AA? = D-Ala (3.0%)

“Reagents and conditions: (a) Coupling cycle: Fmoc-amino acid, HATU, DIPEA, DMF, RT, 4-6 hr; deprotection cycle:20% piperidine in DMF, RT,
15 minutes. (b) 90% TFA:5% TIPS:5% H,O, RT, 3 h

Scheme 3.4 Chemical synthesis of compounds 3.11-3.15.
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3.3 Conclusions

In summary, this Chapter outlined the synthesis of (Ala)’-lugdunin (1.25) by the use of two
different resins and the alanine-scanning analogues 3.11-3.15 (Figure 3.3) which were prepared
using specifically the modified TG resin.

7
s 1

5
Q
mNLfO
6 >' HN ‘\\kz
NH L
0 uN” o

J~—N
5 o : o /
4 Y N 3
1.25
Position 1 Position 2 | Position 3 | Position4 | Position5 | Position 6 | Position 7
1.25 | thiazolidine | D-Val L-Trp D-Leu L-Val D-Val L-Ala
3.11 | thiazolidine | D-Ala L-Trp D-Leu L-Val D-Val L-Ala
3.12 | thiazolidine | D-Val L-Ala D-Leu L-Val D-Val L-Ala
3.13 | thiazolidine | D-Val L-Trp D-Ala L-Val D-Val L-Ala
3.14 | thiazolidine | D-Val L-Trp D-Leu L-Ala D-Val L-Ala
3.15 | thiazolidine | D-Val L-Trp D-Leu L-Val D-Ala L-Ala

Figure 3.3 A highlight of the structural differences of (Ala)’-lugdunin 1.25 and its alanine-scanning

analogues 3.11-3.15.

In the method that utilized a pre-prepared building block Fmoc-L-Thz(L-Ala) (2.19) and 2-Cl-
Trt resin, D-valine was first pre-loaded to the resin. Then the linear peptide sequence was
assembled following general Fmoc-SPPS protocol through the coupling with amino acids in
the order of L-valine, D-leucine, L-tryptophan and D-valine. The synthesized thiazolidine
dipeptide 2.19 was coupled as the last building block. Subsequently, (Ala)’-lugdunin (1.25)

was obtained after resin cleavage. However, when monitored by LCMS, an unexpected cyclic
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five-mer 3.6 due to the incomplete coupling of 2.19 was also found. It was difficult to purify
the mixture of 1.25 and 3.6 by RP-HPLC since their retention times are nearly identical. Thus,

the alternative method that utilized TG resin was applied.

The method to prepare TG resin has previously been described in Chapter 2. To synthesize
(Ala)’-lugdunin (1.25), the modified TG resin 3.8 with the pre-loaded Fmoc-L-Ala-H was first
prepared, and the desired compound 1.25 was obtained by following a general Fmoc-SPPS

protocol.

In order to determine the importance of each amino acid residue to specific peptide
pharmacology, alanine-scanning was applied to establish an initial SAR. Thus, analogues 3.11-
3.15, obtained from the alanine-scanning of (Ala)’-lugdunin (1.25) were synthesized using
modified TG resin 3.8 and following a general Fmoc-SPPS protocol. Figure 3.3 shows the
structure of (Ala)’-lugdunin (1.25) and its five alanine-scanning analogues. In contrast to the
study reported by Schilling et al. in which Ala scan was carried out on the native lugdunin,?!?
the analogues 3.11-3.15 will determine the effects combining two changes, i.e. Ala at position

7 and Ala-scanning at the other positions. All compounds reported in this Chapter 3 were tested

for their antimicrobial activity against S. aureus and the results are reported in Chapter 6.
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Chapter 4

Synthesis of Fmoc-N-methyl amino acids and

Fmoc-L-homoleucine

4.1 Introduction of N-methyl amino acids

N-Methylated amino acids are frequently discovered in naturally occurring compounds. As
previously reported, N-methylation of amino acids is known to improve pharmacokinetic
properties of peptide drugs.*?! Moreover, several unique features are found in N-methylated
amino acids, such as enhanced proteolytic stability and higher lipophilicity.*?? Thus, interest in
the research and study of N-methylated amino acids is increasing, especially by the

pharmaceutical industry.>*’

Many peptides are readily degraded by exo- and endo-proteolytic enzymes resulting in a short
half-life in vivo.*** Since N-methyl amino acid residues are poorly recognized as substrate
domains, the incorporation of N-methyl amino acids generally increases the stability of
peptides to proteolysis, and thus extends their in vivo half-life.>*> Moreover, most peptides have
poor oral bioavailability due to the hydrolysis reaction by digestive enzymes and/or have poor
absorption through the intestine. N-methylation, as a chemical modification, could also be
utilized in the design of peptides to improve their drug-like properties®?®. Several investigations
have been reported about the influences of backbone N-methylation on the permeability of
cyclic peptides. For example, Sanguinamide A, which is isolated as a novel thiazole-containing
macrocyclic heptapeptide (cyclo- [Ile(Thz)-Ala-Phe-Pro-lle-Pro]), has been regarded as a good
molecular template for the study of relationships between N-methylation on its backbone
amides and the changes of conformation and permeability. In the study by Bockus et al., a

new N-methylated analogue of Sanguinamide A with a Leu substitution at position 2 exhibited
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solvent-dependent flexibility and improved permeability over that of the natural product.®?” A
report published in 2010 had also highlighted that peptides rich in N-methyl phenylalanine
residues can be used as blood-brain barrier shuttles due to its ability to passively penetrate the
barrier.??® These changes usually resulted from the reduced flexibility of the backbone structure

due to the introduction of the N-methyl group.

4.2 Reported synthetic strategies to N-methyl amino acids

4.2.1 N-methylation via a-bromo acids

In 1915, the first protocol for the N-methylation of amino acids was established by Fischer and
Mechel.*? In this method, N-tosyl amino acids and a-bromo acids were used as intermediates.
In their study, several N-methyl amino acids, such as alanine, leucine and phenylalanine were
synthesized by nucleophilic displacement of a-bromo acids (Scheme 4.1).2*° However, due to

the disadvantages of low yields and racemization, the technique is rarely used now.

R R
- OH
Br ) MeNH, \N%,)\WOH
o) H
4.1 4 20 (where R = methyl: 71 %

propyl: 31 %
phenyl: 64 %)

Scheme 4.1 Synthesis of N-methyl amino acids via a-bromo acids.

To prepare the a-bromo acids used in the reaction, diazotization of the parent amino acid was
required (Scheme 4.2).3*! The reaction results in a Walden inversion, with the diazonium ion
as the intermediate. Subsequently, via a Sn2 pathway, the diazonium ion is intramolecularly
attacked by the neighbouring carboxylate group to form the highly reactive cyclic lactone

(4.5).3? Then, the optically active a-bromo acids (4.6) will be afforded via a second Sn2

112



nucleophilic addition by a bromide ion. Consequently, exposure of the intermediate 4.6 to an
excess of methylamine provides N-methyl amino acid with an opposite configuration to the

parent amino acid.

O 0 OH
R 1. KBr, H,SO, R n O
. Na
NH 2 N2 g Br
4.3 4.4 Br_ 4.6

Scheme 4.2 Mechanism for preparing o-bromo acids.

4.2.2 N-methylation via a Mitsunobu reaction

Typically, the Mitsunobu reaction has been applied in the conversion of primary and secondary
alcohols to esters, phenyl ethers, and thioethers.®* The nucleophile employed should be acidic,
since one of the reagents diethylazodicarboxylate (DEAD) must be protonated during the
course of the reaction.3 In the first step, a betaine intermediate is afforded via the nucleophilic
attack. Then the carboxylic acid is deprotonated and the alcohol is subsequently deprotonated
by DEAD to form the key oxyphosphonium ion. The attack of the carboxylate anion upon

intermediate is the only productive pathway to afford the desired methylated product .

In the method reported by Papaioannou et al. (Scheme 4.3), N-tosyl amino acid esters (4.7) and
(4.8) were alkylated through a Mitsunobu reaction,>* in which the tosylamide moiety is
considered as the acidic component of the reaction. The secured N-methyl-N-tosyl-L-valine
methyl ester (4.9) was then evaluated for the degree of epimerization via a saponification
reaction.’*® It was found that saponifying with NaOH in methanol at room temperature

produced up to 44% of the D-enantiomer. Alternatively, removal of the methyl ester via the
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deprotection with iodotrimethylsilane was observed as an effective method without

epimerization.*}’

However, the application of iodotrimethylsilane is limited due to its non-selectivity against
other protecting groups. Thus, the benzyl esters were introduced as an alternative. They are
readily removed under hydrogenolytic conditions, in which the epimerization of the N-methyl
amino acids was not observed and was therefore the preferred choice for carboxyl protection.>*8

Finally, the tosyl group was cleaved with the treatment of sodium in liquid ammonia to afford

optically active N-methyl amino acids.

R

R
TS\N%S)\fo PPh;, DEAD, MeOH Tso )\fo
H N™(S)
O\R THF | 5
"R
R = Me 4.7 R = Me 4.9 (85-96 %)
Bn 4.8 Bn 4.10 (85-88 %)

Scheme 4.3 N-methylation method reported by Papaioannou et al 3%

4.2.3 N-methylation via base-mediated alkylation

Scheme 4.4 shows the N-methylation method reported by Fischer and Lipschitz.>* In their
study, N-tosyl a-amino acids were reacted with NaOH at a temperature of 65-70 °C and methyl
iodide was used as the alkylating agent. An advantage of N-tosyl protection is the high degree
of crystallinity of the product, but a vigorous condition is usually required to remove the tosyl
group. The free N-methyl amino acids were then obtained via the acid hydrolysis with
concentrated HCI at 100 °C. However, epimerization was observed in the methylation step

which involved treatment with NaOH at a high temperature. The problem was reported by Quitt
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et al. when the optical rotation values were compared.**

Subsequently, in a method reported by Hlavacek et al., no epimerization was observed when
the alkylation reaction was performed at 0°C.>** Furthermore, since the method used was
recognised as a biphasic reaction, a detergent was included to improve phase mixing. The free
acids could then be obtained by treatment with trifluoroacetic acid (TFA) or 4 M HCI.
Subsequent tosyl group removal was accomplished with the use of calcium metal in liquid

ammonia or HBr at reflux in the presence of phenol.

R R
R
0 1.TsCl, NaOH Hel
(S) N o ™ 0
HoN NT© N
OH 2. NaOH,MeI (64—91 %)
oh L
4.11 4.12 4.13

Scheme 4.4 N-methylation method reported by Fischer and Lipschitz.

4.2.4 N-Methylation via an oxazolidinone intermediate

Herein, another method for the synthesis of N-methyl amino acids was introduced. The method
involved the formation of an oxazolidinone intermediate which is especially designed to
prepare unusual N-methyl amino acids. As reported by Ben-Ishai, the synthesis of oxazolidin-
5-ones (4.15) (Scheme 4.5) was achieved via the refluxing of N-protected amino acids with
paraformaldehyde and an acid catalyst.**! The oxazolidin-5-one ring is then susceptible to
nucleophilic attack, in which amines and alcohols as nucleophiles would afford the amides and
esters, respectively.*>3%° Hence, treatment of compound 4.15 with an equivalent amount of
benzylamine in alcohol afforded the N-hydroxymethyl amide (4.16). The desired product N-

methylglycine derivative (4.17) was then obtained via the hydrogenation by 10% Pd-C/Ha.
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Scheme 4.5 N-methylation method reported by Ben-Ishai et al.>*!

Chemists had thus recognized the efficacy of 5-oxazolidinones, and improvements were made
to their preparation and utility in conversion to other synthetically useful intermediates.

Freidinger et al. extended the range of substrates that can be converted to 5-oxazolidinones
through the use of 9-fluorenylmethoxycarbonyl (Fmoc) protected amino acids and alkanals
including paraformaldehyde.?* This sequence was applied to Fmoc-alanine, valine, methionine,
phenylalanine, lysine, serine, and histidine.*® In their study, the oxazolidinone intermediates
were formed with the addition of paraformaldehyde. Then the desired N-Fmoc-N-methyl amino
acids compounds were subsequently obtained with the treatment of triethylsilane/TFA (Scheme
4.6). Moreover, the method was also applied to the N-Cbz-protected amino acids and further

extended to N-Boc-protected amino acids by Reddy et al.>*-34

R R
R

Fmoc\N/kﬂ/OH (CH;0),, PTSA Et,SiH, TFA

N FMoc— O 3 > . Fmoc. OH

0 CeHq N I
\_d 0
4.18 4.20
4.19

Scheme 4.6 N-methylation method reported by Freidinger et al.?3®

Due to the several advantages, such as the tolerance for Fmoc-protected amino acids, simple
and convenient to operate, less side reactions and freedom from racemization, the method in
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scheme 4.6 was chosen for the synthesis of Fmoc-L-N-methyl-valine (4.24) and Fmoc-L-N-
methyl-leucine (4.25). Scheme 4.8 shows the protocol used for the synthesis of compounds
4.24 and 4.25. The oxazolidinone compounds 4.22 and 4.23 were first obtained from
commercial Fmoc-L-valine (2.2) and Fmoc-L-leucine (4.21), respectively. The addition of
paraformaldehyde was separated into four batches and the p-toluenesulfonic acid (PTSA) was
used as the acid catalyst. Then the oxazolidinone ring was reductively cleaved using the
mixture Et;SiH/TFA to give the desired N-methylated compounds 4.24 and 4.25, and then used

in the preparation of lugdunin analogues.

R R
Fmoc\N/kﬂ/OH (CH,0),, PTSA ELSH, TFA R
H Fmoc— O — - s Fmoc. OH
© CeHe \ T

\__d o

2.2: R = CH(CH,)2 92 % 4.24: R = CH(CH

22:R = 24:R = 94 %
4.21: R = CH,CH(CH), 422:R = CH(CHy), (927%) (CH3), (94 %)
4.23: R = CH,CH(CH3), (85 %) 4.25: R = CH,CH(CH,), (82 %)

Scheme 4.7 Synthesis of Fmoc-L-N-Me-Val-OH (4.24) and Fmoc-L-N-Me-Leu-OH (4.25).

Following the method established by Freidinger et al., the oxazolidinone intermediate
compounds 4.22 and 4.23 were obtained in a yield of 92% and 85%, respectively. Finally, the
desired compounds Fmoc-L-N-Me-Val-OH (4.24) and Fmoc-L-N-Me-Leu-OH (4.25) were
obtained in high yields (92% and 86%, respectively). In the study by Freidinger et al.,>® 4.22
was afforded in a yield of 96% and 4.24 in 100%. For comparison, the results are similar and

therefore indicated the reproducibility of this method.

Furthermore, different concentrations of TFA were used to investigate the efficiency of the ring
cleavage. 40% of TFA in DCM with one equivalent of TES was first tried. When monitoring

by the TLC and LCMS, it was found that around 50% of starting material had reacted over 24
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h. However, no further change was observed after a further 24 h under the same conditions.
Thus, additional TFA was used and the concentration was up to 50% and stirred for a further
24 h. It was found that more products (around 60%) were obtained but the reaction was still
incomplete. Then, one extra equivalent of TES was added, and the reaction was found to be
near 100% complete. In another trial with a starting concentration of 50% TFA and one
equivalent of TES, the conversion reaction was observed to be around 50% after 24 h. Then,
with a 55% of TFA and two equivalents of TES, the reaction was found to be complete.
However, more by-products were also observed. Hence, the addition of fresh TES was thought
to be a key point to reduce the reaction time. Thus, to prevent the unexpected side-reaction due
to higher concentration of TFA, a protocol was devised which involved treatment with 40%
TFA in DCM with one equivalent of TES for 24 h followed by an additional one equivalent of

TES with the final concentration of 50% of TFA for another 24 h.

4.3 Synthesis of Fmoc-L-homoleucine via Ni (II)-Gly-BPB complex

4.3.1 Chiral glycine equivalent approach

To prepare various unnatural amino acids, asymmetric synthesis of a-amino acids through
homologation of chiral equivalents of glycine is methodologically the most practical and
reliable approach.?*3347-34 However, glycine is not chiral and thus a racemic mixture might be
generated. Thus, a chiral glycine equivalent comprising of a chiral auxiliary moiety is needed
to control the stereo-chemical result of the alkylation reaction. Several studies of chiral glycine
equivalents have been reported and the majority are cyclic structures that are sterically hindered

on one face, directing the alkylating agent to the opposite face of the molecule.?%%-3%!

So far, several chiral equivalents of glycine have been reported. However, the Ni (II) complex

of glycine Schiff base (Ni (II)-Gly-BPB), which was introduced by Belokon et al. was one of
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the most frequently used (Scheme 4.8).3>? The details of this synthetic route will be discussed
in the next section. The Ni (II) complex is the chiral equivalent of glycine, and it offers a stereo-
chemically reliable and efficient (>95% de) homologation via alkyl halide-mediated alkylation,
aldol and Michael addition reactions. These reactions are generally under simple and
convenient conditions, i.e., without the need for inert atmosphere, dried and degassed solvents,

or low temperature.>

\/@ Glycine,
_iKOH \/@ i. soCl, N1(N03)z 6H,0,
© ii. BnCl ii. 2-amino- () |
(0] benzophenone
4.26 4.2

4.28

NaOH, RX ] \isr HCI/MeOH R
’ ‘ &
4.31

4.30
Scheme 4.8 Synthesis of the Ni (I)-glycine Schiff’s base complex (4.29) from (S)-proline (4.26) and

the desired a-amino acid (4.31) is obtained via the alkylation of the Ni (ll)-glycine Schiff’s base
complex (4.29) with an alkyl halide.%2%3

To synthesize the desired a-amino acid (4.31), compound 4.30 was first prepared via the
alkylation reaction of 4.29 with the corresponding alkyl halide. Then, 4.31 would be afforded

by the disassembly of 4.30 under acidic (HCI) conditions (Scheme 4.8).

4.3.2 Total synthesis of Ni (II)-Gly-BPB complex

4.3.2.1 Synthesis of N-benzyl-(S)-proline

To prepare the unnatural amino acid, Fmoc-L-homoleucine (4.37), a synthetic route using the
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Ni (II)-Gly-BPB complex was applied. Scheme 4.9 shows the overall synthetic route to the

Fmoc-L-homoleucine (4.37).

4.33

4.32 NH, O \/@
Cl ‘\\N
Yellone
- ~ 07°NH ©
a
0~ OH 07 “OH b
4.26 4.27

(89%) 4.28

(81%)
(O O

4.34
‘\\'\KN'/OTO /\)\ ‘\\NN'/OT
! AN
| o7 N N

/
—— 7N /ﬁ/
C d
4.29 435
(68%) .
4.36

O. o)kcj@

© (0]
O OJ\N I > (47%)
e O 4.37

Reagent: (a) benzel chloride, KOH, iPrOH. 45°C; (b) 1. PCI5, chlorobenzene, 0°C; 2.2-aminobenzophenone; (C) 1. glycine,
Ni(NO3), 6H,0, MeOH, 50°C. 2. K,CO; 65°C; (d). 1. 4.33, DMF, NaOH. 2. K,CO3, MeOH, 60°C; (e) 1.2 M HCI, MeOH,
microwave 75°C 50W 30 min; 2. 4.35, Na,CO;, THF/H,0

Scheme 4.9 Synthesis of Fmoc-L-homoleucine (4.37) via Ni (II)-Gly-BPB complex.
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The first step in this method is the N-benzylation of (S)-proline (4.26) to give N-benzyl-(.S)-
proline (4.27). Following the protocol reported by Belokon et al., 4.26 was reacted with benzyl
chloride (4.32) under basic conditions (KOH).*? For work up, concentrated HC1 was used
added to quench the reaction and the pH was adjusted to 5-6. The KCIl was then precipitated
and was filtered off after the adding chloroform. The resulting residual material was
subsequently triturated with acetone to afford compound 4.27. This reaction was carried out on
a large scale, starting with 20 g of 4.26, and gave a reproducible high yield of 94%. This is like
the yield (89%) obtained by Belokon et al., from which this procedure was taken.>>?> The

product was then used in the next step without further purification.

4.3.2.2 Synthesis of chiral ligand (S5)-2- [V’- (N benzylprolyl)amino]benzophenone (BPB)
(4.28)

The chiral ligand (S)-2- [N ’- (N-benzylprolyl)amino]benzophenone (BPB) 4.28 was obtained
via the formation of an amide bond in a reaction between N-benzyl-(S)-proline 4.27 and 2-
aminobenzophenone 4.32. The method involved the use of phosphorus (V) pentachloride (PCls)
was previously reported by Romoff et al.*** Compound 4.28 was obtained as off-white solids
and the yield was 54%. The purity of the product was confirmed by 'H NMR, optical rotation

and melting point analysis, and further used directly for the next step.

4.3.2.3 Synthesis of Ni (II)-Gly-BPB complex (4.29)

For the synthesis of Ni (II)-Gly-BPB complex 4.29, the protocol reported by Ng et al.*> was
adopted. The mixture of (S)-BPB ligand, glycine and Ni (NO3)2*6H>0O was refluxed in MeOH
and then K,CO3 was added. It was observed that the color of the reaction suspension would
quickly turn from green to dark red. The reaction proceeded via imine formation between BPB

and glycine and the chelation of Ni 2" ions to form the complex. Additional K»CO3 was added
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after stirring for 1 h and refluxed for a further 2 h until the reaction completed. For workup, the
reaction mixture was quenched with AcOH before being filtrated. Then the filtrate had H20
added and the suspension was stirred for a couple of hours to precipitate out and be collected as a
red amorphous solid, which was dried in an oven to give pure product 4.29. Then Ni (II)-Glycine-
BPB complex 4.29 was afforded in a reproducible yield of 82%, which is similar to the results

reported by Ng et al. (88%) and Belokon et al. (91%).%3%3%

4.3.2.4 Alkylation of Ni (II)-Glycine-BPB complex

Compound 4.35 was obtained by the alkylation reaction of Ni (II)-Glycine-BPB complex (4.29)
with isopentyl iodide (4.34). The reaction can be conducted under either a homogeneous
condition or a heterogeneous phase-transfer (PTC) condition.*® Homogeneous reactions
are chemical reactions in which the reactants and products are in the same phase, while
heterogeneous reactions have reactants in two or more phases. Herein, due to the reasons of
better diastereoselectivity and the poor solubility of 4.29 in solvents commonly used in PTC, a

homogeneous condition was applied.

Thus, to a solution of Ni (II)-Gly-BPB complex (4.29) in anhydrous DMF was added 5
equivalents of NaOH. Subsequently, 4.34 in anhydrous DMF was added dropwise and stirred
for a further 1 h. Studies have shown that the equilibrium could be driven towards the
thermodynamically favored (S, S)-diastereomer in basic conditions, which is the
thermodynamically favourable product when the proline chiral centre is in the (S)
configuration.*>” Thus, to improve the stereochemical outcome, a second base treatment (3
equivalents of KoCO3) was subsequently added to the previous reaction mixture and refluxed
for another 2 h.*>> An analysis by RP-HPLC showed the diastereomeric ratio was improved

from 95:5 (90 % de) to an acceptable level (97:3, 94 % de).
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4.3.2.5 Disassembly of the alkylated Ni (II)-Glycine-BPB complex and N-Fmoc-protection
reaction

The final step of the whole procedure is the disassembly of the C-alkylated Ni (I1)-Gly-BPB
complex and followed by an N-Fmoc-protection reaction. The disassembly of the C-alkylated
complex was achieved by acid-mediated hydrolysis. The alkylated Ni complex compound 4.35
was dissolved in a mixture of MeOH and 2 M HCI (3:1), and heated in a microwave under the
condition of 50 W and 75°C. It was observed that the color changed from red to light green
after the microwave heating which indicated the high efficiency of the hydrolysis reaction to
give the desired amino acid analogue, and the by-products (S)-BPB and NiCl,. After solvent
removal in vacuo, the residue was re-dissolved in H,O. Adjustment to pH 9 was achieved using
saturated aqueous Na,COsz and the mixture was extracted with DCM. Addition of
ethylenediaminetetraacetic acid (EDTA) disodium salt dihydrate is a necessary step to form a
stable chelate with NiCl,. Fmoc-oxyma is selected as the introduction of Fmoc protecting group
due to the relatively simple workup and negligible formation of impurities.”®! Scheme 4.10
shows the mechanism of Fmoc-protection to L-Hle using Fmoc-Oxyma. The by-product
(oxyma impurity) can be easily removed by column chromatography. Following THF removal
in vacuo, the aqueous suspension was extracted with Et2O. Acidification of the aqueous layer
was carried out using KHSO4 until pH 1-2. This was subsequently extracted with EtOAc, the
combined organic extracts dried over MgSO4 and concentrated in vacuo to give the desired

product Fmoc-L-homoleucine 4.37.
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Scheme 4.10 Mechanism of Fmoc-protection by Fmoc-oxyma.

4.4 Conclusions

In summary, this chapter outlined the synthetic strategies for the preparation of Fmoc-N-methyl
amino acids and Fmoc-L-homoleucine. Several routes to synthesize N-methylated amino acids
have been reported, such as via a-bromo acid, Mitsunobu reaction, base-mediated alkylation
and the unique method that involves the formation of a 5-oxazolidinone ring (Scheme
4.11).322:329.334.343.346 The 5-oxazolidinone route was evaluated. The overall yields of the 5-
oxazolidinone intermediates 4.22 and 4.23 were high (85-92%), and the desired products 4.24

and 4.25 were then afforded also in an excellent yield of 82-94% after the cleavage of the 5-

oxazolidinone ring.
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Scheme 4.11 Different methods for the synthesis of N-methylated Fmoc-Hle-OH (4.37). Among them,

the route via the formation of 5-oxazolidinone was adopted in the thesis.

Furthermore, different concentrations of TFA were used to investigate the best condition for
the ring-cleavage step. It was found that the reaction would be completed under the condition
of' 50% TFA, while more by-products were also observed when the concentration was increased.
Moreover, the addition of fresh TES was deemed necessary. Thus, a protocol was established,
in which the 5-oxazolidinone intermediates were treated with 40% TFA in DCM and one
equivalent of TES for the first 24 h, and then with an additional one equivalent of TES in a

final concentration of 50% of TFA for a further 24 h.

With the advantages of high yields (overall > 80%), convenient to operate and a simple work-
up, this method was selected as the protocol for the chemical synthesis of Fmoc-L-N-Me-Val-
OH and Fmoc-L-N-Me-Leu-OH; these building blocks were then used for the preparation of

the lugdunin analogues, (N-Me-Val’)-lugdunin and (N-Me-Leu’)-lugdunin, respectively.

For the preparation of unnatural amino acid, the method via Ni (II)-Gly-BPB complex was
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used.*¥23% The protocol involved N-benzylation, amidation, Schiff base formation, alkylation,
hydrolysis and the final Fmoc-protection to give the desired unnatural Fmoc-protected amino
acids. This synthetic approach had been introduced due to its high diastereoselectivity of the
optimized alkylation reaction and milder reaction condition due to the high reactivity of

Schiffs.

Moreover, in the step of the alkylation of Ni (II)-Glycine-BPB complex 4.29, it was observed
that an additional base treatment improved the ratio between the diastereoisomers (S, S) and (S,

R) to an acceptable level of 97:3 (94% de).

Thus, the method was used to synthesize L-homoleucine. Subsequent N-protection reaction
involved the use of Fmoc-Oxyma. The secured Fmoc-L-homoleucine was subsequently used

for the synthesis of the lugdunin analogue, (N-L-homoleucine’)-lugdunin.
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Chapter 5

Lugdunin analogues with modifications at position 6 and 7

5.1 Synthesis of lugdunin analogues with modification at position 7

5.1.1 Strategy for the design of lugdunin analogues

In Chapter 2, a study of alanine-scanning of (Ala)’-lugdunin (1.25) was established. Hence,
more analogues were designed to investigate the systematic replacement of different amino
acids at different positions. As reported by Schilling et al., modification at position 1 including
the ring opened analogue and the change of the ring size resulted in compounds that are less
active or inactive as antimicrobial agents.?** Modifications at position 3, 4 and 5 also resulted
in inactive compounds. In contrast, modifications or changes at position 2, 6 and 7 displayed
the same or even better activity than the natural product lugdunin.?®® In the most recent study
that involved changes at positions 2, 3 and 4, it is found that all the analogues are inactive

compared to lugdunin.?®

Since there is still no systematic study on the modification at position 7 of lugdunin, an
extensive SAR study at this position was carried out (Figure 5.1). As mentioned in Chapter 1,
the antibacterial activity strongly correlates with dissipation of the membrane potential in S.
aureus. Lugdunin equalizes pH gradients in artificial membrane vesicles, thereby maintaining
membrane integrity, which demonstrates that proton translocation is the mode of action. The
overall polarity and hydrophobicity of lugdunin and analogues thereof could potentially
modulate antimicrobial activity. Thus, several analogues were designed and synthesized with
the modification at position 7 for the SAR study including the importance of the length of linear
carbon chain, importance of branched chain, and the replacement of associated heterocyclic

structures.
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7-L-Val 1-thiazolidine

7-L-Valine was substituted by: /g/\
1. Linear/branched side chain: NH HNL.'//O
L-Leu, L-Hle, L-Nva, L-Nle. ?A

6-D-Val k 2-D-Val
NH
2. Aromatic side chain: L-CPA,
L-Phe, L-Trp. HN

3-L-Trp

3. Others: L-N-Me-Val, L-N- 5-L-Val o /
Me-Leu.
N
H

4-D-Leu

Figure 5.1 Structure of natural product lugdunin (1.24) and the modifications at position 7.

5.1.2 Synthesis of the lugdunin analogues with linear/branched side chain

To first investigate the effect of the length of the side chain, (L-Leu)’-lugdunin and (L-Hle)’-
lugdunin were synthesized (Figure 5.2). Compared to the L-valine residue at position 7 at
lugdunin, its replacements L-leucine and L-homoleucine are comprised of one and two more
methylene moieties, respectively. The Fmoc-L-leucine (4.21) is commercially available while
the Fmoc-L-homoleucine (4.37) was synthesized following the method previously discussed
in Chapter 4. Thus, Fmoc-L-Leu-H (5.1) and Fmoc-L-Hle-H (5.2) were synthesized by the
CDI/DIBAL-H method, previously outlined in Chapter 2, and then used in the preparation of

modified TG resin (Scheme 5.1).

. 7-L-homoleucine
7-L-leucine 1-Thiazolidine 1-Thiazolidine
4‘ o &
o]
YN HN

NH HN
6-D-valine > 2-D-valine 6-D-valine I HN k 2-D-valine
NH L
O °© HN O
NH H
J~—N
5-L- valme 5-L-valine o :
o v 3-L-tryptophan o7 3-L-tryptophan
N N
4-D-| leucme 4-D-leucine H
1.65 1.66

Figure 5.2 Structures of (L-Leu)’-lugdunin 1.65 and (L-Hle)’-lugdunin 1.66.
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HN\FmOC HN\ch\)?/ HN\Fmoc
4.21: R = CH,CH(CH,), 5.1: R = CH,CH(CH;), (85%)
4.37: R = CH,CH,CH(CHs), 5.2: R = CH,CH,CH(CHs),  (72%)

#Reagents and conditions: (a) CDI, dry DCM, 0°C, 1 h, then (b) DIBAL-H (1.0M in toluene), -78°C, 1.5 h

Scheme 5.1 Synthesis of Fmoc-L-Leu-H (5.1) and Fmoc-L-Hle-H (5.2).

After the respective Fmoc-amino aldehydes were obtained, the modified TG resin was prepared
by the pre-loading of compounds 5.1 and 5.2 on TG resin (Scheme 5.2). Subsequently, the
desired cyclic peptide (L-Leu)’-lugdunin (1.65) and (L-Hle)’-lugdunin (1.66) were synthesized
following general Fmoc-SPPS protocol (Scheme 5.3). Synthesized compounds were then
tested for their antimicrobial activity against different strains of S. aureus. The details of the

antimicrobial results will be discussed in Chapter 6.

) oH HN,Fmoc:
HN—Q ——— H,N cly-Q —b> aa\(o .
2.26 o AN~ ciy-Q
Rink amide AM resin (simplified) 2.27 (0]

5.3: aa = L-leucine
5.4: aa = L-homoleucine

_Fmoc
HN

aa\ro
ol
C/N Gly-Q

0]

Bo

5.5: aa = L-leucine
5.6: aa = L-homoleucine

#Reagents and conditions: (a) 1.Fmoc-Gly-OH; 2.Fmoc-Thr-OH, following general Fmoc-SPPS protocol
(b) Fmoc-L-Ala-CHO, DIPEA, MeOH, 5h, 60°C (c) Boc,0, NMM, THF, 5h, 50°C

Scheme 5.2 Preparation of modified rink TG resin 5.5 and 5.6.
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_Fmoc

HN
AA?(O - L-Cys(Trt) - AAZ - AA7\ro N AA/GAA7 S
N cly-Q N 5 HN\?
Boc/ Y a Boc/ GIy—O b A<\ AA?
) AAS——AA3
5.5: AA”=L-Leu 5.7: AA7 =L-Leu 1.65: AA7 =L-Leu (3.2%)
5.6: AA” =L-Hle 5.8: AA” = L-Hle 1.66: AA” = L-Hle (1.4%)

5.7: AAS = D-Val, AA® = L-Val, AA* = D-Leu, AA% = L-Trp, AA? = D-Val
5.8: AAS = D-Val, AAS = L-Val, AA* = D-Leu, AA3 = L-Trp, AA% = D-Val

1.65: AA® = D-Val, AA® = L-Val, AA* = D-Leu, AA® = L-Trp, AAZ = D-Val
1.66: AA® = D-Val, AAS = L-Val, AA* = D-Leu, AA® = L-Trp, AA? = D-Val

#Reagents and conditions: (a) Coupling cycle: Fmoc-amino acid, HATU, DIPEA, DMF, RT, 4-6 hr;
deprotection cycle:20% piperidine in DMF, RT, 15 minutes. (b) 90% TFA:5% TIPs:5% H,O, RT, 3 h

Scheme 5.3 Synthesis of lugdunin analogues (L-Leu)’-lugdunin (1.65) and (L-Hle)’-lugdunin (1.66).

Then, to investigate the effect of amino acids with linear side-chain compared to branched side
chain, L-norvaline and L-norleucine were installed. Fmoc-L-norvaline has the same number of
carbons as Fmoc-L-valine but arranged as a linear carbon chain. Similarly, L-norleucine is the
linear chain equivalent of L-leucine. Thus, a SAR study between linear and branched side chain
could be established. Both Fmoc-L-norvaline and Fmoc-L-norleucine were commercially
available. Using the method mentioned before, the first step was the conversion of the Fmoc-
amino acids to Fmoc-amino aldehyde. Therefore, Fmoc-L-Nva-H and Fmoc-L-Nle-H were
synthesized by the CDI/DIBAL-H route (Scheme 5.4). Then, modified TG resin with pre-
loaded 5.11 and 5.12 were prepared (Scheme 5.5). Following the general Fmoc-SPPS protocol,
(L-Nva)’-lugdunin (1.67) and (L-Nle)’-lugdunin (1.68) were subsequently synthesized

(Scheme 5.6). Figure 5.3 shows the chemical structures of lugdinin analogues 1.67 and 1.68.
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5.9: R = CH,CH,CHj 5.11: R = CH,CH(CHs), (82%)
5.10: R = CH2CH2CH2CH3 5-12: R = CHZCHZCH(CH3)2 (70%)

#Reagents and conditions: (a) CDI, dry DCM, 0°C, 1 h, then (b) DIBAL-H (1.0M in toluene), -78°C, 1.5 h

Scheme 5.4 Synthesis Fmoc-L-Nva-H (5.11) and Fmoc-L-Nle-H (5.12).

H'\\I,Fmoc
follow scheme 5.2 aa 0O
H2N_O [ \’\lr al
|
2.26 Bod cy-Q
(6]

Rink amide AM resin (simplified)
5.13: aa=L-Nva

5.14: aa = L-Nle

#Reagents and conditions: (a) 1.Fmoc-Gly-OH; 2.Fmoc-Thr-OH, following general Fmoc-SPPS protocol
(b) Fmoc-L-Ala-CHO, DIPEA, MeOH, 5h, 60°C (¢) Boc,0, NMM, THF, 5h, 50°C

Scheme 5.5 Preparation of modified TG resin 5.13 and 5.14.

H'\lj/Fmoc
AN o L-Cys(Trt) - AAZ® - AAT__( _AALs
T Yo TN AA®
/N Gly-Q N Aﬁ5 "
Boc y a Bod cy-Q b \ /AAZ
0 0 ’ AAS—AA®
5.13: AA’=L-Nva 5.15: AA”=L-Nva 1.67: AA7 = L-Nva (2.7%)
5.14: AA”=L-Nle 5.16: AA” =L-Nle 1.68: AA” = L-Nle (3.2%)

5.15: AA® = D-val, AAS = L-Val, AA* = D-Leu, AA% = L-Trp, AAZ = D-Val
5.16: AA® = D-Val, AA® = L-Val, AA* = D-Leu, AA% = L-Trp, AA%= D-Val

1.67: AA® = D-Val, AAS = L-Val, AA* = D-Leu, AA® = L-Trp, AA? = D-Val
1.68: AA® = D-Val, AAS = L-val, AA* = D-Leu, AA® = L-Trp, AA? = D-Val

#Reagents and conditions: (a) Coupling cycle: Fmoc-amino acid, HATU, DIPEA, DMF, RT, 4-6 hr;
deprotection cycle:20% piperidine in DMF, RT, 15 minutes. (b) 90% TFA:5% TIPs:97% H,O, RT, 3 h

Scheme 5.6 Synthesis of lugdunin analogues (L-Nva)’-lugdunin (1.67) and (L-Nle)’-lugdunin (1.68).
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Figure 5.3 Structures of (L-Nva)’-lugdunin (1.67) and (L-Nle)’-lugdunin (1.68).

5.1.3 Synthesis of the lugdunin analogues with cyclic/aromatic side chain

Since analogues with hydrophobic side-chain structure might lead to retention or possibly an
increased antimicrobial activity, L-cyclopropyl alanine (CPA), L-phenylalanine and L-
tryptophan were installed at position 7 to afford the lugdunin analogues (L-Trp)’-lugdunin
(1.69), (L-Phe)’-lugdunin (1.70) and (L-CPA)’-lugdunin (1.71) (Figure 5.4). Fmoc-L-
tryptophan (5.17), Fmoc-L-phenylalanine (5.18) and Fmoc-L-cyclopropyl alanine (5.19) were
first converted to Fmoc-amino aldehyde compounds 5.20 to 5.22 (Scheme 5.7). Next, the
desired modified TG resin 5.23 to 5.25 were obtained following the protocol in Scheme 5.8.
Following peptide assembly and cyclisation (Scheme 5.9), and purification by semi-preparative

RP-HPLC, the analogues 1.69, 1.70 and 1.71 were obtained in acceptable yields.
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Figure 5.4 Structures of (L-Trp)’-lugdunin (1.69), (L-Phe)’-lugdunin (1.70) and (L-CPA)’-lugdunin
(1.71).

2 i i
a b
o o, -
HN \\/
> = HN.

Fmoc HN\Fmoc Fmoc
5.17:R=L-Trp 5.20: R = L-Trp (47%)
5.18: R = L-Phe 5.21: R = L-Phe (85%)
5.19: R = L-CPA 5.22: R = L-CPA (75%)

#Reagents and conditions: (a) CDI, dry DCM, 0°C, 1 h, then (b) DIBAL-H (1.0M in toluene), -78°C, 1.5 h

Scheme 5.7 Synthesis of Fmoc-L-Trp-H (5.20), Fmoc-L-Phe-H (5.21) and Fmoc-L-CPA-H (5.22).
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5.23: aa=L-Trp
5.24: aa = L-Phe
5.25: aa=L-CPA

#Reagents and conditions: (a) 1.Fmoc-Gly-OH; 2.Fmoc-Thr-OH, following general Fmoc-SPPS protocol
(b) Fmoc-L-Ala-CHO, DIPEA, MeOH, 5h, 60°C (c¢) Boc,0, NMM, THF, 5h, 50°C

Scheme 5.8 Preparation of modified TG resin 5.23-5.25.

_Fmoc
HN
AA%O L-Cys(Trt) - AAZ8 - AA7 0
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N N
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5.23: AA”=L-Trp
5.24: AA7 = L-Phe
5.25: AA” = L-CPA

5.26: AA7 = L-Trp
5.27: AA” = L-Phe
5.28: AA” =L-CPA

5.26: AA® = Val, AA% = L-Val, AA* = D-Leu, AA® = L-Trp, AA% = D-Val
5.27: AA® = val, AAS = L-Val, AA* = D-Leu, AA® = L-Trp, AA% = D-Val
5.28: AA® = Val, AA® = L-Val, AA* = D-Leu, AA® = L-Trp, AA% = D-Val

1.69: AA® = Val, AA® = L-Val, AA% = D-Leu, AA% = L-Trp, AA? = D-Val
1.70: AAS = val, AA® = L-val, AA* = D-Leu, AA% = L-Trp, AA? = D-Val
1.71: AA® = Val, AA% = L-Val, AA% = D-Leu, AA% = L-Trp, AAZ = D-Val

1.69: AA7 = L-Trp (3.2%)
1.70: AA” = L-Phe (2.9%)
1.71: AA7 = L-CPA (2.7%)

#Reagents and conditions: (a) Coupling cycle: Fmoc-amino acid, HATU, DIPEA, DMF, RT, 4-6 hr;
deprotection cycle:20% piperidine in DMF, RT, 15 minutes. (b) 90% TFA:5% TIPs:97% H,0, RT, 3 h

Scheme 5.9 Synthesize lugdunin analogues (L-Trp)’-lugdunin (1.69), (L-Phe)’-lugdunin (1.70) and (L-

CPA)’-lugdunin (1.71).

5.1.4 Synthesis of the lugdunin analogues with V-methylated amino acids

The N-alkyl amino acids are valuable building blocks because their incorporation into peptides

can modify their conformation by decreasing the number of hydrogen bonds and increasing

backbone steric hindrance, and therefore, modulate their biological properties, such as potency,
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selectivity, and bioavailability.>?! Furthermore, N-alkyl amino acids increase peptide resistance
to proteases and their cell permeability. In the earlier section, it was established that the residue
at position 7 is more tolerant to an amino acid with branched hydrocarbon side chain and
especially with three carbon (L-valine) and four carbon (L-leucine). Hence, lugdunin analogues
with the N-methylation of L-valine and L-leucine residues were synthesized for further SAR

study. Figure 5.5 shows the structures of the designed analogues.

7-L-N-Me-valine 1-Thiazolidine 7-L-N-Me-leucine 1-Thiazolidine
S

>§;N\ HNJ\H;&‘( ?;N HNJ\%

6-D-valine 2-D-valine 6-D-valine >Hw \ HN k 2-D-valine
NH
° HN O 0o uN’ o
NH H NH H
o~N J~N
5-L-valine o : 5-L-valine o : )
S 3-L-tryptophan / 3-L-tryptophan
4-D-leucine H 4-D-leucine
5.29 5.30

Figure 5.5 Structures of (L-N-Me-Val)’-lugdunin (5.29) and (L-N-Me-Leu)’-lugdunin (5.30).

The preparation of Fmoc-N-methyl amino acids was following the synthetic method which had
been discussed in Chapter 4 and the compounds Fmoc-L-N-Me-Val-OH (4.24) and Fmoc-L-N-

Me-Leu-OH (4.25) were subsequently applied to the preparation of analogues 5.29 and 5.30.

Thus, Fmoc-L-N-Me-Val-OH (4.24) and Fmoc-L-N-Me-Leu-OH (4.25) were converted to their
corresponding amino aldehyde compounds, Fmoc-L-N-Me-Val-H (5.31) and Fmoc-L-N-Me-
Leu-H (5.32), respectively (Scheme 5.10). The desired modified TG resin 5.33 and 5.34 were
then prepared by the procedure shown in Scheme 5.11. With modified TG resin 5.33 and 5.34,
the peptide sequences were then assembled using general Fmoc-SPPS protocol and the desired
lugdunin analogues 5.29 and 5.30 were afforded after resin cleavage and peptide cyclization

(Scheme 5.12).
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4.24: R = L-valine
4.25: R = L-leucine
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5.31: R = L-valine
5.32: R = L-leucine

#Reagents and conditions: (a) CDI, dry DCM, 0°C, 1 h, then (b) DIBAL-H (1.0M in toluene), -78°C, 1.5 h

Scheme 5.10 Synthesis of Fmoc-L-N-Me-Val-H (5.31) and Fmoc-L-N-Me-Leu-H (5.32).

_Fmoc
N

aa o)
\( .

follow scheme 5.2

N
HN—Q ——— > / Gly—Q

e Boc

2.26 0

Rink amide AM resin (simplified)

5.33: aa = L-N-Me-valine
5.34: aa = L-N-Me-leucine

#Reagents and conditions: (a) 1.Fmoc-Gly-OH; 2.Fmoc-Thr-OH, following general Fmoc-SPPS protocol
(b) Fmoc-L-Ala-CHO, DIPEA, MeOH, 5h, 60°C (¢) Boc,O, NMM, THF, 5h, 50°C

Scheme 5.11 Preparation of modified TG resin 5.33 and 5.34.

_Fmoc
HN
AA?\/O L-Cys(Trt) - AAZS AA7\ro
N N o
Bod \%rGly{) a Bod \%rsly{)
o o]

5.33: AA” = L-N-Me-valine

5.35: AA” = L-N-Me-valine
5.34: AA” = L-N-Me-leucine

5.36: AA” = L-N-Me-leucine

5.35: AAS = D-Val, AA® = L-Val, AA* = D-Lau, AA% = L-Trp, AA? = D-Val
5.36: AA® = D-Val, AA® = L-val, AA* = D-Lau, AA3% = L-Trp, AA? = D-Val

5.29: AA® = D-Val, AAS = L-Val, AA* = D-Lau, AA3 = L-Trp, AA? = D-Val
5.30: AAS = D-Val, AA® = L-Val, AA* = D-Lau, AA3 = L-Trp, AA? = D-Val

5
¢
AAS——AA3

5.29: AA” = L-N-Me-valine (4.1%)
5.30: AA7 = L-N-Me-leucine (3.7%)

#Reagents and conditions: (a) Coupling cycle: Fmoc-amino acid, HATU, DIPEA, DMF, RT, 4-6 hr;
deprotection cycle:20% piperidine in DMF, RT, 15 minutes. (b) 90% TFA:5% TIPs:97% H,O, RT, 3 h

Scheme 5.12 Synthesis of lugdunin analogues (L-N-Me-Val)’-lugdunin (5.29) and (L-N-Me-Leu)’-

lugdunin (5.30).
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5.1.5 Synthesis of the lugdunin analogue (L-Thr)’-lugdunin

In the previous section, position 7 analogues with more hydrophobic residues, such as
hydrocarbon side chain, aromatic side chain or N-methylated amino acids were designed and
tested for antimicrobial activity. Several analogues showed activity while most of them were
inactive against S. aureus. To fully investigate the SAR for the modification at position 7,
Fmoc-L-threonine was installed to give (L-Thr)’-lugdunin (5.37) (Figure 5.6). Given the
apparent preference for hydrophobic side chain, it was anticipated that the L-Thr’-analogue
would be inactive and hence could be a useful negative control compound.

7_L-threonine  OH 1-Thiazolidine
S

o/g/f

o
NH AN
6-D-valine >

e HN \k 2-D-valine
NH )
o HN (0]
NH H
J~—N
5-L-valine o :
o7 3-L-tryptophan
N

4-D-leucine

5.37

Figure 5.6 Structures of (L-Thr)’-lugdunin 5.37.

Threonine is an amino acid which comprises a side chain with a hydroxyl group, making it a
polar and uncharged and thus could be used to compare with the hydrophobic moieties. Scheme
5.13 shows the protocol for the preparation of Fmoc-L-Thr-H. The modified TG resin 5.40 was
prepared following Scheme 5.14. (L-Thr)’-lugdunin 5.37 was then obtained following Fmoc-

SPPS procedure (Scheme 5.15).
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N
N\Fmoc HN. </

5.38

#Reagents and conditions: (a) CDI, dry DCM, 0°C, 1 h, then (b) DIBAL-H (1.0M in toluene), -78°C, 1.5 h

Scheme 5.13 Synthesis of Fmoc-L-Thr-H 5.39

_Fmoc
HN

|
L-Thr 0
follow scheme 5.2
H2N O \'\lr ol

/ Gly—Q

2.26 Boc

Rink amide AM resin (simplified)
5.40

#Reagents and conditions: (a) 1.Fmoc-Gly-OH; 2.Fmoc-Thr-OH, following general Fmoc-SPPS protocol
(b) Fmoc-L-Ala-CHO, DIPEA, MeOH, 5h, 60°C (¢) Boc,0, NMM, THF, 5h, 50°C

Scheme 5.14 Preparation of modified TG resin 5.40.

H,\‘I,Fmoc
Thr-L_0O L-Cys(Trt) - AAZ6 - AAT AA’ s
\r BT y ( ) \ro BT AA/6 TM
N ey-Q N aks N
Boc y a Bod cly-Q b a2
o o} AAt——AA®
o 7 _
5:A40: AAT=L-Thr 5.41: AA” = L-Thr 5.37: AA7 = L-Thr (2.4%)

5.41: AA® = D-Val, AAS = L-Val, AA* = D-Leu, AA% = L-Trp, AAZ = D-Val
5.37: AA® = D-val, AA® = L-val, AA* = D-Leu, AA3 = L-Trp, AA? = D-Val

#Reagents and conditions: (a) Coupling cycle: Fmoc-amino acid, HATU, DIPEA, DMF, RT, 4-6 hr;
deprotection cycle:20% piperidine in DMF, RT, 15 minutes. (b) 90% TFA:5% TIPs:5% H,O, RT, 3 h

Scheme 5.15 Synthesis of lugdunin analogue (L-Thr)’-lugdunin 5.37.
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5.2 Synthesis of lugdunin analogues with modification at position 6

As mentioned in the previous section 1.4 analogues with the modification at position 6 might
still display antimicrobial activity. Three lugdunin analogues, including (D-Leu)’-lugdunin
(1.72), (D-Trp)®-lugdunin (1.46) and (D-Phe)®-lugdunin (1.73) (figure 5.7) were designed and
synthesized to investigate the SAR. Since (L-Leu)’-lugdunin was found to be the most active
compound, the substitution of D-valine to D-leucine at position 6 was designed. Besides, D-
tryptophan and D-phenylalanine were also introduced for further SAR study. Moreover, the
(D-Trp)®-lugdunin was recently reported by Schilling ef al. to be active against S. aureus, hence

the preparation of this compound could confirm their results.?!?

The first step was the conversion of an Fmoc-amino acid to the corresponding Fmoc-amino
aldehyde (Scheme 5.16). Since position 7 is fixed as L-valine, only Fmoc-L-Val-H was needed
for the preparation of modified TG resin. The protocol for the preparation of Fmoc-L-Val-H
and relative modified TG resin has been discussed before. The desired analogues (D-Leu)®-
lugdunin (1.72), (D-Trp)S-lugdunin (1.46) and (D-Phe)’-lugdunin (1.73) were subsequently

obtained following a general Fmoc-SPPS procedure (Scheme 5.16).
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Figure 5.7 Structures of (D-Leu)®-lugdunin (1.72), (D-Trp)®-lugdunin (1.46) and (D-Phe)’-lugdunin

(1.73).

Fmoc
|
AA7_o L-Cys(Trt) - AA26 _AAT__( PGS
\N( o A H'I‘Mj)
N 5
Bod cy-Q a Bod cly-Q b AC /AA2
0 0 ” AA4——AA3
1.64: AA7 = L-Val 5.42: AA7 = L-Val 1.72: AA7 = L-Val (2.2%)
. 7 _
5.43: AA7 =L-Val 1.46: AA7 = L-Val (4.1%)
5.44: AA"=L-Val 1.73: AA7 = L-Val (3.7%)

5.42: AA® = D-Leu, AA® = L-Val, AA* = D-Leu, AA% = L-Trp, AA? = D-Val
5.43: AAS = D-Trp, AA% = L-Val, AA* = D-Leu, AA® = L-Trp, AA? = D-Val
5.44: AAS = D-Phe, AA® = L-Val, AA*= D-Leu, AA% = L-Trp, AA% = D-Val
1.72: AA® = D-Leu, AA® = L-Val, AA* = D-Leu, AA® = L-Trp, AA? = D-Val
1.46: AA® = D-Trp, AA% = L-Val, AA* = D-Leu, AA3 = L-Trp, AA% = D-Val
1.73: AA® = D-Phe, AA® = L-Val, AA* = D-Leu, AA3 = L-Trp, AA? = D-Val

#Reagents and conditions: (a) Coupling cycle: Fmoc-amino acid, HATU, DIPEA, DMF, RT, 4-6 hr;
deprotection cycle:20% piperidine in DMF, RT, 15 minutes. (b) 90% TFA:5% TIPs:5% H,O, RT, 3 h

Scheme 5.16 Synthesis of lugdunin analogues (D-Leu)®-lugdunin (1.72), (D-Trp)®-lugdunin (1.46) and

(D-Phe)®-lugdunin (1.73).
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5.3 Synthesis of lugdunin analogues with combined modification at position
6 and 7

Among the analogues modified at position 7, (L-Leu)’-lugdunin was found to be the most
active compound while (D-Trp)®-lugdunin was the most active one when modified at position-
6. Therefore, an analogue (D-Trp)®-(L-Leu)’-lugdunin (5.45) (Figure 5.8) with the combination
of the two features was synthesized. Since the residue at position 7 is L-leucine, the modified
TG resin with pre-loaded Fmoc-L-Leu-H was first synthesized. The protocol to prepare Fmoc-
L-Leu-H and relative modified TG resin has been shown in the previous section (Scheme 5.1
and 5.2). Subsequently, following the general Fmoc-SPPS procedure, the desired compound

5.45 was afforded (Scheme 5.17).

7-L-leucine

1-Thiazolidine
6-D-tryptophan S

H
N "
O,
g\/z NH HN:‘,\T//O
e HN k 2-D-valine

NH

(0] un' O

NH H
)—~N
5-L-valine o :
Y o 7 3-L-tryptophan
N

H

4-D-leucine

5.45

Figure 5.8 Structure of (D-Trp)~(L-Leu)’-lugdunin (5.45).

_F
Hl\ll mocC
AA7 o L-Cys(Trt) - AA2S - AAT o _AA s
‘\N/ Lo \\/ Lo /AA6 HIT\IM
Gl N 5

Bod y-Q a Bod Gly-Q b A'\A /AA2

o] > 0o - AA4——AAS

5.5: AA”=L-Leu 5.46

5.46: AA” = L-Leu, AA® = D-Trp, AA® = L-Val, AA* = D-Leu, AA3 = L-Trp, AA% = D-Val
5.45: AA” = L-Leu, AA® = D-Trp, AA% = L-Val, AA* = D-Leu, AA% = L-Trp, AA% = D-Val

#Reagents and conditions: (a) Coupling cycle: Fmoc-amino acid, HATU, DIPEA, DMF, RT, 4-6 hr;
deprotection cycle:20% piperidine in DMF, RT, 15 minutes. (b) 90% TFA:5% TIPs:5% H,O, RT, 3 h

Scheme 5.17 Synthesis of lugdunin analogue (D-Trp)°®-(L-Leu)’-lugdunin (5.45).
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5.4 Conclusions

In summary, this chapter outlined the design and total synthesis of a focused library of lugdunin
analogues. These compounds are designed to facilitate early SAR study. Whilst the work was
in-progress, Schilling ef al. reported their results on a number of lugdunin analogues, which
indicated tolerance to modifications at position 2, 6 and 7.2!* Herein, an in-depth SAR study of

modifications at position 6 and 7 is reported.

Compounds 1.65 and 1.66 were first designed to investigate the importance of the length of the
hydrocarbon side chain in residue 7. Then compounds 1.67 and 1.68 were synthesized as the
residue was changed to a linear side chain. It was found that structure with a branched side
chain and the length of four carbons gave the most active compound (see Chapter 6 for the
antimicrobial activity). Subsequently, the effect of hydrophobicity on antimicrobial activity
was considered. Hence, amino acids with non-polar and (hetero) aromatic side chain were
installed. Thus, the compounds 1.69, 1.70 and 1.71 were designed in which L-valine residue is

replaced with L-tryptophan, L-phenylalanine and L-cyclopropyl alanine, respectively.

Since N-methylated amino acids possess several advantages including conformational changes
and improved proteolytic stability and/or higher lipophilicity, they have been shown to improve
pharmacokinetic properties of peptide drugs. Therefore, due to the potency of lugdunin (1.24)
(in which position 7 is L-valine) and (L-Leu)’-lugdunin (1.65), Fmoc-L-N-Me-Val and Fmoc-
L-N-Me-Leu were introduced as the alternative amino acids at position 7. The results showed
that the antimicrobial activity of (L-N-Me-Val)’-lugdunin 5.29 is quite similar to lugdunin
while (L-N-Me-Leu)’-lugdunin (5.30) was found to be less active than (L-Leu)’-lugdunin
(1.65). The last analogue with modification at position 7 is (L-Thr)’-lugdunin (5.37). Due to a

hydroxyl group in the side chain of Thr residue, it was anticipated that 5.37 would be more
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hydrophilic. Indeed, the compound 5.37 was found to be inactive.

A further SAR study on position 6 was established by the synthesized analogues 1.72, 1.46,
and 1.73. Among these compounds, (D-Trp)®-lugdunin (1.46) had been reported by Schilling
et al. and the result of bioactivity was the compared in chapter 6 to confirm the observation of

reported data.?!3

Finally, (D-Trp)®-(L-Leu)’-lugdunin (5.44) with the modifications at both position 6 and 7 was
synthesized. However, compound 5.44 was found to be inactive against S. aureus. Figure 5.9
shows the structure of lugdunin and the modification strategy. Table 5.1 shows all the analogues

synthesized in this chapter. Detailed results of the antimicrobial activity will be discussed in

Chapter 6.

Modification at position 7:
7-L-Leu, 7-L-Hle, 7-L-Trp, 7-L-Phe,
7-L-CPA, 7-L-Leu, 7-L-Nva, 7-L- 7-L-valine 1-Thiazolidine

Nle, 7-L-Thr &s
A1
HN ‘\\k

?—NH HN
Modification at position 6-D-valine >' 2-D-valine
6: NH
6-D-Leu, 6-D-Trp, 6-D- ° " HN' O
Phe H
5-L-valine o)\é/
2 5 5 Y ° 7 3-L-tryptophan
Combined modification at N
position 6 and 7: 4-D-leucine

7-L-Leu + 6-D-Trp

Figure 5.9 Structure of lugdunin and modifications at position 6 and 7.
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Table 5.1 Synthesized analogues with modifications at position 6 or 7. The difference in amino acid

residue is highlighted in red.

Compounds | Position 1 Position 2 | Position 3 | Position 4 | Position 5 | Position 6 | Position 7
Lugdunin thiazolidine D-Val L-Trp D-Leu L-Val D-Val L-Val

1.24
1.25 thiazolidine D-Val L-Trp D-Leu L-Val D-Val L-Ala
1.65 thiazolidine D-Val L-Trp D-Leu L-Val D-Val L-Leu
1.66 thiazolidine D-Val L-Trp D-Leu L-Val D-Val L-Hle
1.67 thiazolidine D-Val L-Trp D-Leu L-Val D-Val L-Nva
1.68 thiazolidine D-Val L-Trp D-Leu L-Val D-Val L-Nle
1.69 thiazolidine D-Val L-Trp D-Leu L-Val D-Val L-Trp
1.70 thiazolidine D-Val L-Trp D-Leu L-Val D-Val L-Phe
1.71 thiazolidine D-Val L-Trp D-Leu L-Val D-Val L-CPA
5.29 thiazolidine D-Val L-Trp D-Leu L-Val D-Val L-N-Me-Val
5.30 thiazolidine D-Val L-Trp D-Leu L-Val D-Val L-N-Me-Leu
5.37 thiazolidine D-Val L-Trp D-Leu L-Val D-Val L-Thr
1.72 thiazolidine D-Val L-Trp D-Leu L-Val D-Leu L-Val
1.46 thiazolidine D-Val L-Trp D-Leu L-Val D-Trp L-Val
1.73 thiazolidine D-Val L-Trp D-Leu L-Val D-Phe L-Val
5.44 thiazolidine D-Val L-Trp D-Leu L-Val D-Trp L-Leu
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Chapter 6

Antibacterial assessment of lugdunin and analogues thereof

6.1 Introduction

The total synthesis of lugdunin and 20 analogues thereof have already been described in the
previous Chapters 2, 3 and 5. All the compounds were evaluated for their antibacterial activity

against several different strains of the Gram-positive bacterium S. aureus.

Lugdunin is a natural product which was isolated from the human nasal bacterium
Staphylococcus lugdunensis®® Lugdunin was discovered to be a novel thiazolidine-
containing cyclic peptide antibiotic and the first antibiotic to come from a bacterium that lives
primarily in humans.?® Lugdunin was found to be active against both methicillin-
resistant Staphylococcus aureus and vancomycin-resistant E. coli in cell culture tests.?
Moreover, lugdunin is also effective in treating skin infections caused by S. aureus.?® In this
chapter, a detailed account of the MoA will be first discussed, and subsequently the

antibacterial results and the SAR study of all synthesized compounds.

Based on th proposed mode of action reported by Schilling et al., proton translocation is
thought to be the mechanism and thus, the polarity of the compounds may be taken into
important consideration when designing analogues for SAR studies. Initially, all the lugdunin
analogues including alanine scanning and the modifications at positions 6 and 7 were tested in

antimicrobial assays against multiple strains of S. aureus.
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6.2 Antimicrobial activity of lugdunin and its analogues against S. aureus

6.2.1 Growth inhibition and broth microdilution assays

The growth inhibition assay was performed using the Gram-positive strains, S. aureus SH1000
and USA300 JE2. To this end, a growth inhibition assay was performed which followed
changes in optical density of the bacterial culture over time, at various concentrations of the
tested compounds. The normalised percentage growth at 13 h was used to generate dose-
response curves and from these, the concentration at which 50 % of the bacterial growth was

inhibited (ICso) was calculated.

Thus, an overnight culture of a single SH1000 colony in Luria-Bertani (LB) media was adjusted
to an ODgoo of 0.01, giving approximately 106 colony forming units per mL (CFU/mL). A 10
mM stock solution of the tested compound in DMSO was added to the culture and serially
diluted to obtain various concentrations in a 96-well plate, with the DMSO concentration
adjusted to 1 % in all test compound wells. In addition, vancomycin treated culture was used
as a positive control and LB media, untreated culture and culture with 1 % DMSO were used
as negative controls. The plate was then incubated at 37°C for 20 h and ODgoo measurements
were taken every 15 min using a TECAN microplate reader. The growth curves and the
corresponding dose-response curves for lugdunin and analogues thereof were obtained, such
as the one shown in Figure 6.1 (a) that was obtained with (Leu)’-lug (1.65). The normalised
percentage growth of the bacteria at 13 h was calculated for each concentration of the test
compound and visualised in a dose-response curve (Figure 6.1 (b)). Finally, the ICso value was
calculated from the dose-response curve and was found to be 6.47 + 0.14 uM for 1.65. Growth
curves and does-response curves of both S. aureus SH1000 and USA300 JE2 for all synthesized

compounds are shown in appendix 1 and 2.
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Figure 6.1 (a) A growth curve of S. aureus SH1000 in various concentrations of (Leu)’-lug (1.65). (b)
A dose-response curve generated from the percentage growth at 13 h. Three independent experiments

were conducted, with vancomycin as a positive control.

The growth inhibition assay is useful for SAR studies as it allows for subtle differences in the
potencies of different analogues to be determined. However, a complementary assay was
performed to obtain MICs against a range of S. aureus strains. Additionally, a general broth
microdilution method was adopted to obtain the minimum inhibitory concentration (MIC)
values. MIC is determined as the lowest concentration (in pg/mL) of a tested compound that
inhibits the growth of a given strain of bacteria. The broth microdilution assay is convenient to
screen antimicrobial compounds against many different strains of the same species or different
microorganisms. However, the results are taken at the endpoint of the assay and therefore lack
any information on how the bacterial growth is affected over time at the different test
compound concentrations. On the other hand, the growth inhibition assay does supply this
information and allows subtle differences between the activities of analogues to be seen. Hence,
the growth inhibition assay was used to inform decisions on where to make changes in the
chemical structures to improve activity, whereas the broth microdilution assay was useful to
compare activities between strains. The 1Csp and MIC data against the five S. aureus strains

mentioned above is discussed in the following sections for all the analogues.
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Herein, S. aureus SH1000 and USA300 JE2 were used as the tested strains for the initial assay.
The most active compounds 1.24, 1.46, 1.65 and 5.29 were tested, and their activity will be
determined against another three different strains of S. aureus, Newman, PM64 and Mu50.
Table 6.1 outlines the phenotypic features of all five strains of S. aureus. Among these 5
different strains of S. aureus, SH1000 and Newman are methicillin-sensitive, while USA300
JE2, PM64 and Mu50 are all methicillin-resistant, especially the Mu50 is also vancomycin-
intermediate-resistant. S. awureus SH1000 is known to harbour 15 single-nucleotide
polymorphisms.*® S. aureus USA300 JE2 is the strain responsible for the community-acquired
skin infection.>®” The S. aureus strain Newman, which was also isolated from a human infection,
displays robust virulence properties in animal models of disease. As reported, the complete
genome sequence of S. aureus Newman, which carries four integrated prophages, as well as
two large pathogenicity islands.>*® S. aureus Mu50 was used as the only strain with resistance

to vancomycin.>®

Table 6.2 shows the ICso and MIC values of synthesized analogues against S. sureus SH1000
and S. aureus USA300 JE2. A SAR study of the compounds using both broth microdilution
and growth inhibition assays was established and will be further discussed in the following

section.

Table 6.1 Features of different strains of S. aureus used in antimicrobial tests

Strain of S. aureus Features

SH1000°"! Methicillin—sensitive, derivative of RN6390 with the rsbU gene
restored

USA 300 JE2°*” | Methicillin—resistant, associated with unusually invasive diseases

Newman?%® Methicillin—sensitive, isolated from a human infection, robust
virulence phenotypes
PM643%° Methicillin—resistant
Mu50°7° Vancomycin-resistant MRSA, isolated in Japan in 1997, possess a

thickened cell wall
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Table 6.2 In vitro potency of lugdunin analogues and vancomycin against S. aureus SH1000 and

USA300 JE2.
Compounds I1Cso (uM)* MIC (ng/ml)°
S. aureus S. aureus
SH1000 USA300 JE2 SH1000 USA300 JE2
Vancomycin 1.31 +0.28 (n=3) 0.62 £0.01 (n=3) 1 2
Lugdunin (1.24) 2542+0.45(n=3) | 27.58+0.62 (n=3) 32 32
(Ala)’-Lug (1.25) 9525+1.05(n=3) | 97.05+2.08 (n=3) >32 >32
(Ala)’-(Ala?)-Lug (3.11) >100 (n=2) >100 (n=2) >32 >32
(Ala)’-(Ala*)-Lug (3.12) >100 (n=2) >100 (n=2) >32 >32
(Ala)’-(Ala*)-Lug >100 (n=2) >100 (n=2) >32 >32
(3.13)
(Ala)’-(Ala%)-Lug >100 (n=2) >100 (n=2) >32 >32
(3.14)
(Ala)’-(Ala%-Lug >100 (n=2) >100 (n=2) >32 >32
(3.15)

(Leu)’-Lug (1.65) 6.47+0.14 (n=13) 6.88+0.75 (n=23) 8 8

(Hle)’-Lug (1.66) >100 (n=2) >100 (n=2) >32 >32

(Nva)’-Lug (1.67) 357+ 0.21 (n=3) 34.0+0.33 (n=3) >32 >32

Nle)’-Lug (1.68) 39.77 £ 0.28 (n = 3) 38.5+0.41 (n=3) >32 >32
g
Trp)’-Lug (1.69 >100 (n=2 >100 (n=2 >32 >32
rp)’-Lug (1.69)
(Phe)’-Lug (1.70) >100 (n = 2) >100 (n = 2) >32 >32
(L-cyclopropyl-Ala)’- >100 (n=2) >100 (n=2) >32 >32
Lug (1.71)
(L-N-Me-Val)’-Lug | 27.32+048 (n=3) | 2549+0.18 (n=23) 32 32
(5.29)
(L-N-Me-Leu)-Lug | 60.25+0.27 (n=3) | 47.58+1.16 (n=23) >32 >32
(5.30)

(Thr)’-Lug (5.37) >100 (n =2) >100 (n =2) >32 >32
(D-Leu)*-Lug (1.72) >100 (n = 2) >100 (n = 2) >32 >32
(DTrp)°-Lug (1.46) 3645+0.33(n=3) | 19.74+0.27 (n=23) 32 32
(D-Phe)®-Lug (1.73) 5029+£0.29 (n=3) | 68.06+1.16 (n=23) >32 >32

(Leu)’-(Trp)®-Lug >100 (n = 2) >100 (n = 2) >32 >32

(5.44)

“1Cso values are given as the mean + standard deviation of three independent growth inhibition assays.

> MIC determined using the broth microdilution assay, performed in triplicates according to CLSI

guidelines.
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6.2.2 Structure-activity relationships study of lugdunin and the analogues

against S. aureus

6.2.2.1 SAR study of alanine-scanning

Alanine-scanning as discussed in the previous chapter 3 is a useful tool to determine the
importance of each residue on bioactivity. The amino acid at each position were replaced by
the alanine without the change of stereo-configuration. In this project, (L-Ala)’-lugdunin (1.25)
was used as the starting point for the design and synthesis of the alanine-scanning analogues,
3.11-3.15. Using the growth inhibition assay, the antimicrobial activity of the synthesized
compounds was determined against both S. aureus SH1000 and USA300 JE2; the ICso values
are recorded in Table 6.1. The acquired MIC values against both S. aureus SH1000 and

USA300 JE2 are also reported in Table 6.1.

It was found that, compared to lugdunin (1.24) (ICso = 25.42 + 0.45 uM against against S.
aureus SH1000), only (Ala)’-Lug (1.25) (ICso = 95.25 + 1.05 uM against against S. aureus
SH1000) displayed potent antimicrobial activity but is ca. 4-fold less potent compared to
lugdunin. Moreover, the alanine-scanning analogues 3.11-3.15 were all foumd to be inactive
against both S. aureus SH1000 and USA300. The results indicate that substitution or
modification at position 7 is tolerated but not with double substitutions. Hence, a further SAR
study of analogues with modification at position 7 was carried out and the results are discussed

in the next section.

6.2.2.2 SAR study of analogues modified at position 7
To establish SAR at position 7, several analogues were designed and synthesized. To determine
the effect of the length of the hydrocarbon side chain, (Leu)’-Lug (1.65) and (Hle)’-Lug (1.66)

were first introduced. The results showed that the (Leu)’-Lug (1.65) was the most potent
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analogue among all the synthesized compounds (ICso = 6.47 &= 0.14 uM against S. aureus SH

1000 and 6.88 + 0.75 uM against USA300 JE2). In fact, (Leu)’-Lug (1.65) is four-fold more
active than lugdunin (1.24). However, (Hle)’-Lug (1.66) was found to be inactive, thus

indicating a further lengthening of the hydrocarbon chain (by one methylene group) is

detrimental. Moreover, to investigate the effect of linear versus branched side chains, (Nva)’-
Lug (1.67) and (Nle)’-Lug (1.68) were then installed. With the same number of carbons in the

side chain, norvaline and norleucine are the linear side-chain variants of valine and leucine,

respectively. The antimicrobial activity of (Nva)’-Lug (1.67) (ICso = 35.7 £ 0.21 uM against

SH1000 and 34.0 + 0.33 uM against USA300 JE2) shows 1.5-fold less potent than lugdunin,

while (Nle)’-Lug (1.68) is substantially less active, by approximately 6-fold, compared to the

corresponding branched hydrocarbon variant, (Leu)’-Lug (1.65).

Subsequently, replacement of the hydrocarbon amino acid residue at position 7 with
(hetero)aromatic or cyclic side chain was investigated, and thus (Trp)’-Lug (1.69), (Phe)’-Lug
(1.70) and (L-cyclopropyl-Ala)’-Lug (1.71) were synthesized. These three analogues were
found to be inactive. It is hypothesized that the (hetero)aromatic ring at position 7 might be too
bulky to the neighbouring thiazolidine ring. Hence, amino acids with bulky side chains should
be avoided at position 7. Unexpectedly, the analogue (L-cyclopropyl-Ala)’-Lug (1.71),

essentially a cyclic variant of valine, was also found to be inactive.

As discussed in the previous chapter, the hydrophobicity of the structure might be an important
factor for antimicrobial activity. Thus, N-methylated amino acid was then considered as the
substitution at position 7. The (L-N-Me-Val)’-Lug (5.29) and (L-N-Me-Leu)’-Lug (5.30) were

introduced for the SAR study. As the result shown in Table 6.1, replacement with N-methyl
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amino acid led to similar or less active compounds, thus indicating that tertiary amide bond is
tolerated here. The effect on the overall structural conformation will be investigated in the
future. Finally, (Thr)’-Lug (5.37), with a hydroxyl group in the hydrocarbon side chain was
prepared and found to be inactive, thus indicating that a hydrophilic moiety within the

hydrocarbon side chain is not tolerated.

6.2.2.3 SAR study of analogues modified at position 6

To also establish a focused SAR at position 6, three analogues were synthesized and evaluated.
The amino acid at this position in lugdunin is D-valine. Since replacement at position 7 with
Leu significantly increases the antimicrobial activity, (D-Leu)®-Lug (1.72) was first
synthesized. However, the result showed an inactive analogue (Table 6.1). Furthermore, to
investigate the effect of substitution by (hetero)aromatic amino acids, (D-Trp)®-Lug (1.46) and
(D-Phe)®-Lug (1.73), in which the D-valine was replaced by D-tryptophan and D-phenylalanine
were prepared. Besides, (D-Trp)®-Lug (1.46) was previously reported by Schilling et al., so the
preparation of the compound could be regarded as a control. Among the three analogues, (D-
Trp)®-Lug (1.46) and (D-Phe)®-Lug (1.73) were found to be active against both S. aureus strains
(ICs0 =36.45 + 0.33 pM against SH1000 and 19.74 + 0.27 against USA300 uM for 1.46; ICso
=50.29 £ 0.29 uM against SH1000 and 68.06 + 1.16 uM against USA300 for 1.73) while (D-
Leu)’-Lug (1.73) was found to be inactive. Thus, although a branched hydrocarbon side chain,
i.e., leucine residue, was favourable at position 7, substitution with a (hetero)aromatic side

chain, i.e., Trp residue, is preferred at position 6.

Following the SAR assessment at position 6 and 7, the analogue (Trp)®-(Leu)’-Lug (5.44), with

the combination of D-tryptophan at position 6 and L-leucine at position 7 was synthesized as

the last analogue in this project. Unexpectedly, this combination analogue showed a complete
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lack of antimicrobial activity.

6.2.3 Broth microdilution antimicrobial assessment of selected analogues

Among all the synthesized compounds, the analogues (L-Leu)’-Lug (1.65), (L-N-Me-Val)’-
Lug (5.29), (D-Trp)®-Lug (1.46), as well as lugdunin (1.24) were further tested in different
strains of S. aureus, including Mu50, Newman and PM64. The description of these strains was
outlined earlier in section 6.3. The highest concentration applied in this assay was 64 pg/mL.
Vancomycin was used as a positive control. The antimicrobial assessment results showed no
significant difference between the five S. aureus strains. From Table 6.3, it was observed that
the MIC value of vancomycin and analogues including (L-Leu)’-Lug (1.65) and (L-N-Me-
Val)’-Lug (5.30) against Mu50 was higher than other strains because Mu50 is a VRSA strain
with changes in the membrane thickness/composition. Moreover, the MIC values for each of
the four compounds were identical against the other SH1000, USA300 JE2 and PM64.
Gratifyingly, 1.65 is typically 4-fold more potent than lugdunin and the other two analogues,

which included the most active analogue, 1.46 reported by Schilling et al.*"

Table 6.3 MIC values of the most potent analogues against different strains of S. aureus. MIC

determined using the broth microdilution assay, performed in duplicate.

Compounds MIC (pg/mL)

SH1000 USA300 JE2 Mu50 Newman PMé64

Vancomycin I (n=2) 2(n=2) 4 (n=2) 2(n=2) 2(n=2)
Lugdunin (1.24) 32(n=2) 32(n=2) 32(n=2) | 32(n=2) | 32(n=2)
(L-Leu)’-Lug (1.65) | 8 (n=2) 8(n=2) 16(n=2) | 16(m=2) | 8§(n=2)
(L-N-Me-Val)’-Lug | 32 (n=2) 32(n=2) 64(n=2) | 32(n=2) | 32(n=2)
(5.29)
(D-Trp)>-Lug (1.46) | 32 (n=2) 32(n=2) 32(n=2) | 32(n=2) | 32(n=2)

153



6.3 Conclusions

In summary, this chapter described the antimicrobial evaluation of lugdunin and analogues
thereof which were synthesized in this project against different strains of S. aureus. The SAR
study had been established with the results from the growth inhibition assay and broth

microdilution assay.

The growth inhibition assay was performed by the use of S. aureus SH1000 and USA300 JE2.
Vancomycin was used as the positive control in the assay. Percentage (%) growth of bacteria
at 13 h was calculated and the ICso was then determined using GraphPad Prism. For the broth
microdilution assay, a general broth microdilution method was established, and the minimum
inhibitory concentration (MIC) values of all tested compounds was then obtained. Moreover,
five different strains of S. aureus including SH1000, USA300 JE2, Newman, Mu50 and PM64
were used in the assay. Among them, SH1000 and Newman are methicillin-sensitive strains,
USA300 JE2 and PM64 are methicillin-resistant strains, and Mu50 is a vancomycin-resistant

MRSA.

For the compound (Ala)’-Lug (1.25) and its alanine-scanning analogues 3.11-3.15 (Figure 6.2),
the antimicrobial activity were determined against both S. aureus SH1000 and USA300 JE2
using the growth inhibition assay. It was found that only (Ala)’-Lug (1.25) showed potent
antimicrobial activity but was four-fold less active than lugdunin (1.24). In contrast, the
alanine-scanning analogues 3.11-3.15 were all tested inactive against both S. aureus strains.
The results indicate that substitution or modification at position 7 is tolerated but not

simultaneous changes at two positions.
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Figure 6.2 Chemical structures of (Ala)’-Lug (1.25) and its alanine-scanning analogues 3.11-3.15.
Among them, 1.25 was the only active compound against S. aureus. The structural differences relative

to lugdunin (1.24) are shown in highlight.

For the analogues in which replacement occurred at position 6, amino acid with branched side
chain like leucine was found inactive while (hetero)aromatic side chain, such as tryptophan
and phenylalanine were tested active (Figure 6.3), especially (D-Trp)®-lugdunin (1.46) showed

similar activity as lugdunin. The analogue 1.46 was previously reported by Schilling et al.*'3
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Thus, the analogue 1.46 was further tested against different strains of S. aureus. It was proposed

that a hydrophobic heterocyclic ring might be more favourable for the future analogues design.

7-L-valine : s
1-Thiazolid L-valt
iazolidine 7-L-valine 1-Thiazolidine
0]
(0]
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N
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Figure 6.3 Chemical structures of lugdunin analogues with the modifications at position-6. Analogues
with substitution of D-leucine 1.72 and D-phenylalanine 1.73 were tested inactive and less active
against S. aureus respectively, while (D-Trp)®-lugdunin (1.46), was found the most potent analogue of
the modification at position 6. The structural differences relative to lugdunin (1.24) are shown in

highlight

For the lugdunin analogues with replacement at the position 7, amino acid residues with
branched hydrocarbon side chain was generally found to be more potent than those with
(hetero)aromatic side chain. Moreover, N-methylated amino acid substitution were all found to
be less active or inactive (Figure 6.4). Gratifyingly, (L-Leu)’-lugdunin (1.65), which is four-
fold more active than lugdunin, was found to be the most active analogue among all

synthesized compounds. However, all other analogues showed less active or inactive against S.
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aureus. The SAR study at positon 7 indicated that modification at this position might also be
restricted due to the neighbouring thiazolidine ring. Therefore, the future work, including the

design of new analogues and time-kill assay will be discussed in the next chapter.

HN k
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L-Leu (1.65)
L-Hle (1.66)
L-Nva (1.67)

L-N-Me-Val (5.29)
L-N-Me-Leu (5.30)
L-Thr (5.37)

L-Nle (1.68)
L-Trp (1.69)
L-Phe (1.70)
L-CPA (1.71)

Figure 6.4 Chemical structures of lugdunin analogues with the modifications at position 7. R group
was varied when different amino acid residues were used. Among them, (L-Leu)’-lugdunin (1.65) was

found to be the most potent analogue within all synthesized analogues.

Furthermore, when tested against S. aureus SH1000, Figure 7.5 shows illustrative examples of
the dose-response curves for lugdunin (1.24), (Ala)’-lugdunin (1.25), (Leu)’-Lug (1.65) and

(D-Trp)®-Lug (1.46), from which the ICso values were calculated.
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Figure 7.5 Dose-response curve of lugdunin (1.24), (Ala)’-lugdunin (1.25), (Leu)’-Lug (1.65) and (D-
Trp)®-Lug (1.46) against S. aureus SH 1000. The experiment was carried out with vancomycin as the

positive control.
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Chapter 7

General conclusions and future work

7.1 General conclusions

S

e

0
HNL\k
HN™ O
NH
)\_/N
o :

/
N

1.24

NH
0]

Figure 7.1 Chemical structure of lugdunin (1.24) with the unique thiazolidine ring. The SAR study was

focused on the modifications at position 6 and 7.

Lugdunin (1.24) is a novel non-ribosomally synthesized cyclic peptide which was first

).2% The structure of lugdunin

discovered and reported by Zipperer et al. in 2016 (Figure 7.1
contains an unique thiazolidine ring and the amino acids are with alternating D- and L-
configuration.?’ Lugdunin is also the first antibiotic isolated from a bacterium Staphylococcus
lugdunensis which resides primarily in the nasal cavity of humans. The MoA of lugdunin is
broadly different to all antibiotics currently in clinical use. In a recent study, lugdunin was
found to cause rapid and efficient translocation of protons across bacterial membrane, whilst

maintaining membrane integrity.?!?

In the SAR study reported by and Schilling ef al. in 2019, it was found that an unsubstituted
thiazolidine, tryptophan, leucine, and the alternating D- and L-amino acid backbone were found

).213 Moreover, change of macrocyclic ring size were also found to

to be essential (Figure 7.2
be not permitted. A further SAR study had then been reported by Saur ef al. in 2021.%%% It was
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concluded that at position 2, hetero-containing polar motifs will lead to inactive in
antimicrobial activity. At position 3, it was found that a hydrophobic aromatic ring was
essential. At position 4, modest modifications such as D-Ile and D-Nva were tolerated while
the bioisosteric similarity to leucine was necessary. At position 6, analogue with the
replacement of D-Trp was the found to be the most potent compound, which displayed typically

2-fold higher potency than native lugdunin (Fofure 7.1).2!3

Modification or change
of ring size is not
tolerated
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T-L-valine
S
C 0
2-D-valine

Most potent compound was NN 1. Biosimilar hydrophobic
found when replaced by D-  6-D-valine >""' HN

M

H

kk moieties are tolerated.

Trp . 2. Tolerated desaturation: Alkyl
o o > Alkyne > Alkene
NH i 3. Hetero-containing polar
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. 51 vali g
Modification is 5-L-valine = o /
not tolerated \( N
H
4-D-leucine 3-L-tryptophan
1. Bioisosteric similar to Leu is necessary 1. Essential for hydrophobic aromatic
2. Moderate substitution in the side-chain ring
branching is tolerate 2. Benzo-heterocyclic aromates and bi-
/tri-cyclic fused benzene ring are
tolerated

3. Halogenated, polar-decorated
aromatics or five-ring-ring heterocycles
are not tolerated

Figure 7.2 An overall review of the reported SAR study of lugdunin,?!* 2%
Given the potential antimicrobial application of lugdunin, the design and synthesis of lugdunin
analogues to develop more potent antimicrobials and to establish the SAR are thus the primary

aims of the project outlined in this thesis. Since the lugdunin analogues with the modification
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or substitution at position 6 have been extensively explored by Schilling et al, new analogues
reported in this project will be focused on the modification at position 7, including the alanine-
scanning. Moreover, different synthetic strategies for the total chemical synthesis of lugdunin
and analogues thereof, as well as unique/modified amino acid building blocks are fully
discussed. Subsequently, the SAR study obtained from the microbiological assessment of all

synthesized compounds against different strains of S. aureus are outlined.

In this project, different methods for the synthesis of lugdunin and its analogues were
investigated. Since the thiazolidine moiety was thought to be the key point of the structure,
strategies were focused on the formation of the thiazolidine ring. several synthetic routes and
various of resins were tried. Among them, the method via the preparation of the modified TG
resin was adopted. The procedure to synthesize the modified TG resin was through the reaction
between threonine and the different Fmoc-protected amino aldehydes. The amino aldehyde
compounds were all synthesized via the DIBAL-H/CDI method. Then the expected linear
peptide chains were assembled following the general Fmoc-SPPS protocol. The desired pure
products were obtained after the resin cleavage, cyclization and the purification by HPLC. All
synthesized compounds were tested their antimicrobial activities against different strains of S.
aureus to obtain the ICso and MIC values (see Chapter 6). As the result, (L-Leu)’-lug (1.65)

was found to be the most potent compound in this project.

To establish a full SAR study, several analogues with the modifications at position 7 were
designed and synthesized. The original L-Val at this position was substituted with various L-
amino acids such as Hle, Nva, Nle, Trp, Phe, cyclopropylanaline, Thr, N-Me-Val and N-Me-
Leu. The result showed that a linear/branched side chain might be more tolerated than a

cyclic/aromatic one. However, the SAR study at position 6 showed the oppisite result, which a
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cyclic/aromatic side chain was found to be more potent.

7.1.1 Synthesis of Fmoc-N-methyl amino acids

Cyclic peptides with N-methylated amino acid residue(s) have been associated with their
improved permeability across the epithelial membrane and good stability against enzymatic
degradation.’”> The replacement of natural amino acids led to analogues with enhanced
pharmacological properties, such as enzymatic stability, receptor selectivity, potency and
bioavailability.>” Thus, structural modification of the peptide backbone via N-methylation is a
powerful tool to modulate pharmacokinetic and also the pharmacodynamic profile of peptides.
The ability of N-methylated amide bonds to interact with complementary hydrophobic pocket(s)
can result in an enhancement of membrane permeability.>’> Therefore, Fmoc-N-methyl-L-
valine 4.24 and Fmoc-N-methyl-L-leucine 4.25 were synthesized to replace the original L-

valine at position 7 of lugdunin.

Various synthetic routes for the preparing of N-methylated amino acids were described in
Chapter 4, including the methods via a-bromo acids, the Mitsunobu reaction, base-mediated
alkylation and a unique protocol involving the formation of an 5-oxazolidinone intermediate.
Among the various methods, the protocol reported by Freidinger et al. was adopted.?*® Thus, a
two-step reaction was established for the synthesis of N-Fmoc-protected N-methyl amino acids

(Scheme 7.1).
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Scheme 7.1 Synthesis of Fmoc-L-N-Me-Val-OH 4.24 and Fmoc-L-N-Me-Leu-OH 4.25.

7.1.2 Synthesis of Fmoc-L-homoleucine

To synthesize Fmoc-L-homoleucine for the preparation of lugdunin analogue (L-Hle)’-lug
(5.2), a method via the use of a Ni (II)-Gly-BPB complex was established (Scheme 7.2). The
chiral glycine equivalent Ni(ll)-glycine Schiff’s base complex 4.29, originally reported by
Belokon et al.>*2, was synthesised as a key intermediate to control the stereochemistry of the
amino acids. The benzylation of (S)-proline (4.26) was followed by the conversion of 4.27 into
the BPB-HCI salt 4.28. Finally, the alkylated complexes 4.35 were disassembled in a
microwave-assisted reactor under acidic conditions and the released amino acids were Fmoc-
protected with Fmoc-Oxyma, to afford the desired product 4.37. The yields of each reaction
step was found to be within the range of 47-94 %, and the final product, Fmoc-L-Hle-OH (4.37)

was obtained in an overall yield of 13 %.
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Scheme 7.2 An overall synthetic route for the preparation of Fmoc-L-homoleucine.

7.1.3 Total synthesis of lugdunin and analogues thereof

As outlined in Chapter 2, the formation of the thiazolidine ring is the key part in the synthetic
strategy. Thus, several methods were discussed in Chapter 2, including the construction of the

thiazolidine dipeptide building blocks and the utilization of different resins or polymer supports.

In the first method, the thiazolidine dipeptide was prepared as a building block (Scheme 7.3).

Moreover, a rapid and efficient one-pot synthetic protocol established by Jakov ef al. was
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adopted for the synthesis of amino aldehydes (Scheme 7.3). Herein, Fmoc/Boc-L-valine and
Fmoc/Boc-L-alanine were used as the initial building blocks. As outlined in Chapter 2, the
synthesized compounds 2.4, 2.12 and 2.16-2.17 were subsequently used for the preparation of
thiazolidine building blocks 2.5 and 2.19-2.21 (Scheme 7.3). However, due to the poor
solubility of compounds 2.5 and 2.19-2.21 in all evaluated solvents, including those commonly

used in Fmoc-SPPS, an alternative method via the use of aldehyde-generating resin was

evaluated.

o) (0]

R, 7 RiH Nl
OH R4 H j OH
HN. HN AN s

Rz R, Ro
2.9: R, =CHj, R, =Fmoc 2.12: R; = CH3, R, = Fmoc (85 %) 2.19: R, = CH3, R, = Fmoc (72 %)
2.14: R, = CHs, R, = Boc 2.16: R, = CHj, R, = Boc (77 %) 2.20: R, = CHj, R, = Boc (75 %)
2.2: R, = CH(CH,),, R, =Fmoc  2.4: R, = CH(CH,),, R, = Fmoc (83 %) 2.5:R, = CH(CH;),, R, = Fmoc (78 %)
2.15: R, =CH(CH;),,R,=Boc  2.17:R, = CH(CH;),, R, = Boc (81 %) 2.21: R, = CH(CH;),, R, = Boc (72 %)

Scheme 7.3 Synthesis of Fmoc-protected amino aldehydes and relative thiazolidine dipeptide building
blocks. The amino aldehydes were prepared via the CDI/DIBAL-H method.

As alternative methods, two linker-resins, Weinreb AM resin and the TG resin were
investigated. Based on better yields and simpler operation, the application of the TG resin was
found to be most efficient and therefore adopted for the synthesis of lugdunin and all analogues
thereof. Scheme 7.4 shows the synthetic protocol to prepare the general and modified TG resin,
where different Fmoc-amino aldehydes were pre-loaded. All Fmoc-amino aldehydes were
synthesized following the protocol showed in the above Scheme 7.3. Subsequently, the desired
peptidic compounds, including lugdunin and its analogues were assembled following the
general Fmoc-SPPS procedures. All synthesized compounds were started at a 0.1 mmol of Rink
amide AM resin, and the DMF-wash and Fmoc-deprotection reaction were carried out using a

manual peptide synthesizer.
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Scheme 7.4 Synthesis of the modified TG resins with different pre-loaded Fmoc-amino aldehydes. R,

and R, refer to the amino acid side chains used in this project including L-Val, L-Ala,

Nva, L-Nle, L-Trp, L-Phe, L-CPA, L-N-Me-Val, L-N-Me-Leu and L-Thr.

L-Leu, L-Hle, L-

To investigate the importance of each amino residue on the bioactivity, alanine-scanning was

first introduced. Hence, the (L-Ala)’-lugdunin (1.25), which the L-valine at position 7 in

lugdunin was replaced by L-alanine was first synthesized. Due to the less steric hindrance and

better yields of (L-Ala)’-lugdunin compared to lugdunin, (L-Ala)’-lugdunin (1.25) was used as

the starting point for the alanine-scanning study. Thus, the alanine scanning analogues 3.11-

3.15 were subsequently prepared.

A further SAR study on the modifications at position 6 and 7 was then carried out. Figure 7.3
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shows the structure of lugdunin and all the analogues with the modification at position 6 or 7.
Given the limited assessment of the modification at position 7, a SAR study that focused on
this position was carried out in this project and outlined in detail in Chapters 5 and 6. To first
understand the effect of the length of the side chain, (L-Leu)’-lugdunin (1.65) and (L-Hle)’-
lugdunin (1.66) were synthesized. Then (L-Nva)’-lugdunin (1.67) and (L-Nle)’-lugdunin (1.68)
were prepared to compare the effects of a linear and branched side chain. Next, (L-Trp)’-
lugdunin (1.69), (L-Phe)’-lugdunin (1.70), and (L-CPA)’-lugdunin (1.71) were synthesized to

evaluate the effects of cyclic/aromatic ring substitutions.

To further investigate the effect of polarity on the antimicrobial activity, (L-N-Me-Val)’-
lugdunin (5.29), (L-N-Me-Leu)’-lugdunin (5.30) and (L-Thr)’-lugdunin (5.37) were designed
and synthesized. N-methylated amino acids were introduced due to the advantages including
conformational changes, improved proteolytic stability, higher lipophilicity, and improved
pharmacokinetic properties in peptide drugs. The synthetic method of Fmoc-N-methyl amino

acids had been discussed in Chapter 4.

167



Modification at position 7:
7-L-Leu, 7-L-Hle, 7-L-Nva, 7-L-
Nle, 7-L-Trp, 7-L-Phe, 7-L-CPA,
N-Me-7-Val, N-Me-7-Leu, 7-L-

Thr
7-L-valine 1-Thiazolidine
%/{s
Combined modification at ? N HN 0
position 6 and 7: 6-Dovaline >,,,.?¥ HN k 2-D-valine
6-D-Trp-7-L-Leu NH L\
(0] HN. O
NH
Modification at position 6: 5-L-valine o : 5 )
6-D-Leu, 6-D-Trp, 6-D-Phe Y . 3-L-tryptophan
H

4-D-leucine

Figure 7.3 Structure of lugdunin and all modifications at position 6 or/and 7.

7.1.4 Antimicrobial assessment of lugdunin and analogues thereof

The growth inhibitory assay was used to obtain the ICso values of the analogues against S.
aureus SH1000 and USA300 JE2. Table 7.1 shows the ICso and MIC values for the key
compounds including lugdunin (1.24), (L-Leu)’-lugdunin (1.65), (L-N-Me-Val)’-lugdunin
(5.29) and (D-Trp)S-lugdunin (1.46) against different strains of S. aureus. It was found that (L-
Leu)’-lugdunin (1.65) was the most potent analogue with an activity of four-fold higher than
the natural product lugdunin (1.24). The analogues with shorter or linear hydrocarbon side
chains were observed to be inactive or of lower antimicrobial activity. Moreover, alteration
with amino acids comprising cyclic/aromatic and a 3-membered hydrocarbon ring, i.e.
tryptophan, phenylalanine and cyclopropyl alanine, respectively, were also not tolerated.
Furthermore, the compounds 5.29 and 5.30, comprising of N-methylated amino acids, were
both tested less active than ludunin when against S. aureus. The results might indicate that the

modification at position 7 is also quite restricted, since only a substitution with a branched and
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adequate length of side-chain gave a more potent compound.

Unlike modification at position 7, analogues (Trp)°-Lug (1.46) was found more active than the
leucine substituted analogue (Leu)®-Lug (1.72). The results indicated that the alteration with a
cyclic/aromatic structure is more tolerated than a branched structure at position 6. In fact,
Schilling et al. have previously reported the marginally improved potency of (Trp)®-Lug (1.46).
Unexpectedly, the analogue (D-Trp)®-(Leu)’-Lug (5.44), which is a combination of the features

1.46 and 1.65, were tested inactive against S. aureus.

All the analogues were also tested of their MIC values against clinically important strains of S.
aureus (SH1000 and USA300 JE2) by using CLSI broth microdilution method. Then a further
investigation of the MIC values against different strains of S. aureus (Mu50, Newman and

PM64) for the four most potent analogues including lugdunin (1.24), (Leu)’-Lug (1.65), (L-N-

Me-Val)’-Lug (5.29), and (D-Trp)¢-Lug (1.46) were determined. The result showed no

significantly difference on the MIC values against various strains of S. aureus.
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Table 7.1 In vitro antimicrobial activity of lugdunin and analogues thereof and vancomycin against S.

aureus SH1000 and USA300 JE2.

S. aureus S. aureus
SH1000 USA300JE2 SH1000 USA300JE2 Mu50 Newman PMo64
1.31 £0.28 0.62 +0.01 1 2 4 2 2
(n=3) (n=3) (n=2) (n=2) (n=2) (n=2) (n=2)
2542 +045 27.58+0.62 32 32 32 32 32
(n=3) (n=3) (n=2) (n=2) (n=2) (®m=2) (m=2)
6.47 £0.14 6.88 £0.75 8 8 16 16 8
(n=3) (n=3) (n=2) (n=2) (n=2) ®m=2) (m=2)
2732+048 2549+0.18 32 32 64 32 32
(n=3) m=3) @=2) (@=2 (@=2) @=2) (@=2)
36.45+0.33 19.74+0.27 32 32 32 32 32
(n=3) (n=3) (n=2) (n=2) (n=2) ®m=2) (n=2)

Among all the synthesized compounds, analogues (L-Leu)’-Lug (1.65), (N-Me-L-Val’)-Lug
5.30, (D-Trp®)-Lug 1.46, as well as lugdunin 1.24 were further tested against different strains
of S. aureus, including Mu50, Newman and PM64. The phenotypic features of these strains
were described earlier in Chapter 6. Vancomycin was used as a positive control. The results
showed no significant difference between the five S. aureus strains. From Table 7.2, it was
observed that the MIC value of vancomycin and the analogues (L-Leu’)-Lug 1.65 and (N-Me-
L-Val’)-Lug 5.30 against Mu50 was higher than other strains because Mu50 is a VRSA strain
with changes in the membrane thickness/composition. Moreover, the MIC values for each of
the four compounds were identical against the other SH1000, USA300 JE2 and PM64.
Gratifyingly, (L-Leu’)-Lug 1.65 is typically 4-fold more potent than lugdunin and the other
two analogues, which included the most active analogue, (D-Trp®)-Lug 1.46 reported by

Schilling et al.?"3
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7.1.5 A brief overview on SAR study

From the published literature, the MoA of lugdunin and SAR studies on analogues with
modifications at position 2, 3, 4 and 6 had been reported.? 2*! 23 Since the SAR study on
position 7 had not been established, this project is focused on the designed and synthesis of

analogues with modifications at this position.

To invstigate the effect of the length of the hydrocarbon side chain, analogues including (Ala)’-
Lug (1.25), (Leu)’-Lug (1.65), (Hle)’-Lug (1.66), (Nva)’-Lug (1.67) and (Nle)’-Lug (1.68)
were synthesized. It was found that the antimicrobial activity generally increased as the length
of the hydrocarbon side chain increased. However, the potency was decreased when the amount
of carbon was more than four. (Leu)’-Lug (1.65) was found the most potent analogue among
all the synthesized compounds (ICso = 6.47 = 0.14 uM against and 6.88 £ 0.75 against USA300
JE2), which is four-fold more active than lugdunin. Moreover, the antimicrobial results of
(Nva)’-Lug (1.67) and (Nle)’-Lug (1.68) showed that a branched side chain is more tolerate

compared to a linear side chain.

Subsequently, analogues with cyclic/aromatic side chains were investigated, and thus (Trp)’-
Lug (1.69), (Phe)’-Lug (1.70) and (L-cyclopropyl-Ala)’-Lug (1.71) were synthesized. The
three analogues were all found to be inactive. It is hypothesized that the cyclic/aromatic ring at

position 7 might be too bulky to the neighbouring thiazolidine ring and hence lead to inactive.

As discussed in the previous chapter, the hydrophobicity of the structure might be a key factor
for antimicrobial activity. Thus, N-methylated amino acids were then considered. The (L-N-
Me-Val)’-Lug (5.29) and (L-N-Me-Leu)’-Lug (5.30) were synthesized for the SAR study. As a

result, replacement with N-methyl amino acid led to similar or less active compounds, thus
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indicating that tertiary amide bond is tolerated here.

At position 6, a brief SAR study were also established. (D-Leu)®-Lug (1.72), (D-Trp)°-Lug
(1.46) and (D-Phe)®-Lug (1.73) were designed and synthesized. The result indicated that

substitution with a cyclic/aromatic side chain is preferred at this position.

From the antimicrobial test of all synthesized compounds, it is thought that modifications at
position 6 and 7 are tolerated but might be still restricted. At position 7, a branched and suitable
length of side chain is preferred. At position 6, it was found that a cyclic/aromatic side chain is

more favourable.

7.2 Future work

7.2.1 Further investigation into the residue at position 7

Although the modification at the position 7 of lugdunin is known to be limited, the discovery
of the potent analogue (Leu)’-Lug (1.65) indicated the possibility to develop analogues with
more potent antimicrobial activity. Thus, based on the discusion before, the design strategy will
be focused on the substitution of amio acids with different side chains. Figure 7.4 shows the
design of several modified Fmoc-amino acids for replacement at position 7. Compound 7.1
with the substitution of isolecine was first considered due to its same chemical composition as
leucine but with a different branch configuration. Then based on the leucine structure,
analogues 7.2 is designed as unsaturated side chain with the expectation to increase the
hydrophobicity. With the synthetic method via the use of Ni(Il)-Gly-BPB complex, Fmoc-
protected unnatural amino acid 7.2 could be obtained following the method reported by

Belokon ef al.>*?
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7.1 7.2 7.3

Figure 7.4 Proposed Fmoc-amino acids used for substitution at the position 7.

Compounds 7.3 is designed as a N-hydroxy amino acid. Although uncommon relative to N-
alkyl substituents, peptides harboring main-chain N-hydroxy groups exhibit unique
conformational preferences and biological activities.>”® The N-hydroxy amino acid residue is
encountered in several natural metabolites and is biosynthetic precursors to structurally
complex non-ribosomal peptides.>’ Several N-hydroxy peptide (NHP) natural products exhibit
potent antibacterial properties, cancer cell cytotoxicity, or activity against endogenous hormone
receptors.’”® To synthesis Fmoc-N-hydroxy-L-leucine (7.3), a proposed synthetic route reported

by Antonia and Ruggero will be attempted (Scheme 7.5).37*

7.5

><9 o
F3C >4
(2 5 equiv.) S O/
Fmoc FmOC 5-8 h, -20 to 0°C FmOC/N\OH
4.35 7.4 7.6
(0]
Me;SnOH 2 SoH
—_—
N\
heat Fmoc™ ~OH

7.3

Scheme 7.5 Proposed protocol for the synthesis of Fmoc-N-hydroxy-L-leucine.
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The new approach involved the direct oxyfunctionalization of a readily available primary
amino acid to the corresponding N-hydroxy amino acid by the use of dioxirane via an oxidation
reaction. With the advantages of high activity and selectivity, neutral pH and ease of product

isolation, dioxirane is used as an efficient oxidants.?”

Moreover, to prevent the deprotection of the Fmoc protection group during the hydrolysis of
the methyl ester, a selective condition will be considered. Therefore, a synthetic route reported
by Nicolaou et al. will be attempted.>” It is a selective method under mild conditions involving
the use of trimethyltin hydroxide (MesSnOH).*”® In their study, Fmoc-D-Ala-OMe was
hydrolysed to its corresponding carboxylic acid with complete retention of the Fmoc protecting
group in a yield of 75%.%’® Overall, three new lugdunin analogues have been proposed for the

future investigation and a further SAR study (Figure 7.5).
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Figure 7.5 Proposed new lugdunin analogues 7.7-7.9 for the future investigation.

7.2.2 Evaluation of lugdunin analogues by time-kill assay

The difference between bactericidal and bacteriostatic is that the former is referred to
antibacterial agents which kill bacteria while the later could only prevent or suspend bacterial
growth. In the previous section, the MIC and ICso values had indicated the in vitro potency of
the lugdunin and its analogues against various S. aureus strains. From the growth curves, the
growth of the bacteria in the presence of the tested compounds at different concentrations are
observed. In fact, Zipperer et al. reported that lugdunin was bactericidal against methicillin-

resistant S. aureus with complete killing at 10x MIC (Figure 7.6).%°
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Figure 7.6 The time-killing curve of lugdunin against S. aureus reported by Zipperer et al. Incubation

of S. aureus with a 10x MIC of lugdunin leads to complete killing of the inoculum after 30 h.?°

For a further investigation into whether the analogues reported in this thesis exert a
bacteriostatic or bactericidal effect, a time-kill assay will be utilised to investigate the killing
kinetics of the tested compounds. The killing kinetics of the analogues will be assessed using
the two strains, S. aureus SH1000 and USA300 JE2, and using 4x MIC of the test compound
or 4x MIC of vancomycin. Viable counts, i.e. CFU/mL will be determined at 0, 1, 2, 4, 6, 8 and
24 h. Consequently, a compound is considered bactericidal if there is a >3 logio reduction in

CFU/mL relative to the starting inoculum.

7.2.3 Determination of logP values for synthesized compounds

Since it had been mentioned earlier that the mechanism of action of lugdunin is due to the
proton translocation, it is thought that the hydrophobic property might affect the antimicrobial
activity. Thus, the measurement of logP could be a further proof for our SAR study. LogP is an
important molecular physical property that impacts a wide range of systems. Using prediction
of logP before a substance is even synthesized offers a means to guide scientists toward more

fruitful research an development.
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Lipophilicity can help scientists predict and understand the transport and impact of chemicals
in physiological and ecological systems.>”” LogP values are important to many industries and
areas of research in determining how to deliver or eliminate chemical substances to/from

specific sites, as well as limiting unwanted dispersal of chemicals through the environment.’”8

The partition coefficient of a compound can be experimentally measured by a variety of
methods. The two most common methods are Shake Flask and HPLC.%"° The Shake Flask
Method, suitable for the broadest range of solutes, is rather time-consuming, though generally
thought to be the most accurate. High performance liquid chromatography (HPLC) is a faster

method that can be used when the chemical structure of the solute is known.3™

Prediction of logP is another method to obtain the information. Software, such as ACD/logP,
uses algorithms to calculate the logP of a compound by the sum of its fragments.>*° Prediction
is an useful resource because it can be done without the presence of a compound sample. It is
used, even by groups that carry out measurements of logP, to plan experiments and verify
results. Table 7.2 shows the predicted ClogP obtained from chemdraw of all synthesized

compounds in this project.
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Table 7.2 Predicted ClogP obtained from chemdraw.

Compounds ClogP
Lugdunin 1.24 6.74
(Ala)’-Lug (1.25) 5.81
(Ala)’-(Ala?)-Lug (3.11) 4.88
(Ala)’-(Ala%)-Lug (3.12) 4.40
(Ala)’-(Ala%)-Lug (3.13) 4.35
(Ala)’-(Ala%-Lug (3.14) 4.88
(Ala)’-(Ala%-Lug (3.15) 4.88
(Leu)’-Lug (1.65) 7.26
(Hle)’-Lug (1.66) 7.79
(Nva)’-Lug (1.67) 6.87
(Nle)’-Lug (1.68) 7.39
(Trp)’-Lug (1.69) 7.37
(Phe)’-Lug (1.70) 7.38
(L-cyclopropyl-Ala)’-Lug (1.71) 6.78
(L-N-Me-Val)’-Lug (5.29) 7.28

(L-N-Me-Leu)’-Lug (5.30) 7.81
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(Thr)’-Lug (5.37) 5.78

(D-Leu)®-Lug (1.72) 7.81
(DTrp)*-Lug (1.46) 7.76
(D-Phe)S-Lug (1.73) 7.77
(Leu)’-(Trp)®-Lug (5.44) 8.29

For the future work, efforts will be focusing on more analogues at position 7 and the
measurement of LogP will be attempted to establish a more detail SAR study. Moreover, to
investigate whether the synthesized analogues exert a bacteriostatic or bactericidal effect, a

time-kill assay will also be utilised.

7.3 Summary

1.29 Researches

Lugdunin (1.24) was reported as a potent antimicrobial agent by Zipperer et a
of lugdunin on its mode of action and SAR study were also pulished by schilling et a/. and Saur

et al. respectively.?'>?¥ This project is focused on the SAR study at position 6 and 7, and the

antimicrobial activity against various strains of S. aureus.

For the chemical synthesis of analogues, the method via the the preparation of modified TG
resin was adopted in the project. The Fmoc-protected amino aldehydes were all synthesized

through the reaction with DIBAL-H/CDI.

Among all the synthesized compounds, 3.11-3.15 were designed as the alanine-scanning
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analogues of (L-Ala)’-lug (1.25). 1.65-1.71, 5.30-5.31 and 5.41 were designed as the analogues
with modifications at position 7. 1.46, 1.72-1.73 and 5.48 were synthesized for the SAR study
at position 6. For the bioactivity test, all compounds were tested for against S. aureus SH1000
and USA300 JE2 and the ICso and MIC values were then obtained. A further antimicrobial test
against more strains of S. aureus incliding Mu50, Newman and PM64 were subsquently taken
for lugdunin (1.24), (L-Leu)’-lug (1.65), (L-N-Me-Val)’-lug (5.30) and (D-Trp)®-lug (1.46).
Among all analogues, (L-Leu)’-lug (1.65) was found to be the most poten compound and
showed 4-fold more active than lugdunin (1.24). Figure 7.7 shows a brief overview of the SAR

study form literatures and this project.

The thiazolidine motif

1. linear/branched side chain is is necessary

more tolerated.

2. 7-Leu was found to be the 1-thiazolidine

most potent substitution T-L-valine ’g/{r

: e J\{ 2 D-valine  Bjosimilar hydrophobic

1. Cyclic/aromatic side 6-D-valine > moieties are mor tolerated.
chain is more tolerated.
2. 6-Trp was found to be the l

most potent substitution
MH
N

5-L-valine O

°
Modification is not Y N

tolerated
4-D-leucine 3-L-tryptophan

1. Essential for hydrophobic aromatic
ring

2. Halogenated, polar-decorated
aromatics or five-ring-ring heterocycles
are not tolerated

Bioisosteric similar to
Leu is necessary

Figure 7.7 An outline of the SAR study of lugdunin.?'* > The key findings showed in blue and green

are from literatures and this project respectively.
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Chapter 8

Experimental

8.1 Methods and materials

Chemicals were purchased from Sigma Aldrich, Acros Organic. Silica gel for column
chromatography was purchased from Acros Organic. Thin-layer chromatography (TLC, Silica

gel 60 Fas4, aluminum silica plates) was purchased from Merck

All general solvents were either reagent or high performance liquid chromatography (HPLC)
grade and were purchased from Fisher Scientific. For some dry reactions, the anhydrous grade
solvents were purchased from Acros Organic and used directly. Solvents for NMR such as
deuterated chloroform (CDCIl;), deuterated dimethylformamide (d;-DMF), Deuterated
dimethyl sulfoxide (ds-DMSO) and deuterated water (D>O) were purchased from Cambridge

Isotope Laboratories Inc.

Melting points ("C) were determined with an electrical melting point apparatus (Gallenkamp
3A 3790) and are uncorrected. LCMS were recorded on a Shimadzu UFLCXR HPLC system
combined with an Applied Biosystems MDS SCIEX API2000 electrospray ionisation mass
spectrometer. The column used was a Gemini 3 um Cis 110A, LC column (50 x 2 mm) and the
solvent system was an increasing gradient (5 to 95% over 5 minutes) of acetonitrile in water
containing 0.1% formic acid, flowing at 0.5 mL/min. A Bruker MicroTOF II mass
spectrometer operating in positive-ion mode was employed to obtain high resolution mass
spectra (HRMS). Optical rotation was measured in a 0.25 dm polarimeter cell with a
Bellingham & Stanley ADP-220 polarimeter and concentration (c¢) of the compound was given

in g/100 mL.

"H NMR spectra were recorded with a Bruker AVANCE 400 spectrometer or Bruker AVANCE
(IIT) 500 spectrometer, operating at 400.13 MHz and 500.23 MHz, respectively. 3°C NMR were
recorded with a Bruker AVANCE 400 spectrometer operating at 100.62 MHz. Unless stated
otherwise, all spectra were obtained at 298 K. Chemical shifts (0) are expressed in parts per
million (ppm) relative to the residual proton signals of specified deuterated solvents. Coupling
constants (J) are given in Hertz (Hz) and the multiplicity of a signal is indicated as br (broad),

s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), etc. 2D spectra (‘"H-'H COSY and
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'H-13C HSQC) were used to facilitate "TH-NMR assignments where necessary.

Solid-phase peptide synthesis (SPPS) was performed with a NovaSyn® GEM manual peptide
synthesizer (Novabiochem) coupled to a Gilson 115 UV detector. All acylation reactions were
carried out in an Omnifit™ Benchmark column assembly (150 x 10 mm). Peptide synthesis
grade DMF and anhydrous solvents were utilised in all peptide synthesis steps. NovaSyn®
GEM manual peptide synthesizer (Novabiochem) with Gilson 115 UV detector and an
OmnifitTM Benchmark column assembly (150 x 10 mm) were used in general SPPS protocol.
The resin, amino acids and reagents for peptide synthesis were purchased from Sigma Aldrich,

Novabiochem and kept in the refrigerator if needed.

Analytical reverse-phase high performance liquid chromatography was carried out with a
Waters 510 twin pump using a Phenomenex Onyx Monolithic C18 column (100 x 4.6 mm, 2
um, 130 A) at a flow rate of 3.0 mL min-1 and Crude peptides were purified using Hichrom
Kromasil 100-5C8 column (150 x 10 mm) at a flow rate of 4.0 mL/min. Eluent detection was
by ultra violet (UV) absorbance using a Waters 486 Tunable Absorbance Detector at 214 and
254 nm. The two solvent are A=0.06% trifluoroacetic acid (TFA) in distilled deionized water
and B=0.06% aqueous TFA in 90% acetonitrile.

Analytical RP-HPLC (Method 1): 30 to 80% solvents B over 17 mins, 3.0 mL/min

Reactions were monitored by TLC (Merck 60 F254) and observed under UV radiation at 254
nm or by KMnOj staining.
To purify compounds, column chromatography was carried out using silica gel (230—400 mesh,

60 A, 4063 um).
The use of DIBAL-H solution (1.0 M in toluene) was under a dry condition with continuous

flow of nitrogen gas. Moreover, the reaction was prepared in acetone/dry ice bath to keep the

temperature at -78°C.
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8.2 Experimental for Chapter 2

(9H-Fluoren-9-yl)methyl (5)-(3-methyl-1-oxobutan-2-yl)carbamate (2.4)
A

HN._O
T
S0

Fmoc-L-Val-OH (2.0 g, 5.90 mmol, 1.0 equiv.) was dissolved in dry DCM (40.0 mL). The
solution was cooled to 0°C and CDI (1.1 g, 6.50 mmol, 1.1 equiv.) was added. After stirring
for 1 h at 0 °C, the reaction solution was cooled to -78°C (acetone/CO; bath) for 15 min. The
DIBAL-H solution (1.0 M in toluene) (12.4 ml, 12.40 mmol, 2.1 equiv.) was added dropwise
over 10 min under N> gas. The reaction mixture was stirred at -78°C for 1.5 h and monitored
by TLC (Hexane : EtOAc 2: 1). Upon completion, the reaction mixture diluted in EtOAc (40.0
mL) and quenched with the addition of tartaric acid solution (25% in H>0) (30.0 mL) with
vigorous stirring. The mixture was warmed to room temperature and stirred at ambient
temperature for 15 min. The organic phase was extracted with EtOAc (1x40.0 mL), and the
combined organic layers were washed with sat. KHSO4 aq (1x30.0 mL), 0.8M NaHCOs3 aq
(1%30.0 mL), sat. NaCl aq (1x30.0 mL), dried over MgSO4 and concentrated in vacuo.
Purification was achieved by column chromatography (hexane/ethyl acetate, 3:1) to give 2.4
as white powder (1.61 g, 83% yield); M.p. 80-82 °C; Ry= 0.20 (hexane/EtOAc = 2:1); '"H NMR
(CDCls, 400 MHz) 6 9.67 (s, 1H, CHO), 7.77 (d, J = 7.5 Hz, 2H, Ar-H), 7.61 (d, J= 7.3 Hz,
2H, Ar-H), 7.41 (t, J = 7.5 Hz, 2H, Ar-H), 7.32 (t, /= 7.5 Hz, 2H, Ar-H), 5.35 (brs, 1H, NH),
442 (d, J = 6.8 Hz, 2H, COOCH>), 4.32-4.38 (m, 1H, NHCH), 4.24 (t, J = 6.8 Hz ,1H,
COOCH:CH), 2.30 (m, 1H, CH(CHa3)2), 1.04 (d, J = 6.8 Hz, 3H, CH(CH:)2), 0.97 (d, /= 6.8
Hz, 3H, CH(CHs)2); 13C NMR (CDCl3, 400 MHz) 6 199.8, 156.4, 143.8, 141.3, 127.8, 127.1,

125.1, 120.0, 67.1, 65.1, 47.3, 29.1, 17.6; LCMS: calcd. for C20H21NO3 + 324.4, found 324.4
[MH].
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(R)-2-(1-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-2-methylpropyl)thiazolidine-4-
carboxylic acid (2.5)

o)
ﬂj\\\OH
HN S
>:o

o}
LI

O
(9H-Fluoren-9-yl)methyl (S)-(3-methyl-1-oxobutan-2-yl)carbamate (2.4) (646.8 mg, 2.00
mmol, 1.0 equiv.) was dissolved in MeOH (10.0 mL) and L-cysteine (218.0 mg, 1.80 mmol,
0.9 equiv.) in H>O (5.0 mL) were added and then stirred at room temperature for 18 h. The
solvent was removed and the crystalline precipitate was filtered off, then washed with Et;O
and dried by desiccator to afford crude product as white powder (665.4 mg, 78% yield); M.p.
149-151°C; '"H NMR (d6-DMSO, 400 MHz) § 7.88 (d, J= 7.4 Hz, 2H, Ar-H), 7.70 (d, J = 7.8
Hz, 2H, Ar-H), 7.30-7.45 (m, 4H, Ar-H), 4.95 (d, /= 7.1 Hz, 2H, COOCH>), 4.30-4.35 (m, 1H,
CHCH (CHz3)2), 4.22 (t,J = 6.8 Hz, 1H, COOCH2CH), 4.19 (d, /= 7.0 Hz, 1H, NHCHS), 4.08
(t, J= 6.4 Hz, IH, NHCHCOOH), 3.31-3.45 (m, 1H, SCH>), 3.18-3.25 (m, 1H, SCH>), 2.35
(m, 1H, CH(CHa)2), 0.88 (d, /= 6.9 Hz, 3H, CH(CH3)2), 0.75 (d, /= 6.8 Hz, 3H, CH(CHz)2);
3C NMR (ds-DMSO, 400 MHz) 168.2, 157.2, 144.3, 141.2, 128.0, 127.4, 125.7, 120.4, 66.3,
66.2, 63.0, 57.3, 47.2, 35.2, 30.2, 20.0, 17.4, 14.5 ; LCMS: calcd. for C23H26N204S + 427.2,
found 427.2 [MH"].

(9H-Fluoren-9-yl)methyl (S)-(1-oxopropan-2-yl)carbamate (2.12)°%

0
I

HNYO

(0]

OO
Method A:

Fmoc-L-Ala-OH (2.9) (200.0 mg, 0.64 mmol, 1.0 equiv.) was dissolved in a DCM solution
(3.0 mL) containing EDC HCI (92.0 mg, 0.48 mmol, 0.75 equiv.) and followed by addition of
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NHS (72.0 mg, 0.48 mmol, 0.75 equiv.) to allow reaction at rt while stirring for 3 h. Then
NaBHj4 (6.8 g, 180.09 mmol) was added portionwise at -10°C and stirred for 1 h. H>O (50.0
mL) was added cautiously to the reaction mixture and stirring was continued for another hour
at rt under N> for 30 minutes. The mixture was neutralized with sat. KHSO4 aq and then was
extracted with EtOAc. The org layer was dried (MgSO4) and concentrated. The residue was
purified by silica gel chromatography to provide the intermediate compound 2.11. Then Dess-
Martin periodinane (170.0 mg, 0.4 mmol) was added under argon to a stirred solution of the
2.11 (153.7 mg, 0.41 mmol) in dry DCM. The reaction mixture was stirred at rt for 3 h. The
mixture was concentrated in vacuo and the residue purified by flash chromatography to provide

product 2.12 as white powder (124.1 mg, 71% yield)

Method B:

To a stirred solution of Fmoc-L-Ala-OH (2.9) (200.0 mg, 0.64 mmol, 1.0 equiv.) in THF, NMM
(200.0 mg, 0.96 mmol, 1.5 equiv.) and CDI (200.0 mg, 0.96 mmol, 1.5 equiv.) was added at
0°C, followed by the addition of N, O-dimethylhydroxylamine hydrochloride (200.0 mg, 0.71
mmol, 1.1 equiv.) in dry DCM (5.0 mL), neutralized with NMM. The reaction mixture was
stirred till the completion of reaction. THF was removed and the product was extracted into
ethyl acetate and the organic layer was washed with sat. KHSO4 aq (10.0 mL), sodium
carbonate solution (2 x 15.0 mL), water (15.0 mL) and brine (15.0 mL). Then it was dried over
anhydrous sodium sulfate and concentrated to give the intermediate 2.13. Then 2.13 was
dissolved in dry DCM (8.0 mL). The solution was cooled to 0°C and CDI (114.0 mg, 0.7 mmol,
1.1 equiv.) was added. After stirring for 1 h at 0°C, the reaction solution was cooled to -78°C
(acetone/CO; bath) for 15 min. The DIBAL-H solution (1.0 M in toluene) (1.3 ml, 1.3 mmol,
2.0 equiv.) was added dropwise over 10 min under N2 gas. The reaction mixture was stirred at
-78°C for 2 h and monitored by TLC (Hexane : EtOAc 2 : 1). Upon completion, the reaction
mixture diluted in EtOAc (8.0 mL) and quenched with the addition of tartaric acid solution (25
% in H20) (5.0 mL) with vigorous stirring. The mixture was warmed to room temperature and
stirred at ambient temperature for 15 min. The organic phase was extracted with EtOAc (1x8.0
mL), and the combined organic layers were washed with sat. KHSO4 aq (1x5.0 mL), sat.
NaHCOs aq (1x5.0 mL), sat. NaCl aq (1x5.0 mL), dried over MgSO4 and concentrated in vacuo.
to afford the product as white powder (42.8 mg, 22.7% yield)
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Method C:

Fmoc-L-Ala-OH (2.0 g, 6.40 mmol, 1.0 equiv.) was dissolved in dry DCM (80.0 mL). The
solution was cooled to 0°C and CDI (1.1 g, 7.04 mmol, 1.1 equiv.) was added. After stirring
for 1 h at 0°C, the reaction solution was cooled to -78°C (acetone/CO- bath) for 15 min. The
DIBAL-H solution (1.0 M in toluene) (13.4 ml, 13.40 mmol, 2.1 equiv.) was added dropwise
over 10 min under N> gas. The reaction mixture was stirred at -78°C for 1.5 h and monitored
by TLC (Hexane : EtOAc 2 : 1). Upon completion, the reaction mixture diluted in EtOAc (80.0
mL) and quenched with the addition of tartaric acid solution (25% in H>0) (50.0 mL) with
vigorous stirring. The mixture was warmed to room temperature and stirred at ambient
temperature for 15 min. The organic phase was extracted with EtOAc (1x80.0 mL), and the
combined organic layers were washed with sat. KHSO4 aq (1x50.0 mL), sat. NaHCO3 aq
(1x50.0 mL), sat. NaCl aq (1x50.0 mL), dried over MgSO4 and concentrated in vacuo.
Purification was achieved by column chromatography (hexane/ethyl acetate, 3:1) to give 2.12
as white powder (1.75 g, 85% yield); M.p. 158-160 °C; Ry = 0.25 (hexane/EtOAc = 2:1); 'H
NMR (CDCls, 400 MHz) § 9.57 (s, 1H, CHO), 7.77 (d, J= 7.5 Hz, 2H, Ar-H), 7.60 (d, J= 7.5
Hz, 2H, Ar-H), 7.41 (t, J = 7.5 Hz, 2H, Ar-H), 7.32 (t, J = 7.5 Hz, 2H, Ar-H), 5.37 (brs, 1H,
NH), 4.43 (d, J = 4.3 Hz, 2H, COOCH>), 4.28-4.37 (m, 1H, NHCH), 4.23 (t,J= 6.8 Hz ,1H,
COOCH,CH), 1.39 (d, J=7.3 Hz, 3H, CHCH3), 0.97 (d,J = 6.8 Hz, 3H, CH(CH3)2); *C NMR
(CDCl3, 100 MHz) 6 199.0, 155.8, 143.8, 143.7, 141.4, 127.8, 127.1, 125.0, 120.0, 67.0, 56.0,
47.2,14.9. LCMS: calcd. for C1sH17NO;3 + 296.1, found 296.1 [MH"].

tert-Butyl (S)-(1-oxopropan-2-yl)carbamate (2.16)>*

0
|

HNYO
O\{/
Boc-L-Ala-OH (2.0 g, 10.60 mmol, 1.0 equiv.) was dissolved in dry DCM (60.0 mL). The
solution was cooled to 0°C and CDI (1.9 g, 11.60 mmol, 1.1 equiv.) was added. After stirring
for 1 h at 0 °C, the reaction solution was cooled to -78°C (acetone/CO; bath) for 15 min. The
DIBAL-H solution (1.0 M in toluene) (22.2 ml, 22.21 mmol, 2.1 equiv.) was added dropwise

over 10 min under N> gas. The reaction mixture was stirred at -78°C for 1.5 h and monitored

by TLC (Hexane : EtOAc 2 : 1). Upon completion, the reaction mixture diluted in EtOAc (70.0
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mL) and quenched with the addition of tartaric acid solution (25% in H>0) (50.0 mL) with
vigorous stirring. The mixture was warmed to room temperature and stirred at ambient
temperature for 15 min. The organic phase was extracted with EtOAc (1x70.0 mL), and the
combined organic layers were washed with sat. KHSO4 aq (1x50.0 mL), 0.8M NaHCOs3 aq
(1x50.0 mL), sat. NaCl aq (1x50.0 mL), dried over MgSO4 and concentrated in vacuo.
Purification was achieved by column chromatography (hexane/ethyl acetate, 3:1) to give 2.16
as white powder (1.40 g, 77% yield); M.p. 82-84 °C; Ry= 0.23 (hexane/EtOAc = 2:1, KMNO4
staining); 'H NMR (CDCls, 400 MHz) § 9.72 (s, 1H, CHO), 5.08 (brs, 1H, NH), 4.23 (t, J =
7.0 Hz, 1H, NHCH), 1.45 (s, 9H, C(CHs)3), 1.34 (d,J= 7.4 Hz, 3H, CHCH3); 1*C NMR (CDCls,
400 MHz) 6 199.7, 155.3, 80.1, 55.5, 28.3, 14.9. LCMS: calcd. for CgHisNO3 + 174.2, found
174.2 [MH"].

tert-Butyl (8)-(3-methyl-1-oxobutan-2-yl)carbamate (2.17)

j

HNYO
Y
Boc-L-Val-OH (2.0 g, 9.21 mmol, 1.0 equiv.) was dissolved in dry DCM (60.0 mL). The
solution was cooled to 0°C and CDI (1.6 g, 10.13 mmol, 1.1 equiv.) was added. After stirring
for 1 h at 0°C, the reaction solution was cooled to -78°C (acetone/CO; bath) for 15 min. The
DIBAL-H solution (1.0 M in toluene) (19.3 ml, 19.30 mmol, 2.1 equiv.) was added dropwise
over 10 min under N> gas. The reaction mixture was stirred at -78°C for 1.5 h and monitored
by TLC ( Hexane : EtOAc 2 : 1). Upon completion, the reaction mixture diluted in EtOAc (70.0
mL) and quenched with the addition of tartaric acid solution (25% in H>O) (40.0 mL) with
vigorous stirring. The mixture was warmed to room temperature and stirred at ambient
temperature for 15 min. The organic phase was extracted with EtOAc (1x70.0 mL), and the
combined organic layers were washed with sat. KHSO4 aq (1x40.0 mL), 0.8M NaHCOs3 aq
(1x40.0 mL), sat. NaCl aq (1x40.0 mL), dried over MgSO4 and concentrated in vacuo.
Purification was achieved by column chromatography (hexane/ethyl acetate, 3:1) to give 2.4
as colorless oil (1.50 g, 81% yield); Ry = 0.48 (hexane/EtOAc = 2:1, KMNO4 staining); 'H

NMR (CDCls, 400 MHz) & 9.63 (d, J = 1.2 Hz ,1H, CHO), 4.19-4.28 (m, 1H, NHCH), 2.15-
2.17 (m, 1H, CH(CHs),), 1.43-1.45 (m, 9H, C(CHs)3), 1.02 (d, J = 6.8 Hz, 3H, CH(CHz),),
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0.93 (d, J= 6.8 Hz, 3H, CH(CHs)2); 13C NMR (CDCls, 400 MHz) § 199.7, 155.3, 80.1, 55.5,
28.3, 18.7, 14.9; LCMS: caled. for C1oHoNO;3 + 202.3, found 202.3 [MH"].

(R)-2-(1-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)ethyl)thiazolidine-4-carboxylic
acid (2.19)

(0]
1S
HN—" ~OH
HN>W<S]
>:o

(L

(9H-Fluoren-9-yl)methyl (S)-(1-oxopropan-2-yl)carbamate (2.12) (590.7 mg, 2.01 mmol, 1.0
equiv.) was dissolved in MeOH (10.0 mL) and L-cysteine (218.0 mg, 1.81 mmol, 0.9 equiv.)
in HO (5.0 mL) were added and then stirred at room temperature for 18 h. The solvent was
removed and the crystalline precipitate was filtered off, then washed with Et;O and dried by
desiccator to afford the product as white powder (573.8 mg, 72% yield); M.p. 138-140 °C; 'H
NMR (de-DMSO, 400 MHz) 6 7.86 (d, J=7.35 Hz, 2H, Ar-H), 7.73 (d, /= 7.8 Hz, 2H, Ar-H),
7.30-7.45 (m, 4H, Ar-H), 4.92 (d,J=7.1 Hz, 2H, COOCH>), 4.31-4.36 (m, 1H, CHCH (CH3)>),
4.25 (t,J= 6.8 Hz, 1H, COOCH:CH), 4.21 (d, J= 7.0 Hz, 1H, NHCHS), 4.05 (t, /= 6.4 Hz,
1H, NHCHCOOH), 3.32-3.44 (m, 1H, SCH), 3.15-3.29 (m, 1H, SCH>), 2.32 (m, 1H,
CH(CHs)2), 0.82 (d,J= 6.9 Hz, 3H, CH(CH3)2); *C NMR (ds-DMSO, 400 MHz) 168.3, 157.4,
145.3,140.2, 128.5,127.7,125.7, 121.4, 67.3, 66.2, 63.0, 57.5, 48.2, 35.2, 33.2 ; LCMS: calcd.
for C21H22N»04S +399.1, found 399.1 [MH™].

(R)-2-(1-((tert-butoxycarbonyl)amino)ethyl)thiazolidine-4-carboxylic acid (2.20)
ol
HN S
>:o
o) %'
tert-Butyl (S)-(1-oxopropan-2-yl)carbamate (2.16) (346.4 mg, 2.00 mmol, 1.0 equiv.) was
dissolved in MeOH (10.0 mL) and L-cysteine (218.0 mg, 1.80 mmol, 0.9 equiv.) in H>O (5.0

mL) were added and then stirred at room temperature for 18 h. The solvent was removed and
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the crystalline precipitate was filtered off, then washed with EtoO and dried by desiccator to
afford the product as white powder (414.5 mg, 75% yield); M.p. 125-127 °C; 'H NMR (de-
DMSO, 400 MHz) & 4.95 (d, J = 7.1 Hz, 2H, COOCH>), 4.28-4.35 (m, 1H, CHCH (CHs)>),
431 (t,J= 6.8 Hz, 1H, COOCH:CH), 4.20 (d, /= 7.0 Hz, 1H, NHCHS), 4.07 (t, J = 6.4 Hz,
1H, NHCHCOOH), 3.30-3.42 (m, 1H, SCH>), 3.14-3.18 (m, 1H, SCH>), 1.15 (s, 9H, C(CHs)3),
0.82 (d, J = 6.9 Hz, 3H, CHCH;); *C NMR (d¢-DMSO, 400 MHz) 168.3, 157.4, 77.4, 66.2,
63.0, 57.5, 35.2, 28.3, 14.9; LCMS: calcd. for C11H20N204S + 277.1, found 277.1 [MH"].

(R)-2-(1-((tert-butoxycarbonyl)amino)-2-methylpropyl)thiazolidine-4-carboxylic acid

(2.21)
o)
,gw Hon
j
HN\/:OS
1
tert-Butyl (S)-(3-methyl-1-oxobutan-2-yl)carbamate (2.17) (400.0 mg, 2.02 mmol, 1.0 equiv.)
was dissolved in MeOH (10.0 mL) and L-cysteine (218.0 mg, 1.82 mmol, 0.9 equiv.) in H,O
(5.0 mL) were added and then stirred at room temperature for 18 h. The solvent was removed
and the crystalline precipitate was filtered off, then washed with Et>O and dried by desiccator
to afford the product as white powder (396.5 mg, 72% yield); M.p. 146-148°C; 'H NMR (ds-
DMSO, 400 MHz) & 6.62 (d, J=4.9 Hz, 1H, NH), 4.55-4.67 (m, 1H, NHCHS), 3.66-3.74 (m,
2H, CHCH(CHs)2, NHCHCH»), 3.15 (dd, J = 9.9, 6.8 Hz, 1H, CHCH>S), 2.68 (t, /= 9.4 Hz,
1H, CHCH-S), 1.76-1.84 (m, 1H, CH(CH3)2), 1.39 (d, J= 3.0 Hz, 9H, C(CH3)3), 0.76-0.84 (m,

6H, CH(CHs)2); *C NMR (de-DMSO, 400 MHz) § 172.8, 157.0, 78.2, 73.4, 65.7, 58.5, 37.0,
28.7,20.3, 18.4, 14.7; LCMS: calcd. for C13H20N203S + 305.2, found 305.2 [MH'].
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Synthesis of lugdunin via TG resin
TG resin (2.28)
OH
H,N Gly—Q
0]

The dried Rink amide AM resin (Novagel) (1.0 equiv, loading = 0.7 mmol/g) was swollen in
DMF (2.0 mL) for 15 h in a reaction column followed by washing with DMF (3.0 mL min™')
for 5-10 min. Then the resin was attached by Fmoc-Gly-OH and Fmoc-Thr-OH via general
Fmoc SPPS protocol. The washing and Fmoc-deprotection cycles were carried out using the
manual peptide synthesiser NOVASYN® GEM with a post-column UV monitoring at 355 nM.
The peptide chains were assembled by stepwise coupling of Na-Fmoc-amino acid (4.0 eq) in
DMF (0.6 mL) in the presence of carboxyl activating agent 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU; 3.9 eq) and DIPEA
(8.0 eq). Each acylation reaction was carried out in the reaction column for 4 h at room
temperature and was followed by the wash and deprotection steps. Following the assembly of
the desired sequence, the resin washed with DMF (3.0 mL min™!) for 15 min. The modified TG

resin is used for peptide synthesis without further checking.

Preloaded L-Val TG resin (2.9)
Fmoc—HN-L-Val O

ol

HN Gly-O
0]
A solution of Fmoc-L-Val-H (4.0 equiv) and DIPEA (1% with respect to MeOH) in MeOH
(final concentration of 0.1 M) was added to the TG resin and the resulting mixture was agitated
at 60°C for 5 h. the resin was then washed with MeOH (5x3.0 mL), DMF (5x3.0 mL), DCM
(5x3.0 mL), and THF (5x3.0 mL). The preloading TG resin was used for next step directly.

NH-Boc preloaded L-Val TG resin (2.30)
Fmoc—HN-L-Val \(O )
Boc/N\%fe"y_O
0]
A solution of BocxO (5.0 equiv) and NMM (5.0 equiv) in THF was added to the preloaded TG
resin and agitated at 50°C for 5 h. the resulting resin was washed with THF and DMF.

190



The loading efficiency was then evaluated.
New loading capacity = 0.5 mmol/g
% yield = 88%

General procedure to evaluate a preloaded resin

20% of piperidine in DMF (3.0 mL) was added to an accurately weighed amount of preloaded
resin (5-10 mg) and the suspension was left for 2 h with occasional agitation. 300 pL of the
suspension was then diluted 10 folds with fresh 20% of piperidine in DMF (2.7 mL). The UV
absorbance at 290 nm was measured. The amino acid loading and % loading efficiency were
determined using the equation below:

Loading (mmol/g) = (absorbance sample) / (mg of sample x1.75)

% loading efficiency = (calculated loading / theoretical loading) x 100%

Lugdunin (1.24)

HN O ©
NH
}\I/N
S i )
Y \

H

Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (71.3 mg, 91%). The peptide
product was analysed using LCMS and found [MH]: 783.6 at ¢z of 2.89 min. Compound was
then purified by RP-HPLC and obtained 2.1 mg as pure product (4.2% recovery). 'H NMR
(500 MHz, DMSO-ds) § 10.69-10.77 (m, 1H, L-Trp>-CCHNH), 8.53 (d, J = 8.5, 1H, L-Trp*-
NH), 8.52 (d, J = 8.5, 1H, D-Val’>-NH), 8.44 (d, J = 8.5, 1H, D-Leu*-NH), 8.32-8.36 (m, 1H,
L-Val>-NH), 8.27-8.31 (m, 1H, D-Val®-NH), 8.16-8.18 (m, 1H, L-Val’-NH), 7.98 (d, J = 7.8,
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1H, L-Trp*-Ar-H), 7.95 (dd, J = 8.1, 3.7, 1H, L-Trp*-Ar-H), 7.86 (d, J = 7.9, 1H, L-Trp>-Ar-
H),7.71 (dd, J= 8.0, 1.3, 1H, L-Trp>-Ar-H), 7.52 (d, J= 2.0, 1H, L-Trp>-NHCHC), 4.59 (dd,
J=28.8,4.5, 1H D-Val>NHCHCH), 4.38 (t, /= 8.3, 1H, D-Leu*~NHCHCH>), 4.03 (d, J=9.0,
1H, D-Val>NHCHCH), 3.95-4.02 (m, 1H, thiazolidine'-NHCHCHS,S), 3.85 (dd, J= 9.0, 6.6,
1H, L-Val”-NHCHCH), 3.23 (dd, J = 10.5, 6.5, 1H, thiazolidine'-NHCHCH,S), 3.13 (dd, J =
10.5, 6.5, 1H, thiazolidine!-NHCHCH,S), 3.05 (d, J = 7.8, 1H, L-Trp>-NHCHCH>), 3.01 (dd,
J=13.5, 5.4, 1H, L-Trp>-NHCHCH,), 2.85-2.91 (m, 1H, thiazolidine!- NHCHCH:S), 2.15-
2.26 (m, 1H, L-Val’-CH(CH3),), 2.00-2.06 (m, 1H, D-Val®-CH(CH3),), 1.92-1.99 (m, 1H, L-
Val’-CH(CHs)2), 1.66-1.72 (m, 1H, D-Val*>-CH(CH3)2), 1.52-1.61 (m, 1H, D-Leu*-CHCH>CH),
1.27-1.42 (m, 1H, D-Leu*-CHCH,CH), 1.16 (d, J = 6.4, 3H, D-Val®-CH(CHs)2), 1.08 (d, J =
6.7, 3H, D-Leu*-CH(CHx),), 1.05 (d, J= 6.7, 3H, D-Leu*- CH(CHx),), 1.03 (d, J= 6.5, 3H, D-
Val®-CH(CHs),), 0.92 (d, J = 6.8, 3H, L-Val>-CH(CHz),), 0.87 (d, J = 6.4, 3H, L-Val’-
CH(CHx),), 0.84 (d, J = 8.5, 3H, L-Val’-CH(CHs)2), 0.82 (d, J = 6.4, 3H, L-Val’-CH(CH;)»),
0.78 (d, J = 6.5, 3H, D-Val>-CH(CH:)2), 0.67 (d, J = 6.4, 3H, D-Val’>-CH(CH3),); HRMS:
calculated for CsoHe2NsOsSi™ 784.4513, found 784.4593 [MH']; Analytical RP-HPLC
(Method 1) tz = 4.52 min.

Synthesis of lugdunin via Weinreb AM resin

Compound 2.24
o o) o 0 0
H,oN - H H - H VL
2
NIy N NTTY N N
o} o} o) O
S
F ¢
HN

The dried Weinreb AM resin (1.0 equiv.) was swollen with DMF/DCM mixture (1 : 1 v/v) (4.0
mL) for 15 h in a reaction column followed by washing with DMF (3.0 mL min™') for 6 min.
Fmoc-cleavae was achieved through the continuous flow of 20% piperidine in DMF (3.0 mL
min) for 6 min. Following deprotection, the resin was washed again with DMF (3.0 mL

min™) for 6 min. The washing and Fmoc-deprotection cycles were carried out using the manual
peptide synthesiser NOVASYN® GEM with a post-column UV monitoring at 355 nM. The

peptide chains were assembled by stepwise coupling of Na-Fmoc-amino acid (4.0 eq) in DMF
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(0.6 mL) in the presence of carboxyl activating agent 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU; 3.9 eq) and DIPEA (8.0
eq). Each acylation reaction was carried out in the reaction column for 4 hr at room temperature
and was followed by the wash and deprotection steps. Following the assembly of the desired
sequence, the resin washed with DMF (3.0 mL min™') for 15 min. Finally, the resin was filtered

and washed sequentially with DMF, DCM and hexane respectively before drying it in vacuo.

(L-Cys(Trt))-(D-Val)-(L-Trp)-(D-Leu)-(L-Val)-(D-Val)-(L-Val)-H (2.25)
RERRCASERSE
S
'i'rt ¢
HN

The following reaction were carried out under an atmosphere of nitrogen. Compound 2.24 (1.0
equiv.) was suspended in dry THF/DCM (1:1) (20.0 mL) and the organometallic reagent
DIBAL-H (1.0 M in THF) (5.0 equiv) were added, and the reaction mixture was stirred for 2
h. Next, 1 M HCI : THF (1:1, v/v, 5.0 mL) was carefully added to the vessel, and the mixture
was stirred for another 15 min. The resin was washed with THF (2x20.0 mL), and DCM
(3x20.0 mL). the combined filtrates were washed with water (1x60.0 mL), dried over MgSO4
and filtered. Then the solvent was removed in vacuo to give the crude product (21.2 mg, 20%

yield).

Mini cleavage of compound 2.24 by three different solvent systems

Condition 1:

A small amount of compound (1.0 equiv.) was suspended in dry DCM (2.0 mL) and the
organometallic reagent DIBAL-H (1.0 M in THF) (5.0 equiv) was added, and the reaction
mixture was stirred for 2 h. Next, 1 M HCI1 : THF (1 : 1, v/v, 0.5 mL) was carefully added to
the vessel, and the mixture was stirred for another 15 min. The resin was washed with THF
(2x2.0 mL), and DCM (3x2.0 mL). the combined filtrates were washed with water (1x6.0 mL),
dried over MgSO4 and filtered. Then the solvent was removed in vacuo to give the crude

product.
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Condition 2:

A small amount of compound (1.0 equiv.) was suspended in dry DCM/THF (1 : 1) (2.0 mL)
and the organometallic reagent DIBAL-H (1.0 M in THF) (5.0 equiv) were added, and the
reaction mixture was stirred for 2 h. Next, | M HCI : THF (1 : 1, v/v, 0.5 mL) was carefully
added to the vessel, and the mixture was stirred for another 15 min. The resin was washed with
THF (2x2.0 mL), and DCM (3x2.0 mL). the combined filtrates were washed with water (1x6.0
mL), dried over MgSOj4 and filtered. Then the solvent was removed in vacuo to give the crude

product.

Condition 3:

A small amount of compound (1.0 equiv.) was suspended in dry THF (1 : 1) (2.0 mL) and the
organometallic reagent DIBAL-H (1.0 M in THF) (5.0 equiv) were added, and the reaction
mixture was stirred for 2 h. Next, 1 M HCI : THF (1 : 1, v/v, 0.5 mL) was carefully added to
the vessel, and the mixture was stirred for another 15 min. The resin was washed with THF
(2x2.0 mL), and DCM (3x2.0 mL). the combined filtrates were washed with water (1x6.0 mL),
dried over MgSO4 and filtered. Then the solvent was removed in vacuo to give the crude

product.

Conclusions:
According to the trace of LCMS, the results show no difference between these three conditions.
Thus, for the convenience to work up, solvent containing dry DCM and dry THF (1:1) was

used in the large scale cleavage reaction.

8.3 Experimental for Chapter 3

Preloaded L-Ala TG resin (3.7)
Fmoc—HN-—L-Ala (o)

ol

HN Gly-Q
O
A solution of Fmoc-L-Ala-H (4.0 equiv) and DIPEA (1% with respect to MeOH) in MeOH
(final concentration of 0.1 M) was added to the TG resin and the resulting mixture was agitated
at 60°C for 5 h. the resin was then washed with MeOH (5x3.0 mL), DMF (5x3.0 mL), DCM
(5x3.0 mL), and THF (5x3.0 mL). The preloading TG resin was used for next step directly.
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NH-Boc preloaded L-Ala TG resin (3.8)
Fmoc—HN—L—AIa\ro l
Boc/N ey
O
A solution of BocxO (5.0 equiv) and NMM (5.0 equiv) in THF was added to the preloaded TG
resin and agitated at 50°C for 5 h. the resulting resin was washed with THF and DMF.
The loading efficiency was then evaluated.

New loading capacity = 0.47 mmol/g
% yield = 83%

(Ala)’-lug (1.25)

o WS
NH HN ©
>'--- HN k
NH L
0 N

T

N
Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (56.6 mg, 75%). The peptide
product was analysed by using LCMS and found [MH"]: 755.6 at tz of 2.86 min. Compound
was then purified by RP-HPLC and obtained 1.5 mg as pure product (3.7% recovery). 'H NMR
(500 MHz, DMSO-ds) § 10.62-10.71 (m, 1H, L-Trp>-CCHNH), 8.55 (d, J = 8.5, 1H, L-Trp*-
NH), 8.50 (d, J = 8.5, 1H, D-Val’>-NH), 8.42 (d, J = 8.5, 1H, D-Leu*-NH), 8.30-8.35 (m, 1H,
L-Val>-NH), 8.25-8.30 (m, 1H, D-Val’-NH), 8.15-8.17 (m, 1H, L-Ala’-NH), 7.96 (d, J = 7.8,
1H, L-Trp*-Ar-H), 7.94 (dd, J = 8.1, 3.7, 1H, L-Trp*-Ar-H), 7.83 (d, J = 7.9, 1H, L-Trp>-Ar-
H),7.72 (dd, J= 8.0, 1.3, 1H, L-Trp*-Ar-H), 7.51 (d, J = 2.0, 1H, L-Trp>-NHCHC), 4.59 (dd,
J=28.8,4.5, 1H D-Val>NHCHCH), 4.35 (t, J = 8.3, 1H, D-Leu*-NHCHCH2), 4.03 (d, J = 9.0,
1H, D-Val>-NHCHCH), 3.96-4.00 (m, 1H, thiazolidine'-NHCHCH,S), 3.86 (dd, J = 9.0, 6.6,
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1H, L-Ala’-NHCHCH), 3.25 (dd, J = 10.5, 6.5, 1H, thiazolidine!-NHCHCH:S), 3.13 (dd, J =
10.5, 6.5, 1H, thiazolidine'-NHCHCH,S), 3.05 (d, J = 7.8, 1H, L-Trp>-NHCHCH>), 3.01 (dd,
J=13.5, 5.4, 1H, L-Trp>-NHCHCH,), 2.85-2.91 (m, 1H, thiazolidine!- NHCHCH:S), 2.19-
2.30 (m, 1H, L-Ala’-CH(CHj3),), 2.00-2.06 (m, 1H, D-Val®-CH(CHj3),), 1.92-1.99 (m, 1H, L-
Val’-CH(CH3),), 1.66-1.72 (m, 1H, D-Val>-CH(CH3)»), 1.52-1.61 (m, 1H, D-Leu*-CHCH>CH),
1.27-1.42 (m, 1H, D-Leu*-CHCH>CH), 1.16 (d, J = 6.4, 3H, D-Val®-CH(CH;)), 1.08 (d, J =
6.7, 3H, D-Leu*-CH(CHx),), 1.05 (d, J= 6.7, 3H, D-Leu*- CH(CHs),), 1.03 (d, J= 6.5, 3H, D-
Val®-CH(CHs),), 0.92 (d, J = 6.8, 3H, L-Val>-CH(CHz),), 0.87 (d, J = 6.4, 3H, L-Val’-
CH(CHs)2), 0.80 (d, J = 6.4, 3H, L-Ala’-CHCHs), 0.78 (d, J = 6.5, 3H, D-Val>-CH(CH;)>),
0.67 (d, J=6.4, 3H, D-Val>-CH(CHs)2); HRMS: calculated for C3sHssNsOsS1™ 755.4200, found
755.4185 [MH']; Analytical RP-HPLC (Method 1) 7z = 4.42 min.

(Ala)*~(Ala)’-lug (3.11)
:rS
3 ,}H?NJ\(O
Sl L
NH h
(6]

L,
NH
N
o < % )
T !

H

HN

Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (53.7 mg, 74%). The peptide
product was analysed by using LCMS and found [MH'] : 783.6 at z of 2.89 min. Compound
was then purified by RP-HPLC and obtained 2.1 mg as pure product (4.2% recovery). 'H NMR
(500 MHz, DMSO-ds) 6 10.61-10.75 (m, 1H, L-Trp>-CCHNH), 8.57 (d, J = 8.5, 1H, L-Trp*-
NH), 8.48 (d, J = 8.6, 1H, D-Ala>-NH), 8.42 (d, J = 8.5, 1H, D-Leu*-NH), 8.30-8.35 (m, 1H,
L-Val’>-NH), 8.25-8.30 (m, 1H, D-Val®-NH), 8.15-8.17 (m, 1H, L-Ala’-NH), 7.96 (d, J = 7.8,
1H, L-Trp-Ar-H), 7.94 (dd, J = 8.1, 3.7, 1H, L-Trp>-Ar-H), 7.83 (d, J = 7.9, 1H, L-Trp*-Ar-
H),7.72 (dd, J= 8.1, 1.3, 1H, L-Trp*-Ar-H), 7.55 (d, J= 2.2, 1H, L-Trp>-NHCHC), 4.60 (dd,
J=28.8,4.5, 1H D-Val>NHCHCH), 4.36 (t, J = 8.3, 1H, D-Leu*-NHCHCHb), 4.03 (d, J = 9.0,
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1H, D-Ala>-NHCHCH), 3.96-4.00 (m, 1H, thiazolidine'-NHCHCH,S), 3.86 (dd, J = 9.0, 6.6,
1H, L-Ala’-NHCHCH), 3.26 (dd, J = 10.5, 6.5, 1H, thiazolidine!-NHCHCH:S), 3.13 (dd, J =
10.5, 6.5, 1H, thiazolidine!-NHCHCH>S), 3.05 (d, J = 7.8, 1H, L-Trp>-NHCHCH>), 3.05 (dd,
J=13.5, 5.4, 1H, L-Trp>-NHCHCH,), 2.86-2.92 (m, 1H, thiazolidine!- NHCHCH:S), 2.19-
2.30 (m, 1H, L-Ala’-CH(CHj3),), 2.00-2.06 (m, 1H, D-Val®-CH(CH3)2), 1.92-1.99 (m, 1H, L-
Val’-CH(CH3),), 1.66-1.72 (m, 1H, D-Ala?-CH(CH3),), 1.52-1.61 (m, 1H, D-Leu*-CHCH>CH),
1.27-1.42 (m, 1H, D-Leu*-CHCH,CH), 1.16 (d, J = 6.4, 3H, D-Val®-CH(CHs)>), 1.08 (d, J =
6.7, 3H, D-Leu*-CH(CHx),), 1.05 (d, J= 6.7, 3H, D-Leu*- CH(CHs),), 1.03 (d, J= 6.5, 3H, D-
Val®-CH(CHs),), 0.92 (d, J = 6.8, 3H, L-Val>~-CH(CH:),), 0.89 (d, J = 6.4, 3H, L-Val°-
CH(CHx),),0.82 (d,J=6.5,3H, D-Ala’>-CHCH5), 0.80 (d, J= 6.4, 3H, L-Ala’-CHCH5); HRMS:
calculated for C3sHs4NgOeSi™ 727.3887, found 727.3930 [MH']; Analytical RP-HPLC
(Method 1) tz = 4.46 min.

(Ala)3-(Ala)’-lug (3.12)
S
o W 0
NH HN
ol L
NH L
© HN™ O

NH

Oﬁj e
Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as powder (52.6 mg, 68%). The peptide
product was analysed by using LCMS and found [MH"]: 640.6 at z of 2.92 min. Compound
was then purified by RP-HPLC and obtained 1.3 mg as pure product (4.1% recovery). '"H NMR
(500 MHz, DMSO-de) 6 8.52 (d, J = 8.5, 1H, L-Ala*-NH), 8.47 (d, J = 8.4, 1H, D-Val>-NH),
8.38 (d, J = 8.5, 1H, D-Leu*-NH), 8.32-8.35 (m, 1H, L-Val’>-NH), 8.22-8.27 (m, 1H, D-Val®-
NH), 8.15-8.19 (m, 1H, L-Ala’-NH), 7.51 (d, J=2.0, 1H, L-Trp*>-NHCHC), 4.75-4.78 (m, 1H,
L-Ala>-NHCHCH3), 4.62 (dd, J = 8.8, 4.5, 1H D-Val®>NHCHCH3), 4.35 (t, J = 8.3, 1H, D-
Leu*-NHCHCH,), 4.03 (d, J = 9.0, 1H, D-Val>NHCHCH), 3.96-4.00 (m, 1H, thiazolidine'-
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NHCHCH:S), 3.86 (dd, J = 9.0, 6.6, 1H, L-Ala’-NHCHCH), 3.25 (dd, J = 10.5, 6.5, 1H,
thiazolidine!-NHCHCH>S), 3.13 (dd, J = 10.5, 6.5, 1H, thiazolidine!-NHCHCH,S), 2.87-2.94
(m, 1H, thiazolidine'- NHCHCH,S), 2.25-2.32 (m, 1H, L-Ala’-CH(CHs),), 2.03-2.07 (m, 1H,
D-Val®-CH(CHs)2), 1.92-1.95 (m, 1H, L-Val>-CH(CHs),), 1.66-1.72 (m, 1H, D-Val’-
CH(CH3)2), 1.57-1.65 (m, 1H, D-Leu*-CHCH,CH), 1.35-1.42 (m, 1H, D-Leu*-CHCH,CH),
1.18 (d, J = 6.4, 3H, D-Val®-CH(CHs)>), 1.08 (d, J= 6.7, 3H, D-Leu*-CH(CH3),), 1.07 (d, J =
6.7, 3H, D-Leu*- CH(CHx),), 1.03 (d, J = 6.5, 3H, D-Val®-CH(CH:),), 0.92 (d, J = 6.8, 3H, L-
Val>-CH(CH;),), 0.87 (d, J = 6.4, 3H, L-Val>-CH(CHs)2), 0.80 (d, J = 6.4, 3H, L-Ala’-
CH(CH3)2), 0.78 (d, J = 6.5, 3H, D-Val*-CH(CH3),), 0.75 (d, J = 6.7, 3H, L-Ala*-CHCH;),
0.65 (d, J=6.4, 3H, D-Val>-CH(CHs)2); HRMS: calculated for C30Hs3N706S1™ 640.3778, found
640.3792 [MH"]; Analytical RP-HPLC (Method 1) #z = 4.50 min.

(Ala)*-(Ala)’-lug (3.13)

Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H2O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (55.4 mg, 81%). The peptide
product was analysed by using LCMS and found [MH]: 685.4 at ¢z of 2.88 min. Compound
was then purified by RP-HPLC and obtained 0.9 mg as pure product (3.2% recovery). '"H NMR
(500 MHz, DMSO-ds) § 10.60-10.65 (m, 1H, L-Trp>-CCHNH), 8.52 (d, J = 8.5, 1H, L-Trp*-
NH), 8.45 (d, J = 8.5, 1H, D-Val>-NH), 8.38 (d, J = 8.5, 1H, D-Ala*-NH), 8.27-8.32 (m, 1H,
L-Val>-NH), 8.21-8.25 (m, 1H, D-Val®-NH), 8.11-8.15 (m, 1H, L-Ala’-NH), 7.94 (d, J= 7.9,
1H, L-Trp-Ar-H), 7.95 (dd, J = 8.1, 3.7, 1H, L-Trp>-Ar-H), 7.85 (d, J = 7.9, 1H, L-Trp*>-Ar-
H),7.75 (dd, J= 8.0, 1.3, 1H, L-Trp*-Ar-H), 7.53 (d, J = 2.0, 1H, L-Trp>-NHCHC), 4.56 (dd,
J=18.8,4.5, 1H D-Val>-NHCHCH), 4.34 (t, J= 8.5, 1H, D-Ala*-NHCHCH3), 4.03 (d, J= 9.0,
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1H, D-Val>-NHCHCH), 3.96-4.00 (m, 1H, thiazolidine'-NHCHCH>S), 3.86 (dd, J = 9.0, 6.6,
1H, L-Ala’-NHCHCH), 3.25 (dd, J = 10.5, 6.5, 1H, thiazolidine!-NHCHCH:S), 3.13 (dd, J =
10.5, 6.5, 1H, thiazolidine!-NHCHCH,S), 3.05 (d, J = 7.8, 1H, L-Trp>-NHCHCH>), 3.01 (dd,
J=13.5, 5.4, 1H, L-Trp>-NHCHCH,), 2.85-2.91 (m, 1H, thiazolidine!- NHCHCH:S), 2.19-
2.30 (m, 1H, L-Ala’-CH(CHj3),), 2.00-2.06 (m, 1H, D-Val®-CH(CHs),), 1.92-1.99 (m, 1H, L-
Val’-CH(CH3),), 1.66-1.72 (m, 1H, D-Val>-CH(CHs),), 1.18 (d,J = 6.4, 3H, D-Val’-CH(CHx),),
1.15(d, J=6.7, 3H, D-Ala*-CHCHs), 1.03 (d, J= 6.5, 3H, D-Val®-CH(CH;)2), 0.92 (d, J= 6.8,
3H, L-Val’*-CH(CH;),), 0.87 (d, J = 6.4, 3H, L-Val>-CH(CHx),), 0.80 (d, J = 6.4, 3H, L-Ala’-
CHCH>), 0.78 (d, J = 6.5, 3H, D-Val’>-CH(CHs),), 0.67 (d, J = 6.4, 3H, D-Val>-CH(CHs)>);
HRMS: calculated for C33H43NgOsS1" 685.3418, found 685.3422 [MH']; Analytical RP-HPLC
(Method 1) tz = 4.52 min.

(Ala)*-(Ala)’-lug (3.14)

pans
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Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H2O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (54.5 mg, 78%). The peptide
product was analysed by using LCMS and found [MH]: 699.4 at ¢z of 2.89 min. Compound
was then purified by RP-HPLC and obtained 0.62 mg as pure product (3.4% recovery); HRMS:
calculated for C3sHsoNgOsSi™ 699.3574, found 699.3593 [MH']; Analytical RP-HPLC
(Method 1) 1z = 4.25 min.
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(Ala)’-(Ala)’-lug (3.15)

o

Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H2O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (51.7 mg, 74%). The peptide
product was analysed by using LCMS and found [MH"]: 699.4 at z of 2.89 min. Compound
was then purified by RP-HPLC and obtained 0.51 mg as pure product (3.0% recovery); HRMS:
calculated for C3sHsoNsOsSi™ 699.3574, found 699.3594 [MH']; Analytical RP-HPLC
(Method 1) tz = 4.48 min.

8.4 Experimental for Chapter 4

Synthesis of Fmoc-/N-methyl amino acids

(9H-Fluoren-9-yl)methyl (5)-4-isopropyl-5-oxooxazolidine-3-carboxylate (4.22)

Fmoc\N O
(@)

Fmoc-L-Val-OH (1.6 g, 5.10 mmol) was suspended in toluene (100.0 mL), and
paraformaldehyde (1.0 g) and p-toluenesulfonic acid (100.0 mg) were added. The mixture was
refluxed for 30 min with azeotropic water removal. The solution was cooled, washed with 1 N
aqueous NaHCO3 (2x25.0 mL) and dried over Na;SO4. Concentration in vacuo gave 1.42 g
(92%) of product: [a]p* =-27.5 (¢ 1.0, DCM); 'H NMR (400 MHz, CDs0D) § 7.77 (d,J=17.5
Hz, 2H, Ar-H), 7.62 (d, J = 7.5 Hz, 2H, Ar-H), 7.42 (t, J = 7.5 Hz, 2H, Ar-H), 7.30 (t, J="7.5
Hz, 2H, Ar-H), 5.77 (s, 1H, COOCH:N), 5.75 (s, IH, COOCH:N), 4.43 (d, J = 4.3 Hz, 2H,
COOCH»), 4.23 (t, J = 6.8 Hz ,1H, COOCH:CH), 4.05 (d, J = 4.3 Hz, 1H, NCHCOOCH>),
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2.30 (m, 1H, CH(CHs)), 1.04 (d, J = 6.8 Hz, 3H, CH(CHx),), 0.97 (d, J = 6.8 Hz, 3H,
CH(CH),); °C NMR (100 MHz, CDsOD) §178.2, 155.6, 142.6, 126.7, 126.2, 125.2, 120.5,
95.6,78.9, 67.3,47.0,27.9, 18.9; LCMS: calculated for C2iHaiNO4" 352.1, found 352.1 [MH*]

N-(((9H-Fluoren-9-yl)methoxy)carbonyl)- V-methyl-L-valine (4.24)

Fmoc\N OH
| O

(9H-Fluoren-9-yl)methyl (S)-4-isopropyl-5-oxooxazolidine-3-carboxylate (4.22) (1.0 g, 2.81
mmol, 1.0 equiv.) was dissolved in CHC13 (15.0 mL), and trifluoroacetic acid (15.0 mL) and
triethylsilane (1.4 mL, 1.0 g, 9.01 mmol, 3.2 equiv.) were added. The solution was stirred at
room temperature for 24 h. Then additional fresh TFA (up to 50%) and one equivalent of TES
was added and stirred for another 24 h followed by concentration in vacuo to an oil. The oil
was dissolved in CH2Cl; and re-concentrated three times. The resultant oil crystallized on
standing. The crystals were dissolved in ether and concentrated to a crystalline solid which was
washed with 5% ether in hexane and dried to give the product: yield (0.96 g, 94%); M.p. 142-
144 °C; [a]p® = -25.4° (¢ 1.0, CH2C1,); '"H NMR (400 MHz, CD;OD) & 7.79 (d, J = 7.5 Hz,
2H, Ar-H), 7.60 (d, J = 7.5 Hz, 2H, Ar-H), 7.44 (t, J= 7.5 Hz, 2H, Ar-H), 7.33 (t, /= 7.5 Hz,
2H, Ar-H), 4.23 (t, J = 6.8 Hz ,1H, COOCH2CH), 4.05 (d, J = 4.3 Hz, 1H, NCHCOOCH>),
3.56 (s, 3H, NCH3), 2.30 (m, 1H, CH(CH3)2), 1.05 (d, J = 6.8 Hz, 3H, CH(CH3)2), 0.95 (d, J =
6.8 Hz, 3H, CH(CH;)2); *C NMR (100 MHz, CD;0D) §178.3, 155.6, 142.8, 126.9, 126.0,
125.2,120.5,95.6, 73.5, 67.3,47.0, 33.1, 27.7, 19.1; LCMS: calculated for C21H23NO4" 354.2,
found 354.2 [MH"]

(9H-Fluoren-9-yl)methyl (5)-4-isobutyl-5-oxooxazolidine-3-carboxylate (4.23)

Fmoc-L-Leu-OH (1.0 g, 2.83 mmol) was suspended in toluene (100.0 mL), and
paraformaldehyde (0.5 g) and p-toluenesulfonic acid (50.0 mg) were added. The mixture was
refluxed for 30 min with azeotropic water removal. The solution was cooled, washed with 1 N

aqueous NaHCO3 (2x25.0 mL) and dried over Na>SOs. Concentration in vacuo gave 1.12 g
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(85%) of product: M.p. 140-142 °C; [a]p** =-30.5 (¢ 1.0, DCM); 'H NMR (400 MHz, CD;0D)
87.78 (d,J="17.5 Hz, 2H, Ar-H), 7.64 (d, J=7.5 Hz, 2H, Ar-H), 7.42 (t, J = 7.5 Hz, 2H, Ar-H),
7.35(t,J="17.5 Hz, 2H, Ar-H), 5.76 (s, IH, NCHCOOCH>), 5.75 (s, 1H, NCHCOOCH,), 4.43
(d, J= 4.3 Hz, 2H, COOCH>), 4.23 (t, J= 6.8 Hz ,1H, COOCH,CH), 4.07 (d, J = 4.3 Hz, 1H,
NCHCOOCH2>), 2.35 (m, 1H, CH(CH3),), 2.02 (2H, CH,CH(CHs),, 1.09 (d, J = 6.8 Hz, 3H,
CH(CHs)>), 0.99 (d, J= 6.8 Hz, 3H, CH(CH3)2); *C NMR (100 MHz, CD;0D) §178.2, 155.6,
142.6, 126.7, 126.2, 125.2, 120.5, 95.6, 78.9, 67.3, 47.0, 27.9, 21.5, 18.9; LCMS: calculated
for C2oH23NO4" 366.2, found 366.2 [MH']

N-(((9H-Fluoren-9-yl)methoxy)carbonyl)- V-methyl-L-leucine (4.25)

Fmoc\N OH
| O

(9H-Fluoren-9-yl)methyl (S)-4-isobutyl-5-oxooxazolidine-3-carboxylate (4.23) (1.0 g, 2.74
mmol, 1.0 equiv.) was dissolved in in CHC13 (15.0 mL), and trifluoroacetic acid (15.0 mL) and
triethylsilane (1.36 mL, 0.76 g, 8.61 mmol, 3.2 equiv.) were added. The solution was stirred at
room temperature for 24 h. Then additional fresh TFA (up to 50%) and one equivalent of TES
was added and stirred for another 24 h followed by concentration in vacuo to an oil. The oil
was dissolved in CH2Cl1; and re-concentrated three times. The resultant oil crystallized on
standing. The crystals were dissolved in ether and concentrated to a crystalline solid which was
washed with 5% ether in hexane and dried to give the product: yield (0.86 g, 90%); M.p. 147-
149 °C; [a]p® =-30.9° (¢ 1.0, CH2C1,); '"H NMR (400 MHz, CD;OD) § 7.82 (d, J = 7.5 Hz,
2H, Ar-H), 7.67 (d, J = 7.5 Hz, 2H, Ar-H), 7.42 (t, J= 7.5 Hz, 2H, Ar-H), 7.35 (t, /= 7.5 Hz,
2H, Ar-H), 4.43 (d, J=4.3 Hz, 2H, COOCH>), 4.23 (t, J = 6.8 Hz ,1H, COOCH2CH), 4.07 (d,
J =43 Hz, 1H, NCHCOOCH>»), 3.21 (s, 3H, NCH3), 2.35 (m, 1H, CH(CH3)2), 2.02 (2H,
CH,CH(CHsx),, 1.06 (d, J = 6.8 Hz, 3H, CH(CHs)2), 0.97 (d, J = 6.8 Hz, 3H, CH(CHs),); 1°C
NMR (100 MHz, CD;0D) 8178.4, 155.7, 142.6, 126.5, 126.2, 125.4, 120.6, 95.8, 78.9, 67.3,
47.0,27.9,21.5, 18.9; LCMS: calculated for C21H23NO4" 354.1627, found 354.2 [MH']
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Synthesis of Fmoc-L-homoleucine

N-Benzyl-(S)-proline (4.27)%?

’\\N \/@

O~ ©OH

(S)-Proline (20.7 g, 179.80 mmol) was added to KOH (35.4 g, 630.01 mmol) in ‘PrOH (330.0
mL) and stirred at 45 °C. Benzyl chloride (24.8 mL, 216.0 mmol) in ‘PrOH (25.0 mL) was
added dropwise over 1 h and the reaction mixture was subsequently left stirring at 45 °C for 5
h. With the aid of an ice bath, concentrated HCI was added to achieve pH 5-6, before CHCl3
(170.0 mL) was added and the suspension left to settle overnight. The KCl was filtered off and
the filtrate concentrated in vacuo. The resulting residue was triturated with acetone to yield
product as a white powder (36.58 g, 89 %); M.p. 168-170 °C (lit.>>> M.p. 174-175 °C); Ry =
0.08 (Hexane/EtOAc/AcOH, 1:1:0.01); [a]p*} =-25.5 (c = 1, MeOH) (lit.** [a]p?°=-25.8 (c =
1, EtOH)); 'H NMR (400 MHz, CD;0D) § 7.58-7.53 (m, 2H, Ph Hs), 7.49-7.45 (m, 3H, Ph
Hs), 4.51 (d, J=12.8 Hz, 1H, NCHHgPh), 4.28 (d, J = 12.8 Hz, 1H, NCHaH35Ph), 3.95 (dd,
J=94, 6.8 Hz, 1H, Pro,-H), 3.56-3.51 (m, 1H, Pros-H), 3.28-3.21 (m, 1H, Pros-H), 2.53-2.43
(m, 1H, Prog-H), 2.19-2.08 (m, 2H, Prog-H, Pro,-H), 2.02-1.90 (m, 1H, Pro,-H); *C NMR (100
MHz, CD3;0OD) 6 171.4, 130.6, 130.2, 129.5, 128.9, 68.4, 58.0, 53.8, 28.4, 22.4; LCMS:
calculated for C12H16NO2" 206.1, found 206.0 [MH™].

(S)-2-[N’-(N-Benzylprolyl)amino]benzophenone (BPB) (4.28)3%2

N-Benzyl-(S)-proline (10.00 g, 49.0 mmol) had chlorobenzene (100.0 mL) added and cooled
in an ice bath. To this phosphorus (V) pentachloride (10.15 g, 49.0 mmol) was added and left
stirring at room temperature. The progress of the reaction was monitored after 30 min by LCMS.

Then, 2-aminobenzophenone (9.61 g, 49.0 mmol) was added and stirred for a further 90 min.
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The reaction was subsequently quenched with MeOH (8.0 mL) before being filtered to collect
the crude precipitate, which was washed with acetone and dried in vacuo. Recrystallisation of
this material in MeOH gave the pure product. Further product was recovered from the crude
reaction filtrate by concentrating in vacuo and triturating the residual solid with acetone. The
off-white solids obtained were combined (10.03 g, 54 %); Ry=0.74 (Hexane/EtOAc 1:1); [a]p®
=-41.7 (c = 1, MeOH); 'H NMR (400 MHz, CD3;0D) § 7.81-7.77 (m, 2H, Ph Hs), 7.68-7.58
(m, 2H, Ph Hs), 7.55-7.44 (m, 5H, Ph Hs), 7.43-7.35 (m, 5H, Ph Hs), 4.38-4.25 (m, 3H,
NCHHgPh, NCHAHBPh, Pro,-H), 3.61-3.53 (m, 1H, Pros-H), 3.38-3.29 (m, 1H, Pros-H), 2.47-
2.35 (m, 1H, Prog-H), 2.21-2.10 (m, 1H, Proy-H), 1.96-1.83 (m, 1H, Pro,-H), 1.72-1.61 (m, 1H,
Prop-H); 13*C NMR (100 MHz, CD;0D) § 196.2, 165.8, 137.2, 134.6, 132.9, 131.8, 131.7, 130.6,
130.2, 129.85, 129.81, 129.7, 128.9, 128.1, 125.5, 124.2, 66.7, 57.9, 54.4, 28.1, 22.4; LCMS:
calculated for C2sHasN20O>" 385.2, found 385.0 [MH"].

Ni (11)-Glycine-BPB complex (4.29)%23%

g
158y

BPB<HCl salt (7.50 g, 17.8 mmol), glycine (4.02 g, 53.5 mmol) and Ni (NO3)2°6H>0 (10.36 g,
35.7 mmol) had MeOH added (150 mL) and heated to 50 °C. K,CO3 (36.97 g, 267.0 mmol)
was added and heated to reflux at 65 °C. The green suspension quickly turned dark red.
Additional K>CO3(12.32 g, 89.1 mmol) was added after 1 h. The reaction was cooled in an ice
bath after an extra 2 h, before quenching with AcOH (15.0 mL). After filtering, H2O (450.0
mL) was added to the filtrate and stirred overnight. The resulting red precipitate was collected
by vacuum filtration and dried in an oven at 45 °C to yield the product as a red solid (7.26 g,
80 %); M.p. 214-216°C (lit.3>> M.p. 217-220 °C); Ry = 0.23 (Hexane/EtOAc/Acetone, 1:3:1);
[o]p?* = +1792.3 (c = 0.29, MeOH) (lit.*> [a]p?® = +2006 (c = 0.1, MeOH)); 'H NMR (400
MHz, CDCI3) 6 8.31 (d, J=8.7 Hz, 1H, Ph H), 8.09 (d, /= 7.3 Hz, 2H, Ph Hs), 7.58-7.50 (m,
3H, Ph Hs), 7.45 (t,J= 7.4 Hz, 2H, Ph Hs), 7.33 (t,J=7.3 Hz, 1H, Ph H), 7.23 (t, /= 7.5 Hz,
1H, Ph H), 7.12 (d, J = 6.7 Hz, 1H, Ph H), 7.03-6.98 (m, 1H, Ph H), 6.82 (d, /= 7.8 Hz, 1H,
Ph H), 6.72 (t,J=7.4 Hz, 1H, Ph H),4.51 (d,J=12.7 Hz, 1H, NCHAH3Ph), 3.83-3.67 (m, 4H,
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Pros-H, NCHHgPh, Glye-Hz), 3.50 (dd, J = 10.4, 4.9 Hz, 1H, Prog-H), 3.43-3.31 (m, 1H, Pro,-
H), 2.64-2.56 (m, 1H, Prog-H), 2.50-2.39 (m, 1H, Prog-H), 2.21-2.05 (m, 2H, Pro,-H, Pros-H);
3C NMR (100 MHz, CDCl;) & 181.4, 177.3, 171.7, 142.6, 134.7, 133.3, 133.2, 132.3, 131.8,
129.8,129.6,129.4,129.2,129.0, 126.4, 125.7, 125.2,124.3,120.9, 69.9, 63.1, 61.3, 57.5, 30.8,
23.7; LCMS: calculated for C27H26N3NiO3" 498.1, found 498.1 [MH"].

Ni (I I)-(S)-BPB/(S)-Z-amin0-5-methylhexan0ic acid Schiff’s base complex (4.35)

ENJ

To a solution of Ni (II)-Gly-BPB complex (2.21 g, 4.4 mmol) in anhydrous DMF (60.0 mL)
was added NaOH (0.89 g, 22.2 mmol). After 5 min, isopentyl iodide (4.34) (0.56 mL, 4.8 mmol)
in anhydrous DMF (10.0 mL) was added dropwise and stirred for 1 h. The reaction was
monitored using RP-HPLC, quenched with saturated aqueous NH4CI (110.0 mL) and extracted
with EtOAc (3x50.0 mL). The organic layer was dried over MgSO4 and concentrated in vacuo.
The residue was then re-dissolved in anhydrous MeOH (90 mL), K>COs3 (3.07 g, 22.2 mmol)
added and refluxed at 60 °C for 2 h. After quenching with 5 % AcOH in H>O (60.0 mL) at 0
°C, the reaction mixture was extracted with CH2Cl, (3x50.0 mL), dried over Na;SO4 and
concentrated in vacuo. Purification was achieved by column chromatography (hexane/ethyl
acetate/acetone, 1:3:1) to give the product as a red solid (1.78 g, 68 %); M.p. 205-207 °C; Ry=
0.42 (Hexane/EtOAc/Acetone, 1:3:1); 'H NMR (400 MHz, CDCls) § 8.15 (d, J= 8.6 Hz, 1H,
Ph H), 8.08 (d, J= 7.5 Hz, 2H, Ph H), 7.57-7.48 (m, 3H, Ph Hs), 7.38 (t, J= 7.5 Hz, 2H, Ph
Hs), 7.30-7.27 (m, 1H, Ph H), 7.24-7.15 (m, 2H, Ph Hs), 6.97 (d, J= 7.1 Hz, 1H, Ph H), 6.72-
6.65 (m, 2H, Ph Hs), 4.45 (d, J=12.7 Hz, 1H, NCHaH3Ph), 3.86 (dd, /= 9.7, 3.4 Hz, 1H, C,-
H), 3.63-3.48 (m, 4H, Pro.-H, Pro,-H, Pros-H, NCHHgPh), 2.80-2.64 (m, 1H, Prog-H), 2.62-
2.51 (m, 1H, Prog-H), 1.76-1.85 (m, 2H, CH>.CH>CH), 1.60-1.65 (m, 1H, CH>CH:CH),
1.15.1.23 (m, 2H, CH.CH>CH), 1.05 (d, 6H, CH.CH(CH3)2), 2.29-2.21 (m, 1H, Proy-H), 2.15-
2.03 (m, 1H, Pros-H); '*C NMR (100 MHz, CDCl3) § 180.5, 178.4, 171.5, 142.4, 133.4, 133.2,
132.6, 131.5, 130.0, 129.2, 129.2, 129.0, 129.0, 127.2, 127.0, 126.1, 123.9, 120.9, 70.2, 68.6,
63.2, 57.2, 30.8, 30.3, 30.0, 28.1, 23.9; LCMS: calculated for C32H3sN3NiOs" 568.2, found
568.2 [MH'];
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Fmoc-L-Hle-OH (4.37)

The alkylated Ni complex (2.50 g, 4.2 mmol) was dissolved in MeOH/2M HCI (3:1, 100.0 mL)
and heated in a microwave reactor (50 W, 75 °C) for 30 min. After solvent removal in vacuo,
the residue was re-dissolved in H>O (250.0 mL). Adjustment to pH 9 was achieved using
saturated aqueous Na,COs3 and the mixture was extracted with DCM (2x100.0 mL, 1x50.0 mL).
EDTA disodium salt dihydrate (1.57 g, 4.2 mmol) was added to the aqueous layer and stirred
for 1 h. Additional Na,COs3 (1.34 g, 12.6 mmol) was added before dropwise addition of Fmoc-
Oxyma (1.53 g, 4.2 mmol) in THF (140.0 mL) over 20 min at 0 “C. The reaction was stirred
overnight at room temperature. Following THF removal in vacuo, the aqueous suspension was
extracted with EtcO (2x100.0 mL). Acidification of the aqueous layer was carried out using
saturate aqueous KHSO4 until pH 1-2. This was subsequently extracted with EtOAc (2x100.0
mL, 1x50.0 mL), the combined organic extracts dried over MgSO4 and concentrated in vacuo.
Trituration of the resulting residue with HoO/MeOH (9:1) afforded the product as a white solid
(0.85 g, 49 %); M.p. 125-127 °C; Ry=0.26 (Hexane/EtOAc/AcOH, 1:1:0.01); [o]p** =-15.8 (¢
= (.45, MeOH); 'H NMR (400 MHz, CD;0D) & 7.77 (d, J = 7.5 Hz, 2H, Ar-H), 7.62 (d, J =
7.5 Hz, 2H, Ar-H), 7.42 (t, J= 7.5 Hz, 2H, Ar-H), 7.30 (t, /= 7.5 Hz, 2H, Ar-H), 5.78 (s, 1H,
NCHCOOCH->), 5.73 (s, 1H, NCHCOOCH>), 1.75-1.88 (m, 2H, CH>CH>CH), 1.55-1.62 (m,
1H, CH,CH,CH), 1.18.1.27 (m, 2H, CH.CH>CH), 1.15 (d, 6H, CHCH(CH3),); *C NMR (100
MHz, CD;0D) 6 8178.5, 155.8, 142.9, 127.7, 125.2, 123.2, 118.5, 92.6, 77.9, 67.3, 47.0, 25.9,
22.5,17.9; LCMS: calculated for C22HasNO4* 368.2, found 368.2 [MH]
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8.5 Experimental for Chapter 5
(9H-Fluoren-9-yl)methyl (S)-(4-methyl-1-oxopentan-2-yl)carbamate (5.1)>%

1
o0

Fmoc-L-Leu-OH (2.0 g, 6.03 mmol, 1.0 equiv.) was dissolved in dry DCM (80.0 mL). The
solution was cooled to 0°C and CDI (1.1 g, 6.63 mmol, 1.1 equiv.) was added. After stirring
for 1 h at 0 °C, the reaction solution was cooled to -78°C (acetone/COz bath) for 15 min. The
DIBAL-H solution (1.0 M in toluene) (12.7 ml, 12.67 mmol, 2.1 equiv.) was added dropwise
over 10 min under N> gas. The reaction mixture was stirred at -78°C for 1.5 h and monitored
by TLC ( Hexane : EtOAc 2 : 1). Upon completion, the reaction mixture diluted in EtOAc (80.0
mL) and quenched with the addition of tartaric acid solution (25% in H>O) (50.0 mL) with
vigorous stirring. The mixture was warmed to room temperature and stirred at ambient
temperature for 15 min. The organic phase was extracted with EtOAc (1x80.0 mL), and the
combined organic layers were washed with 1M HCI aq (1x50.0 mL), 0.8M NaHCOs; aq
(1x50.0 mL), sat. NaCl aq (1x50.0 mL), dried over MgSO4 and concentrated in vacuo.
Purification was achieved by column chromatography (hexane/ethyl acetate, 3:1) to give 5.1
as white powder (1.75 g, 85% yield); M.p. 158-160 °C; Ry = 0.25 (hexane/EtOAc = 2:1); 'H
NMR (CDCls, 400 MHz) & 9.65 (s, 1H, CHO), 7.75 (d, J= 7.5 Hz, 2H, Ar-H), 7.60 (d, J= 7.3
Hz, 2H, Ar-H), 7.41 (t, J = 7.5 Hz, 2H, Ar-H), 7.32 (t, J = 7.5 Hz, 2H, Ar-H), 5.37 (brs, 1H,
NH), 4.42 (d, J = 6.8 Hz, 2H, COOCHz), 4.30-4.39 (m, 1H, NHCH), 4.20 (t, /= 6.8 Hz ,1H,
COOCH:CH), 2.30 (m, 1H, CH(CHz3)2), 1.72-1.78 (m, 2H, NHCHCH>), 1.04 (d, J = 6.8 Hz,
3H, CH(CH;)2), 0.97 (d, J = 6.8 Hz, 3H, CH(CH;)2); 1*C NMR (CDCls, 100 MHz) § 199.8,
156.4,143.8,141.3,127.8,127.1, 125.1, 120.0, 67.1, 65.1,47.3, 29.1, 20.5, 17.6. LCMS: calcd.
for C21H23NOs + 338.2, found 338.2 [MH"].
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(9H-Fluoren-9-yl)methyl (S)-(5-methyl-1-oxohexan-2-yl)carbamate (5.2)

o
I

HN.__O
T
0

Fmoc-L-Hle-OH (1.0 g, 2.85 mmol, 1.0 equiv.) was dissolved in dry DCM (50.0 mL). The
solution was cooled to 0°C and CDI (0.5 g, 3.14 mmol, 1.1 equiv.) was added. After stirring
for 1 h at 0 °C, the reaction solution was cooled to -78°C (acetone/COz bath) for 15 min. The
DIBAL-H solution (1.0 M in toluene) (6.0 ml, 5.99 mmol, 2.1 equiv.) was added dropwise over
10 min under N> gas. The reaction mixture was stirred at -78°C for 1.5 h and monitored by
TLC (Hexane : EtOAc 2 : 1). Upon completion, the reaction mixture diluted in EtOAc (80.0
mL) and quenched with the addition of tartaric acid solution (25% in H>O) (50.0 mL) with
vigorous stirring. The mixture was warmed to room temperature and stirred at ambient
temperature for 15 min. The organic phase was extracted with EtOAc (1x80.0 mL), and the
combined organic layers were washed with 1M HCI aq (1x50.0 mL), 0.8M NaHCOs3 aq
(1x50.0 mL), sat. NaCl aq (1x50.0 mL), dried over MgSO4 and concentrated in vacuo.
Purification was achieved by column chromatography (hexane/ethyl acetate, 2:1) to give 5.2
as white powder (0.65 g, 72% yield); M.p 158-160 °C; Ry = 0.25 (hexane/EtOAc = 2:1); 'H
NMR (CDCl3, 400 MHz) & 9.66 (s, 1H, CHO), 7.81 (d, J= 7.5 Hz, 2H, Ar-H), 7.54 (d, J=17.3
Hz, 2H, Ar-H), 7.40 (t, J = 7.5 Hz, 2H, Ar-H), 7.32 (t, J = 7.5 Hz, 2H, Ar-H), 5.35 (brs, 1H,
NH), 4.42 (d, J= 6.8 Hz, 2H, COOCH>), 4.31-4.39 (m, 1H, NHCH), 4.20 (t, /= 6.8 Hz ,1H,
COOCH:CH), 2.34 (m, 1H, CH(CH3)2), 1.75-1.79 (m, 2H, NHCHCH>), 1.05-1.18 (m, 2H,
NHCHCH,CH,), 1.04 (d,J = 6.8 Hz, 3H, CH(CH3),), 0.97 (d, J= 6.8 Hz, 3H, CH(CH;)>); 1°C
NMR (CDCls, 100 MHz) 6 199.8, 156.4, 143.8, 141.3, 127.7, 127.1, 125.2, 120.0, 67.3, 65.2,
47.3,29.1,25.4,20.2, 17.6. LCMS: calcd. for C22H2sNO;3 + 352.1834, found 352.2 [MH"].
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(9H-Fluoren-9-yl)methyl (S)-(1-oxopentan-2-yl)carbamate (5.11)

o}
I

HN.__O
T
0

Fmoc-L-Nva-OH (1.0 g, 3.09 mmol, 1.0 equiv.) was dissolved in dry DCM (40.0 mL). The
solution was cooled to 0°C and CDI (0.6 g, 3.34 mmol, 1.1 equiv.) was added. After stirring
for 1 h at 0 °C, the reaction solution was cooled to -78°C (acetone/COz bath) for 15 min. The
DIBAL-H solution (1.0 M in toluene) (6.5 ml, 6.49 mmol, 2.1 equiv.) was added dropwise over
10 min under N> gas. The reaction mixture was stirred at -78°C for 1.5 h and monitored by
TLC (Hexane : EtOAc 2 : 1). Upon completion, the reaction mixture diluted in EtOAc (80.0
mL) and quenched with the addition of tartaric acid solution (25% in H>O) (50.0 mL) with
vigorous stirring. The mixture was warmed to room temperature and stirred at ambient
temperature for 15 min. The organic phase was extracted with EtOAc (1x80 mL), and the
combined organic layers were washed with 1M HCI aq (1x50 mL), 0.8M NaHCOs3 aq (1x50
mL), sat. NaCl aq (1x50 mL), dried over MgSQO4 and concentrated in vacuo. Purification was
achieved by column chromatography (hexane/ethyl acetate, 3:1) to give 5.10 as white powder
(0.78 g, 82% yield); M.p 142-144 °C; Ry= 0.27 (hexane/EtOAc = 2:1); 'TH NMR (CDCls, 400
MHz) 6 9.67 (s, 1H, CHO), 7.87 (d, J=7.5 Hz, 2H, Ar-H), 7.65 (d, J= 7.3 Hz, 2H, Ar-H), 7.47
(t,J=17.5 Hz, 2H, Ar-H), 7.35 (t, /= 7.5 Hz, 2H, Ar-H), 5.37 (brd, J = 6.6 Hz, 1H, NH), 4.42
(d,J=6.8 Hz, 2H, COOCH>), 4.35-4.38 (m, 1H, NHCH), 4.27 (t,J= 6.8 Hz ,1H, COOCH2CH),
1.65-1.68 (m, 2H, NHCHCH>), 1.15-1.23 (m, 2H, NHCHCH:CH>), 0.98 (t, J = 6.8 Hz, 3H,
CH:CH3); 3C NMR (CDCls, 400 MHz) & 198.8, 157.4, 145.8, 141.7, 127.4, 127.0, 126.1,
122.4,66.5, 64.1,47.3,29.1,22.7,19.5, 17.6. LCMS: calcd. for C20H21NO;3 + 324.1521, found
324.2 [MH].
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(9H-Fluoren-9-yl)methyl (S)-(1-oxohexan-2-yl)carbamate (5.12)

o
I

HN.__O
T
0

Fmoc-L-Nle-OH (1.0 g, 2.96 mmol, 1.0 equiv.) was dissolved in dry DCM (40.0 mL). The
solution was cooled to 0°C and CDI (0.6 g, 3.26 mmol, 1.1 equiv.) was added. After stirring
for 1 h at 0 °C, the reaction solution was cooled to -78°C (acetone/COz bath) for 15 min. The
DIBAL-H solution (1.0 M in toluene) (6.2 ml, 6.21 mmol, 2.1 equiv.) was added dropwise over
10 min under N> gas. The reaction mixture was stirred at -78°C for 1.5 h and monitored by
TLC (Hexane : EtOAc 2 : 1). Upon completion, the reaction mixture diluted in EtOAc (80.0
mL) and quenched with the addition of tartaric acid solution (25% in H>0) (50.0 mL) with
vigorous stirring. The mixture was warmed to room temperature and stirred at ambient
temperature for 15 min. The organic phase was extracted with EtOAc (1x80.0 mL), and the
combined organic layers were washed with 1M HCI aq (1x50.0 mL), 0.8M NaHCOs3 aq
(1x50.0 mL), sat. NaCl aq (1x50.0 mL), dried over MgSO4 and concentrated in vacuo.
Purification was achieved by column chromatography (hexane/ethyl acetate, 3:1) to give 5.11
as white powder (0.75 g, 70% yield); M.p 135-137 °C; Ry = 0.25 (hexane/EtOAc = 2:1); 'H
NMR (CDCls, 400 MHz) & 9.67 (s, 1H, CHO), 7.87 (d, J= 7.5 Hz, 2H, Ar-H), 7.65 (d, J=17.3
Hz, 2H, Ar-H), 7.47 (t, J=7.5 Hz, 2H, Ar-H), 7.35 (t, /= 7.5 Hz, 2H, Ar-H), 5.37 (brd, J= 6.6
Hz, 1H, NH), 4.42 (d, J = 6.8 Hz, 2H, COOCH>), 4.35-4.38 (m, 1H, NHCH), 4.27 (t,J = 6.8
Hz ,1H, COOCH2CH), 1.65-1.68 (m, 2H, NHCHCH>), 1.15-1.23 (m, 2H, NHCHCH2CH>),
0.99-1.05 (m, 2H, NHCHCH2CH2CH>), 0.95 (t, J = 6.8 Hz, 3H, CH,CH;); '*C NMR (CDCl3,
400 MHz) 6 198.8, 157.4, 145.8, 141.7, 127.4, 127.0, 126.1, 122.4, 66.5, 64.1, 47.3, 29.1, 24.7,
22.7,19.5,17.6. LCMS: calcd. for C21H23NO3 + 338.1678, found 338.2 [MH].
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(9H-Fluoren-9-yl)methyl (S)-(1-(1H-indol-3-yl)-3-oxopropan-2-yl)carbamate (5.20)

(@]
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HN HNYO
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0

Fmoc-L-Trp-OH (1.0 g, 2.44 mmol, 1.0 equiv.) was dissolved in dry DCM (50.0 mL). The
solution was cooled to 0°C and CDI (0.5 g, 2.68 mmol, 1.1 equiv.) was added. After stirring
for 1 h at 0 °C, the reaction solution was cooled to -78°C (acetone/COz bath) for 15 min. The
DIBAL-H solution (1.0 M in toluene) (5.1 ml, 5.12 mmol, 2.1 equiv.) was added dropwise over
10 min under N> gas. The reaction mixture was stirred at -78°C for 1.5 h and monitored by
TLC (Hexane : EtOAc 2 : 1). Upon completion, the reaction mixture diluted in EtOAc (80.0
mL) and quenched with the addition of tartaric acid solution (25% in H>0O) (50.0 mL) with
vigorous stirring. The mixture was warmed to room temperature and stirred at ambient
temperature for 15 min. The organic phase was extracted with EtOAc (1x80.0 mL), and the
combined organic layers were washed with 1M HCI aq (1x50.0 mL), 0.8M NaHCOs3 aq
(1x50.0 mL), sat. NaCl aq (1x50.0 mL), dried over MgSO4 and concentrated in vacuo.
Purification was achieved by column chromatography (hexane/ethyl acetate, 3:1) to give 5.20
as white powder (0.57 g, 47% yield); M.p 166-168 °C; Ry = 0.25 (hexane/EtOAc = 2:1); 'H
NMR (CDCls, 400 MHz) 6 10.82 (brs, 1H, Trp-NH), 9.57 (s, 1H, CHO), 7.76 (d, J = 7.5 Hz,
2H, Ar-H), 7.55 (d, J= 7.5 Hz, 2H, Ar-H), 7.52 (d, J= 7.5 Hz, 1H, Trp-Ar-H), 7.43 (t, J="7.5
Hz, 2H, Ar-H), 7.32 (t,J = 7.5 Hz, 2H, Ar-H), 7.30 (d, /= 7.5 Hz, 1H, Trp-Ar-H), 7.23 (m, 1H,
Trp-Ar-H), 7.11 (m, 1H, Trp-Ar-H), 7.02 (m, 1H, Trp-Ar-H), 5.38 (brs, 1H, NH), 4.45 (d, J =
4.3 Hz, 2H, COOCHz), 4.25-4.36 (m, 1H, NHCH), 4.25 (t,J= 6.8 Hz ,1H, COOCH:CH), 3.30-
3.40 (m, 1H, NHCHCH,), 3.10-3.14 (m, 1H, NHCHCH,); *C NMR (CDCl;, 100 MHz) §
199.0, 155.8, 143.8, 143.7, 141.4,136.5, 127.8,127.4, 127.1, 125.0, 124.3, 124.2, 120.0, 118.5,
116.4, 109.8, 106.4, 67.0, 56.0, 47.2, 27.5; LCMS: calcd. for C26H22N2O3 + 411.1630, found
411.2 [MH"].
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(9H-Fluoren-9-yl)methyl (S)-(1-0x0-3-phenylpropan-2-yl)carbamate (5.21)>%

0
I

HN.__0O
T
0

Fmoc-L-Phe-OH (1.0 g, 2.69 mmol, 1.0 equiv.) was dissolved in dry DCM (40.0 mL). The
solution was cooled to 0°C and CDI (0.5 g, 2.96 mmol, 1.1 equiv.) was added. After stirring
for 1 h at 0 °C, the reaction solution was cooled to -78°C (acetone/COz bath) for 15 min. The
DIBAL-H solution (1.0 M in toluene) (5.7 ml, 5.65 mmol, 2.1 equiv.) was added dropwise over
10 min under N> gas. The reaction mixture was stirred at -78°C for 1.5 h and monitored by
TLC ( Hexane : EtOAc 2 : 1). Upon completion, the reaction mixture diluted in EtOAc (80.0
mL) and quenched with the addition of tartaric acid solution (25% in H>O) (50.0 mL) with
vigorous stirring. The mixture was warmed to room temperature and stirred at ambient
temperature for 15 min. The organic phase was extracted with EtOAc (1x80.0 mL), and the
combined organic layers were washed with 1M HCI aq (1x50.0 mL), 0.8M NaHCOs3 aq
(1x50.0 mL), sat. NaCl aq (1x50.0 mL), dried over MgSO4 and concentrated in vacuo.
Purification was achieved by column chromatography (hexane/ethyl acetate, 3:1) to give 5.21
as white powder (0.81 g, 85% yield); M.p 141-143 °C; Ry = 0.25 (hexane/EtOAc = 2:1); 'H
NMR (CDCls, 400 MHz) & 9.58 (s, 1H, CHO), 7.78 (d, J= 7.5 Hz, 2H, Ar-H), 7.57 (d, J=7.5
Hz, 2H, Ar-H), 7.42 (t,J=17.5 Hz, 2H, Ar-H), 7.34 (t, J=7.5 Hz, 2H, Ar-H), 7.22 (m, 1H, Phe-
Ar-H), 7.18 (m, 2H, Phe-Ar-H), 7.16 (m, 2H, Phe-Ar-H), 4.45 (d, /= 4.3 Hz, 2H, COOCH>),
4.28-4.39 (m, 1H, NHCH), 4.25 (t, J = 6.8 Hz ,1H, COOCH:CH), 3.30-3.40 (m, 1H,
NHCHCH,), 3.10-3.14 (m, 1H, NHCHCH>); '*C NMR (CDCl3, 100 MHz) & 199.7, 155.8,
143.6,142.2, 138.5, 129.8, 127.4, 125.8, 125.3, 120.2, 75.2, 68.3, 47.5, 34.6; LCMS: calcd. for
C24H21NO3 + 372.1521, found 372.2 [MH"].
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(9H-Fluoren-9-yl)methyl (S)-(1-cyclopropyl-3-oxopropan-2-yl)carbamate (5.22)

N
HN.__O
T
0

Fmoc-L-CPA-OH (1.0 g, 2.98 mmol, 1.0 equiv.) was dissolved in dry DCM (40.0 mL). The
solution was cooled to 0°C and CDI (0.6 g, 3.28 mmol, 1.1 equiv.) was added. After stirring
for 1 h at 0 °C, the reaction solution was cooled to -78°C (acetone/COz bath) for 15 min. The
DIBAL-H solution (1.0 M in toluene) (6.3 ml, 6.26 mmol, 2.1 equiv.) was added dropwise over
10 min under N> gas. The reaction mixture was stirred at -78°C for 1.5 h and monitored by
TLC ( Hexane : EtOAc 2 : 1). Upon completion, the reaction mixture diluted in EtOAc (80.0
mL) and quenched with the addition of tartaric acid solution (25% in H>O) (50.0 mL) with
vigorous stirring. The mixture was warmed to room temperature and stirred at ambient
temperature for 15 min. The organic phase was extracted with EtOAc (1x80.0 mL), and the
combined organic layers were washed with IM HCl aq (1x50 mL), 0.8M NaHCO3 aq (1x50.0
mL), sat. NaCl aq (1x50.0 mL), dried over MgSO4 and concentrated in vacuo. Purification was
achieved by column chromatography (hexane/ethyl acetate, 3:1) to give 5.22 as white powder
(0.77 g, 75% yield); Ry= 0.29 (hexane/EtOAc = 2:1); 'H NMR (CDCls, 400 MHz) § 9.66 (s,
1H, CHO), 7.75 (d, J = 7.5 Hz, 2H, Ar-H), 7.59 (d, J= 7.3 Hz, 2H, Ar-H), 7.39 (t, J= 7.5 Hz,
2H, Ar-H), 7.35 (t, J=7.5 Hz, 2H, Ar-H), 5.37 (brd, J= 6.6 Hz, 1H, NH), 4.42 (d, /= 6.8 Hz,
2H, COOCH>), 4.33-4.35 (m, 1H, NHCH), 4.26 (t,J= 6.8 Hz ,1H, COOCH>CH), 1.97 (m, 2H,
NHCHCH»), 1.07 (m, 1H, CPA-CH,CH), 0.38-0.45 (m, 2H, CPA-CH>), 0.12-0.23 (m, 2H,
CPA-CHa); *C NMR (CDCls, 400 MHz) § 199.5, 156.7, 143.2, 141.1, 127.7, 127.0, 125.1,
120.0, 67.1, 62.1, 47.3, 38.1, 5.3, 4.1; LCMS: calcd. for C21H21NOs + 336.1521, found 336.2
[MH].
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Preparation of modified TG resin with different pre-loaded Fmoc-amino

aldehydes.

General procedure
TG resin (2.27)
OH
H,N Gly—Q
0]

The dried Rink amide AM resin (Novagel) (1.0 equiv, loading = 0.7 mmol/g) was swollen in
DMF (2.0 mL) for 15 h in a reaction column followed by washing with DMF (3.0 mL min!)
for 5-10 min. Then the resin wad attached by Fmoc-Gly-OH and Fmoc-Thr-OH via general
Fmoc SPPS protocol. The washing and Fmoc-deprotection cycles were carried out using the
manual peptide synthesiser NOVASYN® GEM with a post-column UV monitoring at 355 nM.
The peptide chains were assembled by stepwise coupling of Na-Fmoc-amino acid (4.0 eq) in
DMF (0.6 mL) in the presence of carboxyl activating agent 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU; 3.9 eq) and DIPEA
(8.0 eq). Each acylation reaction was carried out in the reaction column for 4 h at room
temperature and was followed by the wash and deprotection steps. Following the assembly of
the desired sequence, the resin washed with DMF (3.0 mL min™') for 15 min. The modified TG

resin is used for peptide synthesis without further checking.

Preloaded L-aa TG resin

Fmoc—HN aa _O

52
Gly-Q
O

A solution of Fmoc-amino aldehydes (4.0 equiv) and DIPEA (1% with respect to MeOH) in
MeOH (final concentration of 0.1 M) was added to the TG resin and the resulting mixture was
agitated at 60°C for 5 h. the resin was then washed with MeOH (5x3.0 mL), DMF (5x3.0 mL),
DCM (5x3.0 mL), and THF (5x3.0 mL). The preloading TG resin was used for next step
directly.
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NH-Boc preloaded L-aa TG resin
Fmoc—HN

aa\Nro .
Boc” \%fGly—O
O
A solution of Boc2O (5.0 equiv) and NMM (5.0 equiv) in THF was added to the preloading TG
resin and agitated at 50°C for 5 h. the resulting resin was washed with THF and DMF.

The loading efficiency was then evaluated.

NH-Boc preloaded L-Leu TG resin (5.5)
Fmoc—HN—L—Leu\ro
N
Boc” G'V‘O
0]
Loading was performed as described in the general procedure, using Fmoc-L-Leu-H

Theoretical loading = 0.42 mmol/g
% yield = 84%

NH-Boc preloaded L-Hle TG resin (5.6)
Fmoc—HN—Hle-L \ro
Boc/N\%fGly_O
0]
Loading was performed as described in the general procedure, using Fmoc-L-Hle-H

Theoretical loading = 0.39 mmol/g
% yield =67%

NH-Boc preloaded L-Nva TG resin (5.13)
Fmoc—HN-L—Nva\ro l
Boc/N\%fGly_O
0]
Loading was performed as described in the general procedure, using Fmoc-L-Nva-H
Theoretical loading = 0.45 mmol/g

% yield = 80%

NH-Boc preloaded L-Nle TG resin (5.14)
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Fmoc—HN—L—NIe\ro
N
Boc” \%rGly_O
0]
Loading was performed as described in the general procedure, using Fmoc-L-Nle-H
Theoretical loading = 0.43 mmol/g

% yield = 86%

NH-Boc preloaded L-Trp TG resin (5.23)
Fmoc—HN—L—Trp\ro
N
Boc” \%fG'V‘O
O
Loading was performed as described in the general procedure, using Fmoc-L-Trp-H

Theoretical loading = 0.35 mmol/g
% yield = 66%

NH-Boc preloaded L-Phe TG resin (5.24)
Fmoc—HN-L-Phe\ro
N
Boc” %rG'YO
0]
Loading was performed as described in the general procedure, using Fmoc-L-Phe-H

Theoretical loading = 0.39 mmol/g
% yield = 58%

NH-Boc preloaded L-CPA TG resin (5.25)

Fmoc—H—L-CPA \(O
Boc/N\%fGly_O
O
Loading was performed as described in the general procedure, using Fmoc-L-CPA-H
Theoretical loading = 0.35 mmol/g

% yield = 54%
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NH-Boc preloaded L-N-Me-Val TG resin (5.33)

FmOC—H—L-NMe-L—VaI\\/O )
Boc/N%fG'yO
O
Loading was performed as described in the general procedure, using Fmoc-L-NMe-L-Val-H
Theoretical loading = 0.32 mmol/g
% yield = 57%

NH-Boc preloaded L-N-Me-Leu TG resin (5.34)
F —N—L-NMe-L-L
moc N e eu\ro .
N
Boc” \%fGly—O
O
Loading was performed as described in the general procedure, using Fmoc-L-NMe-L-Leu-H

Theoretical loading = 0.26 mmol/g
% yield = 46%

NH-Boc preloaded L-Thr TG resin (5.40)

H
Fmoc—N—L-Thr ®)
Boc?N/ \%fG'V‘O
o
Loading was performed as described in the general procedure, using Fmoc-L-Thr-H
Theoretical loading = 0.26 mmol/g
% yield =37%
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Synthesis of lugdunin analogues

(Leu)’-lug (1.65)

O

3 NH HNJ\{/O

Sl L
NH L

o o

N HN
J~—N
o : > )
N

Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (58.8 mg, 81%). The peptide
product was analysed by using LCMS and found [MH"] : 727.4 at retention time of 2.98 min.
Compound was then purified by RP-HPLC and obtained 0.9 mg as pure product (3.2%
recovery). 'H NMR (500 MHz, DMSO-de) § 10.66-10.72 (m, 1H, L-Trp*>-CCHNH), 8.54 (d, J
= 8.5, 1H, L-Trp>-NH), 8.50 (d, J = 8.5, 1H, D-Val>-NH), 8.42 (d, J = 8.5, 1H, D-Leu*-NH),
8.31-8.38 (m, 1H, L-Val’>-NH), 8.22-8.25 (m, 1H, D-Val®-NH), 8.15-8.19 (m, 1H, L-Leu’-NH),
7.98 (d, J=17.8, 1H, L-Trp>-Ar-H), 7.92 (dd, J = 8.1, 3.7, 1H, L-Trp*-Ar-H), 7.83 (d, J = 7.8,
1H, L-Trp-Ar-H), 7.75 (dd, J = 8.0, 1.5, 1H, L-Trp*-Ar-H), 7.50 (d, J = 2.0, 1H, L-Trp*-
NHCHC), 4.71-4.75 (m, 1H, L-Trp>-NHCHCH2>), 4.60 (dd, J=8.8, 4.5, IH D-Val>NHCHCH),
438 (t, J= 8.3, 1H, D-Leu*-NHCHCH>), 4.25 (t, J = 8.5, 1H, 1H L-Leu’- NHCHCH>), 4.05
(d, J=9.0, 1H, D-Val>NHCHCH), 3.95-4.02 (m, 1H, thiazolidine'-NHCHCH-S), 3.85 (dd, J
=9.0, 6.6, 1H, L-Val’-NHCHCH), 3.23 (dd, J=10.5, 6.5, 1H, thiazolidine!-NHCHCH-S), 3.13
(dd, J = 10.5, 6.5, 1H, thiazolidine'-NHCHCH-S), 3.05 (d, J = 7.8, 1H, L-Trp’>-NHCHCH,),
3.01(dd,J=13.5,5.4, 1H, L-Trp>-NHCHCH>), 2.85-2.91 (m, 1H, thiazolidine'- NHCHCH,S),
2.00-2.06 (m, 1H, D-Val®-CH(CH3)2), 1.92-1.99 (m, 1H, L-Val’>-CH(CH3)2), 1.66-1.72 (m, 1H,
D-Val’>-CH(CH3),), 1.52-1.61 (m, 1H, D-Leu*-CHCH,CH), 1.45-1.49 (m, 1H, L-Leu’-
CHCH-CH), 1.27-1.42 (m, 1H, D-Leu*-CHCH>CH), 1.22-1.25 (m, 1H, I-Leu’-CHCH>CH),
1.16 (d, J = 6.4, 3H, D-Val®-CH(CH3),), 1.08 (d, J= 6.7, 3H, D-Leu*-CH(CH3),), 1.05 (d, J =
6.7, 3H, D-Leu*- CH(CHx),), 1.03 (d, J = 6.5, 3H, D-Val®-CH(CH;),), 1.01 (d, J = 6.6, 3H, L-
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Leu’- CH(CHs),), 0.96 (d, J = 6.6, 3H, L-Leu’- CH(CHs),), 0.92 (d, J = 6.8, 3H, L-Val*-
CH(CHs3)2), 0.87 (d, J = 6.4, 3H, L-Val>-CH(CH3)2), 0.78 (d, J = 6.5, 3H, D-Val*-CH(CH3),),
0.67 (d,J=6.4, 3H, D-Val>-CH(CHs)2); HRMS: calculated for C36HsaNsOsS1" 727.3887, found
727.3889 [MH']; Analytical RP-HPLC (Method 1) #z = 4.62 min.

(Hle)’-lug (1.66)

Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether x3) to afford the crude product as white powder (58.8 mg, 81%). The peptide
product was analysed by using LCMS and found [MH"] : 741.5 at retention time of 2.88 min.
Compound was then purified by RP-HPLC and obtained 0.4 mg as pure product (1.4%
recovery). HRMS: calculated for C37HssNsOgS1 ™ 741.4044, found 741.4049 [MH']; Analytical
RP-HPLC (Method 1) tz = 4.92 min.
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(Nva)’-lug (1.67)

Sl L
NH L
(6] (0]

HN
NH

N
o : > )
N
Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H2O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (58.8 mg, 81%). The peptide
product was analysed by using LCMS and found [MH"] : 713.4 at retention time of 2.75 min.
Compound was then purified by RP-HPLC and obtained 0.6 mg as pure product (2.7%
recovery). "H NMR (500 MHz, DMSO-ds) § 10.64-10.68 (m, 1H, L-Trp*-CCHNH), 8.55 (d, J
= 8.5, 1H, L-Trp>-NH), 8.50 (d, J = 8.6, 1H, D-Val>-NH), 8.42 (d, J = 8.5, 1H, D-Leu*-NH),
8.30-8.34 (m, 1H, L-Val’>-NH), 8.22-8.27 (m, 1H, D-Val®-NH), 8.15-8.19 (m, 1H, L-Val’-NH),
7.95(d, J=17.8, 1H, L-Trp>-Ar-H), 7.91 (dd, J = 8.0, 3.8, 1H, L-Trp*-Ar-H), 7.82 (d, J = 7.9,
1H, L-Trp*-Ar-H), 7.66 (dd, J = 8.0, 1.3, 1H, L-Trp*-Ar-H), 7.55 (d, J = 2.0, 1H, L-Trp*-
NHCHC), 4.72-4.75 (m, 1H, L-Trp>-NHCHCH2>), 4.59 (dd, J=8.8, 4.5, IH D-Val>NHCHCH),
4.32 (t, J = 8.3, 1H, D-Leu*-NHCHCH>), 4.11 (d, J = 9.0, 1H, D-Val>NHCHCH), 3.96-4.05
(m, 1H, thiazolidine'-NHCHCH,S), 3.50-3.55 (m, 1H, L-Nva’-NHCHCH>), 3.23 (dd, J= 10.5,
6.5, 1H, thiazolidine'-NHCHCH>S), 3.13 (dd, J = 10.5, 6.5, 1H, thiazolidine'-NHCHCH-S),
3.05(d,J="7.8, 1H, L-Trp’>-NHCHCH>), 3.01 (dd, J=13.5, 5.4, 1H, L-Trp>-NHCHCH>), 2.91-
2.85 (m, 1H, thiazolidine!- NHCHCH,S), 2.00-2.06 (m, 1H, D-Val®-CH(CH3)2), 1.92-1.99 (m,
1H, L-Val>-CH(CHs),), 1.66-1.72 (m, 1H, D-Val’>-CH(CH3),), 1.52-1.61 (m, 1H, D-Leu*-
CHCH,CH), 1.42-1.49 (m, 2H, L-Nva’-NHCHCH,), 1.30-1.35 (m, 2H, L-Nva'-
NHCHCH,CH>)1.27-1.42 (m, 1H, D-Leu*-CHCH,CH), 1.16 (d, J = 6.4, 3H, D-Val®-
CH(CHs)2), 1.08 (d, J=6.7, 3H, D-Leu*-CH(CHs),), 1.05 (d, J= 6.7, 3H, D-Leu*- CH(CHs)»),
1.03 (d, J = 6.5, 3H, D-Val®-CH(CHs)>), 0.92 (d, J = 6.8, 3H, L-Val>-CH(CH3),), 0.87 (d, J =
6.4, 3H, L-Val’>-CH(CH;)2), 0.82 (t, J= 6.6, 3H, L-Nva’-NHCHCH,CH,CHs), 0.78 (d, J = 6.5,
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3H, D-Val>-CH(CH:),), 0.67 (d, J = 6.4, 3H, D-Val>-CH(CHz)2); HRMS: calculated for
C3sHs:NgO6S1* 713.3731, found 713.3736 [MH']; Analytical RP-HPLC (Method 1) tz = 4.35

HS
: 24J\(o
HN

min.

(Nle)’-lug (1.68)

NH HN

oo

NH L

© HN™ O
NH o
J——N

o : > /)

N

H

Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (58.8 mg, 81%). The peptide
product was analysed by using LCMS and found [MH"]: 727.5 at retention time of 2.92 min.
Compound was then purified by RP-HPLC and obtained 0.9 mg as pure product (3.2%
recovery). "H NMR (500 MHz, DMSO-ds) § 10.62-10.66 (m, 1H, L-Trp*-CCHNH), 8.53 (d, J
= 8.5, 1H, L-Trp>-NH), 8.48 (d, J = 8.6, 1H, D-Val>-NH), 8.38 (d, J = 8.5, 1H, D-Leu*-NH),
8.28-8.32 (m, 1H, L-Val’>-NH), 8.22-8.25 (m, 1H, D-Val®-NH), 8.11-8.18 (m, 1H, L-Nle’-NH),
7.92 (d, J=17.8, 1H, L-Trp>-Ar-H), 7.87 (dd, J = 8.0, 3.8, 1H, L-Trp>-Ar-H), 7.82 (d, J = 7.9,
1H, L-Trp-Ar-H), 7.66 (dd, J = 8.0, 1.3, 1H, L-Trp*-Ar-H), 7.55 (d, J = 2.0, 1H, L-Trp*-
NHCHC), 4.72-4.75 (m, 1H, L-Trp’>-NHCHCH2>), 4.59 (dd, J= 8.8, 4.5, 1H D-Val>-NHCHCH),
432 (t,J = 8.3, 1H, D-Leu*-NHCHCH>), 4.11 (d, J = 9.0, 1H, D-Val>-NHCHCH), 3.96-4.05
(m, 1H, thiazolidine!-NHCHCH>S), 3.50-3.55 (m, 1H, L-Nle’-NHCHCH2>), 3.23 (dd, J=10.5,
6.5, 1H, thiazolidine'-NHCHCH>S), 3.13 (dd, J = 10.5, 6.5, 1H, thiazolidine'-NHCHCH-S),
3.05(d,J="7.8, 1H, L-Trp*-~NHCHCH>), 3.01 (dd, J=13.5, 5.4, 1H, L-Trp’-NHCHCH>), 2.91-
2.85 (m, 1H, thiazolidine!- NHCHCH,S), 2.00-2.06 (m, 1H, D-Val®-CH(CH3)2), 1.92-1.99 (m,
1H, L-Val’>-CH(CHs),), 1.70-1.75 (m, 1H, D-Val>-CH(CH3),), 1.65-1.67 (m, 2H, L-Nle’-
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NHCHCH,), 1.52-1.61 (m, 1H, D-Leu*-CHCH,CH), 1.29-1.32 (m, 2H, L-Nle’-
NHCHCH2CH>CH,), 1.20-1.25 (m, 1H, D-Leu*-CHCH>CH), 1.15-1.18 (m, 2H, L-Nl¢’-
NHCHCH,CH>), 1.13 (d, J = 6.4, 3H, D-Val’>-CH(CHx),), 1.09 (d, J = 6.7, 3H, D-Leu*-
CH(CHx),), 1.02 (d, J= 6.7, 3H, D-Leu*- CH(CHx),), 1.01 (d, J= 6.5, 3H, D-Val®-CH(CH;)»),
0.95 (d, J = 6.8, 3H, L-Val’>-CH(CHz)2), 0.86 (d, J = 6.4, 3H, L-Val’>-CH(CHz),), 0.85 (t, J =
6.6, 3H, L-Nle’-NHCHCH>CH,CH>CH;), 0.79 (d, J = 6.5, 3H, D-Val’>-CH(CHx)2), 0.65 (d, J
= 6.4, 3H, D-Val’>-CH(CH:)2); HRMS: calculated for CisHs4NsOsS1™ 727.3887, found
727.3892 [MH']; Analytical RP-HPLC (Method 1) ¢z = 4.66 min.

(Trp)’-lug (1.69)

o} O

NH 4

)~N

o iy )
N

H
Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H2O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (78.8 mg, 82%). The peptide
product was analysed by using LCMS and found [MH"]: 800.6 at retention time of 2.95 min.
Compound was then purified by RP-HPLC and obtained 0.9 mg as pure product (3.2%
recovery). 'H NMR (500 MHz, DMSO-ds) & 10.62-10.69 (m, 1H, L-Trp3>-CCHNH), 10.42-
10.55 (m, 1H, L-Trp’-CCHNH), 8.53 (d, J= 8.5, 1H, L-Trp>-NH), 8.52 (d, /= 8.5, 1H, D-Val*-
NH), 8.51 (d, J= 8.5, 1H, L-Trp’-NH), 8.44 (d, J = 8.5, 1H, D-Leu*-NH), 8.32-8.36 (m, 1H,
L-Val>-NH), 8.27-8.31 (m, 1H, D-Val®-NH), 7.5-7.95 (m, 8H, L-Trp*-Ar-H, L-Trp’-Ar-H), 7.52
(d,J=2.0, 1H, L-Trp>-NHCHC), 7.35 (d, J= 2.5, 1H, L-Trp’-NHCHC), 4.71-4.77 (m, 1H, L-
Trp>-NHCHCH>), 4.52-4.58 (m, 1H, L-Trp’-NHCHCH2>), 4.57 (dd, J = 8.8, 4.5, 1H, D-Val®-
NHCHCH), 4.36 (t,J= 8.3, 1H, D-Leu*-NHCHCH>), 4.09 (d, J= 9.0, 1H, D-Val>NHCHCH),

222



3.92-4.05 (m, 1H, thiazolidine'-NHCHCH,S), 3.25 (dd, J = 10.5, 6.5, 1H, thiazolidine'-
NHCHCH:S), 3.11 (dd, J = 10.5, 6.5, 1H, thiazolidine'-NHCHCH>S), 3.02 (d, /=7.8, 1H, L-
Trp>-NHCHCH>), 2.97 (dd, J = 13.5, 5.4, 1H, L-Trp>-NHCHCH>), 2.82-2.89 (m, 1H,
thiazolidine'- NHCHCH,S), 2.05-2.08 (m, 1H, D-Val®-CH(CH3)), 1.92-1.95 (m, 1H, L-Val’-
CH(CH3)2), 1.65-1.70 (m, 1H, D-Val’>-CH(CH3)2), 1.54-1.60 (m, 1H, D-Leu*-CHCH,CH),
1.28-1.45 (m, 1H, D-Leu*-CHCH>CH), 1.15 (d, J = 6.4, 3H, D-Val®-CH(CH;)), 1.08 (d, J =
6.7, 3H, D-Leu*-CH(CHx),), 1.05 (d, J= 6.7, 3H, D-Leu*- CH(CHs),), 1.03 (d, J= 6.5, 3H, D-
Val®-CH(CHs),), 0.95 (d, J = 6.8, 3H, L-Val>-CH(CHz),), 0.89 (d, J = 6.4, 3H, L-Val’-
CH(CHx),), 0.77 (d, J = 6.5, 3H, D-Val>-CH(CHs)2), 0.65 (d, J = 6.4, 3H, D-Val*>-CH(CHs)>);
HRMS: calculated for C41Hs3N9OsS1" 800.3840, found 800.3845 [MH']; Analytical RP-HPLC
(Method 1) tz = 5.11 min.

(Phe)’-lug (1.70)

Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (48.7 mg, 70%). The peptide
product was analysed by using LCMS and found [MH"] : 761.6 at retention time of 2.92 min.
Compound was then purified by RP-HPLC and obtained 0.84 mg as pure product (2.9%
recovery). 'H NMR (500 MHz, DMSO-de) § 10.63-10.68 (m, 1H, L-Trp*>-CCHNH), 8.55 (d, J
= 8.5, 1H, L-Trp>-NH), 8.57 (d, J = 8.5, 1H, D-Val*>-NH), 8.42 (d, J = 8.5, 1H, D-Leu*-NH),
8.29-8.32 (m, 1H, L-Val®>-NH), 8.23-8.26 (m, 1H, D-Val’-NH), 8.11-8.15 (m, 1H, L-Phe’-NH),
7.92 (d, J=17.8, 1H, L-Trp>-Ar-H), 7.85 (dd, J = 8.1, 3.7, 1H, L-Trp>-Ar-H), 7.83 (d, J = 7.9,
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1H, L-Trp*-Ar-H), 7.75 (dd, J = 8.0, 1.3, 1H, L-Trp>-Ar-H), 7.56 (d, J = 2.0, 1H, L-Trp’-
NHCHC), 7.15-7.25 (m, 5H, L-Phe’-Ar-H), 4.75-4.79 (m, 1H, L-Phe’-NHCHCH2), 4.68-4.73
(m, 1H, L-Trp’-NHCHCHo>), 4.54 (dd, J= 8.8, 4.5, 1H D-Val>NHCHCH), 4.38 (t,J=8.3, 1H,
D-Leu*-NHCHCHa>), 4.03 (d,J=9.0, 1H, D-Valz-NHCHCH), 3.98-4.05 (m, 1H, thiazolidine'-
NHCHCH,S), 3.32 (d, J = 8.5, 1H, L-Phe’-NHCHCH>), 3.23 (dd, J = 10.5, 6.5, 1H,
thiazolidine!-NHCHCH,S), 3.17 (d, J = 8.6, 1H, L-Phe’-NHCHCH,), 3.11 (dd, J = 10.5, 6.5,
1H, thiazolidine! - NHCHCHS), 3.04 (d, J = 7.8, 1H, L-Trp>-NHCHCH,), 2.98 (dd, J = 13.5,
5.4, 1H, L-Trp’-NHCHCH>), 2.84-2.89 (m, 1H, thiazolidine'- NHCHCH,S), 2.07-2.11 (m, 1H,
D-Val’-CH(CH3);), 1.90-1.95 (m, 1H, L-Val>-CH(CH3)), 1.65-1.71 (m, 1H, D-Val’*-
CH(CHs),), 1.57-1.62 (m, 1H, D-Leu*-CHCH,CH), 1.29-1.35 (m, 1H, D-Leu*-CHCH,CH),
1.18 (d, J = 6.4, 3H, D-Val’>-CH(CHx),), 1.08 (d, J = 6.7, 3H, D-Leu*-CH(CHs),), 1.05 (d, J =
6.7, 3H, D-Leu*- CH(CHz)2), 1.05 (d, J = 6.5, 3H, D-Val®-CH(CH;)>), 0.95 (d, J = 6.8, 3H, L-
Val’>-CH(CHs),), 0.88 (d, J = 6.4, 3H, L-Val>-CH(CHs)2), 0.80 (d, J = 6.5, 3H, D-Val*-
CH(CHx),), 0.69 (d, J = 6.4, 3H, D-Val>-CH(CH;),); HRMS: calculated for C39Hs>NgOsS;1"
761.3731, found 761.3736 [MH']; Analytical RP-HPLC (Method 1) 7z = 4.55 min.

(L-CPA)’-lug (1.71)

HN
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Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (62.7 mg, 75%). The peptide
product was analysed by using LCMS and found [MH"] : 725.5 at retention time of 2.90 min.
Compound was then purified by RP-HPLC and obtained 0.65 mg as pure product (2.7%
recovery). '"H NMR (500 MHz, DMSO-ds) & 10.62-10.68 (m, 1H, L-Trp*-CCHNH), 8.57 (d, J
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= 8.5, 1H, L-Trp>-NH), 8.55 (d, J = 8.5, 1H, D-Val>-NH), 8.39 (d, J = 8.5, 1H, D-Leu*-NH),
8.28-8.32 (m, 1H, L-Val>-NH), 8.22-8.25 (m, 1H, D-Val®-NH), 8.12-8.15 (m, 1H, L-Val’-NH),
7.95(d, J=17.8, 1H, L-Trp>-Ar-H), 7.91 (dd, J = 8.1, 3.7, 1H, L-Trp>-Ar-H), 7.83 (d, J = 7.9,
1H, L-Trp*-Ar-H), 7.68 (dd, J = 8.0, 1.3, 1H, L-Trp*-Ar-H), 7.57 (d, J = 2.0, 1H, L-Trp’-
NHCHC), 4.70-4.75 (m, 1H, L-Trp>NHCHCH3>), 4.55 (dd, J= 8.8, 4.5, 1H D-Val>“NHCHCH),
436 (t, J = 8.3, 1H, D-Leu*NHCHCH>), 4.02 (d, J = 9.0, 1H, D-Val>-NHCHCH), 3.95-4.05
(m, 1H, thiazolidine'-NHCHCH,S), 3.85 (dd, J = 9.0, 6.6, 1H, L-Val’-NHCHCH), 3.23 (dd, J
= 10.5, 6.5, 1H, thiazolidine! NHCHCH>S), 3.15 (dd, J = 10.5, 6.5, 1H, thiazolidine!-
NHCHCH:S), 3.05 (d, J = 7.8, 1H, L-Trp’>-NHCHCH,), 3.01 (dd, J = 13.5, 5.4, 1H, L-Trp’-
NHCHCH,), 2.87-2.95 (m, 1H, thiazolidine!- NHCHCH,S), 2.02-2.06 (m, 1H, D-Val‘-
CH(CH3)2), 1.92-1.97 (m, 1H, L-Val>-CH(CHs),), 1.81-1.85 (m, 2H, L-CPA’-NHCHCH,),
1.68-1.72 (m, 1H, D-Val>-CH(CHj3),), 1.58-1.61 (m, 1H, D-Leu*-CHCH>CH), 1.31-1.42 (m,
1H, D-Leu*-CHCH>CH), 1.19 (d, J= 6.4, 3H, D-Val®-CH(CH5)2), 1.06 (d, J= 6.7, 3H, D-Leu*-
CH(CH3)2), 1.02 (d, J= 6.7, 3H, D-Leu*- CH(CH3)2), 0.98 (d, J = 6.5, 3H, D-Val®-CH(CHs),),
0.94-0.96 (m, 1H, L-CPA’-NHCHCH>CH), 0.93 (d, J = 6.8, 3H, L-Val’>-CH(CHs),), 0.85 (d, J
= 6.4, 3H, L-Val*-CH(CH;)»), 0.76 (d, J= 6.5, 3H, D-Val>-CH(CHx),), 0.64 (d, J= 6.4, 3H, D-
Val>-CH(CHs)2), 0.25-0.39 (m, 4H, L-CPA’-CH(CH.):); HRMS: calculated for C3sHs2NsO6S1"
725.3731, found 725.3738 [MH"]; Analytical RP-HPLC (Method 1) 7z = 4.46 min.

(L-N-Me-Val)’-lug (5.29)
%NL(
: pd
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Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with

cold diethyl ether (x3) to afford the crude product as white powder (78.8 mg, 85%). The peptide
product was analysed by using LCMS and found [MH"] : 727.4 at retention time of 2.88 min.
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Compound was then purified by RP-HPLC and obtained 1.2 mg as pure product (4.1%
recovery). '"H NMR (500 MHz, DMSO-ds) & 10.66-10.75 (m, 1H, L-Trp>-CCHNH), 8.56 (d, J
= 8.5, 1H, L-Trp>-NH), 8.51 (d, J = 8.5, 1H, D-Val>-NH), 8.46 (d, J = 8.5, 1H, D-Leu*-NH),
8.37-8.39 (m, 1H, L-Val’>-NH), 8.32-8.37 (m, 1H, D-Val®-NH), 7.94 (d, J = 7.8, 1H, L-Trp’-
Ar-H), 791 (dd, J=8.1, 3.7, IH, L-Trp>-Ar-H), 7.86 (d, J= 7.9, 1H, L-Trp>-Ar-H), 7.71 (dd,
J=28.0, 1.3, IH, L-Trp’-Ar-H), 7.52 (d, J = 2.0, 1H, L-Trp>-NHCHC), 4.71-4.75 (m, 1H, L-
Trp>-NHCHCH2>), 4.59 (dd, J = 8.8, 4.5, 1H D-Val®-NHCHCH), 4.34 (t, J = 8.3, 1H, D-Leu*-
NHCHCH»), 4.05 (d, J = 9.0, 1H, D-Val>-NHCHCH), 3.95-4.02 (m, 1H, thiazolidine!-
NHCHCH:S), 3.85 (dd, J=9.0, 6.6, 1H, L-N-Me-Val’-NHCHCH), 3.38 (s, 3H, L-N-Me-Val’-
NCH3), 3.25 (dd, J = 10.5, 6.5, 1H, thiazolidine'-NHCHCH>S), 3.19 (dd, J = 10.5, 6.5, 1H,
thiazolidine!-NHCHCH>S), 3.09 (d, J = 7.8, 1H, L-Trp>-NHCHCH,), 3.04 (dd, J=13.5, 5.4,
1H, L-Trp’>-NHCHCH>), 2.89-2.93 (m, 1H, thiazolidine'- NHCHCH,S), 2.19-2.24 (m, 1H, L-
N-Me-Val’-CH(CH3)2), 2.05-2.12 (m, 1H, D-Val’>-CH(CHs),), 1.89-1.86 (m, 1H, L-Val’-
CH(CH3)2), 1.62-1.71 (m, 1H, D-Val>-CH(CH3)2), 1.51-1.58 (m, 1H, D-Leu*-CHCH,CH),
1.29-1.44 (m, 1H, D-Leu*-CHCH-CH), 1.16 (d, J = 6.4, 3H, D-Val®-CH(CH;),), 1.05 (d, J =
6.7, 3H, D-Leu*-CH(CHx),), 1.02 (d, J= 6.7, 3H, D-Leu*- CH(CHz),), 1.01 (d, J= 6.5, 3H, D-
Val®-CH(CHs),), 0.95 (d, J = 6.8, 3H, L-Val>-CH(CHx),), 0.89 (d, J = 6.4, 3H, L-Val*-
CH(CHs)2), 0.83 (d, J = 8.5, 3H, L-N-Me-Val’-CH(CHs),), 0.79 (d, J = 6.4, 3H, L-N-Me-Val’-
CH(CHx)2), 0.74 (d, J = 6.5, 3H, D-Val>-CH(CHs)»), 0.66 (d, J = 6.4, 3H, D-Val*-CH(CHs),);
HRMS: calculated for C36HsaNgOsS1" 727.3887, found 727.3892 [MH']; Analytical RP-HPLC
(Method 1) 7z = 4.55 min.
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(L-N-Me-Leu)’-lug (5.30)
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Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H2O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (62.5 mg, 72%). The peptide
product was analysed by using LCMS and found [MH"] : 741.4 at retention time of 2.86 min.
Compound was then purified by RP-HPLC and obtained 1.1 mg as pure product (3.7%
recovery). 'H NMR (500 MHz, DMSO-d¢) § 10.71-10.79 (m, 1H, L-Trp*-CCHNH), 8.56 (d, J
= 8.5, 1H, L-Trp>-NH), 8.52 (d, J = 8.5, 1H, D-Val>-NH), 8.41 (d, J = 8.5, 1H, D-Leu*-NH),
8.33-8.37 (m, 1H, L-Val’>-NH), 8.25-8.29 (m, 1H, D-Val®-NH), 7.98 (d, J = 7.8, 1H, L-Trp*-
Ar-H), 7.95 (dd, J= 8.1, 3.7, 1H, L-Trp*-Ar-H), 7.83 (d, J= 7.8, 1H, L-Trp*-Ar-H), 7.77 (dd,
J=18.0, 1.5, 1H, L-Trp*-Ar-H), 7.53 (d, J = 2.0, 1H, L-Trp>-NHCHC), 4.72-4.76 (m, 1H, L-
Trp>-NHCHCH2>), 4.58 (dd, J = 8.8, 4.5, 1H D-Val®>-NHCHCH), 4.35 (t, J = 8.3, 1H, D-Leu*-
NHCHCH,), 4.11 (d, J = 9.0, 1H, D-Val>NHCHCH), 3.95-4.02 (m, 1H, thiazolidine'-
NHCHCHS,S), 3.86 (dd, J = 9.0, 6.6, 1H, L-N-Me-Leu’-NHCHCH,), 3.33 (s, 3H, L-N-Me-
Leu’-NCH3), 3.23 (dd, J = 10.5, 6.5, 1H, thiazolidine'-NHCHCH>S), 3.15 (dd, J = 10.5, 6.5,
1H, thiazolidine!-NHCHCH,S), 3.09 (d, J = 7.8, 1H, L-Trp’>-NHCHCH>), 3.02 (dd, J = 13.5,
5.4, 1H, L-Trp>-NHCHCH,), 2.88-2.95 (m, 1H, thiazolidine'- NHCHCH>S), 2.09-2.15 (m, 1H,
D-Vals>-CH(CH3),), 1.86-1.92 (m, 1H, L-Val>-CH(CH3)), 1.63-1.69 (m, 1H, D-Val*-
CH(CH3)), 1.49-1.56 (m, 1H, D-Leu*-CHCH,CH), 1.40-1.45 (m, 1H, L-N-Me-Leu’-
CHCH-CH), 1.29-1.45 (m, 1H, D-Leu*-CHCH-CH), 1.21-1.24 (m, 1H, L-N-Me-Leu’-
CHCH,CH), 1.18 (d, J= 6.4, 3H, D-Val®-CH(CHs)2), 1.09 (d, J= 6.7, 3H, D-Leu*-CH(CHs)»),
1.06 (d, J= 6.7, 3H, D-Leu*- CH(CHs)2), 1.04 (d, J = 6.5, 3H, D-Val®-CH(CH;)2), 0.99 (d, J =
6.6, 3H, L-Leu’- CH(CH3)2), 0.94 (d, J = 6.6, 3H, L-N-Me-Leu’-CH(CH3)2), 0.91 (d, J = 6.8,
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3H, L-Val>-CH(CHx),), 0.85 (d, J = 6.4, 3H, L-Val>-CH(CHs)), 0.76 (d, J = 6.5, 3H, D-Val*-
CH(CHs)), 0.64 (d, J = 6.4, 3H, D-Val’>-CH(CH),); HRMS: calculated for C37HssNsO6S1™
741.4044, found 741.4049 [MH"]; Analytical RP-HPLC (Method 1) 7z = 4.72 min.

(Thr)’-lug (5.37)
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Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (38.8 mg, 52%). The peptide
product was analysed by using LCMS and found [MH"]: 685.4 at retention time of 2.62 min.
Compound was then purified by RP-HPLC and obtained 0.52 mg as pure product (2.4%
recovery). HRMS: calculated for C3aHsoNsO7S:" 715.3523, found 715.3226 [MH"]; Analytical
RP-HPLC (Method 1) ¢z = 4.05 min.

228



(D-Leu)®-lug (1.72)
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Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (58.2 mg, 80%). The peptide
product was analysed by using LCMS and found [MH"]: 727.5 at retention time of 2.88 min.
Compound was then purified by RP-HPLC and obtained 0.63 mg as pure product (2.2%
recovery). 'H NMR (500 MHz, DMSO-d¢) § 10.68-10.79 (m, 1H, L-Trp*-CCHNH), 8.56 (d, J
= 8.5, 1H, L-Trp>-NH), 8.48 (d, J = 8.5, 1H, D-Val*>-NH), 8.45 (d, J = 8.5, 1H, D-Leu*-NH),
8.35-8.39 (m, 1H, L-Val>-NH), , 8.27-8.31 (m, 1H, D-Leu®-NH), 8.19-8.22 (m, 1H, L-Val’-
NH), 7.96 (d, J=7.8, 1H, L-Trp>-Ar-H), 7.91 (dd, J= 8.1, 3.7, 1H, L-Trp>-Ar-H), 7.85 (d, J =
7.8, 1H, L-Trp-Ar-H), 7.77 (dd, J = 8.0, 1.5, 1H, L-Trp*-Ar-H), 7.56 (d, J = 2.0, 1H, L-Trp’-
NHCHC), 4.73-4.77 (m, 1H, L-Trp’>-~NHCHCH>), 4.36 (t, J = 8.3, 1H, D-Leu*-NHCHCH,),
4.25 (t,J = 8.5, 1H, 1H D-Leu’- NHCHCH,), 4.05 (d, J = 9.0, 1H, D-Val>NHCHCH), 3.95-
4.05 (m, 1H, thiazolidine!-NHCHCHS,S), 3.88 (dd, J = 9.0, 6.6, 1H, L-Val’-NHCHCH), 3.25
(dd, J = 10.5, 6.5, 1H, thiazolidine!-NHCHCH,S), 3.15 (dd, J = 10.5, 6.5, 1H, thiazolidine'-
NHCHCH-S), 3.09 (d, J = 7.8, 1H, L-Trp’>-~NHCHCH>), 3.04 (dd, J = 13.5, 5.4, 1H, L-Trp’-
NHCHCH>), 2.80-2.84 (m, 1H, thiazolidine!- NHCHCH,S), 2.12-2.18 (m, 1H, D-Val®-
CH(CH3)2), 1.99-2.02 (m, 1H, L-Val’>-CH(CH3)2), 1.72-1.79 (m, 1H, D-Val*>-CH(CH3),), 1.55-
1.65 (m, 1H, D-Leu*-CHCH>CH), 1.47-1.51 (m, 1H, D-Leu®-CHCH,CH), 1.32-1.42 (m, 1H,
D-Leu*-CHCH>CH), 1.25-1.29 (m, 1H, D-Leu®-CHCH,CH), 1.19 (d, J = 6.4, 3H, L-Val’-
CH(CHs)»), 1.08 (d, J= 6.7, 3H, D-Leu*-CH(CHs)»), 1.06 (d, J= 6.7, 3H, D-Leu*- CH(CHz)»),
1.02 (d, J = 6.5, 3H, L-Val’-CH(CH)2), 0.97 (d, J = 6.6, 3H, D-Leu®- CH(CHs)>), 0.93 (d, J =
6.6, 3H, D-Leu®- CH(CHs)), 0.89 (d, J = 6.8, 3H, L-Val>-CH(CHs),), 0.85 (d, J= 6.4, 3H, L-
Val’>-CH(CHs),), 0.76 (d, J = 6.5, 3H, D-Val’>-CH(CH:),), 0.66 (d, J = 6.4, 3H, D-Val*-
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CH(CH:),); HRMS: calculated for CisHsiNsOeSi* 727.3887, found 727.3892 [MH'];
Analytical RP-HPLC (Method 1) #z = 4.52 min.

(D-Trp)®-lug (1.46)
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Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (60.2 mg, 75%). The peptide
product was analysed by using LCMS and found [MH"]: 800.5 at retention time of 2.92 min.
Compound was then purified by RP-HPLC and obtained 1.3 mg as pure product (4.1%
recovery). 'H NMR (500 MHz, DMSO-ds) & 10.62-10.69 (m, 1H, L-Trp>-CCHNH), 10.42-
10.55 (m, 1H, D-Trp’~-CCHNH), 8.57 (d, J= 8.5, 1H, L-Trp>-NH), 8.49 (d, J= 8.5, 1H, D-Val*-
NH), 8.46 (d, J = 8.5, 1H, D-Trp®-NH), 8.40 (d, J = 8.5, 1H, D-Leu*-NH), 8.32-8.37 (m, 1H,
L-Val’>-NH), 8.21-8.27 (m, 1H, L-Val’-NH), 7.65-7.8 (m, 8H, L-Trp>-Ar-H, D-Trp%-Ar-H), 7.51
(d,J=2.0, 1H, L-Trp*-NHCHC), 7.42 (d, J= 2.5, 1H, D-Trp®-NHCHC), 4.73-4.79 (m, 1H, L-
Trp>-NHCHCHb>), 4.52-4.58 (m, 1H, D-Trp®-NHCHCH>), 4.57 (dd, J = 8.8, 4.5, 1H, L-Val’-
NHCHCH), 4.36 (t,J= 8.5, 1H, D-Leu*-NHCHCH>), 4.08 (d, /= 9.0, 1H, D-Val>NHCHCH),
3.92-4.05 (m, 1H, thiazolidine!-NHCHCH,S), 3.27 (dd, J = 10.5, 6.6, 1H, thiazolidine'-
NHCHCH-S), 3.11 (dd, J = 10.5, 6.5, 1H, thiazolidine! -NHCHCH,S), 3.07 (d, /= 7.9, 1H, L-
Trp’-NHCHCH>), 2.97 (dd, J = 13.5, 5.4, 1H, L-Trp>-NHCHCH,), 2.85-2.89 (m, 1H,
thiazolidine'- NHCHCHS,S), 2.05-2.0 (m, 1H, L-Val’-CH(CHs),), 1.91-1.97 (m, 1H, L-Val’-
CH(CH3),), 1.68-1.72 (m, 1H, D-Val>-CH(CH3):), 1.58-1.62 (m, 1H, D-Leu*-CHCH-CH),
1.33-1.45 (m, 1H, D-Leu*-CHCH,CH), 1.19 (d, J = 6.4, 3H, L-Val’-CH(CHs),), 1.13 (d, J =
6.9, 3H, D-Leu*-CH(CH:),), 1.07 (d, J = 6.8, 3H, D-Leu*- CH(CH>)2), 1.04 (d, J=6.5, 3H, L-
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Val’-CH(CHs),), 0.98 (d, J = 6.8, 3H, L-Val>-CH(CHz),), 0.92 (d, J = 6.6, 3H, L-Val°-
CH(CHs3)2), 0.83 (d, J = 6.5, 3H, D-Val>-CH(CHs)»), 0.72 (d, J = 6.5, 3H, D-Val*-CH(CHs),);
HRMS: calculated for C41Hs3N9OsS1" 800.3840, found 800.3845 [MH']; Analytical RP-HPLC
(Method 1) tz = 5.12 min.

(D-Phe)’-lug (1.73)

Q. éml

N HN
)——N

o : > )

N

Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H>O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (56.2 mg, 74%). The peptide
product was analysed by using LCMS and found [MH"]: 761.6 at retention time of 2.90 min.
Compound was then purified by RP-HPLC and obtained 0.72 mg as pure product (3.7%
recovery). 'H NMR (500 MHz, DMSO-de) § 10.69-10.75 (m, 1H, L-Trp*>-CCHNH), 8.59 (d, J
= 8.5, 1H, L-Trp>-NH), 8.52 (d, J = 8.5, 1H, D-Val*>-NH), 8.45 (d, J = 8.5, 1H, D-Leu*-NH),
8.25-8.29 (m, 1H, L-Val®>-NH), 8.16-8.21 (m, 1H, D-Phe®-NH), 8.09-8.13 (m, 1H, L-Val’-NH),
7.95(d, J=17.8, 1H, L-Trp>-Ar-H), 7.89 (dd, J = 8.1, 3.7, 1H, L-Trp>-Ar-H), 7.85 (d, J = 8.0,
1H, L-Trp-Ar-H), 7.72 (dd, J = 7.9, 1.3, 1H, L-Trp*-Ar-H), 7.61 (d, J = 2.0, 1H, L-Trp*-
NHCHC), 7.17-7.22 (m, 5H, D-Phe®-Ar-H), 4.72-4.77 (m, 1H, D-Phe®-NHCHCH,), 4.65-4.71
(m, 1H, L-Trp>-NHCHCH>), 4.51 (dd, J= 8.7, 4.5, 1H L-Val’-NHCHCH), 4.42 (t,J = 8.3, 1H,
D-Leu*-NHCHCHb>), 4.19 (d, J= 8.9, 1H, D-Val>-NHCHCH), 3.94-4.02 (m, 1H, thiazolidine'-
NHCHCH,S), 3.45 (d, J = 8.5, 1H, D-Phe®-NHCHCH-), 3.36 (dd, J = 10.5, 6.6, 1H,
thiazolidine!-NHCHCH,S), 3.26 (d, J = 8.6, 1H, D-Phe®-NHCHCH>), 3.19 (dd, J = 10.5, 6.5,
1H, thiazolidine!-NHCHCH,S), 3.07 (d, J = 7.8, 1H, L-Trp’*-~NHCHCH>), 2.99 (dd, J = 13.5,
5.4, 1H, L-Trp>-NHCHCH,), 2.82-2.85 (m, 1H, thiazolidine'- NHCHCH>S), 2.15-2.22 (m, 1H,
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L-Val’-CH(CHs),), 1.96-2.01 (m, 1H, L-Val>~-CH(CH3),), 1.79-1.83 (m, 1H, D-Val*>-CH(CH3),),
1.58-1.67 (m, 1H, D-Leu*-CHCH,CH), 1.32-1.44 (m, 1H, D-Leu*-CHCH,CH), 1.26 (d, J =
6.5, 3H, L-Val’-CH(CHx),), 1.17 (d, J = 6.6, 3H, D-Leu*-CH(CHs)»), 1.12 (d, J = 6.5, 3H, D-
Leu*- CH(CHs)), 1.08 (d, J = 6.5, 3H, L-Val’-CH(CHs)2), 0.97 (d, J = 6.8, 3H, L-Val’-
CH(CH3)2), 0.91 (d, J = 6.4, 3H, L-Val>-CH(CH3)2), 0.86 (d, J = 6.6, 3H, D-Val*-CH(CH3),),
0.79 (d,J= 6.6, 3H, D-Val>-CH(CHs),); HRMS: calculated for C3o0Hs>NsOsS1" 761.3731, found
761.3736 [MH']; Analytical RP-HPLC (Method 1) #z = 4.53 min.

(D-Trp)S-(L-Leu)’-lug (5.44)
ne.
@\/Z 3 NH HNLfO
-?; HN
NH ;
o HN O

NH H

)~N

o : 5 )
N

H

W

Peptide chain with resin was filtered and washed with DMF, DCM and hexane. The resin was
transferred into a round-bottom flask and dried in vacuo overnight. The dried resin was then
suspended in TFA/H2O/TIPS (90:5:5) (10.0 mL) for 3 h. The suspension was then filtered by
gravity and washed with TFA and DCM. The filtrate collected in a clean round-bottom flask
was evaporated to dryness (DCM was added several times). The residue was triturated with
cold diethyl ether (x3) to afford the crude product as white powder (46.2 mg, 57%). The peptide
product was analysed by using LCMS and found [MH"]: 814.5 at retention time of 2.97 min.
Compound was then purified by RP-HPLC and obtained 0.35 mg as pure product (1.4%
recovery). HRMS: calculated for C42HssNoOgS1 ™ 814.3996, found 814.3988 [MH']; Analytical
RP-HPLC (Method 1) #z = 5.14 min.
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8.6 Biological evaluations of lugdunin and analogues

Antimicrobial peptide stock solutions and bacterial strains

The lugdunin and analogues were prepared as 10 mM stock solutions in DMSO. Vancomycin
(3.45 mM stock in H>O) was used as a positive control. Frozen stocks of S. aureus SH1000,
MRSA USA300 JE2, Newman, Mu50 and PM54 were obtained from the Centre for

Biomolecular Sciences, University of Nottingham.

Growth Inhibition Assay

S. aureus SH1000/USA 300 JE2

A single colony was incubated in Luria Bertani (LB) broth (5 mL) overnight in a shaking
incubator at 37 °C and 200 rpm. The optical density (OD) of this overnight culture was
measured at 600 nm, before LB broth was used to dilute the culture to achieve an ODgoo 0f 0.01
(= 10° CFU/mL). Typically, 10 pL of the 10 mM stock peptide solution was then diluted with
this bacterial culture (990 uL) to give a concentration of 100 pM. Two-fold serial dilutions
were done seven times in eppendorf tubes, keeping the DMSO concentration constant at 1 %.
An aliquot of each treated culture (200 puL) was transferred into a 96-well microtitre plate in
duplicate. In addition, vancomycin treated culture was set up as a positive control and LB media,
untreated culture and culture with 1 % DMSO were set up as negative controls. The plate was
incubated at 37 °C for 20 h and ODsoo measurements were taken every 15 min using a TECAN
microplate reader. Three independent assays were performed for each analogue. The
percentage growth of bacteria at 13 h was calculated for each concentration of peptide and the

ICso was determined using GraphPad Prism (version 7.05).

Broth Microdilution Assay

The minimum inhibitory concentration (MIC) of the analogues was determined using the broth
microdilution method, according to CLSI guidelines.’ For S. aureus, 3-5 colonies from a 24 h
Mueller Hinton agar plate were incubated in CAMHB (5 mL) at 37 °C and 200 rpm for 4-6 h.
The optical density at 600 nm was measured before the culture was diluted in CAMHB to
achieve an ODgoo of 0.001 (= 10° CFU/mL). For C. acnes, colonies from a 48 h plate (blood
agar base no.2 with 7 % horse blood, OXOID CM0271) were suspended in CAMHB (5 mL)

and the optical density measured at 600 nm, before the culture was directly diluted to achieve

233



an ODgoo of 0.1 (= 10® CFU/mL). The 10 mM stock peptide solution was diluted in CAMHB
to achieve a concentration of 64 pg/mL. An aliquot of this (200 uL) was transferred to a 96-
well microtitre plate in triplicate. Two-fold serial dilutions were done into CAMHB across the
plate, resulting in 100 puL of 2x the required concentration in each well. The concentration of
DMSO was adjusted so that it was constant across all test compound concentrations. 100 uL
of the bacterial culture was then added to each well containing the test compound. This resulted
in the test compound concentrations being halved, as well as the bacterial concentrations (= 5
x 10° CFU/mL for S. aureus and = 5 x 10’7 CFU/mL for C. acnes). In addition, vancomycin
treated culture was set up as a positive control and CAMHB media, untreated culture and
culture with DMSO were set up as negative controls. The plate was incubated at 37 °C for 24
h for S. aureus. The MIC was determined as the lowest concentration that inhibited visible

growth, as detected by unaided eyes.
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Appendix 1

Growth curves and dose-response curves generated from all two/three

Appendix

independent assessments against S. aureus SH1000
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Appendix 2
Growth curves and dose-response curves generated from all two/three

independent assessments against S. aureus USA300 JE2
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