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Theoretical part

A. THEORETICAL PART

1. Introduction

1.1. The need for antibiotics and danger of antibiotic resistance

The discovery of penicillin (1) by SIR ALEXANDER FLEMING in 1928 is probably one of
the most pivotal events in the history of medicine. Penicillin (1) enabled the effective
treatment of infected wounds, inflammations, and numerous bacterial diseases.
Although discovered in 1928, penicillin (1) was first used in the 1940s to successfully
treat serious bacterial infections. The intensive use of penicillins during the second
world war led to the emergence of penicillin-resistant bacteria by the 1950s. In
response, new antibiotics were discovered and developed throughout the 20t century,
such as tetracycline (2), methicillin (3), ceftazidime (4) and levofloxacin (5). Alongside
the development of these new antibiotic compounds, resistant bacteria were also

reported (Figure 1).I"]
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Figure 1: Selected set of antibiotics, their year of discovery and the reported resistant strain. R = benzyl
for penicillin G, R = pent-2-enyl for penicillin F, R = p-hydroxybenzyl for penicillin X, R = heptyl for
penicillin K.
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Analyzing the mechanisms of action of antibiotics has enhanced our understanding of
how bacteria develop their resistances towards antibiotics. Antibiotic compounds are
categorized into classes based on their chemical structure, which results in the
well-known classes of antibiotics.?! Grouping antibiotics according to their mechanism
of action, four main target sites can be identified: cell wall synthesis, protein

biosynthesis, DNA synthesis and RNA synthesis.!

The B-Lactam antibiotics (penicillins, cephalosporins and carbapenems) inhibit cell
wall synthesis by competitively inhibiting the peptidoglycan transpeptidase. Due to their
highly reactive B-lactam structure the active site of the transpeptidase is irreversibly
acylated, rendering the enzyme inactive.* % A compromised cell wall structure results
in lyses and death of the bacterial cells. As peptidoglycan is found in both
Gram-positive and Gram-negative bacteria, B-lactam antibiotics can be used against a
broad spectrum of bacteria. Mammalian cells lack cell walls and peptidoglycan,
therefore, B-lactam antibiotics can be used to target bacterial cells without greatly
harming human cells.?!

Tetracyclines consist of a linear fused tetracyclic core to which various functional
groups are bound (Figure 1). Tetracyclines exhibit bacteriostatic rather than
bactericidal properties and are effective against multiplying microorganisms. It is well
known that tetracyclines inhibit protein biosynthesis by reversibly binding to the
aminoacyl-tRNA in the ribosomal 30S unit, preventing the association of
aminoacyl-tRNA with the bacterial ribosome. Like B-lactams, tetracyclines are also
effective against a broad spectrum of Gram-positive and Gram-negative bacteria.®!
Fluoroquinolones (e.g. see 5) interfere with bacterial DNA synthesis, by entering
bacteria through porin channels and inhibiting two DNA enzymes, the DNA gyrase and
the topoisomerase V. DNA gyrase is responsible for reducing topological strain in the
process of DNA replication and topoisomerase IV decatenates replicated DNA. The
inhibition of these enzymes leads in cleavage of bacterial DNA, which then inevitably

results in the death of bacterial cells.l”- 8
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Bacteria develop resistance to antibiotics through various mechanisms. In a report
from 2019 the U.S. CENTERS FOR DISEASE CONTROL AND PREVENTION has described

antibiotic resistance as follows!®!:

“Antibiotic resistance is when germs (bacteria, fungi) develop the

ability to defeat the antibiotics designed to kill them.”

The key factors promoting antibiotic resistance are overuse, inappropriate prescribing,
and extensive use of antibiotics in agriculture. By eliminating drug-sensitive
competitors, resistant bacteria can reproduce through natural selection. These
resistant bacteria can then share their resistance genes via plasmids. This is known
as horizontal gene transfer, which can lead to the transfer of antibiotic resistance
among different bacterial species.!!

Since all antibiotics must be taken up by bacteria to unfold their bactericidal effects,
the simplest defense mechanism is to prevent accumulation of antibiotics inside the
cells. Fewer porin channels, which are responsible for the diffusion of molecules up to
5000 Da into and out of the cell, were found in resistant bacteria. A decreased number
of such channels leads to a decreased uptake of drug molecules and thus to a lower
susceptibility to antibiotics.! In contrast, an increased number of efflux pumps can be
found in resistant bacteria. Efflux pumps are membrane proteins in the cytoplasmic
membrane that are capable to transport a large variety of different compounds out of
the cell and thus significantly contributing to multidrug resistant organisms.!
Additionally, spontaneous mutations in bacterial genes can alter antibiotic targets,
preventing antibiotic binding. Typical reported modifications include changes in the
ribosomes that prevent binding of antibiotics in the 30S or 50S subunits('®: 11 or
modifications in the peptidoglycan transpeptidase that reduces B-lactams affinity.l'?
Mutations in resistant bacteria have also led to altered DNA gyrase and
topoisomerase |V, resulting in a reduced binding affinity of quinolones, which in turn
leads to the development of resistance to them.['3]

Bacteria also use specialized enzymes like B-lactamases to inactivate antibiotics.
These enzymes provide multi-resistance to the class of B-lactam antibiotics by
hydrolyzing the amide bond of the four-membered B-lactam ring (Figure 2).1'4l To this
day, there have been identified more than 8000 different [(-lactamases
(www.bldb.eul™) with narrow or broad substrate spectra. This clearly shows that

resistance to new B-lactam antibiotics is only a matter of time.

3
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Figure 2: Hydrolysis of a generic penicillin substrate by a serine B-lactamase. Base B activates serine
for nucleophilic attack on amide carbonyl carbon C-7. Base B2 activates a water molecule for
nucleophilic attack on the acylenzyme carbonyl liberating penicilloate. Adapted from('4,

Antibiotic or antimicrobial resistance has serious consequences. Untreated diseases
caused by bacteria can lead to severe, life-threatening conditions and ultimately lead
to death. In 2016 the British economist Jim O’NEILL published a review on global
antimicrobial resistance, estimating that by the year 2050, antimicrobial resistance
could kill 10 million people per year.['s 71 A group of Antimicrobial Resistance
Collaborators systematically analyzed this major threat. They estimated that
4.95 million deaths were associated globally with bacterial antimicrobial resistance in
2019, with six leading pathogens (Escherichia coli, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa and Streptococcus
pneumoniae, five of these mentioned are part of ESKAPEE pathogens!'®l) responsible
for 3.57 million deaths.['® Addressing the dissemination of resistant bacteria is an

urgent global health issue.
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1.2.  Human microbiome — A source for new antimicrobials

Streptomycetes are well known for their ability to produce a variety of natural products,
driven by the competitive soil environment that favors bacteria that produce
compounds to outcompete other bacteria. Since the 1940s, these soil bacteria have
been successfully cultivated and harvested using manifold strategies, such as the
OSMAC (One Strain-Many Compounds).[?% These strategies have led to the discovery
of natural products with interesting properties for medical applications such as
antibacterial?! 22, antifungall?3-2%1 and immunosuppressants.[?6. 271 Since the golden
age of antibiotics, there has been a steady decline in the discovery and approval of
new antibiotics, leading to the so-called discovery void (Figure 3), which has persisted
from the late 1980s to the present day. During this time, only a limited number of new

lead structures have been innovative.28-30
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Figure 3: Approvals of new antibiotics from 1983 to 2023 by FDA. Adapted from[30,

While soil bacteria have been extensively explored as a source of new antibiotic lead
compounds, recent research efforts to discover new antibiotics have shifted towards
other bacterial groups such as the human microbiota.[31-3]

The average male human body harbors many microorganisms of which an estimated
3.8:10" are bacterial cells. The ratio of nucleated human cells (0.3-10"%) to bacterial
cells in the human body is estimated to be 1:10.3¢! In the last decades, it has been
highlighted that these microbes not only are even to or outnumber our cells, but also
have an enormous influence on our physiology in many ways and are therefore

referred to as “the hidden organ”.l37-39 Moreover, the human microbiota contributes
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significantly to the gene pool of the human microbiome and harbors many biologically
active natural products that remain undiscovered.[37: 38l

Recent studies have demonstrated that members of the human microbiota produce
antimicrobial compounds, which allow to displace or even outcompete pathogens.33l
These compounds exhibit complex and diverse structures and modes of action. There
have been reported non-ribosomal peptide synthase (NRPS) products like
lugdunin (6), a protonophorel3> 40 or quorum-quenching lipopeptides such as
fengycins.*!. 421 Additionally, the polyketide synthase (PKS)-NRPS hybrid compound
like reutericyclin (7), another protonophore, is produced by Lactobacillus reuteri to
achieve colonization advantages in the oral microbial habitat.[*3 441 Notably, the
probiotic strain Streptococcus salivarius K12 produces salivabactin A/B (8) an
antimicrobial compound with potent activity against several clinically relevant Gram-
positive pathogens, including resistant strains such as S. aureus (MRSA: 2 ug-mL-")
and E. faecalis (VRE: 2 uyg-mL-").143l
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lugdunin (6 salivabactin A/B (8)

During a screening approach using human bacterial nasal isolates, S. lugdunensis has
been found to strongly inhibit S. aureus growth, and that S. lugdunensis carriers have
a significantly reduced S. aureus carriage rate. S. lugdunensis produces lugdunin (6),
a cyclic antimicrobial heptapeptide comprising an unusual thiazolidine heterocycle and
five amino acids with alternating stereo configuration. Lugdunin (6) is the first NRPS
product from the human nose microbiome with antimicrobial activity, establishing a
new class of fibupeptide antimicrobials.[®?! It exists as two diastereomers in equilibrium
with an (R)- or (S)-configuration in position 40, indicated by the wavy bond. It exhibits
potent antimicrobial activity against a broad spectrum of Gram-positive bacteria,
including resistant strains like S. aureus (MRSA: 1.5 ug-mL~", Glycopeptide resistant

S. aureus (GISA): 3 ug-mL-") and Enterococcus isolates (VRE: 3-12 ug-mL™").
6
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Importantly, development of resistance was not observed for S. aureus.?? After
establishing the solid-phase peptide synthesis (SPPS) of lugdunin (6), comprehensive
structure-activity relationship studies were carried out, which revealed essential
structural motifs for antimicrobial activity and proton translocation. Furthermore, it was
found that the enantiomer of lugdunin (6) showed identical antimicrobial activity as 6.0
46l However, the precise mode of action of lugdunin (6) has demanded further

investigation.

1.3. Designing antibiotics for inhibition of Gram-negative bacteria

Most bacteria are classified into two major groups: Gram-positive and Gram-negative
bacteria.[*] Gram-positive bacteria have a cell membrane surrounded by
peptidoglycan layers (30—100 nm) composed of glycan strands, anionic teichoic acids

and surface proteins that facilitate the transport of small molecules, sugars, and iron

chelators (Figure 4).[48]

&
CS O-antigen
LPS :
S Core
saccharide
Lipid A J
Outer
membrane
Peptidoglycan
Periplasm

Cell
membrane

Gram-positive Cytoplasm Gram-negative

Figure 4: Gram-positive and Gram-negative cell envelopes are shown. LP: lipoprotein, LPS:
lipopolysaccharide, LTA and WTA: teichoic acids, CAP: covalently attached protein, IMP: integral
membrane protein, OMP: outer membrane protein. Adapted from48l.

In contrast, Gram-negative bacteria possess a thin peptidoglycan cell wall, surrounded

by an outer membrane (OM) carrying lipopolysaccharides (LPS). The OM features

various proteins, such as lipoproteins or B-barrel proteins, which mediate the diffusion
7
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of small molecules, siderophores, and vitamins. LPS consist of lipid A, a core
saccharide, and an O-antigen, which can be used to classify bacteria (Figure 4).18
Bivalent cations like Mg?*-ions, form bridges between the negatively charged
phosphate groups in the lipid A moiety, creating a very effective barrier for hydrophobic

small molecules (Figure 5).149
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Figure 5: Chemical structure of the E. coli LPS. Glc: D-glucose, Hep: L-glycero-D-manno-heptose, Gal:
D-galactose, Kdo: 3-deoxy-D-manno-oct-2-ulosonic acid. Adapted from[49l,

Most Gram-positive-only antibacterials cannot traverse the OM of Gram-negative
bacteria and therefore do not accumulate in the cell and do not reach their targets. It
has been shown that increasing the polarity of small molecules facilitates their passage
through the OM of Gram-negative bacteria. For instance, ampicillin (9), a broad-
spectrum antibiotic, differs from penicillin G (1), a Gram-positive-only antibiotic, by an
additional amino group. This increased polarity resulted in favorable minimum
inhibitory concentrations (MICs) against various Gram-positive and Gram-negative
bacteria.l>%
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Additional structure optimization studies have been conducted to develop
broad-spectrum antibiotics. The structure of the streptomyces derived natural product
arylomycin A (10) was optimized in terms of rigidity and polarity by generating a new
compound (see 11) with an amide with 2-aminoacetonitrile, replacing the N-terminal
lipopeptide tail with a more rigid motif, and introducing primary amino groups to the
phenolic oxygen atoms. This optimization led to GO775 (11), an antibiotic with potent
activity against a variety of multidrug-resistant Gram-positive and Gram-negative
bacteria (Figure 6).5]

CH;
(I)H3 O CHj H O
N ' N
FUNY
OH
arylomycin (10)
ﬂ Optimization
HoN
CH
HsC °
H5;C

0 K_
NH,
G0775 (11)

Figure 6: Optimization of arylomycin (10) leads to GO755 (11). Blue square indicates modifications in
N-terminal lipopeptide tail, red square indicates modifications in phenolic oxygens, green square
indicates modification in carboxylic acid moiety.
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Over 180 small molecules with the ability to accumulate in E. coli were further
investigated, leading to the establishment of the eNTRYy rules by HERGENROTHER and
colleagues. It was found that compounds are most likely to accumulate in E. coli if they
have a non-sterically encumbered ionizable Nitrogen, low Three-dimensionality, and
are relatively Rigid (rotatable bonds < 5).1%21 Over the last decade, HERGENROTHER and
colleagues have demonstrated that Gram-positive-only antibiotics can be converted

into broad-spectrum antibiotics by implementing the eNTRYy rules (Figure 7, see 12—

17)_[53-55]
CH3 CH3
NH3+
6DNM (12) 6DNM-NH3 (13)
Gram-positive only Broad-spectrum
S. aureus: 0.06-1 ug-mL~" S. aureus: 0.03-0.5 pg-mL™"
WT E. coli: >32 pg-mL™" WT E. coli: 0.5 pg-mL™"
H,;C o
NH5*
J“(Il = ST
O CH X
3 N” N7 0
H
Debio-1452 (14) Debio-1452-NH3 (15)
Gram-positive only Broad-spectrum
S. aureus: 0.008 pg-mL~" S. aureus: 0.03 pg-mL™"
WT E. coli: >32 yg'mL™" WT E. coli: 4 ug-mL™"
= +
N7 NN N7 NN

S
/ /
= %
Ribocil C (16) Ribocil C-PA (17)
Gram-positive only Broad-spectrum
S. aureus: 0.5 pg-mL™" MIC in WT E. coli: 4 ug-mL~"

MIC in WT E. coli: >64 pg-mL™"

Figure 7: Selected set of Gram-positive-only antibiotics, which are converted into broad-spectrum
antibiotics by implementing the eNTRYy rules. WT = wild type.

10
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Compounds 12, 14 and 16 show significant antibiotic activity against Gram-positive
strains (Figure 7) and exhibit suitable properties in terms of rigidity and
three-dimensionality.[%3-%1 The introduction of a primary amine at a position that does
not interfere with the mechanism of action, converts these compounds into
broad-spectrum antibiotics with potent activity (Figure 7, see 13, 15, 17).57]

In a comprehensive study, the effect of other positively-charged, nitrogen-containing
functional groups was investigated, concluding that guanidinium or pyridinium
scaffolds should also be considered in developing Gram-negative antibiotics.[®!
However, the mere addition of a primary amine on an antibiotic is not always sufficient
to overcome the OM of Gram-negative bacteria. As previously mentioned, shape and
rigidity parameters should not be neglected when it comes to developing

Gram-negative antibiotics from Gram-positive-only antibiotics.[?!

11
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1.4. Hybrid peptide-polyketide natural products

Natural products are compounds produced by living organisms, classified into primary
and secondary metabolites and are molecules of relative small molecular weight.[®!
Primary metabolites are required for growth and survival, whereas secondary
metabolites, although not necessary for growth and survival under ideal conditions,
provide advantages in environmental interaction.®? Two large groups of secondary
metabolites are polyketides and non-ribosomal peptides, which are produced by
bacteria and fungi, among others, through megaenzymes known as polyketide
synthases and non-ribosomal peptide synthases. The structures and formation
mechanisms of secondary metabolites of these enzymes are well-understood.!6'-6%
Consequently, software tools for predicting these structures from the corresponding

biosynthetic gene clusters (BGCs) are given more attention in structure elucidation.[%-
69]

Non-ribosomal peptide synthase domains and their reactions

It has been shown that NRPSs have modular structures, and each module completes
a peptide elongation cycle by biosynthetically adding an amino acid to the peptide
chain in an assembly line-like fashion. An NRPS module consists of various domains,
which have specific functions such as adenylation (A-domain), thiolation
(PCP-domain), epimerization (E-domain), and condensation (C-domain). The
A-domain activates an amino acid through ATP-hydrolysis, which then can be linked
to a peptidyl-carrier-protein (PCP)-domain to form a thioester. The C-domain catalyzes
the condensation reaction to form an amide bond between two amino acid thioesters.
An E-domain in the modules can convert L-amino acids to the corresponding D-amino
acids (Figure 8).[63]
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Figure 8: Reactions catalyzed by different domains in NRPS megaenzymes adapted from[83l. R = amino
acid side chain, ATP = adenosine triphosphate, AMP = adenosine monophosphate, B = base.

Unlike ribosomal peptide synthesis, NRPSs also employ non-proteinogenic amino
acids, such as ornithinel’ or pipecolic acid.’l The peptide intermediates remain
attached to the PCP-domain throughout the entire elongation process, and a thio-
esterase (TE) domain typically cleaves off the peptide product from the enzyme.[62 63l
Various TE-mediated release mechanisms, such as hydrolysis for linear peptides, or
macrolactamizationl”? for macrocyclic structures, contribute significantly to the

structural diversity of non-ribosomal peptides.6?]
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Polyketide synthase domains and their reactions

Polyketides, like non-ribosomal peptides, are assembled sequentially from small
building blocks, such as acetate (starter unit), malonate or alkyl malonate (extender
units) compounds. PKS modules include at least a ketosynthase (KS), an
acyltransferase (AT), and a thiolation (ACP)-domain. Additional accessory domains
like ketoreductase (KR), dehydratase (DH), or enoylreductase (ER) further diversify
polyketide structures. First an activated precursor (acyl-CoA) is transferred by the
AT-domain to the acyl carrier protein (ACP)-domain (Figure 9A). Then a C-C bond
formation between the upstream acyl thioester and the downstream acyl acceptor is
catalyzed by the KS-module in a decarboxylative, CLAISEN-like fashion (Figure 9B). In
Type | PKSs, the polyketide chain is transferred from one ACP-domain to the next
during this reaction, while in Type Il PKSs, the polyketide chain remains attached to
the same ACP-domain. The B-ketoacyl intermediate undergoes further processing,
leading to hydroxy functionalities, double bonds, or alkyl chains, depending on the

contained domains (Figure 9C).161. 62, 69]

A ! O(‘J ASH — HO! As
@@% .29% 99% 9¢%
I

(0]
previous new
chain malonate R'
unit
C

S — S — S — S

(@] (6] (e} (6]
R R R R

O HO /

R' R' R' R'

Figure 9: Mechanistic insights into the PKS machinery. A) Transfer of an acyl-CoA substrate to the ACP-
domain. B) Elongation step catalyzed by KS in a decarboxylative, CLAISEN-like fashion. C) Further
processing of the B-ketoacyl intermediate by KR, DH and ER. CoA = Coenzyme A, R = H or alkyl, R’ =
growing polyketide chain, bold bonds indicate starter and extender units. Adapted from®1l,
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PKSs are categorized into two major classes, the Type | PKSs and the Type Il PKSs

based on domain organization. Type | PKSs have multi-modular structures with their

thiolation domain fused in cis to these modules, which means the domains are

covalently bound to each other (Figure 10A). In Type Il PKSs the domains are

organized in trans, implying they are not covalently bound to each other (Figure 10B).
A B

@
P % oo

SH SH
Type | PKS Type Il PKS

Figure 10: Comparison of Type | and Type Il PKSs. A) Domains are covalently bound to each other
(cis). B) Protein domains interacting in trans. KS = ketosynthase, AT = acyltransferase, DH =
dehydratase, ER = enoylreductase, KR = ketoreductase, ACP = acyl carrier protein (thiolation domain).
Adapted froml®1],

NRPS and PKS hybrid compounds

These two biosynthetic pathways are as well used in combination to produce
secondary metabolites, resulting in NRPS-PKS hybrid compounds with remarkable
structural diversity and a wide range of biological activities.[®¥ Bacillaene (18) and

salivabactin A/B (8) are antimicrobially potent NRPS-PKS hybrids produced by

bacteria.[*> 73]
0O cysteine
S
HO*Q//{H% j\/\/
N N

H
salivabactin A/B (8)

NRPS derived

HO HN
glycine

alanine

bacillaene (18)

Figure 11: Structures of salivabactin A/B (8) and bacillaene (18). NRPS-derived moieties are indicated
by blue arrows and bold bonds. Unusual 3,y-double bonds in bacillaene (18) are highlighted in orange.

Bacillaene (18) comprises two NRPS-derived amides and two polyene cores (hexaene
and triene), with unusual B,y-double bonds, which are introduced directly by PKS
domains (Figure 11).16% 74 Salivabactin A/B (8) features an aromatic moiety connected

to a thiazolidine-ene ring and a diene moiety (Figure 11).[4%]
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Additionally, fungi and bacteria produce 3-acyltetramic acids using the NRPS-PKS
machinery. 3-Acyltetramic acids exhibit characteristic tautomerism (Figure 12A), and
in some cases form metal complexes.[’> 761 Their structures range from simple
3-acyltetramic acids*® 77 78 (see 19) to more complex forms such as
3-polyenoyltetramic acids!”® 8% (see 20, 21), 3-decalinoyltetramic acids!®' 82 (see 22)

and macrocyclic tetramic acids!®? (see 23) (Figure 12B).184

A 0] HO
HO, fast Q (E)/G
N (0] 5 N =0
H H
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HO =0 et O @)—oH
O 0]
N N
H H
B H
HoN" . N
~ 0]
HO
O
HO,C NH
HO,C )\\’\\\ OH
o]
NH,
malonomycin (19) a-lipomycin (20) R = B-D-digitoxyl,

B-lipomycin (21) R=H

equisetin (22) dihydromaltophilin (23)

Figure 12: A) The four possible tautomers and rotamers for 3-acyltetramic acids. Bond rotation (red) is
slow in NMR time scale and in contrast enol-formation is fast in NMR time scale in protic NMR solvents.
B) selected examples of tetramic acids: 3-acyltetramic acid 19, 3-polyenoyltetramic acids 20 and 21,
3-decalinoyltetramic acid 22 and macrocyclic tetramic acid 23.
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The biological activities of tetramic acids are just as diverse as their structures.
Malonomycin (19), produced by Streptomyces rimosus paromomycinus, exhibits
antibacterial, antifungal, and antiprotozoal activity.[’® 8% 86 The lipomycins 20 and 21,
produced by Streptomyces aurefaciens, inhibit the growth of Gram-positive bacteria.["!
The macrocyclic dihydromaltophilin (23), also known as heat-stable antifungal factor
(HSAF), produced by Lysobacter enzymogenes, shows antifungal activities against a
broad spectrum of fungi.[®’]
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2. Scope of this work

2.1. Chemical analysis of epifadin (24) and syntheses to study epifadin motifs

In cooperation with the biology department of the University of Tubingen (Research
Group KRISMER and PESCHEL), NADINE SCHILLING (Research group GROND, University
of Tubingen) successfully detected a bioactive compound produced by
S. epidermidis IVK83. This compound, named epifadin (24), exhibits potent activity
against a wide range of targets, including MRSA strains. However, due to the high
instability of epifadin (24), complete structure elucidation remained elusive. Analysis of
its degradation products resulted in the identification of the NRPS moiety 25 from
epifadin (24) using solid-phase peptide synthesis (SPPS) and HPLC high resolution

mass spectrometry (Figure 13).[88

G

epifadin (24)

c1 c2 c3 c4
b1™) b27) b3 b4

Amino acid sequence
= assigned via tandem MS
(N. Schilling)

proposed peptide amide 25 enantiomer of 25
by N. Schilling

Figure 13: Structure of epifadin (24) with unknown structural elements depicted as geometrical objects.
Assigned amino acid sequence via tandem MS (N. SCHILLING) and proposed absolute
stereoconfiguration of peptide amide 25.
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The primary goal of this work is to fully elucidate the structure of epifadin (24). To
achieve this, it is crucial to optimize extraction and chromatographic methods to
increase the yield of isolated epifadin (24). With substantial amount of epifadin (24),
comprehensive NMR spectroscopic and mass spectrometric experiments will be
carried out. To unambiguously assign the stereoconfiguration of the peptide moiety 25
and conduct a chromatography study of such amides all 16 possible stereocisomers are
synthesized using SPPS and analyzed via chiral HPLC-MS methods (in collaboration
with research group LAMMERHOFER). Additionally, efforts will focus on the synthesis of
the PKS-NRPS moiety, which has not yet been structurally elucidated by NMR. These
studies of chemical synthesis methods will contribute towards the total synthesis of

epifadin analogues.

2.2. New lugdunin-like fibupeptides

The second part of this work focuses on synthesizing lugdunin-like fibupeptides to
further investigate its mode of action. In collaboration with DOMINIK RUPPELT (Research
group STEINEM, Georg-August-Universitat Gottingen), the question of whether
lugdunin (6) is a carrier ionophore (e.g. valinomycin®l) or a channel-forming ionophore
(e.g. nystatin®) will be tackled (Figure 14). To this end, N-methylated analogues of
lugdunin (6) will be produced and further analyzed using biophysical methods.
N-methylation would block B-sheet formation, thus preventing channel formation, and
a consequent loss of bioactivity would indicate that lugdunin (6) is a channel-forming

ionophore.

m — CPPPRYR? PPPRR bacterial membrane
AAAEAAEE o @iy cece OOEOAEOO

cell interior ¢ @ carrier ionophore
O
B channel-forming
ionophore
O ions

Figure 14: Depiction of different types of ionophores. A) Carrier ionophores bind ions and carry them
through cell membranes. B) Channel-forming ionophores create channels within membranes to facilitate
ion transport.
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Given that lugdunin (6) is a Gram-positive-only antimicrobial, the concept of the
HERGENROTHER eNTRYy rules will be applied to lugdunin (6) to convert it into a broad-
spectrum antimicrobial. Amino acid positions 2 and 5 in lugdunin (6) are amenable to
substitution with other amino acids, enabling the preparation of lugdunin-like
fibupeptides with a primary amino group in these positions.*% 461 Non-proteinogenic
amino acids, such as ornithine and 4-aminophenylalanine, are considered for these
modifications. Moreover, the lugdunin analogues will be biologically profiled in
cooperation with the medical microbiology (KRISMER, PESCHEL) of the University of

Tubingen.
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3. Results and discussion

3.1. Chemical analysis of epifadin (24) and syntheses to study epifadin motifs

Colonization of the human body's surface by pathogenic microorganisms poses a
significant risk. Approximately one-third of the population is colonized by
Staphylococcus aureus. As a preventive measure, S. aureus can be eradicated to
minimize associated risks.°'l A study conducted by KRISMER investigated bacterial
colonization of the nasal cavity, with the key question being which bacteria are capable
of surviving in the nutrient-poor environment of the nose and whether these bacteria
produce bacteriocins!33 — antimicrobial compounds — that could eliminate S. aureus.
The study revealed that the strain Staphylococcus epidermidis IVK83 exhibited activity
against several Gram-positive bacteria, including MRSA.[??]

Staphylococcus epidermidis VK83 was successfully cultivated in tryptic soy broth
(TSB) medium. The culture was grown for 44 hours in TSB at 30°C, and the
supernatant was sterile-filtered. The culture filtrates exhibited antibacterial activity, but
initial isolation attempts using common extraction methods with methanol, n-butanol,
ethyl acetate, and halogenated solvents such as chloroform and dichloromethane,
followed by chromatographic techniques, resulted in a loss of activity, likely due to the
degradation of the active component epifadin (24).88 %3 Treatment of the culture filtrate
with hydrochloric acid (pH 2) at 4°C produced a precipitate, which was subsequently
freeze-dried. The active component was then successfully dissolved from the
precipitate using DMSO, enabling the first biological tests to be conducted. Using
HPLC-UV, the UV spectrum of epifadin (24) was recorded, showing a UV maximum at
383 nm.[88 Based on its unique UV spectrum, it was hypothesized that epifadin (24)
contains a polyene structure, which can be protected from degradation by antioxidants.
By adding an antioxidant such as palmitoyl ascorbate (26) and storing the extract in
the dark at —80°C, the antibacterial activity of the extract was preserved for the first

time.[94]

A comparison between Staphylococcus epidermidis IVK83 and its knockout mutant,
which no longer produces epifadin (24), revealed through HPLC-MS analysis that the
S. epidermidis IVK83 strain contains the peptide amide 25. However, this compound
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does not exhibit bioactivity, suggesting that it is a fragment of epifadin (24), likely
formed during its degradation.[68]

Moreover, the genes encoding for epifadin (24) were analyzed to obtain further
information about potential biosynthetic building blocks. With the epifadin-deficient
mutant in hand, localization of the BGC in the wild type was achieved by direct
comparison of genes. The BGC was localized on a plasmid and was confirmed by
restoring the antibacterial activity in the mutant via complementation (medical
microbiology department University of Tubingen, Research group KRISMER,
PESCHEL).[% Subsequently, the BGC composition was analyzed using AntiSMASH 5.0
(bacterial settings)®®, which revealed the domain organization of the
NRPS I-PKS-NRPS Il gene cluster (Figure 15).[94

EfiA EfiB EfiC
NRPS | PKS
EfiD EfiE — — EfiT | EfiP
PKS NRPS I
Figure 15: Domain organization of the NRPS and PKS involved in epifadin (24) biosynthesis.

Ax = adenylation domain for a specific amino acid, AD = trans-AT docking, TE = thioesterase,
PP = 4’-phosphopantetheinyl transferase.
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3.1.1. Optimization of epifadin (24) isolation and purification strategies

In collaboration with the medical microbiology (KRISMER, PESCHEL) of Tubingen,
N. SCHILLING developed a purification strategy for epifadin (24), which led to its isolation
for the first time (Figure 16).188 Despite this breakthrough, only 6 mg of epifadin (24)
were isolated from over 100 L of S. epidermidis IVK83 culture supernatant. A careful
comparison of the bioactivity potential of purified epifadin (24) and the DMSO extract
of the precipitate indicated that the epifadin (24) content should be significantly higher

than obtained after HPLC purification using method A (Experimental section 6.1.1.).
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Figure 16: Purification steps developed by N. SCHILLING in cooperation with the medical microbiology of
the University of Tubingen. Products after every process are marked with circled digits. Critical steps
where decomposition of epifadin (24) can occur or where extraction is insufficient are marked with red
thunder symbols.

The culture supernatant (1) was sterile filtered, followed by adjustment of the pH value
to pH 2. The mixture is left to sit for two hours at 4°C in the dark. The resulting
precipitate (3) was then separated from the supernatant by centrifugation, washed
several times with deionized water and lyophilized. Subsequent extraction with
dimethyl sulfoxide (DMSO), lyophilization, and an additional extraction with the HPLC
solvent mixture (acetonitrile/water/trifluoroacetic acid, 50/50/0.05) prior to injection into
a HPLC system yielded purified epifadin (24) using method A (Experimental section
6.1.1.).188
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The poor yield (6 mg out of 100 L of culture broth) could be attributed to the high
instability of epifadin (24), which decomposes at prolonged light exposure, basic
conditions, and in certain solvents like methanol.®8 In-depth biological and chemical
analyses of each individual step of the purification strategy revealed that there are two
critical steps where epifadin (24) decomposition or insufficient extraction might occur
(Figure 16). During the freeze-drying process (Figure 16, step 6.), the frozen DMSO
extract (4) thawed, causing the extract to evaporate at room temperature rather than
sublimating at —40°C, potentially leading to decomposition of the highly instable
epifadin (24). Moreover, the extraction solvent used for HPLC could be insufficient
(Figure 16, Step 7), leaving most of the epifadin (24) in the residue (5) and resulting in
poor yields after HPLC purification.

In a biological activity guided approach, different steps of the purification protocol were
examined to determine whether biological activity is lost due to decomposition or

insufficient extraction (Figure 17).

A) DMSO extract (4) B) Prec. after C) DMSO extract (5) D) Extract (5) after
extraction extraction

1,25 mg‘!'\ ®78 g 1,25 m@ 078 Mg
® 156 1g 625 pg@ .156 ug

83125, %125198)

Figure 17: Agar diffusion assays of different samples at different steps of the purification protocol.
Samples were prepared by extracting 10 mg of each sample with 400 yL of DMSO (25 mg-mL-").
A) Dilution series for DMSO extract @. B) Dilution series for precipitate (prec.) after extraction with
DMSO. C) Dilution series for dried DMSO extract ®. D) Dilution series for extract ® after extraction with
MeCN/water/TFA (50/50/0.05) and subsequent lyophilization.

DMSO extracts (4) of the precipitate displayed large inhibition zones in agar diffusion
assays, while the residue from this extraction step showed only a tiny inhibition zone
or none (Figure 17A and 17B), depending on the amount of DMSO added to the assay.
Dissolving the dried DMSO extract (5) with DMSO and testing by agar diffusion assay,
revealed that no reduction in the size of the inhibition zones was observed (Figure
17C). This indicates that decomposition of epifadin (24) during the freeze-drying
process is rather minimal and that DMSO can be used to efficiently extract
epifadin (24). However, after extraction of the dried DMSO extract (5) with acetonitrile
24
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water and TFA the residue of (5) displayed no reduction in size of inhibition zones after
lyophilization and subsequent DMSO extraction for agar diffusion assay (Figure 17D).
This clearly indicates that the solvent mixture used for HPLC injection insufficiently
dissolves epifadin (24) and most of it remains in the residue, which in turn leads to poor
yields after HPLC.

To optimize extraction of epifadin (24) for purification purposes on HPLC, samples of
the precipitate were extracted using acetonitrile-water-TFA with varying DMSO
contents. The obtained supernatants were then injected into an analytical HPLC
system and chromatograms were recorded at multiple wavelengths using method D
(Experimental section 6.1.1.).188 94 For each sample, 10 mg of the precipitate was first
treated with the corresponding amount (0—40 pL) of DMSO and then 160 pL of
acetonitrile-water-TFA (80/20/0.05) were added. The samples were vortexed,

centrifuged, and 10 yL of the supernatant was injected into an analytical HPLC system.
85
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Figure 18: Method D (Experimental section 6.1.1.) was used for chromatography. Zoomed area of
overlayed chromatograms at 383 nm is shown. Blank sample (purple): acetonitrile-water-TFA mixture
(80/20/0.05). Dark blue: 0 yL DMSO (0 %DMSO), orange: 8 yL DMSO (5% DMSOQ), dark green: 32 L
DMSO (17%), turquoise: 40 uL DMSO (20% DMSO).

The comparison of chromatograms at the absorption maximum of epifadin (24,
383 nm), showed that the area of the epifadin peaks at 18.3 min increased significantly
with a higher DMSO content in the extraction solvent and reached its maximum with
17% DMSO (Figure 18). Given that the amount of acetonitrile-water-TFA remained
constant and only the amount of DMSO was increased, it can be assumed that the

decrease in peak area with 20% DMSO constitutes a dilution effect.
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Additionally, the stability of epifadin (24) in the solvent used for HPLC purification was
investigated. Two samples were prepared by extracting the dried DMSO extract (5)
with acetonitrile/water/TFA, (50/50/0.05) and exposing one to ambient light, while the
other sample is stored in the dark at room temperature. Chromatograms at 383 nm
were then recorded at specific time intervals using HPLC (Method B, experimental
section 6.1.1.). The peak area of the epifadin signal was then determined and plotted
against time (Figure 19). The sample exposed to light is assumed to undergo faster
decomposition than the sample stored in the dark as our working hypothesis.
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Figure 19: Peak areas of epifadin peak in correlation of time. Chromatograms were recorded on a semi-
preparative HPLC system using method B (Experimental section 6.1.1.). Samples were prepared using
acetonitrile-water-TFA (50/50/0.05). One is exposed to light (red), while the other sample is stored in
the dark (grey) at room temperature.

Figure 19 revealed that epifadin (24) decomposes similarly in both light-exposed and
dark-stored samples, with peak areas halving after 3 hours. This indicated that the
solvent system acetonitrile-water-TFA was not suitable for long storage of epifadin-
containing samples. However, the advantage of this solvent system over methanol is
that mixtures of acetonitrile and water can be freeze-dried, whereas methanol-water
mixtures thaw using a freeze-dryer. Since epifadin (24) is a highly unstable compound,
the mild freeze-drying process is mandatory. Further solvent tests with nitrobenzene,
methanol with trifluoroacetic acid, and dimethyl sulfoxide with and without
trifluoroacetic acid showed that epifadin (24) was the most stable in DMSO, with a half-
life of about four days (Figure 20). In this case, however, all samples were stored in

the dark at room temperature throughout the entire experiment.
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Figure 20: Stability of epifadin (24) in selected solvents used for extraction of precipitate.
Chromatograms were recorded on an analytical HPLC system using method E (Experimental section
6.1.1.). The concentration was adjusted to 20 mg precipitate per mL solvent. Trendlines in
corresponding colors were generated with Microsoft Excel.

Adding acid to the solvents accelerated decomposition of epifadin (24). Nitrobenzene
does not dissolve epifadin (24). This experiment shows that epifadin (24) is best stored
and handled with dimethyl sulfoxide as a solvent. In this case, palmitoyl ascorbate (26)
was omitted as an antioxidant because it coeluted with epifadin (24) during HPLC
purification (Figure 21).
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Figure 21: Epifadin (24) sample analyzed via HPLC-ESI-HRMS (Experimental section 6.1.4.) after
purification via HPLC using method A.[881 EIC of epifadin (24, Cs1Hs2N7012*, 964.4451+0.01) is shown in
red, EIC of palmitoyl ascorbate (26, C22H3907*, 415.2690+0.01) is shown in green.

In addition, additives for solvents in HPLC were tested and HPLC was performed using
ammonium acetate buffer (pH 5) as an additive. Under these conditions, however, no
epifadin-characteristic signal at 383 nm could be observed. By replacing TFA (0.05%)
with the much more environmentally friendly formic acid (FA, 0.1%)1%, no significant
change in elution time for epifadin (24) was observed and has been rendered suitable.
Since epifadin (24) dissolves best in DMSO and is most stable in it, DMSO must be

used as the extraction solvent and injected into the HPLC.
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Direct injection of the DMSO extract into HPLC resulted in a prominent DMSO signal
at 220 nm in the chromatogram (Figure 25), which overlapped with the epifadin-signal
due to tailing when method A (experimental section 6.1.1.) was applied. The most
effective gradient was a step gradient of acetonitrile/water/FA (40/60/0.1) for 20
minutes, followed by acetonitrile/water/FA (50/50/0.1) for 20 minutes. Chromatography
was performed on a Kromasil C18 column, and this method successfully eliminated
overlap between the DMSO and epifadin signals in the chromatogram. Furthermore,
washing of the precipitate with acetonitrile resulted in the removal of nonpolar
compounds, such as fatty acids and derivatives thereof, while epifadin (24) is not
soluble in acetonitrile. This was demonstrated by HPLC-HRMS (Figure 22).

Intens. ]
x106 1
4

1I5 1I6 1I7 1I8 ’II9 2I0 2I1 2I2 2I3 2I4 Time [min]I
Figure 22: Acetonitrile used for washing of the precipitate was analyzed via HPLC-HRMS (Experimental

section 6.1.4.). EIC of epifadin (24, Cs1Hs2N7O12*, 964.4451+0.01) is shown in red, EIC of oleamide (27,
C1sH3sNO*, 282.2791+0.01) is shown in orange.

HPLC-HRMS analysis of the acetonitrile wash (Figure 22) revealed the presence of
oleamide (27), with no detectable peptide amide 25 and epifadin-signal. This indicates

that epifadin (24) is not soluble in pure acetonitrile.

H CW
3 NH

27

2

28



Results and discussion

Considering that unwanted components can be washed from the precipitate using
acetonitrile, that methanol cannot be used due to the low stability of epifadin (24) in
methanol, and that DMSO is the most suitable solvent, a new purification protocol was

developed accordingly (Figure 23).
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Figure 23: New purification protocol. Modifications are highlighted in red.

The steps to produce the precipitate remain unchanged. Precipitate (3) is washed with
acetonitrile, centrifuged, and the supernatant is discarded. The residue is then
extracted with DMSO to produce extract (9). Instead of evaporating the DMSO and
subsequently re-extracting with the HPLC solvent, the extract (9) is injected directly
into a preparative HPLC system. This minimizes decomposition of epifadin (24) from
the prolonged exposure to room temperature in DMSO. Decomposition was further
prevented by manually collecting epifadin-containing fractions in the dark at —80°C.
This was realized by utilizing a fixed 500 mL round-bottom flask covered in aluminum
foil and immersed in an isopropyl alcohol-liquid nitrogen cooling bath. The temperature
of the cooling bath was continuously monitored using a low-temperature thermometer
and adjusted to —80°C with liquid nitrogen as needed. In addition, a balloon filled with
argon gas and a septum was used to maintain argon atmosphere in the collecting flask
throughout the purification process (Figure 24).
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Figure 24: Instrumental set-up for collecting epifadin-containing fractions at —80°C.
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Moreover, TFA was replaced by FA, making the method more environmentally friendly.
Chromatograms for the new method showed clear separation of epifadin and DMSO
signals (383 nm and 214 nm, respectively, Figure 25).
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Figure 25: HPLC chromatograms of new chromatographic method C at 214 nm (blue) and 383 nm
(orange). Signal of epifadin (24) at 21.5 min, signal of DMSO at 5 min.

With the optimized method at hand 1.2 g of precipitate were generated from 5 L of
S. epidermidis IVK83 culture supernatant. Following washing with acetonitrile and
extraction of the washed precipitate with DMSO, the extract (9) was purified via
HPLC (Method C experimental section 6.1.1.), yielding 3.5 mg of purified epifadin (24)
as a voluminous yellow powder after lyophilization in the dark.* Using the new
purification protocol, the yield of epifadin (24) was increased 12-fold compared to the

100 L approach with method A (experimental section 6.1.1.) which facilitates chemical
analyses and biological assays.
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3.1.2. Structure elucidation of the new peptide polyene tetramic acid 24

Following preparative HPLC purification, a sample of epifadin (24, 0.2 mg-mL~" in
acetonitrile/water/TFA, 50/50/0.05) was subjected to HPLC-ESI-MS (high performance
liquid chromatography electrospray ionization mass spectrometry) equipped with a
DAD (diode array detector) to confirm its chemical formula and the UV spectrum, as
previously determined and measured by N. SCHILLING.[®] For this purpose, a standard
gradient on core-shell RP-C1s column material was used (see experimental section
6.1.4.). After purification, HPLC-MS analysis revealed that the sample contained
epifadin (24), its decomposition product 25, and unidentified impurities (Figure 26).54
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Figure 26: A) HPLC-MS analysis (Experimental section 6.1.4.) of purified epifadin-sample in
acetonitrile/water/TFA, 50/50/0.05, containing 0.2 mg-mL-"! epifadin (24). Base peak chromatogram
(BPC, grey), EIC of epifadin (24) (red, C51Hs1N7O12 [M+H]*, m/z 964.4451+0.005 Da) and EIC of peptide
amide 25 (blue, CasH32NeO7 [M+H]*, m/z 541.2405+0.005 Da). B) UV chromatogram (black,
381-385 nm) C) Tandem MS (MS?) spectrum of epifadin (24). [M+H]* signal and m/z-values of selected
signals highlighted.
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The impurities observed at a retention time of 17.2 minutes have m/z-values of
712.8983 and 950.1952 (Figure 27A). For single positively charged molecules, the ion
mass corresponds directly to the measured m/z-value, resulting in an isotopic peak
spacing of 1 Da. In the case of multiple positively charged molecules, the spacing
between isotopic peaks is 1/z (where z represents the charge). This allows the

determination of the ion's charge based on the measured m/z-values.
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Figure 27: A) Mass spectrum of impurities at 17.2 minutes from HPLC-MS analysis (Experimental
section 6.1.4.). B) Spacing of 712.9 and 950.2-signal.

The spacing between the monoisotopic peaks is 0.25 and 0.33, respectively
(Figure 27B), indicating that the 712.9 signal is quadruple positively charged, while the
950.2 signal is triple positively charged.
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Using the SmartFormula tool within DataAnalysis software (Version 4.2), the sum

formulae for these signals were calculated (Table 1).

Table 1: Selected calculated sum formulae for 712.9 and 950.2-signal. Calculated with SmartFormula
tool within DataAnalysis software (Version 4.2).

Measured m/z

Calc. ion formula

Measured m/z

Calc. ion formula

712.8983 | CesoH133N23006S** 950.1952 | CeoH132N23096S3*
712.8983 | Ce7H121N37086S%* 950.1952 | C76H197Ng2035S3*
712.8983 | Ces5H109N51076S4* 950.1952 | Cs2H124N25085S3*

The calculated sum formulae show high nitrogen contents, suggesting these
compounds may be composed of amino acids, with the presence of sulfur likely
indicating a cysteine residue. Given their high m/z-values and corresponding sum

formulae, these impurities are presumed to be larger peptides.

The peptide amide 25 is formed from chemical decomposition and therefore its signal
with a m/z-value of 541.2416 is a reliable indicator for the decomposition of
epifadin (24). In Figure 26A only a small signal of 25 is observed in the recorded
chromatograms, indicating that the sample contained mainly intact epifadin (24). This
finding is further supported by the UV chromatogram (Figure 26B), which shows
absorption peaks at 381-385 nm. Five signals with relatively high intensity are
observed in the tandem MS spectrum (Figure 26C). The signal with the m/z-value of
541.2416 can be assigned to the peptide amide 25. Chemical formulae were
determined using the SmartFormula tool within DataAnalysis software (Version 4.2).
Analysis of the determined formulae and the corresponding m/z-values revealed two
main fragments of epifadin (24). One fragment is proposed to be the acyl cation
(24-Frag 1) of the peptide residue, and the other fragment is an amine (24-Frag 2)
with the chemical formula C2sH33N20s5* (Figure 28).
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Figure 28: Two main fragments of epifadin (24), resulting from tandem MS fragmentation. The peptide
bond in 24 is broken to form 24-Frag 1 and the amine 24-Frag 2 with the chemical formula C25H33N20s".

The fragmentation of the peptide amide 25 is known from N. SCHILLING's work!88]
(Figure 13) and was confirmed by finding further specific signals in the tandem mass

spectrum of epifadin (24, Figure 29).
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Figure 29: Tandem MS spectrum of epifadin (24, positive mode experimental section 6.1.4.). One-letter
code was used for amino acids. N = asparagine, D = aspartate, F = phenylalanine.

Fragmentation of the protonated adduct of epifadin (24) reveals the amino acid
sequence within the peptide moiety. Initially, two phenylalanine residues are cleaved,
followed by the sequential loss of one aspartate and one asparagine residue, resulting
in the base peak 24-Frag 2 in the tandem MS spectrum. However, the ion intensities

for each amino acid loss are relatively low (Figure 29).

34



Results and discussion

UV-spectrum of epifadin (24)

The chemical formula given for the eastern part of epifadin (24) indicates that the
structure contains at least one amino acid derived functionality, and the ratio of carbon
to hydrogen implies a highly unsaturated structure, such as a polyene. Polyenes often
exhibit characteristic absorptions, which are dependent on the length of the polyene
system. The higher the number of conjugated double bonds, the more absorption
maxima shift to longer wavelengths.[®®! In addition, various residues that are directly or
indirectly attached to a polyene system can significantly influence the UV absorption
by shifting absorption bathochromically (towards longer wavelengths) or
hypsochromically (towards shorter wavelengths).[®8! Since mass spectrometric data did
not provide further structural insights for 24-Frag 2, the UV spectrum of epifadin (24)
was analyzed in more detail. Given that the peptide amide 25 does not exhibit any
absorption above 280 nm, the higher wavelengths of the UV spectrum of epifadin (24)
provide information about the chromophore of 24-Frag 2. For this purpose, reference
substances were measured to facilitate a comparison with the UV spectrum of
epifadin (24). The reference substances used included militarinone C (28),
amphotericin B (29), and the synthetically produced MCA17-1 (30).

The UV spectra of epifadin (24), militarinone C(28)', amphotericin B (29) and synthetic
MCA17-1 (30) were recorded using a HPLC-ESI-MS equipped with a DAD
(Experimental section 6.1.4.) (Figure 30).

T We thank Prof. Dr. M. HAMBURGER for an authentic sample of militarinone C
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Figure 30: UV spectra (A = 205 nm to 500 nm) of A) epifadin (24, grey), B) militarinone C (28, red), C)
amphotericin B (29, orange) and D) MCA17-1 (30, green) are shown.

A comparison of the UV spectra (Figure 30) shows that all four compounds exhibit
similar absorption spectra. However, the heptaene 29 displays distinctly sharper UV
absorption bands between 350 nm and 450 nm (Figure 30C) compared to epifadin (24)
and the 3-polyenoyltetramic acids 28 and 30. The tetramic acids militarinone C (28)
and MCA17-1 (30), each display one broad absorption band between 350 nm and
450 nm, whereas epifadin (24) shows a broad band with resolved tips within this range.
Furthermore, epifadin (24) and militarinone C (28) display an absorption maximum
between 260 nm and 280 nm, which is absent in the UV spectra of amphotericin B (29)
and MCA17-1 (30). The presence of this maximum in epifadin (24) is likely due to its
two phenylalanine residues, as determined from the peptide amide 25 structure, while
militarinone C (28) exhibits a similar feature due to its tyrosine residue.[®’]

Given that the heptaene 29, with its seven conjugated double bonds, shows absorption
maxima above 400 nm, it is likely that epifadin (24) has fewer than seven double bonds,
as it does not exhibit this specific absorption feature. The UV spectra of tetramic
acids 28 and 30 each display one broad peak between 340 and 450 nm, with maximum
absorption around 400 nm. The broad absorption above 300 nm in the UV spectrum
of epifadin (24), with distinct peaks within this region, may suggest a structure

combining polyene and 3-polyenoyltetramic acid moieties. Epifadin’s maximum

36



Results and discussion

absorption occurs at 384 nm, suggesting fewer conjugated double bonds than 29 in
the polyene moiety but likely at least two to three double bonds within its tetramic acid
moiety. In conclusion, 24-Frag 2 likely contains less than seven conjugated double
bonds in its polyene moiety and two to three conjugated double bonds in its tetramic

acid moiety.

Biosynthetic gene cluster (BGC) of epifadin (24)

In recent years, software tools such as AntiSMASH have been increasingly used to
identify and characterize new compounds by interpreting BGCs!®l, an approach also
applied in this work to interpret the BGC of epifadin (24, Figure 15) by the
KRISMER/PESCHEL group.

It is known that the peptide amide 25 forms after decomposition of epifadin (24) and its
amino acid sequence agrees with the prediction of AntiSMASH. However, the
A1-domain is responsible for the iterative incorporation of two phenylalanine residues
in L- and D-configuration, respectively (Figure 15). Furthermore, the As-domain is
predicted to be specific for the adenylation of a small amino acid with a hydrophobic
side chain, such as glycine, alanine, or valine (Figure 15). Since the chemical
decomposition of epifadin (24) leads to the formation of peptide amide 25 and no
specific fragmentation pattern for a fifth amino acid is found in tandem MS, the fifth
amino acid of NRPS | is assumed to be altered in the PKS assembly line. In the
NRPS I, the As-domain is predicted to incorporate aspartate, which is presumed to be
in the L-configuration due to the absence of an epimerase (Figure 15). The PKS
modules contain KR- and DH-domains, which together are responsible for the
introduction of double bonds. This again indicates that the eastern part of epifadin (24)
likely contains a highly unsaturated structure. The PKS domain organization suggests
that only two malonyl-CoA extender units are incorporated (Figure 15). Each
malonyl-CoA unit extends the PKS chain by two carbon atoms (Figure 9B). Given that
24-Frag 2 (m/z = 441.2396, given formula: C2sH33N20s5") incorporates at least two
amino acids, one being aspartate (C4H7NO4) and the other likely a small hydrophobic
amino acid such as alanine (C3H7NO2), the PKS chain length can be approximated by
subtracting the number of carbon atoms contributed by these amino acids, resulting in
a formula with 18 C atoms. This suggests that the PKS may incorporate up to nine
malonyl-CoA extender units. This phenomenon of PKS is already known as stuttering,

where the same module is used iteratively in biosynthesis.[® Additionally, an unusual

37



Results and discussion

C-domain (Figure 15) in the hybrid PKS-NRPS Il gene EfiE suggests potential for
macrocyclization or DIECKMANN condensation reactions. These reactions could lead to
the formation of a tetramic acid (5-membered ring), similar to the biosynthesis of
malonomycin (19), or to a pyridone moiety (6-membered ring), as observed in
kirromycin (31) (Figure 31).[78 94, 100]
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Figure 31: Structures of malonomycin (19), kirromycin (31), 3-amino L-alanine (32) and B-alanine (33).
Amino acids incorporated in biosynthesis are highlighted in red, B-ketoamide moieties from PKS are
highlighted in grey, bold blue bonds indicate C-C bond formed after DIECKMANN condensation reactions.

In malonomycin (19) biosynthesis the C-domain catalyzes a DIECKMANN condensation
reaction between 3-amino L-alanine (32) and the B-ketoamide moiety of the PKS
product, forming a 5-membered ring.l"8 In contrast, in kirromycin (31) biosynthesis the
C-domain facilitates a DIECKMANN condensation reaction that results in a 6-membered

ring due to the incorporation of a B-amino acid rather than a a-amino acid.l'%0

To gain deeper insights into the formation of the tetramic acid moiety catalyzed by the
unusual C domain (Figure 15), a comprehensive MS-fragmentation analysis of
epifadin (24) was conducted. Particular attention was given to the 24-Frag 2 ion
(m/z = 441.2396), which provides critical information about the structural features of
the molecule. Tandem mass spectra (Figure 32) of epifadin (24) were recorded using
high-performance liquid chromatography coupled with electrospray ionization mass
spectrometry (HPLC-ESI-MS). The experimental setup and conditions are detailed in
section 6.1.4. These results are fundamental to elucidating the chemical structure of

the eastern fragment 24-Frag 2 and to propose a biosynthetic pathway of epifadin (24).
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Figure 32: Tandem mass spectra of epifadin (24, m/z 964.4472) were acquired using HPLC-ESI-MS
(positive mode, experimental section 6.1.4.). Selected m/z values were highlighted. A) Neutral losses
resulting in the daughter ion with m/z = 267.1755. B) Neutral losses leading to daughter ion with m/z =
158.0454.

A detailed analysis of the tandem mass spectrum suggests that the initial fragmentation
likely involves the neutral loss of an ammonia molecule (17.0266 Da), resulting in a
fragment ion with m/z = 424.2131 (Figures 32A and 32B). Alternatively, epifadin (24)
may fragment into the peptide amide 25 and a fragment with m/z = 424.2131,
corresponding to the calculated sum formula Ca2sH30NOs* (Figure 33). Subsequent
neutral losses of water (18.0108 Da) and carbon monoxide (27.9944 Da) suggest the
presence of a carboxyl group (Figure 32A). A potential neutral loss of a carbene group
(CH2, 14.0157 Da) was observed, indicating cleavage of a CH2 moiety. However,
assuming a tetramic acid structure, this fragmentation could alternatively correspond
to the neutral loss of ketene (C2H20, 42.0106 Da), leading to a daughter ion with
m/z = 364.1918. Based on this observation, a plausible fragmentation pathway can be
proposed (Figure 33).
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Figure 33: Proposed fragmentation pathway of the eastern part of epifadin (24) derived from tandem
mass spectra obtained using HPLC-ESI-MS (experimental section 6.1.4.). The rectangle with rounded
corners represents the PKS part of epifadin (24).

The tandem mass spectrum (Figure 32A) reveals a neutral loss of 5-hydroxy-
3H-pyrrol-3-one (97.0164 Da), resulting in a daughter ion 24-Frag 3 with an m/z value
of 267.1755. The calculated sum formula for this ion (C19H2307) further indicates a

highly unsaturated structure due to its low carbon-to-hydrogen ratio (Figure 34).
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Figure 34: Proposed fragmentation pathways of fragment with m/z 364.1918 leading to the formation of
the daughter ion 24-Frag 3 with an m/z value of 267.1755. The rectangle with rounded corners
represents the PKS part of epifadin (24).

Additionally, the tandem mass spectrum (Figure 32A) reveals the potential for a neutral
loss of 2-(5-hydroxy-3-oxo-2,3-dihydro-1H-pyrrol-2-yl)acetic acid (157.0376 Da), which
would directly yield the daughter ion 24-Frag 3 with an m/z value of 267.1755. The
proposed fragmentation pathways are depicted in Figure 34.

This observation would not have been detected without the use of a high-resolution
mass spectrometer. A distinct peak at m/z = 267.1502, exhibiting greater intensity, was
observed, likely due to the longer ion lifetime. In the absence of high-resolution mass
spectrometry, this peak would have been indistinguishable from the signal at
m/z = 267.1755. The ion with m/z = 267.1502 is attributed to a daughter ion generated
during the fragmentation of the peptide moiety in epifadin (24) (Figure 35).
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Figure 35: Distinction between the signals at m/z = 267.1502 and m/z = 267.1755 in the tandem mass
spectrum of epifadin (24).

Furthermore, a neutral loss of 24-Frag 3 (266.1677 Da) is observed in the tandem MS
spectrum (Figure 32B), yielding the daughter ion 24-Frag 4 (m/z = 158.0454). The UV
spectra (Figure 30), which suggested a polyenoyl tetramic acid moiety in epifadin (24),
imply that at least two or three (enol-form) conjugated double bonds are present in the
tetramic acid moiety. Based on this information, the following fragmentation pathway

can be proposed (Figure 36).

0 OH* OH*
NG — > | NH
HK\ C\
'e) 266.1677 Da [0)
24-Frag 4
m/z = 424.2131 m/z = 158.0454

Figure 36: Proposed fragmentation pathway of m/z 424.2131 leading to the formation of the daughter
ion 24-Frag 4 with an m/z value of 158.0454.

In the HPLC-ESI-MS analysis conducted in negative ionization mode (see
experimental section 6.1.4), further evidence supporting this observation was obtained.
A doubly negatively charged ion corresponding to epifadin (24) was detected in the
mass spectrum (Figures 37A and 37B), which can be attributed to the presence of two
carboxylic acid groups: one in the peptide moiety from the aspartate residue and the
other in the tetramic acid moiety. Additionally, a signal with m/z = 156.0299 was
identified, corresponding to the negatively charged 24-Frag 4 ion, along with a signal
at m/z = 439.2235, which corresponds to the negatively charged 24-Frag 2 ion
(Figure 37C).
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Figure 37: A) Mass spectrum of epifadin (24, experimental section 6.1.4., ES| negative mode).
Quasimolecular ions of epifadin (24) are highlighted. B) Spacing of 480.7130 signal. C) Tandem mass
spectrum of epifadin (24, experimental section 6.1.4., ESI negative mode).

In conclusion, the detailed MS analysis suggests that epifadin (24) likely contains a
tetramic acid moiety. We hypothesize that it is biosynthetically formed via a DIECKMANN
condensation reaction, presumably catalyzed by the atypical C-domain (Figure 38).
This key structural feature is consistent with the proposed biosynthetic pathway, where
the unusual C-domain facilitates the cyclization reaction to form the tetramic acid
scaffold. Given the absence of an epimerase domain within the BGC, the incorporated

aspartate is likely in the L-configuration.®
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Figure 38: Possible formation of tetramic acid moiety in epifadin (24) via DIECKMANN condensation
reaction and subsequent keto-enol tautomerism. R = NRPS | and PKS residue.
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NMR spectroscopic characterization and analysis

Nuclear Magnetic Resonance (NMR) spectroscopy is a non-destructive analytical
technique that enables the correlation of NMR-active nuclei with their chemical
environment. The resulting spectral data facilitate precise structural elucidation. Both
one-dimensional and two-dimensional NMR experiments can be employed, allowing
for in-depth structural characterization and comprehensive analysis of molecular
architectures. Due to the instability of epifadin (24), specific precautions are required
to minimize or prevent its decomposition. To achieve this, inert deuterated DMSO and
argon as protective gas were employed. Following purification and freeze-drying, the
obtained voluminous yellow powder was immediately transferred to a glovebox with
argon atmosphere?, where it was dissolved in absolute deuterated DMSO and
subsequently transferred into a J. YOUNG NMR tube. This setup ensured oxygen- and
moisture-free conditions for the acquisition of NMR spectra. This allowed
comprehensive 1D-and 2D-NMR studies which, together with previous NMR
recordings, revealed the challenging structure of the new antimicrobial peptide polyene
epifadin (24).94

The 'H NMR spectrum (Figure 39) exhibits distinct chemical shift regions
corresponding to various protons within the molecule: peptide backbone protons
(9.10-6.60 ppm), aromatic protons (7.30—6.90 ppm), olefinic protons (6.80-5.70 ppm),
H® protons (4.90-3.90 ppm) and aliphatic protons (3.00-0.80 ppm).

2 We thank Prof. Dr. IVANA FLEISCHER for providing us access to the glovebox.
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Figure 39: "TH NMR spectrum of epifadin (24) in DMSO-ds (700 MHz, 30°C). Integrals of signals are depicted in red. The assignment is shown in Table 3 and 4.
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NMR signal assignment for the peptide moiety in epifadin (24)

Initially, the peptide amide 25 was synthesized via SPPS, and its NMR spectra were
recorded. Peptide backbone and aromatic protons were assigned first by comparing
the chemical shifts of epifadin (24) with those of peptide amide 25 through spectral
overlay (Figure 40).[4
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Figure 40: Overlay of '"H NMR spectra (DMSO-ds, 700 MHz, 30°C) of epifadin (24, blue) and peptide
amide 25 (red) in the region of 9.20-5.40 ppm, with key differences highlighted.

The spectral overlay highlights features observable in the '"H NMR spectrum of
epifadin (24). These include a distinct chemical shift for an amide proton at 9.08 ppm,
the absence of two singlet signals corresponding to amide protons in the asparagine
amide moiety, and signals attributed to olefinic protons within the range of
6.70-5.60 ppm. MS analysis (Figure 28) indicates that a highly unsaturated residue is
attached to the amide in the asparagine moiety, which may account for the absence of
these singlet signals. Additionally, the downfield shift of the amide proton signal could
be due to an anisotropic effect from a nearby double bond, potentially directly attached
to the nitrogen. A similar downfield chemical shift for an amide proton (9.14 ppm) has
been observed in the case of bacillaene (18), where a polyene moiety is directly
attached to the nitrogen of the amide group (N-vinylamide moiety, Figure 41),
suggesting that the anisotropic effect of the conjugated system influences the chemical

shift of the amide proton in both compounds.!'01]
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bacillaene (18) 1.99

Figure 41: Bacillaene (18) with assigned chemical shifts (blue) for selected protons in N-vinylamide
moiety.

Furthermore, the a-H protons and aliphatic protons of the peptide moiety were
assigned using 2D NMR spectra (Figures 97—-102, experimental data 6.4.3.), which
provided detailed correlation data, allowing for the assignment of these protons within
the peptide moiety (Figure 42), despite partial overlap with the DMSO solvent signal in
the aliphatic region. Additionally, the spectra revealed a methyl group attached to the
polyene chain, exhibiting a chemical shift analogous to that observed in bacillaene (18,

Figure 41), thereby further corroborating the proposed structure.[®4
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(N N )\)R
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Epifadin (24)

Figure 42: Key correlations deduced from 2D NMR experiments. Chemical shifts of protons are given in
blue numbers.
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NMR signal assignment for the polyene moiety in epifadin (24)

With the connectivity between the peptide amide and the polyene moiety established,
the remaining structure of the polyene moiety was elucidated using 2D NMR
spectroscopy, particularly utilizing COSY correlations and spatial coupling interactions.
The Nuclear Overhauser Effect (NOE) depends on the correlation time (influenced by
molecular weight) and exhibits distinct behavior across molecular sizes. For small
molecules, the NOE is positive; for medium-sized molecules, it approaches zero; and
for large molecules, it becomes negative.['%? Given that epifadin (24) is a medium-
sized molecule, the NOE is theoretically near zero, resulting in the absence of
observable correlation peaks in the NOESY spectrum. Consequently, the ROESY
experiment was chosen over the NOESY experiment, as the Rotating-Frame
Overhauser Effect (ROE) in ROESY experiments is always positive and provides
equivalent structural information, overcoming the limitations associated with the NOE

for medium-sized molecules.
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Figure 43: '"H,'"H-ROESY spectrum of epifadin (24, DMSO-ds, 700 MHz, 30°C). Key correlations for the
polyene moiety in epifadin (24) are highlighted.

'H,"H-COSY (Figure 97, experimental data 6.4.3.) and 'H,'"H-ROESY experiments
(Figure 43, Figures 100 and 102 experimental data 6.4.3.) enabled the systematic

assignment of proton signals, from the peptide moiety to the fully trans-configured
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polyene moiety (Figure 44) through a sequential walkthrough of proton NMR signals.
The COSY experiment provided key through-bond correlation data, while the ROESY
experiment revealed important through-space interactions. This combination of
techniques allowed for an unambiguous and comprehensive mapping of proton

signals, offering critical insights into the full structural arrangement of epifadin (24).[°4

COOH 1%
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HzNOC R = PKS and NRPS Il moiety

Epifadin (24)

Figure 44: Key correlations derived from 'H,"H-COSY and 'H,"H-ROESY experiments. Proton chemical
shifts are indicated in blue.

The 2D NMR experiments reveal that the polyene moiety in epifadin (24) comprises
four conjugated double bonds, consistent with the UV spectrum of epifadin (Figure 30).
Additionally, a distinct cross-peak between 5.74 ppm and 2.09 ppm indicates that the
carbon chain continues with sp3-hybridized carbon atoms. If the chain extended with
sp?-hybridized carbons, the corresponding chemical shift (2.09 ppm) would appear
significantly more downfield due to the anisotropic effects of the double bonds.
However, due to overlap with impurities such as fatty acids, as indicated by the large
signal around 1.26 ppm (attributable to CH2 groups of fatty acids, Figure 39), the
assignment in this region is not unambiguous. It is therefore assumed that the carbon

chain remains saturated up to the polyenoyl-tetramic acid moiety.[®4

NMR signal assignment of the polyenoyl-tetramic acid moiety in epifadin (24)

In certain instances, polyenoyl-tetramic acids have been reported to lack detectable
13C NMR signals for the carbon positions 4, 5 and 6, a phenomenon that poses
significant challenge for the structural elucidation of the tetramic acid moiety.l'% This
absence of signals can complicate the assignment of the carbon framework and hinder
the detailed characterization of the compound. The most likely explanation for this
observation is keto-enol tautomerism (Figure 12A), where the equilibrium between the
keto and enol forms of the tetramic acid results in shifting of electron density away from
certain carbon positions.

Due to the instability of epifadin (24) and the low yields obtained during purification,
acquiring high-quality 3C NMR spectra proved challenging. Consequently, while
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'H,"3C-HMBC and 'H,’3C-HSQC experiments were successfully performed to assign
the structure of the tetramic acid moiety, the '3C NMR data were of limited quality and
did not provide conclusive support for the full carbon assignment. Nevertheless, the
key correlations obtained from the 'H,"*C-HMBC and 'H,'3C-HSQC spectra (Figures
98 and 99, experimental data 6.4.3.) were crucial in assigning the structure of the
tetramic acid moiety (Figure 45) and in corroborating the overall molecular structure of
epifadin (24).1°4

tide<
peptide.
H

Epifadin (24)

Figure 45: Key correlations for tetramic acid moiety derived from 'H,"*C-HSQC and 'H,"*C-HMBC
experiments. Proton chemical shifts are indicated in blue, while carbon chemical shifts are shown in red.

Based on the 2D NMR data, the keto form of epifadin (24) is presumed to be the
dominant species. However, some unusual proton chemical shifts, notably at 1.46 ppm
and 2.00 ppm, suggest the presence of alternative connectivity. The assignment of
signals in the aliphatic region was challenging due to overlap with the DMSO solvent
and impurities, such as fatty acids. Additionally, the presence of both an amino group
and carboxylic acids in epifadin (24) raises the possibility of ionic interactions

promoting a cyclic conformation (Figure 46).

---ionic interaction

Epifadin (24)

Figure 46: Proposed cyclic conformation of epifadin (24) driven by ionic interactions.
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This could bring the aromatic residues of the peptide moiety in close proximity to the
tetramic acid moiety, potentially explaining the unusual chemical shifts at 1.46 ppm
and 2.00 ppm due to anisotropic effects from the aromatic side chains.

Despite the challenges in acquiring '*C NMR data, the 1D and 2D NMR experiments
provided a comprehensive structural elucidation of epifadin (24). Carbon chemical
shifts were determined through HSQC and HMBC spectra. The complete list of
THNMR and "C NMR signals is provided in Tables 3 and 4 (in experimental
section 6.4.3).[94

Confirmation of N-vinylamide moiety in epifadin (24) through mass spectrometry

The presence of an N-vinylamide (enamide) moiety in epifadin (24), as revealed by
NMR analysis, is further supported by evidence from the tandem mass spectrum
(Figure 26C) and the AntiSMASH prediction for the As-domain (Figure 15). AntiSMASH
predicts the incorporation of a small lipophilic amino acid, such as glycine, alanine, or
valine. Based on these predictions, the N-vinylamide moiety is presumed to originate

from alanine.

HOOC
COOH _ H. 0
0 0 }(CH;
N NP PPN o~ NH
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CONH,
[M+H]" of epifadin (24)

MS?2, McLafferty

m/z = 424.2131 (o) OH"*

HOOC
COOH 0
Cse
/[%r \[%§ NN G N
H,N
I _

Figure 47: Proposed MCLAFFERTY-like rearrangement observed in HPLC-ESI-MS (positive mode, see
experimental section 6.1.4.), resulting in the formation of an allene fragment with m/z = 424.2131.

However, in epifadin (24), the alanine residue is modified, lacking the carboxyl group

and featuring a 3,y-double bond. This type of alanine modification has been previously

described in the biosynthesis of bacillaene (18).1%% 74 This structural feature allows

epifadin (24) to undergo a proposed MCLAFFERTY-like rearrangement (Figure 47),

resulting in the formation of an allene. The m/z-value (424.2131) of the allene
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corresponds to the third most abundant signal observed in the tandem mass spectrum
(Figure 26C).[4

Investigation of the decomposition and reactivity of epifadin (24)

N-vinlyamides (enamides) are known to hydrolyze under aqueous acidic conditions,
yielding the corresponding amide (25) and carbonyl (34) compounds. This reaction
likely explains the decomposition of epifadin (24) observed in the solvent used for
HPLC purification (Figure 19).['%4 The rate-determining step involves protonation of the
adjacent carbon of 24, followed by a nucleophilic attack of water (or methanol) on the
resulting carbocation. This reaction results in cleavage of the molecule into the
amide 25 and the carbonyl compound 34 (Figure 48). However, ketone 34 was not
detected by HPLC-ESI-MS or NMR experiments, suggesting it may undergo further

degradation under these conditions.

OH +
H O CHV—‘H" H O CI)Hi/ 2 H O HsC OH,
peptide H —> peptide H \( —> peptide H
H H
NH, NH, NH,
24

R = PKS and NRPS Il residue

H O H,C 8H H O O
N r> R . N R
—>» peptide N ? peptide NH, + H3C
) H

Hy
‘NH, NH,

25 34

Figure 48: Proposed chemical decomposition of epifadin (24) under acidic aqueous conditions.
N-vinylamide moiety is highlighted in red.

To stabilize epifadin (24), various derivatization experiments were conducted, including
methylation and acetylation reactions using the precipitate and a purified epifadin (24)
sample. The use of diazomethane and its less hazardous alternative,
(diazomethyl)trimethylsilane resulted in the decomposition of epifadin (24). However,
analysis via HPLC-ESI-MS indicated the formation of methylated peptide amide 35,
with no detection of polyene tetramic acid fragments or analogues thereof. Acetylation
using acetic anhydride and pyridine also resulted in the decomposition of epifadin (24)

and only acetylated peptide amide 36 was found via HPLC-MS (Figure 49).[%4
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Figure 49: Derivatization approaches to stabilize epifadin (24). Methylated and acetylated peptide
amides 35 and 36 were found via HPLC-ESI-MS (experimental section 6.1.4.).

Since both a tetramic acid moiety and a 2-pyridone ring could theoretically form through
biosynthesis, their differentiation in epifadin (24) was pursued by investigating their
reactivity in methylation reactions. Specifically, the tetramic acid-containing natural
product reutericyclin (7) and the 2-pyridone-containing kirromycin (31) were subjected
to methylation to explore potential differences in behavior. The objective was to confirm
whether epifadin (24) harbors a tetramic acid moiety rather than a 2-pyridone ring.
Methylation of reutericyclin (7) using an excess of (diazomethyl)trimethylsilane resulted
in decomposition, with no methylated reutericyclin products detected in the reaction
mixture by HPLC-ESI-MS analysis (experimental section 6.1.4.). In contrast, under
identical conditions, kirromycin (31) yielded both mono- and di-methylated products,
as determined by HPLC-ESI-MS analysis (experimental section 6.1.4.). These results
indicate that the tetramic acid moiety is less reactive toward this methylation approach.
Consequently, the comparable reactivity profiles of epifadin (24) and reutericyclin (7)
strongly support the conclusion that epifadin (24) contains a tetramic acid moiety rather
than a 2-pyridone ring.[%4

Since the derivatization reactions only led to decomposition of epifadin (24), different
NMR solvents with additives were tested to stabilize epifadin (24) in solution. Switching
from deuterated DMSO to deuterated acetonitrile or deuterated methanol resulted in a

colorless solution and a brown insoluble residue. NMR experiments showed that the
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colorless solution did not contain epifadin (24) but rather oleamide (27) (Figure 50),
which was confirmed via HPLC-ESI-MS (Figure 22).

A) Purified epifadin (24) in MeOH-d,
B) Purified epifadin (24) in MeCN-d;

C) Purified epifadin (24) in DMSO-dg 'HNMR
signals of

oleamide (27)
| | J :
A) o

e AN L \ L_& .
B) (DR JUL I | L lPJ.AJ

Figure 50: "H-NMR spectra of epifadin (24) in different deuterated solvents (700 MHz, 30°C).

Efforts to enhance the solubility of epifadin (24) in methanol or acetonitrile involved the
use of formic acid or trifluoroacetic acid as additives. This resulted in quick dissolution
of the brown residue and yielded NMR spectra, that could not be analyzed (Figure 51).
Since tetramic acids are known to form metal complexes with bivalent cations, such as
Zn?* and Mg?*1'%%l, the brown residue was resolved in deuterated methanol with zinc(ll)
chloride as additive. However, this approach also resulted in highly unresolved spectra
(Figure 51).194

A) Purified epifadin (24) in MeOH-d,,
ZnCl, and formic acid
B) Purified epifadin (24) in MeOH-d, and
ZnCl, |
C) Purified epifadin (24) in DMSO-dg ‘

. . - - - . - : : : . - : - - : ‘ . :
8 3 4 2 0 [ppm]

Figure 51: TH-NMR spectra of epifadin (24) in different deuterated solvents and additives (700 MHz,
30°C).
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In conclusion, the proposed structure of epifadin (24) is in accordance with mass

spectra, UV spectra, NMR spectra, chemical reactivity and bioinformatic data. The

proposed biosynthesis of epifadin (24) is depicted in Figure 52.[%4]
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Figure 52: Proposed biosynthesis of epifadin (24). Blue structures derived from NRPS, orange structures
derived from PKS, R = NRPS | residue.
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3.1.3. Synthesis and stereo configuration of NRPS | peptide fragment 25

N. SCHILLING demonstrated that the synthetic peptide amide 25 exhibited identical
retention times to the natural peptide amide derived from decomposition of
epifadin (24). This observation, combined with bioinformatic data, strongly suggests
that the L-Phe-D-Phe-L-Asp-D-Asn configuration of synthetic amide 25 corresponds to
that of the natural peptide amide.

To unambiguously confirm the absolute stereo configuration and to conduct a
comprehensive chromatography study in collaboration with CORNELIUS KNAPPE
(Research group LAMMERHOFER), all 16 possible isomers of peptide amide 25 were
synthesized using the Fmoc strategy in solid-phase peptide synthesis on a Rink Amide
(RAM) resin (Figure 53).

llzmoc B
NH

A
QN o O O-CHj
0

O_CH3
Fmoc protected RAM resin

Phe Asp
)
OH
o) 0]
1.) deprotection H H
. * N * * N *
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0 H 0]
NH»
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Phe Asn
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NH O

O
NHTrt

NH

QN o O O-CHj
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o-CH, Trt = Ph{—%
Ph

RAM resin loaded with protected L- or D-Asn

Start of SPPS

A

Figure 53: A) Fmoc protected RAM resin with Rink Amide linker and loaded RAM resin with protected
starting amino acid. B) Structure of synthetic peptide amides 25 and 37-51. The starting amino acid is
L- or D-Asn, respectively. The direction of synthesis is depicted by a grey arrow. Stereocenters are
marked with an asterisk.

The RAM resin facilitates the generation of peptide amides through acidic cleavage
with TFA. The RAM resin was initially loaded with either L-Asn or D-Asn, followed by a
stepwise elongation of the peptide chain. After completing the amino acid sequence,
the peptides were cleaved from the solid support and purified via HPLC (see
experimental section 6.4.2.1.), yielding the desired peptide amides 25 and 37-51 in
moderate yields (10-20 mg scale; Figure 53, Table 2).
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Table 2: Amino acid (AA) sequences and stereochemical configurations of peptide amides amides 25
and 37-51. Comp. denotes compound.

AA sequence and AA sequence and
Comp. _ . Comp. . .
stereoconfiguration stereoconfiguration

25 L-Phe-D-Phe-L-Asp-D-Asn-NHz2 44 L-Phe-L-Phe-L-Asp-L-Asn-NH:2

37 D-Phe-D-Phe-D-Asp-D-Asn-NH:2 45 D-Phe-D-Phe-D-Asp-L-Asn-NH:2

38 L-Phe-L-Phe-L-Asp-D-Asn-NH2 46 L-Phe-L-Phe-D-Asp-L-Asn-NH2

39 D-Phe-D-Phe-L-Asp-D-Asn-NH:2 47 L-Phe-D-Phe-L-Asp-L-Asn-NH2

40 D-Phe-L-Phe-D-Asp-D-Asn-NH:2 48 D-Phe-L-Phe-L-Asp-L-Asn-NH2

41 L-Phe-D-Phe-D-Asp-D-Asn-NH:2 49 D-Phe-D-Phe-L-Asp-L-Asn-NH:2

42 L-Phe-L-Phe-D-Asp-D-Asn-NH:2 50 L-Phe-D-Phe-D-Asp-L-Asn-NH:2

43 D-Phe-L-Phe-L-Asp-D-Asn-NH2 51 D-Phe-L-Phe-D-Asp-L-Asn-NH2

With this strategy, the formation of aspartimide side products was observed. The
formation of aspartimide during SPPS is well known phenomenon, induced by a
repeated exposure to bases or strong acids. Subsequent reactions, such as hydrolysis
or treatment with piperidine (for Fmoc deprotection) can lead to a- and B-peptides or
a- and B-piperidides (Figure 54).[106-110]

Since a mixture of 2,3,4,6,7,8,9,10-octahydropyrimido[1,2-alazepine (DBU) and
morpholine in N,N-dimethylformamide is used for Fmoc deprotection, no piperidide
side products were detected after cleavage from the solid support, as confirmed by
HPLC-ESI-MS (experimental section 6.1.4.). However, aspartimide formation was
observed for all peptide amides 25 and 37-51. Except for the DDDD isomer 37, where
the aspartimide content was determined to be 30% via HPLC-UV (experimental section
6.1.4.), the aspartimide side products were removed by HPLC purification in other

cases.
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Figure 54: Formation of aspartimides and possible side products in SPPS. Protected L-Asp(OfBu) in
peptide chain is depicted in red, epimerized aspartimide moiety is depicted in blue, piperidides in green
and peptides from hydrolysis of aspartimide in orange.

Various methods are known to mitigate the formation of aspartimide in SPPS. A
straightforward approach involves using bulky esters of the aspartic acid side chain or
protection of the amide backbone. Commercially available esters of aspartic acid and
bulky alcohols (52-54), such as 3-methyl-3-pentanol, 3-ethyl-3-pentanol or
5-butyl-5-nonanol are effective but costly solutions.['"'] In addition, more complex
functional groups such as the cyanosulfurylide moiety (55) have also been reported to
prevent the formation of aspartimide.['?]

cyanosulfurylide

NC
(0]
Fmoc\ Fmoc\ Fmoc\ OH Fmoc\N
o H

52 53 54 55

In this work, HPLC purification was sufficient to use the synthesized peptide amides
25 and 37-51 as standards in chiral HPLC (Figure 55). In addition, the natural peptide
amide was isolated from a decomposed epifadin-sample using RP-HPLC to get an

authentic sample.[®4
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Figure 55: HPLC-ESI-MS analysis (experimental section 6.1.4.) of peptide amide 40 shown as
representative example. Before purification: A) UV chromatogram at 220 nm, B) EIC of aspartimide side
product (C2sH30NeOs [M+H]*, m/z 523.2300+0.005 Da), C) EIC of peptide amide 40 (C2sH32NsO7 [M+H]*,
m/z 541.2405+0.005 Da). After purification: D) UV chromatogram at 220 nm, E) EIC of aspartimide side
product (C26H30NeOs [M+H]*, m/z 523.2300+0.005 Da), F) EIC of peptide amide 40 (C2sH32NeO7 [M+H]*,
m/z 541.2405+0.005 Da).

Before purification, the signal of the aspartimide side product is observable in the
extracted ion chromatogram (C2s6H30NeOs [M+H]*, m/z 523.2300+0.005 Da,
Figure 55B). HPLC purification (experimental section 6.4.2.1.) was then performed,
and the fractions containing peptide amide 40 were collected and lyophilized to yield
pure peptide amide 40. The absence of the side product signal in the chromatogram
(Figure 55E) confirms the purity of the isolated peptide.

Chiral HPLC columns, such as Nucleodex beta-PM and ReproSil Chiral-NR, were
tested under various conditions (Solvent composition, temperature, and flow rate) to
separate the LDLD peptide amide 25 and its enantiomer 51. However, these columns
were not suitable for separating a mixture of 25 and 51. The zwitterionic ion-exchanger
columns Chiralpak ZWIX(+) and ZWIX(-), known for their successful separation of
chiral zwitterionic small peptides and lipopeptides, were considered.[''3 14 The
structure of the stationary phase of the Chiralpak ZWIX(+) column is derived from
quinine and has an additional cyclohexane sulphonic acid moiety, which is responsible
for the zwitterionic character of the column (Figure 56).[113. 114]
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CHIRALPAK® ZWIX(+) CHIRALPAK® ZWIX(-)
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Figure 56: Structures of stationary phases of CHIRALPAK® ZWIX(+) and ZWIX(-).

To unambiguously assign the stereo configuration of the natural peptide amide via two-
dimensional HPLC-MS, a collaboration with the research group LAMMERHOFER was
initiated. Initially, one-dimensional chiral HPLC-MS with a Chiralpak ZWIX(+) column
(In collaboration with SIMON JAAG from research group LAMMERHOFER, University of
Tldbingen) was conducted, analyzing peptide amides 25, 51 and the isolated natural
peptide amide. By comparing the retention times, the LDLD configuration (peptide
amide 25) was confirmed as the correct stereo configuration of the natural peptide
amide (Figure 57).1%4
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Figure 57: Extracted ion chromatograms (m/z = 541.2405+0.05 Da) of the peptide amides. All samples
were prepared at a concentration of 0.1 mg-mL=" in ACN/H20 (v/v, 6/4).
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All analytes were prepared at a concentration of 0.1 mg-mL~", initially measured
individually, and then analyzed in various binary and ternary mixtures. This approach
facilitated the unambiguous assignment of the stereoconfiguration of the natural
peptide amide (Figure 57). A more detailed and comprehensive analysis of the peptide
amides would involve the use of two-dimensional HPLC techniques, which are
increasingly gaining popularity in the field. The development of a method for
determining the absolute stereoconfiguration using two-dimensional HPLC, including
the analysis of all 16 isomers as well as the natural peptide amide, is an ongoing

collaborative project with CORNELIUS KNAPPE from the LAMMERHOFER research group.
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3.1.4. Synthesis towards PKS-NRPS Il fragment 64

Due to its high instability, the total synthesis of epifadin (24) is not a practical goal for
utilizing the pure compound as an antimicrobial agent. Instead, the focus is on
producing core building blocks that can be used in the synthesis of derivatives with
eventually higher stability and potentially higher bioactivity. Epifadin’s (24) unique
architecture suggests that both the overall size of the molecule and the individual
structural elements, such as the peptide and the tetramic acid moieties, contribute
significantly to its bioactivity.

The aim of this work is to synthesize a tetramic acid building block that could facilitate
the coupling of various organic compounds via palladium-catalyzed cross-coupling
reactions. For this purpose, BRUCKNER'’s strategy has been already proven successful
in the synthesis of various tetramic acids, such as the lipomycins 20 and 210119,

militarinones 28 and 56!'%3 1161 and pyranonigrins 57 and 58.["7]
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BRUCKNER’s strategy for synthesizing tetramic acids involves three key steps:
aminolysis, the STILLE reaction and the LACEY-DIECKMANN cyclization. This strategy
begins with the preparation of the bromoalkene building block 61, which contains the
corresponding amino acid with the sidechain R’ and serves as the core intermediate
(Figure 58). Designed for palladium-catalyzed cross-coupling reactions, this versatile
intermediate enables structural modifications through the STILLE reaction. In the
second step, the bromoalkene 61 undergoes a STILLE reaction, allowing the
introduction of various organic moieties. The final step, the LACEY-DIECKMANN
cyclization facilitates the formation of the tetramic acid core 59 by promoting
intramolecular cyclization. This step is crucial for generating the characteristic five-
membered ring structure of tetramic acids (Figure 58).
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Figure 58: BRUCKNER'’s strategy for the synthesis of tetramic acids 59. PG = protecting group, R = alkenyl
residue, R’ = amino acid side chain.

In this work the aim is to synthesize the tetramic acid 64, which would provide further
mass spectrometric data to support the tetramic acid moiety in epifadin (24) and
MCA17-1 (30) a potential liver fibrosis inhibitor, which would further emphasize the
synthetic flexibility in alkenyl chain length.

MCA17-1 (30) 64

The retrosynthetic analyses for tetramic acids 30 and 64 are shown in Figure 59,
outlining the strategic disconnections leading to their synthesis. Both analyses focus
on identifying key intermediates and reaction pathways essential for constructing the

characteristic tetramic acid core.

63



Results and discussion

O OH O OH
DMB_ P
57 R — o N R —
HO ~\__OTMSE
o HN™% TMSEO)K\‘ Kﬂ/
o)
64, R = s~ 65 R = s~
30, R= g~ 66, R = s~~~
DMB
omB, L TMSE /TN
O N ~>gr —— | O HN + 63
~N
“ OTMSE Si o -
TMSEOJ\\‘ K{( - o \/\s|,|\
o) (0]
67 70

BuzSn. _~ or BuzSn. -~ _~_
68 69

Figure 59: Retrosynthetic analyses of the tetramic acids 30 and 64. Structural elements from L-aspartate
are depicted in blue, structural elements from B-ketothioester 63 are depicted in red, and structural
elements from stannanes 68 or 69 are depicted in green.

The C-3-C-4 bond of 30 and 64 should result from LACEY-DIECKMANN cyclizations. The
substrates for this reaction are the B-ketoamides 65 and 66, respectively (Figure 59).
The N,N-disubstituted (3-ketoamides 65 and 66 are 1-substituted frans,trans-butadien
and 1,6-disubstituted trans,trans,trans-hexatrien, respectively, which can be
synthesized via STILLE reactions using the appropriate tributylstannylated coupling
partners 68 or 69 and the bromoalkene 67 (Figure 59). Bromoalkene 67 should result
from the aminolysis of protected aspartate 70 and the B-ketothioester 63 (Figure 59).
Protected aspartate 70 should result from a STEGLICH esterification of
N-benzyloxycarbonyl-L-aspartic acid (80) with 2-(trimethylsilyl)ethanol and subsequent
deprotection of benzyloxycarbonyl protecting group and reductive amination with
2,4-dimethoxybenzaldehyde (83). Tributyl(vinyl)tin (68) is commercially available and
suitable for test reactions, whereas stannane 69 is not commercially available and thus

also has to be produced synthetically.
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Since the synthesis of aldehyde 71 is well known in the literature and has been
described with good yields![''8], it should be used as starting material for the synthesis

of stannane 69 (Figure 60).

Ph\PA
Ph” |
Ph
4 72
Bu3Sn\/\/\ — Bu3SnWO
3
69 71

Figure 60: Retrosynthetic analysis of the stannane 69.

The C-3—-C-4 double bond of 69 should result from a WITTIG reaction between
aldehyde 71 and ylene 72 (Figure 60). To achieve the ftrans configuration, a
SCHLOSSER modification is applied, as the normal WITTIG reaction would produce a cis
double bond (Figure 61).
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Pho o~ o PhOXT
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nBuLi 73 74 75
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. X- X- PPh
"o © Lito © O
Q~  PPhs 4* source O~ PPhs OxPPh;
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R |+ CHs R CH, HsC H R  CHs
H trans
oxidoylide
76 77 77 78 79

Figure 61: Mechanistic overview of the WITTIG reaction and SCHLOSSER modification.

In the WITTIG reaction, ylide 72 nucleophilically attacks the aldehyde, forming
betaine 73, which then undergoes cyclization to produce oxaphosphetane 74, a four-
membered cyclic intermediate. This intermediate decomposes to form the
cis-alkene 75, with the driving force being the formation of a stable phosphine oxide
(Figure 61). In the ScHLOSSER modification, lithium salts are used to trap the

betaine 73, preventing the formation of oxaphosphetane 74. The trapped betaine is
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then deprotonated to yield oxidoylide 76, which, upon reprotonation, forms betaine 77.
This intermediate is subsequently converted to oxaphosphetane 78, leading to the

formation of the trans-alkene 79 (Figure 61).

The first step towards the synthesis of tetramic acids 30 and 64 was a STEGLICH
esterification of L-aspartic acid 80 and 2-(trimethylsilyl)ethanol, which resulted in
diester 81 in 93% vyield after purification on silica. For better solubility of 80 in

dichloromethane, N,N-dimethylformamide was added to the mixture (Figure 62).

2.8 eq DCC,
0 4.0 eq 2-TMS-EtOH, 0
)J\ 6 mol-% DMAP, )J\
HNT O DCM/DMF (12:1), HN- N0
rt, 24 h
w OH > w OTMSE
o POy
HO O TMSEO @]
80 81

Figure 62: Synthesis of diester 81 using the STEGLICH approach.

Subsequent palladium-catalyzed hydrogenolysis of 81 in ethyl acetate yielded amine

82 quantitatively (Figure 63).

0 0
20 mol-% Pd/C
TMSEO)K: o) )éstg/f . TMSEO)K:
mseo. . SR >  TMSEO. -
YN YNHe
0 0
81 82

Figure 63: Deprotection of benzyloxycarbonyl protecting group of 81 using palladium-catalyzed
hydrogenolysis. xs = excess.

The formation of 82 was confirmed by NMR spectroscopy and used without further

purification.
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Reductive amination reaction of amine 82 with 2,4-dimethoxybenzaldehyde (83) under
catalysis of acetic acid gave N-protected aspartate 70 in 83% yield after purification on

silica (Figure 64).

0 AcOH (kat.) 0
1.1 eq DMB-aldehyde (83)
TMSEOJ\: 1.5 eq NaBH3(CN) TMSEOJ\: ~o

TMSEO. - MeOH, 2 h, rt >~ IMmsEO.
j}/\NHZ j(\u
(@) (0] O/

82 70

Figure 64: Reductive amination with aldehyde 83 and sodium cyanoborohydride as reducing agent.

As described in the literature, the reducing agent sodium cyanoborohydride was added
30 seconds after the addition of aldehyde 83 to avoid epimerization of the stereo center
in 70.0103]

For the aminolysis reaction B-ketothioester 63 was synthesized according to the

literature using propiolic acid as starting material.l'*8l

>‘\ (@] (@] >‘\ @] OH
SWBr . SJ\NBr

CDCl;
keto-63 enol-63

1 : 5
Figure 65: Ratio of keto and enol-forms of 63 observed via NMR spectroscopy in CDCls.
In deuterated chloroform keto-enol tautomerism of 63 is observed in NMR spectra,
giving a ratio of 1:5 (keto:enol) (Figure 65). With B-ketothioester 63 in hand, aminolysis

was carried out with amine 82 and disubstituted amine 70, respectively (Figure 66).

1.2 eq amine 70 or 82 0
>l\ O O molecular sieves 4 A TMSEO” > O OH
THF, 0°C, 1 h . N
) J A TN TM E
SWBr - S O\fh'?' NPg,
O R
63 67, R =DMB
84,R = H

Figure 66: Aminolysis of B-ketothioester 63 with amine 82 or disubstituted amine 70, respectively. For
67 and 84 only enol-forms are shown.

Under these conditions, the yield for the disubstituted amide 67 (97%) is significantly
higher than the yield for the monosubstituted amide 67 (51%). This can be explained

by the higher nucleophilicity of a disubstituted amine and thus a higher reactivity in a
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nucleophilic attack at the carbonyl carbon of the thioester 63.1'"°1 The yields are
consistent with similar reactions known in the literature.l'%3. 1151171 Moreover, more than
two compounds are observed for amide 67. Due to the disubstitution of the nitrogen in
67, the rotation of the amide bond is slowed down, resulting in four observable
compounds in the NMR spectra in deuterated chloroform (Figure 67), which is already
known in the literature.[103. 116, 117]

0 o]

TMSEOJ\: O OH TMSEO)K: 0O O

0] DMB (0] DMB
Z-enol-67 Z-keto-67
2 1
(0] OH (0] (0]

ome. A~ -_— ome. I
N N Br N = Br

TMSEO._ 2 TMSEO. 2
o) 0

O~ "OTMSE O~ "OTMSE

E-enol-67 E-keto-67
n.d. n.d.

Figure 67: Four observable compounds for 67 in deuterated chloroform. The determinable ratios are
given. n.d. = not determinable.

The ratio between Z-keto- and Z-enol-form can be determined via 'H-NMR
spectroscopy by integrating the '"H-NMR signals of 2-H and calculating the ratio. The
main components in this mixture are Z-enol-67 and Z-keto-67 (2:1). For E-enol-67 and
E-keto-67 the contents are very small, so that the ratios cannot be unambiguously
determined.

Analogous to amide 67, enol- and keto-forms of amide 84 can be observed in the NMR

spectra. The ratio for enol-84 and keto-84 is the same as for amide 67.
The bromoalkenes 67 and 84 were then subjected to a STILLE reaction with

tributyl(vinyltin (68) to yield amides 65 and 85 in 64% and 50% yield, respectively
(Figure 68).
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) 1.0 eq tg}butyl(vinyl)tin (68) 0
12 mol-% AsPhj
TMSEO)K: O OH 2 mol-% Pd,(dba)s TMSEO)K: o OH
TSMEO%NW& NMP or THF, rt, 1.5 or 16 h_ TMSEO%N PNy
I |
0O R S &
67, R = DMB 65. R = DMB
84, R=H 85, R = H

Figure 68: Stille reaction yielded amide 65 and amide 85, respectively, in moderate yields. For the
synthesis of 65 THF was used as a solvent and the reaction was stirred overnight. Only enol-forms are
shown for 65 and 85.

Compounds 65 and 85 decompose when stored in air at room temperature. For the
synthesis of 65, the solvent was changed from N-methyl-2-pyrrolidone (NMP) to THF.
The removal of THF with a rotary evaporator proceeds much faster. This led to a faster
work-up of the reaction and thus to a higher yield as less decomposition can occur.

The yields are consistent with the literature.[03. 115-117]

With the tetramic acid precursors 65 and 85 at hand, LACEY-DIECKMANN cyclization
reactions with tetra-n-butylammonium fluoride (TBAF) were carried out. For the
disubstituted amide 65 this reaction proceeded smoothly and the desired protected
tetramic acid 86 was isolated in 58% yield (Figure 69). The yield for tetramic acid 86 is

in the range of typical yields for the LACEY-DIECKMANN cyclization reactions.[103. 115-117]

0
TMSEO)K: O OH 3.5 eq TBAF O OH
: THF, 1, 0.5 h
TMSEO A T > NG
N oMB-N" T
O DMB \
s 0
65
>—OTMSE
0o
86

Figure 69: LACEY-DIECKMANN cyclization reaction yielded tetramic acid 86.

In contrast, cyclization of 85 was not observed. Monosubstituted 3-ketoamides do not

cyclize well for geometrical reasons, which has already been described in literature.[120
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Figure 70: Conformational analysis of 65 and 85.[120]

In an s-trans conformation, the distance between the two carbon atoms participating
in the cyclization reaction is too large to allow successful cyclization. However,
introducing a bulky protecting group such as DMB can enforce an s-cis conformation,
bringing the reactive carbon atoms into optimal proximity to facilitate cyclization
(Figure 70).1'?01 This approach was pursued because, if successful, the deprotection
step of the DMB-protecting group is eliminated and thus compensates for the

hypothetical poor yield.

Since the second TMSE-protecting group was not removed by treating tetramic acid 86
with TBAF at room temperature, 86 was treated a second time with TBAF at elevated

temperatures (60°C) (Figure 71).

o OH 1.) 2.5 eq TBAF, o OH
__~ __THR0°C>rt3h P
pvMB-N" 7 2.) 2.5 eq TBAF, pmB-N" 7
* THF, 60°C, 4 h *
N RN
>/OTMSE >/OH
0 0
86 87

Figure 71: Deprotection of TMSE-group with TBAF at elevated temperatures (60°C).

At elevated temperatures (60°C), the desired DMB-protected tetramic acid 87 was
formed but also the yield significantly dropped to 16%. Subsequent attempts to remove
the DMB-protecting group using trifluoroacetic acid in dichloromethane did not result
in isolation of the desired product. Only traces of the fully deprotected tetramic acid 64

were observed via LC-MS analysis (Figure 72).
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0 vt

o 2 4 6 g 10 12 4 16 18 Time [min]

Figure 72: HPLC-ESI-MS analysis (experimental section 6.1.4.) of deprotection step of tetramic acid 86
with TFA in DCM. A) BPC (grey) of reaction mixture. B) EIC (black) of tetramic acid 64 (C11H12NOs*
[M+H]*, m/z 238.0710+0.005).

Interestingly, tetramic acid 64 shows similar fragmentation patterns (Figure 73) as

shown for the tetramic acid moiety in epifadin (24, Figures 33 and 36).
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Figure 73: Tandem mass spectrum of 64 was acquired using HPLC-ESI-MS (positive mode,
experimental section 6.1.4.). Selected m/z values were highlighted.

As in the fragmentation pathway of epifadin (24, Figures 33 and 36), the fragmentation
of 64 reveals neutral losses of water (18.0104 Da) and carbon monoxide (27.9953 Da),
which confirm the presence of a carboxyl group in 64. A potential neutral loss of a
carbene group (CH2, 14.0156 Da) was observed, indicating cleavage of a CH2 moiety.
Alternatively, this fragmentation could correspond to the neutral loss of ketene (C2H20,
42.0108 Da), resulting in a daughter ion with m/z = 178.0502. Additionally, a neutral
loss of 80.0263 Da leads to the fragment 24-Frag 4 (Figure 74, m/z = 158.0454) which
was also observed in the tandem MS of epifadin (24, Figure 36). These findings further

support the tetramic acid moiety in epifadin (24).
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Figure 74: Fragmentation route for tetramic acid 64 from tandem MS experiments (experimental section
6.1.4.).

To synthesize tetramic acid 30, the first step involves the preparation of the
corresponding stannane 69, which is required for the subsequent STILLE coupling
reaction. Stannane 69 can be synthesized with trans,trans-configuration via a TAKAI-
UTIMOTO olefination, in which chromium(ll) chloride is often used in a multiple
excess.[2!: 122 However, chromium is considered a pollutant and is highly toxic,
especially in its chromium(VI1) oxidation state.l'?3] Therefore stannane 69 is synthesized
using aldehyde 71 and WITTIG reagent 88. The outcome of a reaction between a
unstabilized ylene and an aldehyde, usually yields a Z-alkene, which should be the
case for the reaction between aldehyde 71 and ylene 72.['?4] To prevent the forming of
Z-alkene, the ScHLOSSER modification!'?®! is applied, which resulted in the desired

trans,trans-configuration of stannane 69 in a 79% yield (Figure 75).
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Figure 75: Synthesis of stannane 69 via a SCHLOSSER modification of a WITTIG reaction.

The fungal-derived tetramic acid natural product MCA17-1 (30), a potential liver fibrosis
inhibitor, has been synthesized using a strategy analogous to that of tetramic acid 64.
First, a STILLE reaction between stannane 69 and bromoalkene 67 furnished the
tetramic acid precursor 66 in 86% yield (Figure 76). Subsequent LACEY-DIECKMANN
cyclization with tetra-n-butylammonium fluoride (TBAF) at elevated temperatures
(45°C) afforded DMB-protected tetramic acid 89 in 49% vyield (Figure 76). The final
deprotection step was carried out with trifluoroacetic acid and thioanisole in
dichloromethane, which gave MCA17-1 (30) in a 58% yield after HPLC (experimental
section 6.5.1.) (Figure 76).
0 0

TMSEo)K TMSEo)K
TMSEO )W TMSEO ){W\/\
I . = vﬁ d

(0] D

67 66

0] OH ) 0] OH

(o]
NN — NN

DMB\NW HNW

S 0 S0

>—OH >—OH

(0] (0]

89 30

Figure 76: Synthesis route of MCA17-1 (30) starting from bromoalkene 67. Reaction conditions:
a) Bromoalkene 67, stannane 69, AsPhs, Pdz(dba)s, THF, 16 h. b) Tetra-n-butylammonium fluoride,
THF, room temperature 1.5 h then 45°C, 2 h. ¢) Thioanisole, trifluoroacetic acid/CH2Cl2 (1:4), 2.5 h.

A comparison of NMR data with literature confirmed the formation of MCA17-1 (30).18%
126] However, this is not the first total synthesis of tetramic acid 30. The first total

synthesis was reported by GARY ROBERT WILLIAM PITT in his thesis in 2008 (Figure 77).
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GARY ROBERT WILLIAM PITT introduced the polyene chain into the B-ketothioester 93 via
a HORNER-WADSWORTH-EMMONS reaction. A subsequent aminolysis with protected
aspartic acid 92 gave [-ketoamide 94, which was cyclized using potassium
tert-butoxide as a base to yield protected tetramic acid 95. The acid-labile protecting
groups were then removed by using trifluoroacetic acid, which gave the natural
product 30 (Figure 77).
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Figure 77: Synthesis route of GARY ROBERT WILLIAM PITT.[126]

In PITT’'s work, the polyene chain is introduced early in the total synthesis, making
intermediates relatively sensitive to harsh reaction conditions, such as heat, strong
acids, and strong bases. The use of only acid-labile protecting groups (DMB and tBu)
for the aspartic acid 92 allows for efficient removal of all protecting groups in a single
deprotection step. The overall yield, from aminolysis of 3-ketothioester 93 to tetramic
acid 30 is 31%.

In contrast, in this work, the polyene chain is introduced prior to cyclization, which in
turn ensures that only cyclization and subsequent deprotection steps need to be
carried out with the sensitive polyene compounds. In addition, the bromoalkene
building block 67 should be suitable for many palladium-catalyzed coupling reactions,
which in turn should enable the introduction of various organic moieties. This approach

thus lays the groundwork for future structure-activity relationship (SAR) studies. The
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overall yield, from aminolysis of 3-ketothioester 63 to tetramic acid 30, is slightly lower
at 24%. As seen with tetramic acid 64 (Figures 73 and 74) and epifadin (24, Figures
33 and 36), a similar fragmentation pattern is also observed for MCA17-1 (30) in

tandem MS measurements (Figure 78 and 79).

Intens .

x105_
6+ 120.0577
4 42 0107
14.0158 18.0106
, : 27.9948
218.0818
158.0454 | | | 2320976 260.0925 278.1031
0 = L] L . L] L Il L T L] - L) ! L] L T
140 160 180 200 220 240 260 280 mz

Figure 78: Tandem mass spectrum of 30 was acquired using HPLC-ESI-MS (positive mode,
experimental section 6.1.4.). Selected m/z values were highlighted.

The fragmentation of 30 (Figures 78 and 79) reveals neutral losses of water
(18.0106 Da) and carbon monoxide (27.9948 Da), which confirm the presence of a
carboxyl group in 30 (Figure 79).
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Figure 79: Fragmentation route for MCA17-1 (30) from tandem MS experiments.
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A potential neutral loss of a carbene group (CHz, 14.0158 Da) was observed, indicating
cleavage of a CH2 moiety. Alternatively, this fragmentation could correspond to the
neutral loss of ketene (C2H20, 42.0107 Da), resulting in a daughter ion with
m/z = 218.0818. Additionally, a neutral loss of 120.0577 Da leads to the fragment
24-Frag 4 (m/z =158.0454) which was also observed in the tandem MS of
epifadin (24, Figure 36) and tetramic acid 64 (Figure 73). The presence of the same
fragment (24-Frag 4, m/z = 158.0454) in tetramic acids 30 and 64, as well as in
epifadin (24) (Figures 36, 74 and 79), further supports the presence of a tetramic acid
moiety in epifadin (24).

MCA17-1 (30) was tested against ESKAPE strains and in a cell viability assay by JAN
STRAETNER (Research group HEIKE BROTz-OESTERHELT, University of Tubingen).
MCA17-1 (30) does not inhibit the growth of any ESKAPE pathogen tested and does
not show any inhibiton on MRC-5 cell culture line at 64 uyg-mL~" or lower (see
experimental data Tables 5 and 9).

These results provide an important insight into the bioactivity of epifadin (24).
Specifically, they suggest that the tetramic acid warhead, along with its polyene chain,
is not solely responsible for the antimicrobial activity of epifadin (24). Rather, it is the
unique architecture of epifadin (24), which includes the peptide moiety, polyene chain,
tetramic acid moiety, and potentially the overall molecular size, that likely contributes
to its bioactivity. Epifadin (24) was also tested in the same cell viability assay by JAN
STRAETNER, and no inhibition was observed on MRC-5 cell culture line at 64 ug-mL™"

or lower (Table 9).

These findings suggest that epifadin (24) has potential as an antimicrobial agent, as it
does not display cytotoxicity and exhibits a broad antimicrobial spectrum. The
development of stable derivatives of epifadin (24) could significantly expand the

antimicrobial arsenal and help combat the growing crisis of antimicrobial resistance.
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3.2. Semi-synthesis of cystargolides 103 and 104 with optimized bioactivity

3.2.1. Caseinolytic protease P and its inhibitors

The caseinolytic protease P (CIpP) is a serine protease ubiquitously present in
prokaryotic cells and mitochondria.l'?l Recent studies have demonstrated, ClpP’s
significant role in protein homeostasis, as it is involved in the majority of cellular
proteolysis and bacterial virulence, rendering this protease a promising target for
antibacterial drugs.l'?8-1311 Additionally, ClpP overexpression in various carcinomas
highlights its potential as a target for anticancer drugs.[132 133]

The ClpP core consists of two stacked heptameric rings, which together form a
tetradecameric complex. The catalytic triads, located on the inside of this complex, are
responsible for the degradation of proteins. Clp-ATPases facilitate the unfolding and

translocation of protein substrates into the degradation chamber under ATP

Figure 80: Model of Clp protease complex degrading protein substrate under ATP consumption.
Hexameric Clp-ATPase is depicted in dark red, tetradecameric ClpP core is depicted in orange, protein
substrate is depicted in black. This Figure is adapted from(127],

consumption (Figure 80).1'%7]

+ATP
“ADP

/

ClpP

substrate degraded substrate

Clp-ATPase

@

In recent years, various ClpP-targeting antibacterial compounds have been identified
through screening methods or developed through lead optimization studies.[128. 134-136]
These compounds can be divided into ClpP activating and ClpP inhibiting substances.
Compounds from the acyldepsipeptide family (e.g., ADEP 1 (96)) have been shown to
activate ClpP, leading to unregulated degradation of proteins, which results in bacterial
self-digestion and eventual death of bacteria, including microbes in biofilm phase.['34
137]

On the contrary, synthetic B-lactones such as D3 (97) and phenyl esters from chemical
synthesis such as AV170 (98) have been found to irreversibly inhibit ClpP, leading to

decreased expression of virulence factors such as a-hemolysin.[128 13%]
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It was demonstrated that these compounds covalently bind to the active site of ClpP
via a nucleophilic attack by the serine residue of the active site onto the carbonyl group
of D3 (97) and AV170 (98), respectively (Figure 81).
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AV eV a s 2/—OH —> \/\/\//\/\\/?;(OVSEF
o 0
kSer
D3 (97) serine bound D3 (99)

r
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HO

Figure 81: Proposed mode of action for the inhibition of CIpP. A) illustrated for D3 (97), B) illustrated for
AV170 (98).
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For B-lactone 97 the nucleophilic attack of a serine residue leads to a ring opening of
the B-lactone, which results in the trapped acyl-enzyme intermediate 99. However, the
B-lactones are relatively labile electrophiles, which are quickly hydrolyzed in human

plasma.l'3% In contrast, phenyl esters, such as AV170 (98) exhibit significantly better
78



Results and discussion

properties in terms of potency and plasma lifetime.['3% Structure-activity relationship
studies revealed that changing electron-withdrawing groups on the phenol substituent
to electron-donating groups such as methoxy and N,N-dimethylamine leads to a
significantly reduced potency. Electron-withdrawing groups on the phenol substituent
increase the reactivity of the ester making acylation of the enzyme a faster process
(Figure 81). Only minor modifications to the carboxylic acid moiety, such as substituting
the 1,2,3-trimethoxyphenyl moiety with an indole moiety, were tolerated without a

significant loss of activity.[13%

Cystargolides A (101) and B (102) were isolated from Kitasatospora cystarginea and
were initially reported as 20S proteasome inhibitors.l'38 LEo KAYSSER’s group
(University of Leipzig Medical Center) in close cooperation with HEIKE
BROTZ-OESTERHELT's research group (University of Tubingen) discovered that
individual CIpP genes are located adjacent to the biosynthetic gene cluster of
cystargolides A (101) and B (102). Given this co-occurrence and the presence of a
B-lactone moiety in both compounds 101 and 102 (Figure 82A), they were tested for
ClpP inhibition.
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Figure 82: A) Chemical structures of cystargolides A (101) and B (102). B) Proposed mechanism for
the inhibition of ClpP by cystargolide A (red, 83), nucleophilic attack of water (blue) is blocked by
cystargolide A (83) residues. Adapted from [139],

It was confirmed that cystargolides A (101) and B (102) inhibit ClpP. In a collaborative

study between the University of Tibingen (BROTz-OESTERHELT group) and the
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Technical University of Munich (GROLL group), the co-crystal structure of the acyl-

enzyme complex has been successfully solved.["3°]

Cystargolide A (101) is nucleophilically attacked by Ser98, resulting in the ring opening
of the B-lactone moiety via an oxy-anion formation. Hydrolytic release of cystargolide
A (101) with water cannot occur due to the blocked BURGI DUNITZ trajectory
(Figure 82B).I"3 Further research by HEIKE BROTZ-OESTERHELT's group has shown
that a-hemolysin production of S. aureus NCTC 8325-4 was weakly inhibited in an
agar-based assay by the purified cystargolides A (101) and B (102) compounds at
250 nmol (101: 92.6 ug, 102: 89.1 ug). This led to the hypothesis that cell entry of
cystargolides is low or impaired.!'39

In this work, semisynthetic derivatives are produced to enhance cell penetration and
consequently improve ClpP inhibition. Given the properties of the cell membrane of
Gram-positive bacteria, reducing the polarity of cystargolides A (101) and B (102),
specifically by eliminating the negative charge of the carboxylic acid moiety is
necessary in order to improve cell penetration or uptake (Figure 4).[481 The carboxylic
acid moiety, being the furthest functional group from the B-lactone warhead, was
identified as the optimal site for chemical modification. A straightforward amidation
reaction would significantly reduce the polarity of the molecule, thus improving cell
penetration (Figure 83). Among simple amines, ethylamine is chosen due to its lower
polarity and handling benefits, with a boiling point of 16.6°C. However, special
precautions need to be taken to protect the reactive B-lactone warhead, preventing its

undesired interaction with nucleophiles during the reaction.

”J\[#N — *[ w

R = ethyl, NEt A (103) R = ethyl, Cystargolide A (101)
R = methyl, NEt B (104) R = methyl, Cystargolide B (102)

.
’/

Figure 83: Retrosynthetic analysis for cystargolide amides A (103) and B (104).
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3.2.2. Synthesis of amides 103 and 104 and their biological profiling

The N-ethylcystargolides A (103) and B (104) were successfully synthesized by an
amidation reaction with ethylamine using purified cystargolides A (101) and B (102) as
starting material, respectively (Figure 84).

3.0 eq NaHCO3

1 2 eq EDC-HCI
\___ 1.2 eq HOBt 0 H\:/OH\

1.2 eq ethylamine -~ N - z 7

HO)K[ ThN THF, 0°C, 16 h ﬁ)kE TN
- e 0 0 Xq
\ R

R= ethyl, Cystargolide A (101) R= ethyl, NEtA (103)
R = methyl, Cystargolide B (102) R = methyl, NEt B (104)

Figure 84: Amidation reaction of cystargolides 101 and 102 with ethylamine and EDC-HCI as coupling
reagent.

The N-ethyl amides 103 and 104 were obtained in modest yields (3.5 mg (56%) for
103 and 1.6 mg (32%) for 104) following HPLC purification (experimental section
6.5.1.), which was necessary for bioassay testing. The modest yields can be explained
by the highly reactive B-lactone moiety, which can be opened by nucleophiles such as
water and ethylamine, resulting in side-products 105-108, as confirmed by LC-MS

analysis (Figure 85).
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Figure 85: A) Side-product formation during synthesis and purification of 103 and 104. B) Proposed
mechanism of side-product formation. R’ = NEt A (103) or NEt B (104) residues.
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ASTRID ILLIGMANN, from the research group HEIKE BROTZ-OESTERHELT at the University
of Tubingen, conducted assays to evaluate the biological activity of the obtained
amides 103 and 104, as well as the natural products 101 and 102. In a hemolysis assay
using S. aureus on blood agar, which measures the production of a-hemolysin, the
N-ethylcystargolides 103 and 104 exhibited significantly stronger anti-hemolytic
activity. For amide 103 nearly complete inhibition with 100 nmol added was observed,
while amide 104 exhibited efficient inhibition with 250 nmol added. In contrast, the
natural products 101 and 102 showed only moderate inhibition with 250 nmol
added.['* This suggests enhanced inhibitory potential of the tested compounds
against ClpP. Additionally, all compounds were also subjected to a growth inhibition
assay for S. griseus (tested by ASTRID ILLIGMANN). The N-ethylcystargolides 103 and
104 both showed dose-dependent inhibition of bacterial growth with inhibition observed
at 31.25 nmol of 103 and 62.5 nmol of 104. In contrast, the natural products 101 and
102, exhibited no activity in this assay.['3®] The enhanced efficacy of amides 103 and
104 in inhibiting ClpP and suppressing the growth of S. griseus is likely attributed to
improved cell penetration or uptake. Notably, N-ethylcystargolide A (103) exhibited the
most promising results in these tests.['3

ClpP and Clp ATPases are critical targets in drug development, with Clp protease
inhibition offering promising anti-virulence and anti-mycobacterial strategies.
Additionally, ClpP activation has shown efficacy in inhibiting bacterial growth and tumor
proliferation in preclinical and clinical studies.!'#% 1411 The potential to enhance bacterial
cell penetration of cystargolides through modification underscores their suitability for

further optimization.[13
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3.3. Total chemical synthesis of new lugdunins as tools in molecular studies

In the third part of this work, the focus is shifted from linear peptide structures to cyclic
peptide structures. More specifically, selected lugdunin analogues are synthesized to
investigate their ability to form peptide nanotubes in artificial membranes, as well as to

evaluate their activity against Gram-negative bacteria in biological studies.

3.3.1. N-methyl analogues of lugdunin 110-115

This part of the work aims to synthesize analogues of lugdunin to investigate its mode
of action. N-methylated analogues will be synthesized to prevent 3-sheet formation,
thereby inhibiting channel formation, which can be measured using biophysical
methods. These analogues will help determine whether lugdunin (6) functions as a
carrier ionophore or a channel-forming ionophore.

Methods for the preparation of N-methylated peptides range from the use of N-methyl
amino acids in peptide coupling chemistry!'42-14% to selective N-methylation of peptides
on solid support.['46-148 N-methylation is often used in pharmaceutical drug
development to improve metabolic stability, membrane permeability and binding
affinity of peptide pharmaceuticals.['*® %0 |n this work, however, N-methylated
lugdunin analogues are generated by selective N-methylation on solid support. These
analogues are initially tested for their bioactivity against MRSA in whole-cell assays by
B. KRISMER. Their ability to immerse in various artificial membranes and their ability to
form peptide nanotubes, is then investigated through molecular dynamics simulations,
UV, and IR spectroscopy (in collaboration with DoMINIK RUPPELT, Research group
STEINEM, Georg-August-Universitat Gottingen and MARIUS F.W. TROLLMANN, Research
group BOCKMANN, Friedrich-Alexander-Universitat  Erlangen-Nurnberg).  This
comprehensive analysis allows for a scientific determination of whether lugdunin (6)
functions as proton shuttle carrier or as a channel-forming ionophore.

Since the 6-Trp-lugdunin analogue 109 has a lower MIC value than lugdunin (6)“% and
the tryptophan residue enables spectroscopy experiments in vesicles, it was chosen
for the methylation at different positions of the peptide backbone. For amino acid
positions 3, 4 ,5 and 6, selective N-methylation on solid support was performed using
the standard Fmoc strategy and KESSLER’s N-methylation protocol for N-methylated

cyclic peptides (Figure 86).['48]
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Figure 86: Synthesis of lugdunin analogue 110 and structures of lugdunin analogues 109-113. (a) Fmoc
deprotection with DBU and morpholine in DMF. (b) Elongation sequence with corresponding amino
acids, HATU, HOBt and 4-methylmorpholine and deprotection steps in between. (c) Introduction of
activating oNBS group with oNBSCI and collidine. (d) N-methylation with dimethyl sulfate and mTBD.
(e) Removal of oNBS group with DBU and 2-mercaptoethanol. (f) Resin cleavage of linear peptide with
TFA, TIPS and water. (g) Macrolactamization with HATU, HOAt and DIPEA.[151]

The coupling step after N-methylation was carried out twice, once for 3 h and once
overnight to increase efficiency of coupling. Lugdunin analogues 111-113 were
synthesized in moderate to good yields (12.0 mg-50.3 mg, 41%—88%) in the same
manner as analogue 110. After macrolactamization the reaction mixtures were worked
up by extraction with a mixture of CHCIls and nBuOH (5:1), followed by washing the
organic extracts with aqueous solutions of KHSO3 (10%), saturated NaHCOs, and
brine. The organic solvent was then removed under vacuo, and the peptides were

lyophilized before being purified by HPLC (experimental section 6.4.2.2.). Selective

84



Results and discussion

N-methylation was confirmed via tandem MS by manual peptide sequencing as shown
for lugdunin (6).[32]

For amino acid position 1, selective N-methylation was achieved by a biomimetic
approach.% First, the corresponding N-methyl peptide aldehyde 114 is synthesized
with an aldehyde generating resin using N-Fmoc-N-methyl-S-trityl-L-cysteine. Resin
cleavage of aldehyde 114 under acidic conditions resulted in spontaneous cyclization

to the corresponding 1-methyl-6-Trp-lugdunin (115) (Figure 61) in 64% (6.0mg) yield.
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Figure 87: Spontaneous cyclization of aldehyde 114 under resin cleavage conditions.

After cleavage, peptide 115 was dissolved in a tBuOH/water (1:1) mixture, frozen, and
lyophilized to yield a voluminous white powder. Analysis by HPLC-UV (experimental
section 6.1.4.) confirmed a purity of 90%, determined by calculating the signal areas
of the peptide 115 (5069) and impurities (595) (Figure 88). This degree of purity was

considered adequate for bioactivity assays against MRSA.
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Figure 88: HPLC-UV analysis (experimental section 6.1.4.) of peptide 115 after lyophilization.

Compounds 110-113 and 115 were tested in a minimum inhibitory concentration
assay against S. aureus USA300 LAC by B. KRISMER (Research group PESCHEL,
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University of Tubingen). For all tested compounds no inhibition was observed even at
100 pug-mL-" or lower (Table 6 experimental section 6.5.).

The research hypothesis suggests that lugdunin (6) forms peptide nanotubes, implying
that methylation of the backbone prevents hydrogen bonding and thus formation of ion
channels required for the translocation of protons across the membrane. On the other
hand, methylation of the peptide backbone can also affect three-dimensionality of the
molecule, which in turn can have a significant impact on bioactivity by modifying the
peptides’ overall conformation.['4°]

In order to further analyze the mode of action of lugdunin (6), D. RUPPELT prepared
various large unilamellar vesicles. The UV emission of the tryptophan residue was
measured for different concentrations of the lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC). The emission intensity of tryptophan was found to increase
with higher concentrations of POPC and a blue-shift was observed, peaking at
18+2 nm for 2 mm of POPC.I"5 Since the blue-shift and the intensity of emission
depend on the insertion depth of the tryptophan residue into the membrane,
quantification of the distribution of lugdunin (6) between the aqueous and the
membrane phase was possible (partition coefficient Kyexp=(9+2)-105).1'%1 The
partition coefficient (Ky) between an aqueous buffer and a lipid membrane is defined

as:

K. = Xmembrane

X

)
Xaqueous solution

where Xmembrane aNd Xaqueous solution refer to the mole fractions of the substance in the lipid
membrane and aqueous phases, respectively.l'>1 The greater the partition coefficient,
the more of the lugdunin (6) partitions into the membrane phase, indicating a
preference for the lipid environment.['92-15% Moreover, water-accessibility of the
tryptophan residue was measured and plotted in a STERN-VOLMER diagram, which
showed that the tryptophan is most likely located within the membrane.['>". 1561 Both
experiments indicate that lugdunin (6) preferentially migrates into the membrane
phase.[151]

Furthermore, molecular dynamics simulations were used to demonstrate that
tryptophan is responsible for binding on the membrane surface, which is followed by
the immersion of hydrophobic residues and the rest of the molecule.['* Since
lugdunin (6) shows inhibition for Gram-positive bacteria and to small extend for
eukaryotic cells, the lipid composition was changed to mimic Gram-positive bacterial

membranes and eukaryotic cell membranes. 1-Palmitoyl-2-oleoyl-sn-glycero-3-
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phospho(1’-rac-glycerol) (POPG) and cardiolipin (CL) were used to mimic Gram-
positive cell membranes and cholesterol was used to mimic eukaryotic cell
membranes.['51. 157. 18] POPG and CL were found to have no significant effect on the
partitioning of lugdunin (6) in lipid membranes, whereas the addition of cholesterol
resulted in a lower affinity of lugdunin (6) for the lipid membrane, as observed in
laboratory experiments.['>"] Interestingly, N-methylation has no effect on partitioning of
analogues 110, 111 and 113 in lipid membranes in laboratory experiments. This
suggests that N-methylation does not hinder membrane immersion but rather B-sheet
formation, which likely accounts for the lack of bioactivity observed.!'5]

Molecular dynamics simulations further supported the experimental data. The
microsecond molecular dynamic simulations suggest that lugdunin (6) can form
trimers, tetramers, and pentamers in lipid membranes, with the composition of the lipid
membranes influencing the oligomerization state.l'®!l Specifically, in POPC with
cholesterol, lugdunin (6) forms pentamers, whereas tetramers are most stable in
POPC and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), which simulate a Gram-
positive membrane.['5l Additionally, the simulations indicate that the formed channels
are filed with water molecules, facilitating proton translocation across the
membrane.['5

In order to determine the structure of lugdunin (6) and its derivatives in lipid
membranes, D. RUPPELT measured polarized ATR-FTIR spectra of lugdunin
analogues 109-111 and 113 in ordered 1,2-dimyristol-sn-glycero-3-phosphocholine
(DMPC) bilayers.[''l IR bands in the amide |, amide Il and amide A region provided
information about the secondary structure of peptides.['5%-1611 For lugdunin (6) and the
6-Trp-lugdunin analogue 109 the IR spectra showed characteristic peaks for B-sheet
formation that are very similar to known synthetic cyclopeptides and suggest the
formation of peptide nanotubes in lipid membranes.['5". 162164 Moreover, the tilt angle
relative to the membrane of analogue 109 was found to be significantly lower than the
angle for lugdunin (6), which would imply that analogue 109 forms better aligned
peptide nanotubes.['™ A comparison of the structures of lugdunin (6) and
analogue 109, shows that 109 appears to be more symmetrical, which could also
influence the tilt angle in the membrane due to the interaction between the membrane
and the amino acid side chains (Figure 89).
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Figure 89: Geometric view of lugdunin (6) and its analogue 109. Due to arrangement of the amino acid
side chains, analogue 109 appears more symmetrical than lugdunin (6). Mirror planes are drawn in dark
grey dashed lines.

By drawing a mirror plane from the peptide bond of D-leucine and L-valine through the
thiazolidine moiety, the replacement of D-valine in position 6 by D-tryptophan results in
almost identical side chains on the left and right sides of the mirror plane,
stereochemistry excluded (Figure 89). Only the leucine side chain and the valine side
chain do not match but are very similar and differ only by an additional CH2 group in
leucine.

Single-channel recordings on black lipid membranes in presence of monovalent ions
revealed that lugdunin (6) does also translocate Na* and K* and creates a
concentration imbalance of these crucial ions. In addition, the conductance state for K*
is similar to that found for gramicidin S (116), indicating that the diameter of the
lugdunin nanotube pore is approximately 4 A.l'851 This was also confirmed by in silico

studies suggesting that the diameter is 3.66 A.[151]

e

gramicidin S (116)
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In contrast, N-methylated analogues 110, 111 and 113 have a significantly lower
proportion of B-sheets and a significantly higher proportion of disordered secondary
structures.'l This finding strongly suggests that N-methylation of the peptide
backbone impairs hydrogen bonding and B-sheet formation. Without the formation of
peptide nanotubes in the lipid membrane, translocation of protons cannot occur, so

dissipation of membrane potential is not observed in Gram-positive bacteria.

Based on these results, the research hypothesis suggests that lugdunin (6) first
immerses into the membrane, where peptide nanotubes are spontaneously formed
through hydrogen bonding and B-sheet formation. The formed channels can then
transport ions, such as protons, but also sodium and potassium cations (Figure 90). In
contrast, N-methylated analogues 110, 111 and 113 do partition into lipid membranes,

but do not form ion channels, likely due to the disruption of B-sheet formation.['>"]
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Figure 90: Proposed mode of action for lugdunin (6). First, lugdunin (6) penetrates the membrane and
forms peptide nanotubes, which can then translocate protons and dissipate the membrane potential of
susceptible bacteria. Adapted from(151],
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3.3.2. Synthetic studies towards polar analogues of lugdunin

First, proof of principle is needed to show that lugdunin (6) can inhibit the growth of
Gram-negative bacteria when the outer membrane is compromised. To this end,
lugdunin (6) was tested against various E. coli strains in the presence and absence of
polymyxin B nonapeptide (117), an additive that damages the outer membrane and
allows diffusion of lugdunin (6) into the periplasm, where lugdunin (6) can find its
target.['®8! In addition, lugdunin (6) was also tested by A. BERSCHEID (Research group
BROTZz-OESTERHELT, University of Tubingen) against efflux pump-deficient mutants of
E. coli strains. The MIC assays showed that lugdunin (6) efficiently inhibited the growth
of the tested E. coli strains only when the outer membrane was compromised by
polymyxin B nonapeptide (117), with the efflux pump-deficient mutants being more

susceptible to lugdunin (6) and polymyxin B nonapeptide (117).

wf« 4 v

“OH NH CH3

polymyxin B nonapeptide (117)
The MIC values ranged from 6.25 ug-mL~" to 50 yg-mL-" (Table 8, experimental
section 6.5.). These results show that when lugdunin (6) passes through the outer
membrane, it can exert its antimicrobial effect in Gram-negative bacteria. Derivatives,
which do inhibit the growth of Gram-positive bacteria and can penetrate the outer
membrane of Gram-negative bacteria should therefore also be active against Gram-
negative bacteria. To achieve this, the eNTRYy rules established by HERGENROTHER and
colleagues provide valuable insights (Figure 7). These rules emphasize the importance
of structural features like an ionizable nitrogen, reduced three-dimensionality, and
rigidity for efficient penetration of the outer membrane in Gram-negative bacteria.l53-5%
Applying these principles could guide modifications to enhance lugdunin's (6) uptake

and activity against Gram-negative strains.
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Consequently, primary amines are incorporated into the lugdunin molecule, which

should increase the uptake in Gram-negative bacteria.l%°

Lugdunin analogues with polar amino acid side chains can be prepared using SPPS
to produce the linear peptide, which then is subjected to macrolactamization reaction
to yield the desired lugdunin analogue. However, when incorporating a primary amine
into lugdunin (6) at amino acid position 2, 3 or 5, the formation of side products during
macrolactamization needs to be considered. An unprotected primary amine of an
amino acid side chain could lead to unintended intramolecular ring closures or even
intermolecular condensation reactions resulting in incorrectly cyclized analogues,

polymers or a mixture of both (Figure 91).
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Figure 91: Schematic illustration of putative outcomes of the macrolactamization reaction of lugdunin
analogues with unprotected primary amines in amino acid side chain.

The macrolactamization reaction is carried out in highly diluted solutions (2 mM of
linear peptide), which favors an intramolecular reaction instead of an intermolecular
reaction. To avoid undesired side products in the intramolecular reaction, amino
protecting groups are removed after macrolactamization. These protecting groups
should be stable under basic and acidic conditions, since coupling steps take place
under basic conditions and the resin cleavage of the linear peptide under acidic
conditions. In addition, the corresponding amino acids should be commercially
available. These requirements for protecting groups are met by allyloxycarbonyl
(Alloc), benzyloxycarbonyl (Cbz) or the 1-(4,4-dimethyl-2,6-dioxocyclohex-1-
ylidene)ethyl (Dde) protecting groups. Alloc can be selectively deprotected using
Pd(PPhs)s4 and PhSiH3, Cbz can be removed with a solution of thioanisole in TFA, and
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Dde can be cleaved by treatment with 2% N2H4-H20 in THF (see experimental section
6.4.2.2.).1167-170]

Ornithine and the aromatic aniline-like amino acid 4-amino-L-phenylalanine were used
with the appropriate protecting group to incorporate a primary amine into the lugdunin
molecule. Therefore, protected 6-Trp-lugdunin-like derivatives 118-122 (Figure 92,
experimental section 6.4.2.2.) were successfully synthesized in good vyields (80%—

98%, in 20-50 mg scale) using the Fmoc strategy for SPPS.
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2-0Orn(Cbz)-6-Trp-Lug (119), R" = H, R3 = R* = CH3, R? = CH,CH,NH(Cbz)
5-Orn(Cbz)-6-Trp-Lug (120), R3 = H, R' = R? = CH;, R* = CH,CH,NH(Cbz)
2,5-Di-Orn(Cbz)-6-Trp-Lug (121), R1 =R%=H, R? = R* = CH,CH,NH(Cbz)
( (122), R

2,5-Di-Orn(Dde)-6-Trp-Lug (122 = R3 = H, R? = R* = CH,CH,NH(Dde)

Figure 92: A) Synthesized protected 6-Trp-lugdunin derivatives 118—122. B) Structures of Alloc, Dde
and Cbz protecting groups for the amino residue.

The protected lugdunin-like derivatives 123-125 (Figure 93, experimental section
6.4.2.2.) were also successfully synthesized in good yields (78%—-88%, in 20-50 mg

scale) using the Fmoc strategy for SPPS.
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Figure 93: Synthesized protected lugdunin derivatives 123—-125.
The synthesized compounds 118-125 were tested by B. KRISMER against MRSA. Only
2-0Orn(Cbz)-Lug (123) showed an inhibitory effect at 6.25 pg-mL-", which shows that
the 2-position in lugdunin (6) is more suitable for substitution than other positions in

the molecule (experimental section 6.5., Table 6).

Palladium catalyzed deprotection of the Alloc protecting group in
3-(4-NH(Alloc)-Phe)-6-Trp-Lug (118) gave 3-(4-NH2-Phe)-6-Trp-Lug (126) in only 9%
yield after HPLC (experimental section 6.4.2.2.).

H,oN

o i 5
N
H  HN

126

The poor yield can probably be explained by sulfur-poisoning of the palladium catalyst,
which is likely caused by the sulfur containing thiazolidine moiety.['"". 172l However, the

educt 118 could not be recovered.
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The deprotection of Cbz protected derivatives 119-121, 123 and 124 was achieved by
using a mixture of trifluoroacetic acid and thioanisole (experimental section 6.4.2.2.).
This method led to the corresponding products 127, 128, 130 and 131 in very good
yields (90-95%, in 20-50 mg scale) for the mono-ornithine analogues 119, 120, 123

and 124.
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R' = H, R® = R* = CH3, R? = CH,CH,NH, R' = H, R® = R* = CH3, R? = CH,CH,NH,
5-0Orn-6-Trp-Lug (128), 5-Orn-Lug (131),

R®=H, R" = R? = CHj3, R* = CH,CH,NH, R®=H, R = R? = CH3, R* = CH,CH,NH,

Figure 94: Synthesized deprotected lugdunin analogues 127, 128, 130 and 131.

For 2,5-Di-Orn(Cbz)-6-Trp-Lug (121), however, this deprotection strategy yielded a
product mixture with 2,5-Di-Orn-6-Trp-Lug (129) as the main component. Using
HPLC-ESI-MS (experimental section 6.1.4.) mono- and dibenzylated side
products 132-134 (Figure 96) were identified in the mixture (Figure 95). These side
products likely resulted from unintended alkylation in the reaction process. Given the
presence of three amino groups in compounds 129 and 132-134, and the acidic
conditions (~pH 2) during HPLC-ESI-MS analysis (experimental section 6.1.4.), the
most prominent signal observed for these compounds corresponds to the [M+2H]?*
adduct. The extracted ion chromatograms (EIC) of the specified [M+2H]?>* adducts are

shown in Figure 95, facilitating a direct comparison of these compounds.
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Figure 95: HPLC-MS analysis of deprotection of 121 after work-up (experimental section 6.4.2.2.).
A)BPC (grey), B) EIC (red) of analogue 129 (CasHe7N110eS?* [M+2H]?*, m/z 450.7493+0.05),
C) EIC (blue) of mono benzylated side products 132 and 133 (Cs3H73N110eS2* [M+2H]?,
m/z 495.7728+0.05), D) EIC (green) of dibenzylated side product 134 (CeoH7oN1106S2* [M+2H]?",
m/z 540.7962+0.05).

The acidic deprotection of the Cbz groups in 2,5-Di-Orn(Cbz)-6-Trp-Lug (121) is
initiated by protonation of the carbonyl oxygen of 121, making the carbonyl carbon
more electrophilic (Figure 96). This facilitates the nucleophilic attack of thioanisole on
the benzyl carbon, leading to the formation of carbamic acid 135 and the
benzylmethylphenyl sulfonium cation (136, Figure 96). Carbamic acid 135
subsequently undergoes decomposition, releasing carbon dioxide and yielding the
desired product 2,5-Di-Orn-6-Trp-Lug (129). However, the cationic intermediate 136
remains in the reaction mixture and is highly reactive, making it prone to nucleophilic
attack by a variety of nucleophiles, including the amino groups of
2,5-Di-Orn-6-Trp-Lug (129). This results in the formation of side products 132-135 as
shown in Figure 96.1'73]
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Figure 96: Deprotection mechanism of Cbz using trifluoroacetic acid and thioanisole.

However, trifluoroacetic acid is both an acid and a solvent in this reaction, so that the
amines should be predominantly protonated, which significantly should reduce their
nucleophilicity. After HPLC purification, 2,5-Di-Orn-6-Trp-Lug (129) was isolated in
20% (4.5 mgq) yield.

Hydrazinolysis of Dde-protected derivatives 2,5-Di-Orn(Dde)-6-Trp-Lug (122) and
2,5-Di-Orn(Dde)-Lug (125) with a solution of hydrazine monohydrate in tetrahydrofuran
gave the corresponding products 2,5-Di-Orn-6-Trp-Lug (129) and
2,5-Di-Orn-Lug (137) in moderate yields (49%, 7.5 mg and 55%, 8.3 mg respectively)
after HPLC purification (experimental data 6.4.2.2.). In this case, no formation of side
products was observed.

The synthesized compounds 126-131, 137, and the obtained crude mixture of
2,5-Di-Orn-6-Trp-Lug (129) and 132-134 were tested against MRSA. Inhibition of
growth was observed for 2-Orn-6-Trp-Lug (127, 100 ug - mL™', experimental
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section 6.5., Table 6) and 126-131 (50 ug-mL~"!, experimental section 6.5., Table 6).
The MIC values observed are comparable with the MIC value of lugdunin (6) for E. coli
with polymyxin B nonapeptide (117) as additive (50 ug-mL-"). Interestingly, the MIC
value observed for the crude mixture of 132-134 and 2,5-Di-Orn-6-Trp-Lug (129) was
at 12.5 uyg-mL-". After isolation of 2,5-Di-Orn-6-Trp-Lug (129) from the crude mixture
by HPLC (experimental section 6.4.2.2.), the MIC assay against MRSA was repeated
with purified 2,5-Di-Orn-6-Trp-Lug (129), resulting in an observed MIC value of
50 yg-mL-". The additional benzyl groups in compounds 132-134 can either increase
the bioactivity due to interactions with the bacterial membrane or transporter
systemsl!'74 1791 or the interaction between the compounds contained in the mixture
could have a synergistic effect leading to increased bioactivity.[176. 177]

2-Orn-6-Trp-Lug (127), 5-Orn-6-Trp-Lug (128), 2,5-Di-Orn-6-Trp-Lug (129),
2-Orn-Lug (130), 5-Orn-Lug (131) and 2,5-Di-Orn-Lug (137) were then tested against
E. coli, and 2-Orn-6-Trp-Lug (127) and 2,5-Di-Orn-Lug (137) were found to have an
MIC value of 50 ug-mL-", respectively. No inhibition was observed for the other

compounds (experimental section 6.5., Table 7).
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2-0rn-6-Trp-Lug (127) 2,5-Di-Orn-Lug (137)
These results indicate that penetration of the outer membrane in Gram-negative
bacteria was achieved by the introduction of ornithine in the lugdunin molecule.
However, the MIC values are not in the low micromolar range as with other potent
antimicrobial agents, such as quinolone or B-lactam antibiotics.l'® 171 On the one
hand, the efflux pumps are efficient at actively transporting antimicrobial agents out of
the cell, leading to less accumulation and thus to a lower activity of antimicrobial

compounds.[180]
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On the other hand, the interaction of ornithine analogues with the membrane of
bacterial cells could be impaired by introducing a polar side chain, as the bacterial
membrane is lipophilic and thus immersion in this membrane is hindered by polar

moieties (see chapter 3.3.1).
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4. Summary of results

The global spread of antimicrobial resistance is increasing at an alarming rate. This
threat requires not only ways to prevent infections, but also the development of novel
drugs and new mechanisms to fight infections.
1. Epifadin (24)
In this thesis, a novel natural product class of peptide-polyene-tetramic acid was
isolated from Staphylococcus epidermidis VK83 in collaboration with the
KRISMER/PESCHEL group. Comprehensive analytical, biological and chemical methods
were used to elucidate the structure of epifadin (24). It is a highly instable NRPS-PKS-
NRPS hybrid compound that requires mild handling conditions, including a pH of 5.5,
protection from light, an inert argon atmosphere, and DMSO as solvent for dissolution.
The unprecedented and unique structure consists of a tetrapeptide moiety, a polyene
chain and an aspartate-tetramic acid moiety.
HOOC
COOH

NP SN

CONH2
epifadin (24)

Epifadin (24) effectively inhibits growth of Gram-positive bacteria, including resistant
Staphylococcus aureus strains that pose a global threat, Gram-negative bacteria and
yeasts. In addition, epifadin (24) does not exhibit cytotoxicity in the cell viability assays
conducted on MRC5 cells. Its wide target spectrum and short-lifespan under in vivo-like
conditions could limit the collateral damage of bacteria, which would be beneficial for
the human microbiota. These results were successfully published in Nature
Microbiology 2024.
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Furthermore, synthetic studies were carried out to study the building blocks for a
potentially stable epifadin derivative. Therefore, the flexible building block 67 was
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synthesized which was used to produce the potential liver fibrosis inhibitor
MCA17-1 (30).

2. Cystargolides

In addition, semi-syntheses of N-ethylcystargolides 103 and 104 were carried out,
which led to optimized bioactivity compared to the natural carboxylic acids 101
and 102. In collaboration with BROTZ-OESTERHELT group hemolysis assays and growth
inhibition assays were carried out and suggest that bioactivity was increased through
improved cell penetration and inhibition of ClpP. These findings were successfully

published in Angewandte Chemie 2024.

OH\F/OH\\ OH\?/OH\\
PN N - : 7 PN N - 7
103 104

3. Lugdunins

3.1.  N-Methyl lugdunins

In the next part of this thesis lugdunin analogues (e.g. 110) were synthesized using
solid support and subsequently analyzed using analytical, biological, biophysical,
chemical and computational methods. These derivatives were used to investigate the
mechanism of action of lugdunin (6). N-methylation of various positions in the peptide
backbone showed that hydrogen bonds are crucial for the bioactivity of lugdunin (6).
Moreover, it was shown that lugdunin (6) first interacts with the bacterial membrane,
then immerses into the membrane and forms peptide nanotube structures that
translocate protons and monovalent ions. These results were successfully published

in Nature Communications 2024.
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3.2. Lugdunins against Gram-negative bacteria

In the last part of this thesis, lugdunin (6), a Gram-positive-only antimicrobial peptide,
was converted into an antimicrobial agent that can inhibit the growth of Gram-negative
bacteria. The HERGENROTHER strategy of an introduction of primary amines into the
lugdunin structure (see 127 and 137) enabled penetration into the outer membrane of
Gram-negative bacteria, allowing lugdunin (6) to exert its antimicrobial effect,
presumably acting as a protonophore, in the inner membrane of Gram-negative

bacteria.
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41. Zusammenfassung

Die weltweite Ausbreitung der antimikrobiellen Resistenz steigt mit einer
alarmierenden Rate an. Diese Bedrohung erfordert nicht nur MaRnahmen zur
Pravention von Infektionen, sondern auch die Entwicklung neuartiger Medikamente

und Mechanismen zur Bekampfung von Infektionen.

1. Epifadin (24)

Im Rahmen dieser Dissertation wurde eine neuartige Naturstoffklasse mit Peptid-
Polyen-Tetramsaure-Struktur aus dem Staphylococcus epidermidis IVK83-Stamm in
Zusammenarbeit mit der KRISMER/PESCHEL-Gruppe isoliert. Um die Struktur von
Epifadin (24) aufzuklaren, wurden umfassende analytische, biologische und
chemische Methoden angewandt. Es handelt sich um eine hdchst instabile NRPS-
PKS-NRPS-Hybridverbindung, die unter sehr milden Bedingungen gehandhabt
werden muss. Die schlie3t einen pH-Wert von 5.5, Schutz vor Licht, eine inerte
Argonatmosphare und DMSO als Losungsmittel ein. Die neuartige und einzigartige
Struktur besteht aus einem Tetrapeptid, einer Polyenkette und einer Aspartat-
Tetramsaure.

HOOC
COOH

NP SN

CONH2
epifadin (24)

Epifadin (24) hemmt wirksam das Wachstum Gram-positiver Bakterien, einschliellich
resistenter Staphylococcus aureus-Stamme, welche eine globale Bedrohung
darstellen, sowie Gram-negativer Bakterien und Hefen. DarUber hinaus zeigte
Epifadin (24) in Zellviabilitatsassays mit MRC5-Zellen keine Zytotoxizitat. Das breite
Wirkspektrum und die kurze Lebensdauer unter in vivo-ahnlichen Bedingungen
konnten den Kollateralschaden fur Bakterien begrenzen, was fur die menschliche
Mikrobiota von Vorteil ware. Diese Ergebnisse wurden erfolgreich in Nature

Microbiology 2024 verdffentlicht.

102



Summary of results

o OH
o) o~
)K w7
TMSEO” X O OH \
H N O
TMSEO J\M N
YON Br >~0H
O DMB 4
67 30

Des Weiteren wurden synthetische Studien durchgefuhrt, um Bausteine fur potenziell
stabile Epifadin-Derivate zu untersuchen. Dabei wurde der synthetisch flexible
Baustein 67 synthetisiert, der zur Herstellung des potenziellen Leberfibrose-Inhibitors
MCA17 1 (30) verwendet wurde.

2. Cystargolide

Darlber hinaus wurden Semisynthesen der N-Ethylcystargoliden 103 und 104
durchgefuhrt, welche im Vergleich zu den natirlichen Carbonsauren 101 und 102 eine
optimierte Bioaktivitat aufwiesen. In Zusammenarbeit mit der BROTzZ-OESTERHELT-
Gruppe wurden Hamolyse- und Wachstumshemmungsassays durchgefihrt, welche
darauf hindeuten, dass die Bioaktivitdt durch eine verbesserte Zellpenetration und
Hemmung von CIpP gesteigert wurde. Diese Ergebnisse wurden erfolgreich in

Angewandte Chemie 2024 veroffentlicht.

o 4 Y o\ o Y o\
PN N - : 7 PN N - 7
103 104

3. Lugdunine

3.1. N-Methyl-Lugdunine

In einem weiteren Teil dieser Arbeit wurden Lugdunin-Derivate (z.B. 110) unter
Verwendung von Festphasenpeptidsynthese hergestellt und anschlielend mittels
analytischer, biologischer, biophysikalischer, chemischer und computergestitzter
Methoden untersucht. Diese Derivate wurden verwendet, um den Wirkmechanismus
von Lugdunin (6) zu erforschen. Die N-Methylierung verschiedener Positionen im
Peptidrickgrat zeigte, dass Wasserstoffbrickenbindungen entscheidend fur die
Bioaktivitat von Lugdunin (6) sind. Es wurde zudem nachgewiesen, dass Lugdunin (6)

zunachst mit der bakteriellen Membran interagiert, dann in die Membran eintaucht und
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Peptidnanotubes bildet, welche Protonen und einwertige lonen transportieren. Diese

Ergebnisse wurden erfolgreich in Nature Communications verdffentlicht.
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3.2. Lugdunine gegen Gram-negative Bakterien

Im letzten Teil dieser Arbeit wurde Lugdunin (6), ein antimikrobielles Peptid welches
ausschlieRlich gegen Gram-positive Bakterien wirkt, in eine antimikrobielle Verbindung
Uberfuhrt, welche auch das Wachstum Gram-negativer Bakterien hemmen kann. Die
HERGENROTHER-Strategie der Einflhrung primarer Amine in die Lugdunin-Struktur
(siehe 127 und 137) ermdglichte das Eindringen in die aullere Membran Gram-
negativer Bakterien, wodurch Lugdunin (6) seine antimikrobielle Wirkung, vermutlich

als Protonophor, in der inneren Membran Gram-negativer Bakterien entfalten konnte.
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Outlook

The high instability of epifadin (24) complicates or even impedes its use as an
antimicrobial compound. However, stabilizing chemical adjuvants might be
attractive for daily-use applications and could help to prevent
Staphylococcus aureus colonization in and on humans, which should be further
investigated. In order to study the unprecedented and unique structure of
epifadin (24), synthetic work should focus on producing a stable epifadin-like
molecule with the same unique structural features of epifadin (24). Specifically,
we here suggest that the molecule should match molecular size of epifadin (24).
Once a synthetic route is developed, structure-activity relationships could
provide further information about epifadin’s mechanism of action and thus a
stable and possibly more effective antimicrobial compound could subsequently

be produced.

N-Ethylcystargolides 103 and 104 showed promising inhibitory properties
against CIpP, which is also overexpressed in various carcinomas. The
cystargolides 101-104 could therefore be investigated as potential anticancer

drugs.

The elucidation of lugdunin’s mode of action provided information on which
amino acids interact with the bacterial membrane and how exactly the peptide
nanotubes are formed. Furthermore, the tilt angle of 6-Trp-lugdunin (109) is
significantly lower compared to lugdunin (6), and interestingly, 6-Trp-
lugdunin (109) also exhibits higher bioactivity. This suggests that the tilt angle
may as well have an influence on the proton translocation properties, which
should be further investigated by producing more symmetrical bioactive

lugdunin derivatives.

Converting lugdunin (6) into a broad-spectrum antimicrobial compound focused

on Gram-negative bacteria in this thesis. Bioactivity against Gram-negative

bacteria was also achieved, albeit still too low (50 pg-mL-"). However,

modifications on the amine of the ornithine residue, such as selective

benzylation or alkylation could lead to improved accumulation in Gram-negative

bacteria and thus to higher bioactivity. Furthermore, the removal of lugdunin (6)
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from the cellular interior by efflux pumps should be addressed. The primary
amines in position 2 or 5 can now be used to couple a linker to lugdunin
analogues that can carry an efflux pump inhibitor, such as reserpine, eugenol
or polyamines.l'®!. 1821 Enzymatic cleavage of the efflux pump inhibitor in the

periplasmic space could inhibit the pumping out of antimicrobial agents.
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B. EXPERIMENTAL PART

6. Materials and Methods
6.1. Instrumental analytics

6.1.1. HPLC instruments

(Semi)-preparative HPLC
Thermo Scientific Ultimate 3000 with HPG 3200 BX pump, Knauer online degasser
and DAD-3000RS detector with a semipreparative detection cell, operated by

Chromeleon® version 6.80. A manual Rheodyne valve with a 1000 uL loop for sample

injection was used.

Method A: SCHILLING’s method for purification of epifadin (24).

Precipitate (Experimental section 6.4.1.) was extracted with DMSO, freeze-dried and
extracted again with MeCN/water/TFA (50/50/0.05) prior to injecting into HPLC.
Solvent 1: Water with 0.05% TFA, solvent 2: MeCN/water (8/2) with 0.05% TFA;
gradient: 50% of solvent 2 to 100% of solvent 2 in 30 min; column: Kromasil 100 C18,
7 um, 250 x 20 mm, Dr. Maisch GmbH; flow rate: 12 mL-min~".

Method B: Stability of epifadin (24) in MeCN/H>O/TFA in dark and light-exposed.

Two samples were prepared by extracting the dried DMSO extract (5) with
acetonitrile/water/TFA, (50/50/0.05) and exposing one to ambient light, while the other
sample is stored in the dark at room temperature. Chromatograms at 383 nm were
then recorded four times every 90 minutes.

Solvent 1: Water with 0.05% TFA, solvent 2: MeCN with 0.05% TFA,; gradient: 40% of
solvent 2 to 80% of solvent 2 in 30 minutes; column: Kromasil 100 C18, 5 pum,
250 x 8 mm, Dr. Maisch GmbH:; flow rate: 2 mL-min~".

Method C: Purification of epifadin (24).

Solvent 1: Water with 0.1% FA, solvent 2: MeCN with 0.1% FA; gradient: 40% of
solvent 2 for 20 min then 50% of solvent 2 for 20 min; column: Kromasil 100 C18, 7 um,
250 x 20 mm, Dr. Maisch GmbH; flow rate: 12 mL-min~". Fractions were collected in a

round-bottom flask with Argon atmosphere at —80°C in the dark.
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Analytical HPLC

1260 Infinity (Agilent) system: Pump: 1260 binary pump, detector: 1260 DAD WR,
autosampler: 1260 Infinity standard autosampler with a 100 uL sample loop, fraction
collector: 1260 A-FC, column oven: 1290 MCT, software: Open LAB CDC, Chem
Station Edition (Agilent Technologies).

Method D: Optimizing DMSQO content in extraction of epifadin (24) from precipitate
For each sample, 10 mg of the precipitate was first treated with the corresponding
amount (0—40 pL) of DMSO and then 160 pL of acetonitrile-water-TFA (80/20/0.05)
were added. The samples were vortexed, centrifuged, and 10 uL of the supernatant
was injected into an analytical HPLC system.

Solvent 1: Water with 0.05% TFA, solvent 2: MeCN with 0.05% TFA, gradient: 40% of
solvent 2 to 80% of solvent 2 in 30 minutes, column: Kromasil 100 C18, 5 pum,
250 x 4 mm, Dr. Maisch GmbH:; flow rate: 0.5 mL-min~".

Method E: Testing stability of epifadin (24) in different organic solvents

For each sample, 20 mg of the precipitate was extracted with 1 mL of the
corresponding solvent (DMSO, DMSO + 0.03% TFA, MeOH, MeOH + 0.03% TFA,
nitrobenzene), then vortexed and centrifuged. 20 uL of the supernatant was injected
into HPLC.

Solvent 1: Water with 0.05% TFA, solvent 2: MeCN with 0.05% TFA, gradient: 40% of
solvent 2 to 80% of solvent 2 in 30 minutes, column: Kromasil 100 C18, 5 um,
250 x 4 mm, Dr. Maisch GmbH:; flow rate: 0.5 mL-min~".

6.1.2. Flash chromatography

Purification of crude products after synthesis was performed on a Varian IntelliFlash
971-FP with its own software version 3.1.524. For this purpose, prepacked
Chromabond® Flash RS SiOH (4 g—80 g of silica gel,15—40 um or 40-63 um) cartridges
from Macherey-Nagel GmbH & Co. KG were used. All solvents used were analytical
or HPLC grade. Prior to injecting the samples, column equilibration and system flushing
were done manually. For injection, liquid samples were directly injected onto the
column and solid samples were dissolved in an appropriate solvent, mixed with small

amounts of silica gel, and then evaporated to dryness. The residue was transferred
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into an empty cartridge replacing the proprietary DASi module and automatically

injected onto the column.

6.1.3. Nuclear magnetic resonance (NMR) spectroscopy
NMR spectra were recorded on Bruker Avance Il HDX 700, Bruker Avance Ill HDX
600 or Bruker Avance Il HD 400 instruments at 298 K, if not stated otherwise.

Chemical shifts are given as &-values (ppm) relative to the solvent as internal

standard.l'8 Coupling constants (J) are given in Hertz (Hz). Abbreviations for
multiplicity description are as follows: s: singlet, s (br): broad singlet, d: duplet, dd:
duplet of duplet, ddd: duplet of duplet of duplet, dtd: duplet of triplet of duplet, dtt: duplet
of triplet of triplet, dp: duplet of quintet, t: triplet, td: triplet of duplet, m: multiplet.

6.1.4. HPLC-ESI-MS

High resolution mass spectrometry data were acquired on a Bruker MaXis 4G
ESI-gTOF instrument coupled to a Dionex Ultimate 3000 HPLC system (Thermo Fisher
Scientific). Each analysis was calibrated using sodium formiate as internal calibrant.
The nebulizer pressure of the ESI source was set to 2.0 bar and dry gas was set to
8.0 L-min~" at an operating temperature of 200°C. For MS/MS spectra acquisition, auto
MS/MS mode with collision energy stepping was used. The mass spectrometer was
operated in positive and negative ion mode. Mass spectra were recorded from 50 to
1250 Da. The capillary voltage was set to 3000 V and the end plate voltage was set to
-500 V.

The routine gradient was 10% B to 100% B (A: water with 0.1% formic acid, B:
methanol with 0.06% formic acid) in 20 min with a flow rate of 0.3 mL-min~" on a
Nucleoshell® EC RP-C18 (150 x 2 mm, 2.7 ym) from Macherey-Nagel GmbH & Co.
KG at 40°C.
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6.2. Thin layer chromatography

TLC silica gel 60 F254 (normal phase, 0.2 mm layer thickness) chromatography plates
were purchased from Merck KGaA.

For staining, a freshly prepared solution of anisaldehyde was used: Stock solution
(500 mL) contained the following: 50 mL acetic acid, 25 mL sulfuric acid and 425 mL
methanol. 1 mL 4-methoxybenzaldehyde (from Sigma-Aldrich) was added to 50 mL of

stock solution for staining.

6.3. Other devices

Balance: Sartorius CP26P, Sartorius Entris, Sartorius BP2215.
Centrifuge: Eppendorf Centrifuge 5424
Lyophilizer: Christ Beta 2-8 LD Plus with Vacuubrand Chemistry Hybrid Pump RC6

6.4. Purification and experimental data for epifadin (24)

6.4.1. Cultivation of S. epidermidis IVK83 and generation of precipitate

All steps were performed under reduced light exposure. An overnight culture of
S. epidermidis IVK83 in TSB was used to inoculate fresh TSB at a dilution of 1:1000,
which was then incubated for 4 hours at 37°C with constant shaking at 160 rpm to
achieve exponential growth. Subsequently, fresh TSB (5 L) containing 5 g-L~" glucose
was inoculated with an ODeoo of 0.00125 of IVK83 and incubated for 44 hours at 30°C
with continuous shaking at 160 rpm. After incubation, the cultures were centrifuged,
and the supernatant was adjusted to pH 2 using 37% HCI (Thermo Fisher Scientific)
and incubated for 2 hours at 4°C. The acidified supernatants were then centrifuged at
8000 g for 15 minutes at 4°C, and the clear supernatant was discarded. The resulting
precipitate was resuspended in small volumes of deionized water and frozen at —-80°C.
Finally, the precipitate was lyophilized at —20°C and 1 mbar until all water was

removed, yielding 1.2 g of the precipitate.[®4
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6.4.2. Extraction and purification via HPLC

All steps were performed under reduced light exposure. A total of 1.2 g of the
precipitate was washed with acetonitrile (3 x 30 mL), centrifuged and the supernatant
was discarded. The residue was then aliquoted into 2.0 mL Eppendorf tubes (200 mg
per tube) and immediately stored at -80°C. For HPLC purification, 2 mL of DMSO is
added to one Eppendorf tube with precipitate and the tube is then closed and vortexed.
After centrifugation, the supernatant is injected into the HPLC system. Purification
method C from experimental section 6.1.1. is employed, and the epifadin-containing
fractions were collected into a 500 mL round-bottom flask equipped with a septum and
an argon ballon. Throughout the process the flask is immersed in an isopropyl alcohol-
liquid nitrogen cooling bath (-80°C). Following freeze-drying a total of 3.5 mg of purified
epifadin (24) is obtained.

6.4.3. Structure of epifadin (24) and NMR data

Epifadin (24)
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Figure 97: '"H,'"H-COSY spectrum of epifadin (24) in DMSO-ds (700 MHz, 303 K).
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Figure 98: 'H,'3C-HSQC spectrum of epifadin (24) in DMSO-ds (700 MHz, 303 K).
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Figure 99: 'H,'3C-HMBC spectrum of epifadin (24) in DMSO-ds (700 MHz, 303 K).
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Chemical shift [ppm]

Chemical shift [ppm]

Figure 100: 'H,"H-ROESY spectrum of epifadin (24) in DMSO-ds (700 MHz, 303 K).
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Figure 101: 'H,"H-TOCSY spectrum of epifadin (24) in DMSO-ds (700 MHz, 303 K). Batch from N. SCHILLING’s purification protocol.
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Figure 102: 'H,"H-ROESY spectrum of epifadin (24) in DMSO-ds (700 MHz, 303 K). Batch from N. SCHILLING’s purification protocol.
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Table 3: Signals of 'TH NMR (700 MHz) of epifadin (24) in DMSO-ds at 303 K. n.a. = not assigned, n.d.
= not detected.

Signal [ppm] Atom number Moiety
7.23 46 and 47
6.97 45
2.53 and 2.77 43 Phe 1
3.97 42
7.97 42-NH:
8.87 41-NH
7.18 40
7.27 38 and 39 Phe 2
3.01 and 2.71 36
478 35
8.68 34-NH
n.d. 33-OH Asp
2.51 and 2.64 32
4.67 31
8.26 30-NH
7.38 and 6.95 29-NH2 Asn
2.48 28
4.57 27
9.08 26-NH Enamide
1.95 25
6.77 23
6.47 22
6.14 21 Polyene
6.33 20
6.24 19
6.10 18
5.74 17
2.09 16
1.36 15
1.31 14 Saturated tail
n.a. 13
n.a. 12
n.d. 11
n.d. 10
nd. J 3-Polyenoyltetramic acid
n.d. 8 ! myoiety
1.46 5
2.00 3
2.18 and 2.21 2
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Table 4: 3C NMR (175 MHz) signals of epifadin (24) in DMSO-des at 303 K. All signals were assigned

through 2D NMR spectra. n.a. = not assigned, n.d. = not detected.

Signal [ppm] Atom number Moiety
126.75 47
128.09 46
129.14 45
134.44 44 Phe 1
36.63 43
52.99 42
167.82 41
126.15 40
127.75 39
129.01 38
137.26 37 Phe 2
38.06 36
53.46 35
170.50 34
171.29 33
36.54 32 Asp
49.11 31
170.17 30
171.22 29
36.68 28 Asn
50.38 27
169.9 26
15.76 25
134.26 24
114.11 23
129.64 22
129.74 21 Polyene
133.44 20
132.29 19
130.46 18
134.98 17
31.97 16
28.39 15
25.55 14 Saturated tail
n.a. 13
n.a. 12
n.d. 11
n.d. 10
n.d. 9
n.d. 8
1';':'3 ; Polyenoyltetramic acid moiety
28.70 5
34.9 3
334 2
174.5 1
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6.5. Chemical synthesis

Unless otherwise stated all chemicals were obtained from commercial sources and
used without further purification. S-tert-butyl (E)-5-bromo-3-oxopent-4-enethioate (63)
and trans-3-(tributylstannyl)-2-propen-1-al (71) were synthesized according to
literature procedures.!''® 118 HPLC or higher-grade solvents were used. Dry solvents
were obtained from a Solvent Purification System from MBRAUN and degassed by the

freeze-pump-thaw method if required.

6.5.1. Synthesis procedures

Methylation of epifadin (24) using diazomethane

All procedures were performed under reduced light exposure to minimize
photodegradation. A total of 10.0 mg of precipitate (3) was extracted using 2 mL of an
acetonitrile-water mixture (8:2, adjusted to pH 2 with H2SO4). The suspension was
cooled to 0°C, and diazomethane in diethyl ether (approximately 1 mL, 0.24 mol-L")
was added dropwise until the suspension no longer decolorized and remained yellow,
with no further gas evolution observed. The mixture was stirred at room temperature
for 30 minutes and then treated with acetic acid until the yellow color dissipated. The
solvent was removed under vacuum, and the residue was dissolved in 1 mL of
methanol. The resulting solution was vortexed, centrifuged and analyzed by
HPLC-ESI-MS (see experimental section 6.1.4).

Methylation of epifadin (24) using (diazomethytrimethylsilane

All procedures were performed under reduced light exposure to minimize
photodegradation. A total of 10.0 mg of precipitate (3) or a purified epifadin (24) sample
(0.5 mg) was suspended in a toluene:methanol mixture (8:2, 1.0 mL) and treated with
a solution of (diazomethyl)trimethylsilane in diethyl ether (200 uL, 2.0 mol-L-*, 200 uL,
400 umol). The resulting yellow solution was stirred at room temperature for 24 hours.
The mixture was then treated with acetic acid until the yellow color disappeared. The
solvent was removed under vacuum, and the residue was dissolved in 1 mL of
methanol. The solution was vortexed, centrifuged, and analyzed by HPLC-ESI-MS

(see experimental section 6.1.4).
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Acetylation of epifadin (24) with acetic anhydride and pyridine

All procedures were performed under reduced light exposure to minimize
photodegradation. A total of 10.0 mg of precipitate (3) or a purified epifadin (24) sample
(0.5 mg) was suspended in an acetic anhydride:pyridine mixture (2:1, 800 uL). The
resulting yellow solution was stirred at room temperature for 24 hours. Subsequently,
water ( 500 yL) and acetic acid (500 yL) were added. The mixture was lyophilized, and
the residue was dissolved in 1 mL of methanol. The solution was vortexed, centrifuged,

and analyzed by HPLC-ESI-MS (see experimental section 6.1.4).

Methylation of reutericyclin (7) using (diazomethyl)trimethylsilane

All procedures were performed under reduced light exposure. Reutericyclin (7, 1.5 mg,
4.3 umol, 1.0 eq) was suspended in a toluene:methanol mixture (8:2, 3.0 mL) and
treated with a solution of (diazomethyl)trimethylsilane (2.0 mol-L-!, 43 yL, 86 pumol,
20.0 eq). The resulting yellow solution was stirred at room temperature for 24 hours.
Subsequently, glacial acetic acid (approximately 100 uL) was added dropwise until no
further gas evolution was observed. The solvent was removed under vacuum, yielding
a yellow residue (27.6 mg). The residue was dissolved in 1 mL of methanol. The
solution was vortexed, centrifuged, and analyzed by HPLC-ESI-MS (see experimental
section 6.1.4).

Methylation of kirromycin (31) using (diazomethyl)trimethylsilane

All procedures were performed under reduced light exposure. Kirromycin (31, 5.0 mg,
6.3 pymol, 1.0 eq) was suspended in a toluene:methanol mixture (8:2, 3.0 mL) and
treated with a solution of (diazomethyl)trimethylsilane (2.0 mol-L-", 12.5 L, 25 pmol,
4.0 eq). The resulting yellow solution was stirred at room temperature for 24 hours.
Subsequently, glacial acetic acid (approximately 25 pL) was added dropwise until no
further gas evolution was observed. The solvent was removed under vacuum, yielding
a yellow residue (6.9 mg). The residue was dissolved in 1 mL of methanol. The solution
was vortexed, centrifuged, and analyzed by HPLC-ESI-MS (see experimental section
6.1.4).
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Bis[2-(trimethylsily)ethyl] (2S)-2-[N-(benzyloxycarbonyl)aminolbutane-1.4-dioate (81)

2.8 eq DCC,
4.0 eq 2-TMS-EtOH,
6 mol-% DMAP,
J\ DCM/DMF (12:1), HNJA\O 12
rt, 24 h , 1 O
x T TN
80 81

At 0°C a suspension of N,N'-dicyclohexylcarbodiimide (2.31 g, 11.2 mmol, 2.8 eq) in
dichloromethane (4 mL) was added dropwise to a suspension of N-benzyloxycarbonyl-
L-aspartic acid (80, 1.07 g, 4.00 mmol, 1.0 eq), 2-(trimethylsilyl)ethanol (2.28 mL,
16.0 mmol, 4.0 eq) and 4-(dimethylamino)pyridine (0.03 g, 0.24 mmol, 6 mol-%) in
dichloromethane (4 mL) and N,N-dimethylformamide (0.6 mL). A colorless precipitate
is formed. After complete addition, the suspension was stirred overnight at rt. The
suspension was cooled to 0°C and added to a saturated aqueous ammonium chloride
solution (30 mL) and filtered off over celite®. The organic phase was separated from
the aqueous phase and the aqueous phase was then extracted with dichloromethane
(3 x 40 mL). The joint organic phases were washed with brine (1 x 100 mL), dried over
sodium sulfate and the solvent was removed under vacuo. Purification of the colorless
oily residue by column chromatography (NP-silica, cyclohexane:ethyl acetate 8:2)

afforded the title compound as a colorless oil (1.74 g, 3.72 mmol, 93%).

Rf (cyclohexane:ethyl acetate 2:1): 0.70.

TH NMR (600 MHz, CDCIz) & = 0.03 (s, 9H, 7-H or 10-H), 0.04 (s, 9H, 7-H or 10-H),
0.94-1.03 (m, 4H, 6-H and 9-H), 2.81 (dd, J3,2=4.5 Hz, J33 = 17.0 Hz, 1H, 3-H), 3.00
(dd, J32=4.4 Hz, J33=17.0 Hz, 1H, 3'-H), 4.14-4.19 (m, 2H, 5-H or 8-H), 4.21-4.27
(m, 2H, 5-H or 8-H), 4.59 (ddd, J2,3 = 4.4 Hz, J23 = 4.5 Hz, Jond = 8.5 Hz, 1H, 2-H),
512 (s, 2H, 12-H), 5.76 (d, JnH, 2 = 8.5 Hz, 1H, NH), 7.30-7.37 (m, 5H, 14-H,15-H,
16-H) ppm.

13C NMR (150 MHz, CDCl3) 5 = —1.4 (C-7 and C-10), 17.4 (C-6 or C-9), 17.5 (C-6 or
C-9), 36.9 (C-3), 50.7 (C-2), 63.5 (C-5/C-8), 64.5 (C-5/C-8), 67.2 (C-11), 128.2 (C-16),
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128.3 (C-14 or C-15), 128.7 (C-14 or C-15), 136.4 (C-13), 156.1 (C-11), 171.0 (C-1 or
C-4),171.1 (C-1 or C-4) ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C22H37NOeSi2: 467.2159 [M];
calcd. for [M+H]*: 468.2232, found: 468.2232; calcd. for [M+Na]*: 490.2057, found:

490.2052.

Bis[2-(trimethylsilyl)ethyl] L-aspartate (82)

10

| j\ 20mol-% PdiC | s )OK
/S'\/\O .0 excess Hj /S'\g/\o N33
0 H )]\ EtOAc, rt,1h o1 H
Sai TN N N 2
ST T o SO N,
0] 7 0
81 82

81 (0.50 g, 1.00 mmol, 1.0 eq) was dissolved in ethyl acetate (17 mL) and the solution
and the flask were flushed with Argon. Pd/C (10 wt.-% Pd on carbon, 0.20 g,
0.19 mmol, 20 mol-%) was added to the solution and hydrogen gas (excess) was
passed into the solution through a septum using a balloon with a canula. The reaction
was monitored using thin layer chromatography. After 1 h the black suspension was
filtered off over celite® and the solvent was removed under vacuo. The product was
obtained as a colorless oil (0.33 g, 0.99 mmol, 99%) and used without further

purification.

Rf (cyclohexane:ethyl acetate 2:1): 0.32.

TH NMR (400 MHz, CDCIz) & = 0.03 (s, 9H, 7-H or 10-H), 0.04 (s, 9H, 7-H or 10-H),
0.95-1.05 (m, 4H, 6-H and 9-H), 2.71 (s (br), 2H, NH2), 2.77 (dd, J32=6.9 Hz,
J33 =16.8 Hz, 1H, 3-H), 2.90 (dd, J32 = 4.5 Hz, J33 = 16.8 Hz, 1H, 3'-H), 3.90 (dd,

Jo3 =4.5Hz, J23=6.8 Hz, 1H, 2-H), 4.16—4.27 (m, 4H, 5-H and 8-H) ppm.

13C NMR (100 MHz, CDCl3): & = -1.4 (C-7 and C-10), 17.5 (C-6 and C-9), 38.0 (C-3),
51.1 (C-2), 63.5 and 64.3 (C-5 and C-8), 171.4 (C-1 and C-4) ppm.
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HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C14H32NO4Si2: 333.1792 [M];
calcd. for [M+H]*: 334.1870, found: 334.1862; calcd. for [M+Na]*: 356.1689, found:
356.1683.

Bis(2-(trimethylsilyl)ethyl)-N-(2,4-dimethoxybenzyl)-L-aspartate (70)

10

| 0 AcOH (kat.) | 6 O

qi 1.1eq 83 Sai 18

Si Si9 . ~

; \/\O)K: 15eqNaBHy(CN) . \/\0)41\:3'3 .0

~ o _~ MeOH, 2 h, rt Y o1~ 12 8,

3O R a R

o) 7 o) 17 o~
16
82 70

82 (5.50 g, 16.4 mmol, 1.0 eq) was dissolved in Methanol (200 mL) and six drops of
acetic acid were added. 2,4-dimethoxybenzaldehyde (83, 3.02 g, 18.2 mmol, 1.1 eq)
was added to the solution and within 30 seconds sodium cyanoborohydride (1.56 g,
24.8 mmol, 1.5 eq) was added in one portion. The solution was stirred 2 h at rt. The
solvent was removed under vacuo and the residue dissolved in diethyl ether (200 mL).
The organic phase was washed with water (1 x 100 mL). The organic phase was dried
over sodium sulfate and the solvent was removed under vacuo. Purification of the
crude product using column chromatography (NP-silica, cyclohexane:ethyl acetate 9:1,
changing to 3:1 after 100 mL) afforded the product as a colorless oil (6.55 g,
13.6 mmol, 83%).

Rf (cyclohexane:ethyl acetate 2:1): 0.62.

H NMR (700 MHz, CDCls) & = 0.02 and 0.03 (s, 18H, 7-H and 10-H), 0.95-0.99 (m,
4H, 6-H and 9-H), 2.68 (dd, Js2 = 6.6 Hz, Js3 = 15.9 Hz, 1H, 3-H), 2.76 (dd,
Js2=6.1 Hz, J33=15.9 Hz, 1H, 3"-H), 3.65 (t, J23 and 3 = 6.4 Hz, 1H, 2-H), 3.78 (d,
Jiinm = 12.4 Hz, 2H, 11-H), 3.78 (s, 3H, 18-H), 3.80 (s, 3H, 19-H), 4.14-4.17 (m, 4H,
5-H and 8-H), 6.41-6.42 (m, 2H, 14-H and 17-H), 7.15 (d, J16.17 = 8.0 Hz, 16-H) ppm.

3C NMR (175 MHz, CDCI3): d = -1.4 (C-7 and C-10), 17.4 and 17.5 (C-6 and C-9),
37.9 (C-3),47.0 (C-11), 55.4 and 55.5 (C-18 and C-19), 57.1 (C-2), 63.1 (C-5 or C-8),
63.6 (C-5 or C-8), 98.6 (C-16), 103.9 (C-14), 119.6 (C-12), 130.7 (C-17), 158.8 (C-13),
160.5 (C-15), 171.2 and 173.4 (C-1 and C-4) ppm.
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HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C23H41NOeSi2: 483.2472 [M];
calcd. for [M+H]*: 484.2551, found: 484.2549; calcd. for [M+Na]*: 506.2365, found:
506.2358.

Bis[2-(trimethylsilyDethyll] ((2Z,4E)-5-bromo-3-hydroxypenta-2,4-dienoyl)-L-aspartate
(enol-84) in eaquilibrium with bis[2-(trimethylsily)ethyl] (E)-(5-bromo-3-oxopent-4-

enoyl)-L-aspartate (keto-84)

s 9
Si9
_ ) '\/\O)‘lk_3 o OH
1.2 eq amine 82 B 15
~ O_1 _ 13
1.3 eq AgO,CCF; /Si/B\/ SN Br
O O molecular sieves 4 A | 5 H 7w
>L PN THF,0°C,1h  _ 7
S Br > o
s 9
63 “si o

H 15
™ '/6\/0 1 2 W
/Si 5 jo(\u 2 e B
7

84

Powdered molecular sieves (4 A, 1.00 g) was added to a solution of B-ketothioester 63
(1.20 g, 4.52 mmol, 1.0 eq) and amine 82 (1.91 g, 5.73 mmol, 1.3 eq) in anhydrous
THF (40 mL). The suspension was stirred for 30 min at rt. Then at 0°C silver triflate
(1.40 g, 6.34 mmol, 1.4 eq) was added to the suspension and the mixture was stirred
for 1 h at 0°C. The reaction mixture was filtered through celite® and the solvent was
removed under vacuo. The resulting brown oil was then resuspended in diethyl ether
(30 mL) and filtered again through celite®. The solvent was removed under vacuo and
the crude product was obtained as a brown viscous oil. Purification of the crude product
using column chromatography (NP-silica, cyclohexane:ethyl acetate 20:1) afforded the
product as a slightly brown oil (1.17 g, 2.30 mmol, 51%).

The product consists of two compounds which results from the keto-enol tautomerism.
The ratio between keto- and enol-form can be determined via "H NMR spectroscopy
by integrating the 2-H-signals and calculating the ratio. The ratio is determined to be
1(keto):2(enol).

Rf (cyclohexane:ethyl acetate 4:1): 0.40.
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"H NMR (700 MHz, CDCls) enol-84: & = 0.03 and 0.04 (s, 18H, 7-H and 10-H), 0.96—
1.02 (m, 4H, 6-H and 9-H), 2.84 (dd, J32 = 4.5 Hz, J33 = 17.2 Hz, 1H, 3-H), 3.03 (dd,
J32=4.3 Hz, J33=17.2 Hz, 1H, 3'-H), 4.15-4.21 (m, 4H, 5-H and 8-H), 4.83 (ddd,
J2o3 = 4.3 Hz, Jo3= 4.5 Hz, Janw= 7.9 Hz, 1H, 2-H), 4.93 (s, 1H, 12-H), 6.36 (d,
JINH2 = 7.9 Hz, 1H, NH), 6.42 (d, J14,15 = 13.6 Hz, 1H, 14-H), 7.18 (d, J15,14 = 13.6 Hz,
1H, 15-H), 13.10 (s (br), 1H, 13-OH) ppm.

Keto-84: & = 0.04 (overlayed s, 18H, 7-H and 10-H), 0.96-1.02 (m, 4H, 6-H and 9-H),
2.81(dd, J32=4.6 Hz, J33 =17.1 Hz, 1H, 3-H), 3.00 (dd, J32=4.4 Hz, J33=17.1 Hz,
1H, 3‘-H), 3.53 (s, 2H, 12-H), 4.15-4.21 (m, 2H, 5-H or 8-H), 4.22—4.28 (m, 2H, 5-H or
8-H), 4.81 (ddd, J23 = 4.4 Hz, J23 = 4.6 Hz, Jonu = 8.0 Hz, 1H, 2-H), 6.89 (d,
J1a15 = 14.0 Hz, 1H, 14-H), 7.52 (d, Jnw2 = 8.0 Hz, 1H, NH), 7.71 (d, J1514 = 14.0 Hz,
1H, 15-H) ppm.

13C NMR (175 MHz, CDCls) enol-84: & = —1.4 (C-7 and C-10), 17.5 (C-6 and C-9),
36.6 (C-3), 49.0 (C-2), 63.6-64.7 (3 s, C-5 and C-8), 93.2 (C-12), 116.9 (C-15),
131.9 (C-14), 165.7 (C-13), 170.7 (C-1), 171.0 (C-11), 171.1 (C-4).

Keto-84: —1.4 (C-7 and C-10), 17.5 (C-6 and C-9), 36.4 (C-3), 47.9 (C-12), 48.4 (C-2),
63.6-64.7 (3 s, C-5 and C-8), 129.2 (C-15), 136.0 (C-14), 165.0 (C-1), 170.5 (C-11),
171.3 (C-4), 191.4 (C-13) ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C19H34BrNOeSi2: 507.1108 [M];

calcd. for [M+H]*: 508.1181, found: 508.1176; calcd. for [M+Na]*: 530.1000, found:
530.0996.
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Bis[2-(trimethylsilyl)ethyl] (Z)-N-((2Z,4 E)-5-bromo-3-hydroxypenta-2,4-dienoyl)-N-
(2,4-dimethoxybenzyl) L-aspartate (Z-enol-67) in equilibrium with bis[2-
(trimethylsilylethyl] (Z2)-N-[(4E)-5-bromo-3-oxopent-4-enoyl)-N-(2,4-dimethoxybenzyl)
L-aspartate (Z-keto-67)

1.2 eq amine 70
1.3 eq AgO,CCF3

>L O O molecular sieves 4 A
PPN THF, 0°C,1h
S 7 Br -

63

67

Powdered molecular sieves (4 A, 200 mg) was added to a solution of
B-ketothioester 63 (110 mg, 0.42 mmol, 1.5 eq) and amine 70 (134 mg, 0.28 mmol,
1.0 eq) in anhydrous THF (10 mL). The suspension was stirred for 30 min at rt. Silver
triflate (91.8 mg, 0.42 mmol, 1.5 eq) was added to the suspension and the mixture was
stirred for 16 h at rt. The reaction mixture was filtered through celite® and the solvent
was removed under vacuo. The resulting brown oil was then resuspended in diethyl
ether (20 mL) and filtered again through celite®. The solvent was removed under vacuo
and the crude product was obtained as a brown viscous oil. Purification of the crude
product using column chromatography (NP-silica, cyclohexane:ethyl acetate 9:1)
afforded the product as a red brown solid (171 mg, 0.27 mmol, 97%).

The product consists of at least two compounds which results from the keto-enol
tautomerism and the rotation of the amide bond. The main compound is the
Z-enol-form. The ratio between Z-keto- and Z-enol-form can be determined via
"H-NMR spectroscopy by integrating the 2-H-signals and calculating the ratio. The ratio
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is determined to be 1(Z-keto):2(Z-enol). Due to overlapping only the signals of the

Z-enol-form can be unambiguously assigned.

Rf (cyclohexane:ethyl acetate 4:1): 0.55.

H NMR (700 MHz, CDCl3) Z-enol-67: & = 0.00 (s, 9H, 7-H or 10-H), 0.01 (s, 9H, 7-H
or 10-H), 0.82—1.04 (m, 4H, 9-H and 6-H), 2.52 (dd, J32 = 5.9 Hz, J33 = 16.8 Hz, 1H,
3-H), 3.25 (dd, Js.2 = 7.5 Hz, J33 = 16.8 Hz, 1H, 3*-H), 3.79 (s, 3H, 23-H), 3.80 (s, 3H,
24-H), 4.04-4.19 (m, 4H, 8-H and 5-H), 4.49 (s, 2H, 16-H), 4.66 (dd as t, J23 = 5.9 Hz,
Jo3 = 7.5 Hz, 1H, 2-H), 5.20 (s, 1H, 12-H), 6.41 (d, J1a.15 = 11.4 Hz, 1H, 14-H), 6.41—
6.46 (m, 2H, 19-H and 22-H), 7.15-7.18 (m, 2H, 15-H and 21-H), 13.88 (s, 1H, 13-OH)
ppm.

13C NMR (175 MHz, CDCls) Z-enol-67: & = —1.5 and —1.4 (C-7 and C-10), 17.3 (C-6
and C-9), 35.0 (C-3), 47.7 (C-16), 55.3 (C-24), 55.4 (C-23), 63.1 (C-5 or C-8), 64.0 (C-5
or C-8), 90.6 (C-12), 98.5 (C-19), 103.9 (C-21), 116.4 (C-15), 116.7 (C-17),
129.3 (C-22), 132.6 (C-14), 158.0 (C-18), 160.8 (C-20), 166.9 (C-13), 170.2 (C-4),
171.4 (C-1), 172.5 (C-11) ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C2sH4sBrNOsSi2: 657.1789 [M];

calcd. for [M+H]*: 658.1867, found: 658.1856; calcd. for [M+Na]*: 680.1687, found:
680.1672.
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Bis[2-(trimethylsilyl)ethyl] ((2Z,4E)-3-hydroxyhepta-2.4.6-trienoyl)-L-aspartate
(enol-85) in equilibrium with bis[2-(trimethylsilyDethyl] (E)-(3-oxopent-4,6-dienoyl)-L-
aspartate (keto-85)

10
| 0]

~ | 8
/S'\Q/\O%J\_&?" O OH H 17
. . . = 15
0 1.0 eq tributyl(vinyljtin < 0~ )J\/W
\S! )J\ 12 mol-% AsPhs /81/6\5/ \”/2\” " 12 14 16 Hip
SN0 > O OH 2 mol-% Pd,(dba); )
O W NMP, rt, 1.5 h .~
si Y ON Br
\S! 8 )J\
84 ; '\9/\0 433 o 0 H 17
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B 15
~ _/\/O 1 A )J\/lw
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/Si ° 3 \([j]/\” 2 o e
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85

At room temperature Pdz2(dba)s (11.0 mg, 0.01 mmol, 3 mol-%) was added to a solution
of tributyl(vinyhtin (68, 127 uL, 126.7 mg, 0.40 mmol, 1.0 eq), B-ketoamide 84
(264.2 mg, 0.52 mmol, 1.3 eq) and triphenylarsane (20.8 mg, 0.07 mol, 17 mol-%) in
1-methylpyrrolidin-2-one (10 mL). The mixture is stirred for 4 h and glacial acetic acid
(2 mL) was added. Then the orange solution was stirred for 15 min.
2-Methoxy-2-methylpropane (50 mL) and a brine (30 mL) were added to the solution.
The organic phase was separated from the aqueous phase, washed with brine
(3 x 25 mL), and dried over sodium sulfate. The solvent was removed under vacuo
and the oily residue was purified using column chromatography (NP-silica,
toluene:ethyl acetate 9:1). The product was obtained as a slightly brown oil (90.0 mg,
0.20 mmol, 50%).

The product consists of two compounds which results from the keto-enol tautomerism.
The ratio between keto- and enol-form can be determined via "H-NMR spectroscopy
by integrating the 2-H-signals and calculating the ratio. The ratio is determined to be
1.4(keto):1(enol).

Rf (toluene:ethyl acetate 9:1): 0.40.

H NMR (700 MHz, CDCls) enol-85: & = 0.00 (s, 18H, 7-H and 10-H), 0.92—1.02 (m,
4H, 6-H and 9-H), 2.83 (dd, Js2 = 4.6 Hz, Js3 = 17.3 Hz, 1H, 3-H), 3.00 (dd,
Jy2=4.5Hz, J33 = 17.3 Hz, 1H, 3-H), 4.10-4.28 (m, 4H, 5-H and 8-H), 4.79-4.87 (m,
1H, 2-H), 4.97 (s, 1H, 12-H), 5.31 (d, Ji716=10.1 Hz, 1H, 17-H), 5.45 (d,
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Ji716 =16.9 Hz, 1H, 17-H), 585 (d, Jus15=152 Hz, 1H, 14-H), 6.37 (d,
JINH2 =156 Hz, 1H, NH), 6.39 (m, 1H, 16-H), 6.98 (dd, Ji516=11.0 Hz,
Ji514 = 15.2 Hz, 1H, 15-H), 13.10 (s, 1H, 13-OH) ppm.

Keto-85: 6 = 0.00 (s, 18H, 7-H and 10-H), 0.92-1.02 (m, 4H, 6-H and 9-H), 2.79 (dd,
J32=4.7Hz, J33=17.0 Hz, 1H, 3-H), 2.97 (dd, J32 = 4.5 Hz, J33 = 17.0 Hz, 1H, 3'-H),
3.57 (s, 2H, 12-H), 4.10-4.28 (m, 4H, 5-H and 8-H), 4.79-4.87 (m, 1H, 2-H), 5.59 (d,
Jir1e=10.0 Hz, 1H, 17-H), 5.70 (d, J1716=16.9 Hz, 1H, 17-H), 6.22 (d,
Jia15=15.6 Hz, 1H, 14-H), 6.45 (ddd, Jiwe17=10.0 Hz, J15=10.9 Hz,
J16,17 = 16.9 Hz, 1H, 16-H), 7.21 (dd, J1516 = 10.9 Hz, J1514 = 15.6 Hz, 1H, 15-H),
7.78 (d, UnH2 = 8.1 Hz, 1H, NH) ppm.

13C NMR (175 MHz, CDCls) enol-85: & = 0.0 (C-7 and C-10), 17.4 (C-6 and C-9),
36.6 (C-3), 48.3 (C-2), 64.5 (C-5 and C-8), 93.2 (C-12), 122.4 (C-17), 126.6 (C-14),
135.7 (C-16), 136.4 (C-15), 167.7 (C-11), 170.9 (C-1), 171.2 (C-4), 171.3 (C-13) ppm.
Keto-85: 0.0 (C-7 and C-10), 17.4 (C-6 and C-9), 36.4 (C-3), 47.1 (C-12), 48.9 (C-2),
63.5 (C-5 and C-8), 128.1 (C-17), 129.7 (C-14), 135.0 (C-16), 145.0 (C-15),
165.8 (C-11), 170.6 (C-1), 170.9 (C-4), 194.7 (C-13) ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C21H37NOeSi2: 455.2159 [M];
calcd. for [M+H]*: 456.2232, found: 456.2221; calcd. for [M+Na]*: 478.2052, found:
478.2041.

Bis[2-(trimethylsily)ethyl] N-(2,4-dimethoxybenzyl)-N-((2Z,4E)-3-hydroxyhepta-2.,4,6-
trienoyl)-L-aspartate (65)

10

| e} 1.2 eq tributyl(vinyl)tin | (o)
Sl 30 mol-% AsPh; Sai 8 17
/SI\/\OJ\: O OH 10 mol-% Pd,(dba)s /S'\g/\o)J\ﬁ?" O OH H
o. )W THF, rt, 16 h . _ Ot -
ST TN " ST TN -
RS o T
\O O/ /O
25
67 65

At room temperature Pd2(dba)s (4.0 mg, 4 pmol, 10 mol-%) was added to a solution of

tributyl(vinyl)tin (68, 14.6 uL, 15.9 mg, 50 umol, 1.2 eq), alkenyl bromide 67 (28.0 mg,

43 pmol, 1.0 eq) and triphenylarsane (4.0 mg, 13 umol, 30 mol%) in absolute
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tetrahydrofuran (2 mL). The mixture was stirred for 16 h. Then water (10 mL) and
diethyl ether (10 mL) were added, and the organic phase was separated. The aqueous
phase was then extracted with diethyl ether (3 x 15 mL). The combined organic phases
were washed with brine (3 x 20 mL) and dried over sodium sulfate. The solvent was
removed under vacuo and the crude product was obtained as a brown oil. Purification
of the brown oily residue by column chromatography (NP-silica, cyclohexane:ethyl
acetate 10:1) afforded the title compound as a slightly yellow oil (16.6 mg, 27 umol,
64%).

This compound consists of at least two compounds due to keto-enol tautomerism and
amide bond rotation. However, only the signals for the enol-form can be assigned

unambiguously.
Rf (cyclohexane:ethyl acetate 4:1): 0.43.

H NMR (700 MHz, CDCl3) Z-enol-65: 5 = 0.01 (s, 9H, 7-H or 10-H), 0.02 (s, 9H, 7-H
or 10-H), 0.87-0.98 (m, 4H, 9-H and 6-H), 2.53 (dd, J32 = 5.8 Hz, Js3 = 16.8 Hz, 1H,
3-H), 3.26 (dd, J.2 = 7.6 Hz, J.3 = 16.8 Hz, 1H, 3-H), 3.79 (s, 3H, 25-H), 3.80 (s, 3H,
26-H), 4.08-4.19 (m, 4H, 8-H and 5-H), 4.51 (s, 2H, 18-H), 4.67 (dd ast, J23 = 5.8 Hz,
Joy = 7.6 Hz, 1H, 2-H), 5.24 (s, 1H, 12-H), 5.32 (d, J17.16 = 10.2 Hz, 1H, 17"-H), 5.46
(d, Ji716=16.9Hz, 1H, 17-H), 5.87 (d, Jia1s=15.2Hz, 1H, 14-H), 6.38 (ddd,
Ji647 = 10.2 Hz, J1615 = 11.0 Hz, Ji6.17 = 16.9 Hz, 1H, 16-H), 6.41-6.45 (m, 2H, 21-H
and 23-H), 7.21 (d, J2s23 = 8.2 Hz, 1H, 24-H), 13.87 (s, 1H, 13-OH) ppm.

13C NMR (175 MHz, CDCls) Z-enol-65: 5 = —1.4 (C-7 and C-10), 17.3 (C-6 and C-9),
35.2 (C-3), 47.7 (C-18), 55.4 (C-26), 55.5 (C-25), 63.2 and 64.0 (C-5 and C-8),
90.8 (C-12), 98.5 (C-21), 103.9 (C-23), 116.8 (C-19), 122.5 (C-17), 127.4 (C-14),
129.3 (C-24), 135.8 (C-16), 136.4 (C-15), 158.1 (C-20), 160.7 (C-22), 169.1 (C-13),
170.5 (C-4), 171.5 (C-1), 172.7 (C-11) ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C3oH47NOsSi2: 605.2840 [M];

calcd. for [M+H]": 606.2913, found: 606.2907; calcd. for [M+Na]*: 628.2732, found:
628.2724.
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2-(Trimethylsilyl)ethyl 2-((S,2)-1-(2,4-dimethoxybenzyl)-4-(( E)-1-hydroxypenta-2.4-
dien-1-ylidene)-3,5-dioxopyrrolidin-2-yl)acetate (86)
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At room temperature a freshly prepared tetra-n-butylammonium fluoride trihydrate
solution in tetrahydrofuran (1M, 57.8 pL, 57.8 umol, 3.5 eq) was added to a solution of
65 (10.0 mg, 16.5 umol, 1.0 eq) in tetrahydrofuran (1 mL) and the mixture was stirred
for 30 min at rt. The solvent was removed under vacuo and the residue was dissolved
in 500 yL methanol and purified by RP-HPLC (column: Kromasil C18, 100A,
2508 mm, 5 ym, A: H20 with 0.1% formic acid, B: acetonitrile with 0.1% formic acid,
50% B — 100% B in 30 min, then 100% B 10 min, product retention time at 31.2 min).
The product was obtained as a yellow oil (4.7 mg, 9.6 umol, 58%).

Rf (cyclohexane:ethyl acetate 3:2): 0.49.

TH NMR (700 MHz, CDCI3): & = 0.00 (s, 9H, 14-H), 0.88 (t, J13,12 = 8.8 Hz, 2H, 13-H),
2.82 (dd, J54=5.7 Hz, J5s5 = 16.4 Hz, 1H, 5-H), 2.92 (dd, J54 = 3.8 Hz, J5 5 = 16.4 Hz,
1H, 5’-H), 3.79 (s, 3H, 22-H), 3.80 (s, 3H, 23-H), 3.86 (dd, Js5 = 3.8 Hz, J45 = 5.7 Hz),
4.00-4.12 (m, 2H, 12-H), 4.24 (d, J15,15 = 14.9 Hz, 1H, 15-H), 4.91 (d, J15,15 = 14.9 Hz,
1H, 15’-H), 5.58 (d, J11,10 = 10.2 Hz, 1H, 11’-H), 5.69 (d, J11,10 = 16.9 Hz, 1H, 11-H),
6.41-6.47 (m, 2H, 20-H and 21-H), 6.58 (dt, J10,11and9 = 10.5 Hz, J10,11 = 16.9 Hz, 1H,
10-H), 7.20 (d, Js,0 = 8.8 Hz, 1H, 8-H), 7.22 (s (br), 1H, 18-H), 7.41 (dd, Jo,s = 11.0 Hz,
Jo,10 = 15.4 Hz, 1H, 9-H) ppm.

13C NMR (175 MHz, CDCls): & = —1.4 (C-14), 17.3 (C-13), 34.1 (C-5), 38.1 (C-15),
55.5 (C-22 and C-23), 61.4 (C-4), 63.4 (C-12), 98.6 (C-20), 101.3 (C-2), 104.7 (C-21),
116.3 (C-16), 122.7 (C-8), 127.2 (C-11), 131.5 (C-18), 135.9 (C-10), 144.0 (C-9),
158.5 (C-17), 161.0 (C-19), 169.6 (C-6), 172.8 (C-7), 173.7 (C-1), 193.7 (C-3) ppm.
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HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C2sH3sNO7Si: 487.2026 [M];
calcd. for [M+H]*: 488.2099, found: 488.2095; calcd. for [M+Na]*: 510.1919, found:
510.1910.

2-((S,2)-1-(2,4-Dimethoxybenzyl)-4-((E)-1-hydroxypenta-2.4-dien-1-ylidene)-3,5-
dioxopyrrolidin-2-yl)acetic acid (87)
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At 0°C a freshly prepared tetra-n-butylammonium fluoride trihydrate solution in
tetrahydrofuran (1M, 106 pL, 106 umol, 2.5 eq) was added to a solution of 86 (20.7 mg,
42.5 ymol, 1.0 eq) in tetrahydrofuran (2 mL) and the mixture was warmed up to rt and
stirred for 3 h. An additional 2.5 eq of tetra-n-butylammonium fluoride trihydrate
solution in tetrahydrofuran (1M, 106 pL, 106 umol, 2.5 eq) were added to the mixture
at rt. Then the mixture was heated to 60°C for 4 h. The solvent was removed under
vacuo and the residue was dissolved in 1 mL methanol, and after centrifugation purified
by RP-HPLC (column: Kromasil C18, 100A, 250%x20 mm, 7 um, A: H20 with 0.1%
formic acid, B: acetonitrile with 0.1% formic acid, 30% B — 100% B in 30 min, then
100% B 10 min, product retention time at 19.6 min). After lyophilization the product

was obtained as a brown solid (2.7 mg, 7.0 umol, 16%).

'H NMR (600 MHz, DMSO-de): & = 2.69 (d, Js4 = 15.7 Hz, 1H, 5-H), 2.79 (d,
Js4=14.9 Hz, 1H, 5-H), 3.74 (s, 3H, 22-H), 3.78 (s, 3H, 23-H), 3.84-3.94 (m, 1H,
4-H), 4.20 (d, J1313 = 15.0 Hz, 1H, 13-H), 4.72 (d, J13,13 = 15.0 Hz, 1H, 13’-H), 5.65 (s
(br), 1H, 11’-H), 5.85 (d, J11,10 = 14.4 Hz, 1H, 11-H), 6.48 (d, J19,18 = 8.3 Hz, 1H, 19-H),
6.56 (d, J1s,19 = 2.0 Hz, 18-H), 6.60-6.76 (m, 1H, 10-H), 7.03—-7.21 (m, 2H, 16-H and
8-H), 7.39 (s (br), 1H, 9-H), 12.39 (s (br), 1H, 7-OH) ppm.

13C NMR (150 MHz, DMSO-ds): & = 33.1 (C-5), 37.8 (C-13), 55.2 and 55.5 (C-20 and
C-21), 61.1 (C-4), 98.3 (C-18), 104.8 (C-19), 115.6 (C-14), 129.8 (C-16), 130.2 (C-8),
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135.6 (C-10), 158.0 (C-15), 160.2 (C-17), 170.7 (C-6) ppm. C-1, C-2, C-3, C-7, C-9

and C-11 were not detected.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C20H21NO7: 387.1318 [M]; calcd.
for [M+H]*: 388.1391, found: 388.1387; calcd. for [M+Na]*: 410.1210, found: 410.1205.
Negative ion mode: calcd. for [M-H]: 386.1245, found: 386.1245

Tributyl((1E,3E)-penta-1,3-dien-1-yl)stannane (69)

1.) 1.1 eq nBuLi,
2 eq LiBr,
THF, —80 °C to rt,
0.5hatrt

2.) 1 eq aldehyde 71,

@ THF, 0.5 h, -80 °C 2 4
PhsP™\ BT 3371 eq nBuLl, BUSSINNAN, |
THF, —80 °C to t, 3
0.5hatrt
4.)1.1 eq tBUOH, 69
1.5 eq KO1Bu,

-80°Ctort,1Thatrt

At —-80°C a solution of n-butyllithium in hexanes (2.5M, 128 uL, 0.32 mmol, 1.1 eq) was
added to a suspension of ethyltriphenylphosphonium bromide (143 mg, 0.39 mmol,
1.3 eq) and anhydrous LiBr (55.4 mg, 0.64 mmol, 2.2 eq) in THF (4 mL). The mixture
was allowed to warm up to room temperature, stirred for 0.5 h and turned dark orange
in color. The reaction mixture was cooled down to —80°C to be treated with a solution
of trans-3-(tributylstannyl)-2-propen-1-al (71, 100 mg, 0.29 mmol, 1.0 eq) in THF
(1 mL) and a few minutes later, complete decolorization occurred. After stirring for 0.5 h
at —80°C, a solution of n-butyllithium in hexanes (2.5M, 128 pL, 0.32 mmol, 1.1 eq)
was added to the mixture and the mixture was allowed to warm up to room
temperature, stirred for 0.5 h and turned dark brown in color. The reaction mixture was
cooled down to —80°C to be treated with tert-butyl alcohol (93.5 uL, 0.99 mmol, 3.4 eq)
and potassium tert-butoxide (48.8 mg, 0.44 mmol, 1.5 eq) in this order. After stirring
for 1 h at room temperature pentane (5 mL) and water (10 mL) were added to the
reaction mixture and allowed to warm up to room temperature. The aqueous phase
was extracted with pentane (3 x 10 mL) and the combined organic phases were dried
over sodium sulfate. The solvent was removed under vacuo and the crude product
purified by column chromatography (silica, cyclohexane). The product was obtained

as a slightly yellow oil (82.0 mg, 0.23 mmol, 79%).
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Rf (cyclohexane): 0.82.

1H NMR (300 MHz, CDCls): 8 = 0.91 (t, J = 7.2 Hz, 18H, SnCH2CH2CH2CHs and
SnCH2), 1.20-1.39 (m, 6H, SnCH2CH2CH2:CHs), 1.42-1.63 (m, 6H,
SNCH2CH2CH2CH3), 1.76 (dd, Js.4 = 6.7 Hz, Js3 = 1.3 Hz, 3H, 5-H), 5.56-5.76 (m, 1H,
4-H), 5.87-6.20 (m, 2H, 1-H and 3-H), 6.48 (dd, J = 18.8, 9.8 Hz, 1H, 2-H) ppm.

3C NMR (75 MHz, CDCl3): 3 = 9.6 (SnCH2CH2CH2CH3), 13.8 (SnCHz2), 18.1 (C-5),
27.4 (SNCH2CH2CH2CH3), 29.3 (SnCH2CH2CH2CH3), 128.7 (C-4), 130.6 (C-1 or C-3),
135.2 (C-3 or C-1), 147.2 (C-2) ppm.

Bis[2-(trimethylsilyethyl] N-(2,4-dimethoxybenzy!)-N-((2Z,4E 6 E 8 E)-3-hydroxydeca-
2.4.6,8-tetraenoyl)-L-aspartate (66)
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At room temperature Pdz(dba)s (19.3 mg, 0.02 mmol, 10 mol-%) was added to a
solution of stannane 69 (82.7 mg, 0.23 mmol, 1.1 eq), alkenyl bromide 67 (138 mg,
0.21 mmol, 1.0 eq) and triphenylarsane (19.3 mg, 0.06 mmol, 30 mol-%) in absolute
tetrahydrofuran (20 mL). The mixture was stirred for 16 h. Then water (10 mL) and
diethyl ether (10 mL) were added, and the organic phase was separated. The aqueous
phase was then extracted with diethyl ether (3 x 15 mL). The combined organic phases
were washed with brine (3 x 20 mL) and dried over sodium sulfate. The solvent was
removed under vacuo and the crude product was obtained as a brown oil. Purification
of the brown oily residue by column chromatography (silica, cyclohexane:ethyl acetate
stepwise gradient from 100:0 to 95:5) afforded the title compound as an orange oil
(113 mg, 0.17 mmol, 83%).

This compound consists of at least two compounds due to keto-enol tautomerism and
amide bond rotation. However, only the signals for the enol-form can be assigned

unambiguously.
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Rf (cyclohexane:ethyl acetate 4:1): 0.40.

H NMR (700 MHz, CDCl3) Z-enol-66: 5 = 0.01 (s, 9H, 7-H or 10-H), 0.02 (s, 9H, 7-H
or 10-H), 0.87—0.98 (m, 4H, 9-H and 6-H), 1.80 (d, J20.19 = 6.8 Hz, 3H, 20-H) 2.53 (dd,
Js2=5.7 Hz, Js3 = 16.8 Hz, 1H, 3-H), 3.22-3.32 (m, 1H, 3'-H), 3.78-3.81 (m, 6H, 28-H
and 29-H), 4.05-4.20 (m, 4H, 8-H and 5-H), 4.46-4.54 (m, 2H, 21-H), 4.66 (dd as t,
J2.3and3 = 6.1 Hz, 1H, 2-H), 5.19 (s, 1H, 12-H), 5.81 (d, J14.15 = 15.2 Hz, 1H, 14-H), 5.85
(dq, J19.20 = 7.5 Hz, Jio1s = 14.6 Hz, 1H, 19-H), 6.08-6.18 (m, 2H, 16-H and 18-H),
6.41 (dd, Ji7.18 = 10.3 Hz, J17.16 = 14.2 Hz, 1H, 17-H), 6.41-6.46 (m, 2H, 26-H and
27-H), 7.04 (dd, Ji5.16 = 11.3 Hz, Ji5.14 = 15.0 Hz, 1H, 15-H), 7.21 (d, Jea26 = 8.2 Hz,
1H, 24-H), 13.91 (s (br), 1H, 13-OH) ppm.

13C NMR (175 MHz, CDCl3) Z-enol-66: & = —1.4 (C-7 and C-10), 17.4 (C-6 and C-9),
18.7 (C-20), 35.2 (C-3), 47.6 (C-21), 55.4 (C-28), 55.5 (C-29), 57.0 (C-2), 63.1 and
64.0 (C-5and C-8), 90.1 (C-12), 98.5 (C-27), 103.9 (C-26), 116.9 (C-22), 125.7 (C-14),
128.9 (C-16 or C-18), 129.3 (C-24), 131.7 (C-16 or C-18), 133.4 (C-19), 136.5 (C-15),
138.3 (C-17), 158.1 (C-23), 160.7 (C-25), 169.6 (C-13), 170.6 (C-4), 171.6 (C-1),
172.9 (C-11) ppm.

2-(TrimethylsilyDethyl 2-((S,Z2)-1-(2,4-dimethoxybenzy!)-4-((2E.4E .6 E)-1-hydroxyocta-
2.4 .6-trien-1-ylidene)-3,5-dioxopyrrolidin-2-yl)acetate (89)
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At rt a freshly prepared tetra-n-butylammonium fluoride trihydrate solution in
tetrahydrofuran (1M, 540 uL, 0.54 mmol, 3.5 eq) was added dropwise to a solution of
66 (100 mg, 0.15 mmol, 1.0 eq) in tetrahydrofuran (15 mL) and the mixture was stirred
for 1.5 h min at rt. Then the mixture was stirred for 1.5 h at 45°C. The mixture was
allowed to cool down to room temperature and the solvent was removed under vacuo.

The residue was dissolved in 2 mL methanol and purified by RP-HPLC (column:
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Kromasil C18, 100A, 2508 mm, 5 ym, A: H20 with 0.1% formic acid, B: acetonitrile
with 0.1% formic acid, 30% B — 100% B in 20 min, then 100% B 15 min, product
retention time at 31.2 min). After lyophilization the product was obtained as a yellow
solid (32.0 mg, 0.07 mmol, 49%).

Rf (acetonitrile:water 7:3 with formic acid, RP-TLC): 0.40.

"H NMR (700 MHz, DMSO-ds): & = 1.83 (d, J14,13 = 6.1 Hz, 3H, 14-H), 2.69 (dd,
Js4=5.5Hz, Js5 =16.9 Hz, 1H, 5-H), 2.80 (dd, J54 = 3.2 Hz, J5 5 = 16.8 Hz, 1H, 5’-H),
3.74 (s, 3H, 23-H), 3.77 (s, 3H, 23-H), 3.86 (s (br), 1H, 4-H), 4.21 (d, J15,15 = 15.1 Hz,
1H, 15-H), 4.73 (d, Ji1515=15.1Hz, 1H, 15-H), 6.09 (dq, J1314=7.4 Hz,
J1315 = 14.3 Hz, 1H, 13-H), 6.30 (dd, Ji2,11 =13.5 Hz, J12,13 = 11.3 Hz, 1H, 12-H),
6.41-6.52 (m, 2H, 10-H and 21-H), 6.56 (d, J2021 = 2.2 Hz, 1H, 20-H), 6.85 (dd,
J11,12 = 11.1 Hz, J11,10 = 14.7 Hz, 1H, 11-H), 7.03 (d, Js,9 = 15.1 Hz, 1H, 8-H), 7.13 (d,
Jis20 = 7.8 Hz, 1H, 18-H), 7.47 (dd, Jo,10 = 11.7 Hz, Jos = 15.0 Hz, 1H, 9-H), 12.36 (s
(br), 1H, 7-OH or 6-OH) ppm.

13C NMR (175 MHz, CDCl): & = 18.5 (C-14), 33.0 (C-5), 37.8 (C-15), 55.2 and
55.5 (C-22 and C-23), 61.1 (C-4), 98.4 (C-20), 100.2 (C-2), 104.9 (C-21), 115.8 (C-16),
119.6 (C-8), 128.7 (C-10), 130.3 (C-18), 131.7 (C-12), 137.1 (C-13), 144.3 (C-9),
158.0 (C-17), 160.3 (C-19), 170.7 (C-6), 170.9 (C-7), 173.2 (C-1), 193.0 (C-3) ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C23H2sNO7: 427.1631 [M]; calcd.
for [M+H]*: 428.1704, found: 428.1702; calcd. for [M+Na]*: 450.1523, found: 450.1523.
Negative ion mode: calcd. for [M-H]: 426.1558, found: 426.1539.

2-((S,2)-4-((2E ,4E 6 E)-1-hydroxyocta-2,4,6-trien-1-ylidene)-3,5-dioxopyrrolidin-2-
yl)acetic acid (30)

OH 3.5 eq TBAF 0 OH

(0] 9 1 13
5 W THF, 1t,05h 12 LA A
N HN , 8 10 12 14
>’OH

9

8
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At room temperature thioanisole (180 uL, 1.54 mmol, 30 eq) and trifluoroacetic acid
(1.2 mL) were added to a solution of 89 (22.0 mg, 51.5 pmol, 1.0 eq) in
dichloromethane (2.8 mL) and the mixture was stirred for 2 h at rt. Dichloromethane
(5 mL) and water (5 mL) were added to the mixture and the organic phase was
separated. The aqueous phase was then extracted with dichloromethane (3 x 5 mL).
The combined organic phases were washed with brine (3 x 20 mL) and dried over
sodium sulfate. The solvent was removed under vacuo and the residue was dissolved
in 2 mL methanol and purified by RP-HPLC (column: Kromasil C18, 100A, 250%x8 mm,
5 um, A: H20 with 0.1% formic acid, B: acetonitrile with 0.1% formic acid, 40% B
isocratic, product retention time at 20.7 min). After lyophilization the product was

obtained as a yellow solid (8.3 mg, 29.9 umol, 58%).

H NMR (700 MHz, DMSO-de): & = 1.83 (d, J14,13 = 6.6 Hz, 3H, 14-H), 2.58 (dd,
Js4=6.4 Hz, Js5 =16.7 Hz, 1H, 5-H), 2.64 (dd, J54 = 4.5 Hz, Js 5 = 16.8 Hz, 1H, 5’-H),
4.07 (s (br), 1H, 4-H), 6.08 (dq, J13,14 = 7.3 Hz, J13,15 = 14.0 Hz, 1H, 13-H), 6.30 (ddd,
J12,14 = 1.2 Hz, J12,11 = 10.8 Hz, J12,13 = 15.0 Hz, 1H, 12-H), 6.47 (dd, Jos = 11.5 Hz,
Jo,10 = 14.8 Hz 1H, 9-H), 6.84 (dd, J11,12 = 10.7 Hz, J11,10 = 14.7 Hz, 1H, 11-H), 7.03 (d,
Js,9 = 15.3 Hz, 1H, 8-H), 7.46 (dd, Jo,10 = 11.3 Hz, Jos = 15.3 Hz, 1H, 9-H), 8.81 (s (br),
1H, NH), 12.42 (s (br), 1H, 7-OH or 6-OH) ppm.

13C NMR (175 MHz, DMSO-ds): & = 18.6 (C-14), 35.9 (C-5), 58.1 (C-4), 100.2 (C-2),
119.9 (C-8), 128.8 (C-10), 131.8 (C-12), 137.0 (C-13), 143.8 (C-11), 144.2 (C-9),
171.3 (C-6), 172.3 (C-7), 175.3 (C-1), 194.4 (C-3) ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C23H2sNO7: 277.0950 [M]; calcd.

for [M+H]*: 278.1023, found: 278.1028; calcd. for [M+Na]*: 300.0842, found: 300.0849.
Negative ion mode: calcd. for [M-H]: 276.0877, found: 276.0877.
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N-Ethylcystargolide A (103)139

o :
PN 1A

103
1 mL of dry tetrahydrofuran (THF) was added to sodium bicarbonate (4.1 mg,

48.6 ymol, 3.0 eq) under an argon atmosphere and the resulting suspension was
stirred for 5 minutes at RT. Cystargolide A (101, 6.0 mg, 16.2 umol, 1.0 eq) was added
in one portion and the mixture was cooled to 0°C. 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (3.6 mg, 19.0 umol, 1.2 eq) and
1-hydroxybenzotriazole monohydrate (2.9 mg, 19.0 umol, 1.2 eq) were added in
portions over 10 minutes. Ethylamine in tetrahydrofuran (2.0 M, 9.5 pL, 19.0 uymol,
1.2 eq) was then added at 0°C and the mixture was stirred overnight at 0°C. The
sodium bicarbonate was filtered off and washed three times with cold tetrahydrofuran.
The combined filtrates were concentrated to approximately 1 mL at 18°C under
vacuum and purified by semi-preparative HPLC (column: Kromasil 100 C18,
250 x 8 mm, 5 ym, Dr. Maisch, gradient: acetonitrile-water with 0.1% formic acid, 20%
to 80% acetonitrile in 30 minutes at 2.5 mL-min~"). For this purpose, 200 ul of the
concentrated solution was diluted with 400 pl of water in a Hamilton syringe before
injection into the HPLC system. Monitored at 210 nm, N-ethylcystargolide A (103)
eluted at 19 to 21 minutes (yield: 3.5 mg, 9.1 umol, 56%).

"H NMR (600 MHz, DMSO-ds, 303 K): & = 0.85-0.78 (H-4, H-6, H-4’ and H-5",m, 12H),
1.02-0.95 (H-6”, H-7” and H-2"", m, 9H), 1.10-1.04 (m, 1H), 1.50-1.38 (H-5, m, 1H),
1.75-1.64 (H-3, m, 1H), 2.05-1.96 (H-3’, m, 1H), 2.12 (H-5", oct, J = 6.9, 1H), 3.15—
2.93 (H-1"’, m, 2H), 3.53 (H-3"”, dd, J = 8.3, 4.5 Hz, 1H), 4.08 (H-2, t, J = 8.3 Hz, 1H),
4.30-4.24 (H-2’, m, 1H), 5.01 (H-2", d, J = 4.0 Hz, 1H), 8.09-7.91 (H-a and H-c, m,
2H), 8.55-8.48 (H-b, m, 1H) ppm.

13C NMR (150.3 MHz, DMSO-ds, 303 K): & = 10.8 (C-6), 14.6 (C-2"), 15.3 (C-4),
17.9 (C-5'), 19.1 (C-4), 19.2 (C-6"), 19.4 (C-7*), 24.4 (C-5), 26.6 (C-5"), 30.5 (C-3),
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33.2 (C-1"), 36.4 (C-3), 56.9 (C-2), 57.7 (C-2"), 62.7 (C-3“), 70.2 (C-2"), 167.3 (C-1),
170.0 (C-4“), 170.1 (C-1%), 170.3 (C-1) ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C20H3sN30s: 397.2577 [M]; calcd.
for [M+H]*: 398.2649, found: 398.2658; calcd. for [M+Na]*: 420.2469, found: 420.2479.

N-Ethylcystargolide B (104)!139

104

1 mL of dry THF was added to sodium bicarbonate (3.2 mg, 37.9 ymol, 3.0 eq) under
an argon atmosphere and the resulting suspension was stirred for 5 minutes at room
temperature. Cystargolide B (102, 4.5 mg, 12.6 ymol, 1.0 eq) was added in one portion,
and the mixture was cooled to 0°C. EDC-HCI (2.9 mg, 15.0 ymol, 1.2 eq) and HOBt
(2.3 mg, 15.0 umol, 1.2 eq) were added in portions over 10 minutes. Ethylamine in
tetrahydrofuran (2.0 M, 7.5 pL, 15.0 umol, 1.2 eq) was then added and the mixture was
stirred overnight at 0°C. The sodium bicarbonate was filtered off and washed three
times with cold tetrahydrofuran. The combined filtrates were concentrated to
approximately 1 mL at 18°C on vacuum and purified by semi-preparative HPLC
(column: Kromasil 100 C18, 250 x 8 mm, 5 ym, Dr. Maisch, gradient: acetonitrile-water
with 0.1% formic acid, 20 to 80% acetonitrile in 30 minutes at 2.5 mL-min~"). For this
purpose, 200 ul of the concentrated solution was diluted with 400 pl of water in a
Hamilton syringe before injection into the HPLC system. Monitored at 210 nm,
N-ethylcystargolide B (104) eluted at 17 to 20 minutes (yield: 1.6 mg, 4.0 umol, 32%).
TH NMR (600 MHz, DMSO-ds, 303 K): & = 0.85-0.80 (H-4, H-5, H-4’ and H-5’, m, 12H),
1.02-0.96 (H-6”, H-7” and H-2"", m, 9H), 1.91 (H-3, oct, J = 6.8 Hz, 1H), 2.01 (H-3’,
oct, J=7.0 Hz, 1H), 2.16-2.09 (H-5", m, 1H), 3.14-3.00 (H-1"", m, 2H), 3.54 (H-3", dd,
J=8.3,4.2 Hz, 1H), 4.05 (H-2’, dd, J= 8.6, 7.5 Hz, 1H), 4.29 (H-2, dd, J = 8.9, 7.0 Hz,
1H), 5.00 (H-2”, d, J = 4.1 Hz, 1H), 7.95-7.86 (H-a and H-c, m, 2H), 8.51 (H-b, d,
J=8.9 Hz, 1H) ppm.

140



Materials and Methods

13C NMR (150.3 MHz, DMSO-ds, 303 K): & = 14.6 (C-2“), 18.0 (C-5°), 18.4 (C-4),
19.1 (C-4‘), 19.1 (C-5), 19.2 (C-6"), 19.4 (C-7*), 30.4 (C-3), 30.5 (C-3'), 33.2 (C-1*"),
57.7 (C-2), 57.9 (C-2), 62.7 (C-3"), 70.2 (C-2"), 167.4 (C-1“), 170.1 (C-4“),
170.2 (C-1%), 170.2 (C-1) ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for C19H33N30s: 383.2420 [M]; calcd.
for [M+H]*: 384.2493, found: 384.2499; calcd. for [M+Na]*: 406.2312, found: 406.2322.

6.5.2. Synthesis of peptides on solid support
6.5.2.1. Peptide amides 25, 37-51

General Procedure for peptide amides 37-51 and 25:1°4

Loading of rink amide resin:

Fmoc protected TentaGel S RAM resin (150 mg, maximum loading: 0.23 mmol-g™*,
Rapp Polymere, Tubingen, Germany) was subjected to Fmoc removal conditions
(2% DBU and 10% morpholine in 2 mL DMF, 2 x 10 min) and washed with DMF
(83x2mL), DCM (3 x 2 mL) and DMF (3 x 2 mL). The resin was loaded using 5 eq
protected starting amino acid (Fmoc-D-Asn(Trt)-OH or Fmoc-L-Asn(Trt)-OH), 5 eq
HATU, 5 eq HOAt and 6 eq NMM in 2 mL DMF. The loading reaction was run over
night at rt. The resin was washed with DMF (3 x 2 mL), DCM (3 x 2 mL) and DMF
(83 x 2 mL) and then capped using a mixture of DMF/Ac20/pyridine (7/2/1, viviv) for
30 min at rt. After washing with DMF (3 x 2 mL), DCM (3 x 2 mL) and DMF (3 x 2 mL)

the resin was ready for the SPPS procedure.

Solid phase peptide synthesis:

Fmoc-D-Asn(Trt) TG S RAM or Fmoc-L-Asn(Trt) TG S RAM resin (loading:
0.23 mmol-g™', 150 mg, 34.5 ymol scale, TG S RAM, Rapp Polymere) was swollen in
2 mL DMF for 30 min. The Fmoc group was removed by treatment with a solution of
2% DBU/10% morpholine (v/v) in DMF (2 mL) for 3 min and additional 12 min. The
resin-bound residue was submitted to iterative peptide assembly (Fmoc-SPPS) using
2% DBU/10% morpholine (v/v) in DMF (2 mL, 3 + 12 min) for Fmoc-deprotection and
Fmoc-D- or Fmoc-L-AA-OH (Fmoc-L-Asp(OtBu)-OH, Fmoc-b-Asp(OtBu)-OH, Fmoc-D-
Phe-OH and Fmoc-L-Phe-OH) (6 eq), HATU (6 eq), HOBt (6 eq) and NMM (8 eq) in
DMF (2 mL) for 45 min to couple each amino acid. After full assembly of linear peptide

amide with desired stereo configuration on the solid support, the resin was washed
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with DMF (3 x 2 mL), DCM (3 x 2 mL), toluene (3 x 2 mL), isopropyl alcohol (3 x 2 mL),
diethyl ether (3 x 2 mL) and dried under reduced pressure for 3 h. The peptide was
cleaved by treatment with TFA/TIPS/H20 (95:5:5 v/viv, 2 mL) for 3 x 1 h and one
washing step with TFA (2 mL) for 10 min. The solvent was removed under reduced
pressure, the residue was washed with diethyl ether (3 x 2 mL) and centrifuged. The
precipitate was lyophilized using tert-butanol/water (1:1 v/v, 10 mL) to afford the
desired crude peptide amide. Crude peptide amides were dissolved in a mixture of
acetonitrile/water/formic acid (50/50/0.1 v/v/v, 500 pL) and injected to a semi
preparative HPLC system equipped with a RP column (Kromasil 100 C18, 5 um,
250 x 8 mm, Dr. Maisch GmbH). HPLC was performed using a gradient ranging from
10% B (A: water with 0.1% formic acid, B: acetonitrile with 0.1% formic acid) to 100%
B within 30 min. The flow rate was set to 2 mL-min-'. The peptide containing fractions
were frozen and lyophilized to yield the peptide amides (yields after purification: 29%—
82%).

Separation of enantiomers 25 and 51:. Column: Daicel CHIRALPAK ZWIX(+),
3 x 150 mm, 3 uym; mobile phase: 49% ACN, 49% MeOH, 25mM NH3, 50mm formic

acid; flow rate: 0.5 mL-min-', isocratic conditions for 16 minutes.

Experimental data for each peptide amide:
L-Phe-D-Phe-L-Asp-D-Asn-NH> (25)

(e}
OH
H (@] H (0]
NR NR
HoN"(S) H (S) NH,
(@] (e} NH,
(0]
25

Yield: 76%, 14.2 mg

TH NMR (700 MHz, DMSO-ds, 303 K) & = 8.71 (s (br), 1H), 8.60 (d, J = 7.1 Hz, 1H),
8.02 (d, J=8.1 Hz, 1H), 7.31 (s, 1H), 7.28-7.14 (m, 9H), 7.09 (s, 1H), 7.02 (s, 1H),
7.01 (d, J=7.8 Hz, 1H), 6.86 (s, 1H), 4.57-4.49 (m, 1H), 4.44 (td, J = 6.4 Hz, 8.1 Hz,
1H), 4.40-4.34 (m, 1H), 3.70-3.58 (m, 1H), 3.08 (dd, J = 3.7 Hz, 13.9 Hz, 1H), 2.82—-
2.72 (m, 2H), 2.58-2.46 (m, 5H, overlayed by solvent signal) ppm.
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13C NMR (175 MHz, DMSO-ds, 303 K) & = 173.0, 172.7, 172.2, 171.9, 171.3, 170.5,
137.7, 137.0, 129.2, 129.2, 128.1, 128.1, 126.4, 126.3, 54.8, 54.1, 50.4, 49.8, 39.0
(overlayed by solvent signal), 37.3, 37.0, 36.6 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C26H32NsO7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2401; calcd. for [M+Na]*: 563.2225, found: 563.2225.

D-Phe-D-Phe-D-Asp-D-Asn-NH2 (37)

0
OH
N (R ~ N
H2N7R’)\H/ ) NfR)\H/ S SNH,
H. o NH,

37

Yield: 51%, 9.5 mg

TH NMR (700 MHz, DMSO-ds, 303 K) & = 8.57 (d, J = 6.9 Hz, 1H), 8.44 (s (br), 1H),
8.08 (d, J=7.9 Hz, 1H), 7.40-7.05 (m, 16H), 7.01 (s, 1H), 6.86 (s, 1H), 4.60—4.53 (m,
1H), 4.50 (td, J = 6.2 Hz, 6.6 Hz, 1H), 4.44 (id, J = 6.2 Hz, 7.3 Hz, 1H), 3.72-3.59 (m,
1H, overlayed by water signal), 3.08 (dd, J = 3.5 Hz, 13.9 Hz, 1H), 3.00-2.90 (m, 1H),
2.82 (dd, J = 4.2 Hz, 9.6 Hz, 1H), 2.72 (dd, J = 5.6 Hz, 16.5 Hz, 1H), 2.69-2.62 (m,
1H), 2.53 (dd, J = 5.4 Hz, 15.5 Hz, 1H, overlayed by solvent signal), 2.42-2.26 (m, 1H)

13C NMR (175 MHz, DMSO-ds, 303 K) & = 172.7, 172.1, 171.8, 171.1, 170.0, 169.7,
137.6, 129.4, 129.3, 128.3, 128.1, 126.6, 126.3, 54.6, 53.7, 49.6, 39.4 (overlayed by
solvent signal) 37.4, 36.5, 36.1 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C2sH32NsO7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2422; calcd. for [M+Na]*: 563.2225, found: 563.2237.
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L-Phe-L-Phe-L-Asp-D-Asn-NH2 (38)

o)
W 2 h0
H,oNTS) N@J\H ) NﬁNHz
o = o) NH,
T 3
38
Yield: 47%, 8.8 mg

TH NMR (700 MHz, DMSO-ds, 303 K) 8 = 8.61 (d, J = 7.5 Hz, 1H), 7.97 (d, J = 8.4 Hz,
1H), 7.49 (s (br), 1H), 7.35 (s, 1H), 7.29-7.12 (m, 16H), 7.10 (d, J = 7.3 Hz, 1H), 6.99
(s, 1H), 6.82 (s, 1H), 4.47-4.39 (m, 2H), 4.28 (td, J = 5.8 Hz, 6.6 Hz, 1H), 3.42-3.37
(m, 1H, overlayed by water signal), 3.08 (dd, J = 4.0 Hz, 14.0 Hz, 1H), 2.87 (dd,
J=9.6 Hz, 13.9 Hz, 1H), 2.82 (dd, J = 4.7 Hz, 14.7 Hz, 1H), 2.52-2.45 (m, 4H,
overlayed by solvent signal) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) 5 = 173.2, 172.3, 171.8, 171.0, 170.8, 138 .4,

137.8,129.2,129.2,128.1, 128.0, 126.2, 126.1, 56.3, 54.1, 50.4, 49.8, 40.2, 40.0, 36.8,
35.1 ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for C26H32NsO7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2415; calcd. for [M+Na]*: 563.2225, found: 563.2231.

D-Phe-D-Phe-L-Asp-D-Asn-NH2 (39)

JONN
OH
- N(R) N(R)
R S
HZNW N NH,
o) o) NH,
o)
39

Yield: 29%, 5.4 mg
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"H NMR (700 MHz, DMSO-ds, 303 K) 8 = 8.51 (d, J = 5.4 Hz, 1H), 8.62 (d, J = 7.6 Hz,
1H), 8.10 (d, J = 8.3 Hz, 1H), 7.35-7.18 (m, 10H), 7.14 (s, 1H), 7.04 (s, 1H), 6.87 (s,
1H), 4.58 (td, J = 5.7 Hz, 7.0 Hz, 1H), 4.53 (td, J = 5.4 Hz, 7.6 Hz, 1H), 4.48 (td,
J=5.6 Hz, 7.7 Hz, 1H), 3.89 (dd, J=4.0 Hz, 8.2 Hz, 1H), 3.09 (dd, J=4.1 Hz, 14.2 Hz,
1H), 3.04 (dd, J = 5.0 Hz, 13.9 Hz, 1H), 2.87 (dd, J = 8.8 Hz, 13.9 Hz, 1H), 2.80 (dd,
J=8.9 Hz, 14.1 Hz, 1H), 2.64 (dd, J = 5.3 Hz, 16.6 Hz, 1H), 2.53 (dd, J = 5.4 Hz,
15.5 Hz, 1H, overlayed by solvent signal), 2.46 (dd, J = 7.7 Hz, 16.0 Hz, 2H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 172.8, 171.8, 171.8, 170.8, 170.0, 169.5,
137.3, 135.6, 129.5, 129.2, 128.5, 128.1, 126.9, 126.4, 54.3, 53.8, 49.7, 49.7, 37.6,

37.5, 36.8, 36.1 ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for C26H32NsO7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2415; calcd. for [M+Na]*: 563.2225, found: 563.2231.

D-Phe-L-Phe-D-Asp-D-Asn-NH2 (40)

/©o j‘OHo

:H I H
; NJ\S))J\ - N
R R
HoNR) I Hfﬁo( NH,

NH,
QT

40

Yield: 31%, 5.8 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 8.72 (d, J = 6.8 Hz, 1H), 8.66 (s (br), 1H),
8.11 (d, J= 8.1 Hz, 1H), 7.34 (s, 1H), 7.27-7.15 (m, 9H), 7.11 (s, 1H), 7.08 (s, 1H),
7.02(d, J=7.3 Hz, 1H), 6.86 (s, 1H), 4.53—4.45 (m, 1H), 4.44—4.37 (m, 2H), 3.79-3.69
(m, 1H), 2.99 (dd, J = 4.3 Hz, 14.0 Hz, 1H), 2.81 (dd, J = 5.5 Hz, 13.8 Hz, 1H), 2.77
(dd, J = 10.1 Hz, 14.0 Hz, 1H), 2.61-2.52 (m, 2H), 2.39 (dd, J = 8.2 Hz, 15.8 Hz, 1H)

ppm.

145



Materials and Methods

13C NMR (175 MHz, DMSO-ds, 303 K) & = 172.9, 172.4, 171.8, 171.3, 170.9, 170.3,
137.5, 136.4, 129.2, 129.1, 128.2, 128.1, 126.6, 126.3, 54.4, 54.4, 49.7, 38.5, 37.5,
37.1, 36.5 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C26H32NsO7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2412; calcd. for [M+Na]*: 563.2225, found: 563.2231.

L-Phe-D-Phe-D-Asp-D-Asn-NH2 (41)

NH,

0
H,N (S)O H?R)\é( NH,
o)
41

Yield: 43%, 8.0 mg

TH NMR (700 MHz, DMSO-ds, 303 K) d = 8.66 (s (br), 1H), 8.53 (d, J = 7.0 Hz, 1H),
8.03 (d, J=8.2 Hz, 1H), 7.35 (s, 1H), 7.26-7.14 (m, 10H), 7.06 (s, 1H), 7.02 (d,
J=6.8 Hz, 2H), 6.85 (s, 1H), 4.55-4.50 (m, 1H), 4.46—4.42 (m, 1H), 4.40 (dd,
J=6.6 Hz, 13.1 Hz, 1H), 3.62 (dd, J = 5.4 Hz, 7.8 Hz, 1H), 3.06 (dd, J =4.3 Hz,
14.0 Hz, 1H), 2.78 (dd, J = 5.4 Hz, 13.8 Hz, 1H), 2.74 (dd, J = 10.0 Hz, 14.0 Hz, 1H)
2.61(dd, J=5.9Hz, 16.0 Hz, 1H), 2.49-2.45 (m, 1H, overlayed by solvent signal) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 172.9, 172.6, 172.0, 171.2, 170.4, 137.7,
137.0,129.2,129.2,128.1, 128.0, 126.3, 126.2, 54.8, 53.9, 50.6, 49.8, 39.6 (overlayed

by solvent signal), 37.3, 37.0, 36.6 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C2sH32NsO7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2420; calcd. for [M+Na]*: 563.2225, found: 563.2234.
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L-Phe-L-Phe-D-Asp-D-Asn-NH> (42)

0
Mon
o 0
S R
H2N()O : H?)\g NH,

NH,
RO

42
Yield: 45%, 8.4 mg

TH NMR (700 MHz, DMSO-ds, 303 K) & = 8.59 (d, J = 7.4 Hz, 1H), 8.32 (s (br), 1H),
8.06 (d, J=8.1 Hz, 1H), 7.31 (s, 1H), 7.29-7.13 (m, 10H), 7.09 (s, 1H), 7.01 (s, 1H),
6.83 (s, 1H), 4.55-4.50 (m, 1H), 4.48 (td, J= 5.9 Hz, 6.7 Hz, 1H), 4.44 (td, J = 5.6 Hz,
7.7 Hz, 1H), 3.50 (dd, J = 4.3 Hz, 8.6 Hz, 1H), 2.99 (dd, J = 5.0 Hz, 13.8 Hz, 1H), 2.90
(dd, J=4.3 Hz, 13.7 Hz, 1H), 2.84 (dd, J = 8.7 Hz, 13.8 Hz, 1H), 2.64 (dd, J = 5.7 Hz,
16.5 Hz, 1H), 2.58-2.51 (m, 2H, overlayed by solvent signal), 2.49-2.40 (m, 2H,

overlayed by solvent signal) ppm.
3C NMR (175 MHz, DMSO-ds, 303 K) & = 173.2, 172.9, 172.1, 171.7, 171.1, 170.2,

137.9, 137.3, 129.3, 129.3, 128.2, 128.0, 126.3, 55.5, 53.8, 50.0, 49.8, 39.7 (overlayed
by solvent signal), 37.4, 36.7, 36.3 ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for C26H32NsO7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2410; calcd. for [M+Na]*: 563.2225, found: 563.2236.

D-Phe-L-Phe-L-Asp-D-Asn-NH> (43)

2 3
OH
- NS) N(R)
R S
HZN{)\W CN® NH,
0 o) NH,
RO

43

Yield: 54%, 10.1 mg
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"H NMR (700 MHz, DMSO-ds, 303 K) & = 8.66 (s (br), 1H), 8.59 (d, J = 7.4 Hz, 1H),
8.00 (d, J=8.3 Hz, 1H), 7.30 (s, 1H), 7.27-7.15 (m, 9H), 7.08 (s, 1H), 7.03 (s, 1H),
7.02 (d, J =6.8 Hz, 1H), 6.86 (s, 1H), 4.54-4.48 (m, 1H), 4.43 (td, J = 6.3 Hz, 8.2 Hz,
1H), 4.36 (td, J = 6.2 Hz, 7.0 Hz, 1H), 3.60 (dd, J = 5.2 Hz, 8.1 Hz, 1H), 3.07 (dd,
J=4.1Hz, 14.1 Hz, 1H), 2.80-2.73 (m, 2H), 2.56-2.47 (m, 4H, overlayed by solvent
signal) ppm.

3C NMR (175 MHz, DMSO-ds, 303 K) & = 173.0, 172.6, 172.5, 171.9, 171.2, 170.5,
137.7, 137.2, 129.2, 129.1, 128.1, 128.1, 126.3, 126.3, 54.9, 54.1, 50.4, 49.8, 39.8
(overlayed by solvent signal), 37.3, 36.9, 36.6 ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for C26H32NsO7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2413; calcd. for [M+Na]*: 563.2225, found: 563.2230.

L-Phe-L-Phe-L-Asp-L-Asn-NH2 (44)

Yield: 29%, 5.4 mg

"H NMR (700 MHz, DMSO-ds, 303 K) & = 8.53 (d, J = 7.1 Hz, 1H), 8.23 (s (br), 1H),
8.07 (d, J=8.1 Hz, 1H), 7.32 (s, 1H), 7.29-7.12 (m, 11H), 7.09 (s, 1H), 7.05 (s, 1H),
6.85 (s, 1H), 4.55-4.48 (m, 1H), 4.48-4.39 (m, 2H), 3.44 (m, 1H, overlayed by water
signal), 3.06 (dd, J=4.3 Hz, 13.9 Hz, 1H), 2.88-2.78 (m, 2H), 2.67 (dd, J = 5.8 Hz,
16.3 Hz, 1H), 2.53-2.45 (m, 4H, overlayed by solvent signal) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 172.8, 172.1, 171.8, 171.2, 170.1, 137.6,
129.3, 129.3, 128.2, 128.0, 126.2, 126.2, 55.5, 53.4, 50.1, 49.7, 39.8 (overlayed by
solvent signal), 37.4, 36.5, 35.1 ppm.
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HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C26H32NsO7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2404; calcd. for [M+Na]*: 563.2225, found: 563.2219.

D-Phe-D-Phe-D-Asp-L-Asn-NH2 (45)

45
Yield: 47%, 8.8 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 8.80 (d, J = 7.6 Hz, 1H), 8.60 (d, J = 7.0 Hz,
1H), 8.02 (d, J=8.3 Hz, 1H), 7.35 (s, 1H), 7.30-7.08 (m, 45H, aspartic imide
sideproduct), 7.04 (s, 1H), 6.83 (s, 1H), 6.77 (d, J = 9.7 Hz, 1H), 4.60—4.48 (m, 1H),
4.50 (m, 2H), 4.32 (td, J = 6.2 Hz, 6.6 Hz, 1H), 3.44-3.38 (m, 1H, overlayed by water
signal), 3.11=3.02 (m, 2H), 3.01-2.91 (m, 2H), 2.90-2.79 (m, 2H), 2.55-2.47 (m, 2H,

overlayed by solvent signal) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 173.0, 172.6, 172.5, 171.9, 171.2, 170.5,
137.7, 137.2, 129.2, 129.1, 128.1, 128.1, 126.3, 126.3, 54.9, 54.1, 50.4, 49.8, 39.8
(overlayed by solvent signal), 37.3, 36.9, 36.6 ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for C26H32N6O7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2410; calcd. for [M+Na]*: 563.2225, found: 563.2224.
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L-Phe-L-Phe-D-Asp-L-Asn-NH2 (46)

o )LOH
H,N(S) QJ\NW {)J\NH

\@ YNHZ

Yield: 33%, 6.2 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 8.54 (d, J = 7.6 Hz, 1H), 8.39 (s (br), 1H),
8.07 (d, J = 8.2 Hz, 1H), 7.32-7.14 (m, 11H), 7.13 (s, 1H), 7.09 (s, 1H), 6.85 (s, 1H),
4.52-4.39 (m, 3H), 3.51 (dd, J = 4.5 Hz, 8.6 Hz, 1H), 3.02 (dd, J = 5.0 Hz, 13.8 Hz,
1H), 2.90 (dd, J = 4.3 Hz, 13.7 Hz, 1H), 2.86 (dd, J = 8.7 Hz, 13.8 Hz, 1H), 2.59-2.44

(m, 4H, overlayed by solvent signal) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 173.2, 173.0, 172.3, 171.8, 170.9, 170.3,
137.9, 137.4,129.3, 129.3, 128.2, 128.0, 126.3, 55.5, 54.1, 49.9, 49.8, 39.6 (overlayed
by solvent signal), 37.3, 36.8, 36.7 ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for C26H32N6sO7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2400; calcd. for [M+Na]*: 563.2225, found: 563.2212.

L-Phe-D-Phe-L-Asp-L-Asn-NH2 (47)

H2N/(S)§ J\[ 73)6:; QJ\NHz

NH2

Yield: 43%, 8.0 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 8.73 (d, J = 6.4 Hz, 1H) 8.59 (s (br), 1H),
8.12 (d, J = 8.2 Hz, 1H), 7.35 (s, 1H), 7.27-7.12 (m, 9H), 7.09-7.02 (m, 3H), 6.86 (s,
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1H), 4.42 (td, J = 6.2 Hz, 7.9 Hz, 2H), 4.34 (dd, J = 6.6 Hz, 13.7 Hz, 1H), 3.63 (dd,
J=6.0 Hz, 7.5 Hz, 1H), 3.00 (dd, J = 4.4 Hz, 14.1 Hz, 1H), 2.82 (d, J = 13.8 Hz, 1H),
2.81 (dd, J = 4.4 Hz, 13.7 Hz, 1H), 2.55 (dd, J = 8.0 Hz, 13.7 Hz, 1H), 2.56-2.47 (m,
1H, overlayed by solvent signal), 2.37 (dd, J =7.9 Hz, 15.5 Hz, 1H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 173.0, 172.6, 172.3, 171.9, 171.5, 170.5,
137.6, 137.2, 129.2, 129.0, 128.1, 128.1, 126.3, 126.3, 54.9, 54.6, 50.5, 49.7, 39.8
(overlayed by solvent signal), 37.6, 37.2, 36.5 ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for C26H32N6O7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2404; calcd. for [M+Na]*: 563.2225, found: 563.2219.

D-Phe-L-Phe-L-Asp-L-Asn-NH2 (48)

Yield: 42%, 7.8 mg

TH NMR (700 MHz, DMSO-ds, 303 K) d = 8.62 (s (br), 1H), 8.51 (d, J = 7.1 Hz, 1H),
8.03 (d, J=8.1 Hz, 1H), 7.35 (s, 1H), 7.27-7.14 (m, 10H), 7.06 (s, 1H), 7.03 (s, 1H),
7.02 (d, J =6.9 Hz, 1H), 6.85 (s, 1H), 4.56—4.49 (m, 1H), 4.44 (td, J = 5.6 Hz, 7.5 Hz,
1H), 4.40 (dd, J = 6.6 Hz, 13.1 Hz, 1H), 3.61 (dd, J = 5.3 Hz, 8.0 Hz, 1H), 3.05 (dd,
J=4.3 Hz, 14.0 Hz, 1H), 2.77 (dd, J=5.3 Hz, 13.8 Hz, 1H), 2.74 (dd, J=10.0 Hz,
14.1 Hz, 1H), 2.61 (dd, J=5.9 Hz, 15.9 Hz, 1H), 2.55-2.45 (m, 4H, overlayed by
solvent signal) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) 5 = 172.9, 172.5, 172.1, 172.0, 171.2, 170.3,

137.7, 137.1, 129.2, 129.2, 128.1, 128.0, 126.3, 126.2, 54.8, 53.8, 50.5, 49.7, 39.2
(overlayed by solvent signal), 37.2, 37.0, 36.6 ppm.
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HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C26H32NsO7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2399; calcd. for [M+Na]*: 563.2225, found: 563.2212.

D—Phe—D—Phe—L-Asp-L—Asn—NHz (49)

HzN{R’)\W N/(S)i:; {)J\NH
i : NH2

Yield: 29%, 5.4 mg

TH NMR (700 MHz, DMSO-ds, 303 K) & = 8.61 (d, J = 7.4 Hz, 1H), 8.28 (s (br), 1H),
8.08 (d, J=8.1 Hz, 1H), 7.32 (s, 1H), 7.29-7.12 (m, 10H), 7.08 (s, 2H), 6.83 (s, 1H),
4.55-4.48 (m, 1H), 4.48-4.40 (m, 2H), 3.43 (dd, J = 4.5 Hz, 8.8 Hz, 1H), 3.00 (dd,
J=5.0 Hz, 13.8 Hz, 1H), 2.88 (dd, J=4.3 Hz, 13.8 Hz, 1H), 2.85 (dd, J= 8.4 Hz,
13.6 Hz, 1H), 2.61 (dd, J=5.8 Hz, 16.4 Hz, 1H), 2.57-2.45 (m, 3H, overlayed by
solvent signal), 2.42 (dd, J =7.4 Hz, 16.3 Hz, 1H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) 5 = 173.8, 173.0, 172.2, 171.7, 171.1, 170.4,
138.3, 137.4, 129.3, 129.3, 128.1, 128.0, 126.2, 126.2, 55.8, 53.7, 50.1, 49.9, 40.0,

37.4, 36.7, 36.7 ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for C26H32NsO7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2408; calcd. for [M+Na]*: 563.2225, found: 563.2227.
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L-Phe-D-Phe-D-Asp-L-Asn-NH2 (50)

OH

H,oNTS) (R) NH2
NH2

50

Yield: 52%, 9.7 mg

TH NMR (700 MHz, DMSO-ds, 303 K) & = 8.71 (s (br), 1H), 8.60 (d, J = 7.1 Hz, 1H),
8.02 (d, J=8.1 Hz, 1H), 7.31 (s, 1H), 7.28-7.14 (m, 9H), 7.09 (s, 1H), 7.02 (s, 1H),
7.01 (d, J=7.8 Hz, 1H), 6.86 (s, 1H), 4.57—-4.49 (m, 1H), 4.44 (td, J = 6.4 Hz, 8.1 Hz,
1H), 4.40-4.34 (m, 1H), 3.70-3.58 (m, 1H), 3.08 (dd, J = 3.7 Hz, 13.9 Hz, 1H), 2.82—-
2.72 (m, 2H), 2.58-2.46 (m, 5H, overlayed by solvent signal) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 173.0, 172.7, 172.2, 171.9, 171.3, 170.5,
137.7, 137.0, 129.2, 129.2, 128.1, 128.1, 126.4, 126.3, 54.8, 54.1, 50.4, 49.8, 39.0
(overlayed by solvent signal), 37.3, 37.0, 36.6 ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for C26H32N6O7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2398; calcd. for [M+Na]*: 563.2225, found: 563.2212.

D-Phe-L-Phe-D-Asp-L-Asn-NH> (51)

2t

H2N(R) NQJ\N(R) N{)J\NH

\@ \WNHZ

Yield: 82%, 15.3 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 8.53 (d, J = 7.1 Hz, 1H), 8.23 (s (br), 1H),
8.07 (d, J = 8.1 Hz, 1H), 7.32 (s, 1H), 7.29-7.12 (m, 11H), 7.09 (s, 1H), 7.05 (s, 1H),
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6.85 (s, 1H), 4.55-4.48 (m, 1H), 4.48-4.39 (m, 2H), 3.44 (m, 1H, overlayed by water
signal), 3.06 (dd, J =4.3 Hz, 13.9 Hz, 1H), 2.88-2.78 (m, 2H), 2.67 (dd, J = 5.8 Hz,
16.3 Hz, 1H), 2.563-2.45 (m, 4H, overlayed by solvent signal) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 172.8, 172.1, 171.8, 171.2, 170.1, 137.6,
129.3, 129.3, 128.2, 128.0, 126.2, 126.2, 55.5, 53.4, 50.1, 49.7, 39.8 (overlayed by
solvent signal), 37.4, 36.5, 35.1 ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for C26H32N6O7: 540.2332 [M]; calcd.
for [M+H]*: 541.2405, found: 541.2393; calcd. for [M+Na]*: 563.2225, found: 563.2201.

6.5.2.2. Cyclic fibupeptides 109-113 and 118-125

General procedure for cyclic fibupeptides 110—-113 and 118-125:[40. 46, 148]
Solid-phase peptide synthesis: For the synthesis of linear peptides a preloaded Fmoc-
D-Trp(Boc) (for 110-113 and 118), Fmoc-D-Val (for 115 and 125) or Fmoc-D-Leu (for
119-122 and 124) TentaGel S AC resin (loading: 0.23 mmol-g-', 150 mg, 34.5 ymol,

Rapp Polymere Tubingen) was used and swollen for 20 min in DMF (2 mL). Stepwise

SPPS was performed in a 5 mL polypropylene syringe equipped with a 25 ym
polyethylene frit purchased from Multisyntech GmbH (Witten, Germany) applying

Fmoc strategy.

Fmoc removal: The Fmoc protecting group was removed by treating the resin with the
following washing solutions: DBU (2%) and morpholine (10%) in DMF (2 mL)
(1 x 12 min), DBU (2%) and morpholine (10%) in DMF (2 mL) (1 x 3 min), DMF (2 mL,
1 x 5 min), DCM (2 mL, 1 x 5 min) and DMF (2 mL, 1 x 5 min). The resin was then

ready for the next coupling reaction.

Coupling reaction: Coupling reactions were performed in DMF (2 mL) using 6 eq of the
corresponding Fmoc-protected amino acids (Fmoc-L-Val-OH, Fmoc-D-Leu-OH, Fmoc-
L-Trp(Boc)-OH, Fmoc-D-Val-OH, Fmoc-L-Thz(L-Val)-OH, Fmoc-D-Orn(Cbz)-OH,
Fmoc-D-Orn(Dde)-OH,  Fmoc-L-Orn(Dde)-OH,  Boc-L-Orn(Cbz)-OH,  Fmoc-D-
Cys(Acm)-OH, Fmoc-L-Phe(4-NH-Alloc)-OH) 6 eq of HATU, 6 eq of HOBt and 8 eq of
NMM. Coupling reactions were run for 45 min each while shaking at room temperature

(Thermomixer 5437, Eppendorf). The reaction mixture was drained, and the resin was
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washed with the following washing solutions: DMF (2 mL, 1 x 5 min), DCM (2 mL,

1 x 5 min) and DMF (2 mL, 1 x 5 min). The resin was subjected to Fmoc removal.

On resin N-methylation: a.) Introduction of 2-nitrobenzenesulfonyl activating group
(oNBS). The resin bound peptide with a free amine was washed with DCM (2 mL,
3 x 5 min) and treated with a mixture of oNBSCI (4 eq) and 2,4,6-trimethylpyridine
(5 eq) in DCM (2 mL) for 1.5 h while shaking at room temperature. The reaction mixture
was drained, and the resin was washed with the following washing solutions: DCM
(2mL, 3 x 5 min) and DMF (2 mL, 3 x 5 min). b.) N-methylation: Selective N-methylation
was achieved treating the N-oNBS protected on resin bound peptide with a mixture of
dimethyl sulfate (3 eq) and mTBD (3 eq) in DMF (2 mL) for 30 min while shaking at
room temperature. The reaction mixture was drained, and the resin was washed with
DMF (2 mL, 3 x 5 min). ¢.) oNBS removal: Removal of oNBS moiety was achieved by
treating the resin with a mixture of DBU (5 equiv.) and 2-mercaptoethanol (10 equiv.)
in DMF (2 mL) for 30 min while shaking at room temperature. The reaction mixture was
drained, and the resin was washed with DMF (2 mL, 3 x 5 min). The resin was then
ready for the next coupling reaction, which was performed two times (1 x 3 h,

1 x overnight) for more efficient coupling.

Resin cleavage of linear peptide: Once the desired peptide was generated, the final
Fmoc protecting group was removed following Fmoc removal procedure with the
following additional washings: DMF (2 mL, 3 x 5 min), DCM (2 mL, 3 x 5 min), toluene
(2 mL, 3 x 5 min), isopropyl alcohol (2 mL, 3 x 5 min), and diethyl ether (2 mL,
3 x 5 min). The resin was dried in vacuo for 2 h and cleaved from the linear peptide
using a mixture of TFA, TIPS and H20 (95/5/5, viviv, 2 mL, 3 x 1 h). The filtrate was
concentrated in vacuo and the resulting residue was dissolved in a mixture of tert-butyl

alcohol and water (1/1, v/v), frozen and lyophilized.

Macrolactamization: The linear fibupeptides were applied to macrolactamization under
high dilution conditions (2 mM) in DMF using HATU (4 eq), HOAt (6 eq), DIPEA (8 eq)
as coupling reagents for 24 h. The yellow solution was then diluted with 20 mL H20
and extracted one time with a n-butanol/CHCIs (1/5, v/v) solution and two times with
CHCIs. The joint organic phases were washed three times with an aqueous 10%

KHSO4 solution, three times with a saturated aqueous NaHCOs3 solution, a saturated
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aqueous NaCl solution, and an aqueous 15% acetonitrile solution. The solvent was
removed under vacuo and the residue was taken up in a mixture of tert-butyl alcohol
and water (1/1, v/v), frozen and lyophilized.to obtain the product as a white voluminous
powder, which was then applied to HPLC (column: Kromasil C18, 100A, 250%x8 mm, 5
pum, A: H20 with 0.1% formic acid, B: acetonitrile with 0.1% formic acid, gradient 10%
B to 100% B within 30 min) to get pure cyclic fibupeptides (yield: 32% to 98%).

Procedure for the synthesis of 115:

The peptide aldehyde was prepared by manual SPPS using a commercially available
preloaded H-Val-H NovaSyn® TG resin (loading: 0.21 mmol-g-!, 50 mg, 10.5 ymol,
Novabiochem, Switzerland). Peptide synthesis was performed following Fmoc strategy
using 4 eq of protected amino acids (Fmoc-D-Trp(Boc)-OH; Fmoc-L-Val-OH, Fmoc-D-
Leu-OH, Fmoc-L-Trp(Boc)-OH, Fmoc-b-Val-OH, Fmoc-L-Me-Cys(Trt)-OH), 4 eq of
HATU, 4 eq of HOBt and 8 eq of NMM in acetonitrile (1 mL). Due to low solubility in
acetonitrile Fmoc-Me-Cys(Trt)-OH was coupled in a mixture of DMF/acetonitrile (1 mL,
1/1, v/v). Coupling reactions were carried out in a polypropylene syringe (2 mL)
equipped with a 25 ym polyethylene frit (Multisyntech GmbH; Witten, Germany) for 1 h
at rt. The resin was washed with acetonitrile (5 x 1 mL) and subjected to Fmoc removal
as described in the procedure for cyclic fibupeptides, then washed with acetonitrile
(5 x 1 mL) and the resin was ready for the next coupling reaction. The steps were
repeated until the desired amino acid sequence was fully assembled on the resin and
the resin was washed with the following solutions: DMF (3 x 1 mL), acetonitrile
(3 x 1 mL), isopropyl alcohol (3 x 1 mL) and diethyl ether (3 x 1 mL). The resin was
dried in vacuo for 2 h and trifluoroacetic acid (1 mL, 20 min) was used for global
deprotection of protected sidechain residues. Then the resin was washed with DCM
(5 x 1 mL) and cleaved using acetonitrile/H20/TFA (3 x 1 mL, 8/2/0.05, v/v/v, 30 min).
The linear peptide aldehyde spontaneously cyclized after cleavage and the product

was obtained as a colourless powder (6.0 mg, 6.8 ymol, 64%) after lyophilization.

Deprotection of Alloc: The Alloc protected 4-amino phenlyalanine residue of the cyclic
fibupeptide 118 was deprotected by adding Pd(PPhs)4 (0.8 mg, 10 mol-%) and PhSiH3
(7.7 mg, 71 umol, 10 eq) to a solution of fibupeptide 118 (6.6 mg, 7.1 umol, 1.0 eq) in
THF (2 mL). The yellow mixture was stirred for 30 min at rt. The solvent was removed

in vacuo and the yellow residue was dissolved in a mixture of fert-butyl alcohol and
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water (1/1, vl/v), frozen and lyophilized. The crude voluminous red brownish powder
was then taken up in methanol (1 mL), centrifuged and applied to HPLC (column:
Kromasil C18, 100A, 250%x8 mm, 5 um, A: H20 with 0.1% formic acid, B: acetonitrile
with 0.1% formic acid, gradient 10% B to 100% B within 30 min) to get pure fibupeptide
126 as a white powder (0.5 mg, 0.6 ymol, 9%).

Deprotection of Cbz: The Cbz protected ornithine residues of the cyclic fibupeptides
were deprotected using a solution of thioanisole (50 eq per Cbz protecting group) and
TFA (250 pL per Cbz protecting group). The mixture was stirred overnight at rt. The
solvent was removed under reduced pressure and the resulting residue was dissolved
in a mixture of tert-butyl alcohol and water (1/1, v/v), frozen and lyophilized. (yields:
20% to 95%)

Deprotection of Dde: The Dde protected ornithine residues of the cyclic fibupeptides
were deprotected using a solution of 2% N2H4-H20 in THF. The mixture was stirred
overnight at rt. The solvent was removed under reduced pressure and the resulting
residue was dissolved in a mixture of tert-butyl alcohol and water (1/1, v/v), frozen and

lyophilized.

Here experimental data for each cyclic fibupeptide is given. NMR data is given as a
List of 'TH and '3C NMR signals. Since all fibupeptides show more than one set of NMR
signals, the proton integrals may deviate from the actual proton number. This is a
typical phenomenon of lugdunin-like compounds. For lugdunin (6) full assignment of

NMR signals is given in its original publication.[3?]
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3-Methyl-6-Trp-lugdunin (109)

NH

7o o
N X
H HN

O-_N«

Yield: 86%, 26.2 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 10.84 (d, J = 2.4 Hz, 1H), 10.73 (dd, J = 8.1,
2.4 Hz, 1H), 7.90 (dd, J = 14.7, 8.5 Hz, 1H), 7.78-7.65 (m, 3H), 7.51 (dd, J = 22.1,
7.9 Hz, 1H), 7.31 (d, J = 8.2 Hz, 1H), 7.26 (d, J = 8.1 Hz, 1H), 7.21-7.13 (m, 1H), 7.13—
7.09 (m, 1H), 7.08-6.88 (m, 6H), 5.10 (dh, J = 15.3, 7.6 Hz, 1H), 4.98 (ddd, J = 19.5,
9.2, 6.7 Hz, 1H), 4.89 (td, J = 9.0, 5.7 Hz, 1H), 4.77—4.63 (m, 2H), 4.30 (dd, J = 9.5,
8.0 Hz, 1H), 4.20 (dd, J = 9.3, 6.6 Hz, 1H), 3.98 (dtd, J = 16.8, 7.4, 3.6 Hz, 2H), 3.75—
3.68 (m, 1H), 3.51 (s, 1H), 3.09-3.01 (m, 3H), 2.95-2.84 (m, 6H), 2.77-2.66 (m, 1H),
2.64-2.56 (m, 2H), 2.05-1.95 (m, 2H), 1.90 (dtt, J = 9.8, 6.9, 2.8 Hz, 2H), 1.77-1.63
(m, 3H), 1.35 (s, 4H), 1.31=1.19 (m, 14H), 0.92-0.49 (m, 29H), 0.42 (d, J = 6.8 Hz, 3H)
ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) d = 172.44, 171.52, 170.62, 170.03, 169.90,
169.84, 139.04, 136.11, 136.05, 136.02, 129.60, 127.25, 126.88, 124.17, 124.06,
123.79, 123.66, 120.82, 120.64, 118.71, 118.36, 118.30, 117.87, 117.80, 111.31,
111.25, 110.94, 109.91, 108.88, 72.09, 69.75, 63.73, 63.54, 57.18, 56.74, 56.38,
52.81, 52.45, 49.17, 40.02, 39.88, 39.76, 39.64, 39.52, 39.40, 39.28, 39.16, 38.03,
37.94, 35.54, 35.08, 34.39, 31.49, 31.23, 31.10, 30.51, 30.45, 30.36, 30.09, 29.53,
29.49, 29.08, 29.05, 29.00, 28.96, 28.93, 28.88, 28.83, 28.77, 28.68, 28.64, 28.62,
28.52, 28.06, 27.88, 26.56, 26.53, 25.26, 25.06, 24.05, 22.88, 22.49, 22.04, 21.79,
21.38, 20.46, 19.61, 19.41, 19.27, 19.06, 18.95, 18.84, 18.38, 18.20, 17.63, 17.49,
15.05, 13.90 ppm.
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HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C47HesN9OeS: 883.4779 [M];
calcd. for [M+H]*: 884.4851, found: 884.4852; calcd. for [M+Na]*: 906.4671, found:
906.4672.

4-Methyl-6-Trp-lugdunin (110)

110
Yield: 88%, 26.8 mg

1H NMR (700 MHz, DMSO-ds, 303 K) & = 10.76 (ddd, J = 21.8, 8.2, 2.5 Hz, 2H), 8.70
(d, J = 4.3 Hz, 1H), 8.40 (dd, J = 16.4, 8.0 Hz, 1H), 7.74-7.64 (m, 1H), 7.60 (d,
J=7.9Hz 1H), 7.51 (d, J = 7.9 Hz, 1H), 7.34—7.25 (m, 3H), 7.19 (t, J = 11.0 Hz, 1H),
7.15-7.09 (m, 2H), 7.08-6.99 (m, 2H), 6.99-6.88 (m, 3H), 5.58 (dd, J = 11.8, 4.7 Hz,
1H), 4.73-4.65 (m, 1H), 4.51-4.28 (m, 3H), 4.15 (t, J = 9.5 Hz, 1H), 4.00-3.88 (m, 2H),
3.66 (dtd, J= 13.3, 10.6, 10.0, 6.3 Hz, 1H), 3.51 (s, 2H), 3.38 (d, J = 4.9 Hz, 2H), 3.18—
3.01 (m, 5H), 2.99 (s, 2H), 2.92 (ddd, J = 14.2, 11.7, 7.8 Hz, 1H), 2.58-2.52 (m, 2H),
2.04-1.95 (m, 1H), 1.80-1.67 (m, 1H), 1.53 (dtd, J = 17.4, 7.9, 7.0, 4.8 Hz, 2H), 1.48—
1.32 (m, 8H), 1.32—1.21 (m, 10H), 0.94-0.60 (m, 20H), 0.57 (d, J = 6.6 Hz, 1H), 0.52
(dd, J = 15.3, 6.7 Hz, 3H), 0.14 (d, J = 6.7 Hz, 1H), 0.09 (d, J = 6.8 Hz, 2H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 173.03, 171.65, 171.36, 171.24, 170.83,
168.61, 139.05, 136.18, 136.16, 135.98, 129.60, 127.15, 127.04, 124.06, 123.95,
123.36, 120.73, 120.70, 120.65, 118.46, 118.17, 118.08, 118.03, 117.97, 111.09,
111.03, 109.81, 109.56, 109.53, 71.76, 69.75, 65.37, 63.73, 57.61, 56.46, 55.77,
54.70, 54.25, 52.93, 41.07, 40.02, 39.88, 39.76, 39.64, 39.52, 39.40, 39.28, 39.16,
37.65, 35.54, 34.39, 32.40, 31.24, 31.15, 30.98, 30.96, 30.49, 30.36, 29.81, 29.78,
29.71, 29.05, 28.97, 28.94, 28.89, 28.83, 28.77, 28.69, 28.64, 28.52, 28.06, 25.98,
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25.27, 24.19, 24.16, 22.94, 22.71, 22.12, 22.08, 22.04, 21.76, 20.34, 19.56, 19.16,
19.05, 19.00, 18.88, 18.52, 17.99, 17.78, 17.60, 16.92, 15.07, 13.90 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for Ca7HesN9OeS: 883.4779 [M];

calcd. for [M+H]*: 884.4851, found: 884.4841; calcd. for [M+Na]*: 906.4671, found:
906.4658.

5-Methyl-6-Trp-lugdunin (111)

o : o
X
H N

111

Yield: 70%, 21.4 mg

"H NMR (700 MHz, DMSO-ds, 303 K) & = 10.83—-10.78 (m, 4H), 7.68-7.59 (m, 1H),
7.61 (s, 2H), 7.57-7.45 (m, 2H), 7.36-7.25 (m, 3H), 7.16—7.10 (m, 1H), 7.08-7.01 (m,
3H), 7.03-6.96 (m, 1H), 6.98-6.90 (m, 3H), 6.91 (s, 1H), 4.86 (s, 2H), 4.82—4.67 (m,
2H), 4.50-4.41 (m, 1H), 3.65-3.58 (m, 1H), 3.51 (s, 26H), 3.51-3.46 (m, 7H), 3.48—
3.38 (m, 1H), 3.09 (s, 1H), 3.03 (ddd, J = 14.2, 11.7, 5.8 Hz, 1H), 2.99-2.86 (m, 2H),
2.77-2.67 (m, 1H), 2.69 (s, 2H), 2.67-2.60 (m, 1H), 2.09—-1.95 (m, 2H), 1.80-1.72 (m,
1H), 1.53-1.41 (m, 1H), 1.35 (s, 1H), 1.31-1.17 (m, 8H), 1.11 (s, 1H), 1.06-0.97 (m,
2H), 0.96 (dd, J = 7.4, 2.3 Hz, 4H), 0.87-0.81 (m, 2H), 0.81-0.71 (m, 4H), 0.66 (d,
J = 2.9 Hz, 2H), 0.66-0.60 (m, 2H), 0.62-0.55 (m, 2H), 0.51 (dd, J = 23.9, 6.8 Hz, 2H),
0.36 (t, J = 6.9 Hz, 3H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) 5 = 174.3, 172.9, 171.9, 171.0, 170.7, 170.5,
170.3, 170.1, 169.7, 169.3, 169.0, 168.6, 167.8, 166.8, 165.0, 164.0, 158.0, 157 .1,
152.0, 147.2, 139.1, 136.2, 136.1, 136.0, 135.3, 134.9, 134.5, 133.7, 132.6, 132.0,
130.3, 129.9, 129.6, 129.5, 127.3, 127.2, 125.4, 125.2, 124.4, 124.2, 1241, 123.8,
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123.7, 123.6, 123.4, 121.0, 120.7, 120.6, 118.5, 118.4, 118.3, 118.2, 118.1, 118.0,
111.3, 111.1, 109.7, 109.5, 109.4, 109.2, 108.3, 107.6, 105.1, 98.9, 72.3, 72.1, 71.6,
69.8, 69.5, 68.8, 67.2, 66.9, 65.2, 64.8, 63.8, 61.8, 60.3, 60.2, 60.1, 57.4, 57.0, 55.2,
54.9, 54.6, 53.5, 52.9, 52.4, 48.8, 47.4, 42.7, 41.2, 40.0, 39.9, 39.8, 39.6, 39.5, 39.4,
39.3, 39.2, 38.2, 37.6, 36.3, 35.5, 35.1, 34.7, 34.4, 33.6, 32.9, 32.4, 31.3, 31.2, 30.9,
30.4, 30.2, 30.1, 29.8, 29.5, 29.4, 29.1, 29.0, 28.9, 28.8, 28.7, 28.6, 28.5, 28.3, 28.1,
28.0, 27.1, 26.7, 26.6, 26.5, 25.8, 25.3, 25.1, 24.1, 23.5, 23.3, 23.0, 22.6, 22.3, 22.0,
21.8, 21.1, 20.8, 20.0, 19.7, 19.6, 19.5, 19.4, 19.0, 18.9, 18.8, 18.7, 18.6, 18.5, 18.2,
18.1,17.8,17.7,17.5,17.4,17.3, 17.2, 17.0, 15.2, 14.7, 13.9, 13.8, 13.1, 12.9, 12.5,
12.1 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C47HssN9OeS: 883.4779 [M];

calcd. for [M+H]*: 884.4851, found: 884.4847; calcd. for [M+Na]*: 906.4671, found:
906.4666.

6-Methyl-6-Trp-lugdunin (112)

Yield: 41%, 12.5 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 10.85-10.72 (m, 2H), 8.22 (dd, J = 26.5,
9.0 Hz, 1H), 7.79-7.70 (m, 1H), 7.68-7.56 (m, 1H), 7.56—7.45 (m, 1H), 7.33-7.25 (m,
2H), 7.16-7.08 (m, 2H), 7.07-6.88 (m, 5H), 4.77-4.69 (m, 1H), 4.54-4.39 (m, 2H),
4.07-3.93 (m, 1H), 3.75-3.66 (m, 1H), 3.51 (s, 4H), 3.36-3.24 (m, 16H), 3.23-3.02 (m,
7H), 2.97 (ddd, J = 13.7, 8.9, 6.1 Hz, 2H), 2.90-2.82 (m, 1H), 2.81-2.70 (m, 1H), 2.59—
2.51 (m, 1H), 2.48 (s, 1H), 1.73 (dp, J = 8.8, 6.6 Hz, 1H), 1.55-1.48 (m, 1H), 1.38-1.17
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(m, 12H), 1.17-1.09 (m, 1H), 0.98-0.41 (m, 26H), 0.35 (d, J = 6.8 Hz, 2H), 0.30 (d,
J=6.7 Hz, 1H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 171.98, 171.48, 171.45, 171.40, 171.11,
171.06, 170.81, 170.72, 170.57, 170.15, 169.99, 169.70, 139.06, 136.19, 136.09,
136.00, 127.18, 127.00, 126.94, 124.13, 124.07, 123.53, 123.43, 123.09, 120.87,
120.75, 120.72, 120.58, 118.85, 118.62, 118.55, 118.12, 118.08, 118.05, 117.91,
111.18, 111.01, 110.97, 110.19, 109.80, 109.73, 109.55, 72.33, 71.91, 69.76, 65.08,
63.80, 63.74, 60.20, 57.16, 56.80, 56.48, 55.60, 54.31, 53.69, 53.15, 52.74, 52.55,
52.20, 50.46, 41.60, 41.30, 40.02, 39.88, 39.76, 39.64, 39.52, 39.40, 39.28, 39.16,
37.97, 37.59, 35.55, 34.40, 32.59, 31.25, 31.21, 30.65, 30.37, 30.07, 29.72, 28.97,
28.94, 28.89, 28.83, 28.77, 28.69, 28.65, 28.52, 28.06, 27.97, 26.82, 26.70, 25.27,
24.94, 24.08, 24.04, 22.79, 22.38, 22.05, 21.98, 21.83, 20.76, 19.60, 19.57, 19.28,
18.88, 18.79, 18.73, 18.57, 18.05, 16.70, 15.27, 13.91 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for Ca7HssN9OeS: 883.4779 [M];

calcd. for [M+H]*: 884.4851, found: 884.4849; calcd. for [M+Na]*: 906.4671, found:
906.4665.

1-Methyl-6-Trp-lugdunin (115)

NH
70 £ 4
N
H HN

o) NH

Yield: 64%, 6.0 mg

'H NMR (700 MHz, DMSO-ds, 303 K) & = 10.87 (d, J = 2.4 Hz, 1H), 10.80 (d,
J=2.4Hz, 1H), 10.76 (s, 1H), 10.71 (dd, J = 7.4, 2.4 Hz, 2H), 8.37 (d, J = 8.0 Hz, 1H),
8.31-8.19 (m, 3H), 8.10 (d, J = 8.3 Hz, 1H), 7.95 (d, J = 9.6 Hz, 1H), 7.90 (dd, J = 9.3,
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6.2 Hz, 2H), 7.79 (d, J = 8.6 Hz, 1H), 7.74 (d, J = 9.6 Hz, 1H), 7.63-7.53 (m, 3H), 7.46
(dd, J = 20.9, 8.7 Hz, 2H), 7.35-7.25 (m, 5H), 7.14 (t, J = 2.7 Hz, 1H), 7.12-6.88 (m,
14H), 4.92 (td, J = 8.7, 5.6 Hz, 1H), 4.67 (td, J = 8.4, 5.8 Hz, 1H), 4.60 (g, J = 7.2 Hz,
1H), 4.53 (dd, J = 9.7, 4.9 Hz, 1H), 4.49 (d, J = 10.9 Hz, 1H), 4.42 (q, J = 6.5 Hz, 1H),
4.37 (dd, J = 9.6, 5.5 Hz, 1H), 4.31-4.21 (m, 2H), 4.17 (d, J = 2.2 Hz, 1H), 4.12 (t,
J = 6.7 Hz, 1H), 4.03 (dt, J = 8.7, 6.3 Hz, 1H), 4.00-3.95 (m, 2H), 3.91-3.82 (m, 1H),
3.79 (td, J = 10.4, 2.8 Hz, 1H), 3.51 (s, 14H), 3.49 (s, 1H), 3.40 (td, J = 9.5, 5.8 Hz,
2H), 3.30-3.26 (m, 1H), 3.15-3.08 (m, 3H), 3.07-2.89 (m, 3H), 2.87—2.71 (m, 3H), 2.68
(dd, J = 14.6, 8.3 Hz, 1H), 2.56-2.51 (m, 1H), 2.41 (s, 3H), 2.13-2.06 (m, 4H), 1.99
(dt, J = 22.4, 7.0 Hz, 1H), 1.86—1.77 (m, 2H), 1.76 (dt, J = 13.6, 6.8 Hz, 1H), 1.66 (s,
1H), 1.51 (ddd, J = 13.9, 8.6, 5.8 Hz, 2H), 1.41 (dt, J = 13.1, 5.4 Hz, 2H), 1.35 (s, 5H),
1.33 (d, J = 14.7 Hz, OH), 1.32—1.27 (m, 1H), 1.29-1.22 (m, 14H), 1.21-1.12 (m, 2H),
0.97 (dd, J = 7.4, 2.4 Hz, 1H), 0.93 (dd, J = 6.6, 3.9 Hz, 1H), 0.90-0.85 (m, 4H), 0.87—
0.81 (m, 6H), 0.83-0.76 (m, 14H), 0.78-0.71 (m, 6H), 0.72 (d, J = 5.0 Hz, 3H), 0.70—
0.53 (m, 14H), 0.52-0.42 (m, 1H), 0.30 (d, J = 6.8 Hz, 2H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 172.4, 171.9, 171.8, 171.6, 171.5, 171.2,
171.1, 170.5, 170.4, 169.5, 152.0, 139.0, 136.1, 136.0, 131.3, 129.6, 127.3, 127.2,
127.1, 124.1, 124.0, 123.4, 123.3, 120.8, 120.7, 118.5, 118.3, 118.2, 118.0, 111.2,
111.1, 111.0, 110.3, 109.8, 109.1, 108.5, 78.8, 73.7, 73.3, 72.3, 70.3, 69.7, 63.7, 60.2,
59.5, 57.8, 56.3, 55.6, 54.4, 54.0, 53.8, 53.6, 53.5, 51.3, 51.0, 43.7, 40.0, 39.9, 39.8,
39.6, 39.5, 39.4, 39.3, 39.2, 37.3, 35.5, 35.1, 34.4, 33.4, 32.2, 31.3, 31.2, 30.8, 30.4,
30.3, 30.1, 30.0, 29.8, 29.0, 28.9, 28.8, 28.7, 28.6, 28.5, 28.2, 28.1, 27.8, 27.6, 27.0,
26.9, 26.6, 25.3, 25.1, 24.3, 24.0, 23.9, 23.0, 22.7, 22.3, 22.2, 22.0, 21.5, 21.2, 20.2,
19.8,19.7, 19.6, 19.5, 19.3, 19.0, 18.2, 18.0, 17.9, 17.2, 17.1, 14.9, 13.9 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C47HesN9OeS: 883.4779 [M];

calcd. for [M+H]": 884.4851, found: 884.4857; calcd. for [M+Na]*: 906.4671, found:
906.4674.
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3-(4-NH(Alloc)-Phe)-6-Trp-lugdunin (118)

0
\/\O/U\NH
o I o
N
H HN
O~ NH 0
HN
w\ NH /z-lll
OJXH v Om
>/§, N
S H

Yield: 80%, 25.7 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 10.76 (dd, J = 16.7, 2.4 Hz, 2H), 9.60 (s,
2H), 8.45 (dd, J = 12.5, 7.2 Hz, 2H), 8.23 (d, J = 7.7 Hz, 1H), 8.17 (d, J = 8.7 Hz, 1H),
7.80 (d, J = 9.3 Hz, 1H), 7.70-7.64 (m, 3H), 7.33-7.25 (m, 9H), 7.19-7.12 (m, 3H),
7.13 (s, 1H), 7.11 (dd, J = 22.4, 8.6 Hz, 3H), 7.06-6.91 (m, 5H), 6.01-5.92 (m, 2H),
5.37-5.30 (m, 4H), 5.22 (dq, J = 10.5, 1.4 Hz, 3H), 4.74-4.67 (m, 1H), 4.65-4.50 (m,
9H), 4.28 (t, J = 8.1 Hz, 1H), 4.20-4.13 (m, 2H), 4.05 (td, J = 9.3, 2.4 Hz, 1H), 3.67
(tdd, J = 15.7, 6.7, 3.8 Hz, 3H), 3.51 (s, 29H), 3.31 (s, 2H), 3.14-2.96 (m, 4H), 2.95—
2.82 (m, 3H), 2.80-2.70 (m, 2H), 2.70-2.64 (m, 1H), 2.64-2.51 (m, 2H), 2.10-1.98 (m,
2H), 2.00-1.95 (m, 1H), 1.76—1.65 (m, 2H), 1.49-1.41 (m, 2H), 1.34 (d, J = 10.4 Hz,
3H), 1.28-1.21 (m, 3H), 1.23 (s, 17H), 1.20-1.13 (m, 1H), 1.11 (s, 1H), 1.09-0.99 (m,
2H), 0.96 (dd, J = 7.4, 2.4 Hz, 1H), 0.92-0.70 (m, 22H), 0.70-0.44 (m, 26H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 174.3, 172.1, 171.6, 171.5, 171.4, 171.2,
170.7, 170.5, 170.4, 170.1, 169.9, 169.8, 169.7, 153.1, 139.1, 137.3, 136.1, 136.0,
133.4, 131.9, 129.7, 129.5, 129.3, 127.3, 127.2, 124.2, 123.8, 120.7, 118.8, 118.1,
118.0, 117.7, 117.5, 117.4, 111.0, 109.8, 109.7, 101.6, 76.8, 75.8, 75.6, 72.4, 721,
69.8, 68.8, 65.2, 64.5, 63.8, 63.7, 60.3, 60.2, 57.4, 57.2, 57.1, 56.5, 54.5, 54.1, 53.7,
53.6, 52.7, 52.0, 50.5, 41.4, 41.1, 40.0, 39.9, 39.8, 39.6, 39.5, 39.4, 39.3, 39.2, 38.3,
37.5, 36.0, 35.1, 34.4, 32.6, 31.6, 31.3, 31.1, 30.8, 30.4, 29.9, 29.7, 29.4, 29.1, 29.0,
28.8, 28.7, 28.6, 27.2, 26.6, 26.6, 25.1, 24.0, 23.9, 23.5, 23.1, 23.0, 22.6, 22.4, 221,
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22.0, 21.9, 21.7, 20.4, 20.1, 20.1, 19.6, 19.5, 19.3, 19.1, 19.0, 18.9, 18.8, 18.6, 18.3,
18.1,17.9,17.8,17.6,17.2,17.2, 15.2, 15.0, 13.9, 12.9 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for CasHs7N9OsS: 929.4833 [M];

calcd. for [M+H]*: 930.4906, found: 930.4917; calcd. for [M+Na]*: 952.4726, found:
952.4719.

2-Orn(Cbz)-6-Trp-Lug (119)

NH
70 £ 4
N
H HN

Yield: 98%, 34.4 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 10.77—10.71 (m, 2H), 8.48-8.45 (m, 1H),
8.19-8.13 (m, 1H), 7.86 (d, J = 9.2 Hz, 1H), 7.70-7.64 (m, 2H), 7.60 (dd, J = 25.7,
8.7 Hz, 1H), 7.52 (d, J = 7.8 Hz, 1H), 7.38-7.25 (m, 8H), 7.23 (d, J = 2.4 Hz, 1H), 7.19—
7.08 (m, 2H), 7.03 (tdd, J = 11.7, 5.6, 3.1 Hz, 3H), 6.99-6.91 (m, 3H), 5.00 (d,
J=10.4 Hz, 3H), 4.72 (dd, J = 13.0, 2.4 Hz, 1H), 4.69-4.54 (m, 2H), 4.41 (ddt, J = 18.0,
14.8, 5.3 Hz, 1H), 4.22-4.15 (m, 1H), 4.05 (td, J = 9.3, 2.2 Hz, 1H), 4.00-3.91 (m, 1H),
3.75-3.66 (m, 1H), 3.61 (ddd, J = 16.0, 8.0, 4.4 Hz, 1H), 3.51 (s, 11H), 3.51-3.40 (m,
2H), 3.29 (s, 1H), 3.06 (dddd, J = 39.2, 25.1, 12.0, 6.0 Hz, 2H), 2.98-2.85 (m, 2H),
2.88 (s, 4H), 2.82 (ddd, J = 28.9, 14.1, 8.0 Hz, 1H), 2.69 (s, 1H), 2.47 (t, J = 13.0 Hz,
1H), 1.72 (ddq, J = 13.5, 10.5, 6.6 Hz, 1H), 1.46 (qt, J = 9.5, 4.6 Hz, 1H), 1.37—1.24
(m, 2H), 1.25 (s, 5H), 1.24 (s, 2H), 1.11 (s, 1H), 1.06 — 0.94 (m, 3H), 0.85 (dd, J = 10.1,
6.8 Hz, 3H), 0.80-0.69 (m, 5H), 0.68 (d, J = 6.7 Hz, 2H), 0.65-0.58 (m, 5H), 0.54 (d,
J = 6.8 Hz, 1H), 0.51 (d, J = 6.8 Hz, 1H) ppm.
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13C NMR (175 MHz, DMSO-ds, 303 K) 5 = 172.1, 171.8, 171.6, 171.4, 171.2, 170.7,
170.6, 170.2, 170.1, 170.0, 167.7, 157.1, 156.1, 156.0, 137.2, 136.1, 136.0, 130.3,
129.6, 128.3, 127.7, 127.3, 127.2, 127.0, 124.1, 123.8, 123.7, 123.4, 120.8, 120.7,
118.7, 118.5, 118.2, 118.0, 117.9, 111.2, 111.1, 111.0, 110.3, 109.8, 109.7, 109.6,
105.1,98.9,72.3,72.2,72.0,69.8, 69.7, 69.5, 68.8, 67.2, 65.2, 65.1, 63.8, 60.2, 57.2,
56.6, 55.2, 54.5, 53.8, 53.7, 53.2, 52.8, 52.0, 51.2, 50.7, 48.6, 41.2, 41.0, 40.0, 39.9,
39.8, 39.6, 39.5, 39.4, 39.3, 39.2, 38.2, 37.5, 37.4, 35.1, 32.5, 31.8, 31.4, 31.3, 31.2,
31.1, 31.0, 30.4, 29.9, 29.8, 29.7, 29.1, 29.0, 28.8, 28.7, 28.6, 28.5, 28.4, 28.0, 27.7,
27.2, 26.7, 26.6, 25.3, 25.1, 24.0, 23.1, 22.9, 22.8, 22.2, 221, 22.0, 21.7, 20.3, 19.9,
19.6, 19.5, 19.1, 19.0, 18.7, 18.1,17.8, 17.6, 17.2, 15.2, 15.1, 13.9, 12.9, 12.1 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for Cs4H7oN100sS: 1018.5099 [M];

calcd. for [M+H]*: 1019.5172, found: 1019.5158; calcd. for [M+Na]*: 1041.4991, found:
1041.4974.

5-Orn(Cbz)-6-Trp-Lug (120)

Yield: 98%, 34.4 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 10.77-10.71 (m, 2H), 8.42 (t, J = 7.7 Hz,
1H), 8.11-8.02 (m, 1H), 7.80 (dd, J = 17.6, 9.2 Hz, 1H), 7.66~7.58 (m, 2H), 7.51 (d,
J=7.9 Hz, 1H), 7.31 (dddd, J = 25.7, 11.8, 7.0, 2.6 Hz, 8H), 7.22-7.16 (m, 1H), 7.14—
7.08 (m, 2H), 7.07-6.99 (m, 3H), 6.95 (tdd, J= 7.9, 5.6, 2.1 Hz, 3H), 5.00 (d, J = 3.4 Hz,
3H), 4.79-4.68 (m, 1H), 4.67 (s, 1H), 4.64 (tt, J = 8.5, 4.6 Hz, 1H), 4.37—4.30 (m, 2H),
4.06-3.95 (m, 1H), 3.74-3.65 (m, 1H), 3.52—3.37 (m, 14H), 3.29 (s, 2H), 3.12-3.03 (m,

2H), 3.00 (ddd, J = 16.9, 8.2, 3.6 Hz, 1H), 2.92 (s, 5H), 2.96—2.79 (m, 3H), 2.69 (s, 1H),
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2.46 (s, 1H), 1.51-1.42 (m, 1H), 1.42-1.32 (m, 2H), 1.29 (qd, J= 7.4, 4.7 Hz, 1H),
1.27-1.17 (m, 2H), 1.06-0.95 (m, 3H), 0.95-0.87 (m, 1H), 0.89-0.79 (m, 4H), 0.79-
0.72 (m, 3H), 0.73 (d, J = 9.1 Hz, 1H), 0.72-0.64 (m, 1H), 0.63-0.53 (m, 5H), 0.49 (d,
J=6.7 Hz, 1H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) 5 = 171.9, 171.6, 171.5, 171.3, 170.9, 170.5,
170.4, 170.2, 169.8, 158.0, 157.1, 156.1, 156.0, 137.2, 136.1, 136.0, 130.3, 128.3,
127.7, 127.3, 127.2, 127.0, 124.2, 123.9, 123.7, 123.5, 120.8, 120.7, 120.6, 118.6,
118.5,118.1,118.0,111.2,111.1, 111.0, 110.2, 109.8, 109.6, 109.3, 105.1, 98.9, 72.3,
72.2,72.0, 69.9, 69.8, 69.7, 69.6, 69.5, 68.8, 67.2, 65.1, 65.0, 63.8, 60.2, 57.2, 57.1,
55.3, 55.2, 54.5, 53.5, 53.1, 52.7, 51.9, 51.5, 51.2, 50.8, 41.0, 40.8, 40.0, 39.9, 39.8,
39.6, 39.5, 39.4, 39.3, 39.2, 38.2, 37.5, 33.6, 32.4, 31.8, 31.4, 31.3, 31.2, 31.1, 30.7,
30.4, 29.8, 29.6, 29.5, 29.3, 28.9, 28.8, 28.7, 28.5, 28.4, 28.3, 28.1, 27.3, 26.6, 25.7,
254,241, 24.0, 23.0, 22.9, 22.5, 22.0, 21.8, 21.7, 20.5, 19.6, 19.5, 19.1, 18.7, 18.6,
18.5, 18.0, 17.9, 17.8, 15.2, 15.0, 13.9, 13.8, 12.1, 12.0 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for CsaH7oN100sS: 1018.5099 [M];

calcd. for [M+H]*: 1019.5172, found: 1019.5167; calcd. for [M+Na]*: 1041.4991, found:
1041.4979.

2.5-Di-Orn(Cbz)-6-Trp-Lug (121)

Yield: 81%, 40.3 mg

1H NMR (700 MHz, DMSO-ds, 303 K) & = 10.76—-10.71 (m, 5H), 8.43 (d, J = 8.5 Hz,

1H), 8.14-8.08 (m, 2H), 7.87 (d, J = 8.7 Hz, 1H), 7.81 (d, J = 8.1 Hz, 1H), 7.68 (d,
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J = 9.5 Hz, 1H), 7.66-7.58 (m, 4H), 7.52 (d, J = 8.0 Hz, 1H), 7.38-7.26 (m, 35H), 7.19—
7.06 (m, 7H), 7.06-6.99 (m, 5H), 6.95 (tt, J = 7.8, 4.2 Hz, 6H), 4.99 (dd, J = 8.3, 5.7 Hz,
12H), 4.78-4.69 (m, 2H), 4.69-4.61 (m, 3H), 4.33 (tdd, J = 12.8, 6.1, 2.1 Hz, 2H), 4.06—
4.00 (m, 1H), 3.97 (tt, J = 7.6, 4.3 Hz, 2H), 3.64-3.58 (m, 1H), 3.51 (s, 14H), 3.52-3.48
(m, 3H), 3.30-3.23 (m, 1H), 3.09 (dd, J = 14.3, 7.1 Hz, 3H), 3.05-2.98 (m, 1H), 2.94
(dd, J = 13.3, 6.8 Hz, 1H), 2.91-2.79 (m, 5H), 1.47-1.42 (m, 2H), 1.37-1.31 (m, 4H),
1.33 (s, 6H), 1.31=1.22 (m, 2H), 1.25 (s, 13H), 1.24 (s, 3H), 1.20-1.13 (m, 3H), 1.11
(s, 2H), 1.02 (td, J = 5.0, 2.3 Hz, 1H), 1.01-0.94 (m, 8H), 0.96-0.88 (m, 1H), 0.85 (t,
J = 6.9 Hz, 5H), 0.83-0.70 (m, 12H), 0.68 (t, J = 6.4 Hz, 3H), 0.60 (d, J = 6.8 Hz, 4H)
ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) 5 = 172.0, 171.6, 171.5, 171.4, 171.2, 170.8,
170.5, 170.4, 170.2, 170.1, 157.1, 156.1, 156.0, 155.5, 137.2, 136.1, 136.0, 136.0,
130.3, 129.6, 128.3, 127.7, 127.3, 127.2, 127.1, 123.8, 123.7, 123.5, 123.3, 120.8,
120.7, 120.6, 118.6, 118.5, 118.2, 118.1, 118.0, 111.2, 111.1, 110.2, 109.8, 109.6,
109.4,105.1,98.9,72.3,72.0, 70.2,69.8, 69.7, 69.5, 68.8, 67.2, 66.9, 65.1, 65.0, 63.8,
60.2, 57.1, 55.3, 55.2, 54.6, 53.8, 53.3, 53.2, 53.0, 52.8, 51.8, 51.5, 51.4, 51.2, 50.9,
40.9, 40.8, 40.0, 39.9, 39.8, 39.6, 39.5, 39.4, 39.3, 39.2, 38.2, 37.4, 37.2, 35.1, 33.6,
32.4, 31.8, 31.4, 31.3, 31.2, 31.1, 30.4, 29.8, 29.5, 29.4, 29.1, 29.0, 28.8, 28.7, 28.6,
28.5, 28.4, 28.3, 28.1, 27.8, 27.5, 26.7, 26.5, 25.7, 25.5, 25.4, 25.3, 25.1, 24.5, 24.0,
23.6, 23.0, 22.9, 22.5, 22.0, 21.8, 21.7, 20.8, 20.4, 19.6, 19.5, 18.0, 17.9, 17.8, 17.7,
17.6,17.4,17.2,17.0, 15.2, 15.0, 13.9, 12.9, 12.5, 12.1, 12.1 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for Ce2H77N11010S: 1167.5576 [M];

calcd. for [M+H]*: 1168.5648, found: 1168.5631; calcd. for [M+Na]*: 1190.5468, found:
1190.5447.
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2,5-Di-Orn(Dde)-6-Trp-Lug (122)

Yield: 91%, 38.6 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 10.73 (ddd, J = 14.0, 9.0, 2.4 Hz, 3H), 8.49
(dd, J = 10.0, 6.8 Hz, 1H), 7.72—7.62 (m, 3H), 7.60 (s, 5H), 7.29 (dq, J = 10.3, 6.9 Hz,
6H), 7.16-7.09 (m, 5H), 7.02 (dddt, J = 12.9, 9.5, 5.9, 2.0 Hz, 4H), 6.97-6.88 (m, 5H),
4.75-4.64 (m, 2H), 4.46—4.37 (m, 2H), 4.34 (ddt, J = 13.3, 8.7, 4.9 Hz, 1H), 4.09-3.98
(m, 1H), 3.51 (s, 22H), 3.52-3.44 (m, 3H), 3.28-3.16 (m, 3H), 3.16-3.05 (m, 3H), 2.93—
2.85 (m, 1H), 2.41 (d, J = 4.5 Hz, 6H), 2.37 (s, 7H), 2.35 (s, 2H), 2.28-2.20 (m, 26H),
1.53-1.46 (m, 1H), 1.28-1.20 (m, 2H), 1.23 (s, 3H), 1.11 (s, 2H), 0.98 (t, J = 7.3 Hz,
5H), 0.97-0.88 (m, 39H), 0.90-0.83 (m, 3H), 0.83-0.78 (m, 2H), 0.79 (s, 2H), 0.78—
0.69 (m, 7H), 0.65 (dd, J = 8.8, 6.7 Hz, 3H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) 5 = 172.8, 172.7, 172.6, 172.1, 171.9, 171.5,
171.4, 171.3, 170.9, 170.4, 170.1, 170.0, 169.7, 167.8, 158.0, 157.1, 139.1, 136.0,
130.3, 129.6, 127.3, 127.2, 127.1, 124.1, 123.9, 123.4, 120.8, 120.7, 118.8, 118.6,
118.3, 118.2, 118.0, 111.2, 111.1, 110.1, 109.8, 109.7, 109.5, 107.0, 106.9, 105.1,
99.0, 72.3, 71.9, 69.8, 69.7, 69.5, 68.8, 67.2, 66.9, 65.0, 63.7, 60.2, 57.0, 55.3, 55.2,
54.6, 53.6, 53.4, 53.0, 52.8, 52.3, 51.6, 51.1, 50.8, 42.2, 42.1, 42.0, 40.9, 40.8, 40.0,
39.9, 39.8, 39.6, 39.5, 39.4, 39.3, 39.2, 38.2, 37.2, 35.2, 34.4, 33.6, 32.5, 31.8, 31.4,
31.3, 31.1, 31.0, 30.4, 29.8, 29.7, 29.6, 29.1, 29.0, 28.8, 28.7, 28.5, 28.4, 28.1, 27.8,
27.6, 26.8, 25.3, 25.1, 24.7, 24 4, 24 .3, 241, 24.0, 23.0, 22.8, 22.6, 22.4, 22.1, 21.8,
21.0, 20.5, 19.6, 17.8,17.3,17.2, 15.2, 15.1, 13.9, 12.1 ppm.
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HRMS (ESI-qTOF, positive ion mode): m/z calcd. for CesHsgN11010S: 1227.6515 [M];
calcd. for [M+H]*: 1228.6587, found: 1228.6561; calcd. for [M+Na]*: 1250.6407, found:
1250.6366.

2-0Orn(Cbz)-Lug (123)

NH
7 o o
N
H HN
0~_NH 0
\VL HN
Wt NH u<

Yield: 84%, 27.0 mg

H NMR (600 MHz, DMSO-ds, 303 K) & = 10.75-10.71 (m, 2H), 8.49 (dd, J = 10.2,
6.7 Hz, 2H), 8.17-8.09 (m, 2H), 7.99 (dd, J = 15.4, 8.6 Hz, 2H), 7.71 (t, J = 9.3 Hz,
2H), 7.35 (tt, J = 8.0, 1.8 Hz, 9H), 7.34-7.26 (m, 4H), 7.11 (id, J = 9.3, 4.9 Hz, 4H),
7.07-6.99 (m, 3H), 6.96 (q, J = 6.5 Hz, 3H), 5.01 (d, J= 8.5 Hz, 6H), 4.54 (ddt, J = 10.4,
7.2, 3.6 Hz, 2H), 4.50-4.36 (m, 2H), 4.13-4.03 (m, 2H), 3.51 (s, 20H), 3.52-3.48 (m,
3H), 3.08-2.96 (m, 2H), 2.98-2.78 (m, 5H), 2.57-2.51 (m, 2H), 2.03—-1.85 (m, 3H),
1.43-1.27 (m, 3H), 1.29-1.20 (m, 5H), 1.06—-0.98 (m, 2H), 0.98-0.89 (m, 5H), 0.91-
0.64 (m, 45H) ppm.

13C NMR (151 MHz, DMSO-ds, 303 K) 5 = 171.8, 171.7, 171.5, 171.4, 171.2, 171.0,
170.9, 170.7, 170.5, 170.2, 170.1, 169.9, 167.7, 157.9, 157.1, 156.1, 156.0, 137.2,
136.0, 130.3, 129.6, 129.1, 128.3, 127.7, 127.6, 127.3, 127.1, 127.0, 123.8, 123.7,
123.4, 120.8, 120.6, 118.5, 118.2, 118.1, 118.0, 111.2, 111.1, 110.4, 109.5, 105.1,
99.0, 72.3, 72.1, 69.8, 69.7, 69.5, 68.8, 67.2, 65.3, 65.2, 65.1, 63.7, 60.2, 58.8, 57.3,
57.1, 56.9, 56.8, 55.2, 54.5, 53.9, 53.3, 52.8, 52.1, 51.4, 50.8, 41.2, 40.1, 39.9, 39.8,
39.7, 39.5, 39.4, 39.2, 39.1, 38.2, 37.7, 37.4, 36.8, 35.1, 34.4, 32.6, 31.9, 31.2, 311,
31.0, 30.4, 29.9, 29.8, 29.4, 29.3, 29.0, 28.9, 28.7, 28.6, 28.5, 28.1, 27.6, 26.5, 25.4,

253, 24.0, 23.9, 231, 23.0, 22.7, 22.3, 221, 22.0, 21.7, 21.3, 20.8, 20.5, 20.0, 19.9,
170



Materials and Methods

19.8, 19.7, 19.6, 19.5, 19.3, 19.2, 19.1, 18.8, 18.4, 18.3, 18.1, 18.0, 17.9, 17.8, 17.7,
17.5,17.2,17.0,15.2, 13.9, 12.9, 12.0 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for CasHsaN9OsS: 931.4990 [M];

calcd. for [M+H]*: 932.5063, found: 932.5071; calcd. for [M+Na]*: 954.4882, found:
954.4861.

5-0Orn(Cbz)-Lug (124)

Yield: 78%, 25.1 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 10.74 (dd, J = 19.0, 2.4 Hz, 1H), 8.43 (dd,
J=12.5,7.0 Hz, 1H), 8.16 (t, J = 8.0 Hz, 1H), 7.71-7.64 (m, 1H), 7.61 (s, 1H), 7.63—
7.55 (m, 1H), 7.52 (d, J= 7.9 Hz, 1H), 7.35 (q, J = 7.4 Hz, 4H), 7.34—7.26 (m, 4H), 7.29
(s, 2H), 7.16=7.10 (m, 1H), 7.07—7.00 (m, 2H), 7.00-6.92 (m, 2H), 5.00 (d, J = 6.4 Hz,
3H), 4.77-4.67 (m, 1H), 4.64 (tt, J = 13.5, 6.7 Hz, 1H), 4.55 (t, J = 10.0 Hz, 1H), 4.50—
4.42 (m, 1H), 4.18 (dt, J = 13.6, 8.5 Hz, 1H), 3.69 (tdt, J = 12.4, 9.9, 6.3 Hz, 1H), 3.51
(s, 17H), 3.51-3.47 (m, 1H), 3.43 (dt, J = 26.2, 5.6 Hz, 1H), 3.33 (d, J = 6.9 Hz, 1H),
3.08 (ddd, J = 30.8, 9.6, 6.2 Hz, 1H), 3.03-2.94 (m, 3H), 2.94-2.80 (m, 1H), 2.48-2.40
(m, 1H), 2.01=1.90 (m, 1H), 1.65 (dt, J = 13.5, 6.6 Hz, 1H), 1.42 (s, 5H), 1.42—1.28 (m,
2H), 1.24 (q, J = 6.9 Hz, 3H), 1.06-0.95 (m, 1H), 0.97-0.69 (m, 13H), 0.64 (t,
J = 6.7 Hz, 2H), 0.56 (q, J = 8.9 Hz, 2H), 0.47 (d, J = 6.7 Hz, 1H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) & = 172.6, 171.8, 171.6, 171.3, 171.2, 1711,
170.9, 170.6, 170.5, 169.9, 169.7, 167.7, 158.0, 157.1, 156.2, 156.0, 137.3, 137.2,

136.1, 136.0, 130.3, 129.6, 128.3, 127.7, 127.6, 127.2, 127.0, 124.2, 124.1, 123.7,
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123.5, 120.8, 120.6, 118.6, 118.1, 118.0, 111.2, 111.0, 110.2, 109.6, 109.5, 108.9,
105.1,99.0,77.2,75.9,72.3,72.2,72.1, 70.0, 69.9, 69.8, 69.7, 69.6, 69.5, 68.8, 67.2,
65.7, 65.1, 65.0, 64.5, 63.7, 62.8, 61.2, 60.5, 60.2, 58.2, 57.6, 57.3, 57.2, 56.7, 56.5,
55.2, 54.6, 53.1, 52.8, 52.7, 52.0, 51.5, 51.3, 50.7, 41.0, 40.9, 40.1, 40.0, 39.9, 39.8,
39.6, 39.5, 39.4, 39.3, 39.2, 38.2, 38.0, 37.6, 35.1, 34.9, 34.4, 33.6, 33.5, 32.3, 31.9,
31.7, 31.2, 31.1, 30.7, 30.4, 30.2, 29.8, 29.7, 29.3, 29.1, 29.0, 28.8, 28.7, 28.5, 28.3,
28.1, 27.0, 26.7, 26.6, 26.5, 25.9, 25.7, 25.1, 24.5, 241, 24.0, 23.8, 23.0, 22.9, 22.5,
22.0, 21.8, 21.7, 20.9, 20.8, 20.1, 19.8, 19.6, 19.5, 19.3, 19.2, 19.1, 19.0, 18.9, 18.7,
18.5, 18.3, 18.2, 18.1, 18.0, 17.8, 17.7,17.5,17.2, 15.2, 15.1, 13.9, 12.9, 12.1 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C4sHeoaN9OsS: 931.4990 [M];

calcd. for [M+H]*": 932.5063, found: 932.5036; calcd. for [M+Na]*: 954.4882, found:
954.4853.

2.,5-Di-Orn(Dde)-Lug (125)

Yield: 88%, 34.6 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 10.94-10.53 (m, 1H), 8.52 (d, J = 8.0 Hz,
1H), 8.31-8.12 (m, 1H), 7.96-7.84 (m, 1H), 7.67 (ddd, J = 21.6, 11.3, 6.9 Hz, 2H), 7.53
(d, J =7.9 Hz, 1H), 7.30 (dt, J = 15.9, 7.4 Hz, 2H), 7.12 (dd, J = 8.8, 2.4 Hz, 1H), 7.06—
6.98 (m, 1H), 6.98-6.91 (m, 1H), 4.73 (dd, J = 12.9, 2.4 Hz, 1H), 4.69-4.47 (m, 1H),
4.45-4.24 (m, 1H), 4.24—4.03 (m, 1H), 3.99-3.84 (m, 1H), 3.51 (s, 12H), 3.10-2.96 (m,
2H), 2.86-2.80 (m, 1H), 2.69 (s, 1H), 2.49-2.42 (m, 8H), 2.42-2.37 (m, 4H), 2.29-2.18
(m, 15H), 0.98 (d, J = 7.1 Hz, 5H), 0.89-0.81 (m, 6H), 0.78-0.72 (m, 2H) ppm.
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13C NMR (175 MHz, DMSO-ds, 303 K) 5 = 172.8, 172.7, 171.8, 171.6, 171.5, 171 .4,
170.9, 170.7, 170.5, 170.3, 170.0, 169.8, 158.0, 157.1, 136.1, 136.0, 130.4, 127.3,
127.1, 127.0, 124.1, 123.5, 120.9, 120.7, 118.6, 118.3, 118.2, 118.1, 111.2, 1111,
110.3, 109.5, 108.7, 107.0, 106.9, 105.1, 99.0, 72.3, 72.2, 72.1, 69.9, 69.8, 69.7, 68.8,
67.2, 65.1, 63.8, 60.4, 60.2, 58.0, 57.7, 57.2, 56.9, 55.2, 54.7, 53.8, 53.2, 52.9, 52.3,
51.9, 51.5, 51.2, 51.1, 50.9, 42.3, 42.2, 42.1, 42.0, 40.9, 40.0, 39.9, 39.8, 39.6, 39.5,
39.4, 39.3, 39.2, 38.2, 37.4, 36.9, 35.1, 34.7, 32.3, 31.8, 31.3, 31.2, 30.4, 29.9, 29.8,
29.7, 29.5, 29.4, 29.0, 28.7, 28.5, 28.4, 28.1, 27.9, 27.8, 26.5, 25.1, 25.0, 24 .4, 24 .2,
241, 23.8, 23.0, 22.8, 22.5, 22.1, 21.8, 20.8, 20.6, 19.8, 19.5, 19.3, 19.2, 19.0, 18.6,
18.4,17.9,17.8,17.7,17.5,17.3,17.2,15.2, 13.9, 13.8, 12.2, 12.1, 11.4 ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for CeoHssN10O10S: 1140.6406 [M];
calcd. for [M+H]*: 1141.6478, found: 1141.6473; calcd. for [M+Na]*: 1163.6298, found:

1163.6271.

3-(4-NH2-Phe)-6-Trp-Lug (126)

Yield: 9%, 0.5 mg

H NMR (600 MHz, DMSO-ds, 303 K) 8 = 10.74 (d, J = 16.2 Hz, 1H), 8.53 (s, 1H), 8.42
(dd, J = 18.6, 7.0 Hz, 1H), 8.19 (d, J = 7.4 Hz, 1H), 8.15-8.08 (m, 1H), 8.01 (s, 7H),
7.66 (t, J = 6.8 Hz, 1H), 7.28 (t, J = 7.5 Hz, 1H), 7.17 (d, J = 2.3 Hz, 4H), 7.03 (q,
J = 6.8 Hz, 1H), 6.95 (q, J = 6.9 Hz, 1H), 6.89 (d, J = 13.2 Hz, 3H), 6.69 (s, 1H), 6.62
(s, 5H), 6.41 (t, J = 8.3 Hz, 1H), 5.41-5.26 (m, 4H), 4.77 (d, J = 12.5 Hz, 1H), 4.59 (d,
J=9.3 Hz, 1H), 4.23-4.11 (m, 1H), 3.98 (t, J = 6.6 Hz, 2H), 3.51 (s, 5H), 3.32 (d,
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J=6.5Hz, 10H), 3.27 (s, 8H), 2.79-2.71 (m, 17H), 2.05-1.95 (m, 17H), 1.80 (s, 23H),
1.52—1.42 (m, 13H), 1.35 (s, 16H), 1.29-1.20 (m, 13H), 0.85 (td, J=7.0, 1.8 Hz, 19H),
0.71-0.50 (m, 9H) ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C44aHsaN9OeS: 845.4622 [M];

calcd. for [M+H]*: 846.4695, found: 846.4679; calcd. for [M+Na]*: 868.4514, found:
868.4511.

2-Orn-6-Trp-Lug (127)

NH )\
720 £
N X
N HN

0~_NH o)

T HN
“ “NH /z'
K/ o)\[H o 2/@
H N ?’&, N
S H

127

Yield: 95%, 12.4 mg

H NMR (600 MHz, DMSO-ds, 303 K) & = 10.80-10.76 (m, 5H), 8.27 (s, 1H), 8.24—
8.14 (m, 4H), 7.93 (dd, J=19.3,8.4 Hz, 1H), 7.66 (d, J=8.4 Hz, 1H), 7.62 (dd, J = 14.2,
7.7 Hz, 2H), 7.31 (t, J = 8.0 Hz, 6H), 7.16-7.09 (m, 4H), 7.04 (dtdd, J = 6.8, 5.4, 2.8,
1.2 Hz, 5H), 7.00-6.93 (m, 6H), 6.90 (s, 1H), 4.75-4.61 (m, 2H), 4.66 (s, 2H), 4.41 (s,
1H), 4.34 (td, J = 9.5, 5.4 Hz, 2H), 4.11-4.01 (m, 2H), 3.97 (t, J = 6.6 Hz, 2H), 3.51 (s,
6H), 3.14-2.98 (m, 4H), 2.97-2.79 (m, 3H), 2.74 (t, J = 7.4 Hz, 1H), 2.63 (s, 3H), 2.58—
2.51 (m, 2H), 1.54-1.46 (m, 3H), 1.35 (s, 11H), 1.30 (s, 2H), 1.28-1.21 (m, 28H), 1.06—
0.97 (m, 3H), 0.88-0.83 (m, 6H), 0.81 (d, J = 6.4 Hz, 2H), 0.75 (s, 33H), 0.76-0.65 (m,
8H), 0.58 (dd, J = 15.6, 6.8 Hz, 4H) ppm.

13C NMR (150 MHz, DMSO-ds, 303 K) 5 = 172.4, 171.9, 171.8, 171.5, 171.3, 170.8,
170.5, 170.4, 170.2, 169.8, 158.1, 157.9, 157.6, 157.4, 152.0, 139.0, 136.0, 131.3,
127.3, 1271, 124.3, 124.2, 124.1, 123.9, 123.7, 123.5, 120.7, 120.3, 118.7, 118.6,

118.5, 118.3, 118.2, 118.1, 116.3, 114.3, 111.2, 111.1, 110.1, 109.8, 109.7, 109.4,
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74.6,72.4,71.9, 69.7, 65.1, 63.7, 57.1, 54.7, 53.3, 53.2, 53.1, 52.8, 51.5, 51.1, 50.9,
41.0, 40.7, 40.1, 39.9, 39.8, 39.7, 39.5, 39.4, 39.2, 39.1, 38.4, 38.3, 37.1, 35.5, 34.4,
34.2,32.4,31.2, 31.1, 30.4, 29.8, 29.4, 29.2, 29.0, 28.9, 28.8, 28.7, 28.6, 28.5, 28.2,
28.0, 27.9, 27.6, 25.3, 24.0, 23.8, 23.5, 23.3, 23.0, 22.6, 22.0, 21.7, 21.5, 20.3, 19.6,
19.5,17.2, 15.0, 13.9 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C4sHe4N1006S: 884.4731 [M];
calcd. for [M+H]": 885.4804, found: 885.4818.

5-Orn-6-Trp-Lug (128)

NH )\
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Yield: 90%, 11.1 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 10.78-10.71 (m, 2H), 7.67-7.59 (m, 1H),
7.30 (ddd, J = 11.3, 4.6, 2.3 Hz, 1H), 7.12 (dd, J = 10.3, 2.4 Hz, 1H), 7.06-7.00 (m,
2H), 6.95 (s, 2H), 4.58 (s, 1H), 3.68 (s, 1H), 3.50 (s, 12H), 3.51-3.46 (m, 1H), 3.09 (s,
1H), 2.95-2.87 (m, 1H), 2.73 (t, J = 7.9 Hz, 1H), 2.56-2.52 (m, 1H), 1.34 (d,
J =10.1 Hz, 3H), 1.34-1.26 (m, 1H), 1.28-1.21 (m, 8H), 1.19-1.13 (m, 1H), 1.04-0.77
(m, 5H), 0.79-0.70 (m, 1H), 0.54 (dd, J = 17.8, 6.9 Hz, 1H) ppm.

HRMS (ESI-gTOF, positive ion mode): m/z calcd. for CasHs4N1006S: 884.4731 [M];

calcd. for [M+H]*: 885.4804, found: 885.4823; calcd. for [M+Na]*: 907.4623, found:
907.4643.
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2.5-Di-Orn-6-Trp-Lug (129)

NH

2o 1
N/\( NH»>
H HN

129

Yield: 49% (Dde), 7.5 mg; 20% (Cbz), 4.5 mg

H NMR (600 MHz, DMSO-ds, 303 K) & = 10.74 (d, J = 13.7 Hz, 6H), 8.51-8.41 (m,
1H), 8.29 (dd, J = 21.4, 8.8 Hz, 1H), 8.17—8.09 (m, 2H), 7.95 (dd, J = 17.4, 9.1 Hz, 1H),
7.86 (dd, J = 18.0, 9.2 Hz, 1H), 7.68 (dt, J = 19.7, 5.8 Hz, 7H), 7.61 (s, 5H), 7.53 (q,
J=9.1 Hz, 1H), 7.32-7.25 (m, 5H), 7.27-7.19 (m, 1H), 7.17-7.10 (m, 4H), 7.03 (it
J=9.5, 5.4 Hz, 6H), 6.99-6.92 (m, 3H), 6.94 (s, 4H), 5.00 (d, J = 9.7 Hz, 1H), 4.75—
4.62 (m, 3H), 4.43 (s, 1H), 4.42-4.37 (m, 1H), 4.09-4.03 (m, 2H), 3.78-3.68 (m, 2H),
3.62 (s, 2H), 3.51 (s, 29H), 3.50 (s, 5H), 3.47 (dd, J = 20.2, 5.5 Hz, 1H), 3.42 (t,
J=5.3 Hz, 1H), 3.12-2.98 (m, 2H), 2.90 (dd, J = 15.4, 8.5 Hz, 3H), 2.89-2.78 (m, 1H),
2.06 (d, J=5.7 Hz, 1H), 1.99 (dt, J = 21.0, 7.1 Hz, 1H), 1.70 (dg, J = 13.8, 6.9 Hz, 1H),
1.46 (s, 8H), 1.52-1.41 (m, 2H), 1.35 (s, 1H), 1.34—1.25 (m, 2H), 1.25 (s, 21H), 1.24
(s, 10H), 1.23 (s, 2H), 1.13 (dd, J = 14.6, 7.6 Hz, 1H), 0.87 (s, 13H), 0.85 (t, J = 7.1 Hz,
4H), 0.81-0.76 (m, 2H), 0.75 (d, J = 6.1 Hz, 2H), 0.70 (ddd, J = 13.5, 7.1, 4.4 Hz, 6H),
0.59 (tdd, J = 18.7, 13.9, 9.5 Hz, 7H), 0.50 (dd, J = 12.8, 6.7 Hz, 2H) ppm.

13C NMR (150 MHz, DMSO-ds, 303 K) 5 = 172.2, 171.6, 171.2, 171.0, 170.5, 170.1,
169.9, 169.7, 143.7, 136.1, 136.0, 135.9, 129.0, 128.3, 127.7, 127.2, 127.1, 126.2,
1241, 123.8, 123.4, 120.7, 118.2, 118.0, 117.9, 111.0, 110.1, 109.8, 109.7, 109.6,
72.3,69.7, 60.2, 57.1, 39.9, 39.8, 39.7, 39.5, 39.4, 39.2, 39.1, 31.2, 28.9, 28.6, 26.2,
23.9,22.9,223,22.2,22.0,21.7,19.5, 19.0, 15.1, 13.9 ppm.
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HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C46HesN1106S: 899.4731 [M];
calcd. for [M+H]*: 900.4913, found: 900.4919; calcd. for [M+Na]*: 922.4732, found:
922.4735.

2-Orn-Lug (130)

O I o
N/\(
H HN

0-_NH 0

Yield: 92%, 11.8 mg

H NMR (700 MHz, DMSO-ds, 303 K) 8 = 10.80 (d, J = 8.4 Hz, 1H), 10.75 (s, 1H), 8.01
(ddt, J = 12.6, 8.3, 3.7 Hz, 1H), 7.83-7.70 (m, 1H), 7.56-7.49 (m, 1H), 7.39-7.25 (m,
4H), 7.15-7.10 (m, 1H), 7.07-6.92 (m, 4H), 5.05-4.97 (m, 1H), 4.47—4.41 (m, 1H),
3.78-3.68 (m, 2H), 3.67-3.58 (m, 1H), 3.51 (d, J = 2.3 Hz, 30H), 3.38-3.32 (m, 2H),
3.04 (dtd, J = 12.6, 9.9, 5.7 Hz, 2H), 2.95-2.85 (m, 2H), 2.85-2.79 (m, 2H), 2.65 (s,
1H), 2.05-1.99 (m, 1H), 2.01-1.94 (m, 2H), 1.50—1.42 (m, 1H), 1.35 (s, 5H), 1.31 (d,
J= 122 Hz, 2H), 1.27 (s, 24H), 1.27-1.19 (m, 26H), 1.06—1.00 (m, 1H), 0.96 (dt,
J=10.9, 3.3 Hz, 1H), 0.93 (dd, J = 6.7, 3.3 Hz, 2H), 0.93-0.77 (m, 29H), 0.79-0.66
(m, 5H), 0.62 (td, J = 7.9, 4.3 Hz, 1H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) 5 = 174.2, 172.5, 171.7, 171.6, 171.5, 171.2,
170.8, 170.6, 170.2, 170.1, 169.7, 158.0, 157.8, 157.7, 157.5, 152.0, 139.1, 136.0,
131.3, 130.3, 129.6, 128.8, 128.4, 128.3, 127.7, 127.3, 127.1, 124.1, 123.9, 123.5,
120.8, 120.7, 119.9, 118.2, 116.5, 111.1, 110.2, 109.6, 105.1, 98.9, 72.3, 72.2, 721,
71.3, 69.8, 69.7, 69.5, 68.8, 67.2, 65.3, 63.8, 63.7, 60.2, 57.3, 57.2, 56.6, 55.2, 54.5,
52.9, 51.8, 51.1, 50.8, 41.2, 40.0, 39.9, 39.8, 39.6, 39.5, 39.4, 39.3, 39.2, 38.6, 38.2,
35.5, 35.1, 34.5, 34.4, 34.3, 33.8, 32.6, 32.0, 31.2, 31.1, 30.4, 30.1, 29.8, 29.6, 29.4,

29.3, 29.1, 29.0, 28.9, 28.8, 28.7, 28.6, 28.5, 28.2, 28.1, 26.9, 26.6, 26.5, 25.3, 25.1,
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24.5,24.0, 23.9, 23.0, 22.9, 22.3, 22.1, 22.0, 21.7, 20.8, 19.8, 19.7, 19.5, 19.4, 19.2,
19.1,18.4,18.1,17.9,17.8, 17.4, 15.2, 13.9 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C4oHs3N9OeS: 797.4622 [M];

calcd. for [M+H]*: 798.4695, found: 798.4703; calcd. for [M+Na]*: 820.4514, found:
820.4522.

5-Orn-Lug (131)

NH2

Yield: 93%, 11.9 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 10.83-10.69 (m, 1H), 8.47-8.14 (m, 1H),
7.83-7.46 (m, TH), 7.42-7.19 (m, 3H), 7.14 (ddd, J = 16.9, 9.1, 2.1 Hz, 1H), 7.08-6.99
(m, 1H), 6.99-6.78 (m, 1H), 4.81-4.65 (m, 1H), 4.62—4.41 (m, 1H), 4.41-4.10 (m, 1H),
4.09-3.93 (m, 1H), 3.78-3.64 (m, 1H), 3.46-3.35 (m, 2H), 3.16-3.04 (m, 1H), 3.02—
2.87 (m, 1H), 2.84-2.77 (m, 2H), 2.08-1.92 (m, 1H), 1.59-1.44 (m, 2H), 1.29-1.17 (m,
7H), 0.97—0.66 (m, 8H) ppm.

13C NMR (175 MHz, DMSO-ds, 303 K) 5 = 172.5, 171.9, 171.8, 171.5, 171.5, 171.0,
170.9, 170.7, 170.5, 170.5, 169.8, 158.2, 158.0, 158.0, 157.8, 157.7, 157.1, 152.0,
139.1, 136.1, 136.0, 131.3, 130.3, 129.8, 129.2, 129.0, 128.3, 128.3, 127.6, 127.2,
127.0, 126.3, 124.3, 124.1, 124.0, 123.6, 120.8, 120.6, 119.9, 118.1, 117.9, 116.4,
111.2, 111.0, 110.2, 109.5, 105.1, 99.0, 74.6, 72.3, 72.0, 69.8, 69.5, 68.8, 67.2, 65.1,
63.7, 62.8, 60.5, 60.2, 58.2, 57.4, 57.2, 55.2, 54.7, 53.3, 52.7, 51.9, 51.0, 50.6, 41.1,
40.9, 40.0, 39.9, 39.8, 39.6, 39.5, 39.4, 39.3, 39.2, 38.5, 38.5, 38.2, 37.5, 35.6, 34.5,

34.4, 34.3, 33.6, 32.4, 32.0, 31.3, 31.1, 30.6, 30.4, 29.8, 29.3, 29.2, 29.0, 29.0, 28.9,
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28.9, 28.9, 28.8, 28.8, 28.7, 28.7, 28.7, 28.5, 28.5, 28.5, 28.1, 28.0, 26.5, 25.3, 24.5,
24.1,23.9, 23.7, 23.5, 23.4, 23.0, 23.0, 22.5, 22.1, 21.7, 21.6, 20.8, 20.7, 19.8, 19.6,
19.4,19.3,19.2, 19.1, 19.1, 18.7, 18.6, 18.5, 18.2, 18.2, 18.1, 18.0, 17.7, 17.5, 17.2,
17.1,15.2, 15.1, 13.9 ppm.

HRMS (ESI-qTOF, positive ion mode): m/z calcd. for C4oHs3N9OeS: 797.4622 [M];
calcd. for [M+H]*: 798.4695, found: 798.4707; calcd. for [M+Na]*: 820.4514, found:

820.4528.

2,5-Di-Orn-Lug (137)

Yield: 55%, 8.3 mg

H NMR (700 MHz, DMSO-ds, 303 K) & = 10.82 (s, 2H), 8.39 (s, 5H), 8.26 (d,
J = 8.4 Hz, 1H), 8.15 (d, J = 8.6 Hz, 1H), 7.67 (s, 1H), 7.30 (dd, J = 12.9, 8.1 Hz, 3H),
7.18 (d, J = 7.9 Hz, 1H), 7.11 (s, 1H), 7.07-7.01 (m, 3H), 6.96 (g, J = 7.5 Hz, 3H), 6.90
(s, 1H), 4.74 (dd, J = 12.7, 2.1 Hz, 1H), 4.66 (q, J = 7.7 Hz, 1H), 4.50 (t, J = 9.9 Hz,
1H), 4.17 (t, J = 8.2 Hz, 1H), 4.04 (t, J = 8.8 Hz, 1H), 3.97 (t, J = 6.6 Hz, 1H), 3.93—
3.88 (m, 1H), 3.74-3.68 (m, 1H), 3.51 (s, 2H), 3.17 (s, 2H), 3.07 (dd, J = 23.6, 7.3 Hz,
1H), 3.06-3.02 (m, 1H), 3.04-2.98 (m, 1H), 2.71 (dt, J = 31.5, 7.3 Hz, 3H), 2.54 (,
J=7.5Hz, 1H), 1.94 (s, 3H), 1.89 (s, 1H), 1.55-1.49 (m, 1H), 1.41 (s, 2H), 1.45-1.36
(m, 1H), 1.35 (s, 8H), 1.30 (s, 2H), 1.27—1.22 (m, 18H), 1.19-1.12 (m, 2H), 1.07-0.99
(m, 3H), 0.96 (q, J = 4.2 Hz, 1H), 0.92 (d, J = 6.7 Hz, 2H), 0.89-0.82 (m, 13H), 0.81 (g,
J = 6.8 Hz, 3H), 0.77 (dd, J = 11.9, 6.5 Hz, 4H), 0.70 (d, J = 6.9 Hz, 2H).
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HRMS (ESI-gTOF, positive ion mode): m/z calcd. for CaoHs4N1006S: 812.4731 [M];
calcd. for [M+H]*: 813.4804, found: 813.4804; calcd. for [M+Na]*: 835.4623, found:
835.4622.

6.6. Minimum inhibitory concentration (MIC) assays

Antimicrobial activity for MCA17-1 (30, dissolved in DMSO, 10 mg-mL~") against
ESKAPE pathogens, B. subtilis, S. aureus and E. coli was determined by JAN

STRAETNER in accordance to the guidelines of the Clinical and Laboratory Standards
Institute (CLSI) and as described in ACS Chemical Biology on a microtiter plate.['84]
The MIC was determined as the lowest concentration of test compound that inhibited
visible bacterial growth. The following compounds were used as controls: Doxycyclin,

vancomycin and daptomycin (10 mg-mL~" stocks in DMSO).

Table 5: MIC values for MCA17-1 (30) against ESKAPE pathogens.

Strain MIC [ug-mL"]
E. faecium BM4147-1 >64
S. aureus ATCC29213 >64
K. pneumoniae ATCC12657 >64
A. baumannii 09987 >64
P. aeruginosa ATCC27853 >64
E. aerogenes ATCC13048 >64
E. coli ATCC25922 >64
B. subtilis 168 >64
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MIC assays against S. aureus USA300 LAC and E. coli DC10B were carried out by
B. KRISMER as previously described in Nature on a microtiter plate.[*? The following
compounds were used as controls: Daptomycin (10 mg-mL-! in DMSO), vancomycin
(10 mg-mL~" in DMSO), Lugdunin (10 mg-mL~" in DMSO) and DMSO (negative

control).

Table 6: MIC values for lugdunin derivatives against S. aureus USA300 LAC.

Compound MIC [ug-mL~"] Compound MIC [ug-mL~"]
109 >100 123 6.25
110 >100 124 >100
111 >100 125 >100
112 >100 126 >100
113 >100 127 100
115 >100 128 50
118 >100 129 50
119 >100 130 50
120 >100 131 50
121 >100 137 >100

Crude mixture of 129,
122 >100 12.5
132,133 and 134

Table 7: MIC values for lugdunin derivatives against E. coli DC10B.

Compound MIC [ug-mL™"]

127 50
128 >100
129 >100
130 >100
131 >100
137 50
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MIC assays of lugdunin (6) against E. coli strains with polymyxin B nonapeptide (117,
10 mg-mL-" stock in DMSO) as additive were carried out by A. BERSCHEID and JAN

STRAETNER as previously described in Antimicrobial Agents and Chemotherapy.[8%]

Table 8: MIC values for lugdunin (6) against selected E. coli strains with and without polymyxin B
nonapeptide (PMBN, 117).

Strain Additive MIC [ug-mL~"]
no additives >50
E. coli ATCC25922
15 ug-mL-" PMBN (117) 50
no additives >50
E. coliBW25113
15 ug-mL~" PMBN (117) 25
no additives >50
E. coli BW25113 AacrA
15 ug-mL-" PMBN (117) 12.5
no additives >50
E. coliBW25113 AtolC
15 ug-mL-" PMBN (117) 6.25

6.7. Inhibitory concentration (IC) assay on human MRC5 cells

Cytotoxicity evaluation for epifadin (24) and MCA17-1 (30) was performed by JAN
STRAETNER as previously described in ACS Chemical Biology.!'84

Table 9: ICso values of epifadin (24) and MCA17-1 (30) on MRCS5 cells.

Compound ICs0 [ug-mL~"]
Epifadin (24) >64
MCA17-1 (30) >64
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Index of Abreviations

C. INDEX OF ABREVIATIONS

2-TMS-EtOH
AA

Ac20
AcOH
ACP
ADEP
A-domain
Alloc

Asn

Asp

AT

ATP

ATR-IR

BGC
Boc
BPC
CAP
Cbz
C-domain
CL
ClpP
CoA
COSY
Da
DAD
dba

DBU

DCC
DCM

2-(Trimethylsilyl)ethanol
Amino acid

Acetic anhydride

Acetic acid

Acyl carrier protein
Acyldepsipeptide
Adenylation domain
Allyloxycarbonyl
Asparagine

Aspartic acid
Acyltransferase

Adenosine triphosphate
Attenuated total reflection infrared
spectroscopy

Biosynthetic gene cluster
tert-Butyloxycarbonyl

Base peak chromatogram
Covalently attached protein
Benzyloxycarbonyl
Condensation-domain
Cardiolipin

Caseinolytic protease P
Coenzyme A

Correlation spectroscopy
Dalton

Diode array detector
Dibenzylideneacetone
2,3,4,6,7,8,9,10-Octahydropyrimido[1,2-
alazepine
N,N'-Dicyclohexylcarbodiimide
Dichloromethane
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Index of Abreviations

1-(4,4-dimethyl-2,6-dioxocyclohex-1-

Dde
ylidene)ethyl

DH Dehydratase

DIPEA N,N-Diisopropylethylamine

DMAP 4-Dimethylaminopyridine

DMB 2,4-Dimethoxybenzyl

DMF N,N-Dimethylformamid

DMPC 1,2-dimyristol-sn-glycero-3-phosphocholine

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

E-domain Epimerization-domain

EIC Extracted ion chromatogram

eq Equivalents

ER Enoylreductase

ESI Electrospray ionization

EtOAc Ethyl acetate

FA Formic acid

Fmoc Fluorenylmethyloxycarbonyl

Gal D-Galactose

GISA Glycopeptide resistant S. aureus

Glc D-Glucose
1-[Bis(dimethylamino)methylene]-1H-1,2,3-

HATU triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate

Hep L-Glycero-D-manno-heptose

HMBC Heteronuclear multiple-bond correlation
spectroscopy

HOAt 3H-[1,2,3]Triazolo[4,5-b]pyridin-3-ol

HOBt 1H-1,2,3-Benzotriazol-1-ol

HPLC High-performance liquid chromatography

HRMS High resolution mass spectrometry

HSQC Heteronuclear single quantum correlation

ICs0 Half maximal inhibitory concentration
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Index of Abreviations

IMP
IPA
Kdo
KR
KS

LC
Leu
LP
LPS
LTA
MeOH
MIC
MPLC
MRSA
MS

mTBD

NMM
NMP
NMR
NOE
NOESY
NRPS
OM
OMP
oNBS
OSMAC

PCP-domain

Phe
PKS
PMBN

POPC

Integral membrane protein

Isopropyl alcohol
3-deoxy-D-manno-oct-2-ulosonic acid
Ketoreductase

Ketosynthase

Liquid chromatography

Leucine

Lipoprotein

Lipopolysaccharide

Lipoteichoic acid

Methanol

Minimum inhibitory concentration
Medium-pressure liquid chromatography
Methicillin-resistant S. aureus

Mass spectrometry
1-Methyl-2,3,4,6,7,8-hexahydro-1H-
pyrimido[1,2-a]pyrimidine
4-Methylmorpholine
1-Methylpyrrolidin-2-one

Nuclear magnetic resonance
Nuclear Overhauser effect

Nuclear Overhauser effect spectroscopy
Non-ribosomal peptide synthase
Outer membrane

Outer membrane protein
2-Nitrobenzenesulfonyl

One Strain-Many Compounds
Peptidyl-carrier-protein domain/thiolation
domain

Phenylalanine

Polyketide synthase

Polymyxin B nonapeptide
1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine
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Index of Abreviations

POPG

gTOF
RAM
RNA

ROESY

RP

Rt

rt
SPPS
TBAF
tBu
TE
TFA
TG S RAM
THF
Thz
TIPS
TMSE
tRNA
Trp
Trt
uv
Val
VRE
WT
WTA

XS

1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho(1’-
rac-glycerol)
Quadrupol-Time-of-Flight

Rink Amide

Ribonucleic acid

Rotating Frame Overhauser Enhancement
Spectroscopy

Reversed phase

Retention time

Room temperature

Solid-phase peptide synthesis
Tetra-n-butylammonium fluoride
tert-Butyl

Thioesterase

Trifluoroacetic acid

TentaGel S Rink Amide
Tetrahydrofuran

Thiazolidine

Triisopropylsilane
2-Trimethylsilylethyl

Transfer RNA

Tryptophan

Trityl

Ultraviolet

Valine

Vancomycin-resistant Enterococcus
Wild type

Wall teichoic acid

eXxCcess
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