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. Preface

The following cumulative thesis comprises of four different approaches to gain further
insight into the novel antibiotic lugdunin. An introduction describing the state of the art
in antimicrobial research and the relevance thereof, a summary of published and un-
published peer-reviewed articles and patents as well as their respective supporting

information are included.

This work was carried out at the Institute of Organic Chemistry of Eberhard Karls Uni-
versitat Tubingen, Germany, in the period from June 2017 to January 2022 under the

supervision of Prof. Dr. Stephanie Grond.
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V. Abstract

Lugdunin is a novel antibiotic initially discovered in the human nose and extracted from
Staphylococcus lugdunensis. It is a non-ribosomally synthesized cyclic peptide consisting
of seven amino acids with alternating stereo-chemistry. The amino acids valine and cys-
teine are linked via an intramolecular thiazolidine formation. The cyclized peptide exhibits
micromolar activity (3 uM) against Gram-positive bacteria such as methicillin-resistant

Staphylococcus aureus as well as resistant Enterococcus faecium.

After fundamental stereo- and alanine-scan derivatives were synthesized, more extensive
structure-activity-relationship (SAR) studies were carried out, replacing the amino acids at
positions two, three and four. In total, hundreds of lugdunin derivatives were synthesized
and evaluated, however only 6-tryptophan-lugdunin displayed higher antimicrobial activity
in in-vitro assay Staphylococcus assays compared to natural lugdunin. In addition, the
SAR-study aimed towards a fluorescent lugdunin proved to be successful with pyrenylal-
anine-lugdunin being highly active as well as fluorescent under excitation at 342 nm wave-

length and emission at 375 nm wavelength.

A wide variety of lugdunin-derivatives from chemical synthesis, as well as more complex
deviations from the natural compound, were synthesized and sets of compounds were
evaluated for distinct applications. These tasks included, but are not limited to, assays for
antibacterial activity (Gram-positive and Gram-negative), antiviral potency, membrane-
permeation and ion exchange kinetics assays. Additionally, lugdunin and its derivatives

were evaluated for their physicochemical character in solvents, concentrations and charge.

All'in all, it is shown that lugdunin is a very potent compound with highly antibacterial ac-
tivity across a wide range of derivatives. In addition to that, lugdunin also possesses anti-
microbial activity against various viruses and bacteria. With two different synthetic routes
available, a potential upscaling for industrial use as well as more strategic derivatization
(e.g. focus on hydrophilicity or crystallization properties) is readily available. The available
fluorescent derivatives (mg scale as pure compound) also enable more in-depth visualiza-

tion experiments in order to fully elucidate the mode-of-action.

More complex structural deviations of lugdunin were also studied with interesting results,
however more extensive research is needed in order to develop the next class of antibiotic

in the combat against antimicrobial resistance.
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VI. Zusammenfassung

Lugdunin ist ein neues Antibiotikum aus der menschlichen Nase, das aus Staphylococcus
lugdunensis gewonnen wird. Es ist ein nicht-ribosomal synthetisiertes zyklisches Peptid,
das aus sieben Aminosauren mit einer alternierenden Stereochemie besteht. Die Amino-
sauren Valin und Cystein sind Uber eine intramolekulare Thiazolidinbildung miteinander
verbunden. Das zyklische Peptid weist eine mikromolare Aktivitat (3 uM) gegen grampo-
sitive Bakterien wie Methicillin-resistenten Staphylococcus aureus sowie resistenten
Enterococcus faecium auf. Nach der Synthese grundlegender Stereo- und Alanin-Scan-
Derivate wurden umfangreichere Struktur-Aktivitats-Beziehungen (SAR) untersucht, wo-
bei die Aminosauren an den Positionen zwei, drei und vier ersetzt wurden. Insgesamt wur-
den Hunderte von Lugdunin-Derivaten synthetisiert und bewertet, wobei nur 6-Tryp-
tophan-Lugdunin im Vergleich zu nattrlichem Lugdunin eine hohere antimikrobielle Akti-
vitat in In-vitro-Tests mit Staphylococcus zeigte. Daruber hinaus erwies sich die SAR-Stu-
die, die auf ein fluoreszierendes Lugdunin abzielte, als erfolgreich, wobei das Pyrenylala-
nin-Lugdunin sowohl hochaktiv als auch fluoreszierend bei einer Anregungswellenlange
von 342 nm und einer Emissionswellenlange von 375 nm war. Es wurde eine breite Palette
von Lugdunin-Derivaten aus chemischer Synthese sowie komplexere Abweichungen von
der naturlichen Verbindung synthetisiert und eine Reihe von Verbindungen fur verschie-
dene Anwendungen hergestellt. Zu diesen Aufgaben gehoérten unter anderem Tests zur
antibakteriellen Aktivitat (Gram-positiv und Gram-negativ), zur antiviralen Potenz, zur
Membranpermeation und zur lonenaustauschkinetik. AuRerdem wurden Lugdunin und
seine Derivate auf ihre physikochemischen Eigenschaften in verschiedenen Losungsmit-
teln, Konzentrationen und Ladungen untersucht. Alles in allem zeigt sich, dass Lugdunin
eine sehr potente Verbindung mit hoher antibakterieller Aktivitat in einem breiten Spektrum
von Derivaten ist. Daruber hinaus besitzt Lugdunin auch eine antimikrobielle Aktivitat ge-
gen verschiedene Viren und Bakterien. Da zwei verschiedene Synthesewege zur Verfu-
gung stehen, ist ein potenzielles Upscaling fur die industrielle Nutzung sowie eine strate-
gischere Derivatisierung (z. B. mit Fokus auf Hydrophilie oder Kristallisationseigenschaf-
ten) ohne weiteres madglich. Die verfugbaren fluoreszierenden Derivate (im mg-Malstab
als reine Verbindung) ermoglichen eingehendere Visualisierungsexperimente, um die Wir-
kungsweise vollstandig aufzuklaren. Auch komplexere Strukturabweichungen von Lug-
dunin wurden mit interessanten Ergebnissen untersucht, doch sind noch umfangreichere
Forschungsarbeiten erforderlich, um die nachste Klasse von Antibiotika im Kampf gegen

die antimikrobielle Resistenz zu entwickeln.
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VIII.  Aim of this Thesis

The main objective of this thesis is to study lugdunin as a novel antibiotic, to optimize
the structure for fluorescence microscopy, reduced resistance towards natural trans-

porter genes and improved synthetic properties.

The Introduction offers a short overview about the evolution of resistant bacteria and
the relevance to humanity with a focus on ESKAPE pathogens. Additionally, an insight
into the development of current antibiotics is provided, detailing the state of the art of
lugdunin research prior to the work that is part of this dissertation. Finally, fluorescence

microscopy is briefly described.

In Results and Discussion, the main results of previously published articles are sum-
marized. Afterwards, the emphasis is put on unpublished results, especially concerning

the pyrene-containing derivatives and the usage thereof for fluorescence microscopy.

Conclusion and Outlook will combine unpublished and published results and utilize the
gained information about lugdunin in order to give an outlook into the future use of and

possible research into lugdunin derivatives.

The Appendix is a compilation of publications.
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Chapter 1: Introduction

1 Introduction

Historic evolution of antibiotics

When Fleming discovered Penicillin (1) in 1928[", he H
revolutionized medicine and laid the foundation of m’\l l_'l S
many of the greatest medical advances of the 20t :l;[\“/\)<
century!?l. In the following years, some of the most im- 1 O
portant antimicrobial compounds were discovered

such as sulfonamides, B-lactams, polyketides and gly- Figure 1: Chem;',i,ag%cwre of peniail
copeptides resulting in a remarkable downturn of the mortality rate associated with
bacterial infections!®l. While these discoveries drastically changed the ability to treat
infectious diseases, the rapid availability of a wide variety of antimicrobials also led to
a strong decrease in research of new antimicrobials. One of the most remarkable cita-
tions describing this period in medicinal research came from US Surgeon General Wil-
liam H Stewart saying that it was time to “close the book on infectious diseases” due
to the success of vaccines and antibiotics in 19671, This resulted in the last innovative
class of antibiotics being discovered in the late 1980s with carbapenem (2)P! and fluo-
roquinolone (3)1, both already less relevant due to existing resistant bacterial’-8l.

NH o O

HN—7 E
— | OH
S
ﬁN N
H

Figure 2: Chemical structures of imipenem 2 as the first clinically used car-
bapenem and ciprofloxacin 3 as a second-generation quinolone antibiotic

This unfortunate lack of research into novel antibiotic systems has continued until to-
day, and it is not expected to improve in the near future. One of the drivers thereof is
the excessive health care cost estimated at around US$ 1.5 billion®%, With an esti-
mated revenue generated from antibiotic sales of around US$ 46 million per year, large
pharmaceutical corporations have already dropped antibiotic research from their port-

folio such as Novartis in Basel, Sanofi in Paris and AstraZeneca in Cambridge!''l.

While this reduced amount of novel antimicrobial compounds from industry research
is already an alarming state, the vastly growing demand for antibiotics is a different
aspect of the current struggles with infectious diseases. Global consumption of antibi-

otics in human medicine rose by nearly 40% between 2000 and 2010 but this figure
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masks patterns of declining usage in some countries and rapid growth in others!'?. The
BRIC (Brazil, Russia, India and China) countries plus South Africa accounted for three
quarters of this growth, while annual per-person consumption of antibiotics varies by
more than a factor of ten across all middle and high-income countries? 2. The strong
increase in antibiotic consumption is also predicted to further accelerate, with an esti-

mated growth in consumption of up to 200% from 2015 to 203013,

In addition to the total amount of antibiotics consumed, particularly concerning is the
type of antibiotics that are being used, with a strong increase in so-called last-resort
compounds such as the previously mentioned carbapenems!'®l. These, typically broad
spectrum antibiotics, are often used when the pathogen has not (yet) been identified!4l.
This results in a calculated, unsighted initial therapy in contrast to targeted antibiotic
therapy based on available lab diagnostics on the pathogen and known in vitro re-
sistancel’®. As a result, in recent years untreatable strains of carbapenem-resistant
Enterobacteriaceae paved the way into a so-called postantibiotic eral'®-'7l. This led to
the ESKAPE-pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter),
capable of “escaping” the biocidal action of antibiotics!'®l, becoming even more chal-
lenging as multidrug resistant (MDR) and extensively drug resistant (XDR) bacterial'®-
24 While resistant strains were detected even before penicillin was introduced?,

highly dangerous, resistant clones such as methicillin-resistant Staphylococcus aureus

(MRSA) USA300, Esch- Carbapenem-resistant
. g . Enterobacteriaceae
erichia coli ST131, and |
, . Multidrug-resistant Cases
Klebsiella ST258 are dis- Pseudomonas asruginosa -] .
seminated rapidly world- Carbapenem-resistant
widel'6. 26], Possible Actinobacter 1
. . ESBL -producing
spread mechanisms in- :
Enterobacteriaceae I
clude, but are not limited Methicillin-resistant
to, interspecies gene Staphylococcus aureus I
PRy : Vancomycin-resistant
transmission, poor sani- V' I
P Enterococcus

tation and hygiene in o o o 0
communities and hospi- AQ 20 %0

tals as well as the increasing  Figure 3: Cases of ESKAPE-pathogens in the USA in 2019. ESBL-pro-
ducing Enterobacteriaceae include Escherichia coli and Klebsiella pneu-
frequency of global travel, moniae. Numbers reported by the CDC24
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trade and disease transmission['®l. As an example, the evolution of MRSA, which is
currently one of the most potent antibiotic-resistant strains, was highly impacted by a
health-care associated MRSA epidemic in England in the 1980s. Shortly after the strain
EMRSA-15 was reported in England, similar outbreaks occurred in Germany, the
Czech Republic, Portugal, New Zeeland, Australia and Singaporel?’l. While bacteria
are able to adopt resistance genes from other bacteria, the type of resistance can also
differ. Bacteria can be resistant to the antibiotic agent because the drug fails to reach
its target, the drug is inactivated, the drug target is altered or there is acquisition of a

target bypass system!?8l,

To put this develop- AMR in 2050

ment in a current per- 10 million
spective, in 2019 Tetanus
- 60,000
more than 1.27 million

people died due to

Road traffic

bacterial antimicrobial accidents

1.2 million

resistance (AMR) and
an estimated 4.95 mil-
lion deaths worldwide

were associated (in- ~ Measles
130,000

fection not the sole

cause of death) with

Diarrhoeal

bacterial AMRP9L. This disease

1.4 million
is more than the com-

Cancer
8.2 million
AMR now

700,000
(low estimate)

Cholera

100,000~
120,000

Diabetes
1.5 million

Figure 4: Deaths attributable to AMR every year from 2050 going forward,

bined amount of

deaths from HIV/AIDS (680,000 in
2020)B% and Malaria (409,000 in
2019)831,

The Review on Antimicrobial Resistance
also argued that AMR could kill 10 million
people per year in 2050, more than cur-
rently die from cancer®l, and cost as
much as US$ 100 trillion per year in GDP

(gross domestic product)? 32 This dra-

as displayed by O’Neill 3%

NH )\4

/ O =

Figure 5: Chemical structure of lugdunin 4

with highlighted amino acid positions
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matic evolution can only be stopped by extended research on antibiotic resistance and

more fundamentally on novel antibiotic compounds.

Novel antibiotic from the human nose

One of these novel antibiotic

compounds is lugdunin 4. NH )\
This new, thiazolidine-con- 7 0 I g
taining cyclic peptide is bac- N
tericidal against major gram- H

positive pathogens with low OT
H

MRSA and vancomycin-re- w\‘ NH a

: H
sistant Enterococcus fae- 0 N HN 0 /
cium33l. 4 was the first antibi- N
5 S H

micro-molar activity against

otic discovered in the human

nose and defined a new

dlass of cyclic peptide Figure 6: Chemical structure of 6-tryptophan-lugdunin 5
through its structural properties. 4 is a cyclic heptapeptide NRPS-product with an unu-
sual reductase. This results in the formation of an aldehyde and thus enabling the cy-
clisation into a thiazolidine ring!®3. In addition to its antimicrobial activity, 4 also in-
creases expression and release of LL-37 (human, antimicrobial peptide) and
CXCL8/MIP-2 (macrophage inflammatory protein) in human keratinocytes®4. Surpris-
ingly, lugdunin also acts synergistic with LL-37 and dermcidin-derived peptides4, fur-
ther highlighting the potential for an MRSA-treatment with this novel compound. We
have also previously carried out structure-activity-relationship (SAR) studies(®5-36],
First, a basic stereo scan was performed, where each amino acid was replaced by its
analogue with an inverted stereo-center at the side chain, thus demonstrating that the
alternating D-L-amino acid backbone is crucial to activity'*®l. Afterwards, an alanine
scan was performed. During this, each amino acid was replaced by alanine in order to
display the effect of the respective side chain on the compound’s activity*¢l. This re-
sulted in the discovery of 6-tryptophan-lugdunin 5, being the only known derivative with
a higher antimicrobial activity than natural lugdunin (1.6 uM against MRSA)i3¢l. Addi-

tionally, non-proteinogenic amino acids were evaluated for activity in lugdunin 4 with a
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set of different amino acids alkyl branching as well as unsaturated residues were tested

in exchange for valine (at position two, five and six) and leucin (at position 4)3°],

Furthermore, we studied various (hetero-) aromatic amino acids in place of tryptophan
(at position three), however no improvement in bioactivity over the natural compound
was possiblel®®l. Another aspect has been the ABC transporters in lugdunin-producing
Staphylococcus lugdunensis in collaboration with the Peschel group. It was shown that
natural resistance mechanisms from S. lugdunensis were highly selective, further pro-
moting lugdunin 4 as a new antibiotic without cross-resistance to other antimicrobials
or to optimized lugdunin derivatives (selectivity data shown in collaborative publication

by Krauss et. al)37].
Hypothetical Mode-of-Action of lugdunin

In order to further advance the research on lugdunin, we aimed at an insight into the
mode-of-action (MOA) of lugdunin. As previously shown, 4 is capable of equalizing pH
gradients in artificial membrane vesicles without disrupting the membrane integrity!36l.

We therefore propose two possibilities for proton translocation via lugdunin.

H", Na", K" ®
(A) ;O;
OG0 Wﬁé&&é&
O
Diffusion through channel Active transport through carrier compound

Figure 7: Possible proton translocation mechanisms from lugdunin 4. Red indicates proton, sodium or potassium
cations, green indicates potential channel of lugdunin molecules (type A) and blue indicates lugdunin acting as
cation carrier (type B)

The first proposed mechanism is the formation of pore-like substructures made from
lugdunin molecules (see Figure 7, (A)). In this theory, multiple lugdunin molecules ar-
range themselves via intermolecular hydrogen bonds in such a three-dimensional
structure (see Figure 8), that positively charged cations are able to translocate. This
second theory has previously been published by Ghadiri et al. for various other cyclo-
peptides with eight or ten amino acids, also containing an alternating stereo configura-
tion*8-39, These compounds participate in backbone-backbone intermolecular hydro-

gen bonding to produce a contiguous B-sheet structure, causing the amino acid side
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chains to lie on the outside of the structuref®®
401, The newly formed channels display good
channel-mediated ion-transport activity with
rates rivalling the performance of naturally

occurring counterparts*'l.

The second proposed mechanism is proton
translocation via a carrier (see Figure 7, (B)).
Considering the inactivity of N-methylated
thiazolidine-lugdunin (MIC >100 uM against
MRSA), it is possible that the secondary
amine of the thiazolidine binds to a proton,
traverses the membrane and releases the
proton on the other side of the membrane,
thus equalizing the membrane potential.

This possibility was previously calculated in-

house and the postulated change in three-
dimensional structure of lugdunin, whether Figure 8: Possible arrangement of lugdunin 4 in a
. channel-like three-dimensional shape inside the
protonated or not, does support this theory.  membrane. Dashed lines propose hydrogen bonds.
Amino acid side chains are not shown for clarity
It was shown, that 4 should be able to trap
a cation and act as a barrier to the membrane. However, we have not yet been able to

ultimately confirm or deny lugdunin 4 as a proton carrier.

Particularly interesting is the amino acid sequence used by Ghadiri*'l. Comparable to
lugdunin 4, a cyclic peptide consisting of L-tryptophan and D-leucin showed similar, if
not higher activity than gramicidin A and amphotericin B*'l. Additionally, these cyclic
peptides are able to transport sodium and potassium cations!*?, comparable to lugdu-
nin. Another similarity is the inactivity of both N-methylated lugdunin derivatives as well
as N-methylated cyclic peptide cyclo[(-L-Phe-D-N-MeAla-)4-]*3l. As a result, potentially
through these structural similarities, six and eight-membered D,L-a-peptides act pref-
erentially on Gram-positive and/or Gram-negative bacterial cell membranes, increase
membrane permeability and collapse transmembrane ion potentials, resulting in rapid
cell death*4l. These intermolecular assemblies are increasingly interesting, as the po-
tential proximity of individual peptides can be used to differentiate between the two

proposed MOAs.
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Fluorescent spectroscopy of biological systems
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One type of spectroscopy that can be used to

detect lugdunin in bacteria, and therefrom gain
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insight in the MOA of lugdunin, is fluorescence

microscopy. This type of microscopy has been

found to be an ideal technique for the examina-
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tion of all biological specimens, due to the good
signal-to-noise ratio at low concentrations!4%-47]
but still high resolution*-4%. These properties

make optical microscopy one of the most pow-

erful and versatile diagnostic tools in modern

[s3up]sjuanz

cell biology™?. In particular the combination of

confocal scanning microscopy, which restricts

510

photodetection to the focal point, with the ability
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to reject out-of-focus light results in only a very

[sulownayi 3sed

small amount of emitted photons being de-

tected*]. Therefore, fluorescence microscopy

1,782

is highly interesting when researching living Figure 9: Fluoressent microscopy images of Ba-
cells, since the required fixation for other spec- cillus subtilis (A) and Bacillus megaterium (B)

troscopy methods does not give a clear image of the living sampleP'l. Two specific
types of fluorescence microscopy are fluorescence lifetime imaging (FLIM) as well as
time-resolved fluorescence anisotropy imaging (TR-FAIM)52, Both methods are time-
dependent and provide additional information compared to standard fluorescence mi-
croscopy. In the case of FLIM, it is possible to detect the fluorescence decay as a
function of its environment. Therefore, this method can potentially assist in understand-

ing intercellular compartments(®2-53l.

In the case of lugdunin 4, the environmental change (for example the pH) between the
outside of a bacterial cell, the membrane and the inside of a cell could lead to a notice-
able change in fluorescence decay of the fluorophorel®4. A similar approach can be
carried out via TR-FAIM. In this case, the fluorescence decay is measured through the
correlation of polarization-resolved fluorescence decays I, and I, . Due to the environ-

mental impact on the depolarization, effects such as pH, molecular size and viscos-
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ityl52: 5561 TR-FAIM is also a promising approach for visualizing lugdunin 4 in live bac-
teria. Equally dependent on its environment are the fluorophores required for fluores-

cence microscopy!®7-%8l,

As mentioned above, the image quality heavily relies on the amount of photons that
reach the detector®®, which is strongly influenced by the fluorophore’s extinction coef-
ficient, stokes-shift and quantum yield®”l. This is especially important due to the nega-
tive impact of phototoxicity in live cell imaging resulting from strong excitation light¢°l.
Unfortunately, most commonly used fluorophores have their absorption and emission
maximums in the ultraviolet (UV) light rangel®'l. Light in this range is very well absorbed
in (bio)molecules such as water, lipids and hemoglobin(®?. As a result, the sample’s
auto-fluorescence can have a strong impact in signal-to-noise ratios via scattering and

absorption®1. 631,
Fluorescent probes

More suitable are fluorescent
probes with absorption and
emission values in the near in-
frared (NIR) region of 650-900
nm. In this range, phototoxicity
is highly reduced, with deep tis-
sue penetration and low auto-
fluorescence by  biomole-
cules®4+¢71,  Suitable  fluoro-
phores in this range can be
seen in Figure 10, however, the
relevance for lugdunin studies
is questionable. These modern

compounds achieve NIR ab-

sorption wavelengths through

large T-systems (absorption:

8
536 nm, emission: 733 nm, -
03 OsH
measured in aqueous buffer
with 1% DMSO, see Figure 10 Figure 10: Commonly used fluorophores with NIR

absorption and emission wavelengths
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6)¢8l delocalized charges (absorption: 723 nm, emission: 738 nm, measured in chlo-
roform, see Figure 10 7)©%-7% or large hydrophilic anchors (absorption: ~620 nm, emis-
sion: 760 nm, see Figure 10 8)"" for necessary solubility improvements. Due to the
rather small size of lugdunin, we have previously tested small fluorophores that are

able to connect via an amino acid functionality.

These fluorophores include, 4-dimethylaminophthalimide (4-DMAP, 11), 6-dimethyla-
minonaphthalimide (6-DMN, 12), 4-Chloro-7-nitrobenzo-2-oxa-1,3-diazole (NBD, 13)
and Azulene (14) as well as commercially available click-fluorophores such as BOD-
IPY®-FL-azid (9) and Cyanin-3.5-azid (10) as shown in Figure 11.

Figure 11: Previously used fluorophores in lugdunin (4)

Unfortunately, all these moieties, except for 14, have previously been show to render
lugdunin inactive in antimicrobial in-vitro assays and thus are not suitable for live im-
aging due to the incompatibility to natural lugduninl’?. While Azulene-lugdunin did re-
sult in a highly active antimicrobiall”?], the fluorescence properties were not suitable for
fluorescence microscopy. Since even the small 4-DMAP 11 resulted in an inactive lug-
dunin, we focused on a fluorophore that is similar in size to 11, but does not bear any

heteroatoms such as 9.
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Pyrene as fluorophore
Pyrene-related molecules, more specific N-a-(9-Fluo-
renylmethoxycarbonyl)-3-(1-pyrenyl)-alanine 15 (see O‘

Figure 12), are highly promising with a larger 1-system ‘O
than 14, have no large connective alkyl chain such as 10, 0]

and no heteroatoms such as 13. Pyrene has been thor-

15 OH
oughly studied with regards to optical properties and was
used as fluorescent probe par excellencel”!. While it has Fmoc~
been shown that pyrene monomers do not associate re- Figure 12: Fmoc-

] o ] (1-Pyrenyl)-Ala-OH (15)
gardless of concentrationl’], it is possible for pyrene mol-

ecules to form excimers (special excited dimers)/®l,

An excimer differs from an excited dimer in four aspects. The first aspect is the ground
state, which is dissociated in excimers and stable at room temperature in excited di-
mers. Secondary dimerization aspects follow the act of light absorption in excimers
and precedes the act of light absorption in excited dimers. The third aspect is the radi-
ative relaxation, which is forbidden in excimers and allowed in excited dimers. The last
aspect is the corresponding absorption, which is not observed in excimers and in-

creases with concentration in excited dimers.[’?

Excimers feature an ultraviolet emission
band with vibrational structure and more in- O‘ )\
terestingly a broader, less structured, blue ’O o) g o
emission band with a Stokes-shift of 115 nm N/\<
in cyclohexanel’”-"°, With regards to the H H \?
H o)
H
H

proposed mechanism of stacked lugdunins © N

forming pores, the excimer fluorescence w\iN .””<
could be especially interesting(®-82l, In addi- H HN/g

tion to excimers, the fluorescence of pyrene S N ©
monomers is also solvent dependent and 16 f/&/

the pyrene 3/1 ratio (the relative intensity of Figure 13 Chemical structure of 3-Pyrenylalanine.

peak 3 to peak 1 in the fluorescence vibra- lugdunin (16)

tional fine structure) provides insights on the close environment of the compound(®3-86l,

As a result, we combined the promising pyrene fluorophore with our previously ac-

quired expertise in order to gain as much insight into the MOA of lugdunin as possible.
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2 Results and Discussion

2.1 Solid phase peptide synthesis to implement SAR lugdunin

This part corresponds to my first publication by Schilling et al. and the goal was to
establish a general understanding in lugdunin’s natural structure and to generate first

derivatives to this compound.

The previously published antimicrobial lugdunin has already shown high potential
against MRSA in Zipperer et al.’s Nature publication[*3l. However, in order to gain fur-
ther insight into a novel compound, the understanding of a compound’s MOA is essen-
tial. With peptides, more specific cyclic peptides, such as lugdunin 4, one of the most
direct approaches is to understand the function of the amino acid side chains. In order
to synthesize these peptides, we used two established solid-phase-peptide-synthesis
(SPPS) approaches. SPPS has been developed by Merrifield, who published his
method in the1960s[®7-88l. In our case, we first used a less common H-Val-H NovaSyn®
TG resin, shown in Figure 14, as this resin enabled to synthesis of a peptide aldehyde,

similar to the biological way of synthesis.

cross-linked
polystyrene

PEG H-Val-H NovaSyn TG

O)”AHJ\E;&

Figure 14: Chemical Structure of the H-Val-H NovaSyn TG resin from Novabiochem® 17

The resin consists of a polystyrene (PS) matrix with divinylbenzene (DVB) allowing for
a lightly cross-linked polymer. Due to the hydrophobic PS matrix, a polyethylene glycol
(PEG) spacer is immobilized onto the PS via graft copolymerization with a PEG content
of up to 70%®. As a result, the PEG chains dominate the properties of the resin,
allowing for better swelling properties when compared to a basic hydrophobic PS ma-

trix. The PEG chain is then connected to the H-Val-H NovaSyn TG® linker, consisting
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of a threonine residue with pre-loaded valinal. When cleaved from the resin, the alde-
hyde can undergo spontaneous cyclisation with the terminal cysteine via thiazolidine
ring formation. This enables quick access to a wide variety of peptides since almost all
lugdunin derivatives require the thiazolidine ring. Unfortunately, this resin also limits
the variability of different lugdunin structures in the synthesis due to the given valine
adjacent to the cysteine. While it is possible to synthesize the resin according to spe-
cific needs, this proved to be not very time and cost efficient and this resin was only
used for basic peptide SAR studies. Therefore, we first started with alanine and stereo
scans, published by Schilling et al. in 2019381, This resulted in 14 different peptides
(shown in the appendix), whereas only a selected few were antimicrobially active at
all. These active compounds had in common that they had alternating stereo chemistry
as well as the aromatic amino acid tryptophan and the aliphatic amino acid leucin. This
led us to believe that these are the crucial aspects for bioactivity.

Then, as the last unknown structural aspect of natural lugdunin 4, we turned our atten-
tion to the thiazolidine moiety. The corresponding peptides included linear lugdunin,
homodetic lugdunin, methylated and acetylated thiazolidine-lugdunin as well as the
homocysteine analogue. This derivatization only resulted in non-active compounds,
demonstrating the indispensability of the natural thiazolidine-ring. These experiments
were mostly carried out using an aldehyde-generating resin that was commercially
available. While this approach was suitable for the initial studies, a larger scale syn-

thesis was necessary for advanced SAR studies!3®l,
Exploration of a reqular resin

Trying to improve the synthesis, while also scaling it up, we focused on multiple as-
pectst. First the resin was not ideal, as the cleavage resulted in isomerization at the

a-carbon of the amino acid on the resin due to the aldehyde. Thus, the final product

i N—Boc

! Fmoc

S e
Cross-linked | Ethyl- - :

' Ether- ; PEG AC-Linker . Fmoc-N-Boc-Tryptophan
polystyrene ! group | : !

Figure 15: Chemical structure of Fmoc Trp(Boc) TentaGel® S AC resin 18
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lacked purity and with the great number of different lugdunin-derivatives, individual pu-
rification became very complex. Additionally, the aldehyde-generating resin resulted in
truncation sequences, lowering the yields. To overcome these challenges, a commer-

cially available Fmoc Trp(Boc) TentaGel® S AC resin was used (see Figure 15).

While this resin is also based on a lightly cross-linked PS matrix with DVB and a PEG
spacer, the linker is drastically different. This resulted in a purely acid labile resin, com-
pared to the previous one where the peptide got cleaved off via the water labile oxa-
zolidine ring. This new resin also allowed for more flexibility during the synthesis as all
proteinogenic amino acids were commercially available as pre-loaded onto the resin,

independently from the stereo center.

We thank the Peschel Group as well as the Krismer Group for their cooperation and

for providing antimicrobial activity assays.

2.2 Improved synthesis enables deepened SAR of lugdunin

This part corresponds to my second publication by Saur et al. and the goal was to
provide a secondary synthesis route as well as provide more diverse derivatives for a

more comprehensive SAR study.

This new approach required the additional synthesis of the thiazolidine amino acid be-
forehand. This was realized starting from basic Fmoc-valine that was reduced to the
corresponding amino alcohol via sodium borohydrate (NaBH4) and carbonyl diimidaz-
ole (CDI). Afterwards, the alcohol was reoxidized to the amino aldehyde via Dess-
Martin periodinane (DMP). The final step was, similar to the previous synthesis, the
condensation of the amino aldehyde with cysteine, providing the product in good yields

and purity, see Figure 16 and the corresponding publication in the appendix[®.

H 7 a, b H C § i
, N
Fmoc/N.&J\OH —— Fmoc” \5/\OH ——— Fmoc” ;VJ\H
: (quant.) = (90%) :
19 PN SN 21 PN
20

d l (79%)
(a) CDI, THR Ht, 15 min
(b) NaBH4 20, 0 °C, 25 min Fmoc _\H

O
(c) BuassgMAstinol 6t thescRBinaddiongitl 1 equiv HzO %Hv[(
22 \i\\

(d) L-Cysteine, MeOH/H20 (2:1), 24 h, 65 °C OH

Iy,

Figure 16: Synthesis of the thiazolidine building block 22
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With the new thiazolidine amino acid, we were able to use this novel compound in
standard SPPS protocols, enabling further derivatives and synthetic approaches. This
led us to the second SAR study by Saur et al. in 2021391, For this publication, we eval-
uated a wide range of amino acids, proteinogenic as well as non-proteinogenic, for
their potential in lugdunin. In contrast to our previous publication from Schilling et al.,
we focused on positions two, three and four. Unfortunately, we were unable to identify
clear trends for either position, other than a consequentially weakened activity when
differing from the natural amino acid. The only exemption is the previously published

6-tryptophan-lugdunin with a slightly higher activity than natural lugdunin.
Investigation of the D-Valine at position two

For position two, we based our evaluation on both natural lugdunin and 6-tryptophan-
lugdunin. Due to the aliphatic character of valine as the natural amino acid at that po-
sition, we focused on similarly aliphatic amino acids such as leucine, iso-leucine, nor-
valine or tertiary leucine (see Figure 17). While the respective lugdunin derivatives with
these four amino acids all had similar antimicrobial activity in antimicrobial in-vitro as-
says (12.5 yM — 25 yM), the derivatives based on 6-tryptophan lugdunin displayed a

completely different effect.

T ¥ T T
NH NH NH
T /K \VLNH TN TNH

O o O%\‘Jﬁ O%\r,ﬁ O%\‘Jﬁ

Figure 17: Highlighted changes in bioactive position two derivatives of lugdunin

On one side, the 2-norvaline-6-tryptophan-lugdunin exhibits an activity of 6.25 yM, and
thus more active than 2-norvaline-lugdunin. On the other side, 2-leucine-6-tryptophan-
lugdunin displayed a complete loss of activity while 2-leucine-lugdunin exhibits decent
activity at 12.5 yM. As a result, it was unfortunately not possible to identify a beneficial
trend for position two in lugdunin. However, based on our small sample size, further

amino acids should be evaluated to assess a trend.



Chapter 2: Results and Discussion

Investigation of the L-tryptophan at position three

For position three, we evaluated a diverse set of aromatic amino acids with a varying
number of aromatic rings, different heteroatoms, different sizes of rings as well as dif-
ferent substituents outside of the aromatic rings. Out of these 22 lugdunin analogues,
the most potent peptides were the ones with the closest similarity to natural tryptophan.
Those lugdunins consisted of (3-benzothienyl)-alanine, (1-naphthyl)-alanine, (9-an-

thracenyl)-alanine and (1-N-Methyl)-tryptophan at position 3 each (see Figure 18).

Figure 18:Highlighted changes in bioactive, position three derivatives of lugdunin 4

These peptides had antimicrobial activity against MRSA of 6.25 pM (for (1-naphthyl)-
alanine and (9-anthracenyl)-alanine) and 12.5 pM (for (3-benzothienyl)-alanine and
(1-N-Methyl)-tryptophan). While these changes were fairly well tolerated in regards to
activity, other amino acids that were less similar to tryptophan, did not result in highly
active, or even active at all derivatives. Polar residues (tyrosine and (3-nitro)-phenylal-
anine), five-membered rings ((4-thiazolyl)-alanine and (2-furyl)-alanine) and cross-
linked aromatic rings (diphenylalanine and (4-benzoyl)-phenylalanine) all showed se-
verely weakened antimicrobial properties. Thus, it was not possible to synthesize a
derivative with another amino acid at position three yielding a higher antimicrobial ac-
tivity compared to the original compound 4. This further displays the importance of

natural tryptophan at the position three.
Investigation of the D-Leucine at position four

The final step in this SAR-study was position four, naturally occupied by leucine in
lugdunin. We chose the amino acids again according to similarity to the natural stand-
ard. This led us to similar amino acids compared to the ones used in the position two
derivatives. Additionally, less comparable amino acids were also tested, such as pro-

line, methionine and 1-aminocyclopropane-1-carboxylic acid (see Figure 19).
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Figure 19: Highlighted changes in bioactive position four derivatives of lugdunin

The previously tested amino acids at position two (for the full list see the corresponding
publication in the appendix) also resulted in bioactive compounds at position four with
activity similar to the one of natural lugdunin (12.5 yM — 25 pM). However, the newly

evaluated amino acids all resulted in inactive compounds (>100 pM).

As a conclusion, we were not able to identify amino acid derivatives that yielded higher
activity compared to 4, by replacing the leucine in natural lugdunin. Thus, we postulate
that the natural amino acids are state of the art, with regards to just antimicrobial ac-
tivity. 6-Tryptophan-lugdunin 5 is to date the only synthetic derivative that is more ac-

tive than natural lugdunin.

Interestingly, we also identified that the sequence of lugdunin is not fixed to the natural
sequence, with a 3-valine-4-valine-5-leucine-6-tryptophan-lugdunin derivative being
only slightly less active at 6.25 yM compared to 4. This is also supported by structural
derivatives of lugdunin with the same amino acid side chains. Colleagues were able to
show that the enantiomer, as well as the enantiomer with the reversed amino acid
sequence were also highly bioactive. While it was not possible to improve lugdunin’s
activity through other amino acids, the wide variety of available compounds enables
even further derivatization, such as Click-chemistry, solubility experiments, combina-

tions with other compounds as well as various applications as a novel antibiotic.

We thank the Peschel Group as well as the Krismer Group for their cooperation and

for providing antimicrobial activity assays.
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2.3 ABC-transporter of S. lugdunensis

This part corresponds to my third publication by Krauss et al. and the goal was to
provide more insights into the origin of lugdunin as well as researching potential re-

sistance mechanisms to this novel antibiotic.

Since many derivatives were synthesized without a clear improvement in terms of an-
timicrobial activity, it might be beneficial to better understand lugdunin in its natural
environment. Additionally, the discovery of a novel antibiotic such as lugdunin might
be drastically diminished with an equally fast rising resistance to such an antibiotic.
Therefore, we turned our focus to lugdunin producing Staphylococcus lugdunensis.
When cultivating S. lugdunensis and S. aureus on the same agar plate, we were able
to detect lugdunin on the interface of the two species. This suggests that S. lugdunen-
sis is able to transport lugdunin to the targeted area. In combination with the previously
published inability of S. aureus to develop resistance to lugdunint®3, this suggests that
there are specific transporters in S. lugdunensis that facilitate producer self-resistance
and release the final antimicrobial compound. This is especially interesting due to the
fact that we have not yet been able to identify a target for lugdunin (4).
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Figure 20: Gene cluster of the lugdunin with proposed biosynthetic pathway. Figure from Zipperer et. al 33

When lugdunin was first discovered, the gene cluster responsible for the production of
lugdunin was only partially identified*®! (see Figure 20). While the lugABCD genes are
non-ribosomal peptide synthase (NRPS) enzymes and encode the biosynthesis, lugR

was identified as putative regulator.
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Gene cluster of S. lugdunensis

Thus, we turned our focus to the remaining gene cluster. As shown in Figure 21, we
identified several additional genes of the BGC and their functional assignment may
code for the resistance mechanism. The already known /ugD is flanked by two genes
that encode LugT and LugZ, respectively. LugT is a putative type Il thioesterase that
may repair stalled peptidyl carrier protein (PCP) domains®l. LugZ is homologous to
4’-phosphopantetheinyl transferases and is believed to convert apo-PCP to the active
holo-form by attachment of the 4-phosphopantetheine cofactor®. Those two genes
are primarily important for the biosynthesis. They can be neglected for evaluation of
self-resistance and transportation properties of S. lugdunensis. Following in the se-

quence is lugM, whose role unfortunately remains unclear.

Lugdumn operon S. lugdunensis IVK28 (genomic 32kbp)

....... | 28000
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Figure 21: Genetic organisation of the lugdunin gene cluster with functional assignment3’]

Corresponding to /lugR, another putative regulator gene in lugJ was identified. LugJ
most likely belongs to the winged-helix type HTH-containing transcriptional regulators.
Most natural product biosynthetic gene clusters encode additional proteins required for
self-resistance properties such as antibiotic-insensitive variants of target proteins, en-
zymes for the modification of target structures or antibiotic exporters®'l. However, none
of the genes in the lugdunin cluster fit with the first two types of self-resistance, high-
lighting the importance of the remaining luglEFGH genes. The functions of each gene

are detailed in Table 1.

Since neither the regulator genes, nor the modification enzymes correspond to known
properties, the potential role of the ABC transporters in lugdunin export and producer
self-resistance were analyzed. Therefore, different combinations of lugEFGH deletions
and the co-transcribed gene lugl were expressed in the lugdunin producing strain
S. lugdunensis IVK28. Mutants were then evaluated for activity against lugdunin-sus-

ceptible S. aureus.
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Table 1: Newly identified transporter genes in lugdunin biosynthetic gene cluster

Gene Function

lugl Encodes a 79-amino-acid-long integral membrane protein with two
transmembrane helices and no similarity to proteins of known function

lugE Contain conserved Walker motifs probably representing the ATP-bind-
ing components of ABC transporter complexes[®?

lugF Related to the integral membrane parts of putative ABC transporters of
other Firmicutes, containing 6 putative transmembrane segments

lugG Contain conserved Walker motifs probably representing the ATP-bind-
ing components of ABC transporter complexes[®?

lugH Related to the integral membrane parts of putative ABC transporters of

other Firmicutes, containing 12 putative transmembrane segments

As proof-of-concept, the lug/lEFGH mutant showed no inhibition, indicating the neces-
sity of at least some of these genes for activity and the suitability of this assay. After all
mutants were evaluated, it was shown that /lugl has a moderate but lugFGH-inde-
pendet role in lugdunin release, however only the deletion of lugl had no impact on the
lugdunin release. lugEF displayed a dominant role in lugdunin export, almost as strong
as the mutant without lugEFGH. lugGH-missing mutants on the other hand revealed a

larger amount of lugdunin release, suggesting a role in resistance, rather than export.

Additionally, the different gene combinations were expressed in S. aureus and the re-
sulting mutants were then evaluated for activity against natural lugdunin 4. lugGH ex-
pression led to a significantly increased MIC, confirming the relevant impact of these
genes to lugdunin resistance. The additional expression of lugEF further increased the
resistance of the S. aureus mutant. This further underlines the importance of ABC-
transporters on lugdunin self-resistance. In contrast, lug/ only showed a supporting role
with lugGH, as the exclusive expression of lugl did not result in different susceptibility

to lugdunin in S. aureus.
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MIC-values in Biotin growth medium
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Figure 22: MIC-values in uM for selected compounds tested in BM-medium against S. aureus (blue bars) as well
as S. aureus luglEFGH mutant (orange bars)%"]

After the various mutants were established, the specificity of the transporters was eval-
uated. A luglEFGH containing S. aureus pRB474 was subjected to the following set of
lugdunin derivatives as well as other antimicrobial compounds in order to measure the
difference in MIC values compared to unmodified S. aureus. The compounds used
were natural lugdunin 4, 2-alanine-lugdunin (as less active) and 6-tryptophan-lugdunin
5 (as more active). daptomycin, gramicidin s, CCCP and nigericin were also tested and
used as controls. The transporters showed a highly specific identification of natural
lugdunin with a more than four times increase in MIC compared to natural S. aureus
(see Figure 22). While both the enantiomer of lugdunin 4 and 6-tryptophan-lugdunin 5
are also recognized by the S. aureus mutant, the difference in activity is already re-
duced to a two-fold increase. However, the small change of two methyl-groups from
natural lugdunin to 2-alanin-lugdunin already resulted in the transporters not recogniz-
ing the derivative and thus no change in MIC in luglEFGH containing S. aureus. The
non-lugdunin related controls were also not affected by the modification of the S. au-

reus.
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Figure 23: Impact of luglEFGH deletion in the S. lugdunensis AlugD strain (a) or constitutive expression in S. au-

reus (b) on lugdunin susceptibility. Means and SEM of at least five independent experiments are shown. Signifi-

cant differences were calculated by one-way ANOVA (Brown-Forsythe and Welsh) (¥, P<0.05; **, P<0.01; ***
P<0.001; **** P < 0.0001)5

As a result, we postulate that slight modifications of lugdunin’s structure can strongly
decrease the possibility for self-resistance even if luglEFGH could spread horizontally
across different species. The obvious selectivity of the available resistance mecha-
nisms give rise to optimism for lugdunin derivatives to be used for the treatment of
S. aureus infections. Since non-natural lugdunin derivatives proved to be beneficial for
avoiding self-resistant genes, we focused on non-natural amino acids as well as fluo-

rescent amino acid tags.

We thank the Peschel Group as well as the Krismer Group for their cooperation and

we appreciate being part of this publication.
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2.4 Fluorescent lugdunin

This part corresponds to my fourth manuscript by Wirtz et al. and the goal was to pro-
vide fluorescent lugdunin derivatives in order to enable a visualization of lugdunin in

bacterial cells to better understand the MOA.

Due to lugdunin’s structure as a peptide, we focused on fluorescent amino acids rather

than a connecting amino acid that enables further derivatization with a fluorophore.

For preliminary experiments, 4-chloro-7-nitro-benzo-2-oxa-1,3-diazole (NBD-CI) was
coupled to diamino propionic acid (DAP) with triethylamine in methanol in order to pro-

duce fluorescent amino acid 25, see Figure 24.

o N-©

0, +0
NH, W AN
_N 0 o
\N’O . FmoC\N ’ - NH O
| H %OH
HN

NBD-CI 25 ~Frmoc

Figure 24: Synthesis of fluorescent amino acid 25

After successful characterization via
NMR, HPLC-MS as well as UV/Vis, this N/O

novel amino acid was incorporated into [, )\
lugdunin 4, resulting in the first ever fluo- \Q\

rescent lugdunin 26, see Figure 25. How- \2\ /\<

ever, after subjecting 26 to antimicrobial

assays against MRSA and B. subtilis, no

activity was detected. This further demon- w\
strates lugdunin’s intolerance to even o H HN o
slightly charged molecules such as the ni-

tro group in NBD. Since the desired ab- 26 g/%

sorption wavelength was determined to

Figure 25: The first fluorescent lugdunin 26 with an
be between 300 nm and 400 nm, the ben-  NBD-tag in position three
eficial mesomeric impact of nitro-, hydroxyl- or carboxylic groups and halogen atoms
had to be replaced by larger aromatic systems. As a result, | turned my focus to 4-di-
methylaminophthalimide (4-DMAP) and 6-dimethylaminonaphthalimide (6-DMN) as

previously published environment-sensitive fluorophores!®3l.
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OH
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4-Aminophtalic acid 4-DMAP

Figure 26: Synthesis of fluorescent anhydride 29

After successful synthesis of the precursor anhydride (see Figure 26), the correspond-
ing fluorescent amino acids were incorporated into lugdunin (see Figure 27). However,
similar to 26, when subjected to antimicrobial assays, the fluorescent lugdunins 30 and
31 showed no activity against MRSA. These compounds also required much more
attention during synthesis, resulting in lower yields (less than 25%) and less pure prod-
ucts (less than 70%). Due to the already intensive purification process for lugdunin via
HPLC, we decided not to further pursue experiments with these compounds as the

loss during purification would be too substantial for further experiments.

| |
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/’\% 9%

p O S S L ¥
AT IR

Figure 27: Fluorescent lugdunins 30 and 31 with fluorescent tags 4-DMAP 29 and 6-DMN respectively

As a result, we chose to explore other fluorophores instead of optimizing the existing
peptides. The generally more active 6-tryptophan derivatives were also evaluated for
their impact due to the improvement in activity and also beneficial impact on fluores-

cence from the additional tryptophan.

This led us to polycyclic aromatic hydrocarbons (PAHs), which are essentially com-
pounds consisting of multiple aromatic rings. The simplest structures of PAHs are for
example naphthalene and anthracene, which have both been previously used in lug-
dunin SAR studies, demonstrating high antimicrobial activity, both against MRSA at

6.25 uM 91, While larger compounds such as pentacene, coronene or ovalene suggest
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decent UV properties from their large 1-system, their size presumably renders these
compounds inactive in antimicrobial assays as lugdunin does not tolerate large side
chains. Thus, a lugdunin containing one of these larger PAHs is most likely not usable

as comparison to natural lugdunin and a synthesis was not carried out.

four peri-fused benzene rings, resulting in a flat aromatic system.

Pyrene 32 (see Figure 28) is widely used in commercial dyes, ,O
such as pyranine, and as probe molecule in fluorescence spec- 32

troscopy. UV/Vis absorption spectra of pyrene show, similarto  Figure 28: Chemical struc-

ture of pyrene (32)
most PAHsI®4 three distinct bands at 310 nm, 320 nm and 330

nm in dichloromethane (DCM) (see Figure 31). Since the desired use for the com-

We therefore focused on pyrene, a compact PAH, consisting of ‘

pounds is fluorescence experiments, the high quantum yields as well as fluorescence
lifetime at 0.65 and 410 ns respectively is also highly important!®-%l. Pyrene is also the
first compound for which excimer behavior was discovered in 19547, Additionally, in
this thesis, pyrene was also commercially available as Fmoc-protected amino acid,

enabling rapid peptide synthesis.

As a result, we designed a set of fluorescent lug-

dunin derivatives based on pyrenylalanine as

the fluorescent tag (see Figure 29 and Figure

30). For a detailed descript of the individual de- %\?
O

rivatives see the manuscript provided in the ap- o

pendix. Due to our previous insights into lugdu-

nin’s tolerance towards various amino acids, we

designed each pyrene derivative with valine as %\i
well as leucine at position two. This resulted in

twelve fluorescent lugdunins, with an additional Figure 29: Chemical structure of fluorescent
two pyrene lugdunins containing propargylgly- 3-Pyrenylalanine-lugdunin (16)

cine for further derivatization and another pyrene lugdunin with two alanine moieties

as designed inactive derivative for negative control(®8].
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Figure 30: Schematic presentation of the designed set of fluorescent lugdunins (33)

While the antimicrobial properties for the 3-pyrenylalanine derivative followed known
trends (see previous SAR studies), the 6-pyrenylalanine derivatives interestingly dis-
played unknown trends as the 3-tryptophan-6-pyrenylalanine lugdunin was less active
than its 3-valine counterpart. For lugdunin 4, the additional tryptophan always resulted
in better antimicrobial properties. On the other hand, all 2-leucine derivatives followed
the trend of natural lugdunin with a slightly reduced activity when compared to the 2-
valine derivatives. Interestingly, the designated inactive derivative with two alanine res-
idues proved to be antimicrobially active, albeit at higher concentrations. While this
might not be as important as highly active derivatives, this does show that the 4-alanine
lugdunin, which has previously been regarded and used as negative control, might still
be active, just not in the range that we tested as we previously considered a MIC >100
MM to be inactive. The propargyl and pyrenylalanine containing derivatives also
showed promising antimicrobial activity and further experiments with these compounds
might enable further aspects of lugdunin research, such as immobilization and using

Click-chemistry to connect other molecules to bioactive lugdunin.

After all fluorescent derivatives were synthesized and analyzed, they were subject to
UV/Vis experiments for absorption and fluorescence spectra (see Figure 31). In the
absorption spectra (blue curve), 16 shows the triple band characteristic for pyrene be-

tween 310 nm and 345 nm.
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As the maximum was found
at 342 nm, we decided to
use this wavelength for ex-
citation in fluorescence ex-
periments. As a result, we
detected two distinct fluo-
rescence signals at 376 nm
and 396 nm. They corre-
spond to literature known
pyrene monomer fluores-
cence. In addition to that, a
broad shoulder at 420 nm
was detected, corresponding

Intensity [%]

100
80 Absorption
Fluorescence
60
40
20

0
210 260 310 360 410 460 510 560
Wavelength [nm]

Figure 31: UV/Vis spectra of 3-pyrenylalanine-lugdunin 16 at a
concentration of 0.0125 mg*mL-" in MeOH.

to pyrene excited dimer (excimer) fluorescence, which may be due to aggregation in

solution. The Stokes-shift (A excitation and emission) is at least 34 nm for the first flu-

orescence signal and should enable fluorescence microscopy, which have not been

possible so far due to time restraints in the course of this thesis.

We thank the Krismer Group for their cooperation and for providing antimicrobial activ-

ity assays. We also thank the Steinem Group for their cooperation and for providing

UV experiments. In addition to that, we thank the Huhn Group for their cooperation and

for providing pKa experiments. Also, we thank the Jendrossek Group for their cooper-

ation and for providing microscopy experiments.
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2.5 Advanced structural changes to lugdunin

This part corresponds to unpublished results. The goal was to explore previously dis-
regarded aspects of lugdunin to gain further insights into the existing MOA as well as

discover new approaches to lugdunin.
Ring size of lugdunin

Following the SAR studies mentioned above, more drastic changes to lugdunin’s 4
original structure were also evaluated. At first, the number of amino acids were
changed. Therefore, the chemical synthesis was inspired from Ghadiri et. aft38 41, 43l
and we added or removed two amino acids at once to keep the alternating stereo
chemistry (see Figure 32). In literature known Ghadiri-peptides, six-membered as well
as eight-membered rings displayed similar antimicrobial activity.8 41-43 For the lugdu-
nin analogue 34 with five amino acids, counting the thiazolidine amino acid as one, we
removed two of the valines as the tryptophan, leucine and thiazolidine ring were prior-
itized. On the other hand, for the larger derivative, we added an additional tryptophan-

leucine motif for a total of nine amino acids in 35, also with alternating stereo centers.

Figure 32: Shortened and enlarged lugdunin analogues with five amino acids 34 and 9 amino acids 35 with high-
lighted stereo centers

However, both peptides showed no antimicrobial activity against MRSA. While it might
be an interesting aspect to further investigate, the vast number of necessary deriva-
tives outweighed the benefits of these experiments. These peptides also did not show
new behavior in NMR with still two distinct sets of signals from the indole peak or LCMS
experiments with still two retention times for the same peptide when compared to nat-

ural lugdunin 4. Instead, the usage of multiple thiazolidine rings was evaluated.
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Thiazolidine rings in the macrocycle

Due to the synthesis of the thiazolidine ring, it was not possible to keep the alternating
stereo chemistry as well as the uneven number of amino acids. Finally, two compounds
were designed (see Figure 33). The first one 36 contains three thiazolidine rings with
leucine and tryptophan as connections as all those amino acids proved to be essential
in previous SAR-studies. The second compound 37 consists only of four thiazolidine

rings, in order to focus on the impact of the thiazolidine ring on its own.

N
Crb
o = - H NHL
S\_NH H/\g/ 7/ NH N

Figure 33: Compounds based on lugdunin with multiple thiazolidine rings 36 and 37

Unfortunately, neither of the peptides 36 and 37 showed any antimicrobial activity
against Gram-positive or Gram-negative bacteria. For the assays, MRSA and B.subtilis
were used as Gram-positive bacteria and E.coli was used as Gram-negative bacteria.
All compounds were subjected to in-vitro antimicrobial activity assays ranging in con-
centrations from 0.18 uM to 100 yM. These compounds did, however, have similar
properties to lugdunin when measuring HPLC-MS, further highlighting the importance
of the thiazolidine-ring for lugdunin’s natural structure. As lugdunin 4 displays two dis-
tinct peaks in NMR and LCMS due to its unusual structure with the thiazolidine ring,
compounds 36 and 37 displayed multiple sets of signals in their respective analysis,
further amplifying the relevance of the thiazolidine ring for the signal anomaly during
analysis. Unfortunately, this could not be characterized or quantified due to the imper-
fect resolution during those experiments. After multiple thiazolidine-rings did not result
in an improved activity, the focus was shifted to the five-membered ring itself. Since it
has previously been shown, that the changes in the oxidation status, such as a thiazole
ring, did not result in any antimicrobially active compounds, the respective thiazoline

and thiazole rings were not further explored.
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Oxazolidine-lugdunin

Instead, we used threonine rather than cysteine during the peptide synthesis for further
derivatization. Together with the spontaneous cyclisation via trapping of the iminef®,
this resulted in a cyclic peptide with a methyl-oxazolidine ring 38 (see Figure 34). This
compound displayed good antimicrobial activity at 25 uM against MRSA. Since lugdu-

nin defined the class of thiazolidine-containing peptides (Thico-peptides)®? this is the

-
e
e

first lugdunin derivative without a sulfur atom.

Although the activity is eight times lower

compared to lugdunin, this might be a result NH
of the biggest disadvantage of this com- %
pound, the instability of the methyl-oxazoli-

dine ring. 2-Alkyl-1,3-oxazolidines are N

@)
N
H
H
H

known to be solvent dependent and can un- ©

dergo ring-opening!'®-1011 As a result, the \i

peptide exists as a mixture of imine and ox- w A H HN/z
azolidine tautomers (see Figure 35)[102-105] @) N O
The reactivity of the imine then led to the im- 38

mediate formation of adducts with the sol-

vents during LCMS analysis, rendering it im-  Figure 34: Chemical structure of methyl-oxazolidine
possible for us to determine purity of the bi- containing eyolic peplide 38

oactive oxazolidine component. These difficulties during analysis also determines this
compound to be not suitable for biological assays, as determination of purity is not
possible and the amount of compound used cannot be measured. Thus, the antimicro-
bial activity mentioned above only describes the activity of an unknown percentage of
the compound. Additionally, the instability in an acidic medium renders this compound
unsuitable for further optimization during this thesis as all available quantification meth-

ods involved an acidic component.

H
Ri—_N__R, Rq x—Re
39 T}g/ OH 4o

Figure 35: Schematic display of the oxazolidine-imine-tautomers in 38
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2.6 Applications of lugdunin

This part corresponds to unpublished results. The goal was to apply the existing com-
pounds to various applications in order to further explore the possible applications of

lugdunin.
Antimicrobial lugdunin

After all peptides from the topics mentioned above were successfully synthesized and
characterized, they were evaluated for their activity and usability in a wide range of
assays. These peptides include but are not limited to 4-alanine-lugdunin, 2-alanine-
lugdunin, lugdunin 4 and 6-tryptophan-lugdunin 5 as a set of peptides with ascending
antimicrobial activity. Additionally, 3-pyrenylalanine-lugdunin, 6-pyrenylalanine-lugdu-
nin, 3-pyrenylalanine-6-pyrenylalanine-lugdunin and 6-tryptophan-lugdunin were used
as a set of fluorescent analogues. Also, the peptides 34-37 derived in chapter 2.5 were
used as a set of more enhanced deviations. In addition to that, multiple other peptides
were used for a total of 25 peptides, ranging through the whole time of this thesis.
While all peptides were routinely evaluated for their activity against MRSA, we also
subjected the derivatives mentioned above to various other bacteria such as Esche-
richia coli, Lactobacillus acidifaerinae, Bacillus kochii, Bacillus megaterium as well as
other laboratory strains that do not have a name yet. There were a lot of interesting
results, such as lugdunin’s activity against Staphylococcus hawaiiensis at 6.25 yM and
against Lactobacillus acidifaerinae at 0.39 uM in in-vitro antimicrobial activity assays.
3-pyrenylalanine-lugdunin’s activity against Escherichia coli at 50 yM was also the first
lugdunin analogue that displays antimicrobial activity against both, Gram-positive and
Gram-negative bacteria. Unfortunately, no clear trend was detected along multiple de-
rivatives or across multiple bacteria. For example, B.megaterium proved to be highly
suitable for biological profiling with eight out of 13 fluorescent lugdunins displaying an-
timicrobial activity. On the other side, multiple strains, such as G64010 or Streptomy-
ces coelicolor, did not show any biologic activity for any derivative. However, it might
be an interesting idea for future studies to map all available lugdunin derivatives across
all involved researchers and their activities in order to fully evaluate possible correla-

tions between amino acid sequences and antimicrobial activity.
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Antiviral lugdunin

Due to the emerging COVID-19 pandemic during the time that this thesis was carried
out, the search for potential antiviral compounds quickly became one of the key as-
pects for the fight against the coronavirus.

Therefore, we evaluated selected lugdu-

Lugdunin 4 A549-ACE2

nin derivatives for their antiviral activity 150~ - 120

against SARS-CoV-2 in two different cell
lines (A549-ACE2 and CaJu-3 cells). We
evaluated for two specific values. The

90+ =90

60+ - 60

304 30

% inhibition

first value was the ECso-value, which de-

termines the effective concentration of

the compound that inhibits at least 50% 30 2 A 0 1 2 3
concentration [Log4g] pM

of virus growth. The second value is the
6-Tryptophan-Lugdunin 5 A549-ACE2

CCso-value, which determines the cyto-
=120

toxic concentration that kills at least 50%
=90
of the cells and therefore displays the cell
viability. For A549-ACEZ2 cells, lugdunin

4 displayed notable activity with an ECso-

- 60

=30

% inhibition

value of 19.77 yM and a CCsop-value of

>50 uM. This proved to be very interest-

concentration [Logqg] pM

ing as the usually more active 6-trypto-

Figure 36: Antiviral activity of lugdunin 4 and 6-trypto-
phan-lugdunin proved to be less active in  phan-lugdunin 5 against SARS-CoV-2 in A549-ACE2

cells

both ECs0 and CCso assays. For CaJu-3
cells, the antiviral activity of lugdunin was unfortunately not measurable due to errors
in detection, however, the CCsp value of lugdunin as well as the ECs0 and CCsp value
of 6-tryptophan-lugdunin were comparable to the previous cell line. All measured data

are shown in Table 2.
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Table 2: Values of antiviral activity of lugdunin 4 and 6-tryptophan-lugdunin 5 against SARS-CoV-2 in different cells

A549-ACE2 cells

Compound ECso0 (M) CCso (UM)
Lugdunin 4 19,77 ~50
6-Tryptophan-Lugdunin 5 32,50 34,78
Calu-3 cells

Compound ECso (UM) CCso (M)
Lugdunin 4 Not detectable ~50
6-Tryptophan-Lugdunin 5 34,21 34,78

These results further highlight lugdunin’s specific interaction with non-polar mem-
branes. Especially the physico-chemical similarities and highly complex structural dif-
ferences between the envelope of virus particles and bacteria cells are of interest. As
lugdunin 4 is able to interact with both, viruses and microbes, this might be a relevant
approach for further derivatization, also of other antimicrobials in order to achieve new

classes and bioactive compounds.
Immobilization of lugdunin on implants

Another possible application was evaluated by immobilizing lugdunin on a titanium sur-
face for medical applications and the subsequent analysis of activity against Strepto-
coccus gordonii. Titanium has been widely used in various medical application such
as dental implants or artificial joints. While lugdunin displayed significant antimicrobial
activity against S. gordoniiin culture assays, it was unfortunately not possible to detect
a reduction in bacteria vitality, bacteria adhesion or bacteria proliferation in the coated
titanium plates. However, this inactivity is most likely due to lugdunin not staying on
the surface properly as it has not been shown that lugdunin remains on the surface.
This could be solved by more in-depth SAR studies that focus on metal-interactions
rather than pure antimicrobial activity. A different approach could also be to use the
existing propargyl residues to immobilize lugdunin via Click-chemistry. However, if lug-
dunin 4 inserts into the membrane, a longer linker might solve the problem and enable

immobilized lugdunin 4 to be bioactive.

We thank the Bartenschlager Group for their cooperation and for providing antiviral
activity assays. We also thank the Rupp Group for their cooperation and for providing

titanium immobilization experiments.
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3 Conclusion and Outlook

This thesis is a combination of various publications on lugdunin, a novel antibiotic from
the human nose. Lugdunin is a thiazolidine-containing cyclopeptide with micromolar
in-vitro activity against multi-resistant S. aureus (3.13 uyM). It is a non-ribosomally syn-
thesized peptide with an alternating stereo chemistry and an intra molecular thiazoli-

dine formation resulting in the final heptapeptide.

This PhD thesis comprises the most detailed and comprehensive insight into lugdunin
to date. This work consists of three peer-reviewed publications and two manuscripts
which are, at the time of writing being reviewed by the co-authors. Additionally, a patent

application, of which | am the main author of, is added to the appendix.

The first publication consists of the first SAR study with basic alanine- and stereo-scan
that displayed the importance of the alternating stereo centers. The strong fluctuation
in activity among the derivatives during the alanine scan also highlighted the structural
complexity of lugdunin. Therefore, tryptophan, leucine and the thiazolidine proved to
be essential for activity. The thiazolidine ring was also evaluated for possible changes
in size (five- or six-membered ring) or nitrogen connectivity. Unfortunately, none of the
derivates showed any activity, highlighting the necessity of the unaltered thiazolidine

ring.

The second publication was designed to further understand the biological aspects of
the lugdunin-producing strain as well as the interaction between lugdunin and MRSA.
With regards to the continuous evolution of resistances against new antibiotics, it is
becoming more and more important to develop new types of antimicrobials instead of
derivatives of existing compounds. The high specificity of individual transporter genes
is very promising as the small derivatization in 2-alanine-lugdunin is already enough to
not be recognized. This suggests that cross-resistance to other antimicrobials is un-
likely and lugdunin, especially highly optimized lugdunin derivatives, are a potential
candidate for S. aureus treatment.

Consequentially, we focus on a highly diversified set of natural as well as non-natural
amino acids for the SAR study in our third publication. We established a new synthesis
route with improvements in resin availability, work-up and yields. Thus, positions two,

three and four were readily available for substitution. For positions two and four, the
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focus was put on aliphatic amino acids while the tryptophan at position three was re-
placed by various other aromatic amino acids in order to keep to natural theme at the
respective position. Additionally, we carried out multiple-position substitutions in the
attempt to evaluate different motifs and combinations of amino acids in the lugdunin
sequence. While we did not succeed in generating derivatives with higher activity than
the original compound, the sheer number of 50 peptides provided a lot of insight into

possible derivatization.

All these insights were then considered when designing the experiments for the man-
uscript of the fourth publication. In order to further investigate the MOA, we evaluated
various fluorescent tags for their fluorescence properties. This resulted in pyrenylala-
nine being a suitable fluorophore for lugdunin. We then designed a set of fluorescent
lugdunin derivatives and evaluated these for their fluorescence as well as their activity
against a set of bacteria. Even though all peptides had similar fluorescence spectra,
the difference in antimicrobial activity enables interesting experiments that are, at the

time of writing, being investigated by cooperation partners.

For the patent application, we modified the thiazolidine ring although it was previously
shown that many derivatizations were not tolerated. In addition to the thiazolidine mod-

ification, various non-natural amino acids were used for the derivatization.

As summarized above, the insights gained in this work highlight lugdunin’s possibilities
for treatment against MRSA. Having synthesized hundreds of peptides during my PhD
time, it was possible to provide valuable insight into the MOA of lugdunin. However,
even though there are already that many derivatives, there are still a lot of opportunities

for further investigation.

For example, it might be beneficial to use artificial intelligence, such as OpenAl, on the
existing data in order to further investigate unknown relationships. With the number of
derivatives available, this should result in a library large enough for various calcula-
tions. Depending on the availability of data about various membrane compositions, this
approach might also show more possible applications for lugdunin as well as suggest

complex structural derivatives of lugdunin.

In case this is not possible, a more simplistic approach might be to subject a variety of
lugdunin derivatives to a broader spectrum of microbials such as fungi or viruses. Es-

pecially with the promising results against Sars-CoV-2, this research area might be
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very auspicious as there is currently not much data available. There have also been
an increasing number of antiviral peptide (AVP) drugs undergoing clinical trials against
human immunodeficiency virus (HIV), influenza virus as well as hepatitis virus (B and
C)!'%I further highlighting the significance of this approach. While carrying out this SAR
study against viruses, it might also be beneficial to consult existing repositories such
as the antiviral peptide database AVPdb!'%7],
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Dedicated to Professor Axel Zeeck on the occasion of his 80th birthday

Abstract: Lugdunin, a novel thiazolidine cyclopeptide, exhib-
its micromolar activity against methicillin-resistant Staphylo-
coccus aureus (MRSA). For structure-activity relationship
(SAR) studies, synthetic analogues obtained from alanine and
stereo scanning as well as peptides with modified thiazolidine
rings were tested for antimicrobial activity. The thiazolidine
ring and the alternating D- and L-amino acid backbone are
essential. Notably, the non-natural enantiomer displays equal
activity, thus indicating the absence of a chiral target. The
antibacterial activity strongly correlates with dissipation of the
membrane potential in S aureus Lugdunin equalizes pH
gradients in artificial membrane vesicles, thereby maintaining
membrane integrity, which demonstrates that proton translo-
cation is the mode of action (MoA ). The incorporation of extra
tryptophan or propargyl moieties further expands the diversity
of this class of thiazolidine cyclopeptides.

’nfectiuus diseases caused by antibiotic-resistant bacteria are
an increasing health problem worldwide, especially the fast
dissemination of MRSA.I" As novel antibiotic entities have
rarely been discovered in the last decade, we have an urgent
need to find new structures. Numerous peptides such as
daptomycin add to the great structural diversity of pharma-
ceutical agents. Modifications of peptide antibiotics are
achieved by msertion of particular moieties, for example,
double bonds or heterocycles, into the backbone structure.
The cyclopeptide callyaerin and one of its analogues differ by
a double bond, which confers constraints that correlate

directly with their activity.” Notably, five- and six-membered
carbocycles within the backbone mimic conformationally
restricted - and y-amino acids.P! Naturally occurring hetero-
cycles also determine the structural flexibility of peptide
macrocycles! Interestingly, thiazolidine rings have not been
reported as cyclopeptide components so far. During a screen-
ing approach for antibiotics using human bacterial nasal
isolates,”) lugdunin (1, Scheme 1) was discovered.”! 1 is
a nonribosomal cyclic peptide produced by Staphylococcus
fugdunensis and features a thiazolidine ring as part of the
backbone. 1 shows potent antimicrobial activity against
pathogenic bacteria such as MRSA with a minimum inhib-
itory concentration (MIC) of 3.1 pgmL™" (3.9 um). Further-
more, 1 mediates bactericidal effects when applied to mice
after skin infection by 8 aureus However, the mode of action
(MoA) of 1 has remained elusive.

We previously established the synthesis of 1 for the
structural proof of natural lugdunin.®! Now we present
a comprehensive structure-activity relationship (SAR)
study to identify the essential motifs of 1 for its antimicrobial
activity. Derivatives of 1 were produced by solid-phase
peptide synthesis (SPPS) on an aldehyde-generating resin.
After assembly of the peptide chain and deprotection of the
side chains, the linear aldehyde was released from the resin.
Subsequent intramolecular heterocyclization of the C-termi-
nal aldehyde and the N-terminal cysteine afforded the
macrocycle 1 through insitu thiazolidine formation.”! The
thiazolidine, and thus 1, exists in two interconverting and,
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Scheme 1. Solid-phase aldehyde peptide synthesis of 1.

therefore, inseparable epimeric forms (Scheme 1). The poor
coupling of consecutive valine residues (Val®, Val®) was
addressed by peptide elongation in acetonitrile (see Figure S1
in the Supporting Information). The optimized strategy
provided access to many peptides.

All the peptides were tested as crude products for activity
against the MRSA strain USA300 LAC (hereafter: USA300,
Table 1). During cleavage, the aldehyde a-carbon atom of the
valine residue at position7 (Val’, Ala’ in 8) of the peptides
partially racemized, thereby leading to mixtures of L- and D-
valine or -alanine adjacent to the thiazolidine ring (sece
Scheme S1 and Figure S2 in the Supporting Information).
Crude peptides with significant activity (MIC <50 pgmL™")
were purified to determine the exact MIC. We suggest
terming the new class of lugdunins fibupeptides (lat. fibula,
clasp) to define macrocyclic peptides with a thiazolidine
moiety as an “ornament clasp”.

The importance of individual amino acids for the activity
of 1 was revealed by an alanine scan/® which yielded
fibupeptides 2-8. Each amino acid of 1 was successively
replaced by alanine with the same stereoconfiguration.
Antimicrobially inactive peptide 2 neither carries a thiazoli-
dine nor is cyclic because of the lack of cysteine. Mass
spectrometry analysis of 2 showed the formation of an
aldehyde-methanol adduct ([M +MeOH]", m/z 801.5232,
0.12 Appm). This is in agreement with the finding of Enck
et al. that the precursor aldehyde of tyrocidine A did not
spontaneously cyclize to the imine.!”

Consequently, cysteine and, hence, the thiazolidine ring is
essential. Active alanine peptides 3, 6, 7, and 8 showed MIC
values of 12.5 pgmL™" (16.6 pm) to 25 pgmL™" (33.1 pm),
which is a four- to eightfold reduction in the antimicrobial
activity. The most pronounced impact on antibiotic efficacy
was detected for the exchange of Trp® (4) and Leu* (5) for

Angew. Chem. Int. Ed. 2019, 58, 9234 —9238
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Table 1: MIC values of peptides 1-25.

AA sequence Differences highlighted MicH
1 (CVWLVVV) lugdunin (lug) 3.1(3.9)
2 AYWLVWValinal 1-Ala-lug =100
3 (CAWLVWYV) 2-Ala-lug 125 (16.6)
4 (CVALVVV) 3-Ala-lug =100
5 (CVWAVWV) 4Ala-lug =100
6 (CVWLAVV) 5-Ala-lug 125 (16.6)
7 (CVWLVAV) 6-Ala-lug 250 (33.1)
8 (CVWLVVA) 7-Ala-lug 250 (33.1)
9 (CVWLVVV) linear lug {-COOH) =100
10 VWLV cyclized homodetic lug =100
n (Me-CVWLVWV) N-methylthiazolidine-lug =100
12 (Ac-CVWLVVV) N-acetylthiazolidine-lug =100
13 (homoCVWLVVV) 1,3-thiazinane-lug =100
14 PYWLVW, 1-Pro homodetic lug =100
15 (QVWLVWY) 1-olug =100
16 (QVWLVWY) 2-Llug =100
17 ([CVWLVWY) 3-0-lug =100
18 ([CVWLVWY) 4lug =100
19 (QVWLVWY) 5-plug =100
20 (QVWLVWY) 6-Llug =100
21 ([CVWLVWY) 7-o-lug =100
22 (CVWLVVY) enantio-lug 3.1 (3.9)
B (CQWLVWY) 6Trp-lug 16(18)
24 (CPraWLVWwV) 2-Pra-6-Trp-lug 3.1 (3.9)
25 VOLFPVOLFP,, gramicidin S 6.2 (5.4)

[a] MRSA USA300 LAC (MIC in pgmL™" (um). For 5. gureus NCTC8325
MICs, see Table S3). Single-letter codes for amino acids, brackets
indicate cyclic structure (cyclization via thiazolidine), cycl. indicates
cyclization via the peptide bond, underlined letters represent p-amino
acids. [b] Detected as [M + MeOH]™ by ESI-MS, Ala =alanine, Pro=
proline, Trp=tryptophan, Pra =propargylglycine.

alanine. Both derivatives showed MIC values > 100 pgmL ™"
and were regarded as inactive. Therefore, tryptophan and
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leucine are crucial for the antibacterial activity, whereas
valine versus alanine exchanges are well-tolerated. However,
the different activiies of 3, 6, 7, and 8 imply a distinct
relevance of each valine.

The importance of the thiazolidine ring was investigated,
starting with the linear lugdunin peptide 9 (Figure 1). Intra-
molecular cyclization of 9 yielded homodetic analogue 10 in
which the ring is composed exclusively of normal peptide

NH /\\ S -NH

N
HO ”, . -
79 i o St \g (SHWO
/\( 9
H HN 10
o NH o C|;H3 OYCHS
T HN N N N
N < (_S (¥
H HN S
o) N 0 1 12
H N !
s N b :
11— ¥ NS0
Structural S
13

variations (9-14)

Figure 1. Structure of lugdunin (1) and analogues 9-14.

bonds. Both peptides were inactive against USA300. In
addition, the role of the thiazolidine NH proton was
addressed by replacing it by a tertiary amine through
methylation (11) and acetylation (12). 11 and 12 are inactive
as antibacterial agents, thus demonstrating the indispensabil-
ity of the secondary amine of the thiazolidine ring. We
speculate that the basicity of the thiazolidine amine or its
three-dimensional structure are responsible for the bioactiv-
ity of 1. Inactive 13 was prepared with homocysteine to
expand the heterocycle by an additional methylene group.
The sx-membered 1.3-thiazinane affects the structure of
1 adversely in terms of activity, even though it contains
a secondary amine. Since the thiazolidine resembles an
unusual 2-connected thioproline, we synthesized the pro-
line-containing homodetic 14, which was inactive. Thus, both,
the thiazolidine ring and its secondary amine are essential for
the antimicrobial activity of 1.

The intriguing D-.L-architecture of 1 prompted us to
conduct a stereo scan, while retaining the sequence and
hydrophobic character of 1. One amino acid at a time was
incorporated as its enantiomer (15-21). All the diastereomers
were ineffective against USA300, which demonstrates that
any inversion of a stereogenic center dramatically affects the
antimicrobial potency. To clarify whether the inversion of the
absolute configuration of 1 also has such an impact on activity,
we synthesized its enantiomer 22. Remarkably, 22 showed
identical antibiotic activity as 1. This situation has been rarely
discussed for natural products, for example, for the antiviral
feglymycin'™ or the antibiotic lysocin E."] The insignificance
of the absolute configuration of 1 suggests that the MoA does
not depend on a stereospecific receptor-ligand interaction
but could involve the recognition of achiral small molecules
or ions.""]

www.angewandte.org
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Together, these SAR studies revealed that an unsubsti-
tuted thiazolidine, tryptophan, leucine, and an alternating
amino acid stereoconfiguration are essential structural motifs
of 1. Tryptophan and leucine are abundant in peptides that
interact with bacterial cell membranes such as synthetic poly-
(Trp-Leu)-octapeptides.!"! The necessity of tryptophan and
leucine and the decrease in the activity of the less hydro-
phobic alanine fibupeptides 3, 6, 7, and 8 pointed towards an
interaction of 1 with the hydrophobic region of bacterial
membranes.

A double tryptophan-containing fibupeptide (23) was
designed to intensify the presumed interaction with the
bacterial membrane. p-Tryptophan was incorporated (Trp®)
within the nonpolar flank (pLeu’-LVal*-pVal®-LVal') of 1.
Fibupeptide 23 showed a twofold increased activity. As could
be deduced from the alanine scan, position 2 shows tolerance
for side-chain modification while retaining activity. Incorpo-
ration of D-propargylglycine (Pra) at this position in 23
resulted in active derivative 24. 24 is suitable for 1,3-dipolar
cycloaddition to enable the production of further analogues,
preferably with activity against Gram-negative bacteria.'”

With the knowledge that the enantiomer (22, Figure 2)
shows activity identical to 1, we suspected that 1 might move
achiral molecules or ions across lipid membranes This
concurs with our previous observation that bacterial cells
exposed to 1 stopped incorporating radioactive DNA, RNA,
protein, and cell-wall precu.rsurs.["] Thus, the influence of the
active fibupeptides 1, 3, 22, and 23 on the transmembrane
potential of S. aureus NCTC8325 was compared to that of the
less active or inactive 5, 11, and 21. When entering the cell, the
green fluorescence of the dye DiOC,(3) shifts towards a red
emission because of a self-association that depends on
membrane potential.l'

All the tested peptides affected the transmembrane
potential of S. aureus NCTC8325, in full comrelation with

23 24

Figure 2. Exemplified derivatives of 1. 4 is an inactive alanine ana-
logue. The enantiomer 22 shows identical activity as 1. 23 and 24 are
specially designed analogues of 1 with twofold and equal activity,
respectively.

Angew. Chem. Int. Ed. 2019, 58, 92349238



Chapter 6: Appendix

lugdunin (1) N-methyithiazolidine-lugdunin (11)

M
=

=

=

Fluorescence ratio {redigreen)

0.0 T 0.0 A
g e ef’*nﬂfi 5'3’1éi§+ daacués R O U

(fald MIC) [ngimL]

enantio-lugdunin (22) 2-Ala-lugdunin (3)

g
g
=

=
a

Fluorescence ratio (redgreen)
-
a

Fluorescence ratio (redigreen)
tn

0.0
FE TSI IS

{fold MIC)

0.0
P EEEX T,
{fold MIC)
Figure 3. Effect of 1,11, 22, and 3 on the S. aureus NCTC8325
membrane potential after 30 (black bars) and 60 minutes (gray bars)
of treatment. The protonophore CCCP (5 um) was used as a positive
and DMSO as a negative control. Error bars represent the standard
deviation (SD) of two biological replicates including two technical
replicates each.

their MIC values, and in a concentration-dependent manner
(Figure 3, see also Figure S11 and Table S3 in the Supporting
Information). Partial membrane depolarization occurred at
concentrations slightly below the MIC (0.125-0.5 x MIC),
while inactive 11 showed no effect. This is in accordance with
the parallel cessation of all biosynthetic pathways and
indicates a MoA involving impairment of membrane integrity
or ion leakage/transport.

Remarkably, 1 does not tolerate amino acids with polar
(Ser, Thr) or protonated (Lys) side chains without losing
bioactivity—in contrast to common peptides that disrupt the
membrane potential such as gramicidin A.

To analyze the effects on bacterial membranes, we treated
S aureus with 1 and subsequently added a mixture of the dyes
Syto9 and propidium iodide (PI) to the cells as an indicator
for pore formation. The red-fluorescent PI can only cross the
cytoplasmic membrane through large pores or lesions. Treat-
ment with 1 up to a concentration of 30 pgmL™" (10x MIC)
did not allow for PI entry into the S aureus cells, while nisin
led to a strong mnflux of the dye because of its ability to form
large pores (Figure 4 A).

We further employed unilamellar vesicles composed of
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) as
a membrane model system to assess the activity of 1. The use
of artificial lipid bilayers enables the characterization of
membrane activity independent of other factors such as
proteins. We investigated first whether 1 impairs vesicle
integrity.'"! The ability of 1 to induce release of the
fluorescent dye carboxyfluorescein (CF) was compared to
that of the cyclic decapeptide gramicidin § (25), which can
destabilize membranes." The dye is entrapped in vesicles in
a self-quenching concentration (100 mum) and leakage results

Angew. Chem. Int. Ed 2010, 58, 9234 -9238
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Figure 4. Complementary experiments excluding large pores or lesions.
A) Fluorescence microscopy of S. aureus treated with pore-forming
nisin (1-2 x MIC) or 1 (10 x MIC). Scale bars: 1 pm. B) Time course
of normalized CF leakage from POPC vesicles, induced by 25 and 1 at
concentrations of 5 um and 1 pm (P/L 1:10 and 1:50).

m an increase in fluorescence. In contrast to 25, 1 induced
only very slow leakage of the dye even at high concentrations
(Figure 4B). This result supports the notion that 1 does not
destabilize the membrane, but rather acts by translocating
ions.

We investigated the ability of 1 to transport protons by
using vesicles filled with the pH-sensitive fluorescent dye
pyranine (HPTS).'") A pH gradient was established across the
lipid bilayer and proton transport was observed as a change in
fluorescence. As proton translocation across a membrane
induces a transmembrane potential that prevents further
transport, the change in the internal pH value is also
dependent on charge equilibration and, therefore, transport
of further ions. A control experiment with the protonophore
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) and the
potassium ionophore valinomycin showed that both ions have
to be transported to explain rapid pH equilibration (see
Figure S12 in the Supporting Information). Figure 5 shows
that 1 causes rapid proton translocation at concentrations as
low as 50 nM (peptide to lipid ratio (P/L) 1:1000) irrespective
of the direction of the gradient. To exclude dye leakage,
pyranine fluorescence was quenched outside the vesicles in
a control experiment (see Figure S12 in the Supporting
Information).

In this pH assay, 1 demonstrated a significantly higher
proton translocation capability than 25, whereas antimicro-
bially inactive 11 showed greatly reduced proton transport
(Figure 5C). This finding suggests a vital role of the thiazo-
lidine moiety in proton translocation and is in agreement with
the membrane depolarization data.

In summary, we established an optimized synthesis of 1 to
provide access to manifold analogues. By SAR studies, we
revealed the essential motifs for antimicrobial activity,
notably, the alternation of D- and L-amino acids, the presence
of tryptophan and leucine, as well as the N-unsubstituted
thiazolidine ring. The identical activity of the enantiomer 22
suggested that chiral recognition was not relevant for the
MoA of 1. Additionally, 1 and its analogues illustrate a strong
correlation between membrane depolarization and MIC
values with 8 aureus cells Furthermore, 1 did not induce
large pores in either S. aureus cells or POPC vesicles and acts
through proton translocation in synthetic membrane vesicles.
In addition, the twofold more active 23 (Trp®) verified these
mnsights.
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Figure 5. Time course of normalized pyranine fluorescence after addition of: A;B) 5 um to 50 nm 1 (P/L 1:10 to 1:1000) with A) proton influx from
pH 6.4 to 7.4, B) proton efflux from pH 7.4 to 8.4, C) after addition of 1 um (P/L 1:50) 11, 25, and 1, proton influx from pH 6.4 to 7.4. The
vesicles were composed of POPC, total lipid concentration 50 pum containing 0.5 mm pyranine.

The active analogue 24 with a propargyl function paves
the way for the production of analogues with optimized
bioactivity or fluorescent properties, which will contribute to
elucidating the mechanistic interaction between 1 and MRSA
on the molecular level. The exact role of the vital thiazolidine
ring is the focus of current investigations along with the
question of whether 1 translocates protons as a mobile carrier
or by channel formation.
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ABSTRACT Lugdunin is the first reported nonribosomally synthesized antibiotic
from human microbiomes. Its production by the commensal Staphylococcus lug-
dunensis eliminates the pathogen Staphylococcus aureus from human nasal micro-
biomes. The cycloheptapeptide lugdunin is the founding member of the new class
of fibupeptide antibiotics, which have a novel mode of action and represent promis-
ing new antimicrobial agents. How S. lugdunensis releases and achieves producer
self-resistance to lugdunin has remained unknown. We report that two ABC trans-
porters encoded upstream of the lugdunin-biosynthetic operon have distinct yet
overlapping roles in lugdunin secretion and self-resistance. While deletion of the
lugEF transporter genes abrogated most of the lugdunin secretion, the lugGH trans-
porter genes had a dominant role in resistance. Yet all four genes were required for
full-level lugdunin resistance. The small accessory putative membrane protein Lugl
further contributed to lugdunin release and resistance levels conferred by the ABC
transporters. Whereas LuglEFGH also conferred resistance to lugdunin congeners
with inverse structures or with amino acid exchange at position 6, they neither af-
fected the susceptibility to a lugdunin variant with an exchange at position 2 nor to
other cyclic peptide antimicrobials such as daptomycin or gramicidin S. The obvious
selectivity of the resistance mechanism raises hopes that it will not confer cross-
resistance to other antimicrobials or to optimized lugdunin derivatives to be used
for the prevention and treatment of S. aureus infections.

KEYWORDS ABC transporters, Staphylococcus, drug resistance mechanisms, natural
antimicrobial products

he dynamic changes in microbiome composition are governed by multiple antag-

onistic or mutualistic microbial interactions (1). Several microbiome members
achieve fitness benefits in competition with other bacteria through the production of
bacteriocins or related antimicrobials (2, 3). The biosynthetic genes for the production
of antimicrobials are located in highly variable and often mobile clusters, which usually
also include genes conferring self-resistance to the producer strain (4, 5). Such mech-
anisms can confer resistance to a more or less narrow range of antimicrobials, thus
defining the capacity of antimicrobial-producing bacterial strains to tolerate their own
compound plus, potentially, those from competitors. The capacity to produce bacte-
riocins and related molecules has been found to be particularly abundant in micro-
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FIG 1 Decreased G+C content (a) and genetic organization (b) of the lugdunin gene cluster. 5. lugdunensis IVK28 chromosomal section between nuclectides
770,000 and 920,000 (BioProject accession number PRINA669000 and GenBank accession number CP0£3143), along with the encoded open reading frames in
red (lugdunin gene cluster lugJ to lugM) and gray (other genes) and the corresponding G+C content in purple (below average; 26.7% for the lugdunin operon)
and green (above average; 33.82% for the entire genome), is shown in panel a. Organization of the lugdunin gene cluster with functional assignment in different

colors is shown in panel b. Protein accession numbers are listed in Table 53 in the supplemental material.

biome members from nutrient-poor habitats such as the human nose (6). We are only
beginning to understand the diversity and relevance of such molecules (7).

We have recently reported that most isolates of Staphylococcus lugdunensis, a
colonizer of the human skin and nasal mucosa, produce lugdunin, the founding
member of a new class of circular antimicrobial peptides named fibupeptides (8, 9).
Lugdunin is synthesized by nonribosomal peptide synthetases and inhibits target
bacteria by dissipating their membrane potential, probably in a protonophore-like
fashion (9). In addition to its direct antimicrobial activity, lugdunin stimulates human
skin cells to produce antibacterial host defense peptides that synergize with lugdunin
in the elimination of susceptible microbes (10). Lugdunin-producing S. lugdunensis can
eradicate the major human pathogen Staphylococcus aureus, and nasal carriage of S.
lugdunensis strongly reduces the rate of nasal colonization by S. aureus (8). The
suitability of lugdunin as a potential new drug for S. aureus decolonization and therapy
depends also on the risk of resistance development. We found that S. aureus cannot
develop spontaneous resistance to lugdunin even after several passages in cultures
with increasing subinhibitory concentrations of lugdunin (8). It has remained unclear,
though, how S. lugdunensis achieves self-resistance to its product and if potential
resistance genes could be mobilized and transferred to S. aureus or other pathogens.

Here, we analyzed the lugEFGH genes encoded next to the lugdunin biosynthesis
genes and show that the four ABC transporter-encoding genes are necessary and
sufficient to confer lugdunin resistance. LugeFGH and the accessory small putative
membrane protein Lugl were required for both optimal secretion of endogenous
lugdunin and resistance to exogenous lugdunin, and even slight changes in lugdunin
structure abrogated the capacity of the ABC exporters to protect against these com-
pounds.

RESULTS

The lugdunin gene cluster includes 13 genes, many of which encode proteins
of unknown functions. The recent identification of the lugdunin gene cluster com-
prising the biosynthetic lugABCD genes and the putative regulator lugR (8) prompted
us to elucidate the boundaries of the cluster and identify additional genes potentially
involved in lugdunin synthesis, export, regulation, and self-resistance. The cluster, plus
some of the adjacent genes, has a significantly lower G+C content than the rest of the
chromosome (26.7 versus 33.8%, respectively), and the region spanning lugH and lugR
has even less than 24% G+C (Fig. 1a), suggesting that lugRABCD plus nine additional
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FIG 2 Impact of combinations of deletions of the luglEFGH genes on 5. lugdunensis lugdunin secretion (a) and
growth (b). (a) Differences in inhibition zone distances around colonies of 5. lugdunensis wild type (WT), set to
100%, or mutants with the indicated deletions on agar containing lugdunin-susceptible 5. aureus. (b) Growth in
broth culture of the strains shown in panel a. Means and SEM of at least 4 (panel a) or 3 (panel b) independent
experiments are shown. Significant differences were calculated by one-way ANOVA (Dunnett's multiple-
comparison test) (%, P= 0.05 **, P=0.01; ***, P=0.001; ****, P < 0.0001; ns, not significant).

genes form the full gene cluster (Fig. 1h). lugD, coding for the starter unit in lugdunin
biosynthesis, is flanked by the genes encoding LugT, a putative type Il thioesterase that
may repair stalled peptidyl carrier protein (PCP) domains (11), and LugZ, which is
homologous to 4'-phosphopantetheinyl transferases and probably converts apo-PCP to
the active holo-form by attachment of the 4-phosphopantetheine cofactor (11). Further
downstream, probably forming a separate transcriptional unit, lugM encodes a putative
monooxygenase, whose role in the biosynthesis process remains unclear.

Upstream of lugR, five genes (luglEFGH) form another operon (Fig. 1b). Lugl is
predicted to encode a 79-amino-acid-long integral membrane protein with two trans-
membrane helices and no similarity to proteins of known function (Fig. 51 in the
supplemental material). LugE and LugG contain conserved Walker motifs probably
representing the ATP-binding components of ABC transporter complexes (12). LugF
and LugH are related to the integral membrane parts of putative ABC transporters of
other Firmicutes, with LugF containing 6 and LugH 12 putative transmembrane seg-
ments (Fig. S1). According to the canonical architecture of ABC transporter complexes,
the four proteins could form two distinct transporters, one as a LugeF homodimer and
a second with a LugG homodimer linked to one LugH copy. Upstream of lugl, the gene
lugJ is encoded in opposite direction, which may constitute a second regulator gene in
addition to lugR. Lug) most likely belongs to the winged-helix type HTH-containing
transcriptional regulators. Most antibiotic biosynthetic gene clusters encode proteins
conferring self-resistance to the producing strain. Usually, these are either antibiotic-
insensitive variants of target proteins, enzymes for the modification of target structures
(e.g., rRNAs), or antibiotic exporters (13). None of the genes in the lugdunin cluster
seemed to reflect the first two types of self-resistance genes, while the putative ABC
transporter genes were regarded as candidates for accomplishing lugdunin secretion
and self-resistance and were analyzed further.

ABC transporters encoded in the Jug gene cluster mediate lugdunin release
and confer resistance to lugdunin. To analyze a potential role of the ABC transporters
in lugdunin export and self-resistance, different combinations of lugeFGH and the
cotranscribed gene Jugl were deleted in the lugdunin-producing strain S. lugdunensis
IVK28. To avoid polar effects on downstream transcripts, an allelic replacement strategy
with no insertion of foreign DNA fragments was used. When inhibition zones around
spotted bacterial suspensions with identical diameters of the wild type and mutants
on agar containing lugdunin-susceptible S. aureus cells were compared (Fig. 2a), the
luglEFGH mutant (AluglEFGH) showed no inhibition, indicating that some or all of the
five genes are required for lugdunin export. Deletion of only lugEFGH strongly reduced
but did not abolish lugdunin release. The inhibitory distance was about 25% compared
to the wild type (Fig. 2a), suggesting that Lugl has a very modest but LugEFGH-
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FIG 3 Impact of luglEFGH deletion in the S. lugdunensis AlugD strain (a) or constitutive expression in S.
aureus (b) on lugdunin susceptibility. Means and SEM of at least five independent experiments are
shown. Significant differences were calculated by one-way ANOVA (Brown-Forsythe and Welsh) (%,
P =005 **, P=0.01; **, P=0.001; ™*, P < 0.0001).

independent role in lugdunin release. However, the sole inactivation of lugl caused no
reduction in lugdunin release. Deletion of lugEF had a significant impact on the level of
lugdunin export, which was almost as strong as in the AlugEFGH mutant, indicating that
LugEF has a dominant role in lugdunin export. In contrast, the AlugGH mutant released
even slightly larger amounts of lugdunin (about 38%) and exhibited a growth defect in
liquid culture compared to the wild type (Fig. 2b), suggesting a role in resistance to
lugdunin rather than export. Accordingly, the other JugGH-deficient mutant strains
AlugEFGH and AluglEFGH displayed similar growth defects (Fig. 2b).

To investigate the role of LuglEFGH in lugdunin self-resistance, several combinations
of the genes were deleted in S. lugdunensis AlugD, which does not produce lugdunin
(8), and the susceptibility of the resulting mutants to lugdunin was analyzed. Deletion
of the entire gene set (luglEFGH) strongly decreased the MIC to exogenous lugdunin
from 10.5 pg/ml to 2.0 pg/ml, indicating that the genes are involved in producer
self-resistance to lugdunin (Fig. 3a). Deletion of either lugEF or lugGH also led to
reduced lugdunin MIC values, indicating that both ABC transporters play a role in
lugdunin self-resistance. Deletion of lugl led to a decrease of the MIC to the identical
level as the lugGH deletion. Deletion of lugEF, luglEF, or luglEFGH led to a stepwise MIC
decrease to the lowest observed level. AlugeFGH, still expressing lugl, showed the same
MIC level as the luglEFGH mutant, indicating that although Jugl deletion has an effect
on the overall MIC level, Lugl seems to rely on the presence of one of the transporters
to modulate lugdunin self-resistance (Fig. 3a). The lugdunin MIC of the S. lugdunensis
lugEFGH deletion mutant was at the same level as those of a representative panel of
nasal S. aureus and Staphylococcus epidermidis strains (2.7 g/ml on average; Fig. 52),
suggesting that there is probably no additional self-resistance system involved.

To confirm the capacity of luglEFGH to confer lugdunin resistance, the genes were
cloned in different combinations in the pRB474 vector downstream of a constitutive
promoter and introduced into S. aureus N315. JugGH expression led to a significantly
increased lugdunin MIC (Fig. 3b), which confirms the important contribution of this
subset of genes to lugdunin resistance. The additional expression of lugEF further raised
the resistance of S. aureus to lugdunin, which supports the notion that full lugdunin
resistance depends on the presence of all four ABC transporter genes. However,
expression of lugEF alone did not cause a notable level of resistance. The presence of
the entire operon luglEFGH increased the lugdunin MIC to the highest observed level
of 15.9 pg/ml, indicating that the small fugl also contributes to resistance. When lug/
was expressed in combination with lugEF (pRB474-luglEF), no increased MIC compared
to lugEF expression alone was observed. In contrast, lugl expression with lugGH
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FIG 4 Impact of JuglEFGH on S. aureus susceptibility to lugdunin variants and other cyclic peptide
antimicrobials. (a) Chemical structure of lugdunin and positions of alterations in derivatives used in panel
b. (b) Ratios of MICs elucidated for S. aureus pRB474-luglEFGH versus 5. aureus pRB474. Means *= SEM
from at least three independent experiments and significant differences between MICs for the two
strains, calculated by Student's multiple unpaired t test (with Holm-Sidak correction) are shown (™,
P = 0.01). Mean MIC values for all compounds and both strains are listed in Table 53 in the supplemental
material.

(pRB474-luglGH) enhanced the MIC to the same level as lugEFGH expression, indicating
that Lugl might have a supporting effect with LugGH rather than with LugEF. Accord-
ingly, the exclusive expression of lugl did not alter the susceptibility to lugdunin. The
lugdunin MIC reached in S. aureus pRB474-luglEFGH was identical to or even higher
than that of S. lugdunensis IVK28, probably as a consequence of the high plasmid copy
number (Fig. 3b).

The resistance conferred by the ABC transporters LuglEFGH is largely specific
for native lugdunin. While some ABC drug exporters have broad substrate specifici-
ties, others are highly selective for only certain compounds (14). The luglEFGH genes
were assessed for their capacity to protect S. aureus against lugdunin derivatives (see
chemical structures 1 to 4 in Fig. 53) and other antimicrobial compounds to elucidate
the transporters’ substrate range. The three derivatives enantio-lugdunin, 6-Trp-
lugdunin, and 2-Ala-lugdunin were selected because they had similar activities as
native lugdunin. 6-Trp-lugdunin was even slightly more active than native lugdunin.
Since most other lugdunin derivatives showed no or only residual activity, we could
include only the two active versions (9). The constitutive expression of LuglEFGH did
not affect the susceptibility of S. aureus to the membrane-active cyclic peptide antibi-
otics daptomycin and gramicidin S, or to the small nonpeptide protonophores carbonyl
cyanide m-chlorophenylhydrazone (CCCP) and nigericin, indicating that the resistance
mechanism has a strict preference for the structure of lugdunin (Fig. 4a). LuglEFGH also
conferred some degree of resistance to the lugdunin enantiomer (enantio-lugdunin),
which has the same structure as regular lugdunin but an inverse pb-/.-amino acid
configuration (8, 9), albeit with a much lower efficacy as to native lugdunin. Similar,
though even less pronounced, findings were obtained with 6-Trp-lugdunin, which
contains a p-tryptophan at position 6 instead of a p-valine (9). In contrast, 2-Ala-
lugdunin (p-alanine instead of p-valine at position 2) (9) had equal antimicrobial activity
against S. aureus with or without LuglEFGH, implying that no resistance against the
2-Ala congener was conferred. Thus, LUuglEFGH is largely specific for lugdunin in its
native structure, and lugdunin alterations at position 2 are less well tolerated by the
transporter than alterations at position 6.

DISCUSSION

Lugdunin, the first nonribosomally synthesized antibiotic from human microbiomes,
has a novel structure and an unusual protonophore-like mode of action, which distin-
guishes it from most of the antibiotics in clinical use (9). Lugdunin causes proton
leakage in synthetic, protein-free membrane vesicles, suggesting that it does not need
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FIG 5 Model for the roles of LuglEFGH in lugdunin secretion and self-resistance. LugEF has a dominant
role in lugdunin secretion and a minor role in lugdunin resistance. In contrast, LugGH is mostly
responsible for self-resistance, presumably by taking lugdunin up from the membrane bilayer. Lugl
contributes to secretion and resistance by collaborating with the ABC transporters in a currently unclear
fashion. Putative minor lugdunin passageways are shown as dashed arrows. ABCD depicts the intracel-
lular lugdunin-biosynthetic enzymes.

to target a proteinaceous molecule to exert its antibacterial activity (9). The atypical
mode of action raised the question of whether the bacterial producer strains would also
use an unusual mechanism to achieve self-resistance to lugdunin. As shown for other
cyclic peptides, lugdunin may be able to oligomerize in membranes (15-17), which
might also have an influence on its recognition by the lugdunin transporters. We
demonstrate that S. lugdunensis uses the four ABC transporter proteins LugEFGH for
lugdunin secretion and self-resistance (Fig. 5), which is reminiscent of several other
antimicrobial molecule producers (2, 18). The use of two separate ABC transporters for
antimicrobial secretion and self-resistance has previously been documented, for in-
stance, for several lantibiotics and other bacteriocins (18). Moreover, the phenol-soluble
modulin (PSM) peptides produced by most Staphylococcus species are secreted by an
ABC transporter complex, which is encoded by four genes most probably forming two
separate transporters, PmtAB and PmtCD (19). They confer self-resistance to PSMs and
several other membrane-damaging cationic antimicrobial peptides (CAMPs) (20).

The roles of LugEF and LugGH in lugdunin export and self-resistance overlapped to
some degree, which is also reminiscent of some bacteriocin-synthetic systems with two
separate ABC transporters (21, 22). LugGH had a dominant role in lugdunin resistance
in S. aureus, which was even enhanced by the presence of Lugl. Accordingly, LugGH
had only a weak effect on lugdunin release in S. lugdunensis. Although deletion of
lugGH in S. lugdunensis had only a minor effect on the MIC compared to lugEF deletion,
it had a strong impact on the growth and fitness of lugdunin-producing S. lugdunensis,
which is in agreement with its capacity to protect the producer against its product. The
S. lugdunensis lugGH mutant released even slightly more lugdunin than the wild type
for unclear reasons, maybe as a consequence of dysregulation of the lugdunin-
biosynthetic process in these highly stressed mutant bacteria. This might also be the
explanation for the unexpected strong impact of lugeF deletion in 5. lugdunensis on the
MIC, although LugEF does not change the MIC level in S. aureus. As for several other
ABC exporters conferring resistance to membrane-active compounds, it can be as-
sumed that LugH takes up its cargo from the membrane bilayer by opening the
channel laterally (Fig. 5). In contrast to LugGH, LugEF did not seem to affect the
producer’s fitness but had a dominant impact on lugdunin release, probably by
acquiring lugdunin from the biosynthetic machinery (LugABCD) in the cytoplasm.
Nevertheless, LugEF also contributed to lugdunin resistance, maybe by exporting
excess cytoplasmic or membrane-embedded lugdunin (Fig. 5). It is currently not clear
if the two transporter systems form indeed a complex together with Lugl. It is possible
that LugEF may be associated with the biosynthesis machinery formed by LugABCD to
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directly export newly synthesized lugdunin, which, in addition to the stoichiometry of
the LuglEFGH products, remains to be explored.

It remains unclear how Lugl may contribute to lugdunin secretion and self-
resistance, but it is obvious that its role in resistance depends on the presence of both
ABC transporters. Accessory membrane proteins have been described for other ABC
transporters, for instance, the S. aureus VraDEH system, which confers resistance to
CAMPs. In addition to the ATPase VraD and the integral membrane component VraE,
the system includes the small VraH protein, which is required for high-level resistance
to gallidermin and daptomycin and has been denoted a “peptide resistance ABC
transporter activity modulator” (23), a term also appropriate for Lugl. VraH has a similar
size and predicted membrane topology as Lugl, but no obvious sequence similarity.
Accessory integral membrane proteins are also known to complement ABC transporters
secreting and conferring producer self-resistance to the lantibiotics epidermin and
gallidermin (21, 22).

Only inversion of the lugdunin structure in enantio-lugdunin or a minor change at
amino acid position 6 of lugdunin were tolerated by the resistance mechanism,
although resistance to these congeners was much less pronounced than for native
lugdunin. In contrast, changes at position 2 abrogated the capacity of LuglEFGH to
confer resistance completely. The high selectivity distinguishes the lugdunin resistance
mechanism from those to other antimicrobial molecules such as PSMs or from multi-
drug ABC exporters such as Sav1866 (24) or AbcA (25, 26). Slight modifications of
lugdunin that maintain or even increase its antimicrobial activity will therefore make it
difficult for LuglEFGH to neutralize such variants if they would be developed for clinical
use, even if luglEFGH could spread horizontally between different bacterial species.
More detailed studies will be necessary to elucidate the molecular basis for the
selectivity and elucidate if and which mutations in the self-resistance proteins
might alter or broaden its preferences for peptide cargo.

LuglEFGH has never been found outside the lug operon of S. lugdunensis, neither in
S. aureus nor other nasal microbiome members. Only a few members of the Bacillales
order, mainly from the environmental or intestinal bacterial genera Salinicoccus, Plano-
coccus, Exiguobacterium, or Gracilibacillus, harbor homologs of the luglEFGH cluster,
albeit without the lugdunin biosynthesis genes. Additionally, Streptococcus mutans
genomes encode an ABC transporter with homology to LugGH, but lack Lugl or LugEF
homologs. Despite its lower G+C content, the lug gene cluster does not seem to
constitute a promiscuous genetic element, which may restrict its mobility among
species other than S. lugdunensis.

MATERIALS AND METHODS

Strains and growth conditions. The Staphylococcus strains used in this study were 5. aureus N315,
S. aureus USA300 LAC, and S. lugdunensis IVK28. Further strains used for MIC determination were 5. aureus
N315 with plasmids pRB474, pRB474-lugl, pRB474-lugEF, pRB474-luglEF, pRB474-lugGH, pRB474-luglGH,
pRB474-lugEFGH, and pRB474-luglEFGH. The construction of the plasmids is described below. Escherichia
coli DC10B was used as the cloning host for further transformation in 5. aureus N315 (expression of
transporter genes) or S. aureus PS187 for subsequent phage transduction into 5. lugdunensis IVK28 (27).

Basic medium (BM; 1% soy peptone A3 [Organotechnie SAS, France], 0.5% Ohly Kat yeast extract
[Deutsche Hefewerke GmbH, Germany], 0.5% NaCl, 0.1% glucose, and 0.1% K,HPO,, pH 7.2) was used as
the standard growth medium and for MIC determinations. If necessary, antibiotic was used at a
concentration of 10 g ml " for chloramphenicol. E. coli transformants were grown in lysogeny broth (LB;
Lennox) medium (1% tryptone, 0.5% yeast extract, and 0.5% NaCl; Carl Roth GmbH, Germany) supple-
mented with 100 wg ml-" ampicillin or corresponding LB agar.

To analyze growth curves, strains were grown overnight in BM with suitable antibiotics under
continuous shaking at 37°C. Each strain was adjusted to an optical density at 600 nm (ODgy) of 1 in
Mueller-Hinton broth (MHB), and 2.5 pl of the bacterial stock solutions were pipetted to 500 pl MHB in
a 48-well microtiter plate. The plates were incubated for 48 h under continuous shaking in a microplate
reader, and the OD,,, was measured every 15 minutes.

Synthetic lugdunin congeners and control compounds. All synthetic lugdunin derivatives were
synthesized as described elsewhere (9). Daptomycin (Cubicin) was purchased from MSD Sharp & Dohme
GmbH (Haar, Germany); CCCP, gramicidin 5, and nigericin were obtained from Sigma-Aldrich (now Merck,
Germany).

Generation of 5. lugdunensis IVK28 knockout mutants. DNA manipulation, isolation of plasmid
DNA, and transformation of E. coli were performed by use of standard procedures. Enzymes for molecular
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TABLE 1 Primers used for construction of S. lugdunensis IVK28 mutants and their verification?

Primer Sequence (5'-3") Assignment

lugl K.O._forw1_Sacl aaagagctccgtictccacaattctc Deletion of lugl (3" of lugJ)

lugl K.O._rev1_Ncol ccctecatggtcattattgataatgataatg Deletion of lugl (5" of lugJ)

lugl K.O._forw2_Ncol tgatccatggaaggaggctaataaaaattgatcg Deletion of lugl (5" of lugE)

lugl K.O._rev2_Bglll aatagatctctcatatatcagacaccaactct Deletion of lugl (3" of lugE)

lugJ Sacl aaagagctccgtegtictccacaattc Deletion of luglEF or luglEFGH (3’ of lugJ)

lugJ Accésl u tatcggtacccattttcaccctccattatc Deletion of luglEF or luglEFGH (5" of lugJ)

lugG Accésl d agtggtacccttacattagctgaaagec Deletion of lugEF or luglEF (5" of lugG)

lugG Bglll gctaagtagatctcatataccaaatagcca Deletion of lugEF or luglEF (3" of lugG)

lugJl Sacl ccagagctcctaggattaacttgagagg Deletion of lugEF or lugEFGH (3" of lugJ)

lugJl Accesl u cctggtaccccaatacactctooctctga Deletion of lugEF or lugEFGH (3" of lugl)

lugF Sacl ttagagctccacatatictigatgatge Deletion of lugGH (5" of lugF)

lugF Acc65l u gataggtacctaacacctttatcagaacc Deletion of lugGH (3" of lugF)

lugR Accesl d acaaggtaccigtagtataaaatccac Deletion of lugGH, lugEFGH, or luglEFGH (5" of lugR)
lugR Baglll cttagatcttttcagttatcacaacagg Deletion of lugGH, lugEFGH, or luglEFGH (3" of lugR)
lugJ region down gttttggtacctgtacatggtggtggce 5" of lugJ (control)

lugR region up cttagatcttttcagttatcacaacagg 3" of lugR (control)

9Restriction sites used for cloning are indicated as bold letters.

cloning were obtained from Thermo Fisher Scientific and New England Biolabs. For the generation of
knockout mutants, the temperature-sensitive shuttle vector pBASE6 was used, and mutants were
generated by allelic replacement as described previously (28). Flanking regions of the genes to be
deleted were amplified by PCR (Table 1) and ligated to shuttle vector pBASEG after digestion with
suitable restriction enzymes. Cloning was performed in E. coli DC10B from where sequence-verified
plasmids were transferred to 5. aureus PS187 by electroporation. Phage ¢187 was used for transduction
of 5. lugdunensis IVK28 as described elsewhere (27). Mutations in 5. lugdunensis were confirmed by PCR
amplification of the entire lugJEFGH region with control primers and analysis of the fragment sizes in
comparison to the wild type. For the construction of the luglGH mutant, the confirmed lugGH mutant was
transduced with the plasmid for lugl deletion, and the second deletion was performed in the AlugGH
background.

Expression of ABC transporter genes in S. aureus N315. The transporters of S. lugdunensis IVK28
were cloned in pRB474 as follows. For the lugEF construct, the primers ABC1-down and ABC2-up (Table
2) were used to amplify lugEF, and the primers ABC regulator forw and ABC2-up were used to amplify
luglEF. To express only lugl, the gene was amplified with primers ABC regulator forw and lugl rev (Sacl).
lugGH was generated with the primers ABC3-down and ABC4-up. For the generation of the JuglGH
construct, the plasmid pRB474-lugGH was digested with Pstl and treated with alkaline phosphatase.
Here, lugl was amplified with the primers ABC regulator forw and lugl rev (Pst), digested with Pstl, and
ligated into the Pstl-digested pRB474-lugGH. The correct orientation of fugl in front of lugGH was
confirmed by sequencing. lugEFGH was generated with the primers ABC1-down and ABC4-up. The PCR
fragment for luglEFGH was amplified with the primers ABC regulator forw and ABC4-up. All PCR products
resulting constructs pRB474-lugl, pRB474-lugEF, pRB474-luglEF, pRB474-lugGH, pRB474-lugIGH, pRB474-
lugEFGH, and pRB474-luglEFGH were transferred into E. coli DC10B (29) and subsequently into S. aureus
N315.

Analysis of lugdunin secretion. To analyze the capacity of S. lugdunensis IVK28 and its isogenic
mutants to export lugdunin, an S. aureus inhibition assay was performed. 5. aureus USA300 LAC was
grown overnight in BM, and BM agar, cooled down to 50°C after autoclaving, was inoculated to a final
0D of 0.00125 with this overnight culture. From this suspension, defined 15-ml agar plates with 8.4cm
diameter were poured. 5. lugdunensis strains were grown overnight in BM, centrifuged, and washed in
1/10 volume phosphate-buffered saline (PBS) to remove residual cell-associated lugdunin. After a second
centrifugation step, cultures were adjusted to an 0D, of 20, and 10 wl of the suspensions were spotted
on the solidified BM agar plates containing S. aureus. After drying of the spots, the plates were incubated
at 37°C for 24 h, and inhibition zones were photographed and analyzed with Image) software (version
1.8.0_112). For each experiment, all strains to be analyzed were spotted on the same agar plate, and the

TABLE 2 Primers used for construction of transporter expression vectors®

Primer (restriction site) Sequence (5'-3") Amplified gene
ABC1-down (Pstl) ggacctattctgcagttgattatiggaagga 5" of lugE
ABC3-down (Pstl) tgcatctgcagtcattatcaagaaattc 3" of lugF
ABC2-up (Sacl) tatgagctcttagaatttcttgataatgact 5" of lugG
ABC4-up (Sacl) tgtgagcteatctictaataataag 3" of lugH
ABC regulator forw (Pstl) atgtactgcagcattatcattatcaataatg 5" of lugl
lugl rev (Sacl) cattttattcgagctcttaatctcgatc 3" of lugl
lugl rev (Pst) cattttattcctgeagttaatctcgatc 3" of lugl

aRestriction sites used for cloning are indicated as bold letters.
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inhibition zone, defined as the distance between the S. lugdunensis IVK28 colony and the growing S.
aureus cells, was defined as 100%.

MIC determination. Strains used for MIC determinations were grown ovemight in BM, with
chloramphenicol for plasmid-containing strains, under continuous shaking at 37°C. Each strain was
adjusted to ODg,, of 0.0625 in BM. The antimicrobial molecule stock solutions were serially diluted in BM
in 96-well microtiter plates. Each well with 100 pl medium, and chloramphenicol, if required, was
inoculated with 2 pl of the OD,,, of 0.0625 bacterial stock solution. The plates were incubated at 37°C
for 24 h under continuous shaking (160 rpm). The ODg,, of each well was measured with a microplate
reader, and the concentration leading to a 75% growth reduction was calculated and defined as the MIC
value.

Statistics. Statistical analyses were performed using GraphPad Prism 8.01. One-way analysis of
variance (ANOVA) was used to compare MIC levels of individual strains against the reference strain, and
t tests were used for the comparison of MIC levels against various compounds with or without
transporter genes.

Data availability. Data for 5. lugdunensis strain IVK28 were deposited in BioProject under accession
no. PRINAG69000 and GenBank accession number CP063143.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
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ABSTRACT: A new solid-phase peptide synthesis and bioprofil-
ing of the antimicrobial activity of lugdunin, a fibupeptide, enable a
comprehensive structure—activity relationship (SAR) study
(MRSA Staphylococcus aureus). Distinct lugdunin analogues with
variation of the three important amino acids Val, Trp?', and Leu*
are readily available based on the established high-output synthesis.
This efficient synthesis concept takes advantage of the presynthe-
sized thiazolidine building block. To gain further knowledge of
SAR, p-Val®, and p-Leu* were replaced with aliphatic amino acids.
For L-Trp?' derivatization, a set of non-natural aromatic amino acids
with manifold substitution and annulation patterns precisely shows
structural imperatives, starting from the exchange of p-Val® — p-

Fmoc-D-Val \’.
‘

High-Yield

Lugdunins

Trp® with a 2-fold improved biological activity. p-Trp®lugdunin analogues with additional variation of p-Val® and n-Leu* residues
were designed and synthesized followed by antimicrobial profiling. For the first time, these SAR studies deliver valuable information
on the tolerance of other amino acids to p-Val®, L-Trp? and p-Leu® in the sequence of lugdunin.

B INTRODUCTION

A fundamental procedure for the derivatization of bioactive
peptides in medicinal chemistry is the exchange of structurally
related amino acids. First, standard proteinogenic amino acids
are used to vary the peptide sequence; then, the insertion of
non-natural amino acids, especially for structure—activity
relationship (SAR) studies of peptidomimetics, is performed."*
This approach is exemplified (Figure 1) by the linear
decapeptide icatibant 1, a bradykinin peptidomimetic and
selective antagonist of bradykinin B2 receptors, which has
several norlprotemogenic amino acids incorporated in its
sequence.”* Additionally, SAR studies of antimicrobial
peptides were reported for teixobactin 2 focusing on the
identification of essential structural moieties and enhanced
pharmacological properties.>® For gramicidin S, which belongs
to the membrane-disrupting antimicrobials, the valuable
optimization succeeded in terms of side-effect reduction to
control its intrinsic hemolytic activity.” In contrast, a
structure—activity study highlighted only one selected amino
acid (25,3R, 3-methyl glutamic acid) by chemical mapping for
the clinically used lipopeptide antibiotic daptomycin 3
(Cubicin).®

Lugdunin 4 is a cyclic peptide showing promising
antimicrobial potency (3.9 uM) against a wide range of
Gram-positive but not Gram-negative bacteria.” Nonpolar 4 is
biosynthesized from seven amino acids by a nonribosomal
peptide synthase (NRPS), originally isolated from the human

© 2021 The Authors. Published by
American Chemical Society

4 ACS Publications

nasal commensal Staphylococcus lugdunensis, and represents the
first member of the novel class of cyclopeptides (“fibupep-
tides”) defined by the backbone-incorporated thiazolidine
heterocycle (Figure 2). The thiazolidine heterocycle, L-
tryptophan, and bp-leucine were previously identified as
essential structural motifs of the cyclic heptapeptide by an
alanine scan. A stereo scan showed that the alternating p/L
configuration is also indispensable for antimicrobial activiry.m
Studies toward the Mechanism of Action (MoA) of lugdunin
with synthetic membrane vesicles revealed that lugdunin acts
as a protonophore via proton translocation. The resulting
membrane depolarization is postulated to correspond with the
potency of lugdunin 4 to cause growth inhibition and cell
death.”

Different from the proposed MoA of lugdunin 4 is the
heterogeneous group of antimicrobial peptides (AMPs), the
latter acting via rough destruction of the membrane by
disruptive mechanisms."' ™" The majority of AMPs target the
membrane bilayer and cause different damaging actions such as
large pore-formation, disruption of the membrane integrity,
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Published: March 29, 2021
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Figure 1. Chemical structures of icatibant 1, teixobactin 2, and daptomycin 3. Incorporated nonproteinogenic amino acids are highlighted in blue.
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Figure 2. Chemical structure of lugdunin 4.

L-Thz'

and membrane depolarization.m_m The crucial step for the

antimicrobial action of AMPs is a strong membrane—peptide
interaction with the lipid—water interphase, which is
predominantly caused by cationic and hydrophobic resi-
dues”'™*® Here, tryptophan plays a dominant role in the
process of membrane insertion and also penetratlon, eszlgeually
into the interfacial layer of the membrane.”” ™ The
extraordinary influence of tryptophan on this action is
expl:uned by the Janus-faced hydrophilic and hydrophobic
features.”” The amphipathic character of tryptophan is caused
by a significant quadrupole moment, which is generated by the
extended m-electron system of the indole heterocycle. AT The
electrostatic properties of tryptophan are well known for
cation—7r interactions, exemplified by trp—arg, trp—lys, and
trp—choline interactions. 353 A known SAR study for

tryptophan derivatization in AMPs is indolicidin, where
tryptophan was replaced by 3-(2-naphtyl)-alanine, leading to
a 2-fold increased antimicrobial activity.“’gﬁ Moreover, the 15-
residue containing bovine lactoferricin peptide was optimized
in antibacterial efficiency by replacing the tryptophan indole
with the sulfur analogue 3-(3-benzothienyl)-alanine.’”

To obtain detailed chemical knowledge on the variability of
structural motifs for the antimicrobial action of lugdunin, we
developed a new solid-phase peptide synthesis and synthesued
a chverse set of analogues focusing on the three residues »- Val,”
L- Trp, and p-Leu* of 4, which play an essential role in the
membrane association process. The selected non-naturally
occurring amino acids shed light on the yet unknown structural
needs of lugdunin’s structure—activity relationships as a
structurally new concept of antimicrobial action.

B RESULTS AND DISCUSSION

Thiazolidine Building Block Synthesis. First, we were
encouraged to develop a new synthetic strategy for lugdunin 4.
The synthesis of lugdunin on a resin, which generates an
aldehyde during cleavage and subsequent spontaneous
cyclization, has several disadvantages as demonstrated in our
previous research.'” This original synthesis provided relatively
low yields (40—50%), truncation sequences (about 9%), and
uncontrolled cyclization conditions with adchtlonal loss of
synthetic product 4 by epimerization of 1-Val” The final
preparative high-performance liquid Lhromatography (HPLC)
separation of 4 from the coeluting epimers of L- Val” turned out
ineffective, demanding individual isolated optimization for
each new analogue on RP C,5 columns. To reliably avoid the
epimerization of 1- -Val,” the new synthetic route toward 4 was

Scheme 1. Synthesis of Fmoc-Protected Thiazolidine Amino Acid 8%

Q

o
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“Reagents and conditions: (2) Fmoc-L-Val-OH, CD], tetrahydrofuran (THF), room temperature (rt), 15 min; (b) NaBH, in H,0, 0 °C, 25 min;
(c) Dess—Martin periodinane, 0 °C — 1t, DCM, addition of 1.1 equiv. of H,O during the first hour of the reaction, O/N; (d) L-cysteine, MeOH/

H,O (2:1), 24 h, 65 °C.
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Scheme 2. New Solid-Phase Peptide Synthesis (SPPS) Route of 4 from Linear Precursor 9 and Macrolactamization”
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“Reagents and conditions: (a) Fmoc deprotection: 2% DBU/10% morpholine (v/v) in DMF, rt, 3 and 12 min; (b) double coupling: Fmoc-n/L-
AA-OH, (1.) HATU, HOBt, 4-methylmorpholine (NMM), DMF, rt, 30—45 min, (2.) PyBOP, HOBt, NMM, DMF, rt, 30—45 min; (c) capping
after Val® — Val® coupling: DMF/Ac,0/Pyr (6:3:1, v/v); (d) deavage: TFA/TIPS/H,0 (90:5:5, v/v); (e) macrolactamization: 9, HATU, HOAt,

DIPEA, DMF (conc. of 9 = 2 mM), rt, 24 h.

conceived via the presynthesis of the thiazolidine heterocycle
attached to 1-Val” to the yet unknown amino acid 8, which was
directly subjected to solid-phase peptide synthesis (SPPS) as a
regular amino acid in the coupling sequence.

The Fmoc-1.-Thz(1-Val) amino acid 8 (Scheme 1) was

achieved in three steps by the reduction of the amino acdd
Fmoc-1-Val-OH § to the corresponding amino alcohol Fmoc-
L-Valinol 6 with sodiumborohydrate (NaBH.) under preal.tl
vation of the carboxylic acid by carbonyldiimidazole (CDI).*
6 was reoxidized to the corresponding aldehyde 7 by the well-
established Dess—Martin periodinane (DMP).**** Condensa-
tion with L-cysteine®™ yields the desired Fmoc-1-Thz(L-Val)-
OH amino acid 8, which favorably precipitates during the
reaction and was filtered off, ready to use for convenient Fmoc-
SPPS protocols by solubilization in N,N-dimethylformamide
(DMEF).

Solid-phase peptide synthesis. The solid-phase peptide
synthesis (SPPS) was performed on a standard, cost-efficient
preloaded TentaGel S resin fused with an acid-labile 3-
methoxy-4-(hydroxymethyl)-phenoxyacetic acid (MHMPA)
linker (Scheme 2). In general, poly(ethylene glycol) (PEG)-
based resins like TentaGel have better swelling properties
compared to divinylbenzyl (DVB)-based resins in standard
SPPS solvents (DMF, N-methyl-2-pyrrolidinone (NMP), etc.).
This advantage is relevant for poorly progessing L-Val*—p-
Val® couplings in the lugdunin sequence. The tendency of
lugdunin for backbone aggregation due to its high content of
hydrophobic amino acid should be minimized by a good
swelling PEG-based resin.”*~*" In the newly established SPPS
protocol, Fmoc deprotection was achieved by treatment of the
resin with a mixture of 2,3,4,6,7,8,9,10-octahydropyrimido[1,2-
aJazepine (DBU, 2%) and morpholine (10%) in DMEF,
resulting in a fast and efficient Fmoc removal. A double-
coupling strategy by the initial use of 1-[bis(dimethylamino)-
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
(HATU) followed by (Benzotriazol-1-yloxy)-
tripyrrolidinophosphonium hexafluorophosphate (PyBOP)
was introduced to avoid truncation products. Efforts to reduce
the coupling reaction to only one reagent turned out to give

unfavorable truncated sequences. Furthermore, a capping step
with Ac,O/Pyr in DMF was included in the SPPS protocol
after the consecutive Val® — Val® coupling to prevent shorted
peptide byproducts. The resulting side-product N-Ac-L-Val-p-
Val-OH is easily removed by basic washing after the final
macrolactamization. Complete assembly of the lugdunin
peptide sequence on-resin was followed by the removal of
the terminal Fmoc group. The linear lugdunin heptapeptide 9
was cleaved off the resin under standardized conditions
(trifluoroacetic acid (TFA)/triisopropylsilane (TIPS)/H,0).
After lyophilization, the linear peptide was immediately applied
to macrolactamization under high dilution conditions of 9 (2
mM) in DMF using HATU/3-hydroxytriazolo[4,5-b] pyridine
(HOAt) /N-ethyl-N-(propan-2-yl)propan-2-amine (DIPEA) as
coupling reagents (Table S1).™ Due to the high hydro-
phobicity of 4, all residual byproducts after the SPPS and
macrolactamization can be extracted by polar solvents, whereas
lugdunin remains in the lipophilic CHCl,/n-BuOH phase. As a
result of that procedure, 4 was obtained in high HPLC purity
(>90%) and the application of further purification was
renounced. Purity was determined by standard HPLC-
electrospray ionization (ESI)-high-resolution mass spectrome-
try (HRMS)/UV with a calibration curve, and if required, the
respective HPLC chromatography made pure cyclic peptides
(>95%) available. This advanced convenient synthetic method-
ology was applied to create a large and diverse ensemble of p-
Val® 1-Trp,” and p-Leu* lugdunin analogues (10—46).
Strategic orientation. We selected three lugdunin
residues (p-Val?, 1-Trp®, and p-Leu*) to gain information
about the role of these amino acids on the intensity of
antimicrobial action to deduce the membrane association
processes of lugdunin 4. Therefore, the SAR study was
designed to investigate the alteration of the anti-MRSA activity
by variation of the side-chain size as well as functional groups.
The residues L-Trp3 and p-Leu* were determined to be
“crucial” in our previously reported SAR study oflugdun‘m.m
Hence, our strategy has focused on minimal variations in the
amino acid pattern compared to the natural product 4.
Therefore, the effect of amino acid alkyl branching was studied.

httpsy/dol.org/10.1021/acs jmedchem 0c02170
L Med. Chem. 2021, 64, 40344058
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Table 1. MIC® of Lugdunin 4 and Lugdunin Analogues 10—59 for S. aureus USA300 (LAC)

grouped lugdunin

cmpd analogues exact sequential medification MIC
4 natural product lugdunin 31
(3.9)%1°
A% [p-Val] analogues of natural lugdunin
10 A% [p-allo-Tle] 625 (7.9)
11 A*[p-Leu] 12.5 (15.7)
12 A*[p-homo Leu] 50.0 (61.7)
13 A’ [p-Nva) 12.5 (16.0)
14 A [p-lle] 25.0 (31.4)
15 A% [p-Tle] 25.0 (31.4)
16 A*[p-Phe) 100
(120.5)
17 A% [p-Trp] 25.0 (28.8)
18 A24-[p-Len*-n-Val'] 100
(127.7)
A*[L-Trp] analogues of natural lugdunin
19 A% [1-Phe] 12.5 (16.8)
20 A [L-Tyr] 100
(132.0)
21 A% [L-Phg] >100
(1372)
22 A*[L-DOPA] >100
(129.9)
23 A% [L-His] =100
(136.4)
24 A% [L-Phe(4-chloro) ] =100
(128.7)
25 A*-[L-Phe(3-nitro) ] >100
(126.9)
26 A*[L-Phe(F;)] 25.0 (30.0)
27 A-[L-Ala(4-pyridyl)] =100
(134.4)
28 A-[L-Ala(4-thiazolyl) ] 100
(133.3)
29 A [L-Ala(2-furyl) ] >100
(136.4)
30 A [L-Ala(2-thienyl)] 100
(133.5)
31 A [L-Ala(2-benzothiazolyl)] 25.0 (31.3)
32 A% [r-Ala(3-benzothienyl)] 12.5 (15.6)
33 A% [L-Bip] 25.0 (30.5)
34 A*[-Dip] 50.0 (61.1)
35 A% [L-pBpa] 50.0 (59.0)

grouped lugdunin

cmpd analogues exact sequential medification MIC
36 A3-[-Ala(1-naphthyl)] 625 (7.9)
37 A% [L-Ala(9-anthracenyl) ] 625 (7.4)
38 A3 [L-Trp(1-N-Me)) 12.5 (15.7)
39 A3[L-Tic] =100
(132.5)
40 A¥[L-Pra] 50.0 (72.4)
A’ [p-Val] analogues of synthetic [p-Trp®]-lugdunin
41 A% [p-Trp] 16 (1.8)"°
42 A2,6-[p-Nva*-p-Trp®] 625 (7.2)
43 A2,6-[p-AllylGly*-p-Trp?] 12.5 (14.4)
44 A2,6-[p-Pra®-n-Trp?] 31 (39)"
45 A2,6[p-Leu”p-Trp®) >100
(113.0)
46 A2,6-[p-Met>p-Trp®] >100
(111.0)
A'[p-Leu] analogues of natural lugdunin
47 A'[p-Tle] 25.0 (31.9)
A'.[p-Leu] analogues of synthetic [p-Trp®]-lugdunin
48 A4,6-[p-allo-lle’-p-Trp®] 12.5 (14.4)
49 A4,6-[p-Tle"-p-Trp®) 25.0 (28.8)
50 A4,6-[D-Nva'-p-Trp®] 12.5 (14.6)
51 A4,6-[p-AllylGly"-p-Trp?) 50.0 (58.6)
52 A4,6-[p-Pra’-p-Trp®) 50.0 (58.8)
53 A4,6-[p-Pro*-p-Trp®] =100
(117.2)
54 A4,6-[p-Met"p-Trp?] =100
(112.7)
55 A4,6-[p-Phe'-p-Trp?] =100
(110.7)
56 A4,6-[p-Trp*-p-Trp°] >100
(106.2)
57 A4,6-[ACPC*D-Trp®] =100
(119.2)
multiple substitution
58 ﬂ2,3,6-J(D-aHD-I]el-L-A]a(Q- =100
anth )*-n-Trp®] (105.9)
59 ﬂS,‘},IS,ﬁb- [L-Val*-p-Val'-L-Lew’- 625 (8.0)

o-Trp’]

“In pug mL™" (uM). Tested MIC range: 0.195-100 ug mL™". All
chemical structures are represented in Figure $29.

In addition, unsaturated (alkene, alkyne) residues were
incorporated to increase the polarity gradually. For i-Trp,’
an “aromatic screening” was performed using a diverse set of
(hetero-) aromatic amino acids. We aimed to obtain insights
into the role of L-Trp3 for membrane insertion and
penetration. In this context, the here-presented number of
unusual, non-naturally occurring amino acids was tested to
obtain 24—40. The substitution of L-Trp3 with small
heterocycles of five-membered rings (furyl, thienyl, thiazolyl),
large condensed aromatics (naphthyl, anthracenyl), and
functionalized phenylalanine analogues was implemented.
Furthermore, we addressed the more polar residues L-His, L-
Tyr, and 1-DOPA to increase the hydrophilicity of lugdunin.
Based on this assumption, the highly sensitive p-Len,* with
respect to substitution, was replaced carefully by structurally
related residues like norvaline, tert-leucine, and allylglycine to
check the SARs in this region of lugdunin. For the p-Leu®
studies (48—57), the additional substitution of p-Val® — p-
Trp6 was used because of the 2-fold increased activity of p-
Trp‘5 lugdunin 42 relative to lugdunjn.m According to that

principle, analogues of AS-[p-Trp]-lugdunin (41-46) were
generated by additional variation of p-Val* with alkyl
substituents containing a different degree of branching and
desaturation. The sequence inversion from L-Trp3 — p-Val® 59
was obtained to study the interchangeability of chemically
related amino acids in the lugdunin sequence.

Val%, Trp3-, and Leu®SAR Study of Lugdunin. More
than 45 analogues were evaluated for their activity against
Staphylococeus aureus USA300 (LAC). USA300 is a hyper-
virulent, multidrug-resistant variant, community-acquired,
methicillin-resistant S. aureus (CA-MRSA) pathogen that
started to spread in the United States around the millennium.
It predominantly causes severe skin and soft tissue infections
(SSTIs) and endovascular-associated infections (endocardi-
tis).**”** Here, we report a large number of lugdunin
analogues that were synthesized in the 15—2S mg scale for
the first time, enabling the antimicrobial profiling and
discussion of the SAR for the newly designed fibupeptides.
All antimicrobial activities are summarized in Table 1 (also

hittpsy//dol.org/10.1021/acs jmedchem 0c02170
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Chapter 6: Appendix

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Gy &

X
8] s}_

Antimicrobial, potent

AZ D-val

@;5')\

.\Z!LTrag
iy it B
HN
HN’{ <

T A

-

s

10 MIC: 6.25 pg mL™" (7.9 uM) 36 MIC: 6.25 g mL™" (7.9 uM) 37 MIC: 6.25 ug mL™ (7.4 uM)

s

o]
!
o Lugdunin 4
MIC: 3.1 pg mL™" (3.9 uM)

HN

HN

o

lugdunin analogues
srrrerene s s e BRIV ARERANER g :

WOJ\C}“&T?: QQ\E \EQ o’K( _S__ \(9

AFDVELD- Trp

@;;”»

refro-sequence :

& /J\j “h/‘ﬁ,ﬁ
0, NH 0
X

’}__ SA_.D NH

42 MIC: 6.25 uygmL™ (7.2 uM) 59 MIC: 6.25 pg mL™" (8.0 uM)

Figure 3. Lugdunins 10, 36, 37, 42, and 59 with their potent antimicrobial activities.

Table S2); among them, the most potent compounds are
shown in Figure 3.

SAR Study of Lugdunin p-Val. First, p-Val* of lugdunin
4 was examined, which is adjacent to the unique thiazolidine
heterocycle. The b-Val* isopropyl group was exchanged
systematically by a set of eight hydrophobic aliphatic amino
acids. With an additional stereo center in the side chain, 10
(A% [p-allo-Ile], 6.25 ug mL™"; Figure 3) is a natural derivative
of 4.7 Chemical synthesis and antimicrobial evaluation of
synthetic 10 revealed the slightly lower activity relative to 4
(3.1 ug mL™'). The related p-Leu® analogue 11 (12.5 ug
mL™") showed a distinct loss of activity, whereas the b-
homoleucine exchange in 12 resulted in reduction to 50.0 ug
mL™". Compared to 12, the debranched valeric acid variation
13 (p-Nva% 12.5 ug mL™') with its linear alkyl side chain
turned out beneficial as demonstrated by its moderate potency.
An interesting finding is the slightly decreased activity of 14
(p-Lle*; 250 pug mL™') compared to 10 (A[D-allo-Ile]),
which differs only in the side-chain stereocenter. The bulkier
substituents of 15 (p-Tle% 25.0 ygmL™") and 17 (p-Trp? 25.0
pg mL™') are also barely tolerated, whereas the additional
aromatic ring 16 (p-Phe’ 100 pg mL™') is absolutely
detrimental to activity. The swap between the aliphatic
amino acids p-Val’ < p-Leu* in analogue 18 (100 yg mL™")
resulted in no inhibitory potency. In general, prolongation,
extended branching, and increased bulkiness of substituents at
p-Val* of lugdunin result in reduced blologu.al activity.

Role of Hydrophobicity in L-Trp® Derivatization. L-
Trp® was substituted with (hetero-) aromatic amino acids, and
the variations were evaluated in terms of its membrane
interaction properties by S. aureus inhibition assays. The 1-Trp’
— 1-Phe’ exchange in 19 (12.5 ug mL™") reduces the activity
by 4-fold, whereas the direct attachment of the phenyl unit to
the peptide backbone 21 (>100 yg mL™") results in entire loss
of activity. Variations with naturally occurring aromatic amino
acids 20 (1-Tyr% 100 gg mL™'), 22 (DOPA% >100 pg mL™")
containing hydroxyl groups, and 23 (1-His% >100 pg mL™")
showed no antimicrobial properties. We set out to use a wider
range of unusual, noncanonical, aromatic amino acids to

substitute 1-Trp* and to get access to an attractive chemical
diversity. The four modified phenylalanine analogues 24-27
containing chloro- 24 (>100 pg mL™"), nitro- 25 (>100 ug
mL™"), pentafluoro- 26 (25.0 ug mL™"), and nitrogen 27
(>100 pug mL™') substitution set the stage for the under-
standing that polarity or charge is not tolerated. The only
analogue showing moderate activity was 26 with its
pentafluoro electrostatic properties compared to 19. The
presence of one halogen atom in the phenyl ring, as in
analogue 24, led to full loss of activity. These findings indicate
that polarized atoms (Cl, OH) and charges like the nitro group
are not tolerated. Therefore, L-Trp?' was swapped to
heterocyclic analogues 28—30 containing the minimized five-
ring size; however, it unfortunately resulted in full loss of
activity (>100 ug mL™"). Returning to analogues with a higher
similarity to the regular L-Ttp3 structure of lugdunin 4, we

created 31 and 32 containing the previously used five-
membered heterocycle thiazole and thiophene annelated with
a benzene unit. Surprisingly, the activity of these two analogues
dropped to a medium level, where the more hydrophobic
benzothienyl analogue 32 (12.5 ug mL™') has improved
activity compared to 31 (25.0 ug mL™"). To study this trend of
enlarged aromaticity, we tested the effect of nonfused diphenyl
structures 33—35. The linear arrangement of the biphenyl unit
33 (25.0 ug mL™") provided the best bioactivity in contrast to
34 (50.0 ug mL™') with the branched diphenyl arrangement
and 35 (50.0 ug mL™") with the additional carbonyl function.
Compared to 4, the biological activity of 33—335 is significantly
impaired and unfortunately does not match the anticipated
diphenyl trend. The hydrophobically enhanced amino acids
with annelated benzene rings 36—37 (Figure 3) like
naphthalene- 36 (6.25 yg mL™") and anthracene side chains
37 (6.25 ug mL™") are only 2-fold less active than the natural
product. Naphthalene- and anthracene amino acids have
previously been used in SAR studjes of immunotherapeutic
peptides for cancer therapy, antimicrobial and antifungal
screening of hexapeptldes as well as for antimicrobial
peptides containing unnatural amino acids.” Here, the
lugdunin congeners with fused hydrocarbon aromatic rings

httpsy/doi.org/10.1021/acsjmedchem 002170
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36—37 indicate the influence of hydrophobicity on the
biological activity of lugdunin. The hydrophobicity of a single
amino acid is represented by its hydropathy index, whereas
the side-chain logP values for L-Ala(]-naphthgl) and 1-Ala(9-
anthracenyl) are 3.87 and 5.07, respectively.”” We attributed
the high activity of 36—37 to an enhanced transmembrane
insertion capability compared to 20—30. The highly hydro-
phobic aromatic functionality ensures the fast association as
well as insertion into the bacterial membrane, representing the
initial step for membrane penetration as a protonophore. It is
also evident for lugdunins 36—37 that the number of benzene
units and their steric demand is less relevant for the inhibitory
properties of 4. To further explore the impact of the L-Trp?'
residue, we synthesized the N(1)-methylated analogue 38
(12.5 pg mL™"), which was 4-fold less active than 4. Obviously,
the hydrogen bonding of the L-Trp?'-amjne has a moderate
effect on the hydrogen-bonding pattern and structural integrity
for adopting the preferred conformation and interaction. Two
inactive analogues of L-Trp’-lugdunin are the C,-bridged
secondary amine 39 (>100 g mL™") and the propargylalanine
analogue 40 (50.0 ug mL™"). In the case of 39, the alteration of
the cyclopeptide backbone flexibility generating strong
structural changes is accompanied by the loss of activity. For
the side chain of 40, the significant reduction in size and the
lack of aromaticity are assumed to decrease the antimicrobial
activity.

Effect of Additional Trp® Substitution. With the
observed 2-fold improved antimicrobial activity by a single p-
Val® — p-Trp® exchange 41'° (1.6 yug mL™"), an extended field
for lugdunin variations was created. Thus, we replaced [p-
Trp®]-lugdunin at the »p-Val* position to achieve further
decrease in the minimal inhibitory concentration. Therefore, a
series of lugdunins with linear alkyl amino acids 42—44 was

prepared and the degree of desaturation at position 2 was
increased gradually. Here, the propargyl analogue 44'® (n-Pra™
p-Trp® 3.1 ug mL™') showed the most promising results, with
a MIC similar to that of lugdunin. Also, the fully saturated
norvaline analogue 42 (p-Nva®p-Trp®, 6.25 pg mL™'; Figure
3) revealed a doubly diminished MIC. Again, the alkene
lugdunin 43 (p-AllylGly*-p-Trp® 12.5 g mL™!) revealed a 2-
fold stagewise reduced activity. The two analogues with
extended alkyl side-chain groups 45 (p-Leu®-n-Trp®> 100 ug
mL™") and heteroatom 46 (p-Met™-p-Trp®> 100 g mL™") are
completely inactive.

Screening of Critical Position 4 (p-Leu®). p-Leu* of
lugdunin (4) was proven as “essential” in the comprehensive
alanine scan'® and thereof classified as a critical residue for
substitution. To address the prominent importance in dynamic
membrane interactions, we opted to introduce p-Tle* 47 (25.0
ug mL™"), astructural closely related p-Leu* — p-Ile* analogue
of lugdunin, showing a significant loss of activity. Ongoing
from the reduced MIC of 41, we synthesized the distinct set of
p-Leu* analogues 46—57 with p-Trp® instead of regular p-Val®
to use the achieved antimicrobial improvements. Surprisingly,
most of the generated analogues $3—57 were inactive: 53 (b-
Pro* >100 ug mL™'), 54 (p-Met%; >100 pg mL™'), 55 (p-
Phe?; >100 pug mL™"), 56 (p-Trp*; >100 ug mL™"), and achiral
cyclopropyl analogue $7 (>100 pg mL™'). Also, all
consecutively introduced branched amino acids, e.g, 48 (b-
allo-Tle*; 12.5 pug mL™') and 50 (p-Nva% 12.5 ug mL™'),
revealed a 4-fold reduced biological activity. Analogue 49 (p-
Tle* 25.0 ug mL™") with an additional quaternary carbon
center and $1 (50.0 g mL™") and 52 (50.0 g mL™") with a

higher degree of desaturation showed an enhanced decrease in
activity. We conclude that the Trp?'Leu4 sequence strictly
tolerates only a low alteration of polarity and charge as well as
spherical demand at that position for potent activity.

Multiple Substitutions. Knowledge from the achieved
single amino acid SAR study was the basis for a triple
substitution derivative 58. Therefore, we merged the previous
results to achieve an amplification of the antimicrobial potency.
To prove this hypothesis, we synthesized 58 (p-allo-Tle?, -
Ala(9-anth)?, p-Trp® >100 ug mL™") with a triple exchange, in
which every individual analogue showed a promising
antimicrobial activity. Unfortunately, we observed no anti-
microbial activity for 58 anymore.

We also point to the fact that the synthetic enantiomer of
lugdunin (3.1 gg mL™") has the same antimicrobial potential as
the natural parent compound lugdunin 4.'° The here-derived
hypothesis concludes that also lugdunin 59 (Figure 3) with a
full retro-sequence under the provision of maintaining the
conﬁgrurations of the original lugdunin (4, (L-Cys'eL-
val’ h‘on-Val‘SOL-ValSOD-Leu40L-Trp?'on-Valzj shows a
sound antimicrobial activity although the structure is
completely different. Starting from L-CYSI, the retro-lugdunin
59 sequence is read (i-Cys'ei-Val')™ep-Trpler-Leu’en-
Val'er-Valep-Val' and showed a MIC value of 625 ug
mL™', which is an only 2-fold reduced activity compared to 4.
We explain the antimicrobial activity of the retro-lugdunin 59
by its similarity to a mirror image of lugdunin, which again
nearly resembles the lugdunin enantiomer. We underline that
the molecular mechanism of action of lugdunin as a
protonophore in the membrane presumably has no (addi-
tional) protein target.

Bl CONCLUSIONS

In summary, we here report a new and efficient total solid-
phase peptide synthesis (SPPS) for the thiazolidine containing
cyclopeptide lugdunin, now using a regular solid-phase resin
and the new amino acid, 2(1l-amino-2-methylpropyl)-
thiazolidine-4-carboxylic acid. Moreover, complete antimicro-
bial cell assays of the distinct series of lugdunin analogues
result in a comprehensive structure—activity relationship study.
A three-step reaction sequence delivers the thiazolidine moiety
(“Val-Thiaz”) upfront, which is subsequently applied in the
straightforward SPPS protocol. This optimized synthesis route
was used to design lugdunin congeners in a multimilligram-
scale for the three lugdunin residues p-Val%, L-Ttp?', and p-Leu™.

In the case of p-Leu®, additional p-Val® — p-Trp®
substitution was accomplished to take advantage of a 2-fold
lowered MIC of the A®[p-Trp]-lugdunin analogue. Bioprofil-
ing for inhibition of S. aureus (USA300 LAC, MRSA) with
these series of analogues revealed that aliphatic replacement of
p-Val* and p-Leu* is marginally tolerated for a bioactive
lugdunin structure, whereas groups with higher polarity
significantly reduce the biological activity. The derivatization
of L-Trp® with five-membered heterocycles results in total loss
of activity, whereas the loss of activity is much lower when
fusing the heterocycle with a benzene unit. Additionally, Trp3
can be replaced by annelated hydrophobic aromatic function-
alities with only a minor loss of activity. These findings indicate
that hydrophobic aromaticity is essential for L-Ttp3 of
lugdunin, whereas polar or strongly polarized aromatic amino
acids are not tolerated. All here-investigated residues (p-Val®,
1-Trp’, and p-Leu®) were not amenable to substitution with
polar or even charge functionalities, underlining the

httpsy/dol.org/10.1021/acs jmedchem 002170
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antimicrobial potency against Gram-positive methicillin-resistant S. aureus.

importance of conserved hydrophobicity as well as structural
integrity of lugdunin (Figure 4).

To be effective as a protonophore, lugdunin’s ability to
transport protons over membranes strictly depends on the
efficiency to insert and penetrate through lipid bilayers, also
known as the “protonophoric effect.” Therefore, our
structure—activity relationship study highlighted the increased
lipophilicity as a favored structural modification, demonstrating
its indispensability for the proton-translocation activity of the
protonophorous fibupeptide lugdunin 4.

B EXPERIMENTAL SECTION

General Procedures. All nonaqueous reactions were performed
under an atmosphere of argon, unless otherwise noted. Commercially
available reagents and starting materials, especially protected amino
acids, were purchased at the highest commercial quality from Sigma-
Aldrich, Carbolution, aber, Chempur, Fluorochem, Iris Biotech, or
Bachem and used as received. Preloaded resins for Fmoc-SPPS were
purchased from Rapp Polymers (Tuebingen). All solvents were
purchased as HPLC grade and used without further purification.
Reactions were monitored by analytical thin-layer chromatography
(TLC) performed on Merck precoated TLC silica gel 60 F254 plate
(S em x 10 cm). Compounds were visualized by ultraviolet
fluorescence followed by staining with ninhydrin or anisaldehyde.
Yields refer to lyophilized peptide analyzed by HPLC-UV-HRMS and
'"H NMR, unless otherwise stated. The purity of lyophilized peptide
was determined by analytical reversed-phase (RP)-HPLC and 'H
NMR spectroscopy. The lyophilized material has a purity of >909%.

Nuclear Magnetic Resonance (NMR). Spectra were recorded at
25 or 30 °C in (CD;),SO or CDCI, as specified. Routine NMR
spectra were recorded on a Bruker Avance-400 spectrometer
operating at 400 MHz for 'H nuclei and at 100 MHz for *C nuclei.
All NMR spectra of lugdunin and its analogues were recorded on a
Bruker AMX-600 spectrometer operating at 600 MHz for "H nuclei
and at 150 MHz for *C nuclei or on a Bruker Avancelll-700
spectrometer operating at 700 MHz for "H nuclei and at 175 MHz for
C nuclei. All chemical shifts are reported in parts per million (ppm)
relative to the solvent reference peaks: CDCl, (8 7.26 and 6. 77.0)
or (CD;),S0 (8, 2.50 and 6. 39.5). Coupling constants are reported
in hertz. '"H NMR spectra are reported as chemical shift in ppm,
followed by the number of equivalent nuclei, multiplicity (“s”, singlet;
“d”, doublet; “t”, triplet; “q”, quartet; “m”, multiplet or 2 combination
where necessary).

HPLC. Analytical RP-HPLC was performed on a Dionex Ultimate
3000 (Thermo Scientific) HPLC system. Column: Kromasil 100 C18
(4.0 mm X 250 mm, § gm; Dr. Maisch, Ammerbuch, Germany), flow
rate: 0.5 mL min~", gradient: 0 min (10% B), 20 min (100% B), 25
min (100% B), eluting solvents: methanol (system B, containing
0.06% formic acid) and H,O (system A, containing 0.1% formic acid).

LC-HR-MS. LC-MS data were recorded on a Bruker MaXis 4G
ESI-QTOF mass spectrometer equipped with a Dionex Ultimate 3000
HPLC system (Thermo Scientific). HPLC instrumental setup:

column: Macherey-Nagel Nucleoshell EC RP-C18 (150/2 RP18,
2.7 um); flow rate: 0.3 mL min~; eluting solvents: methanol (system
B, containing 0.06% formic acid) and H,O (system A, containing
0.1% formic acid); gradient: 0 min (10% B), 20 min (100% B), 25
min (100% B), 26 min (10% B), 30 min (10% B). Mass spectrometer
instrumental setup: electrospray ionization mass spectra (positive and
negative ions) were recorded in the range of 100—-1250 Da. The
elemental composition was derived from the averaged mass spectra
with high mass accuracy below 3 ppm. Sodium formiate was used as
the intemal calibrant. Nebulizer pressure of the ESI source was set to
0.4 bar with a dry gas flow of 4.0 L min™" and a dry gas temperature of
200 °C. The end plate offset was 500 V, and the capillary voltage was
3000 V.

General Procedure for the Synthesis of N-a-(9-Fluorenyl-
methyloxycarbonyl)-L-valinol (6).%° N-a-(9-Fluorenylmethyloxy-
carbonyl)-L-valine § (5.00 g, 14.75 mmol) was dissolved in THF (50
mL), and 1,1"-carbonyldiimidazole (3.1 g, 19.1 mmol, 1.3 equiv) was
added in one portion. The solution was stirred for 15 min at room
temperature and cooled down to 0 °C for 10 min. To this solution,
NaBH, (945 mg, 25.0 mmol, 1.7 equiv) in water (15 mL) was
injected fast and uniformly and stired at 0 °C for 25 min. The
reaction was quenched by addition of 1 N HCI (10 mL) and 50 mL of
water. The reaction mixture was extracted with EtOAc (3 X% 60 mL).
The combined organic extracts were washed with saturated NaHCO;
(3 % 100 mL) and brine (3 % 100 mL) and dried over Na,SO,. The
solution was filtered through a thin pad of Celite, and the solvent was
evaporated and vacuum-dried to give 6 as a white solid (4.78 g, 14.71
mmol, 99% yield). Re=0.57 (hexane/EE 1:1); '"H NMR (400 MHz,
CDCly): 6 (ppm) 7.77 (d, ] = 7.52 Hz, 2H), 7.60 (d, ] = 7.45 Hz,
2H), 7.48—7.28 (m, 4H), 4.87 (s, 1H), 4.54—4.32 (m, 2H), 422 (dd,
J=4.39, 7.98 Hz, 1H), 3.84—3.55 (m, 2H), 348 (d, J = 7.63 Hz, 1H),
2.42 (s, 1H), 1.86 (g J = 683 Hz, 1H), 094 (dd, ] = 6.76, 11.56 Hz,
6H). C NMR (100 MHz, CDCL,): 6 (ppm) 157.2, 144.0, 1415,
1278, 1272, 125.1, 120.1, 668, 64.0, 58.8, 47.5, 294, 19.6, 18.8.
HRMS (ESI) caled for CopHyNOy: 326.1751 [M + HI', 348.1570
[M + Na]*; found 326.1756 [M + H]*, 348.1566 [M + Na]".

General Procedure for the Synthesis of N-a-(9-Fluorenyl-
methyloxycarbonyl)--valinal (7).>**° N-a-(9-Fluorenylmethylox-
yecarbonyl)-L-valinol 6 (478 g, 14.7 mmol) was dissolved in DCM
(100 mL) and cooled to 0 °C in an ice-water bath. Dess—Martin
periodinane (DMP, 9.3 g, 22 mmol, 1.5 equiv) was added portionwise
over 10 min at 0 °C. The ice-water bath was removed after completed
DMP addition, and the reaction mixture was allowed to warm to
room temperature. During the first hour, water (250 yL, 1.1 equiv)
was added in four portions. The reaction mixture was stirred at room
temperature overnight. The reaction mixture was gquenched by
addition of Na,$,0; (4.5 g) and NaHCO, (1.5 g) in water (300 mL)
and stirred for 30 min. The resulting suspension was centrifuged, and
residual solids were filtered off. The phases were separated, and the
organic phase was washed with 1 N N2,5,0; (5 x 75 mL), KHSO,
10% (v/¥, 3 X 75 mL), sat. NaHCOj; (3 x 75 mL), and sat. NaCl (3
% 75 mL), dried over Na,SO,, and evaporated to dryness to give 7 as
a beige-colored solid (4.41 g, 13.65 mmol, 90%). R;=0.75 (hexane/
EE 1:1); 'H NMR (400 MHz, CDCL,): § (ppm) 966 (s, 1H), 7.77

hittpss//dol.org/10.1021/acs. jmedchem 0c02170
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(d, ] = 7.49 Hg, 2H), 761 (d, ] = 7.40 Hz, 2H), 7.51-7.37 (m, 4H),
5.40 (s, 1H), 4.48—4.43 (m, 2H), 4.35 (dd, | = 4.34, 8.02 Hz, 1H),
424 (4, ] = 6.98 Hz, 1H), 232 (m, 1H), 232 (q, ] = 626 Hz, 1H),
1.04 (d, ] = 6.87 Hz, 3H), 097 (d, ] = 6.97 Hz, 3H). *C NMR (100
MHz, CDCly): & (ppm) 199.8, 156.5, 143.9, 141.5, 127.9, 127.2,
1252, 120.1, 672, 65.2, 47.3, 29.2, 19.1, 17.7. HRMS (ESI) calcd for
CyoHy NOy: 324.1594 [M + HJY, 346.1414 [M + Nal’; found
3241590 [M + HJY, 346.1414 [M + Na]™.

General Procedure for the Synthesis of Fmoc-1-Thz-(.-Val)-
OH (8). N-a-(9-Fluorenylmethyloxycarbonyl)-L-valinal 7 (4.41 g,
13.65 mmol) and H-.-Cys-OH (4.94 g 40.8 mmol, 3 equiv) were
suspended in MeOH/H,O (2:1, 100 mL + 50 mL). The resulting
suspension was heated to 65 °C and stirred for 20 h. During the
reaction, a white precipitate was formed. Methanol was removed in
vacuo, water (100 mL) was added, and the suspension was stored at 4
°C overnight. The white precipitate was filtered and washed with an
excess of water (1 L). Residual water inside the wet solid was
evaporated and vacuum-dried for 48 h. The resulting solid was
slurried in toluene/pentane (3:1; 45 mL + 15 mL), CHCL,/THF
(1:1; 30 mL + 30 mL), and TPA/acetone/pentane (1:1:1; 20 mL + 20
mL + 20 mL) and dried under a vacuum to give 8 as a white solid
(4.57 g 10.7 mmol, 79%). "H NMR (400 MHz, DMSO-ds/TFA-d
90:10): 6 (ppm) 7.85 (d,] = 7.35 Hz, 2H), 7.72 (d, ] = 7.77 Hz, 2H),
7.48—7.31 (m, 4H), 4.93 (d, ] = 7.10 Hz, 2H), 4.84 (m, 1H), 4.21 (q,
J = 433 Hz, 1H), 4.01 (t, ] = 6.37 Hz, 1H), 349-332 (m, 1H),
3.28—3.18 (m, 1H), 1.79 (q, ] = 6.23 Hz, 1H), 0.85 (d, ] = 6.87 Hz,
3H), 0.78 (d, J = 6.84 Hz, 3H). "C NMR (100 MHz, DMSO-d,/
TFA-d 90:10): & (ppm) 1682, 157.2, 1443, 141.2, 128.0, 127.4,
1257, 1204, 66.3, 662, 63.0, $7.3, 472, 352, 302, 20.0, 17.4. HRMS
(ESI) caled for CyHaygN,0,8: 427.1686 [M + HJ*, 8533299 [2M +
Nal*; found 427.1689 [M + HJ*, 853.3269 [2M + Na]™.

Solid-Phase Peptide Synthesis (SPPS). Deprotection: The resin
was treated with a solution of 2% DBU/10% morpholine (v/v) in
DMF (2 mL) for 3 and 12 min and washed with DMF (3 x 2 mL),
DCM (3 X 2 mL), and DMF (3 X 2 mL). General amino acid
coupling: A preactivated solution of protected amino acid (6 equiv),
HATU (6 equiv), HOBt (6 equiv), and N-methylmorpholine (NMM,
8 equiv) in DMF was added to the resin and reacted for 30—45 min.
The procedure was repeated using PyBOP instead of HATU as a
coupling reagent. Postcoupling washing was performed with DMF (3
% 2mL), DCM (3 X 2 mL), and DMF (3 X 2 mL). Note: The first n-
Val — 1-Val coupling proceeded in DMF/DCM (1:1, 2 mL) due to
better resin-swelling properties of DCM and HOAt instead of HOBt
to attempted higher yields. Capping: Pyridine /Ac,0/DMF (1:3:6 v/
v/v, 2 mL) was added to the resin and reacted for 30 min. Cleavage: A
mixture of TFA/TIPS/H,O (90:5:5 v/v/v, 2 mL) was added to the
resin for 1 h. The procedure was repeated twice.

Solid-Phase Peptide Synthesis of Linear Lugdunin 9 and
Analogues. Fmoc-p-Val AC TG resin (loading: 0.23 mmol g_'; 150
mg; 34.5 pumol scale) was swollen in DMF (2 mL) 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 an additional
12 min. The resin was washed with DMF (3 x 2 mL), DCM (3 x 2
mL), and DMF (3 X 2 mL). For the first consecutive Val — Val
coupling, a solution of Fmoc-1-Val-OH (6 equiv), HATU (6 equiv),
HOAt (6 equiv), and NMM (8 equiv) in DMF/DCM (2 mL) was
added to the resin and agitated for 30—45 min. Double-coupling was
performed with PyBOP (6 equiv) for 30—4S min. The resin was
washed with DMF (3 x 2 mL), DCM (3 X 2 mL), and DMF (3 x 2
mL), and unreacted resin-bound amino groups were capped by
treatment with pyridine /Ac,0/DMF (1:3:6 v/v/¥, 2 mL) for 30 min.
The resin was washed with DMF (3 x 2mL), DCM (3 x 2 mL), IPA
(3 x 2 mL), and DMF (3 x 2 mL). The resin-bound residue was
submitted to an iterative peptide assembly (Fmoc-SPPS) using 2%
DBU/10% morpholine (v/v) in DMF (2 mL, 3 and 12 min) for Fmoc
deprotection and Fmoc-n/1-AA-OH (6 equiv), HATU + PyBOP (6
equiv), HOBt (6 equiv), and NMM (8 equiv) in DMF (2 mL) for 2 x
30—45 min to double-couple each amino acid. Amino acid coupling
sequence: Fmoc-p-Leu-OH, Fmoc-L-Tip(Boc)-OH, Fmoc-p-Val-OH,
Fmoc-1-Thz(L-Val)-OH. After full assembly of the lugdunin sequence

on the solid support, the final Fmoc-protecting group was removed
and the resin was washed with DMF (3 X 2 mL), DCM (3 x 2 mL),
toluene (3 X 2mL), IPA (3 X 2 mL), and Et,0 (3 X 2 mL) and dried
under reduced pressure for 3 h. The peptide was cleaved by treatment
with TFA/TIPS/H,O (90:5:5 v/v/v, 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, and the linear peptides were lyophilized using
tBuOH/H,0 (1:1 v/v, 10 mL). The lyophilized linear peptide 9 (26.3
mg, 25.6 uM, 74%) was subsequently used for macrolactamization
without further purification.

Solid-Phase Peptide Synthesis of Linear p-Trp®-Lugdunin
Analogues. Fmoc-p-Trp(Boc) AC TG resin (loading: 0.23 mmol
g ; 150 mg 34.5 pmol scale) was swollen in DMF (2 mL) 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 an
additional 12 min. The resin-bound residue was submitted to an
iterative peptide assembly (Fmoc-SPPS) using 2% DBU/10%
morpholine (v/v) in DMF (2 mL, 3 + 12 min) for Fmoc deprotection
and Fmoc-n/1-AA -OH (6 equiv), HATU + PyBOP (6 equiv), HOBt
(6 equiv), and NMM (8 equiv) in DMF (2 mL) for 2 X 30—45 min
to double-couple each amino acid. No capping step was included in
the protocol. After full assembly of linear D-’I'rpé-lugduni.n analogues
on the solid support, the resin was washed with DMF (3 X 2 mL),
DCM (3 X 2 mL), toluene (3 X 2 mL), IPA (3 X 2mL), and E,0 (3
%X 2mL) and dried under reduced pressure for 3 h. The peptide was
cleaved by treatment with TFA/TIPS/H,0 (95:5:5 v/v/v, 2 mL) for
3 % 1 h and one washing step with TFA (2 mL) for 10 min. The
solvents were removed under reduced pressure, and the linear
peptides were lyophilized using tert-butanol /water (1:1 v/v, 10 mL).
The lyophilized linear peptides were subsequently used for macro-
lactamization without further purification.

Macrolactamization. To a stirred solution of linear lugdunin 9
(263 mg, 0.026 mmol, bis-TFA salt) in DMF (10 mL) were added
HOAt (21.0 mg, 0.156 mmol, 6 equiv) and DIPEA (34 uL, 0.2 mmol,
8 equiv) at room temperature. HATU (38 mg, 0.1 mmol, 4 equiv)
was dissolved in DMF (3 mL) and added over 1 h to the solution
containing the linear peptide. The final concentration of the linear
peptide was 2 mM. The yellow solution was stirred for 24 h at room
temperature. To the reaction mixture were added chloroform (20
mL), n-butanol (5 mL), water (30 mL), and sat. NaCl (5 mL). After
phase separation, the aqueous phase was extracted with chloroform (2
% 20 mL). The combined organic extracts were washed with KHSO,
(10% v/v, 4 X 35 mL), sat. NaHCO, (3 x 35 mL}), ACN/H,0 (10%
v/v, 2 X 35 mL), and sat. NaCl (3 x 35 mL). The solvent was
removed under reduced pressure and lyophilized with tert-butanol/
water (1:1 v/v, 10 mL). Lugdunin 4 was obtained as a white, fluffy
powder (17.3 mg 22.0 uM, 84%). "H NMR (600 MHz, DMSO-d,)): &
(ppm) 10.82 (d, J = 2.35 Hz, 1H), 10.79 (d, ] = 2.39 Hz, 1H), 8.83
(d, ] = 8.45 Hz, 2H), 8.62 (d, ] = 842 Hz, 1H), 8.57—8.52 (m, 2H),
8.26 (d, ] = 8.56 Hz, 1H), 8.18 (d, ] = 8.48 Hz, 1H), 8.05 (d, ] = 7.88
Hz, 1H), 8.01 (d, J = 9.25 Hz, 1H), 7.80 (d, J = 11.00 Hz, 1H), 7.71
(d, ] =9.35 Hz, 1H), 7.67 (d, ] = 7.95 Hz, 1H), 7.59 (d, ] = 8.40 Hz,
1H), 7.51 (d, ] = 7.84 Hz, 1H), 7.45 (d, = 9.36 Hz, 1H), 7.30 (d, ] =
8.16 Hz, 1H), 7.28 (d, ] = 8.08 Hz, 1H), 720 (d, ] = 2.34 Hz, 1H),
7.15 (d, ] = 7.39 Hz, 1H), 7.07—6.98 (m, 2H), 6.95 (dd, ] = 5.82, 7.86
Hz, 2H), 473 (d, ] = 2.17 Hz, 1H), 4.71 (d, ] = 2.33 Hz, 1H), 461
(dd, J = 8.66, 1061 Hz, 1H), 458 (t, ] = 5.49 Hz, 1H), 4.54—4.45 (m,
2H), 4.43 (s, 1H), 4.42 (s, 1H), 4.41 (s, 1H), 4.39 (s, 1H),4.24 (t, ] =
9.14 Hz, 1H), 4.17 (dd, ] = 8.31, 9.48 Hz, 1H), 4.09 (d, ] = 8.10 Hz,
1H), 4.08—4.06 (m, 2H), 4.05 (d, J = 828 Hz, 1H), 4.03 (d, ] = 844
Hz, 1H), 3.76—3.74 (m, 2H), 3.72 (d, ] = 248 Hz, 1H), 3.71 (q, ] =
1.23, 1.72 Hz, 1H), 3.69 (s, 1H), 3.68 (d, ] = 6.27 Hz, 1H), 3.66 (d, ]
= 836 Hz, 1H), 3.49-3.47 (m, 1H), 342 (d, ] = 837 Hz, 1H), 336
(td, J = 1.59, 3.83, 4.52 Hz, 1H), 3.34 (d, ] = 447 Hz, 1H), 3.29 (s,
1H), 3.25 (s, 1H), 3.20—3.14 (m, 1H), 3.06 (dd, J = 6.35, 9.89 Hz,
1H), 3.03 (s, 3H), 292 (d, ] = 6.52 Hz, 1H), 290 (s, 1H), 290—2.87
(m, 1H), 2.87—2.85 (m, 1H), 2.84 (s, 2H), 2.83 (s, 2H), 2.80 (s, 2H),
273 (d, ] = 063 Hz, 2H), 2.69 (s, 1H), 2.62-2.61 (m, 1H), 2.59—
2.55 (m, 1H), 2.55 (s, 1H), 2.54 (s, 2H), 253 (d, ] = 236 Hz, 1H),
2.38 (s, 1H), 2.08 (s, 1H), .07 (s, 1H), 2.06—2.04 (m, 2H), 2.04—

https//dol.org/10.1021/acs. medchem 0c02170
J. Med. Chem. 2021, 64, 40344058



Chapter 6: Appendix

Journal of Medicinal Chemistry

pubs.acs.org/jmc

1.94 (m, 3H), 142—1.34 (m, 2H), 1.30—1.28 (m, 2H), 1.27-1.20
(m, 3H), 1.01 (q, J = 2.43 Hz, 1H), 0.98 (d, ] = 6.96 Hz, 3H), 0.92
(d, J = 6.66 Hz, 3H), 0.89—0.80 (m, 30H), 0.79 (s, 3H), 0.63 (d, ] =
6.65 Hz, 3H), 0.51 (d, ] = 6.75 Hz, 3H), 045 (d, ] = 6.71 Hz, 3H).
C NMR (150 MHz, DMSO-d;): & (ppm) 1716, 171.6, 171.5, 171.4,
171.0, 170.8, 170.5, 170.4, 1702, 170.1, 169.8, 169.7, 1518, 136.1,
1360, 129.4, 127.1, 126.9, 1242, 123.7, 1213, 120.7, 1205, 118.6,
118.1, 118.0, 111.2, 111.0, 110.2, 109.5, 72.3, 72.1, 72.0, 69.7, 68.5,
65.3, 63.6, 60.5, 59.1, 574, 57.3, 56.9, 56.5, 544, 53.5, 52.8, 522,
50.7, 41.3, 41.1, 404, 38.3, 38.2, 37.6, 32.6, 32.0, 312, 30.7, 29.8,
292, 29.0, 28.5, 28.0, 26.5, 24.1, 23.9, 23.0, 22.3, 220, 21.7, 20.8,
19.8, 19.7, 19.5, 193, 192, 19.1, 18.7, 18.5, 18.5, 183, 18.1, 18.0,
17.8, 17.4, 15.2, 12.0. HRMS (ESI) caled for CugHuNgOS: 783.4586
[M + H]*; found 783.4596 [M + H]". HPLC purity 98.8%, t, = 17.2/
17.7 min.

AZ[p-allo-Nle]-lugdunin (10). Yield: 199 mg (72%). '"H NMR
(600 MHz, DMSO-d,): & (ppm) 10.80 (d, J = 2.29 Hz, 1H), 10.77
(d, J = 2.34 Hz, 1H), 8.83 (d, J = 8.45 Hz, 1H), 8.62 (d, ] = 839 Hz,
1H), 8.50 (d, J = 8.30 Hz, 1H), 8.42 (d, ] = 7.63 Hz, 1H), 8.21 (d, ] =
8.42 Hz, 1H), 8.12 (d, ] = 9.54 Hz, 1H), 8.02 (d, ] = 8.25 Hz, 1H),
7.80-7.77 (m, 2H), 7.74 (d, J = 9.39 Hz, 1H), 7.69—7.65 (m, 2H),
7.52 (d, J = 793 Hz, 1H), 7.47 (d, ] = 934 Hz, 1H), 7.35-7.26 (m,
3H), 7.14 (d, J = 7.34 Hz, 1H), 7.08—7.00 (m, 2H), 6.95 (d, = 7.35
Hz, 1H), 474 (d, ] = 4.20 Hz, 1H), 4.72 (d, ] = 437 Hz, 1H), 4.70
(d, J = 528 Hz, 1H), 4.59 (dd, J = 8.70, 10.79 Hz, 1H), 4.56—4.46
(m, 2H), 444—4.38 (m, 2H), 4.37—4.32 (m, 2H), 4.25 (d, ] = 8.97
Hz, 2H), 4.07 (td, ] = 6.18, 8.00, 9.50 Hz, 2H), 3.89 (ddd, ] = 6.12,
8.26, 11.57 Hz, 1H), 3.76 (td, ] = 5.26,7.23, 7.87 Hz, 1H), 3.74—3.65
(m, 2H), 3.45 (t, ] = 6.13 Hz, 1H), 3.41 (dd, J = 5.11, 10.30 Hz, 1H),
3.36 (d, ] = 426 Hz, 1H), 3.34 (d, J = 402 Hz, 1H), 325 (s, 1H),
3.19-3.13 (m, 1H), 3.08-3.03 (m, 1H), 3.02 (s, 4H), 3.00 (d,] =
6.30 Hz, 1H), 298 (d, ] = 533 Hz, 1H), 2.94-2.86 (m, 2H), 2.85—
2.78 (m, 2H), 2.63—2.60 (m, 2H), 2.59 (s, LH), 2.56 (d, ] = 3.57 Hz,
1H), 2.53 (s, 1H), 2.09—2.04 (m, 1H), 1.98 (d, ] = 3.91 Hz, 1H),
1.93—1.86 (m, 2H), 1.55 (d, ] = 6.61 Hz, 1H), 1.50—1.43 (m, 2H),
1.40 (d, ] = 16.22 Hz, 1H), 1.36—128 (m, 2H), 1.05—1.00 (m, 2H),
0.99 (s, 3H), 098 (s, 3H), 0.93 (dd, ] = 3.85, 6.98 Hz, 6H), 0.90—
0.75 (m, 26H), 0.73 (d, ] = 6.84 Hz, 3H), 0.63—0.56 (m, 9H). ®C
NMR (150 MHz, DMSO-dg): & (ppm) 171.7, 1716, 171.5, 1714,
171.0, 170.9, 170.6, 170.4, 1702, 169.9, 169.8, 151.8, 136.1, 136.0,
1294, 127.1, 1269, 124.2, 1237, 121.2, 120.7, 120.5, 1186, 118.1,
1180, 117.9, 111.2, 111.0, 110.2, 109.5, 72.3, 72.1, 72.0, 69.7, 68.5,
654, 63.6, 60.3, 60.2, 594, 59.0, 57.5, 57.2, 56.9, 56.5, 55.9, 54.5,
53.5, 52.8, 52.2, 50.7, 41.3, 41.1, 40.4, 38.2, 382, 37.6, 37.0, 34.9,
32.6, 32.0, 31.2, 29.8, 292, 29.1, 28.0, 26.4, 25.6, 25.0, 24.8, 24.1,
24.0, 23.0, 22.3, 21.7, 20.8, 19.8, 19.7, 19.5, 192, 19.1, 18.6, 18.3,
18.0, 17.8, 174, 152, 15.1, 14.3, 12,0, 112, 11.1. HRMS m/z:
7974760 [M + H]". HPLC purity 98.7%, t, = 17.2/17.8 min.

A% [p-Leul-lugdunin (11). Yield: 22.1 mg (80%). 'H NMR (600
MHz, DMSO-d,): 6 (ppm) 10.79 (d, J = 2.22 Hg, 1H), 8.56 (d, ] =
8.30 Hz, 1H), 848 (d, ] = 8.77 Hz, 1H), 8.21-8.10 (m, 2H), 8.06—
8.01 (m, 2H), 7.83—7.76 (m, 1H), 7.70 (d, ] = 8.96 Hz, 1H), 7.63 (d,
J=7.99 Hz, 1H), 7.60 (d, ] =9.26 Hz, 1H), 7.53 (d, ] = 7.87 Hz, 1H),
7.46 (d, ] = 926 Hz, 1H), 7.30 (d, ] = 7.97 Hz, 1H), 720 (s, 1H),
7.11 (d, J = 7.98 Hz, 1H), 7.07-6.99 (m, 2H), 6.99—6.91 (m, 2H),
4.73 (4, ] = 6.77 Hz, 1H), 4.66 (q, ] = 3.37, 6.02 Hz, 1H), 453 (t,] =
9.74 Hz, 1H), 4.46 (t, ] = 7.50 Hz, 1H), 442—4.38 (m, 2H), 4.26 (t, |
=9.12 Hz, 1H), 4.15 (s, 1H), 4.06 (d, ] = 8.08 Hz, 1H), 3.98-3.93
(m, 1H), 3.86 (d, J = 7.36, 1H), 3.76 (s, 1H), 3.73—3.59 (m, 2H),
3.45—3.40 (m, 1H), 3.16 (d, J = 9.30 Hz, 1H), 3.03 (d, ] = 4.95, Hz,
1H), 299 (d, J = 5.13 Hz, 1H), 2.92 (d, ] = 9.80 Hz, 1H), 2.86-2.78
(m, 1H), 2.67—-258 (m, 1H), 2.12-2.06 (m, 1H), 2.03—1.87 (m,
3H), 1.55 (d, ] = 6.66 Hz, 1H), 1.32 (d,] = 7.13, Hz, 1H), 1.20-1.14
(m, 2H), 1.03 (d, ] = 6.49 Hz, 3H), 092 (d, ] = 6.71 Hz, 3H), 0.88—
0.84 (m, 12H), 0.82 (d, ] = 8.24 Hz, 3H), 0.79 (d, ] = 5.17 Hz, 3H),
0.76 (d, J = 6.30 Hz, 3H), 0.74 (s, 3H), 0.72 (s, 3H), 0.69 (d, ] = 9.71
Hz, 3H), 0.55 (d, J = 6.69 Hz, 3H). "*C NMR (150 MHz, DMSO-
dg): & (ppm) 172.1, 171.8, 1715, 1715, 1710, 170.8, 170.4, 170.2,
1702, 169.7, 136.1, 136.0, 1272, 126.9, 123.9, 123.4, 120.7, 120.6,
1185, 118.1, 1180, 111.2, 111.0, 110.5, 109.6, 74.5, 72.1, 72.1, 66.9,

65.3, 64.7, 63.7, 59.0, 574, 572, 56.9, 56.8, 54.4, 537, 52.9, 52.8,
522, 50.8, 50.3, 41.4, 412, 41.1, 37.8, 37.6, 32.6, 320, 31.3, 310,
29.8, 204, 29.1, 26.3, 24.1, 24.0, 23.7, 23.0, 22.5, 224, 22.3, 22.1,
219, 21.7, 20.8, 19.8, 19.7, 194, 19.2, 19.1, 18.6, 183, 17.9, 17.5,
15.2. HRMS m/z: 7974743 [M + H]*. HPLC purity 98.1%, f, = 17.2/
17.7 min.

AZ[p-homo Leul-lugdunin (12). Yield: 172 mg (61%). 'H
NMR (700 MHz, DMSO-dg): § (ppm) 1082 (d, J = 2.32 Hz, 1H),
10.78 (d, J = 2.89 Hz, 1H), 8.54 (d, ] = 8.51 Hz, 1H), 8.50 (d, ] =
8.85 Hz, 1H), 8.37 (d, ] = 8.78 Hz, 1H), 827 (d, J = 9.11 Hz, 1H),
8.10 (d, ] = 9.71 Hz, 1H), 8.04 (d, J= 7.57 Hz, 1H), 7.90 (d, ] = 8.16
Hz, 1H), 7.86 (d, J = 9.36 Hz, 1H), 7.83 (d, ] = 8.17 Hz, 1H), 7.72
(d, ] = 8.79 Hz, 1H), 7.65 (d, ] = 7.82 Hz, 1H), 7.59 (d, ] = 9.25 Hz,
1H), 7.54—747 (m, 3H), 7.29 (d, ] = 6.73 Hz, 1H), 7.21-7.17 (m,
1H), 7.15 (d, J = 7.82 Hz, 1H), 7.10 (d, ] = 7.68 Hz, 1H), 7.08—7.00
(m, 2H), 6.99—6.90 (m, 1H), 4.75 (d, ] = 8.54 Hz, 1H), 473—4.63
(m, 2H), 4.59—4.49 (m, 2H), 446 (d, ] = 9.92 Hz, 1H), 433429
(m, 1H), 4.28 (s, 1H), 427—4.21 (m, 1H), 4.18—4.11 (m, 1H), 408
(d, J = 8.37 Hz, 1H), 4.06—3.97 (m, 3H), 392—3.86 (m, 1H), 3.83
(d, J = 5.22 Hz, 1H), 3.77 (d, ] = 6.40 Hz, 2H), 3.26—3.21 (m, 1H),
3.18—3.14 (m, 1H), 3.11-3.07 (m, 2H), 3.02 (d, ] = 6.55 Hz, 1H),
2.95 (d, J = 7.86 Hz, 1H), 2.91 (q, ] = 7.08 Hz, 2H), 2.88—2.81 (m,
1H), 2.73 (s, 1H), 2.69 (s, 1H), 2.61 (p, ] = 1.87 Hz, 1H), 247-2.39
(m, 1H), 2.38 (dt, ] = 479, 548 He, 1H), 2.18 (t, ] = 7.35 Hz, 1H),
2.08 (d, ] = 745 Hz, 1H), 194 (d, ] = 6.95 Hz, 1H), 1.75 (5, 1H),
1.73—1.69 (m, 1H), 1.64 (g, ] = 5.74 Hz, 1H), 1.58—1.52 (m, 1H),
1.47 (d, J = 5.29 Hz, 1H), 143—1.38 (m, 2H), 135-1.31 (m, 2H),
1.28 (d, J = 9.39 Hz, 1H), 1.18 (d, J = 6.91 Hz, 3H), 1.16 (d, ] = 3.36
Hz, 3H), 1.15 (s, 3H), 1.10 (d, ] = 4.61 Hz, 2H), 1.06 (d, ] = 6.96 Hz,
3H), 1.03 (d, J = 7.09 Hz, 3H), 098 (d, ] = 6.90 Hz, 3H), 094091
(m, 9H), 0.86—0.84 (m, 24H), 0.83—0.78 (m, 12H), 0.78—0.76 (m,
6H), 0.75 (d, ] = 6.43 Hz, 3H), 0.75-0.73 (m, 3H), 0.73—0.71 (m,
3H), 0.71-0.69 (m, 3H), 0.66 (d, | = 6.86 Hz, 3H), 0.61 (d, ] = 6.09
Hz, 3H), 049 (d, J = 6.52 Hz, 3H). HRMS m/z: 811.4893 [M + H]*.
HPLC purity 93.7%, t, = 16.0/164 min.

A% [o-Nva]Hugdunin (13). Yield: 19.3 mg (71%). "H NMR (600
MHz, DMSO-d,): é (ppm) 10.78 (d, ] = 2.25 Hz, 1H), 8.51 (d, ] =
8.30 Hz, 1H), 8.46 (d, ] = 7.66 Hz, 1H), 8.19 (d, ] = 8.12 Hz, 1H),
8.16 (d, ] = 8.54 Hz, 1H), 8.12 (d, ] = 8.93 Hz, 1H), 8.05—7.97 (m,
1H), 7.80 (d, ] = 926 Hz, 1H), 7.70 (d, ] = 9.44 Hz, 1H), 7.65 (t, ] =
8.40 Hz, 1H), 7.58 (d, ] = 807 Hz, 1H), 7.53 (d, ] = 7.91 Hz, 1H),
7.45 (d,J = 9.35 Hz, 1H), 7.30 (d, J = 7.98 Hz, 1H), 7.24 (d, ] = 749
Hz, 1H), 7.12 (d, ] = 8.39 Hz, 1H), 7.07-7.00 (m, 1H), 699—-692
(m, 1H), 4.74 (d, ] = 7.11 Hz, 1H), 472 (d, ] = 6.15 Hz, 1H), 4.66
(d, ] =890 Hz, 1H), 4.57 (d, ] = 8.74 Hz, 1H), 454 (s, 1H), 4.53—
4.52 (m, 1H), 4.51—4.50 (m, 1H), 4.49—4.46 (m, 1H), 445 (d,] =
542 Hz, 1H),4.43 (d, ] = 6.05 Hz, 1H), 4.42 (s, 1H), 4.40 (t, ] = 245
Hz, 1H), 4.39—4.37 (m, 1H), 435—4.33 (m, 1H), 426 (t, ] = 9.05
Hz, 1H), 4.15 (s, 1H), 409—4.04 (m, 1H), 4.03 (s, 1H), 393 (d,] =
7.31 Hz, 1H), 3.87 (ddd, ] = 6.46, 7.96, 11.41 Hz, 1H), 3.76 (s, 1H),
3.72(d, J = 2.59 Hz, 1H), 3.71 (d, J = 7.69 Hz, 1H), 3.69 (d, ] = 6.53
Hz, 1H), 3.66 (g, ] = 2.26 Hz, 1H), 3.64 (s, 1H), 3.64—3.58 (m, 1H),
3.49 (d, J = 2.02 Hz, 1H), 3.43-3.41 (m, 2H), 3.38 (d, ] =2.92 Hz,
1H), 3.36 (d, J= 4.31 Hz, 1H), 3.34 (d, J= 445 Hz, 1H), 3.17 (d, ] =
3.95 Hz, 1H), 3.15 (d, ] = 3.57 Hz, 1H), 3.14 (s, 1H), 3.06 (s, 1H),
3.04 (s, 1H), 3.02 (d, J = 331 Hz, 1H), 3.01 (s, 1H), 2.99 (d, ] = 5.19
Hz, 1H), 2.95 (s, 1H), 2.93 (d, J = 2.46 Hz, 1H), 292 (s, 1H), 2.90
(d, J = 5.14 Hz, 1H), 2.88 (s, 1H), 2.83 (s, IH), 2.81 (d, ] = 4.25 Hz,
1H), 2.79 (s, 1H), 2.65 (dd, J = 8.09, 9.85 Hz, LH), 2.56 (s, 1H), 2.54
(d, ] = 3.14 Hz, 1H), 2.52 (s, 1H), 2.38 (p, ] = 1.88 Hz, 1H), 2.30 (s,
1H), 2.03—1.94 (m, 1H), 1.93—1.86 (m, 1H), 1.54 (dd, ] = 6.72, 8.76
Hz, 1H), 149-144 (m, 1H), 1.42—1.30 (m, 3H), 1.06—097 (m,
4H), 092 (d, ] = 6.71 Hz, 3H), 0.88 (d, ] = 3.95 Hz, 3H), 0.88—0.86
(m, 9H), 0.86 (d, ] = 3.72 Hz, 3H), 0.84—0.83 (m, 6H), 0.83 (d, ] =
3.69 Hz, 3H), 0.81 (d, ] = 3.80 Hz, 3H), 0.81-0.78 (m, 6H), 0.78 (d,
J = 1.39 Hz, 3H), 0.77 (s, 3H), 0.76 (s, 3H), 0.73 (d, ] = 4.18 Hz,
3H), 072 (d, ] = 4.46 Hz, 3H), 0.70 (d, ] = 2.06 Hz, 3H), 0.69 (s,
3H), 0.55 (d, ] = 6.49 Hz, 3H). >*C NMR (150 MHz, DMSO-d,): &
(ppm) 1720, 171.7, 171.5, 170.9, 170.9, 1704, 170.2, 170.2, 170.1,
169.7, 136.1, 1360, 128.8, 128.1, 127.2, 127.0, 124.0, 1235, 120.7,
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1206, 118.5, 118.1, 118.0, 1112, 111.0, 1104, 109.5, 74.5, 72.3, 72.1,
66.9, 65.3, 63.7, 60.3, 602, 59.0, 57.3, §7.1, 569, 56.8, 54.4, 54.2,
53.5, 52.8, 52.2, 515, 508, 41.1, 37.7, 37.5, 346, 326, 32.5, 31.9,
313, 31.0, 29.8, 29.4, 292, 28.0, 26.3, 24.1, 23.9, 23.0, 22.3, 22.0,
21.7, 20.8, 19.8, 19.7, 194, 19.2, 19.1, 18.5, 183, 18.1, 17.9, 17.5,
152, 13.6, 13.5. HRMS m/z: 7834578 [M + H]*. HPLC purity
97.8%, t, = 16.6/17.4 min.

A% [p-lle]-lugdunin (14). Yield: 15.8 mg (58%). "H NMR (700
MHz, DMSO-d,): § (ppm) 10.82 (d, J = 2.36 Hz, 1H), 10.79 (s, 1H),
10.77-10.75 (m, 1H), 10.74 (d, ] = 2.20 Hz, 1H), 849 (t, ] = 6.58
Hz, 1H), 8.40 (s, 1H), 8.34 (d, J = 8.08 Hz, 1H), 8.28 (d, ] = 8.96 Hz,
1H), 8.10 (d, ] = 8.85 Hz, 1H), 8.07 (d, ] = 924 Hz, 1H), 7.84 (d, ] =
4.13 Hz, 1H), 7.82 (d, ] = 7.52 Hz, 1H), 7.77 (s, 1H), 7.71 (d, ] =
8.49 Hz, 1H), 7.64—7.57 (m, 2H), 7.55 (d, ] = 8.18 Hg, 1H), 7.51 (d,
] = 805 Hz, 1H), 7.39 (s, 1H), 7.30 (d, ] = 8.06 Hz, 2H), 7.29-7.25
(m, 1H), 7.19 (s, 1H), 7.17 (d, ] =8.34 Hz, 1H), 7.16 (d, ] = 7.30 Hz,
1H), 7.13 (d, ] = 8.32 Hz, 1H), 7.10 (s, 1H), 7.08 (s, 1H), 7.07-7.00
(m, 2H), 6.96 (d, ] = 6.88 Hz, 1H), 4.72 (d, ] = 6.25 Hz, 1H), 4.60—
4.54 (m, 2H), 4.46—4.37 (m, 1H), 4.37-4.30 (m, 2H), 425 (d, ] =
6.73 Hz, 1H), 421-4.13 (m, 1H), 4.13—-4.05 (m, 2H), 401 (d, ] =
7.49 Hz, 1H), 3.89—3.85 (m, 1H), 3.77 (dd, ] = 567, 9.35 Hz, 2H),
3.42—3.37 (m, 1H), 3.36 (d, J = 8.03 Hz, 1H), 3.32 (d, ] = 6.42 Hz,
1H), 3.23 (t,] =9.79 Hz, 1H), 3.18—3.13 (m, 1H), 3.10 (dd, ] = 4.80,
7.28 Hz, 1H), 3.06 (s, 1H), 3.06—3.03 (m, 2H), 3.01 (q, J = 5.54,
6.21 Hz, 1H), 2.96 (dd, J = 7.91 Hz, 1H), 2.92 (s, 1H), 287 (d,] =
4.25 Hz, 1H), 2.85 (d, ] = 6.76 Hz, 1H), 2.82 (s, 1H), 2.63—2.59 (m,
1H), 2.43-2.39 (m, 1H), 2.39—-2.37 (m, 1H), 2.18 (t, ] = 7.39 Hz,
1H), 2.09 (d, ] = 6.63 Hz, 1H), 2.06 (d, ] = 1.71 Hz, 1H), 2.01 (d, ] =
7.08 Hz, 1H), 1.94 (d, ] = 7.13 Hz, 1H), 1.90—1.85 (m, 1H), 1.75 (s,
1H), 1.68—1.60 (m, 1H), 1.57—1.51 (m, 1H), 1.46—143 (m, 1H),
1.43—1.39 (m, 1H), 1.39—-1.34 (m, 3H), 1.33 (s, 1H), 1.30—1.28 (m,
1H), 127 (d, ] = 9.85 Hz, 1H), 1.18 (d, ] = 7.33 Hz, 1H), 1.16 (s,
1H), 1.06 (d, ] = 6.96 Hz, 3H), 1.03 (d, ] = 6.99 Hz, 3H), 1.01 (s,
3H), 1.00 (d,] = 6.10 Hz, 3H), 0.98 (d, ] = 7.68 Hz, 3H), 0.97 (d, ] =
6.90 Hz, 3H), 094 (s, 3H), 0.93 (d, ] = 6.80 Hz, 3H), 0.91 (s, 3H),
0.90 (dd, J = 2.37, 501 Hz, 3H), 0.87 (s, 3H), 0.86 (d, ] = 6.67 Hz,
6H), 0.83 (dd, ] = 3.39, 6.33 Hz, 6H), 0.81 (d, ] = 7.17 Hz, 3H), 0.79
(d, J = 7.51 Hz, 3H), 0.76—0.71 (m, 6H), 0.69 (d, ] = 5.78 Hz, 3H),
0.65 (t, ] = 739 Hz, 3H), 0.59 (t, ] = 7.26 Hz, 3H), 0.53 (d, ] = 6.75
Hz, 3H), 046 (d, ] = 6.74 Hz, 3H), 0.37 (d, ] = 6.80 Hz, 3H), 0.34
(d, ] = 6.80 Hz, 3H). HRMS m/z: 7974746 [M + H]*. HPLC purity
96.1%, t, = 16.6/17.9 min.

A?[p-Tle]-lugdunin (15). Yield: 20.1 mg (73%). '"H NMR (600
MHz, DMSO-d,): § (ppm) 10.82 (d, J = 232 Hz, 1H), 10.78 (d, ] =
2.36 Hz, 1H), 8.83 (d, ] = 845 Hz, 1H), 8.62 (d, ] = 8.43 Hz, 1H),
8.44 (d, ] = 8.02 Hz, 1H), 8.34 (d, ] = 8.49 Hz, 1H), 8.30 (d, ] =9.87
Hz, 1H), 8.19 (d, ] = 543 Hz, 1H), 8.15-8.11 (m, 1H), 798 (d, ] =
9.37 Hz, 1H), 7.80 (d, ] = 941 Hz, 1H), 7.76 (d, ] = 9.00 Hz, 1H),
7.68 (d, J= 7.78 Hz, 1H), 7.64 (d, ] = 940 Hz, 1H), 7.62—7.56 (m,
1H), 7.51 (d, ] = 790 Hz, 1H), 7.41 (d,] = 941 Hz, 1H), 7.30 (d, J =
8.09 Hz, 1H), 7.18 (d, ] = 249 Hz, 1H), 7.15 (d, J = 7.31 Hz, 1H),
7.06—6.99 (m, 3H), 6.98—6.92 (m, 3H), 472 (d, ] = 7.97 Hz, 1H),
4.70 (d, J = 2.37 Hz, 1H), 4.68 (d, ] = 4.66 Hz, 1H), 4.66 (d, ] = 2.55
Hz, 1H), 4.64 (s, 1H), 4.56 (d, ] = 4.11 Hz, 1H), 4.55—4.53 (m, 1H),
4.52 (d, ] = 541 Hz, 1H), 450 (s, 1H), 449 (d, ] = 3.90 Hz, 1H),
447 (dd, J = 2.66, 3.94 Hz,1H), 4.46 (d, ] = 4.12 Hz, 1H), 443 (s,
1H), 441 (d, ] = 574 Hz, 2H), 432 (d, ] =9.91 Hz, 1H), 4.23 (t, ] =
9.30 Hz, 1H), 413 (d, ] = 5.37 Hz, 1H), 4.10—4.05 (m, 1H), 4.01 (,
J=7.99 Hz, 1H), 3.84 (d, ] =5.71 Hz, 1H), 3.82 (d, ] = 5.51 Hz, 1H),
3.80 (d, J=5.65Hz, 1H), 3.75 (d, ] = 2.78 Hz, 1H), 3.71 (d, ] = 2.38
Hz, 1H), 3.69 (d, ] = 2.11 Hz, 1H), 3.67 (d, ] = 2.53 Hz, 1H), 3.66
(d, ] =3.93 Hz, 1H), 341 (d, ] = 544 Hz, 1H), 3.36 (d, ] = 4.25 Hz,
1H), 3.30 (s, 1H), 325 (s, 1H), 324 (d, J = 3.55 Hz, 1H), 3.22 (s,
1H), 3.16 (d, ] = 5.18 Hz, 1H), 3.05 (dd, ] = 573, 8.54 Hz, 1H), 3.02
(s, 1H), 3.00 (d, ] = 545 Hz, 1H), 2.98—2.96 (m, 1H), 2.89 (s, 1H),
2.87 (d, ] = 4.69 Hz, 1H), 2.84 (q, ] = 3.09, 4.33 Hz, 1H), 2.82 (d, ] =
3.93 Hz, 1H), 2.80—2.79 (m, 1H), 2.73 (s, 1H), 2.62—2.59 (m, 2H),
2.57 (s, 1H), 2.55 (s, 1H), 2.54 (d, ] = 2.31 Hz, 1H), 2.53—2.52 (m,
1H), 238 (t, ] = 1.84 Hz, 1H), 2.08 (s, 1H), 2.07 (s, 1H), 2.05 (s,
1H), 203—1.94 (m, 3H), 1.90 (dd, ] = 4.65, 6.93 Hz, 2H), 1.57 (dd, ]

= 1.89, 6.72 Hz, 1H), 1.55—1.52 (m, 1H), 1.43—1.33 (m, 3H), 1.33—
1.26 (m, 3H), 1.23 (5, 3H), 1.15 (d, J = 536 Hz, 3H), 1.11 (s, 3H),
1.04—1.00 (m, 6H), 098 (d, J = 7.00 Hz, 3H), 092 (d, ] = 6.69 Hz,
3H), 0.88 (d, ] = 6.43 Hz, 9H), 0.87—0.85 (m, 9H), 0.83 (d, | = 7.04
Hz, 6H), 0.81 (d, J = 145 Hz, 3H), 0.79 (dd, | = 1.66, 6.58 Hz, 6H),
0.76 (s, 3H), 0.75 (d, ] = 2.18 Hz, 12H), 0.71 (d, ] = 1.93 Hz, 3H),
0.69 (d, ] = 6.34 Hz, 3H), 0.65 (d, ] = 4.72 Hz, 3H), 0.63 (s, 3H),
0.61 (s, 6H). °C NMR (150 MHz, DMSO-d;): & (ppm) 172.1,
1720, 1719, 1716, 171.4, 1714, 1713, 1708, 170.7, 170.6, 170.3,
1694, 152.3, 1392, 136.6, 136.5, 135.1, 1274, 126.9, 1249, 124.3,
1218, 121.2, 1210, 119.2, 1185, 1184, 111.7, 111.5, 110.7, 110.1,
72.8, 72.6, 72.4, 69.0, 65.8, 63.8, 63.1, 60.7, 59.8, 580, 57.8, 57.2,
56.7, 549, 54.2, 53.3, 52.7, 51.0, 42.9, 42.0, 41.6, 38.7, 38.1, 35.2,
34.8, 33.1, 32.7, 32.0, 3158, 30.3, 29.4, 28.4, 27.1, 269, 26.7, 26.7,
24.6, 244, 23.5, 22.8, 22.5, 22.1, 21.4, 20.4, 20.2, 19.7, 196, 19.1,
189, 184, 18.3, 17.8, 15.7, 12.6. HRMS m/z: 797.4744 [M + H]".
HPLC purity 96.1%, t, = 17.1/18.0 min.

A2-[1-Phel-lugdunin (16). Yield: 21.4 mg (75%). '"H NMR (700
MHz, DMSO-d,): & (ppm) 10.78 (d, ] = 2.43 Hz, 1H), 8.74 (s, 1H),
8.70 (s, 1H), 864 (s, 1H), 8.56 (d, J = 8.75 Hz, 1H), 8.35 (s, 1H),
8.27 (d, J = 8.78 Hz, 1H), 8.14 (5, 1H), 8.11 (d, ] = 7.79 Hz, 1H),
7.91 (d, ] = 944 Hz, 1H), 7.74 (s, 1H), 7.62 (s, 1H), 7.60 (d, ] = 9.31
Hz, 1H), 742 (d, ] = 7.93 Hz, 1H), 7.37 (s, 1H), 7.36—7.35 (m, 1H),
7.34 (d, ] = 8.42 Hz, 1H), 7.31-7.27 (m, 3H), 7.26—7.24 (m, 1H),
7.23 (d, J = 2.08 Hz, 1H), 7.23 (t, ] = 7.32 Hz, 1H), 7.21-7.17 (m,
2H), 7.12 (s, 1H), 7.11 (5, 1H), 7.10 (s, 1H), 7.06 (d, J = 2.33 Hz,
1H), 7.05 (d, J = 7.08 Hz, 1H), 7.04 (t, ] = 7.20 Hz, 1H), 7.03 (s,
1H), 7.02 (s, 1H), 7.01 (s, 1H), 6.95 (d, ] = 693 Hz, 1H), 694691
(m, 1H), 6.89 (d, ] = 9.11 Hz, 1H), 6.54 (s, 1H), 6.44 (s, 1H), 6.35
(s, 1H), 480—4.69 (m, 1H), 4.70 (s, 1H), 4.29 (s, 1H), 425—4.18
(m, 1H), 4.18—4.08 (m, 1H), 4.05 (t, ] = 9.55 Hz, 1H), 3.89-3.78
(m, 1H), 3.69-3.59 (m, 1H), 3.54 (s, 1H), 3.47-3.41 (m, 1H),
3.42—3.37 (m, 2H), 3.31-3.28 (m, 1H), 3.27-3.19 (m, 1H), 3.17 (4,
J=531Hz, 1H), 3.12 (s, 1H), 3.12—3.02 (m, 1H), 2.92 (d, ] = 399
Hz, 1H), .78 (d, ] = 749 Hz, 1H), 2.74 (s, 1H), 2.55 (d, ] = 6.53 Hz,
1H), 2.47—-2.44 (m, 1H), 228-2.17 (m, 2H), 2.07 (s, 1H), 1.99 (s,
1H), 191 (s, 1H), 1.85 (d, J = 7.32 Hz, 1H), 1.76 (d, ] = 7.01 Hz,
1H), 1.60—1.53 (m, 1H), 1.52 (d, J = 5.82 Hz, 1H), 1.41 (d, J = 6.71
Hz, 1H), 1.35-1.29 (m, 1H), 1.25 (d, ] = 7.03 Hz, 1H), 1.19-1.12
(m, 1H), 1.09 (s, 9H), 0.93 (d, ] = 6.74 Hz, 3H), 0.89 (d, ] = 6.75 Hz,
6H), 0.87 (d, ] = 6.57 Hz, 3H), 0.85 (s, 3H), 0.85—0.83 (m, 3H),
0.81 (d, ] = 6.42 Hz, 3H), 0.78 (d, J = 6.87 Hz, 3H), 0.75 (d, ] = 648
Hz, 3H), 0.73—0.71 (m, 9H), 0.72—0.68 (m, 3H), 0.66 (d, | = 6.84
Hz, 3H), 0.58 (d, ] = 6.66 Hz, 3H), 0.54 (d, ] = 6.81 Hz, 3H), 040
(d, ] = 6.86 Hz, 3H). HRMS m/z: 8314603 [M + H]*. HPLC purity
91.8%, t. = 17.4/17.6 min.

A% [p-Trp]-lugdunin (17). Yield: 169 mg (56%). '"H NMR (700
MHz, DMSO-dg): é (ppm) 10.83—10.78 (m, 1H), 10.76 (s, 1H),
10.70 (s, 1H), 849 (d, J = 7.65 Hz, 1H), 8.44 (d, ] = 827 Hz, 1H),
8.29 (d, J = 8.33 Hz, 1H), 822 (d, J = 9.14 Hz, 1H), 8.07 (d, ] = 8.33
Hz, 1H), 8.02 (d, J = 9.07 Hz, 1H), 7.95 (d, | = 8.05 Hz, 1H), 7.89
(d, J=9.20 Hz, 1H), 7.81 (d, ] = 9.03 Hz, 1H), 7.77 (d, ] = 9.32 Hz,
1H), 7.70 (d, ] = 9.45 Hz, 1H), 7.60 (d, ] = 7.88 Hz, 1H), 7.52 (d, ] =
8.24 Hz, 1H), 7.47 (d, ] = 792 Hz, 1H), 7.34 (d, ] = 8.04 Hz, 1H),
7.32—7.26 (m, 1H), 7.16 (d, ] = 7.39 Hz, 1H), 7.11 (d, ] = 7.38 Hz,
1H), 7.08—6.99 (m, 2H), 6.99—6.88 (m, 2H), 4.71 (d, ] = 8.68 Hz,
1H), 4.61 (g, ] = 7.69 Hz, 1H), 4.54 (s, 1H), 4.54—4.50 (m, 1H),
4.50 (s, 1H), 4.48 (d, ] = 3.20 Hz, 1H), 446 (d, ] = 3.48 Hz, 1H),
445 (d, ] = 2.63 Hz, 1H), 441 (d, ] = 2.62 Hz, 1H), 4.40 (d, ] = 243
Hz, 1H), 4.38 (s, 1H), 4.30 (s, 1H), 4.29 (d, ] = 2.40 Hz, 1H), 4.28
(d, ] =2.84 Hz, 1H), 4.26 (s, 1H), 4.25 (s, 1H), 4.16 (q, ] = 7.47 Hz,
1H), 407 (t, ] = 928 Hz, 1H), 3.72 (d, ] = 790 Hz, 1H), 3.68-3.61
(m, 1H), 3.10 (d, ] = 5.40 Hz, 1H), 3.08 (d, ] = 523 Hz, 1H), 3.02
(d, J = 6.25 Hz, 1H), 3.00 (s, 1H), 2.99 (d, ] =4.01 Hz, 1H), 2.97 (d,
J = 3.27 Hz, 1H), 296 (s, 1H), 291 (d, ] = 6.73 Hz, 1H), 2.89 (s,
1H), 2.87 (s, 1H), 2.86 (s, 1H), 2.85 (s, 1H), 2.84 (d, ] = 3.94 Hz,
1H), 2.80 (s, 1H), 2.78 (s, 1H), 2.76 (dd, J = 3.11, 6.34 Hz, 2H), 2.74
(d, ] =5.54 Hz, 1H), 2.72 (d, ] = 4.82 Hz, 1H), 2.70 (s, 1H), 2.61 (p,
J=1.88 Hz, 1H), 243 (s, 1H), 2.42 (s, 1H), 240 (s, 1H),2.38 (p, ] =
1.94 Hz, 1H), 2.24 (s, 1H), 2.20-2.12 (m, 1H), 2.11 (s, 1H), 2.10 (s,
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I1H),2.08 (s, 1H), 206 (5 1H), 202 (d,]= 7.00 Hz, 1H), 199 (g,]=
671, 7.26 He, 1H), 1.94 (s, L1H), 193 (5, 1H), 191 (d, J= 213 Hz,
IH), 1.88 (s 1H), 187 (s, IH), L&& (s, 1H), L85 (s, 1H), 1 83-177
(my, 1H), 155-150 (m, LH), 135 (s, 1H), 1.33 (s, 1H), 1.32-125
(m, TH ), 123 (s, 3H), 118 (d, J = 7.13 Hg, 3H), 114 (d, J = .15 Hz,
3H), 111 (s, 3H), 092 (d, ] = 6.69 Hz, 3H), 0.86 (s, 3H), 085 (4 =
129 He, 3H), 083 (4, J = 2.66 Hz, 3H), 0.82 (d, [ = 2.35 Hg, 3H),
0EL (s, 3H), 0.79 (dd, J = 296, 685 Hz, 6H), 077 (d, J= 330 Hz,
IH), 073 (dd, J= 420, 625 He, 6H), 0.70 (d, J = 693 Hz, 3H).
HRMS i/z: 8704601 [M + H] " HPLC purity 986%, 1= 17.0/17.1
i

A% [p-Leuo-Val*lugdunin (18], Yield: 174 mg (64%). 'H
MMR (700 MHz, DMSO-d;): § (ppm) 1079 (s, 1H), 10.77 (5 1H),
BSE (d, J= 830 Hy, 1H), 842 (3, 1H), 826 (d, ] = 737 Hz, 1H),
815 (s, LH), 793 (d, J = 889 Hz, 1H), 7.81 (d, ] = 9.58 Hz, 2H),
772 (d, [ = 9.64 He, 1H), 7.65 (5, 1H), 7.54 (d, ] = £17 Hz, 1H),
T3E (s, LH), 737 (d, J = 783 H, 1H), 7.35 (4, ] = 792 He, 2H),
734 (d, J = 7.20 He, 2H), 7.32 (d, J = 639 He, 1H), 731 (s, 1H),
725 (L J=735Hz IH), 723 (4 J=7.27 He, IH), 722 (1, ] = 734
Hz, 1H), 7.20 (d, = 7.59 Hz, 2H), 7.19 (t, ] =7.32 Hz, 3H), £33 (s,
IH), 643 (5 2H), 473 (d, J = 235 He, 1H), 4.71 (s, 2H), 448 (s,
LH), 445 (5 1H), 4.44 (s, 1H), 431 (5, 1H), 429 (d, ] = 844 He,
IH), 406 (s 1H), 4.05 (s, IH), 400 (s, 1H), 3.50 (s, 1H),329-325
(my, IH), 322 (d, [ =9.56 Hz, 1H), 3.13 (4, ] = 296 Hz, 1 H), 105
(d, J= 518 Ha, 1H), 3.01 (s, 1H), 294 (s, ¥H), 161 (d, [ = 4.85 Hz,
IH), 2.59-2.56 (m, IH), 254 (s, 2H), 238 (d, J = 3.85 He, 1H),
208 (5 LH), 198 (d, J =725 He, 1H), 1.90 (s, 1H), 124 (s, 1H),
123 (5 1H), 1.14 (s, 2H), 0.98 (d, = 7.11 Hz, 3H), 093 (d, J= 677
Hz, 3H), 091 (d [ = 6.40 Hz, 3H), 090085 (m, 18H ), 0.85—083
(o, 6H ), 082 (d, J= 6.15 Hz, 3H), 0.81 (5, 3H),0.80 (4, J = 632 Hz,
IH),0.79 (d, J= 645Hz, 3H), 077 (d, [ =6.68 He, 3H), 074 (4, =
686 Hz, 3H), 072 (d, [ = 660 Hz, 3H), 069066 (m, IH), 0.64 (4,
J = 6,60 Hz, 3H), 060 (d, [ = 6.44 Hz, 3H ). HREMS m/z: 7834501
[M + HJ*. HPLC purity 92.1%, . = 16.8/17.1 min

A% [-PheHugdunin (19). Yield: 22.1 mg (86%). "H NMR (600
MHz, DMSO-d.): & (ppm) 855 (d, [ = £.64 He, 1H), 848 (4 [=
543 He, IH), 831 (d, [ = 8.79 Hz, I1H), 817 (1, [ = 860 Hz, IH),
&03 (d, ] =7.72 Hz, 1H), 782 (d, J= 897 Hz, 1H), 7.77 (d, = 941
Hz, 1H), 7.70 (d, J=9.28 Hz, 1H), 745 (d, ] = 938 Hz, 1H), 7.29—
709 (m, 2H), T.18=7.12 (m, 2H ), 4.74 (d, J= 219 Hz, 1H), 472 (d,
J= 218 Hz, 1H), 480 (d, J = 855 Hz, 1H), 4.56—4.47 (m, 2H),
445436 (my, 2H), 430 (1, J = 517 Hz, 1H), 424 (t, [ = 9.19 Hz,
IH), 4.14 (t, 1H), 4.09—-4.02 (m, 2H), 3.90—3.84 (m, 1H), 375 (dJ
=711 Hz, 1H), 3.71-362 (m, 3H), 342 (d, [ = 5.41 Hz, 1H), 3.40—
336 (m, 2H), 3.27 (d, [ =4.13 Hz, 1H), 324 (4, J = 4.15 Hz, 1H),
119313 (m, 1H), 306 (d, [ =7.75 Hz, 1H), 293 (d, ] = 565 Ha,
IH), 201286 (m, IH), 285 (d, J = 479 Hz, 1H), 275 (5 1H),
173 (d, J= 328 Hy, 1H), 171 (s, 1H), 260 (s, 1H), 267 (s, 1H),
265 (d, J= 279 Hz, IH), 2.63 (s, IH), L58-2.52 (m, 2H), 1.98 (dd,
J =462, 960 Hz, 2H), 1.93=1584 (m, 1H), 169 (dd, [ = 6.69, 896
Hz, 2H), LE3— 158 (m, LH), 1.54 (dd, ] = 6.69, 868 Hz, IH), 140
(dd, J = 422, 877 Hz, 1H), 137130 (m, 2H), 1.30 (s, IH), 125
(d,J = 364 Hz, 3H), 103 (dd, [ = 369, 553, He, 6H), 098 (4 [ =
676 He, 3H), 092 (4 [ = 671 Hy, 3H), 089 —0.85 (m, 15H), 0.85—
083 (m, SH), 082 (d, [ = 502 Hz, 3H), 080 (d, J = 5,96 Hz, 3H),
077 (d J =595 Hz, 3H), 0.75 (4, [= 696 Hz, 3H), 0L62 (d, [ = 6.82
Hz, 3H), 046 (d, ] = 675 He, 3H), 042 (d, J = 672 Hz, 3H). "'C
MMR [ 150 MHz, DMSO-d;): & (ppm) 17L7, 17016, 1715, 1714,
I7LO, 1706, 1704, 1703, 170.2, 1698, 1698, 1607, 1518, 1382,
137.6, 1204, 1200, 1280, 1278, 126.1, 1213, 713, 711, 685, 654,
616, 6006, 603, 501, 57.5, 574, 573, 568 365 544, 542 518,
513, 50U6, 414, 41,1, 383, 379, 376, 362, 3T, 326, 321, 313,
307, 208, 200, 284 241, 240, 231, 224, 2120, 217, 209, 198,
197, 195, 194, 192, 19.1, 191, 186, 186, 184, 183, 182, 180,
178, 174, 15.2, 138, 12 1. HRMS m/z: 7444476 [M + H]*. HPLC
pu:hlt Q6.3%, = 173/179 min

AX[-TyrFlugdunin (20). Yield: 158 mg (50%). 'H NME (600
MHz, DMSO-d,): & (ppe) 922 (s, LH), 917 (s, 1H), 858 (d, [ =
544 He, 1H), 854 (4 [ = 8.53 Hz, IH), 825 (d, [ = 870 Hz, IH),
B18 (d J=946 Hz, 1H), 811 (d, J= 847 Hz, IH), 802 (1, =471

Hz, 1H), 7.81 (d, J = 9.15 Hz, 1H), 776 (d, ] = 807 H, 1H), 769
(dJ =929 Hz, 1H), 7.52=738 (m, 1H), 706—699 (m, 2H), L.68—
657 (m, 2H), 473 (d, = 219 He, 1H), 4.71 (d, ] = 223 Hz, 1H),
4.63—458 (m, 1H), 452 (d, J= 460 Hz, 1H), 450 (d, ] = 450 Hz,
IH), 447 (d J= 518 Hz, 1H), 443 (s, 1H), 4.39 (dd, J=7.73, 236
Hz, 2H), 434 (t, ] =5.17 He, 1H), 423 (. J=9.15 Hz, 1H), 4.18 (d,
J =202 Hz, 1H), 416 (s, 1H), 4.14 (s, IH), 4.06 (d, J = 488 Hz,
2H), 395 (d, ] = 567 Hz, IH), 188 (g, [ = 846, 9.05 Hz, 1H), 375
(d, J= 648 Hz, IH), 373371 (m, 1H), 368 (dd, J = 4.08, 9.83 Hz,
IH), 362 (dd, [ = 409, 574 Hz, 2H), 3.48 (s, 1H), 344 (d, T = 617
Hz, 1H), 3.41 (d, ] = 539 Hz, 1H), 337 (dd, ] = 497, 656 Hz, 1H),
330 (s, 1H), 320 (s, 1H), 3.18 (d, J = 343 Hz, IH), 317 (g 1H),
114 (d, J= 349 He, LH), 3.12 (d, [ =4.15 He, 1H), 310 (4, ] = 296
Hz, LH), 3207 (d, [ = 6.50 Hz, 1H), 3.05 (5, 1H), 300 (5, 1H), 298
(s 1H), 294=292 (m, 1H), 289 (dd J = 557, 902 Hz, 1H), 284
(d J =332 He, 1H), 2.82 (dd, J = 372, 635 He, 1H), 279 (d, [ =
L&l Hz, 1H), 276 (d, J= 528 Hz, 1H), 273 (d, ] = 517 Hz, 1H),
271 (d [ =643 He, 1H), 269 (5, IH), 268265 (m, 1H), 264 (5
IH), 261 (d, J= 380 Hz, IH), 150 (d, = 561 Hz, 1H), 257 (d J =
3.21 Hz, IH), 254 (d, ] =6.15 Hz, I1H), 2.54-2.52 (m, 1H}, 238 (4
J = 386 Hz, 1H), 210 (s, 1H), 207 (s, 1H), 2.05 (d, J = 108 Hz,
IH), 202 (t, ] = L.43 Hz, 1H), 202— 199 (m, 1H), 1.96 (s, 1H), 1.93
(dJ=186Hsz IH), 192 (d, J=2.15Hg, 1H), 191 (d, ] =223 Hz,
IH), L&9 (d, J = 685 He, 1H), L.73 (dd, ] = 672, 878 He, 2H),
L&0— 163 (m, IH), 155 (dd, ] = 6.60, 874 He, 1H), 146 (d, J= 4.02
Hz, 1H), 1.42—136 (m, 1H), 136 (5 IH), 125 (s, 1H), L17-113
(e, 2H), L1 (s, 2H), 107 (4 J =663 He, 3H), 102100 (m, 3H),
098 (d, J = 697 Hz, 3H), 092 (4, [ = 670 He, 3H), 089052 (m,
I5H), 0.82 (d, J=2.45 He, 3H), 0.81 (4, J= L90 He, 3H), 0.79 (¢, ]
= 198 He, 3H), 0.73 (d, [ = 6.03 Hz, 3H), 065 (d, J= 675 Hz, 3H),
0.62 (d, J= 6.81 H, 3H), 0.54 (4 [ = 6.76 Hz, 3H), 051 (4 ] = 677
Hz, 3H)L "C NMR (150 MHz, DMSO-d,): & (ppm) 1707, 1715,
1705, 1705, 17LO, 1705, 1704, 1702, 1609, 160.8, 1608, 1557,
1303, 130.1, 13001, 1300, 1298, 1296, 1281, 127.5, 1148, 1148,
1147, 114.6, 105.1, 989, 74.5, TL3, TL1, T0, 60.5, 688, £5.3, 636,
606, 603, 60.1, 5000, 574, 573, 573, 56.8 565 546, 544, 522,
506, 413, 411, 382, 376, 372, 354, 35.1, 346, 306, 320, 313,
307, 297, 2900, 286, 241, 239, 232, 230, 224, 219, 216, 208
19.8, 19.7, 19.5, 194, 192, 19.1, 186, 183, 181, 180, 178, 174,
152, 139, 138, 120. HRMS m/z: 7604424 [M + H]". HPLC purity
952%, L = 157/165 min.

A% [-Phgl-lugdunin (21). Yield: 18.6 mg (74%). "H NMR (800
MHz, DMSO-d): & (ppm) £75 (d, = 777 Hz, 1H), 870 (d ] =
834 He, IH), 862 (d, J= 852 He, 1H), 856 (d, ] = 856 Hz, 1H),
£.49 (d, J= £.67 Hz, 1H), 844 (d, J =799 He, 1H), 831 (d, ] =250
Hz, 1H), 824 (d, [ = 920 Hz, 1H), 806 (d, [ = 830 Hz, 1H), 805
(d. ] =824 Hz, 1H), 7.77 (d, [ = 9.19 He, 1H), 7.65 (d, ] = 9.59 He,
IH), 7.59 (d J= 938 He, 1H), 748 (d, J = 7.86 Hz, 2H), 7.46=742
(e, 2H), 734 (d, J = 7.83 Hz, 2H), 7.33-7.26 (m, 2H), 724 (d,] =
7.25 Hz, 1H), 722=7.19 (m, 1H), 7.16 (d, ] =880 Hz, IH), 557 (4,
J=765Hz, IH), 548 (d, J=7.79 Hz, 1H), 542 (d, = 845 Hz, L H),
473 (d, J = 471 Hz, 1H), 471 (s, 2H), 469 (4, [ = .37 Hz, 1H),
HEE—466 (m, TH), 465 (s, 1H), 453 (d, [ = 657 Hy, 1H), 4.49—
445 (m, 2H), 443—4.35 (m, 2H), 420420 (m, 2H), 4.20-4.20
(m, 1H), 420 (g 2H), 4.15—407 (m, 3H), 198-393 (m, 3H),
3.B0-375 (m, 2H), 372 (dd, T=3.19, 731 He, 2H), 366 (g, J= 593
Hz, 2H), 346-340 (m, 2H), 140-336 (m, 3H), 324-319 (m,
IH), 317 (d, J= 571 He, 1H), 314300 (m, 3H), 302 (, ] = 194
Hz, 1H),2.94 (5 1H), 26 1-278 (m, 1H), 261 (t, 3H), 246 (s, 1 H),
244 (d, [=4.36 Hz, 1H), 238 (d [ =445 Hz, 1H), 219 (d [ =672
Hz, 1H), 212208 (m, 2H), 206 (d, = 6.73 He, 1H), 2.04 (5 1H),
201 (d, J=9.16 Hz, 1H), 198 (s, 1H), 195 (4, J = 7.05 Hz, 1H),
94— 183 (e, 2H), 1.66— 162 (m, 1H), 157 (dd J = 3.4, 656 Hs,
IH), L43 (d, J= 561 1H), 135 (d, J= 719 Hy, 1H), 129(d [ =
6.70 Hz, 2H), 127 (5, 3H), 1.24 (dd, J= 227, 460 He, 2H), 120 (d,
J = 636 Hz, 1H), 114 (44, [ = 533, 748 Hz, 2H), 107 (5, 1H),
L.05— 103 (m, 1H), 102 (d, F= 3.87 Hg, 3H), 101 (s, 9H), 096 (d, ]
= 686 Hz, 3H), 0.95—093 (m, 9H ), 092 (d, ] = 777 Hz, 3H), 091
(5 3H), 089 (d ] =661 Hz, 3H), 088 (d, ] =6.17 Hz, 3H), 0.87 (d,
J =732 He, 3H), 0.86 (d, ] = 7.13 He, 12H), 0.85—0.84 (m, 1H),
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083 (d, ] =6.18 He, 3H), 081 (d, J= &05 Hz, 3H), 080 (d, J= 786
Hz, 3H), 079 (d [ = 7.65 Hz, 6H), 078 (5, 3H), 0.76 (d, [ = 614 Hz,
3H), 075 (d, ] = 736 Hz, 3H), 067 (d J = 614 Hz, 3H). "'C NMR
(150 MHz, DMSO-d,): & (ppm) 1724, 1719, 1717, 1705, 1712,
170.9, 1709, 170.8, 170.7, 1705, 1704, 1703, 1702, 169.4, 1600,
I68.7, 1386, 1376, 1282, 1261, 1281, 1279, 1276, 127.4, 1272,
127.1, 126.6, 6.3, TE3, T4E, T46, T45, 745, T4.5, 74.4, 7L, 701,
TLL, TLL, 665, 6590, 653, 652, 647, 646, 618, 637, 615, 603,
602, 596, 5B.9, 58.3, 5B.2, 580, 577, 574, 573, 57.1, 57.0, 567,
564, 563, 55.1, 545, 54.5 515, 515, 415, 404, 382, 37.4, 373,
346, 318, 324, 321, 312, 308, 305, 301, 299, 298, 9.6, 291,
286, 277, 24,1, 24.1, 24.0, 218, 227, 223, 222, 215, 211, 208,
204, 202, 199, 198 19.7, 196, 195, 192, 19.1, 190, 188, 184,
184, 182, 182, 181, 180, 178, 175, 172, 169, 152 HRMS m/z:
TI0.4312 [M + H]". HPLC pusity 826%, £, = 17.0/176 min.

A*[1-DOPAlFLugdunin (22} Yield: 163 mg (61%). 'H NMR
(700 MHz, DMSO-d.): & (ppm) 861 (s, 1H), B59 (s, 1H), 857 (s,
IH), 851 (s, 1H), 848 (d, [ = 7.05 Ha, |H), 8.46 (5, 1H), 820 (4, [ =
883 Hz, 1H), £21 (d, J =942 He, 1H), 806 (d, ] = £.90 Hz, 1H),
785 (d, [ =9.02 He, 1H), 7.79 (d, ] =937 Hg, 1H), 7.75 (d, J = 2.64
Hz, IH), 7.72 (d, =931 Hz, 1H), 7.48 (d, ] = 943 Hz, 1H), 666
(d, J= 795 Hz, 1H), 6,60 (d ] =708 He, 1H), 656 (5 1H), 655 (s,
IH}, 6.54 (s, 1H), 633 (s 1H), 6.52 (d, [= 800 Hz, 1H), 650 (4 ]=
7.89 Hz, IH), 648 (d, [ = 607 Hz, 1H), 647 (d, ] = 7.12 Hz, 1H),
474 (d J= 223 He, 1H), 472 (d, J = 228 Hz, 1H), 460 (5, 1H),
458 (dd, J=4.74,9.35 He, 1H), 455 (d, J=4.30 Hz, LH), 453 (4 ]
=427 Hz, 1H), 449 (dd, J = 510, 200 Hz, 1H), 444 (s, 1H), 442
(d, J= 228 Hz, 1H), 441 (d, J= 244 Hz, 1H), 440 (s, 1H), 4.38 (4,
J=6.13 Hz, 2H), 436 (d, [ = 436 Hz, 1H), 424 (1, J = .18 Hz, 1H),
416 (1, J =900 Hz, 1H), 400 (d [ =222 He, 1H), 407 (d, J=249
Hz, IH), 406 —4.05 (m, 2H), 4.05 (s, 1H), 370 (5 1H), 370 (s, 1H),
369 (s, 1H), 367 (dd, J = 299, 576 He, 1H), 366 (s, 1H), 3.65 (s,
1M}, 3.17 (s IH), 316 (d, [ = 3.57 Hz, 1H), 3.14 (s, 1H), 308 (s,
1H), 307 =3.05 (m, 1H), 304 (d J = 4.07 Hz, 1H), 268 (d J= 503
Hz, 1H), 265 (4, J= 515 Hz, IH), 261 (p, [ = 186 Hz, 1H), 155 (5,
IH), 244 (s, 1H), 243241 (m, 1H), 238 (p, ] = 186 Hz, 1H),
226 (5 IH), 224 (s, 1H), 218 (s, 1H), 211 (s, 1H), 2.10 (5, 1H),
208 (s, 1H), 206 (d, ] = 274 Hz, 1H), 202 (d, = 138 Hz, IH]),
201 (d J=235Hsz, IH), 200 (s, 1H), 198 (s, IH), 197 (5, 1H),
196 (d [ =276 Hz, 1H), 191 (d, [=234 He, 1H), L8O (d, J= 254
Hz, 1H), LEE(d, =250 He, 1H), LE7 (s, 1H), 1L.75 (d, ] = 3.58 Hz,
IH), 173 (s, 1H), L64— 162 (m, 1H), 146—1.38 (m, 1H), 135 (s,
IH), 134 (d, J = 325 Ha, 1H), 1.32 (g LH), 131 (1, J = 4.43 Ha,
IH}, 129 (s LH), 123 (d, ] = 4.50 Hz, 2H), 1.15 (d, J = 4.14 Hz,
IH), L14 (d J= 7.97 Hz, 3H), L.11 (s, 3H), 092 (4, [ = 6.59 Hz,
IH), L8908 (m, 18H), 0.82 (d, [ = 7.88 Hz, 3H), 0.81-0.79 (m,
6H), 076 (dd, J = 647, 803 He, 9H), 065 (d, [ = 475 Hz, 3H), 056
(d, ] = 673 Hz, 3H), 051 (4 J = 668 Hz, 3H). HRMS m/=:
T76.4381 [M + H]". HPLC pusdty 98.1%, £ = 15.4/160 min.

A fi-Hig)dugdunin (23). Yield: 186 mg (74%). "H NMR (700
MHz, DMSO-ds): & (ppm) 14.19 (5 1H), 9.04 (d, J = 876 Hz, 1H),
Q02-8.92 (m, 2H), 870 (t, ] = 6.67 Hz, 1H), BA3-8.49 (m, 1H),
836 (d J =841 He, IH), 818 (d, =926 Hz, 1H), £.12 (d, J=9.54
Hz, IH), 806 (d J= 788 He, 1H), 792 (d, [ = B8& He, 1H), 7.89 (5,
IH), 785=7.77 (m, IH), 7.74 (d ] = 934 He, 1H), 7.52 (d J=941
He, 1H), 740(s, 1H), 732 (d, T = 639 Hz, 1H), 731 (d, ] = 638 Hz,
IH), 729 (d, ] =735 Hz, I1H), 728 (d, J= 765 Hz, I1H), 7.25 (1, [ =
634 Hz, 1H), 724723 (m, 1H), 723-7.18 (m, 1H), 7.13 (4, [ =
565 Hz, 1H), 704 (d, [ = 673 Hz, 1H), 4.80 (s, 1H), 4.78 (4, [ =
£12 Hz, 1H), 475 (g, J = 4.88 Hz, 1H), 475460 (m, 1H), 463 (d,
T = 1098 He, 1H), 4.58 (d,] = 741 Hz, 1H), 456 (d, [ = 4.16 Hz,
LM, 454 (5, 1H), 444 (5 LH), 443 (d J= 213 He, 1H), 441 (4, ]=
148 Ha, 1H), 440 (d, ] = 224 Hz, 1H), 439 (d, J = 2.28 Hz, 1H),
438 (g 1H), 425 (1, =913 He, 1H), 422 (¢, [ = £06 Hz, 1H), 407
(d, J= 800 Hz, 2H), 385 (d, =901 Hz, 1H), 374 (s, 1H), 169 (d,
J= 620 Hz, 1H), 3.63 (dd, | = 5.27, 896 He, 1H), 348 (d [ =542
Hz, 1H), 341 (d, J= 539 Hz, 1H), 3.32 (4, ] = 290 Hz, 1H), 330
(d, J= 258 Hz, 1H), 3.28 (4, J = 517 Hz, 1H), 326 (d, J = 4.91 Hz,
LH), 318 (dd, [ = 587, 9.48 Hz, 1H), 203 (d, [ = 4.14 Hz, 1H), 301
(t, J= 730 Hz, 1H), 292 (d J =758 Hz, IH), 285 (t, J = 4.10 Hz,

IH), 183 (d, J = 432 Hy, 1H), 281 (s, 1H), 261 (d J= 182 Hz,
IH), 2.56 (d, = 2.54 Hz, 1H), 252 (d, J= 392 Hg, 1H), 238 (4 ] =
694 Hz, 1H), 218 (1, J= 738 Hz, 1H), 209 (d, ] = 645 Hz, 1H),
206 (s, IH), 204 (d, J= 225 Hz, 1H), 203 (d, [ = 220 He, 1 H),
202 (d, J = 227 He, 1H), 201 (s, 1H), 2.00- 195 (m, 1H), 1.95—
1.92 (m, 1H), L&7 (d, J =6.78 He, 1H), LEL=L71 (m, 1H), L64 (d,
J =579 He, 1H), 155 (dd, ] = 6.66, 882 He, 1H), 145 (s, 1H),
L.37=129 (m, 2H), 129 (s, 1H), 129-1.28 (m, 1H), 127 (s, 1H),
1.26 (d, J = 400 Hz, 1H), 1.25 (s, 1H], 121 (s, 1H), 120116 (m,
IH ), 106 (d, J= 693 Hz, 3H), 103 (d, J= 7.03 Hz, 3H), 100 (4, ] =
7.02 Hz, 3H), 099 (s, 3H), 093 (d, [ = 670 He, 3H), 086 (d, ] =
5.80 Hz, 3H), 083 (d, J= 738 Hz, 3H), 0.82 (d, ] = 7.15 He, 3H),
0.8l (L J=132Hz 3H), 07 (d, ] =634 Hz, 3H), 078 (4 =518
Hz, 3H), 0.77 (4 J = 423 Hz, 3H), 0.76 (4, ] = 2.97 Ha, JH), 075
(d, J=3.82 He, 3H), 073 (s, 3H), 064 (d, ] =671 He, 3H), 057 (4,
I = 673 Hz, 3H). HRMS m/z: TH4371 [M + H]". HPLC purity
DE.1%, = 155157 min.

A% [-Phe{4-chlore) Hugdunin (24). Yield: 21.1 mg (79%). 'H
NMR (700 MHz, DMSO-d): & (ppm) 841 (d [= 951 He, 1H),
B.08 (d J =9.83 Hz, I1H), 801 (d, J = 863 Hz, 1H), 799-792 (m,
IH), 7.88 (d, J = 672 Ha, 1H), 7.86 (s, 1H), 771 (d J = 9.58 Hz,
IH), 744=734 (m, 1H), 733=724 (m, 1H), 724 (s, IH), 718 (1, ]
= B.45 Hz, 1H), 7.00 (d, J = .19 Hz, 1H), 6.87 (s 1H), 6.63 (s 1H),
658 (d J =242 Hz, I1H), 656-649 (m, 1H), 641 (d, ] = 243 Hz,
IH), 640 (d, J= 245Hz, 1H),532 (d =240, He, 1H), 523 (d, T =
5.43 Hz, 1H), 492 (d, = 497 Hz, 1H), 490 (d, ] = 4.88 He, L H),
4.79 (d, T= 4.59 He, 1H), 472 (d, ] = 304 Hz, 1H), 471 (d J = 206
Hz, 1H), 469 (d, J= 533 He, 1H), 468 (s 1H), 4.66 (d, J=4.28 He,
1), 4.64 (d =457 He, 1H), 460 (d, T= 5.582 Hz, 1H), 4.57-4.54
(m, LH), 4.54 (s, LH), 4.53 (5 1H), 451 (d, ] = 829 Ha, 1H), 447
(5 IH), 441 (d, J =338 Hz, 1H), 440438 (m, 1H), 435 (4, [ =
968 He, 1H), 432 (d. [ = 608 Hy, 1H), 427 (. J = 332 Hz, L H),
4.24 (d, J = 3.00 Hz, 1H), 424—4.22 (m, IH), 421 (d, J = 4.15 Hs,
IH ), 4.21=4.19 (m, 1H), 4.11 (d, J = 866 Hz, I1H), 4.06 (d, ] = 4.17
Hz, LH), 397 (d, [ = 618 Hz, 1H), 384 (d, [ = 7.30 Ha, 1H), 178
(d ] =367 Hz, IH), 377 (d, ] = 4.06 Hz, 1H), 3.73 (d, ] = 355 Hz,
IH), 360 (d, J= 584 He, 1H), 348 (d =540 He, IH), 345 (1, [ =
6.04 Hz, 1H), 341 (d, [ = 539 He, IH), 340 (s, 1H), 329(d, ] =
504 Hz, LH), 328 (5, 1H), 316 (d, = 479 He, I1H), 295 (4, ] =
3.08 Hz, 1H), 2.94 (d, | = 2.70 Hz, IH), 2.90 (s, IH), 279 (s, LH),
260 (d, J = 585 He, 1H), 256 (d J = 4.57 Hz, I1H), 2.54 (s LH),
21.52=251 (m, 1H), 227 (d,J = 744 He, 1H), 18 (t, =739 Hy,
1M}, 213 (s, 1H), 208 (d, J = 803 Hz, 1H), 202 (4 J= 337 Hg,
I}, 202-199 (m, 1H), 199—1.96 (m, 1H), 1.96 (d, =657 Hg,
1M}, 194 (d, [ = 697 Hz, 1H), 191 (d, ] =249 Hz, 2H), 1.85 (5
IH), L83 (d, J = 6.63 Ha, ZH), 145 (1, = 701 H, 1H), L35 (s
IH), 129 (s, 1H), 1.14 (s, 1H), 102 (d, J= 651 He, 3H), 092 (4, ] =
6.94 He, 3H), 089 (d, J= 7.05 Hz, 3H), 088 (s, 3H), 0.E6—064 (m,
IH), 0.83 (s, 12H ), 0.82—081 (m, SH), 0.80 (d, J = 6.59 He, 3H),
079077 (m, 9H), 0.77 (s, 3H), 0.74 (s, 3H), 0.66 (d, = 687 Hz,
3H), 0.65—0.64 (m, 3H), 0.61 (d, [ = 6.95 Hz, 3H). PC NMR (175
MHz, DMSO-d): § (ppm) 1743, 1723, 1710, 1706, 170.6, 1703,
1691, 1678 1619, 1579, 1571, 1492, 1490, 1320, 1303, 1295,
12835, 124.6, 1182, 1051, 90.0, 713, 60.5, 68.8, 67.7,67.1, 67.0, 626,
602, 574, 37.3, 554, 552, 551, 535, 534, 46,5, 411, 382, 369,
351, 35.1, 313, 306, 200, 291, 200, 28K, 287, 185, 265, 251,
243, 24.1, 23.0, 229, 228, 234, 331, 21 & 217, 193, 192, 191,
182, 178, 17.6, 152, 151, 139. HRMS m/z: 7784091 [M + H]*
HPLC purity 95.4%, £ = 17.7/186 min

A [i-Phe(3nitre)ldugdunin (25). Yield: 204 mg (75%). 'H
NMR (600 MHz, DMSO-d,): & (ppm) 876 (d, [ = 752 Hs, 1H),
£.53 (d, [ = B.63 He, 1H), 846 (4, [ =549 Hz, 1H), 843 (4, ] =729
Hz, 1H), 837 (d J= 888 Hz, 2H), 822 (d, [ = 922 He, 2H), £16
(d, ] =861 Hz, 2H), BOE (d, J= 936 Hz, 1H), 803 (d, ] = 796 Hz,
LM}, 7.90 (t, [ = 763 Hz, 1H), 7.85 (d, [ = 8.85 Hg, 2H), 781 (4, ] =
9.31 Hz, 1H), 7.78 (d, = 895 Hz, 1H), 7.74 (d, ] = 865 Hz, 1 H),
7.49 (d, J = 943 He, 1H), 576 (s, IH), 481 (d, [ = 4.58 Hz, 1 H),
474 (d [ = 4.94 Hz, 1H), 461 (d, J = 379 Hz, 1H), 4.60-4.53 (m,
IH ), 4.51 (d, J= 4.55 Hz, 1H), 442 (d, J= 906 H, 1H), 434 (d. [ =
£.29 Hz, 1H), 4.27 (t, J = 9.08 Hz, 1H), 42 1=4.17 (m, 1H), 4.13 (4,

e o ki a1 00 DO o v, O 001 7
A M, Thern, 0, &4, 40344058



Chapter 6: Appendix

Journal of Medicinal Chemistry

pubs.acs.org jmc m

J=19.98 Hz, 1H), 405 (4, [ = 7.30 Hz, LH), 398 (d,] = 789 Hz, 1H),
393384 (m, TH), L78=371 (m, 2H), 370 (s, 1H), 361 (d, ] =
864 Hz, 2H), 346 (d, ] = 4.68 Hz, 1H), 342 (d, J = 5.17 Hz, 1H),
325=313 (m, 1H), 3.07 (d, [ = 7.51 Hz, 2H), 290-287 (m, 1H),
287 (s, 1H), 276 =270 (m, 2H), 267 (t, ] =444 He, 2H), 261 (4]
= 1285 Hz, I1H), 258253 (m, 1H), 2.41 (5, 1H), 2.34 (s, IH), 207
(d, J= 4.65 Hz, 1H}, 199 (4, J = 5.66 Hz, 1H), 190 (d, J= 8.12 Hz,
GH), 172 (4 J = 7.25 Hz, IH), 162 (d, J = 731 Hz, 2H), L.57 (s,
IH), L4E=1.37 (m, 1H), L35=127 (m, IH), 1.24 (s, IH), 1.22-
L.15 (m, 1H), 107 (4, J = 7.00 Hz, 3H), 099 (4, J = 7.38 Hz, 3H),
093 (d, J=679 He, 12H), 082 (d, J= 613 Hz, 6H), 0.70 (d, [ =
631 Hz, 6H), 064 (d, [ = 6.65 He, 6H), 0.62 (5, 3H), 050 (4, [ =
684 Hz, 9H), 044 (d, [ = 678 Hz, 3H). "'C NMR (150 MHz,
DMS0-dg): & (ppm) 1700, 1699, 1699, 1697, 16603, 1689, 1687,
1686, 1685, 1681, 1678, 1355 1350, 1297, 1295, 129.4, 1203,
129.2, 1263, 1261, 707, T0.5 617, 588, 58.6, 572, 55.8 558 556,
551, 548, 533, 528 513, 5017, 505, 494, 458, 469, 19.8, 304,
384, 3590, 356, 34,1, 310, 306, 297, 206, 201, 283, 17.7, 174,
274,270, 268, 225, 224, 115, 214, 208, 204, 204, 20.0, 193,
184, 182, 181, 179, 17.7, 175, 175, 174, 170, 168, 16.6, 165,
164, 162, 16,0, 157, 13.5. HRMS m/z: 7894339 [M + H]*. HPLC
1.'»1.'::] 04 8%, IL= LAT 172 mdm

A% [1-PhelF)Fugdunin (26). Yield: 188 mg (65%). 'H NMR
(600 MHz, DMSO-d): & (ppm) 9.46 (s, 1H), 9.43 (d, ] = 511 Hz,
LH), 206-8.97 (m, IH), 884 (s, 1H), £75 (d, J = 6.36 Hz, IH),
862 (d, T =900 He, 1H), 853 (L] =3.19, Hz, 1H), 840 (d, [= 794
Hz, TH), 832 (d, = 897 Hz, 1H), 826 (4, ] = 825 Hz, 1H), 820
(d, J=9.10 Hz, 1H}, .14 (d, J = 931 Hz, 1H), 810 (d, J= 9.28 Hz,
IH), B02=7.98 (m, 1H), 7.95 (d, ] =927 Hz, 1H), 791 (d J=824
Hz, IH), 7.80 (d, [ = 9.40 He, 1H), 7.76 (d, J = £.97 Hz, 1H), 773 1,
J=280Hz 1H), 770 (s, IH), 758 (1, [= 823 He, 1H), 782 (4 J=
442 He, IH), 750 (4 ] = 443 Hz, 1H), 737 (d, | = 4.97 Hg, 3H),
732 (dd, J= 3.02, 6.70 Hz, 1H), 721 (d, J = 887 He, 1H), 701 (d. J
= 8.33 Hz, 1H), 6.89 (s, IH), 5.76 (5, 1H), 5.06 (s, 1H), 4.80—4.74
(m, TH), 4.73 (s, 1H), 4.71 (d, [ = 2.69 Hz, 1H), .70 (s, 1| H), 468
(s, 1H), 4.59 (dd, J = 651, 1057 Hz, 2H), 451 —4.50 (m, 2H), 4 49—
447 (my, 2H), 447445 (m, 1H), 445 (s, 1H), .43 (d, ] = 2.88 Hz,
2H), 442 (s, 1H), 440 (d, J = 302 Hz, 1H), 440434 (m, 3H),
429 (y, J= 893 Hz, 1H), .24 (1, ] = .52 Hy, 1H), 4.18 (1, ] = 748
Hz, 1H), 407 (t, [ = 239,903 Hz, 1H), 193 (d, | = £.65 Hz, 1H),
375 (d, ] = 636 He, 1H), 373 (5 1H), 371 (dd, ] = 2.99, 691 He,
IH), 360 (d J=268Hz 1H), 367(4d =619 Hz, 1H), 363 (d, =
376 Hz, 2H), 359 (s, 1H), 3.45 (1, J = 6.05 Hz, 1H), 341 (1, [ = 530
Hz, 1H), 325 (s, LH), 324 (d, J = 4.09 He, 1H), 122 (s, 1H), 316
(s, 2H), 3.15—3.13 (m, 2H), 3.11 (5 IH}), 310 (d, ] = 407 He, 2H),
308 (d, J=325Hz IH), 306 (1, = 4.16 Hz, 1H), 302 (d, [= 336
Hz, 1H), 3.00 (4, J=232 Hz, I1H), 293 (d, ] = 5.13 Hz, 3H), 202
190 (m, 2H), 288 (d = 592 Hz, 3H), 286 (d, J = 3.95 Hz, 2H),
182 (4, J=260Hsz, IH), 164 (5, IH), 2.63-250 (m, 2H), 2.54 (d, ]
= 289 He, 2H), 246 (s, 1H), 240-238 (m, 1H), 234 (s, 1H), 2.18
(t, J= 733 Hz, 1H), 207-2.05 (m, 2H), 1.99— 189 (m, IH), 1.88—
L76 (my, 1H), 155 (dd, J= 681, 902 Hy, 2H), 140 (d, J = 280 Hz,
IH),1.39 (d J=7.18Hy, 2H), 134 (d ] =9.57 He, 2H), 130 (d, T =
220 He, IH), 129 (d, J= 270 Hz, 1H), 126 (5 1H), 123 (s, IH),
119 (t, J =7.31 Hz, 2H), 111 (s, 1H), L.09 (d, J = 5.95% Hz, 2H),
104 —0.90 (m, 12H ), 0.97 (d, [ = 7.00 Hz, 9H), 092 (4, J = £.70 He,
GH), 088 —0.85 (m, 6H ), 0.85 (d, J = 6.50 Hz, 3H), 0.83 (d, [= 693
Hz, 3H), 081 (d, [ = 704 Hz, 31H), 0.81-0.77 (m, 3H), 0.77 (s, 3H),
076 (d, [ = 6.30 He, 3H), 0.75 (s, 3H), 073 (s, 3H), 0.70 (d, [= 686
Hz, 3H), 0.66 (d, J = 671 Hz, 3H). "C NMR (150 MHz, DMS0-
dg: & (ppm) 17016 1716, 1715, 1700, 1709, 170.7, 170.6, 170.5,
170.4, 1704, 1703, 1696, 160.4, 1601, 1689, 1686, 151.0, 1459,
144.3, 14000, 13965, 1300, 1383, 1375, 1358, 1344, 1303, 1206,
128.7, 1283, 1278, 127.6, 1240, 120.6, 73.1, 72.3, 711, 60.5, 688,
672, 663, £5.5, 650, 61.7, 603, 602, 582, 578, 574, 57.3, 572,
568, 566, 552, 545 534, 520, 519, 518, 512, 50.8 505, 413,
413, 412, 301, 375 369, 351, 344, 326, 320, 312, 309, 305,
304, 300, 297, 207, 20.5, 190, 289, 286, 285, 257, 24.4, 241,
240, 220, 128 223, 230, 215, 215, 211, 208, 200, 19.8, 197,
192, 192, 189, 187, 1&4, 182, 180, 179, 177, 172, 17.2, 152,

139, 129, 109 HRMS m/z: 834010 [M + H]". HPLC purity
96.9%, £ = 181 /188 min.

A [-Alaig-pyridyli-lugdunin (27). Yield: 203 mg (79%). 'H
NMR (700 MHz, DMSO-d;): & (ppm) 876 (4 J= 752 He, 1H),
£.53 (d, J= 863 He, 1H), 846 (d, [ = 549 Hz, 1H), 843 (4 ] = 729
Hz, |H), 8.37 (d J= 888 Hz, 2H), 822 (d, [ =922 Hz, 2H), &16
(d J = 861 Hz, 2H), 808 (d, J=936 Hz, IH), .03 (4 ] = 796 Hz,
IH), 7.90 (t, J= 763 Hz, 1H), 7.85 (d, J = .85 Hz, 2H), 781 (d ] =
931 Hz, I1H), 778 (d, J= 895 Hz, 1H), 7.74 (d, ] = 865 Hz, 1H),
7.49 (d, J = 943 Hz, 1H), 576 (s, 1H), 481 (d, [ = 4.58 Hz, 1H),
474 (d, [ = 494 He, 1H), 461 (d [ = 179 Hz, L H), 460453 (m,
IH), 4.51 (d, = 4.55 He, 1H), 442 (d, J= 906 Hz, 1H), 434 (d ] =
£.29 Hz, 1H), 4.27 (t, ] = 9.08 Hz, 1H), 421417 (m, 1H), 4.13 (d,
J=998Hz IH),4.05 (d, J=7.30 Hy, IH), 398 (d, J= 7.80 Hz, 1 H),
193-384 (m, 2H), 178-371 (m, 2H), 3.70 (s, 1H), 361 (d,] =
E64 Hr, 2H), 346 (d, J= 468 Hg, 1H), 342 (d, [ = 517 He, 1H),
3.25=313 (m, 1H), 307 (d J= 751 He, 2H), 299=287 (m, 1H),
187 (s, LH), 2.76—270 (m, 2H), 267 (t, [ = 4.44 Hz, 2H), 261 (4, ]
= 1285 Hz, 1H), 2.58-253 (m, 1H), 241 (s, 1H), 234 (s, 1H), 207
(d,J = 465 Hz, 1H), 199 (d, J= 566 Hz, 1H), 190 (d, ] = 812 Hz,
6H), 172 (d, J = 725 Hz, 1H), L62 (d J = 731 He, 2H), 1.57 (5
IH), 148137 (m, 1H), 135=127 (m, 1H), 124 (5, IH), L22—
115 (m, 1H), 107 (d, ] = 7.00 Hz, 3H), 0.99 (d, ] = 738 Hz, 3H),
093 (d, J = 679 He, 12H), 0,82 (d, J = 6.13 Hz, 6H), 070 (d ] =
6.31 Hz, 6H), 064 (d, = 665 He, 6H), 062 (5, 3H), 050 (4 J =
6.84 Hz, 9H), 044 (d, J = 678 Hze, 3H)L “C NMR (175 MHsz
DMSO-de): & (ppm) 1700, 1609, 1699, 1697, 1693, 1689, 1687,
L6586, 1685, 168.1, 1678, 1355, 1350, 1297, 129.5, 1294, 1293,
1293, 1263, 1261, 70.7, T05, 63.7, 588, 586, 572, 558, 55.8 556,
55.1, 54.8 533, 518, 523, 517, 505, 49.4, 488, 469, 308, 395,
B4, 359, 356, 341, 310, 306, 297, 1.6, 291, 283, 177, 274,
274, AT, 6B, 215, 224, 215, 214, 20.8 204, 204, 200, 193,
184, 182, 181, 179, 177, 175, 175, 174, 17.0, 168, 166, 165,
164, 162, 160, 15.7, 135, HRMS m/z: 7454437 [M = H]*. HPLC
purity 93.8%, £ = 14.4/15.0 min

A [-Ala(4-thiazelyl ] Hugdunin (28). Yield: 197 mg (76%). 'H
MMR (500 MHz, DMSO-d;): & (ppm) 899 (4 [ = 4.00 Hz, 1H),
R80T (d, J= 4.96 Hz, 1H), 850 (d, ] =851 Hz, 1H), &56 (4 ] = 508
Hz, 1H), 837 (d J= 858 Hz, 1H), 825 (d, [ =941 Hz, 1H), 805
{d J=T742Hz, 1H), 803 (s, 1H), 796 (4 [ =520 Hz, 1H), 770 (4,
J=%00Hz, 1H),7.75 (d, J=9.52 Hz, IH), 7.72 (d, J= 9.62 He, 1H),
765 (d, J=932Hz, IH), 743 (d J =953 Hy, IH), 736 (d4, ] =
205, 3.84 Ha, 2H), 507 (s, 1H), 4.83 (dd, J = 5.92, 8.67 Hg, 1H),
4.75 (d, J= 200 Hz, 1H), 4.73 (4 ] =207 He, 1H), 470 (d ] = 3.83
He, 1H), 469 (t,] =3.35 Hz, 1H), 467 (d, J = 399 Hz, I1H), 4.62
(dd, J = 8.59, 1075 Hz, 1H), 451 (d, ] = 4.56 Hz, 1H), 449 (d, ] =
4.60 Hz, 1H), 443 (s, IH), 4.41 (d, ] = 578 Hz, 1H), 4.40-438 (m,
IH), 4.37 (d, J = 2.94 Hz, 1H), 436 (s, 1H), 4.28 (1, [ = 515 Hz,
IH), 4.22 (t, J = 924 Hz, 1H), 4.17 (dd, ] = 807, 947 He, 1H), 407
(dd, J=217, 899 Hy, IH), 199 (1, J= £.15 Hz, 1H), 1.92-3.87 (m,
IH), 375 (d, J= 712 He, 1H), 373 (d, J=245 He, IH), 372 (d ] =
266 Hz, 1H), 370 (4, J = 2.19 Hg, 1H), 3.70-354 (m, 1H), 357
(dd, J= 501, 9.11 Hz, 1H), 3.46-343 (m, 1H), 342339 (m, 1H),
338 (dd, J = 265, 395 He, 1H), 321-3.16 (m, 1H), 112303 (m,
2IH), 302 (d, ] = 392 He, 1H), 301 =298 (m, 1H), 297 (4 ] = 915
Hz, IH), 294 (d, ] = 239 Hz, 1H), 292 (d, ] = 3.32 Hz, I1H}, 291
289 (m, 1H), 2.83 (dd [= 323 642 Hz, 1H), 2.62-258 (m, 1H),
257=254 (m, 1H), 254 (d J= 152 Ha, 1H), 241237 (m, 1H),
208 (5 1H), 208205 (m, 1H), 203-201 (m, 1H), 199 (d,] =
7.17 Hz, 1H), 196 (d, [ = 6.72 He, 1H), 192~ 185 (m, 2H), 1.75—
166 (m, 2H), 1.54 (d,] = 6.76 He, 1H), 143— 132 (m, 3H), L31—
1.27 (m, 1H), 125 (d J = £.49 Hz, 3H), 1.15 (d, ] = 564 Hz, 3H),
L.04 (d, J= 570 He, 3H), 1.02— 100 (m, 3H), 099 (d, ] = 703 Hz,
L8H), 0.93 (dd, [ = 268 670 Hz, 6H), 091 (d, [ = 618 Hz, 1H),
0.91 (5, 3H), 0.90 (d, J = 7.13 Hz, 3H), 088 (4, | = 160 Hz, 3H),
OLET (dd, J =232, 4.40 Hz, 3H), 0.86 (s, 3H), 0.85 (s, 3H), 0.83 (4]
= 240 Hz, 3H), (.82 (d, J= 329 Hz, 3H), 0.81—0.80 (m, 3H), (L79
(d, J= 647 He, 3H), 076 (d, J = 6.95 Hz, 3H), 0680166 (m, 6H),
054 (d, =670 He, 3H), 047 (d, J= 6.75 He, 3H). "C NMR (150
MHz, DMSO-ds): & (ppm) 1721, 1720, 1720, 1719, 1715, 1712,
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170.9, 170.7, 1704, 1704, 170.0, 1540, 1537, 1534, 1163, 1161,
TLE, TL6, TLS, 659, 64.1, 614, 60.8, 607, 509, 579, 57.7, 574,
570, 549, 531, 529, 513, 512, 411, 416, 388 383, 352, 319,
330, 325, 324, 317, 313, 300, 297, 293, 289, 244, 245, 136,
238,234, 223 314, 204, 202, 200, 197, 196, 191, 19.0, 187,
186, 185, 17.9, 157, 14.3. HRMS m/z: 7514001 [M = H]*. HPLC
pn]t;l Q5.8%, L= 160/169 min

A% [e-Alai2-fury)Flugdunin (29). Yield: 123 mg (49%). 'H
NMR (600 MHz, DMSO-d,): & (ppm) 863 (d, J = 852 Hz, 1H),
B58 (d J =525 He, 1H), 832 (d J= 843 Hy, 1H), 823 (d, J= 947
Hz, 1H), £.10 (d, J= 836 Hz, 1H), 806 (d, ] = 9.04 Hz, 1H), 801
(d,] = 7.76 He, 1H), 779 (44, J = 5.07, 933 Hz, 2H), 775 (d J =
926 Hz, 1H), 7.70 (d, J = 932 Ha, 1H), 748=743 (m, 3H), 631
(dd, J=589 &19 Hz, 1H), 629 (dd, ] = 6.90, .13 Hz, 1H),6.14 (,]
= 334 Hz, 2H), 4.75 (d, [ = 2.20 He, 1H), 473 (d, [ = 222 Hz, 1H),
464 —4.58 (m, 1H), 457 (d,] = 4.03 Hz, 1H), 4.56 (dd, ] = 2.46, 403
Hz, 1H), 4.54 (d, J= 409 Hz, 1H), 4.51 (d, ] = 478 Hz, 1H), 449
(d, [ = 4.80 Hz, 1H), 4.47 (d, ] = 934 Hz, 1H), 440 (d, [ = 9.04 Hz,
2H), 438 (d J= 185 He, 1H), 4.36 (s, 1H), 424 (d, J = 9.12 Hz,
IH), 421 (d, J = 4.63 Hz, 1H), 4.19 (d, J= 1.27 Ha, 1H), 4.18 (s,
IH), 409—4.04 (m, 1H), 403 (t, ] = 802 He, 1H), 396 (d, ] = 527
Hz, 1H), 3.92— 388 (m, 1H), 376 (dd, [ = 289, 4.51 Hz, 1H), 3.73—
371 (m, 1H), 370 (s, 1H), 3.69 (t, ] = 274 Hz, 1H), 3.67 (s, 1H),
367165 (m, 1H), 364 (d, = 372 Hz, IH), 363 (s, 1H), 3.46—
340 (my, IH ), 3.40-336 (my, 1H), 326 (d, J= 425 Hz, 1H), 323 (4,
J =377 Hz, I1H), 3.19 (s, IH), 118 (d, J = 347 Hg, 1H), 317 (s,
IH}, 3.10 (s 1H), 3.08 (d J= 3.24 Hz, I1H), 3.07 (5 1H), 2.95 (dd J
=280, 600 Hz, 1H), 292 (4, ] =549 Hz, 1H), 289 (d, = 5.64 Hz,
IH), 184 (d, J=9.18 Hz, 1H), 2832 82 (m, 1H), 2.81 (4 =343
Hz, 1H), 278 (d, J= 437 He, 1H), 276 (s, IH), 2.61 (d, J = 483 Hz,
IH), 258 (dd, [ = .46, 977 Hz, IH), 2.55 (s, 1H), 2.53 (4, J = 383
Hz, 1H), 2.38 (d, ] = 4.87 Hz, 2H), 2.08 (s, 1H), 2.07 (s, 1H), 204
(s, IH), 2.01 (s, 1H), 200 (d, ] = 2.45 Hz, I1H), 1.96= 197 (m, 9H),
196 (s 1H), 195 (d, ] = 1.92 He, 1H), 1.92 (s, IH), 191 (s, 1H),
L90—1.88 (m, 1H), L8& (d, J = 7.38 Hz, 1H), L83-173 (m, 2H),
L58=1.53 (m, 1H), 149-1.46 (m, LH), L44=130 (m, 1H), 1.39-
136 (m, 1H), 135 (d J= 400 He, 1H), 134132 (m, 1H), 1.31—
127 (m, 1H), 127-1.25 (m, 1H), 1.15 (dd, J= 431, 7.85 Hz, 2H),
LI0—1.06 (m, 3H), 105 (s, 12H ), LO2 (d, ] = 3.98 Hz, 3H), 101 (s,
IH), 093 (d, [ = 672 Hz, 3H), 0.90 (d, J = 662 Hz, 3H), 0858 (dd, T
=151, 4.43 Hz, 0H ), 066 (dd, J= 126, 678 He, 6H), 085083 (m,
IH), 082 (d, J= 3.39 Hz, 3H), 0.82-0.80 (m, 3H),0.79 (4, J=7.09
Hz, 3H), 077 (d, [ = 708 Hz, 3H), 075 (s, 1H), 0.74=0.72 (m, 3H),

71 (d, J =6.82 Hz, 3H), 069 (d, ] = 694 Hz, 3H), 0.65 (d, J = 685
Hz, 3H), 0.64 (d, [ = 684 Hz, 3H). “C NMER [ 150 MHz, DMSO-
ded: & (ppm) 1716, 1705, 1704, 1713, 1710, 1706, 1704, 1702,
169.9, 1669, 1697, 1602, 1518, 1512, 1416, 1415, 110.2, 1102,
I07.1, 106.8, T6.3, T63, 74.5, T4.5, 723, 711, 720, 65.3, 65.2, 64.7,
636, 608, 592, 574, 57.3, 56.8, 565, 544, 524, 517, 50.9, 507,
414, 411, 382, 377, 316, 320, 312, 308, 306, 29.6, 293, 200,
200, 285, 24,1, 240, 230, 223, 220, 217, 20§ 203, 19.8 197,
195, 19.0, 188, 18.6, 185, 184, I&1, 180, 178, 174, 17.2, 172,
152 HRMS m/=: 7344277 [M = H]*. HPLC purity 96.1%, £, = 167/
17.7 min.

A¥[-Ala(2-thienyl)]ugdunin (300, Yield: 15.4 mg (60%). 'H
NMR (600 MHz, DMSO-d): & (ppm) 861 (d, J = 857 Hz, 1H),
£54 (d [ =639 Hz, 1H), 827 (d, J= §58 Hz, 1H), .19 (d, [= 877
Hz, IH), 8.17 (d, J= &67 Hz, 1H), £06 (d, ] = 917 He, 1H), £00
(d, = 7.89 Hz, IH), 7.80 (d, = 528 Hz, 1H), 7.79 (d, J= 7.79 Hz,
IH),7.72 (d, J= 938 Hz, I1H), 770 (d, J =9.41 Hz, 1H), 7.47 (d, ] =
937 Hz, IH), 730 (4 J = 7.03 Hz, 1H), 728 (d, ] = 7.98 Hz, IH),
603691 (m, 1H), 690 (s, IH), 6.89 (d, ] = 7.67 He, 1H), 6.89—
688 (m, 1H), 687 (d J = 8.67 Hz, 1H), 6.86 (s, 1H), 4.74 (d, J =
221 He, 1H), 472 (d, ] = 224 Hz, 1H), 4.59 (dd, ] = 4.80, .72 Hz,
IH), 4.50 (d, J = 7.65 Hz, 2H), 440 (d, J= 4.10 Hz, 2H), 4.24 (1, ] =
9.11 He, 1H), 419 (dd, [ = 802, 951 Hz, 1H), 4.10-4.03 (m, 3H),
396 (t, J = 497 He, 1H), 376 (d, J = 569 Hz, 1H), 3.68 (dd, J=
625, 963 Hz, 2H), 3.46=340 (m, 3H), 317 (dd, J = 5.66, 940 Ha,
IH), 308 (dd, ] = 264, 712 He, 1H), 306 (d, J = 540 He, 1H), 302
(d, J=9.15 Hz, 1H), 290 (d, ] = 441 Hz, 1H), 296 (d, J= 4.31 Hz,

IH), 294 (s, 1H), 291 (dd, ] = 8.83, 11.75 Hz, |H), 262-2.59 (m,
IH), 258 (s, LH), 2.55 (5, 1H), 2.54—252 (m, 1H), 230-2.37 (m,
IH), 208 (s, 1H), 207 (s, LH), 2.04 (s, 1H), 201 (d, J = 5.56 Hz,
IH), 198=1.96 (m, 1H), 196=1.94 (m, 1H), 193—1.86 (m, 1H),
LEI=177 (m, 1H), L77=1.72 (m, 1H), L57=153 (m, LH), L51-
145 (m, 1H), 1L45— 140 (m, 1H), L38-1.32 (m, 2H), 1.29 (4, ] =
6.81 Hz, 1H), 126 (dd, J = 2.10, 581 Hz, 1H), 1.23 (1, [= 346 Hg,
IH), 119 (4 J = 7.14 He, 1H), 115 (1d, J= 260, 656 Hz, 1H), 107
(t, J=5.56 He, 2H), 102 (d [ = 694 Hz 3H), 1.0L (s, 3H), 093 (4, J
= 665 He, 3H), 0.88 (s, 3H), 0.88 (d, ] = T.68 Hz, 3H), 0.87 (d, [ =
6.08 Hz, 6H), 086 (d, [= 7.06 Hz, 3H), 0.85 (d, J = 622 Ha, 1H),
083 (d, J=7.64 Hz, 3H), 0.82 (4, ] = 6.18 Hz, 3H), 081 (d, J = 659
Hz, 6H), 079 (s, 3H), 0.78 (s, 3H), 0.74 (d, [ = 687 Hz, 3H), 068
(d, ] = 6.84 Hz, 3H), 062 (d, = 6.79 Hz, 3H), 0.57 (4 ] = 673 Hz,
3H ). BCNME (150 MHz, DMSO-d.): & (ppm) 1716, 1716, 1715,
1713, 1709, 170.6, 1704, 1702, 1699, 1609, 160.8 1692, 14011,
1390, 1266, 1266, 1265, 1262, 124.3, 124.1, T63, 76,3, 746, 745,
T45, T4S, T44, 7RI, TLL, TLL, 653, 652, 64.7, 617, 606, 59.0,
574, 5T, 572, 568, 566, 544, 534, 523, 50.7, 414, 411, 381,
376, 326, 301, 320, 311, 306, 297, 203, 20,1, 186, 24.1, 240,
230, 224, 220, 217, 208, 203, 202, 198 197, 195, 193, 192,
19.1, 187, 18.6, 18.4, 183, 180, 180, 17.4, 17.2, 15.2. HRMS m/=:
7504041 [M + H]". HPLC purity 97.4%, £, = 17.1/17.9 min
A*-[i-Ala(2-benzothiazolyll}-lugdunin (31). Yield: 193 mg
(70%). "H NMR (600 MHz, DMSO-dg): § (ppm) 891 (d, [ = 8.64
Hz, 1H), 871 (d, [ = 504 Hz, 1H), 854 (d, [ = 845 Hz, 1H), 828
(d, ] =940 Hz, I1H), 817 (d, J= 828 He, IH), 807 (4, ] = 790 He,
IH), 805 (s, 1H), 804—801 (m, 2H), 754 (d J= 792 Hy, 1H),
7.89 (d, J= 824 Hz, 1H), 780 (d, ] =9.17 He, 1H), 776 (d ] = 930
Hz, IH), 769 (d, ] =933 Hz, 1H), 7.49-743 (m, 2H), 739 (d,] =
.02 He, 1H), 504 (t, J= 791 He, 1H), 500 (d, J = 654 He, 1H),
490 (d, J= 4.22 He, 1H), 4.59 (d, ] =4.19 He, 1H), 457 (d J = 425
Hz, LH), 473 (d, = 213 Hz, 1H), 471 (d, =222 Hz, 1H), 454
(d, =247 Hz, LH), 463461 (m, 1H), 460 (d, ] = 542 Hz, 1H),
456 (d [ = 813 He, 1H), 4.51-448 (m, 1H), 448 (5, 1H), 443 (5,
IH), 4.41 (s, IH), 436 (d, [ = 7.85 Hz, IH), 424 (d, ] = 4.28 Hz,
IH), 4.21 (d, J = 898 He, IH), 420—4.17 (m, 1H), 4.12 (4, J = 893
Hz, 1H), 4.09-4.06 (m, 1H), 406 (s, 1H), 404 —4.03 (m, 1H), 401
(d J=803He, IH), 397 (d, = 8.64 Hz, 1H), 392 (d, ] = 628 He,
IH), 3.75 (d J = 223 He, 1H), 374=3.72 (m, 1H), 370 (d, J = 454
Hz, IH], 367-3.65 (m, 1H), 358 (d, ] = 3.64 Hz, 1H), 348 (4,] =
542 Hz, IH), 345343 (m, 1H), 341341 (m, 1H), 339 (d, J =
717 Hz, 1H), 336-334 (my, 1H), 330 (s, 1H), 330=327 (m, 1H),
325 (s, 1H), 324321 (m, 1H), 220 (d = 343 He, 1H), 319 (s
IH), 3.17=315 (m, 2H), 309 (s, 1H), 308 (dd, [ = 3.17, 6.56 Hz,
IH), 3.04 (d, J = 4.88 Hz, 1H), 302 (d, J= 306 Hx, 1H), 299 (d =
167 He, 1H), 297 (5, 1H), 2.96-291 (m, 1H), 2.89 (5 1H), 283
(dd, =323, 472 He, 1H), LE2-278 (m, 1H), 273 (s, 1H),2.60 (s
IH), 2.63=250 (m, 1H), 260256 (m, 1H), 2.54 (5 1H), 241 (d ]
= 982 He, 1H), L38 (d, J= 368 Hz, 1H), 2.32-230 (m, IH), 218
(t ] =7.30 Hz, |H), 2.08 (d, J= 6.03 Ha, 1HJ, 205 (d, ] = 352 Hy,
IH), 202 (d, =260 Hz, 1H), 2.00 (s, 1H), L.97 (dd, J= 4.83, 708
Hz, 1H), 194 (5 1H), L93-1982 (m, 1H), 191 (dd, J = 235, 356
Hz, I1H), 190 (d, [ = L31 Hz, 1H), 1.74 (dd, J = 684, 994 Hz, 2H),
L56— 150 (m, 1H), 139 (dd, ] = 337, 640 Hz, 2H), 1.36 (5 1H),
1.33—128 (m, 1H), 123 (5, 1H), 1.04—099 (m, 9H), 098 (4, ] =
691 Hz, 3H), 092 (d, [= 7.07 Hz, 3H), 0.87 (d, ] = 400 Hz, 3H),
0.87 (s, 6H), 0.85 (d, J = 319 Hz, 3H), 083 (4, J = L85 Hz, 3H),
0.82 (d J= 178 Hz, 3H), 081 (d J = 648 Hez, 3H), 0.80-080 (m,
IH), 0.79 (d, J=221 He, 3H), 079 (d, [ = 2.10 Hz, 3H), 0.78—0.76
(m, 3H), 0.75 (d, ] = 315 Hz, 3H), 073 (4, J =728 Hz, 3H), 0.54
(d, ] =679 Hz, 3H), 051 (d, J= 645 He, 3H), 0.43 (4, ] = 674 He,
3H). YC NMR (150 MHz, DMSO-di): § (ppm) 1716, 1715, 1714,
1709, 1707, 170.5, 1704, 1702, 1701, 170.0, 169.1, 1688, 1680,
1669, 1525, 135.0, 1350, 1349, 1260, 1259, 1258 1258, 1248,
1248, 1221, 1221, 1220, 1219, 1219, 723, TL1, 719, 69.7, 69.5,
669, 652, 6.7, 809, 603, 601, 59.1, 574, 57.3, 573, 570, 567,
4.4, 526, 515 519, 500, 414, 410, 382, 381, 377, 341, 351,
348, M6, 315 324, 319, 313, 310, 304, 293, 290, 285, 283,
240, 220,229, 233, 218, 216, 208, 199, 19.8 197, 194, 192,
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191, 189, 186, 186, 18.4, 182, 180, 176, 17.5, 153, 15.2, 139,
138 . HRMS m/z: 8014159 [M + H|*. HPLC purity 95.2%, 1 = 17.3/
179 min.

Afi-Ala(3-benzothienyl)Flugdunin (32). Yield 189 mg
(60%). '"H NMR (800 MHz, DMSO-&): 5 (ppm) 881 (4 J =
7.38 Hz, IH), 882 (d, ] = 7.32 He, 1H), 878 (4, J= 844 Ha, 11H),
863 (d, J =737 He, 1H), 861 (d, J= 831 He, 1H), £43 (d, J= 883
Hz, 1H), 8.36 (d, [= 8.64 He, 1H), 823 (d, ] = 943 He, 1H), £.10—
B08 (m, 1H), £.03 (d, J= 801 He, 1H), 7.97=795 (m, 1H), 721 (d,
J=7.13 Hz, IH), 7689 (d, [ = 635 Hz, 1H), 7.87 (s, 1H), 7.86 (d, ] =
702 Hz, 1H), 7.84=7.83 (m, 1H), 7.82 (s, 1H), 7.80 (d, J = 935 Ha,
IH),7.74 (d, J = 928 Hz, 2H), 758 (d, ] = 7.40 Hz, 1H), 7.57 (d, =
850 Hz, 2H), 7.55 (d, J= 737 Hz, IH), 7.52 (5, 2H), 7.50 (s, 2H),
TAB (5, IH), 745 (d J = 930 Hz, 1H), 7.43 (d, [ = 800 Hz, 2H),
741 (d,] = 7.86 Hz, 1H),7.39 (d, ] = 7.19 Hz, IH), 7.38-7.32 (m,
4H), 4.85 (1, J= 5.22 Hz, 1H), 476 (d, ] =541 Hz, 1H), 473 (d,] =
221 He, 1H), 472 (s, 1H), 471 (d, ] = 2.23 Hy, 1H), 465 (s, 1H),
462 (d, J = 491 He, 1H), 4.60 (s, 1H), 457 (d, J = 549 He, 2H),
453452 (m, 2H), 450 (1, J= 4.00 Hz, 1H), 449 (s, 1H), 445 (d, ]
= 500 Hz, IH), 4.43 (d, [ = 4.45 Hz, 1H), 437 (d, ] = 4.27 Ha, 1H),
434 (d, J = 7.46 Hz, 2H), 425 (1, ] = 9.13 Hz, 1H), 4.00-4.08 (m,
3H), 403 (d, J= 8.04 Hz, 1H), 3.89-3.82 (m, 1H),3.75 (4, J= 682
Hz, 2H), 371 (5, IH}, 3.71-366 (m, 3H ), 3.64 (s, IH), 348 (4] =
4.84 Hz, 1H), 347=3.45 (m, 1H), 342 (d, J = 538 Hz, 1H), 340 (d,
J= 611 Hz, IH), 3.29 (5, 1H), 3.27 (4 J = 2.25 Hz, ZH), 325 (s,
IH),3.20 (5, 1H), 3.17 (5 LH), 316 (d [ = 524 Hz, IH), 3.11 (4 ]=
538 He, 2H), 309 (s, 1H), 308 (d, J = 4.05 Hz, 1H), 3.06 (d, J =
323 Hz, 1H), 305-304 (m, 1H), 302 (d, ] = 382 Hz, 3H), 293
291 (m, 2H), 291 -2.86 (m, 1H), 285-282 (m, IH),2.75 (d, T =
288 Hz, IH),2.73 (s, 1H), 2.60 (s, 1H}), 265 (s, 1H), 263 (d, J=
322 Hz, 1H), 253 (4 | = 6.83 Hz, 1H), 238 (d, = 7.67 Hg, 1H),
232 (4, J =326 Hz, IH}), 208 (d, J=7.30 Hz, 1H), 2.05 (d, J= 328
Hz, 2H), 203 (d, [ = 2.67 He, 1H), 201 (4, ] = 7.17 He, 2H), 1.99—
197 (m, 2H), 196 (5 1H), 1.96 (d, J = 206 Hz, IH), 194 (dd, J=
200, 6.68 Hz, 2H), 1.93—1.90 (m, 1H), L70 (dd, J = 6.75, 881 Hz,
IH), L61=1.52 (m, 2H), L49= 141 (m, 4H), L38& (dd, [ = 4.56, 799
Hz, 2H), 132 (dd, ] = 4.89, 707 Hz, 2H), 1.23 (s, IH), L15 (d, ] =
535 Hz, 1H), L.12— 109 (m, IH), LO1 (1, = 345 He, 3H), 098 (d,
J=6.90 Hz, 9H), 0.93—0.90 (m, 12H), 0.90 (s, 3H), 0.83 (4, [ = 684
Hz, 3H), 082 (d, J = 7.71 He, 3H), 0.80 (d, [ = 7.90 Hz, 3H), 0.79 (5,
3H),0.75 (d J = 689 He, 3H), 073 (d [ =7.11 He, 6H), 0.72 (d, ] =
705 Hz, 6H), 0.70 (4, ] = 7.03 Hz, 3H), 065 (d, J = 7.79 Hz, 3H),
063 (d, ] =692 He, 3H), 061 (d, J= 671 Hz, 3H), 0.58 (d, = 687
Hz, 3H), 051 (d [ = 671 He, 3H), 041 (4, = 671 Hz, 3H). "'C
NMR (150 MHz, DMS0-d.): & (ppm) 1707, 1716, 1718, 1713,
I71.1, 1710, 1709, 170.7, 1707, 1703, 1703, 170.2, 169.8, 1697,
160.6, 1604, 1518, 1395, 1385, 1384, 1383, 1322, 131.6, 1308,
129.4, 1247, 1242, 124.1, 124.0, 1239, 1239, 1238, 1229, 1227,
1226, 122.1, 1218, 121.8 1215 12013, 723, 72.1, 720, 695, 689,
685, 653, 63.5, 60.7, 60.3, 60.1, 592, 57.6, 57.5, 574, 57.3, 568,
564, 561, 544, 525, 523, 516, 511, 5006, 48.5, 414, 411, 404,
385, 382, 374 346, 326, 323, 321, 313, 312, 309, ME 07,
208, 293, 289, 285, 242, 240, 239, 218, 230, 223, 120, 217,
209, 208, 200, 198, 19.7, 195, 194, 192, 192, 19,1, 19.0, 187,
186, 186, 184, 183, 182, 181, 180, 178, 178 17.7, 17.6 173,
152, 139, 138 HRMS m/= 8004195 [M + H]". HPLC pudty
97.1%, = 17.9/19.0 min.

A% [1-BipHlugdunin (33). Yield: 218 mg (77%). '"H NMR (700
MHz, DMSO-d): & (ppm) 856 (d, [ = £.68 Hz, 1H), £.46 (s, 1H),
840 (d, J= 849 Hz, 1H), 820 (1, ] =923 He, 2H), 809 (d, J= 938
Hz, 1H), 805 (d, J= 775 He, 1H), 7.86 (d, ] = 893 Hz, 1H), 7.83
(d, J=9.77 Hz, IH), 7.75 (4, ] = 944 Hz, 1H), 760 (4, ]=7.77 Hs,
4H), 7.55-7.51 (m, 3H), 7.50 (d, J = 7.72 Hz, ZH), 7.44 (1, ] = 740
Hz, 3H), 7.35 (d, J= 888 Hy, 2H), 7.20 (d, ] = 7.57 Ha, 1H), 724
(d, J=7.09 He, 1H), 720 (d, J = 7.52 Hz, 1H), 6.52 (s 1H), 643 (s,
IH), 4.74 (s IH), 4.72 (s, 1H), 462 (d, ] = 994 Hz, 1H), 453 (s,
IH), 443 (5 1H), 4.26 (s, 1H), 425 (s, LH), 4.14 (d, [ = 907 Hz,
IH), 409 (d, J = 988 He, 2H), 3.85 (5 1H), 372=361 (m, 2H),
117 (d, J = 5.27 He, 1H), 305 (s, 2H), 204 (5, [H), 200 (d, [ = 9.06
Hz, 1H), 218 (s, 1H), 1.99 (s, IH), 190 (4, J = 626 Hz, 1H), 169

(s IH}, 131 (s 1H), 1.24 (5 2H), 1.15 (s 1H), 092 (4, [ = 6.68 Hz,
IH), 088 (s, 3H), 0.87 (d, [ = 7.09 He, 3H), 086 (s, 3H), 0.85 (s
GH), 084 (d, J = 732 He, 3H), 083 (5 3H), 083081 (m, 12H),
080 (d, J= 6.71 Hz, 3H), 0.78 (4, ] =6.53 He, 3H), 076 (d, ] = 685
Hz, 3H), 0.74 (d, ] = 691 Ha, 3H), 062 (d, [ = 6.76 Hz, IH), 048
(d, J = 6.78 He, 3H), 042 (d, ] = 671 Hz, 3H). HRMS m/z:
E204781 [M + H]*. HPLC purity 92.7%, £ = 184/19.0 min

A¥[-Dipllugdunin (34). Yield: 167 mg (59%). '"H NMR (700
MHz, DMSO-d.): § (ppm) £49 (d, J = 925 Hz, 1H), 836 (s, 1H),
£.24 (d, J=9.36 Hz, 1H), 820 (s, 1H), .14 (s 2H), 803 (d, J= 963
He, 1H), 795 (s, 1H), 785 (d, T= 9.18 Hz, 1H), 7.80 (5 1H), 7.79
(s 1H), 7.73 (s, 1H), 7.72 (s, 1H), 769 (s, 1H), 7.67 (s, 1H), 750
(d,J=781Hz LH), 747 (d, =747 He, 2H), 730 (d, [ = 736 Hy,
IH), 7.31 (d, J= 746 Hz, 2H), 7.17 (4. = 773 Hz, 1H), 709 (d, ] =
6.74 Hz, 1H), 6.52 (s, LH), 5.40 (d, ] = 6.56 He, 1H), 4.81 (s, 1H),
478 (s, 1H), 469 (& 1H), 466 (s, 1H), 465 (s, 1H), 463 (s, 1H),
4.61 (s, TH), 455 (5 1H), 452 (s, 1H), 4.51 (s, 1H), 445 (d, J= 490
Hz, 1H), 4.43 (5 1H), 4.38 (5, 1H), 434 (t, J= 510 Hz, 1H),4.27 (s
IHY, 4.25 (s, 1H), 421 (s, 1H), 4.10 (s, 1H), 409 (d, ] = 5.22 Hs,
IH), 4.08 (s, 1H), 405 (d, [ = 460 Hz, 1H), 404 (d, ] = 4.69 Hz,
IH}, 4.03 (d, [ = 490 Hz, 1H), 402 (d, J= 369 Hz, IH}, 401 (4] =
187 Hz, 1H), 384 (s, 1H), 360 (5, 1H), 345 (s, IH), 344 (d,] =
102 Hy, LH), 343 (d, J = 4.83 He, 1H), 342 (5, 1H), 217 (4 ] =
5.22 Hz, IH), 305 (s IH), 2.99 (s, 1H), 297 (5 1H), 2.96 (5, 1H),
L9 (s, 2H), 283 (s, 1H), 2.73 (d [ = 367 Hg, 2H), 271 (s 1H),
169 (s, 2H), 259 (& 1H), 257 (s, 1H), 230 (s, 1H), 220 (s, 1H),
218 (d, J= 308 Hz, 1H), 213 (d J = 2.83 Hz, 1H), 208 (s 1H),
207 (s, 1H), 199 (s 1H), 191 (s, 1H), 1.86 (s, 1H), 137 (s, 1H),
1.23 (s, 2H), 122 (5 2H), 1.17 (t, J = 7.11 Hz, 1H), 115 (5 1H),
114 (d, J = 5.08 Hz, 1H), 105 (t, [ = 703 Hz, 3H), 103 (s, 3H), 10D
(5 3H), 099 (d, ] =7.19 Hz, 3H), 0.95 (4, [ =3.85 Hz, 3H), 0.94 (4,
J = 6.62 He, 3H), 091 (d, ] = 6.88 Hz, 3H), 086 (d, ] = 679 Hz,
12H), 085082 (m, 3H), 0.82=0.81 (m, 3H), 0.80 (d, J= 671 Hz,
AH), 078 (d, J = 6.70 Hz, 3H), 0.76 (d | = 6.84 He, 6H), 068 (s
3H), 0.62 (d, = 6.55 Hz, 3H), 055 (4 J=731 He, 3H), 053 (d T =
7.12 Hz, 3H). HRMS m/z: 8204793 [M + H]*. HPLC purity 91.2%,
= 184189 min

A [-pBpallugdunin [35). Yield: 187 mg (64%). 'H NMR
(700 MHz, DMS0-4,): & (ppm) 864 (4, ] = 8.90 Hz, 1H), 835 (s
IH}, £.39 (d, ] = 8.66 Hz, IH), 828 (4 = 859 Hg, IH), 825 (d ] =
9.40 He, 1H), 817 (d, J= 915 Hy, 1H), 801 (d, ] = 907 He, 1H),
794 (d J= 819 He, 1H), 7.88 (1, ] =975 He, 1H), 7.80 (4, [ = 878
Hz, 1H), 7.75 (d, J = 962 He, 1H), 762 (d, [ = 9.44 Hz, 1H), T4l
(d, J= 426 He, 1H), 732 (d, ] = 519 Hz, 1H), 479474 (m, 1H),
471 (d [ = 5.01 Hz, 2H), 459 (d, [ = 619 Hz, 1H), 451—4.45 (m,
IH}), 4.43 (d, ] = 9.06 Hz, 1H), 438 (4 ] =769 Hz, I1H}, 430 (, =
9,00 Hz, 1H), 424 (d, J= 868 Hz, 1H), 421 (d,] = 773 Hz, 1H),
4.07 (1, ] =958 Ha, 1H), 391 (. ] = 885 Hz, 1H), 374 (d,] =745
Hz, ZH), 3.71-366 (m, 2H), 3.62-3.58 (m, 1H), 3.23 (d, J = 603
Hz, 1H), 3.14 (t, J = 807 He, 1H), 311 (d J=395Hz, 1H), 309 (d,
J=534Hz, 1H), 307 (d, J=7.43 He, 1H), 291 (d, J= 763 Hz, 2H),
281 (d, J=7.04 Hz, 1H), 259 (1, J = 896 Hz, LH), 2.45 (s, 1H), 243
(s 1H), 218 (t, ] = 704 Hez, 1H), 204 (d, ] = 640 Hz, 2H), 2.04—
L99 (m, 1H), 197 (5 1H), 191 (d, J= &75 Hz, 1H), 181 (4. ] =
7.00 Hz, 2H), 154 (d, J= 7.16 Hz, 1H), 1.45 (d, ] = 621 Hz, 1H),
1L38—133 (m, 2H), 114 (d, J= 676 Hz, 3H), L11 (d, ] = 737 Hx,
3H), L0L (d, [= 656 He, 3H), 096 (d = 735 Hz, 3H),092 (4, ] =
6.48 Hz, 3H ), 0.69—069 (m, 15H), 0.66 (4, J= 675 Hz, 3H). HRMS
m/z: 8484730 [M + HI*. HPLC purity 90.9%, . = 174/180 min

A*[-Ala(1-naphthyl)Hugdunin (36). Yield: 24.3 mg (#9%).
'H NMR (600 MHz, DMSO-4,): & (ppm) 872 (d, J= 848 He, 1H),
£55(d J=531 He, IH), 8.44 (d ] = 892 He, 2H), 827 (1, ] = £17
Hz, 2H), 819 (d, J = 970 He, 2H), 8.17—8.13 (m, 1H), 807 (d, ] =
9.35 Hy, 1H), 791 (d, J= 813 Hz, 1H), 7.88 (d, ] = 805 Hz, 1H),
7.81 (d, J= 9.3 He, 1H), 7.79=7.75 (m, 3H), 7.74 (s, 1H), 770 (4 J
=924 He, 1H), 762=7 58 (m, 1H), 7.57 (d, J= 7.97 Hz, 1H), 7.54—
7.52 (m, 1H), 7.50 (dd = 6.78, 983 Hz, 2H), 746 (d, ] = 4581 Hz,
IH), 7.42 (d, = 932 Ha, 1H), 735 (d, J = 806 Hz, 2H), 508 (4] =
6.01 Hz, 1H), 495 (dd, ] = 566, 880 Hz, 1H), 4.87 (dd, J =522,
.02 He, 1H), 4.83—478 (m, 1H), 4.76—470 (m, 1H), 4.60—466
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(m, IH), 463 (d, J = 851, 1H), 454 (dd, J = 361, 885 He, 2H),
450444 (m, 2H), 444437 (m, 2H), 426 (, J =927 Hz, IH),
415 (t, J=9.01 He, 2H), 407 (d, J= £.97 Hz, 1H), 400 (1, J = £10
Hz, 1H), 396 (d, J= 523 Hz, 1H), 3.93 (d, ] = 3.56 Hz, 1H), 390
(d, J = 332 Hz, 1H), 3.88-382 (m, 1H), 3.66 (d, J= 387 Hz, 2H),
345340 (m, 2H), 335-3.31 (m, 2H), 3.26-324 (m, 1H), 323
320 (m, 1H), 3.19-3.14 (m, 2H), 3.06 (dd, J= 633,9.74 Hz, 1H),
302 (5 LH), 300 (d, J = 328 He, 1H), 293284 (m, 2H), 2.63—
259 (m, LH), 257 (s, 1H), 254 (dd, J = 507, 996 He, 2H), 2.41—
237 (m, IH), 208 (s IH), 204 (s, 1H), 2.01 (d, J = 6.02 Hz, 2H),
LO8—1.94 (m, 2H), 192186 (m, 2H), 163 (dd, [= 665,931 Hz,
IH), 1.58— 148 (m, 2H), 147-1.39 (m, 2H), 130 (d, ] = 5.80 He,
IH), 1.27=125 (m, 2H), 1.24 (d, J = 6.57 Hg, 2H), 122=1.17 (m,
IH), 1.15 (d, J =557 Hz, 2H), L10-098 (m, 21H), 092 (d, [ = 669
Hz, 3H), 0.89 (d, = 406 Hz, 3H), (.88 (d, [ = 1.73 Hz, 3H), 0.86
(d, J = 645 Hz, 6H), 0.85-0.83 (m, 6H), 0.82 (4, = 797 Hz, 3H),
080 (5 LH), 0.60—077 (m, 3H), 076 (d, J= 6.88 Hz, 3H), 0.58 (d, ]
= 672 Hz, 3H). C NMR (150 MHz, DMS0-4,): & (ppm) 1717,
1715, 1715, 1703, 1711, 17007, 1703, 1703, 1702, 160.8, 1697,
169.7, 1340, 1334, 1333, 1332, 1316, 1311, 1287, 1283, 1281,
127.6, 1270, 1269, 1262, 1259, 1255, 1253, 125.1, 1251, 1241,
123.2, 76.3, TE3, 746, 745, T45, TA5, T44, 743, T30, TR0, T2,
TRI, TAI, TR, TR0, 65.3, 652, 64.7, 639, 635, 609, 50.4, 575,
573, 573, 568 564, 54.4, 517, 516, 515, 307, 414, 411, 184,
7T, 350, 336, 326, 311, 313, 307, 299, 292, 28R 2183, 242,
2440, 230, 223, 231, 217, 209, 202, 198 197, 195 191, 191,
187, 187, 186, 185, 182, 180, 173, 173, 172, 169, 149, 152
HEMS m/z: 704.4631 [M + H]*. HPLC purity %6.2%, = 18.0/19.4
.

A% [i-Ala-3-(9-anth) Flugdunin (37). Yield: 210 mg (72%). 'H
NMR (600 MHz, DMSO-d): & (ppm) 876 (d, J = 895 Hz, 1H),
BET (d, J= 895 He, 1H), £350 (d, ] = 668 Ha, 1H), 849 (5, 1H),
B45 (4, J =889 Hz, 1H), 838 (4, J= 852 Hz, 1H), £20 (4, =926
Hz, IH), 807—803 (m, 2H), 801 (d, ] = &7% Hz, 1H), 790784
(m, 1H), 782 (d, ] = £.27 Ha, 1H), 773-769 (m, 1H), 7.60-766
(m, 1H), 7.58=7.52 (m, 2H), 7.50 (d, J= 623 Hz, IH), 494 (g, ] =
791 Hz, 1H), 477 (dd, J= 424, 892 Hz, 1H), 472 (d, ] = 247 Hz,
IH), 470 (d, ] =248 Hz, 1H), 466 (d, = 880 Hz, IH), .54 (t, =
548 Hz, 1H), .49 (dd, = 458, 9.12 Hz, 1H), 447 (s, 1H), 445 (d,
J= 191 Hz, 1H), 4 44—442 (m, 1H), 4.35 (5 1H), 434 (d, J =245
Hz, 1H), 433 (s, 1H), 431 (s 1H), 4.30 (s, 1H), 429 (d J=9.15
Hz, 1H), 426 (d, ] = 4.55 Hz, 1H), 4.15—4.10 (m, 2H), 406 (d, ] =
207 He, 1H), 398 (d, = 824 Hz, 1H), 387-3.83 (m, 1H), 382 (d,
J= 541 He, 1H), 3.70 (d, J = 7.02 Hz, 1H), 3.77 (s 1H), 376 (s,
IH), 375 (s, 1H), 374=371 (m, 1H), 370 (d, J = 262 He, 1H),
369367 (m, 1H), 366 (t, [ = 3.00 He, 1H), 3.63 (s, 1H), 3.61 (s,
IH), 3.60 (d J = 3180 Hz, 1H), 358 (5 1H), 348 (5, 1H), 347 (s,
IH), 345 (s, 1H), 342 (d, J= 535 He, 1H), 340 (s 1H), 3.40-336
(m, 1H), 328 (s, 1H), 3.25 (s, 1H), 317 (d, ] = 520 Hz, 1H), 313
(dd, J = 606, 936 He, IH), 210 (s, 1H), 309 (4, [= 335 He, 1H),
307 (5 VH), 306-304 (m, 2H), 202 (d, ] = 420 Hz, 1H), 2.96-
292 (m, 1H), 2.91 (d, [ = 453 Hz, IH), 289 (g 1H), 285-2.83 (m,
IH), 281 (dd, = 3.41, 827 Hz, 1H), 2.73 (s, 1H), 261 (d, ] = 487
Hz, IH}, 257 (g I1H), 257-2.55 (m, 1H}), 254 (s, 1H), 2.53-251
(m, 1H), 239=237 (m, 1H), 211 (s, IH), 208 (g 1H), 2.07 (s, 1H),
206 (5, 1H), 200 (dd, [ = 407, 697 Hz, 1H), 191 (5 1H), 1.90-
LES (m, TH), 169 (dd, J = 452, 848, 2H), 1.54 (dd, J = 6.67, 928
Hz, 2H), 133=1.27 (m, 1H), 1236 (s, IH), 1.25 (s, IH), L24 (d ] =
501 Hz, 2H), L.16= 110 (m, 1H), LI0=1.05 (m, 1H), 101 (d, J=
677 Hz, 3H), 092 (d, | = 6.72 Hz, 3H), 0.89 (4, | = 690 Hz, 3H),
088 (d, [ = 7.91 Hz, 3H), 087 (5, 3H), 0.85 (d, ] = &72 Hz, 3H),
085 (5 3H), 084 (s, 3H), 084 (s, 3H), 083 (s 3H), 081 (d, =622
Hz, 6H), 0.80 (d, [ = 603 Hz, 3H), 078 (4, [ = 664 He, 3H), 077 (3,
3H), 076 (s, 3H), 0.71 (d, J = 632 He, 3H), 070068 (m, 6H),
0.63 (d T = 6.80 Hz, 3H), 059 (d = 644 Hz, 3H), 0.52 (d, J= 633
Hz, 3H), 0.35 (4, J = £70 He, 3H). “C NMR ( 150 MHz, DMSO-
dg): & (ppm) 1721, 1720, 1717, 1716, 1715, 1712, 1710, 1708,
17006, 1703, 1702, 1702, 1682, 1674, 1584, 157.6, 1412, 1350,
1322, 1320, 1315, 1314, 13007, 1303, 1298, 129.4, 1203, 1291,
1281, 127.5, 1272, 1269, 1267, 1262, 1262, 1254, 125.4, 1253,

12005, 118.7, 1056, 99,5, TLE, TL6, TLS, 702, 7040, 0.3, 68.3, 677,
655, 842, 613, 607, 50.1, 580, 579, 57.8 57.4, 570, 557, 553,
550, 4.0, 527, 513, 415, 414, 382, 36.9, 315, 131, 324, 320,
316, 310, 309, 302, 209, 208, 204, 286 262, 245, 243, 211,
226, 225, 224, 213, 203, 202, 198, 197, 197, 192, 185, 184,
17.8, 157, 147, 14.3. HRMS m/z: 8444795 [M + H]*. HPLC purity
984%, £ = 19.0/19.7 min.

A [-Trp(1-Mel-lugdunin (38). Yield: 143 mg (52%). 'H
NME (600 MHz, DMSO-d.): § (ppm) 858-8.52 (m, 1H), 825 (4]
= .67 Hz, 1H), 820 (d, J= £.41 Hz, 1H), 818 (d, [ =941 He, 1H),
B.05=803 (m, 1H), 779 (d, J= 932 He, IH), 769 (4, J = £11 Hg,
IH), 7.53 (d, J= 802 Hz, 1H), 745 (d J= 940 Hg, 1H), T34 (d ] =
838 Hz, 1H), 733731 (m, 1H), 7.13=7.08 (m, 2H), 700 (dd, [ =
4.67, 704 He, 1H), 4.73 (d,] = 223 Hz, 1H), 470 (d, ] =242 He,
IH), 4.61 (d, ] = 3.54 He, 1H), 460—4.59 (m, 1H), 450457 (m,
IH), 4.51 (d, J = 4.38 Hz, 1H), 4.50—4.49 (m, IH), 4.48 (d [ = 426
Hz, 1H), 4.43 (d J = 514 Hz, 1H), 441 (d [ = 2.44 Hz, 1H), 430
(d J=260Hs IH), 438 (s, IH), 424 (L, T=911 He, 1H), 417 (L. T
= 898 Hz, 1H ), 4.09—4.03 (m, 1H), 191387 (m, 1H), L85 (1, ] =
404 Hz, 1H), 375 (4, [ = 6685 Hz, 2H), 3.71-360 (m, 1H), 162
(dd, J= 4.87, 943 Hz, 1H), 345—342 (m, 1H), 342340 (m, 1H),
140—=337 (m, 1H), 336-3.34 (m, 1H), 329 (5, IH), 3.20-326 (m,
IH), 3.25 (5, 1H), 319 (5, 1H), 317 (4 J= 342 He, IH), 316 (1] =
164 Hz, IH), 105 (dd, J= 445, 722 Hz, 1H), 3.03-301 (m, |H),
299 (d, J= 540 Hz, 1H), 297 (s, 1H), 2.92 (g 1H), 290 (d, =222
Hz, 1H), 288 (d J= 480 Hz, 1H), 286 (d, ] = 495 He, 1H), 184
(d J=4.16 Hz, IH), 281 {1, J= 292 He, LH), 279 (d, ] = 663 Hz,
IH), L62—260 (m, 1H), 250 (s, I1H), 2.58—255 (m, 1H), 254 (d, ]
=317 Hz, 1H), 252 (4, = 3.90 Hz, 1H), 238 (4, J= 358 Hz, 1H),
227 (d, J=7.34 Hz, IH ), 118 (t, [ = 7.36 Hz, 1H), 2.07 (s, 1H}, 205
(d J=288Hz IH), 203194 (m, 2H), 1.93— 188 (m, IH), L71
(dd, J = 227, 668 He, 1H), 154 (dd, = 6,68, 8.88 Hz, 2H), 141
(dd, J=4.40, 887 Hz, 1H), 1 33— 126 (m, 1H), L0097 (m, §H),
092 (d, J= 666 Ha, 3H), 0.89-0.81 (m, 18H), 081 (s, 3H), 078 (4,
J= 687 Hz, 3H),0.75 (d, T =597 Hz, 3H), 071 (4 J= 698 He, 3H),
OL70—0.69 (m, 3H), 064 (d, ] = 678 He, 3H), 063 —0L61 (m, 3H),
0.50 (d J= 6.84 He, 3H), 046 (d, J= 6.80 Hg, 3H). “C NMER (150
MHz, DMSO-d;): & (ppm) 17017, 1715, 1715, 1714, 1710, 1707,
1705, 170.4, 1702, 1700, 1609, 1696, 1365, 1364, 1287, 1283,
1275, 127.2, 1209, 120.8, 1183, 1097, 1094, 1091, 1089, 723,
TIA, TAO, 605, 688, 653, 616, 606, 603, S0L1, 590, 574, 574,
573, 569, 565 554, 552, 544, 534, 527, 522, 507, 413, 411,
404, 382, 382, 376, 351, 346, 326 321, 320, 312, ILL, 308,
107, 203, 2000, 280, 284, 185, 262, 24,1, 210, 230, 123, 220,
208, 198, 19.7, 195, 194, 192, 191, 185, 184, 183, 181, 180,
17.8, 174, 151, 13.9. HRMS m/z: 7974738 [M + H]*. HPLC purity
BT.5%, f = 17.5/183 min.

A [-TicHugdunin (39). Yield: 21.7 mg (83%). "H NMR (600
MHz, DMSO-d): § (ppm) 861 (d, J= 791 He, 1H), 844 (d ] =
9.15 He, 1H), 837 (d, J= 704 Hz, 1H), .35 (d, ] = 831 Hz, 1H),
B30 (d,J=773Hz, |H), 823 (d [ =896 Hz, IH), B.19 (d =834
Hz, 1H), £.11 (d, J = 808 Hz, IH), 807 (d, ] = 833 He, 1H), 778
(d,J =943 He, I1H), 769 (d, J= 00 He, IH), 765 (d ] =917 Hz,
IH}), 7.60 (d, J = 847 Hz, 1H), 7.58-7.55 (m, 2ZH), 7.54 (d [ = 826
Hz, 1H), 735 (d, [ = 7.60 Hz, 2H), 731=7.20 (m, 2H), 7.20-7.08
(e, TH), 541 (4 J = 219 He, 2H), 541 (d, = 2.34 Hz, 1H), 5.17—
514 (m, 2H), 513 (s, LH), 5.00-507 (m, 1H), 498 (d, J= 1.69 He,
IH), 495 (s, 1H), 494—4.89 (m, 3H), 484 (d J= 4.57 Ha, 1H),
477 (dd, J = 4.54, 6.26 He, 2H), 473 (t, [ = L41 He, 1H), 4.54 (s
IH), 4.51 (d, ] =233 He, 1H), 447436 (m, 3H), 424—422 (m,
IH), 422420 (m, 1H), 4.18-4.06 (m, 2H), 4.01 (1, [ = £.90 H,
IH}), 3.80-3.76 (m, 2H), 369 (d | = 319 Hz, 1H), 368-366 (m,
IH), 343341 (m, 2H), 338 (d, J= 204 Hz, 2H), 3.4 (dd, ] =
5.47, 988 Hz, 1H), 3.17 (d, ] = 491 Hz, 2H), 105 (d J =593 Hz,
IH), 303 (s, 1H), 280-284 (m, 1H), 283 (d J= 371 Hz, 2H),
180 (d, J = 427 Hz, 1H), 272266 (m, 2H), 267260 (m, 2H),
246 (t, J = 9.88 Hz, IH), 238 (d J= 205, 456 Hz, 2H), 206 (5
IH), 200 (d, ] = 4.62 Hy, 1H), 1.96=1.57 (m, 2H), 166—158 (m,
IH), 154 (dd, J=2.03, 594 He, 2H), 1.53— 151 (m, 1H), L51— 144
(m, 2H), 136 (dd, J=2.73, 5.12 He, 2H), 1.23 (d, ] = 4.81 Hz, 1H),
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115 (5 1H), 1LO6—1.02 (m, 18H), 102 (g 3H), 097 (s, 3H), 0.95 (d,
J =672 Hz, 3H), 093 (4 J = 3.09 Hz, 3H), 0.92-090 (m, 12H),
090 (d, J= 6.74 Hz, 3H ), 0.89 (s, 3H), 0.87 (s, 3H), 0.86 (d, J= 687
Hz, 1H), 0.84 (d, [ = 650 Hz, 3H), 082080 (m, 3H), 0.79 (s, 1H),
077 (d, ] =6.49 Hz, IH), 068 (d, J= 658 Hz, 3H), 059 (4, J= 680
Hz, 3H), 0,52 (4, J = 642 He, 3H). “C NMR (150 MHz, DMSO-
d): & (ppm) 1725, 1721, 1714, 1712, 1706, 1695, 167.8, 1354,
134.9, 1275, 1268, 1265, 1257, T2.2, 669, 632, 586, 56.5 559,
549, 497, 4.9, 368, 355 319, 315, 313, 310, 298 242, 41,
217,220,220, 218, 201, 199, 196, 190, 18.9, 18.0. HRMS m/z:
THE4479 [M + H]". HPLC purdty 96.7%, I, = 17.1/174 min.

Ax[L-Pral-lugdunin (40). Yield: 162 my (68%). 'H NMR (600
MHz, DMSO-d.): & (ppm) £74 (d, J = 7.31 He, 1H), 871 (4, [ =
840 Hz, 1H), 835 (4 J = 862 Hz, 1H), 828 (d, ] = 9.37 Hz, 1H),
&17 (d, J =9.95 Hz, 1H), 809 (d, J= 9,05 He, IH), 7.97 (d, J= 789
Hz, IH), 780(d =925 Hz, IH), 7.72 (4, J= 931 Hz, 1H), 747 (s,
IH), 473 (d, J= 215 Hz, 1H), 471 {d, J = 222 Hz, IH), 465 (s,
IH), 464 (d, J = 3.60 Hz, 1H), 4.62 (5, 1H), 460 (d, ] = 5.55 Hz,
IH), 4.56—4.52 (m, 1H), 449 (d, ] =3.58, 732 Hz, 2H), 443 (4, ] =
407 Ha, TH), 4.42—440 (m, 1H), 440 (d, J= 433 Hz, 1H), 437 (s,
IH),435 (d =284 He, 1H), 434 (d, J =4.77 Hz, 1H), 433 (d, ] =
159 Ha, 1H), 425—423 (m, 1H), 422 (d, J= 251 Hz, 1H), 421 (d,
J =242 Hz, 1H), 408 (d, = 211 Hz, 1H), 407405 (m, 1H), 404
(5, 1H}, 4.03 (s, 1H), 3.75 (4, ] = 208 Hz, 1H), 3.75 (d, = 3.64 He,
IH), 374 (d, J = 397 Hz, 1H), 372 (t, J = L.56 He, 1H), 371 (s,
L1H), 370 (d, [ = 4.05 Hz, 1H), 1.66 (d, ] = 339 Hz, 1 H), 3.40-342
(mm, 1H), 341 (d, J= 537 Hz, 1H), 338-3.36 (m, 1H), 325 (3, 1H),
321 (44, ] = 6.00, 934 He, 1H), 316 (d, J= 520 Hz, 1H), 3.12-307
(o, 1H), 3.06—303 (m, 1H), 3.02 (d, J = 3.17 Hz, 1H), 3.00 (s, 1H),
205 (d, J= 332 Hz, 1H), 2.93-200 (m, 1H), 284 (dd, ] = 3.08, 4.78
Hz, 1H), 280 (t, [ = 260 Hz, 1H), 276 (t, = 265 Hz, 1H), 274 (d,
J=379 Hz, 1H), 2.71 (dd, [ = 269, 4.46 Hz, 1H), 263-257 (m,
LH), 255 (5, LH), 254 (5, 1H), 243 (4, J= 374 Hz, 1 H), 2.30-238
(my, TH), 234 (d, ] =312 Hz, 1H), 208 (d, ] = 6.59 He, 1H), 205 (s,
IH), 202 (d, =239 Hz, 1H), 1.97 (4, ] = 332 Hz, 1H), 1.95—1.84
(my, 3H), 161 (d J= 6.54 Hz, 1H), 1 56— 152 (m, LH), 1 48 (dd, J=
454, 000 Hz, IH), 144133 (m, 2H), 101 (4 J = 6.54 Hz, 6H),
095 (d, J = 675 He, 3H), 0.93 (s, 3H), 087 (d, J = 646 Hz, 3H),
0.86 (d, [ = 3.60 He, 3H), 085 (d [= 661 Hz, 3H), 083 (d, [= 679
Hz, 3H), 0.82 (d, [= 660 Hz, 3H), 081 (4, ] = 632 Hz, 3H), 080
(d, J= 760 Hz, 3H), 079 (d, J = 622 Hz, 3H), 0.76 (s, 3H), 070 (d,
J= 667 He, 3H). "C NME (150 MHz, DMSO-d,): § (ppm) 1717,
I7L5, 1714, 1713, 1700, 1706, 1702, 17000, 1691, 1686, 810,
B4, TS, T2, TLL, TLO, 652, 637, 607, 603, 60.1, 59.0, 574,
573, 569, 567, 544, 524, 518, 510, 508, 413, 41.1, 382, 378,
346, 326, 319, 312, 311, 306, 296, 290, 285, 4.0, 24.0, 230,
113, 220, 217, 208, 20.5, 198, 197, 196, 195, 192, 19.1, 189,
185, 183, 182, 1RO, 178, 178, 175, 153, 138, 11.4. HRMS m/=:
024163 [M + H]". HPLC purdty 959%, [, = 16.0/167 min.

A% [o-Trpllugdunin (41). Yield: 181 mg (60%). "H NMR (600
MHz, DMS0-d,): & (ppm ) 1077 (d, J= 247 Hz, 1H), 1074 (d ] =
2139 Hz, 1H), 847 (d J = 838 Hz, 1H), 844 (d, J = 5.74 Hz, 1H),
£27(d,J =8.03 Hz, 1H), 822 (d J= 850 Hz, IH), £17 (4, J=£73
Hz, 1H), 801 (d, J= 935 Hz, 1H), 792 (d, ] = 932 Hz, 1H), 7.84
(d, J=9.34 Hz, IH), 7.67 (d, ] = 760 Hz, 2H), 760 (4, J= 9.52 Hz,
IH), 7.50 (d, J= 7.85 Hz, 1H), 731-726 (m, 2H), 724 (d, J=632
Hz, 1H), 7.15 (d, J= 636 Hz, 1H), 7.14 (d, ] = 640 Hz, 1H), 7.12
(d, J = 646 He, 1H), 7.06—7.00 (m, 2H), 695 (d, [= 693 He, 2H),
490 (dd, J = 6.07, .74 Haz, 1H), 4.74—4.69 (m, 1H), 464 (s, 1H),
462 (4 J= 179 Hz, 1H), 461 (dd, J= 231, 571 Hz, 1H), 450 (4, T
= L.18 Hz, 1H), 448 (dd J= 547, 011 Hz, 1H), 441 (d, J = 599,
£51 He, 1H), 429 (dd, ] = 6.81, 938 Hz, 1H), 420—4.15 (m, 1H),
405 (dd, J =239, 9.19 He, 1H), 394 (d, = 7.38 Hg, 1H), 176 (s,
IH), 3.72 (s IH), 3.69 (s, IH), 368 (s, 1H), 367 (d, J= 138 He,
IH), 365 (5, 1H), 348 (d, J = 608 Hz, 1H), 341 (1, [ = 5.20 Hz,
IH), 330 (s, 1H), 312 (dd, J = 599, 9.40 Hz, 1H), 308 (d. [ = 615
Hz, 1H), 306 (d, [= 638 Hz, 1H), 305 (d, ] = 296 Hz, 1H), 104
(d, J= 283 Hz, IH), 3.02 (d, ] = 591 Hz, 1H), 298 (d, J= 5.50 Hz,
IH), 297 (s, IH), 292 (5, 1H), 292-2 89 (m, 1H), 289 (q, J= 275
Hz, 1H), L87 (d, ] = 4.60 Hz, 1H), 2.85 (s, 1H), 2.80 (s, 1H), 278

(d, J =455 He, 1H), 276 (s, LH), 269 (s, 1H), 250 (d, J= 374 Hz,
IH), 258 (d, ] = 4.83 Hz, 1H), 257 (s, 1H), 240 (d, [ = 4.95 He,
IH), 208—2.07 (m, 1H), 206 (s, IH), 1.88 (d, J = 693 Hz, 1H),
L7L (d, J = 6.75 He, 1H), L64—158 (m, 1H), 150143 (m, | H),
L42—138 (m, 1H), L37—1.33 (m, 1H), 133-124 (m, |H), 1.24—
1.18 (m, 3H), 102 (d, ] =735 He, 3H), 099096 (m, 3H), 085 (4,
J=671Hz, 3H),0.82 (d, J=6.61 He, 3H), 081 (4 J= 650 Hz, 1H),
Q.77 (d, J= 6.24 He, 3H), 0.74 (d, J = 6.38 Hz, 3H), 067 (d J = 6.58
Hz, 3H), 0.61 (d, [ = 668 He, 6H), 055 (d, J = 6.86 Hz, 3H), 053
(d J=672Hz, 3H), 049 (d, J= 677 Hz, 3H ), 0.45 (d, ] = 672 Hz,
3H). “CNMR (150 MHz, DMSO-d.): § (ppm) 1721, ITL6, 1715,
1714, 1713, 170.9, 1708, 1705, 1702, 170.1, 160.9, 1607, 1361,
1360, 1360, 127.3, 1272, 1270, 1243, 1241, 123.8 1237, 1208,
1207, 1206, 1187, 1187, 1182, 1181, 1180, 1112, 1110, 1102,
1098, 109.7, 1096, T23, TL1, 669, 652, 637, 603, 574, 57.2, 572,
565, 545, 538 533, 527, 511, 506, 413, 410, 404, 383, 381,
374, 326, 31D, 309, 200, 297, 287, 181, 27.1, 268, 24.1, 240,
230, 223, 221, 217, 204, 196, 195, 193, 19.1, 187, 186, 183,
182, 176, 150, HRMS m/z: 8704690 [M + H]". HPLC purity
97 4%, t, = 166,173 min.

A p-Nva’o-Trp®l-lugdunin (42). Yield: 223 mg (74%). 'H
MMR (600 MHz, DMSO-d.): § (ppm) 1082 (d, [ = 2.49 Ha, 1H),
10,80 (d, J = 280 Hz, 1H), 10.77 (d, J = 241 Hz, 1H), 862 (d, =
£.40 He, 1H), 854—847 (m, 1H), 823 (d, J = £19 Hz, 1H), £.20—
B.15 (m, 1H), 814 (d J= 7.72 He, 1H), 812 (s, 1H), 795 (d ] =
923 He, 1H), 784 (d, J= 9.14 Hz, 1H), 7.79 (d, ] = 938 Hz, 1 H),
TET=T65 (m, 1H), T65-7.62 (m, 1H), 760 (d, ] = 440 Hz, 1H),
T.58 (d, J = 440 Hz, 1H), 755 (5, 1H), 754-7.53 (m, 1H), 7.52—
7.50 (m, TH), 731 (d, [ =7.90 He, 1H), 731 =7.29 (m, 1H), 728 (d,
J=627Hz, 1H), 723 (d, [=7.37 Hz, 1H), 7.13 (d, J = 257 Hz, 1H),
T2 (d, J = 240 Ha, 1H), 7.05-703 (m, 1H), 7T03-7.02 (m, 2H),
TO2=T7.00 (m, 1H), 698—6.91 (m, 1H), 509 (s, IH), 4.80—4.80 (m,
IH), 4.72 (d, ] = 220 He, 1H), 4.70 (d, = 2.23 Hz, 1H), 466 (dd |
= 535, 872 Ha, LH), 4.61-4.57 (m, 1H), 456—4.53 (m, 1H), 449
(dd, J = 4.26, 828 Hz, 1H), 4.43 (d, ] =178 Hz, 1H), 441 (5, 1H),
437 (d J = 6.04 Hz, 1H), 431 (1, J =5.15 Hz, 1H), 426 (dd [ =
6.72, 928 He, 1H), 421 —4.14 (m, 1H), 403 (dd, J =221, 9.19 Hs,
IH}, 3.97-3.90 (m, IH}), 375 (d [ = 7.16 Hz, 1H), 3.74-3.66 (m,
IH), 3.66-363 (m, 1H), 349-3.46 (m, 1H), 3.42 (d, ] = 537 He,
IH ), 3.40-337 (m, 1H), 329 (s, 1H), 324 (t, [ = 574 Hz, 1H), 316
(d =536 Hz, 1H), 314 (d, ] =3.50 Hz, 1H), 3.13 (s, 1H), 309 (d,
J =628 Hz, 1H), 305 (4 ] =563 He, 1H), 104 -3.01 (m, 1H}, 3.00
(dd, J =249, 5.17 He, 2H), 298 (s, 1H), 295 (5, 1H), 291 (dd, [ =
.87, 6.54 Hz, 2H), 289 (s, 1H), 284 (s, 1H), 2.81 (d, ] = 428 Hz,
IH), 279 (d, J= 242 Hz, 1H), 273 (4 J= 465 He, 1H), 271 (d. ] =
5.14 Ha, 1H), 263=260 (m, 1H), 239 (d, ] = 493 Hz, 1H), 208 (g
IH), 202 (d, J= 769 Hz, IH), 1.93—189 (m, 1H), 185 (dd, J =
353, 6.80 He, 1H), 1.79— 172 (m, 1H), 166—1.65 (m, 1H), 1.61 (d,
J = 507 Hz, 1H), 1.51=1.40 (m, 2H), 1.39=130 (m, 3H), 1.30 (g
IH), 123 (s, IH), L16 (s, 1H), LO& (5 3H), 1L0O6—1.01 (m, 9H),
0.94=0.92 (m, 3H), 090 (s, 7H), 088 (d, J= 611 Hz, ¥H), 086 (d ]
= 7.04 Hz, 3H), 0.84 (s, 3H), 080 (d, J = 601 Hz, 3H), 0.78-0.73
(m, 3H), 0.72 (d, J= 723 Hz, 3H), 070 (g 3H), 0L66 (d, ] =7.04 Hz,
3H), 0.64 (d, ] = 683 Hz, 3H), 0.62 (d, | = .97 Hz, 3H), 0.60 (s
3H),0.57 (d, J= 681 He, 3H), 0.54 (d, ] = 681 He, 3H). "C NMR
(150 MHz, DMSO-d): & (ppem) 1719, 1719, 17017, 1715, 1714,
1709, 170.7, 170.3, 1703, 1702, 1700, 1700, 165.3, 15018, 1360,
1303, 1206, 120.4, 1272, 1270, 1240, 1237, 123.5, 1212, 1207,
1206, 1186, 1181, 1179, 1112, 1110, 1103, 109.8 1096, 1095,
713, T2, TLY, 6B5, 652, 639, 803, 602, 57.3, 572, 547, 552,
544, 542, 53E 534, 533, 530, 529, 522, 515, 508, 478, 409,
B2, 375, 346, 346, 324, 3114, 313, 308 208 297, 200, 280,
270, 259, 4.1, 239, 223, 220, 217, 203, 195, 194, 19.1, 189,
186, 182, 181, 17.8, 176, 152, 134, 1 20 HRMS m/z: 8704608 [M
+ HJ". HPLC purity 98.9%, £, = 166/17.0 min.

A p-AllyIGly o-TrpfFlugdunin (43). Yield: 201 mg (67% )
'H NMR (600 MHz, DMSO-d,): § (ppm) 1081 (d, ] = 298 Ha,
IH), 10.79=10.75 (m, 1H), .83 (d, = 845 Hy, 1H), 862 (d ] =
B.44 Hz, IH), 854 (d, J= 813 Hz, 1H), 852 (d, ] = 828 Hz, 1 H),
£.19 (d, J = 805 Hz, 1H), 817813 (m, 1H), 808 (d, ] = 853 Hz,
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IH}, 796=7.91 (m, 1H), 7.87 (4, ] = 9.10 Hz, 1H), 7.77 (4, [=940
Hz, IH), 766 (d [ = 7.79 Hz, 1H), 764-7 56 (m, 1H), 7.55-7.50
(m, 1H), 734=726 (m, 2H), 722 (d, J = 738 He, 1H), 7.16-T.08
(my, 1H), 7.06-699 (m, 2H), 695690 (m, 2H), 550-5.32 (m,
IH), 494 (d, J= 7.15 Hz, 1H), 487—4.82 (m, 1H), 472 (d, J= 300
Hz, 1H), 4.66=4.56 (m, 1H), 4.56=4.50 (m, 1H), 446 (dd, J = 590,
792 Hz, 2H), 439 (d, J = 6.73 Hz, 1H}, 430 (1, [ = 517 Hz, 1H),
424 (dd, J= 6.80, 924 He, 1H), 4.20—4.13 (m, 1H), 4.09-4.01 (m,
IH), 3.97 (4, [ = 568 Hz, 1H), 3.78—367 (m, 1H), 366—3.60 (m,
IH), 3:46=3.40 (m, 1H), 317 (d, J= 522 Hz, 1H), 312 (dd [ =
6002, 9.55 He, 1H), 309-306 (m, 1H), 305-298 (m, 1H), 293
(dd, J = 512, 929 He, 1H), 201 =285 (m, 1H), 2.83—278 (m, 1H),
173=271 (m, IH), 227=210 (m, 2H), 2L07=195% (m, 1H), 1.84
(dd, J= 282, 6.86 Hz, 1H), 1.75 (4, | = 6.55 Hz, 1H}, 1.50-1.42 (m,
IH), 1.3 (dd, J = 166, 676 He, 1H), L3—128 (m, 1H), 1.26 (s,
[H}, 107 (d, [ = 662 Hz, 3H), 1.05— 103 (m, 6H), 103100 (m,
9H), 099 (d, [ =6.77 Hz, 3H), 087 (d, J= 735 He, 3H), 084 (1, [ =
622 Hz, 3H), 082 (d, [ = 635 Hz, 3H), 0.79 (4, | = 620 Hz, 3H),
075 (d, = 603 Hz, 3H), 068-0.65 (m, 3H), L65—062 (m, 1H),
0.60 (d, J = 6.89 He, 3H), 057 (d J= 681 Hz, 3H), 0.54 (d, J= 6.83
Hz, 3H) “C NMR (150 MHz, DMSO-4,): § (ppm) 172.0, 1707,
1714, 1713, 1712, 170.8, 17007, 1702, 1702, 170.1, 1700, 169.6,
1518, 1387, 1361, 1360, 134.6, 1336, 1332, 1204, 127.2, 1271,
124.0, 1238, 1237, 1234, 121.2, 1206, 1181, 1179, 117.7, 1172,
1112, 1100, 1102, 1096, 109.5, 745, TL3, TL1, 719, 685, 669,
G52, 647, 639, 603, 0.2, 572, 571, 568 545, 530 517, 513,
530, 530, 520, 512, 5009, 4009, 382, 374, I7.1, 368 3B M4,
325,313, 307, 208, 20.5, 200, 186, 279, 172, 266, 4.0, 24.0,
229,223, 220, 216, 20.3, 195, 195, 191, 18.1, 178 17.6, 172,
15.1. HRMS m/z: 8684797 [M + H|". HPLC purity 97.3%, £ = 165/
169 min.

A [p-Pra’-o-Trp“Hugdunin (44). Yield: 22.8 mg (76%). 'H
NMR (600 MHz, DMSO-d.): & (ppm) 10.81— 1078 (m, 1H), 1078
(d,] =237 He, IH), 1076 (d, J= 138 He, 1H), 890 (d, J = £05 Hz,
IH), 864 (d, ] =871 Hz, 1H), 850 (d, J= 730 Hz, 1H), 842 (d, =
895 He, 1H), 831 (d, J= 837 Hy, 1H), 820615 (m, 1H), £.14 (d,
J= 832 Hz, IH), 803=797 (m, IH), 789 (d, J = 938 Hz, 1H), 7746
(d, J=939 Hz, 1H), 772768 (m, 1H), 7.65 (dd, J = 1.08, 7.83 He,
IH), 758 (d, [ = 765 Hz, 1H), 7.52-749 (m, 1H), 731-723 (m,
2H), 722 (d, = 738 Hz, 1H), 7.14 (d, J = 738 Hz, 1H), 7.08-7.00
(my, 2H), 695 (d =813 He, 1H), 511 (s, 1H), 486 (d, J= &71 Hz,
IH), 473 (d, J= 2.56 He, 1H), 4.71 (d, ] = 2.54 Hz, 1H), 4. 70— 466
(m, LH), 4.66 (5, ITH), 4.65—4.63 (m, 1H), 462 (d, = 297 Hz, 1H),
462 (d, J= 220Hz, 1H), 461 —4.59 (m, 1H), 442 (s, 1H), 4.40 (4, ]
= 22 Hz, 1H), 427 (s 1H), 4.25 (4 J=243 Hz, 1H), 424 (d,] =
621 Hz, 1H), 423 (4, ] = 440 Hz, 1H), 421 (4, ] = 247 He, 1H),
420 (d, J = 1.46 Ha, 1H), 419 (s, IH), 408 (d, J = 250 Hz, 1H),
407 (d, ] = 2.52 He, 1H), 405 (d, ] = 2.57 Ha, 1H), 3.95-391 (m,
2H), 376 (s 1H), 3.75 (d, J = 117 Hy, 1H), 371 (d, J = 2.59 Hz,
[H), 370-3.60 (m, 1H), 168 (d, J = 283 Ha, 1H), 166 (5 1H),
365362 (m, 1H), 3.62 (s, 1H), 345(d =813 He, IH), 340 (d, T
= 4.66 Hz, 1H), 131 (s 1H), 3.23 (4 J=6.01 Hz, IH), 321 (d,] =
581 He, 1H), 3.17 (d, = 506 Hz, 1H), 3.12=3.08 (m, 1H), 308 (d,
J= 558 Hz, IH), 305 (d, J = 584 Hz, 1H), 3.04=-3.03 (m, 1H), 3.02
(dd J =331, 647 Hz, 2H), 299 (d J = 356 Hy, IH), 296 (d. =
180 Hz, 1H), 294 (d, ] =296 Hz, 1H), 290 (4, | = 9.13 Hz, 1H]},
288 (d [ =9.10 Hz, 1H), 284 (4 J= 420 He, 1H), 2682 (4, J= 612
Hz, IH), 281 (s 1H), 277 (t, J = 260 Hz, 1H), 271 (5 1H), 270
(d, J= 260 Hz, 1H), 268 (d, ] = 210 He, 1H), 267 (1, ] = 261 Hz,
IH), 256 (d, [ =9.77 Hz, 1H), 246 (5, TH), 244 (s, 1H), 2.40 (ddd,
J =159, 658,973 Hy, 1H), 227224 (m, 1H), 207 (s, 1H), 205
(d, ] = 418 Hz, 1H), 202200 (m, IH), 198 (d, J= 589 Hz, 1H),
L68 (d, J =694 He, 1H), 148 (d, J=4.17 Hz, 1H), L34 (d, J= 157
Hz, IH), 132131 (m, 1H), L30-129 (m, 1H), 128 (d, [= 729
Hz, 1H), 125-1.22 (m, 2H), L17 (s, 1H), 115 (s, 1H), 1.15-1.13
(my, 1H), L11 (5, 1H), 098 (4 J= 7.19 Hz, 3H),0.87 (4, = 6.60 Hz,
IH), 0.85-0.83 (m, 15H), 081 (d,J= 6.63 He, 3H ), 076 (d, J= 623
Hz, 3H), 075 (d, ] = 6.54 Hz, 3H), 073068 (m, 3H), 063 (4, ] =
687 Hz, 3H), 059 (d, [ = 6.76 Hz, 3H), 056 (4, ] = 677 Hz, 3H),
049 (d, J= 675 Hz, 3H), 034 (d, J = 667 Hz, 3H). "CNMR (150

pubs.acs.org jmc Article
MHz, DMSO-d;): & (ppm) 1728 1721, ITL9, 1715, 1710, 1709,
1708, 170.7, 170.6, 1706, 1705, 169.0, 136.5, 1365, 1364, 130.1,
1278, 127.7, 124.6, 1243, 1239, 12132, 1211, 119.3, 1187, 1186,

1184, 1116, 1115, 1105, 1103, 110.2, 1099, 807, 804, 737, 711,
T17, T2, 65.6, 643, 576, 571, 550, 53.9, 518, 536, 513, 522,
512, 509, 415, 414, 409, 382, 377, 33.1, 3LE 314, 305, 303,
2195, 193, 285, 281, 276, 245, 234, 227, 226, 221, 2L1, 209,
20.1, 195, 181, 156, 144, 125 HRMS m/z: 8664373 [M + H]*
HPLC purity 97 6%, ¢ = 160/16.5 min

A* [pleu o-Trp Hlugdunin (45). Vield: 184 mg (60%). 'H
NME (600 MHz, DMSO-d.): & (ppm) 1088 (d, [ = 2.84 Hz, 1H),
B.83 (d, J= 847 H, 1H), 862 (d, ] =840 Hz, 1H), 847 (d, ] = 650
Hz, 1H), 844 =840 (m, 1H), 825 (d, J= 8.36 H, 1H), 796 (5 1H),
T.73=7.54 (my, TH), 7.53=746 (m, 1H), 735=725 (m, 2H), 7.20 (4,
J=735Hz 1H),7.16 (d, J=7.37 Hz, IH), 7.12 (4, ] = 731 Hz, L H),
7.00 (d, [ = 732 Hz, 1H), 7.07-698 (m, 2H), 699688 (m, 2H),
510 (g 1H), 4.73=4.57 (m, 1H), 453 (1, [ = 724 Hz, 1H), 4.48 (dd,
T =346, 7.89, Hz, LH), 443 (5, IH), 439 (d J=5.34 Hz, 1H), 436
(d, J= 7.12 He, 1H), 4.34 (s, IH), 422 (dd, [= 4.85, 9.30 Hz, 1H),
418 (5 1H), 398388 (m, 1H), 3.76-3.71 (m, 2H), 3.70- 364 (m,
IH ), 3.44=339 (m, 1H), 3.25 (s, LH), 3.19=3.13 (m, 2H), 312 (4, ]
= 502 Hz, 1H), 308 (d, ] = 5.87 Hz, 1H), 1.01 (dd, J = 346, 6.86 Hz,
IH ), 297 (5, LH), 2.96—293 (m, 1H), 2.92—286 (m, 1H), 2.84 (4]
= 320 He, 1H), 265-257 (m, 1H), 254 (5 1H), 246235 (m,
IH), 225—204 (m, 1H), 214=208 (m, 1H), 208 (d, ] = 654 Hz,
IH), 205 (d J = 280 He, 1H), 204198 (m, 1H), 194 (d, [ =704
Hz, 1H), 1.91 (s, 1H), 1.82 (4, [ = 649 Hz, 1H), 1L.74—171 (m, 1H),
L68 (5, 1H), 154 (d, ] = 435 Ha, I1H), 149141 (m, 2H), 1.30—
.35 (m, 2H), L35—127 (m, 1H), LI6=114 (m, 1H), 107 (d, J=
531 Hz, 2H), 098 (4, J= 694 Hz, 3H), 0.86 (d, ] = 671 Hz, 6H),
0.84 (1, J= 636 He, 3H), 078 (d, J= 627 He, 3H), 0L74 (s, 3H), 0.72
(d, J = 6.49 Hz, 3H), 0.71 (L8 (m, 12H), 0.67 (d, [ = 6.41 Hz, 3H),
L66—0063 (my, 6H), 061 (d, ] = 571 Hz, 3H). “C NMR (150 MHz,
DMS0-de): & (ppm) 1719, 1717, 1714, 1713, 1712, 1710, 1707,
1706, 1702, 169.5, 1523, 15018, 1387, 136.1, 1360, 1346, 1294,
1272, 1273, 127.1, 1238, 1235, 1233, 1213, 12007, 1206, 1183,
L1, 1180, 1113, L1LL, 11009, 1099, 100.8, 109.3, 723, 710, 688,
GBS, 669, 66.4, 656, 60.1, 592, 588, 56.8 54.5, 535, 519, 511,
S04, 45.8, 45.8, 415, 382, 376, 313, 305, 304, 207, 200, 286,
272, 259, 24.1, 240, 238, 230, 229, 227, 224, 223, 220, 220,
218, 208 20.1, 197, 195, 192, 183, 178, 17.0, 166, 152, 139,
12.0. HRMS m /z: 8844835 [M + H]*. HPLC pusity 98.7%, £ = 17.1/
176 min

A [p-Meto-Trp’|-lugdunin (86). Yield: 229 mg (74%). 'H
NME (600 MHz, DMS0-4,): & (ppm ) 10881084 (m, 1H), 10.80
(d,J =245 Hz IH), 883 (d, J=842 Hz, IH), 871 (d, ] = 877 Hy,
IH ), 8.68 (d, J= 840 Hz, 1H), 862 (d, = 838 Hz, 1H), 856 (4] =
£.53 He, 1H), £50 (d, J= 879 Hz, 1H), 840 (d, ] = 827 He, 1H),
8.38—830 (m, 1H), 826 (d, = 799 Hz, 1H), 817 (d, ] = 780 He,
IH), 805 (s, 1H), 797 (d, [ = 848 Hz, 1H), 793 (4, [ = 9.20 H,
IH), 7.88 (d, J= 872 Hz, 1H), 778 (d, J= 960 He, 1H), 775 (4] =
7.80 Hz, LH), 7.66 (1,] =7.80 He, 1H), 7.61-7.56 (m, 1H), 752 (1, ]
= 8.50 Hz, 1H), 7.30 (d, J = 7.68 He, 1H), 722 (d, =737 Hz, 1H),
7.20 (d, J = 7.38 Hz, 1H), 7.17=7.11 (m, 1H), 7.10 (d, J = 228 Hz,
IH), 7.03 (d, J = 9.33 Hz, 1H), 698—6.91 (m, 1H), 486—4.77 (m,
IH), 4.76 (s, 1H), 472 (s, 1H), 4.70 (d, J = 206 Hz, 1H), 458 (s
IH ), 4.60=4.57 (m, 1H), 4.55—4.52 (m, 1H), 448 (dd, J = 4.00, 7.80
Hz, IH), 443 (s, IH), 438 (d] = 737 Hz, 1H), 4.28—-421 (m, 1 H),
418 (d, J = 6.39 Hz, 1H), 408-4.00 (m, 1H), 398 (d, ] = 477 Hz,
IH}), 3.96-391 (m, 1H), 388 (d J = 669 Hz, IH}, 377-374 (m,
IH), 370 (d, J = 6.16 Hz, 1H), 345 (s, IH), 341 (1, J = 531 Hy,
IH), 3.38 (d, J = 358 Hz, 1H), 336 (d, J] =356 Hz, 1H), 330 (s
IH), 325 (s, 1H), 322-314 (m, 1H), 309 (d, J= 571 Hz, 1H),
105 (d, J= 679 He, 1H), 302 (d, J =493 Hz, 1H), 3.00 (s 1H),
207 (d, [ = 345 Hz, 1H), 296 (s, 1H), 295290 (m, 1H), 284 (g
IH), 272 (dd, ] = 5.89, 945 H, 1H), L62—261 (m, 1H), 238 (d,]
= 3.96 Hz, 1H), 2.36 (5 1H), 2.34 (5 1H), 231 (d, [ = 4.49 Hz, LH},
227224 (m, 1H), 223 (5, 1H), 221 (5, 1H), 216 (dd, [ = 6.55,
944 Hz, 2H), 211204 (m, 1H), 202 (dd, J = 233, 660 Hz, 2H),
L.9% (4 J =631 Hz, 1H), 195-193 (m, 1H), 1.90 (s, 1H), 1.84 (s

v o ko gy 0 0GR 1 et b, O OCH 700
A Mg, Chass, 200, &4, 40344058



Chapter 6: Appendix

Journal of Medicinal Chemistry

pubs.acs.org jmc Article

IH), 1.78 (d J= 684 Ha, 1H), 173 (d, ] =359 Hz, 1H), Lé& (d, J=
484 Hz, IH), 166 (d, [ = 7.85 Hz, 1H), 154 (4, ] = 4.33 Hz, 1H),
146 (dd, [ = 4.10, 861 Hz, 1H), 137 (d, [ = 4.54 Hz, LH), 1.31 (s,
IH), 123 (s 1H), 1.15 (d, J= 521 Hz, IH), 101 (d, J = 521 He,
IH), 098 (d J= 702 Hz, 3H), 087 (d, [ =6.92 Hz, 3H), (L84 (d, =
687 Hz, 3H), 082 (s, 3H), 080-0.77 (m, 9H), 0.77-073 (m, &H),
073071 (m, 6H), 0.68 (d, [ = 6.58 Hz, 3H), 0.66-0.61 (m, 3H),
061 (s 3IH), 0.59-057 (m, 3H), (L35 (d, ] = 690 Hg, 3H). "'C
NMR (150 MHz, DMSO-d.): & (ppm) 1700, 1719, 1717, 1716,
1714, 17LL, 1708, 170.7, 170.5, 1704, 1704, 1703, 170.1, 1698,
169.7, 1645, 1579, 1518, 1387, 1360, 1303, 129.4, 1280, 1271,
126.4, 1240, 1237, 1235, 1213, 1213, 1207, 1181, 1112, 1109,
1103, 1098, 1096, 1092, 1051, 989, 713, 719, 605, S8.8, 685,
672, 669, 663, 66.1, 660, 657, 651, 640, 60.1, 388, 57.2, 582,
545, 537, 535 510, 5.0, 513, 509, 409, 404, 382, 37.4, 305,
311, 313, 3006, 302, 29,1, 289, 286, 271, 26,6, 24.0, 23.9, 230,
216,223, 220, 219, 216, 208, 2001, 195, 183, 180, 17.8, 170,
166, 153, 152, 14.5, 139, 122, 120, HRMS m/=: 9024426 [M +
HJ". HPLC purity 89.1%, £ = 16.6/17.1 min

A% [o-lle]dugdunin (47} Yield: 14.9 mg (55%). 'H NMR (700
MHz, DMSO-d.): & (ppe ) 1082 (d, J= 230 Hz, 1H), 1075 (d. ] =
251 Hz, 1H), 848 (d, [ = £.19 H, 1H), 844 (d, [ = £.82 Hz, 1H),
838 (d, [ =8.73 Hz, IH), 835 (d = 879 Hz, IH), 8.25 (d, J= 7.89
Hz, IH), 8.15(d, J=907 Hz, 1H), 806 (d, J= 949 He, 1H), 795 (s,
IH), 792 (4 J=910Hz, IH), 786 (d ] =9.16 He, 1H), 7.82 (4, ] =
906 He, 1H), 777 (d, J = 822 He, 1H), 770 (d, ] = 7.90 Hz, 1H),
764 (t, J =865 He, IH), 758 (s, 1H), 753 (d, =782 Hz, 1H), 748
(d, J = 792 Hz, 1H), 7.43 (d, J = 9.14 Hz, 1H), 731-726 (m, 2H),
T8 (d, J =733 He, IH), 7.16 (d, J= 753 Hz, 1H), 7.12 (d, =733
Hz, IH), 7.09 (d, J = 7.26 Hz, 1H), 706—6.99 (m, 2H), 4.80 (1,] =
676 He, IH), 4.75—4.70 (m, 1H), 466 (d, J= 7.54 Hz, 1H), 464 (s,
IH), 462 (d, J= 831 Hz, IH), 4.58 (d, J = 506 Hz, 1H), 4.52 (dd, J
= 577, 9.16 Hz, IH), 4.44 (d, ] =9.97 Hz, 1H), 4.41 (d, J=7.14 Hz,
IH), 435 (d [ = 840 Hz, 1H), 433 (4 ] =331 Hz, 1H), 430 (d, =
895 He, 1H), 429—423 (m, 1H), 4.19 (d, J= 897 Hz, 1H), 4.17 (d,
J=5.09 Hz, IH}), 415 (d, J= 314 Hz, 1H), 4.13 (d, ] = 977 Hz, 1H),
411 (s, IH), 400 (d, ] = 233 He, 1H), 407 (dd, [ = 278, 695 He,
IH), 398 (t, J= 927 Hx, 1H), 390-3.86 (m, 1H), 3.80 (s, IH), 378
(d, J=292 Hz, 1H), 377 (d, J = 510 Hz, 1H), 367 (s, 1H), 332 (4,
J=471 Hz, 1H), 330 (d, [ = 475 Hz, IH}), 315 (5, 1H}, 314 (d, =
341 Hz, 1H), 313 (s, 1H), 299 (d J= 5.04 Hz, 1H), 297 (4, ] =
521 Hz, 1H), 292 (4, J = 7.61 Hz, 1H), 290 (s, 1H), 289 (d, [ =
347 Hz, 1H), 286 (s, IH), 2.81 (s, 1H), 279 (d, J = 4.51 Hz, 1H),
2176 (d J= 5.41 He, 1H), 273 (s, 1H), 2680 (s, 1H), 262 (4, J= 499
Hz, 1H), 261 (g, J= 192 Hz, IH), 259 (s, 1H), 252-2.51 (m, IH),
246242 (m, 1H), 238 (d, J = 3.85 Hz, 1H), 220-216 (m, 1H),
208 (5, 1H), 206 (5 1H), 203=2.01 (m, IH), 2.00 (5 1H), 197 (d,
J= 693 He, IH), L96—188 (m, 1H), 1.84 (s, LH), L75 (s, 1H),
L59=1.52 (m, 1H), 1.33 (dd, J = 3.42, 7.59 Hz, 2H), 123 (s, 2H),
1.20 (d, J =861 Hz, IH), 118 (4 J=379Hz, IH), 1.14 (d, J= 675
Hz, 1H), 111 (s, 1H), 105 (s, 1H), 099 (4, ] = 686 Hz, 3H), 094
(d, J= 666 Hz, 3H), 090 (s, 3H), 0.90—0.83 (m, 12H), 080 (d ] =
101 He, 3H), 076 (s, 3H), 074 (d, J= 3.20 Hz, 3H), 068 (5 3H),
067 —(L64 [ my, 6H), 063 (d [ = 7.45 He, 3H), 061 (d, J = 676 Ha,
IH), 055 (d, J= 670Hz, 3H), 048 (d, ] = 6.83 He, 3H), 0.41 (d, T =
665 He, 3H ). HRMS m/=z 7834579 [M + H]". HPLC purdty 96 8%,
L=161/163 min

A% [p-alle-le*o-Trp®Flugdunin (48). Yield: 218 mg (73%).
'H NMR (600 MHz, DMSO-d,): & (ppm) 1099 (4, J= 239 Hz,
IH), 1096 (d, J= 162 He, 1H), 10.88 (d, J=2.82 He, LH), £.65 (d,]
= 870 Hz, I1H), 850 (d, = 720 Hz, I1H), 831 (d, ] = £.65 Hz, 1H),
£23 (4, J =949 Hz, IH), 821 (d, J= 865 Hz, 1H), .00 (4, J= £98
Hz, IH), 798 (d, J= 931 Hg, 1H), 7.86 (d, ] = 9.77 Hz, 1H), 779
(d, J= 920 Hz, 1H), 7.75 (t, ] = &10 Hz, 1H), 7.53 (d, ] = 7.89 Hz,
IH), 743 (d, J=9.32 He, 1H), 735728 (m, 4H), 724 (d, J=T734
Hz, 1H), 7.17 (d, J = 7.37 Hz, 1H), 707=7.01 (m, 2H), 698 (d,] =
805 He, 1H), 492 (d, = 602 Hz, 1H), 4.83—4.80 (m, 1H), 476 (d,
J= 631 He, 1H), 472—467 (m, 1H), 462 (d, ] = 580 Hz, 1H),
44T =441 (m, LH), 4.40 (1, [ = 5.16 Hz, 1H), 434 (dd = 638,928
Hz, IH), 4.27 (t, ] = 894 Hz, 1H), 423418 (m, 2H), 4.08—4.02

(e, TH), 401 (d, J= 722 Hz, 1H), 370(d J= 7.03 Hz, 1H), 3.41 (1,
J = 531 Hz, 1H), 330 (d J= 399 Hz, 1H), 3.26-315 (m, 2H),
308297 (m, 1H), 293 (d J= 761 Hz, 1H), 286 (d, ] = 567 Hz,
IH), 2.78 (d, J= 567 Hz, 1H), 262 (4, J = 4.02 Hz, 1H), L.60-255
(mm, 2H), 248-2.41 (m, 1H), 2.25 (5, 1H), 212 (5 1H), 203 (4,] =
160 Hz, 1H), 190 (d ] =6.86 Hz, IH), LEE =160 (m, 4H), 164 (d,
J=2.47 Hz, 1H), 1 54— 146 (m, 2H), 1 38— 131 (m, 1H), L.15— LO&
(m, 2H), 107 (5, 3H), 0.98-093 (m, 6H), 091086 (m, 12H), 0.84
(d J=665 He, 3H), 081 (d, ] = 7.32 Hz, 3H), 077072 (m, 3H),
0.71 (d, J = 671 Hz, 3H), 0L72—067 (m, 9H ), 065 (d, ] = 6.69 Hz,
3H), 0.55 (d, = 6.82 Hz, 3H), 052 (d, J= 679 Hz, 3H), 045 (d ] =
672 Hz, 3H). “C NMR (150 MHz, DMSO-d;): & (ppm) 1717,
1706, 1704, 1713, 1711, 1707, 1706, 1705, 17005, 170.1, 1699,
1698, 164.6, 1613, 1361, 1361, 1360, 1273, 127.2, 1269, 1243,
1241, 1238, 1237, 1207, 1207, 1206, 120.6, 1187, 11846, 1181,
1180, 1179, 117.9, 1112, 1111, 1110, 1102, 109.8, 109.6, 1095,
713, TR, TLO, 69.8, 653, 617, 603, 603, 6002, 585, 575, 572,
T3, 566, 556, 544, 541, 515, 527, 527, 427, 404, 380, 374,
6.8, 366, 158 347, 313, 310, 307, 30.3, 209, 297, 200, 287,
R, 267, 245, 250, 23], 304, 194, 195, 193, 191, 18T, 188,
185, 184, 182, 175, 151, 148, 144, 140, 13.9, 121, 114, 109,
HRMS m/z 8704672 [M + H]". HPLC purity 98.8%, £, = 163 /168
muin.

A% pTle*o-TrpSFlugdunin (49). Yield: 224 mg (75%). 'H
NMR (600 MHz, DMSO-d.): 5 (ppm) 10.88 (5 1H), 10.84 (d, [ =
177 He, IH), 825 (d, J= 860 Hz, 1H), 23 (d, ] = 632 He, 1H),
B21-819 (m, 1H), 815 (d, J= 761 He, IH), 797 (4, J = 927 Hg,
IH ), 7.94 (d, [ = 760 Ha, 1H), 788 (d, J= 948 Hz, 1H), 785 (d ] =
9.07 He, 1H), 775 (d, J= 984 Hz, 1H), 7.72 (d, ] = 7.15 Hz, 1 H),
770 (d, J= 8.55 Hz, LH), 7.54 (d, [ =7.94 Hz, IH), 751 (d [ =944
Hz, 1H), TAB—T42 (m, 1H), 737-731 (m, H), 728 (d, [ = 747
Hz, 1H), 723 (t, J = 607 He, 1H), 7.19 (d, J = 637 He, 1H), 707 (d,
J=6.73 Hz, IH), 698 (d, | =6.94 Hz, 1H), 508—4.99 (m, 1H), 476
(s IH), 472 (d, ] =795 Hz, 1H), 471 (d, J =2.74 Hz, 1H), 475 (d,
J = 306 Hz, 1H), 468 (s, IH), 467 (s, 1H), 4.53 (d, J = 941 Hz,
IH), 4.45 (s, 1H), 442 (d, J = 4.87 Hz, 1H), 435 (d, ] = 9.60 Hz,
IH), 4.27 (dd, J= 7.73, 9.13 Hz, 2H), 4.27=4.19 (m, 1H), 4.17—4.13
(m, 1H), 407 (d, ] = 948 Hz, 1H), 408 (d, J = 5.58 Hz, 1H), 398
(d J=642 He, IH), 387 (d, ] = 4.56 Hz, 1H), 382377 (m, 1H),
372 (d, J= 627 He, 1H), 346 (d, [ =4.51 He, 2H), 341 (d [ = 267
Hz, 1H), 340 (d, J = 5.88 Hz, 1H), 130-323 (m, 1H), 321 (5 1H),
315 (dd, J= 591, 961 Ha, 1H), 3.16 (d, J = 498 Hz, 1H), 1.07-3.05
(m, 1H), 3.04 (d, ] = 518 He, 1H), 301 (d, J = 545 Ha, 1H), 297
(dd, J= 564, 920 He, IH), 287 (d, J= 610 Hz, 1H), 2.65-261 (m,
IH), 215 (s, 1H), 216=205 (m, 1H), 205 (d, J= 238 Hz, 1H),
206 (4 J=3.58 Hz, 1H), 202-197 (m, 1H), 177 (d,] = 736 Hz,
IH), L65—161 (m, 1H), 157 (d J = 463 Hz, 1H), 157142 (m,
IH), 137 (d, J = 675 Hz, IH), 1.35-025 (m, 1H), 123121 (m,
IH), L13 (d, J = 648 Hz, 3H), L1 (d, J = 643 He, 3H), 107 (s
&H), 1.01 (d, J = 6.15 Hz, 3H), 097 (d, J = 6.73 He, 3H), 088 (g
3H), 078 (d J= 663 He, 3H), 0.73(s, 3H), 0.71 (d, J = 699 Ha,
IH), (66 (d, [ = 675 He, 3H), 062 (d, ] = 6.84 He, 3H), 062 (d ] =
6.74 Hz, 3H), 0.60 (d, J= 677 Hz, 3H), 049 (d, ] = 676 Hz, 1H).
Y NMR (150 MHz, DMSO-d:): § (ppm) 1721, 1715, 1711, 1709,
1708, 1703, 1701, 1699, 1607, 1697, 169.4, 1604, 1361, 1272,
1272, 127.1, 124.3, 124.1, 1237, 1206, 1206, 1188, 1187, 1187,
1183, 1180, 117.9, 1178, 1110, 1110, 109.9, 109.8, 109.7, 109.5,
T63, TE3, TA6, T4S5, T4S5, TAL, TIO, TR, TLI, TLI, 653, 652,
647, 638, 615, 604, 602, 502, 502, 501, §7.3, 571, 569, 562,
545, 530, 515, 524, 369, 343, 3.0, 31T, 3L5 307, 300, 299,
0.4, 203, 380, 286, 284, R0, 277, 267, 245, 2200, 305, 203,
19.6, 195, 19.3, 192, 188, 186, 18.1, 18.1, 17.3, 172, 172, 169,
15.1, 139, 11.3. HRMS m/z: 8704696 [M + H]". HPLC purity
052%, f = 166172 min.

A*Sp-Nva*o-Trp®llugdunin (50). Yield: 242 mg (82%). 'H
NMR (600 MHz, DMSO-d.): 5 (ppm) 1096 (s 1H), 10.86 (d, [ =
160 He, IH), 856 (d, J= 835 Hz, 1H), 856 (d, ] = 880 Hz, 1 H),
835 (d, J= 849 Hz, 1H), 823 (d [ =7.70 Hz, IH), 821 (d [ = 880
Hz, 1H),£.17 (d, J= £66 Hz, I1H),8.13 (5, 1H), 7.98 (d, J=7.19 Ha,
IH), 793 (s, IH), 791 (d, =926 Hz, 1H), 777 (5, LH), 7.72 (4, ] =
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7.89 Hz, 1H), 7.70 (4, = 7.92 Hz, IH), 767 (d, J = 9.42 Ha, 1H),
754 (d, ] = 788 He, 1H), 752 (d,] = 7.72 Hy, 1H), 7.36=734 (m,
IH), 727 (d, J= 6.37 Ha, 1H), 7.15 (d, ] = 7.51 Hz, 1H), 7.14=7.11
(m, 1H}, 7.10=707 (m, 1H), 703698 (m, 1H), 5.18 (s, 1H), 499
(dd, J=5.82, B.60 Hz, 1H), 4.75 (d, ] = 5.55 Hz, IH), 473 —4.56 (m,
I1H), 447—444 (m, 1H), 436—433 (m, 1H), 431 (d, J = 727 Ha,
IH), 425 (s, 1H), 423 (1, J = £85 Hz, 1H), 403 (d J = 926 Ha,
IH), 401 (d, J = 7.57 He, 1H), 3.85 (s, 1H), 383 (d, J = 330 He,
1H), 377 (d, ] = 572 Ha, 1H), 3.55 (5 1H), 3.44-342 (m, 1H),
340 (d, [ = 6.86 Hz, 1H), 3.36 (s, 1H), 333 (d, J = 4.84 He, 1H),
326 (5 IH), 323 (s, H), 321 (4 = 520Hz, 1H),3.17 (44, [ = 597,
9.40 Hz, 2H), 3.14 (d, J = 6.03 Hz, 1H), 112 (5, 1H), 3.08 (4, ] =
217 He, 1H), 307 (d, J = 213 He, 1H), 3.02 (s, 1H), 306-303 (m,
1M}, 295 (d, [ = 696 Hz, 1H), 293 (g 1H), 291 (5, 1H), 286 (s,
IH), 285—282 (m, 1H), 281 (s, 1H), 267264 (m, 1H), 263 (s,
IH}, 256 (s, 2H), 2.57 (s, 1H), 2.55 (s, LH), 245 (s, IH), 243 (d, J
=587 Hz, IH), 225 (s, 1H), 212 (s, 1H), 210 (4, ] = 3.16 Hz, 1H),
208 (d, [ = 7.83 Hz, 1H}, 20 (4, [ = 578 Hz, 1H), 197-1.85 (m,
2H), 1 82=1.77 (m, 2H), | 74— 168 (m, 1H), L58 (dd, J=6.80,9.11
Hz, 1H), 142 (d, J= 674 Hz, 1H), 1.36(d, J= 210 H, 1H), 133(s,
IH), 131 (s IH), 1.27 (s, 1H), 116 (s, 1H), 108 (d, ] = 474 Ha,
IH), L0=10 (m, 1H), 10 (d, J= 7.04 He, 1H), 09 (s, 1H), 09-0.8
(o, 1H), 08 (d, = 662 He, 1H), 08 (5 1H), 086 (d ] =757 Ha,
3H),0.76 (d, J= T48Hz, 6H), 073 (d, [ =6.68 He, 3H), 0.72 (d, T =

71 He, 3H), 067 (d ] = 6.96 Hz, 3H), 038 (d, J = 7.33 He, 3H),
054 (d, J= 676 He, 3H), 052 (d, ] = 671 He, 3H). "C NMR (150
MHz, DMSO-d;): § (ppm) 1721, 1714, 1714, 1711, 1709, 1707,
170.5, 1704, 170.1, 1699, 160.8, 1646, 1623, 136.1, 136.0, 1273,
127.2, 1270, 1242, 1241, 1238, 1237, 1207, 1207, 120.6, 1187,
LIS7, 1180, 1179, 1IL2, 1100, 1100, 1098, 1097, 1006, 723,
713, TL0, 652, 637, 60.3, 602, 574, 572, 566, 545, 537, 533,
5332, 518, 527, 519, 38.0, 375, 358, 347, M5, M1, 326 313,
310, 308, 208, 207, 2000, 287, 280, 272, 268 221, 204, 195,
193, 19.1, 187, 186, 186, 183, 182, 181, 178, 176, 15.0, 14.0,
139, 137, 13.5, 12,1 HRMS m/z 8564509 [M = H]". HPLC pusty
95.9%, L = 16.1/16.5 min,

A% o AllylGly*-o-Trp®dugdunin (51). Yield: 229 mg (78%).
'H NMR (600 MHz, DMSO-d,): & (ppm) 1089—1078 (m, IH),
856 (d J =847 Hz, IH), 845 (d, J= 764 Hz, 1H), 823 (4, ] = £50
He, 1H), 823 (d, J= 752 Hy, 1H), 815 (d, ] = 857 Ha, 1H), 795
(d, J=9.18 Hz, 1H), 7.91 (d, ] =923 Hz, 1H), 785 (d, J=9.41 Ha,
IH}, 7.75-763 (m, 1H), 755 (d J = 7.85 Hz, I1H), 735-732 (m,
1H), 7.24 (d, J = 7.37 He, 1H), 7.15=7.13 (m, IH), 7.1 1698 (m,
2H), 5.6 (dd, ] = 6.89 Hz, 1H), 55 (d, J= 704 Hz, 1H), 5.05-502
(m, TH), 505 (dd, J = 670 Hz, 1H), 495 (d [ = 166 Ha, 1H), 497
485 (my, 1H), 4.7 (d, J= 546 Hz, 1H), 475 (s, IH), 4.72 (1, J= 447
Hz, IH), 4.64—4.61 (m, 2H), 4.55 (dd, [ = 5.90, .08 Hz, 1H), 4.45—
441 (m, TH), 4.40 (dd, J = 675, 8.82 He, 1H), 433 (dd, J= 679,
Q.44 He, 1H), 424 —4.12 (m, 1H), 404 (d, ] =941 Hz, 1H), 4.02—
395 (m, 1H), 374=3.6 2(m, ZH), 3.55-3.48 (m, 1H), 343340
(m, 1H), 321=3.16 (m, 1H), 3.17=308 (m, IH), 295 (d, J = &1
He, 1H), 287 (d, [ =475 Hy, 1H), 275 (s, 1H), 264262 (m, 1H),
261 —258 (m, 1H), 245 (d, [ = 4.88 Hz, 1H), 222 (d, [ = 720 Hz,
IH), 214198 (m, 1H), 195 (1, [ = 742 Hz, IH), LB4-L75 (m,
LH), 165 (d, J = 556 He, 1H), L54— 145 (m, 1H), 144—1.42 (m,
IH], 1.35-125 (m, 2H), 125 (d = 471 Hz, I1H), L15-0.98 (m,
F2H), 093 —0U87 (m, 9H), 0.78 (d,] =6.63 He, 3H), 074 (d, J= 678
Hz, 3H), 065-0.62 (m, 3H), 0.54 (d J = 6.59 He, 3H), 051 (4, =
674 Hz, 3H). ""C NMR (150 MHz, DMSO-d.): & (ppm) 1721,
171.4, 1713, 1708, 170.6, 170.5, 1704, 1704, 170.2, 170.1, 169.9,
1516, 1360, 1361, 1341, 1336 1204, 1272, 1272, 127.1, 1270,
1241, 1240, 1237, 1236, 1202, 1207, 1206, 1187, 1186, 1185,
LIS L, 1179, 1178, 1177, 117.2, 1102, 1100, 110.1, 109.8, 1096,
W09.6, 763, TE3, 46 T45, 745, TR, TLL, TLI, 720, 685, 653,
653, 64.7, 3.7, 603, 60.3, 603, 573, 573, 570, 367, 54.5, 537,
535, 531, 528 517, 517, 458, 301, 382, 378, 374, 347, 344,
346, 325, 313, 308 MU, 297, 296, 289, 287, 17E 272, 267,
258, 220, 204, 202, 1905, 192, 191, 187, 185, 182, 180, 178,
176, 172, 17.1, 15.0, 139, 138, 120 HRMS m/z: 8544633 [M +
HJ". HPLC purity 97.7%, t, = 16.1/16.4 min

A* [pPrato-TrpflHugdunin (52). Yield: 232 mg (79%). 'H
NME (600 MHz, DMSO-d,): & (ppm) 1098 (s, 1H), 1093 (5, 1H),
1088 (5 1H), B.55—842 (m, 1H), £.35 (d, J= 851 Hz, 1H), 835 (4,
J=854Hz IH), 831 (d, [=9.47 Hz, 1H), 822 (d, J = 856 Hz, LH),
814 (d,J=825Hz, 1H), 8.12 (d, ] =9.24 Hz, 1H), 804 (d, ] = 9.50
Hz, 1H), 7.95 (d, [ = 940 Hz, 1H), 787 (4, ] = 787 Hz, 1H), 765
(d, J=7.87 He, 1H), 754 (d, ] = 7.93 Hz, IH), 737-7.29 (m, 1H),
723 (d, J= 038 He, 1H), 7.18 (d, [ =6.02 He, 1H), 7.15 (d, ] = 730
Hz, 1H), 7.08 (d, J = 757 Hz, 1H), 695 (d, ] = 6.87 Hz, 1H), 485
(d J= 842 Hz, IH), 475 (dd, [ = 514, 991 Hz, 1H), 4.65 (d, [ =
7.73 Hz, 1H), 4.55-442 (m, 1H), 425 (dd, ] = 6,57, 934 Hg, 1H),
4210, J= 874 Hz, 1H), 412 (d, ] = 960 Hz, 1H), 3.95 (4, ] = 585
Hz, 1H), 385 (t ] = 732 Hz, 1H), 3.82-375 (m, 1H), 3.25-318
(o, TH), 215=3.07 (m, 1TH), 296 (dd, J= 406, 999 He, 1H), 2.95—
286 (m, 1H), 286 (1, ] = 464 He, 1H), 278 (t, ] = 261 Hz, 1H),
265255 (m, IH), 2.46—238 (m, 1H), 225 (dd, J = 3568 7.26 Ha,
IH), 205 (d, J = 565 Hz, 1H), 190 (s, 1H), 185 (4 J = 7.13 Ha,
IH), 175 (d, J = 723 Hz, IH), L67 (dd, J = 652, 931 Hz, 1H),
L54=1.47 (m, 1H), LIS=L0& (m, 2H), 096 (d, ] = 6.63 Hz, 3H),
0.85 (d, J = 672 Hz, 3H), 0.83 (5, 3H), 078 (d, J = 672 Hz, 3H),
0L65 (d, J= 6.86 He, 3H), 0.61 (d, ] =6.74 He, 3H), 055 (d, ] = 675
Hz, 3H), 053 (d J= 677 Hz, 3H), 051 (d ] = 475 H, 3H). "'C
NMR (150 MHz, DMS0-d;): & (ppm) 1743, 1728, 1715, 1710,
1709, 170.8, 1703, 1700, 1700, 1697, 160.4, 160.0, 1361, 1360,
1360, 1206, 127.2, 1272, 1272, 1243, 1241, 1239, 1236, 1207,
1206, 119.0, 118.7, 1186, 1183, 1180, 1180, 117.9, 1178, 1111,
1111, 1100, 1098, 1098, 1007, 109.6, 805, BO5, TLT, 715, 713,
7140, T2, 64.8, 638, 601, 595, 573, 572, 5T.0, 569, 547, 511,
520, 524, 515, 523, 512, 404, 382, 370, 351, 306, 319, 313,
311, 307, 300, 297, 205, 291, 287, 284, 281, 277, 2746, 266,
266, 250, 11, 216, 205, 198, 196, 19.1, 19.0, 188, 188, 181,
179, 17.7, 152, 14.0, 12.1. HRMS m/z: 8524225 [M + H]". HPLC
purity 98.%%, £ = 159 min

A4,6-o-Pro*-o-TrpSHugdunin (53). Yield: 170 mg (58%). '"H
NME (700 MHz, DMS0-d,): & (ppm) 1107 (s 1H), 10.96 (d, J=
225 Hz, IH), 885 (d, J= 841 Hz, 1H), 862 (d, ] = 838 Hz, 1H),
B.60 (d, = 8.37 He, 1H), 843 (d ] = 8.61 Hz, 1H), 838 (d, ] = 700
Hz, 1H), £33 (d J = 707 He, 1H), 806 (d, [ = 938 Hg, 1H), 795
(d J =820 Hz, 1H), T84 (d, J=9.21 Hz, IH), 7.76 (d, ] = 946 Hz,
1H), 7.71 (4, J = 9.50 Hz, 1H), 770-7.65 (m, 1H), 7.63 (4, ] = 838
Hz, 1H), 7.55 (d, J = 794 Hz, 1H), 752 (d, J = 794 Hz, 1H), 751
(d]=792Hz IH), 747 (d, J=930 Hz, IH), 734 (d. ] = 801 Hz,
2H), 732=727 (m, 2H), 725 (d, = 751 Hg, 1H), 7.17 (d, ] = 7.75
Hez, 1H), 7.15 (4, ] = 627 He, 1H), 7.13 (4, J= 7.33 He, 1H), 7.11—
697 (m, 4H), 5.18 (5, 1H), 497 —4.94 (m, 1H), 4.85—4.83 (m, 1H),
478 (d, J= 250 He, 1H), 4.74 (d, ] =247 He, 1H), 471 (d, J = 7.12
Hz, 1H), 467—4.64 (m, 1H), 462 (s, 1H), 458 (t, ] = 1000 He,
IH), 437434 (m, 2H), 427423 (m,1H), 412-4.05 (m, 2H),
4407 (d, [ = 895 Hz, IH), 398 (4, ] =737 Hz, IH), 3.88 (d, ] = 817
Hz, 1H), 3.77 (d, ] = 904 Hz, 1H), 374 (dd, ] = 628, 947 Hz, 1H),
158=356 (my 1H), 344=342 (m, 1H), 337 (s 1H), 325 (s, 1H),
325 (d, J= 522 He, 1H), 3.19 (d ] =6.66 Hz, 1H), 317 (4, ] = 656
Hz, IH), .14 (d, ] = 625 Hg, 1H), 307 (4, ] = 3.1 He, 1H), 3.05 (s
IH), 103 (5, IH), 301 (t, J= 3.40 Hz, 1H), 298 (5, 1H), 295 (4, ] =
4.31 He, 1H), 294 (5, 1H), 292 (d, J = 458 Hz, 1H), 290 (4, ] =
5.55 Hz, 1H), 288 (s, 1H), 261 (d, J = 584 He, 1H), 258 (d, [ =
4.03 Hz, 1H), 247 (t, J = 3.90 Hz, 1H), 224=2.21 (m, 1H), 2.06 (4,
J=3.15 He, IH), 1.98 (dd, J= 6.89, 9.69 Hz, 2H), 187 (dd, J = 6.07,
998 He, IH), 175 (d, J= 532 Hz, 1H), 1.57 (d,] = 591 Hz, 1H),
L55— 147 (m, 1H), 1.24 (s, 3H), 116 (5 1H), LOB=1.05 (m, 6H),
L03 (d, = 7.20 Hz, 6H), 0.98-092 (m, 3H), 090 —(L85 (m, 9H),
082 (d, J = 674 Hz, 3H), 078 (d ] = 6.77 He, 3H), 0.72 (g 3H),
070 (d, J= 673 He, 6H), 066 (d, ] =6.71 Hz, 6H), 064 (d, ] = 683
Hz, 3H), 061 (d, [ = 689 Hz, 3H), 058 (d, ] = 6.78 He, 3H) "'C
NMR (175 MHz, DMSO0-d;): § (ppm) 17019, 1707, 1715, 1713,
1712, 170.6, 170.4, 1702, 1701, 1699, 164.6, 1519, 1387, 1361,
1360, 1346, 1205, 1281, 1272, 1270, 1264, 124.3, 1234, 1213,
1209, 12007, 1164, 1180, 1104, 1111, 1097, 1095, 1089, 723,
711, 717, 6O.8, 686, 65.1, 641, 603, 602, 593, 576, 574, 569,
550, 533, 530, 519, 506, 468, 46.4, 427, 424, 420, 40.4, 368,

v o ekl g O D02 1 o ool O 02 70
A Ml Chasos, 300, &4, 40344058



Chapter 6: Appendix

Journal of Medicinal Chemistry

pubs.acs. org jmc Article

311, 313, 312, 305, 304, 297, 205, 202, 200, 288, 284, 272,
2318, 221, 203, 198, 196, 194, 190, 177, 15.1, 12.1. HRMS m/=:
B54.4400 [M + H|". HPLC pusdty 984%, £ = 16.2/164 min.

A% [p-Met*-o-Trp®dugdunin (54). Tield: 165 mg (35%). 'H
NMR (600 MHz, DMSO-d.): § (ppm) 1098—10.76 (m, 1H), 855
(d, ] = 819 Hz, 1H), 852 (4 [= 856 Hz, IH), 835-827 (m, IH),
825 (d, ] =7.64 He, 1H), 822 (d =935 Hz, IH), 815 (d, =874
Hz, IH), 7T98=795 (m, IH), 788 (d, ] = 941 Hz, 1H), 784-778
(m, 1H), 764 (d, J=7.52 Hz, 1H), 7.61 (d, ] = 941 Hz, 1H), T57—
754 (m, 1H), 739-7.35 (m, 1H), 724 (d, ] = 743 He, IH), T22—
717 (my, TH), 7.15—698 (m, 2H), 5.18 (s, 1H), 4.97 (d, [ = 8.05 Hz,
IH), 479 —4.75 (m, IH), 467 (d ] = 5.93, 9.17 Hz, 1H), 467 (d,]=
551 Hz, IH), 4.58—449 (m, 1H), 4.47 (s, 1H), 437 (dd, J = 686,
936 Hz, 1H), 427—425 (m, 1H), 417 (d, J = 566 Hz, 1H), 4.15 (d,
J = 930 He, I1H), 408—4.02 (m, 1H), 187=3.75 (m, 1H), 372 (s,
IH), 368 (t, [ = 486 Hz, 1H), 3.45 (i, J= 533 Hz, IH), 3.45—341
(my, 1H), 3.38 (5, IH), 328-3.16 (m, 1H), 3.15 (d, J= 603 Hz, 1H),
312308 (m, 1H), 205-2.92 (m, IH), 291 (g IH), 290288 (m,
IH), 285 (5 IH), 282 (5, 1H), 275 (d, [ = 496 Hz, 1H), 272 (5,
IH), 265-2.62 (m, 1H), 255 (s, 1H), 2.53 (s, 1H), 244 (s 1H),
240 (4, J = 4.34 Ha, 1H), 220 (d, J = 529 Hg, 1H), 223 (5, 1H),
221 (d, J = 4.13 He, 1H), 2.20 (d, ] = 484 Hz, 1H), 217 (s, 1H),
212 (d, ] = 3.16 He, 1H), 2.06 (d, J = 4.97 Hz, 1H), LEE— 176 (m,
IH}, 1.73-1.68 (m, 1H), 162 (d ] = 517 Hz, 1HJ, 1.55 (d, J= 450
Hz, IH), 1.51-147 (m, IH), 142 (d, ] = 491 Hz, 1H), 1 40-129
(my, 2H), 108 (s, 2H), 105 (d, J = 704 Hz, 3H), 097089 (m,
12H), 0.86 (d, J = 611 Hz, 3H), 0.82 (g 3H), 078 (d, J= 661 Hz,
3H),0.74 (d, [ = 662 Hz, 3H), 065 (d, | = 6.68 He, 3H), 0.62 (4, J=
647 He, 3H), 059 (d, J = 6.73 Hz, 3H), 055 (d, J = 6.79 He, 3H).
BC NMR | 150 MHz, DMSO-4,): 6 (ppm) 1721, 1715, 1713, 17LL,
170.7, 1706, 1701, 1609, 166.9, 1361, 1361, 1360, 131.7, 1315,
128.6, 1272, 1272, 1271, 1269, 1240, 1217, 1207, 120.6, 1187,
118.5, 116.1, 1179, 1112, 1101, 1101, 109.8, 1096, 1095, 723,
TLL, TLO, 405, GR B, 685, 678, 652, 618 603, 602, 574, 573,
570, 567, 552, 545, 537, 534, 518, 517, 375, 364, 330, 125,
ILE, 306, 203, 287, 257, 220, 203, 195, 193, 191, 187, 1835,
182, 17.8 152, 151, 146 143, 141, 138 120 HBMS m/z
B88.4259 [M + H]*. HPLC pusdty 94.8%, L = 16.3/168 min.

A%, [o-Phe*o-Trp°Flugdunin (55). Yield: 195 mg (63%). 'H
NMR (600 MHz, DMSO-d; ): § (ppm) 10.87 (d, J = 247 Hz, 1H),
10.85 (d, J = 243 Hz, 1H), 1084 (d = 237 Hg, 1H), 1079 (d, ] =
238 Hz, IH), 856 (1, ] = 7.50 Hz, 2H), 838 (4, J = 753 Ha, 1H),
826 (d, [ =8.T2 Hz, IH), 824 (4, [=9.59 Hz, 1H), 8.16 (d, [ = 8.69
He, 1H), 813 (1, ] = 961 Hz, 2H), 7.99 (1, J= 899 He, 2H), 7.76—
767 (m, 3H), T59-7.57 (m, 1H), 739 (d, ] = 793 He, IH), 737
735 (m, 3H), 7.39 (4 J = 708 Hz, 1H), 727 (4, J = 7.30 Hz, 1H),
724 (g, [ = 7.58 Hz, 3H), 7.18 (d, J = 7.13 Hz, 2H), 7.15 (s, 1H),
714 (d [ =740 He, 1H), 7.13 (d J= 745 Hz, 1H), 7.12 (d, [= 709
Hz, 1H), 7.06 (d, J= 7.00 Hz, 2H), 705 (d, ] = 708 Hz, 1H), T.04—
702 (m, LH), 7.01 (d, J = 767 Hz, 1H), 700 (d, J = 7.04 Hz, 1H),
698 (d, J =7.02 He, 1H), 6.96 (d, J= 7.00 Hz, 1H), 4.99 (d, J= 630
Hz, 1H), 488—4.77 (m, 2H), 476 (s, 1H), 475468 (m, 1H), 465
(s, LH), 464 (d, ] = 1.70 Hz, 1H), 4.62 (d, J= 468 Hz, 1H), 4.61—
458 (m, LH), 4.37-435 (m, 1H), 428 (d, J= 947 Hz, 1H), 424 (s,
IH), 4.15=4.13 (m, 1H), 4.12—4.06 (m, 1H), 394 (d, ] = 736 Hz,
IH), 387=3.77 (m, 2H), 376 (dd [ = 247, 930 He, 1H), 345 (4 ]
= 540 Hz, LH), 3.44=343 (m, 1H), 326 (d, [=4.71 Ha, 1H), 3.24—
323 (m, 1H), 324 (5 1H), 315 (d, ] = 327 Hz, 1H), 113 (5, 1H),
112 (d J=6.03 He, IH), 311 (d, J= 593 Hz, IH), 296 (d, J= 267
Hz, 1H), 295-293 (m, 1H), 292200 (m, 1H), 288 (d, [ = 178
Hz, 2H), 286 (d, = 875 Hg, 1H), 275274 (m, 1H), 268 (s, 1H),
165-2.63 (m, 3H), 262-255 (m, 1H), 253 (4, J = 123 Hz, 1H),
249246 (m, IH), 2.14 (s, 1H), 212 (s 1H), 200 (d, ] = 7.13, H,
IH), L&& (d, J= .86 Ha, 1H), 185-168 (m, IH), 165 (4, J= 118
Hz, IH), 164—1.57 (m, 1H), 1.55 (d, ] = 660 Hz, 1H), 1.45-143
(my, 1H), 137=134 (m, 1H), 128 (5, 3H), 1.25 (s, 1H), L4 (d ] =
704 Hz, 6H), 087 (d, J = 6.68 Hz, 6H), 079 (d, J = 6.56 He, 3H),
067 0,58 (m, 12H ), 0.55 (d, ] = 670 He, 3H), 052 (d, J= 476 He,
6H), 047 (d, J= 666 He, 3H ). "C NMR (150 MHz, DMSO-d:): &
(ppm) 1702, 1714, 1712, 1710, 1708, 1707, 1705, 170.3, 1702,

1700, 1700, 160.8, 1646, 1379, 1376, 136.1, 1360, 1206, 1202,
1281, 127.7, 127.3, 1272, 1271, 1270, 1261, 126.0, 1243, 1241,
1237, 1236, 120.8, 1207, 1206, 1187, 1181, 118.0, 1179, 1112,
1100, 1110, 1102, 1098, 1097, 723, 723, 710, 66.9, 653, 614,
604, 603, 60.2, 573, 572, 572, 56.6, 554, 54.6, 537, 515, 510,
517, 527, 40.4, 347, 326, 313, 311, 307, 300, 299, 290, 288,
287, 274, 273, 267, 211, 204, 196, 193, 19.0, 189, 187, 188,
182, 179, 177, 150, 14.0, 139, 12.1. HEMS m/= 2044514 [M +
H]*. HPLC pusity 98.4%, £ = 16.4/16.9 min.

A* o Trp*o-Trp*Hugdunin (S6). Yield: 164 mg (50%). 'H
MMR (600 MHz, DMSO-d.): § (ppm) 1087 (d, [ = 2.64 Ha, 1H),
10.83 (d, J =225 Hz, 1H), 10.72 (d, = 2.36 Hz, 1| H}, B.64—858 (m,
IH), £.56 (d, J= 845 He, 1H), 848 (d, J=733 Hg, 1H), 829 (d ] =
£.98 Hz, I1H), £17 (d, J = 8.70 Hz, 1H), 8.16-8.05 (m, 1H), 798 (d,
J =749 He, 1H), 776 (d J= 796 Hz, IH), 7.75-764 (m, 1H),
T.57=755 (m, 2H), 7 46—729 (m, TH), 717 (dd, J = 231, 544 Ha,
IH), 7.15 (d, J= 235 Hz, 1H), 704 (d, J = 9.61 Hz, 3H), 7.02-695
(m, 2H), 497 (dd, =622, 851 Hz, IH), 4.75 (d, ] = 240 Hz, 1H),
4.74 (d, J =243 Hz, 1H), 473-471 (m, 1H), 463 (d, [ = 7.22 Hz,
1H), 460 (s, LH), 4.69—4.65 (m, 1H), 465457 (m, 1H), 4.47—
439 (m, 1H), 426425 (m, 1H), $.16-413 (m, 1H), 4 12-4.06
(o, LH), 404 (d, ] = 5.85 Hz, I1H), 3.84—377 (m, 2H), 3.75 (4, ] =
225 Hz, 1H), 354 (s, IH), 247 (d, J = 491 Hz, 1H), 3.44—342 (m,
IH), 336 (s, 1H), 33 (d J= 422 Hz, 1H), 324-3.16 (m, 1H),
313 (d J =614 Hy, IH), 305 (4 ] = 7.84 Hz, 1H), J06-2.96 (m,
IH), 294 (d, J = 4.50 Hz, 1H), 292 (s, 1H), 290 (d, J = 294 Hz,
IH}), 290-287 (m, IH}, 285 (d, | = 536 Hz, 1H), L77-274 (m,
IH), 2.73 (s, IH), 269 (s, 1H), 266 (5 IH), 265-258 (m, 3H),
246-239 (m, 1H), 217 (s, 1H), 208=2.05 (m, 1H), 1 99— 187 (m,
IH), 1.88— 166 (m, 3H), 165 (s, I1H), 1L64—1.58 (m, 1H), 1.56 (dd,
T =375 683 Hz, 1H), 148-1.45 (m, 1H), L38—135 (m, 1H), 118
(d J=236 Hz, IH), 106 (d, J= 695 Hz, 12H), 0.99-0.96 (m, 3H),
0.95—088 (m, 6H), 077 (d J= 662 Hz, 3H), 065 (d, ] = 672 He,
IH), 064—058 (m, 12H), 0.56 (d [ = 6.80 Hz, 3H), 045 (d =672
Hz, 3H)L "'C NMR (150 MHz, DMSO-d,): & (ppm) 1722, 1718,
1713, 1712, 17010, 1710, 1707, 1706, 1705, 170.1, 1700, 1697,
1646, 1361, 1360, 1359, 1274, 1273, 1272, 127.1, 1269, 1243,
1241, 1238, 1237, 1208, 1207, 1207, 1206, 1189, 1187, 1141,
1161, 1180, 1180, 1113, 1102, 1111, 1110, 1110, 1102, 1101,
1098, 1097, 1096, T23, 723, TLO, 654, 617, 605, 603, 6002, 574,
572, 566, 548 545, 540, 533, 53.0, 528 516, 427, 376, 347,
326, 313, 311, 307, 300, 209, 29.8, 204, 287, 286, 282, 277,
2170, 266, 6.6, 251, 221, 204, 196, 196, 19.4, 190, 188, 187,
18.6, 183, 181, 17.6, 150, 140, 139, 121, HRMS m/z: 9434515 [M
=+ HJ". HP‘LCP::JTF 96.2%, ¢ = 162 min.

A*S[ACPC o-TrpfHlugdunin (57). Yield: 207 mg (72%). 'H
MMR (600 MHz, DMS0-d.): § (ppm) 1107 (s 1H), 1097 (d, =
238 He, 1H), 1096—10.88 (m, 1H), 1084—1081 (m, IH), 854 (s
IH ), £.85 (d, J= 845 He, 1H), 867 (d J= 738 Hy, 1H), 865 (d =
7.39 H, 1H), 863 (s, 1H), 8.60 (d, J = 7.41 Hz, 1H), 848 (s, LH),
£.25 (d, = 6.60 He, 1H), 7.87 (d, ] =9.43 He, 1H), 766 (d.J = 7.13
Hz, 1H), 758=754 (m, 1H), 747-730 (m, 1H), 727 (d, J = 750
Hz, 2H), 724 (d, J= 744 Hz, 2H), 7.17 (d, [ = 249 Hz, 1H), 7.15 (s
IH), 7.14 (s, 1H), 7.12 (d, J = 740 Hz, 1H), 707 (d, J = 7.20 Hs,
IH), 7.05=702 (m, 1H), T01—6.98 (m, 2H), 4.86 (d, J = 2.30 Hy,
IH), 4.75 (d, J= 231 He, 1H), 467 (4 [ =576 Hz, 1H), 468 (] =
549 Hz, 1H), 459-448 (m, 2H), 446—-443 (m, 1H), 4.27-4.17
(m, 2H), 4.1 3=3.96 (m, 1H), 39338 (m, 1H), 3.88-375 (m, 1H),
373 (d, ] = 406 He, 1H), 3.46-343 (m, 1H), 342340 (m, 1 H),
320 (d, J = 455 Ha, 1H), 327325 (m, 3H), 324323 (m, |H),
322 (d J=7.11 Hz, 1H), 3.19 (4 | = 678 Hz, 1H}, 317-3.15 (m,
IH), 307-3.05 (m, 2H), 290286 (m, 1H), 284—277 (m, 1H),
275 (t, J= 6.30 Hz, IH), 246 (1, J = 979 Hz, 1H), 214-208 (m,
IH}, 195187 (s, IH), L85 (d = 7.10 Hz, 1H), 127- 114 (m,
IH), L13—1.12 (m, 2H), LI0=L06 (m, 9H), LO4—102 (m, 9H),
LOD (d [ =672 He, 6H), 098 (d, ] = 672 Hz, 3H), 086067 (m,
12H), 0.58 (d, J = 6.80 Hz, 3H). C NMR (150 MHz, DMSO-d.): &
(ppm) 1729, 1723, 1723, 1709, 1716, 1716, 1713, 170.9, 1709,
1518 1361, 1360, 1360, 1359, 1204, 1273, 127.1, 1270, 1270,
1239, 1236, 1203, 1208, 1207, 1206, 1185, 1184, 1181, 1181,
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LIE0, 1102, 1101, 1100, 1098, 109.7, T6.3, 763, 745, TL1, TLS,
TOE, 69.7, 665, 669, 66.5, 653, 6512, 649, 64.7, 506, 50.4, 584,
7T, 560, 550, 547, 536, 532, 309, 308, 307, 305, 304, 302,
390, 382, 369, 340, 3.0, 322, 320, 313, 310, 2906, 286, 278,
265, 264, 264, 262, 25,8, 203, 198, 194, 195, 191, 186, 184,
178, 172, 169, 166, 163, 157, 120, HEMS m/z: 8404475 [M +
H]*. HPLC purity 96.9%, f, = 15.8/16.8 min

AT [p-allo-lle®-L-Ala-3{9-Anth)*-o-TrpSFlugdunin  (58).
Yield: 232 mg (71%). '"H NMR (600 MHz, DMSO-d.): § (ppm)
1076 (s, 1H), 1073 (d, ] = 243 He, 1H), 873 (d, ] = £96 He, 1H),
854 (d J=9.01 Hg, 1H), 850 (s, 2H), .45 (d, [ = £88 Hz, 1H),
39 (d, ] =581 He, 1H), 826 (d = 844 He, 1H), 819 (d, J= 781
Hz, IH), 813 (d, = 9.41 Hz, 1H), 811-8.01 (m, 2H), 797 (1, ] =
£E1 He, 1H), 766 (d, [ = £.81 He, 1H), 779 (d, J = 9.32 Hz, 1H),
76T (d, [ =7.96 He, IH), 764 (1, ] = 853 He, 1H), 7.61-7 44 (m,
IH}, 7.33-7.25 (m, 2H), 7.23 (d, [ = 237 Hz, 1H), 7.13 (d [=235
Hz, 1H), 707699 (m, 2H), £97—689 (m, 1H), 494 (d [ = 7.84
Hz, 1H), 4.82 (d, J= 9.14 Hz, 1H), 4.78 (d, ] = 394 Hz, 1H), 476
(d, J = 4.18 Hz, 1H), 471 (4, J= 255 Hz, 1H), 470=4.66 (m, 1H),
466 (s, ITH), 464—4 58 (m, 1H), 4.54 (1, J = 546 Hz, 1H), 4.51—
445 (m, TH), 4.43 (5 1H), 441440 (m, 1H), 4.32=425 (m, 1H),
424421 (m, 1H), 421 (s, 1H), 419(d =336 Hz, IH), 417 (d, ]
= 196 Hz, 1H), 4.15 (s IH), 4.08 (d J= 5.12 Hz, 1H), 406 (d,] =
133 Ha, 1H), 404 (d, = 926 Hz, 1H), 198-3.94 (m, 1H), 393 (d,
I = 697 Hz, 1H), 3.83 (s, 1H), 3.81-377 (m, LH), 376 (s, 1H),
375372 (m, LH), 3.71- 369 (m, 1H), 3.68-362 (m, 2H), 3.60 (d,
J =600 Ha, 1H), 3.59 (s LH), 3.45 (s, 1H), 342 (t,] = 529 Hz, 1H),
341 =3.36 (m, LH), 326-324 (m, 1H), 323-320 (m, 1H), 317 (d,
J= 499 Hz, 1H), 308 (d, [ = 565 Hz, 2H), 102-2 83 (m, 1H), 269
(s, IH), 261 (4 J = 369 Hz, 1H), 241235 (m, 1H), 2.09-204
(m, 1H), 204 (s, 1H), 203=199 (m, 1H), L98 (s, 1H), 1 96100
(my, TH), L45 (d, J=7.57 He, 2H), 133128 (m, 1H), 126 (d,] =
666 Hz, 1H), 1.24 (d, ] = 6.89 Hz, 1H), 120 (t, [ = 737 Hg, 1H),
L17 (5, 1H), 1.09—106 (m, 2H), 105 (g 9H), LO4—1.03 (m, 12H),
103 (5 3H], 103 (s, 3H), 1.02 (s, 6H), 101 (s 3H), 085 (d,J= 672
Hz, 3H), 074 (4, [ = 662 Hz, 3H), 0.69 (5, 3H), 0.67-0.61 (m, 3IH),
0.59 (d, ] =6.83 He, 3H), 055 (d J= 605 Hz, 3H), 0L53 (4, [ = 680
Hz, 3H), 0.47 (d, [ = 75 Hz, 3H). “C NMR (150 MHz, DMSO-
dg): & (ppm) 172.1, 1716, 1715, 17L1, 1711, 1707, 1707, 1702,
1700, 1699, 169.8, 1698, 167.7, 1579, 1571, 1360, 1310, 1303,
13002, 1298, 1292, 1288, 128.8 1272, 1272, 1264, 1257, 1249,
124.8, 124.0, 1238, 12006, 1179, 1100, 109.8, 1097, 1051, 989,
T3, TEY, T46, T45, T45, TLI, TLL, 695, 688, 673, 67.2, 669,
653, 652, 647, 638, 63.8, 616, 602, 5398 575, 572 547, 559,
553, 547, 54.5, 537, 535, 518, 523 509, 485, 182, 379, 376,
368, 347, 325 307, 20.6, 205, 272, 251, 240, 23.8, 228 225,
221,220, 204, 202, 19.6, 195, 191, 190, 184, 178, 17.6, 173,
172, 172, 169, 15.2, 150, 142, 112 HRMS m/z: 9455043 [M +
H]". HPLC purity 96.5%, f, = 19.1/19.6 min

AR Val o-Val*u-Leu®-o-Trp®|lugdunin (59). Yield: 19.8
meg (73%). "H NMR (700 MHz, DMSO-d.): & (ppm) 1077 (4 ] =
121 He, 1H), 836 (d, ] = 6.00 He, 1H), 828 (d, J = 7.76 Hz, 1H),
818 (d, [ =940 He, IH), 812 (d, [= 862 Hz, 1H), 8.05 (d, [= 893
Hz, 1H), 799 (d, J= 871 Hz, 1H), 7.94 (d, ] = £56 Hz, 1H), 786
(d, ] =963 He, 1H), 7.84 (d J= 978 He, 1H), 7.70-7 67 (m, 1H),
765 (d, J =7.90 He, 1H), 760 (d, J= 949 H, 1H), 7.51 (d,J= 812
Hz, IH), 728 (d, J= 816 He, 1H), 7.23 (d,] = 737 Hz, 1H), 7.12
(d, J = 7.40 Hz, 1H), 705-7.03 (m, 1H), 703-701 (m, 1H), 695
(d, J=7.88 Hz, 1H), 4.77 (d ] = 503 Hz, LH), 474 (d, J= 267 Ha,
IH), 472 (d, J = 2.68 He, 1H), 4.63 (d, ] = 897 Hz, 1H), 4.60-4.54
(mm, 1H), 4.50—4.46 (m, 1H), 4.46 (d, J= 1.33 Hz, 1H), 445 (5, 1H),
4365433 (m, 1H), 4.32 (g 1H), 430 (s, 1H), 426 (dd, J = 524,
£18 Hz, 1H), 422 (dd, J = 7.11 He, 1H), 4.16 (s, 1H), 4.06 (d, J =
.34 Ha, 1H), 404403 (m, 1H), 402 (d, J = 4.62 Hz, 1H), 399 (d,
T= 734 He, IH), 3.76=374 (m, 1H), 373 (d, J = 452 Ha, 1H),
173370 (m, VH), 3.69 (s, 1H), 361 (d J =395 Hz, 1H), 345 (L]
= 500 Hz, 1H), 341 (d, ] = 455 Hz, 1H), 319316 (m, 1H), 312
(s, IH), 3.11=3.00 (m, 1H), 3.08 (5, 1H), 3.08—3.06 (m, 1H), 3.06—
304 (e, LH), 3.00-294 (m, 1H), 200 (s, IH), 280 (d, J= 522 He,
IH), 287 (d, J = 4.30 He, 1H), 286 (d, J = 471 Hz, 1H), 284 (s,

IH), 282 (s, IH), 281 (s, 1H), 265 (d, =767 Hg IH), 258 (1. ] =
971 He, 1H), 252251 (m, 1H), 249 (s, 1H), 247 (s, IH), 2.41-
239 (m, 1H), 213 (d J = 4.45 Hz, 1H), 206 (4, ] = 887 Hz, 1H),
104 (d, J= 660 He, 1H), 200 (s, 1H), 199 (d J = 3.47 He, 1H),
L98 (d, J=258 Hz, 1H), 197 (d, ] =257 Hz, IH), 196 (d ] =259
Hz, 1H), 195 (d, ] = 286 Hz, 1H), L9%4— 189 (m, 1H), 1.89 (4,7 =
3.94 He, 1H), 188 (d, J = 218 Hz, 1H), LET—1.86 (m, 2H), L85 (5
1H), L85 (d, = 193 He, 1H), 184 (d, J= 215 He, 1H), 183 (d. T =
2.39 Hz, 1H), 182 (s, 1H), L51 (d, J = 662 He, IH), 133137 (m,
IH), 1.23 (d, ] = 4.20 Hz, 1H), 121-1.16 (m, 1H), L15— 112 (m,
IH), 1.09—1.04 (m, 6H), 1.04—0.99 (m, 9H), 0.96 (d, | = 6.68 Hz,
3H), 0.91 (d, = 674 He, 3H), 088 (d J= 653 He, 3H), 087 (4. =
6,65 He, 3H), 0,85 (d, ] = 6.79 Hz, 3H), 0.84 (s, 3H), 083 (5, 3H),
0.81 (5, 3H), 0.78 (d, J= 6.72 Hz, 3H), 0.76—0.74 (m, 3H), 0.73 (4 ]
= 7.57 Hz, 3H), 0.72 (d, J= 674 Hz, 3H), 0.71-069 (m, 3H), 068
(d J =696 He, 3H). "C NMR (175 MHz, DMSO-dy): § (ppm)
1720, 1718, 17L&, 1715, 170.8, 1706, 1704, 170.2, 170.1, 1700,
1700, 1360, 1359, 1273, 1273, 1240, 1238, 1206, 1187, 1186,
1180, 1179, 1110, 1098, 1097, T3, 710, 669, 65.2, 617, 59.5,
59.1, 576, 57.4, 573, 573, 570, 54.5 537, 531, 501, 412, 409,
404, 400, 37.9, 373, 326, 313, 307, 306, 2908, 295, 293, 291,
170, 240, 239, 228, 228, 218, 116, 205 19.6, 195, 193, 192,
19.1, 19.0, 190, 19.0, 189, 18.4, 183, 18.1, 17.8, 17.0, 15.2. HRMS
m/z: TEIA4583 [M = H]" HPLC purity 96.5%, , = 167/174 min

Minimum Inhibitory Concentration (MIC) Assay. Antibacte
rial activities and MIC values of 4 and its amalogues ( 10-59) were
determined using a sedal dilntion method & previously described '
Therefore, a twolold serial dilotion in microtiter plates (stock
solutior: 10 mg mL™") with vadous concentrations of lugdunin and
its analogues im Muoeller Hinton broth (MHB) was prepared The
microtiter plates were inoculated with S aurews USAIO0 LAC from an
overmnight culture to a fina dersity of 1 % 10° colony forming units
(cfu) per mL. The nombited microtiter plates were incubated at 37
“C for 21 h under contimuous shaking at 160 mpo. The 0Dy of each
well was measured with a microtiter plate reader. The MIC value was
defined = the lowest concentration where 0Dy, < 01 (aw). The
tested MIC range was between 0195 and 100 pg mL™". Growth
control was 100% dimethyl sulfoxide (DMSO0) in a culture without
any additives. Positive controls were vancomydn (10 mg mL™" in
MillQ-H0, MIC: 078 pg mL™"), daptomydn (10 mg mL™" in
DMS0, MIC: 313-625 pg mL™ note: the wed MHBE mutdtion
medinm was not caldum-adjusted with CaCl,), and naturl isolated
lugdunin (10 mg mL™" in DMSO, MIC: 3.13 pg mL ™).
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catboxylic acid; AllylGly, allylglycine; Anth, anthracenyl; Bip,
biphenylalanine; CDI, 1,1'-carbonyldiimidazole; DBL,
%,34,6,789, 10-ocahydropyrimido[ 1,2-a |azepine; Dip, diphe-
nylalanine; DIPEA, N-ethyl-N-(propan-2-yljpropan-2-amine;
DMP, Dess—Martin periodinane; HATU, 1-[bis-
(dimethylamino)methylene]-1H-1,2,3-triazolo[ 4,5-b]-

pyridinium 3-oxide hexafluorophosphate; HOAt, 3-
hydroxytriazolo[4,5-b |pyridine; HOBt, benzotriazol-1-ol;
MHMPA, 3-methoxy-4-(hydroxymethyl) phenoxyacetic acid;
MIC, minimum inhibitory concentration; MOA, mechanism of
action; n-BuOH, n-butanol; NMM, 4+methylmorpholine; Mva,
norvaling; pBPA, 4-benzoyl-phenylalanine; Phy, phenylglycine;
Pra, propargylglycine; PyBOP, (benzotriazol-1-yloxy)-
tripyrrolidinophosphonium  hexafluorophosphate; Pyr, pyri-
dine; SPPS, solid-phase peptide synthesis; TFA, frifluorcacetic
acid; The, thiazolidine; Tic, 1,2,3,4-tetrahydroisogquinoline-3-
carboxylic acid; TIPS, triisopropylsilane; Tle, tert-leucine
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Development of fluorescent derivatives as tools to validate the in vivo

mode of action of the antibiotic lugdunin
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Abstract:

Lugdunin is a novel antimicrobial peptide with promising activity against a broad range
of Gram-positive bacteria. Here we report the synthesis and characterization of lugdu-
nin derivatives containing a pyrenylalanine as the fluorescent tag. These new fluores-
cent peptides display a wide range of antimicrobial activity against Staphylococcus
aureus. Pyrene-excimer detection in combination with insights into the pKa-values of
lugdunin, membrane vesicle assays as well as preliminary modelling calculations en-
abled a deeper understanding of the way lugdunin interacts with a bacterial cell. We
show the pKa-value of lugdunin to be at 3.60-3.83, highlighting the environmental sen-
sitivity of lugdunin. Membrane vesicle assays further demonstrate the sensitivity of lug-
dunin to its environment, and modelling calculation show the potential three-dimen-
sional structure of lugdunin. These novel fluorescent lugdunins promise to be powerful

tools to localize lugdunin in live cells and further investigate its mode of action.



Chapter 6: Appendix

Introduction:

The introduction of antibiotics into clinical use was arguably the greatest medical break-
through of the 20" centuryl'l. However, in 2014, the WHQ’s assistant director general
for health security stated that “a post-antibiotic era — in which common infections and
minor injuries can kill — far from being an apocalyptic fantasy, is instead a very real
possibility for the 215t century”. This is due to the decreasing amount of novel antibi-
otics and the emergence of resistant bacteria which are becoming one of the leading
public health threats of the 215t centuryl®l. As a result, it has been estimated that by
2050 antimicrobial resistance (AMR) could kill ten million people per year!*®l. The need
for novel antibiotics with a new mode-of-action (MOA) is thus one of the world’s most

pressing health issuesl®l. One of these novel antimicrobial compounds is lugdunin (I).

This new, thiazolidine containing cyclic peptide NH

is bactericidal against major gram-positive path- 2 0 4,_:)\0
ogens with low micro-molar activity against N'A<‘
methicillin-resistant  Staphylococcus aureus o 3 N H H \’éo
(MRSA) and vancomycin-resistant Enterococ- H

cus faecium (VRE).. Lugdunin is a cyclic hep- w\\“‘z NH /g..@..<
tapeptide and the product of a non-ribosomal HN

H
o) N 0
peptide synthetase (NRPS) with an unusual re- I 1 S>/$7/

ductase activity resulting in the formation of an

aldehyde and thus enabling the building of a thi- Z?:ﬁg%?g%gj’zcma/i?zt;u;? Zi%ﬂé’ﬁff;’”’” W
azolidine ringl’. We have previously carried out structure-activity-relationship (SAR)
studies®9l. First, a basic stereo scan was carried out, where each amino acid was
replaced by its analogue with a switched stereo-center at the side chain, thus demon-
strating that the alternating b-L-amino acid backbone is crucial to activityl®l. Afterwards,
an alanine scan was performed, where each amino acid was replaced by alanine in
order to investigate the effect of each side chain on the activity®l. We therefore identi-
fied 6-tryptophan-lugdunin as the only known derivative with a higher activity than nat-

ural lugdunint®l.

As previously shown, lugdunin is capable of equalizing pH gradients in artificial mem-
brane vesicles without disrupting the membrane integrity®. We therefore propose two

possible mechanisms by which lugdunin induces proton translocation: 1) lugdunin may
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function as a proton carrier. Considering the inactivity of N-methylated thiazolidine lug-
dunin, it is possible that the secondary amine of the thiazolidine binds to a proton,
traverses the membrane and then releases the proton on the other side of the mem-
brane, thus equalizing the membrane potential. Due to the steric hinderance of tertiary
residues (methyl or acetyl) the amine, although more basic than a secondary amine,
might not be able to absorb a proton. This scenario has been previously envisaged
and the postulated change in three-dimensional structure of lugdunin, whether proto-
nated or not, does support this theory. However, we have not yet been able to confirm
or reject the hypothesis of lugdunin as a proton carrier. In the second proposed mech-
anism multiple lugdunin molecules could form pore-like substructures within the mem-
brane. In this scenario, multiple lugdunin molecules would arrange themselves, via
intermolecular bonds, in such a three-dimensional structure that enables the translo-
cation of positively charged cations. This second model has previously been reported
by Ghadiri et al. for various other cyclic peptides that also had similar size and an
alternating stereo configuration('®-'"l, These compounds are able to participate in back-
bone-backbone intermolecular hydrogen bonding to produce a contiguous B-sheet
structure, which results in amino acid side chains lying on the outside of the structure

and display good ion transport properties!® 121,

We aimed at gaining detailed chemical knowledge of the MOA of lugdunin in order to
further optimize the structural elements of the peptide. We optimized the existing syn-
thesis strategy according to the desired peptides. Since fluorescence microscopy is
frequently used for MOA studies!'®'4, the compounds required a fluorescent label.
Here we report the synthesis of fluorescent derivatives of lugdunin and their character-
ization with respect to their physico-chemical properties and antibacterial activity.

Results and Discussion:

Chemical synthesis. The strategy behind the synthesis of these derivatives was a
sequential replacement of L-trp® and D-val® in natural lugdunin with pyrenylalanine as
the fluorescent tag. Furthermore, replacing D-val® with b-leu? was found to be beneficial
to antimicrobial activity. We utilized our previously published strategy for lugdunin syn-
thesis with pre-synthesized thiazolidine building blocks!®. When numbering amino ac-
ids, we always used natural lugdunin as reference with cysteine at position one, L-trp3

at position 3 and so onl], see Figure 1.
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For lugdunin derivatives with valine or trypto-
phan at position six, we also started at that po-
sition with commercially available, pre-loaded
resins. As previously shown!®9l, this starting po-
sition increased coupling conditions, as well as
the macrolactamization properties. For deriva-
tives with pyrenylalanine at position six, we
started on position four, due to the limited avail-
ability of pre-loaded resins. In contrast to condi-
tions previously published by Saur et al.l®/, the
pyrenylalanine coupling was carried out with
only a three times excess (compared to the
usual six times excess) due to financial and

availability aspects.

This resulted in a total of 13 peptides, shown in
table 1. As a result, 3-pyrenylalanine-lugdunin 1
was the first derivative, which also showed
promising bioactivity against MRSA at
25 ug*ml'  (12.5 yM). 2-leucine-3-pyrenylala-
nine-lugdunin 2 followed with a less potent ac-
tivity at 50 pg*ml' (50 uM), corresponding, how-
ever, to the activity of the derivative 2-leucine-
lugdunin. 3-pyrenylalanine-6-tryptophan-lugdu-
nin 3 also followed the trend of lugdunin,
whereas the 6-tryptophan-derivatives were gen-
erally more active than their 6-valine counter-
parts. This is demonstrated in 3 with an antimi-
crobial activity of 3.13 ug*ml*' (1.56 uM), the
same as natural lugdunin. 6-pyrenylalanine-lug-
dunin 4 is the counterpart to 3, in which the tryp-
tophan at position six and pyrenylalanine at po-
sition three have been interchanged. While this

change is not possible in 6-tryptophan-lugdunin
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Figure 38: Chemical structures of 1, 3, 11 and 12
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due to the identical amino acids at these positions, there is a noticeable change in
activity, as 4 is only active against MRSA at 50 ug*ml' (50 yuM). In contrast, 3-valine-
6-pyrenylalanine-lugdunin 5 is slightly more active at 25 ug*ml' (25 uM) even though
lugdunin derivatives with an additional tryptophan residue have mostly shown a higher
activity. 2-leucine-3-valine-6-pyrenylalanine-lugdunin 6 is less active than the previ-
ously mentioned 6-pyrenylalanine derivatives at 50 yg*ml-* (100 yM). 2-leucine-6-
pyrenylalanine-lugdunin 7 and 2-leucine-3-pyrenylalanine-6 tryptophan-lugdunin 8 are
also inactive (inactivity is hereby defined as an activity of more than 100 ug*mil-' (100
MM)). This highlights again the 2-leucine derivatives to be less suitable than their 2-
valine counterparts. 3-pyrenylalanine-6-pyrenylalanine-lugdunin 9 and 2-leucine-3-
pyrenylalanine-6-pyrenylalanine-lugdunin 10 are the only two lugdunin derivatives with
multiple pyrenylalanine moieties. Unfortunately, neither of these peptides showed ac-
tivity against MRSA with MIC values of more than 100 pug*ml*' (100 uM). 2-alanine-
3-pyrenylalanine-4-alanine-6-tryptophan-lugdunin 11 was designed to be the negative
control as previously all lugdunin-derivatives with an alanine-moiety in position 2 or 4
were inactive. Interestingly, 11 showed some, albeit low, activity at 50 ug*ml-* (50 uM),
suggesting that alanine-derivatization in lugdunin might need to be reconsidered in
combination with other amino acids. 2-propagylglycine-3 pyrenylalanine-6-tryptophan-
lugdunin 12 and 2-propagylglycine-3-pyrenylalanine-lugdunin 13 were designed to en-
able further reactions with the propagyl-residue, such as immobilization via click-chem-
istry or the addition of other click-fluorophores. These derivatives also show promising
antimicrobial activity towards MRSA with 12.5 ug*ml-! (12.5 uM) for 12 and 25 ug*ml-’'
(12.5 pM) for 13. Lugdunin 14 as well as 6-tryptophan-lugdunin 15 were also synthe-
sized as controls and exhibited the previously reported activities of 3.13 pyg*ml-"
(3.13 uM) and 1.56 ug*ml-' (1.56 uM), respectively®9l. After being synthesized, each
peptide was analyzed via 'H-, 3C- and 'H,"H-COSY-NMR, HR-ESI-MS with their re-
spective MS/MS-sequencing. Furthermore, their antimicrobial activity was analyzed
against methicillin-resistant Staphylococcus aureus, Bacillus subtilis, Bacillus mega-
terium and Escherichia coli at concentrations between 100 uyg*ml*! and 0.185 ug*ml-’
as well as from 100 uM to 0.185 pM (see supporting information). We defined antimi-
crobial activity as an ODeoo value of >0.1 in the liquid MIC assay. All peptides are listed
in Table 1 with their MICs in ug*ml-' and uM against MRSA and their respective amino
acids at position two, three, four and six as well as the numbers used for their individual

analysis.
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Table 3. Synthesized lugdunin analogues with their respective amino acids at posi-
tions two, three, four and six as well as their respective MIC values against methicillin-
resistant Staphylococcus aureus USA300 LAC tested with serial dilution from 10
mg*ml-' and 10 mM stock solutions in DMSO.

NF AAat |AAat | AAat | AAat Name N9 MIClal
" | Pos. 2 | Pos. 3 | Pos. 4 | Pos. 6 " | MICIP
[a]
1 D-Val | L-Pyr | D-Leu | D-Val | 3-Pyrenylalanine-lugdunin 2-52 fg 50
- ine-3- ine-lua- [a]
2 D-Leu | L-Pyr | D-Leu | D-Val 2-Leucine-3-pyrenylalanine-lug .55 50
dunin 50(b!
i ) ] ) 3-Pyrenylalanine-6-tryptophan- ) 3,13
3 D-Val | L-Pyr | D-Leu | D-Trp lugdunin 2-56 1 5601
50!e]
4 D-Val | L-Trp | D-Leu | D-Pyr | 6-Pyrenylalanine-lugdunin 15-7 500
Valine-6- ine- - [a]
5 D-Val |L-Val |D-Leu | D-Pyr 3.VaI|ne 6-pyrenylalanine-lugdu 15-9 25
nin 25(b]
- ine-3-valine-6- - [a]
6 D-Leu | L-Val |D-Leu | D-Pyr 2-Leucine-3-valine-6-pyrenylala .66 50
nine-lugdunin >100!
i ) ] ) 2-Leucine-6-pyrenylalanine-lug- ) 1008
7 D-Leu | L-Trp | D-Leu | D-Pyr dunin 2-67 1008
i ) ] ) 2-Leucine-3-pyrenylalanine- ) 1001l
8 D-Leu | L-Pyr | D-Leu | D-Trp 6-tryptophan-lugdunin 2-68 ~1000]
i ) ] ) 3-Pyrenylalanine-6-pyrenylala- ) >1008!
9 D-Val | L-Pyr | D-Leu | D-Pyr nine-lugdunin 2-69 >1000]
i ) ] ) 2-Leucine-3-pyrenylalanine- ) >1008!
10 | D-Leu | L-Pyr | D-Leu | D-Pyr 6-pyrenylalanine-lugdunin 270 >100L]
i ) ] ) 2-Alanine-3-pyrenylalanine-4-ala- | 50(e]
11 | D-Ala | LPyr | D-Ala | D-Trp | o e o ugdunin 271 | gom
i ] ] ] 2-Propagylglycine-3-pyrenylala- ] 12,50
12 | D-Pra | L-Pyr | D-Leu | D-Trp nine-6-tryptophan-lugdunin 2-72 12,50
- ine-3- - [a]
13 |D-Pra | L-Pyr | D-Leu | D-val |2:Propagyiglycine-3-pyrenylala- | , 74 | 25
nine-lugdunin 12,5[b
. 3,138
14 | D-Val |L-Trp | D-Leu | D-Val | Lugdunin 3,130
1,560l
15 | D-Val | L-Trp | D-Leu | D-Trp | 6-Tryptophan-lugdunin 1’ 560!

[a] MRSA USA300 LAC (MIC in mg*mL-"). [b] MRSA USA300 LAC (MIC in mM)
[c] Numbers used for each peptide in their respective analysis (e.g. HR-ESI-MS, NMR)

AA = amino acid, Ala = alanine, Leu = leucine, Trp = tryptophan, Pra = propargylglycine,

Pyr = 1-pyrenylalanine. All structures shown in figure 7 of the supporting information.
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pKa-Value. As the main aim of this study was to further explore lugdunin’s MOA, we
are now focusing on the pKa-value. In order to get a deeper understanding of lugdunin’s
response to environmental changes in pH-value, we focused on the unusual thiazoli-
dine moiety. We have previously shown that the free secondary amine is crucial for
activity, with methylated- or acetylated thiazolidine lugdunin derivatives being inac-
tivel®. Different combinations of valine and cysteine (peptide bond, linear peptide or
homocysteine) also resulted in inactive peptides. We therefore synthesized two thia-
zolidine derivatives with only the secondary amine available and other functional

groups inactivated through methylation, as shown in Figure 3.

S N0
() on () o
ILa H;S04

NoOH IIL.a
0 L2
() on A~y
IL.b IIL.b

Figure 39: Acid catalyzed methylation of thiazolidine controls Il.a and I1.b

Thiazolidine-4-carboxylic acid methyl ester (II1.a) and 2-ethyl-thiazolidine-4-carboxylic
acid methyl ester (IIL.b) were then subjected to a capillary electrophoresis (CE) mass
spectrometry (MS)-based screening method for the determination of pl-values. CE-MS
proved to be the most suitable analysis for distinct reasons: the effective electropho-
retic mobility of compounds in solution at pH-values close to their pKa- or pl-value ex-
hibit a strong pH-dependence ['91. In literature, CE-UV methods for the automated de-
termination of electrophoretic mobility curves are well-established!'>'¢l. Not only auto-
mation but also high accuracy for single compounds can be achieved, and measure-
ment times are minimized by pressure-assisted separations!'’l. Another advantage of
this technique is that CO2-absorption into buffers of high pH is minimized, increasing
the accuracy in this pH-rangel'®l. But even with standard CE devices, fast approaches
were described!'® based on curve fitting from two pH-values. However, this approach
is limited to compounds of low acidity / basicity and requires reference materials with
comparable pl-values. CE-MS is an alternative for pl determination of mixtures, of non-
UV-active samples or with low solubility. CE-MS hyphenation offers up to 10-fold higher
sensitivities compared to conventional CE-UV, as published by Wan et al.['’]. Robust-
ness was demonstrated with regard to the presence of DMSO and elevated ionic

strength (25 to 150 mmol/l) in the sample with only minor changes in pKa-values by
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0.06 pH-units. The calculation of pKa-values based on the pH-dependence of the ef-
fective electrophoretic mobility in the pH-titration curve is well described in several pub-
lications!'%-21 and is based on previously reported processes such as enzyme diges-
tion!?"l. To compare our results with literature we initially tested various amino acids
using citric acid (pKa = 3.13, 4.76, 6.40) and ammonium (pKa = 9.24) granting a pH
range from 2.1 to 7.4, which enabled us to confirm the suitability of the method for our
task. Subsequently, lugdunin and the two thiazolidine references were analyzed in the
same conditions. Interestingly, pH-dependent speciation occurred exclusively for nat-
ural lugdunin, an effect that we were able to confirm using LC-MS and NMR analysis.
The thiazolidine reference II1.b was unfortunately poorly detected and only showed an
estimated pl-value of 5.00 - 6.02. However, IIl.a was clearly detected and showed a
similar pl-value of <6.02. Due to the two peaks of lugdunin that formed during the anal-
ysis we calculated an average pl-value of 3.60 — 3.83, demonstrating the importance
and impact of the unusual thiazolidine connection in the peptide backbone. All results

are shown in Table 1 of the supporting information.

™
pl =3.60-3.83

2 3 4 5 6 7

Figure 40: pl-value determination. The At-values were plotted by taking the average values of the first and the
second peak into consideration.

UV analysis. Due to the different effects of concentration as well as pH-values that we
observed, we measured all transmission spectra at various concentrations, as well as
various pH-values (by addition of NaOH and HCI). Fluorescence spectra were meas-
ured at various excitation wavelengths and all samples were dissolved in MeOH. All
available spectra are shown in the supporting information. While at different concen-
trations certain differences in the transmission spectra were observed, those differ-
ences can be attributed to suboptimal conditions for the measurement and do not result
from differences in the compounds. There is no shift in transmission wavelength be-
tween derivatives with one or two pyrenylalanine moieties. However, there is an addi-
tional local absorption maximum for 9 and 10 at 375 nm, potentially corresponding to

an intramolecular interaction between the two pyrenes. All fluorescent lugdunins have
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local absorption maxima at 342 nm, 326 nm, 312 nm, 299 nm, 275 nm, 265 nm, 255
nm, 243 nm and 224 nm, although for wavelengths <300 nm the values might be inac-
curate due to very strong absorption in that area. The change in pH did have an effect
on the absorption, however the acidic/basic conditions did not uniformly impact all pep-
tides. All transmission spectra of compounds 1-13 are shown in Figure 5. Any values
over 100% transmission result from air in the sample/cuvette during analysis and can
be disregarded. All spectra are shown in a stacked view to highlight the unity among

all samples.

Transmission spectra in MeOH
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Figure 41: Measured transmission spectra of compounds 1-13 in MeOH at a concentration of 0.0125 mg*ml-.

As a result, we chose 311 nm, 325 nm, 342 nm and 374 nm as excitation wavelengths
for fluorescence analysis. The results for compounds 1-13 were similar compared to
the transmission spectra and are shown in Figure 6. All peptides had local maxima at
376 nm, 396 nm, a shoulder at 420 nm as well as a small shoulder at 450 nm. However,
there were noticeable differences for derivatives 9 and 10, i.e., those peptides with two
pyrenylalanines, which exhibited an additional broad maximum at 475 nm for excitation
wavelengths of 325 nm and 342 nm. This suggests the existence of pyrene excimers

due to the close proximity of the two pyrenes within the peptidel?2-2°l.
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Figure 42: Measured fluorescence spectra of compounds 1-13 in MeOH at a concentration of 0.0125 mg*mi-'.
Excitation was at 311 nm, 325 nm, 342 nm and 374 nm for each compound. Fluorescence was measured 20 nm
after the excitation wavelength (e.g., for excitation at 311 nm, fluorescence was recorded for 331 nm - 800 nm)

This is in accordance to previous modelling attempts, suggesting a three-dimensional
structure with the two pyrenylalanines in 9 and 10 folding over / below the peptide
backbonel®?. Similar to the transmission spectra, the addition of acid or base did not

have a significant impact on the fluorescence.

This suggests that, contrary to previous assumptions, the protonation-state of lugdunin
does not impact the three-dimensional structure enough for a significant impact on
fluorescence. However, a more accurate statement of the three-dimensional structure
can only be made via x-ray structure analysis. Since the excimer fluorescence is only
poorly detected in the derivatives with a single pyrenylalanine, we hypothesize that
intermolecular excimers do not form in solution. As a result, the fluorescence of lugdu-
nin can be used as a powerful tool to investigate the MOA of lugdunin in bacterial cells.

If lugdunin forms channels, the proximity of the pyrenes should be close enough for
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the formation of excimers, resulting in a distinct fluorescence increase at 475 nm. On
the contrary, if lugdunin functions as a carrier, the first proposed MOA, excimers should

not form.

Artificial vesicle assay. To more closely investigate the MOA of lugdunin in a simpli-
fied model system, we exposed the fluorescent lugdunin derivatives to artificial vesi-
cles, simulating a bacterial membrane. Compared to bacterial cells, the use of an in

vitro vesicle assay enabled us to measure fluorescence of the compounds in the pres-

ence of various concentra- 1200000 —
: e ] —0 pM lipid
tions of the artificial lipid. ———100 uM lipid
1000000 H o a
L. . —— 500 pM lipid
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vesicles (LUVs). Com- ) d) |
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pounds were used as 2-Pro-
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panol stock solutions and Figure 43: Fluorescence spectroscopy of 1 in water in the presence of
. . various lipid concentrations
diluted in HEPES buffer to a

final concentration of 10 uM. Lipids were added stepwise for concentrations of 0 uM to
100 uM, 500 pM and 1000 pM. Interestingly, compound 1 showed decent excimer
fluorescence with 0 uM lipid concentration, which shifted drastically towards pure mon-
omer fluorescence with increased lipid concentration. This strongly suggests that lug-
dunin acts as a cation carrier rather than by forming a channel. This is also supported
by other derivatives, such as 3, 4 and 11. While these four peptides all have one
pyrenylalanine in their respective amino acid sequence, the remaining amino acids,
with exception of the thiazolidine ring, differ throughout. They are, however, all antimi-
crobially active between 3 uM and 50 yuM, unlike peptides 9 and 10 with two pyrene

moieties.
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Derivative 9 was subjected 400000 ; ; ; ; ; ; . .

——0 M lipid
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to the same experiment,

however, the excimer fluo- 300000 -

rescence was still detecta-

ble in high concentrations 200000
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Figure 44: Fluorescence spectroscopy of derivative 9 in water in the ab-
the only peptide without a Sence or presence of artificial lipids

measurable activity in our antimicrobial assays. As a result, we expected the excimer

rene-moieties as well as

fluorescence in presence of the vesicles. But this may also be due to the inability of
derivative 9 to permeate the artificial membrane, resulting in most of the compound
remaining in the aqueous phase, which might also explain the antibacterial inactivity.
Another reason might be the size of the pyrene rings interfering with the spatial avail-
ability of the secondary amine in the thiazolidine ring. Due to the previously mentioned
arrangement of the pyrenes over and underneath the thiazolidine ring, the crucial

amine might be sterically hindered, rendering the peptide inactive.

Figure 45: Potential three-dimensional structures of 6-tryptophan-lugdunin (15, shown on the left side) and
3-pyrenylalanine-6-pyrenylalanine-lugdunin (9, shown on the right side), calculated via MM2 in Chem3D

As shown on the left side of Figure 9, it is possible for the two tryptophan residues to
be on either side of the thiazolidine ring, allowing for cation-tr-interactions and thus
stabilizing the potentially charged amine. This could explain the improved activity of 15
compared to 14. On the right side of Figure 9, a potential three-dimensional structure

of 9 is shown, with the two pyrene moieties in close proximity of each other. This could
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explain the excimer-fluorescence as well as the drastically declined activity due to the
reduced electron density in the pyrene-rings and thus fewer stabilizing effects onto the
thiazolidine amine. However, while the predicted structures might explain certain

trends, they remain speculative and need to be confirmed.
Conclusion:

In summary, we report the development of novel pyrenyl-derivatives of lugdunin, which
allow for fluorescence-based studies of the mode of action of lugdunin. Among the 13
newly synthesized compounds, nine retain antimicrobial activity at a concentration be-
low 100 ug*ml-'. We have also shown the environmental sensitivity of pyrene excimers,
enabling further MOA studies. The pKa-values of lugdunin have also not been previ-
ously shown and the unexpectedly low pKa of 3.6-3.8 might be an interesting property
for further structure optimization. While these new derivatives are definitely a step in
the right direction for identifying the MOA of lugdunin, additional ones with more opti-
mized properties such as improved quantum yields, higher absorption wavelengths

and stronger antimicrobial activities might be required.
Experimental Section:

Detailed experimental procedures are provided in the appendix.
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Towards the mode of action: Fluorescence and
IR-spectroscopic analysis of lugdunin in lipid

membranes

Dominik R.uppelt-?[a] Taulant Dema?[b] Sebastian N. Wirt-z?[b] Hendrik FlegeL[a]
Sophia I\»‘[('jnnikes?[a] Stephanie Grond?[b] Claudia Steinem*!2<l

The antimicrobial fibupeptide lugdunin is active against
methicillin-resistant Staphylococcus aureus and vancomycin-
resistant enterococci. It is characterized by a seven-
membered ring composed of D.L-amino acids and a thia-
zolidine heterocycle. Recently, we showed that lugdunin is
capable of cancelling the membrane potential of bacterial
membranes and translocating protons across artificial ones.
However, the mode of action is still elusive. Here, we an-
alyzed the insertion propensity of lugdunin into artificial
membranes and found that its partitioning is unaffected by
the presence of negatively charged lipids but is strongly re-
duced in bilayers harboring the eukaryotic membrane com-
ponent cholesterol. ATR-IR spectroscopy revealed that
Ingdunin adopts a hydrogen-bonded antiparallel G-sheet in
lipid bilayers, which can result in tube-like structures. Us-
ing bio-inactive methylated lugdunin analogues, which do
not assemble into [-sheets and do not transport protons,
supports this model.

Introduction

Dissemination of infectious diseases caused by antibiotic-
resistant bacterial strains represents a major threat to the
global health system.!!! According to recent estimations,
multidrug-resistant organism like methicillin-resistant Staphy-
lococcus aureus (MRSA) or vancomycin-resistant enterococci
(VRE) are expected to cause more deaths than cancer in
the near future.'® Despite the urgency, the development of
antibiotics focused primarily on already established struc-
fures in the last decades. Only recently, one has started to
aim at identifying new antibiotic entities originating from
natural products.®* A promising source of novel antibi-

[a] D. Ruppelt, H. Flegel, S. Ménnikes, Prof. C. Steinem
Institute of Organic and Biomolecular Chemistry
Georg-August-Universitit Géttingen
TammannstraBe 2, 37077 Gottingen (Germany)
E-mail: csteine@gwdg.de

[b] S. N. Wirtz, T. Dema, Prof. S. Grond
Institute of Organic Chemistry
Eberhard Karls Universitdt Tiibingen
Auf der Morgenstelle 18, 72076 Tiibingen (Germany)

[c] Prof. C. Steinem
Max Planck Institute for Dynamics and Self-Organization
Am FaRberg 17, 37077 Géttingen (Germany)

otic scaffolds is the human microbiota. In particular, bac-
teria harboured in nutrient-poor environments are believed
to, among other mechanisms, secrete antimicrobial peptides
(AMPs) killing other bacteria and securing their survival, [*-¢l
Today, AMPs have emerged to be one of the most promis-
ing approaches for the development of potential new antibi-
otics. [™#!

In 2016, the novel cyclic AMP lugdunin (1, Scheme 1)
isolated from a strain of nasal Staphylococcus lugdunensis
was identified, representing the first member of the class of
fibupeptides, which is characterized by a thiazolidine het-
erocycle in the peptide backbone.!”! In wvive, 1 prevents
the growth of S. aureus in the human nose and has shown
promising antimicrobial activity against a plethora of other
gram-positive bacteria.”l In a study with human keratino-
cytes 1 also displayed synergistic effects with host-derived
AMPs and strengthened the immune response. '?) With the
development of a synthetic route towards 1, a variety of
structural analogues of 1 became accessible, which allowed
us, based on a comprehensive structure-activity relation-
ship study, to identify the essential motifs of 1 for its an-
timicrobial activity. The results indicate that the thiazoli-
dine ring is pivotal for the activity. Similarly, L-tryptophan,
and D-leucine must not be replaced by alanine. Whereas
the alternating D,L-configuration is essential for the antimi-
crobial activity, the enantiomeric compound is as potent
as 1 suggesting that for the first attack, a specific AMP-
protein interaction is not required. The observation that 1
induces a cancellation of the bacterial membrane potential
of S. aureus without forming large pores suggested that 1 in-
duces ion transport across the membrane, 'Yl In vitro stud-
ies based on simple unilamellar vesicles revealed that 1 is
capable of facilitating the transport of protons across mem-
branes, which might be an explanation for the observed can-
cellation of the membrane potential leading to cell death. [*"]
Even though these findings points towards a mechanism, in
which 1 serves as an ion transporter in the membrane, its
partition behavior, and its structure in the membrane re-
mains fully elusive.

To address these questions, we investigated the partition-
ing of 1 into the membrane of unilamellar vesicles dependent
on the lipid composition to unravel whether the specificity of
1 for bacterial membranes and not for human erythrocytes
and neutrophils lies in part in the lipid composition. Based
on an ATR-FTIR spectroscopic analysis of 1 and methy-
lated derivatives of 1 (Scheme 1) in lipid multi-bilayers, we
were able to propose a model of the structure of 1 in lipid
membranes that might point towards its mode of action.
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Scheme 1. Chemical structure of lugdunin and lugdunin ana-
logues.

Results and Discussion

Partitioning of lugdunin in POPC
membranes

To discern the interaction with and the position of the an-
timicrobial peptide 1 in lipid bilayers, we exploited the in-
trinsic fluorescent properties of its tryptophan residue in the
absence and presence of POPC vesicles. These simple model
membranes enabled us to investigate the partitioning of 1
in a well-defined system without the influence of e.g. bacte-
rial proteins. (12l aqueous buffer, the fluorescence emission
maximum of 1 was at (354 £ 1)nm indicative of a polar
environment of the tryptophan residue (Figure 1A, black
curve).'ls] Upon increasing the POPC concentration, the
intensity at the emission maximum increased and the max-
imum was blue-shifted to lower wavelengths. A maximum
blue shift of (18 £ 2) nm in presence of 2000 pp POPC was
determined (Figure 1A/B), accompanied by an increase in
the maximum fluorescence intensity (Figure 1A/C). The ob-
served blue shift of fluorescence is characteristic for a trypto-
phan residue that is transferred into a more apolar medium
with a lower dielectric constant and is here attributed to a
partitioning of the amino acid side chain into the hydropho-
bic part of a lipid membrane. 14171 The maximum value of
this blue shift depends on the insertion depth of the trypto-
phan residue into the membrane and can therefore be used
to estimate the position of the peptide. For example, the
blue shift found for the cationic peptide melittin was around
20 nm indicative of a penetration deep into the hydrophobic
membrane core, whereas the antimicrobial peptide cecropin
A was located near the lipid head group region with a blue
shift of 15nm.!"®*) With (18 £2)nm the tryptophan of
peptide 1 appears to be located in between these two areas.
To quantify the partition of compound 1 between the aque-
ous and the membrane phase, its partition coefficient was
calculated according to Ladokhin et al. [20] Fitting eq. 3 to
the data yielded a partition coefficient of (9 + 2) x 10% for
POPC vesicles, which means that the majority of lugdunin
partitions into the membrane phase.

To further corroborate these findings, collisional quench-

ing experiments with water-soluble iodide ions were per-

formed reporting on the accessibility of the tryptophan residue. 21]

From the Stern-Volmer plots (Figure 1D), it is evident that
quenching is less pronounced in the presence of POPC vesi-
cles, supporting the idea that the tryptophan residue is
buried in the lipid bilayer. The corresponding Stern-Volmer
constant reads (7.9 = 0.2) M~" in buffer solution and was re-
duced by roughly one half to (4.5 = 0.2) M~" in the presence
of POPC vesicles.

Lugdunin partitioning is a function of the
lipid composition

It has been shown that lugdunin is inactive against hu-
man erythrocytes and neutrophils, which raises the ques-
tion if the lipid composition itself influences the peptide
partitioning into a membrane. Thus, we varied the lipid
composition and added either POPG to mimic the negative
charges of bacterial membranes or cholesterol as an essen-
tial component of eukaryotic cell membranes. [2%23 The to-
tal blue-shift, the partition coefficients as well as the Stern-
Volmer constants for different lipid compositions were de-
termined (Table 1, Fig. S11). Our results clearly show
that insertion of 1 into lipid membranes is unaffected by
the negative charges introduced by POPG, but hindered
in the presence of cholesterol. In case of cholesterol, the
observed blue shift ((12 +2)nm) and partition coefficient
((1.0 £ 0.3) % 10%) were reduced compared to those found
for POPC wvesicles. Further, the Stern-Volmer constant in-
creased to (5.8 + 0.2) M~!. An impeding influence of choles-
terol on the insertion of antimicrobial peptides has been
reported previously. 124 por example, the activity of antimi-
crobial peptides gramicidin S and S-thanatin was strongly
reduced in presence of cholesterol-containing vesicles. [25.26]
Cholesterol is known to increase the rigidity of fluid mem-
branes and could thus interfere with the insertion, also af-
fecting the structural assembly of the peptides in the lipid
membranes. 1272

Table 1. Blue shift AAmax. partition coefficient K, and Stern-
Volmer constant Ky for native lugdunin in the absence and pres-
ence of lipid vesicles.

Medium Admax /1m K, /10° Kgyv / Mt
Buffer - - 7.9+02
POPC 1842 9+2 45402
25% POPG 1943 8+2 -

50% POPG 1743 9+2 -

10% Chol 1342 17402 49403
20% Chol 1242 1.0+03 57404

Structural analysis of lugdunin in lipid
membranes

The tryptophan fluorescence reports on the insertion of lug-
dunin into the hydrophobic core of the membrane but does
not provide structural information. Thus, we employed
IR spectroscopy to gather information about the secondary
structure of 1 in lipid membranes. Ordered multi-bilayers
composed of DMPC and 1 were analyzed by ATR-FTIR
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Figure 1. Changes in tryptophan fluorescence properties of lugdunin upon addition of POPC vesicles. A: Fluorescence emission
spectra of lugdunin obtained at different lipid concentrations. All measurements were performed with an initial peptide concentration of
10 pM in buffer containing 100 mm KCI, 10mm HEPES, pH 7.4. The grey curves show measurements at different POPC concentrations
between 0-2000 pM. B: Blue shift of the maximum emission wavelength of lugdunin dependent on the lipid concentration. C: Increase of
the fluorescence intensity upon partitioning of the peptide into lipid membranes. (n > 3 experiments). By fitting equation XX to the data,
the partition coefficient of lugdunin in POPC vesicles was obtained. D: Stern-Volmer plots of the tryptophan quenching of lugdunin with
iodide ions in the absence and presence of POPC vesicles. Measurements were performed with a peptide concentration of 5pm, a lipid
concentration of 500 M and in buffer containing 100 my KCI, 10mm HEPES, pH 7.4 (n > 3 experiments). All errors are the standard

deviation.

spectroscopy (Figure 2A). Next to the absorption bands
characteristic for lipids (e.g. vas(N(CHgz);" at 3027cm™?,
vas(CHgz) at 2057cm ™!, vas(CH,) at 2019em™!, vs(CH,)
at 2850 ecm™*, v(C=0) at 1738 em™*),*°! the IR-spectrum
also displays absorption bands representative for the peptide
adopting a tightly hydrogen-bonded antiparallel F-sheet struc-
ture. Exact peak positions in the amide I region (Figure
2B) were extracted from second derivative spectra reveal-
ing peaks at 1641cm™! (perpendicular component, strong
absorption) and 1682em™! (parallel component, weak ab-
sorption).®] The amide II region shows a characteristic
f-sheet peak at 1543em~! (Figure 2A).? The amide A
peak located at 3282 cm ™! supports a tight hydrogen bond-
ing of the N-H groups of the peptide backbone. Assuming
intermolecular hydrogen bond interactions between individ-
ual peptide molecules, one can estimate the average N-O
distance in a hydrogen bond by using Krimm’s correlation
between the location of the amide A band and the hydro-
gen bond length.®¥ Thus, an amide A peak at 3282cm™*
translates to a N-O distance of around 2.88 A. To extract

the fraction of the secondary structure elements from the
amide I band, the peak integrals were taken after deconvo-
luting the spectra (Table 2). For peptide-to-lipid ratios of
1:40 and 1:30 the deconvolution of the amide I band results
in 100 % antiparallel §-sheet structure (Figure 2, Table 2).
However, at peptide-to-lipid ratios larger than 1:20 an ad-
ditional peak in the amide I region prominently emerges at
1624cm~! (Fig. S12, Table 2). We assume that at this
high peptide concentration, peptide aggregates are formed
between the multi-bilayer stacks which do not reflect the
structure within the lipid bilayers.

The antiparallel S-sheet structure of the cyclic compound
1 with an alternating D,L-configuration might indicate that
a tube-like structure is formed in the membrane, similar to
synthetic cyclopeptides with D,L-configuration described by
Ghadiri and coworkers. ¥ These cyclic peptides with an
even number of amino acids assemble into tubular F-sheets
via hydrogen bonding between the individual molecules un-
der appropriate conditions as shown by electron microscopy
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Table 2. Assignment and relative area of peaks attributed to the
secondary structure of lugdunin and its derivatives. If not other
indicated, data refer to a peptide-to-lipid ratio of 1:10 (n/n).

Peptide o/ cem™?! Assignment Relative area
1e 1641, 1683  Antiparallel A-sheet 100%
1 1624 Aggregation (50+£11)%
1639, 1682  Antiparallel S-sheet (49 +11) %
2 1626 Aggregation 9£5)%
1641, 1683  Antiparallel A-sheet (737 %
1655 Unordered 17T+12)%
3 1640, 1680  Antiparallel A-sheet (38x4)%
1655 Unordered (62+4)%
4 1636, 1684  Antiparallel S-sheet (34£2)%
1654 Unordered (66 £2)%
5 1637, 1684  Antiparallel A-sheet (36 £5)%
1654 Unordered (64 £5)%

% Data refers to a peptide-to-lipid ratio of 1:40 (n/n).

and infrared spectroscopy. 135] Furthermore these peptides
allowed the passage of small molecules and ions as demon-
strated in vesicular transport assays. (36} Owing to the planar
ring geometry and the D,L-configuration, a nanotube can be
formed with a more polar inner pore and apolar amino acid
side chains facing the membrane that can act as a chan-
nel with the potential of serving as a new antibiotic. (7]
There is one great difference between the synthetic cyclic
peptides and 1, namely 1 is a cyclic peptide composed of
an uneven number of amino acids with a thiazolidine hete-
rocycle that might disturb the planarity of the ring. How-
ever, despite these differences, the IR spectra of both cyclic
peptide species are very similar. For example, the IR spec-
tra of cyelo[(L-Trp-D-Leu)s-L-Gln-D-Leu] in DMPC multi-
bilayers display amide I peaks located at 1635 em™' and
1688 cm_l._ an amide II peak at 1538 cm_l_. and an amide
A peak at 3281 em .8 These results suggest that com-
pound 1 also adopts a quasi-planar ring structure, in which
the rings are stacked on each other and are connected via
hydrogen bonds. These 3-sheet-like manotubes’ might act
as (ion) channels resulting in the observed antibacterial ef-
fect of 1.

Orientational properties of lugdunin

In addition to the structural information, polarized ATR-
FTIR spectroscopy allows to gain insight into the relative
orientation of the peptide nanotubes in ordered DMPC multi-
bilayers. We determined the orientation of the lipid molecules
and peptide 1 in DMPC multi-bilayers by recording polar-
ized ATR-FTIR spectra of the lipid acyl chains (Figure 3A)
and the amide I region of the peptide (Figure 3B). The
exact experimental approach is described in the support-
ing information (Fig. S4, Tab. S1). The lipid order was
assessed by measuring the dichroic ratio of the antisymmet-
ric and symmetric CHs-stretch vibrations, whose transition
dipole moment is perpendicular to the axis of the all-trans
hydrocarbon chain. In the absence of peptide 1, DMPC
molecules showed an average tilt angle of (27.5 £ 0.6)°. This
value is in good agreement with previously reported values
obtained for lipid multi-bilayer systems. Addition of com-
pound 1 alters the tilt angle between 1° and 7° depending
on the peptide concentration. For the peptide, we evaluated
the dichroic ratio of the amide I peak at ~1640em™!. As-
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Figure 2. ATR-FTIR spectra of DMPC multi-bilayers with recon-
stituted lugdunin. A: ATR-FTIR spectrum of DMPC multi-bilayers
with peptide 1. B: Amide | region of the spectrum depicted in A.
The resulting peak deconvolutions are depicted in green. A nominal
peptide-to-lipid ratio of 1:40 (n/n) was used. Spectra are mean
values of at least two independent experiments.

suming a nanotube structure, the transition dipole moment
of this amide I vibration is oriented rather parallel to the
central axis of the nanotube. The intensity of the amide I
band shows a substantial change between parallel and per-
pendicular polarized incident light (Figure 3B). This find-
ing indicates that the hydrogen bonded peptide rings align
with the central axis in a parallel orientation to the crystal
plate normal. A similar dependency of the intensities was
found for the amide A band, which is mainly composed of
the N—H-stretch vibration. The tilt angle of the hydrogen
bonded peptide rings was determined to (44 & 2)° relative
to the crystal surface, which translates into a tilt angle rel-
ative to the membrane of (10 £ 2)° (Table 3). The tilt angle
of around 10° is similar to angles of the 8-helix formed by
gramicidin A in DMPC multi-bilayers determined to 15° and
the tilt angle of the synthetic D,L- cvclolaeptide cyclo|(L-Trp-
D-Leu)s-L-Gln-D-Leu] of (7 £1)° 38,39 Note, that even for
high peptide-to-lipid ra,tms in Wthh the additional amide
I peak at ~1624cm™" arises, similar tilt angles for the §-
sheet-like nanotube were obtained.



Chapter 6: Appendix

Table 3. Dichroic ratio RATR, order parameter S ©) and tilt angle © of DMPC multi-bilayers without and with lugdunin (1:40).

DMPC*® DMPC + Lugdunin (P:L 1:40)°
7/ em™t RATHR S(0) e/ 7/ em™t RATH 5(8) e/
Stretching 2010, 2851 1.13+0.01 0.68+001 27.5+06" 2010, 2851 1.28 +0.01 0.53+0.02 34.0+0.6°
Amide T - - - 1641 3.3+02 0.28+£0.03 44 4 2b-<

® Data are mean values of 2-3 samples. ° Tilt angles are relative to the surface of the IRE and were calculated from the
transition dipole moment of the respective vibrational mode. © The tilt angle relative to the membrane normal was
determined to (10 £ 2)°.
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Figure 3. Polarized ATR-FTIR spectra of DMPC multilayer with lugdunin. A: Polarized methylene stretching modes of a pure DMPC
multilayer. B: Polarized amide | region of peptide 1 in DMPC multi-bilayers. A nominal peptide-to-lipid ratio of 1:40 was used.

Structural and orientational analysis of
lugdunin analogues

Our results strongly suggest that nanotubes are the main
structure formed by peptide 1 in model membranes and
might also be responsible for its in vivo activity. To fur-
ther support this idea, we analyzed the secondary strue-
ture of 3,6-ditryptophan-lugdunin (2) by IR spectroscopy,
as this derivative showed a two-fold increased antimicrobial
activity in in vivo assays compared to 1. [11.49] Tndeed, com-
pound 2 also adopted an antiparallel F-sheet structure with
peaks located at 1641 cm™" and 1680 cm™" (Figure 4A, Ta-
ble 2). By polarized ATR-IR spectroscopy, the relative tilt
angle of the hydrogen bonded peptide rings of 2 was deter-
mined, which was (2 £ 2)° relative to the membrane normal.
This finding suggests that the two-fold increased bacterici-
dal activity of peptide 2 is related to a well-aligned nanotube
structure. It is known that the planar aromatic structure
of the indol ring system of tryptophan favors its position
at the lipid-water-interface of membranes in peptides and
proteins, thus, stabilizing the interfacial region of the pro-
teins. [*! It is conceivable that the additional tryptophan
residue promotes the alignment of G-sheet-like structures,
which makes the proton transport more efficient. The IR
peak at 1626 cm™" that we found for peptide 1 at peptide-
to-lipid ratios larger than 1:20 and which we attributed to
aggregated peptides between the multi-bilayer stacks, is for
peptide 2 at a peptide-to-lipid ratio of 1:10 much less pro-
nounced. This finding enabled us to use compound 2 and
its analogues at a high peptide-to-lipid ratio of 1:10 leading
to a high signal-to-noise for further structural studies.

To test our hypothesis of a hydrogen bond-mediated as-
sembly of peptide rings in membranes, we synthesized N-
methylated derivatives of 2 (Scheme 2). A methylation at
the peptide backbone is expected to interfere with the abil-
ity of the peptide to form extensive hydrogen-bonded (-
sheet structures, 16 Peptide 2 was methylated at position 3,

4 and 6, respectively_(Scheme 1. peptides 3, 4 and 5), and
their IR-spectral properties were investigated. All deriva-
tives showed a secondary structure consisting of 65 % un-
ordered structure (with a peak at around 1655 em ™) and of
35 % antiparallel f-sheets indicated by peaks at ~1638ecm™?!

and ~1682cm~! (Figure 4B). Compared to the non-methylated

compound 2, methylation increased the amount of unordered
structural components drastically. With these findings, it is
evident that a change in the hydrogen-bonding capability of
the peptide results in a fundamental change of the observed
structure in lipid membranes further strengthening our idea
of a hydrogen-bonded (-sheet.

Proton translocation activity of lugdunin
and analogues

To relate our findings of the postulated lugdunin structure
in a lipid bilayer to its proton translocation activity, we per-
formed proton translocation assays with the pH-sensitive
fluorescent dye pyranine (Figure 5A). Proton translocation
across pure POPC bilayers can be unambiguously observed
in agreement to our previous findings. ! Adding negatively
charged POPG to the lipid mixture enhanced the proton
translocation kinetics of 1 significantly. As the partition
coefficients of 1 are the same in POPC and POPC/POPG
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Scheme 2. Solid-phase peptide synthesis of methylated lugdunin analogues 3-5.

bilayers (see Table 1), the faster kinetics can be attributed to
the locally increased proton concentration at the negatively
charged membrane interface. (42 T case of vesicles composed
of POPC and 20 % cholesterol the proton transport activity
was significantly reduced. This finding is in agreement with
the observed smaller partition coefficients of 1, which we
discuss in terms of membrane rigidification. These results
might explain why lugdunin is not active against human
erythrocytes and neutrophils.

Furthermore, we probed the proton translocation activ-
ity of the methylated peptide analogues 3, 4 and 5 (Fig.
5B). Even though these peptides exhibit the appropriate
hydrophobic surface to partition into bilayers, they only
showed a reduced proton transport across lipid membranes
and a reduced bioactivity against S. aureus compared to 1
(minimal inhibitory concentrations > 100pgmL™"). This
weak proton transport activity suggests that the antipar-
allel F-sheet structure found for 1 and 2, but not for 3, 4
and 5 is pivotal for the activity of the peptide. The reduced
ability of the methylated analogues to form ordered inter-
molecular hydrogen bond-connected ring stacks prevents the
formation of functional peptide nanotubes resulting in a re-
duced proton translocation activity. Like the synthetic D,L-
cyclopeptides introduced by Ghadiri and coworkers, the pro-
ton transport activity of 1 seems therefore to be tightly as-
sociated with the formation of an antiparallel 5-sheet struc-
ture observed in ATR-FTIR spectra supporting our model
of a peptide nanotube inside lipid membranes.

Conclusion

Understanding the mechanism of action of natural occur-
ring antimicrobial peptides, is a prerequisite for the devel-
opment of novel antimicrobial entities. Here, we used flu-
orescence and ATR-FTIR spectroscopy to gain insight into
the partitioning of the antimicrobial fibupeptide 1 into lipid
membranes and its structure. From our results we conclude
that 1 strongly partitions into fluid lipid bilayers and forms
antiparallel F-sheet structures (Figure 6A). These [F-sheets
can form nanotubes by the association of individual pep-
tide rings via an extensive hydrogen bonding network (Fig-
ure 6B). Such peptide nanotubes can act as ion channels in
the lipid bilayer facilitating the transport of ions, such as
protons. These results will pave the way for further inves-
tigations including molecular dynamics simulations as well
as transport kinetics and ion selectivity.
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Figure 4. ATR-FTIR spectra of DMPC multi-bilayers with lug-
dunin analogues. (A) ATR-FTIR spectra with peptide 2. The
resulting peak deconvolutions are depicted in green. (B) ATR-FTIR
spectra with peptides 3, 4 and 5. A nominal peptide-to-lipid ratio
of 1:10 (n/n) was used. Spectra are mean values of at least three
independent experiments.
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Figure 5. Proton transport activity of lugdunin and its analogues. (A) Proton translocation induced by 1 as a function of the lipid
composition. (B) Proton translocation induced by peptides 1, 3, 4 and 5. Pure POPC vesicles were used with a peptide to lipid ratio of
1:250 (n/n).

Figure 6. Postulated structural model of lugdunin. (A) Individual
lugdunin molecules stack onto each other via hydrogen bonding of
the peptide backbone and form an antiparallel F-sheet. (B) Depen-
dent on the number of rings, the 3-sheet can span lipid membranes
and act as an ion channel. Amino acid residues are omitted for
clarity, drawing is not to scale.
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