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I. 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-

versität Tübingen, 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 µM) 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 Aminosäuren mit einer alternierenden Stereochemie besteht. Die Amino-

säuren Valin und Cystein sind über eine intramolekulare Thiazolidinbildung miteinander 

verbunden. Das zyklische Peptid weist eine mikromolare Aktivität (3 µM) 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-Aktivitäts-Beziehungen (SAR) untersucht, wo-

bei die Aminosäuren 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 natürlichem Lugdunin eine höhere antimikrobielle Akti-

vität in In-vitro-Tests mit Staphylococcus zeigte. Darüber 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 Anregungswellenlänge 

von 342 nm und einer Emissionswellenlänge von 375 nm war. Es wurde eine breite Palette 

von Lugdunin-Derivaten aus chemischer Synthese sowie komplexere Abweichungen von 

der natürlichen Verbindung synthetisiert und eine Reihe von Verbindungen für verschie-

dene Anwendungen hergestellt. Zu diesen Aufgaben gehörten unter anderem Tests zur 

antibakteriellen Aktivität (Gram-positiv und Gram-negativ), zur antiviralen Potenz, zur 

Membranpermeation und zur Ionenaustauschkinetik. Außerdem wurden Lugdunin und 

seine Derivate auf ihre physikochemischen Eigenschaften in verschiedenen Lösungsmit-

teln, Konzentrationen und Ladungen untersucht. Alles in allem zeigt sich, dass Lugdunin 

eine sehr potente Verbindung mit hoher antibakterieller Aktivität in einem breiten Spektrum 

von Derivaten ist. Darüber hinaus besitzt Lugdunin auch eine antimikrobielle Aktivität ge-

gen verschiedene Viren und Bakterien. Da zwei verschiedene Synthesewege zur Verfü-

gung stehen, ist ein potenzielles Upscaling für die industrielle Nutzung sowie eine strate-

gischere Derivatisierung (z. B. mit Fokus auf Hydrophilie oder Kristallisationseigenschaf-

ten) ohne weiteres möglich. Die verfügbaren fluoreszierenden Derivate (im mg-Maßstab 

als reine Verbindung) ermöglichen eingehendere Visualisierungsexperimente, um die Wir-

kungsweise vollständig aufzuklären. Auch komplexere Strukturabweichungen von Lug-

dunin wurden mit interessanten Ergebnissen untersucht, doch sind noch umfangreichere 

Forschungsarbeiten erforderlich, um die nächste 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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1 Introduction 
Historic evolution of antibiotics 

When Fleming discovered Penicillin (1) in 1928[1], he 

revolutionized medicine and laid the foundation of 

many of the greatest medical advances of the 20th 

century[2]. In the following years, some of the most im-

portant antimicrobial compounds were discovered 

such as sulfonamides, β-lactams, polyketides and gly-

copeptides resulting in a remarkable downturn of the mortality rate associated with 

bacterial infections[3]. 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 1967[4]. This resulted in the last innovative 

class of antibiotics being discovered in the late 1980s with carbapenem (2)[5] and fluo-

roquinolone (3)[6], both already less relevant due to existing resistant bacteria[7-8]. 

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[9-10]. 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[11]. 

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 

Figure 1: Chemical structure of penicil-
lin G (1) 

Figure 2: Chemical structures of imipenem 2 as the first clinically used car-
bapenem and ciprofloxacin 3 as a second-generation quinolone antibiotic 
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masks patterns of declining usage in some countries and rapid growth in others[12]. 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, 12]. 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 2030[13]. 

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[13]. These, typically broad 

spectrum antibiotics, are often used when the pathogen has not (yet) been identified[14]. 

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-

sistance[15]. As a result, in recent years untreatable strains of carbapenem-resistant 

Enterobacteriaceae paved the way into a so-called postantibiotic era[16-17]. 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[18], becoming even more chal-

lenging as multidrug resistant (MDR) and extensively drug resistant (XDR) bacteria[19-

24]. While resistant strains were detected even before penicillin was introduced[25], 

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

(MRSA) USA300, Esch-

erichia coli ST131, and 

Klebsiella ST258 are dis-

seminated rapidly world-

wide[16, 26]. Possible 

spread mechanisms in-

clude, but are not limited 

to, interspecies gene 

transmission, poor sani-

tation and hygiene in 

communities and hospi-

tals as well as the increasing 

frequency of global travel, 
Figure 3: Cases of ESKAPE-pathogens in the USA in 2019. ESBL-pro-

ducing Enterobacteriaceae include Escherichia coli and Klebsiella pneu-
moniae. Numbers reported by the CDC[24] 
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trade and disease transmission[16]. 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 Singapore[27]. 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[28]. 

To put this develop-

ment in a current per-

spective, in 2019 

more than 1.27 million 

people died due to 

bacterial antimicrobial 

resistance (AMR) and 

an estimated 4.95 mil-

lion deaths worldwide 

were associated (in-

fection not the sole 

cause of death) with 

bacterial AMR[29]. This 

is more than the com-

bined amount of 

deaths from HIV/AIDS (680,000 in 

2020)[30] and Malaria (409,000 in 

2019)[31].  

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[32], and cost as 

much as US$ 100 trillion per year in GDP 

(gross domestic product)[2, 32]. This dra-
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Figure 4: Deaths attributable to AMR every year from 2050 going forward, 
as displayed by O’Neill [32] 

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. 

This new, thiazolidine-con-

taining cyclic peptide is bac-

tericidal against major gram-

positive pathogens with low 

micro-molar activity against 

MRSA and vancomycin-re-

sistant Enterococcus fae-

cium[33]. 4 was the first antibi-

otic discovered in the human 

nose and defined a new 

class of cyclic peptide 

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[33]. 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[34]. Surpris-

ingly, lugdunin also acts synergistic with LL-37 and dermcidin-derived peptides[34], fur-

ther highlighting the potential for an MRSA-treatment with this novel compound. We 

have also previously carried out structure-activity-relationship (SAR) studies[35-36]. 

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[36]. 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[36]. 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 µM against MRSA)[36]. Addi-

tionally, non-proteinogenic amino acids were evaluated for activity in lugdunin 4 with a 
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Chapter 1: Introduction 
 

 
21 

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)[35].  

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 possible[35]. 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[36]. 

We therefore propose two possibilities for proton translocation via lugdunin. 

Active transport through carrier compoundDiffusion through channel

H+, Na+, K+

(B)
(A)

 

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[38-39]. These compounds participate in backbone-backbone intermolecular hydro-

gen bonding to produce a contiguous β-sheet structure, causing the amino acid side 
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chains to lie on the outside of the structure[38, 

40]. The newly formed channels display good 

channel-mediated ion-transport activity with 

rates rivalling the performance of naturally 

occurring counterparts[41]. 

The second proposed mechanism is proton 

translocation via a carrier (see Figure 7, (B)). 

Considering the inactivity of N-methylated 

thiazolidine-lugdunin (MIC >100 µM 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 

protonated or not, does support this theory. 

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[41]. 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[41]. Additionally, these cyclic 

peptides are able to transport sodium and potassium cations[42], 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-][43]. As a result, potentially 

through these structural similarities, six and eight-membered D,L-α-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[44]. These intermolecular assemblies are increasingly interesting, as the po-

tential proximity of individual peptides can be used to differentiate between the two 

proposed MOAs. 

Figure 8: Possible arrangement of lugdunin 4 in a 
channel-like three-dimensional shape inside the 

membrane. Dashed lines propose hydrogen bonds. 
Amino acid side chains are not shown for clarity 
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Fluorescent spectroscopy of biological systems 

One type of spectroscopy that can be used to 

detect lugdunin in bacteria, and therefrom gain 

insight in the MOA of lugdunin, is fluorescence 

microscopy. This type of microscopy has been 

found to be an ideal technique for the examina-

tion of all biological specimens, due to the good 

signal-to-noise ratio at low concentrations[45-47] 

but still high resolution[48-49]. These properties 

make optical microscopy one of the most pow-

erful and versatile diagnostic tools in modern 

cell biology[50]. In particular the combination of 

confocal scanning microscopy, which restricts 

photodetection to the focal point, with the ability 

to reject out-of-focus light results in only a very 

small amount of emitted photons being de-

tected[45]. Therefore, fluorescence microscopy 

is highly interesting when researching living 

cells, since the required fixation for other spec-

troscopy methods does not give a clear image of the living sample[51]. 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[52-53].  

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 fluorophore[54]. 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 𝐼𝐼∥ and 𝐼𝐼⊥. Due to the environ-

mental impact on the depolarization, effects such as pH, molecular size and viscos-

A 

B 

Figure 9: Fluorescent microscopy images of Ba-
cillus subtilis (A) and Bacillus megaterium (B) 
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ity[52, 55-56], 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[57-58].  

As mentioned above, the image quality heavily relies on the amount of photons that 

reach the detector[59], which is strongly influenced by the fluorophore’s extinction coef-

ficient, stokes-shift and quantum yield[57]. This is especially important due to the nega-

tive impact of phototoxicity in live cell imaging resulting from strong excitation light[60]. 

Unfortunately, most commonly used fluorophores have their absorption and emission 

maximums in the ultraviolet (UV) light range[61]. Light in this range is very well absorbed 

in (bio)molecules such as water, lipids and hemoglobin[62]. As a result, the sample’s 

auto-fluorescence can have a strong impact in signal-to-noise ratios via scattering and 

absorption[61, 63]. 

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[64-67]. 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 π-systems (absorption: 

536 nm, emission: 733 nm, 

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)[68], delocalized charges (absorption: 723 nm, emission: 738 nm, measured in chlo-

roform, see Figure 10 7)[69-70] or large hydrophilic anchors (absorption: ~620 nm, emis-

sion: 760 nm, see Figure 10 8)[71] 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. 

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 lugdunin[72]. While Azulene-lugdunin did re-

sult in a highly active antimicrobial[73], 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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Figure 11: Previously used fluorophores in lugdunin (4) 
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Pyrene as fluorophore 

Pyrene-related molecules, more specific N-α-(9-Fluo-

renylmethoxycarbonyl)-3-(1-pyrenyl)-alanine 15 (see 

Figure 12), are highly promising with a larger π-system 

than 14, have no large connective alkyl chain such as 10, 

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

oughly studied with regards to optical properties and was 

used as fluorescent probe par excellence[74]. While it has 

been shown that pyrene monomers do not associate re-

gardless of concentration[75], it is possible for pyrene mol-

ecules to form excimers (special excited dimers)[76]. 

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.[75] 

Excimers feature an ultraviolet emission 

band with vibrational structure and more in-

terestingly a broader, less structured, blue 

emission band with a Stokes-shift of 115 nm 

in cyclohexane[77-79]. With regards to the 

proposed mechanism of stacked lugdunins 

forming pores, the excimer fluorescence 

could be especially interesting[80-82]. In addi-

tion to excimers, the fluorescence of pyrene 

monomers is also solvent dependent and 

the pyrene 3/1 ratio (the relative intensity of 

peak 3 to peak 1 in the fluorescence vibra-

tional fine structure) provides insights on the close environment of the compound[83-86]. 

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. 

Figure 12: Fmoc- 
(1-Pyrenyl)-Ala-OH (15) 

Figure 13: Chemical structure of 3-Pyrenylalanine-
lugdunin (16) 
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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[33]. 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[87-88]. 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. 

O

n n'

n''

PEGcross-linked 
polystyrene

H-Val-H NovaSyn TG

N
H

O

O

N
O

O

NH2

17

 

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%[89]. 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 2019[36]. 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[36]. 

Exploration of a regular resin 

Trying to improve the synthesis, while also scaling it up, we focused on multiple as-

pects[35]. First the resin was not ideal, as the cleavage resulted in isomerization at the 

α-carbon of the amino acid on the resin due to the aldehyde. Thus, the final product 
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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[35]. 
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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 2021[35]. 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 µM – 25 µM), the derivatives based on 6-tryptophan lugdunin displayed a 

completely different effect. 
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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 µM, 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 µM. 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. 
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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). 

These peptides had antimicrobial activity against MRSA of 6.25 µM (for (1-naphthyl)-

alanine and (9-anthracenyl)-alanine) and 12.5 µM (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 µM – 25 µM). However, the newly 

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

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 µM 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 lugdunin[33], 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). 

When lugdunin was first discovered, the gene cluster responsible for the production of 

lugdunin was only partially identified[33] (see Figure 20). While the lugABCD genes are 

non-ribosomal peptide synthase (NRPS) enzymes and encode the biosynthesis, lugR 

was identified as putative regulator. 

  

Figure 20: Gene cluster of the lugdunin with proposed biosynthetic pathway. Figure from Zipperer et. al [33] 
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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 lugD is flanked by two genes 

that encode LugT and LugZ, respectively. LugT is a putative type II thioesterase that 

may repair stalled peptidyl carrier protein (PCP) domains[90]. 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[90]. 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. 

 

Figure 21: Genetic organisation of the lugdunin gene cluster with functional assignment[37] 

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[91]. 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 lugIEFGH 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 lugI 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 

As proof-of-concept, the lugIEFGH 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 lugI has a moderate but lugEFGH-inde-

pendet role in lugdunin release, however only the deletion of lugI 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, lugI only showed a supporting role 

with lugGH, as the exclusive expression of lugI did not result in different susceptibility 

to lugdunin in S. aureus. 

Gene Function 

lugI 
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[92] 

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[92] 

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

other Firmicutes, containing 12 putative transmembrane segments 
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Figure 22: MIC-values in µM for selected compounds tested in BM-medium against S. aureus (blue bars) as well 
as S. aureus lugIEFGH mutant (orange bars)[37] 

After the various mutants were established, the specificity of the transporters was eval-

uated. A lugIEFGH 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 lugIEFGH containing S. aureus. The 

non-lugdunin related controls were also not affected by the modification of the S. au-

reus. 

0 10 20 30 40 50 60 70

lugdunin

enantio-lugdunin

6-tryptophan-lugdunin

2-alanine-lugdunin

daptomycin

CCCP

gramicidin s

nigericin

MIC-values in Biotin growth medium

S. aureus

S. aureus ΔlugIEFGH



Chapter 2: Results and Discussion 
 

 
37 

 

Figure 23: Impact of lugIEFGH deletion in the S. lugdunensis ΔlugD 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)[37] 

As a result, we postulate that slight modifications of lugdunin’s structure can strongly 

decrease the possibility for self-resistance even if lugIEFGH 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-Cl) was 

coupled to diamino propionic acid (DAP) with triethylamine in methanol in order to pro-

duce fluorescent amino acid 25, see Figure 24. 

After successful characterization via 

NMR, HPLC-MS as well as UV/Vis, this 

novel amino acid was incorporated into 

lugdunin 4, resulting in the first ever fluo-

rescent lugdunin 26, see Figure 25. How-

ever, after subjecting 26 to antimicrobial 

assays against MRSA and B. subtilis, no 

activity was detected. This further demon-

strates lugdunin’s intolerance to even 

slightly charged molecules such as the ni-

tro group in NBD. Since the desired ab-

sorption wavelength was determined to 

be between 300 nm and 400 nm, the ben-

eficial mesomeric impact of nitro-, hydroxyl- or carboxylic groups and halogen atoms 

had to be replaced by larger aromatic systems. As a result, I turned my focus to 4-di-

methylaminophthalimide (4-DMAP) and 6-dimethylaminonaphthalimide (6-DMN) as 

previously published environment-sensitive fluorophores[93].  
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Figure 24: Synthesis of fluorescent amino acid 25 
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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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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 µM [35]. While larger compounds such as pentacene, coronene or ovalene suggest 
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decent UV properties from their large π-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. 

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

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

Pyrene 32 (see Figure 28) is widely used in commercial dyes, 

such as pyranine, and as probe molecule in fluorescence spec-

troscopy. UV/Vis absorption spectra of pyrene show, similar to 

most PAHs[94], three distinct bands at 310 nm, 320 nm and 330 

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

pounds is fluorescence experiments, the high quantum yields as well as fluorescence 

lifetime at 0.65 and 410 ns respectively is also highly important[95-96]. Pyrene is also the 

first compound for which excimer behavior was discovered in 1954[97]. 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-

rivatives see the manuscript provided in the ap-

pendix. Due to our previous insights into lugdu-

nin’s tolerance towards various amino acids, we 

designed each pyrene derivative with valine as 

well as leucine at position two. This resulted in 

twelve fluorescent lugdunins, with an additional 

two pyrene lugdunins containing propargylgly-

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

as designed inactive derivative for negative control[98]. 

32
Figure 28: Chemical struc-

ture of pyrene (32) 
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Figure 29: Chemical structure of fluorescent 
3-pyrenylalanine-lugdunin (16) 
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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 

µM 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 

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

solution. The Stokes-shift (Δ 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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Figure 31: UV/Vis spectra of 3-pyrenylalanine-lugdunin 16 at a 
concentration of 0.0125 mg*mL-1 in MeOH. 
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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. al[38, 41, 43] 

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.[38, 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. 

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 µM to 100 µM. 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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Figure 33: Compounds based on lugdunin with multiple thiazolidine rings 36 and 37 
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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 imine[99], 

this resulted in a cyclic peptide with a methyl-oxazolidine ring 38 (see Figure 34). This 

compound displayed good antimicrobial activity at 25 µM against MRSA. Since lugdu-

nin defined the class of thiazolidine-containing peptides (Thico-peptides)[33] this is the 

first lugdunin derivative without a sulfur atom. 

Although the activity is eight times lower 

compared to lugdunin, this might be a result 

of the biggest disadvantage of this com-

pound, the instability of the methyl-oxazoli-

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

known to be solvent dependent and can un-

dergo ring-opening[100-101]. As a result, the 

peptide exists as a mixture of imine and ox-

azolidine tautomers (see Figure 35)[102-105]. 

The reactivity of the imine then led to the im-

mediate formation of adducts with the sol-

vents during LCMS analysis, rendering it im-

possible for us to determine purity of the bi-

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. 
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Figure 35: Schematic display of the oxazolidine-imine-tautomers in 38 

  

HN

HN

NH

NH

N
H

O

O

O

O

O

H
N

O

HN O

NH

38

Figure 34: Chemical structure of methyl-oxazolidine 
containing cyclic peptide 38 



Chapter 2: Results and Discussion 
 

 
46 

 

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 µM and 

against Lactobacillus acidifaerinae at 0.39 µM in in-vitro antimicrobial activity assays. 

3-pyrenylalanine-lugdunin’s activity against Escherichia coli at 50 µM 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 Gö4010 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-

nin derivatives for their antiviral activity 

against SARS-CoV-2 in two different cell 

lines (A549-ACE2 and CaJu-3 cells). We 

evaluated for two specific values. The 

first value was the EC50-value, which de-

termines the effective concentration of 

the compound that inhibits at least 50% 

of virus growth. The second value is the 

CC50-value, which determines the cyto-

toxic concentration that kills at least 50% 

of the cells and therefore displays the cell 

viability. For A549-ACE2 cells, lugdunin 

4 displayed notable activity with an EC50-

value of 19.77 µM and a CC50-value of 

>50 µM. This proved to be very interest-

ing as the usually more active 6-trypto-

phan-lugdunin proved to be less active in 

both EC50 and CC50 assays. For CaJu-3 

cells, the antiviral activity of lugdunin was unfortunately not measurable due to errors 

in detection, however, the CC50 value of lugdunin as well as the EC50 and CC50 value 

of 6-tryptophan-lugdunin were comparable to the previous cell line. All measured data 

are shown in Table 2. 

  

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

cells 

Lugdunin 4 A549-ACE2 

6-Tryptophan-Lugdunin 5 A549-ACE2 
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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 

 

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. gordonii in 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.  

A549-ACE2 cells 

Compound EC50 (µM) CC50 (µM) 

Lugdunin 4 19,77 ~50 

6-Tryptophan-Lugdunin 5 32,50 34,78 

Calu-3 cells 

Compound EC50 (µM) CC50 (µM) 

Lugdunin 4 Not detectable ~50 

6-Tryptophan-Lugdunin 5 34,21 34,78 
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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 µM). 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 I 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 OpenAI, 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)[106] 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[107]. 
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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. 
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Introduction: 
The introduction of antibiotics into clinical use was arguably the greatest medical break-

through of the 20th century[1]. However, in 2014, the WHO’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 21st century”[2]. 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 21st century[3]. As a result, it has been estimated that by 

2050 antimicrobial resistance (AMR) could kill ten million people per year[4-5]. The need 

for novel antibiotics with a new mode-of-action (MOA) is thus one of the world’s most 

pressing health issues[6]. One of these novel antimicrobial compounds is lugdunin (I). 

This new, thiazolidine containing cyclic peptide 

is bactericidal against major gram-positive path-

ogens with low micro-molar activity against 

methicillin-resistant Staphylococcus aureus 

(MRSA) and vancomycin-resistant Enterococ-

cus faecium (VRE)[7]. Lugdunin is a cyclic hep-

tapeptide and the product of a non-ribosomal 

peptide synthetase (NRPS) with an unusual re-

ductase activity resulting in the formation of an 

aldehyde and thus enabling the building of a thi-

azolidine ring[7]. We have previously carried out structure-activity-relationship (SAR) 

studies[8-9]. 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 D-L-amino acid backbone is crucial to activity[9]. 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[9]. We therefore identi-

fied 6-tryptophan-lugdunin as the only known derivative with a higher activity than nat-

ural lugdunin[9]. 

As previously shown, lugdunin is capable of equalizing pH gradients in artificial mem-

brane vesicles without disrupting the membrane integrity[9]. 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[10-11]. These compounds are able to participate in back-

bone-backbone intermolecular hydrogen bonding to produce a contiguous β-sheet 

structure, which results in amino acid side chains lying on the outside of the structure 

and display good ion transport properties[10, 12]. 

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[13-14], 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-trp3 and D-val6 in natural lugdunin with pyrenylalanine as 

the fluorescent tag. Furthermore, replacing D-val2 with D-leu2 was found to be beneficial 

to antimicrobial activity. We utilized our previously published strategy for lugdunin syn-

thesis with pre-synthesized thiazolidine building blocks[8]. When numbering amino ac-

ids, we always used natural lugdunin as reference with cysteine at position one, L-trp3 

at position 3 and so on[7], 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[8-9], 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.[8], 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 µg*ml-1 (12.5 µM). 2-leucine-3-pyrenylala-

nine-lugdunin 2 followed with a less potent ac-

tivity at 50 µg*ml-1 (50 µM), 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 µg*ml-1 (1.56 µM), 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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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 µg*ml-1 (50 µM). In contrast, 3-valine-

6-pyrenylalanine-lugdunin 5 is slightly more active at 25 µg*ml-1 (25 µM) 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 µg*ml-1 (100 µM). 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 µg*ml-1 (100 

µM)). 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 µg*ml-1 (100 µM). 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 µg*ml-1 (50 µM), 

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 µg*ml-1 (12.5 µM) for 12 and 25 µg*ml-1 

(12.5 µM) 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 µg*ml-1 

(3.13 µM) and 1.56 µg*ml-1 (1.56 µM), respectively[8-9]. After being synthesized, each 

peptide was analyzed via 1H-, 13C- and 1H,1H-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 µg*ml-1 and 0.185 µg*ml-1 

as well as from 100 µM to 0.185 µM (see supporting information). We defined antimi-

crobial activity as an OD600 value of >0.1 in the liquid MIC assay. All peptides are listed 

in Table 1 with their MICs in µg*ml-1 and µM 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-1 and 10 mM stock solutions in DMSO. 

Nr. AA at 
Pos. 2 

AA at 
Pos. 3 

AA at 
Pos. 4 

AA at 
Pos. 6 Name Nr.[c] MIC[a] 

MIC[b] 

1 D-Val L-Pyr D-Leu D-Val 3-Pyrenylalanine-lugdunin 2-52 25[a] 
12,5[b] 

2 D-Leu L-Pyr D-Leu D-Val 2-Leucine-3-pyrenylalanine-lug-
dunin 2-55 50[a] 

50[b] 

3 D-Val L-Pyr D-Leu D-Trp 3-Pyrenylalanine-6-tryptophan-
lugdunin 2-56 3,13[a] 

1,56[b] 

4 D-Val L-Trp D-Leu D-Pyr 6-Pyrenylalanine-lugdunin 15-7 50[a] 
50[b] 

5 D-Val L-Val D-Leu D-Pyr 3-Valine-6-pyrenylalanine-lugdu-
nin 15-9 25[a] 

25[b] 

6 D-Leu L-Val D-Leu D-Pyr 2-Leucine-3-valine-6-pyrenylala-
nine-lugdunin 2-66 50[a] 

>100[b] 

7 D-Leu L-Trp D-Leu D-Pyr 2-Leucine-6-pyrenylalanine-lug-
dunin 2-67 100[a] 

100[b] 

8 D-Leu L-Pyr D-Leu D-Trp 2-Leucine-3-pyrenylalanine-
6-tryptophan-lugdunin 2-68 100[a] 

>100[b] 

9 D-Val L-Pyr D-Leu D-Pyr 3-Pyrenylalanine-6-pyrenylala-
nine-lugdunin 2-69 >100[a] 

>100[b] 

10 D-Leu L-Pyr D-Leu D-Pyr 2-Leucine-3-pyrenylalanine-
6-pyrenylalanine-lugdunin 2-70 >100[a] 

>100[b] 

11 D-Ala L-Pyr D-Ala D-Trp 2-Alanine-3-pyrenylalanine-4-ala-
nine-6-tryptophan-lugdunin 2-71 50[a] 

50[b] 

12 D-Pra L-Pyr D-Leu D-Trp 2-Propagylglycine-3-pyrenylala-
nine-6-tryptophan-lugdunin 2-72 12,5[a] 

12,5[b] 

13 D-Pra L-Pyr D-Leu D-Val 2-Propagylglycine-3-pyrenylala-
nine-lugdunin 2-73 25[a] 

12,5[b] 

14 D-Val L-Trp D-Leu D-Val Lugdunin  3,13[a] 
3,13[b] 

15 D-Val L-Trp D-Leu D-Trp 6-Tryptophan-lugdunin  1,56[a] 
1,56[b] 

[a] MRSA USA300 LAC (MIC in mg*mL-1). [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-

tive[9]. 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. 

Thiazolidine-4-carboxylic acid methyl ester (III.a) and 2-ethyl-thiazolidine-4-carboxylic 

acid methyl ester (III.b) were then subjected to a capillary electrophoresis (CE) mass 

spectrometry (MS)-based screening method for the determination of pI-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 pI-value ex-

hibit a strong pH-dependence [15]. In literature, CE-UV methods for the automated de-

termination of electrophoretic mobility curves are well-established[15-16]. Not only auto-

mation but also high accuracy for single compounds can be achieved, and measure-

ment times are minimized by pressure-assisted separations[17]. Another advantage of 

this technique is that CO2-absorption into buffers of high pH is minimized, increasing 

the accuracy in this pH-range[16]. But even with standard CE devices, fast approaches 

were described[18] 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 pI-values. CE-MS is an alternative for pI 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.[17]. 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[19-20] and is based on previously reported processes such as enzyme diges-

tion[21]. 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 III.b was unfortunately poorly detected and only showed an 

estimated pI-value of 5.00 - 6.02. However, III.a was clearly detected and showed a 

similar pI-value of ≤6.02. Due to the two peaks of lugdunin that formed during the anal-

ysis we calculated an average pI-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. 

 

Figure 40: pI-value determination. The Δt-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 HCl). 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. 

 

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

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 peptide[22-29]. 
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Figure 42: Measured fluorescence spectra of compounds 1-13 in MeOH at a concentration of 0.0125 mg*ml-1. 
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 

backbone[30]. 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-

tions of the artificial lipid. 

For lipids, a POPC (1-pal-

mitoyl-2-oleoyl-sn-glycero-

3-phosphocholine) solution 

(2 mg total lipid mass in 

chloroform) was used to 

create large unilamellar 

vesicles (LUVs). Com-

pounds were used as 2-Pro-

panol stock solutions and 

diluted in HEPES buffer to a 

final concentration of 10 µM. Lipids were added stepwise for concentrations of 0 µM to 

100 µM, 500 µM and 1000 µM. Interestingly, compound 1 showed decent excimer 

fluorescence with 0 µM 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 µM and 50 µM, unlike peptides 9 and 10 with two pyrene 

moieties. 

Figure 43: Fluorescence spectroscopy of 1 in water in the presence of 
various lipid concentrations 
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Derivative 9 was subjected 

to the same experiment, 

however, the excimer fluo-

rescence was still detecta-

ble in high concentrations 

of lipids (green curve, Fig-

ure 8). While this is the 

only derivative with this 

trend, it is also the only de-

rivative tested with two py-

rene-moieties as well as 

the only peptide without a 

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

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.  

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-π-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 

Figure 44: Fluorescence spectroscopy of derivative 9 in water in the ab-
sence or presence of artificial lipids 

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 
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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 µg*ml-1. 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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