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Abstract 

Infections caused by bacteria are the third leading cause of death worldwide. Antimicrobials 

are used to treat and prevent those infections and enabled the development of the modern 

healthcare system as we know it. However, those achievements are threatened by the global 

emergence of antimicrobial-resistant bacteria. There is an obvious need for developing new 

antimicrobials. Natural environments, like the Arctic Ocean, offer largely underexplored 

biodiversity with promising natural antimicrobial products. This thesis investigates marine and 

marine-inspired molecules for their antibacterial properties and potential applications. 

 

In paper I, a new dimeric napthopyrone containing a sulphate group was isolated from a marine 

fungus in the family Lulworthiaceae. The compound was produced in high quantities and tested 

against a panel of clinical bacterial isolates. The molecule exhibited strong antibacterial activity 

against methicillin-resistant Staphylococcus aureus, with a MIC of 1.56 µg/mL. The molecule 

also displayed moderate antiproliferative activities (IC50 15.5-32 µg/mL) against three human 

cell lines. Degradation of lulworthinone under acidic conditions was observed. 

 

Paper II investigated the antibacterial mode of action of lulworthinone. The molecule showed 

a membrane-targeting mode of action, which led to the dissipation of the membrane potential. 

Further assays indicated that the antibacterial activity is based on self-aggregation, which was 

not reported for other napthopyrones. The delocalisation of cell division protein FtsZ indicated 

a malfunction of the whole cell division apparatus.  

 

In paper III, a series of amphipathic barbiturates – mimicking the natural products 

eusyntyelamides – were investigated for their antibacterial properties. The peptides showed 

activity (MIC 2-8 µg/mL) against a panel of 30 multi-drug resistant clinical isolates. The mode 

of action study showed a membranolytic effect. The guanidine barbiturate 7e demonstrated 

in vivo efficacy in a neutropenic peritonitis model.  

 

Paper IV determined the potential application of antimicrobial peptides as surface coatings for 

medical devices. High concentrations of the peptides could be covalently and homologously 

bound to the model surface. The cyclic peptide analogues exhibited strong anticolonization 

effects against S. epidermis RP62A. This paper offers proof of concept for using antimicrobial 

peptides as surface coatings.  
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1 Introduction 

Infections caused by antimicrobial-resistant (AMR) bacteria were the third leading cause of 

death worldwide in 2019 [1]. Antimicrobials are becoming less effective due to the rapid spread 

of antimicrobial resistance among bacteria. Meanwhile, the drug discovery pipeline for 

developing new antimicrobial drugs is running dry, and new treatment options primarily being 

altered versions of new drugs. Bacteria rapidly adapt to the new versions of old drugs, since the 

resistance mechanism is already “known”. Therefore, we need new chemical classes or 

molecules with new modes of action (MOAs) [2]. This research aims to find new antimicrobials 

and define their MOAs against clinically relevant bacteria. The first chapter will introduce the 

study by discussing the background and context, followed by the research problem, the research 

aims, objectives and questions, the significance, and limitations. 

 

1.1 The challenge 

1.1.1 Infectious diseases 

With the introduction of antibiotics, ailing patients could be treated and recover from infectious 

diseases. Together with antiseptic procedures, sanitation and hygiene, antimicrobial treatment 

led to a vast reduction in the mortality rates due to bacterial infection. This marked the start of 

modern medicine. Nowadays, surgery, chemotherapy or organ transplantation are unthinkable 

without the preventive use of antimicrobials [3].  

During his Nobel prize lecture in 1945 [4], Sir Alexander Fleming warned that bacteria could 

become resistant to antimicrobial drugs. His prediction proved correct: every implementation 

of a new antimicrobial has been followed by the emergence of resistance to it. The development 

of AMR is an evolutionary process, vastly accelerated by the selective pressure applied by an 

overwhelming use of antimicrobials. Now, the achievements of modern medicine are at risk 

due to the rise of AMR. 
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1.1.2 Antimicrobial resistance 

The World Health Organization (WHO) released its first global surveillance report on AMR in 

2014 [5], predicting that AMR will profoundly influence global health and the economic sector. 

First estimates suggest that 300 million people will die prematurely because of AMR-related 

bacterial infections by 2050 [6].  

To address this emerging threat, the WHO published a list of antibiotic-resistant "priority 

pathogens" to guide and promote antibiotic research and development [7]. This list harbours a 

coterie of the hardest to treat multi-drug resistant bacteria called the ESKAPE group 

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Escherichia coli) [8]. These bacteria pose particular 

threats in healthcare settings (hospitals, nursing homes and patients with ventilators or blood 

catheters). An estimated 1.27 million deaths were attributable to AMR in 2019 [1]. Of those 

deaths, the ESKAPE group was responsible for ~73 %. This highlights the importance of 

developing drugs targeting those pathogens. 

 

1.1.3 A brief history of the antimicrobial discovery void 

In the era of antibiotic discovery, the Waksman platform – screening soil actinomycetes – 

identified the main classes of antibiotics (aminoglycosides, beta-lactams, chloramphenicols, 

macrolides and tetracyclines) in a short period in the 1940s (Figure 1). The golden age ended 

in the 1960s (as the first signs of AMR were detected [9]) when the low-hanging fruits of 

commonly present antibiotics had been used up, and several antimicrobials were consistently 

rediscovered. Around this time, synthetic antimicrobials entered the space (e.g., 

fluoroquinolones) and synthetic chemistry was able to introduce drug analogues that converted 

narrow-spectrum compounds working against Gram-positive species into broad-spectrum 

antimicrobials (erythromycin – azithromycin, penicillin – ampicillin) [10].  

Parallel to increasing AMR, the development of cures was downsized. The pharmaceutical 

industry responded to market forces and the perceived abundance of antimicrobials by shutting 

down or cutting back antimicrobial discovery programs. This resulted in a big discovery void 

of new chemical classes between 1987 (lipopeptides [11]) and 2020 (teixobactins [12], halicins 

[13], and diazabicyclooctane [14]). 
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Figure 1. Timeline of antimicrobial discovery and introduction for clinical use; permission by Elsevier: Lewis (2020) 

 

With the rise of AMR, it got increasingly difficult and costly to develop new drugs. From the 

discovery to market, developing a drug takes 10-12 years [15], costs around 1.3 billion USD 

for research and development [16], [17], and  250-500 million USD to keep the drug on the 

market in the first five years [18], [19]. Companies face all those hurdles while antimicrobial 

misuse (overuse in animal husbandry, free over counter purchases, incorrect usage, and lax 

regulations) speeds up AMR development and shortens the market window for a drug [20]. 

 

1.2 The fundamentals 

1.2.1 Drug development 

In contrast to the rapid spread of AMR, drug development is a long process where each step 

leads to a better understanding of the compounds and filters out compounds with undesired 

properties (Figure 2). This process is called rational drug design, and it needs roughly 10.000 

compounds to develop one drug [14], [21].  
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Figure 2. The general drug development pipeline and compound triage; based on Petrova et al. (2014) 

 

The early drug discovery step starts with selecting a target disease and identifying potential 

drug targets. Afterwards, molecules are screened against the target to identify active hit 

compounds. Those hit compounds are investigated for their MOA and molecular targets in vitro 

and in vivo. If a molecule shows desirable properties, it can be further adapted with medicinal 

chemistry and advance in the pipeline as a lead compound. 

In the preclinical step, the pharmacokinetics and pharmacodynamics properties, as well as the 

efficacy of the lead compound are determined. Animal studies evaluate the leads adsorption 

rate, distribution in the body, metabolic activity, excretion, and toxicity (ADMET). Key 

indicators are the maximum safety level of the drug in the host and potential side effects. The 

process development step determines the most cost-efficient way of manufacturing the lead 

compound afterwards. To maximise bioavailability in the host, the following formulation 

development estimates the best way to formulate the drug (tablets, capsules, etc.). If the drug is 

deemed safe for use in humans, applications for human trials are filed with the regulators (e.g., 

the European Medicines Agency (EMA) or the American Food and Drug Administration 

(FDA)).  

In the clinical development step, the drug is administered to increasing numbers of humans. In 

phase 1, the drug is tested on volunteers (20–100) to assess drug dosing without compromising 

safety. Phase 2 determines the drug efficacy in a small cohort of diseased patients (100–500). 
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Phase 3 clinical trials (1.000–5.000 patients) are longitudinal studies to identify long-term 

safety issues and side effects [21].  

In the product approval and launch phase, the manufacturer seeks approval from the regulatory 

bodies to enter the market. While being marketed, it is common to conduct phase 4 trials, where 

drug efficacy and safety are determined for minority patient groups (e.g., pregnant women or 

children) [22].  

 

Target-based vs phenotype-based discovery 

Drug discovery is based on two main approaches (see Figure 3). The original approach, 

phenotype-based discovery, starts with a drug-like compound that undergoes phenotypic assays 

to determine potential therapy areas and pharmacology. After the initial whole-cell phenotypic 

screening, the drug target will be elucidated and followed up by MOA and safety profile studies. 

This approach has two significant advantages, (i) the ability to discover first-in-class drug 

moieties and (ii) the molecule can show drug efficacy in native cell or tissue environments [23], 

[24]. If the targets are unknown, the identification requires subsequent effort and time, creating 

a significant bottleneck for antibiotic discovery and development [25]. 

A paradigm shift came with new techniques (e.g., omics, high-throughput screening (HTS), 

bioinformatics). Drug screening shifted to identify disease-related targets first and screen for 

compounds afterwards. This target-based approach can unravel how a drug should interact with 

the target of interest [26]. As a result, vast compound libraries could now be screened for a 

specific molecular interaction in a less expensive HTS. This approach enabled a fast 

identification of best-in-class drug moieties [27].  

While the target-based discovery has a generally good track record in developing new drugs 

with improved potency and safety profiles, it seems to fail for antibiotics[26], [28], [29]. There 

are still many knowledge gaps about how antimicrobials interact with bacteria, especially how 

they penetrate the cell envelope [26]. Payne et al. (2015) [28] recommended reverting to 

phenotypic-based assays to avoid those pitfalls. This approach also benefits from advances in 

high-throughput formats, automatization and computerisation of the screening processes [30].  
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Figure 3. Phenotype-based vs. target-based drug discovery; based on Terstappen et al. (2007)[31] 

 

1.2.2 Antimicrobials 

Antimicrobial treatment seeks to interfere with pathogenic bacteria without damaging the host. 

This concept is called selective toxicity. To achieve this goal, bacterial structures or metabolic 

pathways need to be identified that are different or absent in the host [32]. The most common 

and researched targets for direct-acting agents are shown in Figure 4. 

 

 

Figure 4. Main molecular targets for antimicrobials; permission by Springer Nature: Cardoso et al. (2021)[33], 
modified 
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Nucleic acids synthesis 

The synthesis of nucleic acids is necessary to transform cellular information from genes (DNA) 

to molecular blueprints (mRNA). This is a long and complex process that offers many inhibition 

targets. For example, quinolones inhibit DNA gyrase, which facilitates the supercoiling and 

packing of bacterial DNA [34], while rifampicin blocks the bacterial RNA polymerase [35]. 

However, mammalian cells are safe from such antimicrobials as they use different enzymes. 

 

Protein synthesis 

Protein synthesis is a crucial part of cell activity. Information from mRNA is translated into 

molecules by joining amino acids together in the ribosome. Bacterial ribosomes are good 

distinct targets, as they differ from eukaryotic ones. Aminoglycosides interrupt the translation 

process at the ribosome, resulting in misfolded cytotoxic peptides [36]. 

 

Metabolic activity 

The metabolism is defined as the sum of all energy-creating reactions. Anti-metabolites mimic 

natural compounds involved in these processes and bind to the enzymes, rendering them 

ineffective. For example, trimethoprim mimics p-aminobenzoic acid — which is vital for folic 

acid synthesis — preventing bacterial multiplication. Humans do not produce folic acids but 

take them up with food [37].  

 

Cell envelope 

The cell envelope is simultaneously a promising target and strong adversary for antibiotic 

treatment. It is a highly complex system, and as multiple MOAs target this system, it will be 

discussed in more detail. Bacterial cell envelopes possess structural elements (e.g., cell wall or 

the outer membrane) that eukaryotes lack. Furthermore, the bacterial surface is negatively 

charged instead of neutral in the case of eukaryotes. Both aspects are conserved among bacterial 

species, which offers potential broad-spectrum activity for antimicrobials [3], [38], [39]. 
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Cell wall The cell wall is a rigid, porous structure made from peptidoglycan (PG), a 

polysaccharide backbone linked via peptide side bridges. Its essential role is to resist osmotic 

pressure, and it offers anchor points for various proteins and polymers [40]. This vast network 

of molecules cannot be assembled within the cell. Therefore, the subunits (also named lipid II) 

need to be transported to the outside, where they are joined together [41], [42].  

This is where most antimicrobials (beta-lactams, carbapenems, cephalosporins, glycopeptides) 

interfere with the bacteria. They can hinder the assembly of the PG polymers 

(transglycosylation (Figure 5 black frame); inhibited by nisin [43], teicoplanin [44]) or inhibit 

the crosslinking (transpeptidation (Figure 5 blue frame); inhibited by penicillin [45], 

vancomycin [46]) of PG backbone parts. PG is regularly weakened before cell division, so 

further stimulating the intrinsic PG digestion by activating autolysins may be required. 

Together, the PG is weakened enough for the bacterial cell to lyse. This highlights why cell 

wall active antimicrobials work primarily on living and dividing bacteria [47], [48].  

 

 

Figure 5. Peptidoglycan synthesis with highlighted antibiotic targets; based on Coyle et al. (2018) [49] 
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Cell membrane The cell membrane controls the transport of molecules in or out of the 

cell. The membrane consists of a phospholipid backbone and proteins. Phospholipids contain a 

hydrophilic head and a hydrophobic tail; both create an amphipathic character. Assembling 

multiple phospholipids next to each other in aqueous environments leads to lipid bilayer 

formation [39].  

While phospholipids form the main fabric of membranes, proteins provide the main functions. 

Membrane proteins are involved in molecule transport, enzymatic activities, signal 

transduction, cell-cell recognition, intercellular joining, or attachment to the cytoskeleton and 

extra-cellular matrix. Combined, proteins and phospholipids create a beneficial physiochemical 

environment for multiple cellular processes [50], [51]. 

The homeostasis of molecule concentrations within and outside of the cell is a fragile system. 

The difference between high and low concentrations of a molecule creates an energy gradient. 

Membranes are selective, and while small nonpolar molecules can pass through, charged 

molecules are less likely to traverse them. Those molecules need membrane-spanning 

transporter proteins. The transport is either passive (diffusion along the concentration gradient) 

or active (transport against the gradient under energy consumption). Those transporters create 

an imbalance of anions and cations on the membrane and create an electrical voltage – the 

membrane potential. The membrane potential acts like a battery and influences all transport of 

molecules in bacteria [50].  

Antimicrobials can target phospholipids (disrupting the membrane architecture and 

functionality), proteins (conformation or localisation), and alter the membrane potential. 

Examples are the lipopeptides like daptomycin or polymyxins B and E. They mainly bind the 

membrane and increase permeability, leading to leakages of cytosolic compounds. Membrane 

active compounds do not bind to a specific target. They have the potential to be active against 

dormant or slow-growing bacteria, and cause low resistance development due to their multiple 

targeted MOAs, favourable pharmacokinetics, and potential to serve as a chemosensitizer for 

other antimicrobials [39]. 
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Gram-positive or Gram-negative bacteria — know your enemy 

There are two distinct clades of bacteria, Gram-positive and Gram-negative. The cell envelope 

morphology and structure in both clades are fundamentally different (Figure 6). 

 

Figure 6. Structural cell envelope difference between Gram-positive and Gram-negative bacteria; permission by 
Elsevier: Epand et al. (2016) 

 

Gram-positive  Gram-positive bacteria are surrounded by a layer of PG around ten of 

nanometres thick. Their PG contains additional compounds called teichoic acids. Both 

subgroups of wall teichoic acids and lipid teichoic acids are covalently bound to the PG or 

membrane, respectively. The main functions are to provide stability of the PG (anchor function) 

and maintain a negative surface charge to attract cations [42].  

Gram-negative Gram-negative bacteria are surrounded by two membranes, the 

cytoplasmatic membrane and the outer membrane. The outer membrane (OM) contains 

lipopolysaccharides (LPS). Generally, PG is too porous to be a significant barrier for 

antimicrobial diffusion, but the outer membrane limits diffusion heavily. This gives Gram-

negative bacteria an inherent advantage over their Gram-positive brethren. The hydrophobic 

bilayer restricts penetration of hydrophilic compounds and is a nearly impenetrable barrier. 

Antimicrobials need to diffuse through pores in the OM to reach their cellular target. As the 

pores are relatively substrate unspecific, single mutations can convey resistance to multiple 

antimicrobials at once. Furthermore, compounds that manage to leak across the OM can quickly 

be expelled by multidrug-resistant pumps before reaching their cellular target. [3]  
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1.2.3 Resistance mechanisms 

Bacteria have developed multiple resistance mechanisms to overcome antimicrobial pressure: 

(i) modification or destruction of antimicrobials, (ii) efflux pumps to counter 

antimicrobial uptake, (iii) restriction of membrane permeability to inhibit the diffusion of 

antimicrobials, (iv) target modification to mask antimicrobial binding sites, and (v) 

development of alternative pathways to evade metabolic mimicry [52]–[54] (Figure 7).  

 

 

Figure 7. Main resistance mechanism against antimicrobials; permission by Springer Nature: modified from 

Cardoso et al. (2021) [33] 

 

Besides their intrinsic resistance mechanisms (e.g., the adaption of membrane permeability, 

efflux pumps, and the presence of the outer membrane [52]), bacteria can also avoid treatment  

by tolerating antimicrobials or biofilm formation. 

Antimicrobials induce various forms of cell damage.  To survive the exposure, bacteria need to 

upregulate their damage repair functions. This is often a race against time. Subpopulations 

which are expressing those stress responses already can react to the lethal insult in sufficient 

time. This stochastic survival is termed antimicrobial tolerance [55].  An extreme form of 
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tolerance is the formation of persister cells. Here the cells enter spontaneously a dormant 

non-dividing state. While the antimicrobial eradicates the majority of the population, the 

persisters can emerge after the antibiotic stress receded which results in a relapsing infection 

[56]. 

Another way to counteract antibiotic stress is the formation of biofilms. Biofilms are mostly 

sessile bacterial communities formed on surfaces. The bacteria are encompassed by an extra-

cellular matrix (ECM) which consists of polymers (exopolysaccharides), extracellular DNA, 

and proteins [57]. Biofilms protect against alterations in osmolarity or pH, mechanical and shear 

forces, and also block antimicrobials and the host defence system from accessing the bacterial 

cells [58]. This allows bacteria to withstand harsh conditions and provides resistance up to 

1000-fold the MIC of the antimicrobial [59]. 

 

Resistance development 

Bacteria can acquire AMR in two major ways. Either they undergo genetic mutations 

themselves or acquire resistance genes from other bacteria. Developing a chromosomal 

mutation that leads to resistance is mostly a slow process. Even though mutations frequently 

happen in bacteria, it is serendipity if one leads to changes countering antimicrobials and mainly 

leads to resistance against a single antimicrobial. Without the presence of the specific 

antimicrobial, those mutations lead to a decreased fitness of the bacterium. Species members 

can outcompete the mutant, and the resistance can be lost within the population [52]. 

More problematic is the acquisition of resistance genes from the environment via horizontal 

gene transfer. Mobile genetic elements like plasmids or transposons can be easily exchanged 

between bacteria. Those gene elements often convey multiple resistance genes at once and lead 

to a rapid spread of AMR within an environment [60]. Especially in the health care sector — 

an environment with high antimicrobial use and therefore selective pressure — resistance genes 

are prevalent and exchanged fast [61]. 
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1.3 The solution 

The current efforts to tackle the AMR crisis can be grouped into (i) alternative antimicrobial 

therapeutics, (ii) the search for new antimicrobials, and (iii) the restructuring of the drug 

discovery and development pipeline. Theuretzbacher et al. (2020) [28] identified 407 active 

projects in the preclinical pipeline that developed new antibacterial options in a global survey. 

Most projects focus on non-traditional treatment approaches, and 70 % aim at new bacterial 

targets. 

 

1.3.1 Alternative antimicrobial therapeutics 

Antibodies 

The immune system uses antibodies to neutralize pathogens. They are also able to neutralise 

bacterial virulence factors. Most antibodies in the clinic or development focus on toxins of 

S. aureus, B. anthracis, C. botulinum, C. difficile, and P. aeruginosa. Antibodies targeting other 

virulence factors (e.g., biofilm modulators, cellular attachment) have yet to be proven 

successful [62].   

 

Anti-virulence agents 

Alternative to targeting the pathogens directly, anti-virulence agents aim to inhibit the activity 

or production of virulence factors. Those treatments have no influence on bacterial growth but 

disarm bacteria and render them harmless. Potential targets include adhesion, biofilm 

formation, quorum sensing, siderophores, toxins, or persister formation. Since most virulence 

factors are species or strain-specific, the treatment currently has a narrow spectrum of activity 

[63], [64].  

 

Bacteriophages 

Phage therapy has been known for decades but has gained traction with the rise of AMR and 

modern techniques. The current development focuses on phages producing lysins and targeting 

E. coli, P. aeruginosa and S. aureus infections. Phages are considered safe as they do not target 

mammalian cells. As phages are specific for particular bacterial species (or subspecies), they 
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have a narrow activity spectrum. They are mainly used to treat patients with rare pathogens 

[63], [65], [66].  

 

Microbiome-modulating therapies 

A deeper understanding of the human microbiome enabled the manipulation of host-pathogen 

interactions [67]. Current approaches involve restoring a healthy gut microbiome or 

engineering probiotics to produce antibiotic inactivators, AMPs or absorbers for bacterial 

toxins. Due to the great variety of microbiome compositions, the preclinical models still lack 

predictive power and hamper effective dosing in patients [63], [65].   

 

Potentiators 

The antimicrobial drug activity can be enhanced by using potentiator molecules. Most of those 

molecules are not antimicrobial but enable other drugs to be more effective. The current focus 

is on potentiators that inhibit bacterial defences (e.g., beta-lactamase inhibitors), expand the 

treatment spectrum of activity (narrow to broad-spectrum) or protect against nephrotoxicity 

(e.g., caused by colistin, aminoglycosides) [65]. Furthermore, the potentiator approach offers 

the possibility of repurposing old and exhausted antibiotics [68].  

 

Repurposed drugs 

An alternative to discovering new molecules is the repurposing of known drugs. Drugs 

approved for other diseases have not been tested for their antibacterial potential per se. The 

discovery of potential hit compounds from existing drug libraries benefits from a considerable 

body of knowledge. It can speed up the development process by ~50 %. Successful drug 

repurposing could save more than one billion USD in development costs [69], [70]. This 

approach has already shown to be a viable option against several ESKAPE bacteria. [71]–[73] 
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Vaccines 

Vaccines enable preemptive protection in the population and decrease the total incidence of 

infections. Vaccines against AMR bacteria would lower the public demand for antimicrobials. 

Currently, there are two vaccines available targeting AMR bacteria (Hib against Haemophilus 

influenzae and PCV7 against Streptococcus pneumoniae [74]). Unfortunately, due to the high 

genetic diversity within the ESKAPE bacteria group, no vaccines could target the pathogenic 

bacteria effectively so far [75]. As a result, only 11 new vaccines are in clinical trials. They 

have an even lower predicted success rate than antimicrobials [66], [76].    

 

1.3.2 New antimicrobial compound classes of interests 

Efforts to promote antimicrobial discovery in the last decades resulted in an increase of 

molecules with a high level of diversity in the current pipeline. Besides progress for alternative 

approaches, the search for new direct-acting antimicrobials is still the primary research focus. 

Most direct-acting molecules present either new classes, targets or MOAs [77]. The majority 

of those compounds originated from or mimic natural products (NPs), with a focus on 

antimicrobial peptides (AMPs) [2]. 

 

Natural products  

Natural products (NPs) offer a trove of untapped potential, as organisms had millions of years 

to develop and refine metabolites and their functions. They provide a good starting point for 

drug discovery. The discovery boom in the golden era has shown that many antimicrobial 

compounds exist. Their scaffolds could be adapted to become more feasible for use in humans 

(e.g., penicillin-ampicillin [78]). Unfortunately, the finite number of antimicrobials (especially 

broad-spectrum) from easy-to-cultivate soil bacteria is known by now [9].  

In order to reinstate a Waksman-style drug discovery platform, projects need to look at 

microbes that have been underexploited. The ocean is an under-explored environment. Most of 

the oceans’ biodiversity remains undiscovered due to inaccessibility, sample limitations, and 

low cultivability of the organisms. Bioprospecting initiatives (like MarBio [79], Marbank [80], 

or the Marine Biodiscovery Centre [81]) address the problems as they sample new 

environments (e.g., the Arctic), use new sampling techniques, and use new tools for genome 
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mining and heterologous pathway expression [9]. Overall, NPs offer a good starting point for 

drug discovery as their MOAs and molecular scaffolds are well tested over time. 

 

Antimicrobial peptides 

Due to their central roles in the innate immune system of all multicellular organisms, AMPs 

have been considered potential novel antimicrobials since their discovery in 1980 [82]. The 

advantages of AMPs are their broad-spectrum activity, including most major Gram-negative 

and Gram-positive bacteria, their bactericidal and rapid action, low potential for resistance 

development, and their lack of immunogenicity [83].  

AMPs are composed of < 100 amino acids and harbour a net charge between +2 and +9. They 

contain cationic amino acids (e.g., arginine or lysine) along with hydrophilic residues. The 

arrangement of residues within the molecule or in the secondary-structure gives them an 

amphipathic character [84]. Common secondary structures (α-helix, β-sheet, looped, extended, 

and mixed) are shown in Figure 8 a-e.  

 

 

Figure 8. Common secondary structures in antimicrobial peptides; Ong et al. (2014) [85] 
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AMPs have shown to have one or more MOAs. AMPs have a membrane-targeted MOA 

classically, but other MOAs (including inhibition of DNA, RNA and protein synthesis) also 

occur [76] (see Figure 9). Furthermore, it has been shown that they can have anti-cancer, anti-

biofilm or immunomodulating properties, which makes them a promising drug class in general 

[86]. It is still unknown whether the multiple functions of AMPs are independent or not.   

 

 

Figure 9. Potential molecular interactions of AMPs: permission by Springer Nature, Cardoso et al. (2021), modified 

 

Most AMPs have an amphipathic character that promotes a strong electrostatic interaction with 

bacteria's negatively charged surface layer [87]. The bacterial membrane is considered the main 

target for AMPs as they increase permeability and disrupt bacterial membrane integrity. This 

causes leakage of cell content, which is followed by cell death. A number of models of AMP 

interaction with the membrane have been proposed (aggregation [88], barrel-stave [89], carpet 

[90], sinking raft [89], toroidal pore formation [91]; some shown in Figure 9). All models 

predict interaction with the physical properties of the membrane instead of biological targets. 

This makes them interesting antimicrobials as rearranging the physical properties of the whole 

membrane is hard to achieve. 
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Besides polymyxin B [92], colistin [93], tyrothricin [94], gramicidin S [95] and vancomycin 

[96], AMPs often fail preclinical studies due to low stability, bioavailability, and high in vivo 

toxicity. Therefore, it is crucial to strengthen the mechanistic understanding of the AMPs and 

their targets [83].   

The structure and functions of AMPs are used to develop improved versions of natural products. 

The resulting molecular mimics are known as peptidomimetics. Peptidomimetics capitalize on 

the structural features of AMPs (e.g., amphipathicity, peptide backbone composition, charge, 

hydrophobicity, side chains) while incorporating residues with other biophysical properties 

(e.g., non-standard amino acids, exclusion of α-amino acids in the peptide backbone). The 

change of biophysical properties often enhances in vivo stability and lowers toxicity while 

resembling the activities of usual AMPs [87], [97].  

 

1.3.3 Reinvigorating antimicrobial R&D 

Drug development is a general risky endeavour as just 5 % of all products make it to the market 

[20]. The standard business model of charging high prices and selling large volumes - does not 

work for antimicrobials. As a result, there has been a steady decline in pharmaceutical 

companies investing in antimicrobial research. Currently, there are three big companies 

(GlaxoSmithKline, Merck, Pfizer) [98] left in the field, and they account for 4 out of 42 

antimicrobials under development [20]. These commercial decisions threaten the global ability 

to research, develop and produce new antibiotics for society. Besides academic ventures, the 

key players keeping the pipeline alive are small and medium-sized enterprises (SMEs).  

 

DigiBiotics 

To supply the global drug development pipeline, public-funded initiatives were formed. 

Governments have acknowledged the schism between the commercial model of pharma 

companies and the urgent need for new antimicrobials. As a result, the Norwegian Research 

Council and Digital Life Norway funded the DigiBiotics project in 2017. DigiBiotics is a drug 

discovery project that aims to analyse understudied chemical classes by combining the activities 

of multiple work packages: bioprospecting (WP1), synthetic chemistry (WP2), structure 

confirmation using optical (WP3) and NMR (WP4) spectroscopy, molecular dynamic 

modelling (WP5), and microbiology (WP6). The rationale was to develop marine-inspired hit 
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compounds that target bacterial infections and are active on the cell envelope. The deliverables 

of the project are depicted in Figure 10. 

 

 

Figure 10. Deliverables of the DigiBiotics project 

 

1.4 Research aim 

The constant development of new antimicrobial drugs with renewed MOAs is needed for 

infection control. Recent antimicrobial research is directed towards small drug molecules (< 1 

kDa). These molecules have the potential to be effective against unique and underexplored 

targets like bacterial membranes or protein-protein interactions on cell surfaces [99], [100]. 

The pharmaceutical industry avoided the research of those molecules, especially AMPs,  due 

to challenging ADMET properties [101]. Therefore, the molecules are considered undesirable 

and were precluded from the classical design-analyse-improve cycle. This presents a problem 

as the antimicrobial drug development pipeline is dry and needs new drug candidates to develop 

possible treatments [3]. 
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As a result, the current knowledge about small drug molecules is inadequate for the 

pharmaceutical industry to pursue them as potential drug leads. Academic efforts are needed to 

supplement the drug development process and investigate those compounds. Providing further 

knowledge could make those molecules feasible for industry research. 

 

1.4.1.1 Research Aim, objectives, and question 

Given the lack of knowledge on small drug molecules, this study aimed to identify and 

determine new antibacterial compounds by screening and mode of action studies. The following 

objectives were defined: 

Objective #1 – Identify antimicrobial hit compounds against clinically relevant bacteria. 

Objective #2 – Determine the molecular MOA of the hit compounds. 

Objective #3 – Explore potential applications for small drug compounds. 

 

To reach the proposed research objectives, the following research questions were addressed. 

RQ #1 – What small compound classes can be relevant to test for? 

RQ #2 – What is the MOA of each identified hit? 

RQ #3 – How can those hit compounds be exploited? 

 

1.4.1.2 Research significance and limitations 

This study will contribute to the body of knowledge on antimicrobial compounds by 

investigating and characterising underexplored chemical classes and their modes of action. This 

will help address the current shortage of hit compounds for the drug development pipeline and 

explore potential new drug targets. 

The empirical results reported herein should be considered in light of some limitations. 

First, as the last part of the DigiBiotics pipeline, the access to potential antimicrobials depended 

on the preceding work packages, bioprospecting (WP1) and organic synthesis (WP3). The 
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bioprospecting work package was heavily influenced by the serendipity of finding compounds 

and producing feasible amounts of the compound for the MOA studies.  

Second, the screening methodology was a labour-intensive task. It was a considerable 

bottleneck for screening the peptide libraries provided by WP3.  

Third, the employed methods are based on in vitro conditions, simplified computational 

models, and artificial membranes. Any antimicrobial activity needs to be validated further in 

fitting in vivo models (e.g., mouse tight model, peritonitis model). 

Fourth, as drug development is a commercial endeavour, there might be existing research that 

is not publicly available about the studied compound classes.  

 

1.5 Structural outline 

In Chapter One, the context of the study has been introduced. The research objectives and 

questions have been identified, and the value of such research is argued. Furthermore, the 

limitations of the study have also been discussed 

Chapter Two discusses the research design and the applied in vitro methods for screening and 

MOA determination in detail. The advantages and limitations of each method are highlighted. 

In Chapter Three, a summary of significant findings from each publication is provided. 

Chapter Four provides a general discussion of the results and a broader context. The rationale 

behind each screening campaign, the MOA, potential applications, and limitations are given for 

each investigated molecule/molecules group. Furthermore, the DigiBiotics pipeline is reviewed 

in the scope of current endeavours to fight AMR and the benefits of MOA studies are 

highlighted. 

In chapter Five, future prospects and potential studies are outlined. 

Chapter Six provides the conclusions of this thesis, summarising the key findings in relation to 

the research objectives and questions. 
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2 Methodology for a biological mode of action study 

2.1 Introduction 

This study aimed to screen for antimicrobial molecules and determine their mode of action. 

This chapter presents the methodology which was employed during the study. The workflow 

followed a screening assay cascade using phenotype-based methods. In the light of this, the 

research design and choice of microbiological methods are explained. Furthermore, the 

limitations of each employed method are given. Finally, a summary of this chapter is presented. 

 

2.2 Research Design 

Research aims to create sustainable and reproducible knowledge. This approach is based on the 

key assumptions that (i) there are natural causes for things around us, (ii) evidence from the 

natural world can be used to learn and explain those causes, and (iii) that there is consistency 

in those causes [102]. In this study, the research design follows the tradition of positivism. Here, 

the progress of science is purely based on observable data — obtained from observations and 

experiments — which will lead to new scientific truths [103].   

Following this natural science tradition, experimental research is the main contributor to 

scientific evidence. The data will contribute to the body of knowledge with a deductive 

approach as it adds new data to existing hypotheses. Once a hypothesis is generated, other 

explanations are still taken into consideration. The employed scientific methods were based on 

the comparison of control groups (no variable is manipulated) vs experimental groups (a 

specific variable is manipulated) in strictly limited environments (laboratories). This approach 

allowed observing causation (cause and effect) between variables [104]. Different methods 

exhibiting the same phenomenon were combined, and the experimental design was kept as 

simple as possible. Additionally, the experiments were based on random sampling to ensure 

representative data samples and generalizability.  

All collected data were quantitative (numbers-based). Descriptive and inferential statistics were 

used to interpret the scientific evidence [105]. Each experiment consisted of at least three 

biological replicates, with a minimum of three technical replicates each, to ensure the validity 

of the statistics. Following the investigations, the data were stored according to the FAIR 

principles (findable, accessible, interoperable, reusable [106]) and analysed via given software 

on equipment or with the statistical software R 4.1.0.  
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The workflow followed a screening assay cascade – starting with assessing antimicrobial 

properties, MOA estimations via biosensors and ending with an in-depth analysis to confirm 

the MOA. Every method has its inevitable limitations, which must be considered when 

interpreting the data. All microbiological techniques are discussed in the following, and 

limitations are highlighted. 

 

2.3 Antimicrobial activity screening based on the minimal 
inhibitory concentration (MIC) 

Phenotypic screening based on growing bacterial cultures allows the identification of hit 

compounds regardless of their MOA. This whole-cell screening has the advantage of selecting 

compounds that can penetrate and kill/prevent the growth of bacteria. In industrial 

high-throughput settings, thousands of molecules are tested with a fixed concentration (e.g., 

10-20 µM [107]) in 384-1536 well formats. The MIC of a hit compound is evaluated later [108]. 

Due to the relatively small compound libraries used in the study, the screening was combined 

with antimicrobial susceptibility testing. Here, microbial survival was evaluated as an endpoint 

measurement of visible growth after 24 hours. The assay was conducted in a micro-broth 

approach containing a two-fold dilution series (ranging from 0.5-256 µg/mL) in a 96-well 

format. 

The screening process was split into two parts to focus the research effort and reduce manual 

labour. First, the MICs of the molecules were determined for common lab strains (B. subtilis 

168 / ATCC 23857, S. aureus ATCC 9144, E. coli ATCC 25922, and P. aeruginosa ATCC 

27853). If they showed promising MICs (e.g., MIC ≤ 16 µg/mL), they were further tested 

against bacteria from the ESKAPE group (for a complete overview, see Table 2, paper III). 

The procedure followed the guidelines of the Clinical Laboratory Standards Institute (CLSI) 

[109] and included quality assurance strains and reference antimicrobials. The MIC values are 

currently the best available parameter to estimate the activity of an antimicrobial, both for 

deciding on treatment in the clinic and as an indicator for drug development.  

Despite the standardisation of the method, it has its limitations. MICs do not represent in vivo 

efficacy. Antimicrobial activity within the host is influenced by many parameters (e.g., tissue 

penetration, concentration over time, host factors). Berlanger and Hancock (2021) [110] 

showed that adopting a more physiologically relevant in vivo test environment can influence 
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MIC values. Furthermore, the MIC value does not indicate the physiological state of cells. As 

the assay is based on visible cell growth, a compound could be bacteriostatic or bactericidal at 

the observed concentration [111]. Variation in methodology (e.g., change in inoculum or 

incubation time) can lead to considerable divergence of MICs. Furthermore, due to population 

dynamics within the sample, each MIC value can differ ± one dilution step in each observation 

[112].  

Nonetheless, MICs represent the current "gold standard" for determining antimicrobial activity. 

The experiments can be easily performed, offer the opportunity for automatisation – which also 

increases the reproducibility, and have a fast return of results (18-24 hours) [113]. Changing 

the setup would make new MIC values incomprehensible to the existing vast body of data. 

 

2.4 Antibiofilm testing 

Bacterial biofilms are estimated to cause > 60 % of hospital infections [114] as they adhere to 

medical equipment and promote infections in the patients. Compared to planktonic growing 

bacteria, biofilms increase protection against the immune system and antibiotic treatment 

(10-1000 x MIC [59]). Therefore, antimicrobial compounds are also screened for biofilm-

eradication or -inhibition properties [115].  

The assays used in this study are based on the staining of biofilms with Crystal Violett (CV). 

In a 96-well format, biofilm-forming bacteria (e.g., Gram-positive: S. epidermidis 

RP62A/ATCC 35984, or Gram-negative: P. aeruginosa PAO1) are cultivated in the presence 

of the antimicrobial in a two-fold concentration range (0.2-100 µg/mL).  

The biofilm formation inhibition assay quantifies the onset of biofilm formation. Here, the 

bacteria are grown in the presence of the compound for 24 hours. The compound is deemed 

inhibitory if the biofilm formation is impeded below the MIC value. The biofilm eradication 

assay investigates if the molecule can disperse established biofilms. The bacteria are grown for 

24 hours in media to develop a biofilm. Afterwards, the growth medium is discarded and 

substituted with media containing the compound. In both assays, the media is discarded after 

the incubation, and the biofilm is stained with CV. After the staining, the biofilm can be 

quantified by optical density measurement [116].  
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The CV staining methods are convenient and easy to perform experiments. However, whilst 

S. epidermidis can form biofilms on the bottom of the 96-well plate, the assay needs additional 

equipment for P. aeruginosa cultivation. P. aeruginosa forms biofilm at the liquid-air 

interphase (swimming on top) [117]. This biofilm can easily be lost while handling the plates 

(e.g., substituting media, washing steps, and staining). Using MBEC biofilm inoculators or 

PEG-lids [118] resulted in a uniform biofilm formation. They enabled further handling similar 

to the S. epidermidis plates. 

Following the incubation, media evaporation was observed in the wells framing the 96-well 

plate. This phenomenon is called the "Edge-Effect" [119] and can be countered by sealing plates 

with parafilm. The sealing creates an anaerobic environment that can simulate a more relevant 

clinical setting (host-like) – or in the case of P. aeruginosa PAO1 stimulate biofilm formation 

[120]. 

The CV staining methods offer an easy and low-cost option to assess initial biofilm formation 

and prevention capabilities in a medium-throughput format [121]. Biofilm active compounds 

can be further analysed for influence on metabolic activity and mechanical stability in more 

sophisticated dynamic models [122].  

 

2.5 MOA profiling using promoter-reporter biosensors 

In the phenotypic-based drug discovery, the MOA of the antimicrobial is unknown, which poses 

a bottleneck for downstream MOA discovery. To address this issue, promotor-reporter based 

biosensors (e.g., luminescence or fluorescence) are used to map how an antimicrobial affects 

cellular targets and generates an MOA profile [25]. As a result, MOAs linked to major cellular 

pathways [123], heat shock, and oxidative stress [124] can be identified. 

Antibiotic stress can selectively induce promotors in cells, which leads to a differential mRNA 

expression. Comparing the transcription of the promotors can provide a quantifiable phenotype 

following the exposure to antimicrobial stressors. This response can inform the MOA profile  

compared to reference antimicrobials with known targets [125]. So far, the most comprehensive 

and genome-wide reference compendium for mRNA expression profiling exists for B. subtilis 

[126] and E. coli [127], [128].  
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In this thesis, a library of eight B. subtilis 168 biosensors was used. The biosensors contained 

promotors that were fused to the luciferase reporter gene. The assay covered promotors for the 

biosynthesis of DNA (yorB), RNA (belD), proteins (yheI), cell wall and membrane (ypuA, liaI), 

fatty acids (fabHB), folic acid (panB), and included a viability control (liaG) reacting to 

antimicrobial stress in general [123]. The biosensors were grown in media with a concentration 

range of 0-8 x MIC of antimicrobial molecules or reference antibiotics, respectively. 

The employed biosensors allowed the monitoring of essential pathways and could unravel off-

target effects without knocking out essential genes [124]. The automated high-throughput setup 

offered a reproducible and fast real-time resolution when assessing the impact of antimicrobial 

stress (even at sub-MIC levels) on global gene expression. By comparing deviations to the wild 

type and other constructs, predictions for new antimicrobial molecules were assessed [128]. 

The method also comes with limitations. Any antimicrobial exclusively targeting 

Gram-negatives, or other Gram-positives, could not be detected. As of the end of this study, 

only B. subtilis-based biosensors were available for the DigiBiotics discovery pipeline. It has 

also been shown that these biosensors do not detect certain kinds of inhibitors with well-defined 

MOAs [129]. The B. subtilis biosensors could not detect tRNA synthase inhibitors, some PG 

synthesis inhibitors and membrane damaging agents. Urban et al. (2007) proposed similar gaps 

for types of protein biosynthesis inhibitors. To cover those gaps, MOA profiling could be 

supported by complementary techniques like transcriptomics [130], proteomics [131], or 

bacterial cytological profiling [132].  

Nonetheless, the chosen biosensors offered an easy-to-use, viable, and low-cost model system 

to get a general indication of MOAs. Analysing MOAs on a pathway level enabled an HTS 

approach. Furthermore, a potential induction of multiple promotors at once can indicate 

combinational MOAs or off-target effects [126].  

 

2.6 Membrane related assay 

The bacterial membrane is essential for the survival and metabolic status of the cell. Membrane-

active agents have two major MOAs: (i) they can interfere with several targets disrupting the 

functional integrity, or (ii) influence membrane-embedded proteins and the membrane 

potential, causing the inhibition of metabolic processes and leakage of cytosolic content [133]. 

The following assays were conducted to determine which MOA the compounds exhibited. 
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2.6.1 Membrane integrity analysis 

Cellular or membrane integrity is one criterion for distinguishing between viable and dead 

bacterial cells [134]. To investigate the antimicrobial compounds' membranolytic properties, a 

method based on bioluminescence was used. Here, B. subtilis or E. coli producing intracellular 

luciferase were cultivated in a substrate (D-luciferin) containing media. If the membrane was 

destroyed, enzyme and substrate would react together and produce bioluminescence. The signal 

was relative to the degree of membrane disruption. If the membrane was disrupted, the signal 

would increase until internal ATP storage was depleted and dropped shortly afterwards. If the 

signal decreased over time, it indicated non-lethal membrane perturbations [135]. When 

compounds inhibit bacterial growth at non-permeabilising concentrations, their MOA will 

likely include interactions with the membrane or cellular targets [136].  

Bacterial membranes are complex systems, and it is challenging to investigate single targets 

without disturbing the whole system. Model membrane systems (e.g., liposomes, vesicles, 

nanodiscs) can be used to investigate direct-acting effects on the lipid bilayers [137], [138]. 

Those artificial membranes offer the opportunity to investigate single membrane components 

(e.g., lipid compositions, membrane structure, drug-lipid interactions) [137], [139]. Alas, those 

physical systems provide an oversimplified version of the membrane. As many drugs target 

proteins, including membrane proteins in model systems is crucial. Membrane proteins are 

relatively unstable and denature once extracted from the membrane. To thoroughly investigate 

the functional properties of a membrane protein, it needs to be embedded in a membrane [137]. 

Thus, using a biological membrane model offers a more comprehensive overview of the range 

of possible drug interactions.  

The assay is limited to a whole population resolution level. It is impossible to differentiate 

between potential subpopulations (e.g., viable vs permeabilised cells). This can be achieved by 

using flow cytometry and fluorescent dyes (e.g., propidium iodide or SYTO 9) [136]. However, 

those assays require an inoculation period for dye staining. In comparison, the assay in this 

study offers real-time monitoring of the drug-response dynamics. This factor is crucial for 

investigating fast-acting compounds like AMPs.  

In conclusion, the assay can investigate membranolytic properties in real-time, is easy and 

cheap to conduct, and the 96-well format can potentially be automated. 
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2.6.2 Membrane potential quantification 

To evaluate if antimicrobial compounds influence the metabolic state of bacteria, changes in 

the membrane potential were investigated. The membrane potential is a suitable indicator of 

cell metabolism, as it is the primary physical driving force for processes on/through the 

membrane.   

Flow cytometry (FCM) offers opportunities to assess multiple cellular properties at once by 

measuring light and fluorescence scattering. Light scatter signals (forward scatter (FSC) and 

sideward scatter (SSC)) provide information about cell morphology. At the same time, 

fluorescent dyes can be used to monitor cellular functions or metabolic activity. FCM allows 

the investigation of whole bacterial populations and the detection of subpopulations within a 

sample. Subpopulations can be detected via morphological parameters (e.g., filamenting cells, 

cell debris, or aggregates) or metabolic states (e.g., live/dead staining, membrane potential). 

Thus, FCM offers a multiparametric analysis tool at the single-cell level to determine 

antimicrobial MOAs [140]–[142]. 

This study used a fluorescent dye to quantify the membrane potential of S. aureus ATCC 29213 

in the presence of an antimicrobial at various concentrations. The green-fluorescent dye 3,3’-

Diethyloxacarbocyanine iodide (DiOC2(3)) is transported into the cell if the membrane 

potential is active. After transportation, it embeds itself into the membrane. There, the dye 

self-aggregates and its fluorescence spectrum shifts from green to red. By quantifying the ratio 

of red to green fluorescence, changes in membrane potential can be analysed [143]. 

It is essential to choose suitable fluorescent dyes. Bacteria can be inherently resistant to 

staining. Dyes can bleed together via spectral overlap or sterically hinder each other [144]. In 

our case, DiOC2(3) needed an extensive pilot study as detection parameters (signals detection 

and strength) vary for each bacterial species – and rendered it not applicable for some (B. 

subtilis 168). 

Nonetheless, the combination of potential-dependent staining and FCM offered an easy to 

conduct, cheap, high-throughput analysis of the membrane potential. It is a convenient and safe 

method to analyse whole bacterial cells ranging from single cells to populations. 
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2.7 Time-kill curves 

Interactions of bacteria and drug molecules within the host are complex and variable systems. 

Therefore, information about pharmacodynamic (PD, concentration-dependent) and 

pharmacokinetic (PK, time-dependent) parameters is needed to inform patient dosing regime, 

prevention of drug-resistant bacteria, and drug development [145].  

The most commonly used PK/PD parameter is the MIC. As the MIC is determined with fixed 

drug concentrations over a specified period of time (18-24 hours), it is a static parameter 

providing limited information. The antimicrobial effect in vivo results from dynamic changes 

in drug concentrations at the effect side. Therefore, data on changes in bacterial growth/kill 

rates in different drug concentrations over time are needed to represent those dynamics [146]. 

PD models are based on dose-response relationships. Here, time-kill curves (TKCs) were used 

to investigate the complexity of those interactions. TKCs provide more in-depth information 

than MIC about the nature of the inhibiting effect (bacteriostatic or bactericidal) and PD/PK 

[147]. Microbial growth or killing could be monitored as functions of drug concentration over 

time. 

This study followed the standardised methods provided by the CLSI [148]. Here, bacteria were 

cultivated in a two-fold concentration range between 0-4 x MIC and bacterial survival was 

determined at time intervals from 0-5 hours. Bacterial survival was calculated by counting 

living cells (CFU/mL) after 24-hour cultivation on agar plates. Compounds were deemed 

bactericidal if a 1000-fold reduction of CFUs could be achieved. 

TKCs are an easy and cost-efficient method to reflect a more variable in vivo setting than the 

static MIC [146]. Baquero and Levin (2021) [111] discussed that the most significant advantage 

of TKCs is they account for population heterogeneity. The high-density inoculum consists of 

subpopulations of diverse ages and physiological states. As antimicrobials can act at different 

concentrations with different effects [149], [150], the TKC accounts for a plethora of those 

combinations. Therefore, TKCs offer a comprehensible view of potential interaction/activities 

within the whole population. 

This method does have limitations. As TKC reflect an increasing number of subpopulations, it 

still can not cover all possibilities. The CFU-based estimation of population numbers does not 

include persister cells (as they might not be detectable due to their slow growth rate) and cells 

forming aggregates (as they are located together and result in one indistinguishable colony). In 
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addition, the standard method is time-consuming and requires a large amount of consumables. 

High-throughput approaches have been proposed [151], which have their own limitations. 

Standard TKCs cannot mimic fluctuating drug concentrations (metabolism or adsorption in the 

host). Those dynamics are addressed in newer iterations of the method. Dynamic TKCs 

investigate changing antibiotic concentrations over prolonged time periods. In S. aureus 

varying drug concentrations and incubation (> 24 hours) showed significantly different 

antibiotic activities [152]. To further investigate PK/PD relations, more elaborate models (e.g., 

hollow fibre [153] or including body fluids [154]) are available.  

MIC-only-based PK/PD integration cannot display the heterogeneity in bacterial populations. 

Therefore, more detailed PK/PD parameter estimation methods are needed [145]. The standard 

TKC offers a simple, economical, and easy to operate method to directly describe the 

interaction between drug and pathogen. 

 

2.8 General methodological considerations 

In cell-based assays, compounds are typically serially diluted before being added to microtiter 

plates. During many preparation steps, the interaction between compound and surfaces (e.g., 

microtiter plates, pipette tips, reaction tubes) can lead to a loss in compound or carryover [155]. 

AMPs, for example – due to their positive charges – are prone to adhere to common lab 

equipment made of glass or polystyrene. To avoid experimental inaccuracy, it is advised to 

handle AMP in polypropylene and cationic-adjusted growth media [156].  

Most antimicrobial drugs target metabolically active cells. Slow-growing or dormant cells can 

avoid treatment and re-emerge after antibiotic treatment [141]. This can lead to distorted results 

when methods based on endpoint measurements are used. To avoid those pitfalls, the screening 

cascade should either include techniques with single-cell resolution (FCM or microscopy) or 

longitudinal studies (TKC) [157],[158]. 

The combination of multiple assays led to the variability of experimental parameters (inoculum 

density, number of molecules per membrane phospholipid, etc.). This awareness is essential 

when interpreting data, especially results that differ in effect or magnitude. Efforts to reduce 

variability as much as possible were implemented to the best of our knowledge (an example of 

variability is presented in Table 1 for paper II. 
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Table 1. Variation of molecule/cell ration within the assay cascade; A Cell density estimated for OD600 1.0 = 

5*10^8 CFU/ml; B lulworthinone Mw 741.22 g/mol 
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2.9 Summary 

This chapter discussed the screening assay cascade methods used to determine the MOA of 

antimicrobial compounds. As this work is part of two bigger drug discovery projects, 

complementary assays were done by other work packages. An overview of all methods used is 

displayed in Figure 11. As a result of the combined research effort, it was possible to analyse 

25 antimicrobial molecules. The following result chapter will highlight the findings of each 

paper based on those findings. 

 

Figure 11. DigiBiotics workflow and assay cascade, highlighted in black are the phenotype-based assays 
described in this thesis. 
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3 Summary of main results 

3.1 Paper I 

Lulworthinone, a New Dimeric Naphthopyrone From a Marine Fungus in the Family 

Lulworthiaceae With Antibacterial Activity Against Clinical Methicillin-Resistant 

Staphylococcus Aureus Isolates 

Lulworthinone (1) was isolated from an obligate marine fungus from the order of Lulworthiales. 

The natural product showed antimicrobial activity against Gram-positive reference strains 

S. aureus, S. agalactiae, and five clinical MRSA isolates with MICs ranging from 1.56-12.5 

µg/mL.  

Furthermore, the molecule had antiproliferation properties against three human cell lines: a 

melanoma cell line (A2058, IC50 = 15.5 µg/mL), a hepatocellular carcinoma cell line (HepG2, 

IC50 = 27 µg/mL), and a non-malignant lung fibroblast cell line (MRC5, IC50 = 32 µg/mL).  

The fungus produced the molecule in high yields (~45 mg/mL). NMR and HRMS elucidated 

the structure as a dimeric napthopyrone. Acidic isolation or test environments led to a 

degradation of the molecule (2). NMR indicated a potential aggregation of lulworthinone but 

not for the degradation product. 

 

 

Figure 12. Molecular structure of lulworthinone (1) and its degradation product (2) 
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3.2 Paper II 

Lulworthinone: In Vitro Mode of Action Investigation of an Antibacterial Dimeric 

Naphthopyrone Isolated from a Marine Fungus 

The antibacterial activity of lulworthinone against MRSA prompted a follow-up mode of action 

study. Biosensors indicated a cell wall/membrane targeting MOA profile of the molecule. 

Combined results of artificial and biological membrane models showed that lulworthinone does 

not interfere with the structural membrane integrity. At the same time, already small amounts 

of lulworthinone (≥ 0.25 x MIC) dissipated the membrane potential of S. aureus 29213. 

The loss of membrane potential has been shown to influence cell division proteins. Here we 

could show that the key protein FtsZ was delocalised. The presence of the compound leads 

furthermore to an increase in cell size/volume and cell chain formation. Surface plasmon 

resonance (SPR) and dynamic light scattering revealed that the antibacterial activity is linked 

to the ability of lulworthinone to form aggregates. 

 

 

Figure 13. FtsZ delocalisation in B. subtilis 2020 after treatment with 1 x MIC lulworthinone 

  



 

35 

3.3 Paper III 

Amphipathic Barbiturates as Mimics of Antimicrobial Peptides and the Marine Natural 

Products Eusynstyelamides with Activity against Multi-Resistant Clinical Isolates 

The natural products eusyntyelamides follow the pharmacophore model of AMPs. Here, 

peptides mimicking their structure – two cationic side chains and two lipophilic side chains 

attached to a barbiturate scaffold – are investigated for their structure-activity relationships 

(SAR) and MOA. Two peptide series containing either two amines or guanines as cationic 

groups in combination with varying lipophilic side chains were tested. Both series displayed 

improved antibacterial activity (2-8 µg/mL) against common lab strains and clinical isolates 

from the ESKAPE group compared to the natural product (MIC of 6.25-12.5 µg/mL against S. 

aureus ATTC 9144 and 20 - > 50 µg/mL for MRSA ATCC 33591 [159]).  

The lead compound 7e (containing guanine) was further investigated. The murine neutropenic 

peritonitis model showed a significant reduction of viable bacterial cells of clinical E. coli and 

K. pneumoniae isolates. Simulations indicated incorporation of 7e in the membrane in a low-

energy "W"-like conformation. MOA studies proposed membranolytic properties of the 

compounds. The current peptidomimetic scaffold can easily be modified in respect of variation 

in cationic and lipophilic groups. 

 

 

Figure 14. General chemical structure of the natural products eusyntylamides and the amphipathic barbiturates 

  



 

36 

3.4 Paper IV 

Anti-Colonisation Effect of Au Surfaces with Self-Assembled Molecular Monolayers 

Functionalised with Antimicrobial Peptides on S. Epidermidis 

Medical devices containing anticolonisation surfaces can combat healthcare-associated 

infections. This study investigated the efficacy of antimicrobial peptides covalently attached to 

a golden surface. The molecules were successfully connected to the surface via a copper-

catalysed [3 + 2] azide-acetylene coupling (CuAAC). The surfaces exhibited a dense and 

uniform coverage with peptides.  

The tested peptide library showed a wide range of antibacterial efficacy. The library 

investigated four different parameters: (i) the exchange of tryptophan residues for bulkier 

biphenylalanine led to an increase in efficacy, (ii) cyclisation – and steric confinement – of the 

peptides led to a favourable activity against Gram-positives and a reduction in Gram-negatives, 

(iii) tethering the peptides with a chemical linker on the surface influenced the MIC marginally, 

and (iv) while longer peptide tethers resulted in less bacterial colonisation on the surfaces, the 

cyclic peptide 2d – directly attached to the surface – showed a 6-log reduction in bacterial 

colonisation. 

 

Figure 15. Overview of the small cationic peptide library investigated in paper IV 
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4 Discussion 

The overuse and misuse of antimicrobials lead to a substantial increase in antimicrobial 

resistance. This is of public concern as most modern medicine areas rely on antibiotics. 

Unfortunately, the current drug development pipeline cannot produce enough innovative 

antimicrobial agents to outcompete the rise of resistance. Therefore, we need to fill the drug 

development pipeline with antimicrobial molecules from new chemical classes or with new 

MOAs [160].  

This study was part of two related drug discovery projects - AntiBioSpec and DigiBiotics. The 

goal was to identify new antimicrobial compounds from the marine environment and determine 

their MOAs. In addition, the potential application of AMPs as a surface coating was 

investigated. The projects were based on multiple work packages to achieve this goal, each 

investigating molecules from a different scientific perspective while forming a pipeline 

workflow. This work reports the microbiological perspective.  

The research-based discovery pipeline identified multiple hit compounds, most of them active 

against the clinically significant ESKAPE group. MOA studies indicate membrane-targeted 

activity in all cases. Some compounds displayed promising properties for further drug 

development (hit-to-lead phase) or application on medical devices. The main results are 

discussed in the papers I-IV. The findings in a more general context will be addressed in the 

following chapter.     
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4.1 The natural product lulworthinone — aggregation and 
delocalisation 

 

Screening  Paper I presents the results of a phenotypic screening campaign. The campaign 

investigated the underexplored biodiversity of marine microorganisms found in the Arctic. The 

bioactivity guided isolation of natural products was performed on 20 strictly marine 

microorganisms [161].  

In the case of lulworthinone, the dereplication step showed an unusual elemental composition. 

The combination of a dimeric structure, the presence of a sulphate group, and a high yield 

prompted the isolation of the bioactive compound. NMR-aided searches in molecule structure 

databases identified the compound as a dimeric naphtopyrone. Antimicrobial susceptibility 

testing revealed activity against a range of Gram-positive bacteria (B. subtilis, S. agalactiae, 

S. epidermidis and S. aureus), including several clinical MRSA strains (MIC 1.56–6.25 

μg/mL). Several napthopyrones have been discovered, and most are active against MRSA 

[162]–[166]. This indicates that the naphtopyrone scaffold could be a privileged structure [167]. 

Based on those findings, it was decided to research lulworthinone and establish an MOA 

profile. 

MOA   Paper II investigated the MOA of lulworthinone. An array of promotor-based 

biosensors covering major cellular pathways was used to screen for a potential MOA. Two 

biosensors indicated a cell envelope directed MOA. The promotor expressing ypuA is regulated 

by the sigma factor SigM and senses environmental stress [168]. It indicates cell wall 

biosynthesis inhibition or cell envelope stressing agents (e.g., vancomycin, polymyxin B and 

beta-lactams) [169]. The promotor expressing liaI is under the regulation of the two-component 

system LiaS/R and senses cell wall-active antibiotics that interfere with the lipid II cycle or 

perturb the cytoplasmatic membrane (e.g., AMP, bacitracin, and vancomycin). [170], [171]) 

Following this indication, multiple assays investigated the cell envelope integrity. Using NMR 

and artificial membranes [172], the permeation of water and ions through a lipid bilayer was 

analysed. No significant increase in permeation could be detected upon lulworthinone 

treatment. This ruled out a daptomycin-like increase of permeability, mainly based on 

interactions with phospholipids [173].  
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Using a biological model system, no significant cell wall or membrane integrity changes were 

detected. This indicates that lulworthinone exhibits no cell wall lysing properties like 

vancomycin or beta-lactams [47], [174]. Those results led to the investigation of the bacterium's 

cell viability and metabolic state. 

A significant decrease in the membrane potential was shown at already low concentrations of 

lulworthinone. This points towards a negative influence on the cell energy production and 

physiological state, possibly leading to bacterial death. It is worth mentioning that 

concentrations of 0.25-0.5 x MIC led to a lag-phase of the population in the TKC (paper II, 

Figure 9). We speculate that cultures cultivated in concentrations below MIC can adapt their 

cell surface to the antimicrobial pressure of lulworthinone and survive afterwards.  

Morphological studies via microscopy detected fewer bacteria in treated samples and the 

formation of cell chains. The appearance of the cell chains led to two hypotheses: (i) stress-

induced cell chaining or (ii) improper cell division.  

Cell chaining is known in B. subtilis as a phenotypic change from single motile cells to sessile 

chains. This effect is connected to the early onset of biofilm production and survival against 

environmental stress. Therefore, the observed aberrant morphology could indicate a general 

stress response to lulworthinone [175]–[177]. 

The cell division apparatus is a complex machinery offering multiple angles of attack [178] and  

recently moved into focus for antimicrobial drug development [179]. Cell division is initiated 

by polymerising FtsZ into a mid-cell ring structure (Z-ring), forming a scaffold for the division 

apparatus [178]. The positioning of the Z-ring is regulated by the Min protein system [180], 

cytoskeletal elements like MreB [181], and the anchor protein of FtsZ – FtsA [182]. All three 

structures are anchored or tethered to the membrane. 

It was previously shown that MinD and FtsA tether themselves to the membrane by burring 

their amphipathic helix at their C-terminus into the bilayer [182], [183]. Membrane potential 

loss inhibits this tethering and leads to the delocalisation of most proteins involved in cell 

division. This led to the inhibition or reduction of septal localisation of the Z-ring [184]. 

Similarly, the presence of lulworthinone led to the delocalisation of FtsZ (Figure 8, paper II) 

or the formation of multiple Z-rings per cell. Those results align with the effects first described 

by Strahl and Hamoen (2010) [184] through dissipation of the membrane potential. 
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Additionally, it has been shown that FtsA mutants in E. coli and B. subtilis grow filamentously 

due to ineffective cell division [185]. Therefore, we suggest that membrane potential dissipation 

is the primary bactericidal effect of lulworthinone. The division apparatus is 

prokaryote-specific and offers an attractive drug target, especially as the crucial protein FtsZ is 

conserved among bacteria species [179], [186]. 

Aggregation In paper I, NMR indicated a possible self-aggregation of lulworthinone via its 

sulphate group. This group moves from C6-C9' in the scaffold in an acidic environment, and 

aggregation was no longer detectable. Following those indications, we observed self-

aggregation of the molecule via SPR and DLS. We demonstrated that lulworthinone's 

antibacterial activity is linked to aggregation, and the calculated PD curve pointed towards 

colloidal aggregation. 

Colloidal aggregates (CAs) form concentration-dependent, stable, spherical particles (50-1000 

nm). They are known for non-specific reversible protein adsorption and inhibition [187], [188]. 

Due to their non-specific interactions with proteins, they can generate false-positive hits in HTS 

and are considered pan-assay interference compounds (PAINS) [189]. Based on their non-drug 

like activity, CAs are discarded as potential lead compounds. They are an example of the high 

attrition rates in early drug discovery. 

Applications Although considered artefacts of the drug discovery process, colloidal 

aggregates are investigated for their unique properties. Their ability to stabilise proteins or 

polymers in aggregates opened the possibility of using CAs as potential drug delivery vehicles 

[190]–[192]. Colloidal aggregation offers a concentration-dependent carrier system in the 

hundreds of nanometres range that can transport drug molecules to previously inaccessible parts 

of the body [192].  

Furthermore, lulworthinone targets mainly Gram-positive bacteria - including MRSA. As CAs 

are supposed to inhibit surface proteins unspecifically, it raises the question if there is a 

preferred surface protein family. Due to the concentration-dependent aggregation of 

lulworthinone, the target proteins could be enriched and further characterised [190], [193]. This 

would offer more insight into potential treatment options against MRSA. 

Limitations In general, the MOA studies were hindered due to the bottleneck of compound 

supply. The compound yield of  ~45.5 mg/L was outstandingly high for a fungus - other fungi 
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from the campaign yielded 0.02-14.1 mg/mL [161]. However, it took > 2 months to isolate this 

amount of compound, which was still not enough for all downstream assays. 

Regarding PAINS, the screening campaign could have included safety precautions. As PAINS 

are known in HTS settings, a counter screen involving detergents (e.g., Triton X-100 or Tween-

80) could have been easily implemented [188]. This would help to identify potential 

aggregators in the screening step. After the structure elucidation, electronic PAINS filters can 

help further flag possible artefacts. It should be noted that there are no definite properties to 

distinguish PAINS from drugs, but filters can be used as a precaution to generate awareness of 

an eventual probability [189].  

The case of lulworthinone has highlighted that potential antimicrobial compounds are hidden 

in the complex biodiversity of the Arctic. The determination of the MOA investigated two 

targets for drug development – the membrane potential and the cell division machinery. We 

propose the MOA is based on membrane interaction and the following membrane potential 

dissipation. Unfortunately, aggregation-based activity is – at least currently – undesirable for 

drug development. Nonetheless, colloidal aggregation gains more interest itself as a potential 

drug delivery system.  
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4.2 Amphipathic barbiturates — a promising scaffold 

Screening and SAR Paper III summarised the approach to identify hit compounds by 

screening a synthetic peptide library. The makeup of the library is based on a previously 

discovered natural products class – eusynstyelamides [159], [194], [195]. The compounds 

combined two cationic groups (either amine or guanidine) and two lipophilic groups attached 

to a central ring. This amphipathic character resembles the pharmacophore of AMPs. 

Generating peptidomimetics of eysyntyelamides, the influence of the two cationic groups 

(amine or guanidine) in combination with different bulky lipophilic groups was characterised. 

Antimicrobial susceptibility testing indicated broad-spectrum activity against common lab 

strains and clinical isolates from the ESKAPE group.   

The chemical modification of the scaffold led to increased antimicrobial properties, and the 

main conclusions are in accordance with the literature. The antimicrobial activity increased 

with the lipophilicity of the side chains – but so did the haemolytic toxicity [196]–[198]. The 

guanidine series decreased the MIC by ~4-fold compared to the amines. Intriguingly, the 

electron distribution within the aromatic parts of the lipophilic side chains seemed to influence 

interaction with the bacterial membrane. At the same time, electron-withdrawing aromatic 

fluorines decreased haemolytic toxicity [199]. The guanidine series showed more haemolytic 

toxicity than the amine series but were less toxic against human cell lines (HepG2 & MRC-5). 

These results highlight the complex interplay between the different cationic and lipophilic side 

chains and their influence on antibacterial activity, haemolytic toxicity, and human cell 

cytotoxicity. 

MOA  The broad-spectrum guanidine barbiturate 7e (3,5-di-Br) showed overall highest 

activity against clinical isolates and was selected for an in vivo pilot study. The murine 

peritonitis model – a standard model to study antimicrobial chemotherapy – was used to 

evaluate preclinical drug efficacy and safety [200]. The molecules were well tolerated up to 2.8 

mg/kg with a maximally tolerated dose of 7 mg/kg in the mice. Treatment with 7e led to a 

90-98% reduction of the bacterial load. This indicates an antibacterial activity in vivo without 

rapid inactivation by the host.  

To gain insights into the molecular dynamics of the barbiturates, conformational structures and 

membrane interactions were simulated. According to density functional theory-based 

geometry, there were three stable low energy configurations of 7e. All three differed in the 

orientation of the lipophilic side chains. The orientation of an upward "W" was the energy 
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lowest configuration (Figure 6, paper III). Molecular dynamics simulations used a model of 

an inner membrane from E. coli to investigate the interaction between the molecules and 

membrane. For 7e, the model predicts: (i) a fast insertion in the membrane, (ii) molecules 

remains within the membrane, and (iii) the molecule adapted the "W" conformation. The 

insertion was generally expected due to electrostatic interactions and activities of AMPs [201]. 

The predicted membranolytic activity of 7e was investigated together with 6e as an example of 

amine barbiturates. The activity of both molecules was compared between cell viability and 

membrane integrity assays. 

For Gram-positives, both compounds revealed a strong and fast bactericidal effect which 

correlated with disruption of the membrane. In the case of 7e, the membrane was destroyed < 2 

seconds. The destruction was related to MIC values and showed increasing killing rates above 

the MIC. The Gram-positive model demonstrated a "typical" membrane disruptive MOA. The 

peptidomimetics permeabilised the cytoplasmatic membrane, leading to a fast bactericidal 

killing [202]. 

Gram-negatives showed a different picture. Even though the general viability decreased similar 

to Gram-positives, membranolytic activities, especially for 7e, were less pronounced and 

delayed. Those findings indicate (i) the outer membrane of Gram-negatives offers protection 

against the peptidomimetics, and (ii) the peptidomimetics may have a secondary killing effect 

as the viability still decreased.  

The outer membrane has proven to be the biggest challenge in treating Gram-negative 

infections [3]. Compounds can pass passively through the membrane or via porins in the 

membrane [203]. Both compounds – 6e and 7e – showed a delayed effect. A porin-based 

transport is unlikely as the barbiturates violate most "rules of permeation" [204]–[206]. This 

indicates a general prolonged time needed for permeation through the membrane.  

The cell viability is still decreased, similar to the Gram-positive model. This indicates a 

secondary MOA. Besides permeabilisation or pore formation, AMPs have been shown to 

translocate into the cytoplasm and interfere with cytoplasmatic septum formation, cell-wall 

synthesis, nucleic acid synthesis, and protein synthesis [207]. All those MOAs cause a rapid 

killing, and would agree with the results. Additional studies focusing on potential intracellular 

targets could elucidate the activity against Gram-negatives further. 
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Applications The development of AMP-based therapies has encountered multiple challenges. 

Due to their stability, bioavailability, efficacy and toxicity problems, AMPs struggle to succeed 

in the clinic [84]. The barbiturate structure offers an easily adjustable scaffold for further 

optimisation studies. This is an essential factor in overcoming the problems mentioned above. 

Furthermore, the ease of synthesis has favourable implications for reducing cost and upscaling 

the production of the compounds. 

The amphipathic barbiturates offer, compared to the natural products [194], [159], increased 

antimicrobial activity. Significantly, the activity against colistin-resistant bacteria – one of the 

drugs of last resort – must be highlighted here. Combined with the general lack of novel 

antimicrobial classes against Gram-negatives, the barbiturate scaffold addresses unmet clinical 

needs [208]. It should be further investigated in the Hit-to-Lead phase. 

Limitations The barbiturate library investigated the naturally occurring cationic groups 

combined with multiple bulky lipophilic side chains. For the next iteration of barbiturates, it 

might be feasible to consider the Lipinski "rules of five" [209] and "rules of permeation" [205], 

[206], [210] for constructing the library. Addressing those rules offers a guideline to optimise 

the natural leads and should improve the activity against Gram-negatives and antimicrobial 

uptake [3]. 

Pore formation of AMPs depends on the lipid/peptide ratio on the membrane [207]. In the 

current test setup of the membrane integrity assay, the bacterial inoculum is 1000-fold increased 

compared to the MIC assay. Therefore, potential membranolytic activity against Gram-

negatives was probably not observed due to the increased amount of target and the slower 

diffusion rate of the molecule through the outer membrane. 

 

The peptide library has shown the potential to optimise natural drug leads regarding 

antimicrobial activity. The molecule 7e showed the most promising broad-spectrum activity, 

even against colistin-resistant clinical isolates. With the first promising preclinical data from 

the in vivo studies, it would be prudent to move into the Hit-to-lead phase of the drug discovery 

process. Here, further downstream processes can benefit from the easy to modify chemical 

structure of the barbiturates. 
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4.3 Antimicrobial peptides — surface coating as a potential 
application 

Screening Paper IV also investigated a small peptide library based on the small cationic 

AMP pharmacophore [211]. The goal was to use the peptides to create an anti-colonisation 

surface against bacteria. All peptides adhere to the general pharmacophore for an AMP, an 

amphipathic structure generated by the segregation of two cationic and three lipophilic groups 

on the scaffold.  

At first, the influence of three parameters on intrinsic antimicrobial activity was tested: (i) the 

bulkiness of lipophilic amino acids, (ii) attaching polyethylene glycol (PEG) linkers 

(short/long), or (iii) the cyclisation of the peptides. 

The peptides showed a mixed spread of intrinsic antimicrobial activity. In general, the peptides 

were more active against Gram-positives than Gram-negatives. Replacing tryptophan with the 

bulkier and more lipophilic biphenylalanine increased the antimicrobial activity. This effect 

was expected and is in accordance with the literature [212], [213]. 

PEG-linkers will be used to tether the peptides to the surfaces. Here, the influence on 

antimicrobial activity of short (Mw 200) and long (Mw 400) PEG linkers attached to the peptide 

were investigated. In both cases, the peptide activity was reduced. The activity loss could 

indicate a reduction of binding affinity due to sterical hindrance of the AMP by the PEG-tail. 

The tail could either wrap around the molecule or hinder membrane passage [214].  

The cyclisation of peptides has been reported to enhance antibacterial activity due to increased 

amphipathicity, leading to increased membrane interactions [215]. Furthermore, cyclic peptides 

are less prone to degradation [216] and increase salt resistance [217]. To see if conformational 

freedom of peptide influences the antimicrobial effect, one peptide of each series (containing 

either tryptophan or biphenylalanine) was cyclised. The cyclic peptides were more effective 

against Gram-positives, but not for Gram-negatives. Those results are in contradiction to results 

priorly reported [215]. This discrepancy might be caused due to differences in media (MHB 

instead of LB) and strains (E. coli ATCC 29522 and P. aeruginosa ATCC 27853 instead of E. 

coli DH5α). 

MOA  It has been shown that AMPs covalently bound to a surface are still lethal. The most 

influential known parameters are the surface type, coupling strategy, usage of chemical spacers, 

peptide concentration and orientation [218]. Multiple solid surface types (e.g., glass [219], 
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[220], metal [221], [222], plastic [223], [224], or self-assembled monolayers (SAM) [225] are 

under investigation for coating with AMPs. The peptide immobilisation can be carried out 

randomly (binding pre-synthesised peptides in random orientation to the surface) or in a 

controlled manner (constructing peptides on the surface). The controlled immobilisation is 

preferable to ensure the availability of the active AMP motives [226], [227].  

In paper IV, the peptides were immobilised on an Au-SAM surface via click chemistry [228]. 

In combination with ToF-SIMS [229], a successful and evenly distributed homogenous peptide 

coverage of the surface could be proven. The successful immobilisation of all peptides enabled 

the investigation of the influence of PEG-linkers/spacers on anti-colonisation activity.  

The bactericidal activity of immobilised peptides is dependent on the conformational freedom 

to form secondary structures. Some AMPs can be directly immobilised on a surface. They are 

active if they can adapt their secondary structure (e.g., α-helix or β-sheets) [230], [231]. Other 

AMPs (e.g., LL-37 [221], KLAL, MK5E [232]) need more room and flexibility to express their 

antimicrobial activity. Here, using a spacer enables flexibility and lateral movement for 

antibacterial activity. In those cases, increased spacer length correlates with enhanced activity 

[232]. PEG is commonly used as a linker to tether AMP to the surface. PEG intrinsic properties 

(anionic, hydrophilic and flexible [233]–[235]) make it an excellent antifouling agent. Here, it 

additionally helps by preventing non-specific peptide binding to the surface.  

The antiproliferation assay [236] revealed an interesting anti-colonisation pattern in paper IV. 

As seen in the intrinsic antimicrobial activity, biphenylalanine containing peptides had a 

stronger effect than the tryptophan ones. A minor increase in activity could be shown with 

growing spacer length (on surface < PEG 200 < PEG 400) in both series. Surprisingly both 

cyclic peptides directly immobilised on the surface demonstrated strong anti-colonisation 

effects (1d ~256-fold; 2e ~1*10^6-fold). 

As highlighted by Bagheri et al. (2009) [232], the general membrane-associated MOA of AMPs 

[237], [238] does not seem to be influenced by the spacer. If specific binding to the target is 

needed (e.g. nisin selective binding of lipid II [43]), the spacer might influence the activity. The  

extent to which the MOA of the cyclic peptides benefits from direct immobilisation needs to 

be further investigated.  

Application The primary MOA of AMPs is directed towards the membrane. This offers the 

opportunity to immobilise AMPs on the surface of medical devices to prevent bacterial 



 

47 

contamination and biofilm formation [133]. Binding AMPs covalently to a surface exploits 

their advantages (e.g., broad-spectrum activity, low resistance development) while countering 

their disadvantages (e.g., short-term stability, cytotoxicity, and bioavailability) [218]. 

Furthermore, surfaces treated with AMPs have proven their long-term stability and resistance 

to environmental conditions. It has been shown that they withstand extended washing, heat 

treatment, changing pH values, and ultrasonic treatment [224]. Combined with antifouling 

surfaces (e.g., PEG), AMP treated surfaces offer opportunities to lessen the burden of device-

associated infections [239], [240]. 

Limitations  Immobilising an AMP decreases the antimicrobial activity up to 100-fold 

compared to soluble molecules [59], [232], [241]. Therefore, the lack of available molecules 

might impede concentration-dependent killing MOAs, like pore formation. The spatial distance 

toward the target has to be considered as well. As shown by Bagherie et al. (2009) [232], 

antimicrobial activity is dependent on spacer length. The usage of PEG spacers (Mw ≤ 400) 

eradicated antimicrobial activity for Gram-negatives. It seems that the peptide tethers are too 

short to span the LPS and interact with the membranes.     

In a more general setting, AMP coated surfaces need contact with the bacteria. Molecules from 

either the host or bacteria (e.g., serum, blood pellets, ECM) could mask the surface and lead to 

an inactivation of the antimicrobial properties. To counteract this possibility, it is considered 

beneficial to combine bactericidal AMP surfaces with antifouling surfaces [59]. 

 

This small peptide library has shown a potential application for AMPs. As AMPs struggle in 

clinical development (e.g., due to low stability, cytotoxicity, bioavailability and short half-

time), binding them covalently to a surface can mitigate some disadvantages. Medical devices 

with surface-bound AMPs have been shown to reduce bacterial colonisation 3-4-fold [242]. 

They can help to combat bacterial infections and reduce antibiotic usage, especially in the case 

of the cyclic peptides 1d and 2d, which demonstrated a surprisingly strong anti-colonisation 

effect compared to their MICs. Follow up studies may reveal more about the relationship 

between MIC values and anti-colonisation outcomes. 
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4.4 DigiBiotics 

Call to action  The rise of AMR and the lack of antimicrobial molecules in the development 

pipeline led to a call to action from the WHO [243] and the European Commission [244]. To 

reinvigorate the field, public-funded projects should step in and cover for the lack of early drug 

discovery projects from the industry. Norway answered the call by coordinating research efforts 

with the Joint Programming Initiative on Antimicrobial Resistance (JPIAMR) [245] and 

funding multiple national projects via the Digital Life Norway framework [246]. The 

DigiBiotics project was financed with ~24 million NOK [247]. 

The main goal of DigiBiotics was to find new antimicrobials from or inspired by the marine 

environment. To enable a robust screening campaign, the project defined core drug properties 

– similar to a target product profile (TPP). To meet the challenge of AMR, the molecules needed 

to be active against bacteria of the ESKAPE group and have a cell envelope targeted MOA.  

Every chemical library was pre-selected and tailored to adhere to the TPP. To ensure membrane 

activity, each library was based on the pharmacophore of AMPs. The previous knowledge of 

AMPs at UiT laid the foundation for the construction of the libraries. Additionally, 

bioprospecting was included to broaden the influx of compounds for the pipeline. 

Roadmap It needs a lot of time and effort to develop the next generation of antimicrobials. 

To ensure a robust antimicrobial discovery pipeline, it is more important than ever to have 

stricter concepts about the screening process, assays needed to reach Go/No-Go thresholds and 

how to proceed after initial hit compound validation. Recently, Miethke et al. (2022) [248] have 

proposed a roadmap to enhance and sustain current trends in discovery and development. 

Fortunately, DigiBiotics already adhered to most aspects concerning the early discovery steps. 

The workflow should be generally based on standardised assays to establish a reliable screening 

campaign. Following those predefined test setups decreases reproducibility problems and yields 

a more robust hit compound series.  

The screening process should be combined with MIC determination. The antimicrobial 

molecules can demonstrate their activity against existing resistance mechanisms by including 

contemporary clinical isolates in the screening. This data elevates a hit compound – as it 

confirms activity in whole cells and clinical relevance. The combination can speed up the 

screening process and enables faster downstream analysis. This aspect has been shown in 

papers I and III. The activity against ESKAPE bacteria prompted follow up studies.  
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Indications of the MOA, molecular targets and toxicity accelerate the hit discovery further. Any 

chemical modification for ADMET properties will benefit from this knowledge. Therefore, 

assays elucidating those areas should be included as early as possible. This speeds up the 

discovery process and can result in an early Go/No-Go decision for further development. This 

approach was used during the thesis. In the cases of lulworthinone, the aggregation-based MOA 

made it undesirable for further drug development. In contrast, the membranolytic MOA and 

in vivo pilot study highlighted the potential of the amphipathic barbiturate 7e as a lead 

compound. 

Here is where academia and public funding mostly ends. Resources necessary to move a 

molecule from Hit-to-lead increase immensely and are mostly not covered in the academic 

budget. This phase needs a diverse scientific team with expertise in microbiology, 

bioinformatics, pharmacokinetics, analytical, computational, and medicinal chemistry that is 

out of scope for purely academic research [248]. Academic groups either have to collaborate 

with translational research centres (like the Helmholtz Centre for Infection Research [249] or 

the Translational Research Institute Australia [250]) or partner with the industry to progress 

further. The last decades have led to a diverse network to invigorate antimicrobial development. 

By building more capacity within a project it increases the chance to attracted funding (REPAIR 

Impact Fund [251], AMR action fund [252], DISARM and PASTAUER act [253], [254]), 

generating spin-offs (e.g., incubators like INCATE [194], AICUBATOR [195]), getting help 

from NGOs (GARDP [257], CARB-X [258]), and collaborate with other companies (BEAM 

Alliance [259]). 

The academic setting  As highlighted above, a broad spectrum of expertise is needed for 

drug development. This is out of scope for purely academic research groups and requires a wide 

net of collaborations. While DigiBiotics is a network of research groups with diverse expertise, 

it is s still based on fundamental research. Downstream processes like medicinal chemistry, 

in vivo experiments, and in-depth PK/PD studies are rarely possible in an academic setting and 

need substantial funding.  

Furthermore, it is hard to sustain competence in academia. As academia is a fluid system of 

PhDs, Post Docs and PIs, competence will be built and lost frequently. It is hard to achieve in-

depth knowledge compared to an industrial setting. While research groups usually focus on 

specific molecular targets, mechanisms, or organisms – pharmaceutical companies use whole 

platforms for investigation. To combine the need for public-funded research with long-term 
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stability, public translational research centres might be the solution. A national centre would 

focus research efforts and offer stability and know-how for projects. This could improve the 

outcome and sustainability of knowledge for publicly-funded research [248], [260].  

 

The DigiBiotics project has shown that early drug discovery can be effective in academia. 

Within the project's scope, marine or marine-inspired compounds were characterised, and new 

tools for MOA studies were developed. Besides this thesis's described work, the pipeline 

published ten papers, and each associated PhD is close to graduation. To translate the research 

further, it is necessary to engage in research agreements within a more extensive framework — 

public or private — to develop a market-ready drug.  
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4.5 Why MOA studies 

Many EMA/FDA approved drugs are without known MOAs or targets [261], [262]. This raises 

the question of why spend resources and time investigating MOAs. Drug development is a 

complex, lengthy, and expensive process with a high uncertainty that the drug will succeed 

[263]. To guide the process and enable decisions, as many facts as possible must be known. 

Knowledge about the MOA offers significant pieces of information. 

First, the MOA is informative about the biology behind the antimicrobial activity. This was 

shown for lulworthinone and the barbiturates. Each molecule provides new insights into a target 

molecule and related biological processes. The interactions between the drug and target give 

data on potential resistance development, applications, or even secondary targets. Furthermore, 

each drug is also a tool for potential follow up studies to investigate the target extensively. 

Secondly, the MOA informs the drug development process. Understanding the MOA helps to 

predict, evaluate, and understand the clinical effects of the molecule. The information directs 

efforts for chemical modifications. As shown for the barbiturates, a drug can be optimised 

regarding activity on the target (effectivity) and the patient (ADMEtox). This adds an immense 

value to the individual sample molecule and fights the attrition rate in the pipeline [264]. 

Furthermore, MOA and target validation can lead to the development of follow-on drugs. Each 

discovery helps to decode mechanisms and facilitates advances in medicinal chemistry [265].  

Thirdly, the MOA helps advise about the drug's clinical usage and potential regulations. 

Knowledge about the MOA helps generate a safety and efficacy profile of the molecule. This 

enables better dosing of the compound (stability, half time, effective dose etc.), informs about 

the potential application, and helps to predict side effects within the human body.  
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4.6 Summary 

This chapter provided an overview of each researched compound class, discussed the rationale 

behind the screening campaigns and investigated the putative MOAs. The natural product 

lulworthinone showed a membrane-active MOA — dissipating the membrane potential and 

dysregulation of the cell division apparatus. The activity was linked to the aggregation of the 

molecule, which makes it undesirable for drug development but opens potential applications as 

a drug carrier system. The marine-inspired amphipathic barbiturates showed a broad-spectrum 

activity against bacteria of the ESKAPE group. The antimicrobial activity is linked to 

membranolytic properties in Gram-positives, but effects in Gram-negatives indicate a 

secondary MOA. The promising pilot study in vivo and the easily adjustable scaffold make 

compound 7e an attractive candidate for further investigations. The AMP pharmacophore was 

additionally investigated for potential application as a coating for medical devices. The covalent 

attachment of cyclic peptide 2d led to a 6-log reduction in bacterial colonisation, highlighting 

AMP-coated surfaces' potential benefit in the medical setting.   

Furthermore, the framework of academic drug discovery was discussed in the example of 

Digibiotics, and the benefits of MOA studies were highlighted. 
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5 Future prospects 

The results obtained within this study should be followed up in further studies. This chapter 

will propose opportunities for future research. 

First, antimicrobial activity was shown for multiple naphthopyrones. However, to our 

knowledge aggregation was never linked to their activity. This opens the question of whether 

the antibacterial effect is based on the naphthopyrone scaffold or colloidal aggregation. This 

conundrum is especially intriguing as lulworthinone aggregation is based on the sulphate 

groups not present in other molecules and their placement. To elucidate the relationship, other 

known naphthopyrones can be tested for activity in the presence of detergents. Furthermore, as 

the sulphate group seems to be the primary facilitator for aggregation, its role should be further 

investigated with crystallisation or in conformational and molecular dynamic models to 

understand the molecular interactions better [266]–[268]. 

Second, few drug molecules from the discovery pipeline show activity in in vivo assays or in 

clinical trials. This is not surprising, as the laboratory environments differ vastly from the host. 

Host determinants (blood [269], serum [270], plasma [271]) or nutrients [110] , [272] have been 

shown to alter activities of antimicrobials. Therefore, the screening process should be adapted 

to resemble a more physiological significant (host-mimicking) environment [273]. This could 

be achieved by using defined-media like artificial urine for uropathogens [274] or iron-depleted 

media mimicking wound or bloodstream infections [275]. Such biomimetic assays have the 

potential to yield more robust hit/lead compounds that are active in the host. 

Third, some antimicrobial activity of AMPs is based on a peptide/lipid ratio. As highlighted in 

Table 1, a wide range of ratios was used between different assays. This was not taken into 

consideration for all applied assays in the workflow. Future iterations of the pipeline workflow 

should synchronize the overall compound concentration. Those adjustments should improve 

the comparability and significance of the results. 

Fourth, as highlighted in paper II microscopy offers a strong tool to elucidate MOAs. The cell 

morphology is a good indicator of potential antibacterial effects. A new tool — bacterial 

cytological profiling [276],  [277] — has been shown to be a fast approach to analysing potential 

MOAs. Compounds with similar MOA can be grouped by staining major cellular components 

and analysing them in a principal component analysis. This technique can offer an additional 

angle to generate an MOA profile. 
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Furthermore, as peptides are relatively easy synthesized, they offer the potential for further 

modification. Regular dyes introduce a bulky extension to the molecule, this might interfere 

with the activity. Currently, a pilot study aiming for label-free peptide visualization using 

fluorescent amino acids is in progress. This would allow us to visualize the direct spatial target 

of the peptides, circumventing possible sterically hindrances. 

 

6 Conclusion 

This chapter will conclude the study by summarising the key research findings in relation to 

the research objectives and aims and the value and contribution thereof. 

The thesis aimed to investigate small antibacterial molecules effective against clinically 

relevant bacteria. The results indicate that each compound was membrane-active. Further 

findings showed that each selected molecule had a different MOA, highlighting multiple attack 

angles for antimicrobial treatment. Additionally, AMPs were investigated for a potential 

application as an anti-colonising surface coating. 

Within four publications, several molecules were screened for their antimicrobial effect. 

Multiple hit compounds with activity against clinically relevant bacteria were identified: 

- Lulworthinone, a dimeric naphthopyrone isolated from a marine fungus, showed 

activity against many Gram-positive bacteria – including MRSA. 

- Multiple amphipathic barbiturates, based on the scaffold of eusyntyelamides, 

demonstrated antimicrobial properties against a panel of ESKAPE bacteria. The 

barbiturate 7e, containing guanidine, was further investigated due to its good 

antibacterial activity and low toxicity. 

- The library of small cationic peptides displayed a mixture of antimicrobial activity 

related to changes in the bulkiness of the cationic groups, attachment of chemical linkers 

and cyclisation   

In vitro test systems elucidated the potential MOAs of two selected molecules as membrane-

active. Those MOAs are currently a research focus in drug development.  
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- Lulworthinone displayed an MOA that is potentially based on the dissipation of the 

membrane potential. This caused a delocalisation of the cell division apparatus and led 

to improper cell division.  

- The barbiturates showed a primary membranolytic MOA. Hit compound 7e indicated a 

secondary MOA in Gram-negatives as cells were slowly lysed but rapidly killed. 

The membrane-targeting MOAs offer potential use they are known to interfere more with the 

physical properties than biological targets on the surface 

- Lulworthinone showed promising bactericidal activity. Unfortunately, the MOA is 

based on self-aggregation. Currently, this behaviour is undesirable for drug molecules 

due to challenging ADMET properties. Nonetheless, the colloidal aggregation process 

itself is under investigation as a potential drug delivery system. 

- The barbiturate 7e has shown a broad-spectrum activity in vitro and bacterial clearing 

in the first in vivo pilot. In combination with its easy to modify scaffold, it offers the 

potential to be moved to the Hit-to-Lead phase for further investigation as a potential 

antimicrobial.   

- All short cationic peptides could be uniformly attached to the model surface at a high 

density. This lays the foundation for a potential application as a surface coating. 

Furthermore, the cyclic versions of the peptides showed a strong anti-colonisation effect 

which offers the opportunity for AMPs as a surface coating on medical devices. 

The current study demonstrates how the interdisciplinary approach of the DigiBiotics project 

can lay the foundation for efficient drug discovery in the academic setting. In the future, our 

paper I-IV findings should help provide a mechanistic knowledge of molecules targeting the 

bacterial membrane. 
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The emergence of drug-resistant bacteria is increasing rapidly in all parts of the
world, and the need for new antibiotics is urgent. In our continuous search for
new antimicrobial molecules from under-investigated Arctic marine microorganisms, a
marine fungus belonging to the family Lulworthiaceae (Lulworthiales, Sordariomycetes,
and Ascomycota) was studied. The fungus was isolated from driftwood, cultivated in
liquid medium, and studied for its potential for producing antibacterial compounds.
Through bioactivity-guided isolation, a novel sulfated biarylic naphtho-α-pyrone dimer
was isolated, and its structure was elucidated by spectroscopic methods, including 1D
and 2D NMR and HRMS. The compound, named lulworthinone (1), showed antibacterial
activity against reference strains of Staphylococcus aureus and Streptococcus
agalactiae, as well as several clinical MRSA isolates with MICs in the 1.56–6.25 µg/ml
range. The compound also had antiproliferative activity against human melanoma,
hepatocellular carcinoma, and non-malignant lung fibroblast cell lines, with IC50 values
of 15.5, 27, and 32 µg/ml, respectively. Inhibition of bacterial biofilm formation was
observed, but no eradication of established biofilm could be detected. No antifungal
activity was observed against Candida albicans. During the isolation of 1, the compound
was observed to convert into a structural isomer, 2, under acidic conditions. As 1 and 2
have high structural similarity, NMR data acquired for 2 were used to aid in the structure
elucidation of 1. To the best of our knowledge, lulworthinone (1) represents the first new
bioactive secondary metabolite isolated from the marine fungal order Lulworthiales.
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mycology, natural product artifact
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INTRODUCTION

Antimicrobial resistance is quickly developing as a worldwide
threat, causing problems not only in the general community
but also in healthcare facilities. Infections caused by methicillin-
resistant Staphylococcus aureus (MRSA) has become a worldwide
health menace (WHO, 2014). There is an urgent need to
develop new antibiotics to fight these resistant microbes. The
fungal kingdom has historically played an important role in
the discovery and development of antibiotics and other drugs
against non-infective diseases (Demain, 2014). The penicillins
and cephalosporins are examples of important antibiotics isolated
from fungi (Demain, 2014), from the genera Penicillium and
Sarocladium (one syn. Cephalosporium), respectively. In marine
natural product discovery, the genera Aspergillus and Penicillium
have proven to be the most prolific producers of new compounds
with biological activities (Imhoff, 2016). As the focus of marine
natural product discovery has been on mold fungi belonging to
the few genera mentioned above, the strictly marine clades of
fungi remain understudied (Overy et al., 2014).

One of the understudied marine clades include the fungal
order Lulworthiales from which no secondary metabolites have
been reported since the discovery of the type genus and species,
Lulworthia fucicola, in the beginning of the twentieth century
(Sutherland, 1915). The order Lulworthiales was established
in 2000 to accommodate the new family Lulworthiaceae in
the class Sordariomycetes (Kohlmeyer et al., 2000). More
recently, a new subclass, Lulworthiomycetidae, was described
containing the orders Lulworthiales and Koralionastetales
(Maharachchikumbura et al., 2015). Lulworthiaceae is the sole
family in the Lulworthiales order, and Lulworthiaceae spp.
are regarded as strictly marine species, which include the
following genera: Cumulospora, Halazoon, Hydea, Kohlmeyerella,
Lulwoana, Lulworthia, Lindra, Matsusporium, and Moleospora
(Poli et al., 2020). Recently, a novel genus was introduced to the
Lulworthiaceae, Paralulworthia, with two new species described,
Paralulworthia gigaspora and Paralulworthia posidoniae (Poli
et al., 2020). Hyde et al. (2020) also included the following genera
in the family: Haloguignardia, Lolwoidea, Moromyces, Orbimyces,
Rostrupiella, and Sammeyersia.

Fungi in the family Lulworthiaceae have been isolated from a
variety of substrates and environments. Some examples include
corals (Góes-Neto et al., 2020), plants located in salt marches
(Calado et al., 2019), seagrass (Poli et al., 2020), Portuguese
marinas (Azevedo et al., 2017), sandy beaches of the Cozumel
island in Mexico (Velez et al., 2015), brown seaweed (Zuccaro
et al., 2008), and driftwood (Rämä et al., 2014). The distribution
of Lulworthiales fungi in marine habitats has been studied
throughout the history of marine mycology (Johnson, 1958;
Kohlmeyer et al., 2000; Koch et al., 2007; Rämä et al., 2014;
Azevedo et al., 2017; Góes-Neto et al., 2020), but the biosynthetic
potential of these fungi has not been investigated, most likely due
to the special knowledge required for their isolation (Overy et al.,
2019) and low growth rates.

In this paper, we report the isolation of a new antibacterial
compound, lulworthinone (1), from a liquid culture of a marine
fungus belonging to Lulworthiaceae (isolate 067bN1.2). We

elucidate the structure of 1 and study its bioactivity against
prokaryotic and eukaryotic cells with focus on antibacterial
activity against clinical MRSA isolates. Compound 1 represents
the first secondary metabolite reported from this order of fungi,
and to the best of our knowledge, the first biarylic dimeric
naphtho-α-pyrone substituted with a sulfate group. Initially,
the compound was isolated using preparative HPLC under
acidic conditions. As this procedure caused significant wear
and tear to the equipment, the isolation was switched to flash
chromatography under neutral conditions. When comparing
spectroscopic data from the two samples, one isolated at neutral
and one at acidic conditions, structural differences were observed.
It was later determined that 1 concerts into the artifact 2 under
acidic conditions.

MATERIALS AND METHODS

Biological Material and Phylogenetic
Analysis of Isolate 067bN1.2
The marine fungus 067bN1.2 was isolated from a dead pine
(Pinus sp.) collected in the splash zone in Kongsfjord, Berlevåg
Norway in 2010. The isolate grew from a small wooden cube
plated onto agar medium (specified below) during a campaign
to study wood-inhabiting fungi of 50 intertidal and sea-floor logs
along the Northern Norwegian coast, where Lulworthiales was
one of the five most frequent orders isolated (Rämä et al., 2014).
The fungus was subcultured and DNA sequenced, and the fungus
was phylogenetically placed in the Lulworthiales order (isolate
TR498 represents 067bN1.2 in Rämä et al., 2014). At the time
of the publication (2014), the closest match from Blast, based
on a 5.8S/large ribosomal subunit (LSU) dataset, was Lulworthia
medusa (LSU sequence: AF195637). The following primer pairs
were used for the internal transcribed spacer (ITS), LSU and
small ribosomal subunit (SSU) sequencing, respectively: ITS5-
ITS4 (White et al., 1990), LR0R-LR5 (Vilgalys and Hester, 1990;
Rehner and Samuels, 1994), and NS1-NS4 (White et al., 1990).
The ITS, LSU, and SSU sequences are deposited in GenBank
under the following accessions: MW377595, MW375591, and
MW375590. The mycelium of the fungus was preserved on pieces
of agar in 20% glycerol solution at−80◦C.

To identify the isolate 067bN1.2 growing as an asexual morph
in culture and determine its systematic position within the order
Lulworthiales, a phylogenetic analysis was run using a dataset
consisting of nrSSU, nrITS, and nrLSU sequences. The reference
sequences included in the analyses were sampled based on
recent phylogenetic studies focusing on Lulworthiales (Azevedo
et al., 2017; Poli et al., 2020) and retrieved from Genbank
(Supplementary Table 1). Sequences for each gene were aligned
individually using the E-INS-I and G-INS-I algorithms of
MAFFT v7.388 (Katoh et al., 2002; Katoh and Standley, 2013)
in Geneious Prime v.11.0.4 followed by manual adjustment. The
concatenated dataset consisting of SSU, 5.8S, and LSU sequences
and having a length of 2,270 nt was run through PartitionFinder
v2.1.1 (Lanfear et al., 2017) to test for best-fit partitioning
schemes and evolutionary models with the following settings:
models MrBayes, linked branch lengths, greedy search, and AIC
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and BIC model selection (Lanfear et al., 2012). This suggested
three partitions with varying models: symmetrical model with
equal base frequencies and gamma distributed rate variation
among sites without (SYM+G) and with (SYM+I+G) invariable
sites and general time reversible model with variable base
frequencies and gamma distributed rate variation among sites
(GTR+G). A phylogenetic analysis was set up applying suggested
models using Parallel-MPI MrBayes v3.2.7a with beagle, and
was run for 5,000,000 generations or until average standard
deviation of split frequencies was below 0.0009 with sampling
each of the 2,500 generations (Ronquist et al., 2012). In addition,
RAxML in Geneious v10.2.3 was run with the same partitions
under GTRCAT and GTRGAMMA using rapid-bootstrapping
algorithm with 2,000 replicates with search for best scoring ML
tree (Stamatakis, 2006). The resulting MrBayes tree was similar
to the RAxML tree, excluding some of the basal nodes within
Lulworthiaceae shown as polytomies in the MrBayes tree.

Fungal Cultivation and Extraction
For the purpose of this study, the fungal isolate was plated from
glycerol stock and grown on nutrient-poor malt agar with sea
salts [4 g/L malt extract (Moss Malt Extrakt, Jensen & Co AS),
40 g/L sea salts (S9883, Sigma-Aldrich), 15 g/L agar (A1296,
Sigma-Aldrich) and Milli-Q R© H2O] until the growth covered the
entire agar plate (approximately 40 days). Milli-Q R© H2O was
produced with the in-house Milli-Q R© system. One-half of the
agar plate covered in mycelium was used to inoculate each liquid
culture, in malt medium with added sea salts (4 g/L malt extract,
40 g/L sea salts). Two cultures of 200 ml were inoculated and
incubated for 107 days at static conditions and 13◦C. Before
the addition of resin for extraction, mycelium was taken from
the culture for inoculation of another round of cultures. The
second cultivation contained four cultures with 250 ml of malt
extract medium supplemented with sea salts and cultivated under
the same conditions for 83 days. The total culture volume used
for the extraction of 1 was 1.4 L. The cultures were extracted
using Diaion HP-20 resin (13607, Supelco) and methanol (20864,
HPLC grade, VWR) as described previously (Kristoffersen et al.,
2018; Schneider et al., 2020). The extract was dried in a rotary
evaporator at 40◦C under reduced pressure and stored at−20◦C.

Dereplication
As part of our ongoing search for antimicrobial compounds,
extracts of marine microorganisms are fractioned into six
fractions using flash chromatography, as previously described
(Schneider et al., 2020). When we investigated the antibacterial
potential of fractions produced from several understudied marine
fungi, one fraction from isolate 067bN1.2 piqued our interest
due to its antibacterial activity. In the active fraction, 1 was the
dominating peak. The monoisotopic mass, calculated elemental
composition and fragmentation pattern of 1 was determined
using UHPLC-ESI-HRMS. UHPLC-ESI-HRMS was performed
with positive ionization mode, using an Acquity I-class UPLC
with an Acquity UPLC C18 column (1.7 µm, 2.1 mm× 100 mm),
coupled to a PDA detector and a Vion IMS QToF (all from
Waters). Compounds were eluted with a gradient over 12 min,
from 10 to 90% acetonitrile (LiChrosolv, 1.00029, Supelco) with

0.1% formic acid (Sigma-Aldrich) in Milli-Q H2O and a flow
rate of 0.45 ml/min. Waters UNIFI 1.9.4 Scientific Information
System was used to process and analyze the data. Elemental
compositions of compounds in the samples were used to search
relevant databases, such as Chemspider, in order to identify
known compounds. Since the calculated elemental composition
gave no hits in database searches, 1 was nominated for isolation.

Isolation of 1
Initial attempts to isolate 1 was performed using mass guided
preparative HPLC. This strategy proved difficult due to extensive
binding of the compound to an Atlantis Prep C18 (10 µM,
10 × 250 mm) (Waters) column, leading to inefficient isolation
and column contamination. The preparative system and mobile
phases used were as previously described (Schneider et al., 2020).
The resulting sample (referred to as compound 2) was later used
to assist in structure elucidation of compound 1.

To avoid wear and tear of the preparative HPLC system,
attempts were made to isolate 1 using flash chromatography.
The dried extract was dissolved in 90% methanol, and 2 g of
Diaion HP-20SS (13615, Supelco) was added before removing the
solvent under reduced pressure. Flash columns were prepared
as previously described (Kristoffersen et al., 2018). The column
was equilibrated using 5% methanol, before the dried extract-
Diaion HP-20SS mixture was applied to the top of the column
(maximum 2 g of extract per round). The fractionation was
performed on a Biotage SP4TM system (Biotage) with a flow
rate of 12 ml/min and a stepwise gradient from 5 to 100%
methanol over 32 min. The following stepwise elution method
was used: methanol:water (5:95, 25:75, 50:50, 75:25, 6 min per
step, resulting in 12 fractions) followed by methanol (100%
over 12 min, resulting in six fractions). The MeOH fractions
were analyzed using UHPLC-ESI-HRMS. In the second fraction
eluting at 100% MeOH, 1 was the dominating peak and was
submitted for NMR and bioactivity analysis. The sample of 1
was therefore produced by pooling the second fraction eluting
at 100% MeOH from multiple rounds of flash fractionation and
drying the resulting volume under reduced pressure.

Structure Elucidation of 1
The structure of 1 was established by 1D and 2D NMR
experiments. NMR spectra were acquired in DMSO-d6 and
methanol-d3 on a Bruker Avance III HD spectrometer operating
at 600 MHz for protons, equipped with an inverse TCI
probe cryogenically enhanced for 1H, 13C, and 2H. All NMR
spectra were acquired at 298 K, in 3-mm solvent matched
Shigemi tubes using standard pulse programs for proton, carbon,
HSQC, HMBC, HMQC (J = 4–5 Hz), COSY, NOESY, ROESY
and 1,1-ADEQUATE experiments with gradient selection and
adiabatic versions where applicable. 1H/13C chemical shifts
were referenced to the residual solvent peak (δH = 2.50 PPM,
δC = 39.52 PPM for DMSO). All data were acquired and
processed using Topspin 3.5pl7 (Bruker Biospin) including the
structure elucidation module CMC-se v. 2.5.1. 13C prediction
was done using Mestrelabs MestReNova software version 14.2.0-
26256 with the Modgraph NMRPredict Desktop. Optical rotation

Frontiers in Microbiology | www.frontiersin.org 3 October 2021 | Volume 12 | Article 730740

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-730740 September 27, 2021 Time: 17:34 # 4

Jenssen et al. Lulworthinone, a New Antibacterial Naphthopyrone

data were obtained using an AA-10R automatic polarimeter
(Optical Activity LTD).

Lulworthinone (1): green colored film. [α]20
D -120 ± 0.02

(c 0.2 DMSO). 1H and 13C NMR spectroscopic data,
Supplementary Table 3. HRESIMS m/z 741.2204 [M+H]+
(calculated for C37H41O14S, 741.2217).

Minimal Inhibitory Concentration
Determination Against Reference
Bacteria
The Minimal Inhibitory Concentration (MIC) of 1 against a
panel of Gram-positive and Gram-negative reference bacteria
was determined by broth microdilution, at final concentrations
0.2–100 µg/ml (twofold dilution series). The experiments were
performed with three technical replicates. The panel of reference
bacteria consisted of the following strains: S. aureus (ATCC
25923), MRSA (ATCC 33591), Escherichia coli (ATCC 25922),
Pseudomonas aeruginosa (ATCC 27853), Enterococcus faecalis
(ATCC 29212), and Streptococcus agalactiae (ATCC 12386), all
strains from LGC Standards (Teddington). Briefly, the bacteria
were inoculated from freeze stock onto blood agar plates
(University Hospital of North Norway) and transferred to liquid
medium for overnight incubation at 37◦C. S. aureus, E. coli, and
P. aeruginosa were grown in Brain Heart Infusion medium (BHI,
53286, Sigma-Aldrich), and E. faecalis and S. agalactiae were
grown in DifcoTM Mueller Hinton medium (MH, 275730, BD
Biosciences). After overnight incubation in the respective media,
the bacteria were brought to exponential growth by addition of
fresh media, and incubated to reach a turbidity of 0.5 McFarland
standard. The bacteria were diluted in their respective media
1:1,000 prior to addition. Subsequently, the bacteria were added
to 96-well microtiter plates at 50 µl/well. A mixture of 50 µl
of autoclaved Milli-Q R© H2O and 50 µl fresh autoclaved media
was used as negative control, and 50 µl of autoclaved Milli-
Q R© H2O was added to 50 µl of bacteria suspension as growth
control. The compound was diluted in DMSO and autoclaved
Milli-Q R© H2O (highest concentration of DMSO in the assay
was 0.5%), and 50 µl was added to the bacterial suspension.
Final volume in the wells was 100 µl. The plates were incubated
overnight at 37◦C. After incubation, growth was measured by
absorbance at 600 nm with 1420 Multilabel Counter VICTOR3TM

(Perkin Elmer). Assay controls with gentamicin in a dilution
series are routinely run, as well as routine counting of CFUs for
each bacterium. For the strains where the compound displayed
activity, the MIC was determined with three biological replicates
each containing three technical replicates (n = 9). The lowest
concentration of 1 that completely inhibited the growth of the
bacteria was determined as the MIC.

To investigate if 1 had a bacteriocidal or bacteriostatic
effect on S. aureus and S. agalactiae, the compound was
inoculated together with the bacteria, as described above, and
after overnight incubation, the inoculum was plated onto agar
and incubated overnight at 37◦C. The experiment was done with
12.5 and 25 µg/ml concentrations of 1 in triplicate, with two
biological replicates (n = 6). Inspired by Zheng et al. (2007), we
tested 1, together with reserpine (broad spectrum efflux pump

inhibitor) against the Gram-negative reference strains E. coli and
P. aeruginosa. The assay was conducted as described above, with
reserpine (L03506, Thermo Fisher Scientific) added to a final
concentration of 20 µg/ml.

Minimal Inhibitory Concentration
Determination Against Clinical Bacterial
Isolates
Initial testing of 1 was conducted against a panel containing
clinically relevant antibiotic-resistant bacteria: Gram-positive
MRSA, vancomycin-resistant Enterococcus faecium (VRE), and
Gram-negative bacteria resistant to extended-spectrum beta-
lactamases as well as carbapenemases (ESBL-Carba) (detailed
information about the clinical isolates can be found in
Supplementary Table 2). The initial testing was conducted at one
concentration, 100 µg/ml.

The final antibacterial testing of 1 was executed using the
five clinical MRSA isolates and the VRE isolates (Supplementary
Table 2). The isolates were tested by broth microdilution
according to the Clinical Laboratory Standard Institute (CLSI)
(2012) method MO7-A9. In brief, 1 was solubilized with 100%
DMSO and diluted with autoclaved Milli-Q R© H2O to prepare a
200 µg/ml working solution. The final DMSO concentration did
not exceed 1% to exclude any artificial influence on the assay.
The bacterial inoculum was prepared to contain 1× 106 CFU/ml
in cationic-adjusted BBLTM Mueller-Hinton II broth (BD). The
inoculum was mixed in a 1:1 ratio with the working solution of
1 (twofold dilutions, ranging from 0.2 to 100 µg/ml) for a final
amount of 5 × 105 CFU/ml in each well of a 96-well round-
bottom polypropylene plate (Greiner Bio-One GmbH). Growth
control (without compound) and sterility control (without
bacteria) were included for each strain. Each strain was tested
in three independent biological replicates with four technical
replicates on consecutive days. As quality assurance for the assay,
the protocol was also performed with E. coli ATCC 25922 using
Gentamicin (Merck Life Science) as a reference antibiotic. The
96-well plates were incubated at 37◦C for 24 h without shaking.
The MIC values were defined as the lowest concentration
of 1 resulting in no visual bacterial growth, determined by
visual inspection and 600 nm absorbance measurements with
CLARIOstar plate reader (BMG LABTECH).

Inhibition of Biofilm Production and
Eradication of Established Biofilm
Inhibition of biofilm production by 1 of Staphylococcus
epidermidis (ATCC 35984, LGC Standards) was determined at
final concentrations 0.2–100 µg/ml (twofold dilution series).
Briefly, the bacteria were inoculated from freeze stock onto
blood agar plates (University Hospital of North Norway) and
transferred to tryptic soy broth (TSB, 22092, Sigma-Aldrich)
for overnight incubation at 37◦C. The overnight cultures were
subsequently diluted 1:100 in fresh TSB with 1% glucose and
added to 96-well microtiter plates, 50 µl/well. Positive control
was S. epidermidis in fresh media with glucose, and negative
control was a non-biofilm producing Staphylococcus haemolyticus
(clinical isolate 8-7A, University Hospital of North Norway) in
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fresh media with glucose. The compound was diluted in DMSO
and autoclaved Milli-Q R© H2O (highest concentration of DMSO
in the assay was 0.5%), and 50 µl was added to the bacterial
suspension. Final volume in the wells was 100 µl. The plates
were incubated at 37◦C overnight. Growth inhibition of the
bacterium was determined by visual inspection of the plates prior
to further treatment. The bacterial suspension was poured out
and the biofilm was fixated by heat, before adding 70 µl of 0.1%
crystal violet solution (V5265, Sigma-Aldrich) and staining for
5 min. The crystal violet solution was removed and the wells
were washed with water before the plates were dried by heat.
The bound crystal violet was dissolved in 70 µl of 70% ethanol,
and the presence of violet color, indicating biofilm formation,
was measured at 600 nm absorbance using a 1420 Multilabel
Counter VICTOR3TM reader. Percent biofilm formation was
calculated using the equation below. The data were visualized
using GraphPad Prism 8.4.2, and the built-in ROUT method was
used to detect and remove outliers from the dataset (Q = 1%).

Percent (%) biofilm formation

=
(absorbance treated wells− absorbance negative control)

(absorbance positive control− absorbance negative control)

× 100 (1)

To determine whether 1 could eradicate biofilm established
by S. epidermidis, a modified biofilm inhibition assay protocol
was performed. Here, the bacteria were grown overnight in a
microtiter plate to allow the biofilm to be established prior to
the addition of 1. After addition of 1, the plates are incubated
overnight. Following this, the biofilm was fixated and colored and
results were read as stated above. The experiment was conducted
once with three technical replicates with concentrations of 0.2–
100 µg/ml (twofold dilution series).

Determination of Antiproliferative
Activity Toward Human Cell Lines
The antiproliferative activities of 1 was evaluated against
the melanoma cell line A2058 (ATCC, CRL-11147TM), the
hepatocellular carcinoma cell line HepG2 (ATCC, HB-8065TM),
and the non-malignant lung fibroblast cell line MRC5 (ATCC,
CCL-171TM) in a MTS in vitro cell proliferation assay. The
compound was tested in concentrations from 6.3 to 100 µg/ml
against all cell lines, with three biological replicates each
containing three technical replicates (n = 9). A2058 was cultured
and assayed in Dulbecco’s Modified Eagle’s Medium (D-MEM,
D6171, Sigma-Aldrich). HepG2 was cultured and assayed in
MEM Earle’s (F0325, Biochrom) supplemented with 5 ml of non-
essential amino acids (K0293, Biochrom) and 1 mM sodium
pyruvate (L0473, Biochrom). MRC5 was cultured and assayed in
MEM Eagle (M7278, Sigma-Aldrich) supplemented with 5 ml of
non-essential amino acids, 1 mM sodium pyruvate, and 0.15%
(w/v) sodium bicarbonate (L1713, Biochrom). In addition, all
media were supplemented with 10% fetal bovine serum (FBS,
S1810, Biowest), 10 µg/ml gentamicin (A2712, Biochrom), and
5 ml of glutamine stable (200 mM per 500 ml medium, X0551,
Biowest). Briefly, the cells were seeded in 96-well microtiter plates

(Nunclon Delta Surface, VWR) at 2,000 cells/well for A2058,
4,000 cells/well for MRC5, and 20,000 cells/well for HepG2.
After incubation for 24 h in 5% CO2 at 37◦C, the media was
replaced and compound was added, generating a total volume of
100 µl/well. A2058 and MRC5 were incubated for 72 h before
assaying, and HepG2 for 24 h. Subsequently, 10 µl of CellTiter
96 AQueous One Solution Reagent (G358B, Promega) was added
to each well and the plates were incubated for 1 h at 37◦C.
Following this, the absorbance was measured at 485 nm with
a DTX 880 multimode detector (Beckman Coulter). Negative
controls were cells assayed with their respective cell media, and
positive controls were cells treated with 10% DMSO (D4540,
Sigma-Aldrich). Percent cell survival was calculated using the
equation below. The data were visualized using GraphPad Prism
8.4.2 and IC50 was calculated. The built-in ROUT method was
used to detect and remove outliers from the dataset (Q = 1%).

Percent (%) cell survival :

(absorbance treated wells− absorbance positive control)
(absorbance negative control− absorbance positive control)

×100 (2)

Minimal Inhibitory Concentration
Determination Against Candida albicans
The MIC of 1 was determined by broth microdilution
against C. albicans (ATCC 90028, LGC Standards), at final
concentrations of 0.2–100 µg/ml (twofold dilution series). The
experiment was performed as one biological replicate, with
three technical replicates (n = 3). Briefly, the fungus was
inoculated from freeze stock onto potato dextrose agar [24 g/L
potato dextrose broth (P6685, Sigma-Aldrich), 15 g/L agar
(A1296, Sigma-Aldrich)] and incubated overnight at 37◦C. From
the overnight culture, five to eight colonies were transferred
to 5 ml of sterile 0.9% NaCl, before the cell density was
adjusted to 1–5 × 106 cells/ml by adding 0.9% NaCl. The cell
density was evaluated with 0.5 McFarland standard (Remel 0.5
McFarland Equivalence Turbidity Standard, 10026732, Thermo
Fisher Scientific). The fungal suspension was further diluted 1:50,
and then 1:20 (1–5 × 103 CFU/ml) in RPMI medium (R7755,
Sigma-Aldrich) with 0.165 mol/L MOPS (M3183, Sigma-Aldrich)
and 10.25 ml of L-glutamine. The compound was added to
the microtiter plate together with the fungal suspension (1:1),
to a final volume of 200 µl. The final concentration of fungal
cells was 0.5–2.5 × 103 CFU/ml. Absorbance in the wells was
measured with 1420 Multilabel Counter VICTOR3TM right after
addition of compound, after 24 h and after 48 h. The plates were
incubated at 37◦C. Amphotericin B was used as negative control
at final concentration 8 µg/ml. Growth control contained fungal
suspension and autoclaved Milli-Q R© H2O.

RESULTS

Systematic Placement of the Fungal
Isolate 067bN1.2
Due to lack of distinct morphological characters of the
cultured asexual morph and closely related reference sequences
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in GenBank, the fungus is identified to family level, as
Lulworthiaceae sp., for the purpose of this study. A phylogenetic
study was carried out with 28 taxa (including outgroups and
isolate 067bN1.2), all representing different species, as shown in
Figure 1. The combined dataset of 5.8S, SSU, and LSU had an
aligned length of 2,270 characters, and phylogenetic inference
was estimated using both Maximum Likelihood and Bayesian
Inference criteria. The isolate producing 1, 067bN1.2, was placed
on its own branch within the Lulworthiaceae, forming a sister
clade to the clade including Halazoon fuscus, Lulworthia medusa,
Lulworthia cf. purpurea and Halazoon melhae. Sequences of
Koralionastes ellipticus were included to exclude the possibility
that the isolate 067bN1.2 is part of the family Koralionastetaceae.
Koralionastes ellipticus was placed outside of Lulworthiaceae.

Isolation and Structure Elucidation
Compound 1 was selected for isolation due to its antibacterial
activity in an initial screen of fractions from several understudied
marine fungi. Compound 1 was the dominating peak in the
active fraction from fungal isolate 067bN1.2 Lulworthiaceae
sp., and subsequently the fungus was re-cultivated, cultures
were extracted, and the compound was isolated using RP flash
chromatography. The extraction of 1.4 L of fungal culture yielded
1,017.2 mg of extract.

Initially, attempts were made to isolate the compound
using preparative HPLC. This strategy had several drawbacks,
including unfavorable behavior of the compound in the

preparative column. This resulted in the compound eluting over
several minutes (band broadening) and carryover. A batch of the
compound was, however, retrieved using this strategy, resulting
in a compound later determined to be a structural isomer and
artifact of compound 1 (referred to as 2 throughout this article),
produced due to the acidic conditions in the mobile phase. The
structures of 1 and 2 can be seen in Figure 2.

Flash chromatography was better suited for the isolation of
1. This isolation strategy yielded 63.8 mg of 1, corresponding
to a yield of ∼45 mg/L culture medium. Compound 1 was
obtained as a green colored substance. The molecular formula
was calculated to be C37H40O14S by UHPLC-ESI-HRMS (m/z
741.2204 [M+H]+) (calculated as C37H41O14S, 741.2217),
suggesting 18 degrees of unsaturation. The low-energy collision
mass spectrum of 1 can be seen in Supplementary Figure 2.
MS signals of a neutral loss of 80 Da (ESI+) was observed,
indicating the presence of a sulfate group in the structure. The
UV absorption maxima were 224, 260, and 373 nm, which
corresponded well with the previously published dinapinones
(Kawaguchi et al., 2013). The UV-vis spectrum for 1 can
be seen in Supplementary Figure 3. The IR spectrum of 1
displayed absorption bands for sulfoxide (S=O, 1,002 cm−1),
aromatic alkene (C=C, 1542 and 1,618 cm−1), carbonyl (C=O,
1,645 cm−1), alkane (C-H, 2,857 cm−1), aromatic alkene (C-
H, 2926 cm−1), and hydroxyl (C-OH, 3455 cm−1) bonds. After
isolation, the structure of 1 (Figure 2) was elucidated by 1D and
2D NMR experiments (Supplementary Figures 4–16).

FIGURE 1 | Maximum Likelihood tree (RAxML) from the combined analysis of 5.8S, SSU, and LSU from isolates of Lulworthiaceae. One isolate from
Koralionastetaceae was included, and four strains as outgroups. Node support is given as Bootstrap support values at the nodes, and posterior probabilities are
included where the branching was alike (BS/PP). The isolate under investigation, Lulwortihaceae_067bN1.2, is highlighted in bold. Due to topological similarity only
the ML tree is shown here containing both Bayesian posterior probabilities and Bootstrap support values. Bayesian Inference tree can be found in Supplementary
Figure 1. – indicates that the node is missing in the Bayesian analysis. No support value is given to the node separating the outgroup taxa from the ingroup in ML
analysis.
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FIGURE 2 | Structures of 1 and 2.

Initial structure elucidation was made on the sample isolated
by preparative HPLC with formic acid present in the mobile
phases (compound 2). The established molecular formula
suggested a highly conjugated system. The purity of 2 was
estimated to be ∼80% from a quantitative proton spectrum with
respect to non-solvent impurities (Supplementary Figure 4).
Four singlet protons were identified in the aromatic region, along
with three O-CH signals at ∼4.5 ppm with complex couplings
along with a methoxy singlet at 3.77 ppm. Furthermore,
five hydroxyl protons were identified; three between 9.5 and
10.0 ppm, and two between 13.5 and 14.0 ppm. The deshielded
nature of the latter sets them apart from the other hydroxyls
and suggests they may be involved in an angled intramolecular
hydrogen bond, which is commonly seen for keto-enol pair
configurations such as this. All 37 carbons could be identified
by 1D 13C NMR (Supplementary Figure 5), which showed
2 to contain a large number of aromatic quaternary carbons,
two ester-like carbonyls, along with 10 peaks in the aliphatic
region (Table 1).

HSQC, HMBC, and 1,1-ADEQUATE spectra (Supplementary
Figures 6, 7) allowed the identification of two substituted
napthopyrone-like moieties, as well as two five-membered
aliphatic chains (denoted C15-C11 and C15’-C11’, respectively),
which were fully assigned using a combination of HSQC-TOCSY,
TOCSY, COSY, and HMBC (Figure 3i). The aliphatic chains
were determined to be attached at the C10 position of the
napthopyrone-like moieties by tracing the spin system into H9
and H9’, respectively, and supported by multiple long-range 1H-
13C correlations. The C2 and C2’ carbonyls could be directly
assigned from long-range couplings from the 10/10’ position,
but the hydroxyl carrying carbons in positions 3/3’ and 4/4’
could only be assigned through weak 4JCH correlations from the
aromatic protons (Figure 3iii).

The OH-4 and OH-6 could be assigned based on NOE
correlations between OH-6 and both H5 and H7, while OH-
4 only displayed correlations with H5. The OH-3 and OH-
3’ are predicted to have more deshielded chemical shifts due

to their proximity to the carbonyl moiety and a probable
intramolecular hydrogen bond—however, it was not possible to
individually distinguish OH3 and OH-3’ due to the absence of
any correlations in NOESY, ROESY, and HMBC spectra. Thus,
four fragments could initially be elucidated (Figure 3i). A weak
4JC8H7 ′ correlation could be detected, linking fragment A to
fragment B (Figure 3i) at the C8 and C5’ positions, respectively,
and thus the only remaining ambiguity is the position of the -
SO3− group vis-à-vis the remaining -OH in the 9’ or 4’ positions.
The absence of NOEs and COSY correlations between OH-4’ and
H9’ suggests that it is positioned at C4’ with the sulfate positioned
at C9’ (Figure 3ii). The 3JHH coupling constant between H9’
and H10’ was measured to be 2.0 Hz from line shape fitting the
splitting of H9’, indicating that these protons are at a significantly
offset dihedral angle to one another—thus suggesting a relative
R/S or S/R configuration of 9’ and 10’. 13C prediction was
consistent with the structure of 2 (Supplementary Figure 9), with
a mean error of 2.79 ppm between the observed and predicted
13C shifts.

A second isolation where no acidic conditions were used,
yielding 1, was also examined. 1H NMR revealed significantly
perturbed chemical shifts as well as line broadening and
heterogeneity throughout the spectra (Supplementary
Figure 11). Multiple resonances in the carbon spectrum
(Supplementary Figures 12, 13), especially for two resonances
in the carbonyl area (presumably C3 and C3’), are heterogenous,
reflecting the nuclei existing in several stable, but slightly
different micro environments. The same observation is made
in the proton spectrum (Supplementary Figure 11) for H9’,
OMe-6’, H5, H7, 4’-OH, and 4-OH. A major difference was
observed in the non-acidic preparation (1), compared to 2,
the presence of a 9’-OH. At ∼15 ppm, two heterogeneous OH
protons were observed, deshielded by approximately 1 ppm
compared to the OH-3’s in the original sample preparation,
while the three hydroxyls at ∼10 ppm could no longer be
detected (Supplementary Figures 8–13). Thus, the detectable
aromatic hydroxyl groups, identified as OH-4’ and OH-4,
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TABLE 1 | Summary of chemical shift and correlations for 2 (DMSO-d6).

Position δ13C, type δ1H, splitting (Hz) COSY HMBC (1H → 13C)

2 171.6, C – – –

2’ 171.0, C – – –

2a’ 99.4, C – – –

2a 99.2, C – – –

3 162.5, C – – –

3’ 161.5, C – – –

3a’ 108.6, C – – –

3a 107.5, C – – –

4 159.0, C – – –

4’ 154.9, C – – –

5’ 111.7, C – – –

5 102.1, CH 6.35, s – 3, 3a, 4, 6, 7

6 161.2, C – – –

6’ 160.7, C – – –

7a 140.6, C – – –

7a’ 140.1, C – – –

7 100.7, CH 6.04, s – 3, 3a, 5, 6, 8

7’ 99.7, CH 7.14, s – 3’, 3a’, 4’, 5’, 6’, 8, 8’

8a’ 137.4, C – – –

8a 132.9, C – – –

8 118.7, C – – –

8’ 117.5, CH 7.36, s – 2’, 3a’, 4’, 6’, 7’a, 7’, 9’

9’ 65.3, CH 4.69, d (J = 2.0) – 2a’, 8’, 8a’, 10’, 11’

9 31.0, CH2 2.59, m 10 2a, 7a, 8, 8a, 10, 11

10’ 83.2, CH 4.62, ddd (J = 7.9, 6.0, 2.0) 11’ 2’, 8a’, 9’, 11’, 12’

10 79.4, CH 4.56, dddd (J = 9.6, 7.4, 5.5, 4.1) 9, 11 2, 8a, 12

11 34.2, CH2 1.59, dd (J = 16.7, 9.5) 1.68, dd (J = 16.5, 4.0) 10, 12 10, 12

11’ 30.0, CH2 1.85, m 10’, 12’ 9’, 10’, 12’, 13’

12’ 24.7, CH2 1.48, 1.52, m 11’, 13’ 11’, 13’, 14’

12 24.5, CH2 1.27, 1.36, m 11, 13 11, 13, 14

13’ 31.3, CH2 1.23, m 12’, 14’ 11’, 12’, 14’, 15’

13 31.6, CH2 1.36, m 12, 14 11, 12, 14, 15

14’ 22.5, CH2 1.36, m 13’, 15’ 12’, 13’, 15’

14 22.4, CH2 1.24, m 15 12, 13, 15

15’ 14.4, CH3 0.92, m 14’ 13’, 14’

15 14.3, CH3 0.82, m 14 13, 14

16 56.5, O-CH3 3.77, s – 6’

OH3* – 13.71, s

OH3* – 13.62, s

OH4 – 9.80, s

OH4’ – 9.51, s

OH6 – 9.94, s

*Ambiguous assignment.

appeared to be involved in (stronger) hydrogen bonding, while
three aromatic hydroxyls, the remaining OH-6, OH-3’ and
OH-3, were unaccounted for. At the same time, the majority of
all other nuclei in the molecule are shielded by approximately
0.5 ppm. Together, these observations suggest that the neutral pH
preparation resulted in a different molecule, 1, that formed loose
aggregates in DMSO and methanol, stabilized by both hydrogen
bonding (deshielding) and stacking (shielding) interactions.
Overall, worse spectral quality resulted in that the C2 and C3
from 2 could not be individually assigned in 1, although they

must correspond to the two chemical shifts of 169.4 and 173 ppm
by the logic of elimination. A number of the carbons show
heterogenic peaks (notably the presumed C3 and C3’), most
likely as the result of through space proximity to the sulfate group
and sensitivity to its different possible conformation (details in
section “Discussion”).

The identity of 1 was established to be identical to 2
with the only difference being that the sulfate group was
attached to C6 instead of C9’, supported by the loss of the OH
correlating with H5 and H7, and the appearance of an OH
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FIGURE 3 | (i) Fragments identified for 2: (A,B) The napthopyrone-like moieties; (C) a sulfate group; (D) a spare hydroxyl group. (ii) Elucidated structure of 2: Bold
bonds = COSY, blue arrows = HMBC, and (iii) red arrows = weak 4JCH correlations, Bold bonds = 1,1-ADEQUATE.

correlating with H9’ through a 3JHH . There is furthermore a
heterogeneity and chemical shift perturbation hotspot (vis-à-vis
2) around the C6 position to support the assignment of a C6
sulfate. All chemical shifts and correlations are summarized in
Supplementary Table 3. The data do not unambiguously prove
whether the 3-OH’s are deprotonated or if the signal is lost due
to rapid exchange, but the fact that the OH-9’ is observable
under the same conditions is an indicium for the OH-3’s to be
deprotonated in 1. No plausible resonance structures to explain
the deprotonation and deshielding that does not involve the
oxidation, and thus change in mass, have been found.

The non-aggregated 2 could be scavenged by lowering the
pH of 1 with the addition of hydrochloric acid, upon which
1H and HSQC spectra of the two samples of 2 show a great
resemblance (Supplementary Figure 10). The molecular formula
of 2 and 1 as well as the scavenged 2 were identical in the
two preparations, as no change in mass was observed by high-
resolution mass spectrometry.

Antibacterial Activity Against Reference
and Clinical Strains
Compound 1 was tested against six reference bacteria (four
Gram-positive and two Gram-negative strains). The compound
was active against two of the Gram-positive reference strains,
S. aureus and S. agalactiae, with MIC values of 6.25 and

12.5 µg/ml, respectively. No activity was observed against
the Gram-negative strains, E. coli and P. aeruginosa, or the
Gram-positive E. faecalis or MRSA strain (Supplementary
Table 4). As bacterial resistance toward available antibiotics is
the main challenge in future treatment of pathogenic diseases,
1 was tested against a panel of drug-resistant clinical strains
(Supplementary Table 2). The panel included five MRSA and six
VRE strains. Compound 1 was also tested in a pre-screen against
four Gram-negative clinical bacterial strains: E. coli, Klebsiella
pneumoniae, Acinetobacter baumanii, and P. aeruginosa (all
ESBL-Carba). No activity was detected against the Gram-
negative bacteria (Supplementary Table 4). Compound 1 showed
activity against the MRSA strains with MICs in the 1.56–
6.25 µg/ml (2.12–8.44 µM) range, see Table 2. The activity of
the compound was significantly less profound against the VRE
strains (MIC = 50 µg/ml or higher) (Supplementary Table 4).

To investigate if 1 has bacteriostatic or bacteriocidal effects on
the two reference strains S. aureus and S. agalactiae, both were
incubated with the compound at 12.5 and 25 µg/ml overnight
and subsequently plated onto agar. For S. aureus, there was no
growth on the plates after overnight incubation, indicating a
bacteriocidal effect of 1. For S. agalactiae, one of the parallels at
12.5 µg/ml (MIC of 1 against this bacterium) displayed growth
on the agar plate, which was expected as visual growth could also
be seen in the microtiter plate for this parallel. The remaining
five parallels at this concentration, and the concentration above,
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had no growth in the microtiter plates, or on agar after overnight
incubation. This strongly indicates that 1 also has bacteriocidal
effect on S. agalactiae. Compound 1 was also tested together with
the efflux pump inhibitor reserpine to see if the lack of activity
toward Gram-negative strains was caused by efflux of 1, but no
activity was obtained.

Inhibition of Biofilm Production and
Eradication of Established Biofilm
The ability of 1 to inhibit biofilm production by S. epidermidis
and to remove established S. epidermidis biofilm was assessed.
In the biofilm inhibition assay, the biofilm production was
completely inhibited (below 5% biofilm formation) down to
12.5 µg/ml (Figure 4). Clear inhibition of the bacterial growth
could also be observed to 25 µg/ml by visual inspection of
plates before fixation of biofilm, raising the question if the
biofilm inhibition is mainly caused by growth inhibition of the
bacterium. To further evaluate the potential biofilm activity,
removal of established biofilm was assessed. There was no activity
of 1 at concentrations up to 100 µg/ml against the established
biofilm, further supporting the hypothesis that the biofilm
inhibition is mainly due to growth inhibition of the bacterium.

TABLE 2 | Minimal inhibitory concentrations (MICs) of 1 against reference strains
and clinical isolates.

Strain type Strain MIC in µg/ml

Clinical strains S. aureus N315 1.56

S. aureus 85/2082 3.13

S. aureus NCTC 10442 3.13

S. aureus WIS [WBG8318] 6.25

S. aureus IHT 99040 3.13

Reference strains S. aureus ATCC R© 25923 6.25

S. agalactiae ATCC R© 12386 12.5

The median MIC values are reported (n = 12 for clinical isolates, n = 9 for
reference strains).

FIGURE 4 | Inhibition of bacterial biofilm formation by 1 against the biofilm
producing S. epidermidis. *The bacterial growth was completely inhibited at
compound concentrations down to 25 µg/ml.

Antiproliferative Activity Against Human
Cells and Antifungal Activity
The antiproliferative activities of 1 was assessed against human
melanoma cells (A2058), human non-malignant lung fibroblasts
(MRC5), and human hepatocellular carcinoma cells (HepG2), in
a concentration range of 6.25–100 µg/ml. The non-malignant cell
line was included as a test for general toxicity, while the other
cell line was included to assess possible anti-cancer activities.
Antiproliferative activity was observed against all cell lines, with
IC50 values of 15.5, 32, and 27 µg/ml against A2058, MRC5, and
HepG2, respectively (Table 3). Compound 1 was also assayed
for antifungal activity against C. albicans at concentrations up to
100 µg/ml, and no activity was seen.

DISCUSSION

In this study, we describe the discovery, isolation, and
characterization of the new secondary metabolite lulworthinone
(1). This novel antibacterial compound was isolated from
an extract of a slow-growing marine fungus of the family
Lulworthiaceae. To the best of our knowledge, this is the first
reported secondary metabolite isolated from this fungal family
and the order Lulworthiales. Since the isolate did not branch close
to the Lulworthia type species, L. fucicola (in the Lulworthia sensu
stricto clade) and there was a lack of support at many nodes of
the phylogenetic tree, we restrained from identifying the isolate
067bN1.2 to genus and determine its identity to family level only.

A fraction of the Lulworthiaceae sp. extract was nominated for
chemical investigation as it was active in an initial antibacterial
screen. The content of the active Lulworthiaceae sp. fraction was
dominated by 1, whose calculated elemental composition gave no
hits in database searches, indicating that the compound suspected
to be responsible for the observed antibacterial activity, was
novel. In the attempt to utilize preparative HPLC to isolate this
compound, 2 was generated during the procedure (acidic mobile
phase). As compounds 1 and 2 have the same mass, HRMS
analysis did not detect the change in the positioning of the sulfate
group, and the sample from the preparative HPLC isolation was
characterized using NMR, believing it was 1. As preparative
HPLC was deemed inconvenient for compound isolation, flash
chromatography (neutral mobile phase) was utilized to isolate
sufficient amounts of 1 to conduct a thorough characterization of
the compound’s bioactivity. This method allows larger amounts
of sample to be processed per run, but generally is less effective
in separating compounds of interest from sample impurities,
compared to preparative HPLC isolation. However, due to
the high concentration of 1 in the extract, 1 was successfully
isolated using this method. The resulting sample was submitted

TABLE 3 | Antiproliferative activity (IC50) of 1 against human cell lines (n = 9).

Cell type IC50 in µg/ml

A2058, melanoma 15.5 ± 0.6

MRC5, normal lung fibroblasts 32 ± 1

HepG2, hepatocellular carcinoma 27 ± 1
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to NMR analysis to confirm its structure. The samples from
both isolations were confirmed to be novel biarylic dimeric
naphtho-α-pyrones substituted with a sulfate group. However,
NMR analysis revealed that the sulfate group was located on
different positions in the two compounds. The rearrangement
was hypothesized to be catalyzed by the acidic nature of the HPLC
mobile phase. This hypothesis was confirmed by subjecting 1
to acidic conditions (Supplementary Figure 10). The resulting
sample was analyzed using NMR, confirming that 1 had indeed
converted into 2. As 2 was proven to be an artifact of 1,
all bioactivity testing was conducted using 1 isolated under
neutral conditions.

The propensity of 1 to interact with itself to form higher-
ordered structures, while 2 did not, offered some insight into
their structural behavior in solution. In particular, the sulfate in
the 6-position appeared to facilitate oligomeric aggregation, and
a simple 3D model allows some speculation as to why this could
be (Figure 5). The ground state of the naphthopyrone does not
have the ability to form complementary “base pairs” with itself
through hydrogen bonds between the carbonyls and hydroxyls.
However, when the sulfate is in the 6-position, it can reach the C3
double OH “mismatch” in the three-dimensional structure and
potentially stabilize the hydroxyls either by 4-coordnating a water
molecule or a Na+ ion together with deprotonated 3’-hydroxyls,
or by directly hydrogen bonding to the protonated hydroxyls.

This would provide a feasible rationale for the propensity for
aggregation of 1 but not of 2. The structural dimer model also
provides a plausible explanation as to why the sulfate group
would specifically and irreversibly migrate to C9’ under acidic
conditions even though the C9’ is expected to be a less likely
position for the sulfate than any other phenol position. The
sulfate is in an oligomeric state involving this kind of “base
pairing” positioned to be intermolecularly attacked by the OH-9’
of the paired molecule, which is not possible in the monomeric
state. Lowered pH is expected to ensure protonated sulfate,
which would make it more susceptible for an electrophilic attack
from OH-9’. If oligomeric states are indeed stabilized by the
coordination of water or sodium, then lowered pH and the
protonation of the 3- and 3’-oxygens would further destabilize
the oligomer, which together with the lack of stabilization from
the position 6 sulfate would make both the association and the
reaction irreversible and trap the sulfate in the 9’ position of
monomeric 2 with lowered ability to self-aggregate.

Lulworthia spp. fungi have spores with end chambers
containing mucus, which helps in spore attachment to surfaces
(Jones, 1994). It has been observed that in liquid culture of the
isolate 067bN1.2, the fungus forms a gel-like mucus, having the
ability to adhere to the bottom of the culture flasks. No spores
are formed in culture, and it remains unclear whether the mucus
formed under cultivation of 067bN1.2 has chemical resemblance

FIGURE 5 | Crude sculpted and minimized structural model of 1 displaying the sulfate potential role in stabilizing oligomerization, as well as the possibility to
intermolecularly react specifically at the C-9’ position to form 2 under acidic conditions.
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to the mucus in end chambers of Lulworthia spp. spores, as
it has not yet been characterized. The sheathing of mucoid by
L. medusa has been reported in a publication from 1973, where
the fungus was found and isolated from a piece of submerged pine
and cultivated in bottles in media supplemented with artificial
seawater (Davidson, 1973). Also in the current study, the fungus
was found to adhere to the culture flask during cultivation
in artificial seawater media. Davidson hypothesizes around
the physiological and ecological implications of the mucoid,
important in cation binding and transport, for the adhesion of
other microorganisms, avoiding desiccation in intertidal regions
or for the production of a matrix to concentrate exoenzymes
(Davidson, 1973). Compound 1 is isolated in high yields from
the fungal culture, but the ecological role of naphthopyrone-
type compounds is largely unclear. The antibacterial activity of
1, however, could indicate a protective role against pathogenic
attacks, but the compound may have other types of bioactivities
as well. It has been speculated that similar compounds (bis-
naphthopyrones) from filamentous ascomycetes were produced
to protect the fungus from predators (Xu et al., 2019). The study
found that several animal predators, like woodlice, preferred
feeding on fungi that had disrupted aurofusarin synthesis, and
also that predation stimulated the production of aurofusarin in
several Fusarium species (Xu et al., 2019). We have also observed
marine mites feeding on fruitbody contents of Lulworthiales
fungi. It is thus possible that in the natural habitat of these fungi,
the naphthopyrones are produced as a means of protection.

Compound 1 was found to be a dimeric biarylic naphtho-
α-pyrone substituted with a sulfate group. The naphthopyrone
moiety is recurring in nature, as monomers, dimers, and
trimers, and has been found from several natural sources,
like plants and filamentous fungi. Naphthopyrones have also
previously been isolated from organisms from the marine
environment (Li et al., 2016). Compounds from this class have
shown different bioactivities, among these the inhibition of
triacylglycerol synthesis (Kawaguchi et al., 2013), inhibition
of enzymatic activity (Zheng et al., 2007), protection against
animal predators (Xu et al., 2019), antimalarial activities
(Isaka et al., 2010), and antiproliferative activities (Isaka
et al., 2010; Li et al., 2016). Several of these compounds
have displayed antibacterial activities against Gram-positive
bacteria (Suzuki et al., 1992; Wang et al., 2003; Zheng et al.,
2007; Boudesocque-Delaye et al., 2015; Rivera-Chavez et al.,
2019). Lu et al. (2014) defined three groups of bis-naphtho-
γ-pyrones based on the diaryl bond connection between the
monomers, the chaetochromin-, asperpyrone-, and nigerone-
type bis-naphtho-γ-pyrones. Based on this categorization, 1
would be categorized as an asperpyrone-type bis-naphtho-
α-pyrone, due to the relative placement of the oxygen atoms
in the pyrone moieties. Compound 1 is substituted with a
sulfate group. One of the most abundant elements in seawater
is sulfur, and many sulfated compounds have been isolated
from marine organisms, mostly from marine invertebrates,
but also from microorganisms (Kornprobst et al., 1998;
Francisca et al., 2018). Compound 1 represents, however, the
first report of a dimeric naphtho-α-pyrone substituted with
a sulfate group.

In the current study, 1 was broadly assessed for potential
bioactivities: antibacterial activities against bacterial reference
strains and clinical strains, antiproliferative activities toward
a selection of human cell lines, both malignant and non-
malignant, anti-fungal activity, inhibition of bacterial biofilm
formation, and the eradication of established bacterial biofilm.
Intriguingly, 1 showed activity against multidrug-resistant MRSA
strains with MICs between 1.56 and 6.25 µg/ml (2.12–8.44 µM).
In comparison, a natural product originally isolated from
Clitophilus scyphoides (organism name at time of isolation:
Pleurotus mutilus, Basidiomycota) pleuromutilin showed MICs
in a similar range against selected reference strains (e.g.,
MIC = 0.66 µM against S. aureus, MIC = 2.64 µM against
K. pneumoniae, and MIC = 21.13 µM against B. subtilis) while
having significantly higher MIC values against other reference
strains (e.g., MIC ≥ 100 µM against P. aeruginosa) (Kavanagh
et al., 1951). An optimized analog of pleuromutilin, lefamulin
(Xenleta R©), was approved as an antibiotic drug by the US Food
and Drug Administration in 2019. The herein reported MIC
values thus place 1 in an activity segment, which makes it an
interesting candidate for further development toward becoming
a marketed antibiotic drug. In comparison to other antibacterial
napthopyrones, 1 falls within the same MIC range with regard
to activity toward Gram-positive bacteria. Two heterodimers,
isolated from the tubers of Pyrenacantha kaurabassana, showed
antibacterial activity against different strains of S. aureus with
MICs in the range of 2.7–89.9 µM (Boudesocque-Delaye et al.,
2015). In a recent paper from 2019, mycopyranone, a new
binaphthopyranone, was isolated from the fermentation broth
of Phialemoniopsis. The compound showed antibacterial activity
against both S. aureus and a MRSA strain, with MICs of≤8.7 µM
against both strains (Rivera-Chavez et al., 2019). Possibly
the most known naphthopyrone, viriditoxin showed MICs in
the 4–8 µg/ml range against different Staphylococcus isolates
(Wang et al., 2003).

Furthermore, the lack of activity against the Gram-negative
reference and clinical strains shows the selectivity of 1 against
Gram-positive bacteria. Yet, no activity or weak activity was
observed against the clinical VRE isolates and the reference
strain of E. faecalis, indicating that the activity is selective
toward groups of Gram-positives, in this case S. aureus and
S. agalactiae. Surprisingly, no activity was observed against the
reference MRSA strain, and the reason behind this is not clear.
No activity was observed for the combination of 1 and the efflux
pump inhibitor reserpine, indicating that the lack of susceptibility
by Gram-negatives is caused by another mechanism. In the
antiproliferative activity assay, the most potent activity of 1 was
observed against the melanoma cells (IC50 = 15.5 µg/ml). Against
the non-malignant lung fibroblasts, which were included as a test
for general toxicity, the compound had an IC50 of 32 µg/ml,
which is more than five times higher than the highest MIC
value against the multidrug-resistant MRSA. The concentrations
where 1 did not display any toxic effect on the cells (∼100%
cell survival) were 20, 12.5, and 15 µg/ml for MRC5, A2058,
and HepG2, respectively. This indicates that there is little overlap
between the concentration where 1 has antibacterial activity and
the concentration where toxicity occurs against the human cells.
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This observed difference is a good starting point when entering
structure optimization, as it indicates that production of non-
toxic variants of 1 can be obtained.

We isolated 45 mg/L of 1 when the Lulworthiaceae sp. fungus
was grown in liquid media supplemented with sea salts. This
shows that slow-growing marine fungi sensu stricto can produce
high yields of novel compounds for chemical characterization
and screening for biological activities. Compound 1 was found
to be a novel sulfated dimeric naphthopyrone, and showed
potent growth inhibition of multidrug-resistant MRSA with
MICs down to 1.56 µg/ml, which is much lower than the IC50
detected against the non-malignant cell line (32 µg/ml). This
study demonstrates that the family Lulworthiaceae and order
Lulworthiales have biosynthetic potential to produce bioactive
secondary metabolites and supports the view of Overy et al.
(2014) that marine fungi sensu stricto should be studied for
natural product discovery, despite their slow growth (Overy et al.,
2014). Our study highlights the potential role of marine fungi
sensu stricto in tackling the worldwide AMR crisis.
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Abstract: Treatment options for infections caused by antimicrobial-resistant bacteria are rendered
ineffective, and drug alternatives are needed—either from new chemical classes or drugs with
new modes of action. Historically, natural products have been important contributors to drug
discovery. In a recent study, the dimeric naphthopyrone lulworthinone produced by an obligate
marine fungus in the family Lulworthiaceae was discovered. The observed potent antibacterial
activity against Gram-positive bacteria, including several clinical methicillin-resistant Staphylococcus
aureus (MRSA) isolates, prompted this follow-up mode of action investigation. This paper aimed
to characterize the antibacterial mode of action (MOA) of lulworthinone by combining in vitro
assays, NMR experiments and microscopy. The results point to a MOA targeting the bacterial
membrane, leading to improper cell division. Treatment with lulworthinone induced an upregulation
of genes responding to cell envelope stress in Bacillus subtilis. Analysis of the membrane integrity and
membrane potential indicated that lulworthinone targets the bacterial membrane without destroying
it. This was supported by NMR experiments using artificial lipid bilayers. Fluorescence microscopy
revealed that lulworthinone affects cell morphology and impedes the localization of the cell division
protein FtsZ. Surface plasmon resonance and dynamic light scattering assays showed that this activity
is linked with the compound‘s ability to form colloidal aggregates. Antibacterial agents acting at cell
membranes are of special interest, as the development of bacterial resistance to such compounds is
deemed more difficult to occur.

Keywords: marine natural product; antimicrobial agents; mode of action; B. subtilis; MRSA; FtsZ;
colloidal aggregate

1. Introduction

Antimicrobial-resistant bacterial pathogens have emerged as a serious threat to public
health, and there is an urgent need for new antibiotics. In 2019, infections caused by
antimicrobial-resistant (AMR) bacteria were the third leading cause of death. Patients
infected by Staphylococcus aureus were 64% more likely to die if the strain was methicillin-
resistant than if it was susceptible. As a result, methicillin-resistant S. aureus (MRSA)
alone killed over 100,000 patients globally in 2019 [1]. Thus, the World Health Organisation
(WHO) has declared MRSA as one of their priority pathogens to develop treatments against.
Since AMR mechanisms are known to evolve and protect against related drug iterations,
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there is an urgent need for compounds with either a new mode of action (MOA) or from
new chemical classes. Currently, 32 antibiotics targeting the WHO priority pathogens
are under development. However, only six of them fulfil typical criteria for innovation
(absence of cross-resistance, new chemical class, new target or new mode of action) [2,3].
The last truly new antibiotic class discovered were acid lipopeptides in 1987 [4].

Still, unexplored parts of nature can provide new molecules with novel antibacterial
properties. Bioprospecting has the potential to supply the drug development pipeline
with new compounds. Through history, natural products have contributed the most
to the development of drugs in clinical use [5]. Either they contain the antibacterial
activity themselves (e.g., aminoglycosides, β-lactams, macrolides, tetracyclines) [6] or their
molecule scaffolds have been adapted for drug development [7]. The focus on marine
bioprospecting has increased in the last decades. Due to the dilution processes occurring in
seawater, the antimicrobial compounds produced by marine organisms should be highly
potent in order to be effective against their targets.

The strictly marine clades of fungi are less explored in natural product discovery [8,9].
Lulworthinone was the first bioactive compound to be published from the strictly marine
fungal family Lulworthiaceae [10]. The compound was shown to have potent activity
against several clinical MRSA isolates and displayed antiproliferative activity against three
human cell lines (melanoma, hepatocellular carcinoma and non-malignant lung fibroblasts)
at higher concentrations. During purification, acid-induced degradation was observed,
forming a structural isomer [10]. This structural isomer was identical to lulworthinone,
differing only in the position of the sulphate group (Figure 1). Lulworthinone appeared
to form aggregates in DMSO and methanol, which was not observed for its isomer. The
compound fits structurally in the class of naphthopyrones, which have been previously
isolated from different sources, including filamentous fungi. Antibacterial activity against
Gram-positive bacteria has been reported for several naphthopyrones [11–14]. The well-
studied naphthopyrone viriditoxin has minimal inhibitory concentrations (MICs) in the
range of 4–8 µg/mL against different Staphylococcus isolates, by inhibiting cell division
through blocking of FtsZ polymerization [15]. Another antibacterial fungal naphthopyrone,
cephalochromin, inhibits the bacterial enoyl-acyl carrier protein reductase FabI, involved
in fatty acid synthesis [12].

Figure 1. Chemical structure of lulworthinone (a) and acidified lulworthinone (b); under acidic
conditions the sulphate group migrates from C6 to C9’.

Target identification and mode of action studies are essential steps in natural product
drug discovery and development to facilitate further optimization by medicinal chemistry
efforts. In this paper, the MOA of the published antibacterial natural product lulworthinone
and its acidified form was investigated. The MOA was characterized using biosynthetic
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pathway markers, quantifying membrane permeability with a water/ion NMR detected-
phospholipid vesicle permeability assay (WIND-PVPA), in vitro membrane integrity assays
and membrane potential assays, time-kill curves, pharmacodynamic calculations, surface
plasmon resonance (SPR), fluorescence microscopy and quantitative phase microscopy. The
combined results suggest that lulworthinone is a membrane-active antibacterial compound
effective against MRSA; meanwhile, its acidified form loses this ability.

2. Results
2.1. Lulworthinone Induces Transcription from Promoters Known to Respond to Cell
Envelope Stress

Induction of gene expression from selected cellular pathways (i.e., DNA replication,
transcription, translation, fatty acid, folic acid, cell wall and membrane) was assayed
after the addition of increasing concentrations of lulworthinone. Strains of B. subtilis
168 containing reporter-gene constructs of relevant promoters fused to the luciferase gene
are listed in Table 1. The relative luminescence activity was measured for concentrations
ranging from 0 to 8 × MIC for either reference antibiotics or lulworthinone (Table 1)
(Figure 2). B. subtilis 168 EM13 harboring the ypuA promoter-fusion (responding to cell
wall biosynthesis inhibiton or general cell envelope stress) and B. subtilis 168 HMB67,
carrying the liaI promoter-fusion (responding to general cell envelope stress) produced an
increasing amount of luminescence in response to lulworthinone between 0.5 and 2 ×MIC
(Figure 2a,c). At 4 × and 8 × MIC, the luminescence was almost completely abolished,
which indicates cell death. The control antibiotic, bacitracin, induced luciferase production
at 0.125–2 ×MIC from the yupA promoter and from the liaI promoter at all concentrations
tested. This suggests that lulworthinone generates a general stress response in bacteria and
is likely targeting the cell envelope.

Figure 2. Luminesence units induced by either lulworthinone (a,c) or bacitracin (b,d) per tested
concentration from 0 to 8 ×MIC for yupA (a,b) and liaI (c,d) promoter fusions. Statistics performed
by two-sided ANOVA comparing data of each drug concentration and biological replicates (n = 3).
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Table 1. Bacterial strains sensing stress on key molecular pathways.

MIC in µg/mL

Bacteria Strain
Number Target Pathway Promotor Control Antibiotic Control

Antibiotic Lulworthinone

Bacillus subtilis 168 EM10 DNA replication yorB Ciprofloxacin 0.031 8
B. subtilis 168 EM11 Transcription belD Rifampicin 0.5 8
B. subtilis 168 EM12 Translation yheI Erythromycin 0.125 8
B. subtilis 168 EM13 Cell wall and membrane yupA Bacitracin 16 8
B. subtilis 168 HMB62 Viability control laiG All antibiotics * 8
B. subtilis 168 HMB67 Cell wall and membrane liaI Bacitracin 16 8
B. subtilis 168 HMB69 Fatty acid synthesis fabJB Triclosan 4 8
B. subtilis 168 HMB70 Folic acid synthesis panB Trimethoprim 1 8

Abbreviations: MIC—minimal inhibitory concentration; * MICs are equivalent to the other strains.

2.2. Lulworthinone Alters Membrane Permeability without Influencing Membrane Integrity
2.2.1. Lulworthinone Interacts with Membrane Lipids

SPR was used to determine the affinity of lulworthinone and its isomer towards
an inert lipid bilayer composed of 1,2-dimyristoyl-sn-glycero-phosphocholine (DMPC)
vesicles and its subsequent rate of dissociation (Table 2). A high partitioning of lulwor-
thinone into lipid layers was observed with a KP reaching up to 44.81 ± 2.47 × 103 with
a dissociation rate of 4.2 ± 0.5 × 10−2 s−1. Such values are typically encountered by
very good lipid interactors (like AMC-109 [16]; see Table 2). However, there was no ob-
servable decrease in the signal (RU) after lulworthinone dissociation from the bilayer.
This suggests that the lipid layer stayed intact, and that lulworthinone was able to self-
aggregate on top of the lipid bilayer without disturbing it. In addition, there was no
observable binding of lulworthinone to the lipid layer in concentrations < 30 µM (3 ×
MIC) (Figure S1). Only in higher concentrations of lulworthinone a measurable increase in
resonance units was observed. Thus, the measured KP for lulworthinone seems to represent
both partitioning into the lipid layer and self-aggregation on top of the membrane. On the
other hand, acidified lulworthinone partitioning into the lipid layer is much smaller with
KP − 0.76 ± 0.04 and with a much faster dissociation rate koff − 5.185 ± 1.594 s−1. This
suggests that the isomer lost its ability to bind to the lipid layer.

Table 2. Lulworthinone and acidified lulworthinone’s affinity towards and subsequent dissociation
rate from an inert lipid bilayer. Positive and negative [17] controls are included.

Treatment KP ×103 kof f s−1

Lulworthinone 44.81 ± 2.47 0.042 ± 0.005
acid. Lulworthinone 0.76 ± 0.04 5.185 ± 1.594

pos. control—AMC 109 14.97 ± 0.99 0.174 ± 0.007
neg. control—LWwNKr 0.40 ± 0.02 1.746 ± 0.162

KP—partitioning constant, koff—dissociation rate.

2.2.2. Lipid Bilayer Permeability Is Not Affected by Lulworthinone

The ability of lulworthinone and its isomer to disrupt the lipid bilayer was explored
using WIND-PVPA to determine the Papp of water and Mg2+ and Ca2+ ions across packed
lipid vesicles [18]. The PVPA barriers were exposed to 100 µM of lulworthinone, acidified
lulworthinone, and Triton X-100, with the latter as positive control. Figure 3 shows that
neither water (Figure 3a) nor ion (Figure 3b) permeability was affected by lulworthinone.
The Papp of Mg2+ in the presence of lulworthinone and the isomer were slightly lower
relative to the blank (blank: 0.42 × 10−6 cm/s; lulworthinone: 0.37 × 10−6 cm/s; acidified
lulworthinone: 0.37 × 10−6 cm/s), but these differences were not statistically relevant
(t-test, p > 0.05). In comparison, the detergent Triton X-100’s higher permeability was
observed for both water and ions (water: 69 × 10−6 cm/s; Ca2+: 0.41 × 10−6 cm/s;
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Mg2+: 0.49 × 10−6 cm/s). Thus, concentrations of 100 µM lulworthinone or acidified
lulworthinone did not disrupt the lipid layer of membranes.

Figure 3. Permeability Papp of water (a) and Ca2+ and Mg2+ (b) measured under the influence of
lulworthinone, acidified lulworthinone, and Triton X-100.

2.2.3. Lulworthinone Increases the Permeability of Biological Membranes While Membrane
Intergity Is Not Affected

The effect of lulworthinone on membrane integrity was investigated on bacterial
cells, B. subtilis 168, carrying the pCSS962 plasmid from which luciferase is constitutively
expressed. From this strain, bioluminescence is emitted once the bacterial cell membrane is
affected, and D-luciferin from the growth medium is allowed to enter the cell. A change
in membrane permeability is detected by a rise in luminescence due to substrate influx.
A strong drop of luminescence is detected either after cell death or complete membrane
disruption due to a fast consumption of cellular ATP needed for the enzymatic process. Bio-
luminescence was recorded in the presence of 0.5–4×MIC of lulworthinone or ciprofloxacin
(CIP, negative control).

After 270 s, cells that survived the first treatment were lysed by injecting a membra-
nolytic dosage of chlorhexidine (CHX, positive control). The relative luminescence was
recorded for 300 s, including the CHX injection at 270 s (Figure 4). Each concentration of
lulworthinone increased the luminescence production in comparison to the basal water
values (Figure 4a). The decrease in luminescence at 4 × MIC after 30 s suggests ATP
depletion or cell death, as to the fast drop after CHX injection.

In contrast, CIP did not influence the membrane integrity, and the luminescence stayed
at basal values of the water control until CHX injection (Figure 4b). This implies that the
membrane permeability is increasingly affected by rising lulworthinone concentrations,
which seemingly destroys the membrane at 4 ×MIC.

2.3. Lulworthinone Affects the Membrane Potential

Changes in the membrane potential after exposure to concentrations of 0.25–4 ×MIC
of lulworthinone was measured by a DiOC2(3) membrane depolarisation assay. S. aureus
ATCC 29213 cells were stained with the membrane potential-sensitive dye 3,3′-diethyloxa-
carbocyanine iodide (DiOC2(3)) and analysed by flow cytometry. The dye fluorescence
shifts from green to red by self-aggregation if the membrane potential is maintained [19]. A
decrease in the ratio of red by green signals indicates a change in membrane potential. Water
(positive control) and carbonylcyanide 3-chlorophenylhydrazone (CCCP, negative control)
were included in each assay. At 0.25 × MIC, the membrane potential decreased by half,
whereas concentrations of 0.5–4 ×MIC depleted the potential close to levels of the potential
inhibitor CCCP (Figure 5); an overview of all measured samples is provided in Supplementary
Figure S2. This suggests that lulworthinone has a strong influence on the membrane potential.
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Figure 4. Membrane integrity of B. subtilis 168 carrying the pCSS962 plasmid, monitored as relative
luminescence units, in the presence of different concentrations of lulworthinone (a) or ciprofloxacin (b).
In both experiments, membranolytic chlorhexidine was injected at 270 s. Data presented are the means
of 3 biological replicates.

Figure 5. Membrane potential after exposure to increasing concentrations of lulworthinone measured
by 3,3′-diethyloxa-carbocyanine iodide (DiOC2(3)) membrane depolarisation assay. Water (pos.
control) and carbonylcyanide 3-chlorophenylhydrazone (CCCP, neg. control) were included in each
assay. Statistics performed by two-sided ANOVA comparing data of each drug concentrations and
biological replicates (n = 3).

2.4. Lulworthinone Influences Cell Morphology and Localization of the Cell Division Protein FtsZ

Bacterial cell morphology in the presence of either lulworthinone or the membrane-
acting antibiotic daptomycin (DAP) was analysed using fluorescence microscopy. Cells
were stained with membrane dye FM4-64 and DNA dye DAPI. A concentration of 1 ×MIC
lulworthinone affected the morphology as shown in Figure 6. When comparing the
lulworthinone-treated cells (Figure 6e) to the control (Figure 6a), an increased number
of bacterial filaments was observed, indicating an effect on the division process. Addition-
ally, the altered FM4-64 distribution shown as patches of strong signal and regions of nearly
no staining at all (as seen in Figure 6g) points to membrane perturbations. Changes in cell
size after lulworthinone treatment were further analysed by quantitative phase microscopy
(QPM). Figure 7 shows an example of a quantitative phase map (a), and the measured
cell length (c), width (d) and volume (e). Data based on a total of 6700 cells from each
sample, untreated or treated with 1 ×MIC lulworthinone (Figure 7c–e), showed that the
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average cell length was extended from 4.974 to 6.763 µm, while the average width was
increased from 1.898 to 2.048 µm. Accordingly, the mean volume increased from 4.788 µm3

to 6.649 µm3. Cell localisation of the cell division protein FtsZ is known to be influenced
by membrane potential [20]. Thus, a reporter strain B. subtilis 2020 (expressing FtsZ::GFP
fusion protein) was used to study the influence of lulworthinone on the membrane struc-
ture. Normally, FtsZ forms the Z-ring that defines the next septum formation and cell
division site in the bacteria. The fluorescence micrographs (Figure 8) show FtsZ localisation
without treatment (a,b) in the presence of lulworthinone (c,d) and with the positive control
DAP (e,f). In the control (a,b), FtsZ was localized in the middle of bacteria, forming the
Z-ring preceding cell division. Treatment with lulworthinone led to the elongated cells or
filaments and appearance of multiple Z-rings or FtsZ patches along the cells (c,d). Dapto-
mycin treatment (e,f) had a severe effect on FtsZ localisation and resulted in some bacteria
with additional “spots” and “rings” of FtsZ. Few elongated cells and very few chains were
observed. This suggests that lulworthinone has an influence on cell division, supposedly
via its effect on membrane structure.

Figure 6. Cell morphology of Bacillus subtilis 168, membrane staining (FM4-64; magenta; (c,d)) and
DNA staining (DAPI; blue; (d,h)) without treatment (a–d) or in the presence of 1×MIC lulworthinone
(e–h); 60×magnification in (b–d) and (f–h), respectively.

Figure 7. (a) Quantitative phase map of B. subtilis 168 cells (scale bar is 15 µm and color bar is
in radians). (b) A 3D phase map of the zoomed area enclosed by white dotted box shown in (a).
(c–e) show the variation in height, width and volume for untreated and bacteria treated with 1 ×MIC
lulworthinone.
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Figure 8. FtsZ localisation in B. subtilis 2020 with GFP-labeled FtsZ (a) without treatment, (c) with
1 ×MIC lulworthinone or (e) 1 ×MIC daptomycin, at 60 ×magnification in (b,d,f), respectively.

2.5. Lulworthinone Has a Strong Bactericidal Effect on B. subtilis
2.5.1. Time-Kill Curves Reveal a Fast Bacterial Killing

The kill kinetics of lulworthinone was determined by measuring bacterial survival over
time at multiple concentrations ranging from 0 to 64 µg/mL (0–4 ×MIC) (Figure 9). Using
B. subtilis 168, it is shown that lulworthinone (Figure 9a) was bactericidal at concentrations
≥ 1 × MIC. Higher concentrations (2–4 × MIC) led to rapid killing, and cell counts fell
below the detection limit (50 CFU/mL). At 4 × MIC, this was observed within 30 min.
Sub-MIC concentrations induced a lag-phase of 30 and 120 min at 0.25 and 0.5 × MIC,
respectively, before growth was restored to rates comparable to the control. This suggests
that some kind of adaption is required before growth continues. Time-kill curves for
CHX were prepared in parallel (Figure 9b). Like lulworthinone, CHX was bactericidal
above the MIC and at the highest concentration (4 ×MIC), cell counts dropped below the
detection limit. These data suggest that lulworthinone has a strong and fast bactericidal
mode of action.
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Figure 9. Time-kill curve of B. subtilis 168 of lulworthinone (a) and chlorhexidine (b).

2.5.2. Pharmacodynamic Calculations Reveal an Unusual Dose-Response Curve

Using the data from the time-kill curves, the pharmacodynamic parameters of lul-
worthinone were calculated using the pharmacodynamic function according to Regoes et al.
(2004) [21]. The bacterial growth rates (ψ) were estimated by calculating linear regressions
to the logarithm of the colony count for each concentration, respectively.

The pharmacodynamic function was then fitted to the estimated ψ per concentration
(Figure 10). The maximal growth rate ψ max, at 0 × MIC, was 0.6492 h−1. Compound
lulworthinone induced a strong bactericidal effect with a minimal growth rate, at 4 ×MIC,
of ψ min −7.88 h−1. This led to a steep hill coefficent (κ) of 3.72. The estimated zMIC of
9.59 µg/mL agreed with the experimentally acquired MIC of 8 µg/mL. It was not possible
to generate the typical sigmoidal “S”-shape for the drug response curve. This suggests that
lulworthinone forms colloidal aggregates [22].

Figure 10. Pharmacodynamic model of lulworthinone against B. subtilis 168 with predicted MIC
(zMIC).
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2.6. Lulworthinone Is a Self-Aggregating Molecule
2.6.1. Confirmation of Aggregation

To monitor the aggregation of lulworthinone and its isomer, the molecules were
assayed using dynamic light scattering (DLS). DLS is a common technique to determine
particle sizes in solute by using a coherent and monochromatic source of light—a laser
beam. The Brownian motion of particles causes the time-dependent fluctuation of the local
concentration, which corresponds to fluctuations in the intensity of the scattering light.
These fluctuations in intensity can be transformed into an autocorrelation function, from
which a hydrodynamic radius can be determined using the Stokes–Einstein equation (1)

R_h = kT/6πηD (1)

where R_h is the hydrodynamic radius, k is Boltzmann’s constant, T is the absolute tempera-
ture, η is the shear viscosity of solvent and D is the translational diffusion coefficient. It has
been previously shown that DLS can be used to estimate critical micellar concentrations [23].
We have used changes in intensity counts of particles > 10 nm in diameter to estimate the
critical colloidal concentration, as shown in Table 3. Compound lulworthinone showed a
variety of aggregates at two major diameter ranges of 192.7 ± 70.80 and 1319 ± 611.7 nm
(Figure 11). To investigate if lulworthinone is a self-aggregating colloidal aggregate, we
included a non-ionic detergent (Tween 80) as proposed by Ganesh et al. (2018) [24] to
reverse this kind of interaction. In the presence of detergent, the aggregates vanished, and
we could detect only the typical Tween 80 micelles at 10 nm, as shown in Figure 11b. This
suggests that lulworthinone forms colloidal aggregates.

Table 3. Aggregate sizes determined by DLS.

Treatment Environment Critical Aggregation Concentration (CAC) Prevalent Size of Aggregates at CAC

Lulworthinone 37 ◦C 53.71 µM 117.4 ± 25.9 d.nm
Lulworthinone with

0.025% Tween 80
37 ◦C No aggregation No aggregation

Figure 11. Average aggregate sizes of lulworthinone in the concentration range 0.625–320 µM in
MiliQ water with 1% DMSO and without (a) or with 0.025% Tween 80 (b) measured by dynamic
light scattering.
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2.6.2. The Antibacterial Activity Is Dependent on Aggregation

To determine if the antibacterial activity of lulworthinone is altered by the presence of
detergent (indicating that the compound is a colloidal aggregator), Tween 80 was included
in our MIC assays as proposed by Ganesh et al. (2018) [24].

The addition of detergent resulted in a strong attenuation of the antibacterial activity
from 6.15 µg/mL to >128 µg/mL against S. aureus ATCC 25923 (Table 4). This indicates
that lulworthinone antibacterial activity is based on aggregation, as the compound also lost
its antimicrobial activity after acidification.

Table 4. Antibacterial activity of lulworthinone.

Bacterial Strain Treatment MIC

Staphylococcus aureus ATCC 25923 Lulworthinone 6.15 µg/mL
S. aureus ATCC 25923 Lulworthinone + Tween 80 >128 µg/mL
S. aureus ATCC 25923 Acidified lulworthinone >128 µg/mL

3. Discussion

Antibiotic resistance is making the treatment of bacterial infections difficult, and new
drugs with new modes of action are needed to tackle this increasing problem. The cell
membrane is a promising target for new antibiotics, as resistance is coupled to a high fitness
cost for the bacterium [25]. Identifying the bacterial target and establishing the mode of
action are essential steps in natural product drug discovery. This information is essential to
identify promising hit compounds that can be further altered by medicinal chemistry on
the road to becoming marketed drugs.

In the current study, an antibacterial compound, lulworthinone, isolated from an
obligate marine fungus was studied for its MOA. The compound’s MOA includes the
following key elements: (1) stress or influence on the bacterial envelope, (2) membrane
permeabilization and membrane potential dissipation without destroying the membrane
integrity, (3) changes in cell morphology, including increased length and width, leading to
extended cells or filament formation, (4) FtsZ, a key protein for cell division, is delocalized
within the bacterial cells, and (5) the antibacterial activity is based on aggregation.

As several naphthopyrones have antibacterial activity against S. aureus and other
Gram-positive bacteria [11–14], it was not surprising to find that lulworthinone also has
similar activity. This indicated that the naphthopyrone backbone might be a so-called
privileged structure [26,27], with the ability to interact with a bacterial target common for
some Gram-positive bacteria. The lack of activity against Gram-negative species might
also be caused by the outer membrane barrier. Lulworthinone generates a general stress
response in bacteria by targeting the cell envelope. The cell envelope is rather conserved
among many bacterial species, and the potential for resistance development towards mem-
brane active compounds is low as they are known to have multiple MOA targets. Taken
together, this makes the cell envelope an interesting target for new antibacterial drugs (e.g.,
lipepopeptides (daptomycin [28]), lipoglycopeptides (teicoplanin [29]) and cyclopeptides
(polymyxin B [30]). Most membrane-active molecules interact with lipophilic targets in the
membrane (disrupting the lipid composition or the functional architecture), change the
conformation or localisation of membrane-embedded proteins, or cause alterations in the
proton motif force (PMF) [25].

However, lulworthinone does not seems to alter the structural integrity of the mem-
brane bilayers or change the permeability of the lipid barrier. SPR indicated that lulwor-
thinone has a high affinity towards lipids, but it also showed that there is no observable
retention of lulworthinone in the lipid bilayer, as the lipid bilayer was completely recovered
after the experiment. This was not expected, as good lipid associators either intercalate
into the lipid bilayer and increase the overall measured signal or disrupt the layer and
release vesicles and lipid matter from the surface of the chip [31]. In addition, there was no
observable association of lulworthinone with DMPC vesicles at concentrations < 30 µM.
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Indeed, SPR results suggested that rather than disrupting lipid layer, lulworthinone can
use it as a scaffold for aggregation. This fact was further confirmed by permeability results
from WIND-PVPA [18]. Neither lulworthinone nor its acidified form showed any changes
in water or ion transmission in artificial lipid barriers. In contrast, an increase in perme-
ability was detectable in bacterial membranes, albeit without the loss of envelope integrity
marked by cell death (as a sharp drop in fluorescence was observed only at the highest MIC
concentration). The combination of these results suggests that even though lulworthinone
is able to bind to the lipid bilayer, it does not disrupt artificial models, but it is still able
to increase permeability in live cells. Either the disruptive effect of lulworthinone is very
mild and below detection limits used in aritifical models or lulworthinone needs other
membrane components present in live cells to be active.

Additionally, the dissipation of the membrane potential was detected. This can be
an indication that lulworthinone interacts with surface proteins (e.g., transporters or ion
channels) and inactivates them. Strahl and Hamoen (2010) [20] have shown that the mem-
brane potential is a crucial factor for the localisation of proteins forming the cytoskeleton.
Over 20 proteins involved in cell morphology, division and cell division regulation are
delocalised shortly after the membrane potential is dissipated. Indeed, compound lulwor-
thinone changed cell morphology and led to cell widening and elongation, filaments and
membrane perturbation (Figures 6 and 7). Signs of incomplete cell division or separation
were observed.

The changes in cell morphology were accompanied by the delocalisation of FtsZ
(Figure 8), a key protein for cell division as it forms the Z-ring, a molecular structure that
divides cells after DNA multiplication. FtsZ was found to be delocalised into patches
all over the cell or multiple Z-rings at unusual sites in the cell. As a key element for cell
division, FtsZ is a focus target for antibacterial treatments [32–36]. As an explanation for
the delocalisation, Strahl and Hamoen (2010) showed that the FtsZ guiding proteins FtsA
and MinD are inactivated after loss of the membrane potential. Both have a C-terminal
alpha helix structure used for membrane binding. Thus, membrane potential depletion
might prevent the FtsZ guiding proteins from binding and correctly directing Z-ring
formation. Without a functional Z-ring formation, cell division is affected, and filaments
are formed. At sub-MIC concentrations of lulworthinone, this effect could be compensated
or overcome during the observed lag phase observed for 30 and 120 min at 0.25 and
0.5 × MIC, respectively, in the time-kill curves. The current study indicates that the
antibacterial activity of lulworthinone is based on self-aggregation. Compound aggregation
was initially observed in the NMR experiments conducted during the structure elucidation
of the compound [10]. Follow-up studies (SPR, DLS, time-kill curves, pharmacodynamics)
supported the notion of aggregation. MIC testing in the presence of detergent strongly
suggested that the aggregation is necessary for antibacterial activity. The structural isomer
did not aggregate and was also not active against S. aureus 29523 (Table 3). Thus, it was
concluded that lulworthinone is a colloidal aggregate, and the aggregation is necessary for
its antibacterial activity. The role of aggregation in antimicrobial compounds is currently
an unexplored venue as most colloidal aggregators are viewed as undesirable new drug
leads due to their non-specifc protein adsorbtion and inhibition of enzymes [24,37]. To
our knowledge, this is the first time that aggregation is mentioned for compounds in
the napthopyrone class. However, to what extent lulworthinone is representative for the
chemical class or an individual actor remains to be investigated.

4. Conclusions

In this study, we investigated the MOA of a dimeric naphthopyrone isolated in high
yields from an obligate marine fungus. The naphthopyrone chemical class has previously
been investigated for several types of bioactivities, among them antibacterial activity
against Gram-positive isolates. The results from this study shows that lulworthinone
exerts its activity towards the bacterial membrane without disrupting it. The membrane
potential is influenced and changes in FtsZ localization, indicating an impaired cell division.



Mar. Drugs 2022, 20, 277 13 of 20

Several experiments (NMR, SPR and DLS) indicate that the compound has the ability
to form aggregates with itself, a property which is usually regarded as undesirable for
new drug leads. To investigate if the aggregation affected the antibacterial activity, the
compound’s MIC was tested in the presence of detergent. In the presence of detergent,
all antibacterial activity was lost, indicating that the aggregation was necessary for the
compound’s bioactivity. The study provides extended information about the target and
MOA of naphthopyrones towards Gram-positive bacteria. The study also describes the
effect of aggregation, and to the best of our knowledge, this is the first study in which
compound aggregation has been published for naphthopyrones.

5. Materials and Methods
5.1. Bacterial Strains and Material

All bacterial strains used are listed in Table 5. Overnight cultures were grown in
cationic-adjusted BD BBL Mueller Hinton II Broth (MHB II, 212322, Becton, Dickson and
Company, Sparks, MD, USA) if not indicated otherwise. Lulworthinone was isolated using
FLASH cromatography [10].

Table 5. Bacterial strains.

MIC in µg/mL
Strain Relevant Characteristics Lulworthinone Acid. Lulworthinone CHX CIP DAP References

Bacillus subtilis 168 - 8 - 0.5 - - ATCC 23857
B. subtilis 168 pCSS962 8 - 0.5 0.00195 - [38]
B. subtilis 168 EM10 PyorB luxABCDE 8 - - - - [39–41]
B. subtilis 168 EM11 PbelD luxABCDE 8 - - - - [39–41]
B. subtilis 168 EM12 PyheI luxABCDE 8 - - - - [39–41]
B. subtilis 168 EM13 PyupA luxABCDE 8 - - - - [39–41]
B. subtilis 168 HMB62 PliaG luxABCDE 8 - - - - [39–41]
B. subtilis 168 HMB67 PliaI luxABCDE 8 - - - - [39–41]
B. subtilis 168 HMB69 P f abHB luxABCDE 8 - - - - [39–41]
B. subtilis 168 HMB70 PpanB luxABCDE 8 - - - - [39–41]
B. subtilis 2020 amyE::spc Pxyl-gfp-ftsZ - - - - 2 [20]
Echerichia coli Top10 pBS3Clux - - - - - [39,40]
Staphylococcus aureus 29213 - 6.25 - - - - ATCC 29213
S. aureus 25923 - 6.25 >128 - - - ATCC 25923

Abbreviations: MIC—minimal inhibitory concentration; CHX—chlorhexedine; CIP—ciprofloxacin; DAP—
daptomycin.

5.2. Promoter-Based Biosensor Assay

A biosensor assay was used to correlate the activity of lulworthinone with previously
known MOAs. Interaction of lulworthinone with DNA replication, transcription, and
translation, the cell envelope, and fatty and folic acid synthesis was determined using B.
subtilis 168 derivates containing luc-genes fused to the yorB, belD, yheI, yupA, liaI, fabHB,
panB or liaG promoters (Table 1). The biosensor constructs were cloned using building
blocks directly from, or PCR products adapted to, the cloning enzymes used by the Bacillus
BioBrick Box [40]. The plasmid pBS3Clux was used as a vector during cloning in E.coli
Top10. The promoter regions used were either directly applied from the BioBrick Box
as digestible plasmid constructs provided through the Bacillus Genetic Stock Center or
adapted and amplified from Urban et al. (2007) [39] and patent US20020164602A1 by
the respective primers. The promotor regions were digested with EcoRI and PstI and
subsequently ligated into the vector cut with the same combination of restriction enzymes.
B. subtilis 168 was finally transformed with the ScaI-linearized plasmids under 5 µg/mL
chloramphenicol selection and verified by colony PCR of the disrupted sacA locus. Fresh
colonies from agar plates were transferred to 5 mL MH medium containing 5 µg/mL
chloramphenicol and incubated at 37 ◦C. Overnight cultures were diluted to an OD600 = 0.1
and grown to an OD600 = 0.2 before addition to the assay plates already containing the
analytes. The analytes and control antibiotics were diluted in two-fold dilution series, with
the highest concentration representing 8 × of the respective MIC. A total of 5 µL of each
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dilution series and 45 µL bacterial suspensions were added to the wells of the 386-well
plates (6007490, PerkinElmer, Waltham, MA, USA) and covered by breatheasy sealing
membrane (Z380059, SIgma-Aldrich, Darmstadt, Germany) to reduce evaporation. The
plates were kept in the plate reader (EnVision(R), PerkinElmer, Waltham, MA, USA) at
35 ◦C. The peak luminescence of the controls was compared to the luminescence of cells
treated with lulworthinone. Luminescence and OD595 were recorded every 30 min for a
total of 10 hours. The experiment was conducted three times. Data analysis and code can
be found at the data repository [42].

5.3. Lipid Interactions Using Surface Plasmon Resonance

The SPR experiments were performed at room temperature using the T200 Biacore
instrument (GE Healthcare, Chicago, IL, USA) and L1 chip. Chip treatment, cleaning,
regeneration and flowrate settings are the same as in Jakubec et al. (2021) [43]. Briefly,
extruded DMPC liposomes (100 nm diameter, 1 mM in 10 mM HEPES buffer pH 7.4 with
150 mM NaCl) were immobilised on a clean surface using a flowrate of 2 µL/min for 2400 s.
Successful immobilisation and stabilisation was tested by an injection of 0.1 mg/mL of
bovine serum albumin (BSA, A7030, Sigma-Aldrich, Saint Louis, MO, USA) for 1 min at
30 µL/min; a change of <400 RU indicated sufficient coverage. A dilution of lulworthinone
and its isomer from 4 to 128 µM in HEPES buffer was injected over immobilised vesicles.
Due to the possibility of sample retention, injections were made from low to high concentra-
tion with 200 s contact time and a 400 s dissociation phase. Between runs, liposomes were
regenerated by three subsequent injections of 10 mM NaOH at 30 µL/min for 30 s each. The
control flow cell was treated the same way as sample cells, except 1 injection was replaced
by HEPES buffer. The results were processed using in-laboratory written MATLAB scripts
(MATLAB R2020a; scripts are available at https://github.com/MarJakubec, accessed on
15 March 2022). We have obtained both partitioning constant (KP) and dissociation rate
(koff) using the method developed by Figueira et al. (2017) [31]. KP was evaluated from the
steady-state affinity at the 190-s time mark after injection and fitting the obtained curve
into (Equation (2))

RUS
RUL

=
γLKP

MS
ML

[S]W
1 + σ

γLKP
MS
ML

[S]W

(2)

where RUS and RUL are the relative response of the solute (lulworthinone) and the total
lipid deposition response, respectively, γL is the molar volume of the lipids, MS and ML
are the molecular mass of the solute and lipid, respectively, and [S]W is the concentration
of solute in water. KP and σ are obtained from fit and are, respectively, the partitioning
constant and the lipid-to-solute ratio. The koff rate was obtained by fitting the first 200 s
of the dissociation run. We have identified the contribution of two populations to the
dissociation response, which led us to use adapted formalism from Figuera et al. [31]
(Equation (3)) to obtain the average koff response (Equation (4)).

SL(t) = αe−ko f f ,αt
+ βe−ko f f ,βt

+ SL,r (3)

ko f f =
αko f f , α + βko f f ,β

α + β
(4)

where SL is the linearised ratio of responses of the solute and lipid, which is plotted against the
time of dissociation; α and β are individual populations, and SL,r is the retained solute fraction.

5.4. Cell Membrane Integrity as Determined by Bioluminescence

A bioluminescence-based assay developed by Virta et al. (1995) [38] was used to
investigate the membrane disruptive properties of lulworthinone. Upon the disruption
of the membrane, the intracellular produced luciferase would interact with its extracel-
lular provided substrate—D-luciferin—and emit luminescence in real time. For this, a
Bacillus subtilis 168 strain expressing luciferase encoded on the pCSS962 plasmid was used.

https://github.com/MarJakubec
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Concentrations ranging from 0 to 4 ×MIC, including chlorhexidine as a membranolytic
control (200 µg/mL) and ciprofloxacin as a non-membrane active negative control, were
tested. Overnight cultures were grown in MHB II containing 5 µg/mL chloramphenicol
(220551, Calbiochem, San Diego, CA, USA). The bacteria were pelleted and resuspended in
fresh MHB II to OD600 of 0.1 D-luciferin potassium salt (pH 7.4, SynChem Inc., Elk Grove
Village, IL, USA), which was added to achieve a final concentration of 1 mM. Subsequently,
96-well plates (655209, Greiner Bio-One, Kresmmuenster, Austria) containing 20 µL of
compound dilutions were prepared and loaded into a plate reader (Synergy H1 Hybrid
reader, BioTek, Winooski, VT, USA). For each test well, 180 µL bacterial inoculums were
injected by an automatic injector. The bioluminescence was measured for 270 s before 35
µL chlorhexidine (vnr 007214, Fresenius Kabi Norge AS, Halden, Norway) was added
at a membranolytic concentration (30 µg/mL). The luminescence was measured for an
additional 30 s. The light emission with CHX indicates the lysis of bacterial cells that
are still alive after the first treatment. The experiment was performed three times. Data,
analysis and code at can be found in the data repository [42].

5.5. DiOC2(3) Cytoplasmic Membrane Depolarization Assay

To characterize the influence of lulworthinone on the cytoplasmic membrane po-
tential, the fluorescence of a membrane potential indicator dye was measured with flow
cytometry. The BacLight Bacterial Membrane Potential Kit (B34950, Invitrogen, Carls-
bad, CA, USA), which includes a fluorescent membrane potential indicator dye, 3,3’-
Diethyloxacarbocyanine iodide (DiOC2(3)) and carbonyl cyanide m-chlorophenyl hydra-
zone (CCCP) as a membrane potential inhibitor [19], was used. In low abundance, DiOC2(3)
emits green fluorescence in bacterial cells. When cells maintain their membrane potential,
they accumulate more dye, which self-associates, and the fluorescence shifts into the red
spectrum. The assay was performed according to the manufacturer. B. subtilis 168 was
replaced by S. aureus ATCC 29213, since it showed much clearer detectable differences
in potential change. In short, an inoculum of 1 × 106 CFU/mL was prepared in sterile
filtered (0.22 µm pore size) PBS (P4417, Sigma-Adrich, Saint Louis, MO, USA). For each
sample, 1 mL inoculum was transferred in flow cytometer tubes (352054, Corning Science,
Reynosa, Mexico). Additional tubes for a depolarized control (CCCP, 10 µL of 500 µM
stock) and unstained control were included. Lulworthinone was added for concentrations
ranging from 0.25 to 4 ×MIC. Samples were vortexed and added to 10 µL of DiOC2(3) (to
each tube besides the unstained control), mixed and incubated for 30 min. Samples were
exited at 480 nm, and fluorescence was collected with 530/30 nm and 616/23 nm emission
filters using the BD LSRFortessa Cell Analyser (647794, BD Bioscience, Eysins, Switzerland).
Samples were gated on the bacterial cell size with a set threshold at 1500 sideward scatter.
A total of 10,000 events were collected. The data were analysed using the FlowJoe software
(v10.8.0, FlowJo, LLC, Ashland, OR, USA), and the gated population mean fluorescence
intensity (MFI) was obtained in a red vs. green fluorescence dot plot. The ratio of red MFI
divided by green MFI reflecting the membrane potential. The experiment was performed
three times; data, analysis, and code can be found in the data repository [42].

5.6. Cell Morphology and Biomarker Detection Using Microscopy

B. subtilis 168 was grown in MHB II at 37 ◦C under agitation. Reporter strain 2020 was
grown in MHB II supplemented with 100 µg/mL spectinomycin (S9007, Sigma-Aldrich,
Saint Louis, MO, USA) and 0.5% xylose (PHR2102-500MG, Merck Ag, Darmstadt, Germany)
at 30 ◦C under agitation. Additionally, MHB II was supplemented with 1.25 mM CaCl2 for
all experiments with daptomycin (DAP, Cubicin, Novartis, London, UK) [44]. For B. subtilis
168, aliquots from the overnight cultures were diluted 1:50 in prewarmed MHB II and
incubated at 37 ◦C under agitation until an OD600 of 0.3. The cultures were diluted 1:1
with the solutions of lulworthinone and the reference antibiotic DAP in the wells of a
96-well microtiter plate (249943 Nunc, Thermo scientific, Loughborough, UK). The final
concentration of all compounds in the wells was 1×MIC. In parallel, a 1:1 combination of
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the cultures with sterile Milli-Q H2O or 1.25 mM CaCl2 for DAP were used as untreated
controls. Bacteria were incubated for 90 min at 37 ◦C with agitation and pelleted at 13.5× g
for 5 min and carefully suspended in prewarmed 0.9% NaCl. Subsequently, bacteria were
stained with 12 µg/mL FM 4-64 (T13320, Invitrogen, Waltham, MA, USA) and 2 µg/mL
DAPI (D9542, Sigma-Aldrich, Saint Louis, MO, USA) for 25 min at 37 ◦C with agitation.
Cells were pelleted again and carefully resuspended in preheated 0.9% NaCl. Aliquots
of the bacterial suspensions were applied to the bottom of 35 mm confocal dishes (75856-
742, VWR, Radnor, PA, USA) and covered by 2.4% agarose pads prepared in 0.9% NaCl.
For B. subtilis 2020, the sample preparation was like the one described above, with the
following modifications. Aliquots from the overnight cultures were incubated in the
presence of 0.5% xylose. Samples were treated for a total of 45 min prior to microscopy.
No washing steps were included. Incubation at all steps was performed at 30 ◦C with
agitation. Aliquots of the stained suspensions were applied to the round 1.5 coverslips
(631-0161, VWR, Radnor, PA, USA). The fluorescence images of the bacteria were acquired
via a DeltaVision Elite Deconvolution Microscope (GE Healthcare, Chicago, IL, USA). For
the wide-field deconvolution imaging of bacteria, an oil immersion 60 × (1.42NA) objective
lens was utilized. For DAPI, the excitation wavelength range was 381–401 nm, and the
emission was in the 409–456 nm range. The excitation and emission wavelength range
for FM 4–64 were 425–495 nm and 652–700 nm, respectively. For GFP, the excitation and
emission wavelength range were 425–495 nm and 500–550 nm, respectively. To achieve a
superior contrast and resolution in images, a volume stack of 12 planes over 3 µM depth
were acquired and deconvolved. For each treatment, 10–20 imaging fields were viewed.
Experiments were done in three biological replicates. Pictures can be found at the data
repository [42].

5.7. Cell Morphology Determination with Quantitative Phase Microscopy

Digital holography-based quantitative phase microscopy (QPM) has been developed
to obtain quantitative information about the bacteria in a label-free manner. QPM improves
the image contrast of transparent cells while quantifying parameters such as: optical
thickness (sample thickness x refractive index (n)), refractive index variation, cell dry
mass and other morphological parameters [45,46]. B. subtilis 168 were cultivated in MHB
II at 37 ◦C until an OD600 = 0.3 was reached. The cultures were diluted 1:1 with the
solutions of lulworthinone for 90 min. Subsequently, 90 µL samples were pelleted at
13.5× g for 5 min and carefully suspended in 200 µL PHEM (pH 7.3) buffer containing
2% paraformaldehyde (PFA) and 1% glutaraldehyde (GA). For QPM measurements, the
bacterial cells were placed in a polydimethylsiloxane (PDMS) chamber on a reflective Si
substrate and covered with a standard 1.5 thickness coverslip. Before sample preparation,
the surface of the Si substrate was treated with 0.1% poly-L-lysin for 10 min to enhance
cell attachment. The interferograms were acquired with a 60 × (1.2NA) objective lens and
further post-processed in MATLAB to get the phase map of the bacteria. The individual
bacteria were segmented for the quantitative assessment of length, width, volume and
other morphological parameters of the bacteria.

5.8. Kill Kinetics Using Time-Kill Curves

The kill kinetics of lulworthinone can be expressed as rate over time with a fixed drug
concentration—so called time-kill curves [47]. Time-kill curve analyses were performed by
culturing B. subtilis 168 in MHB II at antimicrobial concentrations ranging from 4 ×MIC
to 0.25 ×MIC. The MICs were determined according to CLSI guidelines [48], presented
in Table 5). The antimicrobials examined were lulworthinone and chlorhexidine (17850,
Sigma-Adrich, Saint Louis, MO, USA). Cultures were inoculated from MH agar plates and
grown in MHB II for 18–20 h at 37 ◦C, reinoculated and grown to mid-log phase for 3 h
in MHB II, before diluting them to 1 × 106 CFU/mL in pre-warmed MHB II (37 ◦C). For
the test setup, the two-fold drug concentrations were prepared in 750 µL MHB II each.
An antibiotic-free growth control was included and prepared in a 24-well polypropylene



Mar. Drugs 2022, 20, 277 17 of 20

plate (SKU:1300-00312, Bellco Glass Inc., Vineland, NJ, USA). For each drug concentration,
750 µL inoculum was added to each well. The plates were incubated for 5 h at 37 ◦C and
sampled at 10, 30, 60, 120 and 300 min. Samples for the start time point (T0) were taken
from the inoculum, diluted 1:1 with MHB II. Each sample was diluted seven times in PBS,
and 20 µL of each dilution was plated out in a run-streak on MH agar plates. Samples were
plated in duplicates; each experiment was performed three times. Data, analysis and code
can be found in the data repository [42].

5.9. Pharmacodynamic Parameters

The data of the time-kill curves were used to model the pharmacodynamic parameters
of lulworthinone. The bacterial net growth rates (ψ) were estimated from the surviving
bacteria (CFU/mL) over time between 0 and 300 min, as described above. The pharmaco-
dynamic function [21] was fitted to the ψ present at different drug concentrations. In this
model, the top asymptote (ψmax) and the bottom asymptote (ψmin) indicate the maximal
and minimal bacterial net growth rate in relation to the drug concentration. The slope of
the curve (κ or the Hill coefficient) represents the relationship between bacterial growth
and antimicrobial concentration. The antimicrobial concentration that results in a ψ of zero
is the pharmacodynamic MIC (zMIC). Data analysis was done in R [49], and the censReg
package [50] was used to calculate concentrations containing censored data points. Data
and code are available at the data repository [42].

5.10. Aggregation Formation Detection with Dynamic Light Scattering

We have tested the ability of lulworthinone to form oligomers by Zetasizer Nano ZS
(Malvern Ins., Malvern, UK). Lulworthinone was dissolved in 5% DMSO in MiliQ and
then diluted to obtain a concentration range from 320 µM to 0.625 µM in 1% DMSO. We
have tested its ability to form oligomers at 37 ◦C with or without the presence of 0.025%
Tween 80.

5.11. Influence of Detergent on Antibacterial Activity

To determine if lulworthinone forms colloidal aggregates that affect its antimicrobial
activity, an MIC assay including a non-ionic detergent was used. The antibacterial activity
of a colloidal aggregate should be heavily attenuated in the presence of non-ionic deter-
gents [24,51]. An MIC assay was performed according to CLSI guidelines [48] using S.
aureus ATCC 25923. The MIC values used are from the previous study [10]. Overnight
cultures were grown in MHB (275730, BD Difco, Le Pont de Claix, France) at 37 ◦C. Two-fold
dilution series of lulworthinone ranging from 128 µg/mL to 0.25 µg/mL with or without
0.025% (v/v) Tween 80 (P8074, Sigma-Aldrich, Saint Louis, MO, USA) were tested.

Assay was conducted in 96-well plates (Nunclon ∆ 734-2073, VWR, Radnor, PA, USA).
OD600 values were recorded by a plate reader (Victor multilabel counter, PerkinElmer, MA,
USA) at 37 ◦C for 24 h. Each test run included a growth control (media and inoculum)
and a sterility control (media and water), and for quality assurance, S. aureus ATCC 25923
was tested against gentamicin (A2712, VWR, Radnor, PA, USA). Tests were performed in
triplicates with three technical replicates; median MIC values are displayed.

5.12. Data Analysis

Data handling, analysis, statistics and presentation were done using R 4.1.0 [49], the
tidyverse package [52], the ggplot2 package [53], the ggpubr package [54] and the cowplot
package [55]. Data documentation was done using the bookdown package [56].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md20050277/s1, Figure S1: SPR sensogram for (A) lulworthinone and (B) acidified lulworthi-
none; Figure S2: Membrane potential shift in the presence of lulworthinone.
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Figure S1. SPR sensogram for (A) lulworthinone and (B) acidified lulworthinone. Red line points to a 

steady state where relative response was read. Values were fitted (inset) to obtain KP. Please note the 

different range in relative response units for both compounds. 
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Figure S2. Membrane potential shift in the presence of lulworthinone. Red cultures have a membrane 

potential, while green cultures show a dissipation the membrane potential. 
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Amphipathic Barbiturates as Mimics of Antimicrobial Peptides and
the Marine Natural Products Eusynstyelamides with Activity against
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ABSTRACT: We report a series of synthetic cationic amphipathic barbiturates inspired by the pharmacophore model of small
antimicrobial peptides (AMPs) and the marine antimicrobials eusynstyelamides. These N,N′-dialkylated-5,5-disubstituted
barbiturates consist of an achiral barbiturate scaffold with two cationic groups and two lipophilic side chains. Minimum inhibitory
concentrations of 2−8 μg/mL were achieved against 30 multi-resistant clinical isolates of Gram-positive and Gram-negative bacteria,
including isolates with extended spectrum β-lactamase−carbapenemase production. The guanidine barbiturate 7e (3,5-di-Br)
demonstrated promising in vivo antibiotic efficacy in mice infected with clinical isolates of Escherichia coli and Klebsiella pneumoniae
using a neutropenic peritonitis model. Mode of action studies showed a strong membrane disrupting effect and was supported by
nuclear magnetic resonance and molecular dynamics simulations. The results express how the pharmacophore model of small AMPs
and the structure of the marine eusynstyelamides can be used to design highly potent lead peptidomimetics against multi-resistant
bacteria.

■ INTRODUCTION
There is a desperate need for developing new antimicrobial
agents to meet the worldwide emergence and spread of
resistant bacteria.1 Resistant bacteria are currently causing
deaths of 33,000 European patients annually, and the worst
scenarios estimate 10 million deaths by 2050 per year if no
measures are effectuated.2,3 WHO announced in their Global
action plan on antimicrobial resistance that access to and
appropriate use of existing and new antimicrobial drugs are
absolutely mandatory to maintain the ability to treat serious
infections.4 Increasing antimicrobial resistance has also
dramatic consequences for common medical interventions in
cancer treatment, caesarean sections, and organ transplanta-
tions. Large pharmaceutical companies show nevertheless little
interest in antimicrobial drug development, mainly due to
economic reasons. Academia and smaller research institutions
are now conceivably the most important contributors for

discovery and synthesis of new lead compounds for
antimicrobial drug development.
The eusynstyelamides are in this setting a fascinating class of

antimicrobials isolated from the marine Arctic bryozoan Tegella
cf. spitzbergensis and the Australian ascidian Eusynstyela
latericius.5,6 The eusynstyelamides display moderate antimicro-
bial activity, and a method for the synthesis of (±)-eusyn-
styelamide A is reported.5,7 An intriguing structural feature of
the eusynstyelamides is that they consist of two cationic groups
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(amine or guanidine) and two lipophilic groups attached to a
five-membered dihydroxybutyrolactam ring (Figure 1). This
amphipathic structural arrangement of cationic and lipophilic
groups satisfies the pharmacophore model of small antimicro-
bial peptides (AMPs) that we and others have studied
extensively by design of peptidomimetics of AMPs [also
named synthetic mimics of AMPs (SMAMPs)].8−11 AMPs
play a crucial part of innate immunity in virtually all species
and constitute the first line of defense against infections by
bacteria, virus, fungi, and parasites.12−14 Natural AMPs are

however rather large cationic peptides (+2 to +9) consisting of
12−50 amino acid residues where 20−50% are lipophilic
residues. They have an amphipathic characteristic that is
essential for their membrane disruptive mode of action against
bacteria.12,15 The limitation of AMPs as drugs is related to
their pharmacokinetic properties, such as low proteolytic
stability, low oral bioavailability, and potential immunogenic-
ity.16 The design of SMAMPs can offer a solution to these
limitations.

Figure 1. General structures of the marine antimicrobials eusynstyelamides (left) and the novel amphipathic barbiturates 6e (3,5-di-Br) (amine)
and 7e (3,5-di-Br) (guanidine) (right). Brackets imply variations between cationic amine and guanidine groups. The eusynstyelamides can have
different combinations of amine and guanidine groups,5 but in the present study, both cationic groups were identical in the synthesized
amphipathic barbiturates.

Figure 2. Structures of the synthesized amphipathic amine barbiturates (series 6) and guanidine barbiturates (series 7) investigated for
antimicrobial activity. The cationic groups have TFA− as the counterion.
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In the present study, we report a peptidomimetic
amphipathic scaffold inspired by the marine antimicrobials
eusynstyelamides and fulfilling the pharmacophore model of
small AMPs (Figure 1). A barbiturate ring was used as a
structurally simplified mimic of the more complex dihydrox-
ybutyrolactam ring of the eusynstyelamides, providing a
scaffold without stereogenic centers. Different lipophilic and
cationic groups could then be introduced on the barbiturate
scaffold and provide a variety of amphipathic barbiturates
(Figure 2). Selection of lipophilic side chains was based on our
previous work with SMAMPs.17,18 The present amphipathic
barbiturates were then investigated for their antimicrobial
activity against bacterial reference strains and multi-resistant
clinical isolates, and toxicity against human cell lines. One
selected compound was investigated in vivo using a peritonitis
model in mice to determine the efficacy against Gram-negative
clinical isolates. The mode of action was studied in vitro using
two luciferase-based membrane assays. To gain further insights
into the membrane interaction of the amphipathic barbiturates,
conformational analysis by nuclear magnetic resonance
(NMR) in a membrane mimicking environment and molecular
dynamics (MD) simulations of the interaction progression of
compounds with an inner Escherichia coli cell membrane were
performed.

■ RESULTS AND DISCUSSION

Synthesis. Reported methods for the synthesis of
substituted barbiturates include the condensation of alkylated
malonate esters with urea,19−21 cyclization with N-alkylated
urea and diethyl malonate or malonic acid,22,23 Knoevenagel
condensation of barbituric acid and aldehydes or ke-
tones,20,24,25 and alkylation of barbituric acid.26

We first focused on a divergent synthetic strategy to gain
quick access to tetrasubstituted, amphipathic barbiturates by
cyclization of N,N′-dialkylated ureas and disubstituted diethyl

malonates. Unfortunately, no suitable reaction conditions for
the cyclization of a number of malonate derivatives with N,N′-
dialkylated urea with a short C2 linker to the cationic groups
were found (see the Supporting Information; Section 1 for
details). Depending on the reaction conditions, the dialkylated
urea proved to be either unreactive, decomposed, or led to
undesired side products. As this strategy did not deliver the
desired results, we turned our attention to a different approach.
The condensation of dialkylated malonate esters with urea

followed by N-alkylation became a successful strategy for the
synthesis of amphipathic barbiturates (Scheme 1). Symmetri-
cally disubstituted malonates 2a−g were obtained from diethyl
malonate 1 by dialkylation with the appropriate arylmethyl
halides and were subsequently cyclized with urea by treatment
with NaH in dimethylformamide (DMF) to provide the 5,5-
disubstituted barbiturates 3a−h in yields of 70−92%. Dry
conditions were imperative to the yield. Cyclization of
malonate 2f (3,5-di-CF3) gave low yields (27%) due to
decarboxylation under the reaction conditions. The 5,5-
disubstituted barbiturates 3a−h were alkylated with an excess
of 1,4-dibromobutane under basic conditions (K2CO3 in
DMF) to afford N,N′-dialkylated barbiturates 4a−h in 40−
96% yield. These were converted to the corresponding azides
5a−h with NaN3 (2−3 equiv) in DMF (68−100% yield).
Reduction of the azides to amines with NaBH4 and a catalytic
amount of propane-1,3-dithiol,27 and subsequent Boc-
protection, provided Boc-protected diamines after purification
by flash chromatography. Boc-protection was important to
increase the yield and ease the purification.
Deprotection with 2,2,2-trifluoroacetic acid (TFA) provided

the target amine barbiturates 6a−h [>95% purity as
determined by analytical C18 reversed phase (RP) HPLC].
The amine barbiturates 6a−h were guanylated with N-Boc-1H-
pyrazole-1-carboxamidine in tetrahydrofuran (THF) and
purified before the Boc-protecting groups were removed.

Scheme 1. Successful Strategy for the Synthesis of Target Amphipathic Barbituratesa

aConditions: (a) ArCH2Br, base, and DMF; (b) urea, NaH, and DMF; (c) 1,4-dibromobutane, K2CO3, and DMF; (d) NaN3 and DMF; (e) (i)
NaBH4, 1,3-propanedithiol, and THF:isopropanol 1:1 and (ii) Boc2O; (iii) CH2Cl2/TFA; and (f) (i) N-Boc-1H-pyrazole-1-carboxamidine and
THF and (ii) CH2Cl2/TFA. Purified using C-18 flash chromatography. The Ar groups are depicted in Figure 2.
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Purification by C18 RP flash chromatography gave the TFA
salts of the target guanylated barbiturates 7a−h with >95%
purity.
Structure−Activity Relationship Study against Refer-

ence Strains and Human Erythrocytes. Two series of
amphipathic barbiturates were prepared, in which series 6
consisted of barbiturates with two cationic amino groups and
series 7 encompassed barbiturates with two cationic guanidine
groups (Figure 2). Note that an abbreviation for the lipophilic
side chain substituents is included in parentheses to aid the
discussion. The barbiturates were initially screened for
antimicrobial activity against antibiotic susceptible Gram-
positive and Gram-negative reference strains (Table 1).
Hemolytic activity was tested against human red blood cells
(RBCs) as a measurement of toxicity.
Amine Barbiturates of Series 6 against Reference

Strains. For the amine barbiturates in series 6, the minimum
inhibitory concentration (MIC) values ranged from 0.25 to 64
μg/mL against the Gram-positive strains Staphylococcus aureus
and Corynebacterium glutamicum and MIC values from 2 to 128
μg/mL against the Gram-negative bacteria E. coli and
Pseudomonas aeruginosa (Table 1). Higher antimicrobial
activity was thereby in general observed against Gram-positive
bacteria than against Gram-negative bacteria, although the
differences were marginal for the most potent amine
barbiturates of series 6. Considering a membrane-disruptive
mode of action (see below), the outer cell wall of Gram-
negative bacteria may provide additional protection and
thereby result in higher MIC values compared to Gram-
positive bacteria. For comparison, the four different eusyn-
styelamides isolated from Tegella cf. spitzbergensis display MIC
values of 6.25−12.5 μg/mL against the Gram-positive bacteria
S. aureus and C. glutamicum and 12.5−25 μg/mL against the
Gram-negative bacteria E. coli and P. aeruginosa.5

The most potent amine barbiturate was 6h (3,5-di-tBu),
which had two super-bulky lipophilic 3,5-di-tBu-benzylic side
chains and displayed MIC values in the very low range of

0.25−4 μg/mL against all Gram-positive and Gram-negative
reference strains. The side chain Clog P of 6h (3,5-di-tBu)
(Clog P: 6.29) was the highest calculated for all the lipophilic
side chains included in the study (Table 1). Derivative 6h (3,5-
di-tBu) showed, however, unacceptable high hemolytic toxicity
(EC50: <5 μg/mL).
The two barbiturates 6e (3,5-di-Br) and 6g (4-tBu) were the

second most potent derivatives displaying MIC values of 1−8
μg/mL against the bacterial reference strains and were both
less hemolytic (6e EC50: 79 μg/mL and 6g EC50: 145 μg/mL).
These had smaller lipophilic side chains and implied a
correlation between side chain size or calculated side chain
Clog P and antimicrobial activity.
The 3,5-di-substituted derivative 6f (3,5-di-CF3) was less

potent and displayed MIC values of 16 μg/mL against all
strains except for the very susceptible strain C. glutamicum
(MIC: 4 μg/mL). The C. glutamicum strain is a valuable strain
for identifying antimicrobial agents in screenings since it is so
susceptible but is otherwise not of any medical importance. Its
high susceptibility resulted in that none of the barbiturates
from series 6 (nor series 7) displayed MIC values above 4 μg/
mL against C. glutamicum.
It is noteworthy that the calculated Clog P of 6e (3,5-di-Br)

was lower than the calculated Clog P of the less potent 6f (3,5-
di-CF3), showing that not only the lipophilic effects of the side
chains affected the antimicrobial potency but possibly also the
size and electronic effects. With respect to electronic effects, a
difference in electron distribution was observed both in 13C
NMR and when calculating the electron density of the bromine
and trifluoromethyl substituents of 6e (3,5-di-Br) and 6f (3,5-
di-CF3). The electron distribution in the side chains of 6e (3,5-
di-Br) and 6f (3,5-di-CF3) was different hosting an overall
more negative partial charge on the CF3 groups compared to
the bromine substituents (results not shown). This may affect
the electron distribution of the aromatic side chains and
possibly affect the lipophilic side chains in their interaction
with the bacterial membrane and especially related to

Table 1. Antimicrobial Activity (MIC in μg/mL) of Synthesized Compounds against Antibiotic Susceptible Gram-Positive and
Gram-Negative Reference Strains and Hemolytic Activity (EC50 in μg/mL) against Human Erythrocytes (RBC)

Antimicrobial activitya RBC

Comp. (side chain) Clog Pb Mw
c S. a C. g E. c P. a tox.

6a (4-CF3) 3.52 814.62 64 4 128 64 >398
6b (2-Nal) 3.82 778.75 8 1 16 16 250
6c (4-F-1-Nal) 3.96 814.73 4 1 16 8 160
6d (3-Cl, 4-Br) 4.08 905.31 4 1 16 32 172
6e (3,5-di-Br) 4.37 994.21 4 1 4 8 79
6f (3,5-di-CF3) 4.41 950.62 16 4 16 16 177
6g (4-tBu) 4.47 790.85 4 1 4 8 145
6h (3,5-di-tBu) 6.29 903.06 1 0.25 2 4 <5
7a (4-CF3) 3.52 898.71 2 0.25 8 64 >449
7b (2-Nal) 3.82 862.83 1 0.25 1 8 133
7c (4-F-1-Nal) 3.96 898.81 1 0.25 1 4 90
7d (3-Cl, 4-Br) 4.08 989.39 0.5 0.25 2 8 77
7e (3,5-di-Br) 4.37 1078.30 1 0.25 2 4 62
7f (3,5-di-CF3) 4.41 1034.70 2 2 2 8 98
7g (4-tBu) 4.47 874.93 1 <0.13 2 4 77
7h (3,5-di-tBu) 6.29 987.14 1 0.25 4 4 <6
Oxytetracycline 460.43 0.65 0.65 2.5 20

aBacterial reference strains: S. aStaphylococcus aureus ATCC 9144, C. gCorynebacterium glutamicum ATCC 13032, E. cEscherichia coli
ATCC 25922, and P. aPseudomonas aeruginosa PA01, DSM 19880 (ATCC 15692). bSide chain Clog P was calculated for a substituted toluene,
1-methyl-Nal, or 2-methyl-Nal (ChemBioDraw Ultra v13.0.2.3020). cMolecular weight including 2 equiv of CF3COO

− except for oxytetracycline.
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localization in the water−lipid interface region of the
membrane. This may also explain why 6f (3,5-di-CF3)
displayed much lower hemolytic activity (EC50: 177 μg/mL)
than 6e (3,5-di-Br) (EC50: 79 μg/mL).
The 3,4-disubstituted derivative 6d (3-Cl, 4-Br) displayed

high antimicrobial activity against the Gram-positive reference
strains (MIC: 1−4 μg/mL) but was clearly less potent than the
previous derivatives against the Gram-negative reference
strains (MIC: 16−32 μg/mL). Derivative 6d (3-Cl, 4-Br)
also showed very low hemolytic activity (EC50: 172 μg/mL).
The Nal-derivatives 6b (2-Nal) and 6c (4-F-1-Nal) showed

comparable antimicrobial activities, that is, MIC: 1−8 μg/mL

against the Gram-positive reference strains and MIC: 8−16
μg/mL against the Gram-negative strains. These Nal
derivatives differed slightly in calculated side chain lipophilicity
[6b (2-Nal): Clog P 3.82, and 6c (4-F-1-Nal): Clog P 3.96].
An important prospect with these Nal derivatives is possible
tuning of pharmacokinetic properties related to phase I hepatic
oxidations in vivo. Our previous studies on small β2,2 -amino
acid-based AMP peptidomimetics have shown that 2-Nal side
chains can be extensively oxidized by liver microsomes, which
is a model system used to assess the potential hepatic phase I
metabolism.17,28 This oxidation is however reduced by having
electron-withdrawing aromatic fluorine substituents such as in

Table 2. Antimicrobial Activity (MIC in μg/mL) of Selected Amine (Series 6) and Guanidine (Series 7) Barbiturates against
30 Multi-resistant Clinical Isolatesa

Amine barbiturates Guanidine barbiturates

Toxicity 6a 6b 6c 6d 6e 6f 6g 6h 7a 7b 7c 7d 7e 7f 7g 7h

RBC EC50 >398 250 160 172 79 177 145 <5 >449 133 90 77 62 98 77 <6

HepG2 IC50 40 7 5 6 4 9 3 2 104 59 56 15 30 19 28 15

MRC-5 IC50 16 2 2 10 2 17 1 1 74 30 23 36 11 29 14 17

Clinical isolates ESBL−CARBAb

S. aureus N315 >32 8 8 8 4 16 8 2 4 8 2 2 2 2 2 4

S. aureus
NCTC 10442

>32 8 8 8 4 16 8 2 4 8 2 4 2 2 2 2

S. aureus strain
85/2082

>32 8 4 4 4 16 8 2 4 8 2 2 2 2 2 2

S. aureus strain WIS >32 8 8 8 4 16 8 2 4 8 2 2 2 2 2 2

S. aureus IHT 99040 >32 8 8 4 4 16 8 2 8 8 2 2 2 2 2 2

E. faecium 50673722 >32 16 8 16 4 8 8 2 32 16 4 4 4 2 2 2

E. faecium 50901530 >32 8 4 8 4 8 4 2 8 8 4 2 2 2 4 2

E. faecium K36-18 >32 16 8 16 8 16 8 2 32 16 4 4 4 4 2 2

E. faecium 50758899 >32 16 8 16 4 16 8 2 >32 16 4 4 4 4 2 2

E. faecium
TUH50-22

>32 8 4 4 4 8 8 2 32 8 4 2 2 2 2 2

E. coli 50579417 >32 16 16 16 8 16 8 4 32 16 8 4 4 8 4 16 OXA-48

E. coli 50639799 >32 16 16 16 8 16 8 4 16 8 4 4 4 4 4 8 VIM-29

E. coli 50676002 >32 16 16 16 8 16 4 8 32 8 4 4 4 4 4 16 NDM-1

E. coli 50739822 >32 16 16 16 8 16 8 4 32 8 8 4 4 8 4 8 NDM-1

E. coli 50857972 >32 16 16 16 8 8 4 4 16 8 4 4 4 4 4 8 IMP-26

P. aeruginosa K34-7 >32 32 32 32 16 32 >32 8 >32 32 16 16 8 16 16 16 VIM-2

P. aeruginosa K34-73 >32 32 32 32 16 32 >32 16 >32 32 8 8 8 16 8 8 VIM-4

P. aeruginosa K44-24 >32 >32 32 32 16 32 >32 8 >32 32 16 16 8 16 16 16 IMP-14

P. aeruginosa
50692172

>32 32 16 32 16 32 >32 8 >32 32 16 32 8 16 16 16 NDM-1

P. aeruginosa
50692520

>32 32 16 32 16 32 >32 8 >32 32 16 16 16 16 16 16 VIM

K. pneumoniae
K47-25c

>32 >32 >32 32 16 >32 >32 16 >32 16 8 4 4 16 4 16 KPC-2

K. pneumoniae
K66-45

>32 >32 32 32 16 32 32 8 >32 16 4 8 4 16 4 8 NDM-1

K. pneumoniae
50531633c

>32 32 16 16 8 32 16 8 >32 16 8 4 4 16 4 16 NDM-1+OXA-181

K. pneumoniae
50625602

>32 >32 32 32 16 32 16 8 >32 16 16 4 4 8 4 16 OXA-245

K. pneumoniae
50667959

>32 >32 32 32 16 32 32 8 >32 16 4 8 4 16 16 8 VIM-1

A. baumannii K12-21 >32 32 32 32 16 16 16 4 >32 32 8 8 4 16 4 4 OXA-58

A. baumannii K44-35 >32 32 32 32 16 32 32 4 >32 32 8 8 4 16 8 4 OXA-23

A. baumannii K47-42 >32 32 32 32 16 32 16 4 >32 32 8 8 4 16 8 4 OXA-23

A. baumannii K55-13 >32 32 32 32 16 32 16 4 >32 32 8 8 8 16 8 4 OXA-24

A. baumannii
K63-58c

>32 16 16 32 16 32 16 4 >32 32 8 8 4 16 4 4 OXA-23

aToxicity is displayed as the hemolytic activity against human RBCs (EC50 in μg/mL from Table 1) and cytotoxicity against HepG2 and MRC-5
cells (IC50 in μg/mL). bESBL−CARBA: extended spectrum β-lactamase−carbapenemase producing isolates. OXA, oxacillinase; VIM, verona
integron-encoded metallo-β-lactamase; NDM, New Delhi metallo-β-lactamase; IMP, imipenem-type carbapenemase; and KPC, K. pneumoniae
carbapenemase. cClinical isolates resistant to the antibiotic colistin.
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6c (4-F-1-Nal). Aromatic fluorine substituents are often used
as “metabolic blockers” in drugs to improve the pharmacoki-
netic properties.29 Both Nal-derivatives 6b (2-Nal) and 6c (4-
F-1-Nal) showed very low hemolytic activity. When comparing
the hemolytic results in detail, the somewhat less lipophilic
derivative 6b (2-Nal) displayed lower hemolytic activity (EC50:
250 μg/mL) than 6c (4-F-1-Nal) (EC50: 160 μg/mL). In this
case, a small modification by having an aromatic fluorine-
substituent seemingly had an impact on RBC toxicity.
A surprisingly low antimicrobial activity was observed for the

least lipophilic derivative 6a (4-CF3), which only had
acceptable antimicrobial activity against C. glutamicum but
very low potency against the remaining reference strains (MIC:
64−128 μg/mL). Derivative 6a (4-CF3) was also all together
non-hemolytic within the concentration range tested (EC50:
>398 μg/mL).
Guanidine Barbiturates of Series 7 against the

Reference Strains. Guanylation of the amine barbiturates
in series 6 resulted in a striking increase in the antimicrobial
activity of the resulting guanidine barbiturates in series 7
(Table 1). The highly potent guanylated barbiturates of series
7 displayed a narrow range in the MIC values of <0.13−2 μg/
mL against the Gram-positive strains S. aureus and C.
glutamicum and MIC 1−8 μg/mL against the Gram-negative
bacteria E. coli and P. aeruginosa. One exception lacking
increased potency against P. aeruginosa was 7a (4-CF3) (MIC:
64 μg/mL), which was the smallest guanidine derivative (in
volume) and least lipophilic derivative.
Overall, the results for the guanidine series 7 followed the

structural considerations discussed for the antimicrobial
activity of the amine barbiturates in series 6. Highest broad-
spectrum antimicrobial activity (MIC ≤4 μg/mL) was
displayed by 7c (4-F-1-Nal), 7e (3,5-di-Br), 7g (4-tBu), and
7h (3,5-di-tBu). The guanylated barbiturates 7b (2-Nal), 7d
(3-Cl, 4-Br), and 7f (3,5-di-CF3) showed the same high
potency against the Gram-positive reference strains and E. coli
but a little lower activity against P. aeruginosa. Altogether, the
differences in MIC values were small. The largest improve-
ments in the antimicrobial activity following guanylation was
observed for 7a (4-CF3) and 7f (3,5-di-CF3) against the Gram-
positive reference strains and E. coli.
The guanylated barbiturates of series 7 were in comparison

more hemolytic than the amine barbiturates in series 6, and
only derivatives, 7a (4-CF3) and 7b (2-Nal), displayed
hemolytic toxicity with EC50 values above 100 μg/mL. The
guanylated barbiturates 7c (4-F-1-Nal), 7d (3-Cl, 4-Br), 7e
(3,5-di-Br), 7f (3,5-di-CF3), and 7g (4-tBu) displayed
hemolytic toxicity in the range EC50: 62−98 μg/mL, whereas
the super-bulky barbiturate 7h (3,5-di-tBu) was highly
hemolytic (EC50: <6 μg/mL).
The general increase in the hemolytic activity following

guanylation can be a result of the larger guanidine group
forming more intricate electrostatic and hydrogen-bonding
interactions than a primary amine group and thereby interact
with both anionic and zwitterionic phospholipids (PLs). As we
and others have reported, there is little consistency, and both
increase and reduction of RBC toxicity is observed when amine
groups are interchanged by guanidine groups.17,30−34

Antimicrobial Activity against 30 Multi-resistant
Clinical Isolates. The amine and guanidine barbiturates
were screened against a panel of 30 multi-resistant clinical
isolates of Gram-positive and Gram-negative bacteria (Table
2). These isolates represented different resistance mechanisms,

in which the Gram-positive isolates were methicillin-resistant S.
aureus (MRSA) and vancomycin-resistant Enterococcus faecium
(VRE), and the Gram-negative isolates included multi-resistant
E. coli, P. aeruginosa, Klebsiella pneumoniae, and Acinetobacter
baumannii with extended spectrum β-lactamase−carbapene-
mase (ESBL−CARBA) production. Three strains were also
resistant to the last resort antibiotic colistin. Cytotoxicity was
also determined against human hepatocyte carcinoma cells
(HepG2) and human lung fibroblast cells (MRC-5).
Antimicrobial activity against the multi-resistant clinical

isolates was high with MIC values as low as 2−4 μg/mL for the
most potent barbiturates, thereby following the same
tendencies as against the antibiotic susceptible reference
strains. As opposed to RBC toxicity, the guanidine barbiturates
of series 7 were less cytotoxic against human HepG2 and
MRC-5 cells compared to the amine barbiturates of series 6
(Table 2). The interplay between the two different cationic
groups and the various lipophilic side chains thereby
influenced the antimicrobial potency, hemolytic toxicity, and
human cell cytotoxicity differently.
For the amine barbiturates of series 6, highest antimicrobial

potencies (MIC: 2−16 μg/mL) were achieved against the
Gram-positive multi-resistant clinical isolates of S. aureus and
E. faecium and the Gram-negative isolates of E. coli. The overall
most potent amine barbiturate of series 6 was 6h (3,5-di-tBu),
closely followed by 6e (3,5-di-Br). These amine derivatives
showed high potency also against the clinical challenging
isolates of P. aeruginosa, K. pneumonia, and A. baumannii. The
high cytotoxicity against human HepG2 and MRC-5 cells
(IC50: 1−17 μg/mL) displayed by the active amine
barbiturates of series 6 was unsatisfactory.
The guanidine series 7 represented a major increase in the

antimicrobial activity against the Gram-negative multi-resistant
clinical isolates compared to the amine series 6. The guanidine
barbiturates of series 7 were also less cytotoxic against human
HepG2 and MRC-5 cells compared to the amine barbiturates
of series 6. The most potent broad-spectrum guanidine
barbiturates were 7c (4-F-1-Nal), 7d (3-Cl, 4-Br), 7e (3,5-di-
Br), 7f (3,5-di-CF3), 7g (4-tBu), and 7h (3,5-di-tBu)
displaying MIC values of 2−16 μg/mL (Table 2). The
cytotoxicity of these guanidine barbiturates against human
HepG2 and MRC-5 cells was in the range IC50: 11−59 μg/mL
and thereby less cytotoxic than the amine barbiturates of series
6. The broad-spectrum guanidine barbiturate 7e (3,5-di-Br)
showed overall highest antimicrobial potency against all multi-
resistant clinical isolates tested and became the selected
compound for the in vivo pilot study described below.
It should also be noted that the least lipophilic guanidine

barbiturate 7a (4-CF3) may be a promising compound when
considering specifically MRSA infections by its high potency
(MIC: 4−8 μg/mL) against the clinical multi-resistant S.
aureus isolates, low cytotoxicity against human HepG2 (IC50:
104 μg/mL) and MRC-5 cells (IC50: 74 μg/mL), and by being
all together non-hemolytic (EC50: >449 μg/mL, Table 2).
All the investigated amphipathic barbiturates displayed

antimicrobial activity against the three colistin-resistant clinical
isolates K. pneumoniae K47-25, K. pneumoniae 50531633, and
A. baumannii K63-58 in the same range as against the colistin-
susceptible clinical isolates. The mechanism of resistance of
these clinical isolates is thought to involve altered lip-
opolysaccharide (LPS) outer cell wall composition and charge,
changes that affect the mechanism of action of the last-resort
cationic antibiotic colistin (pers. commun. prof Ø. Samuelsen).
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The altered LPS structure seemed not to have any major
impact on the binding and activity of the most potent
amphipathic barbiturates.
In Vivo Efficacy of 7e (3,5-di-Br) in a Murine

Neutropenic Peritonitis Model. The overall most potent
guanidine barbiturate 7e (3,5-di-Br) was investigated in vivo

using an established murine peritonitis model at Statens Serum
Institut (SSI, Denmark).35 Our aim was to determine the
efficacy of 7e (3,5-di-Br) in mice infected with clinical isolates
of E. coli (EC106-09) and K. pneumoniae (KP3010). Initially,
the MIC of 7e (3,5-di-Br) was determined to be 4 μg/mL
against both strains, which was in coherence with our previous

Figure 3. Reduction in the CFU of (A) E. coli (EC106-09) and (B) K. pneumoniae (KP3010) after i.p. treatment with 1.4 mg/kg (1 h post-
infection) and 2.8 mg/kg (1,4 mg/kg 1 h + 3 h post-infection) of 7e (3,5-di-Br) compared to single i.p. treatment with (A) colistin (positive
control, 5 mg/kg 1 h post-infection) and (B) ciprofloxacin (positive control, 13 mg/kg, 1 h post-infection) and vehicle (negative control, 1 h post-
infection) was observed. The symbols (▲, ⧫, ●, ▼, and ■) represent the individual mice in the experiment. The horizontal line represents the
mean value of CFU counted for the parallels for the same experiment. Asterisks indicate the significant difference between vehicle control and
treatment with 7e (Dunnet’s test; **p < 0.01 and ***p < 0.001).

Figure 4. Comparison of the effects of 6e (3,5-di-Br), 7e (3,5-di-Br), and CHX on the kinetics of (A) viability and (B) membrane integrity in B.
subtilis. Light emission normalized to an untreated water control (negative control) is plotted as relative light units (RLUs) over time (seconds)
with untreated luminescence set to 100 RLU. After addition of the bacterial cell suspension (with 1 mM D-luciferin for the membrane integrity
assay) to the analytes in each well, the light emission was measured each second for 150 s. Each line represents the kinetics of 150 subsequent data
points of the analyte concentration. Each analysis was repeated at least three times independently. The figure shows a representative data set.
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screening results. A maximal tolerated dose (MTD) was
determined prior to evaluation of in vivo efficacy. In brief, the
MTD was determined by intraperitoneal (i.p.) injection of
escalating doses of derivative 7e (3,5-di-Br). Derivative 7e
(3,5-di-Br) was well tolerated up to 2.8 mg/kg after i.p.
injection with no or mild clinical signs of discomfort. At 3.6
mg/kg, moderate signs of discomfort were observed, but the
mice recovered within a few hours. The MTD was determined
to be 7 mg/kg.
In our vehicle controls, a log colony-forming unit per mL

(CFU/mL) of 6.4 was determined for E. coli, indicating a 0.8
log CFU increase at the end of the experiment. A log CFU/mL
of 5.7 was determined for K. pneumoniae corresponding to an
approximately 0.6 CFU/mL increase at the end of the
experiment. In contrast, treatment with 7e (3,5-di-Br) caused
a 1.7-log (98%) reduction of the bacterial loads of E. coli
already at a concentration of 1.4 mg/mL (Figure 3A).
Treatment with 1.4 mg/kg of 7e (3,5-di-Br) against K.
pneumoniae resulted in a 1 log CFU/mL reduction (90%)
compared to treatment with vehicle (Figure 3B). A repeated
injection after 3 h with 7e (3,5-di-Br) resulted in a 1.6 log
CFU/mL (97%) reduction of the bacterial load. Despite
limitations regarding the MTD, our results demonstrated that
7e (3,5-di-Br) could significantly reduce the number of viable
bacterial cells in this in vivo model. We can conclude that the
complex environment of the peritoneal cavity and the
peritoneal fluid did not lead to a rapid inactivation of 7e
(3,5-di-Br). However, at this point, we can only speculate
about the time range 7e (3,5-di-Br) is present in sufficient
concentrations for effective bacterial killing. Pharmacokinetic

studies as well as different routes of administration have to be
undertaken in order to fully reveal the potential of this type of
compound in vivo.

Mode of Action Studies. The amphipathic amine
barbiturate 6e (3,5-di-Br) and guanidine barbiturate 7e (3,5-
di-Br) were compared in a mode of action study using two
luciferase-based biosensor assays in Bacillus subtilis 168 and E.
coli HB101 (Figures 4 and 5).36,37 The two different biosensor
systems evaluate the effects on bacterial viability and
membrane integrity, respectively, which are closely linked
functionalities in bacterial cells (see the Supporting Informa-
tion; Section S9 for detailed information regarding the assays).
The bacteriolytic agent chlorhexidine (CHX), known for its
membrane-disruptive properties, was analyzed for compar-
ison.38

The overall results demonstrated a strong and immediate
membrane disrupting activity for both compounds. A more
rapid membranolytic effect was observed against the Gram-
positive B. subtilis compared to Gram-negative E. coli. We also
observed the differences in the rate of membrane lysis related
to the test concentrations, in which concentrations higher than
the MIC value led to a more rapid lysis, that is, a
concentration-dependent killing effect.
The observed effects in the viability assay corresponded well

with the respective MICs [6e (3,5-di-Br): 6.3 μg/mL and 7e
(3,5-di-Br): 3.1 μg/mL against both B. subtilis and E. coli
biosensor strains], in spite of an initial 1000-fold higher
concentration of bacteria in the inoculum compared to the
MIC assay. The decrease in light emission was rapid, dose-
dependent, and similar to the CHX control, suggesting a

Figure 5. Comparison of the effects of 6e (3,5-di-Br), 7e (3,5-di-Br), and CHX on the kinetics of (A) viability and (B) membrane integrity in E.
coli. Light emission normalized to the untreated water control (negative control) is plotted as RLU over time (seconds) with untreated
luminescence set to 100 RLU. After addition of the bacterial cell suspension (with 1 mM D-luciferin for the membrane assay) to the analytes in each
well, the light emission was measured each second for 150 s. Each line represents the kinetics of 150 subsequent data points of the analyte
concentration. Each analysis was repeated at least three times independently. The figure shows a representative data set.
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membrane-related mode of action against both strains (Figures
4A and 5A). In order to confirm that the rapid decrease in
bacterial viability was due to membrane damage, the
membrane integrity assay was performed. Also, in this assay,
a dose-dependent effect was observed against both strains
(Figures 4B and 5B). The effects (rapid peak emission due to
the influx of D-luciferin into the cells) were for the most part
coinciding with the respective MIC values, indicating that
membrane damage was indeed a major effect. The well-by-well
measurements allowed for catching the actual light peaks, apart
from measurements with 7e (3,5-di-Br) in B. subtilis, which
seemed to act substantially faster than 6e (3,5-di-Br) and CHX
and therefore only showed a decrease in light emission from a
level substantially higher than the control (Figure 4B).
When comparing the results obtained from the viability

assay (Figure 4A) and the membrane integrity assay (Figure
4B) in B. subtilis for compounds 6e (3,5-di-Br), 7e (3,5-di-Br),
and CHX, the patterns appeared somewhat similar, indicating a
rapid membranolytic activity for all compounds. However, in
the membrane integrity assay in B. subtilis, we were not able to
determine a peak in light emission for any concentration above
MIC for 7e (3,5-di-Br) (Figure 4B). Light emission declined
immediately, indicating that peak emission already had
occurred before the first measurement, that is, within 2 s
after analyte addition. At MIC (3.1 μg/mL), a small peak in
light emission was observed after approximately 5 s, but the
emission did neither decrease nor increase substantially within
the measurement window. Altogether, the effect of 7e (3,5-di-
Br) on B. subtilis shown in the viability assay seemed to be
immediate (Figure 4A) and corresponded to the membrano-
lytic effect shown in the membrane integrity assay (Figure 4B).
In E. coli, the observed overall picture was somewhat

different. A rise or peak of light emission in the membrane
integrity assay for 6e (3,5-di-Br) coincided with an immediate
decrease of light emission in the viability assay (similar to the
results in B. subtilis) (Figure 5). However, an emission peak
was not reached for the lowest (1−4× MIC) concentrations of
7e (3,5-di-Br) within the 150 s test window in the membrane
integrity assay (Figure 5B). On the other hand, the
concentration-dependent reduction in viability observed with
the guanidine barbiturate 7e (3,5-di-Br) resembled the results
of the guanidine-containing CHX (Figure 5A), but the
decrease in viability was substantially slower than for similar
concentrations in B. subtilis (Figure 4B). In general, the

membrane integrity effects of all tested compounds seemed to
occur at a slightly slower rate in the Gram-negative E. coli
compared to the Gram-positive B. subtilis. It is tempting to
speculate that especially for 7e (3,5-di-Br), the outer
membrane of E. coli acted as a barrier, causing a delayed
action in the membrane integrity assay. This would however
not explain the presence of light production at a time point
where the viability assay emits almost no light at all and
accordingly indicates complete metabolic shutdown. This
effect, even though less pronounced, was also observable for
6e (3,5-di-Br) and the CHX control. Although ATP is
necessary for replenishment of the fatty aldehyde pool, this
might indicate that reduction equivalents were the limiting
factor for light emission of the viability sensor assay and that
ATP under these conditions was not a limiting factor after
treatment with 6e (3,5-di-Br), and especially, 7e (3,5-di-Br)
until after the measurement window ended. Alternatively, there
were different subpopulations of bacterial cells present, with
different susceptibility to the analytes, resulting in an average
light emission, which does not represent any of the
subpopulations.
While the main mode of action against B. subtilis for both 6e

(3,5-di-Br) and 7e (3,5-di-Br) seemed to be disruption of
membrane integrity, our results did not exclude the possibility
that especially 7e (3,5-di-Br) might have additional targets
than the bacterial cytoplasmic membrane. Further work is
needed to elucidate if 7e (3,5-di-Br) possibly targets other
components of the cell and if there is a dual mode of action.

Conformational Analysis and Membrane Interaction
Simulations. To gain insights into the interactions of the
amphipathic barbiturates with a PL membrane surface, we
determined the most stable conformations of the barbiturates,
followed by a membrane interaction simulation. Density
functional theory (DFT)-based geometry optimizations of
amine 6e (3,5-di-Br) and guanidine 7e (3,5-di-Br) gave similar
distortions and energy differences and indicated three low-
energy conformations mainly differing in the orientation of the
benzylic side chains (Figure 6). In the up (7eup), down
(7edown), and up−down (7eup−down) conformations, the
benzylic side chains were either directed upward in a W-
shape, downward, or having one side chain pointing up and the
other pointing down. The 7eup conformation was lowest in
energy, whereas 7eup−down and 7edown were 4.9 and 9.8 kcal/
mol higher in energy, respectively (see Supporting Information

Figure 6. Optimized geometries from DFT calculations of 7eup (left, also described as the W-shaped conformation), 7edown (middle), and 7eup−down
(right). The bond distances are reported in Å and the bond angles are given in degrees.
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Section S10 for more details of the conformational analysis).
An X-ray structure of 7b (2-Nal) supported the low energy
conformation suggested by DFT calculations (see Supporting
Information Section S11 for details).
The ROESY spectra acquired in water and micelle [sodium

dodecyl sulfate (SDS)] solutions of the guanidine barbiturate
7e (3,5-di-Br) were used to qualitatively assess the
conformation experimentally (see Supporting Information
Section 12 for details of the NMR conformational analysis).
The structural NMR data in water (Figure 7, left side)
supported the orientations of the benzylic side chains
described by the DFT calculations. It was evident from the
ROESY detectable correlations between H7 and H10−H12
(5−10% of the reference volume) that the benzylic side chains
and the barbiturate ring adopted the W-shape (similar to the
7eup conformation in Figure 6). There were no dramatic
conformational changes in SDS, but there was a shift of

populations that made the guanidine side chains spend more
time closer to the 3,5-dibromophenyl rings (Figure 7, right
side). This was reflected in the volumes of the H7/H11,12
cross-peaks that increased from ∼10 to ∼40% of the reference
volume.
MD simulations were used to elucidate details on the

membrane interactions of 7e (3,5-di-Br) with an E. coli inner
membrane model (Figure 8).39 Similar MD simulations of 6a
(4-CF3), 6e (3,5-di-Br), 6g (4-tBu), and 7g (4-tBu) are
included in the Supporting Information (Table S3 and Figures
S6−S10), and a possible explanation to the low potency of 6a
(4-CF3) is included below. For each compound, three parallel
simulations were performed.
The course of the membrane insertion was tracked by

following the location of the sp3 carbon opposite from the
carbonyl carbon (C5), as noted by the z-coordinate position in
the simulation box (Figure 8B). The lipid bilayer surface (black

Figure 7. Schematic visualization of the observed ROESY correlations for 7e (3,5-di-Br) in water (left side) and in SDS (right side) using sculpted
structures.
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lines) is shown as the average position of the phosphorous
atoms of the PL headgroups (z-coordinate, −20 and 20 Å).
The blue line shows the time evolution for location of the C5
carbon of 7e (3,5-di-Br). The MD simulations for compounds
6e (3,5-di-Br), 6g (4-tBu), 7e (3,5-di-Br), and 7g (4-tBu)
revealed a rapid membrane insertion between 7 and 35 ns,
which was as expected due to the electrostatic interaction
between the negatively charged membrane surface and the
positively charged compounds.
The starting conformation of 7e (3,5-di-Br) in the MD

simulations was up. In the shown simulation parallel in Figure
8C, tracking of the two angles c1 (blue) and c2 (orange),
representing the two benzylic side chains, revealed that 7e
(3,5-di-Br) remained in the up conformation throughout this
simulation. This is shown by the blue and orange lines both
oscillating around 80°, as opposed to if one of the lines was
also oscillating around 140°, indicating an up−down
conformation (Figure 8C). As shown in the Supporting
Information, however, the conformations of all modeled
compounds varied between the up and up−down conforma-
tions in at least one of the three parallels, and the changes from
up to the up−down conformation occurred sometime between
60 and 255 ns (Table S3 and Figures S6−S10). In most
parallels of the MD simulation, the compounds remained
incorporated in the membrane throughout the duration of the

simulation. Except for 6a (4-CF3) as described below, if a
molecule left the membrane, it was only for a few nanoseconds
before it returned to the membrane environment, as can be
seen from the time evolution of the C5 z-coordinate for the
other modeled compounds.
A simplified side view of the MD simulation system is

presented in Figure 8D, which shows the interaction of 7e
(3,5-di-Br) with an E. coli inner membrane model. This
includes a water pad over and under the PL bilayer, a PL
bilayer in the middle, the phosphorous atoms of the lipid
headgroups, and the location and time evolution of 7e (3,5-di-
Br) when interacting with the model membrane.
A reference set of simulations were also run with 6a (4-CF3)

to investigate the selectivity of the membrane model. As
described above, compound 6a (4-CF3) was much less potent
against E. coli (MIC: 128 μg/mL) compared to the other
modeled compounds. The simulations also showed that 6a (4-
CF3) had less affinity to remain in the model membrane
environment compared to the other compounds (Table S3 and
Figure S6). In all the three parallels of MD simulations of 6a
(4-CF3), it entered and left the membrane environment several
times. This contrasted with the behavior seen in the
simulations of 6e (3,5-di-Br), 6g (4-tBu), 7e (3,5-di-Br), and
7g (4-tBu) where once incorporated, the compounds remained
in the membrane environment. The conformation of 6a (4-

Figure 8. MD simulations of the interactions and conformations of 7e (3,5-di-Br) in an E. coli inner membrane model. (A) 7e (3,5-di-Br) in the
membrane environment after 260 ns and the naming of atoms used for tracking of the compound. The purple sphere highlights carbon C5, which
was the atom used for tracking the position of 7e (3,5-di-Br) with respect to the PL headgroups (z-coordinate). The yellow spheres highlight atoms
Cbarb 2, Cbnz, and Cbnz 4, which formed the tracked angles c1 or c2 representing the conformation of two benzylic side chains. (B) Time evolution for
location of the C5 carbon (blue line) of 7e (3,5-di-Br) in the simulation box. The lipid bilayer surface (black line) is shown as the average position
of the phosphorous atoms (z-coordinate, −20 and 20 Å) of the PL headgroups. (C) Tracking of the two angles c1 (in blue) and c2 (in orange),
which revealed if the compound remained in the up conformation or changed to the up−down conformation. Since both the blue and orange lines
in the shown parallel oscillated around 80°, the compound was in the up conformation. When one of the lines also oscillated around 140° (not
shown), the compound adopted the up−down conformation. (D) Simplified side view of the MD simulation system. Light gray pads represent
water, light green pad in the middle is the PL bilayer, green spheres at the upper and lower borders of the PL bilayer are phosphorous atoms of the
lipid headgroups, and the repeated copies of a small molecule in the upper half of the image is the 7e (3,5-di-Br) compound. The time evolution of
7e (3,5-di-Br) is shown as snapshots from the simulation and spanning from left to right; 0, 3, 60, and 260 ns. Explicit water molecules, PL tails and
headgroups, ions, and non-polar hydrogen atoms in 7e (3,5-di-Br) are omitted for clarity.
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CF3) varied between up and up−down, but there was an
increase in events where 6a (4-CF3) returned from up−down
to the up conformation (Figure S6). This behavior was not
observed for other compounds in the MD simulations where
only the shift from up to up−down was observed. As can be
seen from Figure S6, 6a (4-CF3) also traveled out from the top
of the simulation box and appeared at the bottom side of the
simulation box and did this several times during the 260 ns
simulation (Table S3). The periodic boundary conditions in
the MD simulations allowed the free flow of molecules in and
out of the simulation box. The behavior of 6a (4-CF3)
compared to the other modeled compounds suggested that 6a
(4-CF3) did not find favorable interactions in the membrane
environment, and this may in part explain its low antimicrobial
potency against E. coli.

■ CONCLUSIONS
In order to succeed transforming AMPs with non-optimal
pharmacokinetic properties into clinical useful antimicrobials,
an innovative strategy is to develop SMAMPs with imperative
functional side chains embodied on a peptidomimetic scaffold.
We have in the present study developed a novel peptidomi-
metic scaffold that fulfills the pharmacophore model of small
AMPs and that was inspired by the marine antimicrobials
eusynstyelamides. Compared to the structure of the eusyn-
styelamides, this novel series of cationic amphipathic
barbiturates is achiral and easy to modify synthetically with
respect to variation in cationic and lipophilic groups for
optimization studies. The relative ease of synthesis has
important implications for reducing future production costs
and enabling large-scale production, which is an argument
often raised against several classes of AMPs. We achieved
improved antimicrobial activity compared with the eusyn-
styelamides, and several of the barbiturates displayed high
antimicrobial activity against a panel of 30 multi-resistant
clinical isolates of Gram-positive and Gram-negative bacteria.
This included high activity against Gram-negative ESBL−
CARBA isolates and strains resistant to the last resort
antibiotic colistin. A pilot in vivo study using a murine
neutropenic peritonitis model demonstrated that the overall
most potent lead peptidomimetic 7e (3,5-di-Br) significantly
reduced the number of viable bacterial cells of clinical isolates
of E. coli and K. pneumoniae. Although further structural
optimizations are required to improve the MTD in mice, as
well as pharmacokinetic studies including exploration of
different routes of administration, demonstration of in vivo
efficacy gives hope to the drug potential of this class of
SMAMPs for treatment of serious infections.

■ EXPERIMENTAL SECTION
Chemicals and Equipment. All reagents and solvents were

purchased from commercial sources and used as supplied with the
exception of the starting material 1-(bromomethyl)-4-fluoronaph-
thalene, which was synthesized from the 4-fluoro-1-naphthoic acid
according to the literature procedures.40 Anhydrous DMF was
prepared by storage over 4 Å molecular sieves. The reactions were
monitored by thin-layer chromatography (TLC) with Merck pre-
coated silica gel plates (60 F254). Visualization was accomplished with
either UV light or by immersion in potassium permanganate or
phosphomolybdic acid (PMA), followed by light heating with a
heating gun. Purifications using normal phase flash chromatography
were either done by normal column chromatography using Normal Sil
60, 40−63 mm silica gel, or by automated normal phase flash
chromatography (heptane/EtOAc) with the sample preloaded on a

Samplet cartridge belonging to a Biotage SP-1. Purification of
reactions by RP C18 column chromatography (water with 0.1% TFA/
acetonitrile with 0.1% TFA) was also executed on an automated
purification module with the sample preloaded on a Samplet cartridge.
All samples used for biological testing were determined to be of >95%
purity. The analyses were carried out on a Waters ACQUITY UPC2

system equipped with a Torus DEA 130 Å, 1.7 μm, 2.1 mm × 50 mm
column coupled to a Waters ACQUITY PDA detector spanning from
wavelengths 190−650 nm. The derivatives were eluted with a mobile
phase consisting of supercritical CO2 and MeOH containing 0.1%
NH3 and a linear gradient of 2−40% MeOH over 2 or 4 min, followed
by isocratic 0.5 min of 40% MeOH. The flow rate was 1.5 mL/min.
NMR spectra were obtained on a 400 MHz Bruker Avance III HD
equipped with a 5 mm SmartProbe BB/1H (BB = 19F, 31P−15N). Data
are represented as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, p = pentet, h = heptet, and m =
multiplet), coupling constant (J, Hz), and integration. Chemical shifts
(δ) are reported in ppm relative to the residual solvent peak (CDCl3:
δH 7.26 and δC 77.16; CD3OD: δH 3.31 and δC 49.00). Positive and
negative ion electrospray ionization mass spectrometry (ESI-MS) was
conducted on a Thermo electron LTQ Orbitrap XL spectrometer.

Synthesis. Dialkylated Malonate Ester (2a−g). General
Procedure. To a stirred solution of diethyl malonate in DMF
(≈100 mg/mL) and base was added arylmethyl halide (∼2 equiv).
The reaction was continuously stirred at room temperature overnight.
The reaction mixture was diluted with EtOAc (30 mL) and washed
with water (25 mL), aqueous 5% LiCl solution (3 × 25 mL), and
brine (25 mL). The organic phase was dried over Na2SO4, filtered,
and concentrated. The crude product was dissolved in CH2Cl2 (20
mL) and adsorbed on Celite. The product was purified on a silica
column using 1−5% EtOAc in pentane as the mobile phase.

Diethyl 2,2-Bis(4-(trifluoromethyl)benzyl)malonate (2a). Accord-
ing to the general procedure, to a stirred solution of diethyl malonate
(3.26 g, 20.4 mmol) in DMF (25 mL) over K2CO3 (8.5 g, 61.2
mmol) was added 1-(bromomethyl)-4-(trifluoromethyl)benzene (10
g, 41.8 mmol). The reaction was stirred at room temperature
overnight. The reaction mixture was diluted with EtOAc (75 mL) and
washed with water (5 × 50 mL), aqueous 5% LiCl solution (30 mL),
and brine (40 mL). The organic phase was dried over Na2SO4,
filtered, and concentrated. The crude product (9.97 g) was dissolved
in CH2Cl2 (50 mL) and adsorbed on Celite. The product was purified
on a silica column using 1−5% EtOAc in pentane as the mobile phase
to afford 2a (8.64 g, 89%) as a white solid. 1H NMR (400 MHz,
CDCl3): δ 7.54 (d, J = 8.1 Hz, 4H), 7.28 (d, J = 8.1 Hz, 4H), 4.10 (q,
J = 7.2 Hz, 4H), 3.27 (s, 4H), 1.13 (t, J = 7.1 Hz, 6H). 13C NMR
(101 MHz, CDCl3): δ 170.5, 140.4 (d, 4JC,F = 1.8 Hz), 130.6, 129.6
(q, 2JC,F = 32.5 Hz), 125.3 (q, 3JC,F = 3.8 Hz), 124.3 (q, 1JC,F = 271.9
Hz), 61.7, 60.1, 39.8, 13.9. HRMS-ESI: C23H22F6NaO4

+ [M + Na]+

calcd, 499.1315; found, 499.1298.
Diethyl 2,2-Bis(naphthalen-2-yl-methyl)malonate (2b). To a

stirred solution of diethyl malonate (3.44 g, 21.5 mmol) in 15 mL
of CH2Cl2 at 0 °C was added DBU (3.3 mL, 22.6 mmol). The
reaction mixture was stirred for 5 min before adding 2-
(bromomethyl)naphthalene (5.0 g, 22.6 mmol). The reaction was
allowed to reach room temperature and stirred overnight. The
reaction was concentrated, and the crude product isolated as a brown
oil. The oil was dissolved in EtOAc (30 mL) and washed with water
(2 × 30 mL), 10% citric acid (30 mL), 10% NaHCO3 soln (30 mL),
and brine (30 mL). The organic phase was dried over Na2SO4,
filtered, and concentrated affording 4.83 g of almost pure
monoalkylated diethyl malonate. To a suspension of NaH (774 mg,
32.2 mmol) in dry THF (15 mL) at 0 °C was added diethyl 2-
(naphthalen-2-ylmethyl)malonate (4.8 g) dropwise as a solution in
THF (15 mL). The resulting mixture was stirred for 10 min before
adding 2-naphtyl methyl bromide (5 g, 22.6 mmol). The reaction was
allowed to reach room temperature and stirred overnight. The
reaction mixture was cooled in an ice bath, unreacted NaH was
quenched with 10% citric acid solution, and the reaction mixture was
concentrated. The crude product was then dissolved in EtOAc and
washed with 10% citric acid soln (3 × 30 mL), 10% NaHCO3 soln (2
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× 30 mL), and brine (30 mL). The organic phase was dried over
Na2SO4, filtered, and concentrated to afford crude 2b (7.35 g, 78%).
1HNMR (400 MHz, CDCl3): δ 7.85−7.80 (m, 2H), 7.77 (d, J = 8.1
Hz, 4H), 7.65 (d, J = 1.7 Hz, 2H), 7.49−7.43 (m, 4H), 7.32 (dd, J =
8.5, 1.7 Hz, 2H), 4.14 (q, J = 7.1 Hz, 4H), 3.45 (s, 4H), 1.14 (t, J =
7.1 Hz, 6H). 13C NMR not determined. HRMS-ESI: C29H29O4

+ [M +
H]+ calcd, 441.2060; found, 441.2059.
Diethyl 2,2-Bis((4-fluoronaphthalene-1-yl)methyl)malonate (2c).

According to the general procedure, to a stirred solution of diethyl
malonate (1.3 g, 8.16 mmol) in DMF (10 mL) over K2CO3 (3.36 g,
24.3 mmol) was added 1-(bromomethyl)-4-fluoronaphthalene (4 g,
16.7 mmol). The reaction was continuously stirred at room
temperature overnight. The reaction mixture was diluted with
EtOAc (30 mL) and washed with water (3 × 20 mL), aqueous 5%
LiCl solution (20 mL), and brine (20 mL). The organic phase was
dried over Na2SO4, filtered, and concentrated. In a round-bottomed
flask, the brown solid crude product was dissolved in warm EtOH,
capped with alumina foil, and left for 4 days at room temperature.
Upon standing for an hour, the product 2c crashed out of the brown
solution as a white solid (1.6 g, 41%). 1H NMR (400 MHz, CDCl3):
δ 8.18−8.08 (m, 2H), 8.05−7.95 (m, 2H), 7.57−7.46 (m, 4H), 7.36
(dd, J = 8.0, 5.5 Hz, 2H), 7.04 (dd, J = 10.2, 8.0 Hz, 2H), 3.81 (s,
4H), 3.75 (q, J = 7.2 Hz, 4H), 0.85 (t, J = 7.1 Hz, 6H). 13C NMR
(101 MHz, CDCl3): δ 171.3, 158.1 (d, JC,F = 251.4 Hz), 134.2 (d, JC,F
= 4.2 Hz), 128.9 (d, JC,F = 4.6 Hz), 127.6 (d, JC,F J = 8.2 Hz), 126.8,
125.9 (d, JC,F = 2.1 Hz), 124.1−123.9 (m), 121.2 (d, JC,F = 6.0 Hz),
108.9 (d, JC,F = 19.7 Hz), 61.5, 59.8, 35.5, 13.6. HRMS-ESI:
C29H26F2NaO4

+ [M + Na]+ calcd, 499.1691; found, 499.1689.
Diethyl 2,2-Bis(4-bromo-3-chlorobenzyl)malonate (2d). Accord-

ing to the general procedure, to a stirred solution of diethyl malonate
(313 mg, 1.95 mmol) in DMF (6 mL) over Cs2CO3 (1.91 g, 5.86
mmol) was added 1-bromo-4-(bromomethyl)-2-chlorobenzene (1.14
g, 4.01 mmol). The reaction was continuously stirred at 40 °C for 22
h. The reaction mixture was diluted with EtOAc (20 mL) and washed
with aqueous 5% LiCl solution (3 × 20 mL). The organic phase was
dried over MgSO4, filtered, and concentrated. The crude product was
dissolved in CH2Cl2 (20 mL) and adsorbed on Celite. The product
was purified on a silica column using 5% EtOAc in heptane as the
mobile phase to afford 2d (1.04 g, 94%) as a white solid. 1H NMR
(400 MHz, CDCl3): δ 7.50 (d, J = 8.3 Hz, 2H), 7.24 (d, J = 2.1 Hz,
2H), 6.91 (dd, J = 8.3, 2.1 Hz, 2H), 4.13 (q, J = 7.1 Hz, 4H), 3.12 (s,
4H), 1.18 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3): δ 170.3,
137.1, 134.4, 133.6, 132.1, 129.8, 121.2, 61.9, 59.9, 39.1, 14.0. HRMS-
ESI: C21H20Br2Cl2O4

+ [M + Na]+ calcd, 586.8998; found, 586.9005.
Diethyl 2,2-Bis(3,5-dibromobenzyl)malonate (2e). According to

the general procedure, to a stirred solution of diethyl malonate (460
mg, 2.9 mmol) in DMF (5 mL) over Cs2CO3 (2.0 g, 6.37 mmol) was
added 1,3-dibromo-5(bromomethyl)benzene (2.0 g, 6.0 mmol). The
reaction was continuously stirred at room temperature overnight. The
reaction mixture was diluted with EtOAc (30 mL) and washed with
water (25 mL), aqueous 5% LiCl solution (3 × 25 mL), and brine (25
mL). The organic phase was dried over Na2SO4, filtered, and
concentrated. The crude product was dissolved in CH2Cl2 (20 mL)
and adsorbed on Celite. The product was purified on a silica column
using 1−5% EtOAc in pentane as the mobile phase to afford 2e (1.17
g, 61%) as a white solid. 1H NMR (400 MHz, CDCl3): δ 7.56 (t, J =
1.8 Hz, 2H), 7.24 (d, J = 1.8 Hz, 4H), 4.15 (q, J = 7.1 Hz, 4H), 3.11
(s, 4H), 1.20 (t, J = 7.2 Hz, 6H). 13C NMR (101 MHz, CDCl3): δ
170.0, 139.9, 132.8, 132.0, 122.7, 61.9, 60.0, 39.3, 13.9. HRMS-ESI:
C21H20Br4NaO4

+ [M + Na]+ calcd, 674.7987; found, 674.7961.
Diethyl 2,2-Bis(3,5-bis(trifluoromethyl)benzyl)malonate (2f). Ac-

cording to the general procedure, to a stirred solution of diethyl
malonate (490 mg, 3.1 mmol) in DMF (5 mL) over Cs2CO3 (2.2 g,
6.83 mmol) was added 1-(bromomethyl)-3,5-bis(trifluoromethyl)-
benzene (2 g, 6.51 mmol). The reaction was continuously stirred at
room temperature overnight. The reaction mixture was diluted with
EtOAc (30 mL) and washed with water (25 mL), aqueous 5% LiCl
solution (3 × 25 mL), and brine (25 mL). The organic phase was
dried over Na2SO4, filtered, and concentrated. The crude product was
dissolved in CH2Cl2 (20 mL) and adsorbed on Celite. The product

was purified on a silica column using 1−5% EtOAc in pentane as the
mobile phase to afford 2f (0.89 g, 63%) as a white solid. 1H NMR
(400 MHz, CDCl3): δ 7.79 (s, 2H), 7.71−7.54 (m, 4H), 4.10 (q, J =
7.1 Hz, 4H), 3.32 (s, 4H), 1.13 (t, J = 7.1 Hz, 6H). 13C NMR (101
MHz, CDCl3): δ 169.8, 138.5, 131.8 (q, 2JC,F = 33.3 Hz), 130.9−
130.2 (m), 123.3 (q, 1JC,F = 272.7 Hz), 121.5 (p, 3JC,F = 3.9 Hz), 62.2,
60.3, 40.3, 13.8. HRMS-ESI: C25H19F12O4

− [M − H]− calcd,
611.1098; found, 611.1097.

Diethyl 2,2-Bis(4-tert-butylbenzyl)malonate (2g). According to
the general procedure, to a stirred solution of diethyl malonate (3.43
g, 21.4 mmol) in DMF (25 mL) over K2CO3 (8.8 g, 64.2 mmol) was
added 1-(bromomethyl)-4-tert-butylbenzene (10 g, 44 mmol). The
reaction was continuously stirred at room temperature overnight. The
reaction mixture was diluted with EtOAc (80 mL) and washed with
water (3 × 50 mL), aqueous 5% LiCl solution (50 mL), and brine (50
mL). The organic phase was dried over Na2SO4, filtered, and
concentrated. The crude product was dissolved in CH2Cl2 (20 mL)
and adsorbed on to Celite. The product was purified on a silica
column using 1−5% EtOAc in pentane as the mobile phase to afford
2g (8.80 g, 90%) as a white solid. 1H NMR (400 MHz, CDCl3): δ
7.28 (d, J = 8.3 Hz, 4H), 7.11 (d, J = 8.4 Hz, 4H), 4.10 (q, J = 7.1 Hz,
4H), 3.19 (s, 4H), 1.30 (s, 18H), 1.14 (t, J = 7.1 Hz, 6H). 13C NMR
(101 MHz, CDCl3): δ 171.2, 149.7, 133.4, 129.9, 125.2, 61.2, 60.4,
38.6, 34.5, 31.5, 14.0. HRMS-ESI: C29H40NaO4

+ [M + Na]+ calcd,
475.2818; found, 475.2795.

Condensation of Malonates (2) with Urea to Barbiturates (3).
5,5-Bis(4-trifluoromethylbenzyl)pyrimidine-2,4,6(1H,3H,5H)-trione
(3a). To a solution of urea (3.15 g, 52.5 mmol) in anhydrous DMF
(15 mL) was added NaH (315 mg, 13.1 mmol). The reaction mixture
was stirred 5 min before adding a solution of 2a (2.5 g, 5.22 mmol) in
anhydrous DMF (10 mL) dropwise. The reaction mixture was left
under stirring overnight until TLC showed full conversion using 5%
EtOAc in CHCl3 as the mobile phase [Rf (product) 0.38, Rf (starting
material) 0.89]. The reaction was diluted with 100 mL of EtOAc and
washed with 10% citric acid soln (3 × 50 mL), 10% NaHCO3 soln (2
× 50 mL), and brine (2 × 50 mL). The organic phase was dried over
Na2SO4, filtered, and concentrated, yielding the crude product (2.39
g). The crude was dissolved in CH2Cl2 and adsorbed onto Celite
before being purified on a silica column using 5% EtOAc in CHCl3 as
the mobile phase to afford 3a (1.63 g, 70%) as a white solid. 1H NMR
(400 MHz, CDCl3): δ 7.53 (d, J = 8.1 Hz, 4H), 7.26* (d, 4H), 3.50
(s, 4H). 13C NMR (101 MHz, CDCl3): δ 170.4, 146.4, 138.1, 130.6
(q, 2JC,F = 32.7 Hz), 130.2, 126.0 (q, 3JC,F = 3.7 Hz), 124.0 (q, 1JC,F =
272.2 Hz), 60.3, 44.3. *Overlap with solvent. HRMS-ESI:
C20H13F6N2O3

− [M − H]− calcd, 443.0836; found, 443.0826.
5,5-Bis((naphthalen-2-yl)methyl)pyrimidine-2,4,6(1H,3H,5H)-tri-

one (3b). NaH (9 mg, 0.37 mmol) was added to a stirred solution of
urea (91 mg, 1.49 mmol) in anhydrous DMF (3 mL) at room
temperature The reaction mixture was left to stir for 10 min before
adding 2b (66 mg, 0.15 mmol) slowly, and the reaction was left to stir
overnight. The reaction mixture was diluted with EtOAc (20 mL) and
washed with water (4 × 20 mL), followed by brine (20 mL). The
organic phase was dried over Na2SO4, filtered, and concentrated. The
crude product was dissolved in CHCl3 and adsorbed onto Celite
before purification on a silica column using 0−5% EtOAc in CHCl3 as
the mobile phase to afford 3b (50 mg, 82%). 1H NMR (400 MHz,
CD3OD): δ 7.76−7.70 (m, 4H), 7.69 (d, J = 8.6 Hz, 2H), 7.62 (s,
2H), 7.44−7.36 (m, 4H), 7.26 (dd, J = 8.4, 1.7 Hz, 2H), 3.60 (s, 4H).
13C NMR (101 MHz, CD3OD): δ 173.2, 149.5, 133.8, 133.1, 132.8,
129.1, 128.7, 128.1, 127.9, 127.8, 126.6, 126.4, 60.8, 45.1. HRMS-ESI:
C26H19N2O3

− [M − H]− calcd, 407.1417; found, 407.1416.
5,5-Bis((4-fluoronaphthalene-1-yl)methyl)pyrimidine-2,4,6-

(1H,3H,5H)-trione (3c). To a stirred solution of urea (630 mg, 10.49
mmol) in anhydrous DMF (4 mL) was added NaH (76 mg, 3.16
mmol), and the resulting solution was stirred for 10 min before
adding 2c (500 mg, 1.05 mmol) slowly. The resulting mixture was
stirred overnight. The reaction mixture was diluted with 25 mL of
EtOAc and washed with 4 × 50 mL of water, followed by 20 mL of
brine. The organic phase was dried over Na2SO4, filtered, and
concentrated. The crude product was dissolved in CHCl3 and
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adsorbed onto Celite before purification on a silica column using 0−
5% EtOAc in CHCl3 as the mobile phase to afford 3c (430 mg, 92%).
1H NMR (400 MHz, CDCl3): δ 8.23 (d, J = 8.5 Hz, 2H), 8.14−8.04
(m, 2H), 7.64−7.49 (m, 4H), 7.46 (s, 2H), 7.29−7.26* (m, 2H), 7.00
(dd, J = 9.9, 8.1 Hz, 2H), 4.05 (s, 4H). 13C NMR (101 MHz,
CDCl3): δ 171.4, 158.7 (d, JC,F = 253.3 Hz), 146.8, 133.3 (d, JC,F =
4.5 Hz), 128.0 (d, JC,F = 8.7 Hz), 127.4, 126.7 (d, J = 4.7 Hz), 126.5
(d, J = 1.9 Hz), 124.4−124.1 (m), 121.3 (d, J = 6.2 Hz), 109.1 (d, J =
20.1 Hz), 59.8, 40.0. *Overlap with solvent. HRMS-ESI:
C26H17F2N2O3

− [M − H]− calcd, 443.1213; found, 443.1181.
5,5-Bis(4-bromo-3-chlorobenzyl)pyrimidine-2,4,6(1H,3H,5H)-tri-

one (3d). To a stirred solution of urea (621 mg, 10.3 mmol) in
anhydrous DMF (8 mL) was added NaH (124 mg, 3.1 mmol, 60% in
mineral oil), and the resulting solution was stirred for 20 min before
slowly adding 2d (586 mg, 1.03 mmol), dissolved in 2 mL of
anhydrous DMF. The resulting mixture was stirred for 20 h. The
reaction mixture was diluted with 20 mL of EtOAc and washed with 4
× 20 mL of aq 5% LiCl. The organic phase was dried over MgSO4,
filtered, and concentrated. The crude product was adsorbed onto
Celite before purification on a silica column using 20% EtOAc in
heptane as the mobile phase to afford 3d (364 mg, 66%). 1H NMR
(400 MHz, DMSO-d6): δ 11.51 (NH, s, 2H), 7.71 (d, J = 8.2 Hz,
2H), 7.24 (d, J = 2.1 Hz, 2H), 6.93 (dd, J = 8.3, 2.1 Hz, 2H), 3.26 (s,
4H). 13C NMR (101 MHz, DMSO-d6): δ 171.4, 148.8, 136.7, 134.0,
133 .0 , 131 .3 , 129 .8 , 120 .6 , 58 .2 , 41 .9 . HRMS-ESI :
C18H11Br2Cl2N2O3

− [M − H]− calcd, 530.8519; found, 530.8520.
5,5-Bis(3,5-dibromobenzyl)pyrimidine-2,4,6-(1H,3H,5H)-trione

(3e). To a stirred solution of urea (1.83 g, 2.79 mmol) in anhydrous
DMF (15 mL) was added NaH (183 mg, 7.6 mmol), and the resulting
solution was stirred for 10 min before adding 2e (2.0 g, 3.05 mmol) .
The resulting mixture was stirred overnight. The reaction was diluted
with EtOAc (50 mL) and washed with 10% citric acid soln (3 × 25
mL), 10% NaHCO3 soln (2 × 30 mL), and brine (30 mL). The
organic phase was dried over Na2SO4, filtered, and concentrated. The
white solid was dissolved in CHCl3 (25 mL), concentrated again, and
purified by flash chromatography to afford 3e (1.52 g, 88%). 1H NMR
(400 MHz, CDCl3): δ 7.82 (NH, s, 2H), 7.58 (t, J = 1.8 Hz, 2H),
7.21 (d, J = 1.5 Hz, 4H), 3.32 (s, 4H). 13C NMR (101 MHz, CDCl3):
δ 170.0, 146.4, 137.7, 134.2, 131.5, 123.6, 59.9, 43.4. HRMS-ESI:
C18H11

79Br4N2O3
− [M − H]− calcd, 618.7509; found, 618.7501.

5,5-Bis(3,5-bis(trifluoromethyl)benzyl)pyrimidine-2,4,6-
(1H,3H,5H)-trione (3f). To a solution of urea (1.3 g, 21.6 mmol) in 20
mL of anhydrous DMF was added NaH (128 mg, 5.3 mmol), and the
resulting solution was stirred for 10 min before adding 2f (1.0 g, 1.7
mmol). The resulting mixture was stirred overnight. The reaction was
diluted with EtOAc (50 mL) and washed with 10% citric acid soln (3
× 30 mL), 10% NaHCO3 soln (2 × 20 mL), and brine (30 mL). The
organic phase was dried over Na2SO4, filtered, and concentrated. The
crude was purified by automated flash chromatography to afford 3f
(0.27 g, 27%) as a white powder. 1H NMR (400 MHz, CDCl3): δ
7.82 (NH, s, 2H), 7.73 (s, 2H), 7.62−7.57 (m, 4H), 3.57 (s, 4H). 13C
NMR (101 MHz, CDCl3): δ 169.8, 146.1, 136.3, 132.6 (q, 2JC,F =
33.6 Hz), 130.4−129.7 (m), 122.0 (q, 1JC,F = 272.8 Hz), 122.9−122.2
(m), 59.9, 43.5. HRMS-ESI: C22H11F12N2O3

− [M − H]− calcd,
579.0584; found, 579.0583.
5,5-Bis(4-tert-butylbenzyl)pyrimidin-2,4,6(1H,3H,5H)-trione (3g).

To a stirred solution of urea (6.63 g, 110 mmol) at room temperature
in anhydrous DMF (20 mL) was added NaH (660 mg, 27.5 mmol),
and the reaction was stirred for 5 min. A solution of 2g (5 g, 11
mmol) in anhydrous DMF (20 mL) was added dropwise to the
reaction mixture, and the reaction was stirred overnight. The reaction
mixture was diluted with EtOAc (20 mL) and washed with 10% citric
acid (100 mL), 10% NaHCO3 soln (50 mL), brine (50 mL), water
(20 mL), and brine (2 × 50 mL). The organic phase was dried over
Na2SO4, filtered, and concentrated. The crude product was purified
by automated flash chromatography (heptane/EtOAc) affording 4.09
g (88%) of 3g as a white powder. 1H NMR (400 MHz, CD3OD): δ
7.26 (d, J = 7.7 Hz, 2H), 7.05 (d, J = 7.6 Hz, 2H), 3.31 (s, 4H, overlap
CD3OD), 1.24 (s, 18H). 13C NMR (101 MHz, CD3OD): δ 174.2,
151.5*, 133.5, 130.4, 126.4, 61.4, 45.0, 35.3, 31.7. *Assumed overlap

of two signals. HRMS-ESI: C26H31N2O3
− [M − H]− calcd, 419.2340;

found, 419.2335.
5,5-Bis(3,5-di-tert-butylbenzyl)pyrimidine-2,4,6(1H,3H,5H)-trione

(3h). Compound 3h was provided to us by Elizaveta M. Igumnova. 1H
NMR (400 MHz, CDCl3): δ 7.25−7.24 (m, 2H), 6.96 (d, J = 1.8 Hz,
4H), 3.45 (s, 4H), 1.26 (s, 36H). 13C NMR (101 MHz, CDCl3): δ
171.5, 151.3, 133.7, 123.9, 121.3, 61.7, 45.4, 34.9, 31.5. HRMS-ESI:
C34H47N2O3

− [M − H]− calcd, 531.3592; found, 531.3592.
N-Alkylation of Barbiturates (3) with 1,4-Dibromobutane. 1,3-

Bis(4-bromobutyl)-5,5-bis(4-trifluoromethylbenzyl)pyrimidine-
2,4,6(1H,3H,5H)-trione (4a). To a stirred solution of 3a (1.59 g, 3.58
mmol) at room temperature in DMF (15 mL) were added K2CO3
(2.00 g, 14.47 mmol) and 1,4-dibromobutane (4.24 mL, 35.8 mmol).
The reaction mixture was stirred for 48 h, diluted with EtOAc (50
mL), and washed with 10% citric acid soln (3 × 25 mL), 10%
NaHCO3 soln (2 × 25 mL), and brine (25 mL). The organic phase
was dried over Na2SO4, filtered, and concentrated. The crude product
was purified using automated flash chromatography affording 4a (2.47
g, 96%) as a white powder. 1H NMR (400 MHz, CDCl3): δ 7.50 (d, J
= 7.8 Hz, 4H), 7.20 (d, J = 8.0 Hz, 4H), 3.61 (t, J = 7.3 Hz, 4H), 3.51
(s, 4H), 3.31 (t, J = 6.5 Hz, 4H), 1.67−1.49 (m, 4H), 1.39 (p, J = 7.1
Hz, 4H). 13C NMR (101 MHz, CDCl3): δ 170.2, 149.3, 138.8, 130.4
(q, 2JC,F = 32.7 Hz), 130.1, 125.8 (q, 3JC,F = 3.7 Hz), 123.9 (q, 1JC,F =
272.2 Hz), 60.0, 45.2, 41.1, 32.7, 29.5, 26.4. HRMS-ESI:
C28H28

79Br2F6KN2O3
+ [M + K]+ calcd, 751.0002; found, 751.0006.

1,3-Bis(4-bromobutyl)-5,5-bis(naphthalen-2-yl-methyl)-
pyrimidine-2,4,6(1H,3H,5H)-trione (4b). To a stirred suspension of
3b (200 mg, 0.49 mmol) and K2CO3 (273 mg, 1.95 mmol) in DMF
(4 mL) was added 1,4-dibromobutane (0.57 mL, 4.9 mmol). The
reaction was stirred for 18−48 h until completion was indicated by
TLC (5% EtOAc in CHCl3). The reaction mixture was diluted with
EtOAc (25 mL), and K2CO3 was filtered off. The organic phase was
washed with 10% citric acid solution (30 mL), 10% NaHCO3 soln
(30 mL), water (3 × 30 mL), and brine (30 mL); dried with Na2SO4;
filtered; and concentrated. The crude product was dissolved in CHCl3
(30 mL) and adsorbed onto Celite before purification on a silica
column using 0−5% EtOAc in CHCl3 to afford 4b (347 mg, 80%) as
a white powder. 1H NMR (400 MHz, CDCl3): δ 7.75 (dd, J = 9.4, 6.4
Hz, 4H), 7.70 (d, J = 8.4 Hz, 2H), 7.57 (s, 2H), 7.48−7.42 (m, 4H),
7.18 (dd, J = 8.5, 1.7 Hz, 2H), 3.68 (s, 4H), 3.53 (t, J = 6.7 Hz, 4H),
2.99 (t, J = 6.2 Hz, 4H), 1.35−1.19 (m, 8H). 13C NMR (101 MHz,
CDCl3): δ 170.9, 149.6, 133.3, 132.7, 132.5, 128.8, 128.5, 127.8,
127.7, 127.2, 126.6, 126.3, 60.8, 45.8, 40.9, 32.8, 29.5, 26.3. HRMS-
ESI: C34H34

79Br2N2NaO3
+ [M + Na]+ calcd, 699.0827; found,

699.0839.
1,3-Bis(4-bromobutyl)-5,5-bis(4-F-naphtalene-1-yl-methyl)-

pyrimidine-2,4,6(1H,3H,5H)-trione (4c). To a stirred suspension of
3c (242 mg, 0.54 mmol) and K2CO3 (300 mg, 2.17 mmol) in DMF
(5 mL) was added 1,4-dibromobutane (0.64 mL, 5.4 mmol). The
reaction was stirred for 18−48 h until completion was indicated by
TLC (CHCl3 Rf product: 0.74, Rf starting material: 0.11). The
reaction mixture was diluted with EtOAc (25 mL), and K2CO3
filtered off. The organic phase was washed with 10% citric acid soln
(30 mL), 10% NaHCO3 soln (30 mL), water (3 × 30 mL), and brine
(30 mL); dried with Na2SO4; filtered; and concentrated, yielding the
crude as an oil. The crude product was dissolved in CHCl3 (30 mL)
and adsorbed onto Celite before purification on a silica column using
CHCl3 as the mobile phase to afford 4c (237 mg, 61%) as a white
solid. 1H NMR (400 MHz, CDCl3): δ 8.23 (d, J = 8.6 Hz, 2H), 8.08
(d, J = 8.3 Hz, 2H), 7.63 (t, J = 7.7 Hz, 2H), 7.54 (t, J = 7.6 Hz, 2H),
7.23 (dd, J = 8.0, 5.5 Hz, 2H), 7.00 (dd, J = 9.8, 8.1 Hz, 2H), 4.06 (s,
4H), 3.33 (t, J = 7.2 Hz, 4H), 3.05 (t, J = 6.6 Hz, 4H), 1.34−1.12 (m,
4H), 1.08−0.90 (m, 4H). 13C NMR (101 MHz, CDCl3): δ 170.96,
158.5 (d, 1JC,F = 253.3 Hz), 149.4, 133.2 (d, JC,F = 4.4 Hz), 128.0 (d,
JC,F = 8.4 Hz), 127.4 (d, JC,F = 4.7 Hz), 127.2, 126.4 (d, JC,F = 2.1 Hz),
124.8 (d, JC,F = 2.7 Hz), 124.1 (d, JC,F = 15.7 Hz), 121.1 (d, JC,F = 6.0
Hz), 108.9 (d, JC,F = 20.0 Hz), 60.0, 40.9, 40.7, 32.7, 29.3, 25.9.
HRMS-ESI: C34H32

79Br2F2N2NaO3
+ [M + Na]+ calcd, 735.0639;

found, 735.0622.
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5,5-Bis(4-bromo-3-chlorobenzyl)-1,3-bis(4-bromobutyl)-
pyrimidine-2,4,6(1H,3H,5H)-trione (4d). To a stirred suspension of
3d (1.748 g, 3.267 mmol) and K2CO3 (1.806 g, 13.07 mmol) in DMF
(15 mL) was added 1,4-dibromobutane (4.46 mL, 37.3 mmol). The
reaction was stirred for 14 days. The organic phase was washed with
10% citric acid soln (30 mL), 10% NaHCO3 soln (30 mL), water (3
× 30 mL), and brine (30 mL); dried with Na2SO4; filtered; and
concentrated, yielding the crude as an oil. The crude product was
purified on an automated flash system silica column using DCM/
MeOH as the mobile phase to afford 4d (1.78 mg, 68%) as a white
solid. 1H NMR (400 MHz, CDCl3): δ 7.47 (d, J = 8.2 Hz, 2H), 7.15
(d, J = 2.1 Hz, 2H), 6.80 (dd, J = 8.2, 2.1 Hz, 2H), 3.64 (t, J = 7.3 Hz,
4H), 3.41−3.28 (m, 8H), 1.65−1.55 (m, 4H), 1.51−1.40 (m, 4H).
13C NMR (101 MHz, CDCl3): δ 170.1, 149.2, 135.5, 134.9, 134.1,
131.4, 129.1, 122.2, 59.7, 44.3, 41.2, 32.7, 29.7, 26.5. HRMS-ESI:
C26H26

79Br4Cl2N2NaO3
+ [M + Na]+ calcd, 822.7946; found,

822.7960.
1,3-Bis(4-bromobutyl)-5,5-bis(3,5-dibromobenzyl)pyrimidine-

2,4,6-(1H,3H,5H)-trione (4e). To a stirred solution of 3e (300 mg,
0.48 mmol) in DMF (6 mL) was added K2CO3 (265 mg, 1.92 mmol)
and 1,4-dibromobutane (0.57 mL, 4.81 mmol). The reaction was
stirred for 18−48 h until completion was indicated by TLC (5%
EtOAc in CHCl3). The reaction mixture was diluted with EtOAc (25
mL), and K2CO3 was filtered off. The organic phase was washed with
10% citric acid soln (30 mL), 10% NaHCO3 soln (30 mL), water (3
× 30 mL), and brine (30 mL); dried with Na2SO4; filtered; and
concentrated, resulting in an oil that slowly turned into white crystals.
The crude product was dissolved in CHCl3 (30 mL) and adsorbed
onto Celite before purification on a silica column using
pentane:CH2Cl2 (7:3 to 1:1) to afford 4e (347 mg, 80%) as a
white powder. 1H NMR (400 MHz, CDCl3): δ 7.54 (d, J = 1.8 Hz,
2H), 7.14 (d, J = 1.7 Hz, 4H), 3.65 (t, J = 7.4 Hz, 4H), 3.38 (t, J = 6.7
Hz, 4H), 3.33 (s, 4H), 1.77−1.61 (m, 4H), 1.58−1.43 (m, 4H). 13C
NMR (101 MHz, CDCl3): δ 169.9, 149.1, 138.4, 133.9, 131.3, 123.4,
5 9 . 9 , 4 4 . 2 , 4 1 . 3 , 3 2 . 7 , 3 0 . 0 , 2 6 . 7 . HRMS - E S I :
C26H26

79Br3
81Br3ClN2O3

− [M + Cl]− calcd, 928.6671; found,
928.6669.
1,3-Bis(4-bromobutyl)-5,5-bis(3,5-bis(trifluoromethyl)benzyl)-

pyrimidine-2,4,6(1H,3H,5H)-trione (4f). To a stirred solution of 3f
(0.864 g, 1.57 mmol) in DMF (20 mL) were added K2CO3 (1.233 g,
8.93 mmol) and 1,4-dibromobutane (1.76 mL, 14.9 mmol). The
reaction mixture was stirred for 48 h, diluted with EtOAc (30 mL),
and washed with water (3 × 20 mL), 5% LiCl soln (3 × 20), and
brine (20 mL). The crude product was purified by automated flash
chromatography to afford 4f (0.64 g, 50%) as a white powder. 1H
NMR (400 MHz, CDCl3): δ 7.79 (s, 2H), 7.53 (s, 4H), 3.59 (s, 4H),
3.57−3.51 (m, 4H), 3.26 (t, J = 6.8 Hz, 4H), 1.67−1.55 (m, 4H),
1.43−1.29 (m, 4H). 13C NMR (101 MHz, CDCl3): δ 169.4, 148.4,
136.9, 132.2 (q, 2JC,F = 33.6 Hz), 130.0−129.4 (m), 122.9 (q, 1JC,F =
272.9 Hz), 122.1 (p, 3JC,F = 3.8 Hz), 59.7, 44.3, 41.1, 31.7, 29.6, 26.1.
HRMS-ESI: C30H26

79Br3F12N2O3
− [M + Br]− calcd, 926.9308; found,

926.9308.
1,3-Bis(4-bromobutyl)-5,5-bis(4-tert-butylbenzyl)pyrimidine-

2,4,6(1H,3H,5H)-trione (4g). To a stirred solution of 3g (3.88 g, 9.23
mmol) at room temperature in DMF (50 mL) were added K2CO3
(5.12 g, 37 mmol) and 1,4-dibromobutane (10.9 mL, 92.5 mmol).
The reaction mixture was stirred overnight. The reaction mixture was
diluted with EtOAc (100 mL) and washed with water (100 mL). The
crude product was purified by automated flash chromatography,
affording the product 4g (2.60 g, 40%) as a white powder. 1H NMR
(400 MHz, CDCl3): δ 7.22 (d, J = 7.8 Hz, 4H), 6.98 (d, J = 7.9 Hz,
4H), 3.60 (t, J = 6.9 Hz, 4H), 3.41 (s, 4H), 3.33 (t, J = 6.4 Hz, 4H),
1.56 (p, J = 7.3 Hz, 4H), 1.42 (p, J = 7.7 Hz, 4H), 1.25 (s, 18H). 13C
NMR (101 MHz, CDCl3): δ 170.9, 150.7, 149.9, 131.9, 129.2, 125.5,
60.7, 45.0, 40.7, 34.5, 32.9, 31.4, 29.5, 26.2. HRMS-ESI:
C34H46

79Br2N2NaO3
+ [M + Na]+ calcd, 711.1774; found, 711.1773.

1,3-Bis(4-bromobutyl)-5,5-bis(3,5-di-tert-butylbenzyl)-
pyrimidine-2,4,6(1H,3H,5H)-trione (4h). To a stirred solution of 3h
(0.86 g, 1.62 mmol) in DMF was added K2CO3 (1.2 g, 8.9 mmol).
The reaction mixture was stirred for 5 min before addition of 1,4-

dibromobutane (1.76 mL, 14.8 mmol). The reaction was stirred for
18−48 h until completion was indicated by TLC (5% EtOAc in
CHCl3). The reaction mixture was diluted with EtOAc (15 mL), and
K2CO3 was filtered off. The organic phase was washed with 10% citric
acid soln (30 mL), 10% NaHCO3 soln (30 mL), water (3 × 30 mL),
and brine (30 mL); dried with Na2SO4; filtered; and concentrated.
The crude was purified by automated flash chromatography to afford
4h (0.64 g, 74%). 1H NMR (400 MHz, CDCl3): δ 7.26 (t, J = 1.9 Hz,
2H), 6.89 (d, J = 1.8 Hz, 4H), 3.59* (t, J = 7.5 Hz, 4H), 3.46 (s, 4H),
3.23 (t, J = 6.7 Hz, 4H), 1.51 (p, J = 6.8 Hz, 4H), 1.35−1.23 (m,
40H). 13C NMR (101 MHz, CDCl3): δ 171.0, 151.1, 150.0, 134.4,
123.7, 121.5, 60.5, 46.5, 40.9, 34.8, 32.4, 31.6, 29.7, 26.5. *Distorted
triplet. HRMS-ESI: C42H62

79Br2KN2O3
+ [M + K]+ calcd, 839.2759;

found, 839.2725.
Transformation to Azides (5). 1,3-Bis(4-azidobutyl)-5,5-bis(4-

trifluoromethylbenzyl)pyrimidine-2,4,6(1H,3H,5H)-trione (5a). To a
stirred solution of 4a (2.40 g, 3.35 mmol) in 5 mL of DMF was added
NaN3 (762 mg, 11.7 mmol) and stirred for 18 h. The reaction mixture
was diluted with EtOAc (30 mL) and washed with water (3 × 50
mL). The organic phase was dried over Na2SO4, filtered, and
concentrated to afford the crude product 5a as white crystals (1.91 g,
89%). 1H NMR (400 MHz, CDCl3): δ 7.49 (d, J = 7.8 Hz, 4H), 7.19
(d, J = 7.8 Hz, 4H), 3.67−3.58 (m, 4H), 3.51 (s, 4H), 3.27−3.15 (m,
4H), 1.38−1.23 (m, 8H) 13C NMR (101 MHz, CDCl3): δ 170.2,
149.3, 138.8, 130.4 (q, 2JC,F = 32.7 Hz), 130.1, 126.0−125.6 (m),
123.9 (q, 1JC,F = 272.2 Hz), 59.9, 50.8, 45.1, 41.4, 26.0, 24.9. HRMS-
ESI: C28H28F6N8O3Na

+ [M + Na]+ calcd, 661.2079; found, 661.2074.
1,3-Bis(4-azidobutyl)-5,5-bis(naphthalen-2-yl)pyrimidine-2,4,6-

(1H,3H,5H)-trione (5b). To a stirred solution of 4b (509 mg, 0.75
mmol) in DMF (3 mL) was added NaN3 (146 mg, 2.25 mmol). The
reaction was stirred overnight until completion was indicated by TLC
(5% EtOAc in CHCl3). The reaction mixture was diluted with EtOAc
(20 mL) and washed with water (3 × 20 mL). The organic phase was
dried over Na2SO4, filtered, and concentrated. The crude product was
dissolved in CHCl3 and adsorbed onto Celite before purification on a
silica column using 0−5% EtOAc in CHCl3 to afford 5b (194 mg,
91%). 1H NMR (400 MHz, CDCl3): δ 7.80−7.71 (m, 4H), 7.68 (d, J
= 8.4 Hz, 2H), 7.57 (s, 2H), 7.51−7.41 (m, 4H), 7.17 (d, J = 8.4 Hz,
2H), 3.68 (s, 4H), 3.52 (t, J = 7.0 Hz, 4H), 2.85 (t, J = 6.6 Hz, 4H),
1.14 (p, J = 7.4 Hz, 4H), 1.02 (p, J = 7.0 Hz, 4H). 13C NMR (101
MHz, CDCl3): δ 170.9, 149.6, 133.4, 132.7, 132.5, 128.8, 128.5,
127.8, 127.7, 127.2, 126.6, 126.3, 60.8, 50.7, 45.8, 41.2, 25.8, 24.9.
HRMS-ESI: C34H34N8NaO3

+ [M + Na]+ calcd, 625.2646; found,
625.2647.

1,3-Bis(4-azidobutyl)-5,5-bis((4-fluoronaphthalen-1-yl)methyl)-
pyrimidine-2,4,6-(1H,3H,5H)-trione (5c). To a stirred solution of 4c
(166 mg, 0.23 mmol) in DMF (3 mL) was added NaN3 (45 mg, 0.69
mmol). The reaction was stirred overnight until completion was
indicated by TLC (CHCl3). Then, the reaction mixture was diluted
with EtOAc (20 mL) and washed with water (3 × 30 mL) and brine
(30 mL). The organic phase was dried over Na2SO4, filtered, and
concentrated to afford 5c (142 mg, 95%). 1H NMR (400 MHz,
CDCl3): δ 8.23 (d, J = 8.6 Hz, 2H), 8.08 (d, J = 8.3 Hz, 2H), 7.62 (t, J
= 7.6 Hz, 2H), 7.54 (t, J = 7.5 Hz, 2H), 7.22 (t, J = 6.6 Hz, 2H), 6.98
(t, J = 9.0 Hz, 2H), 4.06 (s, 4H), 3.33 (t, J = 6.8 Hz, 4H), 2.94 (t, J =
6.4 Hz, 4H), 1.10−0.74 (m, 8H). 13C NMR (101 MHz, CDCl3): δ
170.9, 158.5 (d, 1JC,F = 253.4 Hz), 149.4, 133.2 (d, JC,F = 4.4 Hz),
127.9 (d, JC,F = 8.5 Hz), 127.4 (d, JC,F = 4.6 Hz), 127.2, 126.4 (d, JC,F
= 1.9 Hz), 124.8 (d, JC,F = 2.6 Hz), 124.1 (d, JC,F = 15.7 Hz), 121.1
(d, JC,F = 6.1 Hz), 108.8 (d, JC,F = 20.0 Hz), 60.0, 50.7, 41.1, 40.7,
25.6, 24.4. HRMS-ESI: C34H32ClF2N8O3

− [M + Cl]− calcd,
673.2259; found, 673.2259.

1,3-Bis(4-azidobutyl)-5,5-bis(4-bromo-3-chlorobenzyl)-
pyrimidine-2,4,6(1H,3H,5H)-trione (5d). To a stirred solution of 4d
(1.28 g, 1.58 mmol) in DMF (20 mL) was added NaN3 (0.29 g, 4.75
mmol). The reaction was stirred overnight until completion was
indicated by TLC (5% EtOAc in CHCl3). Then, the reaction mixture
was diluted with EtOAc (25 mL) and washed with water (2 × 20
mL). The organic phase was dried over Na2SO4, filtered, and
concentrated to yield the crude product 5d (1.153 g, 98%). The crude
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product was used without further purification. 1H NMR (400 MHz,
CDCl3): δ 7.46 (d, J = 8.2 Hz, 2H), 7.15 (d, J = 2.0 Hz, 2H), 6.80
(dd, J = 8.2, 2.1 Hz, 2H), 3.63 (t, J = 6.7 Hz, 4H), 3.35 (s, 4H), 3.30−
3.21 (m, 4H), 1.36 (h, J = 3.2 Hz, 8H). 13C NMR (101 MHz,
CDCl3): δ 170.1, 149.2, 135.5, 134.9, 134.1, 131.4, 129.1, 122.2, 59.7,
50.9, 44.3, 41.5, 26.1, 25.1. HRMS-ESI: C26H26

79Br2Cl2N8NaO3
+ [M

+ Na]+ calcd, 748.9764; found, 748.9777.
1,3-Bis(4-azidobutyl)-5,5-bis(3,5-dibromobenzyl)pyrimidine-

2,4,6-(1H,3H,5H)-trione (5e). To a stirred solution of 4e (239 mg,
0.26 mmol) in DMF (3 mL) was added NaN3 (52 mg, 0.8 mmol).
The reaction was stirred overnight until completion was indicated by
TLC (5% EtOAc in CHCl3). Then, the reaction mixture was diluted
with EtOAc (15 mL) and washed with water (2 × 20 mL). The
organic phase was dried over Na2SO4, filtered, and concentrated. The
crude product was dissolved in CHCl3 and adsorbed onto Celite
before purification on a silica column using 0−5% EtOAc in CHCl3 to
afford 5e (194 mg, 91%). 1H NMR (400 MHz, CDCl3): δ 7.54 (s,
2H), 7.14 (s, 4H), 3.73−3.58 (m, 4H), 3.33 (s, 4H), 3.31−3.22 (m,
4H), 1.58−1.29 (m, 8H). 13C NMR (101 MHz, CDCl3): δ 169.9,
149.1, 138.4, 133.8, 131.4, 123.3, 59.9, 50.9, 44.2, 41.6, 26.1, 25.3.
HRMS-ESI: C26H26

79Br4ClN8O3
− [M + Cl]− calcd, 848.8555; found,

848.8564.
1,3-Bis(4-azidobutyl)-5,5-bis(3,5-bis(trifluoromethyl)benzyl)-

pyrimidine-2,4,6-(1H,3H,5H)-trione (5f). To a stirred solution of 4f
(101 mg, 0.12 mmol) in DMF (1 mL) was added NaN3 (23 mg, 0.35
mmol). The reaction was stirred overnight. When full conversion was
reached according to MS analysis, the reaction mixture was diluted
with EtOAc (15 mL) and washed with water (3 × 20 mL). The
organic phase was dried over Na2SO4, filtered, and concentrated to
afford the crude of 5f (63 mg, 68%) as a white powder. 1H NMR (400
MHz, CDCl3): δ 7.78 (s, 2H), 7.53 (s, 4H), 3.59 (s, 4H), 3.57−3.48
(m, 4H), 3.19 (t, J = 6.7 Hz, 4H), 1.42−1.31 (m, 4H), 1.31−1.20 (m,
4H). 13C NMR (101 MHz, CDCl3): δ 169.6, 148.6, 137.0, 132.3 (q,
2JC,F = 33.6 Hz), 129.9, 123.0 (q, 3JC,F = 272.9 Hz), 122.8−121.9 (m),
59.8, 50.6, 44.5, 41.6, 26.0, 24.9. HRMS-ESI: C30H26ClF12N8O3

− [M
+ Cl]− calcd, 809.1630; found, 809.1622.
1,3-Bis(4-azidobutyl)-5,5-bis(4-tert-butylbenzyl)pyrimidine-2,4,6-

(1H,3H,5H)-trione (5g). To a stirred solution of bromide 4g (2.40 g,
3.47 mmol) in DMF (15 mL) was added NaN3 (678 mg, 10.4 mmol)
and stirred for 18 h. The reaction mixture was diluted with EtOAc (50
mL) and washed with water (4 × 50 mL). The organic phase was
dried over Na2SO4, filtered, and concentrated. The crude product 5g
was isolated as a clear oil (2.16 g, 100%). 1H NMR (400 MHz,
CDCl3): δ 7.20 (d, J = 7.7 Hz, 4H), 6.97 (d, J = 7.8 Hz, 4H), 3.59 (s,
4H), 3.40 (s, 4H), 3.21 (s, 4H), 1.37−1.28 (m, 8H), 1.24 (s, 18H).
13C NMR (101 MHz, CDCl3): δ 171.0, 150.8, 150.0, 132.0, 129.3,
125.5, 60.7, 50.9, 45.1, 41.1, 34.6, 31.4, 26.0, 24.8. HRMS-ESI:
C34H46N8O3Na

+ [M + Na]+ calcd, 637.3577; found, 637.3583.
1,3-Bis(4-azidobutyl)-5,5-bis(3,5-di-tert-butylbenzyl)pyrimidine-

2,4,6-(1H,3H,5H)-trione (5h). To a stirred solution of 4h (630 mg,
0.78 mmol) in DMF (10 mL) was added NaN3 (140 mg, 2.15 mmol).
The reaction was stirred overnight. When full conversion was reached
according to MS analysis, the reaction mixture was diluted with
EtOAc (50 mL) and washed with water 4 × 50 mL. The organic
phase was dried over Na2SO4, filtered, and concentrated, affording the
crude product 5h (463 mg, 80%). 1H NMR (400 MHz, CDCl3): δ
7.25 (t, J = 1.9 Hz, 2H), 6.87 (d, J = 1.7 Hz, 4H), 3.56 (t, J = 7.2 Hz,
4H), 3.45 (s, 4H), 3.14 (t, J = 6.5 Hz, 4H), 1.25 (s, 44H). 13C NMR
(101 MHz, CDCl3): δ 171.1, 151.1, 150.0, 134.4, 123.8, 121.6, 60.6,
50.8, 46.5, 41.3, 34.8, 31.6, 25.9, 25.1. HRMS-ESI: C42H62N8NaO3

+

[M + Na]+ calcd, 749.4838; found, 749.4838.
Reduction of Azides (5) to Amines (6). 1,3-Bis(4-aminobutyl)-

5,5-bis(4-(trifluoromethyl)benzyl)pyrimidin-2,4,6(1H,3H,5H)-trione
(6a). To a stirred solution of 5a (1.86 g, 2.90 mmol) and Et3N (0.96
mL, 6.89 mmol) in i-PrOH/THF (1:1, 10 mL) was added 1,3-
propanedithiol (0.1 mL, 0.99 mmol). The mixture was stirred for 5
min before addition of NaBH4 (316 mg, 8.35 mmol). After a 48 h
reaction time, Boc2O (1.75 g, 8.02 mmol) and K2CO3 (1.91 g, 13.8
mmol) were added, and the reaction was stirred for 18 h and
evaporated before adding EtOAc (20 mL) and water (15 mL) and

stirring for 1 h. The organic phase was washed with water (3 × 15
mL) and brine (15 mL) and concentrated. The resulting crude was
purified by automated flash chromatography and evaporated. The
Boc-protected intermediate was deprotected with TFA (2 mL, 26
mmol) in CH2Cl2 (5 mL) for 18 h. The reaction mixture was
concentrated, and the crude product was purified by RP automated
flash chromatography and lyophilized to afford 6a (160 mg, 7%) as
the TFA salt. 1H NMR (400 MHz, CD3OD): δ 7.58 (d, J = 8.1 Hz,
4H), 7.28 (d, J = 8.1 Hz, 4H), 3.71−3.58 (m, 4H), 3.57 (s, 4H),
2.96−2.75 (m, 4H), 1.42 (p, J = 7.3 Hz, 4H), 1.30 (p, J = 7.3 Hz,
4H). 13C NMR (101 MHz, CD3OD): δ 171.4, 162.9 (q, 2JC,F = 34.7
Hz, TFA), 150.7, 140.9, 131.5, 131.0 (q, 2JC,F = 32.6 Hz), 126.6 (q,
1JC,F = 3.8 Hz), 125.5 (q, 3JC,F = 272.3 Hz), 118.2 (q, 1JC,F = 292.5 Hz,
TFA), 61.1, 45.8, 42.0, 40.0, 25.6 (overlap, two carbons). HRMS-ESI:
C28H33F6N4O3

+ [M + H]+ calcd, 587.2452; found, 587.2460.
1,3-Bis(4-aminobutyl)-5,5-bis(naphthalen-2-yl-methyl)-

pyrimidin-2,4,6(1H,3H,5H)-trione (6b). To a stirred solution of 5b
(438 mg, 0.73 mmol) and Et3N (0.22 mL, 1.59 mmol) in i-PrOH/
THF (1:1, 4 mL) was added 1,3-propanedithiol (0.1 mL, 0.99 mmol).
The mixture was stirred for 5 min before addition of NaBH4 (68 mg,
1.81 mmol). After a 72 h reaction time, Boc2O (333 mg, 1.53 mmol)
and NaHCO3 (244 mg, 2.90 mmol) were added, and the reaction was
stirred for 18 h before being filtered through a pad of Celite and
concentrated. The resulting crude was purified by automated flash
chromatography and evaporated. The Boc-protected intermediate
(305 mg) was deprotected with TFA (2 mL, 26.1 mmol) in CH2Cl2
(5 mL) overnight. When MS analysis showed full deprotection, the
reaction mixture was concentrated, and the crude product was
purified by RP automated flash chromatography and lyophilized to
afford 6b (287 mg, 90%) as the TFA salt. 1H NMR (400 MHz,
CD3OD): δ 7.90−7.68 (m, 6H), 7.60 (s, 2H), 7.52−7.43 (m, 4H),
7.19 (d, J = 8.3 Hz, 2H), 3.70 (s, 4H), 3.59−3.50 (m, 4H), 2.56−2.37
(m, 4H), 1.30−0.96 (m, 8H). 13C NMR (101 MHz, CD3OD): δ
172.2, 162.8 (q, J = 35.2 Hz, TFA), 151.0, 134.7, 134.1, 134.0, 129.9,
129.4, 128.8, 128.7, 128.2, 127.6, 127.3, 118.1 (d, J = 292.3 Hz, TFA),
62.0, 46.6, 41.7, 39.8, 25.6, 25.5. HRMS-ESI: C34H39N4O3

+ [M + H]+

calcd, 551.3017; found, 551.3020.
1,3-Bis(4-aminobutyl)-5,5-bis((4-fluoronaphthalen-1-yl)methyl)-

pyrimidin-2,4,6(1H,3H,5H)-trione (6c). To a stirred solution of 5c
(67 mg, 0.105 mmol) and Et3N (0.03 mL, 0.21 mmol) in i-PrOH/
THF (1:1, 4 mL) was added 1,3-propanedithiol (0.1 mL, 0.99 mmol).
The mixture was stirred for 5 min before addition of NaBH4 (8 mg,
0.21 mmol). After a 72 h reaction time, Boc2O (48 mg, 0.22 mmol)
and NaHCO3 (35 mg, 0.42 mmol) were added, and the reaction was
stirred for 18 h before being filtered through a pad of Celite and
concentrated. The resulting crude was purified by automated flash
chromatography and evaporated. The Boc-protected intermediate (72
mg) was deprotected with TFA (0.2 mL, 2.61 mmol) in CH2Cl2 (5
mL) overnight. When MS analysis showed full deprotection, the
reaction mixture was concentrated, and the crude product was
purified by RP automated flash chromatography and lyophilized to
yield 6c (82 mg, 89%) as the TFA salt. 1H NMR (400 MHz,
CD3OD): δ 8.34 (d, J = 7.9 Hz, 2H), 8.07 (d, J = 7.7 Hz, 2H), 7.74−
7.53 (m, 4H), 7.38−7.19 (m, 2H), 7.08 (t, J = 8.9 Hz, 2H), 4.13 (s,
4H), 3.39−3.33 (m, 4H), 2.60 (t, J = 6.8 Hz, 4H), 1.20−1.00 (m,
4H), 0.94−0.71 (m, 4H). 13C NMR (101 MHz, CDCl3): δ 172.2,
163.11 (q, 2JC,F = 34.1 Hz, TFA), 159.6 (d, 1JC,F = 251.5 Hz), 150.8,
134.5 (d, JC,F = 4.4 Hz), 129.3 (d, JC,F = 4.5 Hz), 128.4 (d, JC,F = 8.5
Hz), 128.2, 127.6 (d, JC,F = 1.1 Hz), 126.3 (d, JC,F = 2.4 Hz), 125.2 (d,
JC,F = 15.6 Hz), 121.5 (d, JC,F = 6.2 Hz), 118.23 (q, 1JC,F = 292.8 Hz,
TFA), 109.76 (d, JC,F = 20.2 Hz), 61.0, 41.7, 41.3, 39.9, 25.3, 25.1.
HRMS-ESI: C34H37F2N4O3

+ [M + H]+ calcd, 587.2828; found,
587.2828.

1,3-Bis(4-aminobutyl)-5,5-bis(4-bromo-3-chlorobenzyl)-
pyrimidine-2,4,6(1H,3H,5H)-trione (6d). To a stirred solution of 5d
(588 mg, 0.81 mmol) and Et3N (0.23 mL, 1.69 mmol) in i-PrOH/
THF (1:1, 10 mL) was added 1,3-propanedithiol (0.164 mL, 1.76
mmol). After a 48 h reaction time, Boc2O (528 mg, 2.42 mmol) was
added, and the reaction mixture was stirred for 18 h and evaporated.
To the crude mixture was added EtOAc (20 mL) and water (15 mL)
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and stirred for 30 min. The organic phase was washed with water (3 ×
15 mL) and brine (15 mL) and concentrated. The resulting crude was
purified by automated flash chromatography (EtOAc/heptane) and
evaporated. The Boc-protected intermediate was deprotected with
TFA (2 mL, 26 mmol) in CH2Cl2 (5 mL) for 18 h. The reaction
mixture was concentrated, and the crude product was purified by RP
automated flash chromatography and lyophilized to afford 6d (0.542
mg, 77%) as the TFA salt. 1H NMR (400 MHz, CD3OD): δ 7.59 (d, J
= 8.2 Hz, 2H), 7.24 (d, J = 2.1 Hz, 2H), 6.92 (dd, J = 8.3, 2.1 Hz,
2H), 3.73−3.59 (m, 4H), 3.43 (s, 4H), 3.01−2.76 (m, 4H), 1.59−
1.43 (m, 4H), 1.36 (tt, J = 9.3, 6.0 Hz, 4H). 13C NMR (101 MHz,
CD3OD): δ 171.4, 150.7, 137.7, 135.5, 135.3, 132.7, 130.7, 122.6,
61.0, 44.9, 42.1, 40.2, 26.0, 25.8. HRMS: C26H31

79Br2Cl2N4O3
+ [M +

H]+ calcd, 675.0134; found, 675.0145.
1,3-Bis(4-aminobutyl)-5,5-bis(3,5-dibromobenzyl)pyrimidin-

2,4,6(1H,3H,5H)-trione (6e). To a stirred solution of 5e (810 mg, 0.99
mmol) and Et3N (0.32 mL, 2.29 mmol) in i-PrOH/THF (1:1, 5 mL)
was added 1,3-propanedithiol (0.20 mL, 1.99 mmol). The mixture
was stirred for 5 min before addition of NaBH4 (90 mg, 2.37 mmol).
After a 48 h reaction time, Boc2O (650 mg, 2.97 mmol) was added,
and the reaction mixture was stirred for 18 h and evaporated. To the
crude mixture were added EtOAc (15 mL) and water (15 mL) and
stirred for 30 min. The organic phase was washed with water (3 × 15
mL) and brine (15 mL) and concentrated. The resulting crude was
purified by automated flash chromatography and evaporated. The
Boc-protected intermediate was deprotected with TFA (2 mL, 26
mmol) in CH2Cl2 (5 mL) for 18 h. The reaction mixture was
concentrated, and the crude product was purified by RP automated
flash chromatography and lyophilized to afford 6e (374 mg, 38%) as
the TFA salt. 1H NMR (400 MHz, CD3OD): δ 7.66 (s, 2H), 7.23 (s,
4H), 3.68 (t, J = 7.7 Hz, 4H), 3.43 (s, 4H), 3.08−2.82 (m, 4H),
1.76−1.48 (m, 4H), 1.49−1.32 (m, 4H). 13C NMR (101 MHz,
CD3OD): δ 171.2, 163.01 (q, J = 34.4 Hz, TFA), 150.4, 140.5, 134.5,
132.7, 124.1, 118.2 (q, J = 293.3 Hz, TFA), 61.2, 44.8, 42.2, 40.3,
26.3, 25.8. HRMS-ESI: C26H31

79Br4N4O3
+ [M + H]+ calcd, 762.9124;

found, 762.9124.
1,3-Bis(4-aminobutyl)-5,5-bis(3,5-bis(trifluoromethyl)benzyl)-

pyrimidin-2,4,6(1H,3H,5H)-trione (6f). To a stirred solution of 5f (63
mg, 0.81 mmol) and Et3N (0.034 mL, 0.24 mmol) in i-PrOH/THF
(1:1, 2 mL) was added 1,3-propanedithiol (0.10 mL, 0.99 mmol).
The mixture was stirred for 5 min before addition of NaBH4 (92 mg,
0.24 mmol). After a 48 h reaction time, Boc2O (70 mg, 0.32 mmol)
and K2CO3 (45 mg, 0.33 mmol) were added, and the reaction was
stirred for another night, before being diluted with EtOAc (10 mL)
and water (10 mL) and stirred for 1 h. The organic phase was washed
with water (3 × 15 mL) and brine (15 mL) and concentrated. The
resulting crude was purified by automated flash chromatography and
evaporated. The Boc-protected intermediate was deprotected with
TFA (2 mL, 26 mmol) in CH2Cl2 (5 mL) for 18 h. The reaction
mixture was concentrated, and the crude product was purified by RP
automated flash chromatography and lyophilized to afford 6f (12 mg,
16%) as the TFA salt. 1H NMR (400 MHz, CD3OD): δ 7.93 (s, 2H),
7.68 (s, 4H), 3.71 (s, 4H), 3.61−3.54 (m, 4H), 2.87−2.80 (m, 4H),
1.57−1.46 (m, 4H), 1.33−1.22 (m, 4H). 13C NMR (101 MHz,
CD3OD): δ 170.9, 150.1, 139.4, 133.0 (q, 2JC,F = 33.4 Hz), 131.6−
131.1 (m), 124.6 (q, 1JC,F = 272.1 Hz), 123.0, 61.1, 44.8, 42.3, 40.0,
25.9, 25.7. HRMS-ESI: C30H31F12N4O3

+ [M + H]+ calcd, 723.2197;
found, 723.2161.
1,3-Bis(4-aminobutyl)-5,5-bis(4-tert-butylbenzyl)pyrimidin-2,4,6-

(1H,3H,5H)-trione (6g). To a stirred solution of 5g (2.16 g, 3.52
mmol) and Et3N (0.98 mL, 7.05 mmol) in i-PrOH/THF (1:1, 10
mL) was added 1,3-propanedithiol (0.1 mL, 0.99 mmol). The mixture
was stirred for 5 min before addition of NaBH4 (270 mg, 7.14 mmol).
After a 72 h reaction time, Boc2O (1.69 g, 7.74 mmol) and K2CO3
(1.94 g, 14.0 mmol) were added, and the reaction was stirred for 18 h
and evaporated before adding EtOAc (20 mL) and water (15 mL)
and stirring for 30 min. The organic phase was washed with water (3
× 15 mL) and brine (15 mL) and concentrated. The resulting crude
was purified by automated flash chromatography and evaporated. The
Boc-protected intermediate was deprotected with TFA (2.2 mL, 28.7

mmol) in CH2Cl2 (10 mL) for 18 h. The reaction mixture was
concentrated, and the crude product was purified by RP automated
flash chromatography and lyophilized to afford 6g (367 mg, 85%) as
the TFA salt. 1H NMR (400 MHz, CD3OD): δ 7.25 (d, J = 7.1 Hz,
4H), 6.98 (d, J = 7.2 Hz, 4H), 3.62−3.53 (m, 4H), 3.39 (s, 4H), 2.87
(t, J = 7.4 Hz, 4H), 1.55−1.36 (m, 4H), 1.36−1.15 (m, 22H). 13C
NMR (101 MHz, CD3OD): δ 172.3, 163.0 (q, J = 34.4 Hz, TFA),
151.9, 151.0, 133.5, 130.3, 126.5, 118.2 (q, J = 292.8 Hz, TFA), 61.9,
45.9, 41.7, 40.0, 35.3, 31.7, 25.6, 25.5. HRMS-ESI: C34H51N4O3

+ [M
+ H]+ calcd, 563.3956; found, 563.3934.

1,3-Bis(4-aminobutyl)-5,5-bis(3,5-di-tert-butylbenzyl)pyrimidin-
2,4,6(1H,3H,5H)-trione (6h). To a stirred solution of 5h (405 mg,
0.55 mol) and Et3N (0.16 mL, 1.15 mmol) in i-PrOH/THF (1:1, 6
mL) was added 1,3-propanedithiol (0.12 mL, 1.15 mmol). The
mixture was stirred for 5 min before addition of NaBH4 (44 mg, 1.16
mmol). After a 72 h reaction time, Boc2O (490 mg, 2.25 mmol) was
added, and the reaction was stirred for another night before being
diluted with EtOAc (10 mL) and water (10 mL) and stirred for 1 h.
The organic phase was washed with water (3 × 15 mL) and brine (15
mL) and concentrated. The resulting crude was purified by automated
flash chromatography and evaporated. The Boc-protected intermedi-
ate was deprotected with TFA (1.7 mL, 22.2 mmol) in CH2Cl2 (5
mL) for 6 h. The reaction mixture was concentrated, and the crude
product was purified by RP automated flash chromatography and
lyophilized to afford 6h (154 mg, 31%) as the TFA salt. 1H NMR
(400 MHz, CD3OD): δ 7.31 (t, J = 1.5 Hz, 2H), 6.89 (d, J = 1.6 Hz,
4H), 3.59 (t*, 4H), 3.44 (s, 4H), 2.78 (t*, 4H), 1.40 (p, J = 7.7 Hz,
4H), 1.26 (s, 36H), 1.17 (p, J = 7.6 Hz, 4H). 13C NMR (101 MHz,
CD3OD): δ 172.3, 162.8 (q, J = 34.7 Hz, TFA), 152.3, 151.1, 135.8,
124.7, 122.6, 118.1 (q, J = 292.5 Hz, TFA), 61.8, 47.3, 42.0, 39.9,
35.6, 31.9, 25.9, 25.5. *Distorted triplets. HRMS-ESI: C42H67N4O3

+

[M + H]+ calcd, 675.5211; found, 675.5211.
Guanylation of Amines (6) to Guanidines (7). 1,1′-((2,4,6-Trioxo-

5,5-bis(4-(trifluoromethyl)benzyl)dihydropyrimidine-1,3(2H,4H)-
diyl)bis(butane-4,1-diyl))diguanidine (7a). To a stirred solution of
the TFA salt of 6a (33 mg, 0.41 μmol) in THF (3 mL) were added
NaHCO3 (27 mg, 0.31 mmol) and N,N′-bis-Boc-1-guanylpyrazole
(27 mg, 0.86 mmol). The reaction was stirred at room temperature
for 48 h until TLC (CH3Cl) showed full guanylation of the diamine.
The reaction mixture was concentrated, and the crude product was
then dissolved in EtOAc (10 mL) and washed with 10% citric acid
soln (2 × 10 mL), 10% NaHCO3 soln (10 mL), and brine (10 mL).
The organic phase was dried over Na2SO4, filtered, and concentrated.
The crude product was purified by automated flash chromatography,
and the resulting Boc-protected intermediate was deprotected with
TFA (0.2 mL, 2.61 mmol) in CH2Cl2 (2 mL) for 18 h. The reaction
mixture was concentrated, and the crude was purified by RP
automated flash chromatography and lyophilized to afford 7a (24
mg, 65%) as a white powder. 1H NMR (400 MHz, CD3OD): δ 7.56
(d, J = 8.1 Hz, 4H), 7.28 (d, J = 8.0 Hz, 4H), 3.62 (t, J = 6.7 Hz, 4H),
3.57 (s, 4H), 3.11 (t, J = 6.5 Hz, 4H), 1.37−1.28 (m, 8H) 13C NMR
(101 MHz, CD3OD): δ 171.5, 162.4 (q,

2JC,F = 35.5 Hz, TFA), 158.7,
150.8, 140.9, 131.5, 131.1 (q, 2JC,F = 32.4 Hz), 126.7−126.4 (m),
125.46 (q, 1JC,F = 271.3 Hz), 117.9 (q, 1JC,F = 291.1 Hz, TFA), 61.1,
45.9, 42.3, 41.8, 26.9, 25.8. HRMS-ESI: C30H37F6N8O3

+ [M + H]+

calcd, 671.2887; found, 671.2836.
1,1′-((5,5-Bis(naphthalen-2-ylmethyl)-2,4,6-trioxodihydropyrimi-

dine-1,3(2H,4H)-diyl)bis(butane-4,1-diyl))diguanidine (7b). To a
stirred solution of the TFA salt of 6b (54 mg, 0.069 mmol) in
THF (4 mL) were added N,N′-bis-Boc-1-guanylpyrazole (63 mg, 0.20
mmol) and NaHCO3 (41 mg, 0.48 mmol) and stirred at room
temperature for 48 h until TLC (CHCl3) showed full conversion. The
reaction mixture was diluted with EtOAc (5 mL), washed with 10%
citric acid soln (2 × 10 mL) and brine (10 mL), dried over Na2SO4,
filtered, and concentrated. The Boc-protected intermediate was
dissolved in CHCl3 and adsorbed onto Celite before purification on
a silica column using CHCl3 as the mobile phase. The Boc-protected
intermediate (64 mg of a total of 104 mg, 0.057 mmol) was
deprotected with TFA (0.2 mL) in CH2Cl2 (4 mL) overnight. The
reaction mixture was concentrated and purified by RP automated flash
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chromatography and lyophilized to afford 7b (60 mg, 99%) as a white
powder. 1H NMR (400 MHz, CD3OD): δ 7.85−7.69 (m, 6H), 7.59
(s, 2H), 7.53−7.40 (m, 4H), 7.20 (dd, J = 8.4, 1.8 Hz, 2H), 3.69 (s,
4H), 3.54 (t, J = 7.1 Hz, 4H), 2.80 (t, J = 7.1 Hz, 4H), 1.21−1.08 (m,
4H), 1.08−0.98 (m, 4H). 13C NMR (101 MHz, CD3OD): δ 172.3,
163.1 (q, J = 34.3 Hz, TFA), 158.5, 151.0, 134.7, 134.1, 134.0, 129.8,
129.4, 128.7, 128.6, 128.3, 127.6, 127.3, 118.2 (q, J = 293.0 Hz, TFA),
62.0, 46.6, 42.1, 41.8, 26.6, 25.9. HRMS-ESI: C36H43N8O3

+ [M + H]+

calcd, 635.3450; found, 635.3448.
1,1′-((5,5-Bis((4-fluoronaphthalen-1-yl)methyl)-2,4,6-trioxodihy-

dropyrimidine-1,3(2H,4H)-diyl)bis(butane-4,1-diyl))diguanidine
(7c). To a stirred solution of the TFA salt of 6c (35 mg, 43 μmol) in
THF (3 mL) were added N,N′-bis-Boc-1-guanylpyrazole (38 mg, 122
μmol) and NaHCO3 (25 mg, 0.29 mmol) and stirred at room
temperature for 48 h until TLC (CHCl3) showed full conversion. The
reaction mixture was diluted with EtOAc (5 mL), washed with 10%
citric acid soln and brine, dried over Na2SO4, filtered, and
concentrated. The Boc-protected intermediate was dissolved in
CHCl3 and adsorbed onto Celite before purification on a silica
column using CHCl3 as the mobile phase. The Boc-protected
intermediate (41 mg of a total of 95 mg, 0.038 mmol) was
deprotected with TFA (0.1 mL) in CH2Cl2 (4 mL) overnight. The
reaction mixture was concentrated and purified by RP automated flash
chromatography and lyophilized to afford 7c (20 mg, 52%) as a white
powder. 1H NMR (400 MHz, CD3OD): δ 8.32 (d, J = 8.6 Hz, 2H),
8.06 (d, J = 7.9 Hz, 2H), 7.71−7.55 (m, 4H), 7.25 (dd, J = 8.0, 5.5
Hz, 2H), 7.06 (dd, J = 10.2, 8.1 Hz, 2H), 4.12 (s, 4H), 3.35 (t, J = 7.2
Hz, 4H), 2.87 (t, J = 7.1 Hz, 4H), 1.00 (p, J = 7.2 Hz, 4H), 0.86 (p, J
= 7.4, 6.8 Hz, 4H). 13C NMR (101 MHz, CD3OD): δ 172.2, 163.1 (q,
2JC,F = 34.1 Hz, TFA), 159.6 (d, 1JC,F = 251.6 Hz), 158.5, 150.9, 134.5
(d, 3JC,F = 4.3 Hz), 129.2 (d, JC,F = 4.6 Hz), 128.9 (d, JC,F = 8.5 Hz),
128.2, 127.6 (d, JC,F = 1.6 Hz), 126.2 (d, JC,F = 2.5 Hz), 125.2 (d, JC,F
= 15.8 Hz), 121.5 (d, JC,F = 6.2 Hz), 118.2 (q, JC,F = 292.8 Hz, TFA),
109.7 (d, JC,F = 20.2 Hz), 60.9, 42.1, 41.8, 41.4, 26.5, 25.4. HRMS-
ESI: C36H41F2N8O3

+ [M + H]+ calcd, 671.3264; found, 671.3244.
1,1′-((5,5-Bis(4-bromo-3-chlorobenzyl)-2,4,6-trioxodihydropyri-

midine-1,3(2H,4H)-diyl)bis(butane-4,1-diyl))diguanidine (7d). To a
stirred solution of the TFA salt of 6d (203 mg, 0.299 mmol) in THF
(20 mL) were added NaHCO3 (155 mg, 1.12 mmol) and N,N′-bis-
Boc-1-guanylpyrazole (350 mg, 1.1 mmol) and stirred at room
temperature for 48 h until MS analysis showed full guanylation. The
reaction mixture was filtered and concentrated. The crude product
was dissolved in EtOAc (15 mL) and washed with brine (2 × 15 mL).
The organic phase was dried over Na2SO4, filtered, and concentrated.
The crude product was purified by automated flash chromatography,
and the resulting Boc-protected intermediate was deprotected with
TFA (2 mL) in CH2Cl2 (2 mL) for 18 h. The reaction mixture was
concentrated, and the crude was purified by RP automated flash
chromatography and lyophilized to afford 7d as a white powder. The
yield was not determined. 1H NMR (400 MHz, CD3OD): δ 7.57 (d, J
= 8.2 Hz, 2H), 7.22 (d, J = 2.1 Hz, 2H), 6.92 (dd, J = 8.3, 2.1 Hz,
2H), 3.74−3.61 (m, 4H), 3.43 (s, 4H), 3.23−3.12 (m, 4H), 1.47−
1.29 (m, 8H). 13C NMR (101 MHz, CD3OD): δ 171.5, 158.6, 150.7,
137.7, 135.5, 135.3, 132.6, 130.7, 122.6, 61.0, 45.0, 42.5, 42.0, 26.9,
26.1. HRMS-ESI: C28H35

79Br2Cl2N8O3
+ [M + H]+ calcd, 759.0570;

found, 759.0578.
1,1′-((5,5-Bis(3,5-dibromobenzyl)-2,4,6-trioxodihydropyrimidine-

1,3(2H,4H)-diyl)bis(butane-4,1-diyl))diguanidine (7e). To a stirred
solution of the TFA salt of 6e (360 mg, 0.362 mmol) in THF (5 mL)
were added NaHCO3 (240 mg, 2.86 mmol) and N,N′-bis-Boc-1-
guanylpyrazole (564 mg, 1.82 mmol) and stirred at room temperature
for 48 h until MS analysis showed full guanylation. The reaction
mixture was filtered and concentrated. The crude product was
dissolved in EtOAc (20 mL) and washed with brine (2 × 20 mL).
The organic phase was dried over Na2SO4, filtered, and concentrated.
The crude product was purified by automated flash chromatography,
and the resulting Boc-protected intermediate was deprotected with
TFA (0.2 mL) in CH2Cl2 (2 mL) for 18 h. The reaction mixture was
concentrated, and the crude was purified by RP automated flash
chromatography and lyophilized to afford 7e (44 mg, 11%) as a white

powder. 1H NMR (400 MHz, CD3OD): δ 7.65 (t, J = 1.8 Hz, 2H),
7.22 (d, J = 1.7 Hz, 4H), 3.67 (t, J = 7.2 Hz, 4H), 3.42 (s, 4H), 3.20
(t, J = 6.7 Hz, 4H), 1.52−1.36 (m, 8H). 13C NMR (101 MHz,
CD3OD): δ 171.3, 163.0 (q, J = 34.6 Hz, TFA), 158.6, 150.5, 140.5,
134.5, 132.6, 124.1, 118.2 (q, J = 292.7 Hz, TFA), 61.2, 44.9, 42.6,
42.1, 27.0, 26.4. HRMS-ESI: C28H35

79Br2
81Br2N8O3

+ [M + H]+ calcd,
850.9525; found, 850.9532.

1,1′-((5,5-Bis(3,5-bis(trifluoromethyl)benzyl)-2,4,6-trioxodihydro-
pyrimidine-1,3(2H,4H)-diyl)bis(butane-4,1-diyl))diguanidine (7f).
To a stirred solution of the TFA salt of 6f (21 mg, 0.02 mmol) in
THF (1 mL) were added DIPEA (15.4 μL, 0.09 mmol) and N,N′-bis-
Boc-1-guanylpyrazole (17 mg, 0.06 mmol). The reaction was stirred
at 45 °C for 2 h. The reaction mixture was concentrated, and the
crude product was dissolved in EtOAc (10 mL) and washed with 10%
citric acid soln (2 × 10 mL), 10% NaHCO3 soln (10 mL), and brine
(10 mL). The organic phase was dried over MgSO4, filtered, and
concentrated. The crude product was purified by automated flash
chromatography, and the resulting Boc-protected intermediate was
deprotected with TFA (25 μL) in CH2Cl2 for 18 h. The reaction
mixture was concentrated, and the crude was purified by RP
automated flash chromatography and lyophilized to afford 7f (4 mg,
17%) as a white powder. 1H NMR (400 MHz, CD3OD): δ 7.91 (s,
2H), 7.67 (d, J = 1.7 Hz, 4H), 3.71 (s, 4H), 3.63−3.53 (m, 4H), 3.10
(t, J = 7.1 Hz, 4H), 1.40 (tt, J = 7.7, 4.0 Hz, 4H), 1.36−1.24 (m, 4H).
13C NMR (101 MHz, CD3OD): δ 171.0, 158.7, 150.2, 139.4, 133.1
(q, 2JC,F = 33.4 Hz, 4C), 131.4−131.2 (m, 4C), 124.54 (q, 1JC,F =
272.1 Hz, 4C), 123.0−122.8 (m, 2C), 61.1, 44.9, 42.5, 41.7, 26.8,
26.0. HRMS-ESI: C30H31F12N4O3

+ [M + H]+ calcd 807.2635; found,
807.2632.

1,1′-((5,5-Bis(4-tert-butylbenzyl)-2,4,6-trioxodihydropyrimidine-
1,3(2H,4H)-diyl)bis(butane-4,1-diyl))diguanidine (7g). To a stirred
solution of the TFA salt of 6g (129 mg, 0.16 mmol) in THF (2 mL)
were added NaHCO3 (68 mg, 0.81 mmol) and N,N′-bis-Boc-1-
guanylpyrazole (200 mg, 0.64 mmol). The reaction was stirred at
room temperature for 48 h. The reaction mixture was concentrated,
and the crude product was dissolved in EtOAc (20 mL) and washed
with 10% citric acid soln (2 × 20 mL), 10% NaHCO3 soln (20 mL),
and brine (20 mL). The organic phase was dried over Na2SO4,
filtered, and concentrated. The crude product was purified by
automated flash chromatography, and the resulting Boc-protected
intermediate was deprotected with TFA (1 mL) in CH2Cl2 for 18 h.
The reaction mixture was concentrated, and the crude was purified by
RP automated flash chromatography and lyophilized to afford 7g (16
mg, 11%) as a white powder. 1H NMR (400 MHz, CD3OD): δ 7.24
(d, J = 8.3 Hz, 4H), 6.98 (d, J = 8.3 Hz, 4H), 3.58 (t, J = 6.7 Hz, 4H),
3.39 (s, 4H), 3.13 (t, J = 6.6 Hz, 4H), 1.39−1.29 (m, 8H), 1.24 (s,
18H). 13C NMR (101 MHz, CD3OD): δ 172.4, 162.4 (q, J = 35.6 Hz,
TFA), 158.7, 151.9, 151.2, 133.4, 130.3, 126.4, 117.9 (q, J = 291.5 Hz,
TFA), 61.9, 45.9, 42.0, 41.9, 35.3, 31.7, 26.8, 25.8. HRMS-ESI:
C36H55N8O3

+ [M + H]+ calcd, 647.4393; found, 647.4378.
1,1′-((5,5-Bis(3,5-di-tert-butylbenzyl)-2,4,6-trioxodihydropyrimi-

dine-1,3(2H,4H)-diyl)bis(butane-4,1-diyl))diguanidine (7h). To a
stirred solution of the TFA salt of 6h (118 mg, 0.13 mmol) in
THF (3 mL) were added N,N′-bis-Boc-1-guanylpyrazole (245 mg,
0.79 mmol) and NaHCO3 (49 mg, 0.59 mmol) and stirred at room
temperature for 48 h until TLC (CHCl3) showed full conversion. The
reaction mixture was diluted with EtOAc (5 mL), washed with 10%
citric acid soln and brine, dried over Na2SO4, filtered, and
concentrated. The crude was purified by automated flash chromatog-
raphy, and the resulting Boc-protected intermediate was deprotected
with TFA (1.5 mL) in CH2Cl2 (1.5 mL) for 4 h. The reaction mixture
was concentrated, and the crude was purified by RP automated flash
chromatography and lyophilized to afford 7h (44 mg, 34%) as a white
powder. 1H NMR (400 MHz, CD3OD): δ 7.30 (t, J = 1.8 Hz, 2H),
6.89 (d, J = 1.8 Hz, 4H), 3.58* (t, J = 7.5 Hz, 4H), 3.44 (s, 4H), 3.06
(t, J = 7.0 Hz, 4H), 1.38−1.14 (m, 44H). 13C NMR (101 MHz,
CD3OD): δ 172.4, 162.8 (q, J = 35.2 Hz, TFA), 158.6, 152.3, 151.3,
135.8, 124.6, 122.6, 118.0 (q, J = 292.3 Hz, TFA), 61.7, 47.3, 42.4,
41.8, 35.6, 31.9, 26.7, 26.2. *Distorted triplet. HRMS-ESI:
C44H71N8O3

+ [M + H]+ calcd, 759.5644; found, 759.5637.
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Biological Test Methods. The bacterial reference strains are
displayed in Table 1 for the first antimicrobial screening. The
Norwegian National Advisory Unit on Detection of Antimicrobial
Resistance (K-res), University Hospital of Northern-Norway (UNN),
provided the collection of 30 multi-drug-resistant isolates in Table 2.
All isolates were deposited at the Norwegian Organization for
Surveillance of Resistant Microorganisms (NORM) in the period of
2012−2014.
MIC Assay. The working solutions of the test derivatives were

prepared with up to 100% dimethyl sulfoxide (DMSO) and stored at
−20 °C. If necessary, the solutions were heated to 40−80 °C before
testing to facilitate complete dissolution. Double-distilled water was
used in all dilutions prepared. The final concentration of DMSO in
the test series was ≤1% and did not affect the assay results. A
microdilution susceptibility test was used for MIC determination
according to CLSI M07-A941 with modifications as described by
Igumnova et al.42 Briefly, the bacterial inoculum was adjusted to
approximately 2.5−3 × 104 cells/mL in the Mueller−Hinton broth
(MHB, Difco Laboratories, USA) and incubated in a ratio of 1:1 with
test derivatives in polystyrene 96-well flat-bottomed microplates
(NUNC, Roskilde, Denmark). The positive growth control (without
test derivatives) and negative control (without bacteria) were
included. The reference antibiotic was oxytetracycline hydrochloride
(Sigma-Aldrich, Saint Louis, MO, USA). The microplates were
incubated in an EnVision microplate reader (PerkinElmer, Turku,
Finland) placed in an incubator set to 35 °C for 48 h. The MIC value
was defined as the lowest concentration of the derivative resulting in
no bacterial growth as determined by OD600 measurement. All
derivatives were tested in three parallels.
Antimicrobial Screening against Clinical Isolates. The MIC

assay was performed as explained above with some exceptions; the
working solutions of the test derivatives were prepared from the
concentrated DMSO stocks stored at room temperature, the density
of the bacterial inoculum was increased 40 × to 1−1.2 × 106 cells/
mL, enterococci were incubated in the Brain Heart Infusion broth
(BHIB, Difco Laboratories, USA), the polypropylene microplates
(Greiner Bio-One, Frickenhausen, Germany) were incubated for 24 h,
and the derivatives were tested in four parallels.
Determination of Hemolytic Activity. The protocol was

adapted from Paulsen et al.17 Hemolysis was determined using a
heparinized fraction (10 IU/mL) of freshly drawn blood. The blood
collected in ethylenediaminetetraacetic acid-containing test tubes
(Vacutest, KIMA, Arzergrande, Italy) was used for the determination
of the hematocrit (hct). The heparinized blood was washed 3× with
pre-warmed phosphate-buffered saline (PBS) and adjusted to a final
hct of 4%. Derivatives in DMSO (50 mM) were added to a 96-well
polypropylene V-bottom plate (NUNC, Fisher Scientific, Oslo,
Norway) and serially diluted. The test concentration range was
500−4 μM with DMSO contents ≤1%. A solution of 1% triton X-100
was used as a positive control for 100% hemolysis. As a negative
control, a solution of 1% DMSO in PBS was included. No signs of
DMSO toxicity were detected. RBCs (1% v/v final concentration)
were added to the well plate and incubated at 37 °C and 800 rpm for
1 h. After centrifugation (5 min, 3000g), 100 μL of each well was
transferred to a 96-well flat-bottomed microtiter plate, and absorbance
was measured at 545 nm with a microplate reader (VersaMaxTM,
Molecular Devices, Sunnyvale, CA, USA). The percentage of
hemolysis was calculated as the ratio of the absorbance in the
derivative-treated and surfactant-treated samples, corrected for the
PBS background. Three independent experiments were performed,
and EC50 values are presented as averages.
Determination of Toxicity against MRC5 and HepG2.

Adherent, non-malignant lung fibroblasts MRC5 (ATCC CCL-
171TM) and human hepatocellular carcinoma cells HepG2 (ATCC
HB-8065) were used as toxicity control. MRC5 cells, suspended in
Eagle’s minimal essential medium (MEM) with 10% fetal bovine
serum, 2 mM stable glutamine, 1% non-essential amino acids, 1%
sodium pyruvate, 2% NaHCO3, and 10 μg/mL gentamicin, were
seeded in 96-well microtiter plates at 15,000 cells/well. HepG2 cells,
suspended in Eagle’s MEM with 10% fetal bovine serum, 1 mM stable

glutamine, 1% non-essential amino acids, 1% sodium pyruvate, and 10
μg/mL gentamicin, were seeded in 96-well microtiter plates at 20,000
cells/well (adherent cell lines). The adherent cell lines were incubated
for 24 h before adding compounds 6a−h and 7a−h and were then
incubated for 4 h. The cell viability was determined by a colorimetric
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium assay. At the end of the exposure time, 10 μL
of Cell Titer 96 Aqueous One Solution Reagent (Promega, Madison,
WI, USA) was added to each well, and the plates were incubated for 1
h before absorbance was measured using a DTX 880 multimode
detector (Beckman Coulter, CA, USA) at 485 nm. Cells in their
respective growth medium were used as negative control, and cells
treated with 10% DMSO were used as positive control. Growth
inhibition was determined by using the measured optical density
(OD) and was calculated as follows: cell survival (%) = (OD treated
well − OD positive control well)/(OD negative control well − OD
positive control well) × 100.

In Vivo Murine Neutropenic Peritonitis Model. The MIC of
7e (3,5-di-Br) against E. coli (EC106-09) and K. pneumoniae
(KP3010) was determined according to the CLSI guidelines. The
concentration range used was 0.032−32 μg/mL. Colistin was
included as a comparator and quality control (QC), and E. coli
(ATCC 25922) was included as a QC strain. The MIC of colistin
against E. coli (ATCC 25922) was within the CLSI QC range 0.25−2
μg/mL, indicating a correct procedure. Derivative 7e (3,5-di-Br) was
dissolved in PEG400 to 10 mg/mL and further diluted in 0.0015 M
Tris buffer to concentrations of 1 and 0.2 mg/mL. The in vivo efficacy
of compound 7e (3,5-di-Br) against E. coli (EC106-09) and K.
pneumoniae (KP3010) in 32 female neutropenic NMRI mice (weight
28−32 g) was investigated after i.p. injection of 1.4 and 2.8 mg/kg
given 1 and 3 h post-infection at Statens Serum Institute (SSI) in
Denmark.35 Mice were first rendered neutropenic with injections of
cyclophosphamide (day-4 and day-1) and on day 0 inoculated with E.
coli (EC106-09) or K. pneumoniae (KP3010) before being treated
with 7e (3,5-di-Br) and the control antibiotics colistin (5 mg/kg),
ciprofloxacin (13 mg/kg), or vehicle 1 h post-infection. Mice were
observed for clinical signs of infection for 4 h after injection. The
bacterial loads in the peritoneum were thereafter determined by
sampling peritoneal fluid for the determination of CFU 4 h after
treatment. The colony counts in peritoneal fluid were determined 5 h
post-inoculation. All animal experiments were conducted in
compliance with the institutional guidelines of SSI.

Bacterial Membrane Integrity Assay. The real-time membrane
integrity assay was modified from Virta et al.37 The test strains were B.
subtilis 168 (ATCC 23857) and E. coli HB101 carrying the plasmid
pCSS962. Overnight cultures were grown in MHB with chloramphe-
nicol (5 μg/mL B. subtilis and 20 μg/mL E. coli, Merck KGaA,
Darmstadt, Germany). The bacteria were pelleted by centrifugation
for 5 min at 4000g before they were resuspended in MHB to obtain
an OD600 of 0.1. D-Luciferin potassium salt (pH 7.4, SynChem Inc, IL,
USA) was added to a final concentration of 1 mM, and the
background luminescence was measured. Black round-bottomed 96-
well microplates (Nunc, Roskilde, Denmark), containing dilutions of
the test compounds (5 μL per well), were loaded into a Synergy H1
Hybrid Reader (BioTek, Winooski, VT, USA). The amine barbiturate
6e (3,5-di-Br) and the guanidine barbiturate 7e (3,5-di-Br) were
screened for membrane activity by injecting 95 μL of inoculum with
D-luciferin successively (well by well) to the test wells by an automatic
injector with tracking of the luminescence emission every second for
150 s at room temperature. CHX acetate (Fresenius Kabi, Halden,
Norway) was used as a positive control.

Bacterial Viability Assay. The compounds 6e (3,5-di-Br) and 7e
(3,5-di-Br) were also selected for the viability assay. The test strains
were B. subtilis 168 and E. coli HB101 carrying a constitutively
expressed lux operon as a chromosomal integration of the lux operon
in the sacA locus (PliaG) or the plasmid pCGLS-1, respectively.43,44

The bacterial suspension for the real-time viability assay was prepared
as described for the membrane integrity assay with the exception that
no external substrate was added and that 100 μg/mL of ampicillin was
used for selection of E. coli carrying the plasmid pCGLS-11. The assay
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was performed using the same type of microplates and procedure as
described in the membrane integrity assay.
Structural Investigations. Electronic Structure Calculations.

Quantum electronic structure calculations were performed at the DFT
level of theory with the Gaussian 16 package,45 employing the B3LYP
functional46,47 with empirical dispersion corrections as formulated by
Grimme48 (B3LYP-GD3). Ground-state optimizations used the 6-31g
basis set with additional diffuse (+) and polarization functions (d,p)
for accurate description of neutral and charged species, 6-31 +
g(d,p).49,50 Solvent effects were included in all calculations via the
polarized continuum method, with water as the solvent.51,52

Additional single-point energy calculations were performed with the
larger 6−311 ++ g(2d,2p) basis set. The larger basis set is expected to
provide more accurate energies compared to the smaller 6−31 +
g(d,p) by providing more flexibility to the electron density, especially
in the case of charged groups. Calculated energy Hessians confirmed
stationary points as minima (zero imaginary frequencies). The
reported electronic energies are given in kcal/mol.
Nuclear Magnetic Resonance. All spectra were acquired on a

Bruker Avance III HD spectrometer operating at 600 MHz for
protons and equipped with an inverse TCI probe with cryogenic
enhancement for 1H, 2H, and 13C. NMR samples were prepared by
dissolving 1 mg of 7e in 500 μL of H2O/D2O 9:1 in a 5 mm NMR
tube. SDS was subsequently added to this sample in a 20:1 M ratio,
resulting in a clear solution. Experiments were acquired using
TopSpin 3.2, with gradient selection, adiabatic pulses, and excitation
sculpting where applicable.
MD Simulation. An E. coli inner membrane model was adapted

from Pandit and Klauda (2012) with a 4:1 PE/PG ratio.39 Systems for
MD simulations of the membrane and for each molecule 6a (4-CF3),
6e (3,5-di-Br), 6g (4-tBu), 7e (3,5-di-Br), and 7g (4-tBu) were
prepared in VMD.53 Each molecule was placed approximately 8 Å
from the membrane surface and oriented such that the direct
interactions of the guanidine and lysine groups with the membrane
surface were not favored. All membrane systems were solvated in a
rectangular simulation box with a 0.15 mol/L KCl concentration. In
addition to membrane simulations, each of the molecules 6a (4-CF3),
6e (3,5-di-Br), 6g (4-tBu), 7e (3,5-di-Br), and 7g (4-tBu) were
prepared for water simulations in rectangular simulation boxes. Cl−

ions were added for counterions.
Molecules 6a (4-CF3), 6e (3,5-di-Br), 6g (4-tBu), 7e (3,5-di-Br),

and 7g (4-tBu) were built in PyMol.54 Each of the compounds was
given a starting structure where both phenyl groups are oriented in
the up conformation. A simple minimization was performed in the
builder tool of PyMol to clean the structures. Each molecule was
assigned atom types, parameters, and charges with the CGenff online
program.55,56

Three parallels of all-atom MD simulations were performed for all
systems with the molecular modeling software NAMD and the
CHARMM36 force field.57,58 A 10,000 step conjugate gradient and
line search minimization was performed to ensure a stable starting
structure for the MD simulations. Each membrane system parallel was
run for 260 ns, and each water system parallel was run for 100 ns. All
simulations were run at 310.15 K with a 2 fs time step and periodic
boundary conditions.
Particle Mesh Ewald was used for calculating the electrostatic

interactions.59 For non-bonded interactions, the scaled 1−4 principle
was used for exclusion and 1.0 was used for scaling coefficient. A
smoothing function was applied to the non-bonded forces with a
cutoff of 12.0 Å and a switching distance of 10.0 Å. A pair list for the
calculation of non-bonded interactions was updated every 20 steps,
called one cycle, and the maximum distance for inclusion in the pair
list for a pair of atoms was set to 16.0 Å. The pair list was regenerated
twice every cycle. Bond lengths for hydrogen atoms were constrained
with the SHAKE algorithm.60 Both full electrostatic forces and the
non-bonded forces were evaluated at every time step. The NPT
ensemble was used for all simulations. Pressure control for the
simulations was performed with Nose-́Hoover Langevin piston with a
target pressure of 1 atm.61,62 A flexible simulation cell was used for the
membrane system. Langevin dynamics were used for temperature

control. Trajectory files were written every 1000 steps and energies
were recorded every 125 steps.

Analysis of the MD trajectories was performed with the VMD GUI
and VMD scripts. Figures were made with VMD and PyMol, and all
graphs were generated with pandas, seaborn, and Matplotlib.63−65

X-ray Crystallography. A rod-like specimen of 7b (2-Nal) was
used for X-ray crystallographic analysis. The X-ray intensity data were
measured with the Cu source (λ = 1.54178 Å) of an in-house Bruker
D8 Venture system. Frames were integrated using the Bruker SAINT
software package, and the structure was solved and refined using the
Bruker SHELXTL software package. The structure factors of 7b have
been deposited with the Cambridge Crystallographic Data Centre
with deposition number 2026641. The integration of the data using a
monoclinic unit cell yielded a total of 21874 reflections to a maximum
θ angle of 66.75° (0.84 Å resolution), of which 6692 were
independent (average redundancy 3.269, completeness = 99.6%, Rint
= 3.12%, and Rsig = 2.71%) and 5846 (87.36%) were greater than
2σ(F2). The final cell constants were 17.6014(15), 15.4212(12), and
16.0233(17) Å with β = 106.833(4)°. The final anisotropic
refinement converged with an R1/wR2 of 6.8/21% with a GoF of
1.04. The structure of the asymmetric unit of 7b (2-Nal) with thermal
ellipsoids is shown in Figure S2.
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Abstract: Medical devices with an effective anti-colonization surface are important tools for com-
batting healthcare-associated infections. Here, we investigated the anti-colonization efficacy of
antimicrobial peptides covalently attached to a gold model surface. The gold surface was modified
by a self-assembled polyethylene glycol monolayer with an acetylene terminus. The peptides were
covalently connected to the surface through a copper-catalyzed [3 + 2] azide-acetylene coupling
(CuAAC). The anti-colonization efficacy of the surfaces varied as a function of the antimicrobial
activity of the peptides, and very effective surfaces could be prepared with a 6 log unit reduction in
bacterial colonization.

Keywords: antimicrobial surface; antimicrobial peptide; self-assembled monolayer; antifouling;
anti-colonization; ToF-SIMS imaging; Certika

1. Introduction

In the rich parts of the world, healthcare-associated infections (HAI) hit 1 of 14
hospitalized patients, often requiring additional treatment and extended hospitalization [1].
The highest frequency of HAI is associated with the use of invasive devices, in particular
central lines, urinary catheters, and ventilators [2]. A device-associated infection accounts
for up to 23% out of all healthcare-associated infections, including central line-associated
bloodstream infections (CLABSI), catheter-associated urinary tract infections (CAUTI), and
ventilator-associated pneumonia [2]. There is a goal to limit the number of HAIs, and in
2015, the U.S. Department of Health and Human Services set a target to reduce the infection
rate by 25–50% by 2020 through stricter regulations and guidelines regarding the use of
the devices [3,4]. Despite the progress of reducing CLABSIs and CAUTIs through best
practice, the underlying problem remains—the surfaces of medical devices are still prone
to bacterial growth and biofilm formation.

Bacteria can adhere irreversibly to living and non-living surfaces, colonize, and sub-
sequently develop into an enclosed structured society of both Gram-positive and/or
Gram-negative bacteria that adhere to a surface, forming a protective matrix known as
a biofilm [5]. The most common bacteria found in biofilms are E. faecalis, S. aureus, S.
epidermidis, E. coli, K. pneumoniae, and P. aeruginosa [6]. Biofilms are challenging to eradicate
due to the extracellular polymeric material that creates a “slime-like” matrix, which acts as
a protective barrier for the bacteria [5].
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Indwelling medical devices (e.g., catheters) are particularly prone to bacterial col-
onization on the surface and subsequent biofilm formation, leading to infections in the
patient [6]. Biofilm-associated infections on indwelling medical devices prolong initial
treatment regimens, increase antibiotic use, and add additional healthcare expenses for the
hospital and society. As an example, a central line-associated bloodstream infection can
cost up to USD 46,000 per case and the patient can be hospitalized for an additional 7 days
or more, depending on the type and severity of infection [7]. In addition, patients are at
risk of sepsis and the mortality rate can be up to 25% [7]. A study conducted from 2015 to
2017 showed the most common bacteria reported on indwelling devices were Escherichia
coli (18%), Staphylococcus aureus (12%), and Klebsiella spp. (9%) [8]. Another study con-
ducted from 2008 to 2017 showed that 22% (48 out of 213 patients) of the device-associated
infections were caused by multidrug-resistant bacteria [9].

If medical device-associated infections can be avoided, it would reduce antibiotic use
and cost, and hence, contribute to alleviating the antimicrobial resistance crisis. Manufac-
turers of medical devices have worked intensely to create technologies that would diminish
the infection risk originating from the use of such devices. Several techniques have been
tried, and the use of heavy metals (like silver or copper in metal or ionic form [10–12]) or
antibiotics (gentamicin, nitrofurazone, norfloxacin, minocycline-rifampicin, and more [13])
integrated into the devices, creating anti-colonization (antifouling) surfaces, are currently
the most common solutions. However, limited efficacy, unwanted toxicity, and the non-
degradability of silver and other heavy metals have kept the medical device industry
looking for better alternatives [12,14,15]. Another issue with antibiotic-coated surfaces is
the risk of contributing to the development of antibiotic resistance. As an example, the
widespread use of triclosan as an antibacterial agent in medical devices and a variety
of consumer products has not only triggered resistance against triclosan [16,17] but also
against ciprofloxacin [18].

Coating the surface with covalently attached antimicrobial peptides (AMPs) can
be an alternative solution to the problem of medical device-associated infections [19,20].
AMPs [21] have many advantages over the current antimicrobial agents used in medical
devices. Antimicrobial peptides intrinsically biodegrade into amino acids, and hence, the
problem with antibiotic persistence is limited. Furthermore, AMPs generally have negligi-
ble side effects, a broad action spectrum against both Gram-positive and Gram-negative
bacteria, and they may even eradicate established biofilms [22–24]. The mechanism of
action of AMPs is generally believed to involve microbial membrane destabilization or
lysis [25], and hence, the risk of promoting resistance development is low compared to
classic antibiotics that address a specific drug target [26]. An additional advantage of
AMPs is the information of pharmacophores, that is, the minimum content of essential
features, enabling a de novo design of synthetic peptides with pre-determined antibacterial
activities [27]. AMPs and mimics of antimicrobial peptides have been shown to inhibit
bacteria from colonizing on the surface either by releasing active agents or by covalently
attaching to surfaces [20,28], although the surface immobilization of AMPs may lower the
activity of the peptides [29].

In the present study, the quantitative effect of antimicrobial peptides covalently at-
tached to a surface upon the colonization of an avidly biofilm-forming bacterium, Staphy-
lococcus epidermidis, was investigated. A gold surface with a polyethylene glycol (PEG)
self-assembled molecular monolayer (SAM) was chosen as the model system since its
preparation is a versatile and established technique [30]. A chemically addressable SAM
monolayer composed of α-thio-PEG-ω-alkyne monolayers that spontaneously form on
the Au (111) surface was used as the experimental platform because the peptides could be
introduced as azide derivatives on the alkyne-molecular monolayer through a copper(I)-
catalyzed alkyne-azide cycloaddition (CuAAC) reaction [31]. The use of a common surface
where the peptides were covalently linked through the same chemical reaction allows for
the preparation of a set of similar surfaces that differ only in the presence of an additional
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PEG linker and the type of peptide, and subsequently allows for the determination of a
structure–activity relationship involving these features (Figure 1).
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Figure 1. The design of the peptide-functionalized self-assembled monolayer (SAM) gold surface.
The peptides were connected by a CuAAC reaction either directly to the terminus of the SAM
(peptides 1c, 1d, 2c, and 2d, left), or through an additional PEG linker (peptides 1a, 1b, 2a, and
2b, right).

2. Results
2.1. Surface Design and Preparation

A quantitative investigation of the anti-colonization effect of antimicrobial peptides
covalently attached to a model surface requires the restriction of uncontrolled parameters as
much as possible. Hence, the functionalized surfaces were prepared using well-established
and reliable methods. The peptides were connected to the surface through a Cu(I)-catalyzed
[3 + 2] acetylene-azide cycloaddition (CuAAC, click) reaction between the surface-bound
acetylene group and an azide functional group connected to the peptide, which is a reliable,
high-yielding, and bioorthogonal method [31]. The selection of the CuAAC reaction for
the peptide connection requires the surface to have an acetylene terminus. Hence, the
Au–SAM surface was constructed through the self-assembly of α-thio-PEG600-ω-alkyne
on an Au(111) substrate (Figure 2, left) through a self-assembled monolayer (Figure 2,
middle), terminating in the required alkyne functional group. Furthermore, a PEG-based
SAM surface was chosen to ensure the hydrophilic surface interacted well with the aqueous
environment. The CuAAC-linking of the peptide effector molecules to the Au–SAM surface
generates a stable covalent connection through a 1,2,3-triazole moiety (Figure 2, right) [32].
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Figure 2. The preparation of the peptide-functionalized Au(–SAM) surface. A hydrophilic Au–SAM
surface was made by reacting an Au(111) substrate with α-thio-PEG600-ω-alkyne (left→middle
panel). The peptide-functionalized surface was created by a CuAAC reaction between the acetylene
terminated Au–SAM surface and an azide-functionalized peptide (middle→right panel).
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2.2. Peptide Design

The peptides were designed according to the pharmacophore of cationic antimicrobial
peptides [27,33], with five or six residues containing two arginine residues and three
bulky and lipophilic moieties in the form of tryptophan, phenylalanine, and 4′-phenyl-
phenylalanine (biphenylalanine, B) [34,35]. Series 1 (1a–d) contains tryptophan as the
major hydrophobic group, while Series 2 (2a–d) contains biphenylalanine as the main
hydrophobic amino acid. The selection of tryptophan and biphenylalanine as bulky and
lipophilic residues in the peptides was made to ensure a wide distribution of antimicrobial
activity. All peptides adhere to the minimum motif for antimicrobial activity, and the
increased bulkiness and lipophilicity of biphenylalanine over tryptophan ensures a higher
antimicrobial efficacy of the Series 2 peptides compared to the Series 1 counterparts [34–37].
All peptides had a phenylalanine residue close to the amidated C-terminus. One peptide
from each series was cyclized to investigate whether the anti-colonization efficacy was
affected by the decrease in conformational freedom resulting from cyclization. Half of the
peptides, 1c, 1d, 2c, and 2d, contained an azido-lysine residue used for a direct surface
connection. The effect of linking the peptide directly to the Au–SAM or through an
additional PEG linker was also included in the study using PEG200-linked peptides (1a
and 2a) and PEG400-linked peptides (1b and 2b). An overview of the peptides prepared
for the study is shown in Figure 3.
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2.3. Intrinsic Antimicrobial Activity of the Peptides

The eight azidopeptide analogs designed for this study were screened against the
Gram-positive bacteria S. aureus and S. epidermidis and the Gram-negative E. coli and P.
aeruginosa reference strains to determine the intrinsic antimicrobial activity of the peptides
as the minimum inhibitory concentration (MIC) (Table 1). The bacterial strains represent
typical pathogens found in medical device-related biofilms.
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Table 1. Antimicrobial activity of eight clickable peptides against four selected bacterial reference strains.

Antimicrobial Activity (MIC in µg/mL)

Entry Sequence Net Charge Mw S. aureus S. epidermidis E. coli P. aeruginosa

1a N3-PEG200-RWWRF 2+ 1188.49 64 32 256 256
1b N3-PEG400-RWWRF 2+ 1388.49 128 128 >256 >256
1c RWWRFK(N3) 3+ 1003.19 32 16 64 64
1d c(RWWRFK(N3)) 2+ 986.16 8 8 64 128

2a N3-PEG200-RBBRF 2+ 1262.53 8 8 64 64
2b N3-PEG400-RBBRF 2+ 1462.53 32 16 128 256
2c RBBRFK(N3) 3+ 1077.31 8 4 8 16
2d c(RBBRFK(N3)) 2+ 1060.28 4 2 64 256

Bacterial reference strains: Staphylococcus aureus ATCC 9144; Staphylococcus epidermidis 1457; Escherichia coli ATCC 25922; Pseudomonas
aeruginosa ATCC 27853. Full data set can be found in Supplementary Information Table S3.

The eight peptides displayed a substantial spread in MIC values, with the Gram-
positive bacteria being more susceptible than the Gram-negatives. Some peptides, like
1c and 2c, displayed similar antimicrobial efficacy against all four bacteria in the panel,
whereas other peptides (e.g., 1d, 2a, and 2d) were quite selective against Gram-positive
bacteria. The PEGylated tryptophan peptides 1a (PEG200) and 1b (PEG400) were modestly
active against Gram-positive and inactive against Gram-negative bacteria. The linear
peptide, 1c, despite being modestly active against Gram-positive (MIC: 16–32 µg/mL) and
Gram-negative (MIC: 64 µg/mL) bacteria, was more active than 1a and 1b, indicating that
PEGylation slightly decreased the activity. The cyclization of 1c to give 1d improved the
antimicrobial activity to 8 µg/mL against Gram-positive bacteria but remained the same as
1c against E. coli (MIC: 64 µg/mL) and gave 128 µg/mL against P. aeruginosa.

Replacing the tryptophan residues in Series 1 with biphenylalanine residues increased
the activity, as expected [36]. Peptide 2a showed good activity against Gram-positive
(MIC: 8 µg/mL) but was less active against the Gram-negative (MIC: 64 µg/mL) bacteria.
Substituting PEG200 with PEG400 in peptide 2b diminished activity similarly as in Series 1.
Removing the PEG chain increased activity, as observed for 2c. The cyclization of 2c to give
2d improved the activity against Gram-positive bacteria but became less active against
Gram-negative bacteria. Peptide 2d had potent activity against S. aureus (MIC: 4 µg/mL)
and S. epidermidis (MIC: 2 µg/mL), but less activity against E. coli (MIC: 64 µg/mL) and
was not active against P. aeruginosa (MIC: 256 µg/mL).

2.4. Characterization of Peptide Surfaces

The preparation of peptide-functionalized Au–SAM surfaces took place in two steps—
self-assembly of the acetylene-terminated PEG monolater and the CuAAC functionalization
with the antimicrobial peptides (Figure 2). To be able to reliably interpret the biological
efficacy data, it is important to assess the integrity (the presence of the correct peptide) and
the homogeneity of the surface. In the present study, two surface characterization methods
were used—the measurement of the contact angle and spatially resolved ToF-SIMS mass
spectrometry (ToF-SIMS imaging).

2.4.1. Contact Angle

The contact angle is a measurement of the wettability of a surface, and as peptide
functionalization of the Au–SAM surface is expected to alter the hydrophobicity of the
surface, the contact angle is, hence, expected to be altered. A larger contact angle indicates
a more hydrophobic surface (low surface energy), and the opposite indicates a hydrophilic
surface (high surface energy) (Figure S25) [38]. To assess the homogeneity of the surface,
the contact angle was determined for five droplets tested per peptide surface to get an
average value and a standard deviation. The measured contact angles for the functionalized
surfaces are shown in Table 2.



Antibiotics 2021, 10, 1516 6 of 18

Table 2. The average contact angles θ (standard deviation) of 1a–d, 2a–d covalently linked to Au
surface. Control is Au surface treated with peptide, without the CuAAC reaction.

1a 1b 1c 1d 2a 2b 2c 2d Control

49.1
(2.7)

52.2
(2.5)

50.0
(3.2)

49.6
(2.1)

54.7
(2.4)

53.5
(2.3)

54.9
(3.4)

54.0
(2.5)

39.6
(2.8)

The observed contact angles did not vary significantly between the five droplets
applied on each surface specimen, indicating that the surface was homogenous on the scale
of the specimens. The contact angle, θ, of the control surface—the Au–SAM PEG-alkyne
surface with no peptide functionalization—was 39.6◦. The surfaces functionalized with the
AMPs 1a–d and 2a–d showed a considerably higher θ than the control surface, verifying a
significant increase in surface lipophilicity. This lipophilicity change is compatible with
the AMPs being covalently linked to the surface by the CuAAC reaction. There were
small differences between the peptides themselves with the same hydrophobic amino
acids, but the biphenylalanine peptides (2a–d) showed an overall higher contact angle
than the tryptophan peptides (1a–d) due to biphenylalanine being more hydrophobic than
tryptophan [39].

2.4.2. Surface Characterization by Spatially Resolved ToF-SIMS Mass Spectrometry

Spatially resolved time-of-flight secondary ion mass spectrometry (ToF-SIMS imaging)
is a powerful technique for the characterization of surfaces that are modified by organic
molecules in nanoscale layers, and it has successfully been used to verify surface attach-
ment [40]. In this technique, a specimen is introduced into the ion source of a ToF-mass
spectrometer, and the SIMS ion beam is scanned over the surface, providing spatially
resolved SIMS mass spectra of the surface. In this manner, both the chemical composition
and the homogeneity of the surface can be verified.

For the Trp-containing peptides 1a–d, the SIMS mass spectra of the corresponding
surfaces revealed the presence of signals due to the arginine and tryptophan residues.
Arginine residues gave rise to ions originating from the side chain with CH6N3

+ (the
guanidinium group), as well as two additional ions, C3H9N3

+ and C4H10N3
+, including

the carbon atoms of the arginine side chain. The tryptophan residues provided the side
chain methyleneindole ion C9H8N+. The ToF-SIMS images of the peptide-modified surfaces
were compared to the control Au–SAM surfaces, which had only the thiol-PEG-alkyne
linked on the surface. As an example, Figure 4a shows the ToF-SIMS image of the Au–
SAM surface functionalized with peptide 1a when observing the arginine-specific ions.
Figure 4b shows the image of the same surface when observed the tryptophan-specific
ions. Figure 4c, on the other hand, shows the ToF-SIMS image when imaging the naïve (no
peptide) Au–SAM surface by searching for the tryptophan-specific C9H8N+ ion. Arginine
side chains and the indole group of tryptophan were observed on all the peptide surfaces,
displaying high-intensity images by ToF-SIMS. Typical arginine and tryptophan surface
data of peptide 1a with the control group are displayed in Figure 4. Surface ToF-SIMS
images for peptides 1b–d are found in the Supplementary Material, Figure S26.
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Figure 4. Typical ToF-SIMS images of an Au–SAM surface coated with azidopeptide-containing tryptophan, 1a: (a) ion
intensities for CH6N3

+, C3H9N3
+, and C4H10N3

+ of arginine; (b) ion intensity of tryptophan indole-ion C9H8N+; (c) ion
intensity image of control Au–SAM surface observed at the tryptophan-specific ion C9H8N+.

For biphanylalanine peptides 2a–d linked to the Au–SAM surface, arginine and
biphenylalanine moieties on the surface were located through ToF-SIMS imaging. The
biphenylalanine residue was identified by the C13H11

+ ion, which forms with a lower
ionization efficiency than the arginine ions (Figure 5a,b). Figure 5c shows the control
Au–SAM surface observed through the biphenylalanine ion, confirming the absence of
a biphenylalanine peptide. Surface ToF-SIMS images for peptides 2b–d are found in the
Supplementary Material, Figure S27.
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Figure 5. Typical ToF-SIMS images of an Au–SAM surface coated with azidopeptide-containing biphenylalanine, 2a: (a) ion
intensities for CH6N3

+, C3H9N3
+, and C4H10N3

+ of arginine; (b) ion intensity of biphenylalanine-ion C13H11
+; (c) ion

intensity image of control Au–SAM surface observed at the biphenylalanine-specific ion C13H11
+.

2.5. Anti-Colonization Efficacy of Peptide Modified Gold Surfaces
Certika

The antibacterial effectiveness of active surfaces can be tested with the prolifera-
tion assay Certika [41]. In short, this method consisted of the samples being washed in
phosphate-buffered saline (PBS) in a 24-well plate before the test strains were added to
each sample and incubated at 37 ◦C for 1 h to allow bacterial cells to adhere to the sample
surface. Loosely bound bacteria were subsequently removed by washing in PBS before the
samples were incubated in a minimum medium. After removal of the test samples, each
well was supplemented with TSB complete medium. The bacterial growth (of the daughter
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cells) at 37 ◦C was recorded every 30 min for a period of 48 h by optical density (OD)
measurements in a microtiter plate reader at a wavelength of 578 nm. Thus, the Certika
method measured the anti-colonization efficacy of the surface as a prolonged onset time
of bacterial growth. The antimicrobial effectiveness of an antimicrobial-coated surface is
measured as the difference in the time required to reach the onset OD value of the active
surface and the time needed to reach the onset OD value for the control surface, and
hence, a prolonged time difference indicates an active surface. In the present study, the
non-peptide Au–SAM surface was used as the inactive control, the onset OD value was set
to 0.2, and the test bacterium, S. epidermidis, was assumed to divide once every 30 min. As
an example, a time difference of 5 h in the net onset OD (in comparison to a blank sample)
can be translated into the fact that it takes ten duplications/divisions (two duplications per
hour) before the bacteria present on the active surface reaches the number of bacteria on
the control surface. In 10 duplications, a single bacterium will give rise to 210 bacteria, and
hence, a time difference of 5 h equates to a reduction of 210:1 (=1024:1) and/or ≈0.1% of
the formed daughter cells on the active surface compared to the control.

The Au–SAM surfaces functionalized with peptides 1a–d and 2a–d were tested against
S. epidermidis RP62A using the Certika assay to determine their anti-colonization effect on
the surfaces (Table S2). These peptide surfaces were compared to the non-peptide Au–SAM
surface as the control group, shown in Figure 6.
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Figure 6. Certika assay with Au–SAM surfaces functionalized with peptides 1a–d and 2a–d as well as the control using
the biofilm-forming bacterium S. epidermidis RP62A as a challenge. The diagram shows the OD 0.2 onset time in hours for
all surfaces.

Series 1 surfaces showed lower anti-colonization efficacy against S. epidermidis com-
pared to the corresponding peptides belonging to Series 2. The best anti-colonization effect
of the tryptophan series was observed for the cyclic peptide 1d, with a prolonged onset
time of 4 h, corresponding to 28:1, that is, a 256:1 reduction of colonization. There was no
difference between 1a (PEG200) and 1c (no PEG), while there was a slight increase in the
onset time compared to that for 1b (PEG400).

The anti-colonization efficacy pattern observed in the tryptophan peptides was also
observed for the corresponding biphenylalanine peptides, although the anti-colonization
efficacy was much higher. The cyclic biphenylalanine peptide 2d displayed the highest
activity of the entire panel of peptide-functionalized surfaces with a delayed net onset time
of 10 h. Under the assumption of a generation time of 30 min, this delay corresponds to a
reduction in the colonizing ability of 220:1, or 1,048,576:1 (6 log scales). The PEG-length on
the peptides also showed a correlation with enhanced activity, with PEG400 (2b) having
the highest activity, followed by PEG200 (2a) and then non-PEGylated linear peptide 2c.
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3. Discussion
3.1. The Intrinsic Antimicrobial Activity of the Peptide Library

The antimicrobial peptides used in this study were designed based on the pharma-
cophore for short cationic antimicrobial peptides [27] to span a wide efficacy range from
weak to very active peptides. Furthermore, the effect of cyclization of a linear peptide and
the aspect of linking the peptides to the surface through an additional PEG tether or linking
the peptides directly to the molecular monolayer were also investigated.

The pharmacophore predicts that all peptides prepared with at least two cationic
charges and three bulky and lipophilic residues should have a minimum of antibacterial
activity which is also observed in the present library. In some of the peptides, the trypto-
phan residues were substituted with biphenylalanine, with a subsequent change in bulk,
geometry, and lipophilicity that favors enhanced antibacterial efficacy [34,35], an effect also
observed in the present library, where the peptides in Series 2 were more effective than
their Series 1 analogs. The effect of cyclization represents a loss of the N-terminal charge
in the linear peptide as well as a substantial restriction on the conformational freedom of
the peptide backbone, effects that turned out to be positive for the Gram-positive efficacy,
but negative, activity-wise, against the Gram-negative bacteria. A general increase in
antimicrobial activity upon cyclization has previously been reported for a small set of
bacteria, however, the increase was the largest for E. coli [42], which is the opposite of
what we observed. The effect of PEGylation upon the intrinsic antimicrobial activity was
marginal when considering the mass increase connected with PEGylation. Overall, the
library designed and prepared for the study represented a variety in antimicrobial efficacy
from the very active peptides 1d, 2c, and 2d to almost inactive peptides 1a, 1b, 2a, and 2b,
as well as including structural diversity in the peptide library.

3.2. Surface Attachment of the Peptides
3.2.1. Contact Angle and Surface Lipophilicity

The Cu(I)-catalyzed [3 + 2] cycloaddition (CuAAC) between the acetylenic terminus
of the Au–SAM monolayer and the azide functionality of the peptides created a covalent,
non-leaching peptide surface. The self-assembled monolayer is PEG-based; hence, the
Au–SAM surface is hydrophilic in nature. The hydrophilicity of the SAM surface is evident
in the low measured contact angle of 39.6◦. The contact angle increased significantly to
49–55◦ upon the covalent attachment of the antimicrobial peptides. This increase in contact
angle is a measurement of the increase in lipophilicity of the surface caused by attaching
the amphipathic peptides to the surface. While the increase in contact angle of the surface
upon peptide functionalization is substantial, the variation within the peptide series is
smaller; the Series 1 tryptophan peptides varied between 49.1◦ and 52.2◦, whereas the
Series 2 biphenylalanine peptides were more lipophilic, with contact angles between 53.5◦

and 54.9◦. Although the Series 2 peptides were more efficacious against the bacteria than
those in Series 1—fitting the general picture that lipophilic peptides are more active than
their less lipophilic counterpart—there is seemingly no correlation between the contact
angle and the peptide activity within each group.

3.2.2. Verification of Surface Integrity and Homogeneity by Spatially Resolved ToF-SIMS
Mass Spectrometry

The interpretation of the anti-colonization efficacy of the various peptide-modified
surfaces is highly dependent on verifying the integrity—whether the peptide is present on
the surface—and the homogeneity of the surface—that the peptides coupled to the surface
are evenly spread. ToF-SIMS imaging is a premier method for such an analysis [40]. The
technique provides a mass resolved 2D-map (image) of the surface specimen. When the
masses selected for the imaging are among the characteristic ions for each amino acid in the
sequence, the combined maps provide the spatial distribution of the peptides, as shown in
Figures 4 and 5. The data unequivocally shows the presence of the specific peptides on
the surface, and the surfaces are homogenous in nature. A drawback with the method is
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that it is not quantitative, making comparisons between specimens difficult [43]. However,
the homogeneity within a sample is a good indication that we can consider that there are
no gross differences in the surface density of the peptides between the different surfaces,
but that the absolute surface density is an unknown factor. On this basis, that is, that the
peptides are connected to the Au–SAM surfaces in a manner that is similar for all peptides,
we could start interpreting the anti-colonization activity of the different surfaces.

3.3. Anti-Colonization Efficacy

The Certika test that was selected to assay the anti-colonization efficacy of the peptide-
modified surfaces is a rigorous quantitative test that is based on measuring the quantitative
regrowth of surface adherent bacteria after a bacterial challenge. The Certika method
is particularly valuable as it can measure a wide variation of anti-colonization efficacy
without the dilution of the assay material.

The Certika test was applied to all eight surfaces using S. epidermidis as the challenge
organism. S. epidermidis was selected because it is a bacterium with a large potential for
surface colonization and subsequent biofilm formation [44]. The Certika test confirmed that
the anti-colonization of all surfaces increased after peptide linkage, but the efficacy varied
to a large degree. The trends in the anti-colonization efficacy of the peptide-functionalized
surfaces grossly followed the intrinsic MIC values for the individual peptides. The major
break in the correlation was that the PEG400 peptides became more efficacious than the
shorter PEG200 peptides, a result suggesting that the increased motional freedom of the
peptides with a longer tether to the surface was beneficial for the anti-colonization efficacy.
The trend was even extended to the 1c and 2c peptides, where the peptides were connected
directly to the SAM surface without the use of an additional PEG tether, although a direct
comparison is more difficult, as the 1c and 2c peptides were connected close to the C-
terminus and had an additional charge compared to the peptides 1a, 2a, 1b, and 2b, which
were linked to the surface through a PEG unit connected to the N-terminus.

The most surprising result, however, was the large difference observed in the anti-
colonization efficacy compared to the relatively narrow span of the intrinsic antimicrobial
efficacy of the non-coupled peptides. While the antibacterial efficacy of the eight peptides
in the library covered a range of 2–128 µg/mL, the anti-colonization efficacy varied from
22:1 for surfaces with 1a and 1c to 210:1 for a surface prepared with 2d, or, in log sales, a
variation between 0.6 log and 6 log.

An anti-colonization efficacy in the order of 6 log units is well within what would
be needed for practical utilization of covalently anchored peptides to create an anti-
colonization surface. Admittedly, the surface used here was a model surface, and more
work is needed to translate these promising results into a practical and general method
for peptide functionalization of surfaces. Furthermore, the analytical techniques used in
the present study do not provide a quantification of the surface density of the peptides.
On the other hand, the AMP-functionalized Au–SAM method provides a surface with
high homogeneity and chemical integrity, allowing for the determination of the influence
of the intrinsic antimicrobial efficacy of the attached peptides and the anti-colonization
efficacy they provide on a surface. The results, so far, have revealed a surprising effect
where modest differences in antimicrobial efficacy translated into large changes in anti-
colonization activity.

4. Materials and Methods
4.1. Materials

Rink amide HL resin, 2-chlorotrityl chloride resin, and natural Fmoc-protected amino
acids were bought from Novabiochem. Fmoc-Bip-OH was purchased from Iris Biotech.
Other chemicals used in standard Fmoc solid phase peptide synthesis (SPPS) were bought
from Sigma-Aldrich. The starting material, reactants, and solvents for the synthesis of the
PEG linker were purchased from Sigma-Aldrich. Pre-diced gold (Au)-coated Si-wafers
(10 × 10 × 0.5 mm) were purchased from ConScience AB, Gothenburg, Sweden. The Au
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surface was protected by polymer S1813 during shipment and handling. α-Thio-PEG600-ω-
alkyne was purchased from Nanocs, NY, USA, while the rest of the chemicals for CuAAC
were bought from Sigma-Aldrich.

4.2. Experimental Method
4.2.1. Synthesis of Azide and Carboxylic Acid Terminal-Conjugated Polyethylene Glycol

The preparation of the α-carboxyl-PEG-ω-alkynes 6a and b were prepared from
PEG200 and PEG400, respectively, through a four-step sequence (a–d) outlined in Figure 7.
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Figure 7. Synthesis of a modified PEG (average Mw: 200 (Series a) and 400 (Series b)) moiety with azido and carboxylic
acid terminals: (a). TsCl and. KOH in DCM at rt overnight; (b) NaN3 in Et2O at 80 ◦C overnight; (c) PPh3 in Et2O:1M HCl
(1:1) rt overnight; (d) 2.0 eq. diglycolic anhydride and 0.2 eq. DMAP in DCM rt overnight. The chemical yield is given
under each compound.

O,O′-Bis(tosyloxy)polyethylene glycols

Polyethylene glycol (PEG, average Mw 200) (0.5 g, 0.0025 mol) was dissolved in 50 mL
dichloromethane (DCM) and cooled on an ice bath for 15 min. Powdered KOH (8.0 eq.,
1.1221 g, 0.02 mol) was added slowly before adding 4-toluenesulfonyl chloride (3.0 eq.,
1.4298 g, 0.0075 mol) to the ice-cold solution. The reaction was carried out overnight at
room temperature before quenching with 15 mL of ice-cold water. The reaction mixture
was extracted with 10 mL of DCM three times, dried over MgSO4, filtered, and concen-
trated under vacuum. The crude product was purified by silica column chromatography
(MeOH/DCM, 1:10) to give 3a (1.157 g, 91%) as a transparent colorless oil. 1H NMR
(400 MHz, CDCl3): δ 7.83 (dd, J = 8.3, 1.4 Hz, 4H), 7.37 (d, J = 8.0 Hz, 4H), 4.20–4.15 (m, 4H),
3.74–3.54 (m, 14H), 2.48 (s, 6H) (Figure S1). HRMS (ESI): calculated for C22H30O9S2Na+ [M
+ Na]+ 525.1229; found 525.1226.

Synthesis of PEG average Mw 400 (1.0 g, 0.0025 mol) was synthesized using the same
method as above to give 3b (1.468 g, 83%) as a transparent colorless oil. 1H NMR (400
MHz, CDCl3): δ 7.82–7.75 (m, 4H), 7.33 (d, J = 8.1 Hz, 4H), 4.14 (dd, J = 5.7, 4.0 Hz, 4H), 3.67
(dd, J = 5.6, 4.1 Hz, 4H), 3.65–3.58 (m, 17H), 3.57 (s, 8H), 2.44 (s, 6H) (Figure S2). HRMS
(ESI): calculated for C34H54O15S2Na+ [M + Na]+ 789.2802; found 789.2796

O,O′-Bis(2-azidoethyl)polyethylene glycols

Compound 3a (15.957 g, 0.031 mol) was dissolved in 80 mL dimethylformamide
(DMF). To the stirred solution, sodium azide (3.0 eq., 6.125 g, 0.093 mol) was added slowly
and the mixture refluxed at 80 ◦C overnight. Excess sodium azide was quenched with
100 mL of ice-cold water. The product was extracted with diethyl ether, dried over MgSO4,
filtered, and concentrated under vacuum to give crude 4a (6.535 g, 83%) as a transparent
colorless oil. The product was used without further purification. 1H NMR (400 MHz,
CDCl3): δ 3.71–3.64 (m, 14H), 3.39 (td, J = 5.1, 2.4 Hz, 4H) (Figure S3). HRMS (ESI):
calculated for C14H28N6O6Na+ [M + Na]+ 399.1968; found 399.1954

The same method was applied for the preparation of 4b from 3b (4.843 g, 0.0068
mol) to give 4b (2.441 g, 79%) as a transparent colorless oil. 1H NMR (400 MHz, CDCl3)
δ 3.69–3.63 (m, 30H), 3.38 (t, J = 5.1 Hz, 4H) (Figure S4). HRMS (ESI): calculated for
C24H48N6O11K+ [M + K]+ 635.3018; found 635.3006

O-(2-Aminoethyl)-O′-(2-azidoethyl)polyethylene glycols

To a stirred solution of 4a (5.537 g, 0.022 mol) in 50 mL diethyl ether, 1M HCl (50 mL)
and triphenylphosphine (1.0 eq., 5.804 g, 0.022 mol) were added and the resulting mixture
was stirred overnight at room temperature. White solids of triphenylphosphine oxide were
removed by filtration, and the filtrate was extracted with diethyl ether to remove residues
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of triphenylphosphine oxide. The pH of the aqueous phase was adjusted by KOH until
pH ~12, extracted with 15 mL DCM, dried over MgSO4, filtered, and concentrated under
vacuum to give crude 5a (4.157 g, 83%) as a transparent colorless oil. 1H NMR (400 MHz,
CDCl3): δ 3.72–3.61 (m, 14H), 3.52 (ddd, J = 8.7, 5.7, 4.2 Hz, 2H), 3.40 (dt, J = 8.4, 4.9 Hz, 2H),
2.88 (q, J = 5.3 Hz, 2H), 1.91 (s, 2H) (Figure S5). HRMS (ESI): calculated for C14H31N4O6

+

[M + H]+ 351.2238; found 351.2245.
The same method was applied for the preparation of 5b from 4b (2.441 g, 0.0054 mol).

Compound 5b (1.999 g, 87%) was obtained as a yellow oil. 1H NMR (400 MHz, CDCl3):
δ 3.61–3.46 (m, 28H), 3.39 (t, J = 5.2 Hz, 2H), 3.26 (t, J = 5.0 Hz, 2H), 2.73 (t, J = 5.2 Hz,
2H), 2.08 (s, 3H) (Figure S6). HRMS (ESI): calculated for C24H51N4O11

+ [M + H]+ 571.3549;
found 571.3532

O-(2-Azidoethyl)-O-[2-(diglycolyl-amino)ethyl]polyethylene glycols

To a stirred solution of 5a (3.516 g, 0.016 mol) in 35 mL DCM, diglycolic anhydride
(2.0 eq., 3.643 g, 0.032 mol) and 4-dimethylaminopyridine (0.2 eq., 0.352 g, 0.0032 mol)
were added and the reaction mixture was stirred for 4 h. Ethylenediamine (2.0 eq., 1.886 g,
0.032 mol) was added and stirring was continued overnight to remove the excess diglycolic
anhydride. DCM (30 mL) was added before washing the organic phase with 15 mL of
1M HCl three times. The combined acidic aqueous phase was extracted with 5x15 mL
dichloromethane. The organic layer was dried over MgSO4, filtered and concentrated
under vacuum to give 6a (3.615 g, 67%) as a pink oil. 1H NMR (400 MHz, CDCl3): δ 10.15 (s,
1H), 4.08 (s, 2H), 4.05 (s, 2H), 3.65–3.51 (m, 14H), 3.49 (t, J = 5.4 Hz, 2H), 3.41 (q, J = 5.3 Hz,
2H), 3.30 (t, J = 4.9 Hz, 2H) (Figure S7). HRMS (ESI): calculated for C16H30N4O9Na+ [M +
Na]+ 445.1910; found 445.1925.

The same method was applied for the preparation of 6b from 5b (1.979 g, 0.005 mol).
Compound 6b (2.060 g, 81%) was obtained as a pink oil. 1H NMR (400 MHz, CDCl3): δ 7.66
(s, 1H), 4.16 (s, 2H), 4.11 (s, 2H), 3.71–3.60 (m, 33H), 3.58–3.54 (m, 2H), 3.51 (q, J = 5.1 Hz,
2H), 3.38 (t, J = 5.1 Hz, 2H) (Figure S8). HRMS (ESI): calculated for C22H42N4O12Na+ [M +
Na]+ 577.2697; found 577.2689.

4.2.2. Synthesis of Linear Azidopeptides and Azido PEG Peptides

The linear azidopeptides were assembled on a Rink Amide HL 100–200 mesh (loading:
0.98 mmol/g) based on an Fmoc solid-phase peptide synthesis technique. The scale varied
from 0.18 mmol to 0.21 mmol.

Loading of Rink Amide resin and coupling: Rink Amide HL (0.98 mmol/g) was
swelled at 70 ◦C for 20 min. A solution of 20% piperidine in DMF was added to the resin
to remove the Fmoc group from the resin. Fmoc amino acids (4.00 eq.) were coupled
with O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU,
3.92 eq.), 1-hydroxybenzotriazole hydrate (HOBt, 4.00 eq.), and N,N-diisopropylethylamine
(DIPEA, 8.0 eq.). The removal of N-terminal Fmoc was carried out with piperidine (20%) in
DMF before coupling the next amino acid. Fmoc-Phe-OH (4.0 eq.) and Fmoc-Trp(Boc)-OH
(4.0 eq.) were coupled at 70 ◦C for 5 min and Fmoc-Bip-OH (4.0 eq.) was coupled at 70 ◦C
for 15 min. Fmoc-Arg(Pbf)-OH (4.0 eq.) was coupled at room temperature for 60 min and
Fmoc-Lys(N3) was coupled at room temperature for 16 h. N3-PEG200-COOH (4.0 eq.) or
N3-PEG400-COOH (4.0 eq.) were coupled with HBTU (3.92 eq.) and HOBt (4.0 eq.) at room
temperature for 16 h. After the last coupling, non-PEGylated peptides were removed from
the Fmoc group, and the resin was washed with MeOH and DCM before being placed in a
desiccator to dry overnight.

Cleavage from the resin and side-chain deprotection: A solution of TFA (trifluoroacetic
acid)/TIS (triisopropylsilane)/H2O (95:2.5:2.5, 10 mL) was added to the resin twice to
remove the protecting groups. The combined solutions were evaporated under reduced
pressure before adding ice-cold diethyl ether to precipitate the peptide. The crude peptides
were washed 3 times with diethyl ether before purifying the peptides by reversed-phase
high-performance liquid chromatography (RP-HPLC) to achieve a purity of ≥95%.
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Following the procedure in Section 4.2.2 at a 0.21 mmol scale, 1a was isolated as a
white powder (44.4 mg, 17.2%) (Figure S17). 1H NMR (400 MHz, DMSO-d6) δ 10.80 (d,
J = 2.3 Hz, 2H), 8.13 (dd, J = 9.9, 7.5 Hz, 2H), 8.05 (td, J = 7.2, 6.0, 3.7 Hz, 2H), 7.98 (d,
J = 8.2 Hz, 1H), 7.91 (d, J = 8.1 Hz, 1H), 7.61 (q, J = 5.3 Hz, 2H), 7.57 (d, J = 7.9 Hz, 2H),
7.45–7.41 (m, 1H), 7.32 (dd, J = 8.0, 6.3 Hz, 3H), 7.25–7.19 (m, 6H), 7.15 (dt, J = 5.7, 3.2 Hz,
5H), 7.09 (d, J = 2.4 Hz, 2H), 7.08–7.02 (m, 4H), 6.95 (t, J = 7.4 Hz, 3H), 4.55 (dq, J = 8.4, 4.7,
3.9 Hz, 2H), 4.47 (td, J = 8.4, 5.2 Hz, 2H), 4.34–4.20 (m, 7H), 3.96 (s, 4H), 3.61–3.55 (m, 2H),
3.55–3.48 (m, 8H), 3.43 (td, J = 6.0, 4.4 Hz, 2H), 3.40–3.35 (m, 2H), 3.30–3.23 (m, 2H), 3.13
(dd, J = 15.2, 4.4 Hz, 2H), 3.03 (dt, J = 19.7, 7.7 Hz, 8H), 2.96–2.79 (m, 3H), 1.62 (ddd, J = 13.7,
9.5, 6.3 Hz, 2H), 1.55–1.32 (m, 8H) (Figure S9). HRMS (ESI): calculated for C57H82N18O12

2+

[M + 2H]2+ 605.3175; found 605.3186.
Following the procedure in Section 4.2.2 at a 0.21 mmol scale, 1b was isolated as a

white powder (31.5 mg, 18.3%) (Figure S18). 1H NMR (600 MHz, DMSO-d6): δ 10.79 (d,
J = 2.4 Hz, 2H), 8.14 (d, J = 7.4 Hz, 1H), 8.11 (d, J = 7.5 Hz, 1H), 8.07–8.03 (m, 2H), 7.98 (d,
J = 8.1 Hz, 1H), 7.91 (d, J = 8.1 Hz, 1H), 7.57 (dd, J = 11.2, 7.0 Hz, 4H), 7.44–7.42 (m, 1H),
7.32 (t, J = 8.7 Hz, 3H), 7.23 (q, J = 5.9, 4.7 Hz, 6H), 7.15 (ddd, J = 13.9, 6.1, 2.1 Hz, 4H), 7.09
(d, J = 2.4 Hz, 1H), 7.05 (td, J = 7.3, 4.0 Hz, 3H), 6.95 (t, J = 7.4 Hz, 3H), 4.55 (tt, J = 8.4, 3.8
Hz, 2H), 4.47 (td, J = 8.4, 5.2 Hz, 1H), 4.31 (td, J = 8.4, 5.4 Hz, 1H), 4.23 (q, J = 7.2 Hz, 1H),
3.97–3.94 (m, 4H), 3.59 (q, J = 3.9, 2.9 Hz, 2H), 3.57–3.46 (m, 33H), 3.42 (t, J = 6.0 Hz, 3H),
3.38 (t, J = 5.0 Hz, 3H), 3.26 (q, J = 6.0 Hz, 3H), 3.15–3.10 (m, 2H), 3.02 (tq, J = 19.9, 6.1 Hz,
8H), 2.91 (dd, J = 15.0, 9.4 Hz, 1H), 2.83 (dd, J = 13.9, 8.7 Hz, 1H), 1.66–1.58 (m, 2H), 1.49
(tdd, J = 13.7, 9.9, 5.9 Hz, 3H), 1.38 (tdd, J = 15.6, 11.6, 6.7 Hz, 5H) (Figure S10). HRMS (ESI):
calculated for C69H106N18O18

2+ [M + 2H]2+ 737.3961; found 737.3957.
Following the procedure in Section 4.2.2 at a 0.18 mmol scale, 1c was isolated as a

white powder (18.0 mg, 9.9%) (Figure S19). 1H NMR (400 MHz, DMSO-d6) δ 10.85 (d,
J = 2.4 Hz, 1H), 10.78 (d, J = 2.4 Hz, 1H), 8.54 (d, J = 7.7 Hz, 1H), 8.35 (d, J = 7.7 Hz, 1H),
8.14–8.01 (m, 6H), 7.71 (t, J = 5.9 Hz, 1H), 7.66 (d, J = 7.8 Hz, 1H), 7.63–7.55 (m, 2H), 7.33 (dd,
J = 8.1, 2.7 Hz, 3H), 7.28–7.19 (m, 7H), 7.17–7.10 (m, 4H), 7.09–7.02 (m, 4H), 6.95 (dt, J = 12.8,
7.5 Hz, 3H), 4.69–4.60 (m, 1H), 4.57 (tt, J = 7.6, 3.7 Hz, 2H), 4.30 (q, J = 7.1 Hz, 1H), 4.18 (td,
J = 8.2, 5.3 Hz, 1H), 3.73 (dt, J = 11.4, 4.8 Hz, 1H), 3.53–3.46 (m, 2H), 3.26 (t, J = 6.9 Hz, 2H),
3.18–3.10 (m, 1H), 3.11–2.99 (m, 6H), 2.94 (td, J = 15.3, 9.3 Hz, 2H), 2.83 (dd, J = 14.0, 8.8 Hz,
1H), 1.66 (tt, J = 13.7, 6.6 Hz, 4H), 1.47 (qd, J = 13.1, 10.7, 6.3 Hz, 8H), 1.29 (tt, J = 15.4, 6.5 Hz,
2H) (Figure S11). HRMS (ESI): calculated for C49H67N18O6

+ [M + H]+ 1003.5485; found
1003.5492.

Following the procedure in Section 4.2.2 at a 0.21 mmol scale, 2a was isolated as a
white powder (33.6 mg, 12.8%) (Figure S21). 1H NMR (400 MHz, DMSO-d6): δ 8.28 (d,
J = 7.8 Hz, 2H), 8.09–7.97 (m, 4H), 7.69 (t, J = 5.7 Hz, 1H), 7.61 (t, J = 8.2 Hz, 6H), 7.55 (d,
J = 8.0 Hz, 3H), 7.50 (d, J = 7.9 Hz, 3H), 7.45 (qd, J = 7.9, 6.3, 1.9 Hz, 7H), 7.38–7.30 (m, 6H),
7.28 (d, J = 8.1 Hz, 3H), 7.23 (d, J = 4.5 Hz, 6H), 7.18–7.11 (m, 3H), 4.58 (dtd, J = 13.2, 8.4,
4.2 Hz, 2H), 4.50 (td, J = 8.2, 5.3 Hz, 1H), 4.30 (dq, J = 14.2, 7.8, 7.3 Hz, 2H), 3.96 (s, 2H),
3.94 (s, 2H), 3.60–3.54 (m, 3H), 3.50 (ddd, J = 14.7, 7.5, 4.0 Hz, 9H), 3.44–3.33 (m, 5H), 3.24
(q, J = 5.9 Hz, 2H), 3.12–2.97 (m, 8H), 2.84 (dp, J = 13.8, 9.3, 7.9 Hz, 3H), 1.71–1.59 (m, 2H),
1.59–1.31 (m, 7H) (Figure S13). HRMS (ESI): calculated for C63H84N16O11

2+ [M + 2H]2+

620.3247; found 620.3240.
Following the procedure in Section 4.2.2 at a 0.21 mmol scale, 2b was isolated as a

white powder (44.0 mg, 14.7%) (Figure S22). 1H NMR (600 MHz, DMSO-d6): δ 8.30–8.26
(m, 2H), 8.06 (d, J = 8.2 Hz, 1H), 8.05–8.02 (m, 2H), 7.99 (d, J = 8.1 Hz, 1H), 7.68 (t, J = 5.7 Hz,
1H), 7.64–7.59 (m, 5H), 7.55 (d, J = 8.0 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 7.44 (ddd, J = 15.6,
8.5, 2.5 Hz, 6H), 7.37–7.32 (m, 5H), 7.28 (d, J = 8.0 Hz, 3H), 7.23 (d, J = 5.2 Hz, 5H), 7.15
(td, J = 5.4, 3.0 Hz, 2H), 7.13 (t, J = 2.9 Hz, 1H), 4.58 (dtd, J = 19.2, 8.5, 4.5 Hz, 2H), 4.50 (td,
J = 8.3, 5.3 Hz, 1H), 4.31 (ddt, J = 21.4, 14.3, 6.3 Hz, 2H), 3.96 (s, 2H), 3.94 (d, J = 1.7 Hz, 2H),
3.59 (dtd, J = 4.8, 3.5, 2.0 Hz, 3H), 3.57–3.45 (m, 30H), 3.41 (t, J = 6.0 Hz, 2H), 3.38 (t, J = 4.9
Hz, 2H), 3.27–3.22 (m, 2H), 3.07 (q, J = 6.7 Hz, 3H), 3.04 (d, J = 5.0 Hz, 2H), 3.01 (dt, J = 12.7,
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5.8 Hz, 3H), 2.89–2.77 (m, 3H), 1.70–1.61 (m, 2H), 1.59–1.31 (m, 7H) (Figure S14). HRMS
(ESI): calculated for C73H104N16O16

2+ [M + 2H]2+ 730.3903; found 730.3900.
Following the procedure in Section 4.2.2 at a 0.18 mmol scale, 2c was isolated as a

white powder (98.0 mg, 50.5%) (Figure S23). 1H NMR (400 MHz, DMSO-d6) δ 8.63 (d,
J = 7.9 Hz, 1H), 8.47 (d, J = 7.9 Hz, 1H), 8.28 (d, J = 7.8 Hz, 1H), 8.11 (d, J = 7.9 Hz, 3H), 8.05
(d, J = 8.1 Hz, 1H), 7.76 (t, J = 5.8 Hz, 1H), 7.71 (t, J = 5.6 Hz, 1H), 7.66–7.60 (m, 4H), 7.54
(dd, J = 8.3, 2.4 Hz, 4H), 7.45 (dd, J = 8.4, 6.9 Hz, 5H), 7.39–7.32 (m, 7H), 7.28 (d, J = 2.2
Hz, 2H), 7.26–7.18 (m, 6H), 7.16–7.10 (m, 2H), 7.10–7.05 (m, 1H), 4.70–4.56 (m, 3H), 4.31 (q,
J = 7.2 Hz, 1H), 4.19 (td, J = 8.2, 5.3 Hz, 1H), 3.82–3.73 (m, 1H), 3.27 (t, J = 6.9 Hz, 2H), 3.05
(dq, J = 18.3, 7.6, 5.9 Hz, 7H), 2.91–2.76 (m, 3H), 1.66 (qd, J = 9.1, 8.6, 3.8 Hz, 4H), 1.59–1.39
(m, 8H), 1.38–1.23 (m, 2H) (Figure S15). HRMS (ESI): calculated for C57H73N16O6

+ [M +
H]+ 1077.5894; found 1077.5907.

4.2.3. Synthesis of Cyclic Azidopeptides

The cyclic azidopeptides were prepared from the fully protected linear analogs assem-
bled on 2-chlorotrityl chloride resin.

Activation and loading of 2-chlorotrityl chloride resin: 2-chlorotrityl chloride resin
(1.63 mmol/g, 0.18 mmol scale) was swelled for an hour in DCM. A solution of thionyl
chloride (1.2 eq.) was added to the resin under argon and stirred slowly for 2 h before
washing the resin thoroughly with DCM. Fmoc-Phe-OH (3.00 eq.) was coupled to the resin
with DIPEA (6.0 eq.) in DCM and stirred slowly overnight at room temperature.

Capping, removal of Fmoc, and amino acid coupling: The remaining uncoupled sites
were capped with DCM/MeOH/DIPEA (80:15:5, 10 mL) for 30 min. The Fmoc group
was removed using a solution of 20% piperidine in DMF. The amino acids (4.0 eq.) were
coupled with HBTU (3.92 eq), HOBt (4.0 eq.), and DIPEA (8.0 eq.) at 70 ◦C for 5 min
(Fmoc-Bip-OH: 15 min) with the exception of Fmoc-Arg(Pbf)-OH and Fmoc-Lys(N3)-OH.
Fmoc-Arg(Pbf)-OH and Fmoc-Lys(N3)-OH were coupled at room temperature for 1 h
and 16 h, respectively. After coupling the final amino acid, the N-terminal Fmoc group
was removed, and the resin was washed with MeOH and DCM before being left to dry
overnight in a desiccator.

Cleavage from the resin and cyclization: Hexafluoroisopropanol (HFIP) in DCM (3:7,
5 mL) was added to the resin and stirred slowly for 45 min. The process was repeated two
times. The combined solution was evaporated under vacuum. The resulting peptide was
dissolved in 10 mL of DMF, and DIPEA (6.0 eq.) was added. Benzotriazole-1-yl-oxytris-
pyrrolidino-phosphonium hexafluorophosphat (PyBOP, 3.0 eq.) was dissolved in 200 mL of
DMF and stirred rapidly before adding the peptide dropwise. The reaction was monitored
by MS until completion. The solvents were evaporated under reduced pressure.

Side-chain deprotection and diethyl ether precipitation: A solution of TFA/TIS/H2O
(95:2.5:2.5, 10 mL) was added to the peptide and stirred for 3 h. The solvents were evapo-
rated under reduced pressure before ice-cold diethyl ether was added. The precipitate was
washed three times with diethyl ether and the crude peptide was purified by RP-HPLC.

Following the procedure in Section 4.2.3 at a 0.18 mmol scale, 1d was isolated as a
white powder (22 mg, 12.3%) (Figure S20). 1H NMR (400 MHz, DMSO-d6) δ 10.74 (d,
J = 2.3 Hz, 1H), 10.69 (s, 1H), 8.11–7.96 (m, 4H), 7.90 (d, J = 7.7 Hz, 1H), 7.52 (d, J = 7.8 Hz,
1H), 7.48–7.38 (m, 3H), 7.35 (d, J = 5.8 Hz, 1H), 7.32–7.09 (m, 11H), 7.07 (d, J = 2.3 Hz, 2H),
7.05–6.95 (m, 4H), 6.91 (q, J = 7.2 Hz, 3H), 4.31–4.18 (m, 3H), 3.95 (s, 1H), 3.85–3.73 (m,
2H), 3.22 (td, J = 6.9, 1.9 Hz, 3H), 3.17–3.10 (m, 2H), 3.09–2.85 (m, 9H), 1.70–1.37 (m, 9H),
1.34–1.07 (m, 6H) (Figure S12).

Following the procedure in Section 4.2.3 at a 0.18 mmol scale, 2d was isolated as
a white powder (65 mg, 34.0%) (Figure S24). 1H NMR (400 MHz, DMSO-d6) δ 8.28 (d,
J = 7.6 Hz, 1H), 8.20 (q, J = 7.5, 6.5 Hz, 4H), 8.13 (d, J = 7.1 Hz, 1H), 7.67–7.50 (m, 11H), 7.43
(td, J = 7.7, 3.1 Hz, 5H), 7.37–7.24 (m, 10H), 7.24–7.18 (m, 4H), 4.40–4.28 (m, 2H), 4.21 (q,
J = 7.6 Hz, 1H), 4.06 (q, J = 7.1 Hz, 1H), 3.92 (q, J = 7.1 Hz, 2H), 3.28 (td, J = 6.8, 2.5 Hz,
2H), 3.25–3.17 (m, 2H), 3.13–2.93 (m, 8H), 1.89–1.44 (m, 9H), 1.27 (tdd, J = 27.7, 16.1, 7.1 Hz,
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7H) (Figure S16). HRMS (ESI): calculated for C57H70N18O5
+ [M + H]+ 1060.5628; found

1060.5637.

4.2.4. HPLC

Peptides 1a–b and 2a–b were purified using RP-HPLC on a Supelco Ascentis C18
column (10 µm, 10 cm × 21.2 mm, flow rate 7 mL/min) and peptides 1c–d and 2c–d were
purified using RP-HPLC on a YMC-Triart C18 column (5 µm, 20 × 150 mm, flow rate of
11 mL/min) with a mixture of water and acetonitrile (both containing 0.1% TFA) as eluent.
The peptides were analyzed by RP-HPLC using a Supelco Ascentis Express C18 column
(2.7 µm, 10 cm × 3.0 mm, flow rate of 1 mL/min) and positive ion electrospray mass
spectrometry.

4.2.5. Preparation of Au Surface and Copper(I)-Catalyzed Alkyne-Azide Cycloaddition

The Au surfaces were washed with MeOH (50 mL × 4), dried with N2, placed in a UV
oven for 20 min, and then washed with Milli-Q® H2O. A beaker with 25 mL Milli-Q® H2O
and 5 mL ammonia (33% solution) was heated to 75 ◦C before adding the Au surfaces. After
5 min, 5 mL of hydrogen peroxide was added before simmering for 12 min. Each surface
was washed thoroughly with Milli-Q® H2O before adding 3 mL of an ethanolic solution of
HS-PEG-Alkyne (Mw600, 0.08 mg/mL) and left to react overnight at room temperature.
The following day, each surface was washed thoroughly with EtOH (5 mL × 5), and Milli-
Q® H2O (5 mL × 5) and dried with N2. Solutions of the peptides (100 µM) in Dulbecco’s
phosphate-buffered saline (DPBS), ascorbic acid (1 mM) in DPBS, and the copper (CuSO4,
150 µM) with tris-hydroxypropyltriazolylmethylamine (750 µM) and HCl (1 mM) in DPBS
were prepared. To the tubes with the dried Au surfaces, 700 µL of peptide solution, 700 µL
of copper solution, and 700 µL of ascorbic acid solution were added and left to react
overnight at room temperature. The control surfaces received 700 µL of peptide solution
and 1400 µL of DPBS.

Upon completion of the copper(I)-catalyzed alkyne-azide cycloaddition, each surface
was washed thoroughly with Milli-Q® H2O (25 mL × 5) and then dried with N2.

4.2.6. Minimal Inhibitory Concentration Determinations

The minimal inhibitory concentration (MIC) of peptides 1a, 1b, 2a, and 2b were
determined by broth microdilution according to the Clinical Laboratory Standard Institute
(CLSI) method M07-A9. The MICs of the peptides 1c, 1d, 2c, and 2d were determined
by broth dilution according to the European Committee for Antimicrobial Susceptibility
Testing (EUCAST) [45]. Final concentrations of 0.5–256 µg/mL were tested against a panel
of reference bacteria—S. aureus (ATCC 9144), S. epidermidis (1457), E. coli (ATCC 25922),
and P. aeruginosa (ATCC 27853).

Each strain was tested in biological triplicate. The MIC values were defined as the
lowest concentration of the peptides resulting in no visual growth.

4.2.7. Certika Assay

The Certika assay was adopted from Bruenke et al. [41] Bacterial test strains (200 µL,
1 × 106 colony-forming units (CFU) mL−1) were added to the Au–SAM peptide surface
samples and incubated at 37 ◦C for 1 h to allow bacterial cells to adhere to the sample
surface. Loosely bound bacteria were then removed by washing in PBS pH 7.2 for 10 min
before the samples were incubated in 200 µL of minimum medium (PBS with 1% tryptic
soy broth (TSB)) at 37 ◦C for 18 h (challenge time). After the removal of the test samples,
each well was supplemented with 50 µL of TSB complete medium. The bacterial growth
(of the daughter cells) at 37 ◦C was recorded every 30 min (readout time, Software KC4
3.4, BioTek) for a period of 48 h by OD measurements in a microtiter plate reader at a
wavelength of 578 nm. The onset OD value was defined as 0.2.
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4.2.8. ToF-SIMS Mass Spectrometry Imaging

The coupling efficacy/homogeneity was evaluated by imaging mass spectroscopy
following the presence of peptide-specific fragments on the surface. The ToF-SIMS analysis
was carried out in a ToFSIMS IV instrument (IONToF GmbH, Germany), using 25 keV
Bi3+ primary ions at a pulsed current of 0.1 pA (cycle time 150 µs, width 1.2 ns). Each
sample was analyzed in the bunched mode at an analysis area of 500× 500 µm2 (resolution
of 256 pixels). The average of 25 scans at an acquisition time of 100 s was used when
acquiring data.

Reference spectra of pure peptides were measured by placing a drop of peptide
dissolved in EtOH at 1% (w/v) on a clean silica wafer. After the evaporation of the EtOH,
the peptide was analyzed and specific mass fragments from each peptide were identified,
such as arginine (100,09 m/z) and tryptophan (130, 07 m/z). The distribution of coupled
peptides on the Au/PEG/alkyne surfaces was then determined by following the presence
of these fragments.

4.2.9. Contact Angle Measurements

The static water contact angle before and after peptide coupling was measured using
the sessile drop method. A DSA100 instrument from Krüss GmbH (Hamburg, Germany)
was used for the deposition and image evaluation of drop shape. A drop volume of 5 µL
was deposited using ultrapure and deionized water (resistivity > 18.2 MΩ−1 cm) and
the drop shape was measured 10 s after surface deposition. The analysis was performed
under ambient temperature and humidity. The contact angles were obtained through ten
independent measurements (Table S1).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics10121516/s1, Figures S1–S8: 1H NMR spectra of compounds 3a and b, 4a and b,
5a and b, and 6a and b, Figures S9–S16: 1H NMR spectra of compounds 1a–d, and 2a–d, Figures
S17–S24: HPLC of compounds 1a–d, and 2a–d, Figure S25: Contact angle images of 1a–d and 2a–d
covalently linked to an Au surface, Figure S26: ToF-SIMS images of 1a–d covalently linked to an Au
surface, Figure S27: ToF-SIMS images of 2a–d covalently linked to an Au surface, Table S1: Contact
Angle of 1a–d and 2a–d covalently linked to an Au surface, Table S2: Certika data of 1a–d and 2a–d
covalently linked to an Au surface, Table S3: Overview of MIC data.
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