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Abstract

Modern medicine is threatened by the emergence of antimicrobial resistance (AMR). New agents with
unique structures and mechanisms of action are urgently needed to address the problems associated
with AMR. To effectively address this challenge, a proper understanding of the structure-activity
relationship is required to decipher the mechanism of action of novel compounds. Template-based
design inspired by the structural motif of natural antimicrobial peptides (AMPs) could open new ways
to develop antimicrobial agents with novel mechanisms of action. In this thesis, the biological effects
of altering the amino acid composition, cyclization, and addition of N-terminal fatty acid chains on
short synthetic marine AMP derivatives were studied. A rational peptide design approach based on
well-known physicochemical features, such as hydrophobicity and cationic properties was applied on
templates derived from the marine AMPs Turgencin A and EeCentrocin 1. Antimicrobial screening
was conducted using different Gram-positive and Gram-negative bacterial strains as well as different
fungal strains. Several bacterial biosensors including novel MoA-specific whole-cell biosensors were
used to study the mechanism of action (MoA).

The incorporation of tryptophan into the core sequence of Turgencin A analogues as well as the
substitution of lysine with arginine and cyclization via disulfide bridges, increased the potency of the
derivates. This indicates the importance of arginine and tryptophan residues in the improvement of
amphipathic properties. The highest antimicrobial activity was observed for cyclic lipopeptides Ciz-
cTurg-1 and Cs-cTurg-2, indicating the importance of acylation in enhancing both activity and
stability via increased hydrophobicity and cyclization. Similarly, modification with arginine and
tryptophan or head-to-tail cyclization of a previously reported lead peptide (P6) derived from the
heavy chain of the marine heterodimeric peptide EeCentrocin 1 resulted in the potent derivatives P6-
W6RS and cP6-W6RS. Structure-activity studies showed that derivatives with increased antibacterial
and membranolytic activities and low toxicity can be generated by fine-tuning several modifications.
In addition to their effects on the cytoplasmic membrane, a secondary mechanism, involving outer
membrane (OM) disruption in Gram-negative bacteria and the induction of stress responses related to
membrane damage, suggests a concentration-dependent mechanism of action. In subsequent MoA
studies, the application of a novel bacterial biosensor for measuring OM activity confirmed the
primary interaction of the synthetic derivatives with the OM of Escherichia coli.

In studies involving combined treatment with either erythromycin or vancomycin, synergy against E.
coli occurred more frequently with the OM active peptides, whereas no synergy was observed against
Gram-positive bacteria. Most analogues were able to inhibit the formation of both Gram-positive and
Gram-negative bacterial biofilms, which may be attributed to their membranolytic and killing effect.
However, the biofilm inhibitory effects of moderately active analogues were independent of their
growth inhibition effects. Synergistic combinations were also able to inhibit biofilm formation by
Salmonella enterica serovar Typhimurium UMRI1 and Pseudomonas aeruginosa PAO1. The findings
of the present study support previous research which shows that OM-acting AMPs potentiates the
effects of antibiotics, by facilitating their access to the intracellular target molecules.

In summary, this thesis demonstrates that the targeted modifications of the structural motifs of marine
AMPs can improve their antimicrobial and membranolytic activities, as well as their potential as
synergists - to potentiate the antimicrobial and antibiofilm effects of commercial antibiotics.
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1 Introduction

1.1 Urgent need for new strategies in the age of antimicrobial
resistance

Infectious diseases are one of the leading contributors to mortality worldwide [1]. Currently, more than
700,000 fatalities annually are attributed to multidrug-resistant bacterial infections [2-4]. Without the
new class of antibiotics available to treat bacterial infections, current predictions estimate an increase
of more than 10 million deaths annually by 2050 [5,6].

The number of multidrug-resistant (MDR) bacteria has increased significantly in recent decades [1].
Many antibiotics that can reliably cure bacterial infections, are no longer effective because of the high
prevalence of resistant strains. The spread of MDR pathogens within the community and healthcare
settings contributes to high mortality rates, prolonged hospital stays, and more than $105 billion in
global healthcare cost [7]. Antimicrobial resistance (AMR) is an ancient natural process that stems
from an enduring battle among microorganisms, commonly referred to as nature's counter defense for
survival advantages [8-10]. Unfortunately, the recurrent and prolonged exposure of microbial
communities to antibiotics provides strong selective pressure, accelerating antibiotic-induced
resistance and tolerance, ultimately leading to a major threat to human health [11,12]. While bacterial
resistance to certain antibiotics can be intrinsic, due to their inherent structural and functional
properties, in most cases, it is acquired by horizontal gene transfer (HGT) or de novo mutations [10].
General mechanisms of bacterial resistance are based on inhibition of drug entry, increased drug efflux,
target mutation and modification, or chemical modification/inactivation/breakdown of the antibiotic
itself [13-15] (summarized in Figure 1).
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Figure 1. Mechanism of antibiotic resistance; reproduced with permission by ACS publications:
Dhanda et al. (2023) [15].



However, AMR represents only part of the challenges associated with antibiotic failure, other
concerns, such as biofilms and the protective outer membrane (OM) of Gram-negative bacteria
continue to complicate treatment efficacy. The lack of new drug discovery and empty development
pipelines are only amplifying these threats to modern healthcare. This has led to the distressing reality
where microbes develop resistance to antimicrobials more rapidly than novel agents can be discovered
to counteract them [16].

Biofilms are one of the main causes of persistent infections [17]. They provide a protected niche for
the microbial community embedded in the extracellular matrix, allowing bacteria to tolerate high
doses of antibiotics, environmental stressors, and host defense [17-19]. Recurrent hospital-acquired
infections can be caused by biofilm-forming bacteria, especially those belonging to the ESKAPE
pathogen group [20]. Similarly, Gram-negative bacteria resist many antibiotics because of the barrier
function of their OM, which renders them intrinsically resistant to large scaffold molecules or stressors
[21,22]. The last novel antibiotic class effective against Gram-negative bacteria, the quinolones, was
introduced into the market more than 55 years ago [22,23]. Unfortunately, very few novel antibiotics
designed to combat Gram-negative bacteria and biofilms are currently in the clinical and preclinical
research pipelines [11,24]. The discovery of penicillin by Alexander Fleming almost a century ago
initiated the ‘antibiotic golden era, with the subsequent development of several novel classes of
antibiotics (summarized in Figure 2) [2,3]. Unfortunately, the discovery of novel classes of antibiotics
stalled in the 1980s [16]. Over the past 40 years, only a limited number of newly discovered antibiotic
classes have been identified and approved by the Food and Drug Administration [11]. New types of
antimicrobial agents available in the market are either based on the modification or optimization of
known scaffolds/leads for the treatment of infectious diseases [25]. The development of novel drug-
leads to approved drugs on the market is both costly and time-consuming, often spanning several years
of extensive research and clinical trials [11,12]. In addition, pharmaceutical companies have been
focusing on non-antimicrobial drug discovery, mostly due to economic benefits [16].

1952: Macrolides{ }1955: Cycloserine, Novobiocin

1953: Glycopeptides » 1957: Rifamycins

1945-1947: Tetracyclines, Polymyxins

) 1962: Quinolones

1943: Aminoglycosides, Bacitracin 4
1976: Carbapenems

1932: Sulphonamides 1987: Lipopeptides

1928: Penicillins

P 1920 ) 1530 ) 1940 ) 1850 ) 1360 1970 1950 2000 ) 2010 g
 Discoveryvoid

Golden era

| 4

Figure 2. Timeline showing the decade when most new antibiotic classes were discovered, followed
by discovery void. Based on Silver et al. (2012) [26].

Considering these issues, alternatives to antibiotics in the market are urgently needed. This urgent
demand for new antimicrobials with distinctive unique structures and novel modes-of-action (MoA) is
compelling scientists to revisit the exploration of natural product [11]. However, one group of natural
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products, antimicrobial peptides (AMPs), is still short of living up to the expectations. As small
bioactive molecules, they are increasingly attracting interest due to their seeming abundance in all
domains of life and diverse mechanisms of action [27,28]. Utilizing AMPs derived from nature as
templates for the development of new synthetic derivatives with improved antimicrobial activity and
selectivity represents one of the innovative strategies in drug development [29]. AMPs with
antimicrobial, antibiofilm and sensitizing/synergistic potential to restore old antibiotics could
contribute to tackle AMR.

1.2 Antimicrobial peptides (AMPs)

As part of our innate immunity, AMPs have been with us to protect us and our ancestors against
microbial diseases throughout evolution. AMPs are short polypeptides composed of 10-50 amino acids
that are active against a wide range of microorganisms, including bacteria, viruses, fungi, and parasites
[30,31]. More than 3500 AMPs have been discovered from various natural sources, including
prokaryotes, insects, amphibians, mammals, plants, and invertebrates. [32,33]. They have also been
isolated and characterized from marine invertebrates, including sponges, mollusks, crustaceans, and
tunicates (Table 1). AMPs are structurally diverse and predominantly cationic with a preference for
permeabilizing microbial membranes [27]. The expression of natural host defense peptides primarily
increases when adapting to microbial challenges in a changing environment [27,34,35]. However, our
current understanding of the coevolution of microbial communities and the biological environment
that contributes to the emergence of a wide range of AMPs with multifunctionality remains limited
[27,35]. Although AMP research started in the early 1920s during the pre-antibiotic era when
Alexander Fleming discovered lysozyme (1922) [31], most research has been discontinued due to
toxicity and hemolytic activity of the isolated and purified AMPs [27]. Therefore, the marine
environment is providing a useful resource for the discovery of novel scaffolds which can be utilized
as templates for designing new peptide-based antibiotics with broad-spectrum antimicrobial activities
and low toxicities [36].

1.2.1 Biosynthesis

Nature elegantly utilizes the available peptide space by ribosomally and non-ribosomally synthesizing
diverse groups of peptides with different amino-acid signatures and structures [27]. Most AMPs in
eukaryotes are synthesized using the conventional way of ribosomal protein synthesis as translation
products from mRNA templates (ribosomally synthesized AMPs) followed by post-translational
modifications [37]. In prokaryotes, a common type of ribosomally synthesized AMPs are the
bacteriocins, that provide the host bacteria with a competitive advantage over other microorganisms
present in the surroundings [27]. However, some peptide-based antibiotics, such as the glycopeptide
vancomycin and lipopeptide daptomycin, are products of non-ribosomal peptide synthetases (NRPs),
in a process involving multiple enzymes [35,37]. AMP expression can be constitutive or inducible in
response to microbial virulence, metabolites, or other external stimuli [25,38,39]. Their constitutive
expression has been observed for example in the lymphocytes and epithelial tissues in mammals.



Table 1. Natural antimicrobial peptides from various sources.

Peptide name Source Structure Activity References
Mammals
Defensin: hBD1 Human monocytes B-sheet Antibacterial [40]
Cathelicidin: LL-37  Human granulocytes a-helical Antibacterial [41]
Lactoferricin Human Mixed/distorted Antibacterial, anti- [42]
antiparallel B-sheet ~ inflammatory
Histatin Human saliva Extended/flexible Antifungal [43]
Protegrin 1 Pig leukocytes B-hairpin, cystine- Antibacterial [44]
cystine
Insects
Cecropin: CecA Hyalophora cecropia a-helical Antibacterial, antifungal [45]
(moth)
Melittin Honeybee venom o-helical Antibacterial, anti- [46]
inflammatory
Amphibians
Buforin II Toad o-helical Antibacterial and non- [47]
membranolytic
Magainins, Frog skin a-helical Anticancer, antibacterial [48]
Temporins (Gram-positive)
Marine invertebrates
Aurelin Aurelia aurita, Defensin like, Antibacterial [49]
(jellyfish) cystine-rich
Arasin 1 Hyas araneus (spider Proline-rich Antibacterial and non- [50]
crab) membranolytic
Centrocin 1 Strongylocentrotus o-helical Antibacterial [51]
droebachiensis (green
sea urchin)
Dicynthaurin Halocynthia aurantium  a-helical, Antibacterial [52]
(sea squirt) homodimeric
Bacteria
Nisin Lactococcus lactis Polycyclic Antibacterial [53]
Gramicidin Bacillus brevis Polycationic and Antibacterial [54]
cyclic
Polymyxin Paenibacillus Polycationic and Antibacterial (Gram-negative) [55]
polymyxa cyclic




1.2.2 Characteristics

AMPs are classified into several categories based on their amino acid composition, size, charge,
structure, mechanism, and source. Most natural AMPs are cationic and possess a net charge of +2 to
+9 [56]. Anionic AMPs are less frequent and contain 5-70 amino acids, and have a net charge of -1 to -
8 [57]. Cationic AMPs often contain arginine, proline, tryptophan, phenylalanine, glycine, and cysteine
[33]. Their secondary structures are commonly used to classify AMPs as a-helical, B-sheet, a mixture
of af}, or non-afy random coils, as illustrated in Figure 3. AMPs remain unstructured or exhibit a
random coil structure in solution; however, upon interaction with bacterial membranes, they undergo
conformational changes [27,58-60].

Cecropins and magainins have been extensively studied as o-helical peptides with antimicrobial
activities [39]. Common human cationic AMPs with helical structures and p-strands belong to the
cathelicidin and a-defensin families, respectively, while members of the B-defensin family contain
both a helical structure and B-strands [39,61]. Similar to human defensins, plant and insect defensins
are cysteine-rich and are characterized by a B-sheet conformation with several disulfide bonds [62]. An
example of a non-af} extended structure is the proline-rich peptide indolicidin [63].

(1) a-helix (2) B-sheet (3) Mixed (4) Random coil

Figure 3. Representative common secondary structures of (1) LL-37 containing a-helix, (2)
tachyplesin | containing B-hairpin, (3) plectasin containing a combined a-helix and -sheet, and (4)
indolicidin-containing random coil. Adapted with permission from Amiss et al. (2022) [64].

Despite classification based on different folding patterns, the amphipathic secondary structure of
AMPs is primarily determined by their cationic properties and hydrophobicity [39,65]. However,
optimal functionality requires a balanced net positive charge and hydrophobicity, as an excess of
either can lead to undesirable outcomes such as poor selectivity and antimicrobial activity. For
example, excessive hydrophobicity may prompt peptide self-association or aggregation. On the other
hand, peptide self-assembly has also been shown to result in antimicrobial activity [27]. Achieving an
appropriate cationicity to hydrophobicity ratio is crucial for enhanced activity.

1.2.3 AMP modifications for therapeutic efficacy

Despite extensive studies and promising in vitro results, the impact of AMPs on human medicine

beyond topical application has been limited [66]. Owing to their inherent susceptibility to proteolysis

and low stability, the development of natural AMPs into therapeutics is challenging [30]. These

drawbacks can be compensated by modifications in synthetic cationic peptides, which remain active

and stable under physiological conditions [67]. Small synthetic peptides could make the synthesis less
5



time-consuming and more cost-effective [68-71]. Natural AMPs are commonly used as templates to
modulate their native structures. Several strategies have been applied to modify and develop novel
peptide sequences. For example, peptide truncation, amino acid replacement, and alanine scanning are
common ways to distinguish the antimicrobial motif from the original larger peptide [70,71]. Besides,
several structural parameters, such as sequence, length, cationicity, and amphipathic potential, are
within the scope of understanding the structure-activity landscape. In addition, C-terminal amidation
[72], N-terminal acylation, and cyclization have also been applied to stabilize amphipathic helices
against protease attacks. Structural modifications have been shown to improve antibacterial properties
and reduce problems related to drug resistance, proteolytic instability, biofilms, and non-growing
persister cells [73]. Moreover, any minor changes can result in a unique novel peptide with novel
mechanisms, where tuning with both hydrophobic and hydrophilic amino acids influences the
amphipathic balance and net charge associated with antimicrobial properties [68].

Furthermore, studying synthetic mimics of antimicrobial peptides (SMAMPs) that structurally and
functionally mimic natural AMPs allows us to understand the physicochemical activity relationship of
AMPs [74,75]. Therefore, the rational design of novel SMAMPs with improved activity and toxicity,
as well as novel modes of action, is gaining interest.

1.2.4 Bacterial resistance against AMPs

As previously mentioned, bacteria use different mechanisms to confer AMR depending on several
classes of antibiotics (14, 15). AMPs were falsely assumed not to be prone to bacterial resistance
development [76,77]. However, recent studies have demonstrated that bacteria can also withstand AMP
action, emphasizing the importance of considering bacterial resistance in AMP research [78].
Virulence genes associated with acquired and intrinsic resistance to AMPs are evident in
microorganisms. Various mechanisms by which bacteria resist the action of AMPs include
degradation by extracellular and intracellular proteases, exclusion by efflux pumps, alteration of
surface charge and cytoplasmic membrane, sequestration/trapping, and biofilm formation [78]. The
most common resistance mechanisms to AMPs in both Gram-positive and Gram-negative bacteria are
summarized in Figure 4. Some examples of the important mechanisms and fate of AMPs are
discussed below.

The degradation of AMPs by bacterial enzymes, specifically proteases, is a defense strategy that
bacteria follow in the fight against AMPs. Gram-positive staphylococci, streptococci, and enterococci
secrete various proteases, including the metalloproteases aureolysin and SepA, cysteine protease
SpeB, and other serine proteases [79]. Due to their broad substrate range, SpeB and SepA are known to
inactivate many host defense peptides, including LL-37 and an anionic AMP constitutively expressed
in the human sweat gland called dermcidin [80,81]. SpeB not only degrades LL-37 but also indirectly
inactivates human o-defensin HNP-1 by releasing a degradation product of proteoglycan dermatan
sulfate, which binds a-defensin HNP-1 [82]. It is important to note that inactivation of AMPs by
proteases is highly dependent on the sequence and structure of the target peptide [77,83]. The omptin
family proteases in Gram-negative bacteria, such as OmpT in Escherichia coli, PgtE in Salmonella
enterica serovar Typhimurium (S. Typhimurium), and Pla in Yersinia pestis, have been demonstrated
to cleave AMPs, including LL-37, the homologous murine cathelicidin-related antimicrobial peptide
(CRAMP), and protamine [77,84]. Another important contributor to bacterial resistance to
antimicrobials and toxic molecules is multi-drug transporters or efflux pumps. Multidrug transporters
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are bacterial integral membrane proteins that provide protection by transporting harmful substances to
the outside environment once they enter cells [85]. This type of mechanism is responsible for intrinsic
and acquired resistance induced by exposure to toxic agents that leads to the overexpression of
transporters [86]. Although the expression of the resistance-nodulation-cell division (RND) family
transporter AcrAB-TolC in E. coli and MexAB in P. aeruginosa did not evoke resistance against
AMPs [87], efflux pumps in other bacterial strains associated with resistance mechanisms showed
decreased susceptibility to AMPs. For example, AcrAB-TolC efflux pumps in Klebsiella pneumoniae
and VexAB-TolC in Vibrio cholerae have been shown to confer resistance to defensins and
polymyxin B, respectively [88,89], whereas MtrCDE from Neisseria gonorrhoeae and N. meningitis
confer resistance to LL-37 and protegrin-1 [77,88-91].
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Figure 4. Common resistance mechanisms to AMPs in Gram-positive and Gram-negative bacteria.
Reproduced with permission by Springer Nature from Cardoso et al. (2021) [78].

However, the evolution of AMP resistance is driven by other factors, such as the mutation supply rate,
fitness of the resistant mutant at different AMP concentrations, and strength of selective pressure (16).
These factors are related to the fact that clinically relevant microbial strains associated with
complicated infections are more prone to developing AMP resistance [92]. To confer selective
pressure for resistance development against membrane-active AMPs, bacteria need fundamental
changes in the membrane structure, and the window of selection is much narrower for membrane-
active AMPs than for conventional antibiotics [34].

Nature also provides ways to evade proteolytic degradation of certain classes of AMPs. For instance,
certain bacteriocins/lantibiotics contain multiple disulfide bonds or complicated post-translational
modifications, highlighting the multifaceted evolutionary dynamics between AMP producers and
resistant microorganisms [83,93]. To overcome resistance caused by proteolysis, scientists have
experimented with replacing natural L-amino acids with all D-amino acids that retain their
antimicrobial potency [94]. The replacement of L-amino acids with D enantiomers at the enzyme



recognition site, as well as employing B-amino acids as their primary constituents, can alter the
activity, specificity, and proteolytic stability of AMPs [95-97].

1.3 Mechanism of action of AMPs

A significant aspect of AMP research is the early identification of its mechanisms of action in
essential pathways. The mechanisms of action of AMPs have been extensively studied using in vitro
model membranes that provide information on peptide self-assembly and accumulation, pore
formation, and leakage of intracellular components and ions. Selectivity and specificity towards
bacterial membranes are important for the application of AMPs as therapeutics; however, nonspecific
membrane interactions sometimes reflect their broad-spectrum bactericidal mechanisms [98,99]. The
diverse composition of the hydrophobic and hydrophilic amino acids in the peptide sequence is also
the underlying basis for nonspecific physical charge—charge interactions.

1.3.1 Membrane selective activity

The selective and specific interaction of AMPs with bacterial membranes is largely attributed to their
dynamic behavior and the structural disparities between prokaryotic and eukaryotic membranes.
Understanding membrane biology is important, as the complex structure of the microbial cell envelope
affects the AMP entry strategy [100]. The bacterial and fungal cell envelope is the primary barrier
against external threats as it maintains shape and stability, molecular signaling, and selective cell
permeability [59,100]. The structures of different cell envelopes are shown in Figure 5. Gram-positive,
and Gram-negative bacteria differ significantly in their cell envelope. The envelope of Gram-positive
bacterial cells consists of an outermost layer of a thick peptidoglycan cell wall that is rich in the acidic
polysaccharide lipoteichoic acid (LTA) and a plasma membrane (PM) that is rich in negatively
charged phospholipids [101]. In the cell envelope of Gram-negative bacteria, a thin peptidoglycan
layer is located between the PM and the outer membrane (OM), also known as the periplasmic space
[59]. The outer leaflet of Gram-negative bacterial OM contains lipopolysaccharides (LPS), which
consist of hydrophobic and negatively charged lipid A, connected to O-antigen polysaccharides
through an oligosaccharide core [102]. The stability of LPS in the OM is maintained by bridging with
divalent cations such as Mg®" and Ca®'. The structural composition of the fungal cell envelope is
unique as well. Its cell wall components, characterized by glucan, chitin and mannoprotein provide a
resilient barrier. Additionally, the fungal PM is more rigid than the bacterial membrane due to the
presence of zwitterionic phospholipids and ergosterol, although the presence of phosphatidylinositol,
phosphatidylserine (PS), and diphosphatidylglycerol provides negative charges to the surface of the
membranes. In addition to their interaction with the negatively charged membrane, AMPs can inhibit
functional cell wall components to exert antifungal activity [59]. Unlike bacterial membranes,
mammalian cell membranes contain asymmetric phospholipid distributions. The presence of
zwitterionic phosphatidylcholine (PC), together with sphingomyelin phospholipids in the outer leaflet,
and negatively charged PS in the inner leaflet, makes the surface of the mammalian membrane neutral
in charge [59].
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Figure 5. Cell envelope structures of various microbial families. Image was created with
BioRender.com. Adapted and modified from Malanovic et al. (2016) [59].

It has been suggested that AMP-mediated surface interaction is the initial step before AMPs can
diffuse through nano-sized pores in the peptidoglycan layers (Gram-positives) and translocate or
traverse through the OM of Gram negative bacteria by dislocating divalent cations [103]. This
indicates that there must be an electrostatic interaction between the anionic bacterial surface and the
cationic AMPs. Notably, this interaction is not directly related to their ability to kill bacteria; however,
this attachment is usually employed by AMPs to interact with other targets, for example the
cytoplasmic membrane [104]. At a critical bactericidal concentration, AMPs act via membrane
integration or pore formation [58,60]. As a result, the electrochemical gradient across the membrane
collapses and microorganisms tend to lose energy and eventually die [58]. However, at low AMP
concentrations, they can change the structural dynamics and stability of bacteria, leading to the
emergence of a heterogeneous bacterial population [105]. Several pore-forming models have been
suggested as summarized in Figure 6; notably the barrel stave model, the carpet model and the
toroidal pore model [103]. The barrel stave model describes how perpendicular insertion of AMPs
generates channels in the membrane. Here, amphipathic peptides are usually lined up by each other
around the outer/aqueous layer of the channel, interacting with both the lipid head groups and the
hydrophobic acyl chains. The carpet model explains that the binding of peptides to the surface of the
lipid bilayer causes a detergent-like effect that ultimately disintegrates the membrane. The toroidal
pore model, on the other hand, proposes that peptides are inserted into the lipid bilayer when part of
the pore is lined by (only) lipid headgroups [106]. Peptides can then self-assemble to generate larger
pores.
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1.3.2 Non-membrane dependent mechanism

Other mechanisms by which AMP works without forming pores have been described in the literature.
Although the initial interaction between cationic AMPs and the cytoplasmic membrane could be the
first step, several studies have provided evidence that some AMPs possess the ability to cross bacterial
cell membranes without forming pores and causing membrane damage and instead interact with
intracellular targets such as DNA and RNA [30,104]. This, in turn, can result in disturbances of
bacterial metabolic activity by inhibiting protein and cell wall biosynthesis, enzymatic activity, and
DNA and RNA synthesis [103]. Bac7 and other proline-rich peptides of the same family, including
PR-39, seem to be transported into gram-negative bacteria by a membrane transporter called SbmA.
Thus, they do not need to perturb the membrane to enter the cells but can inhibit cell growth by
blocking protein synthesis. Omiganan, a derivative of indolicidin and buforin II, was reported to be
able to translocate through the membrane without causing any damage and act by crosslinking with
DNA [30,59,107]. The lantibiotics nisin and HNP1 have been reported to kill bacteria by targeting lipid
11 [30,108]. Increased antimicrobial activity has been observed for the D-form AMP KLKLLLLLKLK-
NH; compared to the L-form, mainly due to its higher affinity for cell wall components [109].

1.4 Approaches to analyze the activity of AMPs

1.4.1 In vitro bioactivity studies

A common approach to assess the potency of an antimicrobial agent is to determine its minimum
inhibitory concentration (MIC). The MIC is the lowest concentration required to inhibit planktonic
bacterial growth. AMPs exhibit bacteriostatic or bactericidal activity depending on the size of the
inoculum, their MoA, and their concentration. The inoculum size refers to the number of bacterial
cells in the liquid medium incubated with a 2-fold dilution series of the antimicrobial agent. Turbidity

or sedimentation represents bacterial growth and is measured after a defined incubation time, often 24
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h or the time necessary for the untreated control to reach the stationary phase. Turbidity above 10% of
the untreated control is interpreted as growth whereas lack of turbidity in the drug-containing media is
interpreted as antimicrobial activity or inhibition. Several other methods are also used, such as agar
dilution, disk/agar diffusion, E test, and spot test. The disadvantages of these methods are the need for
high concentrations of the compounds, which increases the manufacturing cost. Therefore, these
methods are no longer used for high-throughput peptide screening (6). Broth microdilution can also be
used to determine the minimum bactericidal concentration (MBC). The bacteria that survived after a
defined exposure period can be counted as colony-forming units (CFUs) by plating dilutions of the
culture on nutrient agar to determine the MBC, which is defined as the minimum concentration for an
antimicrobial agent to kill 99.9% of a bacterial inoculum at a certain time point (6).

Despite being a standardized method, the MIC test has considerable limitations. The MIC value does
not represent the effectiveness of new compounds in vivo. Most importantly, MoA information cannot
be elucidated simply by determining an MIC value [110]. In addition, to gain a more comprehensive
understanding of the mechanism(s) involved, various biotechnology approaches can be used to
genetically modify bacteria to express a sensitive or resistant phenotype. Including these modified
strains together with other representative candidates of pathogenic bacteria in the screening process of
novel compounds can help identifying or confirming mechanisms of action. Furthermore, testing of
novel compounds against anaerobic bacteria can yield more physiologically relevant data for treatment
of infections [111].

1.4.2 Bacterial whole-cell biosensors as tools in AMP optimization

Biosensors are devices that can detect changes in biological systems and translate these changes into
measurable signals. They can be used for different applications, such as the detection of pollutants,
microorganisms, and disease markers, but also in drug discovery [112]. Biosensors can be based on
cell-free systems or on bioengineered self-propagating organisms, often bacteria, called whole-cell
biosensors. Whole cell biosensors detect specific biochemical changes in response to known
environmental variations experienced by the cell and represent these changes as reporter protein
activity [113]. For example, coupling a stress responsive promotor to a luciferase operon will induce
bioluminescence in presence of the stressor/analyte. The biosensor response is then measurable and
quantifiable as light emission by electronic devices such as photodiodes or photomultiplier tubes in
microplate readers. The main advantage of whole-cell biosensors in drug discovery compared to
alternative approaches are cost benefits, specificity, throughput, and often close to real-time feedback
[113,114]. As described in the previous chapter, AMPs are known to interfere with bacterial membrane
integrity and thereby kill the bacteria. When optimizing AMPs by sequence and structure
modifications, whole-cell biosensors can help to quantify and evaluate changes in peptide activity
more rapidly than biochemical assays and cell-based MIC or MBC assays [114]. Here, three ways of
using biosensors as tools in studying mechanisms of action of AMPs are described in the following.

A) Visualizing the killing kinetics of AMPs

AMPs with strong membrane activity often kill bacteria rapidly, with most of the bacteria dead in a
matter of minutes [115]. It is difficult to record such rapid killing kinetics with classical growth-based
assays relying on optical density or viable cell count alone, as the response time is a matter of hours at
best, rather than minutes. Other assays are hampered by the necessity of adding viability responsive
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fluorophores or dyes for visualization of bactericidal effects, which add cost and complexity to the
assay, while the response time does not necessarily improve.

A rapid and cost-effective assay of cell viability is achieved by employing bacterial whole-cell
biosensors constitutively expressing a /ux operon with light emission as a proxy of cell viability
[113,116]. The lux operon encodes the bacterial luciferase subunits (/ux4B) and a multienzyme fatty
acid reductase (luxCDE) involved in recycling long-chain fatty aldehydes, which are the substrate.
While the light-emitting reaction itself depends on long-chain fatty aldehydes, FMNH,, and oxygen,
the regeneration of the substrate by the fatty acid reductase complex requires NADPH and ATP, thus
integrating important indicators of active metabolism in the intensity of light emission [117,118]. Lux
operons can be expressed in both Gram-positive and Gram-negative bacteria (Figure 7). Although not
specific for membrane activity, these biosensors can be used to record the rapid killing kinetics of
bacterial populations with a resolution of a few seconds, if necessary, where loss of light emission
resembles loss of viability. Thus, bacterial luciferase-based biosensors can be used to evaluate the
changes in activity of AMP derivatives.
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Figure 7. The lux operon consists of genes encoding proteins to produce luminescence (LuxCDABE)
and the enzymatic process to regenerate the substrate pool. Image was created with BioRender.com.
Adapted from Miyashiro et al. [118] (modified).

B) Measuring the loss of plasma membrane integrity

One major function of the PM is its selective separation of the cytoplasm from the outside
environment, preventing the free diffusion of charged and/or large molecules. This membrane feature
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can be an obstacle when trying to use reporter genes dependent on externally added ligands or
substrates to measure promoter activity. An increase in permeability of the PM for substrates on the
other hand, can be used as an indicator of loss of membrane integrity. The same principle is also used
for membrane integrity assays based on fluorophores, resulting in cell fluorescence only when the
plasma membrane is damaged.

Eukaryotic luciferases depend on substrates called luciferins. For luminescence to occur in
recombinant bacteria expressing these luciferases, only the ATP required for the light reaction is
provided by the cell, while luciferins must be added externally. At neutral pH, the bacterial plasma
membrane is mostly impermeable to the D-luciferin substrate of the click-beetle luciferase /ucGR
[119]. Thus, light emission of constitutively expressed /ucGR is primarily dependent on membrane
permeabilization. However, as the plasma membrane loses its integrity and allows for diffusion of D-
luciferin, bacteria immediately lose their primary source of ATP, as respiration is essentially short-
circuited, with protons and hydroxide freely diffusing through the compromised membrane.
Meanwhile existing ATP is either diffusing from the cell or hydrolyzed by the action of the luciferase
and other metabolic processes. Consequently, strongly membranolytic compounds will induce a peak
of light emission followed by a drop in luminescence below the background luminescence of the
sensor bacteria (summarized in Figure 8). Although more complex than the previously described
viability biosensor, this membrane integrity biosensor links rapid bactericidal activity to the membrane
as the primary target and can be used to evaluate the kinetics of membrane permeabilization caused by
AMPs [115,116,120].
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Figure 8. Overview of the membrane integrity assay. The light emission of lucGR is dependent on
membrane permeabilization and diffusion of the substrate D-luciferin.

C) Mode of action specific biosensors based on promotor-reporter gene fusions
The co-evolution of microorganisms and their biochemical warfare has resulted in intricate regulatory
responses to stress caused by antimicrobial molecules. Some of these responses are rather specific for

the modes of action and are already induced at sub-MIC concentrations. They can therefore be used to
categorize unknown antimicrobial molecules according to the stress they cause and hence their mode
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of action [114]. The easiest and most cost-effective way to interrogate the activity of a set of known
promoters in a bacterial strain is to construct a panel of biosensors, which each can be used on an
unlimited number of molecules to identify if they induce its specific stress response. To construct such
biosensors, reporter genes, for example the previously mentioned bacterial /ux operon, can be fused to
the specific stress responsive promoters, which must be known through for example transcriptomic
studies [114,121,122]. Thus, promoter induction is reported as light emission by the bacterial biosensor
strains harboring these fusions. To assay for all available modes of action an AMP must be tested
against all the sensor strains in the panel. In contrast to the previously described sensor constructs for
viability and membrane integrity, stress responsive promoter based biosensing elements cannot easily
be transferred between bacterial genera as the underlying regulatory networks and promoter sequences
are not necessarily conserved [122,123].

1.4.3 Synergistic potential

A eukaryotic organism produces a wide variety of natural AMPs, however, not all peptides have the
same activity and specificity to combat an infection. AMPs with different mechanisms of action and
structural diversity induce varying defense strategies in bacteria and thus contribute to diverse
sensitivity profiles [28]. Antimicrobials in nature are the result of billions of years of co-evolution, and
it is surprising that they are still effective despite simultaneous bacterial adaptations to survive these
natural defenses [124]. It is rational to accept that there is a trade-off between different antibiotic
resistance mechanisms where the presence of a resistance mechanism to one antibiotic can increase
the sensitivity to another [124,125]. Therefore, induced collateral sensitivity and low tendency to
develop cross-resistance between AMPs with different mechanism of actions, explain partly how the
combination of several different AMPs are adopted by immune systems [124]. For example, the
amphibian peptide magainin-2 and PGLa are reported to act synergistically to inhibit E. coli growth.
They exert stronger antimicrobial activity by binding to each other to form a “supramolecular
complex” [126,127]. The molecular mechanism of membrane disintegration depends on both
membrane composition and the AMP structure, therefore, the synergism between two AMPs might
also be a consequence of a stable pore formation through heterodimerization [126-128]. Moreover,
increased collateral sensitivity in resistant populations through changes in OM integrity provides
knowledge about AMP-antibiotic combinations, which enhance antimicrobial activity [129]. At the
same time, several publications report AMPs facilitating the delivery of antibiotics to their targets in
the periplasm or cytoplasm by disrupting bacterial membranes [125,128,130,131].

To supplement and increase the therapeutic potential against multi-resistant pathogens, synergistic
interaction between AMPs and conventional antibiotics are providing advantages for adjunctive
strategies [131]. This is exemplified in Figure 9, where AMP based OM disruption facilitates the
access of antibiotics usually only active in Gram-positive bacteria. In Gram-negative bacteria, the
asymmetric OM is a permeability barrier, protecting the bacteria from toxic materials. Therefore,
targeting the OM by AMPs and resensitizing Gram-negative bacteria to existing antibiotics is an
effective approach to reverse AMR phenotypes [125,130].

Extensive research has been conducted in the field of combination therapy, specifically in
investigating the effectiveness of various membrane targeting compounds to enhance the entry of
intracellularly targeted compounds. This inquiry has been ongoing for a considerable period, resulting
in an abundance of research data available. Nonetheless, there is still a vast amount of knowledge yet
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to be acquired to fully comprehend the fundamental biology leading bacterial responses to a novel
membrane active substance, as well as its interactions with other molecules [102].
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Figure 9. Outer membrane disruption facilitates the entry of antibiotics and restore the sensitivity
against Gram-negative bacteria. Adapted with permission from Wesseling et al. (2022) [132]

1.4.4 Antibiofilm activity

Bacteria protect themselves from toxic molecules with different physical barriers such as cell
envelope, biofilm production, and efflux mechanisms that render many antibiotics ineffective. Most
studies on antimicrobial activity are traditionally conducted with planktonic bacteria, however the
predominant lifestyles of bacteria in their natural environment are in biofilms. Interestingly, the
biofilm lifestyle also prevails among pathogens infecting bodies of host organisms. Biofilms are
commonly surface associated aggregates surrounded by cell secreted extracellular polymeric
substances (EPS), consisting of polysaccharides, lipids, proteins, DNA, ions, etc [7,17,18], however,
free floating biofilms such as pellicles have also been described [133]. Biofilm associated infections
are challenging to treat because the bacteria in the biofilm can often withstand high concentrations of
antimicrobial agents [134]. An inherent problem with traditional antibiotics is their dependence on
active cell metabolism and growth. Cells in the biofilm are not only protected by the EPS but are often
dormant and therefore less susceptible to traditional antibiotic treatment [19,135]. The structure of LPS
and biofilm EPS has structural similarities in Gram-negative bacteria. EPS protects bacteria by
creating a physical barrier that hinders larger molecules to diffuse and penetrate as well as provide a
microenvironment that is disadvantageous to their activity [17]. It was previously reported that sub-
inhibitory concentrations of antibiotics, including polymyxin B, stimulate biofilm formation. To
compensate for cell envelope stress, the transition from a planktonic to a biofilm lifestyle may be a
strategy applied by bacteria [22].

AMPs might hold significant promise to be developed into antibiofilm agents as they are able to attack

non-growing heterogenous bacterial populations in biofilms e.g. through PM disruption. PM

disruption will kill both actively metabolizing and dormant cells. AMPs can also induce bacterial

twitching motility and downregulate various genes involved in biofilm formation [136]. Several

potential ways for use of AMPs against biofilm associated infections are illustrated in Figure 10. The
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peptides could be used to inhibit biofilm formation in the first place. Here the ideal mode of action
would not be to kill potential biofilm formers, but to manipulate them not to settle and form biofilm
(Figure 10A). AMPs could be used to kill bacteria in already present biofilms and clear already
formed biofilms (Figure 10B). Therefore, it is important to investigate the effects of novel
antimicrobial compounds on biofilms.
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Figure 10. Schematic diagram of anti-biofilm activity and mechanism of action of antimicrobial
peptides (AMPs). AMPs effect mainly involve A. prevention of initial bacterial attachment and inhibition
of biofilm formation or B. disruption of pre-formed/mature biofilms. Activation (upward arrow), Inhibition
(downward arrow). Based on Yasir et al. (2018) and Vishwakarma et. Al (2021) [136,137]
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2 Aims of the thesis

The project partners have identified amphipathic synthetic peptide analogues derived from marine

origin as a class of antimicrobials that exhibit potent antimicrobial activity against both Gram-positive

and Gram-negative bacteria. The structural design of these compounds is inspired by linear
amphipathic AMPs and other peptide-like marine natural products. The main objectives of this PhD
project include:

1.

Determination of the activity spectrum, structure activity relationship (SAR) and selectivity
(antimicrobial versus hemolytic activities) of novel synthetic marine peptide analogues,
screened against a panel of Gram-positive and Gram-negative bacteria.

Determination of activity and stability of synthetic marine peptide analogues against
endoprotease OmpT-producers.

Perform MoA studies on promising derivatives using a panel of MoA specific Gram-negative
and Gram-positive bacterial biosensors, together with traditional assays, like killing

experiments and membrane permeability assays.

Determination of antibiofilm activity against different Gram-positive and Gram-negative
biofilm forming bacterial strains.

Determination of potential synergies, and adjuvant effects of novel synthetic analogues in
combination with commercially available antibiotics.
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3 Summary of papers

Paper 1 - Synthesis and antimicrobial activity of short analogues of the marine antimicrobial
peptide Turgencin A: Effects of SAR optimisations, Cys-Cys cyclisation and lipopeptide
modifications.

Hymonti Dey”, Danijela Simonovic*, Ingrid Norberg-Schulz Hagen, Terje Vasskog, Elizabeth G.
Aarag Fredheim, Hans-Matti Blencke, Trude Anderssen, Morten B. Strem, and Tor Haug

(*shared first authorship)

In this study, a cationic loop region of Turgencin A, consisting of 12 amino acids, encompassing two
intramolecular cystine residues forming a disulphide bond were explored. The sequence was selected
for designing and synthesizing a series of modified peptides for structure-activity-relationship (SAR)
and MoA studies. The reason for choosing these modifications is to focus on several key attributes
such as cationicity, hydrophobicity and cyclization to improve the antimicrobial effects and to increase
the selectivity and stability of the synthetic analogues (Figure 11A). In this regard, the effects of
lysine to arginine substitution, proline/glycine to tryptophan substitution, cystine-cystine cyclisation
and N-terminal acylation using octanoic acid (Cs), decanoic acid (Cio) or dodecanoic acid (Ci2) were
investigated (Figure 11B). C-terminal amidation was performed for all the peptides. Substitution of
lysine with arginine, generated potent analogues with improved activity against both Gram-positive
and Gram-negative bacteria in comparison with the lysine-containing analogues. The highest
antimicrobial activity was, however, achieved for the cyclic lipopeptides Ci2-cTurg-1 and Cg-cTurg-2
indicating the importance of acylation and cyclization for improving activity and stability. Mode of
action studies confirmed that these lipopeptides are bactericidal with rapid membranolytic properties
against Gram-positive bacteria (Figure 11C). However, a delayed effect on the E. coli membrane was
observed. Analysis using an E. coli mutant with impaired outer membrane indicate that the outer
membrane is no barrier for the arginine-modified peptides but has some protective effect for the other
peptides tested. The presence of an outer membrane seems to render Gram-negative bacteria less
susceptible to these peptides.
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Paper II — Antimicrobial activity of short analogues of the marine peptide EeCentrocin 1:
Synthesis of lipopeptides and head-to-tail cyclic peptides and mechanism of action studies

Danijela Simonovic”, Hymonti Dey”, Natascha Johansen, Trude Anderssen, Ida K. @. Hansen, Hege
Devold, Terje Vasskog, Hans-Matti Blencke, Frode Qyen, Elizabeth G. Aarag Fredheim, Tor Haug,
Morten B. Strom

(*shared first authorship)

A heterodimeric marine antimicrobial peptide EeCentrocin 1 was previously isolated from red sea
urchin Echinus esculentus. In this study, the modified lead peptide P6, derived from the N-terminal
segment of the heavy chain (HC) of EeCentrocin 1 was selected for synthesizing a series of 12-residue
analogues with the following modifications: amino-acid substitutions (introduction of tryptophan,
lysine or arginine), N-terminal acylation and head-to-tail cyclisation (Figure 12). The antibacterial,
antifungal and the haemolytic activity against human red blood cells were evaluated and SAR analyses
were conducted. Initial screening results indicate that substitution of alanine to lysine/arginine, and
threonine to tryptophan increases the potency and membrane activity of the lead peptide P6. Extensive
MoA studies of the two most potent analogues, the linear peptide, P6-W6RS and its head-to-tail cyclic
counterpart cP6-W6RS revealed a cell wall/membrane targeting profile. At the same time, the activity
and proteolytic stability of these peptides was investigated when exposed to different . coli strains
with/without expressing the outer membrane protease OmpT. The results indicate that the OmpT
protease degrades both peptides, but the degradation has only a minor effect on their antibacterial
activity.
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Paper III - Outer Membrane Integrity-Dependent Fluorescence of the Japanese Eel UnaG
Protein in Live Escherichia coli Cells

Céline S. M. Richard, Hymonti Dey, Frode yen, Munazza Magsood and Hans-Matti Blencke

The bilirubin-dependent fluorescent protein UnaG from the Japanese eel (Anguilla japonica) was
utilized to develop a novel biosensor based on live E. coli cells. Using the E. coli wild-type strain
MC4100 and its isogenic OM-deficient mutant strain NR698, the outer membrane related MoA of
several OM-active compounds and two different synthetic analogues of marine antimicrobial peptide
Turgencin A were evaluated. Fluorescence signals emitted from both UnaG-billirubin based assay and
an established assay using the hydrophobic probe 1-N-phenylnaphthylamine (NPN) were compared in
response to the OM-integrity of MC4100 cells in the presence of polymyxin B, polymyxin B
nonapeptide (PMBN), chlorhexidine and synthetic Turgencin A analogues cTurg-2 and Ci-cTurg-
1(Figure 13). This study confirmed that the ligand-based fluorescence response is solely dependent on
the disruption of OM integrity at low bilirubin (BR) concentrations. High membrane disruptive
concentrations of the membranolytic compounds including TurgencinA analogues result in low
fluorescence most likely due to loss of viability resulting from plasma membrane disruption and
arrested UnaG synthesis.
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Figure 13. Comparison of a) BR dependent relative fluorescence units of the UnaG-based OM
integrity biosensor and b) the traditional NPN assay in response to membrane damage.
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Paper IV — Combining outer membrane active synthetic antimicrobial peptides with
vancomycin or erythromycin increases antibacterial and antibiofilm activity

Hymonti Dey, Danijela Simonovic, Céline S. M. Richard, Ingrid Norberg-Schulz Hagen, Natascha
Johansen, Frode @yen, Elizabeth G. Aarag Fredheim, Morten B. Strem, Roger Simm, Tor Haug,
Hans-Matti Blencke

Synthetic derivatives of Turgencin A and EeCentrocin 1 were screened for antimicrobial and
antibiofilm activity against three biofilm forming bacterial strains and the Gram-positive facultative
anaerobic Clostridium difficile. The minimum inhibitory concentrations (MIC) and the antibiofilm
effects of the selected peptides were determined using the broth microdilution method and Crystal
violet staining assay. Additionally, putative synergy was evaluated by the checkerboard assay,
calculating the fractional inhibitory concentration index for each analogue in combination with either
erythromycin or vancomycin. According to our results, only the lipopeptide analogues Ci>-cTurg-1
and Cs-cTurg-2 showed activity against C. difficile. In combination studies with erythromycin or
vancomycin, synergistic interaction was most frequently observed in E. coli for the OM active
analogues whereas no synergy was observed in Gram-positive bacteria. In antibiofilm assays, linear
and cyclic derivatives (P6-W6RS8, cP6-W6RS, Ci-cTurg-1 and Cs-cTurg-2) showed stronger effects
on the early stages of biofilm development, although significant biofilm inhibition was generally not
observed below 0.5x MIC. Moreover, Synergistic combinations effectively inhibited biofilm
formation of both S. Typhimurium UMRI1 and P. aeruginosa PAO1. These findings support previous
research regarding outer membrane specific synergism of AMPs which potentiate ineffective
antibiotics by facilitating target access. The data from our study provide knowledge about the
antimicrobial and antibiofilm activity of several derivatives that can serve as a template for studying
the application of AMPs for potential synergism and biofilm inhibition.
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4 Discussion

The PhD project is a part of the multi-faculty and interdisciplinary research project Lead-to-drug
development of amphipathic scaffolds targeting multi-resistant bacteria — LEADScAMR.

Identification of new antimicrobial hit-molecules is inspired by the abundance of unique and diverse
groups of bioactive metabolites or host defense peptides found in a variety of species. However, to go
from hit molecules to lead compounds, it is a great advantage to study compounds that possess
“bioactive motifs” which can be used for lead validation and optimization for future development into
potential drug candidates. Based on the prerequisite optimization strategies, this work focused on the
biological perspective as supported by initial bioactivity screening and SAR-studies of synthetic
truncated versions of Turgencin A and EeCentrocin 1 as lead peptides. The antimicrobial efficacy,
hemolytic activity and MoA studies of several amino acid substituted versions of cyclic, and cyclic
lipopeptide derivatives with different N-terminal fatty acid linkages and their corresponding linear
counterparts are discussed in paper I-IV.

4.1 Peptide modifications to improve antimicrobial activity and
selectivity

In the face of the lead optimization process, it is important to monitor if the new compound class is
active. Due to the unique physical and chemical properties of AMPs, various optimization strategies
can be applied to enhance the desired performance for their therapeutic application [138].

4.1.1 Effects of amino acid replacement

Previous studies have demonstrated that amphipathic properties, due to the presence of both
hydrophobic and cationic residues, are important for the antimicrobial effect of small cationic AMPs
[139]. The presence of cationic amino acids provides the electrostatic interaction between AMPs and
the anionic microbial membrane surface. Therefore, the incorporation of positively charged amino
acids Lys and Arg, are a common strategy to improve the cationicity of AMPs and their selectivity for
microbial membranes [140]. Although the human cathelicidin peptide with its primary sequence of 37
amino acid residues possesses in vitro antimicrobial activity, a truncated C-terminal region of this
peptide has been used as a template to produce many other variants with antimicrobial activity [141-
143]. For example, synthesis of several potent analogues through random substitution as well as
specific amino acid replacement showed efficacy against Gram-positive and Gram-negative
multidrug-resistant pathogens, biofilm-producers and persister cells.

In our study, incorporation of tryptophan in place of proline and/or glycine residues in the core PGG
sequence of cTurg-1, resulted in cyclic peptides with improved antimicrobial activity against both
Gram-positive and Gram-negative bacteria (Paper I). However, in the modified peptides, cTurg-2 —
cTurg-4, the positioning of tryptophan residues in the core sequence did not have a major impact on
the antimicrobial potency. These tryptophan -derivatives showed similar activities against clinically
relevant Gram-positive and Gram-negative strains, including S. aureus, E. coli and P. aeruginosa
although the activities against Gram-negatives were poor. When we utilized an OM deficient E. coli
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strain (NR698), it was confirmed that the presence of the OM in the wild-type strains limits the
activity of these lysine- and tryptophan-containing derivatives. However, substitution of lysine with
arginine residues in cTurg-5 — cTurg-7 improved the activity against Gram-negative bacteria.
Increased antimicrobial activity by changing the lysine residues to arginine is consistent with previous
studies implying the influence of the guanidine groups in arginine being responsible for stronger
membrane interaction and permeabilization [144]. In paper II, similar effects were observed for
EeCentrocin 1 analogues when both charge and amphipathicity were increased. The resulting a-helical
linear peptides P6-R8, P6-W6K8 and P6-W6R8 with lysine/arginine and tryptophan substitutions
showed improved activity against S. aureus and E. coli compared to the parent peptide P6. All the
above-mentioned synthetic peptides, derived from both Turgencin A and EeCentrocin 1, were non-
hemolytic. Therefore, stepwise replacement with hydrophobic tryptophan and cationic arginine
residues provided us with fundamental insights into the basic rules governing the activity of the short
AMP sequences.

4.1.2 Effects of cyclization and acylation

Different forms of cyclization are common in natural AMPs, such as head-to-tail-cyclization,
disulphide bond formation, or internal linkage between side chains [141,145]. Cyclic peptides, such as
defensins, commonly occur in mammals, plants, and insects, and highlight the importance of
cyclization for antimicrobial activity and stability. Other AMPs, isolated from bacteria, also known as
bacteriocins contain a charged complex cyclic structure, for example, gramicidin S, polymyxin B, and
bactenecin [146]. The synthesis of cyclic bonds sometimes complicates the development process of
synthetic AMPs. However, cyclic AMPs have been shown to have considerable advantages over linear
peptides in terms of the stability of the peptides due to the presence of conformational rigidity and
proteolytic stability [138]. In recent studies, cyclic analogues have been shown to have improved
stability and reduced hemolytic profile compared to their parent peptides isolated from horseshoe
crabs [147]. Mwangi et al.; [148] also found that the cystine-cystine link is correlated with its stability
in vitro and in vivo, resistance to proteolysis and increased antimicrobial activity against MDR
pathogens.

In our studies, both cystine-cystine side-chain cyclization and head-to-tail cyclization have been
applied (Paper I and Paper II). For Turgencin A analogues, cystine-cystine cyclization gave rise to
slightly increased antimicrobial activity which might be due to the structural stabilization compared to
those of their linear counterparts. Also, head-to-tail cyclization of the highly potent linear analogue
P6-W6RS resulted in the cyclic derivative ¢cP6-W6R8 with comparative antimicrobial activity.
Although all the peptides in this series were non-hemolytic, slightly lower antimicrobial activity of the
cyclic derivatives might be due to the formation of different secondary structures or decrease in
overall net positive charge.

Like the optimization effects of cyclization, acylation is another way of increasing hydrophobicity and
creating a stable secondary structure formation of peptides and to increase their degree of insertion
into the bacterial membranes. Several lipopeptide antibiotics isolated from Gram-positive and Gram-
negative bacteria, with varying fatty acid composition and conjugated to cyclic/linear oligo peptides,
have been extensively studied [149,150]. Most studies demonstrated that N-terminal lipidation with
different carbon chain lengths is correlated with both increased antimicrobial activity and cell
selectivity due to the fact that increased hydrophobicity increases their membrane interaction and
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insertion [151]. For example, the N-terminal acyl chain in polymyxin B is known to be involved in
Gram-negative membrane interaction and bactericidal activity, whereas removal of the lipid tail
resulted in an inactive derivative (polymyxin B nonapeptide) with only OM activity [58,152].
However, it is recognized that increased hydrophobicity of the a-helical structure of a lipopeptide is
proportional to its increased hemolytic activity [153-155]. Moreover, lipopeptides with longer acyl
chains tend to form aggregation and self-assembly, which may lead to a decrease in their activity
[155]. In paper I, Cs-, Cjo-, or Ci2- carbon acyl chains in both linear and cyclic peptides (cTurg-1,
cTurg-2 and cTurg-6) were investigated. N-terminal acylation and cystine-cystine cyclization of the
inactive lead peptide cTurg-1 and Lys substituted analogue cTurg-2 resulted in two highly potent
broad-spectrum lipopeptides, Ci>-cTurg-1 and Cs-cTurg-2, with MIC values of 2-4 pg/mL against S.
aureus and E. coli. It is worth noting that the linear Turg-1 and the cyclic cTurg-1 with lower intrinsic
hydrophobicity showed increased antimicrobial activity with increased length of the acyl chain
whereas Cio and Ci» acylation did not further improve the antimicrobial activity of the tryptophan
containing analogues Turg-2/cTurg-2 and Turg-6/cTurg-6. Besides, acylation influenced their
selectivity with the highest hemolytic activity for the Ci» conjugated analogues. In paper II, the
introduction of Cg-, Cio-, or Ci2- acyl chains in the arginine-modified peptide P6-R8 generated
acylated analogues Cs-P6-R8, Cio-P6-R8 and Ci»-P6-R8 with no major changes in antimicrobial
activity. However, the hemolytic activity was gradually increased for the acylated lipopeptides Cio-P6-
R8 and C;»-P6-R8. Overall, our data support previous research that intrinsic hydrophobicity of the
parent peptide is an important determinant to achieve the optimal hydrophobic or amphipathic nature
required for improved activity with elongated hydrocarbon chain.

4.2 Disruption of bacterial membranes and the effects on
viability
4.2.1 Membrane disruptive activity

The bactericidal activity of AMPs against both Gram-negative and Gram-positive bacteria is based on
their ability to accumulate or partition near the cytosolic interface to interact with anionic
phospholipid head groups and fatty acyl chains in the PM [59,156-158]. An interplay between the AMP
structure and concentration, as well as the composition of the microbial membrane, influences their
effect on membrane integrity [59,106,159]. It is important to mention that the ratio between peptides
and lipids represents a crucial aspect that impacts the interaction between AMPs and cell membranes
[104,160]. Furthermore, depending on the variable affinity for the membrane, not all AMPs show the
same level of permeation. Partial membrane permeation by AMPs is sometimes enough to critically
affect bacterial growth and metabolism [161,162]. There is evidence that cationic amino acid arginine
plays a vital role for the initial binding of AMPs to the bacterial membranes, while the presence of
hydrophobic amino acid tryptophan mainly facilitates membrane internalization and ultimately
perturbation [59,68,106]. It was previously demonstrated that a cyclic magainin 2 analogue is less
membrane active than its linear counterpart, indicating that linear AMPs can reach the cytoplasmic
membrane faster, while the cyclic peptide may have less flexibility making it difficult to cross several
barriers to reach its target [163]. In Paper I & Paper II, the effects of amino acid substitution,
acylation, and cyclization of Turgencin A and EeCentrocin 1 analogues on OM and PM activity were
investigated. Optimization of the peptide structure resulted in several variants with variable membrane
permeabilizing abilities against the Gram-positive and Gram-negative biosensor strains. A strong and
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immediate membranolytic effect of modified and active analogues was observed against the Gram-
positive B. subtilis compared to the Gram-negative E. coli. For some analogues this delayed effect was
attributed to the barrier function of the cell envelope in E. coli. Furthermore, differences in the rate of
both OM and PM disruption were observed across varying test concentrations, with higher
concentrations leading to more rapid lysis demonstrating a concentration-dependent effect. Using
MoA specific biosensors, we wanted to investigate the secondary and hidden activities of the
analogues and possibly confirm the membrane activity through adequate stress response. As it was
described in the introduction, these biosensors can detect several MoA-specific stressors, resulting in
increased light output indicative of cellular stress reported through each promoter-lux-operon fusion
such as Pyia responds to cell envelope and membrane damage by cationic AMPs, Py to inhibition of
DNA replication, Pyyes to transcription inhibition, Pyner to translation inhibition and Prpus to inhibition
of fatty acid synthesis [121,123]. Of the five sensors used in this study, only the biosensor with the Piiar
fusion responded positively to peptide addition, indicating membrane damage caused by P6, P6-W6RS,
and cP6-W6RS.

However, there was a delayed response compared to the vancomycin and bacitracin antibiotic control
which coincided with the growth of the bacterial population that survived after the first attack of the
peptide. This late effect suggests that membrane-active compounds may interfere with the detection of
secondary activities, potentially leading to false negatives, if the induction range surpasses the
minimal concentration required for membrane activity. Although primary mechanism of action of the
active analogues analysed in this study appears to be the disruption of membrane integrity, we still
cannot rule out the possibility that linear and cyclic analogues might have additional targets.

4.2.2 UnaG as a suitable sensor for outer membrane damage

In Gram-negative bacteria, membrane-active cationic AMPs first permeabilize the OM before
interfering with the PM or other intracellular targets [162]. Analyses of OM activity using the
hydrophobic probe 1-N-phenylnapthylamine (NPN), which is normally excluded by Gram-negative
OM, gave us the idea of the immediate effects on OM permeability in the presence of peptides in a
concentration-dependent manner [164]. In our studies, the active analogues also influenced the kinetics
and achievement of steady-state levels, suggesting their initial interaction and disorientation of the
OM before they reached the PM. However, this assay fails to distinguish between the molecules,
which solely exert their effects on OM permeability from the other active membrane disruptive
analogues. Therefore, a better model for identifying the OM barrier function was needed. During
initial trials of using UnaG as a reporter gene (Paper III), little or no fluorescence was observed at
bilirubin (BR) concentrations around 5 uM. Due to the relatively high molecular weight of BR, we
hypothesized that OM might be responsible for the lack of fluorescence by excluding BR from
accessing the cells. The interesting aspect of using this UnaG assay is the sustained stability for a
duration of several hours, which benefits a potential utilization of the system in experiments involving
live E. coli cells (Figure 14). This allows for continuous monitoring of the integrity of the OM in real-
time. When the concentration of membranolytic compounds reaches a threshold that severely impacts
the membrane, unlike the NPN assay, there is a noticeable decrease in fluorescence. This decline can
be attributed to a loss of viability caused by disruption of the PM, as well as halting of UnaG
synthesis.
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Without permeabilizer E. coliMC4100 With permeabilizer

Figure 14. Schematic overview of the application of the UnaG-bilirubin whole-cell biosensor as a tool
for analyzing OM permeabilization. Created with BioRender.com.

In paper IV, we applied the dual biosensor to decipher their membrane related mechanisms of action
of AMPs. This biosensor was based on the constitutive expression of UnaG and LucGR in an artificial
operon where fluorescence and luminescence are dependent on the intake of the respective
fluorogen/substrate through the compromised OM and PM, respectively. OM integrity sensing
depends on the uptake of BR, which acts as a fluorogen of UnaG, whereas PM integrity sensing
depends on the uptake of the luciferase substrate D-luciferin. In all our assays, the membranolytic
effect of the CHX control was much stronger than that of our peptides. This is because AMPs have a
higher molecular weight and are unable to diffuse through porins, whereas CHX, being a broad-
spectrum antiseptic with a low molecular weight, can exert the MoA by passive diffusion through the
cell wall, rapid binding, and adsorption to the negatively charged plasma membrane [165].
Importantly, our approach to test promising peptides in novel OM-specific biosensors enables us to
distinguish between stronger and weaker membrane-disruptive mechanisms of synthetic peptides.

4.2.3 Activity spectrum and effects on viability

Synthetic analogues were screened against a panel of clinically relevant human pathogens and
laboratory strains of bacteria and fungi. We found that all tested strains exhibited increased sensitivity
to the active modified analogues, suggesting a broad-spectrum antimicrobial effect. While MIC values
ranged between 2-16 ug/mL (ca. 1-8 uM) for the most potent analogues, various factors including
growth media, inoculum size, and anaerobic growth conditions influenced the activity. In the
biosensor-based viability assay, the rate and concentration required for the decrease in viability
correlated with the rapid effects on membrane integrity in B. subtilis, whereas, in E. coli the effect was
less pronounced. In this case higher concentration of the peptides (25 - 50 ug/mL) were required to
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observe an effect while at lower analogue concentrations, there was no change in light emission. This
might be due to the use of a 1000-fold higher bacterial inoculum than that usually used for MIC assays
(3x10* — 5x10° CFU/mL) to detect a reliable signal in both luminescence and fluorescence-based
assays. As described in the introduction, the viability assay integrates ATP and reduction equivalents
for light production and substrate regeneration while the membrane assay is based on ATP as energy
source and externally added D-luciferin. It was observed for some analogues that within the 3 min.
measurement window, there was an increase in light production indicating effects on membrane
integrity without substantial effects on viability. This might indicate the presence of different
subpopulations of bacterial cells, with partial membrane damage or different susceptibility to the
analogues, resulting in an average light emission. Therefore, it is important to assess whether the slow
decrease in light emission is result of membrane damage.

4.3 Proteolytic degradation of synthetic analogues

In addition to the increased expression of efflux pump or the surface modification of Gram-negative
LPS, secretion of proteases is another defense strategy that bacteria employ. Sometimes these
proteases influence the activity of several AMPs. Clinically resistant bacteria have been shown to have
profound effects on reducing the antimicrobial activity of AMPs [166]. Previous studies reported that
chronic ulcers infected with various pathogenic bacteria are the key producers of proteinases that
degrade and inactivate LL-37/hCAP18 as well as downregulate the expression of AMPs [166]. Stumpe
et al. [167] reported for the first time that the cationic peptide protamine is degraded by OmpT
protease. Later, many other publications reported that cationic AMPs including LL-37 and synthetic
peptide derivatives containing dibasic amino acids in their primary sequences are substrates for
proteolytic degradation by OmpT. The observation of these reports suggested that overexpression of
OmpT was sufficient to protect Gram-negative E. coli from cationic AMPs. Since OmpT is an
extracytoplasmic endoprotease, peptides that are internalized inside the membrane might be safe from
degradation [167,168].

In our study (Paper II) two selected peptides were tested for relative activity and proteolytic stability
against different £. coli wild type and mutant strains. In the matrix-assisted laser desorpion/ionization
(MALDI-TOF) analyses, no fragmentation was detected in the mutant E. coli strain without the
expression of OmpT protease, although there was not a significant difference in MICs against the wild
type and mutant strains (with or without OmpT protease). Since we only detected the fragments which
were the cleavage products between the dibasic residues of the synthetic analogues, these results
indicate that degradation of peptides by OmpT protease is a common virulence mechanism in E. coli
that degrades both natural and synthetic AMPs (Figure 15). Furthermore, cyclization was not found to
be sufficient to decrease the susceptibility to proteolytic degradation. Analyses of concentration
dependent fragmentation pattern was difficult to achieve as there was a large variation in the m/z
intensity of peaks between experimental replicates. The reason for using the BL-21 strain with plasmid
containing OmpT was that we could control the induction of the expression right before peptide
exposure. Continuous expression of OmpT could therefore give rise to fragmentation and inactivation
of AMPs even at higher peptide concentrations. However, only a twofold increase in MIC of both the
linear and cyclic analogues against this strain compared to the parent strain without OmpT and Lon
proteases were observed. This could be due to the low inoculum size used in our experiments (2.5 x
10* CFU/mL), which represents a relatively low proportion of cells that express OmpT in both wild-
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type strains as well as the OmpT plasmid-complemented BL-21 strain. This study gave us valuable
information on nature’s strategy regarding bacterial defence towards various structural constraints of
peptide analogues.

Peptide: P6-W6R8 Peptide fragments
BL-21 with OmpT

Endopeptidase
(-KK-, -KR-, -RK-, -RR-)

%
Y

v
GWWRRWVRKVRK-NH; (m/z, [M+H]*: 1712.2) GWWRRWVR (m/z, [M+H]*' :1201.7)
GWWR (m/z, [M+H]"": 604.1)

Cleavage site
A

Figure 15. Effects of OmpT protease on degradation of the linear P6-W6R8. Image was created with
Biorender.com.

Taking proteolytic degradation into consideration, designing new AMPs could improve their potential
as future drugs. Papo et al. showed already more than 2 decades ago that replacement of 35% L-amino
acids with D-amino acids in o-helical synthetic AMPs reduces sensitivity to proteolytic degradation
[169]. Therefore, utilizing the information of degradation profiles might be beneficial for new drug
development strategies including structural modification, development of protease inhibitors or
masking specific cleavage sites.

4.4 Enhanced antibacterial and antibiofilm activity

4.4.1 Antibiotic potentiation by outer membrane disruption

The development of antibiotics that are effective against Gram-negative bacteria has lagged due to the
structural complexity of Gram-negative bacteria compared to Gram-positive bacteria [170,171]. This
lack of progress is attributed to the presence of the OM that limits the entry of toxic compounds, thus
renders Gram-negative bacteria intrinsically resistant to many antibiotics and AMPs [170]. The OM
functions as a barrier with an exclusion threshold of 500-600 Da, which is close to the size of bilirubin
(585 Da) but seemingly big enough to efficiently prevent it from entering the cell [172]. Higher
molecular weight antibiotics, such as vancomycin, rifampicin, erythromycin, and novobiocin, are
effectively excluded by OM and can therefore not be applied against infections caused by Gram-
negative pathogens [22,172,173]. One possibility to circumvent the permeability barrier could be
molecules specifically affecting OM integrity, thereby allowing for the free diffusion of higher
molecular weight antibiotics to their targets in the periplasm or cytoplasm [22]. Furthermore, beta-
lactam antibiotics affecting peptidoglycan synthesis might be potentiated if the resistance is based on
drug efflux pumps or beta-lactamases. Drug efflux pumps only work efficiently if there is a diffusion
barrier separating the environment from the transpeptidases in the periplasm and thereby allowing to
establish an energy dependent gradient across the OM [174]. Loss of integrity will allow free diffusion
of the antibiotic to its target and thereby potentiate its activity [172]. In addition, OM disruption might
also diminish the effect of beta-lactamases, which are exported to the periplasm to degrade the
antibiotics before they can interact with the transpeptidases responsible for crosslinking new
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peptidoglycan layers. OM disruption would allow for diffusion of the beta-lactamases from the
periplasm and therefore reduce their efficacy [174,175]. Moreover, synergistic interaction between
AMPs and other antimicrobials reflects the combined effects that is higher than the sum of the
individual effects. A lowered effective dose increases the therapeutic index and thus the risk for toxic
side effects. Among the earlier approaches, derivatives of polymyxin and colistin were promising
[175]. PMBN is one of the derivatives with strong OM activity that has been used to sensitize Gram-
negative Dbacteria and shown to potentiate other antibiotics. The chelator EDTA
(ethylenediaminetetraacetic acid) and the AMPs magainin II, polymyxin B, PMBN, and a recent
PMBN derivative SPR74, are all known to bind to OM LPS and trigger permeability changes by
displacing divalent cations and destabilizing the LPS layer [15,175]. These membrane targeting
peptides were found to act in synergy with various hydrophobic and large molecular weight antibiotics
including vancomycin, rifampicin, erythromycin as well as -lactam antibiotics [125,130,131,175,176].
In paper IV, several OM active cyclic and linear derivatives were screened for synergistic interactions
with erythromycin and/or vancomycin. As mentioned earlier we thought that these molecules might
act synergistically with antibiotics mostly excluded by the OM. Therefore, we tested the synergistic
effects of nine synthetic analogues of the marine antimicrobial peptide Turgencin A and two
EeCentrocin 1 analogues in combination with either erythromycin or vancomycin and calculated the
fractional inhibitory concentration index (FICI). We chose erythromycin and vancomycin although
they differ in their mode of action, as they both are excluded by the OM and therefore are mostly
active against Gram-positives. The results revealed that the membrane active lipopeptides and both
tryptophan and arginine containing peptides lost the synergistic potential (especially with vancomycin)
compared to their moderately active but OM disruptive counterparts. This might be due to the
modifications that helped the analogues anchor more firmly into the membrane leading to membrane
disintegration instead of pore formation.

4.4.2 Antibiofilm activity of synthetic analogues

AMPs of various classes have been reported as antibiofilm agents [177]. Synthetic derivatives based
on human cathelicidin LL-37 and smaller designed fragments were among the previously reported
AMPs to show antibiofilm properties against P. aeruginosa without affecting planktonic growth [178].
Interestingly, the antibiofilm peptide 1018 and its derivatives were later shown to have even stronger
effects on biofilm inhibition and eradication that are independent of antibacterial effects against
clinical isolates of P. aeruginosa from patients with CF [179]. This peptide also displayed potential
synergy and synergistic antibiofilm effects with conventional antibiotics [180]. In our study, the
synthetic derivatives were investigated for antibiofilm activities to explore if some of the peptides
could work as potential biofilm inhibitors, without having a direct killing effect. Here, we screened
several potent analogues for activity against the formation of P. aeruginosa, S. Typhimurium and
Staphylococcus epidermidis biofilms where the mechanism could be the inhibition of initial
attachment and maturation of biofilms (Paper IV). The reduction of biofilm biomass observed for
analogues with high antimicrobial activity were probably due to combination of bactericidal and
antibiofilm activities. One interesting characteristic of the OM active analogues, however, was that
some of them did not display any growth inhibition of the planktonic cells but were able to inhibit the
biofilm formation at concentrations below their MIC.
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5 Conclusions

In this thesis, we have focused on the investigation of the antimicrobial activity and mechanism of
action of synthetic derivatives of marine antimicrobial peptides Turgencin A and EeCentrocin 1. In
paper I and II, we have shown that various optimization strategies for example, amino acid
substitution, cyclization, and lipopeptide modifications can be applied to enhance the desired
performance. Our SAR results are in line with previous research showing that structural modification
are useful tools for fine-tuning antimicrobial and hemolytic activity of marine derived peptides. The
biosensor-based membrane integrity and viability studies indicated their concentration-dependent
rapid effects primarily on the Gram-positive and Gram-negative bacterial membranes. Analyzing the
MALDI-Tof fragmentation patterns of the two potent analogues of EeCentrocin 1 helped to identify
the cleavage products generated by E. coli OmpT protease confirming the stability of the analogues
(Paper II). The investigation of OM activity of the Turgencin A analogues using a novel E. coli
biosensor as a tool revealed their in-detail membrane-related mechanisms (Paper III). However,
interesting derivatives were also found to be effective with their antibiofilm property at the
concentrations that did not affect the bacterial growth. Finally, considering the OM related MoA of the
synthetic analogues, synergistic interaction with relatively high molecular weight antibiotics
(vancomycin and erythromycin) opens their future application as adjuvant against Gram negative
pathogens (paper 1V). This current thesis demonstrates how the mutually beneficial principle of close
collaboration between chemistry- and biology-oriented projects can serve as a fundament for effective
development of potential alternatives drug candidates with improved antimicrobial and mechanism of
action.

6 Perspectives

AMPs are a promising class of bioactive compounds. At the same time, short synthetic mimics of
AMPs, derived from a larger lead sequence, can circumvent the labor and cost of synthesizing a
complex original peptide to generate a series of peptides for SAR and MoA studies. Furthermore, the
synthesis of novel short analogues with significant potency against Gram-negative and Gram-positive
bacterial isolates will have a larger drug potential, as the number of potential proteolytic cleavage sites
are reduced.

The activity of many natural AMPs is hampered by proteolytic degradation under physiological
conditions. Taken knowledge from the peptide’s stability and fate in bacterial cultures, we can explore
newly designed truncated peptides with D-amino acids instead of L-amino acids. This could further
reduce the number of cleavage sites as well as increase selectivity. More comprehensive studies in the
future using advanced MALDI-TOF-MS can help to quantitatively determine the amount of cell-
bound and internalized peptide analogs to eclucidate further molecular mechanisms. Other major
applications of AMPs are their immunomodulatory and anticancer properties. The investigation of
novel analogues with these potential properties would be beneficial for future peptide-based drug
development.
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Although this study confirmed the membrane related MoA of promising analogues, exploring the
possibility that the peptides can have other secondary mechanisms than membrane disruption could
give us a complete picture of their antibacterial mechanisms. As we have utilized the E. coli OM-
defective mutant NR698 (MC4100 1ptD4213) to verify the OM active analogues, it would be
interesting to use this strain to test gene expression and morphological changes in biofilm condition
and in combination with OM active analogues. Investigating these synthetic analogues at sub-MIC
level might illuminate how OM stress can be connected to biofilm formation. A similar effect has been
reported for LPS transport protein LptD depletion in combination with colistin, which had an impact
on carbohydrate metabolism, motility, and biofilm formation [181].

It would also be of interest to check whether membrane active peptides combined with other
antibiotics that are affected by resistance elements such as efflux pump, enzymatic inactivation, or
target modification can mitigate the problems associated with AMR. In parallel, a serial passage
experiments to test whether OM perturbation can reduce the development of resistance to different
high molecular weight antibiotics would provide important knowledge regarding the potential of
AMPs as future antibiotics.
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Abstract: We have synthesised short analogues of the marine antimicrobial peptide Turgencin A
from the colonial Arctic ascidian Synoicum turgens. In this study, we focused on a central, cationic
12-residue Cys-Cys loop region within the sequence. Modified (tryptophan- and arginine-enriched)
linear peptides were compared with Cys-Cys cyclic derivatives, and both linear and Cys-cyclic
peptides were N-terminally acylated with octanoic acid (Cg), decanoic acid (Cyp) or dodecanoic
acid (Cyp). The highest antimicrobial potency was achieved by introducing dodecanoic acid to a
cyclic Turgencin A analogue with low intrinsic hydrophobicity, and by introducing octanoic acid to a
cyclic analogue displaying a higher intrinsic hydrophobicity. Among all tested synthetic Turgencin A
lipopeptide analogues, the most promising candidates regarding both antimicrobial and haemolytic
activity were Cyp-cTurg-1 and Cg-cTurg-2. These optimized cyclic lipopeptides displayed minimum
inhibitory concentrations of 4 ug/mL against Staphylococcus aureus, Escherichia coli and the fungus
Rhodothorula sp. Mode of action studies on bacteria showed a rapid membrane disruption and
bactericidal effect of the cyclic lipopeptides. Haemolytic activity against human erythrocytes was
low, indicating favorable selective targeting of bacterial cells.

Keywords: AMPs; Cys-Cys cyclic peptides; lipopeptides; short antibacterial peptides; structure—
activity relationship; mechanism of action

1. Introduction

Antimicrobial resistance (AMR) poses a serious threat to human health worldwide.
According to a recent study, an estimated 4.95 million deaths were associated with AMR
globally in 2019, out of which 1.27 million deaths were directly attributable to it [1]. Due to
increasing AMR, treatment of infectious diseases has become one of the greatest challenges
in modern medicine [2]. One of the efforts to mitigate this threat includes the development
of new antibacterial agents, which could circumvent existing resistance mechanisms by
attacking new targets (i.e., having novel mechanisms of action). Although efforts have been
made in this direction, progress remains rather slow [3].

Natural products have historically played an invaluable role in drug discovery and
development, and most antibiotics currently in commercial use, and those being developed,
are of natural origin [4]. Gene-encoded, ribosomal synthesized antimicrobial peptides
(AMPs) are widespread in nature and have been identified in various species ranging
from bacteria and fungi to plants, invertebrates and vertebrates (including fish, birds and
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mammals) [5]. In eukaryotes, they are involved in the innate immunity as a first line of
defense against infectious microorganisms. These compounds, generally small, cationic,
amphipathic peptides, hold promise in the fight against AMR. Due to their non-specific
mechanism of action, targeting the fundamental structure of the bacterial membrane, AMPs
are thought to delay the emergence of bacterial resistance [6]. Many AMPs are shown to
possess selective toxicity for microbes and a broad spectrum of antimicrobial activity, acting
against both Gram-positive and Gram-negative bacteria [7]. Moreover, several studies have
shown a synergistic and/or adjuvant effect of AMPs with conventional antibiotics [8,9].
Due to their favorable properties, AMPs have been successfully used as templates for
the development of drug candidates with improved potency and selectivity, and several
natural and synthetic peptides are currently in clinical trials [10].

The marine environment, with its vast biological diversity, is shown to be a promising
source for future antibiotic discoveries, including novel AMPs [11]. We have previously
isolated and characterized a 36-residue long AMP, named Turgencin A, from the Arctic
marine colonial ascidian Synoicum turgens [12], and investigated the antimicrobial activity
of its shortened linear 10-residue sequence rich in cationic residues (residues 18-27 of
Turgencin A) [13] (Figure 1). In the native Turgencin A peptide, this 10-residue sequence
is part of a loop region in which two cysteine residues (Cys!”-Cys?®) are crosslinked by a
disulphide bond.

G'PKTK’AACKM"ACKLAPTCGKK*PGGWK*CKLCE*LGCDA*V-NH,

Figure 1. Amino acid sequence of Turgencin A with the 12-residue loop region in bold (residues
17-28). Cys-Cys connectivity in the loop region is underlined. Disulphide connectivity in the native
Turgencin A peptide is Cys8-Cys33, Cys12-Cys29 and Cys17-Cys26 [12].

In the present study, we prepared a series of 12-residue peptides (residues 17-28)
encompassing this loop region. The Lys?” and Leu?® residues belonging to the original
Turgencin A sequence were also included as additional cationic and lipophilic residues, re-
spectively. Our aim was to investigate the structure-activity relationship (SAR) of a variety
of modifications to the antimicrobial activity and selectivity: (1) increasing lipophilicity (by
including two tryptophan residues in the PGG core sequence), (2) Lys to Arg substitutions,
(3) N-terminal acylation and (4) Cys-Cys cyclization. In doing so, we wanted to gain insight
into how these modifications could be best utilized to fine-tune the properties of potential
novel AMP leads, increasing both their antimicrobial activity and selectivity. All peptides,
like the originally isolated Turgencin A, were C-terminally amidated in order to increase
the overall positive charge. Minimal inhibitory concentrations (MIC) were determined
against selected Gram-positive and Gram-negative bacterial strains and fungi. Haemolytic
activity (ECsp) was tested against human red blood cells (RBCs) and a bacterial selectivity
index (SI) was calculated for each peptide. Selected peptides were investigated for their
antibacterial mode of action (MoA) using luciferase and fluorescence-based assays to assess
the viability and integrity of the cytoplasmic inner and outer membrane of bacterial cells.

2. Results and Discussion
2.1. Peptide Design and Synthesis

All analogues of the 12-residue loop region of Turgencin A were synthesized by Fmoc
solid phase peptide synthesis (SPPS) on a fully automated microwave assisted peptide
synthesizer. Standard conditions were used and coupling was completed with O-(1H-6-
chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) and
N,N-diisopropylethylamine (DIEA) as a base. A double coupling strategy was employed to
ensure efficient N-terminal acylation with octanoic (Cg), decanoic (Cq¢) and dodecanoic acid
(Cqp). Prior to Cys-Cys cyclization, the synthesized peptides were purified by preparative
reversed-phase high-performance liquid chromatography (RP-HPLC). Cyclization of the
peptides (by disulphide formation) was successfully carried out in distilled water (pH: 6.5)
at room temperature with atmospheric O,, or by bubbling O, through the aqueous solution
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for one to four days. The progress of cyclization was monitored by liquid chromatography—
mass spectrometry (LC-MS). The mass of the final products, obtained after lyophilization,
were verified by high resolution-mass spectrometry (HR-MS) (Table S1) and the purity
(>90% for all peptides) was determined by ultra-performance liquid chromatography with
UV detection (UPLC-UV) (Table S2 and Figures S1-525).

2.2. Structure-Activity Relationship (SAR) of Cyclic Trp- and Arg-Modified Peptides

The first series of Cys-Cys cyclic peptides (cTurg-1-7) were synthesized to investigate
the effects of increasing the lipophilicity of the 12-residue loop region of Turgencin A
(residues 17-28) by incorporating Trp-residues, and by replacing Lys-residues with Arg-
residues (Table 1). The model peptides for these modifications were based on a previously
reported series of short linear Turgencin A peptides (StAMP-peptides) demonstrating
improved antimicrobial activity by introducing two additional Trp-residues [13].

The first peptide in the cTurg-series, cTurg-1, which contained the original Tur-
gencin A (17-28) loop sequence was, however, inactive against all tested bacterial strains
(MIC > 256 ug/mL), except against the sensitive strain Corynebacterium glutamicum (MIC:
16 pg/mL). The Trp-modified peptides, cTurg-2, cTurg-3 and cTurg-4 were derived from
cTurg-1 by substituting amino acids present in the central PGG core of Turgencin A. The
central PGG sequence of cTurg-1 was modified as follows: WWG for c¢Turg-2, WGW for
cTurg-3 and PWW for cTurg-4 (Table 1). Compared to cTurg-1, the Trp-enriched cyclic
peptides showed considerable improvement in activity against all bacterial strains, except
for cTurg-4 against Pseudomonas aeruginosa (Table 1). The highest antibacterial activity
was achieved against the Gram-positive strains Bacillus subtilis and C. glutamicum (MIC:
4-8 ug/mL), as well as improved potency against Staphylococcus aureus and Staphylococ-
cus epidermidis (MIC: 16-64 pug/mL). However, the potency against the Gram-negative
strains (Escherichia coli and P. aeruginosa), though better than that of cTurg-1, was low (MIC:
32-256 ug/mL). This reduced activity of AMPs is most likely due to the presence of a
lipopolysaccharide (LPS) layer, which is the main constituent of the outer membrane of
Gram-negative bacteria and which binds to AMPs, thereby inhibiting their effect [14].

The next modification included substitution of the Lys- with Arg-residues in cTurg-
2, cTurg-3 and cTurg-4, resulting in the Arg-modified peptides cTurg-5 (WWG), cTurg-6
(WGW) and cTurg-7 (PWW). These modifications led to a considerable increase in antimi-
crobial activity for the arginine-modified peptides against the Gram-positive bacteria, S.
aureus and S. epidermidis (MIC: 8-16 pug/mL), and also against the Gram-negative bacteria
E. coli and P. aeruginosa (MIC: 8-32 ug/mL) (Table 1). The most potent peptide was cTurg-6
(WGW) with a MIC of 4-16 pug/mL against the Gram-positive bacterial strains and a MIC
of 8-16 ug/mL against the Gram-negative bacterial strains. Of note, cTurg-3 (WGW), with
the same central core as cTurg-6, was the most potent peptide among the Lys-containing
peptides, except against P. aeruginosa. The lowest overall antimicrobial activity for both the
Lys- and Arg-containing analogues was observed for the two peptides with a PWW central
core and three adjacent tryptophan residues in their sequences (cTurg-4 and cTurg-7). All
peptides were non-haemolytic (ECsp: > 849 ng/mL) except for cTurg-7, which had an ECs
value of 197 ug/mL against human RBCs.

2.3. Structure—Activity Relationship of Linear Lipopeptides

A well-established strategy for generating peptides with increased efficacy is N-
terminal conjugation with aliphatic fatty acids [15,16] (Figure 2). To investigate the effects
of acylation on antimicrobial activity, we decided to synthesise both linear and cyclic
lipopeptide analogues of three selected peptides. Our choice of peptides for acylation was
driven by the observed potencies of the previously synthesised cyclic analogues. We chose
cTurg-1 for being a mostly inactive peptide, cTurg-2 for being the most potent peptide
against P. aeruginosa among the Lys-containing peptides, and finally the Arg-modified
peptide cTurg-6, which exerted the overall highest antimicrobial activity against all strains.
cTurg-2 and cTurg-6 were also non-haemolytic (EC5p: >1045 pg/mL).
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Table 1. Antimicrobial activity (MIC in pg/mL), haemolytic activity against human RBC (ECs in pg/mL) and selectivity index (SI). Sequence modifications (Trp
and Arg replacements) compared to Turgencin A are shown in bold, and sequences in parentheses denote Cys-Cys cyclic peptides. SI was calculated as the ratio
between haemolytic activity (ECsg) and the geometric mean (GM) of the MIC values against all bacterial strains, i.e., SI = EC5y/GM.

Antimicrobial Activity (MIC) ! RBC
. Net Gram + Gram — Fungi Tox.
P S 2 4
eptide equence Mw Charge 3 Rt Bs Cg Sa Se e Pa GM Ap Ca Rh (ECsp) SI
cTurg-1 (CGKKPGGWKC) KL-NH, 1301.6 +5 3.11 256 16 >256 >256 >256 >256 161 32 128 64 nt® nt
é cTurg-2 (CGKKWWGWKC)KL-NH, 1519.9 +5 3.87 8 4 32 16 64 64 20 32 32 32 >1045 >52
E, Z cTurg-3 (CGKKWGWWKC)KL-NH, 1519.9 +5 3.92 4 4 32 16 32 128 18 32 32 32 849 47
g cTurg-4 (CGKKPWWWKC)KL-NH; 1560.0 +5 3.97 8 4 64 32 64 256 32 32 64 32 >1065 >33
=
s z cTurg-5 (CGRRWWGWRC)RL-NH, 1632.0 +5 3.98 8 4 16 8 8 16 9 32 32 32 >1101 >123
O Z cTurg-6 (CGRRWGWWRC)RL-NH, 1632.0 +5 4.02 4 4 16 8 8 16 8 32 32 32 1101 138
~ cTurg-7 (CGRRPWWWRC)RL-NH, 1672.0 +5 4.09 4 4 16 8 16 32 10 32 32 32 197 20
Cg-Turg-1 Cs-CGKKPGGWKC KL-NH, 1429.8 +4 4.38 8 4 128 32 32 128 29 32 128 16 >943 >33
" Cyo-Turg-1 C10-CGKKPGGWKC KL-NH, 1457.9 +4 4.89 4 4 16 8 16 32 10 32 64 8 >957 >95
ﬁ Cip-Turg-1 C12-CGKKPGGWKC KL-NH; 1486.0 +4 5.44 4 4 8 4 8 16 6 32 64 8 >971 >153
g Cg-Turg-2 Cg-CGKKWWGWKC KL-NH, 1648.1 +4 4.97 8 4 8 8 16 16 9 32 64 32 198 22
g Z Cyo-Turg-2 C10-CGKKWWGWKC KL-NH, 1676.2 +4 541 8 4 8 8 8 16 8 32 64 32 64 8
= Cip-Turg-2 C12-CGKKWWGWKC KL-NH, 1704.2 +4 5.89 8 16 16 8 16 32 14 32 64 32 55 4
[
,E 2 Cg-Turg-6 Cg-CGRRWGWWRC RL-NH, 1760.2 +4 5.07 4 4 16 8 8 32 9 128 64 128 54 6
= < Cyo-Turg-6 C10-CGRRWGWWRC RL-NH, 1788.2 +4 5.51 8 16 32 16 32 64 23 128 64 128 21 1
~ Cip-Turg-6 C12-CGRRWGWWRC RL-NH, 1816.3 +4 5.98 16 16 32 16 64 128 32 128 64 >128 39 1
Cg-cTurg-1 Cg- (CGKKPGGWKC) KL-NH, 1427.8 +4 4.27 4 4 128 32 32 128 25 64 64 8 >942 >37
" Cio-cTurg-1 C10- (CGKKPGGWKC)KL-NH, 1455.9 +4 4.74 2 2 16 4 8 32 6 32 64 4 >956 >151
% Cio-cTurg-1 C12- (CGKKPGGWKC)KL-NH, 1483.9 +4 5.22 2 2 4 4 4 16 4 32 64 4 219 55
i Cg-cTurg-2 Cg - (CGKKWWGWKC) KL-NH, 1646.1 +4 4.70 2 2 4 4 4 8 4 16 32 4 439 123
3 b Cio-cTurg-2 C10- (CGKKWWGWKC) KL-NH; 1674.1 +4 511 2 4 4 4 8 8 5 32 64 16 106 24
= Cip-cTurg-2 C12- (CGKKWWGWKC)KL-NH, 1702.2 +4 5.55 4 8 8 8 16 16 9 32 64 32 32 4
2 2 Cg-cTurg-6 Cs- (CGRRWGWWRC)RL-NH, 1758.2 +4 4.85 4 4 8 4 8 16 6 64 64 32 30 5
v < Cio-cTurg-6 C10- (CGRRWGWWRC)RL-NH, 1786.2 +4 5.28 4 4 8 8 16 16 8 64 64 32 16 2
# Cip-cTurg-6 C12- (CGRRWGWWRC)RL-NH, 1814.3 +4 5.72 8 8 16 8 32 32 14 64 128 64 9 1
Polymyxin B 1301.6 +5 3.1 3.1 12.5 6.3 3.1 3.1 161 3.1 12.5 3.1 nt nt
Chlorhexidine 505.5 +2 1.6 0.8 1.6 1.6 1.6 6.3 20 1.0 7.8 1.0 nt nt

1 Microbial strains; Bs—Bacillus subtilis, Cg—Corynebacterium glutamicum, Sa—Staphylococcus aureus, Se—Staphylococcus epidermidis, Ec—Escherichia coli, Pa—Pseudomonas aeruginosa,
Ap—-Aurobasidium pollulans, Ca—Candida albicans, Rh—Rhodotorula sp. > Average molecular mass without including a TFA salt for each cationic charge. 3 Net charge at physiological
pH (7.4). * Hydrophobicity measured as retention time (Rt; min) on a RP-UPLC C;g column using a linear acetonitrile/water gradient. ® nt: not tested.
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Figure 2. Lipopeptide modifications exemplified for cTurg-1 lipopeptides containing Cg, C1g and Ci»
fatty acids.

Acylation was done with three aliphatic fatty acids: octanoic acid (Cg), decanoic acid
(C10) and dodecanoic acid (C1p), since these fatty acid were previously found to improve
the antibacterial activity of various peptides [17]. Of note, similar, but two-residues shorter
linear analogues of these peptides (based on Turgencin A residues 18-27) have been
previously reported in literature, e.g., non-acylated peptides and those without the Cys-
residues [13]. For the linear peptides Cg-Turg-1, Cqo-Turg-1 and Cy2-Turg-1 elongation of
the lipid chain from 8 to 12 carbons resulted in an overall increase in antimicrobial activity
(Table 1). The most potent linear lipopeptide was the longest acylated peptide Ci2-Turg-1
with a MIC of 4-16 ug/mL against all bacterial strains. The highest increase in antimicrobial
activity following acyl chain elongation was observed against S. aureus with improvement
in MIC from 128 to 8 pg/mL, and P. aeruginosa with improvement in MIC from 128 to
16 ug/mL. All three peptides Cg-Turg-1, Cqo-Turg-1 and Cq2-Turg-1 were non-haemolytic
(ECsp: >943 pg/mL).

Regarding the more lipophilic peptide, cTurg-2 (having a central WWG region), elon-
gation of the N-terminal acyl chain of linear analogues had an opposite effect than that
observed for the linear lipopeptides based on cTurg-1 (PGG). In other words, for the lipopep-
tides Cg-Turg-2, C1o-Turg-2 and Cy2-Turg-2, increasing the length of the acyl chain resulted
in peptides having the same or slightly reduced antimicrobial activity. One exception in
this regard was the activity of Cqo-Turg-2 against E. coli, with a two-fold increased potency
(MIC: 8 pg/mL) compared to Cg-Turg-2 and Cqp-Turg-2 (MIC: 16 pg/mL). Thus, among the
linear Turg-2 lipopeptides, Cg-Turg-2 and Cjo-Turg-2 showed the highest potency against
both the Gram-positive (MIC: 4-8 ug/mL) and Gram-negative bacteria (MIC: 8-16 pug/mL).
Of note, all three lipopeptides Cg-Turg-2, C1o-Turg-2 and Cj2-Turg-2 showed the same
antimicrobial activity against B. subtilis and S. epidermidis (MIC: 8 ug/mL). Compared
to Cg-Turg-1 and Cyo-Turg-1 (PGG core sequence), we observed improved antimicrobial
activity for Cg-Turg-2 and Cqo-Turg-2 (WWG core sequence) against S. aureus, E. coli and
P. aeruginosa. However, Cg-Turg-2, Cqo-Turg-2 and Cip-Turg-2 displayed increasingly
higher haemolytic activity from ECsp: 198 to 55 ng/mL.

The linear lipopeptides based on the cTurg-6 (WGW) sequence resulted in an even
more noticeable reduction in antimicrobial activity following acyl chain elongation than
that observed for the Cg-Turg-2, C1o-Turg-2 and Cyp-Turg-2 lipopeptides. Compared to
cTurg-6, the linear lipopeptide Cg-Turg-6 showed a similar antibacterial effect. Further acyl
chain elongation in Cyo-Turg-6 and Cj2-Turg-6 resulted in a significant decrease in potency,
which was especially noticeable against S. aureus and the Gram-negative bacteria, E. coli and
P. aeruginosa (MIC: 32-128 pg/mL). Additionally, Cs-Turg-6, C1o-Turg-6 and Cq»-Turg-6
were all rather haemolytic (ECs¢: 21-54 pg/mL). As expected, acyl chain elongation led to
increased hydrophobicity for all three lipopeptide series, as monitored by their retention
time on an RP-HPLC Cyg column (Table 1).

2.4. Structure—Activity Relationship of Cyclic Lipopeptides

Our final modification included peptide cyclization of the previous series of lipopep-
tides by sidechain disulphide formation. In general, cyclization of the acylated peptides



Int. J. Mol. Sci. 2022, 23, 13844

6 of 19

resulted in some of the most potent peptides prepared and it had some unexpected effects
on their haemolytic activity (Table 1). The antimicrobial activity of the cyclic lipopeptides
Cg-cTurg-1, Cqg-cTurg-1 and Cyz-cTurg-1 was improved by increasing the acyl chain length.
The latter lipopeptide, C12-cTurg-1, was the most potent in this series with a two-fold in-
creased antimicrobial activity against four out of six strains, compared to its linear analogue
Ci2-Turg-1. However, as opposed to Cq2-Turg-1, the cyclic analogue Cy2-cTurg-1 displayed
detectable haemolytic activity (ECsg: 219 ug/mL).

Similar to the linear lipopeptides, we observed a small reduction in antimicrobial
activity following the increase in the acyl chain length for the cyclic analogues Cg-cTurg-2,
Cjo-cTurg-2 and Cyp-cTurg-2. Importantly, the cyclic lipopeptides in this series were more
potent than their linear analogues. Moreover, this series included the overall most potent
peptide prepared in this study, Cg-cTurg-2, with a MIC of 2—4 ng/mL against all Gram-
positive bacterial test strains and E. coli, and a MIC of 8 ug/mL against P. aeruginosa.
Cys-Cys sidechain cyclization had a positive effect on the overall antimicrobial activity,
most likely due to the formation of a more rigid cyclic structure. Somewhat surprisingly,
Cg-cTurg-2 was considerably less haemolytic (ECsp: 439 ug/mL) than the linear precursor
lipopeptides Cg-, C1o- and Cqz-Turg-2 (ECsp: 55-198 pg/mL).

Cyeclic lipopeptides Cg-cTurg-6, Cqo-cTurg-6 and Cq2-cTurg-6 were more potent than
their linear analogues, but we also noticed a reduction in antimicrobial activity following
the increase in the acyl chain length. Moreover, we observed an undesirable increase
in haemolytic activity for this series of cyclic lipopeptides (ECsg: 9-30 ng/mL), which,
in contrast to antimicrobial activity, increased following acyl chain elongation. These
results clearly demonstrate that optimization of the peptide’s activity involves a trade-
off between achieving desired antimicrobial potency and minimizing unwanted toxicity
against human RBCs.

2.5. SAR Summary

Our first series of cyclic peptides cTurg-1-cTurg-7 demonstrated that substitution of Lys
to Arg results in peptides with higher antimicrobial activity (Table 1). The cyclic Arg-modified
peptides cTurg-5—cTurg-7 were generally more potent than their Lys-containing counterparts
cTurg-2—cTurg-4. The awareness of changes in haemolytic activity following Lys to Arg
substitution is important, as shown for the Arg-modified cyclic peptide cTurg-7 displaying
weak haemolytic activity (ECsg: 197 pg/mL), whereas its Lys analogue, cTurg-4, as well as
other Trp and Arg modified cyclic peptides were non-haemolytic (ECsp: > 849 ug/mL).

For the linear lipopeptides Cg-, C19- and Ci2-Turg-1, as well as the cyclic lipopeptides
Cs-, C10- and Cqp-cTurg-1, an increase in the number of carbons in the acyl chain resulted
in increased potency of the corresponding analogues. A reverse trend was observed
for both linear Cg-, C19-, C12-Turg-2 and cyclic Cg-, Cqp-, C12-cTurg-2 lipopeptides, as
chain elongation beyond Cg resulted in analogues with mostly unchanged potency (Cyg-
analogues), or even a two- to four-fold decrease in potency (Cjp-analogues). A similar
observation was made for the linear Cg-, C19-, C12-Turg-6 and cyclic Cg-, C19-, C12-cTurg-6
lipopeptides, where the greatest decrease in potency was observed against E. coli (MIC:
from 8 pg/mL to 64 ug/mL). The sequences of the linear and cyclic Cg-, C19-, C12-Turg-2/c-
Turg-2 and Cg-, Cq9-, C12-Turg-6/c-Turg-6 lipopeptides were more hydrophobic than that of
Cg-, C10-, C12-Turg-1/c-Turg-1, due to their tryptophan-rich core sequence, which could, in
part, explain the observed trend. As for the Cg-, C19-, C12- Turg-1/c-Turg-1 lipopeptides, it
remains unclear whether the Cq,-chain conferred the threshold hydrophobicity, or whether
this threshold could have been achieved by acylation with fatty acids containing more
than 12 carbons. These results suggest that there might be an upper limit regarding
hydrophobicity (threshold hydrophobicity) and that its further increase could have an
unfavourable effect on antimicrobial activity, and in some cases even abrogate it entirely.
This may occur, as proposed in a study done by Chu-Kung et al., when the minimal
bactericidal concentration of the peptide is higher than its critical miscelle concentration [18].
Furthermore, studies have demonstrated that lipopeptides containing long fatty acid chains
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tend to self-assemble, resulting in reduced antimicrobial activity [19,20]. Our findings give
further credence to the assumption that hydrophobicity, easily tuned by lipidation, is an
important factor influencing antimicrobial activity of peptides.

The direct correlation between haemolytic activity and hydrophobicity (mirrored in
the acyl chain length) of the peptides was especially prominent for the linear Cg-, C1o-,
C12-Turg-2 and Cs-, Cqo-Turg 6 lipopeptides, except for Ci2-Turg-6, which had a slightly
reduced haemolytic activity than its analogue with Cyg fatty acid chain (Table 1). This
trend was not observed for Cg-, C1o-Turg-1, and its cyclic analogues, as they were all
non-haemolytic. In general, cyclic lipopeptides were more haemolytic compared to their
linear analogues. These results support previous findings that lipopeptides with longer
acyl chains have higher haemolytic activity, most likely due to their lower membrane
selectivity [21,22].

While the effect of lipidation is shown to be bidirectional, depending on the initial
hydrophobicity of the peptides, among other things, intramolecular cyclization led to increased
antimicrobial activity of linear lipopeptides regardless of their primary sequence. For all cyclic
lipopeptides synthesized in this work, the potency was either unchanged or improved four-
fold, compared to their corresponding linear analogues. It should be noted that changes in
the position of the acylation may also have bearing on the potency of lipopeptides, as well
as head-to-tail cyclization, two strategies that remain to be explored. Our results are in line
with previous research showing that acylation and intramolecular cyclization are useful tools
important for fine-tuning antimicrobial and haemolytic activity of AMPs [17].

2.6. Antifungal Activity

The synthesised peptides were screened for antifungal activity against the molds
Aurobasidium pollulans and Rhodotorula sp., and the yeast Candida albicans. All cyclic
peptides of the cTurg-1-cTurg-7 series displayed almost equal antifungal activity (MIC:
32-128 pg/mL) against all three fungi tested (Table 1). Even c¢Turg-1, containing the original
Turgencin A core sequence, displayed antifungal activity against all strains at concentra-
tions below the MIC against bacteria (except for C. glutamicum). None of the peptides of this
series stood out as more potent than the others, indicating that the amino acid substitutions
in the central core sequence are not important for antifungal activity.

All linear and cyclic lipopeptides prepared in this study displayed antifungal activ-
ity. In general, their MIC values ranged from 32 to 128 pg/mL against A. pullulans and
C. albicans, making it difficult to conclude any structure-activity relationship for the pep-
tides against these strains. The activity against Rhodothorula sp. varied more between the
different peptides with MIC values from 4 to >128 ug/mL. The cyclic lipopeptides Cg-,
C10- and Cq2-cTurg-1 were somewhat more potent against Rhodothorula sp. compared to
the linear lipopeptides Cg-, C1o- and Cy2-Turg-1, while the longer C¢/C, analogues (MIC:
4 ug/mL) were slightly more potent compared to the corresponding Cg analogues. The
linear lipopeptides Cg-, C19- and C1-Turg-2 were equally potent (MIC: 32 pg/mL) against
Rhodothorula sp. However, among the cyclic lipopeptides, Cg-cTurg-2 was the most potent
peptide (MIC: 4 ug/mL), followed by Cyo-cTurg-2 (MIC: 16 ug/mL) and Cqz-cTurg-2 (MIC:
32 ug/mL). These results support the antibacterial data, indicating an upper limit regard-
ing lipophilicity. Among all lipopeptides tested, Cg-cTurg-2 was the most potent peptide
against A. pullulans (MIC: 16 ug/mL). The linear lipopeptides Cg-, C1o- and Cy2-Turg-6
were overall the least potent with MIC-values of 64 to >128 ug/mL against all test strains,
but with a two- to four-fold increase in potency for their cyclic versions (Cg-, Cyo- and
Ci2-cTurg-6) against A. pullulans and Rhodothorula sp.

2.7. Selectivity Index

The selectivity index (SI) of the peptides towards bacteria over eukaryotic cells was
calculated using the geometric mean (GM) of the MIC values against all bacterial test strains,
according to the method by Orlov et al. [23]. The SI for each peptide was determined as the
ratio of the RBC-ECs5 value by the corresponding GM value. Larger SI values indicate greater
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selectivity for microbial cells [24]. As shown in Table 1, cTurg-6 had the highest selectivity of
the cyclic peptides (cTurg-1 to cTurg-7), with an SI value of 138 for all bacterial strains tested.
Interestingly, two of the lipopeptides, Cqo-cTurg-1 and Cq2-Turg-1, emerged as a promising
candidates for further optimization, both having SI values for bacteria above 150. In addition,
Cg-cTurg-2 showed the best selectivity profile among both cyclic and linear lipopeptides
derived from the cTurg-2 series. In general, the SI was higher against the Gram-positive
bacteral strains than the Gram-negative strains. (Table S3). Overall, peptides displaying
ECsp < 100 pg/mL were considered too haemolytic to be of interest for further exploration.

2.8. Effects on Bacterial Viability and Membrane Integrity

We used two luciferase-based assays to investigate whether the synthesized peptides
had an immediate effect on bacterial viability and membrane integrity. Changes in light
emission of sensor bacteria constitutively expressing the bacterial lux operon or a eukaryotic
luciferase can be used as a proxy for viability and membrane integrity, respectively [25].
Light production of the viability biosensors represents metabolic activity of the bacteria. For
the membrane integrity assay on the other hand, light production depends on the influx of
the externally added D-luciferin, which at neural pH will not readily pass the intact plasma
membrane. An initial increase in light production therefore corresponds with damage to
the plasma membrane and a concomitant influx of D-luciferin, while a subsequent drop in
light emission indicates diminishing ATP reserves of the dying sensor bacteria.

Here we present the results for the two most potent cyclic lipopeptides, Cio-cTurg-1 and
Cg-cTurg-2, as well as for the membrane active agent chlorhexidine (CHX) that was used for
comparison (Figures 3 and 4). The results for the remaining peptides can be found in the
Supporting information, Figures S26-S33. The overall results for Cy-cTurg-1 and Cg-cTurg-2
in B. subtilis 168 show that increasing concentrations resulted in a decrease in light emisssion
(and in increasing rates), suggesting a dose-dependent effect on viability (Figure 3).

In order to confirm that the observed decrease in viability was the result of membrane
damage, we used the membrane integrity assay [13,25]. The results of the membrane
integrity assay for B. subtilis 168 show that increasing lipophilicity of the cyclic lipopep-
tides Cg-, C19-, and Cyp-cTurg-1 caused increased membranolytic activity. A rapid and
strong membrane disruptive effect was observed for the highly potent Cy,-cTurg-1 peptide
(Figures 3 and 527). When analysing the membrane integrity effects of the cyclic lipopep-
tides Cg-, C1o- and Cqz-cTurg-2, increasing lipophilicity was also concordant with increased
membrane activity, but not to a greater extent than for the Cg-, Cy9- and Cy2-cTurg-1 pep-
tides. We observed a minor effect on increased lipophilicity on the membrane activity of
Cs-, C10- and Cqp-cTurg-2 and Cg-, Cqo- and Cqp-cTurg-6 cyclic lipopetides, as they showed
somewhat similar activity, showing a rapid decrease in light production, from concentra-
tions 50 to 12.5 pg/mL (Figures 3 and S29). At the lowest concentration, close to the MIC
value of 2 pg/mL for all tested peptides, we observed minor changes in membrane activity
and viability, most likely due to the high concentration of bacterial inoculum (1000-fold
greater than that used for the MIC assay). This could explain why higher concentrations
of the peptides were needed to see a more pronounced effect. However, at higher con-
centrations, the membranolytic action for some lipopeptides was so rapid (< 3 s) that the
luminescence peak could not be detected, as the signal started declining even before the first
measurement was made. This phenomenon was observed for Cy2-cTurg-1 and Cg-cTurg-2
(at the highest test concentrations of 25 ng/mL and 50 pug/mL), indicating a more rapid or
even different mechanism for disruption of membrane integrity than that of chlorhexidine
(Figure 3).

The viability and membrane integrity assay results for E. coli K12 were quite different
from what was observed for B. subtilis. For both C12-cTurg-1 and Cg-cTurg-2, we observed
a gradual, dose-dependent reduction in viability in E. coli, although not as prominent as
for B. subtilis. In the membrane integrity assay, C12-cTurg-1 showed a delayed, 3.5-fold rise
in luminescence at the highest test concentration (50 ng/mL) compared to chlorhexidine,
with a subsequent decline in luminescence during the assay timeframe (Figure 4). A
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further delayed response was observed for Ci2-cTurg-1 at 25 pg/mL, whereas no effect was
observed at lower concentrations. Cg-cTurg-2 gave an even further delayed rise in peak
luminescence in the membrane integrity assay, but only at the highest test concentration
of 50 ug/mL (Figure 4). Although Cyz-cTurg-1 and Cg-cTurg-2 displayed similar MIC
values of 4 pg/mL against E. coli (ATCC 25922) in the screening assay run for 24 h, the
results from the membrane integrity assay with E. coli K12 indicate a different mode of
membrane disruption. This might suggest that the peptides were acting on the outer LPS
and inner cytoplasmic membranes of E. coli at different rates, resulting in their delayed
action observed in both the viability and membrane integrity assays.

B. subtilis viability B. subtilis membrane integrity
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Figure 3. Effects of Cqp-cTurg-1, Cg-cTurg-2 and chlorhexidine on the kinetics of viability (left) and
membrane integrity (right) in B. subtilis 168. Light emission normalized to the untreated water
control is plotted as relative luminescence emission (RLU) over time (seconds). Kinetics of the
immediate effect (within 3 min) on bacterial viability and membrane integrity, as measured by relative
luminescence emission in B. subtilis 168 treated with increasing concentrations of the lipopeptides.
Chlorhexidine served as a positive (membranolytic) control and water as a negative (untreated)
control. All the graphs of this figure show a representative data set where each experiment was run
at least three times independently.

2.9. Effects on E. coli Mutant Strain with an Impaired Outer Membrane

Antimicrobial activity of all synthesised cyclic peptides were determined against two
additional E. coli strains: the hyperpermeable mutant strain NR698, and its isogenic wild
type (WT) MC4100 (Table 2). The outer membrane deficiency of the mutant strain E. coli
NR698 is based on the allele imp4213/IptD4213 constituting an in-frame deletion of the
imp (increased membrane permeability) gene in E. coli [26]. It has been shown that imp
mutations make the outer membrane more permeable to antibiotics like vancomycin, which
normally does not readily cross the outer membrane barrier of E. coli. In addition, this
mutation is also suggested to cause defects in LPS assembly [27,28]. The results from the
previous screening against the laboratory strain E. coli ATCC 25922 are included in Table 2
for comparison and show that both the WT and mutant NR698 strains were in many cases
more sensitive to the cyclic peptides than the E. coli ATCC 25922 laboratory strain.
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Figure 4. Effects of Cqp-cTurg-1, Cg-cTurg-2 and chlorhexidine on the kinetics of viability (left)
and membrane integrity (right) in E. coli K12. Light emission normalized to the untreated water
control is plotted as relative luminescence emission (RLU) over time (seconds). After addition of the
bacterial inoculum (mixed with 1 mM D-luciferin in the membrane assay) to the wells, preloaded
with lipopeptides, the light emission was measured each second for three min. Each colored line
represents the total 180 s data points (mean of three independent measurements) from the assay at
different concentration of the lipopeptides.

The cyclic peptide cTurg-1, containing the native Turgencin A core sequence, was found
to be active against the mutant NR698 strain (MIC: 64 ng/mL). However, against the WT
strain and the E. coli ATCC 25922 laboratory strain it showed no activity (Table 2). In contrast
to cTurg-1, Trp-modified cyclic peptides cTurg-2 to cTurg-4 displayed increased antimicrobial
activity against all three E. coli strains, among which the mutant NR698 was most sensitive.
Thus, for these peptides, the outer membrane appeared to hinder their antimicrobial effect.
For the analogous, Arg-modified cyclic peptides c¢Turg-5 to cTurg-7, no major differences
in antimicrobial activity were observed against the three E. coli strains (MIC: 8-16 pg/mL),
making these peptides seemingly less affected by the outer LPS membrane.

With regard to the cyclic lipopeptides (Table 2), the potency against the mutant strain
NR698 showed the same trend as previously described (SAR section), although with lower
MIC values. In brief, according to SAR, improved potency was achieved by increasing
the acyl chain length for the cyclic lipopeptides Cs-, C1o- and Ciz-cTurg-1, while the
opposite trend was observed for Cg-, C19- and Ciz-cTurg-2 and Cg-, C19- and Cyz-cTurg-6.
The results for the WT MC4100 strain are also in accordance with our previous SAR
observations, but to a lesser degree than for the other two strains. These results clearly
demonstrate that structural modifications can optimize target interactions and antibacterial
potency as seen for example in Ci2-cTurg-1, which displays similar high potency against
all three strains (MIC: 2—4 pg/mL).
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Table 2. Antimicrobial activity (MIC in ug/mL) of cyclic peptides and selected antibiotics against
three strains of E. coli for investigation of effects concerning outer membrane permeability. In addition
to the laboratory strain E. coli ATCC 25922, the activity against E. coli MC4100 (wild type, WT) and
the outer membrane permeable mutant E. coli NR698 was measured and compared.

E. coli Strains

ATCC 25922 MC4100 NR698 !
Peptide (from Table 1) (WT) (mutant)
cTurg-1 >256 >256 64
0
3 cTurg-2 64 16 8
% = cTurg-3 32 16 8
a, cTurg-4 64 16 8
3

S cTurg-5 8 8 8
o) g cTurg-6 8 8 8
~ cTurg-7 16 8 8
Cg-cTurg-1 32 16 8
@« Cyo-cTurg-1 8 8 4
3 Cyp-cTurg-1 4 4 2
g Cg-cTurg-2 4 8 2
3 = Cio-cTurg-2 8 8 4
‘ﬁ Cip-cTurg-2 16 8 8
S < Cg-cTurg-6 8 8 8
Q Z Cyo-cTurg-6 16 8 8
~ Cyp-cTurg-6 32 16 16

9 Polymyxin B 3.1 0.8 0.2

b= Chlorhexidine 1.6 0.3 0.3

5 Vancomycin 125 64 0.3

c Ampicillin 8 8 0.3

< Chloramphenicol 1.8 12.5 31

1 E. coli MC4100 NR698 imp4213 (with deficient outer membrane).

In order to more closely evaluate the effect of an outer membrane on antimicrobial
activity of synthesised peptides, we tested several commercially available antibiotics. Major
improvement in antimicrobial activity was achieved against the mutant NR698 strain
compared to the WT strain when treated with polymyxin B, vancomycin, ampicillin and
chloramphenicol (Table 2). Compared to these antibiotics, several of the present cyclic
peptides, such as Cyz-cTurg-1 and Cg-cTurg-2, showed similar or higher antibacterial
activity against the E. coli ATCC 25922 and WT strains. In summary, the overall higher
antibacterial activity against the mutant NR698 strain supports the hypothesis that the
outer LPS membrane present in the WT strains could act as a barrier, limiting the effect of
the synthesised peptides. This, in turn, may have affected the rate of bacterial membrane
disruption as observed in the viability and membrane integrity studies.

2.10. Permeabilization of the Outer Membrane of E. coli

The outer membrane of Gram-negative bacteria acts as a barrier for many hydrophobic
and larger hydrophilic substances (>600 Da) [29]. However, some peptides can sensitize the
outer membrane and thus facilitate the entry of various hydrophobic molecules. To explore
if the peptides affect the outer membrane of E. coli MC4100, Cqz-cTurg-1 and Cg-cTurg-2
were tested for their ability to enable the entry of the hydrophobic fluorescent probe 1-N-
phenylnapthylamine (NPN, MW of 219 Da) (Figure 5). In aqueous solutions, NPN shows
very low fluorescence, which greatly increases upon interaction with the hydrophobic
environment of biological membranes. Normally, the hydrophobic NPN is excluded by E.
coli bacteria, but it can enter the bacteria once the integrity of the outer membrane is com-
promised. In this assay, both cyclic lipopeptides, Ci2-cTurg-1 and Cg-cTurg-2, as well as
chlorhexidine, were found to increase the NPN fluorescence in a concentration-dependent
manner (Figure 5), but at a slightly different rate, via membrane permeabilization. The
stronger effect for Cqp-cTurg-1, with almost a four-fold increase in both fluorescence and
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luminescence for the concentrations of 25 to 50 ug/mL, suggests that Cq2-cTurg-1 dis-
rupts both the outer and the inner membrane at a similar rate at higher concentrations
(6.3-12.5 x MIC). In contrast, Cg-cTurg-2 was found to alter the outer membrane perme-
ability at concentrations that did not initially give any increase in luminescence in the
inner membrane integrity assay (Figures 4 and 5). Thus, the observed effects indicate that
the outer membrane passage of Cg-cTurg-2 was a rate-limiting step that was most likely
preventing the peptide from reaching and accumulating in the inner membrane.

A
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Figure 5. (A) Comparison of the effects of Cqp-cTurg-1, Cg-cTurg-2 and chlorhexidine on the kinetics of
NPN fluorescence in E. coli MC4100 (WT). After addition of the bacterial inoculum (mixed with 20 uM
NPN) to the wells (preloaded with lipopeptides), light emission was measured each second for 3 min.
Each colored line represents the total 180 s data points from the assay at different concentrations.
Each figure shows a representative data set. (B) E. coli MC4100 grown in MH media were treated
with different concentrations of Cqp-cTurg-1, Cg-cTurg-2 and chlorhexidine. The permeability of the
outer membrane was assessed by measuring the fluorescence of NPN after 3 min (mean of three
independent measurements). In all data sets, fluorescence values were compared to bacterial cells
treated with the same amount of Mill-Q water control.
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2.11. Bacterial Killing Experiments

The two most potent lipopeptides (Cq2-cTurg-1 and Cg-cTurg-2) were selected for
bacterial killing experiments to see whether the peptides displayed bacteriostatic or bacte-
ricidal effects on the bacterial inoculum used in the MIC assay. In this experiment, 10 pL
aliquots from the wells containing peptide-treated bacteria were harvested after the MIC
assay (24 h incubation), and 10-fold serially diluted and spotted on MH agar plates for
colony counting. At their half-MIC concentration, slightly less colony-forming units (CFU)
were formed for both S. aureus (ATCC 9144) and E. coli (ATCC 25922) in the presence of
Ciz-cTurg-1 and Cg-cTurg-2, compared to the growth control (Figure 6). No CFU were
observed at their MIC (or concentrations above MIC). These results show that the peptides
displayed a bactericidal action on the bacterial strains tested.
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Figure 6. Bactericidal activity of Cyp-cTurg-1 and Cg-cTurg-2 against S. aureus and E. coli. Colony-
forming units (CFU) per mL bacterial inoculum were counted after treatment with MIC (4 ug/mL),
1/2 x MIC and no treatment (Control). Each bar presents the mean of three replicates & SD.

3. Materials and Methods
3.1. Peptide Synthesis

All reagents and solvents were purchased from commercial sources and used as sup-
plied. All peptides were synthesized using standard Fmoc-solid phase methodology using
a Rink Amide ChemMatrix resin (loading 0.50 mmol/g). The resin was pre-swelled in
N,N-dimethylformamide (DMF, 4.5 mL) for 20 min at 70 °C. The Fmoc-protected amino
acids (4.0 eq.), saturated fatty acids (4.0 eq.) and O-(6-chlorobenzotriazol-1-yl)N,N,N’,N’-
tetramethyl-uroniumhexafluorophosphate (HCTU, 4 eq.) were dissolved in DMF to a
concentration of 0.5 M, 0.5 M and 0.6 M, respectively. N,N-Diisopropylethylamine (DIEA,
8 eq.) was dissolved in N-methyl-2-pyrrolidone (NMP) to a concentration of 2.0 M. Cou-
pling steps for all amino acids except cysteine were performed under microwave conditions
at 75 °C, for 10 min. To avoid racemization of Cys and Arg side-reaction due to microwave
heating, Fmoc-Cys(Trt)-OH and Fmoc-Arg(Pbf)-OH were coupled at r.t. for 60 min. For
the N-terminally acylated lipopeptides, the coupling reaction with HCTU was performed
twice to ensure successful attachment of the acyl chain to the peptides. Following each
coupling step, the resin was washed 4 times with DMF (4.5 mL) for 45 s. After the desired
linear peptide was assembled, the resin was washed first with dichloromethane (DCM,
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4.5 mL) for 45 s (6 times), and then with diethyl ether (3—4 times). The resin was dried on a
vacuum manifold and placed in a desiccator overnight.

3.2. Fmoc Deprotection

The peptides were deprotected and cleaved from the resin using a standard cleavage
cocktail consisting of trifluoracetic acid (TFA), Milli-Q ultrapure water, 1,2-ethanedithiol
(EDT) and triisopropylsilane (TIS) (TFA /water/EDT/TIS; 94/2.5/2.5/1.0 (v/v/v/v) at room
temperature. The cleavage procedure was repeated twice, each time with 10 mL of the
cleavage mixture under occasional stirring. Following the first 3 h cleavage step, the resin
was collapsed with a small amount of DCM, and then washed with diethyl ether. The sec-
ond cleavage step was performed with the same amount of cleavage cocktail (10 mL) for an
additional 1 h. After each cleavage step, as well as after addition of DCM and diethyl ether,
the resin was dried under a vacuum. The collected filtrates containing the desired peptide
were pooled into a round bottom flask and the solvents were evaporated, resulting in a
thin, glassy film covering the walls of the flask. Precipitation of the peptides was induced
by the addition of ice-cold diethyl ether, which was decanted after 24 h. This procedure
was repeated twice, and the residual diethyl ether was evaporated before purification.

3.3. Peptide Purification by Preparative Reversed-Phase High-Performance Liquid
Chromatography (RP-HPLC)

Crude peptide purification was performed by RP-HPLC using a preparative SunFire
C15 OBD, 5 um, 19 x 250 mm column (Waters, Milford, MA, USA at room temperature.
The HPLC system (Waters) was equipped with a 2702 autosampler, a 2998 photodiode
array (PDA) detector and an automated fraction collector. The lipopeptides were purified
using a linear gradient of eluent A (water with 0.1% TFA) and eluent B (acetonitrile with
0.1% TFA), ranging from 20-60% B, over 25 min, at a flow rate of 10 mL/min. Purified
fractions were collected and freeze-dried prior to further characterization.

3.4. Peptide Characterization by High-Resolution Mass Spectrometry (HRMS)

The purified peptides were characterized by HRMS using an Orbitrap 1d-X Tribrid
mass analyser equipped with an electrospray ionization (ESI) source (Thermo Fischer
Scientific, Waltham, MA, USA), with a Vanquish UHPLC system (Waters), coupled to an
Acquity Premier BEH Cyg, 1.7 um, 2.1 x 100 mm column (Waters). The ESI mass spectra
were obtained in positive ion mode. Prior to analysis, all samples were dissolved in 1 mL of
Milli-Q water. The lipopeptides were eluted with a 0.5-95.0% linear gradient of the eluent
B (A: water with 0.1% formic acid, B: acetonitrile with 0.1% formic acid) over 10 min, with
a flow rate of 0.5 mL/min. The injection volume was 2 pL, and the column temperature
was set to 60 °C.

3.5. Purity Determination by Ultra-Performance Liquid Chromatography (UPLC)

Purity of the synthetized peptides was determined using an analytical UPLC-PDA
H-class system (Waters, Milford, MA, USA). The analysis was conducted on an Acquity
UPLC BEH 1.7 um, 2.1 x100 mm C;g column, using a linear gradient of eluent A (water
with 0.1% TFA) and eluent B (acetonitrile with 0.1% TFA), ranging from 0.5-95.0% B, over
10 min. The flow rate was set to 0.5 mL/min and the temperature of the column was set
to 60 °C. A 2996 PDA detector with a wavelength ranging from 210-400 nm was used to
record the UV absorbance of the purified peptides. Retention times for each peptide were
recorded as a measurement of hydrophobicity.

3.6. Cys-Cys Cyclization

The cyclization process included intramolecular disulphide formation between the
sulfhydryl (SH) side chains of two cysteine residues, Cys17 and Cys26. This step was
performed on a parallel reaction station, either under open air or with a continuous supply
of oxygen by careful bubbling. The lipopeptides (5 mg) were dissolved in Milli-Q water
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to a concentration of 250 ug/mL. The reaction proceeded at room temperature under
continuous magnetic stirring. The progress of the reaction was monitored by UPLC-HRMS.
Upon completion of the reaction, peptide solutions were lyophilized, and their purity
determined as described above.

3.7. Antibacterial Minimum Inhibitory Concentration (MIC) Assay and Killing Assay

All cyclic and linear peptides were screened for antibacterial activity against four Gram-
positive strains: B. subtilis (Bs, ATCC 23857), C. glutamicum (Cg, ATCC 13032), S. aureus (Sa,
ATCC 9144) and S. epidermidis RP62A (Se, ATCC 35984), and two Gram-negative strains:
E. coli (Ec, ATCC 25922) and P. aeruginosa (Pa, ATCC 27853). The activity was assessed
using a broth microdilution assay according to a modified CLSI-based method [30]. Briefly,
overnight bacterial cultures were grown in Mueller—-Hinton (MH) broth medium (Difco
Laboratories, Detroit, MI, USA) for 2 h at room temperature. The optical density (ODgg)
was measured, and the bacterial suspensions were adjusted to 2.5-3 x 10* CFU/mL in MH
medium. The bacterial suspension (50 uL) was distributed in 96-well plates (Nunc, Roskilde,
Denmark) preloaded with two-fold dilution series (256 to 1 ug/mL) of peptide solutions
(50 pL), giving a final well volume of 100 pL. The microplates were incubated in an EnVision
2103 microplate reader (PerkinElmer, Llantrisant, UK) at 35 °C, with ODsgs5 recorded every
hour for 24 h. MIC was defined as the lowest concentration of peptides showing an optical
density less than 10% of the negative (growth) control, consisting of bacterial suspension
and water. Polymyxin B sulfate (Sigma-Aldrich, St. Louis, MO, USA) and chlorhexidine
acetate (CHX, Fresenius Kabi, Halden, Norway), both with concentrations ranging from
12.5 t0 0.09 nug/mL, served as positive (growth inhibition) controls. All peptides were tested
in triplicate.

A killing experiment was performed on selected lipopeptides by using actively grow-
ing cultures of S. aureus (ATCC 9144) and E. coli (ATCC 25922). The procedure was
performed as previously described [31]. Briefly, after 24 h of peptide treatment (MIC assay,
as described above), aliquots (10 uL) of 10-fold serial dilutions (in MH broth) of wells
containing 1/2, 1 and 2 x MIC of the peptides (with bacteria) were plated on MH Agar
(Difco) plates. The number of colony-forming units (CFU) was determined after 24 h of
incubation at 37 °C. The tests were performed in triplicate.

3.8. Antifungal MIC Assay

The synthesized peptides were screened for antifungal activity against the molds
A. pullulans (Ap) and Rhodotorula sp. (Rh) (both obtained from Professor Arne Tronsmo,
The Norwegian University of Life Sciences, As, Norway) and the yeast C. albicans (Ca,
ATCC 10231) as previously described [13]. In short, fungal spores were grown in potato
dextrose broth media (Difco) containing 2% D(+)-glucose (Merck, Darmstadt, Germany) at
25-30 °C while shaking at 200 rpm overnight. The cultures were diluted with a dextrose
media containing glucose to a concentration of approx. 4 x 10° spores/mL. Aliquots of the
cultures (50 uL) were transferred to 96 well microtiter plates preloaded with the synthetic
peptides (50 pL) in two-fold serial dilutions (256 to 1 ug/mL). Polymyxin B and CHX
(both with concentrations ranging from 12.5 to 0.09 ug/mL) served as positive antibiotic
controls. The microtiter plates containing the fungal spores and the test peptides were
incubated at room temperature for 48 h and ODggy was recorded using a Synergy H1
Hybrid microplate reader system (BioTek, Winooski, VT, USA). MIC was defined as the
lowest peptide concentration showing an optical density less than 10% of the negative
(growth) control. All experiments were performed in triplicate.

3.9. Haemolytic Activity Assay

The synthetized lipopeptides were screened for haemolytic activity against human
red blood cells (RBC), in concentrations ranging from 500 to 3.9 uM, following a previ-
ously described protocol [32]. In brief, haemolysis was determined using a heparinizied
(10IU/mL) fraction of freshly drawn human blood. A second fraction of blood, which
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was collected in test tubes containing ethylenediaminetetraacetic acid (EDTA, Vacutest,
KIMA, Arzergrande, Italy), was used for determination of the hematocrit (hct). Plasma
was removed from heparinized blood by washing three times with prewarmed phosphate-
buffered saline (PBS) before being adjusted to a hematocrit of 4%. Peptides dissolved in
dimethyl sulfoxide (DMSO) were further diluted with PBS to a final DMSO content of <1%.
Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA), used at a final concentration of 0.1%,
served as a positive control for 100% haemolysis, whereas 1% DMSO in PBS buffer served
as a negative control where no toxicity was detected. Duplicates of test solutions and
erythrocytes, with 1% hct final concentration, were prepared in a 96-well polypropylene V-
bottom plate (Nunc, Fischer scientific, Oslo, Norway). They were incubated under agitation
at 37 °C and 800 rpm for 1 h. After centrifugation (5 min, 3000 g), 100 pL from each well
were transferred to a flat-bottomed 96-well plate and absorbance was measured at 545 nm
with a microplate reader (SpectraMax 190, Molecular Devices, San Jose, CA, USA). After
subtracting PBS background, the percentage of haemolysis was calculated as the ratio of
the absorbance in the peptide-treated and surfactant-treated samples. Three independent
experiments were performed, and ECsj (the concentration giving 50% haemolysis) values
are presented as averages.

3.10. Bacterial Biosensor Membrane Integrity Assay

A membrane integrity assay was performed using two bacterial biosensors, B. subtilis
168 (ATCC 23857) and E. coli K12 (ATCC MC1061). Both strains carry the pCSS5962 plasmid
that contains a eukaryotic luciferase gene (lucGR), which originate from the click beetle
Pyrophorus plagiophthalamus [33]. The assay was performed as described previously [13].
Briefly, overnight cultures grown in MH media in the presence of respective antibiotics
such as 5 ug/mL chloramphenicol (Merck, Darmstadt, Germany) for B. subtilis and both
20 pg/mL chloramphenicol and 100 pg/mL ampicillin (Sigma-Aldrich) for E. coli, were
further diluted in fresh MH media without antibiotics and grown until they reached an
ODgqp of 0.1. D-luciferin potassium salt (Synchem Inc., Elk Grove Village, IL, USA) was
added to the cell suspension at a final concentration of 1 mM. Two-fold dilutions (final assay
concentration of 50-1.56 ng/mL) of peptides dissolved in Milli-Q water were prepared and
added (10 uL per well) to black round-bottom 96-well microtiter plates (Nunc). Milli-Q
water served as a negative control used for the normalization purpose and CHX, having
known membranolytic activity, was used as a positive control. The plates were loaded
into a Synergy H1 Hybrid Reader and the background luminescence was monitored before
aliquots (90 uL) of the cell suspension with D-luciferin were added, one well at the time, by
an automatic injector. Light emission was recorded every second for 3 min. Each study was
performed at least three times independently, and the figures show a representative dataset.

3.11. Bacterial Biosensor Viability Assay

Bacterial viability, based on light production by constitutively expressed bacterial lu-
ciferase, was measured in real time according to the method described by Hansen et al. [13].
The assay was performed using B. subtilis 168 with chromosomally integrated luxABCDE
operon and E. coli K12 carrying the plasmid pCGLS-11 containing the JuxCDABE operon.
The assay set up was the same as for the membrane integrity assay, with the exception that
B. subtilis 168 and E. coli colonies were grown in MH media supplemented with 5 ug/mL
chloramphenicol and 100 ug/mL ampicillin, respectively. No D-luciferin was added to
the cell suspension. Each assay was performed at least three times independently, and the
figures show a representative dataset.

3.12. Screening for Activity against E. coli Mutants

MIC values were determined for all cyclic peptides against two E. coli strains: wild type
(WT) MC4100 and the hyperpermeable variant NR698, having a deficient outer membrane.
The NR698 strain, containing IptD4213/imp4213 mutation, was kindly provided by M.
Grabowicz (Emory University School of Medicine, Rollins Research Center, Atlanta, GA,
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USA) [28]. The assay was performed in the same way as previously described for the
antibacterial MIC assay. Vancomycin hydrochloride (Hospira Enterprises BV, Almere,
The Netherlands) and ampicillin: inhibitors of peptidoglycan synthesis, chloramphenicol:
inhibitor of protein synthesis, and CHX and polymyxin B: membrane active compounds,
were used as reference antibiotics to evaluate the permeability defects in E. coli NR698.

3.13. Outer Membrane Permeability Assay

The permeability of the E. coli outer membrane was analysed by measuring increased
fluorescence as kinetics of 1-N-phenylnaphthylamine (NPN, Sigma-Aldrich) uptake fol-
lowing the protocol described by [34], with minor modifications. Briefly, a single colony of
E. coli MC4100 (WT) was suspended in MH medium and incubated overnight at 37 °C with
shaking (225 rpm). The culture was diluted in MH medium and adjusted to ODgyy = 0.1
and incubated at 37 °C until it reached an ODgg of 0.5. The cells were centrifuged and
washed twice with an assay buffer (5 mM HEPES, 5 mM glucose, pH 7.2) and resuspended
in the same buffer to a final ODgyy of 1.0. E. coli MC4100 cells were mixed with 20 uM NPN.
The assay set up was the same as for the membrane integrity and viability assay, using
black round-bottom 96-well microtiter plates (Nunc) containing 10 uL of 2-fold dilutions of
peptides (500 to 31.2 pg/mL). A volume of 90 UL of cell suspension with NPN was added
to each well by the automated injector of the Synergy H1 Hybrid Reader. The fluorescence
was immediately measured (well by well) at an excitation wavelength of 350 nm and an
emission wavelength of 420 nm every second for 3 min. The relative fluorescence was cal-
culated by normalizing the values from each time point with the negative control (Milli-Q
water). CHX was included as a positive control.
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Figure S1. UPLC chromatogram of purified cyclic peptide cTurg-1. The peptide purity is 100 % based on the UPLC calculated area

under the curves.
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Figure S3. UPLC chromatogram of purified cyclic peptide cTurg-3. The peptide purity is 96.43 % based on the UPLC calculated area

under the curves.
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Figure S4. UPLC chromatogram of purified cyclic peptide cTurg-4. The peptide purity is 95.79 % based on the UPLC calculated area

under the curves.
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Figure S5. UPLC chromatogram of purified cyclic peptide cTurg-5. The peptide purity is 95.74 % based on the UPLC calculated area

under the curves.
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Figure S6. UPLC chromatogram of purified cyclic peptide cTurg-6. The peptide purity is 90.59 % based on the UPLC calculated area

under the curves.
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Figure S7. UPLC chromatogram of purified cyclic peptide cTurg-7. The peptide purity is 95.61 % based on the UPLC calculated area

under the curves.

438 _ Range: 3.63%+1
35e+1 994228 . . e 22
ime  Heig rea Area
Cs-Turg-l 349 249900  8450.70  0.84
4.38 34869044 99422813 99.16
3.0e+1
25e+1
20e+1
=
"z
1.5e+1
1.0e+1
5.0
349
[ 8451
o |
T T 7 T T T T T T T S e ARie nea s o
0.00 0.50 1.00 1.50 200 250 3.00 3.50 4.00 450 5.00 5.50 6.00 6.50 7.00 750 8.00 8.50 9.00 9.50 10.00

Figure S8. UPLC chromatogram of purified linear lipopeptide Cs-Turg-1. The peptide purity is 99.16 % based on the UPLC calculated

area under the curves.
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Figure S9. UPLC chromatogram of purified linear lipopeptide Cio-Turg-1. The peptide purity is 95.87 % based on the UPLC calcu-

lated area under the curves.
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Figure S10. UPLC chromatogram of purified linear lipopeptide Ci2-Turg-1. The peptide purity is 96.01 % based on the UPLC calcu-

lated area under the curves.
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Figure S11. UPLC chromatogram of purified linear lipopeptide Cs-Turg-2. The peptide purity is 98.04 % based on the UPLC calcu-

lated area under the curves.
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Figure 512. UPLC chromatogram of purified linear lipopeptide Cio-Turg-2. The peptide purity is 96.40 % based on the UPLC calcu-

lated area under the curves.
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Figure S13. UPLC chromatogram of purified linear lipopeptide Ci2-Turg-2. The peptide purity is 96.38 % based on the UPLC calcu-

lated area under the curves.
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Figure S14. UPLC chromatogram of purified linear lipopeptide Cs-Turg-6. The peptide purity is 95.04 % based on the UPLC calcu-

lated area under the curves.
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Figure S15. UPLC chromatogram of purified linear lipopeptide Cio-Turg-6. The peptide purity is 95.53 % based on the UPLC calcu-

lated area under the curves.
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Figure 516. UPLC chromatogram of purified linear lipopeptide C12-Turg-6. The peptide purity is 95.16 % based on the UPLC calcu-

lated area under the curves.
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Figure S17. UPLC chromatogram of purified cyclic lipopeptide Cs-cTurg-1. The peptide purity is 92.83 % based on the UPLC calcu-

lated area under the curves
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Figure S18. UPLC chromatogram of purified cyclic lipopeptide Cio-cTurg-1. The peptide purity is 91.51 % based on the UPLC calcu-

lated area under the curves.
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Figure S19. UPLC chromatogram of purified cyclic lipopeptide Ci2-cTurg-1. The peptide purity is 93.36 % based on the UPLC calcu-

lated area under the curves.
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Figure 520. UPLC chromatogram of purified cyclic lipopeptide Cs-cTurg-2. The peptide purity is 96.32 % based on the UPLC calcu-

lated area under the curves.
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Figure S21. UPLC chromatogram of purified cyclic lipopeptide Cio-cTurg-2. The peptide purity is 91.79 % based on the UPLC calcu-

lated area under the curves.
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Figure S22. UPLC chromatogram of purified cyclic lipopeptide Ci2-cTurg-2. The peptide purity is 95.32 % based on the UPLC calcu-

lated area under the curves.
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Figure S23. UPLC chromatogram of purified cyclic lipopeptide Cs-cTurg-6. The peptide purity is 94.15 % based on the UPLC calcu-

lated area under the curves.
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Figure S24. UPLC chromatogram of purified cyclic lipopeptide Cio-cTurg-6. The peptide purity is 93.65 % based on the UPLC calcu-

lated area under the curves.
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Figure S25. UPLC chromatogram of purified cyclic lipopeptide Ci2-cTurg-6. The peptide purity is 92.52 % based on the UPLC calcu-

lated area under the curves.
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Figure S27. Kinetic of the effect on viability as measured by relative luminescence in B. subtilis (pCGLS11) treated with different
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Figure S28. Kinetic of the effect on membrane integrity as measured by relative luminescence in B. subtilis (pCSS962) treated with

different concentrations of cTurg-1, cTurg-2, cTurg-3, cTurg-4, cTurg-5, cTurg-6 and cTurg-7.
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Figure S29. Kinetic of the effect on membrane integrity as measured by relative luminescence in B. subtilis (pCSS962) treated with
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Figure S30. Kinetic of the effect on viability as measured by relative luminescence in E. coli (pCGLS-11) treated with 50 ug/mL of
cTurg-1-7 or 25 pg/mL of chlorhexidine.
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Table S1. Theoretical and measured monoisotopic mass (Da), and theoretical and observed m/z ions during HRMS of the synthesised

peptides.
Monoisotopic mass (Da) [M+2H]?* [M+3H]>* [M+4H]*
Peptide Theoretical ~ Measured  Theoretical =~ Measured  Theoretical =~ Measured  Theoretical =~ Measured
cTurg-1 1300.6897 1300.6915 651.3521 651.3525 434.5705 434.5713 326.1797 326.1803
cTurg-2 1518.7741 1518.7746 760.3943 760.3944 507.2653 507.2656 380.7008 380.7009
cTurg-3 1518.7741 1518.7746 760.3943 760.3944 507.2653 507.2656 380.7008 380.7009
cTurg-4 1558.8054 1558.8061 780.4100 780.4102 520.6091 520.6094 390.7086 390.7088
cTurg-5 1630.7986 1630.7993 816.4066 816.4068 544.6068 544.6071 408.7069 408.7071
cTurg-6 1630.7987 1630.7999 816.4066 816.4068 544.6068 544.6073 408.7069 408.7074
cTurg-7 1670.8299 1670.8308 836.4222 836.4222 557.9506 557.9509 418.7148 418.7152
Cs-Turg-1 1428.8098 1428.8104 715.4122 715.4123 477.2772 477.2775 358.2097 358.2099
Ci10-Turg-1 1456.8411 1456.8415 729.4278 729.4279 486.6210 486.6211 365.2176 365.2177
C12-Turg-1 1484.8724 1484.8732 743.4435 743.4437 495.9647 495.9651 372.2254 372.2256
Cs-Turg-2 1646.8942 1646.8950 824.4544 824.4544 549.9720 549.9724 412.7308 412.7311
Cio-Turg-2 1674.9255 1674.9254 838.4700 838.4695 559.3158 559.3158 419.7387 419.7388
C12-Turg-2 1702.9568 1702.9566 852.4857 852.4851 568.6595 568.6597 426.7465 426.7465
Cs-Turg-6 1758.9188 1758.9195 880.4667 880.4666 587.3135 587.3139 440.7370 440.7373
Ci10-Turg-6 1786.9501 1786.9515 894.4823 894.4827 596.6573 596.6579 447.7448 447.7452
C12-Turg-6 1814.9814 1814.9829 908.4980 908.4981 606.0011 606.0019 454.7526 454.7531
Cs-cTurg-1 1426.7941 1426.7948 714.4043 714.4045 476.6053 476.6056 357.7058 357.7060
Cio-cTurg-1 1454.8254 1454.8257 728.4200 728.4200 485.9491 485.9493 364.7136 364.7137
Ciz-cTurg-1 1482.8567 1482.8573 7424356 742.4358 495.2928 495.2931 371.7215 371.7216
Cs-cTurg-2 1644.8785 1644.8805 823.4465 823.4470 549.3001 549.3013 412.2269 412.2273
Cio-cTurg-2 1672.9098 1672.9107 837.4622 837.4621 558.6439 558.6446 419.2347 419.2349
Cr2-cTurg-2 1700.9411 1700.9422 851.4778 851.4775 567.9876 567.9888 426.2426 426.2427
Cs-cTurg-6 1756.9031 1756.9036 879.4588 879.4586 586.6416 586.6420 440.2331 440.2333
Cio-cTurg-6 1784.9344 1784.9351 893.4745 893.4743 595.9854 595.9860 447.2409 447.2411

Ci2-cTurg-6 1812.9657 1812.9685 907.4901 907.4905 605.3292 605.3303 454.2487 454.2498




Table S2. Purity of synthesized peptides (%) and retention time (min), determined by UPLC using a reversed phase

column.

Peptide Sequence Purity [%] Retention time [min]
cTurg-1 cyclic 100.00 3.11
cTurg-2 cyclic 96.53 3.87
cTurg-3 cyclic 96.43 3.92
cTurg-4 cyclic 95.79 3.97
cTurg-5 cyclic 95.74 3.98
cTurg-6 cyclic 90.59 4.02
cTurg-7 cyclic 95.61 4.09
Cs-Turg-1 linear 99.16 4.38
Cio-Turg-1 linear 95.87 4.89
C12-Turg-1 linear 96.01 5.44
Cs-Turg-2 linear 98.04 497
Cio-Turg-2 linear 96.40 5.41
C12-Turg-2 linear 96.38 5.89
Cs-Turg-6 linear 95.04 5.07
Cio-Turg-6 linear 95.53 5.51
C12-Turg-6 linear 95.16 5.98
Cs-cTurg-1 cyclic 92.83 4.27
Cio-cTurg-1 cyclic 91.51 4.74
Ci2-cTurg-1 cyclic 93.36 5.22
Cs-cTurg-2 cyclic 96.32 4.70
Cro-cTurg-2 cyclic 91.79 5.11
Ci2-cTurg-2 cyclic 95.32 5.55
Cs-cTurg-6 cyclic 94.15 4.85
Cio-cTurg-6 cyclic 93.65 5.28
Ci-cTurg-6 cyclic 92.52 5.72




Table S3. Selectivity index (SI) calculated as the ration between haemolytic activity (ECso, in pg/mL) and the geometric
mean (GM) of the MIC values (in pg/mL) against bacteria and fungi, i.e., SI = ECso / GM. MIC >256 were set to 256
for bacteria, MIC >128 were set to 128 for fungi, and the values for the highest tested concentration was used for hae-
molytic activity when calculating the SI.

GM of MIC Selectivity index (SI)

] G+ G- Tot. Fungi G+ G- Tot. Fungi

Peptide bact.! bact.
cTurg-1 128 256 161 64 nd? nd nd nd
2 cTurg-2 11 64 20 32 92 16 52 33
% z cTurg-3 10 64 18 32 89 13 47 27
9 cTurg-4 16 128 32 40 67 8 33 26
< cTurg-5 8 11 9 32| 138 97 123 34
5 = cTurg-6 7 11 8 32| 164 97 138 34
& Turg-7 7 23 10 32 29 9 20 6
Cs-Turg-1 19 64 29 40 50 15 33 23
- Cio-Turg-1 7 23 10 25 | 142 42 95 38
g Ci-Turg-1 5 11 6 25 | 204 86 153 38
& Cs-Turg-2 7 16 9 40 29 12 22 5
§ z CuoTurg2 7 11 8 40| 10 6 8 2
= Ci-Turg-2 11 23 14 40 5 2 4 1
p Cs-Turg-6 7 16 9 102 3 6 1

= = 10-Turg-6 5

% CuTurg 16 4 23 102 0 1 0
M Ci-Turg-6 19 91 32 91 2 0 1 0
Cs-cTurg-1 16 64 25 32 59 15 37 29
- Cio-cTurg-1 4 16 6 20 | 239 60 151 47
g Ci-cTurg-1 3 8 4 20 77 27 55 11
& Cs-cTurg-2 3 6 4 13 155 78 123 35
§: 2  Ci-cTurg-2 3 8 5 32 32 13 24 3
= Ci-cTurg-2 7 16 9 40 5 2 4 1
i Cs-cTurg-6 5 11 6 51 6 3 5 1
o E Cio-cTurg-6 6 16 8 51 3 1 2 0
4 Ci-cTurg-6 10 32 14 81 1 0 1 0

1 GM of all bacterial test strains, 2nd: not determined.
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ABSTRACT
Keywords: We have synthesised a series of 12-residue analogues of a previously reported lead peptide
Antifungal (P6) developed from the heavy chain of the marine peptide EeCentrocin 1, isolated from
peptides the sea urchin Echinus esculentus. We have explored ways to optimise the lead peptide by
Antimicrobial increasing its net positive charge, its lipophilicity through N-terminal fatty acid acylation
%ept(iides ' or incorporation of a Trp residue, and by synthesising head-to-tail cyclic peptides under
ead to tar

cyclization
Lipopeptides
Pseudo-dilution
cyclization
Mechanism of
action

Bacterial
biosensors

pseudo-high dilution conditions. All peptides were screened for antimicrobial and
antifungal activity, and toxicity was determined against human red blood cells. The two
most potent peptide analogues were the linear peptide P6-W6RS and its head-to-tail cyclic
analogue cP6-W6RS8 displaying minimum inhibitory concentrations of 0.4 — 6.6 uM
against Gram-positive and Gram-negative bacteria, and 6.2 — 13 pM against fungi. All
peptides were non-haemolytic (ECso > 500 puM) except for two of the lipopeptides, in
which haemolytic toxicity correlated with increasing acyl chain length. Mode of action
studies using bacterial biosensor strains revealed a membrane disruptive effect of both the

linear and the cyclic peptide. The presence of the outer membrane protease OmpT in
Escherichia coli slightly reduced the effect of both peptides, as demonstrated by bioactivity
measurements and detection of proteolytic fragments by mass spectrometry. Overall, the
results of our study demonstrated that relatively simple structural modifications could be
successfully employed in the development of potent antimicrobial lead peptides derived
from marine natural products.

(GRAPHICAL ABSTRACT):

Heavy chain (HC)

GWVIVRRTVDKVRNAGRKVAGFASKA‘C‘GALGH
| |
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Light chain

Red sea-urchin
Echinus esculentus

EeCentrocin 1 P6-W6R8

1. Introduction

Emergence and spread of antimicrobial resistance (AMR) pose a serious threat to human health
worldwide [1,2]. Infections caused by multidrug resistant bacteria have a significant impact on both
morbidity and mortality, creating additional economic burden [3]. Time consuming drug discovery
pipeline and lack of development of new antimicrobials further exacerbate the problems associated with
AMR. To solve this crisis, new therapeutic alternatives are urgently needed. Natural products play a key
role in drug discovery and development [4]. Antimicrobial peptides (AMPs) are ubiquitous natural
products present in all domains of life. They are also known as host defense peptides and act as an
integral part of innate immunity playing a key role in protecting the host organism against invading
pathogens [5]. Due to their rapid bactericidal effect and multifunctionality, they are promising
candidates offering alternative treatment options to fight AMR [6]. AMPs with diverse structures and
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functions have been derived from various organisms, including bacteria, fungi, plants, and animals [7].
In nature, AMP synthesis follows two distinct pathways, ribosomal and non-ribosomal. The first
pathway generates AMPs which are gene encoded and follow ribosome-mediated translation [5,7].
AMPs from the non-ribosomal pathway, on the other hand, are usually the end products assembled by
multi-enzyme complexes [7,8]. Most AMPs possess a net positive charge and an amphiphilic structure,
enabling them to interact strongly with anionic membranes [9,10]. They have various mechanisms of
actions, such as intracellular penetration, pore formation, inhibition of cellular pathways and
immunomodulation [5,10], and they often exhibit potent broad-spectrum activity against a wide range
of microorganisms, including bacteria, viruses, fungi, and other pathogens. Due to these unique
characteristics many natural and synthetic AMPs and their derivatives have been employed as templates
for AMP-based drug development [10,11]. However, the effectiveness of AMPs as therapeutics is
hampered due to their toxicity and poor selectivity to eukaryotic cells [10,12]. Therefore, rational design
aiming to improve their antimicrobial activity, stability, and selectivity is an active area of research [11].

Although most of the natural AMPs are isolated from terrestrial ecosystems, increasing number of
research is also focusing on AMPs from marine organisms [13,14]. The antimicrobial peptide
EeCentrocin 1, isolated from the marine sea urchin Echinus esculentus, consists of a hetero-dimeric
structure with a heavy chain (HC) essential for antimicrobial activity [15]. To obtain a shorter lead
peptide derived from the HC of EeCentrocin 1, a recent study explored several modifications, namely
peptide truncation, substitution of the 6-bromo-Trp residues in positions 2 and 3 of the natural HC with
Trp, and an alanine scan replacement strategy performed on shorter analogues of the HC [16]. The
EeCentrocin 1 HC was in this way successfully truncated and modified resulting in the highly potent
peptide P6 (Figure 1). The peptide P6 consists of the 12 N-terminal amino acid residues of the original
EeCentrocin 1 HC sequence, and it is further modified by two amino acid replacements, Asp® — Ala®
and Asn'? — Lys'?, as well as C-terminal amidation. The orientation of the hydrophilic and hydrophobic
amino acid residues, as demonstrated by an a-helical wheel plot, indicates its amphiphilic character
(Figure 1). The peptide P6 is non-haemolytic, with minimal inhibitory concentrations (MICs) against
bacteria in the low micromolar range and a promising antifungal activity [16].

In the present study we have investigated strategies to further optimise the potency of P6 by
increasing its net positive charge and lipophilicity, and by synthesising lipopeptide- and head-to-tail
cyclic analogues (Figure 2). The resulting peptides were screened for antibacterial activity against a
panel of Gram-positive and Gram-negative bacterial strains, whereas antifungal and haemolytic
activities were determined against three fungal strains and human red blood cells (RBCs). Based on the
antibacterial and haemolytic activities, the selectivity index of the peptides towards bacteria versus
eukaryotic cells were calculated. Mode of action studies using bacterial biosensor strains (Bacillus
subtilis and Escherichia coli) were performed to explore their effects on bacterial viability and
membrane integrity. Finally, the proteolytic effect of the outer membrane protease OmpT in E. coli was
studied.
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P6: Gly-Trp-Trp-Arg-Arg-Thr®-Val-Alad-Lys-Val-Arg-Lys-NHa

Figure 1. Structure and amino acid sequence (left) and a-helical wheel projection (right) of the lead peptide P6.
The highlighted Thr® residue in the a-helical lipophilic region and the Ala® residue in the cationic region were both
targets for the substitutions in the present study [16].



2. Results and Discussion

2.1 Peptide Design and Synthesis

The objective of the present study was to investigate if the antimicrobial potency of the lead peptide
P6 could be further improved by utilising various peptide modification strategies. This was done either
by increasing its overall net charge by Ala® to Lys®/Arg® substitution in the a-helical cationic region, or
its lipophilicity by Thr® to Trp® substitution in the a-helical lipophilic region. In addition, we wanted to
explore the effects on antimicrobial activity of acylated and head-to-tail cyclic analogues. All peptides
were synthesised by Fmoc solid phase peptide synthesis (Fmoc-SPPS) on either a Rink amide
ChemMatrix resin, for N-terminally amidated peptides, or on a preloaded 2-chlorotrityl resin for the
synthesis of cyclic peptides. Head-to-tail cyclisation was performed using a modified pseudo-high
dilution procedure reported by Malesevic et al. [17]. As described in the methods section, cyclisation
was performed using two syringes and a mechanical pump (Figure 3). This setup allowed for a very
slow addition (0.01 mL/min) of the linear protected peptide (contained in syringe 1) and a coupling
reagent (contained in syringe 2), thereby creating pseudo-high dilution conditions. The method worked
nicely in our hands and required relatively low amount of solvent (30 mL DMF in total for cyclisation
of 100 pmol of linear protected peptides) [18]. Also, no dimers or polymers of the peptides were isolated
after the head-to-tail cyclisation procedures. The total percent yield for the cyclised peptides shown in
Table 1 ranged from 9.8% to 14.5%. Mass and purity measurements of all the synthesised peptides can
be found in the Supporting information, Figures S1-S12 and Tables S1-S2.

A) Linear peptide P6-W6RS8 with increased net charge and lipophilicity C) Cyclic peptide cP6-W6RS
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Figure 2. Optimisation strategies investigated for the linear antimicrobial lead peptide P6. A) Substitution of Ala®
with Lys® or Arg® (Arg® marked with a red square) in the cationic region of the P6-amphiphilic a-helix, and
subsequent Thr®—Trp® (residue in red) substitution in the lipophilic region of the P6-amphiphilic a-helix (shown
is P6-W6RS). B) Synthesis of lipopeptides by N-terminal acylation with octanoic acid (shown is Cs-P6-R8),
decanoic acid, and dodecanoic acid. C) Head-to-tail cyclisation of a P6 analogue (shown is ¢P6-W6RS). D)
Formation of a compact lipophilic section in a head-to-tail cyclic P6 analogue with three consecutive Trp residues
(shown is ¢cP6-W4R6,8). The red line shows the site of head-to-tail cyclisation in C) and D).



2.2 Antimicrobial Activity of Linear Peptides with Increased Net Charge and Lipophilicity

Our previously reported lead peptide P6 is a potent antimicrobial peptide (AMP), and it is thought to
adopt an amphiphilic structure upon interaction with negatively charged bacterial surfaces, as shown in
an a-helix projection (Figure 1). Apart from being non-haemolytic (ECso >200 pM), it displayed MIC
values in the low uM range (MIC: 0.9 — 28 uM) against both Gram-positive and Gram-negative bacteria,
and MIC: 7 — 28 uM against fungi (Table 1).

Our first strategy was to increase the net positive charge of P6 by replacing the Ala® residue located
in the a-helical cationic region with Lys®, and subsequently with Arg® (Figure 1 and Table 1). While
both resulting peptides, P6-K8 and P6-R8 showed similar antimicrobial activity as observed for P6, the
Arg modified peptide P6-R8 displayed two-fold improvement in antimicrobial activity against
Staphylococcus aureus (Table 1). Thus, increasing the net charge from +6 to +7 via Ala® to Arg®
substitution had the greatest impact on antimicrobial activity against S. aureus. The observed difference
in activity may be due to more favourable electrostatic and H-bond interactions between the guanidine
group of Arg® and the bacterial membrane, as opposed to those mediated by the amino group of Lys®.

Next, we wanted to optimise the amphipathicity of these peptides by replacing the Thr® residue with
Trp® in the a-helical lipophilic region. The resulting peptides, P6-W6K8 and P6-W6R8 were twice as
potent as their Thr-analogues against Pseudomonas aeruginosa. A similar improvement in antimicrobial
activity was also observed against Staphylococcus epidermidis and E. coli for the Trp%Arg® modified
peptide P6-W6RS. Although major improvement in antimicrobial activity of the already potent lead
peptide P6 was hard to achieve, P6-W6R8 showed how two strategic amino acid substitutions aimed at
increasing overall amphipathicity, resulted in a peptide having superior antimicrobial activity in the very
low uM range (MIC: 0.8—1.6 uM) against tested Gram-positive and Gram-negative bacteria (Table 1).
Moreover, none of the synthesised peptides displayed any measurable haemolytic activity (ECso: >500

uM).

2.3 Antimicrobial Activity of Lipopeptide Analogues

We further wanted to investigate the effects of N-terminal acylation on antimicrobial activity and
haemolytic toxicity. The peptide P6-R8 was selected for the N-acylation experiments since it was more
potent than its lysine analogue, P6-K8. As the optimal chain length was found to be between eight and
twelve carbon atoms (Cgto Cy2), N-terminal acylation of P6-R8 was performed with three aliphatic fatty
acids: octanoic acid (Cs), decanoic acid (Cio) and dodecanoic acid (Ci2), resulting in the following
lipopeptides: Cs-P6-R8, C10-P6-R8 and C;-P6-R8 (Table 1) [19]. The lipopeptide with shortest acyl
chain, Cs-P6-R8 showed highest antimicrobial activity with MIC of 1.6 pM against all tested Gram-
positive strains. It was, however, less potent against E. coli (MIC: 6.4 uM) compared to the lipopeptide
analogues Cio-P6-R8 and C»-P6-R8 (MIC: 3.2 uM). A peculiarity was the dramatic increase in
haemolytic activity by the stepwise C;-elongation of the acyl chain in P6-R8; starting from Cs-P6-R8
that was non-haemolytic (ECso: >500 uM), with C;o-P6-R8 causing significant haemolysis (ECso: 173
uM) and ending with the highly haemolytic peptide Ci2-P6-R8 (ECsp: 26 uM). Thus, N-terminal
acylation with increasingly longer fatty acids had a greater impact on haemolytic activity than on the
antimicrobial activity of the lipopeptides. However, compared to the previous peptides, introducing the
Trp® residue in P6-R8 to give P6-W6RS8, was more beneficial than N-terminal acylation, as it resulted
in a more potent, non-haemolytic peptide.

2.4 Antimicrobial Activity of Head-to-Tail Cyclic Peptides

Our final investigations involved studying the effects of head-to-tail cyclisation of selected linear
peptides on their antimicrobial and haemolytic activity. This modification eliminates an N-terminal
cationic amino group, thereby reducing the overall positive charge of the cyclised peptide by one unit.
Furthermore, head-to-tail cyclisation is most likely to destroy any putative a-helical conformation in the
linear P6 analogues by increasing rigidity and forming a totally new structural arrangement.

To optimise an amphiphilic cyclic structure (Figure 2), we synthesised head-to-tail cyclic peptide
analogues (given in parentheses) of the starting lead peptide P6 (cP6), the Arg® modified peptide P6-
R8 (cP6-R8), the highly potent Trp®Arg® modified peptide P6-W6R8 (cP6-W6RS), and an analogue
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of the latter peptide with three consecutive Trp residues (cP6-W4R6,8). Our results showed that the
cyclic peptide c¢P6 had 2- to 17-fold reduced antimicrobial activity compared to the linear lead peptide
P6 (Table 1), except against Corynebacterium glutamicum. The most dramatic decrease in activity was
observed against P. aeruginosa. This suggested that cyclisation, and thereby the reduction in overall
positive charge of the peptide, along with the loss of a putative amphiphilic a-helical structure, might
have contributed to the observed reduction in antimicrobial activity.

Step 1
NH, - ele) .<}_:] ﬁ NH, - [ - COOH
O Protecting group \ /

<] Linker

3 solid support-resin

1

‘ C
() Peptide (100 umol), DMF (10 ml) D Step 2 U

() PyBOP (3 equiv.), DMF (10 ml)
[:] PyBOP (0.1 equiv.), DIEA (6 equiv.), -
[ 1. Antimicrobial activity assay] DMF (10 ml) AL

2. Haemolytic activity assay

Step 5 T

Multi-well plate

Figure 3. Strategy for preparing head-to-tail cyclic peptides using two syringes attached to a mechanical pump for
creating pseudo-high dilution conditions[17]. Step 1: Fmoc-SPPS synthesis using a preloaded 2-CI-Trt resin and
subsequent cleavage from the resin with HFIP/DCM. Step 2: Head-to-tail cyclisation. Step 3: Deprotection of side
chain protecting groups. Step 4: RP-HPLC peptide purification. Step 5: Bioactivity screening.

By substituting Ala® for Arg® in ¢P6, we wanted to investigate the effect of increased net charge on
antimicrobial activity. The resultant cyclic peptide ¢P6-R8 (net charge +6) was more effective against
all tested strains compared to ¢P6 (net charge +5), with the greatest activity observed against C.
glutamicum (MIC: 0.1 uM), followed by B. subtilis (MIC: 1.7 uM) and S. epidermidis (MIC: 1.7 uM).
Moreover, the greatest improvement in antimicrobial activity was observed for cP6-R8 against S.
aureus. Compared to its linear analogue P6-R8 (+7), the cyclic peptide cP6-R8 (+6) was almost equally
effective in inhibiting the growth of S. aureus (MIC: 6.8 uM), S. epidermidis (MIC: 1.7 uM) and E. coli
(MIC: 3.4 uM). Against B. subtilis cP6-R8 showed a small decrease in activity compared to P6-RS,
whereas a more dramatic loss of antimicrobial activity was observed against P. aeruginosa (MIC 55 uM
for ¢P6-R8 compared to MIC: 3.2 uM for P6-R8) (Table 1). Increasing the lipophilicity by replacing
Thr® with Trp® to give ¢cP6-W6R8 greatly improved antimicrobial activity compared to ¢P6, with MIC
values in the range of 0.4 to 1.6 uM against Gram-positive bacteria and 3.3 to 6.6 uM against Gram-
negative bacteria. Compared to its linear analogue P6-W6RS, the cyclic peptide cP6-W6RS displayed
improved potency against B. subtilis and C. glutamicum, while being equally effective against S.
epidermidis. Somewhat reduced antimicrobial activity was obtained for cP6-W6R8 against the Gram-
negative strains E. coli (MIC: 6.6 uM) and P. aeruginosa (MIC: 3.3 uM).



Finally, by switching the positions of Arg* and Trp® in ¢P6-W6RS8, we synthesised a more
amphiphilic cyclic analogue cP6-W4R6,8 (Figure 2). The antimicrobial activity of the resultant peptide
cP6-W4R6,8 remained unchanged against B. subtilis. It was, however, improved 2-fold against E. coli
compared to ¢cP6-W6RS8 but was in general reduced 2-fold against the other four bacterial strains: C.
glutamicum, S. aureus, S. epidermidis and P. aeruginosa. Although significance of having the WWW
motif positioned at the N-terminus for the antimicrobial and biofilm activity of the linear Trp-rich
peptide was reported by Zarena et al. [20],our results showed that having three adjacent Trp residues in
a cyclic peptide, as in ¢cP6-W4R6,8, did not cause additional increase in overall potency.

The strategy of head-to-tail cyclisation revealed that additional sequence optimisations were required
to achieve antimicrobial activity in the same pM range as for the linear lead peptide P6. Previous
research has shown that head-to-tail cyclisation could be effectively used as a tool for reducing
haemolysis [21,22]. However, as both the linear peptides and their cyclic analogues were non-
haemolytic, this improvement (if present) was not observed. Apart from few exceptions, cyclisation in
this study mainly led to 2-fold decrease in antimicrobial activity against tested bacterial strains. It may
be that structural constraints conferred by cyclisation, as well as reduction in charge, could have acted
unfavourably on the peptide-membrane interactions. All peptides showed high selectivity for bacteria
compared to human RBCs except for two of the linear lipopeptides (Cio-P6-R8 and C2-P6-RS8). A
selectivity index (SI) was calculated as the ratio between haemolytic activity (ECsy) and the geometric
mean (GM) of the MIC values against all bacterial strains, i.e., SI = ECso/GM. When considering the
GM, the two most potent and selective peptides could be identified as P6-W6RS and its cyclic analogue
cP6-W6RS, both having a GM of 1.3-1.4 uM and SI > 347. For these two peptides, as our results
suggested, the amino acid sequence had much greater influence on antimicrobial activity than a linear
vs. cyclic structure. Nevertheless, both peptides are considered amphiphilic, which is most likely to have
contributed to their favourable antimicrobial profile (Figure 1 and Figure 2).

2.5 Antifungal Activity

All synthesised peptides were screened for antifungal activity against Aureobasidium pullulans,
Candida albicans, and Rhodotorula sp., out of which C. albicans is of greatest medical importance. A.
pullulans and the Rhodotorula sp. can, however, cause severe infections in immunocompromised
patients [23-25] and were included in this work for structure-activity relationship purpose (Table 1).
Previous studies have shown that the EeCentrocin 1 HC peptide had a negligible inhibitory effect against
C. albicans (MIC: 100 uM) while being active against Rhodotorula sp. (MIC: 12.5 uM) [15]. The lead
peptide P6 displays, however, improved antifungal activity especially against C. albicans (MIC: 28
uM), and to a lesser degree against Rhodotorula sp. (MIC: 7.0 uM) [16]. To our surprise there were
only minor variations in antifungal activity with respect to differences in sequence and structure of the
synthesised peptides. The linear peptides modified by either the Ala® to Lys®/Arg® (P6-K8 and P6-R8)
and Thr® to Trp® substitutions (P6-W6K8 and P6-W6RS8) displayed (with one exception) similar
antifungal activity against 4. pullulans and C. albicans (MIC: 12-13 uM), but two-fold higher potency
against Rhodotorula sp. (MIC: 6.2—6.5 uM). These analogues were overall more potent against fungi
compared to P6. The N-acylated Cs-, Cio- and C2-P6-R8 lipopeptides had antifungal activity
comparable to that of P6 with MIC: 25-26 uM against A. pullulans and C. albicans, and MIC: 6.3-6.4
uM against Rhodotorula sp. Thus, no major variation in antifungal activity was observed by varying the
acyl chain length of these lipopeptides.

The head-to-tail cyclic peptides were all equally potent against A. pullulans and C. albicans (MIC:
13—15 pM). Although still low, the antimicrobial activity of cP6-R8, cP6-W6R8 and cP6-W4R6,8 was
higher against Rhodotorula sp. (MIC: 6.6-6.8 uM) than that of cP6 (MIC: 15 uM). Head-to-tail
cyclisation did not seem to have any major effect on antifungal activity since the potencies were
comparable to those of their corresponding linear analogues. One exception was improved antifungal
activity against A. pullulans and C. albicans for ¢cP6 compared to P6. However, the opposite effect was
observed against Rhodotorula sp. in which P6 was more potent than ¢P6. These findings highlight the
need for further research with the aim of identifying the structural modifications necessary for improving
the antifungal activity of these peptides.



Table 1. Antimicrobial activity of synthesised peptides against bacteria and fungi (MIC in uM), and toxicity against human RBC (ECs in
uM). Sequence modifications (amino acid replacements) compared to the lead peptide P6 are shown in bold, and sequences in parentheses
denote head-to-tail cyclic peptides. The selectivity index (SI) was calculated as the ratio between haemolytic activity (EC5() and the

geometric mean (GM) of the MIC values against all bacterial strains, i.e., SI = EC50/GM.

Antimicrobial activity (MIC)! Tox. SI
Peptide Sequence Mw? Net Rt Gram + Gram - GM Fungi (ECs0)
Charge® Bs Cg Sa Se |Ec Pa Ap Ca Rh RBC
P6 GWWRRTVAKVRK-NH, 1541.9 +6 332 09 09 28 1.8 35 35 28 28 28 7.0 >500 >177
é P6-K8 GWWRRTVKKVRK-NH, 1599.0 +7 3.18 0.8 0.8 13 1.6 33 33 23 13 26 6.5 >500 >217
% P6-R8 GWWRRTVRKVRK-NH, 1627.0 +7 320 0.8 0.8 64 1.6 32 32 20 13 13 64 >500 >248
E P6-W6KS8 GWWRRWVKKVRK-NH, 1684.1 +7 367 16 08 1.6 1.6 3.1 1.6 1.6 13 13 63 >500 >314
E P6-W6R8 GWWRRWVRKVRK-NH, 1712.1 +7 361 16 08 1.6 08 1.6 1.6 13 12 12 62 >500 >39%4
Cs-P6-R8 Cg—GWWRRTVRKVRK-NH, 1753.2 +6 470 1.6 1.6 1.6 1.6 64 64 25 26 26 64 >500 >197
§ é% C10-P6-R8 C10-GWWRRTVRKVRK-NH, 1781.2 +6 516 32 32 32 1.6 32 63 32 25 26 63 173 54
35 & Cu-P6-R8 C12-GWWRRTVRKVRK-NH, 1809.3 +6 567 3.1 3.1 3.1 3.1 3.1 63 35 25 25 63 26 7
é cP6 ¢ (GWWRRTVAKVRK) 1524.8 +5 336 19 09 60 15 75 60 94 15 15 15 >500 >53
§ cP6-R8 ¢ (GWWRRTVRKVRK) 1610.1 +6 320 1.7 0.1 68 1.7 34 55 27 14 14 68 >500 >187
g cP6-W6RS8 c (GWWRRWVRKVRK) 1695.1 +6 376 0.8 04 1.6 0.8 6.6 33 14 13 13 6.6 >500 >347
& cP6-W4R6,8 ¢ (GWWWRRVRKVRK) 1695.1 +6 362 08 0.8 33 1.6 33 6.6 20 13 13 6.6 >500 >244
Oxytetracycline HCI 496.9 40 0.6 0.6 25 25 40 -5 - - - - -
Polymyxin B sulfate 1189.3 07 03 53 26 07 13 - 26 11 13 - -
Triclosan 289.5 - - - - - - - 22 22 54 - -

' Microbial strains; Bs — Bacillus subtilis 168 (ATCC 23857), Cg — Corynebacterium glutamicum (ATCC 13032), Sa — Staphylococcus aureus (ATCC 9144),
Se — Staphylococcus epidermidis RP62A (ATCC 35984), Ec — Escherichia coli (ATCC 25922), Pa — Pseudomonas aeruginosa (ATCC 27853), Ap —
Aureobasidium pullulans, Ca — Candida albicans (ATCC 10231), Rh — Rhodotorula sp. > Average molecular mass of synthesised peptides, without including a
TFA salt for each cationic charge. 3 Net charge at physiological pH (7.4). 4 Retention time (min) on RP-UPLC. ‘‘->’: not calculated or tested.



2.6 Effects on Bacterial Viability and Membrane Integrity

Two luciferase-based biosensor assays (viability and membrane integrity) were used to investigate
the mode of action of all synthesised linear and cyclic analogues on B. subtilis 168 and E. coli K12
biosensors. Bacterial luciferase is an excellent real-time sensor for bacterial viability, as endogenous
production of the substrate pools, such as reduced flavin mononucleotide (FMNH>) and long-chain
aliphatic aldehydes, are responsible for the bioluminescence. A decrease in light production indicates
loss of metabolic activity and thus viability. In contrast, in the membrane integrity assay the addition of
exogenous substrate such as D-luciferin is required for light production by the eukaryotic luciferase gene
(LucGR). Light emission will peak rapidly when the membrane integrity is compromised, enabling
externally added substrate D-luciferin to pass through damaged membrane. The subsequent decrease in
light production occurs while ATP in dying cells is being consumed.

B. subtilis viability B. subtilis membrane integrity
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Figure 4. Immediate effects of P6-W6RS8, cP6-W6R8 and chlorhexidine (membranolytic control) on the kinetics
of viability (left) and membrane integrity (right) in B. subtilis 168. Light emission normalized to the untreated
water control is plotted as relative luminescence units (RLU) over time (seconds). All the graphs show a
representative data set where each experiment was run at least three times independently.

Here we present the results from the mode of actions studies of the linear peptide P6-W6RS8 and its
cyclic analogue cP6-W6RS8. The results for the remaining peptides can be found in the Supporting
information, Figures S13—-S20. As shown in Figure 4, both P6-W6RS8 and cP6-W6RS clearly affected
the viability of B. subtilis in a concentration-dependent manner. To further confirm that the rapid
decrease in bacterial viability was caused by membrane damage, the membrane integrity assay was
performed on the B. subtilis biosensor strain. P6-W6R8 showed a membrane-related mode of action as
light emission decreased rapidly at the two highest concentrations. In addition, for the lower
concentrations a declining pattern in a dose-dependent manner was also observed (Figure 4). For cP6-

8



W6RS, a concentration dependent emission of light was observed, with a subsequent decline at higher
concentrations. However, the effect was slightly delayed when compared to the linear peptide P6-
W6RS8. The membranolytic reference control chlorhexidine had a MIC value of 1.6 pg/mL (3.1 uM)
against both B. subtilis and E. coli. While comparing the effects of P6-W6R8 and ¢P6-W6RS8 on the
viability and membrane integrity of the Gram-negative E. coli, we observed a somewhat different mode-
of action. As shown in Figure 5, the decrease in light emission was substantially slower than that for
similar concentrations in B. subtilis. The linear analogue P6-W6RS affected the membrane integrity of
the E. coli strain and it shows a concentration-dependent effect on viability. Although ¢P6-W6RS also
affected the viability, a much less prominent inner membrane disruptive effect was observed as only
concentrations at, or above MIC (>12.5 pg/mL) gave rise to light emission. This might be due to its
lower antimicrobial activity or delayed action on the inner membrane of Gram-negative bacteria.

Results from both the membrane integrity and viability assay at concentrations below 3.13 pg/mL
did not seem to reflect the MIC, as light emissions stayed unchanged throughout the assay period.
However, these assays are conducted with 1000x higher bacterial concentrations than the MIC assay. In
addition, the MIC assay integrates activity over a 24 h time frame, while the luminescence-based assays
are only run for 3 min to elucidate immediate activity. At 50 ug/mL cP6-W6RS8 reduced viability by
35% within 3 min, while light emission from the membrane integrity assay stayed at 30x the control.
Lower concentrations did not show such a strong membrane effect. This difference in light emission
from the two assays is likely based on the different processes for light production. While the membrane
assay is solely based on ATP as energy source and externally added D-luciferin, the viability assay
integrates both ATP and reduction equivalents for light production and substrate regeneration. In this
case the ATP pool does not seem to be limiting.
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Figure 5. Immediate effects of P6-W6RS8, cP6-W6RS8 and chlorhexidine (membranolytic control) on the kinetics
of viability (left) and membrane integrity (right) in E. coli K12. Light emission normalized to the untreated water
control is plotted as relative luminescence units (RLU) over time (seconds). All the graphs show a representative
data set where each experiment was run at least three times independently.



2.7. Permeabilization of the Outer Membrane of E. coli and P. aeruginosa

To investigate whether the delayed and reduced action on the membrane integrity might be due to the
presence of the outer membrane of E. coli and P. aeruginosa, we performed the outer membrane NPN
assay [26]. The fluorescence of the lipophilic dye N-phenyl-1-napthylamine (NPN) can be utilised to
investigate the ability of AMPs to permeabilise the outer membrane of Gram-negative bacteria. NPN
emits weak fluorescence in aqueous environment and is highly fluorescent in hydrophobic environment
found in lipidic membranes. It cannot insert into intact bacteria membranes. However, upon disruption
of the outer membrane of Gram-negative bacteria by AMPs, NPN gains access to lipid layers in the
outer membrane and/or in the cytoplasmic membrane resulting in the increase of fluorescence emission.
Both P6-W6R8 and cP6-W6RS8 showed similar concentration-dependent increase in NPN fluorescence
at concentrations ranging from 1.56 to 25 pg/mL in E. coli, indicating a membrane permeabilising effect
(Figure 6). However, at lower concentrations, fluorescence intensities were comparatively lower for
cP6-W6RS than for P6-W6RS. Similar effects were observed in P. aeruginosa for both P6-W6RS8 and
cP6-W6RS. Even though both peptides displayed a membrane related (primary) mode of action, there
is still possibilities that they have other mechanism at lower concentrations. It has been documented that
certain cationic AMPs exhibit a concentration-dependent dual mode of action [27,28].The reference
control polymyxin B (PMB), a bactericidal peptide antibiotic known for its membrane disruptive
properties, showed a MIC value of 0.78 pg/mL (0.7 pM) against E. coli and 1.56 pg/mL (1.3 uM) against
P. aeruginosa (Table 1).
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Figure 6. Comparison of the effects of P6-W6RS, cP6-W6R8 and polymyxin B on the kinetics of NPN
fluorescence in E. coli and P. aeruginosa. After addition of the bacterial inoculum (mixed with 20 uM NPN) to
the wells (preloaded with lipopeptides), light emission was measured each second for 3 min. Each colored line
represents the total 180 s data points from the assay at different concentrations. Each figure shows a representative
data set.
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2.8. Effects on Cell Envelope related Stress Response in B. subtilis

The assays are based on reporter strains containing chromosomally integrated fusions of different
stress inducible promoters from B. subtilis to the luxABCDE operon, as described by Radeck et al. 2013
[29]. The sensors indicate the presence of mode of action specific stressors exhibiting increased light
output caused by the specific stress response reported through each promoter-/ux-operon fusion. Pja
responds to cell envelope perturbations and membrane damage by cationic AMPs, P, to inhibition of
DNA replication, P,.gs to transcription inhibition, P, to translation inhibition and Pg5 to inhibition of
fatty acid synthesis (29, 30). Originally, we tested all the synthetic linear and cyclic analogues against
the panel of sensor strains. Of the 5 sensors used in this study, only the P, fusion, specific for cell
envelope stress, responded by increased light output compared to the water control, and where the
peptides P6, P6-W6RS8 and cP6-W6RS8 reproducibly induced light output. Luminescence kinetics for
the first 5.5 h (Figure S21). At around 45 minutes after addition, both positive controls, vancomycin
and bacitracin, reached their maximal induction levels. On the other hand, the maximal induction rates
of the peptides were reached at about 60 minutes. Table 3 summarizes the average relative luminescence
and standard deviations from four measurements as the maximal recorded induction one hour after
addition of the peptide and the concentrations corresponding with this maximal activity. Both P6-W6R8
and cP6-W6RS8 seemed to induce a stress response 4 hours and 5 hours after peptide addition,
respectively. This late increase in luminescence coincided with the bacteria beginning to grow.

Table 3. Cell wall stress dependent relative luminescence in B. subtilis at 60 minutes after analyte addition.

Pé6 P6-W6RS cP6-W6RS Vancomycin Bacitracin
Concentration 25 3.1 6.25 50 100
(ng/mL)
Relative 12.0+2.0 2.1+0.3 3.9+0.5 19.74£2.8 197.9+1.9
luminescence

B. subtilis has been shown to have an intricate network of countermeasures when encountering
antibacterial compounds in its environment. To respond in a timely fashion to an antibacterial attack, an
intricate response system with built-in failsafes has evolved, enabling B. subtilis to survive when
encountering antibiotic-producing competitors in their niches [30]. In this study, we used the previously
established biosensor strains described by Juskewitz, et al., 2022 [31], which tap into a selection of
promoters involved in the B. subtilis antibiotic stress response. The EeCentrocin-derived lead peptide
P6 and its derivatives had originally been identified as plasma membrane-active and optimized with the
goal of increasing this specific activity. We wanted to find out if the peptides had further and hitherto
hidden activities and possibly confirm the membrane activity with an adequate stress response.

The only sensor responding to the presence of peptides between 2x and 0.5x MIC was the Pji-based
cell envelope stress sensor, which is known to be part of the defense system against bacitracin but also
responds to membrane damage caused by cationic AMPs like LL-37 [32]. Only three peptides, P6, P6-
W6RS8 and cP6-W6RS clicited a consistent response, mostly around the MIC. In contrast, both
vancomycin and bacitracin showed a dose-dependent response over at least six dilution steps, including
the MIC, which was up to 18 times stronger than that of the peptides (Figure S21). At first glance, it
seems that the relatively low reported induction of cell envelope stress indicates negligible activity,
especially when compared to the high induction rates over a wide range of concentrations observed for
vancomycin and bacitracin. However, in contrast to both vancomycin and bacitracin, the peptides
immediately affect cell viability by compromising plasma membrane integrity and thereby immediately
shut down cell metabolism. Unfortunately, the sensor strains used in this study depend on both
translation of the reporter gene and, more importantly, on active metabolism for signal generation, as
light emission from lux-luciferases directly depends on the presence of FMNH as reducing equivalents
- and indirectly on NADPH, and ATP for regeneration of the long-chain fatty aldehyde substrate and
FMNH [33]. Therefore, membrane-active compounds will interfere with the detection of potential
secondary activities by camouflaging potential signals as false negatives if the induction range is above
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the minimal concentration needed for membrane activity. This is also illustrated by the postponed
measurable stress response seen for P6-W6R8 and cP6-W6RS. In contrast, vancomycin and bacitracin
do not affect B. subtilis viability immediately (if at all in the case of the latter), giving the sensors ample
time to generate a response. Reviewing the results considering membrane activity, we can conclude that
any potential secondary activity exerted by the peptides against B. subtilis is likely secondary in nature
and requires higher peptide concentrations than for the membranolytic activity. Further, the results
support the conclusion that the peptides are indeed membrane-active, as a membrane-stress-dependent
expression of /ial has previously been reported [32].

2.9. Antimicrobial Activity against E. coli Strains with or without an QOuter Membrane or OmpT
Protease

The outer membrane (OM) in Gram-negative bacteria plays a critical role in susceptibility to many
antimicrobials since it is a barrier to both hydrophobic and hydrophilic compounds including AMPs
[34]. Given the importance to one of the survival strategies that bacteria employ against toxic molecules,
several members of the outer membrane Omptin protease family proteins in Enterobacteriaceae are
reported to act as virulence factors that protect them from cationic AMPs [35,36]. The outer membrane
protein T (OmpT), a 33.5 kDa endoprotease found in E. coli, has been reported to inactivate endogenous
and heterologous AMPs including LL-37, protamine, and the synthetic peptide C18G [35-37].
Overexpressed OmpT is also shown to contribute to virulence of E. coli strains in human urinary tract
infections [38]. Investigation of OmpT mediated resistance in E. coli strains upon peptide exposure can
thus be useful for rational design of peptides to improve their proteolytic stability and potency. To
investigate if differences in genotype and outer membrane integrity affect the susceptibility to the AMPs,
we determined the MIC values of the peptides against different E. coli strains including the wild type
MC4100 and the isogenic outer membrane deficient NR698 mutant, the wild type BW25113 (from the
Keio collection) and its isogenic ompT deletion mutant JW0554, and the commercially available strain
BL-21(DE3) - lacking genes for Lon and OmpT proteases production, as well as a transformed BL-
21(DE3) mutant, containing a plasmid with OmpT overexpressing machinery (Table 2).

Table 2. Antimicrobial activity (MIC in pg/mL) of synthesized peptides against different wild type and
mutant E. coli strains. Dibasic residues in the peptide sequences, putatively susceptible to proteolytic
cleavage by OmpT endoprotease, are shaded in grey.

BL-21+

Name Sequence MC4100 NR698 | BW25113 JWOSS4 BL-21 ompT

AompT .

plasmid
P6 GWWRRTVAKVRK-NH; 2 2 4 4 4 8
P6-K8 GWWRRTVKKVRK-NH; 4 4 8 8 8 16
P6-R8 GWWRRTVRKVRK-NH; 4 4 8 4 4 16
P6-W6KS GWWRRWVKKVRK-NH; 4 4 4 4 4 8
P6-W6RS8 GWWRRWVRKVRK-NH; 4 4 8 4 ] 16
Cs-P6-R8 Cg~GWWRRTVRKVRK-NH; 8 4 8 4 8 16
C10-P6-R8 C10-GWWRRTVRKVRK-NH; 8 4 8 4 8 16
C12-P6-R8 C12-GWWRRTVRKVRK-NH, 8 8 16 8 8 16
cP6 ¢ (GWWRRTVAKVRK) 16 4 16 8 8 8
cP6-R8 ¢ (GWWRRTVRKVRK) 4 4 8 8 8 8
cP6-W6RS ¢ (GWWRRWVRKVRK) 4 4 8 8 8 8
cP6-W4R6,8 ¢ (GWWWRRVRKVRK) 4 4 8 16 16 32

We observed similar MIC values against the wild type MC4100 and NR698 for all the linear peptides,
as well as the cyclic peptides cP6-W6R8, cP6-R8 and cP6-W4R6,8, which may indicate that the
presence of an outer membrane does not seem to affect their antimicrobial activity. For cationic peptides
with high inner membrane specificity, the antimicrobial potency is unlikely to be dependent on the
presence of an outer membrane when the critical threshold concentration reaches a lethal level [39].
However, the outer membrane deficient strain NR698 was slightly more sensitive to the lipopeptides
Cs-P6-R8, C9-P6-R8, and the cyclic ¢P6, indicating that the outer membrane appeared to hinder their
antimicrobial effect. The four-fold increase in MIC for ¢P6 against the wild type strains, MC4100 and
BW25113, compared to NR698 support its slower inner membrane disruption observed in the E. coli K-
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12 biosensor strain (Figure 5). The MIC values against the biosensor strain (Table S3) were similar to
the MICs against BW25113.

To investigate if the OmpT protease degrades and reduces the effect of the linear peptides in wild
type strains and if its absence causes increased susceptibility in the mutant strains, we compared the
MIC values against the wild type BW25113 and the AompT mutant JW0554, (a knock-out mutant strain
from the Keio collection). BW25113 showed a slightly different susceptibility pattern compared to its
isogenic AompT mutant. It is noteworthy that all the linear peptides containing -RgKo- dibasic residues
in their sequences (P6-R8, P6-W6RS, and Cs.12-P6-R8 lipopeptides) showed a 2-fold decrease in MIC
in the AompT mutant strain whereas the MICs were unchanged for the other linear peptides (P6, P6-K8,
and P6-W6KS8) (Table 2). This might indicate an enzymatic preference for arginine in the P1-position
of the cleavage site. However, no apparent difference in MICs were observed for the cyclic peptides,
indicating increased proteolytic stability. Another reason for this might be that a single proteolytic
cleavage of the cyclic peptides would provide 12 residues linear peptides with equal antibacterial
activities.

When we used E. coli BL-21(DE3) cells lacking Lon and OmpT proteases, the susceptibility pattern
remained unchanged for most of the linear and cyclic peptides compared to the AompT mutant
(JWO0554). To explore the effect of OmpT protease production, we complemented the negative genotype
by transforming the BL-21 strain with a plasmid containing an arabinose inducible omp7 under the
control of the Pgap promoter (pHDO001). MICs of the BL-21 clone expressing ompT in response to the
presence of arabinose were compared to its parental strain without the plasmid. Interestingly,
complementation of BL-21 with the plasmid-derived OmpT reduced the susceptibility towards all the
linear peptides as the MIC increased by two to four-fold while the MICs of the cyclic peptides remained
unchanged. Of note, the MICs of both P6-W6R8 and cP6-W6RS8 against the BL-21 clone expressing
ompT were 2-fold higher than the MICs against the wild type BW25113. It has been reported that
different E. coli strains degrade AMPs to different extents due to differential ompT expression [36]. We
do not exactly know all the factors that are responsible for the differential expressions and optimal
catalytic function of OmpT as we did not conduct a quantitative analysis of OmpT expression in the
various E. coli strains that were used. This might also explain why presence/absence of OmpT does not
make the E. coli strains hyper-sensitive or hyper-resistant towards the AMPs. It is therefore likely that
other proteases or stress related regulatory expression may act synergistically to counteract AMPs.
Several other stimuli may account for the resistance mechanism towards AMPs in Gram-negative
bacteria, for example the presence of efflux pumps, modification of LPS and other outer membrane
components, and secretion of compounds that downregulate host AMP expression [40].

2.10. Proteolytic Stability of AMPs after Exposure to E. coli Strains with or without OmpT Protease

The outer membrane protease OmpT (and its homologue OmpP) possess a membrane bound p-barrel
structure facing the active site in the extracellular space of the E. coli membrane [38]. The protease
cleaves preferentially between two consecutive basic amino acid residues in the scissile peptide
sequence [41]. The amino acids involved in the peptide bond (with substrate residues on either side of
this bond) is known as P1 and P1' [42], and for OmpT these are preferably -KK-, -KR-, -RK-, or -RR-
[43,44]. To investigate whether OmpT has substrate specificity towards the dibasic residues present in
the linear P6-W6RS8 and/or the cyclic cP6-W6RS, we used matrix-assisted laser desorption ionization
— time of flight (MALDI-TOF) mass spectrometry. By doing so we wanted to detect any peptide
fragments produced after exposing the peptides to the E. coli wild type BW25113 and its isogenic ompT
deletion mutant JW0554, and the commercially available strain BL-21(DE3) and the transformed mutant
containing a plasmid with ompT.

In the wild-type strain BW25113, a proteolytic fragment of m/z 1201.9 were observed when exposed to
the linear P6-W6RS (Table 3, Figure S22). This fragment matches the expected OmpT cleavage site at
-Rs-Ko- generating the N-terminal fragment P6-W6R8(1-8), representing the sequence GWWRRWVR.
No peptide related fragments of P6-W6RS8 were detected in the AompT mutant JW0554, which could
explain why the MIC against JW0554 was twofold lower than the MIC against the OmpT-producing
BW25113. When exposing BW25113 to the cyclic cP6-W6RS, two peptide-derived fragments were
detected: m/z 1713.1 and m/z 1115.7. The largest fragment (m/z 1713) represents one or more hydrolysis
(+18 Da) cleavage products generating linear versions of the peptide. The cyclic peptide has 3 dibasic
residues present in its structure, providing three putative linear sequences with a C-terminal hydroxyl-
group — all having the same mass (Table 3). The observed m/z 1116 fragment is most likely a result of
13



the internal cleavage between two scissile bonds -R4-Rs- and -Rs-Ko- in the cyclic peptide (numbering
based on the amino acid positions of the linear peptide), resulting in the intermediate fragment cP6-
W6R8(9-4) having the sequence KVRKGWWR. As with the linear P6-W6RS8, no peptide-related
fragments of cP6-W6RS8 were identified in the ompT knock-out mutant JW0554.

Table 3. Peptides and cleavage fragments detected by MALDI-TOF mass spectrometry after exposing E. coli
strains with or without OmpT protease production to the linear peptide P6-W6RS8 and the cyclic peptide cP6-
W6RS. Indication of sequence position of the obtained fragments is based on the amino acid positions of the linear
peptide. Suggested cleavage sites by the bacterial OmpT protease are shaded in grey.

: +1
f:ﬁ;f:q;?;f:nem Sequence ?nd proposed Theoreticailm/z, f])‘l;/sg;;f:d m/z, [M+H] BL21+
position) cleavage site(s) [M+H] BW25113 AompT BL-21 OmpT
P6-W6RS GWWRRWVRKVRK-NH: 1712.0 17123 1712.1 1712.1 1712.2
P6-W6RS (1-8) GWWRRWVR-K 1201.7 1201.9 -1 - 1201.7
P6-W6RS (1-4) GWWR-R 604.3 - - - 604.1
cP6-W6R8 ¢(GWWRRWVRKVRK) 1695.0 1695.1 1695.0 1695.2 1695.2
Linear fragments: Putative sequences:
cP6-W6RS (5-4) R-RWVRKVRKGWWR-R 1713.0
cP6-W6RS (8-7) R-KVRKGWWRRWVR-K 1713.0 1713.1 - - 1713.1
cP6-W6RS (12-11) R-KGWWRRWVRKVR-K 1713.0
cP6-W6RS (9-4) R-KVRKGWWR-R 1115.7 1115.7 - - 1115.7
cP6-W6RS8 (12-4) R-KGWWR-R 732.4 - - - 732.4

''Not detected.

To confirm the role of OmpT in the AMP fragmentation, we compared OmpT dependent peptide
degradation in E. coli BL-21 that lacks the OmpT protease with a BL-21 clone expressing ompT in
presence of arabinose. As expected, both P6-W6R8 and cP6-W6R8 were prone to degradation when
exposed to the OmpT-complemented BL-21strain, whereas no cleavage products were observed in the
BL-21 strain (lacking genes for OmpT protease production). The previously mentioned peptide
fragments (m/z 1201 for the linear peptide and m/z 1115 and m/z 1713 for the cyclic peptide) were all
observed when exposed to the OmpT-expressing mutant. We were also able to detect a small fragment
with m/z 604.2 from the linear peptide, likely representing the N-terminal GWWR - supporting that this
protease is also able to cleave the peptide at its dibasic site -R4-Rs-. In addition, we were able to detect
a fragment with m/z 732.4 from the cyclic peptide. This fragment is most likely the internal sequence
cP6-W6RS8 (12-4), having the sequence KGWWR, supporting cleavage of the peptide also at its dibasic
site -R1-K»-(Table 3, Figure S23). Cleavage between -R;-K > was, as expected, not observed for the
linear peptide since OmpT is an endoprotease.

Altogether, we have verified that both the linear P6-W6RS8 and the cyclic peptide cP6-W6RS are, in
fact, substrates for OmpT as the protease was able to cleave the peptides at all dibasic sites, producing
fragments that were easily detected by MALDI-TOF MS. A single proteolytic cleavage (due to OmpT)
of the linear peptides, producing small, putatively inactive fragments of the peptide, might be the reason
for the two-fold increase in MIC observed against the OmpT-producing strains (Table 2). On the other
hand, a single hydrolysis cleavage of the cyclic peptide could in theory produce three linear sequences
with equal antibacterial activity (Table 3). This might be the explanation for why the MICs of the cyclic
peptides remained unchanged between the different strains. The MALDI-TOF data also show that no
other proteases than OmpT was involved in the peptide degradation, since no peptide-derived fragments
were identified in the MS spectra (in the selected region of m/z 600-2000) of the strains devoid of OmpT.

We were not able to explore any concentration-dependent peptide cleavage, since we observed
relatively large variations in the m/z intensity of peptides and fragments between replicates of the
different samples, likely due to dependency on bacterial concentrations as well as peptide concentrations
around the MIC-values. However, we were able to detect fragments when OmpT-producing strains were
exposed to peptide concentrations as low as 4 ug/mL. Below this concentration, the detection of m/z
fragments was suppressed by bacterial and matrix components. One should also keep in mind that the
intensity of the m/z fragments observed in the BL-21 OmpT-producing mutant only reflects the
proportion of cells which expressed OmpT and that the degree of expression was therefore not enough
to establish a stable phenotype (with an increased MIC). It is surprising that we observed the intact
peptide at concentrations lower than MIC (although the intensities were quite low), which could be
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explained by the fact that the peptide substrate concentration below the threshold is not sufficient for a
strong electrostatic interaction with the enzyme’s active site. The induced fit theory by Koshland's
explains the basis of enzyme catalysis where substrate binding plays pivotal role in converting an
enzyme active site into the proper catalytic arrangement [45,46]. Simulation studies also indicate that
strong electrostatic interaction with the substrate can be responsible for modulating the catalytic site of
OmpT and thus enhance the activity to a greater extent [46,47]. It has also been reported that if
permeabilized dead bacteria sequester or internalize membrane bound peptides - they will no longer be
available for proteolytic cleavage [48]. Thus, our results suggest that membrane-bound peptides at low
concentration, which are not in direct proximity to the enzyme’s active site, can potentially be concealed
from enzymatic cleavage. Overall, these results give valuable information of OmpT substrate specificity
that can be used as a stability determinant in future peptide drug development studies. Surprisingly, no
proteolytic cleavage products were identified in the OmpT-deficiant strains, indicating that Lon
proteases in the wild type strains are not involved in peptide degradation.

3. Materials and Methods

3.1. Synthesis of Linear Peptides

Peptides were synthesised on a Biotage® Initiator+Alstra™ fully automated microwave assisted
peptide synthesiser. All Fmoc-amino acids were purchased from Sigma-Aldrich. Solvents were
purchased from either VWR chemicals or Sigma-Aldrich. Rink amide ChemMatrix resin was obtained
from Biotage (Uppsala, Sweden). Synthesis of the linear peptides and lipopeptides was accomplished
by microwave (mw) assisted Fmoc solid phase peptide synthesis (Fmoc-SPPS) using Rink amide
ChemMatrix resin (loading 0.50 mmol/g, scale 165 mmol). Fmoc-protected amino acids (4 equiv.) were
coupled in the presence of O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium-
hexafluorophosphate (HCTU, 4 equiv.) and N,N-Diisopropylethylamine (DIEA, 8 equiv.) under mw
irradiation at 70 °C, for 10 min, except for Fmoc-Arg(Pbf)-OH which was coupled at room temperature
for 60 min. Prior to synthesis, all amino acids (0.5 M) were dissolved in N, N-dimethylformamide
(DMF), whereas N,N-diisopropylethylamine (DIPEA, 2 M) was dissolved in N-methyl-2-pyrrolidone
(NMP). A double coupling was used to ensure complete acylation of the N-terminal amino group with
octanoic-, decanoic- and dodecanoic acid. At each step the Fmoc group was deprotected with 20%
piperidine in DMF. After the final step the resin was washed with dichloromethane (DCM) and diethyl
ether and dried overnight in a desiccator. The peptide was then cleaved from the resin by two treatments
of alternating washes with 10 mL trifluoracetic acid /water/triisopropylsilane (TFA:H,O:TIS) 95:2.5:2.5
(v/v/v). The mixture was left at room temperature for 1 h with occasional stirring, followed by the second
treatment lasting 2-3 h. After each treatment the resin was washed with DCM. The cleavage cocktail
was removed by filtration under reduced pressure and the filtrates were combined. Precipitation of the
peptide was induced by dropwise addition of ice-cold diethyl ether to the crude product. The suspension
was left overnight. The supernatant was removed the following day, and the peptide pellet was
resuspended in fresh diethyl ether. After diethyl ether was evaporated under reduced pressure, the final
pellet was purified by reversed phase high performance liquid chromatography (RP-HPLC), and pooled
fractions were freeze-dried to yield the pure peptide.

3.2. Peptide purification and characterization

Purification and characterization of the synthetized peptides were carried out as described by Dey et
al. [49]. Briefly, crude peptide purification was performed using an HPLC system (Waters, Milford,
MA, USA) equipped with a SunFire Prep C18 OBD (5 pm, 19%x250 mm) column, a 2998 photodiode
array (PDA) detector and an automated fraction collector. The purity of the peptides was determined by
ultra-performance liquid chromatography (UPLC) with PDA detection. The separation was performed
using an Acquity™ Premier BEH C18, 1.7 um, 2.1x100 mm column (Waters) and an acetonitrile/H,O
gradient containing 0.1% TFA. The retention time (Rt) for each peptide was recorded as a measurement
of hydrophobicity. The mass of each peptide was determined by RP-HPLC high-resolution mass
spectrometry (HRMS) using a Vanquish UHPLC system (Waters), coupled to an Orbitrap Id-X mass
analyser with an electrospray ionization (ESI) source (Thermo Fischer Scientific, Waltham, MA, USA).
The column used was Acquity™ Premier BEH C18, 1.7 um, 2.1x100 mm (Waters).
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3.3. Head-to-Tail Cyclisation

For the synthesis of the cyclic peptides a preloaded H-Lys(Boc)-2-chlorotrityl resin NovaBiochem
(0.75 mmol/g loading, scale 0.2 mmol) was used. Cleavage of the linear protected peptides from the
resin was performed with a mixture of hexafluoropropanol-DCM (3:7, v/v, 15 mL). Head-to-tail
cyclisation was performed using a modified microdilution procedure previously described by Malesevic
et al. [17]. To maintain microdilution conditions during cyclisation two 10 mL syringes were used. First
syringe contained linear protected tetrapeptide (1 eq., 100 pmol) predissolved in DMF (10 mL). The
second syringe was filled with a solution containing (benzotriazol-1-yloxy) tripyrrolidinophosphonium
hexafluorophosphate (PyBOP, 3 eq., 300 pmol) predissolved in DMF (10 mL). Both syringes were fixed
to the dual-syringe programmable pump and the flow rate was set to 0.01 mL/min. This enabled
simultaneous, dropwise addition of both solutions into the flask which initially contained DIEA (6
equiv., 600 umol), PyBOP (0.1 equiv., 10 umol) and DMF (10 mL). The reaction proceeded under
constant stirring. After the cyclisation step, the reaction mixture was diluted with 5% LiCl (approx. 30
mL), prior to extraction with ethyl acetate (3 x 20 mL). The organic phase was washed with 5% LiCl
solution (3 x 20 mL) and brine (1 x 20 mL), before drying over Na,SO4. The organic phase was filtered
and concentrated under vacuum. Global deprotection was achieved using the same cleavage cocktail as
previously described and following the same work-up procedure. In the final synthesis step the crude
peptide was washed with diethyl ether (3 x 20 mL) and dried under vacuum prior to purification by RP-
HPLC. All peptides were >93.6% pure (Figure S1-S12, Table S2).

3.4. Antibacterial Minimal Inhibitory Concentration (MIC) Assay

All cyclic, linear and lipopeptide analogues of the AMP EeCentrocin-1 were screened for
antibacterial activity against four Gram-positive strains; B. subtilis 168 (Bs, ATCC 23857), C.
glutamicum (Cg, ATCC 13032), S. aureus (Sa, ATCC 9144) and S. epidermidis RP62A (Se, ATCC
35984), and two Gram-negative strains; E. coli (Ec, ATCC 25922) and P. aeruginosa (Pa, ATCC
27853). All peptides were also tested for antibacterial activity against the wild type E. coli strain
BW25113 (K12, from the Keio collection) and its isogenic ompT deletion mutant JWO0554, the
commercially available E. coli strain BL-21(DE3) (lacking genes for Lon and OmpT proteases
production), as well as a transformed BL-21(DE3) strain, containing a plasmid with OmpT
overexpressing machinery (see section 3.10). A modified broth microdilution susceptibility assay, based
on the CLSI M07-A9 protocol, was used to determine MIC [50]. Briefly, overnight bacterial cultures
were grown in Mueller-Hinton (MH) media (Difco Laboratories, USA) for 2 hours at room temperature.
The bacterial inoculum was diluted to 2.5 - 3 x 10* cells/mL in MH medium and added in 96-well plates
(Nunc, Roskilde, Denmark) preloaded with two-fold dilution series of peptide solutions in a ratio of 1:1
giving a final well volume of 100 pL. The microplates were incubated in an EnVision 2103 microplate
reader (PerkinElmer, Llantrisant, UK) at 35 °C, with ODsos recorded every hour for 24 h. The minimal
inhibitory concentration (MIC) value was defined as the lowest concentration of peptides showing an
optical density less than 10% of the negative (growth) control, consisting of bacteria and MilliQ-water.
Polymyxin B sulfate and oxytetracycline HCI (both from Sigma-Aldrich, St. Louis, MO, USA) served
as positive (growth inhibition) controls. All peptides were tested in three technical replicates.

3.5. Antifungal MIC Assay

The synthesised peptides were screened for antifungal activity against the molds 4. pullulans (Ap)
and Rhodotorula sp. (Rh) (both obtained from Professor Arne Tronsmo, The Norwegian University of
Life Sciences, As, Norway) and the yeast C. albicans (Ca, ATCC 10231) as previously described [51].
In short, fungal spores were grown in potato dextrose broth media (Difco) containing 2% D(+)-glucose
(Merck, Darmstadt, Germany) at 25-30 °C while shaking at 200 rpm overnight. The cultures were
diluted with dextrose media containing glucose to a concentration of approx. 4 x 10° spores/mL.
Aliquots of the cultures (50 uL) were transferred to 96 well microtiter plates preloaded with the synthetic
peptides (50 pL) in two-fold serial dilutions. Polymyxin B sulfate and Triclosan (Sigma-Aldrich,
Steinheim, Germany) served as positive antibiotic controls. The microtiter plates containing the fungal
spores and the test peptides were incubated at room temperature for 48 h and ODgoo was recorded using
a Synergy H1 Hybrid microplate reader system (BioTek, Winooski, VT, USA).
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3.6. Haemolytic Activity Assay

The haemolytic activity of the synthesised peptides was determined according to a previously
described protocol [52]. Haemolysis was determined using a heparinized fraction (10 IU/mL) of freshly
drawn human blood, whereas the haematocrit (hct) was determined using a fraction containing
ethylenediaminetetraacetic acid (EDTA, Vacutest®, KIMA, Arzergrande, Italy). In brief, the
heparinized fraction was washed 3 times with prewarmed phosphate-buffered saline (PBS) and adjusted
to a final hct of 4%. The peptides were screened for activity in a concentration-range from 500 to 3.9
uM. They were initially dissolved in dimethyl sulfoxide (DMSO) and were further diluted with PBS to
a final DMSO content of <1%. As a positive control for 100% haemolysis, a solution of 1% triton X-
100 was used, whereas 1% DMSO in PBS buffer served as a negative control. Duplicates of test
solutions and erythrocytes (1% hct final concentration) were prepared in a 96-well polypropylene V-
bottom plate (Nunc, Fischer scientific, Oslo, Norway). Following incubation under agitation at 37 °C
and 800 rpm for 1 hour, and subsequent centrifugation (5 min, 3000 g), 100 uL from each well were
transferred to a flat-bottomed 96-well plate. Absorbance was measured at 545 nm with a microplate
reader (SpectraMax 190, Molecular Devices, San Jose, CA, USA). After subtracting PBS background,
the percentage of haemolysis was calculated as the ratio of the absorbance in the peptide- and surfactant-
treated samples. Three independent experiments were performed, and ECso-values (the concentration
giving 50% haemolysis) are presented as averages.

3.7. Bacterial Inner Membrane Integrity Assay

The inner membrane integrity assay was performed in a real-time manner using B. subtilis 168
(ATCC 23857) and E. coli K12 (ATCC MC1061) biosensor strains, both containing the reporter plasmid
pCSS962 constitutively expressing eukaryotic luciferase (lucGR gene). Bacterial colonies were grown
overnight at RT in MH media supplemented with 5 pg/mL chloramphenicol (Merck KGaA, Darmstadt,
Germany) and a mixture of 20 pg/mL chloramphenicol and 100 pg/mL ampicillin (Sigma-Aldrich,
USA), respectively. Overnight cultures were further diluted and grown without antibiotics at RT for 2-
3 h until they reached ODgoo = 0.1. D-luciferin potassium salt (Synchem Inc., Elk Grove Village, IL,
USA) was added to the bacterial cultures at a final concentration of 1 mM. Black round-bottom 96-well
microtiter plates (Nunc, Roskilde, Denmark) were prepared with two-fold dilution series of the
compounds (10 puL per well) at final concentrations ranging from 50 to 1.56 ug/mL. Chlorhexidine
acetate (CHX, Fresenius Kabi, Halden, Norway) and Milli-Q water were used as positive and negative
control, respectively. A Synergy H1 Hybrid Reader (BioTek, Winooski, VT, USA) was primed with
bacterial suspension before the assay plate was loaded into the plate reader. Aliquots of 90 uL bacterial
inoculum with D-luciferin were successively (well by well) injected into the test wells by an automated
injector. The light (luminescence) emission, because of bacterial membrane disruption, was monitored
every second for 3 min. Each study was performed at least three times independently, and the figures
show a representative dataset.

3.8. Bacterial Viability Assay

The real-time measurement of bacterial viability was performed by using B. subtilis 168 and E. coli
K12, the same strains that were used in the inner membrane integrity assay. However, in this assay B.
subtilis 168 is carrying a constitutively expressed lux operon as a chromosomal integration in the sacA
locus (PliaG) and E. coli K12 was transformed with the reporter plasmid pCGLS-11 [51]. B. subtilis and
E. coli cultures were prepared the same way as the membrane integrity assay in MH media supplemented
with 5 pg/mL chloramphenicol and a mixture of 20 pg/mL chloramphenicol and 100 pg/mL ampicillin,
respectively. The continuous light production by these biosensors was monitored in the Synergy H1
Hybrid Reader, and the respective injector was primed with bacterial suspension. Black round-bottom
96-well microtiter plates were prepared with 10 uL of each compound at the final concentration ranging
from 50 to 1.56 pg/mL (two-fold dilutions), including chlorhexidine as a positive control and Milli-Q
water as a negative control. An aliquot of 90 pL bacterial suspension was subsequently added by the
automated injector. As a result of changes in bacterial viability, the decrease in light emission was
monitored every second for 3 min. Each study was performed at least three times independently, and the
figures show a representative dataset.
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3.9. Bacterial Outer Membrane Permeability Assay

The outer membrane integrity assay was performed in a real-time manner using E. coli (ATCC 25922)
and P. aeruginosa (ATCC 27853) as test strains. Externally added N-phenyl-1-napthylamine (NPN,
Sigma-Aldrich, USA) was used as a substrate for the fluorescence to detect light emission. E. coli
colonies were suspended in MH media and grown overnight at RT. Overnight cultures were further
diluted and grown at RT for 2-3 h until they reached ODgoo = 0.5. NPN was added to the bacterial
cultures at a final concentration of 20 uM in glucose 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer (5 mM), and the background fluorescence was measured before the actual assay.
Black round-bottom 96-well microtiter plates were prepared with two-fold dilution series of the
compounds (10 pL per well) at final concentrations ranging from 50 to 1.56 pg/mL. Polymyxin B and
Milli-Q water was used as a positive and negative control, respectively. A Synergy H1 Hybrid Reader
was primed with bacterial suspension before the assay plate was loaded into the plate reader. Aliquots
of 90 uL bacterial inoculum with NPN were successively (well by well) injected into the test wells by
an automated injector. The light (fluorescence) emission, observed because of bacterial outer membrane
disruption, was monitored every second for 3 min. Each study was performed at least three times
independently, and the figures show a representative dataset.

3.10. Induction of Cell Envelope Related Stress Response

Bacterial biosensors strains derived from B. subtilis 168 containing selected promoter-luciferase-
operon fusions were utilized to analyse whether the synthesized peptides induced a mode of action
specific global stress response. Peptides and control antibiotics (bacitracin and vancomycin) in
concentrations ranging from 100-1.6 pg/mL were incubated with each biosensor containing the
respective reporter gene construct. The assays were performed as described by Juskewitz et al. [31]. In
short, fresh colonies were used to inoculate MH medium containing 5 mg/mL chloramphenicol and
incubated at 37 °C overnight. Overnight cultures were first diluted to an ODggo = 0.05 and then grown
until the ODggo reached 0.2. A 384 well plate was preloaded with 2-fold dilution series of peptides and
control antibiotics before adding the cultures of the sensor bacteria. The assay plates were sealed by
Breath-Easy sealing membranes (Sigma-Aldrich) to reduce evaporation and incubated in the Envision
multi-plate reader at 35 °C. Both luminescence and absorbance were monitored every 30 min for a total
of 10 hours. Data was analysed from three individual experiments. Luminescence peaks obtained from
control antibiotics and the peptide samples were compared to evaluate if the peptides initiated a similar
stress response.

3.11. Cloning and Recombinant Expression of ompT

DNA purification, cloning, and transformation were performed according to standard procedures. All
cloning steps were conducted in E. coli DH5a. Genomic DNA isolated from a wild type E. coli strain
(MC4100) was  used to  amplify ompT by the primer pair ompT F
(tacaaataattttgtttaagaattcgattgaatggagaacttttatg) and ompT R
(gaaggcccatgaggcccagactagtgaaattttagttggcgttet) introducing EcoRI and Spel restriction enzyme cutting
sites. The gene was cloned into the plasmid pCSMO0038 under the control of the PBAD promotor. Both,
the PCR product, and plasmid pCSM0038 were double digested with EcoRI and Spel. The restriction
digests were purified on an agarose gel electrophoresis and subsequent cutting out and purification of
the respective bands prior to ligation. The plasmid construct was verified by restriction digests and
Sanger sequencing of the insert. The resulting plasmid was named pHDO0O1. To complement the ompT-
phenotype, BL-21 DE3 competent cells were transformed with pHD0O01.Experiments to determine the
effect of ompT complementation on the MIC and peptide fragmentation were done with the pHDO0O1
complemented BL-21 clones containing ompT under the control of the arabinose inducible PBAD
promoter. Assays were conducted as described for the MIC assays except for overnight cultures, which
were grown in the presence of 100 ug/mL ampicillin. In addition, OmpT expression was induced by the
addition of L-arabinose simultaneously with the peptides to a final concentration of 2 mg/mL.

3.12. Matrix-Assisted Laser Desorption/lonization Time-of-Flight Mass Spectrometry (MALDI-TOF
MS)

MALDI-TOF mass spectra of selected E. coli strains (with/without OmpT protease) treated with the
peptides P6-W6R8 and cP6-W6RS8 were recorded using an Autoflex Speed instrument (Bruker
Daltonics, Germany), containing a 355-nm nitrogen laser for desorption and ionization. Bacterial cells
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(2.5-3 x 10* cells/mL) were mixed with concentrations around MIC (2-16 pg/mL) of the selected
peptides and incubated for 24 h at 37 °C. The matrix for ionization, a-Cyano-4-hydroxycinnamic acid
(10 mg/mL), was dissolved in a standard solvent containing 50% aqueous acetonitrile containing 2.5%
(v/v) TFA by vigorous vortexing. Aliquots (1 pL) from three individual biological test replicates were
mixed with an equal amount of matrix and transferred onto a standard 384 spot MTP target plate. The
samples were allowed to dry before loading into the instrument and subjection to MALDI-TOF-MS
analysis. The instrument was regularly calibrated with a peptide calibration standard (Bruker, mass range
from 700 to 3200 Da) during the analysis. Positive controls (matrix and peptides) and negative controls
(matrix and bacteria) were used to identify peptides and proteolytic fragments thereof. The intensity vs.
mass-to charge (m/z) spectrum was collected at a laser power of 100 mV in reflectior mode, and other
settings were adjusted for the best signal-to-noise ratio. The obtained mass spectra were analyzed using
the flexAnalysis software (v.3.3, Bruker Daltonics). Proteolyic fragments identified to derive from the
antimicrobial peptides, suggests their susceptibility to undergo degradation by the bacterial OmpT
protease.
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Figure S1. UPLC chromatogram of purified linear peptide P6. The peptide purity is 98.43 % based
on the UPLC calculated area under the curves.
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Figure S2. UPLC chromatogram of purified linear peptide P6-K8. The peptide purity is 98.41 %
based on the UPLC calculated area under the curves.
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Figure S3. UPLC chromatogram of purified linear peptide P6-R8. The peptide purity is 98.13 % based
on the UPLC calculated area under the curves.
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Figure S4. UPLC chromatogram of purified linear peptide P6-W6KS8. The peptide purity is 93.67 %
based on the UPLC calculated area under the curves.



Ds_2006202 Diode Array
361 _ Range: 4.031e+1
78782 Area
Time Height Area  Area%.
" 340 71928 1632.93 0.20
3.5e+1 344 68200 175168 0.22)
3061 371 12000 173
3 2069 040
81 %9925 033
2.5e+1
w2 20ett
1.5e+1
1.0e+1:
50 37
sa || a2
o 1752 [ L — —
000 050 100 150 200 250 360 | 850 400 450 500 | 580 600 650 7.00 750 5.00 550 900 950 | 1000

Figure S5. UPLC chromatogram of purified linear peptide P6-W6R8. The peptide purity is 96.84 %

based on the UPLC calculated area under the curves.
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Figure S6. UPLC chromatogram of purified linear lipopeptide Cs-P6-R8. The peptide purity is 99.41 %

based on the UPLC calculated area under the curves.
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Figure S7. UPLC chromatogram of purified linear lipopeptide Cn-P6-R8. The peptide purity is 99.66 %

based on the UPLC calculated area under the curves.
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Figure S8. UPLC chromatogram of purified linear lipopeptide Cu-P6-R8. The peptide purity is 100 %

based on the UPLC calculated area under the curves.
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Figure S9. UPLC chromatogram of purified cyclic peptide cP6. The peptide purity is 100 % based on the
UPLC calculated area under the curves.
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Figure §10. UPLC chromatogram of purified cyclic peptide cP6-R8. The peptide purity is 97.51 % based
on the UPLC calculated area under the curves.
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Figure S11. UPLC chromatogram of purified cyclic peptide cP6-W6R8. The peptide purity is 98.56 %
based on the UPLC calculated area under the curves.
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Figure S12. UPLC chromatogram of purified cyclic peptide cP6-W4R®6,8. The peptide purity is 99.32 %
based on the UPLC calculated area under the curves.
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Figure S13. Kinetics of the effect on viability as measured by relative luminescence in B. subtilis
(pCGLS11) treated with different concentrations of P6, P6-K8, P6-R8, P6-W6KS8, Cs-P6-R8 and Cio-P6-
R8.



cP6 cP6-R8

RLU

0.5
0.0+ 0.0+
] 50 100 150 200 0 50 100 150 200
Time Time
cP6-W4R6,8
— 50 pg/mL
— 25 ug/mL
— 12.5 pg/mL
— 6.3 pg/mL
3.1 yg/mL
— 1.5 pg/mL
o-cI""""'I""""'I""""'I""""'I
0 50 100 150 200

Time

Figure S14. Kinetics of the effect on viability as measured by relative luminescence in B. subtilis
(pCGLS11) treated with different concentrations of c¢P6, cP6-R8 and cP6-W4R6,8.
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Figure S15. Kinetics of the effect on membrane integrity as measured by relative luminescence in B.
subtilis (pCSS962) treated with different concentrations of P6-K8, P6-R8, P6-W6K6, Cs-P6-R8, C10-P6-R8
and C2-P6-R8.
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Figure S16. Kinetics of the effect on membrane integrity as measured by relative luminescence in B.
subtilis (pCSS962) treated with different concentrations of cP6, cP6-R8 and cP6-W4R6,8.
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Figure S17. Kinetics of the effect on viability as measured by relative luminescence in E. coli (pCGLS-
11) treated with different concentrations of P6, P6-K8, P6-R8, P6-W6K8, Cs-P6-R8, C10-P6-R8 and Cr2-

P6-RS.
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Figure S18. Kinetics of the effect on viability as measured by relative luminescence in E. coli (pCGLS-
11) treated with different concentrations of cP6, cP6-R8 and cP6-W4R&6,8.
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Figure S19. Kinetics of the effect on membrane integrity as measured by relative luminescence in E. coli
(pCSS962) treated with different concentrations of P6, P6-K8, P6-R8, P6-W6KS, Cs-P6-R8, C10-P6-R8 and
C2-P6-R8.
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Figure S20. Kinetics of the effect on membrane integrity as measured by relative luminescence in E. coli
(pCSS962) treated with different concentrations of cP6, cP6-R8 and cP6-W4R6,8.
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Figure S21. B. subtilis biosensor with Plial fusion, specific for cell envelope stress, responded by
increased light output compared to the water control, and where the peptides P6, P6-W6R8 and cP6-
W6RS reproducibly induced light output.
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Figure S22. Selected MALDI-TOF MS spectra of E. coli BW25113 and JW0554 AOmpT exposed to the
linear peptide P6-W6R8 or the cyclic peptide cP6-W6RS, or without exposure to peptides. Peptide
fragments detected are shown in red. The series of m/z-values with 129 Da apart (observed in the
bacterial spectra) are probably degradation products of the peptidoglycan layer (loss of pentose rings
and/or glutamic acid)(1, 2).
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Figure S23. Selected MALDI-TOF MS spectra of E. coli BL-21 and BL-21+OmpT exposed to the linear
peptide P6-W6RS or the cyclic peptide cP6-W6R8, or without exposure to peptides. Peptide fragments
detected are shown in red. The series of m/z-values with 129 Da apart (observed in the bacterial spectra)
are probably degradation products of the peptidoglycan layer (loss of pentose rings and/or glutamic

acid)(1, 2).
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Table S1. Theoretical and calculated monoisotopic mass (Da), and theoretical and measured m/z ions
during HRMS of the synthesised peptides.

Monoisotopic mass (Da) [M+2H]* [M+3H]>* [M+4H]*
Peptide Theoretical Calculated Theoretical Measured Theoretical Measured Theoretical Measured
Pé6 1540.9215  1540.9226 771.4680 771.4680 514.6478 514.6481 386.2377 386.2383
P6-K8 15979794  1597.9802  799.9970 799.9966  533.6671 533.6673 400.5021 400.5028
P6-R8 16259855  1626.0196 814.0000 813.9997 543.0024 543.0026 407.5037 407.5043
P6-W6K8 1683.0110 1683.0124 842.5128 842.5123 562.0110 562.0112 421.7600 421.7611
P6-W6R8 1711.0171  1711.0173 856.5158 856.5151 571.3463 571.3465 428.7616 428.7619
Cs-P6-R8 1752.0900 1752.0911  877.0523 877.0516  585.0373 585.0376 439.0298 439.0307
C10-P6-R8 1780.1213  1780.1231 891.0679 891.0677 594.3810 594.3815 446.0376 446.0387
C12-P6-R8 1808.1526  1808.1545 905.0836 905.0831 603.7248 603.7253 453.0454 453.0467
cP6 1523.8950 1523.8955  762.9548 7629548  508.9723 508.9725 381.9810 381.9813
cP6-R8 1608.9590  1608.9600 805.4868 805.4870 537.3269 537.3273 403.2470 403.2474
cP6-W6R8 1693.9906 1693.9910  848.0026 848.0023  565.6708 565.6709 424.5049 424.5053
cP6-W4R6,8 1693.9906  1693.9912 848.0026 848.0023 565.6708 565.6710 424.5049 4245054

Table S2. Purity of synthesized peptides (%) and retention time (min) determined by UPLC using a

reversed phase column.

Peptide Purity (%) Retention time (min)
P6 98.43 3.32
P6-K8 98.41 3.18
P6-R8 98.13 3.20
P6-W6KS8 93.67 3.67
P6-W6RS 96.84 3.61
Cs-P6R8 99.41 4.70
C10-P6R8 99.66 5.16
C12-P6R8 100.00 5.67
cP6 100.00 3.36
cP6-R8 97.54 3.20
cP6-W6RS 98.56 3.76
cP6-W4R6,8 99.32 3.62

Table S3. Antimicrobial activity (MIC in pg/mL) of synthesized peptides against the biosensor strain E.

coli MC1061.

Name Sequence E. coli MC1061
Pe6 GWWRRTVAKVRK-NH, 4
P6-K8 GWWRRTVKKVRK-NH, 4
P6-R8 GWWRRTVRKVRK-NH, 8
P6-W6K8 GWWRRWVKKVRK-NH, 4
P6-W6RS GWWRRWVRKVRK-NH, 8
Cs-P6-R8 Cg-GWWRRTVRKVRK-NH, |8
C10-P6-R8 C10-GWWRRTVRKVRK-NH, |8
C12-P6-R8 C12-GWWRRTVRKVRK-NH, |16
cPé6 ¢ (GWWRRTVAKVRK) 8
cP6-R8 c (GWWRRTVRKVRK) 8
cP6-W6R8 C (GWWRRWVRKVRK) 4
cP6-W4R6,8 C (GWWWRRVRKVRK) Ntt

1 Not tested
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Abstract: Reporter genes are important tools in many biological disciplines. The discovery of novel
reporter genes is relatively rare. However, known reporter genes are constantly applied to novel
applications. This study reports the performance of the bilirubin-dependent fluorescent protein UnaG
from the Japanese eel Anguilla japonicas in live Escherichia coli cells in response to the disruption of
outer membrane (OM) integrity at low bilirubin (BR) concentrations. Using the E. coli wild-type
strain MC4100, its isogenic OM-deficient mutant strain NR698, and different OM-active compounds,
we show that BR uptake and UnaG fluorescence depend on a leaky OM at concentrations of 10 uM
BR and below, while fluorescence is mostly OM integrity-independent at concentrations above 50 uM
BR. We suggest that these properties of the UnaG-BR couple might be applied as a biosensor as an
alternative to the OM integrity assays currently in use.

Keywords: reporter gene; synthetic biology; UnaG; outer membrane; bilirubin; biosensor

1. Introduction

Reporter genes are important tools and are widely used in synthetic biology and cellu-
lar biosensors. Due to the ease of use and signal detection, fluorescent and bioluminescent
reporter genes are utilized in different types of applications. They are usually fused to either
a promoter—operator regulatory sequence or genes of interest and convert biological events
into optically detectable signals, which can easily be read by appropriate instrumentation.
The most common reporter genes currently in use are the green fluorescent protein gfp
from the cnidarian Aequorea victoria [1-3] and the red fluorescent protein rfp from Discosoma
coral [4-6], as well as different luciferases [7-9]. During the last decade, several alternatives
to the traditional fluorescent proteins have emerged, most notably fluorescent proteins
belonging to the fatty-acid-binding protein family, such as UnaG and SmurfP [10], as well
as RNA-based light-up aptamers [11-13] such as spinach, broccoli, and pepper. They all
have in common that they require a fluorogenic ligand for fluorescence, which often must
be provided externally.

In this work, we tried to apply the fluorescent protein from a Japanese eel (Anguilla
japonica), UnagG, for the ligand-dependent labeling of Escherichia coli cells [14]. This protein
belongs to the fatty-acid-binding protein (FABP) family and produces fluorescence by
binding to its ligand bilirubin (BR) (C33H34N40g), a yellow—orange pigment. This molecule
is an antioxidant tetrapyrrole, formed by the breakdown of heme—for example, from
hemoglobin from dead red blood cells in the mammalian body. UnaG and the unconju-
gated BR bind noncovalently, but with high specificity and affinity. This protein has been
successfully used as an imaging tool for live-cell fluorescence microscopy in mammalian
cells [15-17], in yeast [18], as well as in bacteria for anaerobic imaging [19,20], or as a
dark-to-green photoswitchable fluorescent protein for super-resolution imaging [17].

The necessity of ligands is not problematic if the host readily provides the molecules in
sufficient quantities through its inherent metabolism. Therefore, the use of UnaG does not
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require the addition of BR in vertebrate systems. However, when UnaG is used as a reporter
in bacteria, BR must be added externally, and, in the case of cytoplasmic expression of the
protein, BR must pass the cell envelope and plasma membrane. As BR is a hydrophobic
molecule with a size (584.7 Dalton) close to the exclusion threshold of outer membrane
(OM) porins (ca. 600 Daltons) [21], sufficient access to BR inside the cell might be a limiting
factor when expressed in Gram-negative bacteria. On the other hand, ligands, fluorophores,
and enzyme substrate exclusion by cellular barriers such as the OM or plasma membrane
can be used in assays or cellular biosensors to evaluate barrier integrity. This principle is
used, for instance, in live-dead assays based on the fluorophores [22,23], where plasma
membrane disruption is probed by propidium iodide access to the nucleic acids in the
cytoplasm. Similarly, the exclusion of D-luciferin of intact plasma membranes is used in
assays for plasma membrane integrity [24].

Several methods that are used to study the permeabilization of the OM of Gram-
negative bacteria are based on similar principles—for instance, the use of the fluorescent
probes 1-N-phenylnaphthylamine (NPN) [25-29] or 8-anilino-1-naphthylenesulfonic acid
(ANS) [27,30], and ethidium bromide (EtBr) in a different assay [31], and spectrophoto-
metric assays based on periplasmic (3-lactamase activity and cytoplasmic 3-galactosidase
and the activation of respective enzyme-activated dyes [32]. In addition, GFP exported
to the periplasm of Gram-negative bacteria has been used to assess damage to the OM in
microscopy-based assays [33]. The latter principle has been further applied to multi-color
fluorescent flowcytometry assays with GFP localized in the cytoplasm and mCherry in the
periplasm [34,35]. The currently most widely applied approach seems to be the use of the
fluorescent probe NPN.

The toxicity of ligand, substrate, or probe to the cells of interest might negatively affect
experiments or limit the usability for end point measurements rather than real-time assays.
For example, a common assay for the evaluation of membrane potential in bacteria is based
on the fluorescent dye DiOC2 [36]. The dye itself is cytotoxic and is therefore only used
in end point assays. It has been found that also BR affects bacterial viability in the gut. A
study by Nobles et al. [37] showed that BR can have a positive effect on the Gram-negative
bacteria by protecting them from reactive oxygen species (ROS) but also a negative effect
on Gram-positive bacteria by disrupting the plasma membrane at concentrations of at least
100 pM.

In this study, we show that UnaG-dependent fluorescence in living E. coli cells depends
on OM disruption under the in vitro conditions that we tested when BR is added externally
at relatively low concentrations.

2. Materials and Methods
2.1. Media and Growth Conditions

For cloning, E. coli strains were routinely grown in Luria-Bertani (LB) broth at 37 °C
with aeration. For fluorescence measurements, the bacteria were grown in Mueller-Hinton
(MH; Merck, Darmstad, Germany) broth medium at room temperature (RT) over-night,
which was then diluted 1:100 in MH broth medium and grown to an ODggg of approxi-
mately 0.5 at RT. To avoid a fluorescence background, after centrifugation at 3000 x g for
5 min, the bacteria pellet was washed by careful pipetting in 0.9% NaCl solution, 0.9%
NaCl solution with 20 mM Tris HCI pH 7.5, phosphate-buffered saline (PBS), or 5 mM
HEPES butffer (Sigma-Aldrich, St Louis, MO, USA), free of bilirubin (BR), before measuring
fluorescence. Then, 1 mM BR (Sigma-Aldrich, St Louis, MO, USA) stocks were created in
dimethyl sulfoxide (DMSO; Sigma-Aldrich, St Louis, MO, USA). Different concentrations
of ampicillin (Merck KGaA, Darmstad, Germany), 100 pg/mL and 5 ug/mL, were used for
the plasmid selection in E. coli MC4100 and NR698, respectively.

2.2. Bacterial Strains and Plasmids

In this study, we used the isogenic E. coli K-12 strains MC4100 and NR698. To express
UnaG constitutively in the cytoplasm, the plasmid pMMO001 (Figure S11 and Sequence S1)
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was designed and then synthetized through Invitrogen GeneArt Gene Synthesis (Ther-
mofisher, Waltham, MA, USA) with codon optimization for E. coli. In this plasmid, the
synthetic construct UnaG [14] is expressed from the constitutive OBX15 promoter [38].
The strain NR698 was constructed by Ruiz et al. [39], where the permeability of the OM
increases by introducing the imp4213 allele of E. coli BE100 [40] into the E. coli MC4100. This
in-frame deletion of the imp gene, which encodes an essential protein of the OM assem-
bly, results in a loss of OM integrity. For the membrane integrity assay, the strains were
transformed with plasmid pCSS962 containing a constitutively expressed gene, LucGR [24].

2.3. Transformation

Competent E. coli MC4100 and NR698 were prepared by the transformation and
storage solution (TSS) method [41]. Here, 100 pL of the competent strain was transformed
with 100-500 ng plasmid. Cells were incubated at 37 °C, with agitation for 1 h, before being
spread on LB agar plates with the appropriate antibiotics and incubated at 37 °C overnight.

2.4. Fluorescence Detection

A Synergy H1 Hybrid Reader (BioTek, Winooski, VT, USA) was used to measure the
UnaG fluorescence of bacterial populations. To avoid excessive background fluorescence,
the monochromator was set to an excitation wavelength of 508/8 nm and an emission
wavelength of 538/8 nm, and fluorescence was measured in 30 s intervals at RT (the
temperature inside the device was at 25.5 °C, slightly above ambient, throughout the
measurements). The gain was kept at 100 in all experiments. Then, 90 uL of the bacterial
suspension was added to a black round-bottom 96-well microtiter plate (Nunc, Roskilde,
Denmark). BR and outer- and plasma-membrane-active compounds were added to the
indicated concentrations. The following compounds were used: polymyxin B sulfate (PMB;
Sigma-Aldrich, St Louis, MO, USA), polymyxin B nonapeptide (PMBN; GLPBIO, Montclair,
CA, USA), chlorhexidine acetate (CHX; Fresenius Kabi, Halden, Norway). BR-free bacterial
suspension served as the background, with water instead of PMB as a negative control.
Data were processed with GraphPad Prism 9 software version 9.5.0 (GraphPad Software;
Boston, MA, USA).

2.5. NPN Assays for Outer Membrane Integrity

The increased permeability of the OM was analyzed by measuring increased fluo-
rescence as kinetics of 1-N-phenylnaphthylamine (NPN) uptake following the protocol
described by Helander and Mattila-Sandholm [42]. Briefly, E. coli MC4100 and NR698
were grown overnight in MH broth medium. The cultures were further diluted and grown
to ODgqp 0.5, rinsed once using centrifugation at 3000x g for 5 min, and suspended in
5 mM HEPES buffer supplanted with 5 mM glucose (pH 7.2) and diluted to ODg 0.5.
NPN was added to a concentration of 20 uM containing 1 mL of cell suspension in HEPES
buffer immediately prior to fluorescence monitoring using 96-well black-bottom microtiter
plates. After 10 uL of the permeating agent was added to 90 uL of the cell suspension
with NPN, fluorescence was measured using a microplate reader with excitation and emis-
sion wavelengths set to 350 and 420 nm, respectively. For the NPN OM assay with BR,
E. coli cells were grown, harvested, and suspended as described above, before they were
preincubated with different concentrations of BR for 10 min. BR-treated cells were washed
once and resuspended in HEPES buffer, followed by the addition of NPN to obtain a final
concentration of 20 uM for the measurement of fluorescence for 15 min.

2.6. Luminescence Assays for Plasma Membrane Integrity

The E. coli strains MC4100 and NR698 constitutively expressing the luciferase LucGR
from the pCSS692 plasmid were cultured overnight in MH broth medium supplemented
with 5 pg/mL chloramphenicol (Merck KGaA, Darmstad, Germany) for E. coli NR698
and 20 pg/mL for MC4100. New day cultures were made by 1% inoculation in MH
broth medium and incubated at RT with aeration until the ODggy reached 0.5. The final
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concentration of D-luciferin potassium salt (Synchem Inc., Elk Grove Village, IL, USA) in
the medium was 2 mM.

The real-time membrane integrity assay was modified from a previously described
protocol for the membrane integrity assay [24]. This assay was performed on different
strains of E. coli, including the wild-type (WT) MC4100 and the OM-deficient NR698 strains.
The LucGR protein is dependent on its substrate D-luciferin to emit luminescence. PMB at
a final concentration of 10 pg/mL was used as a positive control. Milli-H,O was used as a
negative control.

All values were normalized to the water control for the normalization of the lumines-
cence. Data were processed with GraphPad Prism 9 software.

2.7. Microscopy

Suspensions of UnaG-expressing E. coli strains MC4100 and NR698 in PBS buffer were
prepared as described earlier. Sample preparation was identical as for the assays in the
plate reader in PBS. First, 5 puL of bacterial suspension was transferred onto a microscopic
slide and covered with a cover slip for immediate microscopic analysis. Fluorescence was
analyzed at several time points after the addition of BR to 5 uM and PMB 10 ug/mL with a
Leica DM6000B fluorescence microscope and an excitation light source, a Leica CTR6000,
with the filter system Cube I3 DM 513828. Fluorescence was documented with a camera, a
Leica DFC7000T, attached to the microscope. Identical camera settings were applied for
all images taken. The imaging software used for image analysis was the Leica application
suite LAS X, where identical settings for contrast enhancement were applied to the original
micrographs. In addition, the brightness of the fluorescent images as a whole was increased
to 150% in Photoshop CS6 version 13.0 (Adobe; San Jose, CA, USA) for better on-screen
visibility. The original figure without enhanced brightness is supplied as Figure S12.

3. Results and Discussion
3.1. UnaG Fluorescence in Complex Growth Media

To evaluate the fluorescence of UnaG expressed from a plasmid-based, constitutive
promoter construct (pMMO001) in the wild-type (WT) strain E. coli MC4100, the bacteria were
grown in either MH or LB broth medium, two different complex media typically in use
for different purposes and assays in our laboratory. Green fluorescence was analyzed after
incubation in the presence of 5 uM BR. However, within the 15 min measurement window,
no UnaG/BR-dependent increase in fluorescence was observed (Figure 1a). In addition, the
background fluorescence of complex media is very high. It has been speculated that BR is
excluded from entering bacterial cells by the wall of Gram-negative bacteria [43]. Therefore,
we tried to compromise the OM with PMB, which is known to affect OM integrity [44].
Again, the addition of PMB did not result in an increase in UnaG-dependent fluorescence.

3.2. The Effect of Different Buffers and Solutions on UnaG Fluorescence Signal-to-Noise Ratio after
Membrane Disruption

To investigate whether the background fluorescence of complex media might cam-
ouflage any UnaG-dependent changes in fluorescence, we measured the fluorescence of
the bacteria suspended in different buffers and solutions, which are often used with vi-
able cells. Again, the WT strain E. coli MC4100 carrying the plasmid pMMO001 was tested
for UnaG-specific fluorescence. In addition, the influence of bacterial concentrations on
signal-to-noise ratios was evaluated by testing the fluorescence of the bacterial suspension
in HEPES buffer and in 0.9% NaCl solution at an ODggg of 0.1, 0.3, 0.5, 0.7, and 1.0. The
signal-to-noise ratio seemed to increase with increasing cell concentrations until an ODgq of
0.5. Above this concentration, the fluorescence ratio of PMB+BR-treated cells to BR-treated
cells stabilized (Figure S13). Hence, an ODyg of 0.5 was chosen for further experiments.
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Figure 1. Relative fluorescence of UnaG in live E. coli cells is affected by the fluorescent background
and the cell envelope active peptide polymyxin B (PMB). Relative fluorescence of E. coli MC4100
constitutively expressing UnaG from pMMO01 after 15 min exposure to 5 uM bilirubin (BR) and
10 pg/mL of PMB in (a) MH medium or LB medium; (b) buffers and solutions, at an ODgq of 0.5.
Relative fluorescence values are blanked to the respective control without BR. Each data point is the
mean of three independent measurements.

Figure 1b shows the comparison of the relative fluorescence emission of UnaG in the
different buffer conditions at an ODgqg of 0.5, after 15 min in the presence and absence of
PMB at a final concentration of 10 pg/mL. The relative fluorescence was blanked to the
background fluorescence in the absence of BR in each buffer/solution. Overall, the relative
fluorescence of UnaG is strongest in cells treated with PMB when the cells are resuspended
in PBS and HEPES, while the fluorescence increase in response to PMB treatment is most
pronounced in 0.9% NaCl solution. In all tested conditions, the fluorescence increased at
least two-fold after the addition of PMB, while the increase in 0.9% NaCl solution was
approximately five-fold. The individual differences in UnaG fluorescence between the
independent replicates resulted in a relatively high standard deviation. At the same time,
the fold changes in all individual measurements were always largest when conducted
in 0.9% NaCl solution. Comparing the effect of PMB on fluorescence in complex media
with corresponding data in buffers and solutions clearly indicated that the complex media
affected the PMB-induced UnaG fluorescence (Figure 1a,b). Therefore, 0.9% NaCl solution
was chosen for further experiments. This difference in fluorescence in response to PMB
might be explained by the OM being impermeable to BR at these low concentrations.
However, PMB also affects the membrane permeability of the plasma membrane, and, in
our construct, UnaG was expressed and localized in the cytoplasm.
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3.3. Outer-Membrane-Dependent Uptake of Bilirubin

To determine whether the fluorescence increase after the addition of PMB was caused
by OM damage, the OM-deficient E. coli strain NR698 was transformed with pMMO001.
To study the effect of this OM deficiency on BR uptake, we compared the fluorescence
kinetics of this mutant and its isogenic WT strain E. coli MC4100, both carrying the pMMO001
plasmid. Figure 2a illustrates that the addition of BR alone immediately increases the
fluorescence only in NR698, while the fluorescence of MC4100 remains at a constant low
level. Within the 15 min measuring window used in this experiment, the fluorescence in the
OM-deficient strain increases to four-fold compared to the WT strain. The addition of PMB,
on the other hand, increases the relative fluorescence in the WT two-fold. Interestingly,
the fluorescence of the OM-deficient strain also increases and stabilizes at approximately
five-fold after the addition of PMB. This might be caused by the effect of PMB on the plasma
membrane or additional damage to the OM. Moreover, when extending the measurement
window to 3 h, the fluorescence of MC4100 stays at a low level, while the fluorescence of
NR698 is constantly rising (Figure 2b).
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Figure 2. E. coli outer membrane (OM) integrity affects UnaG fluorescence. Kinetics of UnaG
fluorescence in E. coli wild-type (WT) strain MC4100 (solid shades of green) and the isogenic E. coli
OM-defective mutant NR698 (dashed shades of red) after (a) 15 min exposure of 10 pug/mL PMB and
subsequent addition of 5 tM BR (dark shades) or 5 uM BR only (light shades); (b) 3 h exposure of
5 uM BR only. The data points represent three independent measurements normalized to the negative
control of MC4100 in the presence of BR only. The mean is represented by the line of the same color.

The results indicate that the OM indeed excludes BR from entering the cells as only
the OM-compromised cells allow for the emission of fluorescence, either by mutation
(NR698) or a permeabilizing agent (PMB). This seems to confirm the prediction by Chia
et al. that the impermeability of bacterial cell walls to BR limits the use of UnaG to
outer cell wall targets [43]. This might be caused by the size of BR as the exclusion
threshold of OM porins is around 600 Daltons [21] and the molecular weight of BR is
584.7 Daltons. Possibly, BR is also actively removed from the cells with the help of efflux
pumps. However, these experiments were conducted at relatively low concentrations
of BR. At higher concentrations of BR, a rapid and concentration-dependent increase
of fluorescence could be observed in the absence of compounds affecting OM integrity
(see Figure S3 in Supplementary Materials), which coincides with the results from the
original study in E. coli [14] and studies conducted in anaerobic conditions with different
Bacteroidetes species [43] at 200 pM and 25 uM, respectively. We were not able to rule out
or confirm that BR itself has an OM-permeabilizing effect at higher concentrations, as its
absorbance spectrum interferes with the NPN-based fluorescence. To exclude any major
damage to the OM by BR, we also conducted synergy studies incubating both strains in
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Minimum Inhibitory Concentration (MIC) assays with different combinations of BR and
erythromycin or vancomycin. These antibiotics are efficiently excluded by the OM and
therefore render Gram-negative bacteria relatively insensitive, compared to Gram-positive
bacteria [45-48]. While the NR698 was sensitive to all antibiotic concentrations tested,
MC4100 did not become more sensitive in the presence of BR. On the contrary, the highest
BR concentrations seemed to reduce sensitivity at the MIC (see Table S1 in Supplementary
Materials). This observation seems to be in accordance with BR protecting E. coli against
oxidative stress, as shown in earlier studies [37].

3.4. Confirming Outer Membrane Integrity by NPN Assays

To confirm the hypothesis that the OM is responsible for BR exclusion at low concentra-
tions, we wanted to test the differences in OM integrity in both strains with the fluorescent
probe 1-N-phenylnapthylamine (NPN), which is often used in OM integrity assays [25-29].
In addition, we confirmed the effects of PMB and EDTA on the OM of these E. coli strains.
As mentioned above, PMB is known to disrupt the LPS layer of Gram-negative bacteria.
NPN is a small hydrophobic molecule (219 Da) that cannot effectively cross the OM and
fluoresces only weakly in aqueous solution but strongly when it is in close contact with
phospholipid (PL) moieties, which become exposed in response to OM damage. When
we compared the background fluorescence taking the same number of cells, the WT strain
with intact OM (MC4100) produced weaker fluorescence than the strain with deficient
OM (NR698). This difference in fluorescence decreases over time, since the fluorescence
intensity of the OM-compromised strain decreases over time, as shown in Figure 3. It seems
that NPN can easily access the periplasmic space and bind to the PL of the OM and outer
leaflet of the inner membrane when the OM is compromised.
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Figure 3. E. coli MC4100 and NR698 cells were used to detect fluorescence resulting from OM
permeability to the small hydrophobic molecule 1-N-phenylnapthylamine (NPN). The data points
represent two (MC4100, solid shade of green) or three (NR698, dashed shade of red) independent
measurements normalized to the water-treated control (bacteria in 5 mM HEPES buffer). The mean is
represented by the line of the same color.

We then compared the effect of different OM-active compounds on the NPN fluores-
cence of both strains (Figure 4). MC4100 treated with 10 nug/mL PMB fluoresced almost
six-fold more compared to the non-treated control, whereas CHX and EDTA showed a four-
fold increase in fluorescence at the 2 min point, which is usually used for OM effects in the
NPN assay [25,26]. It is worth noting that MC4100 became slightly more fluorescent in the
presence of 10 pg/mL PMB and 5 mM EDTA than NR698 alone, even though a 1.5-2-fold
increase in fluorescence was observed when NR698 cells were treated with 10 pug/mL PMB.
However, MC4100 cells were less permeable when treated with 100 ng/mL CHX, which
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is known to be a strong membranolytic agent with an immediate effect on the viability of
bacterial cells, although its OM activity at a sub-MIC level has not been established yet. In
our assay, the higher fluorescence values in the NR698 strain with porous OM indicated
that NR698 was already more permeable to NPN and reached its higher saturation level in
the absence of membrane permeabilizers.

50
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oA (]

S & <> + o,q’ \ag "\'

S Q'b ég& &'

Normalised NPN fluorescence

Figure 4. Relative NPN fluorescence in response to different membrane- and OM-active compounds.
The permeability of the OM was assessed by measuring the fluorescence of NPN in both E. coli strains
(MC4100 and NR698) after 2 min in the presence of 10 ug/mL PMB, 5 mM EDTA, or 100 pug/mL
chlorhexidine (CHX). The fluorescence emission was plotted after normalizing all the samples to the
bacteria in 5 mM HEPES buffer.

3.5. Bilirubin Uptake Is Mostly Independent of Plasma Membrane Integrity

To evaluate the plasma membrane integrity of the mutant strain NR698 and the
isogenic WT MC4100, we transformed both strains with plasmid pCS5962 coding for a
constitutively expressed eukaryotic luciferase LucGR. This construct was used to evaluate
the integrity of the plasma membrane [24]. In addition, we wanted to confirm that a
derivative of PMB, the PMB nonapeptide (PMBN), did not affect the plasma membrane
of either strain at 10 ng/mL, as we planned to use it as an example for a substance
specifically damaging the OM. This peptide is described to be highly specific for the efficient
perturbation of the OM and affects the plasma membrane only at high concentrations [49].
The integrity of the plasma membrane of E. coli MC4100 and NR698 (Figure 5) was tested
in response to PMB and PMBN at a concentration of 12.5 pg/mlL, and the kinetics of the
bioluminescence of the protein LucGR was measured for 10 min after the addition of each
compound. The luminescence increased directly after the addition of PMB in both strains.
This indicates that the plasma membrane is compromised, allowing D-luciferin to diffuse
into the cells and the enzyme to emit luminescence. PMBN, on the other hand, did affect
luminescence to a lower extent in either strain at the tested concentration. Furthermore, the
luminescence stabilized to a level similar to the non-treated control, confirming that plasma
membrane integrity is not severely perturbed by PMBN in either E. coli strain and that
the plasma membrane of the mutant NR698 in the absence of antimicrobial compounds
is still excluding D-luciferin. As BR itself has earlier been described to affect membrane
stability [37,50-52], we also analyzed how different concentrations of BR affect plasma
membrane integrity. Although the highest concentration of BR resulted in a two-fold
increase in luminescence in MC4100, the luminescence levels did not reflect the same
pattern as known for membrane-active compounds (see Figures 5S4 and S5). We also
tested different concentrations of BR against an E. coli viability sensor based on the lux
operon, without observing a concentration-dependent specific effect apart from partial light
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absorption by bilirubin (see Figures 57 and S8). This is also in agreement with MIC studies
conducted earlier, where BR, even at the highest concentrations tested, did not inhibit
growth [53], and which we have confirmed in our lab for both strains used in this study.
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Figure 5. Effect of PMB and PMBN on plasma membrane integrity of E. coli MC4100 and NR698.
Luminescence kinetics of LucGR in E. coli MC4100 (solid shades of green) and E. coli NR698 (dashed
shades of red) in response to the presence of 12.5 pg/mL PMB (light color) or polymyxin B nonapep-
tide (PMBN) (dark color) and due to D-luciferin influx caused by plasma membrane permeabilization.
The data points represent three independent measurements normalized to the negative control in
the presence of D-luciferin only. The mean is represented by the solid line of the same color. An
initial luminescence increase represents membrane permeabilization, the subsequent luminescence
decrease represents ATP depletion due to bacterial cell death because of lost membrane integrity,
while luminescence stabilization on the level of the control indicates survival of the main population
with limited or no plasma membrane damage.

3.6. Is UnaG a Suitable Sensor for Outer Membrane Damage?

To evaluate whether UnaG-expressing E. coli strains could be used as indicators of OM
damage, the effect of PMBN on UnaG fluorescence, and therefore BR diffusion through the
OM, was tested. E. coli MC4100 was subjected to PMB and PMBN carrying the plasmid
pPMMO01 with the constitutively expressed UnaG gene. Figure 6 shows the kinetics of the
fluorescence increase after the addition of 10 ng/mL of either peptide. It is evident that both
peptides substantially increase the fluorescence. As we showed earlier that the PMBN does
not seem to have a major effect on plasma membrane integrity at the tested concentration,
this effect is specific for OM damage. However, as studies with Bacteroidetes [19] grown
anaerobically have shown that BR is taken up by the cells when provided with the growth
medium over time, use of the UnaG-BR combination might require strict control of the
assay conditions. Although there are already several different assays to test OM damage, in
some cases, there might be advantages of using UnaG in combination with BR. Interestingly,
the long-term stability of the system over several hours (Figure 2b) suggests a possible
application of the system in assays with living bacterial biosensors for the longer-term
monitoring of OM integrity in real time.
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Figure 6. Both the OM-active PMBN and PMB induce UnaG fluorescence in the presence of BR, but
show differences in the kinetics over time. The 30 min fluorescence kinetics of UnaG in E. coli MC4100
after exposure to 10 pg/mL PMB and 5 uM BR (medium green), 10 pg/mL PMBN and 5 uM BR (dark
green), or 5 uM BR only (light green). The data points represent three independent measurements
normalized to the negative control in the presence of bacteria only. The mean is represented by the
solid line of the same color.

To test this hypothesis, the fluorescence of E. coli MC4100 carrying the plasmid
pMMO001 was measured for 10 h in the presence of different concentrations of compounds
that are known or suspected to show OM-disrupting activity, plasma-membrane-disruptive
activity, or both. PMB has been described to affect the integrity of Gram-negative mem-
branes [44,54], while its derivative PMBN seems to permeabilize the OM down to concen-
trations around 1 pg/mL [55] and it does not seem to affect plasma membrane activity at
12.5 ug/mL (compare Figure 5); hence, its permeabilizing activity is likely exclusively affect-
ing the OM at concentrations between 1 and 10 pM. Here, we show that PMB induces UnaG
fluorescence only at the lowest concentration tested (2.5 pg/mL), while PMBN-induced
fluorescence is up to three-fold higher at all concentrations tested, including 10 uM. The
fluorescence intensities of bacteria treated with PMBN resemble the fluorescence intensity
of the OM mutant NR698. The concentration-dependent fluorescence of PMB might be
explained by its bacteriostatic effect at low concentrations and its bactericidal effect at
high concentrations [54]. Chlorhexidine (CHX), on the other hand, only slightly induces
fluorescence at the tested concentrations, while both PMB and CHX permeabilize the
plasma membrane at the higher concentrations. This possibly indicates that CHX attacks
the OM to a lesser extent, with the plasma membrane being the main target. In addition,
we tested two recently described cyclic antimicrobial peptide (Turgencins) derivatives, the
peptide analogue cTurg-2 as well as the lipopeptide analogue Cyp-cTurg-1 [56], against
the prospective UnaG-based biosensor. Again, the fluorescence levels in response to the
analytes varied. Cyp-cTurg-1, which was previously described to disrupt both the plasma
membrane and OM, causes an increase in UnaG fluorescence at both concentrations tested,
while the observed fluorescence is more than two-fold stronger at the lower concentration.
cTurg-2, on the other hand, was described as mostly OM-active and, in its presence, UnaG
fluorescence rose to above the level of the lower concentration of Cj-cTurg-1 at both
concentrations tested (Figure 7). This might indicate that cTurg-2 is indeed mostly active
against the OM. NPN assays conducted for chlorhexidine published previously [56], and
related unpublished data on PMB and the Turgencin derivatives summarized in Figure 7b,
all show increasing fluorescence with increasing concentrations of active analytes. The
NPN assay seems to quantify the combined membrane damage of both the OM and the
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Relative Fluorescence Units

plasma membrane. Therefore, the fluorescence intensity tends to increase with increasing
analyte concentrations as opposed to the UnaG-based fluorescence, which decreases with
increasing analyte concentrations. It is tempting to speculate that plasma-membrane-active
compounds kill the bacterial cells due to plasma membrane permeabilization at and above
the MIC. Loss of viability shuts down all cellular metabolism, including protein/UnaG
synthesis. On the other hand, OM-active compounds such as PMBN will not damage the
plasma membrane and cells stay alive, constantly expressing UnaG, with BR diffusing
through the compromised OM as it is bound to the protein in the cytoplasm. The steady
fluorescence increases over 10 h is represented in the kinetic fluorescence curves shown
in Figures S9 and S10 for all the compounds tested. Therefore, we propose that this sen-
sor construct could be used in assays to identify outer membrane active compounds as
illustrated in Figure 8.
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Figure 7. Comparison of relative fluorescence readouts of the proposed UnaG-based OM integrity
biosensor and the traditional NPN assay in response to membrane damage. Representative flu-
orescence values from three independent measurements are shown. (a) Fluorescence of MC4100
constitutively expressing UnaG from pMMO001 in 0.9% NaCl 10 h after addition of 5 uM BR and
indicated concentrations of OM- or plasma-membrane-active compounds. The measurements were
blanked to the respective control without BR. (b) Normalized fluorescence in presence of NPN and
different concentrations of OM- or plasma-membrane-active compounds in 5 mM HEPES after 3 min
to the MC4100 control with NPN and only water.



Biosensors 2023, 13, 232

12 of 16

Bilirubin

E. coliMC4100

Ex/Em A: 508/538

_____ - UnaG —
| Negative control

Fluorescence

y Time
Addition ofOM\b
permeabilizer
Q
2
8
g
=]
3
™S
Time

Figure 8. Schematic of the use of the reporter protein UnaG as an OM permeabilization whole-cell
biosensor. Created with BioRender.com (accessed on 6 December 2022).

3.7. Is There a Variation in the OM Effect within the Population?

To rule out the possibility that a minor subpopulation is responsible for the increase
in fluorescence in response to treatment with OM-disrupting agents observed by the
experiments in the plate reader, samples treated in a similar fashion with PMB were
analyzed under a fluorescence microscope. Several fluorescent microscope images of
the different suspensions of UnaG-expressing E. coli strains MC4100 and NR698 in PBS
were taken at two different time points after exposure to PMB at 10 pg/mL and BR at
5 uM or BR only (Figure 9). The bacteria were planktonic, viable, and freely moving
in the buffer. Therefore, the exposure time could not be increased to achieve brighter
images as the moving bacteria resulted in blurry images; this is also visible as a slight
positional change between phase contrast and fluorescent images. The fluorescence of the
WT MC4100 after exposure to BR was significantly lower compared to the fluorescence
after exposure to BR and PMB. Moreover, fluorescence seemed to be mostly constant
throughout the population in the focal plane. The effect of PMB was detectable 5 min after
its addition. As expected, the fluorescence was significantly lower in the WT compared
to the OM-deficient strain when exposed to BR only. This confirms the results observed
with PMB performed in the plate reader and indicates that the observed fluorescence is
due to the relatively equal fluorescence of the whole population, rather than strongly
fluorescent subpopulations. However, an earlier study used the protein UnaG for the
imaging of anaerobic bacteria without any OM-disrupting agent [19]. In their study, the
concentration of BR in the medium was 25 uM—a concentration only five-times higher
than used in this study. Therefore, higher concentrations of BR might increase the diffusion
rate to an extent, where sufficient BR molecules accumulate inside the cytoplasm to induce
fluorescence also in the absence of OM permeabilizers. It is important to note that this
microscopic study was conducted before deciding on the use of 0.9 % NaCl solution as
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the medium of choice for conducting experiments, and it was conducted in PBS. More
importantly, in the microscopic study, PMB was used as the OM-permeabilizing agent at
10 pg/mL. We later showed, in microtiter plate assays, that the addition of PMBN or PMB
at 2.5 ug/mL resulted in substantially higher fluorescence emission than PMB at 10 ug/mL,
indicating a more OM-specific effect (Figures 7 and S9). However, in the presence of
BR, the untreated OM-compromised NR698 strain emitted strong fluorescence, which was
independent of any compromising agents used, and it can therefore serve as a benchmark to
compare fluorescence between the assays conducted in the plate reader and the microscopic
observations. In conclusion, the microscopic images show that the fluorescence throughout
the treated and untreated populations seems to be mostly homogenous and confirms that a
breach in OM integrity is necessary for strong fluorescence.

MC4100 NR698
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5 min - — — — . — . —
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PH

BR + PMB BR BR + PMB

Figure 9. PMB induces population-wide fluorescence of UnaG-expressing E. coli cells. Fluorescence
images of E. coli MC4100 and NR698 at time points of 5 min and 15 min after exposure to BR
(5 uM) (BR) or BR and PMB (10 pg/mL) (BR + PMB) at x400 magnification. The images were taken
with the phase contrast (PH) and with fluorescence (F) through the software LAS X. The scale bars
represent 25 pm. For better visibility on all monitors, the brightness of the fluorescent pictures (F)
was equivalently increased to 150 with Adobe Photoshop CS6 version 13.0.

4. Conclusions

UnaG fluorescence in E. coli is completely dependent on the external addition of its
ligand BR. At concentrations of 50 pg/mL and above, the presence of BR alone ensures
the sufficient diffusion of BR through the cell envelope for maximal fluorescence in live
cells. At low concentrations of BR (5 pg/mL), diffusion and subsequent fluorescence is
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dependent on OM disruption. Furthermore, BR does not seem to affect plasma membrane
integrity or the survival of E. coli cells negatively. Therefore, the UnaG-BR couple might be
used as a real-time reporter system in OM integrity biosensors, especially in cases where
non-immediate activity and/or OM-specific activity needs to be detected over an extended
period, beyond the 2 min mostly used for NPN-based assays. Due to the relatively simple
setup, the system might be used as a biosensor that can distinguish OM from OM- and
plasma-membrane-active compounds in high-throughput screening applications.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/bios13020232/s1, Figure S1: NPN kinetics in response to different per-
meabilizing analytes; Figure S2: The dose-dependent short-term effect of PMB and PMBN on UnaG
fluorescence kinetics; Figure S3: Fluorescence kinetics of UnaG of E. coli MC4100 after exposure of
different concentrations of BR; Figure S4: Luminescence kinetics of LucGR in E. coli NR698 after
exposure of different concentrations of BR; Figure S5: Luminescence kinetics of LucGR in E. coli
MC4100 after exposure of different concentrations of BR; Figure S6: Plasma membrane remains
intact after exposure to PMBN; Figure S7: No effect of BR concentrations on short-term viability of
E. coli MC4100; Figure S8: E. coli NR698 stays alive after exposure to different BR concentrations;
Figure S9: Long-term fluorescence kinetics of the proposed OM biosensor to well-known model
peptides; Figure 510: Long-term fluorescence kinetics of the proposed OM biosensor to novel cyclic
peptide derivatives; Figure S11: Map of the plasmid pMMO001 (Benchling.com; accessed on 2 Decem-
ber 2022); Figure S12: PMB induces population-wide fluorescence of UnaG-expressing E. coli cells;
Figure S13: The influence of bacterial density on UnaG fluorescence; Table S1: Antimicrobial activity
(MIC in pg/mL); Sequence S1: DNA sequence of the plasmid pMMO001.
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Japanese Eel UnaG Protein in Live Escherichia coli Cells
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Methods
Minimum inhibitory concentration (MIC) assay

Stock solutions of Bilirubin and further dilutions were prepared by dissolving them
in 100% DMSO. The final DMSO concentration remained 2% in all the concentration of
each antibiotic, Bilirubin or DMSO alone. A modified broth microdilution susceptibility
assay, based on the CLSI M(07-A9 protocol, was used to determine minimal inhibitory
concentrations (MIC) [!]. Briefly, overnight bacterial cultures were grown in Mueller-Hin-
ton (MH) medium (Difco Laboratories, USA) for 2 hours at room temperature. The bacte-
rial inoculum was diluted to 5 x 10 cells/mL in MH medium and added in 96-well plates
(Nunc, Roskilde, Denmark) preloaded with two-fold dilution series of Bilirubin (200 to 1.6
puM) and antibiotic solutions (64 to 0.5 pg/mL) in a ratio of 1:10 giving a final well volume
of 100 uL with bacterial inoculum. The microplates were incubated in an EnVision 2103
microplate reader (PerkinElmer, Llantrisant, UK) at 35 °C, with ODsss recorded every hour
for 24 h. The minimal inhibitory concentration (MIC) value was defined the lowest con-
centration of antibiotics either in presence or absence of Bilirubin showing an optical den-
sity less than 10% of the negative (growth) control, consisting of bacteria and MQ- water.

Bacterial viability assay (luminescence based)

The E. coli strains MC4100 and NR698 were transformed with plasmid pCGLS-11 [?]
expressing a luxCDABE operon from a constitutive promoter. Both strains were cultured
overnight in MH broth medium supplemented with 100 and 5 pg/mL Ampicillin (Merck
KGaA, Darmstad, Germany), respectively. New day cultures were made by 1% inocula-
tion in MH broth medium and incubated at RT with aeration until the OD600 reached 0.5.
This was changed from earlier use of the viability assay to adjust the cell density to the
UnaG assays. To evaluate the effect of Bilirubin on bacterial viability the luminescence
values were normalized to the DMSO control to account for DMSO related increase of
luminescence. Data were processed with GraphPad Prism 9 software.

Figures and tables
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Figure S1. NPN kinetics in response to different permeabilizing analytes. E. coli MC4100 (a) and
NR698 (b) cells were used to detect fluorescence as a result of outer membrane (OM) permeabiliza-
tion to the small hydrophobic molecule 1-N-phenylnapthylamine (NPN). Fluorescence emission
normalized to the water treated control (bacteria in HEPES buffer) is plotted as NPN uptake over
time (min).

Table S1. Antimicrobial activity (MIC in pg/mL)

MIC (ug/mL)
Antibiotic MC4100 NR698
Vancomycin in 2% DMSO 64 0.25-0.4
Vancomycin + BR (2%
DMSO) >64 >0.4
Erythromycin 2% DMSO 16 025-04
Erythromycin + BR (2%
32 >0.8
DMSO)

2.5 pg/mL PMBN
5 ug/mL PMBN
10 pg/mL PMBN
20 pg/mL PMBN
2.5 pg/mL PMB

5 ug/mL PMB

10 ug/mL PMB
20 pg/mL PMB

0:15

Time (min)

Figure S2. The dose dependent short-term effect of PMB and PMBN on UnaG fluorescence kinetics.
Fluorescence kinetic of UnaG of E. coli MC4100 after exposure of different concentrations of poly-
myxin B (PMB; solid shades of green) or polymyxin B nonapeptide (PMBN; solid shades of red).
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Figure S3. Fluorescence kinetic of UnaG of E. coli MC4100 after exposure of different concentration
of BR. The data points represent three independent measurements normalized to the negative con-
trol in presence of bacteria only. The mean is represented by the solid line of the same color.
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Figure S4. Luminescence kinetic of LucGR in E. coli NR698 after exposure of different concentration
of BR. The mean of three independent measurements normalized to the negative control in presence

of D-luciferin only is represented by the dashed line of the same color.
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Figure S5. Luminescence kinetic of LucGR in E. coli MC4100 after exposure of different concentra-
tion of BR. The mean of three independent measurements normalized to the negative control in
presence of D-luciferin only is represented by the solid line of the same color.
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Figure S6. Plasma membrane remains intact after exposure to PMBN. Luminescence kinetic of
LucGRin E. coli MC4100 after initial exposure to 12,5 pg/mL PMBN and 5 uM of BR and subsequent
addition of 5 pg/mL chlorhexidine (CHX) at the 10 minutes mark. The data points represent three
independent measurements normalized to the negative control in presence of D-luciferin only. The
mean is represented by the solid line of the same color.
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Figure S7. No effect of BR concentrations on short-term viability of E. coli MC4100. Luminescence
kinetic of lux operon in E. coli MC4100 after exposure to different concentrations of BR. The mean
of three independent measurements normalized to the negative control in presence of DMSO only
is represented by the solid lines. Concentration dependent reduction of luminescence is likely
caused by the absorbance spectrum of BR overlapping with the emission spectrum of the luciferase.
A decrease in luminescence over time would indicate reduced viability.
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Figure S8. E. coli NR698 stays alive after exposure to different BR concentrations. Luminescence
kinetic of the lux operon in E. coli NR698 after exposure of different concentration of BR. The mean
of three independent measurements normalized to the negative control in presence of DMSO only
is represented by the dashed line of the same color. Concentration dependent reduction of lumines-
cence is likely caused by the absorbance spectrum of BR overlapping with the emission spectrum of
the luciferase.
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Figure S9. Long-term fluorescence kinetic of the proposed OM biosensor to well-known model pep-
tides. Fluorescence kinetic of UnaG of E. coli MC4100 after exposure to different concentrations of
PMB (solid shades of purple), PMBN (solid shades of orange), and CHX (solid shades of blue) for
10 hours. The E. coli MC4100 negative control with bilirubin only is represented by a solid green line
and E. coli NR698 with bilirubin only by a dashed red line. All the data are normalized to bacteria
with no addition of bilirubin. The mean of three independent measurements is represented by the
solid line of the same color.
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Figure S10. Long term fluorescence kinetic of the proposed OM biosensor to novel cyclic peptide
derivatives. Fluorescence kinetic of UnaG in E. coli MC4100 after exposure to different concentra-
tions of cyclic marine antimicrobial peptide derivatives cTurg-1 (solid shades of brown), cTurg-2



(solid shades of pink), and derivate Ci2-Turg-1 (solid shades of blue) for 10 hours. The control of E.
coli MC4100 with bilirubin only is represented by a solid green line and E. coli NR698 with bilirubin
only by a dashed red line. All the data are normalized to bacteria with no addition of bilirubin. The
mean of three independent measurements is represented by the solid line of the same color.
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Figure S11. Map of the plasmid pMMO001 (Benchling.com; accessed on 2 December 2022).

Sequence S1. DNA sequence of the plasmid pMMO001.

CTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTITGTITAAATCA
GCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCITATAAATCAAAAG
AATAGACCGAGATAGGGTITGAGTGGCCGCTACAGGGCGCTCCCATTCGCCATTC
AGGCTGCGCAACTGTTGGGAAGGGCGTTTCGGTGCGGGCCTCTTCGCTATTACGC
CAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGG
GTTTTCCCAGTCACGACGTITGTAAAACGACGGCCAGTGAGCGCGACGTAATACG
ACTCACTATAGGGCGAAGGAAGGCCGTCAAGGCCTTGGCGGAAGGCCGTCAAG
GCCGCATGGATCCCCAGATCTAAGCTGTTGTGACCGCTTGCTCTAGCCAGCTATC
GAGTTGTGAACCGATCCATCTAGCAATTGGTCTCGATCTAGCGATAGGCTTCGAT
CTAGCTATGTAGAAACGCCGTGTGCTCGATCGCTTGATAAGGTCCACGTAGCTGC
TATAGTTGCTTCAACAGAACATATTGACTATCCGGTATTACCCGGCAGATCTITG
TCGATCCTACCATCCACTCGACACACCCGCCAGCGGCCGCTGCCAAGCTTCCGA
GCTCTCGAATTCAAAGGAGGTACCCACCATGGTTGAAAAATTTGTTGGCACCTG
GAAAATTGCCGATAGCCATAATTTTGGCGAATACCTGAAAGCCATTGGTGCACC
GAAAGAACTGAGTGATGGTGGTGATGCAACCACACCGACACTGTATATTAGCCA
GAAAGATGGTGATAAGATGACCGTGAAAATTGAAAATGGTCCGCCTACCTTTCT
GGATACCCAGGTTAAATTCAAACTGGGCGAAGAATTTGATGAATTTCCGAGCGA
TCGTCGTAAAGGTGTTAAAAGCGTTGTTAATCTGGTGGGTGAAAAACTGGTTTAT
GTGCAGAAATGGGATGGTAAAGAAACCACCTATGTGCGCGAAATCAAAGATGG
TAAACTGGTTGTTACCCTGACCATGGGTGATGTTGTTGCAGTTCGTAGCTATCGTC
GTGCAACCGAATAAACTAGTCTGGGCCTCATGGGCCTTCCGCTCACTGCCCGCTT
TCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAACATGGTCATAGCTGTTTCCT



TGCGTATTGGGCGCTCTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTC
GGGTAAAGCCTGGGGTGCCTAATGAGCAAAAGGCCAGCAAAAGGCCAGGAAC
CGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGC
ATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAA
AGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCC
TGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCT
CATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGG
GCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTA
TCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCAC
TGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAA
GTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTG
CTGAAGCCAGTTACCITCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAA
ACCACCGCTGGTAGCGGTGGTTTITTTTGTTTGCAAGCAGCAGATTACGCGCAGAA
AAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTG
GAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTT
CACCTAGATCCTTITTAAATTAAAAATGAAGTTITAAATCAATCTAAAGTATATAT
GAGTAAACTTGGTCTGACAGITACCAATGCTTAATCAGTGAGGCACCTATCTCA
GCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAAC
TACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGA
ACCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGG
CCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTG
TTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTITGCGCAACGTTGTT
GCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCA
GCTCCGGITCCCAACGATCAAGGCGAGTITACATGATCCCCCATGTTGTGCAAAA
AAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGT
GTTATCACTCATGGITATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTG
TATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCC
ACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAA
ACTCTCAAGGATCITACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCA
CCCAACTGATCTTCAGCATCTITITACTTTCACCAGCGTTTCTGGGTGAGCAAAAA
CAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTG
AATACTCATACTCTTCCITITTCAATATTATTGAAGCATTTATCAGGGTITATTGTCT
CATGAGCGGATACATATITGAATGTATITAGAAAAATAAACAAATAGGGGTTCC
GCGCACATTTCCCCGAAAAGTGCCAC
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Figure S12. PMB induces population wide fluorescence of UnaG expressing E. coli cells. Fluores-
cence images of E. coli MC4100 and NR698 at time points of 5 minutes and 15 minutes after exposure
to BR (5 uM) (BR) or BR and PMB (10 pg/mL) (BR + PMB) at x400 magnification. The images were
taken with the phase contrast (PH) and with fluorescence (F) through the software LAS X. The scale
bars represent 25 um. Version without the increase of the brightness through Adobe Photoshop CS6
version 13.0.
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ABSTRACT
Keywords: With the surge of antibiotic resistance and its adverse consequences, the
Antimicrobia development of new antimicrobials with new therapeutic strategies is urgently
1 peptides needed. Antimicrobial peptides (AMPs) have emerged as promising alternatives to
Turgencin conventional antibiotics due to their rapid membranolytic mode of action against
EeCentrocin microorganisms in both planktonic and biofilm lifestyles. In this study, we
Lipopeptides investigated the antimicrobial and antibiofilm activity of synthetic peptide
Cyclic derivatives against Pseudomonas aeruginosa, Salmonella enterica serovar
%ﬁg;ﬁs Typhimurium, and Staphylococcus epidermidis. The peptides were also screened for
Biosensor synergisti.c activ.ities in combination with grthron}ycin a.nc.l vancomycin. We.fogn.d
Synergy that peptides with moderate-to-weak antimicrobial activity were able to inhibit

biofilm formation at sub-inhibitory levels. Using an Escherichia coli dual biosensor
strain, both plasma membrane and outer membrane disruptive effects were
confirmed for selected peptides. In addition to inhibiting planktonic growth in a
synergistic manner, the synthetic peptides showed more pronounced effects in
inhibiting static biofilm growth when used in combination with erythromycin or
vancomycin. Overall, these results suggest that the structural disruption of the outer
and plasma membrane by synthetic peptide derivatives provides a basis for the
development of AMPs as adjuvants to erythromycin and vancomycin to treat both
planktonic and biofilm infections.

1. Introduction

Emerging microbial resistance to conventional antibiotics is a public threat (1). Bacterial infections
are to an increasing extent associated with treatment failures. Particularly, biofilm related infections are
difficult to treat due to the inherent increased tolerance and resistance to antimicrobials (2). The biofilm
lifestyle of microbes is common in nature and frequently occurs in infections (3). Current treatment
strategies for the eradication of biofilm infections commonly include high doses of antibiotics. However,
antibiotic treatment has high risks of long-term damage to host microbiota and the emergence of
multidrug-resistant bacteria (4). To combat the problems related to antimicrobial resistance and
biofilms, alternative strategies hold a huge potential (5).

Antimicrobial peptides (AMPs) are important components of the innate immunity and host defence
(6). AMPs can target a broad range of Gram-positive and Gram-negative pathogens (7, 8). In addition
to their diverse functionality, effectiveness of AMPs on biofilms and non-growing microbes suggests a
great advantage for developing AMPs as antibiofilm agents (9, 10). Several studies have previously
demonstrated that AMPs can be modified to obtain new analogues with increased activity and
proteolytic stability (5). In order to design new derivatives with stronger antibiofilm activity against
Staphylococcus aureus and Pseudomonas aeruginosa, LL-37 was one of the AMPs that has been
extensively studied (11). In addition to the inhibition of biofilm formation and eradication of preformed
biofilm, small synthetic derivatives reduced the expression of various genes involved in the formation
of P. aeruginosa biofilms at sub-growth inhibitory concentrations (5, 11). Combination therapies
between antibiotics and AMPs are also effective against biofilms (12). The synthetic biofilm active
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peptide 1018 was reported to display synergy with different classes of conventional antibiotics to inhibit
and eradicate biofilms (13). Most AMPs can disrupt cell membranes, facilitating the entry of larger
antibiotics as well as other AMPs with intracellular targets, which generally exceed the exclusion limit
of outer membrane (OM) porins (>600 da) (9, 10). Therefore, employment of effective combinations of
peptides and antibiotics is an important strategy to rescue the efficiency of preexisting drugs as well as
increase their antibiofilm efficacy (13).

In this study, we investigated the activity of short synthetic analogues of two marine AMPs;
Turgencin A and EeCentrocin 1, originally isolated from the colonial ascidian Synoicum turgens (14)
and the sea urchin Echinus esculentus (15), respectively. The peptide analogues were screened for
activity against the Gram-positive anaerobic Clostridium difficile, and three biofilm forming strains:
Staphylococcus epidermidis, P. aeruginosa and Salmonella enterica serovar Typhimurium (S.
Typhimurium). P. aeruginosa is frequently found in infections in patients with cystic fibrosis, while
Salmonella, a foodborne pathogen known to cause diarrhoea, has been reported to be responsible for
approximately 2.8 billion cases of infection globally every year (12, 16). The alarming aspect of these
pathogens is their ability to produce biofilms on foreign body implants, medical devices, and plastic
materials. The bacteria in biofilms are protected against antimicrobial attack because of their altered
metabolic activity and the presence of extracellular polymeric substances (EPS). C. difficile on the other
hand is one of the most challenging opportunistic pathogens, causing antibiotic associated diarrhea and
colitis (17). C. difficile possesses a unique cell wall structure that distinguishes them from several other
Gram-positive bacteria, possibly affecting the activity spectrum of AMPs. Additionally, their ability to
form endospores allows them to survive adverse conditions.

We also investigated whether the peptide’s OM permeabilization allows larger antibiotics, such as
vancomycin and erythromycin, to gain access to their target site in the periplasm and cytoplasm,
respectively. Although both OM and plasma membrane (PM) integrity were evaluated in the presence
of synthetic Turgencin-analogues in a previous study (18), we further investigated their membrane
activity using a novel Escherichia coli biosensor expressing UnaG and LucGR that allow us to monitor
both the OM and the PM function in single experimental settings (19). Finally, the antibiofilm activity
of the peptides was analyzed alone and in synergistic manner using the crystal violet (CV) staining
assay. Overall, this study provides promising results on synergy and biofilm properties by synthetic
AMPs that may help develop potent antibiotic adjuvants for biofilm inhibition and mitigation of
problems with antimicrobial resistance.

2. Results and Discussion

2.1 Minimum inhibitory concentrations (MICs) of cyclic and linear peptides

In this study we wanted to investigate how pathogens associated with different inherent antibiotic
evasion strategies are affected by a set of novel AMP derivatives. S. epidermidis, P. aeruginosa and S.
Typhimurium are common human pathogens that can cause hospital acquired infections in
immunocompromised patients (20). Despite the clinical success of metronidazole and vancomycin
against this pathogen, virulent C. difficile strains are often found to be intrinsically resistant to several
antibiotics, causing recurrent infections (21). Therefore, we wanted to investigate the antimicrobial
activity of some novel AMPs against C. difficile.

In our previous studies, a total of 38 12-amino acid synthetic peptide derivatives derived from the
marine AMPs Turgencin A and EeCentrocin 1 were investigated for their antimicrobial activity and
structure-activity relationship (SAR) against a panel of Gram-positive and Gram-negative bacterial
reference strains (18, 22, 23). In the present study we screened a selection of these peptides against the
Gram-positive obligate anacrobe C. difficile, and the three-biofilm forming S. epidermidis RP62A, P.
aeruginosa PAO1 and S. Typhimurium UMRI. A total of nine analogues of Turgencin A (1 linear and
8 cyclic) and seven analogues of EeCentrocin 1 (6 linear and 1 cyclic) were tested against the isolates.
A broth microdilution method was used for antimicrobial activity testing, following the Clinical and
Laboratory Standards Institute (CLSI) guidelines (24). The antibacterial activities determined are shown
in Table 1.



Under standard aerobic assay conditions all tested analogues but cTurg-1 inhibited growth of at least
one of the Gram-negative strains S. epidermidis, P. aeruginosa or S. Typhimurium at 16 pg/mL or
below. No MIC could be determined for cTurg-1 as it remained completely inactive at all tested
concentrations. The situation was different when MIC assays were performed in anaerobic condition
against Gram-positive C. difficile and a selection of facultative and obligate anaerobic strains commonly
found in the human oral cavity. Only four of the peptides (all lipopeptides), including the eight-residues
peptide Ci2-Turg-1(18-25), had MIC values ranging between 8-32 pg/mL against C. difficile. The two
most potent Turgencin A-derived peptides, Ci>-cTurg-1 and Cs-cTurg-2 were also the most active
peptides among 25 Turgencin A analogues screened against a panel of standard Gram-positive and
Gram-negative bacterial strains in acrobic conditions (18). As most of the analogues tested in the present
study showed either modest or no activity against C. difficile and the panel of bacteria associated with
the human oral cavity (Table S4) we did not continue with further studies using these strains.

Table 1. Antimicrobial activity of synthetic Turgencin A and EeCentrocin 1 derivatives. Peptide sequences in
parentheses denote cyclic peptides. Amino acid modifications in the peptides, compared to the original AMP
sequences, are shown in bold.

Antimicrobial activity! (MIC in pg/mL)
. Gram-positive Gram-negative
Peptides Sequence C. diff S. epi P. aer S. Typh

Turgencin A derivatives
cTurg-1 (CGKKPGGWKC) KL-NH; >128 >256 >256 >128
cTurg-2 (CGKKWWGWKC) KL-NH; >64 16 64 32
CTurg_3 (CGKKWGWWKC) KL-NH» >64 16 64 16
CTurg_4 (CGKKPWWWKC) KL-NH, >64 32 32 16
cTurg-5 (CGRRWWGWRC) RL—-NH: >64 8 8 8
cTurg-6 (CGRRWGWWRC) RL—-NH: >64 8 32 ]
Cio-Turg-1(18-25) C12-GKKPGGWK-NH; 32 16 128 64
Cia-cTurg-1 Ci12- (CGKKPGGWKC) KL-NH> 8 4 16 8
Cs-cTurg-2 Cs- (CGKKWWGWKC) KL-NH; 16 4 16 ]
EeCentrocin 1 derivatives
P6 GWWRRTVAKVRK-NH, >128 64 32 16
P6-KS8 GWWRRTVKKVRK-NH, >128 64 32 16
P6-W6KS8 GWWRRWVKKVRK-NH, 64 I I 4
P6-W6RS GWWRRWVRKVRK-NH; 64 4 8 4
Cs-P6R8 Cg—GWWRRTVRKVRK-NH, 64 4 8 ]
C0-P6R8 C10-GWWRRTVRKVRK-NH> 32 4 8 8
cP6-W6RS (GWWRRWVRKVRK) >128 64 16 8

! Bacterial strains; Clostridium difficile, Staphylococcus epidermidis RP62A, Pseudomonas aeruginosa PAO1, and
Salmonella. Typhimurium UMR1.

2.2 Synergistic activity in combination with erythromycin or vancomycin against E. coli

We have previously shown that the amphipathic (both cationic and hydrophobic) properties of the
short synthetic analogues of the marine AMPs Turgencin A and EeCentrocin 1 were responsible for
antimicrobial and membrane-disrupting activity (18, 23). We also established that some of these
derivatives interfere with PM integrity at higher concentrations, while they retained the ability to
compromise the OM at several dilution steps below the PM activity (NPN uptake data) (18, 23). We
hypothesize that this activity can give synergistic effects when combined with relatively high molecular
weight antibiotics such as erythromycin and vancomycin, which are mostly excluded by the OM of
Gram-negative bacteria. Therefore, we used a checkerboard assay and calculated the fractional
inhibitory concentration index (FICI) to investigate any synergistic effects against Escherichia coli for
the nine Turgencin A analogues and two of the EeCentrocin 1 analogues in combination with
erythromycin or vancomycin.

In our study, all peptide analogues, except for cTurg-5 and cTurg-6, demonstrated synergy (FICI <
0.5) when combined with erythromycin (Table 2). Notably, cTurg-5 and cTurg-6 are the only arginine-
modified analogues from the synthetic Turgencin A series that were tested. The absence of synergy



observed with these analogues might be attributed to their increased penetration into the membrane
resulting in irreversible membrane damage and rapid cell death. Interestingly, the 8-residues linear
peptide, Cio-Turg-1-(18-25), composed of the original Turgencin A core sequence, exhibited the
strongest synergy with erythromycin. Additionally, analogues such as cTurg-1, cTurg-2, cTurg-3 and
Cs-cTurg-2 showed a synergistic effect when combined with vancomycin. For the remaining analogues,
additive effects (0.5 < FICI < 1) were observed when combined with either erythromycin or vancomycin.
Moreover, several analogues, including the active lipopeptides Cio-cTurg-1 and Cs-cTurg-2 (at
concentrations between 4-8 ng/mL), were found to reduce the MIC of the antibiotics when combined.
The effective growth inhibition was achieved at 0.03x-0.008x MIC of both erythromycin and
vancomycin (Table 2), suggesting a pronounced effect in sensitizing the bacteria to allow entry of both
antibiotics.

Table 2. Antibacterial activities (MIC in pg/mL) and synergy calculations (FICI) of selected Turgencin A and
EeCentrocin analogues against E. coli (ATCC 25922) in combination with either erythromycin or vancomycin.
FICI < 0.5 is interpreted as synergy, whereas 0.5 < FICI < 1.0 is interpreted as additive effects.

MIC MIC (pg/mL) in MIC (pg/mL) in
Peptides/antibiotics (Mg/mL) combination FICI combination FICI
alone Peptide  Erythromycin Peptide = Vancomycin
Turgencin A derivatives
cTurg-1 >256 32 8 0.25 8 64 0.50
cTurg-2 64 4 1 0.09 16 16 0.38
cTurg-3 32 4 1 0.16 8 16 0.38
cTurg-4 64 8 1 0.16 32 32 0.75
cTurg-5 8 4 0.5 0.52 4 32 0.75
cTurg-6 8 4 2 0.56 4 8 0.56
C12-Turg-1-(18-25) 128 4 1 0.06 8 64 0.56
C12-cTurg-1 8 2 8 0.50 4 4 0.53
Ces-cTurg-2 8 4 0.25 0.50 4 1 0.50
EeCentrocin 1 derivatives
P6-W6R8 8 2 4 0.37 4 8 0.56
cP6-W6R8 8 2 8 0.50 4 64 1.00
Antibiotics
Erythromycin 32
Vancomycin 128

2.3 Do different membrane compositions influence the synergistic action?

Clinically relevant Gram-negative bacteria represent a plethora of different membrane structures as

well as LPS compositions. To investigate whether the synergistic potential of cTurg-2 found in E. coli
is influenced by different properties of the OM in Gram-negative species, we determined the MIC of
cTurg-2 alone and in combination with erythromycin and/or vancomycin against E. coli BL-21, S.
Typhimurium UMRI, P. aeruginosa (ATCC 27853), Klebsiella aerogenes (ATCC 51697) and
Acinetobacter baylyi (DSM 24193). Based on the MIC-values obtained, the FICI was calculated.

The results show that in all the Gram-negative bacterial strains tested, the MIC of cTurg-2,
erythromycin and vancomycin alone was in the range of 16 to >64 pg/mL, except for erythromycin
which showed a MIC of 2 pg/mL against A. baylyi (Table 3). The combination of cTurg-2 with
erythromycin showed synergy against all strains tested. The strongest synergy was observed against E.
coli BL21, K. aerogenes, and A. baylyi (FICI < 0.2). However, in combination with vancomycin, higher
concentrations of both compounds were needed to observe growth inhibitory and synergistic effects.
Although the interaction was mostly additive, cTurg-2 was able to display synergy with vancomycin
against S. Typhimurium UMRI1 and A. baylyi (Table 3). Additionally, the linear P6-W6R8 and cyclic
cP6W6RS were tested for synergy in combination with vancomycin and erythromycin against several



different E. coli strains (Table S1-S3). We also evaluated the OM deficient E. coli NR698 which is
hypersensitive to vancomycin and erythromycin. No synergy was observed against E. coli NR698,
indicating that OM active analogues cannot further sensitize the strain to improve the effectiveness of
vancomycin and erythromycin when the OM is already disrupted or hyper porous. In addition, several
peptide and antibiotic combinations were analysed for synergy against E. coli BL-21. In accordance
with our previous studies, polymyxin B (PMB) and erythromycin combination showed strong synergy
(Table S1), however, PMB it did not show synergy in combination with vancomycin (Table S1).

To evaluate the hypothesis that OM permeabilization was responsible for the synergistic function,
we tested the antimicrobial activity of cTurg-2 in combination with erythromycin or vancomycin against
the Gram-positive bacteria Staphylococcus aureus (ATCC 9144) and S. epidermidis RP62A, which do
not contain an OM. Consistent with the OM activities previously shown for of cTurg-2 (19), neither
erythromycin nor vancomycin (in combination with cTurg-2) showed synergy against the Gram-positive
strains (Table 3).

Table 3. Antibacterial (MIC in pg/mL) and synergistic activities of cTurg-2 in combination with erythromycin or
vancomycin against different Gram-negative and Gram-positive bacteria.

MIC (pg/mL) of peptides/antibiotics alone or in combination

Bacterial strains Alone In combination FICI
cTurg-2 Erythromycin cTurg-2 Erythromycin
E. coli BL-21 64 64 8 2 0.16
S. Typhimurium UMR1 32 32 8 8 0.5
P. aeruginosa (ATCC 27853) 32 64 8 16 0.5
K. aerogenes (ATCC 51697) >64 128 4 4 <0.09
A. baylyi (DSM 24193) 16 2 1 0.25 0.19
S. aureus (ATCC 9144) 32 0.5 >32 0.5 >2
S. epidermidis RP62A (ATCC 35984) 16 >64 16 64 >1
cTurg-2 Vancomycin cTurg-2 Vancomycin FICI
E. coli BL-21 64 32 32 4 0.63
S. Typhimurium UMR1 32 64 8 16 0.5
P. aeruginosa (ATCC 27853) 64 >64 >32 >64 -
K. aerogenes (ATCC 51697) >64 256 32 128 >0.75
A. baylyi (DSM 24193) 16 64 4 16 0.5
S. aureus (ATCC 9144) 32 1 32 1
S. epidermidis RP62A (ATCC 35984) 16 1 16 1

2.4. Outer and plasma membrane activity in a dual biosensor E. coli strain

Nine derivatives of Turgencin A and six derivatives of EeCentrocin 1 were tested for both OM and
PM activity using a dual function E. coli biosensor. The Turgencin A analogues, cTurg-2, Ci>-Turg-1-
(18-25), CicTurg-1 and Cs-cTurg-2 showed the strongest UnaG dependent fluorescence response,
indicating OM activity (Figure 1A). In addition, Ci»>-Turg-1-(18-25) and Ci,-cTurg-1 showed relatively
strong peaks of light emission indicating membrane activity at both 12.5 pg/mL and 6.3 pg/mL, while
cTurg-2 and Cs-cTurg-2 with modest antimicrobial activity did not seem to affect the PM at the tested
concentrations. However, in the presence of cTurg-2, only a two-fold fluorescence increase was detected
at 6.3 pg/mL. For cTurg-2 and C8-Turg-2 OM disruption seems to happen at concentrations with little
or no effect on PM integrity, possibly indicating more specific binding to the OM. Interestingly, Ci»-
cTurg-1 and Cj2-cTurg-1(18-25) affect both membranes, although the effect on the PM does not seem

5



to kill the whole population as indicated by the relatively strong fluorescence increase up to 12.5 pg/mL
and remaining light emission throughout the measurement at concentrations at 6.3 pg/mL.

On the other hand, the EeCentrocin 1 analogues, the linear P6-W6RS and the cyclic cP6-W6R8 were
found to affect the integrity of both the OM and PM. Due to the rapid effect on cell viability at
concentrations above 6.3 pg/mL, light emission dropped before we could detect luminescence peaks.
As UnagG stability in its apo-protein form is limited, no fluorescence was detected at these bactericidal
concentrations (Figure 1B). At lower concentrations, however, addition of the sensor bacteria to P6-
W6RS8 and cP6-W6RS consistently increased fluorescence, indicating interference with OM integrity.
For both these peptides OM and PM integrity interference seems to coincide (Figure 1B). These results
suggest that not all peptides with OM permeabilizing ability at sub-MIC concentrations will interfere
with PM integrity, some peptides seem to be more specific for the OM while other peptides will disrupt
both membranes simultaneously. When the dual biosensor is used with AMPs affecting both PM and
OM the response pattern is likely to reflect seemingly OM specific activity at lower concentrations as
loss of PM integrity is lethal and thus inhibiting expression of UnaG and the much slower response of
the OM sensing construct. The data showing the OM and PM activity for the rest of the analogues can
be found in the supporting information, Figure S1.
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Figure 1. A. Outer membrane and B. plasma membrane activity at concentrations of 6.3 and 12.5 pg/mL of
selected Turgencin A analogues and EeCentrocin 1 analogues, determined using an E. coli dual biosensor strain.
The figure depicts fluorescence and luminescence normalized to the untreated control. PMB and PMBN were used
as controls.



2.5. Antibiofilm effects of synthetic cyclic and linear analogues of Turgencin A and EeCentrocin 1

The OM in Gram-negative bacteria functions as a protective barrier. The biofilm matrix is known to
comprise various components, including proteins adhered to the bacterial membrane. Since the OM
forms the direct interface to the bacterial environment and as such is the structure directly in contact
with biofilm matrix, we hypothesized that interfering with OM integrity might also affect the bacteria’s
ability to form biofilms. Hence, we investigated if these peptide derivatives inhibited biofilm formation
and removed preformed biofilms.
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Figure 2. The effects of selected Turgencin A and EeCentrocin analogues at different concentration on biofilm
formation by S. epidermidis RP62A, P. aeruginosa PAO1 and S. Typhimurium UMRI. The data represent relative
remaining biomass compared to the untreated control (100% biofilms).



Hence, we investigated if these peptide derivatives inhibited biofilm formation and removed
preformed biofilms. We also compared the antibiofilm effect of the OM active peptides to the
antibiofilm effect of the PM active counterparts and compared their minimal biofilm inhibitory
concentrations (MBIC) to the MIC observed in liquid planktonic cultures. Biofilms of S. epidermidis,
P. aeruginosa, and S. Typhimurium are known to form a very sticky EPS matrix on plastic surfaces
consisting of polysaccharide, lipid, DNA, and various ions (25-27). It was previously reported that the
EPS of S. Typhimurium contains cellulose and thin aggregative fimbriae (28).

To analyse the effects of the synthetic analogues of Turgencin A and EeCentrocin 1 on biofilm
formation, a crystal violet (CV) biomass staining assay was used to screen a total of 18 synthetic
analogues. As shown in the Figure 2, all the Turgencin A and the EeCentrocin 1 analogues effectively
inhibited biofilm formation in all three strains with a 40-100% inhibition at 16 pg/mL. The linear
analogues Ci>-Turg-1 (18-25) exhibited a concentration-dependent inhibition of biofilm formation
against S. epidermidis RP62A, with a strong inhibition observed at concentrations ranging from 16-4
ug/mL. Interestingly, both cTurg-2 and Cj»-Turg-1 (18-25) demonstrated a reduced biomass formation
in S. Typhimurium UMRI1 and P. aeruginosa PAO1 without a substantial effect on the viability or
turbidity of the planktonic growth. In contrast, Turgencin A analogues Ci>-cTurg-1 and Cg-cTurg-2 as
well as EeCentrocin 1 analogues P6-W6R8 and cP6-W6RS8 with high antimicrobial activity (i.e. low
MIC) in Gram-negative strains (Table 1), did not show significant antibiofilm effects below 0.5x-MIC
(conc 2-4 pg/mL). However, the biofilm reproducibility in P. aeruginosa turned out to be rather
difficult. This suggests a membranolytic function that inhibits growth, resulting in reduced overall
biomass formation in the presence of high concentration of these analogues. The EeCentrocin cyclic
analogue cP6-W6RS showed less biofilm inhibitory activity against S. epidermidis RP62A.

Some active analogues showed a tendency for higher CV-staining or induced biomass formation,
indicating a potential stress response or the release of cellular components or charged molecules from
dead bacteria. While most analogues may prevent or interrupt the initial attachment of biofilm forming
cells, moderately active analogues cTurg-2 and Ci2-Turg-1 (18-25) likely employ targeted action against
biofilm formation. The tendency of biofilm inhibition on Congo red agar has also been observed (Figure
S3 and Assay S1). Additional biofilm inhibitory data for the remaining analogues against all three
biofilm forming strains are available in the supplementary material (Table S5-S7).

2.6. Effects of synthetic analogues against preformed biofilms

A selection of the synthetic peptide analogues was tested for their ability to eradicate 22 h preformed
biofilms of the three biofilm-producing strains: S. epidermidis RP62A, P. aeruginosa PAO1 and S.
Typhimurium UMRI1. The biofilm eradicating capability of four Turgencin A analogues were tested
only against the S. Typhimurium UMRI strain. After washing the unattached cells, peptide
concentrations of 8-128 ug/mL were added, which was followed by an additional 22 h incubation in the
presence of AMPs. It is possible that during this 22 h incubation period, viable bacteria in the biofilm
might grow and produce thicker biofilm. Since we have used 2- to 16-fold higher concentrations than
MIC for some peptides, we expected that the peptides may have to kill the bacteria within the biofilms
as well as disrupt the matrix to show eradicating effects. However, the effect may also be prevention of
further biofilm formation if fast membrane permeabilization can affect the viability of the biofilm-
embedded cells. Several synthetic analogues were able to remove 60-99% of the preformed biofilms of
S. Typhimurium UMR1 (Figure 3) and the EeCentrocin analogues were also able to remove >90%
biofilms formed by P. aeruginosa PAO1 (Table 4). No significant reduction in biomass was observed
for S. epidermidis RP62A at the highest peptide concentrations tested (Table 4). Eradication data for
the rest of the EeCentrocin analogues can be found in supporting info (Table S8). In addition, the
effective concentration needed to eradicate S. Typhimurium pre-formed biofilm was surprisingly lower
(0.5-2 xMIC) than what was needed to eradicate P. aeruginosa and S. epidermidis biofilms. However,
it is quite common that the concentration needed to eradicate biofilms is several times higher than the
concentration needed for bactericidal or bacteriostatic effects, observed for planktonic growth.
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Figure 3: Removal of 22h preformed biofilms in the presence of Turgencin A and EeCentrocin 1 analogues. The
data are represented as % of eradication/removal at the concentration of 64 and 32 pg/mL after 22h treatments
compared to the untreated control.

Table 4. Antimicrobial activity (MIC, ng/ml) and antibiofilm eradication activity of Ci,-cTurg-1, Cs-cTurg-2,
P6-W6RS and cP6-W6RS after 24h treatment at 64 pg/mL against 22h preformed biofilms of P. aeruginosa
PAO1 and S. epidermidis RP62A.

P. aeruginosa PA01 S. epidermidis RP62A
Peptide MIC Eradication MIC Eradication
(hg/mL) % xMic | (hg/mL) % x MIC
Cio-cTurg-1 16 50 4 4 50 16
Cs-cTurg-2 16 50 4 4 50 16
P6-W6RS 8 90 8 4 60 16
cP6-W6RS 16 90 4 64 50 2

2.7. Is the peptide effect limited to initial adherence?

The previous experiments showed that all peptides tested were able to inhibit biofilm formation at
0.5xMIC, while most peptides were not able to completely remove mature biofilms at MIC. We wanted
to know whether the activity of the peptides was limited to the initial adherence of the bacteria or if the
activity extended to biofilm proliferation and maturation. To resolve a possible limitation to adhesion,
requiring presence of the peptide from the start, the experiment was conducted by adding 25 pg/mL of
the peptides at either Oh, 2h, 4h or 6h after the assay start for both S. Typhimurium UMRI1 and P.
aeruginosa PAO1, followed by 22h of incubation. In P. aeruginosa, Ci»-cTurg-1 and P6-W6RS
displayed significant inhibition of biofilm formation, with a stronger inhibition observed at the earlier
timepoints that also affected planktonic growth. While Cg-cTurg-2, cTurg-2 and Ci-Turg-1 (18-25) did
not show any growth inhibition at all tested timepoints, however, 30-50% biofilm inhibitory effects were
still observed. cP6-W6R8 exhibited a strong growth inhibition at 0-2h exposure, correlating with the
biofilm inhibition, while both the planktonic biomass and biofilm formation remained unaffected at later
timepoints (Figure 4 and Figure S2). In S. Typhimurium, both cTurg-2 and Ci-Turg-1 (18-25)
inhibited biofilm formation, with maximal inhibition of approximately 55% observed at 0-2h timepoints.
Similarly, Ci2-cTurg-1 and Cg-cTurg-2 affected the planktonic growth of S. Typhimurium at the initial
timepoints after addition of each peptide, whereas the viability of the cells was not affected at the later
stages of exposure (Figure S2). Both peptides exhibited stronger inhibition at timepoints 0-4h, with
around 75% inhibition, and at 6h, with 40% in S. Typhimurium (Figure 4). Although the linear
EeCentrocin 1 analogue P6-W6RS affected the growth of S. Typhimurium by 75-90% at 0-2h exposure,
it showed stronger effects on biofilm inhibition at 4-6h with an average inhibition of 80% (Figure 4).



Overall, our results suggest that if biofilms are allowed to grow for a longer time before adding peptide
samples, the growth and biofilm inhibition are significantly reduced for the active analogues at 25
ug/mL while moderately active peptides are still able to show a consistent effect on 22-28h biofilm
formation and 2-6 h preformed biofilms. Since both cTurg-2 and Ci>-Turg-1 (18-25) showed >50%
biofilm inhibition at sub-inhibitory concentrations against S. Typhimurium UMRI1 strain, we wanted to
investigate the effects of these analogues on red, dry and rough (rdar) morphotype typically formed by
S. Typhimurium. Interestingly, in the presence of cTurg-2 or Ci>-Turg-1 (18-25), S. Typhimurium
UMRI1 loss rdar morphotype as the macrocolony on the Congo-red agar appears to be whitish for cTurg-
2, while for Ci>-Turg-1 (18-25), the colonies looked smooth and less wrinkly (Assay S1, Figure S3).
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Figure 4. Effects of linear and cyclic peptides on inhibition of P. aeruginosa PAO1 and S. Typhimurium UMRI1
biofilm formation at varying timepoints at the concentration 25 pg/mL.

2.8. Synergistic effect on biofilm inhibition in P. aeruginosa PAOI and S. Typhimurium UMRI

The two-way interaction of the linear Turgencin A core peptide Ci»-Turg-1 (18-25) combined with
both erythromycin and vancomycin was assessed for their effect on inhibition of S. Typhimurium UMR 1
biofilm formation. It is worth noting that among several inhibitory concentrations assessed for C,-Turg-
1 (18-25) to prevent biofilm formation, 8-32 pg/mL showed around 50% inhibition of biofilm formation
despite limited effects on growth inhibition (Figure 2 and Figure 4). In combination with erythromycin,
the effective inhibitory concentration decreased to 2 ug/mL for both the peptide and for erythromycin.
Although Cj»-Turg-1 (18-25) did not show synergy with vancomycin in E. coli as previously shown in
Table 2, synergistic interaction with vancomycin was correlated with stronger biofilm inhibitory effects
against S. Typhimurium biofilms, with a slight decrease in the FICI value from 0.25 to 0.19 (Figure
5A). Although the amino acid sequences of cTurg-2 and the core peptide Cio-Turg-1 (18-25) are
somewhat similar, their antibiofilm mechanism seems to be different. This might be due to their
structural differences as cyclic and linear peptides.
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Figure 5. Checkerboard synergy assay to determine A) S. Typhimurium UMRI biofilm inhibitory effects
(formation of static biofilm) of CI12-Turg-1 (18-25) alone or in combination with either erythromycin or
vancomycin, and B) S. Typhimurium UMR1 and P. aeruginosa PAO1 biofilm inhibitory effects of cTurg-2 alone
or in combination with erythromycin. Blue and red arrows indicate growth and biofilm biomass, respectively. The
black arrows indicate inhibition of growth and biofilms.

Given that the combination of cTurg-2 and erythromycin showed a synergistic effect (FICI of 0.5)
on the growth of planktonic P. aeruginosa PAO1 and S. Typhimurium UMRI cells (Table 3), we
wanted to assess whether this two-compound combination could prevent biofilm formation in these
strains. In P. aeruginosa PAOI1, cTurg-2 alone inhibited approximately 50% biofilm formation at
concentrations of 8-16 ug/mL (Figure2), while erythromycin was less effective. However, combining
both compounds resulted in increased biofilm inhibition at concentrations less than one-fourth of their
MIC-values. The synergistic combination decreased the effective concentrations required from 64
ug/mL for cTurg-2 alone to 8 pg/mL in combination and from 32 pg/mL for erythromycin alone to 4-8
pg/mL in combination (Figure 5B). The FICI calculated from this compound combination is 0.38,
indicating a synergistic effect of this treatment on biofilms. Similarly, in S. Typhimurium UMRI, at
0.5x-MIC, cTurg-2 was able to inhibit more than 50% biofilm formation. Treatment with a combination
of 0.25x-MIC (8 pg/mL) of cTurg-2 and 0.125x-MIC (4 pg/mL) of erythromycin showed >90%
inhibition of biofilm formation (Figure 5B).
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3. Conclusion

Of thel6 synthetic analogues of marine AMPs Turgencin A and EeCentrocin 1, only the lipopeptide
analogues showed activity (MIC <32 pg/mL) against C. difficile. The dual E. coli biosensor assay, and
the synergistic combination studies indicate that most of the OM active derivatives were able to sensitize
the Gram-negative bacteria for the entry of erythromycin. However, none of the lipopeptides or the
arginine-enriched analogues displayed a synergistic effect in combination with vancomycin, although
the interaction was still additive. The shortest lipopeptide Ci2-Turg-1 (18-25) and the moderately active
cyclic peptide cTurg-2 displayed a pronounced synergistic effect with erythromycin. This observation
may suggest that the active analogues having both OM and PM activity anchor more into the membrane
leading to membrane disintegration instead of pore formation. Most of the peptide analogues were able
to inhibit (>50% biofilm formation) at the half-MIC (compared to their corresponding MIC in MH
media). The mechanism of action for biofilm inhibition and eradication of the active analogues might
be their membranolytic and killing effect, whereas the antibiofilm effects of weakly active analogues
suggest inhibition of biofilm development either alone or synergistically at concentrations independent
of the effects on growth inhibition. In summary, this study showed that the modified analogues with
pronounced OM activity have an inhibiting effect on biofilm development and an eradication effect on
preformed biofilms in Gram-negative bacteria, and they can show increased biofilm inhibitory activity
in combination with conventional antibiotics.

4. Materials and Methods

4.1. Peptides and antibiotics

All peptides used in this study were synthesized using Fmoc peptide synthesis process as described
previously (18, 23). The shortest lipopeptide (8 amino acids) of the Turgencin A series named C2-Turg-
1-(18-25) (Ci>-GKKPGGWK-NH,) was synthesized by Hagen (22).

Several different antibiotics including vancomycin, erythromycin, polymyxin B (PMB), and
polymyxin B Nonapeptide (PMBN), all obtained from commercial sources, were used. Stock solutions
of antibiotics were prepared in sterile water except for erythromycin which was dissolved in 96% EtOH.

4.2. Bacterial strains

S. Typhimurium UMR 1was used with permission from Prof. Ute Romling (Karolinska Institutet).
The laboratory strains E. coli (ATCC 25922), E. coli BL-21 (DE3), E. coli MC4100, E. coli NR69S, E.
coli BW2511, E. coli IW450, P. aeruginosa (ATCC 27853), K. aerogenes (ATCC 51697), A. baylyi
(DSM 24193), S. aureus (ATCC 9144), S. epidermidis RP62A (ATCC 35984) and the non-toxicogenic
laboratory strain C. difficile (ATCC 700057) were from bacterial culture collections. The bacteria were
cultured from frozen glycerol stocks on Mueller-Hinton (MH, Difco Laboratories, USA) agar plates at
37 °C.

4.3 Antibacterial MIC Assay

Standard broth microdilution assay was used to measure the MIC values of the selected antimicrobial
peptides (29). Briefly, S. epidermidis RP62A, P. acruginosa PAO1 and S. Typhimurium UMRI1 colonies
were picked from Mueller Hinton (MH) agar plates and grown overnight at room temperature (RT) in
tryptic soy broth (TSB) without glucose, MH broth (MHB) and Lysogeny broth (LB), respectively. All
the other bacterial strains used in this study including E. coli (ATCC 25922), E. coli BL-21 (DE3), E.
coli MC4100, E. coli NR69S, E. coli BW2511, E. coli JW450, K. aerogenes, A. baylyi, and S. aureus
were grown in MHB. The next morning bacterial cultures were diluted and grown for 2-3 hours at RT
and adjusted to 5 x 10° CFU/mL to be used as inoculum. A volume of 50 uL bacterial inoculum was
treated with 2-fold serially diluted peptides preloaded in 96-well plates and incubated for 24 h at 35 °C.

C. difficile colonies were picked from 1-2 weeks anaerobic culture on Brucella agar supplemented
with 5% lysed horse blood, Vitamin K (Sigma-Aldrich, V3501) and hemin (Sigma-Aldrich, 51280).
Two-fold serial dilutions of peptide analogues and the bacterial suspensions (OD600 0.01-0.02) were
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prepared in Brucella broth base (Sigma-Aldrich, B3051) supplemented with Vitamin-K and hemin. The
preparation of bacterial suspensions and inoculation into 96-well plates were carried out in an aerobic
atmosphere. Plates were incubated at 35 °C using anaerobic gas generating pouch system with indicator
(BD GasPak ™ EZ, 260001) for 48 h.

4.4. Checkerboard synergy assay

The synergistic interaction of the synthetic peptides in combination with either erythromycin or
vancomycin were investigated following the stablished checkerboard method (30). Briefly, bacterial
strains were grown overnight in MH broth at RT. The bacterial cultures were diluted and grown for 2-3
hours and adjusted to 5 x 10° CFU/mL to be used as inoculum. Working concentration of both peptides
and antibiotics were prepared by two-fold serial dilutions starting at the four-fold of desired
concentrations. Next, 25 pL of peptide and antibiotic dilutions with different concentrations were added
to the 96-well plates. Then, 50 pL of diluted bacterial suspension was added to each well containing
dilution of peptide and antibiotic combinations to give the final desired concentrations. The plates were
subsequently incubated for 24 h at 35 °C. The fractional inhibitory concentration index (FICI) values
were calculated using the FICI formula with the highest combination effects: FICI = MIC of drug A in
combination/MIC of drug A alone + MIC of drug B in combination/MIC of drug B alone. The
antimicrobial combination was defined as synergy when the FICI < 0.5, additive when 0.5 < FICI < 1,
no interaction when 1 < FICI <4, and antagonism when the FICI was >4.

4.5. Long term dual outer membrane and plasma membrane integrity assay

To study the impact of bioactive molecules on the OM and the PM over time in a single assay, we
used the E. coli K-12 strain MC4100 carrying the plasmid pCSMRO1 with unaG and lucGR expressed
from the strong constitutive promoter OBX15. This sensor strain was cultured overnight in MH broth
medium supplemented with 100 pg/mL ampicillin to maintain the plasmid. Day cultures were then
prepared by diluting the overnight culture to 1% in new MH broth medium followed by incubation at
RT until the ODgoo reached 0.3-0.5. Cells were centrifuged at 3000g for 5 min. The cells were then
dissolved in 0.9 % NaCl 20 mM TrisHCl at pH 7.5 and the bacterial density was adjusted to ODgo=0.3.
A Plate Reader (BioTek, Winooski, VT, USA) was used for luminescence and fluorescence detection.
Fluorescence and luminescence were measured in 3 min intervals for 10 hours at 25.5 °C with shaking
in advance of each measurement. The excitation wavelength for UnaG detection was set to 508 / 8 nm
and emission to 538 / 8 nm. The gain was kept at 100 for both luminescence and fluorescence in all
experiments. The experiments were conducted in black round-bottom 96-well microtiter plates (Nunc,
Roskilde, Denmark) at a final volume of 100 pL, Bilirubin (BR) was added to a final concentration of
5 uM, D-luciferin to a final concentration of 1 mM and peptide compounds to the specified
concentrations. Addition of water instead of peptide was used as negative control and PMBN (GLPBIO,
Montclair, CA, USA) was used as a positive control. BR-free bacteria were included to determine
background fluorescence. All the data were processed with GraphPad Prism 9 software version 9.5.0
(GraphPad Software; Boston, USA).

4.6. Antibiofilm assays for S. epidermidis RP62A

Three biological replicates were prepared by selecting different colonies of the test strain. The
colonies were inoculated in 5 mL of TSB overnight in a shaker (225 rpm) at 37 °C. Preparation of the
inoculum was done by centrifuging the overnight cultures. The pellet of each biological replicate was
then dissolved in approx. 1 mL of phosphate-buffered saline (PBS) and filtered through a syringe filter
with a pore size of 5 pm. Following this step, the filtered bacterial cultures were diluted in 0.9% NacCl
to a 2 McFarland solution before being further diluted to 6x10° CFU/mL in TSB containing 1% glucose.
Working solutions of each synthetic peptide to be assayed were prepared by first making the dilution
series of the peptide samples in MQ-H,O. Following preparation of the test peptides, 50 puL of the
bacterial suspension was added into each well of a 96-well microtiter plate preloaded with 50 puL of the
diluted peptide solutions. After incubation for 24 h at 37 °C without shaking, the cultures were poured
out and the plates were washed with tap water three times to remove planktonic bacterial cells. The
plates were incubated at 55 °C for 1 h to fixate the biofilm. Following this, 150 uL of crystal violet
(0.1%) was added in each well to stain the biofilm. The plates were further incubated for 20 min in RT,
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washed with tap water three times and then 200 pL of ethanol (96%) was added in each well. Assessment
of biofilm inhibition was done by measuring the absorbance of the CV that bound to the adherent biofilm
using an ELISA reader at 595 nm. Peptides resulting in more than 50% reduction in the amount of
biofilm mass at sub-MIC levels were considered antibiofilm active.

4.7. Antibiofilm assay for P. aeruginosa PA01 and Salmonella Typhimurium UMR1

Peptides were subjected to investigating MBIC representing the minimum concentration that prevent
biofilm formation. Both inhibitory and dispersal activity were investigated at concentration ranging
from 64-2 pg/mL. Briefly, bacterial strains were incubated at RT overnight in LB or MH media under
shaking. The next day overnight cultures were diluted and grown for two hours in biofilm inducing
media for each strain. For P. aeruginosa PAO1, MH broth was used and for S. Typhimurium UMRI,
LB broth without NaCl was selected. 50 pL dilution series of each peptide was prepared in 96-well
plates in triplicates. A 50 ul aliquote from 2 hr culture (a final bacterial concentration of 5x10° CFU/mL)
was added to each well and incubated for 24 h. For optimum biofilm growth of P. aeruginosa and S.
Typhimurium, the preferred incubation temperature was 35 °C and 28 °C, respectively. After overnight
incubation, the method described above for S. epidermidis RP62A was followed.

4.8. Eradication of preformed biofilm

Bacteria were grown as described above. The amount of bacterial suspension was increased by 2-
fold compared to the inhibition assay to allow proper cell attachment and biofilm formation. Briefly, the
assay was done by transferring 100 pL cell suspension into wells of the 96-well plate containing approx.
10x10° CFU/mL. Following 22 h incubation, the plates were washed with sterile MQ-H,O and 50 uL
peptide solutions were added to the preformed biofilms and the volume was adjusted by adding 50 pL
fresh media. The wells filled with 50 pL MQ-H;O and 50 pL fresh media were used as controls. The
plates were incubated for another 22 h and the treated and untreated biofilm biomass were assessed
using the CV assay as described above.

4.9. Time dependent biofilm adhesion

P. aeruginosa PAO1 and S. Typhimurium UMRI1 cultures were prepared the same way as previously
described. Briefly, a 100 pL of diluted and freshly grown bacterial suspension (final conc. 5x10°
CFU/mL) prepared from overnight cultures, were added to the 96-well microtiter plate. Subsequently,
25 pg/mL of synthetic analogues and antibiotic controls were added to their respective wells at different
timepoints (Oh, 2h, 4h or 6h) and incubated for an additional 22h. The incubation period varied according
to the conditions where different analogues and antibiotics were added at different timepoints. For
example, analogues added at the start of the assay (Oh) was incubated for a total of 28h followed by the
incubation period of 26h, 24h, and 22h for the conditions where the peptides and antibiotics were added
at 2h, 4h or 6h, respectively after the assay started. The inhibition of bacterial adhesion/biofilm
inhibition was assessed by comparing with untreated control (28h). All experiments were done in
triplicate wells and repeated at least twice.
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Table S1. Antimicrobial (MIC in pg/mL) and synergistic activities of AMPs and commercial antibiotic
combinations against £. coli BL-21.

MIC (pg/mL) of Compound A and Compound B

Compound A + Compound B Alone In combination FICI
A B A B
P6-W6R8 + Polymyxin B 8 2 4 0.06 0.53
P6-W6R8 + PMBN 8 >256 4 1 0.50
P6-W6R8 + Erythromycin 8 32 1 4 0.25
P6-W6R8 + Vancomycin 8 64 2 4 0.31
P6-W6RS8 + cTurg-2 8 64 4 1 0.52
Chlorhexidine + cTurg-1 2 >256 2 25 >1.0
Oxyteracycline + cTurg-1 2 >256 2 25 >1.0
Polymyxin B + cTurg-1 2 >256 1 25 >0.6
Polymyxin B + cTurg-2 2 64 1 1 0.52
Polymyxin B + cTurg-5 2 8 1 4 1.0
Polymyxin B + cTurg-6 2 8 1 8 1.5
Polymyxin B + Cs-cTurg-2 2 8 1 2 0.75
Polymyxin B + Erythromycin 2 32 0.25 2 0.19
Polymyxin B + Vancomycin 2 32 0.25 16 0.75
PMBN + Erythromycin >256 32 0.5 16 >0.5

Table S2. Antimicrobial (MIC in pg/mL) and synergistic activities of the linear P6-W6RS8 in combination with
erythromycin or vancomycin against different E. coli strains.

MIC (pg/mL) of peptides/antibiotics alone or in combination

Bacterial

strains Alone In combination FICI
P6-W6R8 Erythromycin P6-W6R8 Erythromycin

E. coli MC4100 8 16 2 2 0.37

E. coliNR698 8 0.5 8 0.25 1.5

E. coliBW2511 16 64 2 8 0.25

E. coli JW450 4 64 2 1 0.37
P6-W6R8 Vancomycin P6-W6R8 Vancomycin

E. coli MC4100 8 64 2 4 0.31

E. coliNR698 8 0.5 4 0.25 1.0

E. coliBW2511 16 64 4 8 0.37

E. coli JW450 4 64 2 8 0.63




Table S3. Antimicrobial (MIC in pg/mL) and synergistic activities of the cyclic cP6-W6R8 in combination with
erythromycin or vancomycin against different E. coli strains.

MIC (pg/mL) of peptides/antibiotics alone or in combination

Bsat:;?;i:l Alone In combination FICI
cP6-W6R8 Erythromycin cP6-W6R8 Erythromycin

E. coliMC4100 8 16 2 2 0.37

E. coliNR698 4 0.5 2 0.25 1.0

E. coliBW2511 16 64 4 2 0.28

E. coli JW450 8 32 2 2 0.31
cP6-W6R8 Vancomycin cP6-W6R8 Vancomycin

E. coliMC4100 8 64 2 8 0.38

E. coliNR698 4 0.5 4 0.5 2.0

E. coliBW2511 16 64 4 4 0.31

E. coli JW450 8 64 4 8 0.62

Table S4. Antimicrobial activities (MIC in pg/mL) of synthetic peptides and selected antibiotics against

facultative and/or obligate anaerobic bacterial strains commonly found in the human oral cavity.

Streptococcus Streptococcus Actinomyces Fusobacterium
mitis oralis naeslundii nucleatum

Peptide/antibiotic CCUG 31611 NCTC 11427 ATCC 19039 ATCC 10953

(Gram-positive) (Gram-positive) (Gram-positive) (Gram-negative)
C12-cTurg-1 16 >64 32 64
Cs-cTurg-2 64 >64 64 >64
cTurg-2 >64 >64 >64 >64
cTurg-3 >64 >64 >64 >64
cTurg-6 >64 >64 >64 >64
P6-W6R8 >64 >64 64 32
Vancomycin 1 <1 <1 >128
Ciprofloxacin 2 4 2 4
Polymyxin B 64 >128 64 0.5
Erythromycin 0.5 1 <0.125 32




Table S5. Effects of selected Turgencin A and EeCentrocin 1 analogues on biofilm formation by S. epidermidis
RP62A. MIC values were determined during MBIC assay conditions (TSB+glu media) and are based on the
relative absorbance/turbidity in the biofilm assay plates before washing away the planktonic cells.

. MIC Percentage biofilm inhibition
Peptide
(ng/mL) 2xMIC MIC 0.5xMIC
cTurg-1 >256 -1 47 46
cTurg-3 16 81 78 50
cTurg-4 32 92 80 57
cTurg-5 8 95 77 17
cTurg-6 8 95 80 33
P6 64 99 99 70
P6-K8 64 99 71 44
P6-W6K8 8 99 99 76
Cs-P6-R8 4 100 100 35
C10-P6-R8 4 100 100 35
Polymyxin B 1.5 100 100 80
Daptomycin 6.25 97 94 30
Vancomycin 2 100 99 9
"Not tested

Table S6. Effects of selected Turgencin A and EeCentrocin 1 analogues on biofilm formation by P. aeruginosa
PAO1 biofilm. MIC values were determined during MBIC assay conditions (MH media) and are based on the
relative absorbance/turbidity in the biofilm assay plates before washing away the planktonic cells.

. MIC Percentage biofilm inhibition
Peptide (ng/mL) 2xMIC miC 0.5xMIC
cTurg-1 >64 -1 70 73
cTurg-3 64 - 95 78
cTurg-4 32 95 96 61
cTurg-5 8 95 90 59
cTurg-6 16 96 96 86
P6 16 100 96 84
P6-K8 16 100 100 75
P6-W6K8 8 98 63 63
Cs-P6-R8 16 86 100 47
C10-P6-R8 16 86 88 64
Polymyxin B 1.5 100 86 41
" Not tested



Table S7. Effects of selected Turgencin A and EeCentrocin 1 analogues on biofilm formation by S. Typhimurium
UMRI. MIC values were determined during MBIC assay conditions (LB-salt media) and are based on the relative
absorbance/turbidity in the biofilm assay plates before washing away the planktonic cells.

Percentage biofilm inhibition

Peptide MIC
(ng/mL) 2xMIC MIC 0.5xMIC
cTurg-1 >256 -1 - 71
cTurg-3 16 83 78 88
cTurg-4 32 79 84 81
cTurg-5 16 76 73 86
cTurg-6 16 67 67 81
P6 16 86 98 90
P6-K8 16 89 95 81
P6-W6K8 16 74 90 91
Cs-P6-R8 8 82 93 92
C10-P6-R8 32 49 77 86
Polymyxin B 1.5 100 99 82
Vancomycin 64 100 100 100
"Not tested

Table S8. Effects of selected EeCentrocin analogues on preformed biofilms produced by S. Typhimurium UMRI,
P aeruginosa PAOl and S. epidermidis RP62A. MBIC of the peptides were tested based on the relative
absorbance/turbidity in the biofilm assay plates before washing away the planktonic cells.

S. Typhimurium UMR1

P. aeruginosa PA01

S. epidermidis RP62A

Peptide % removal xMIC % removal xMIC % removal xMIC

P6 74 1 99 8 24 1

P6-K8 83 1 99 8 28 1
P6-W6K8 83 1 90 8 61 8
Cs-P6-R8 44 1 T - 21 16
C10-P6-R8 71 1 90 4 41 16
PMB 0 1 100 1 0 1

"Not tested
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Figure S1. Outer membrane and plasma membrane activity of selected Turgencin A analogues and EeCentrocin
1 analogues, determined at concentration 12.5 pg/mL using an E. coli dual biosensor strain. The figure depicts
fluorescence and luminescence normalized to the untreated control.
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Figure S2. Effects of linear and cyclic peptides on growth of P. aeruginosa PAO1 and S. Typhimurium UMR1
biofilm formation at varying timepoints after adding a concentration of 25 pg/mL of the different peptides.
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Figure S3. Effects of cTurg-2 and Ci>-Turg-1 (18-25) on rdar morphotype of S. Typhimurium UMRI biofilm
formation Congo red agar plate (LB agar without NaCl, supplemented with the amyloid dye Congo red.



Assay S1. Effects of Turgencin analogues on S. Typhimurium morphotype in Congo red agar

Materials and methods:

The biofilm inhibitory effect of cTurg-2 and Ci,-Turg-1 (18-25) was investigated using the CR-agar
method. Agar plates were prepared with 10 g/L Tryptone, 5 g/L yeast extract, 16 g/L agar, 40 pg/mL
Congo red (CR) and 20 pg/mL Coomassie Brilliant Blue G-250. Fresh colonies of S. Typhimurium
colonies were picked from LB agar and grown overnight in LB broth with NaCl. The overnight culture
was centrifuged at 3000xg for 5 min and dissolved in PBS and adjusted to an ODggo of 2.0. Next, 5 uLL
of peptide analogues (1 pg/mL) were spotted on the CR agar and left to dry for 30 min. An aliquot of 10
uL bacterial suspension were added on top of the peptide containing spots and allowed to dry. The plates
were incubated at 28° C for 4 days in a humid atmosphere.

Results and discussion:

The biofilm forming Salmonella enterica serovar Typhimurium UMR1 produces a distinct rdar (red,
dry, and rough) morphotype on CR- agar plates (Monteiro et al., 2011). The rdar morphotype indicates
the production of cellulose and curli as biofilm extracellular matrix components. In our studies, the
cyclic peptide cTurg-2 showed a distinct saw (white and smooth) morphology after 24 h incubation
(Figure S3), indicating a lack of cellulose and/or curli expression. On the other hand, in the presence of
the linear lipopeptide Cio-Turg-1 (18-25), the bacteria were unable to form the rdar (red, dry and rough)
morphotype even after 96 hours of incubation.

The CR-agar method is known for the qualitative assessment of biofilm production and the
phenotypic characterization of biofilm forming bacteria. Most studies use deletion mutants which show
differential expression of curli and cellulose (both or neither) to differentiate between different
morphotypes on CR agar. The production of pdar (pink, dry and rough) morphotype refers to the
expression cellulose but not curli, whereas the bdar (brown, dry and rough) morphotype indicates the
expression of curli but not cellulose, and smooth and white colonies indicate no production of biofilm
(Kim et al., 2022). Accordingly, a pink colored colony morphology represents only cellulose expression
and thus disturbance of the curli csgBAC, csgDEFG operon expression, and/or curli assembly (Evans
and Chapman, 2013).

Conclusion:

Although staining the biofilm components with CR is a fast and easy method, without complementary
genetic analyses and the use of proper controls, there would be a risk of misinterpretation of the results.
Further experiments are needed to confirm these results.
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