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ABSTRACT

The rise in frequency of antibiotic resistant pathogenic bacteria makes the need for new
treatment options for previously curable bacterial infections ever more important. In the
process of discovering and developing antibacterial agents, one powerful approach has been
borrowing wisdom from nature. Antimicrobial peptides (AMPs) are critical components of
the innate immune systems found in almost all eukaryotic life forms. Their mode of action
includes disruption of the bacterial membrane and to trigger supporting immune responses.
Due to these properties, AMPs are considered promising lead structures that can be further
developed into commercially available antibiotics to treat or prevent human diseases caused
by bacteria.

The work conducted in this thesis aims to discover and characterize novel antimicrobial
peptides from the Arctic marine ascidian Synoicum turgens by using a marine bioprospecting
approach. This includes collection, extraction and fractionation of biomass, antibacterial
bioactivity testing and AMP isolation followed by chemical and biological characterization.
For one isolated peptide class, truncated versions were prepared, aiming to produce shorter,
linear variants with retained antimicrobial activity.

In paper I, turgencin A and B and their oxidized derivatives were discovered through
bioassay-guided purification. These peptides had an unusual disulfide connectivity, rarely
seen in marine AMPs. Both turgencin A and B were potently active against all assayed
bacterial strains. Membrane assays showed that the peptides cause bacterial membrane
disruption within a few seconds. Turgencin A and B also displayed some cytotoxic activity
against two human cell lines. Oxidation of the methionine present in both peptides decreased
the bioactivities in all assays.

Turgencin A, being the most potent AMP, was subject for sequence analysis and prediction of
antimicrobial potential of different regions in paper II. Truncated and modified variants of
turgencin A were synthetically produced to make smaller AMPs with the potential of being
developed into antimicrobial drug leads. These 10-mer peptides, named StAMP-1-11, were
made using an amino acid replacement strategy. Some of the Trp enriched peptides had
similar bactericidal activity as the parent peptide turgencin A, and no cytotoxic activity
against the mammalian cell lines.

During turgencin isolation, a series of other smaller peptides were discovered in the same
extracts presumably with antimicrobial activity. These isolated and characterized ~2 kDa,
cysteine-rich peptides (CRPs) (described in paper III), were named St-CRP-1 and St-CRP-2
and contained 18-19 amino acids. The St-CRPs shared a disulfide connectivity pattern with
alpha-defensins, had a neutral net charge, moderate antibacterial activity and showed no
cytotoxicity.

In addition, the introduction section provides background information on topics related to the
thematic of the articles. This includes an introduction to bacteria, antibiotics and antibiotic
resistance, AMPs, ascidians, and the marine environment.
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1. INTRODUCTION

Antibiotics are bactericidal or bacteriostatic agents mainly used to treat or prevent pathogenic
bacterial infections in humans and animals, while causing no harm to host cells [1]. Antibiotic
therapy has made a profound impact on human health, enabling treatment of several leading
causes of death in the pre-antibiotic era, like tuberculosis, which is caused by the pathogenic
bacterium Mycobacterium tuberculosis [2]. However, selective evolutionary pressure inflicted
on bacteria by extensive and improper use of antibiotics [3], has caused bacteria to develop
resistance mechanisms in order to survive by neutralizing or destroying antibiotics [4]. This is
threatening the continued efficacy of antibiotic agents. The World Health Organization
(WHO) is terming this new phase the ‘post-antibiotic era’, where previously treatable
infections become fatal due to diminishing treatment options [5]. The problem has been
aggravated from downscaled efforts by the pharmaceutical industry to the development of
new antibiotics [6]. Current estimates state that 700,000 people die annually due to antibiotic
resistant bacterial infections [7]. This number is predicted to escalate as the availability of
active antibiotic agents gradually lowers and resistant pathogenic bacteria spreads throughout
the global population [8]. If not counteracted, this continued evolution and spread of antibiotic

resistance in pathogens could prove to be a long-term public health menace [6].

In search of new antibiotics, nature remains the richest and most versatile source, as the large
majority of antibiotics currently used in clinical therapy are natural products or derivatives
thereof [9]. Antimicrobial peptides (AMPs) have become a promising focus area in antibiotic
research [2]. These ribosomally synthesized peptides have properties which makes them
desirable lead compounds for the development of new antibiotics, including high potency and

a low tendency of resistance developing towards them [2, 10].

1.1 BACTERIA AND ANTIBIOTICS

Bacteria constitute a diverse group of omnipresent microorganisms, which are distinctly
different from human cells [11]. They are prokaryotic, thus lacking membrane-bound
organelles [12]. Their peptidoglycan cell walls have no homologous structures in vertebrates,
their essential nutrients are different, and there is a large difference between eukaryotic and

prokaryotic ribosomal RNAs [13]. Although most bacteria are harmless, beneficial, or even



necessary, some are opportunistic or pathogenic, raising the need for antibiotics to prevent or

treat bacterial infections [14, 15].

1.1.1 Gram-positive and Gram-negative bacteria

Based on differences in the cell envelope structure, bacteria are commonly divided into two
groups; Gram-positive (G+) and Gram-negative (G-) bacteria [16, 17]. A simplified
illustration of the G+ and G- cell wall constructions is shown in Figure 1. Both G+ and G-
bacteria have an inner cytoplasmic phospholipid bilayer membrane [18], but in G+ bacteria, a
thick peptidoglycan layer surrounds this membrane. Embedded through and on the
peptidoglycan layer are various lipoteichoic acids, which gives the surface of G+ bacteria a
negative charge [19]. In G- bacteria, the cytoplasmic membrane is surrounded by a single
layer of peptidoglycan, enclosed by an outer membrane. The outer membrane is distinctly
different from the inner membrane as its outer leaflet consists of lipopolysaccharides (LPS)
[20]. LPS is unique to G- bacteria and also renders the surface of G- bacteria negatively
charged. Both G+ and G- cell envelopes contain transmembrane proteins carrying out a
variety of functions, including export of waste, import of nutrients and cell signaling [18]. The
cell walls of bacteria are highly complex, and the composition of its constituents may change
in response to external factors [21]. E.g., more than 100 different LPS variants are predicted
to be present in Escherichia coli alone [22]. The differences between the cell envelope of G+
and G- bacteria confer different properties to the two groups in response to external stress,
including antibiotics. In addition, important examples of pathogenic bacteria not belonging to
the G+ and G- classes exist. This includes the Corynebacterineae group, which M.
tuberculosis belongs to [23]. The cell envelopes of these bacteria have characteristics of both

G+ and G- bacteria [16].
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Figure 1: The cell wall of Gram-positive (left) and Gram-negative (right) bacteria [24].
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1.1.2 Bacterial infections

Pathogenic bacteria can damage host cells directly, by using host cells as nutrition or through
waste or toxin production, or indirectly through host immune response provocation [25]. At
the beginning of the 20" century, several leading causes of death in humans were diseases
caused by pathogenic microorganisms [26, 27]. Today, bacterial infections are significantly
less prominent in terms of mortality rates, especially in developed countries. This is in large
parts due to vaccination, improvement in sanitary practices, and the discovery and use of
antibiotics [26]. However, WHO still estimates lower respiratory infections, diarrheal diseases
and tuberculosis as the fourth, ninth and tenth top global cause of death in 2016 [28]. One of
the bacterial diseases with the highest disease burden is tuberculosis, caused by M.

tuberculosis, which kills between 1.3 and 2 million people every year [27].

1.1.3 Antibiotics

The development of antibiotics is one of the great discoveries of the 20 century. Today,
human health and food production are heavily reliant on the effective use of these agents [26,
29, 30]. When antibiotics are used to treat a disease, the desired outcomes are to kill the
bacteria or inhibit their growth rate sufficiently to allow the patients’ immune system to
combat the infection. Antibiotics may also be used prophylactically when the risk of infection
is substantial for example during surgical procedures and for patients receiving chemotherapy
and immunosuppressive drugs [31]. Prophylactic use of antibiotics in animal feed is also
widespread in some countries [32]. The reasons behind this practice are several. It lowers the
incidence of diseases, prevents spread of disease in aquaculture or animals and stimulates

growth [33].

The differences between bacterial and mammalian cells represent targets for antibiotics.
Traditional antibiotics kill or inhibit the growth of bacteria by targeting various biosynthetic
processes, including synthesis of proteins, RNA, DNA, peptidoglycan (e.g. penicillins) and
folic acid [34]. AMPs comprise a group of compounds with properties distinguishing them
from the traditional antibiotics. In fact, AMPs are classified by the WHO as non-traditional
antibiotics along with, for example, bacteriophages [35]. Unlike most conventional
antibiotics, the mode of action (MoA) of AMPs includes destabilization of the bacterial cell
wall and may also cause enhanced immune response in the user by acting as

immunomodulatory agents [36].



1.1.4 Antibiotic resistance

Antibiotic resistance is a natural phenomenon where bacteria become resistant to the effects
of a previously debilitating antibacterial agent [37]. Bacteria develop resistance to antibiotic
agents through gene mutations. Most bacteria are haploid for the vast majority of their genes
[38]. This, coupled with typically short generation times, allows mutations to emerge and
accumulate rapidly [39]. Many of these genes are carried on mobile genetic elements
(plasmids) transmittable to other bacteria, enabling acquirement of the genetic information
encoding resistance from other bacteria via horizontal gene transmission [40]. As a result of
widespread use of antibiotics in human medicine, as well as in other areas, like veterinary
medicine and food production, the evolutionary pressure for the emergence of antibiotic
resistance is great [41, 42]. Resistant bacteria may persist in the body, causing prolonged
disease or potentially death, as well as an increased risk of infecting others [43]. Moreover,
antibiotics support modern medicine. If they lose their effectiveness, key medical procedures,
including surgery, caesarean section and treatments that suppress the immune system, such as
chemotherapy, may prove fatal [44]. Due to economic and regulatory obstacles, development
of new antibiotics by the pharmaceutical industry has steadily decreased over the past
decades, further aggravating the problem [45, 46]. At the current rate of drug development
versus emergence of antibiotic resistant bacteria, drug development programs are predicted to
be insufficient to provide therapeutic coverage in 10 to 20 years [47]. Figure 2 gives a
timeline of the deployment of selected antibiotics and when resistance towards the same
agents was identified. This clearly illustrates the inevitability and rapidness of the emergence
of antimicrobial resistance and highlights the need for continuous development of new

antibacterial treatment options.

Bacteria use a wide variety of mechanisms to resist antibiotics [43]. These include prevention
of access to drug targets e.g., via efflux pumps, altering the structure of antibiotic targets or
direct inactivation of antibiotic e.g., by hydrolysis or phosphorylation [44]. Resistance
mechanisms exist for all currently available antibiotics [48]. Bacteria possessing genes which
allow them to resist antibiotics with different MoAs are termed multidrug resistant bacteria

[49, 50].
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Figure 2: A timeline showing when selected antibiotics were deployed and when resistance against the
same antibiotics was identified in pathogenic bacteria. Figure inspired by [43, 51].

1.2 ANTIMICROBIAL PEPTIDES (AMPs)

AMPs are a group of structurally diverse defense compounds encoded in the DNA of their
proprietors, which form part of the innate immune system of most plants and animals [36, 52,
53]. Even bacteria produce AMPs (termed bacteriocins), most often to gain an advantage over
other bacteria in the competition for food or over the same environmental niche [54]. The
widespread distribution of these peptides underscores their critical benefits for the producing
organism [55]. AMPs produced by multicellular organisms have evolved over millions of
years through evolution as a result of coexistence with microbes. Despite the vast presence
and ancient lineage of AMPs, they remain effective weapons to combat bacterial infections.
To date, more than 3000 AMPs are registered in the antimicrobial peptide database (APD,
https://aps.unmc.edu/), out of which more than 70% come from animals [56-58]. This class of
compounds are now gaining increasing attention due to their potential of being developed into

antibiotics to combat antibiotic resistant bacteria [59].

AMPs from the marine environment are highly diverse. Some similarities can however be
found. In general, marine AMPs are found to contain cysteine [60]. Exceptions to this general
observation are AMPs isolated from some tunicates [61]. Post-translational modifications
(PTMs) are common in marine AMPs. This includes amidation of the C-terminus, in addition
to more complex and extensive PTMs [61-63]. Many marine AMPs, for example the styelins

isolated from Styela clava, are produced as isoforms, protein variants that originate from a
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single gene or gene family. Marine derived AMPs are known to be less salt sensitive
compared to terrestrial AMPs [64]. This may offer benefits as treatment to specific patient
group e.g., patients suffering from cystic fibrosis, who have high salt concentrations in body

fluids, thus inhibiting the function of human AMPs, such as human B-defensin-1 [65].

1.2.1 The primary structure of AMPs

The linear array of amino acids forming the primary structure of AMPs is encoded in the
DNA of the producing organism [66]. While the encoding gene sequences are known to be
highly diverse, some common features can be found in most AMPs. Most are relatively short
(10 - 50 amino acids), are rich in basic amino acids rendering them an overall positive charge
ranging from +2 to +11, and most contain a substantial portion of hydrophobic residues [67].
It is observed that the basic amino acids arginine and lysine are 50% more abundant in AMPs
than in the overall genome, while the acidic amino acids glutamic acid and aspartic acid are
about 75% less abundant than expected. In addition, hydrophobic residues are more abundant

in AMPs compared to the overall genome [68].

1.2.2 The mature structure and post-translational modifications of AMPs

Following translation, the R-groups (side chains) of the amino acids force the molecules to
twist and fold in a specific way. This results in formation of intramolecular hydrogen bonds
between the amino hydrogen and carboxyl oxygen atoms in the peptide backbone, folding the
peptide into its secondary structure [69]. The most common secondary structural elements

observed in natural peptides are a-helixes and B-sheets [69].

Furthermore, the structure of AMPs may be altered through PTMs [70]. PTMs of AMPs
include C-terminal amidation, oxidation, disulfide bridge formation, cyclization and
halogenation [70]. PTMs appear to influence not only the activity of the peptide, but also their
stability against protease degradation and denaturation. Following the final alterations, the
peptides adopt their final three-dimensional structures. One example of an a-helical AMP
subjected to substantial PTMs is styelin D (Figure 3) [61, 62]. This 32 amino acid peptide was

isolated from hemocytes from the ascidian Styela clava.
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Figure 3: The primary structure of styelin D, isolated from the ascidian Styela clava [61]. In total, 12
amino acids have undergone post-translational modifications (amino acids highlighted with color) and the
C-terminal is amidated.

Disulfide bridges
Disulfide bridges, or disulfide bonds, forms between two cysteine thiol groups (Figure 4)

resulting in a covalent bond between two sulfur atoms, as a result of a series of enzyme
catalyzed reactions [71]. This introduces conformational constrains to the peptide backbone,
which is known to improve stability, enabling the peptide to better resist environmental
conditions like high temperature, acidic or basic conditions and may provide an increased
peptide half-life [72]. For many peptides with one or more disulfide bridges, their presence is
critical for the proper folding of the peptide and thus also often a prerequisite for achieving its
biological function [73]. Many peptides with B-sheet secondary structures are stabilized with
disulfide bridges [58].
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Figure 4: The formation of a disulfide bridge between the side chains of two cysteine amino acids. The
curved lines represent the continuation of the peptide backbone [74].



1.2.3 Mode of action of AMPs against bacteria

The best characterized MoA of AMPs against bacteria is direct interaction with bacterial
membranes causing permeabilization and bacterial death. This is initiated by electrostatic
interaction between the peptides’ positively charged domain and the negatively charged outer
surface of the bacteria. The hydrophobic domain of the peptide then interacts with and
embeds into the lipophilic membrane core causing membrane disruption and collapse [75].
The mechanism in which the AMPs are inserted into the bacterial membrane depends on the
structural features of the peptide. The most widely mentioned models describing how AMPs
transverse bacterial membranes are the toroidal, barrel-stave and carpet models, illustrated in
Figure 5 [76, 77]. In the toroidal model, AMPs are inserted into the bacterial membrane
causing the two membrane leaflets to connect forming a continuous bend from the top to the
bottom, similar to a toroidal hole [78, 79]. The barrel-stave model describes how stave shaped
AMPs (most often a-helixes) are inserted perpendicularly through the membrane, forming a
barrel-shaped hole [79]. In the carpet model, areas of the membrane are coated with AMPs.
This causes membrane instability and eventually membrane disintegration and micelle

formation [79].

ANTIMICROBIAL
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Figure 5: Illustrations of the different models by which antimicrobial peptides (AMPs) exert their activity
on the bacterial membrane. Figure adapted from [80].

Interference with cell wall integrity was long believed to be the only MoA of AMPs. It is
now, however, clear that AMPs are multifunctional compounds capable of a multitude of
direct and indirect antibacterial actions (Figure 6). In addition to the direct effects on cell wall
integrity, AMPs can disrupt membrane bound machineries (like ion channels), bind to
receptors and affect internal targets in the bacteria [77]. AMPs have also been proven to cause
indirect pathogen clearance by modulation of host immune responses. Responses include
stimulation of chemotaxis, modulation of immune cell differentiation and initiation of

adaptive immunity [81, 82]. As the sequence diversity, PTMs and 3D structures, as well as the



wide variety of activity models proposed for AMPs, it is likely that multiple MoAs occur

simultaneously [75].
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Figure 6: A schematic overview illustrating the different modes of action by which AMPs exert their
antibacterial activities. Figure modified from [58].

1.2.4 Classification of AMPs

AMPs constitute a group of compounds, whose structure, origin, biosynthetic production
pathway, localization within the producing organism, biological function, bioactivity, and
MoAs are highly diverse. Consequently, AMPs may be classified in a wide variety of ways
[83-85] and no official classification system exists. However, a widely used classification is
based on their secondary structure, where AMPs are classified in the four broad classes (-
helixes, B-sheets, loop structures and extended structures) [36, 86-88]. Most AMPs belong to
the first two classes [89].

a-helixes

In a-helical AMPs, the hydrophobic and hydrophilic portion are often segregated along the a-
helical long axis, giving them a distinct amphipathic nature (Figure 7) [90, 91]. AMPs holding
this structure are widespread in nature. This group usually adopts a disordered structure in
aqueous solution but arranges in amphipathic helixes when interacting with membranes [92].

o—helical AMPs include arasin 1, isolated from hemocytes of the spider crab Hyas araneus



[93], the chrysophisins, isolated from the gills of the red sea bream Chrysophrys major [94]

and astacidin 1, isolated from plasma of the freshwater crayfish Pacifastacus leniusculus [95].

Figure 7: The three-dimensional structure of the AMP clavanin A, isolated from the ascidian Styela clava.
A) The peptide is twisted into an a-helical shape. The figure shows the peptide backbone portrayed as a
cartoon overlaid with extended structure showing the protrusion of the R-groups. B) The surface
structure of clavanin A. The hydrophilic and lipophilic regions are mainly clustered on different sides
along the a-helical long axis. Color indications: pink = polar, green = cationic, and blue = hydrophobic
residues. Figure modified from [96].

B-sheets

This class refers to AMPs containing B-sheet sheets (Figure 8). This class includes the
protegrins, which were first isolated from porcine leukocytes [97], the mammalian defensins
[98] and the tachyplesins, isolated from hemocytes of horseshoe crabs [99]. Nearly all B-sheet
AMPs contain disulfide bridges [58]. Compared to a-helical AMPs, B-sheet AMPs are less

prone to undergo structural changes in response to changing chemical environments [100].

A

- \

Figure 8: Structures of the mammalian AMPs, a-defensins: A) Human neutrophil peptide-4 [101] and B)
cryptdin-4 [102]. The tertiary structures of both proteins are arranged with B-sheets (blue) supported by
three disulfide bridges (yellow).
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Loop and extended structures

Loop AMPs adopt a loop formation with one intramolecular disulfide bridge [103]. This class
includes the bovine AMPs bactenecin [104] and lactoferricin [105]. Extended structures are
characterized by the overexpression of one or more of the following amino acids: proline,
tryptophan, arginine or histidine and do not fold into regular secondary structures [92]. Many
extended AMPs are not active against bacterial membranes, but rather exert their activity
through interaction with intracellular bacterial structures [106]. Indolicidin, a cationic 13
amino acid AMP, which is unusually rich in tryptophan and proline, belongs to this class
[107]. So does apidaecin, produced by bees and wasps [108] and pyrrhocoricin produced by
fire beetles [109].

1.2.5 Optimization of AMP structure through analog synthesis

Despite the many advantages of native AMPs, the challenges associated with these
compounds have delayed their development into antibacterial drugs. In particular, the
relationship between AMP structure and therapeutic index needs to be investigated and
improved [110]. This can be done through chemical synthesis of AMP analogs and
conduction of structure-activity/toxicity analysis. This will allow pinpointing of AMP
pharmacophores and toxicophores, knowledge of which can be utilized to produce AMP
analogues with improved therapeutic indexes [111]. In addition, by pinpointing the smallest
amino acid domain exerting activity, costs associated with AMP production can be
minimized. Analogs of natural AMPs produced through chemical synthesis are being reported

to an increasing degree [90].

To help in this endeavor, several computer-aided design methods exist. These methods allow
the pinpointing of regions within the full peptide sequence that are important for the
antimicrobial activity of the peptides. These include the online prediction tool of the
collection of anti-microbial peptides (CAMPr3) web server [112] and tools in the database of
anti-microbial peptides (ADAM) [113]. The peptide stretches with the highest overall
predicted antimicrobial potential can then be used as a starting point for peptide synthesis.
Furthermore, the synthetic peptide can be mutated at specific residues to examine the effect
this has on antimicrobial activity [114]. If the peptide loses activity following the replacement
of a specific amino acid, that residue is in some way necessary for its biological function.

However, if the antibacterial potency improves, this provides valuable information regarding
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which structural elements of the peptides that are important for the observed antibacterial

activity and elevates the potential of this peptide as antibacterial drug-lead.

1.3 THE MARINE ENVIRONMENT

The ocean covers more than 70% of the earth’s surface and is the home to more than 300,000
described species of plants and animals [115]. With an average depth of three kilometers, the
habitable space under its surface is enormous [116]. One factor is common for all marine
habitats, which is the presence of saltwater. Apart from this, the habitats are immensely
diverse, stretching from the intertidal zones to deep-water trenches, from tropical sun- and
nutrition-rich waters to the dark, cold, and ice-covered waters at the North Pole [117]. In the
marine environment, 34 out of the 36 phyla of life are represented out of which 21 are
exclusively marine [115]. The chemodiversity in marine species is significantly less studied
compared to terrestrial chemodiversity, as terrestrial plants traditionally have been more
easily accessible. Marine organisms truly emerged as a source of chemodiversity in the 1960s,
with self-contained underwater breathing apparatus exploration, and later robot-sampling in
oceanic depths [118]. Products coming from marine organisms could be used for various
human applications, including cosmetics and skin care purposes, as nutraceuticals and as

pharmaceuticals [119].

1.3.1 Marine bioprospecting and pharmaceuticals from marine sources

Bioprospecting is the systematic search for biochemical or genetic products in nature that can
be developed into commercial products for pharmaceutical, agricultural, cosmetic and other
applications [120]. For pharmaceutical development, natural products have played a
particularly important role, with around 60% of all marketed drugs originating from nature
[121]. This success can be explained by the different and diverse chemistry of natural
products compared to compounds produced by combinatorial synthesis [122]. In addition,
many natural products, especially those produced as defense molecules, have been developed
through an evolutionary arms race between species, where the producer aims to prevent being
overgrown or to repel predators or pathogens [123]. This is most often achieved by production
of compounds with chemical properties allowing potent interactions with protein targets

within the competing or attacking organism. Most drug targets in humans are of protein
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nature, thus rationalizing the impressive success of natural products for pharmaceutical
development [124, 125]. For antimicrobial drug development, natural products have been
especially important [126]. In fact, around 70% of all marketed antibacterial agents originate
from natural products [127]. These include B-lactams, aminoglycosides, tetracyclines and

macrolides [44, 120].

In natural product based drug development, terrestrial plants have been most widely studied
[121]. Therefore, many consider the marine environment the world’s greatest untapped
resource for new biodiversity and chemodiversity. As of March 3™, 2022, 17 marine derived
pharmaceuticals are approved for use by the American food and drug administration (FDA) or
for use in Australia or China, and 29 are in the various stages of clinical development [9,
128]. One of the approved compounds is ziconotide, a synthetic form of a ®-conotoxine
peptide, which is a constituent in the venom of the fish-eating marine snail Conus magus
[129]. It consists of 25 amino acids, and its three-dimensional structure is supported by three
disulfide bonds (Figure 9) [129]. The disulfide bridges give the secondary peptide structure its
inherent stability and are imperative for the activity of the peptide. The final confirmation of
the peptide is heavily influenced by the conformational constrains imposed by the disulfide

bridges. It is approved for the treatment of chronic pain [130].

H-Cys —Lys — Gly — Lys

4 |
I Ala —Gly
Cys
Lys
|
Cys — Asp — Tyr — Met
HN —Cys TT' Cys — Ser — Arg— Leu
Lys Gly — Ser

Gly -Ser - Arg — Cys

Figure 9: A) The structure of ziconotide includes three disulfide bridges (indicated by bold lines) [131]. B:
The three-dimensional structure of ziconotide [132].

13



1.4 ASCIDIANS

The evolutionary connection of ascidians to vertebrates, also known as sea squirts, are
animals belonging to the Ascidiacea class. The class includes Phlebobranchia,
Aplousobranchia and Stolidobranchia, orders mainly distinguished by the physiology of their
bronchial baskets [133, 134]. More than 3000 ascidian species are recorded, all of which live
in the marine environment. Ascidians belong to the Chordata phylum, where both Tunicata

(the subphylum of ascidians) and Vertebrata are subphyla [135].

1.4.1 Anatomy and biology of ascidians

Ascidians evolutionary connection to vertebrates can only be seen in their tadpole-like larvae
stadium, which has a notochord [136, 137]. When the larvae metamorphose into an adult, the
original nervous system and sensory organs degrade. Adult ascidians are thus invertebrates,
most of which are sessile, soft-bodied filter feeders [138]. Adult ascidians exist either in
solitaire, with little or no interactions with other individuals of their species, or as colonial
animals, where many individuals live in close association. Colonial ascidians may share
nutrients between themselves. Colonies may also share a common siphon where water is
filtered through each individual and excreted through a larger, common siphon [139]. The
anatomy of a solitary ascidian can be seen in Figure 10. Adult ascidians have a sac-like body
with two openings, called siphons, allowing water to flow through the animal via a large
bronchial basket. An endostyle, attached to the bronchial basket, secrets a mucous net
required to trap particles suspended in the filtrated water [140]. An outer layer, called the

tunic, made of the polysaccharide cellulose, encloses the animal.

Oral/buccal siphon

Neural gland

Tentacles (filters)

Endostyle

Stomach

Figure 10: The anatomy of a solitary ascidian. Adapted from [141].
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Entailed by the absence of a vertebrate column, ascidians do not possess the complex adaptive
immune system found in vertebrates [142]. Thus, they do not have the long-term
immunological memory mediated through lymphocyte immunity (T- and B-cells). However,
ascidians thrives in the marine habitat, which is known to possess up to 10° — 10°
microbes/mL seawater [143]. Ascidians therefore require an efficient innate immune system
to avoid being infected by pathogenic microbes. Immunity in ascidians is principally confined
to non-specific inflammatory responses, at large mediated by circulating blood cells,
including hemocytes, which are lymphocyte-like cells, phagocytes, and cytotoxic cells. These
cells synthesize most of the pattern-recognition receptors, including toll-like receptors,
required for immune defense [144]. In addition, ascidians are known to produce AMPs as a
defense strategy. Ascidian AMPs may even be produced in the absence of external threats and
stored in granules [145]. The ability of ascidians to produce AMPs as part of their innate
immune response suggests that these peptides are amongst the earliest components of the
immune system of the vertebrate lineage [146]. Ascidians also have a well-developed
chemical defense strategy, mediated through the production of secondary metabolites [142,

147].

1.4.2 Bioactive compounds from ascidians

Peptides only constitute a small fraction (around 4%) of the natural products isolated from
ascidians [148]. More than 1200 natural products have been isolated from ascidians [149].
The most reported compounds are classified as indoles (around 48%), followed by
pyrocridine alkaloids (around 18%) and B-carboline alkaloids (around 8%). Regarding
bioactivities, anti-tumor or anticancer are the most common bioactivities, reported for about
64% of the natural products isolated from ascidians. Antibacterial activity is the second most
reported bioactivity, at 14% [148]. In addition to the AMPs described as part of this thesis, 16
ascidian derived AMPs have been reported. For some of these, synthetic analogues have been

produced. The properties of the isolated AMPs are detailed in Table 1.
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Table 1: Antimicrobial peptides reported from ascidians and their properties.

ISOLATED a NET
PEPTIDE SPECIES FROM Aa CHARGE® EFFECT COMMENTS
o-helical,
Clavanin A — A -D: +5, Antimicrobial® ¢, amphipathic, C-
E [146] Styela clava  Hemocytes 23 E: +6 immunoregulatory [150]  terminal amidated,
no other PTMs.
Antibacterial against G+ a-helical, C-
Clavaspirin Pharvnecal and G- bacteria®, terminal amidated,
[l Sf)] Styela clava tisr}; ui 23 +1 cytotoxic towards no other PTMs,
human and bovine cloned from cDNA
erythrocytes library.
Antibacterial against G+ a-hehcall, consists of
. . . . two identical
Dicynthaurin  Halocynthia and G- bacteria®, .
. Hemocytes 60 +4 . monomers linked
[152, 153] aurantium haemolytic towards .
human erythrocytes through a disulfide
bond.
Heterodimer. 18 and
Halocidin  Halocynthia Hemocvtes 33 Antibacterial against G+ 15 aa monomers
[154] aurantium Y +1 and G- bacteria linked through a
disulfide bond.
. . Antibacterial against G+
Halocyntin Haloc.y nihia Hemocytes 26 +2 and G- bacteria, a-helical
[155] papillosa )
haemolytic
Papillosin  Halocynthia Antibacterial against G+ .
+ . -
[155] papillosa Hemocytes 34 > and G- bacteria o-helical
Antibacterial against G+ Smaller than most
. . o f AMPs
Plicatamide Styela Hemocvies 8 1 and G- bacteria®?, (octapeptide). one
[156, 157] plicata y haemolytic towards pep '
human erythrocytes aa has undergone
rytrocy PTM.
o-helical, C-
A:+5,B:  Antibacterial against G+ terminal amidated,
Styelin A —E +4, C: +6, and G- bacteria®, undergone several
[61, 62] Styela clava Hemocytes 32 D: +9, E: haemolytic against post-translational
+10 eukaryotic cells modifications
(PTM).

2Aa.: Amino acids, PNet charge at neutral pH calculated from ADP web site (http://aps.unmc.edu/AP/main.php), ‘mode-of-

action includes bacterial membrane destabilization, 9pH and salinity dependent antibacterial, antifungal, and anti-biofilm

activities [96, 146, 158]. °The antibacterial effect is most prominent at acidic pH as this results in the protonation of histidine

residues, hence increasing the positive charge of the proteins [151, 158, 159], fantibacterial activity reduced at reduced pH,

indicating that electrostatic interactions do not play a major role in its activity.
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1.4.3 Anticancer non-ribosomal peptides from ascidians

Two non-ribosomal peptides isolated from collected ascidian biomass have entered clinical
trials [160-162]. The cyclic depsipeptide dehydrodidemnin B, also known as Aplidine® or
plitidepsin, was isolated from the Mediterranean ascidian Aplidum albicans [163]. This non-
ribosomal peptide, developed by the Spanish company PharmaMar, got market approval in
Australia in 2018 for treatment of multiple myeloma [164]. The second non-ribosomal
peptide, didemnin B, isolated from the Caribbean ascidian Trididemnum cyanophorum [165],
was entered into clinical trials as an antineoplastic agent by the National Cancer Institute
[166]. It completed phase II clinical trials, but further trials were not conducted due to

anaphylactic reactions in patients [160].

1.4.4 Secondary metabolites from ascidians

In addition to the bioactive peptides, several small molecules with diverse bioactivities have
been isolated from ascidians. This include the anti-tumor chemotherapy drug trabectedin
(Yondelis®), which was approved for use by the European Union in 2007 and the FDA in
2015 [167]. Lurbinectedin (Zepzelca®), isolated from Ecteinascidia turbinate, was approved
for use by the FDA in 2020 for adult patients with metastatic small cell lung cancer with
disease progression on or after platinum-based chemotherapy [168]. In addition, several
bioactive compounds have been reported. These include the well-known kinase inhibitor
staurosporine, which was isolated from FEudistoma toealensis [169]. However, as this
compound originally was isolated from the bacterium Streptomyces staurosporeus [170], it is

believed to be produced by a microorganism living in symbiosis with the collected ascidian.

1.4.5 Bioactive compounds from Synoicum species

Synoicum species, belonging to the family Policlinidae, are all colonial ascidians [171] and
known to be a rich source of novel compounds. Approximately 62 compounds have been
isolated from Synoicum species, with origin from all over the world (Table 2). More than two
thirds of these compounds are halogenated aromatic derivatives, and beside the heavily
brominated tetraphenolic bis-spiroketals prunolide A and B from Synoicum prunum [172],

they are all below 1000 Da. The bioactivity varies among the compounds; antibacterial [173],
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antifungal [174], cytotoxic [175], anti-inflammatory [176], enzyme inhibitors [177], antiviral

activity [172].

Table 2: Natural products isolated from Synoicum species around the world

SPECIES REGION  COMPOUNDS CHEMISTRY
S. adareanum Antarctic 10 Ecdysteroids [178], macrolides [177, 179]
S. blochmanni Spain 6 Furanones [175]
S. castellatum Australia 1 Tetrahydrocannabinol [180]
S. globosum South Africa 4 Furanones [181]
S. kuranui New Zealand 5 Furanones [182, 183]
S. macroglossum India 1 Alkaloid [184]
S. prunum Australia 11 Tetraphenolic Bis-Spiroketals, alkaloids [172, 185]
S. pulmonaria Norway 5 Alkaloids [174, 186, 187]
Synoicum n. sp. New Zealand 1 Furanone [176]
Synoicum sp. Korea 17 Furanones, esters [173, 188]
Synoicum sp. India 1 Furanone [189]

1.4.6 Synoicum turgens

Synoicum turgens (Class Ascidiacea, order Aplousobranchia, family Polyclinidae) is a
colonial ascidian. The species was first described by C. J. Phipps in 1774, when it was
collected on a voyage towards the North Pole [190]. S. furgens is an Arctic species. Along the
coast of the Norwegian mainland, it can only be found off the coast of the county, Troms and
Finnmark. Apart from the work conducted in this thesis, no natural products have been

reported coming from S. turgens.
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2. AIMS OF THE THESIS

This project was done as part in the marine bioprospecting research group at the Norwegian
College of Fishery Science, UiT, whose main focus are antimicrobial and antibiofilm marine

natural compounds.

Primary aim

The main aim was to isolate and characterize AMPs from the marine ascidian S. turgens as

natural innate defense molecules from a marine source.

Secondary aims

The secondary aims of the thesis were to further evaluate the potential of isolated peptides as

templates for drug lead development by:

- Determining the structure of the isolated AMPs

- Investigating their antibacterial activities and mode-of-action

- Documenting their toxicity against mammalian cells

- Evaluating synthetic (truncated and modified) variants of a selected AMP for their
antibacterial and cytotoxic activity

- Documenting whether the optimized peptides had other beneficial effects like

antifungal and anti-inflammatory activities
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3. SUMMARY OF PAPERS

Paper 1
Isolation and characterization of antimicrobial peptides with unusual

disulfide connectivity from the colonial ascidian Synoicum turgens

Ida K. @. Hansen, Johan Isaksson, Aaron G. Poth, Kine . Hansen, Aaron J.C. Andersen,
Céline S. Richard, Hans-Matti Blencke, Klara Stensvig, David J. Craik and Tor Haug

e Two novel cysteine-rich AMPs were isolated, turgencin A and turgencin B and their
oxidized derivatives, from the Arctic marine ascidian Synoicum turgens

e The peptides are post-translationally modified, containing six cysteines with an
unusual disulfide connectivity of C1-C6, C2-C5, C3-C4 and an amidated C-terminus

e The turgencins contains methionine residues resulting in the isolation of peptides with
different degrees of oxidation

e Turgencin Amox displayed antimicrobial activity against the Gram-negative bacteria,
E. coli, at 0.8 uM, and the Gram-positive bacteria, B. subtilis, at 0.4 uM. Turgencin B
inhibited growth at 12.5 uM and 1.6 uM against the same strains

e Turgencin Amox1 Was cytotoxic against the melanoma cancer cell line A2058 (ICso =
1.4 uM) and the human fibroblast cell line MRC-5 (ICso = 4.8 uM). Turgencin B
killed the same cells at 14.1 uM and 7.5 pM.

e Antimicrobial activity decreased the more methionine being oxidized

e In membrane assays, turgencin Amoxi and turgencin B disrupted the bacterial

membrane within seconds

(£
‘e 8* 0.4 uM against Bacillus subtilis
3 bt | 08 UM agains Escherichia coli
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Paper 11

Antimicrobial activity of small synthetic peptides based on the marine
peptide turgencin A: prediction of antimicrobial peptide sequences in a

natural peptide and strategy for optimization of potency

Ida K. @. Hansen, Tomas Lovdahl, Danijela Simonovic, Kine . Hansen, Aaron J. C.

Andersen, Hege Devold, Céline S. M. Richard, Jeanette H. Andersen, Morten B. Strem and

Tor Haug

e The aim of this study was to develop a truncated peptide with an antimicrobial drug
lead potential, based on the sequence of the AMP turgencin A

e In silico analysis of turgencin A using various prediction software indicated an
internal, cationic 10-mer sequence to be putatively antimicrobial.

e Based on this sequence, a 10-mer lead peptide named StAMP-1, without any cysteine
residues, was synthesized and tested for antimicrobial activity

e StAMP-1 displayed weak antimicrobial activity, but by doing a systematic amino acid
replacement strategy, a modified peptide was developed that retained the potency of
the original peptide

e The optimized peptide, StAMP-9, displayed bactericidal activity, with minimal
inhibitory concentrations of 5.5 uM against S. aureus and 2.7 uM against E. coli, and
no cytotoxic effects against mammalian cells

e Preliminary experiments indicate the bacterial membranes as immediate and primary

targets

Turgencin A

H,N-GPKTKAACKMACKLATCGKKPGGWKCKILCELGCDAV-NH,
||

Prediction and optimization

¥

MIC values StAMP-9
3.9 ug/mL againstE. coli
7.8 ug/mL againstS. aureus H2N—GRRPWWWRAR—NH2
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Paper 111

Isolation and characterization of St-CRPs: Cysteine-rich peptides from the

Arctic marine ascidian Synoicum turgens

Ida K. ©@. Hansen, Phil B. Rainsford, Johan Isaksson, Kine . Hansen, Klara Stensvag,

Anastasia Albert, Terje Vasskog and Tor Haug

e Two novel cysteine-rich peptides (CRPs), St-CRP-1 and St-CRP-2, were isolated from
S. turgens

e The sequences and structures of the peptides were solved with Edman degradation
sequencing, mass spectrometry, and NMR analysis

e Both peptides were ~2 kDa, had neutral net charge, and were C-terminally amidated

e St-CRP-1 consisted of 18 amino acids, inhibited growth of two Gram-positive
bacterial strains (B. subtilis and C. glutamicum) at 24.6 pM, and displayed no
cytotoxic activity against two mammalian cell lines or the brine shrimp Artemia salina

e St-CRP-2, with 19 amino acids, inhibited the growth of B. subtilis at 49.2 uM

e The St-CRPs had a Cysl-Cys6, Cys2-Cys4, and Cys3-Cys5 disulfide connectivity,

which is also found in alpha-defensins
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4. DISCUSSION

Two of the papers included in this thesis (paper I and III) details the isolation and
characterization of novel peptides from antibacterial fractions produced by solid-phase
extraction of an aqueous extract of the Arctic marine ascidian S. furgens. In addition, a
truncated analogue series of one of the peptides were produced and characterized in paper II.
This was, to the best of my knowledge, the first report of natural compounds being isolated

from S. turgens.

In paper I, four cationic peptides, with a disulfide connectivity of Cys1-Cys6, Cys2-Cys5,
and Cys3-Cys4 were isolated. The most active oxiform of the turgencins, turgencin Amox1,
produced MIC values at sub-uM concentrations against both G+ and G- bacteria, while at the
same time displaying cytotoxicity against human malignant and non-malignant cells at low
UM concentrations. In paper II, eleven truncated variants of turgencin A, named StAMP-1 to
StAMP-11, devoid of cysteines, were produced based on sequence analysis and predictions of
antimicrobial potential. The most potent variant, StAMP-9, regained most of the antimicrobial
activity of the parent AMP while displaying significantly reduced cytotoxicity towards human
cells. In paper III, two neutral peptides, with disulfide connectivity of Cysl-Cys6, Cys2-
Cys4, and Cys3-CysS, were isolated. These two peptides showed moderate antibacterial
activity, and no toxicity against brine shrimps and two human cell lines. The most active
peptide, St-CRP-1, had comparable bioactivity to the least active turgencin, the fully oxidized

turgencin B, turgencin Bwmoxo.

4.1 BIOACTIVITY GUIDED PURIFICATION

Most extracts from natural sources are highly complex, containing numerous compounds.
Therefore, if an extract contains a compound that is of interest in sense of being a drug lead,
this will exist in a complex mixture with other natural products. Bioactivity guided
purification is an efficient strategy to eliminate compounds without a desired bioactivity, and
to discover novel bioactive compounds. A common workflow is illustrated in Figure 11. This
strategy will also, in some cases, lead to identification of novel bioactivity coming from
known compounds [191]. The exact procedure of bioactivity guided purification varies, but
the main objective is to make a highly complex mixture less complex, test for bioactivity and

proceed with active extracts. The active extracts will go through further fractionation and
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testing until the compound(s) causing the activity is purified and the bioactivity confirmed

[192].

Novel compound I
Active Pure
Extraction : Known compound Structural and
Chemical

Antibacterial ; . . .
and pre- ——— —— glth novel [solation biological
fractionation & y Ll characterisation

Inactive Not pure
Known compound

 S—

Figure 11: A common bioactivity guided purification workflow.

The peptides isolated in paper I and III are results of this procedure. Extracts and fractions
from S. turgens were selected based on their antibacterial activity. When testing the purified
turgencins, it was clear that the antibacterial activity in the HPLC fractions were mainly
coming from these AMPs. This was not the case with the St-CRPs. The St-CRP containing
HPLC fractions inhibited growth of several bacterial strains, and the St-CRPs were the major
compounds in these fractions. When testing the purified peptides against the same panel of
bacteria, they only exhibit moderate activity against two test strains. Whether the antibacterial
activity in the HPLC fractions were due to minor amounts of other peptides or compounds, or
synergy between the St-CRPs and these compounds is unknown. On the other hand,
preliminary results detailed in section 4.3.3 at least addresses the potential of the St-CRPs
working synergistically with other compounds, including the turgencins. Other species have
been known to produce cocktails of neutral, anionic and cationic peptides, working on their
own or in synergy with each other [193]. It has been observed that some combinations of
peptides generate considerable increased antibacterial activity compared to the individual
peptides alone, and suggested that such AMP cocktails might be beneficial when combating
antimicrobial resistance [194]. In addition to the peptides isolated in paper I and III, extracts
from S. turgens still contains several AMPs that have not been characterized yet. Perhaps the
turgencins, or other cationic AMPs, damages the bacteria membrane and enables neutrally

charged St-CRPs to work intracellularly.

As with most laboratory protocols, bioactivity guided purification has its weaknesses. Since
compounds are proceeded with based on the bioactivity, the bioassays available in the

laboratory determine which compounds that are isolated and may therefore also cause
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compounds that can be used for other purposes to remain undetected. If the peptides from S.
turgens were only tested for anti-inflammatory activity or anti-biofilm formation properties,
they may never have been prioritized for isolation. Despite the moderate antibacterial activity
of the St-CRPs in paper III, the main function in the animal itself could be protection against
UV radiation, repelling predators, target pathogens that were not assayed as part of this work,
or something completely different to combating pathogens. Also, if compounds have
synergistic effect, the bioactivity might be reduced when they are separated. To avoid losing
potentially valuable compounds, it would be wise to, in addition to acting on bioactivity, also
isolate compounds that are abundant or have interesting chemistry (e.g. halogenated
compounds). Another obstacle with bioactivity guided purification is that the concentration of
a compound sometimes is too low to give results in bioassays. Low yield of bioactive
compounds is in general a major hurdle in marine bioprospecting, where large amounts of

marine biomass is required to get only a few mg of the active compound [167].

4.2 OXIDATION OF AMPs DURING SAMPLE HANDLING

The unique activities of a peptide are highly dependent on the side chain functionalities of its
amino acids. Any structural change in the side chains may thus have a profound impact on
peptide properties. Turgencin A has one, and turgencin B has two methionine residues. The
thioether side chain of methionine is highly susceptible to oxidation, even by mild oxidants,
and thus such oxidation is a widespread problem for methionine containing peptides [195].
Oxidation of methionine changes its polarity slightly, a shift expected to have profound
structural and functional consequences. In paper I, turgencin variants with one and two Met-
ox residues (+16/32 Da) were observed both with MS and nuclear magnetic resonance (NMR)
spectroscopy. The peptides were dissolved in water as part of the isolation process and
exposed to air during drying. It is thus hypothesized that most of the peptide fractions with
oxidized methionine residues are formed during sample handling. The unoxidized variant of
the most potent variant, turgencin with its methionine residue oxidized (turgencin Amox1), was
not isolated in amounts allowing bioactivity evaluation, and therefore no comparison between
the bioactivity of turgencin A with and without oxidated methionine could be made.
Turgencin B and turgencin B with one (turgencin Bmox1) and two (turgencin Bwmox2) oxidated
methionines were all isolated in sufficient amount to evaluate their antibacterial properties

(Table 3).
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Table 3: The antibacterial activity of turgencin B, turgencin Bmox1 and turgencinBmox2.

Antimicrobial activity (MIC, uM)

PEPTIDE Corynebacterium Bacillus Staphylococcus Escherichia Pseudomonas

glutamicum*  subtilis* aureus™ coli** aeruginosa**
Turgencin B
(67% Mox0, 29% Mox 1, 4% Mox2) 1.6 1.6 >100 12.5 25.0
Turgencin Buoxi
(88% Mox1, 10% Mox2, 2% Mox0) 1.6 3.1 >100 25.0 >100
Turgenein Buioo 25.0 25.0 >100 >100 >100

(97% Mox2, 3% Mox1)

*Gram-positive, **Gram-negative

The data displayed in Table 3 clearly shows the detrimental effect of methionine oxidation on
peptide activity. For the most sensitive strains, C. glutamicum and B. subtilis, the antibacterial
potency dropped by a factor of ~15 from the unoxidized to the di-oxidized variant of
turgencin B. As indicated in Table 3 for each peptide, the oxiforms could not be completely
separated from each other. However, as most of the sample was the indicated peptide, the

trend in bioactivity was clear.

Oxidations of methionine can be reduced by avoiding the use of oxidizing solvents to dissolve
the peptides and minimizing the peptides exposure to air. These factors, in particular exposure
to air, is hard to avoid during sample handling. Oxidation of methionine is a reversible
covalent modification. Methionine sulfoxide can therefore be converted back to its native
state using medicinal chemistry approaches or even enzymes [196]. These approaches to
minimize or reverse methionine oxidation makes the whole process of AMP handling more
labor intensive and were never tested as part of this thesis. However, in paper II, the linear
sequence of turgencin A was analyzed using pre-trained AMP prediction tools that rely on
various machine learning algorithms to predict the antimicrobial properties of shorter
stretches of amino acids within the peptide. The central loop of turgencin A, containing the
10-amino acid stretch that served as a template for synthesis, did not contain methionine.
After synthesis, some of these analogues were found to have adequate antibacterial properties,
an analogue (named StAMP-9 in paper II) comparable to that of the turgencins against both
G+ and G- bacteria. By production of analogues that does not contain methionine, the initial
oxidation problem can be avoided, and the peptides can be handled without considering for

example minimalizing their exposure to air.
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4.3 AMPs AS LEAD STRUCTURES FOR ANTIBIOTIC DEVELOPMENT

Despite the efforts put into the development of antibiotics from natural AMPs, no ribosomal
AMP is currently marketed as a drug. However, in 2021, 29 AMPs were in various stages of
clinical development, with the majority intended for topical applications [197]. AMPs have
many advantages, making them a desirable basis for development of antibiotic, but are

simultaneously associated with several challenges.

4.3.1 Advantages

In addition to AMPs’ desirable MoA (rapid microbial killing, immune modulation, and the
ability to target quiescent cells), AMPs have several benefits as a basis for development of
commercially available antibiotics. Compared to conventional antibiotics, interacting with one
defined target, the antibacterial effect of most AMPs is caused by electrostatic attachment to
the negatively charged bacterial surface followed by embedment into the membrane. AMPs
therefore have a lower tendency to induce antibiotic resistance [198, 199]. These qualities are
also found in turgencin A (net charge 7+), turgencin B (net charge 3+) (paper I), and the
truncated synthetic peptides (net charge 5+) (paper II) which are all cationic peptides that
rapidly disrupt the bacterial membrane. The reduced resistance tendency is in large due to the
profound changes in bacterial membrane structure needed to confer the bacterial cell with
resistance, while simultaneously preserving membrane functionality and structural integrity.
Moreover, optimized peptide therapeutics are recognized for eliciting high specificity and
efficacy, while at the same time being relatively safe and well tolerated as proteinaceous
compounds are natural components in humans [200]. Degradation of the peptide drug yields
simple amino acids, which can be recycled in the body in everyday metabolism such as
protein synthesis [201]. The development and use of peptides as disease preventers or
treatments are well established. There are currently more than 60 peptide-based drugs
approved by the FDA and 120+ are in clinical trials [202, 203]. Peptides are used as
supplements (e.g. insulin for patients with diabetes), as vaccines, for diagnostic applications,
surfactants to treat respiratory distress syndrome in premature infants and as anticancer agents
[204]. In addition, as peptides often are unique in form and function, the prospect of far-

reaching patent protection is good.
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4.3.2 Challenges

The pharmacokinetic properties generally associated with therapeutic peptides are predicted
to be key limiting factors for AMPs as clinical candidates [111]. This includes low
bioavailability due to extensive first pass metabolism by pre-systemic degradation enzymes
following per oral administration and rapid degradation by proteolytic enzymes in the oral-
intestinal tract and blood plasma when administered intravenously [201, 205]. Extensive
metabolism, coupled with a general tendency to undergo rapid hepatic and renal clearance of
amino acids, leaves AMPs with short half-lives [2, 206]. In addition, many AMPs show
hemolytic or cytotoxic activity towards human cells [207, 208], as uncovered in paper I with
turgencin Amox1 and turgencin B. Improvement of the pharmacokinetic and toxicological
properties may require analogue production through medicinal chemistry efforts [2].
Furthermore, production of peptides with complex structures (for example peptides with
disulfide bridges and PTMs) is associated with substantial production costs [209]. Both the
turgencins (paper I) and the St-CRPs (paper III) consist of three disulfide bridges, and even
though this is an advantage with regard to stabilizing the structure and improved
thermodynamic stability [74], it complicates peptide synthesis. While the tendency of
bacterial development of resistance towards AMPs is lower than for conventional antibiotics,
resistance development is possible, as demonstrated in several experiments where bacteria
were subjected to selective AMP selection pressure [210, 211]. The changes observed in AMP
resistant bacteria includes modifications in membrane surface charge, utilization of efflux
pumps and AMP acetylation. A special concern for AMP resistance has been the possibility of

development of cross-resistance towards AMPs of the human endogenous innate immune

system [212, 213].

4.3.3 AMPs from S. turgens and the truncated variants as antibiotic drug leads

In paper I, turgencin A was shown to have potent antibacterial activity against both G+ and
G- bacteria. According to the 2020 report by WHO entitled “Antibacterial agents in clinical
and preclinical development, infections by antibiotic resistant” [214], G- bacteria proposes a
particular future concern, as very few antibiotic agents in clinical development are targeting
G- bacteria. The activity of turgencin A against the G- strains E. coli (MIC = 0.8 uM) and P.
aeruginosa (MIC = 1.6 uM) is therefore particularly interesting. An ideal antibiotic agent
should treat or prevent pathogenic bacterial infections, while causing no harm to host cells.

Turgencin A was shown to be cytotoxic, but the MIC values against the most sensitive
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bacteria were 12 times lower than the ICso value against the non-malignant fibroblast cell line
MRC-5 (in the toxicological assay). It is however unlikely that this “therapeutic window” is
broad enough to allow administration in humans at doses that can treat a G- pathogenic
infection while simultaneously not causing any cytotoxicity towards human cells.
Furthermore, the turgencin A is a complex molecule consisting of 36 amino acids and a
structure tied together through three disulfide bonds. Production costs of a peptide with
identical structure as the native peptide would be substantially higher than of a smaller, linear

peptide.

The potent activity nominated the structure of turgencin A as the inspiration of analogues in
the hopes of making variants with improved properties. In paper II, in silico analysis of
turgencin A, using various prediction software, predicted an internal cationic 10-mer sequence
in the loop region to be a promising candidate. Based in this analysis, several truncated and
linear variants of turgencin A were produced (StAMP-1 to StAMP-11). These decapeptides
had 72% less amino acids in their sequences compared to the 36 amino acids found in the
native turgencin A. The sequence chosen for synthesis did not contain methionine, which is
prone to oxidation, as this have proven to decrease the antimicrobial activity in turgencin B
(paper I). It is plausible that turgencin A without methionine oxidation would increase the
antimicrobial activity (and perhaps also the cytotoxic activity). In addition, all the cysteines
were eliminated in the StAMPs, thus removing the possibility of the peptides to form
intramolecular disulfide bridges, of which the turgencins have three. The StAMP series of
peptides is thus both significantly smaller and have less complex structures compared to their
natural precursor. The linear decapeptides can be produced relatively easily using standard
peptide synthesis protocols. Importantly, the bioactivity of turgencin Amox1 was fully
recovered by several of the StAMP variants. While the antibacterial activity of the most
potent variant StAMP-9 was slightly reduced compared to turgencin Amoxi (Table 4), a
massive improvement was made in terms of reduced toxicity against human cells. None of the
StAMPs were cytotoxic against the human melanoma cell line A2058 and the human non-
malignant lung fibroblast cell line MRC-5, or displayed hemolytic activity against sheep red
blood cells at concentrations up to 250 pg/mL (= 165 — 237 uM), indicating that the peptides

may be well tolerated in an in vivo setting.
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Table 4: Selected antibacterial and cytotoxic activities of turgencin Amox1 compared to its most potent

truncated variant StAMP-9.

Antimicrobial activity (MIC, uM) Cytotoxic activity (ICso, uM)
PEPTIDE Bacillus megaterium* Esccf:)el:iihla A2058%** MRC-5****
Turgencin Amoxi 0.1 0.8 1.4 4.8
StAMP-9 0.7 5.5 >175 >175

*Gram-positive, **Gram-negative, ***human melanoma cell line, ****non-malignant human lung fibroblasts

In addition, the antifungal activities of some of the StAMPs were comparable to those of
turgencin Amox1. The MIC value of StAMP-8 against Aurobasidium pollulans was better (5.6
pM) than that of turgencin A (25 puM), while against Rhodotorula sp. the MIC value was
better for turgencin A (6.3 uM) compared to StAMP-8 (11.1 uM).

Based on the antibacterial activity results of the St-CRPs in paper 111, the peptides alone are
not suited as antibiotics. This does not mean that their novel sequences do not have the
potential of serving as a template for drug development. StAMP-1, which was synthesized
based on the main sequence of turgencin A in paper II, had weak antibacterial properties.
However, by substituting some of the amino acids in the sequence acquired major changes to
the antibacterial activity. Similar synthesis based on the sequence of both St-CRPs from
paper III, and turgencin B from paper I, might generate truncated peptides with high

antimicrobial potential.

Another aspect worth mentioning when it comes to the St-CRPs is that they might have
another antibacterial function than membrane disruption. Both peptides have neutral net
charge, which is not optimal for attracting bacterial membrane. Most AMPs have a positive
net charge that allows them to interact with the negatively charged bacterial membrane [75].
Preliminary results have shown that when combining the St-CRPs with a known bacterial
membrane active peptide, the MIC values are decreased for both peptides (results not
published). This gives reason to speculate whether the St-CRPs could possess synergy effect
together with other peptides produced by the animal.

The potential of AMPs as candidate for development towards becoming an antimicrobial drug

cannot be assessed by the antibacterial/antimicrobial and toxicological activity of the peptides
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alone. The pharmacokinetic properties of therapeutic peptides are predicted to be a key
limiting factor for AMPs as oral or intravascular clinical candidates. The lack of
pharmacokinetic data for the peptides reported in papers I — III therefore represents a
limitation for the evaluation of their clinical potential. Evaluation of the pharmacokinetic
properties of the reported peptides were however outside the scope of the work performed as

part of this work.

4.5 SYMBIOSIS

Many adhering invertebrates host a high abundance and diversity of microorganisms, which
can include bacteria, archaea, fungi, and microalgae. For example, in some instances of
marine sponges, 40% of the biomass volume of marine sponges has been reported to be of
microorganisms [215]. Ascidians are known to be filter feeders, and microorganisms and
other food particles in seawater are consumed as part of their nourishment [140]. Microscopic
observations on the Antarctic ascidian, Synoicum adareanum, showed a dense microbial
community inside the animal. This study was done as part of an investigation on whether the
animal itself, or host-assosiated microorganisms, was the true producer of palmeroide A, an
antimelanoma macrolide isolated from S. adareanum [216]. Many bioactive compounds
originally isolated from ascidians or other invertebrates have later proved to be produced by
microbial symbionts [170, 216, 217]. The true producer of the turgencins (paper I) and St-
CRPs (paper II) from S. turgens have not yet been established. Having said that, most AMPs
from ascidians have proved to be of eukaryotic origin, apart from bacteriocins [218]. Also, all
turgencins and St-CRPs are C-terminally amidated. Amidation of the COOH-terminus is
performed by peptidylglycine a-amidating monooxygenase (PAM), an enzyme only found in
multicellular organisms and the green algae, Chlamydomonas reinhardtii [219, 220]. To
confirm the true producer of the peptides in S. turgens, the genes of the animal should be
isolated and characterized, but the lack of PAM in procaryotes at least points towards S.

turgens as the true producer.
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5. FUTURE STUDIES

As an increasing number of pathogenic bacteria are acquiring resistance towards currently
available antibiotics, AMPs, with their extraordinary properties (such as broad-spectrum
activity, rapid action and low tendency of resistance developed towards them), have emerged
as promising candidates for development of new antibiotics. While the potential of AMPs
such as the turgencins is interesting, several obstacles must be tackled before this basic new
information can be used in lead compound development. These obstacles include
development of variants with improved activity and without toxicity towards mammalian
tissue, which can be produced and formulated into a pharmaceutical product. To accomplish
this, further research into the pharmacophore and toxicophore of AMPs, and structural
modifications that would improve their pharmacokinetic properties (for example increased

half-life) is needed.

There is currently no information about the genome of S. turgens. A greater effort in genome
sequencing and/or cDNA library construction would contribute to uncover the structure of
AMPs produced by the ascidian. In addition to confirming the true producer of the peptides, it
would be beneficial in regards of potential recombinant gene expression and production of the
peptides. A higher yield of the peptides would allow further bioactivity testing, such as
antibacterial activity testing against antibiotic resistant strains and testing for antiparasitic and

antiviral activities.

New, modified variants of all peptides from S. furgens should be synthesized. This could
generate simpler structures with improved antibacterial potency, and low cytotoxicity against
human cells. An alternative to the synthetic work done in this thesis one could experiment
with designing truncated peptides with D-amino acids instead of L-amino acids, or cyclic

versions. This could make the peptides less prone to proteolytic degradation.
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6. CONCLUSIONS

The efforts conducted as part of this thesis led to the isolation of four novel AMPs: turgencin
A and B, and St-CRP-1 and 2, along with several oxidized versions of the turgencins. Solving
the structure of the peptides revealed that the turgencins contained 35-36 amino acids and an
unusual cysteine connectivity. Turgencin Amox1 and turgencin B displayed potent antibacterial
activity, but also toxic activity against mammalian cells. The oxidized versions of turgencin B
were less toxic, but also had less antibacterial activity. The St-CRPs contained 18-19 amino
acids and had the same cysteine connectivity as the a-defensins. They showed only moderate

activity against bacteria.

Using turgencin A as a template, 11 smaller truncated and modified versions (10-mers) of the
peptide were produced. Some of these synthesized peptides showed equal antibacterial
activity as the full mature peptide, and low cytotoxicity. Both the turgencins, and the most

antimicrobial 10-mer peptides, seemed to be membrane active.

Altogether, these efforts expand our knowledge regarding the diversity of AMPs from marine
sources in general, and marine ascidians in particular, and about innate defense molecules of

the Arctic S. turgens.
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Abstract: This study reports the isolation of two novel cysteine-rich antibacterial peptides, turgencin
A and turgencin B, along with their oxidized derivatives, from the Arctic marine colonial ascidian
Synoicum turgens. The peptides are post-translationally modified, containing six cysteines with an
unusual disulfide connectivity of Cys!-Cys®, Cys?-Cys®, and Cys®-Cys* and an amidated C-terminus.
Furthermore, the peptides contain methionine residues resulting in the isolation of peptides with
different degrees of oxidation. The most potent peptide, turgencin Ay with one oxidized
methionine, displayed antimicrobial activity against both Gram-negative and Gram-positive bacteria
with a minimum inhibitory concentration (MIC) as low as 0.4 uM against selected bacterial strains. In
addition, the peptide inhibited the growth of the melanoma cancer cell line A2058 (IC5p = 1.4 pM) and
the human fibroblast cell line MRC-5 (IC5p = 4.8 uM). The results from this study show that natural
peptides isolated from marine tunicates have the potential to be promising drug leads.

Keywords: marine; ascidian; peptide; antimicrobial; methionine oxidation

1. Introduction

The emergence of pathogenic microorganisms’ resistance to conventional antibiotics has become
a serious medical concern [1]. This natural microbial adaptation strategy [2] has been provoked by
selective pressure exerted by extensive inappropriate use of antimicrobial agents, both for medical
and non-medical purposes [3]. Diminished efforts in the development of novel antimicrobials by the
pharmaceutical industry have further aggravated this problem [4,5]. Renewed efforts in the search for
novel forms of antimicrobial treatments are now seen. Endogenous antimicrobial peptides (AMPs)
are considered exciting candidates to address this challenge due to their innate properties of broad
antimicrobial spectra, highly selective toxicities, and the increased difficulty for microbes in developing
resistance towards them compared to conventional small molecule antimicrobial agents [6].
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AMPs (also called host defense peptides, HDPs) are ancient effector molecules of the innate
defense system, and are present in every life form [7,8]. Their evolutionary conservation among
eukaryotes highlights their importance in the first-line of defense against invading pathogens [9]. They
generally consist of 10 to 50 amino acids, have an amphiphilic three-dimensional structure and a net
positive charge at physiological pH [7]. AMPs are arranged into highly heterogeneous structures [6],
grouped into linear x-helical peptides, 3-sheets stabilized by intramolecular disulfide bridges, and
extended structures [10]. Unlike conventional antibiotics, which typically target specific cellular
pathways necessary for microbial survival or reproduction [11], it is widely accepted that most AMPs
exert their effect by targeting and destabilizing the lipopolysaccharide layer of the cell membrane,
which is ubiquitous in microorganisms. The cationic AMP portion targets the anionic microbial
membrane through unspecific electrostatic interaction. This is followed by membrane embedding
of the hydrophobic portion, causing membrane disruption and cell death [12-14]. This non-specific
targeting of an essential microbial component lowers the chance of resistance development towards
AMPs, for which the bacteria need to change the entire membrane lipid composition, a costly solution
for most microbes [9]. In addition, AMPs at large do not react with the lipophilic outer leaflet of
mammalian cell membranes, hence their low tendency to be toxic towards human cells [15]. However,
AMPs with antitumor activities have also been isolated [16].

The oceans cover 71% of the earth’s surface and comprise 50-80% of the total global biodiversity [17].
Many marine invertebrates are sessile and soft bodied, lacking the sophisticated adaptable immune
systems seen in vertebrates. Despite this, these organisms thrive, suggesting that their innate immune
systems are effective and robust. It is now known that this apparent contradiction can be explained
by the activities exerted by AMPs [18]. Compared to terrestrial AMPs, marine-derived AMPs are
often adapted to high salt concentration conditions, enabling them to form stronger electrostatic
interactions with bacterial membranes, thus making marine-derived AMPs more potent [19,20]. AMPs
have been found in a wide range of marine invertebrates, including mollusks [21], crustaceans [22],
sponges [23], and cnidarians [24]. A number of x-helical AMPs have also been isolated from a number
of ascidians (belonging to the subphylum Urochordata, bearing all the chordate hallmarks in its larval
form), including the phenylalanine-rich styelins and the histidine-rich clavanins from Styleaclava [25,26]
and halocynthin and papillosin from Halocynthia papillosa [27]. Furthermore, two cysteine-containing
a-helical AMPs have been isolated from H. aurantium: the homodimer dicynthaurin [28] and the
heterodimer halocidin [29].

As part of our ongoing search for new compounds with antimicrobial activity from marine
invertebrates, the aqueous extract of the colonial ascidian Synoicum turgens was examined for its content
of AMPs. Synoicum species have previously awarded several bioactive secondary metabolites, including
the cytotoxic palmerolide macrolides [30,31], the (3-carboline guanidine alkaloid tiruchanduramine
with a-glucosidase inhibitory activity [32,33], and the synoxazolidinones and pulmonarines with
various bioactivities from S. pulmonaria [34-37]. To the best of our knowledge, no AMPs have been
isolated and characterized from Synoicum species.

In the present study, we isolated, purified and characterized four novel AMPs, named turgencin
Apnox1, turgencin B, turgencin Byjox1, and turgencin Byjoxo from the Arctic ascidian S. turgens. The
peptides were screened for antimicrobial activity against both Gram-negative and Gram-positive
bacterial strains, and for cytotoxic activities against selected human cell lines. The goal of this study
was to find new peptides with a potential for treating microbial infections.

2. Results and Discussion

2.1. Peptide Purification and Mass Spectrometry Analysis

Solvent extraction of the S. turgens specimens using 60% (v/v) acetonitrile (MeCN) at low
temperature produced two liquid phases, an MeCN-rich organic phase and a salt-rich aqueous phase.
This separation is caused by the high salt content within marine samples, which is immiscible with
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MeCN at low temperature [38]. Salt was subsequently removed from the aqueous extract using solid
phase extraction (SPE), yielding eluates with compounds of varying polarity. Antimicrobial screening
of the SPE eluates and the organic extract revealed that the 40 and 80% MeCN SPE eluates displayed the
highest antibacterial activity (Table S1 in the SI). The 80% MeCN SPE eluate was further fractionated
by preparative reversed-phase high performance liquid chromatography (RP-HPLC), guided by a
diode array detector (DAD) measuring UV-vis absorption at 220 and 280 nm. The obtained fractions
were tested for antibacterial activity and the active fractions were analyzed by ultra-high performance
liquid chromatography coupled to a quadrupole time-of-flight mass spectrometer (UHPLC-QTOF-MS).
Several HPLC fractions displayed antibacterial activity and four bioactive peptides were extensively
purified by RP-HPLC (Figure 1). The four peptides were also shown to be present in the 40% MeCN
SPE eluate, but in lower quantities (data not shown). The peptides were present in all S. turgens
samples regardless of where and when the biomass was collected.
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Figure 1. Preparative RP-HPLC-DAD spectrum at 220 nm of the 80% MeCN SPE eluate of S. turgens.
HPLC fractions displaying antibacterial activity are shown in boxes below the chromatogram and
peak fractions containing antibacterial peptides are marked with arrows. The blue line shows the
linear gradient (5-60%) of acetonitrile (MeCN) dissolved with 0.1% formic acid (FA). Note: RP—
reversed-phase; HPLC—high performance liquid chromatography; DAD—diode array detector;
SPE—solid phase extraction.

The four isolated peptides (turgencin Apgox, turgencin B, turgencin Byjoxi, turgencin Byjoxo)
were analyzed by UHPLC-QToF-MS to determine their monoisotopic molecular masses and isotope
patterns, and to provide fragmentation ions in tandem mass spectrometry (MS/MS) (Figure S1 in the
SI). This analysis resulted in the determination of monoisotopic masses of 3705.79, 3538.58, 3554.58,
and 3570.58 Da, for turgencin Apjox1, turgencin B, turgencin Byjox, turgencin Byjoxn, respectively
(Table S2 in the SI).

2.2. Sequence Analysis

The peptides turgencin Apjox1 and turgencin Bpjoxo were subjected to reduction/alkylation
and N-terminal Edman degradation sequencing. A partial N-terminal sequence (34 residues:
GPKTKAACKMACKLATCGKKPGGWKCKLCELGCD) was obtained for turgencin Apjoxi. The
calculated monoisotopic mass of this sequence (3520.68 Da, assuming three disulfide bridges)
was determined to be 185.11 Da less than the measured monoisotopic mass, indicating a missing
dipeptide C-terminally. Reduction and alkylation with iodoacetamide, followed by enzymatic
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digestion with Glu-C, RP-HPLC, and Edman degradation sequencing of selected HPLC fractions
produced the fragment LGCDAYV, which represents the C-terminal sequence from position 31 to
36. MS analysis proved this fragment (m/z 633.29, corresponding to [M+H]* and containing one
carboxyamidomethylcysteine) to be amidated C-terminally. The monoisotopic mass of the 36-residue
sequence (3689.80 Da, assuming three disulfide bridges and a C-terminally amidated valine) was
determined to be 16 Da above the measured monoisotopic mass. This can be explained by an oxidized
methionine (Met-ox) residue in position 10 (+15.9949 amu for monoisotopic oxygen). Extracted ion
chromatograms of the SPE eluates proved the presence of a peptide with a monoisotopic mass of
3689.80 Da, also indicating the presence of the non-oxidized version of the peptide, turgencin A. By
comparing MS/MS data of turgencin A and turgencin Apsoy1, in addition to the mass difference of 16
Da between them, it could be concluded that turgencin A is the non-oxidized version of turgencin
Amox1 (Figure S2 in the SI).

Edman degradation analysis of turgencin Byjox» produced a 35 residue N-terminal sequence
(GIKEMLCNMACAQTVCKKSGGPLCDTCQAACKALG) containing six cysteines and two methionine
residues. The calculated monoisotopic mass of this sequence (3539.61 Da, assuming three disulfide
bridges) was 30.96 Da greater than the measured monoisotopic mass. This can be explained by two
Met-ox residues (+31.99 Da) and a C-terminally amidated glycine (-0.98 Da). MS/MS analysis of
turgencin B and turgencin Byjox1 confirmed that these peptides are non-oxidized and mono-oxidized
variants of turgencin B, respectively. The analysis also showed that the mono-oxidized peptide was
mainly oxidized at the methionine residue in position 5 (Figure S3 in the SI).

The retention times of both turgencin A, turgencin B, and their oxidized derivatives also correspond
with their oxidation states (Figure 54 in the SI), as oxidation of methionine has been shown to decrease
peptide retention time in RP-HPLC [39].

Although the primary sequence and peptide length differ between the two mature peptides
(Figure 2), there are some similarities. Both peptides contain six cysteine residues with the same
cysteine pattern (C-C-C-C-C-C, i.e. no adjacent cysteines) and two identical sequence motifs (CXMAC
and KKXGG), indicating identical cysteine connectivity. The peptides are both C-terminally amidated,
and cationic with isoelectric points (pl) of 9.24 (turgencin A) and 8.33 (turgencin B). The peptides
were not identified to belong to any of the 45 major AMP families present in CAMPg3 database using
the CAMPSign tool [40]. Furthermore, the basic local alignment search tool (BLAST) and homology
searches of the oligopeptide sequences resulted in no overall sequence similarity to other known
peptides or proteins. The peptides were therefore considered as novel antimicrobial peptides and
named turgencins after the species from which they were isolated.

Turgencin A GPKTK AACKMACKLATCGKKPGGWKCKLCELGCDAV -NH,
Turgencin Ay, GPKTK AACKM,ACKLATCGKKPGGWKCKLCELGCDAV -NH,
Turgencin B GIKEML CNMACAQTVC KKSGGPLCDTCQAACKAL G-NH,

Turgencin By,; GIKEM,L CNMACAQTVC KKSGGPLCDTCQAACKAL G-NH,
Turgencin By,, GIKEM,L CNMACAQTVC KKSGGPLCDTCQAACKAL G-NH,

Figure 2. Sequence alignment of turgencin A and B, and their oxidized derivatives. Gaps (_) are
introduced to maximize the alignment. Cysteine residues are marked in bold, oxidized methionine
residues are marked with M,,, and identical amino acids are shaded in grey.

Peptides with Met-ox residues (+16/32 Da) could be observed both with MS/MS and nuclear
magnetic resonance (NMR) spectroscopy. Although the HPLC chromatograms indicated that the
peptides could easily be separated, it proved difficult to separate the oxidized forms of the peptides
from the non-oxidized forms. This is probably due to oxidation occurring in the different purification
steps, which was to a degree unavoidable. Such oxidation is a common problem in methionine
containing peptides [41]. NMR analysis of the purified peptide fractions revealed that turgencin
Apnpox1 contained 28% turgencin Apgoxo, turgencin B contained 29% turgencin Byjox1 and 4% turgencin
Bmox2, turgencin Byjox1 contained 10% turgencin Byjoxo and 2% turegncin Byjoxo, and turgencin Byjoxo
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contained 3% turgencin Byjox;. Turgencin A was not isolated in sufficient amounts for purity analysis
using NMR. MS/MS data analyzed over time of the purified peptide showed small changes of the
different oxidation states (data not shown). Despite this temporal variation, samples were purified in
sufficient amounts for structural determination and peptide sequencing. The variation of methionine
oxidation was greater in turgencin B due to the presence of two methionine residues in its sequence,
resulting in potentially two possible peptide variants having one Met-ox residue. Tandem MS analysis
of turgencin Byjox1 indicates that the first methionine is preferentially oxidized, with an absence of a b5
ion for the GIKEM ion at m/z 559.29, and a significant signal at m/z 575.28 corresponding to the b5 for
GIKEM,, (Figure S3 in the SI). This preference for oxidation at position 5 is likely due to steric effects as
the position of the methionine in position 9 was revealed by NMR to be protected within the peptide
structure, compared to the more exposed methionine in position 5.

Methionine residues in peptides are highly susceptible to oxidation even by mild oxidants [42].
This causes a change in the polarity of the amino acid residue, from non-polar to polar, a shift expected
to have profound structural and functional consequences [43]. This reaction is known to take place
in vivo and to occur during the process of sample preparation and peptide isolation [44]. Whether
oxidation of the methionines of turgencin A and B is actively catalyzed by the enzymatic machinery of
S. turgens is unknown. However, as the herein reported peptides were dissolved in water as part of the
isolation process and exposure to air during the drying processes, it is hypothesized that the majority
of the peptide fractions with oxidized methionine residues are formed as a result of sample handling.
Turgencin Apjox1, turgencin Byjox1, and turgencin Byjoxo are thus believed to be oxidized artefacts of
their corresponding unoxidized parent peptides (turgencin A and turgencin B).

2.3. Structure Determination

Two-dimensional NMR data was collected for turgencin Ao« ,turgencin B, turgencin Byox1, and
turgencin Byjoxp in 90:10 H,O/D,O.

Turgencin Apjox1 forms a folded structure in water, resulting in a dispersed I5N-HSQC spectrum
(Figure S5 in the SI). The resonance dispersion is however less pronounced than for turgencin B
(compare Figure S6 in the SI), which appears to have a significant amount of random coil character.
The peptide sequence is also significantly less varied than the sequence of turgencin B. For example,
seven out of 36 amino acids are lysine. This results in increased spectral overlap, making structural
correlations more difficult to deduce unambiguously. The chemical shift assignments were successfully
assigned using 1°N-'H and ¥C-'H HSQC, HMBC, TOCSY and HSQC-TOCSY spectra. The sequential
assignment was completed through NOE-hopping supported by high-resolution HMBC of the carbonyl
region in the carbon dimension where possible (Tables S3 and S4 in the SI). Based on the chemical shift
assignments, the protein backbone dihedral angle prediction program TALOS+ was used to predict
the secondary structure, resulting in all residues being predicted to be in an unfolded conformation.
A quick assessment of the assignable NOE correlations revealed that there were very few structurally
important long-range contacts in turgencin Ay« to base a structure calculation on. For these reasons
a full structure determination was not further pursued.

All turgencin B fractions produced near-identical, well-dispersed natural abundance >N-HSQCs,
indicating that they share largely common folded structures that are not substantially affected by the
varying numbers of methionine sulfoxides. The turgencin Byjoxy data set was the purest fraction of
the turgencin B samples and was therefore selected for further structural studies (Figure S6 in the
SI). The peptide backbone and side chains were successfully assigned using the same procedure as
described above for turgencin Apjox1 (Tables S5 and S6 in the SI). The sequential NOESY correlations
are summarized in Figure 3.
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Figure 3. Summary of the sequential NOESY correlations of turgencin Byjox2. A total of 69
through-space correlations between neighboring, or near-neighboring, residues were extracted from
NOESY experiments using 100, 200, and 300 ms mixing times. The line width in the figure corresponds
to the strength of the correlation: the thicker the line, the stronger the NOE. For ‘i, i+2” and longer range
correlations, the lines indicate residue pairs displaying inter-residue correlations.

In total, 108 sequential and 84 long range NOEs were assigned, integrated and classified as strong,
medium or weak, applying upper-limit constraints of 2.5, 3.7 and 5.0 A respectively. Out of these,
16 directly involved alpha- or beta protons of cysteines, which are of extra importance for determining
the cysteine connectivity of the peptide. The NOE patterns with relatively strong NN(i,i+1) correlations
compared to aN(i,i+1) suggest some helical character, especially when oN(i,i+3) is also detectable.
However, there is no long stretch of pronounced alpha helix indicated from the NOE pattern, and, in
terms of absolute intensity of the NN(i,i+1) correlations relative to the reference correlations, the helix
secondary structure is populated but not a stable fold of the peptide.

TALOS+ was used to predict the secondary structure from the secondary chemical shifts relative
to the random coil shifts, using H, NH, CA, CB and CO as input, resulting in a predicted loop-type
fold for all residues (Figure S7 in the SI). It should be noted here that the cysteines are relatively
evenly distributed in the sequence, and being oxidized their chemical shifts will be different from
reduced cysteines. The influence of the disulfide bonds on the quality of the TALOS+ predictions,
which is based on the secondary chemical shifts, is unknown to us. The absence of stretches of clear
secondary structure was supported by the majority of residues that could be measured [45,46] with
3J1NHa between 6.0 and 7.5 Hz, which is an indication of conformational averaging between ~4 Hz
couplings from 0 of -60° (alpha helix) and ~9 Hz from 6 in (-120)—(—140)° (beta sheet) (Figure S8 in
the SI). All couplings belonging to the stretch of residues between 5 and 12 could only be measured
with the TOCSY line width method [45] owing to the structural heterogeneity from the methionine
oxidation isomers in combination with the anti-phase pattern of the DQF/E.COSY cross-peaks resulting
in severe cancellation. For these reasons, phi and psi dihedral angles were not restrained in the
structural calculations, and NOE contacts were treated conservatively with loose restraints to allow
conformational flexibility.

To establish the disulfide connectivity pattern by NMR, a preliminary 3D structure was calculated
without defining any disulfide bonds. Three iterations of simulated annealing and constraint refinement
were performed using an extended starting structure with all cysteines in the reduced form. Out of
100 calculated structures, the 10 lowest energy structures were analyzed for inter-cysteine distances.
The ensemble is shown in Figure 4a,b. In the ensemble, the average distances from each cysteine
sulfur to every other cysteine sulfur was extracted, indicating a C1-C6/C2-C5/C3-C4 disulfide pattern
(Figure 4c).
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Figure 4. Lowest-energy structure ensembles and average inter-cysteine distances for turgencin Byjox2-
Panels (a) and (b) show two views of the 10 lowest energy structure ensembles from simulated annealing
with reduced disulfide bonds. Panel (c) plots illustrate the average distances from each cysteine sulfur
to every other cysteine sulfur, indicating a C1-C6/C2-C5/C3-C4 disulfide pattern, as highlighted with
red bars.

The disulfide connectivity determined as above was introduced into the structure refinement and
the most important stereospecific methyl assignments (valine and leucine) were resolved using the
computed structures iteratively. Owing to the intrinsic heterogeneity of the data due to the epimeric
oxidized methionines (resulting in four configurational isomers from the combined M5 and M9
chiralities) together with the conformational dynamics, further structural refinement was not pursued
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past this point. A production run of 500 structures of the main disulfide pattern was calculated using
the same simulated annealing protocol, using the best structure with reduced cysteines as starting
structure. Several other disulfide connectivity patterns were evaluated in test calculations in terms of
energies and evaluated in Figure S9 in the SI. As a more extensive control calculation, 500 structures of
the most viable alternative pattern were also calculated using the final production constraints, resulting
in overall less-favorable energies (Figure S10 in the SI).

Evaluation of the lowest energy structures revealed two major clusters of conformations, each
having distinct folds at their termini and also affecting the outer disulfide bond. The major conformation
(~75%) resides in a counter-clockwise twist while the minor conformation (~25%) is in a clockwise twist.
Energetically there is no significant difference between the clusters. The 10 lowest energy structures of
the major conformation are presented in Figure 5. A comparison overview of the two conformations is
presented in Figure 5d.

Figure 5. The 10 lowest energy structure ensembles of the major turgencin Byjoxp conformers produced
by the simulated annealing protocol using the C1-C6/C2-C5/C3-C4 disulfide pattern. Panel (a) illustrates
the front view, (b) side view and (c) top view. In panel (d) the major conformation (left) is aligned with
the minor conformation (right) to illustrate the difference between terminal folds. In the displayed
scene the C-terminus folds on top of the N-terminus in the major conformation as opposed to the minor
conformation in which the C-terminus is behind the N-terminus. Panel (e) shows one representative
low energy nuclear magnetic resonance (NMR) structure subjected to 10 ns free molecular dynamics in
explicit water and panel (f) illustrates a comparison between the NMR structure and the molecular
dynamics (MD) structures: in both cases extracted from the final nanosecond of the simulation.
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Structural analysis of the fold reveals that even without constraining any backbone dihedrals,
there is a clear tendency to adopt an alpha helix fold for residues 15-18 and 23-27, driven by the NOE
constraints alone. These residues do indeed have stronger NOE cross peaks from NH(n) to NH(n-1)
than NH(n) to HA(n-1), which is characteristic for alpha helix secondary structure motifs. In many
calculated structures there is a helix-like character of various parts of the N-terminal stretch from
residue 6-14, and of the C-terminal stretch from 27-31. We interpret this as being a helix fold that is
accessible and populated by the peptide in water, but also one that is unstable. Speculatively, the helix
fold may very well be an active form that is stabilized by interactions with lipid membranes or other
co-factors present in its native environment.

To ensure that the NMR structure was not overly constrained into an unfavorable conformation by
the experimental constraints, one representative low energy structure was subjected to an unconstrained
10 ns molecular dynamics (MD) simulation in explicit water, monitoring the energies, conformation
and fluctuations. The structure was not significantly different from its starting point and the core
residues (defined as residues 6-32, thus ignoring the free termini) stabilized at approximately 1.5 A
backbone rmsd compared to the starting structure (Figure 5e—f and Figures S11 and S12 in the SI).
It is noteworthy that the free simulations reinforced the helical character of the peptide rather than
unfolding the NMR structure.

To further support the disulfide connectivity of turgencin B as determined by NMR, we attempted
to solve it through partial reduction and alkylation, followed by analysis with LC-MS/MS. This however
proved to be challenging as the herein used protocol rendered the peptide intact or with all disulfide
bridges reduced regardless of incubation conditions evaluated, including varying temperature and
length of exposure to the reducing agent.

The disulfide connectivity of the turgencins (C1-C6/C2-C5/C3-C4) is different from the
well-characterized human x-defensins (C1-C6/C2-C4/C3-C5) and 3-defensins (C1-C5/C2-C4/C3-C6) [47].
However, the overall structural motif of a C1-C6/C2-C5/C3-C4 disulfide linked peptide forming a
helix-loop-helix-like structure has been previously observed in peptides from plants, like the viscotoxins
from mistletoe [48,49] and crambin from the annual oil seed plant Crambe abyssinica [50-52]. These, as
well as other previously reported C1-C6/C2-C5/C3-C4 peptides, like beta-defensin-like structures from
Chinese sea turtles [53,54], typically have two adjacent cysteines involved in separate disulfide bridges
and a stabilizing separate structural motif. Turgencin B does however have more evenly distributed
cysteines where the C3-C4 pair stabilized the loop and the C2-C5 pair stabilizes the putative helices
at the other end. The outermost C1-C6 pair does not have any obvious structural role other than
stabilizing the ends. The role of the outermost disulfide bridge, as well as a more stable fold, might be
revealed when the peptide interacts with a lipid bilayer or a co-factor. Structurally, turgencin B is not
closely related to previously published peptides with the same cysteine patterns (listed in Table S7),
but there are some overarching similarities, primarily to the viscotoxins, which are lysine-rich (and
hence positively charged) and share the helix-loop-helix motif. However, the evolutionary relationship
between the turgencins and other AMPs can only be fully revealed after characterization of their genes.
Unfortunately, our attempts to construct a cDNA library have not yet been successful, probably due to
degraded RNA (access only to frozen material).

2.4. Biological Activity

Allisolated peptides showed antibacterial activity but to differing degrees (Table 1), with turgencin
Apox1 being the most potent peptide. The minimum inhibitory concentrations (MICs) of turgencin
Anox1 against Corynebacterium glutamicum and Bacillus subtilis were as low as 0.4 uM, and the MIC
against Escherichia coli was 0.8 pM. In addition, turgencin Apjox; affected eukaryotic cell viability,
exhibiting an ICsy value against the human melanoma cancer cell line A2058 of 1.4 uM, and an
ICs5p against the non-malignant human fibroblast cell line MRC-5 of 4.8 M. These results show that
turgencin Apgox1 is cytotoxic, but the MIC against the most sensitive bacteria is still 12 times lower than
the ICsy against the non-malignant cell line.
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Table 1. Antimicrobial and cytotoxic activity of the isolated turgencins.

. . - Cytotoxic Activity
Ant bial Activity (MIC; uM)
Peptide nimicrobvia cuvity 18 (IC50; uM)
Cg B.s. S.a. E.c. P.a. A2058 MRC-5

Turgencin Apjoxi
(72% Mox1, 28% Mox0) 0.4 0.4 6.3 0.8 1.6 14 4.8
Turgencin B
(67% Mox0, 29% Mox1, 4% Mox2) 16 16 >100.0 125 250 41 75
Turgencin Byox1
(88% Mox1, 10% Mox2, 2% Mox0) 1.6 3.1 >100.0 25.0 >100.0 27.4 >50.0
Turgencin Bytoxz 25.0 250  >1000  >1000  >100.0  >50.0 >50.0

(97% Mox2, 3% Mox1)

C.g—Corynebacterium glutamicum, B.s.—Bacillus subtilis, S.a.—Staphylococcus aureus, E.c.—Escherichia coli,
P.a.—Pseudomonas aeruginosa, A20586—Human melanoma cancer cell line and MRC-5—Non-malignant human
fibroblast cell line.

The bioactivities of turgencin B and the two oxidized analogues (turgencin Byjox1 and turgencin
Bmox2) vary depending on the total number and positions of the oxidations. It was found that
there was an inverse relationship between the numbers of methionine sulfoxides harbored by the
turgencins and their respective bioactivities, a common feature among peptides with methionine
oxidation [55]. According to NMR analysis, methionine oxidation did not cause significant changes in
the conformation of the peptides. Methionine oxidation changes the polarity of this amino acid residue
from non-polar to polar. The observed reduction in bioactivity in the oxidized variants of turgencin
B compared to turgencin Byjoxg may be caused by a break in the lipophilic section of the peptide,
resulting in insufficient affinity for the lipophilic portion of the bacterial and mammalian cell envelope,
consequently reducing the antibacterial and cytotoxic effects of the oxidized variants. Despite this
inverse relationship, when comparing antimicrobial activity and cell viability it might be argued that
turgencin Byjox1, with one Met-ox, might be a better drug-lead candidate than the unoxidized turgencin
B. Even though the antibacterial effect of turgencin Byjox is slightly lower than that of turgencin B,
turgencin Byjox1 did not affect the non-malignant cell line at the highest concentration tested (50 uM).
With both methionines oxidized, as in turgencin Byjox2, the MICs across all cell lines were considerably
higher. The un-oxidized turgencin A might therefore be even more potent than turgencin Apjox, which
has one Met-ox. Unfortunately, only minor amounts of turgencin A were observed during liquid
chromatography-mass spectrometry (LC-MS) analysis (Figure S2), and the peptide could therefore
not be isolated in sufficient quantities to allow for assessment of its bioactivities. These changes in
bioactivity indicate that peptides containing methionine may be poor drug candidates. Niederhafner
et al. [55] replaced methionine with norleucine in the peptide melectin and improved its antimicrobial
activity, but it also increased the cytotoxic activity towards red blood cells from rats. Thus, although it
is outside the scope of the current study, future work should investigate whether analogues without
methionines exhibit improved bioactivity profiles.

2.5. Real-time Measurement of Immediate Effect on Membrane Integrity and Viability

Bacterial biosensors (B. subtilis and E. coli, both carrying the pC55962 plasmid with the LucGR
gene) were used to assess the immediate membrane disruptive properties of turgencin Aoy and
turgencin B. The strains express eukaryotic luciferase and will emit a luminescence peak if their
membranes are disrupted and externally added D-luciferin is allowed to diffuse into the cell [56]. The
luminescence measurements of B. subtilis after exposure to turgencins or chlorhexidine are shown in
Figure 6. Both peptides affected the bacterial membrane integrity of B. subtilis. Although no increase in
light emission was observed, except for chlorhexidine, a decrease in light intensity was observed for
both peptides. Exposure to the natural peptide turgencin Apox1 (Figure 6) decreased luminescence by
~50% after 1 minute at a concentration of 50 uM (corresponding to 125 x MIC). Turgencin B exposure
reduced light emission even more profoundly and much faster. Within 10 s of the addition of the
peptide at a concentration of 50 uM, bacterial luminescence was reduced by 97%. Additionally, the
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effect was clearly dose dependent. At concentrations above 6.25 uM (4 x MIC) turgencin B reduced
relative luminescence by more than 50% within 1 minute (Figure 6). For fast-acting membrane active
substances, it was not possible to resolve the initial peak in light emission as the lag time between
addition of the cells to the analyte and first plate reading is approximately 10 s due to constraints
of the plate reader. Therefore, only the subsequent drop below background luminescence could be
observed. Our results indicate that addition of the peptide elicits a rapid effect on cell viability. None
of the peptides displayed any pronounced effect on the membrane of E. coli; only a weak effect of
turgencin B at 50 pM (4 x MIC) concentration was observed (data not shown). Chlorhexidine, an
antiseptic agent known for its membrane-disruptive properties [57], produced an immediate increase in
luminescence (caused by an increased influx of D-luciferin into the cells) and subsequently a decrease
at concentrations of 12.5 uM and above (Figure 6).

1.5
9 & -»- Chlorhexidine 12.5 yM
c L
g y - Chlorhexidine 50 uM
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Figure 6. Kinetics of the antimicrobial effect on membrane integrity as measured by relative luminescence
emission in B. subtilis (pCSS962). Cells were treated with turgencin Aoy (shades of red), turgencin B
(shades of blue) or chlorhexidine. Each data point is the mean of three independent measurements
normalized to the water negative control. Chlorhexidine was used as positive control and its addition
in the assay elicited an initial peak in luminescence followed by a rapid drop below the background
typical of membrane active substances. Turgencin Ayjoy1 reduced light emission at concentrations
above 12.5 uM while turgencin B reduces light emission more efficiently and at concentrations of 3.12
uM and above. Note that the starting point depicts the start of luminescence measurement, not the
combination of cells and analyte, which occurs approximately 10 s prior.

In order to independently confirm the bactericidal effect observed in the membrane integrity assays,
real-time cell viability assay was performed using bacterial biosensors carrying either a chromosomally
integrated (B. subtilis 168) or a plasmid-borne (E. coli K12) lux operon. Both strains express a bacterial
luciferase and fatty acid reductases for regeneration of long-chain fatty aldehydes, which serve as
substrates for light production. Light production is therefore linked to several metabolic processes,
which in turn depend on the regeneration of reduction equivalents and adenosine triphosphate
(ATP) [58,59]. While light production indicates active metabolism, loss of light production indicates a
decrease in metabolic activity, and hence, reduced viability of the cells.

The immediate effect of turgencins on the viability of B. subtilis is presented in Figure 7. The results
show that they both affect the viability of the Gram-positive strain within the assay period. Turgencin
Apox1 and turgencin B caused more than a 50% decrease in light production after 3 min of incubation
at concentrations above 25 uM (12.5 x MIC) and 6.25 pM (4 x MIC), respectively. Furthermore, the
observed effect was dose-dependent, with decreased light production observed at higher concentrations.
Chlorhexidine treatment caused >50% reduction in light production at concentrations of 6.25 uM and
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above (10 X MIC, unpublished results). The decrease in light emission within 3 min at concentrations
above the MIC confirms that cell viability is affected relatively fast. The same experiment conducted in
E. coli showed that, in contrast to chlorhexidine, the turgencin peptides did not affect the viability of
this strain within the 3 min assay period at 50 pM concentrations (Figure 8).
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Figure 7. Kinetics of antimicrobial effect on viability of B. subtilis as relative luminescence emission
from luxABCDE treated with turgencin Ayjox; (shades of red) and turgencin B (shades of blue). Each
data point is the mean of three independent measurements normalized to the water negative control.
Chlorhexidine and water were used as positive and negative controls, respectively.
1.5
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Figure 8. Kinetics of the relative luminescence emission by E. coli expressing a IuxCDABE
operon (pCGLS-11) treated with turgencin Apjox1 or turgencin B. Each data point is the mean of
three independent measurements. Chlorhexidine and water were used as positive and negative
controls, respectively.

3. Materials and Methods

3.1. Materials

Live specimens of the sea squirt Synoicum turgens (Phipps, 1774) were collected off the coast of
Svalbard in October 2011 (79°31’N, 18°45’E) and August 2016 (79°33’N, 18°37’E) by divers at 20-30 m
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depth, and outside of Bjerneya in May 2009 (74°28'N, 18°44’E) by divers at 20 m depth and by Agassiz
trawl (74°20’N, 19°20°E) at 47 m depth. All four samples were identified by Robert A. Johansen
at the Norwegian national biobank (Marbank), frozen separately at —20 °C at sea, lyophilized, and
again frozen until extraction. Voucher specimens (reference numbers: M11HEL0441, M16HEL1403,
MO9JANO0062-4 and M09JAN0059) were deposited in Marbank, Tromsg, Norway.

3.2. Extraction of Antimicrobial Peptides

Freeze-dried samples (100 g) were extracted twice with five volumes (v/w) of 60% (v/v)
MeCN (HPLC-grade, Sigma-Aldrich, Steinheim, Germany) containing 0.1% trifluoroacetic acid
(TFA; Sigma-Aldrich) for 24 h at 4 °C. The combined supernatants were incubated at —20 °C for
approximately 1 h allowing two liquid phases, an organic, MeCN-rich phase and an aqueous, salt-rich
phase to be formed and separated. The aqueous phase was dried in a ScanSpeed 40 vacuum centrifuge
(LabogeneApS, Denmark), and resuspended in 0.05% TFA/H,O (v/v) to a concentration of 100 mg/mL.
Salt was removed from the aqueous phase by SPE, as previously described [60]. Briefly, the extracts
were loaded onto reversed-phase C18 35cc Sep-Pak Vac cartridges (Waters, MA, USA) equilibrated with
0.05% TFA/H,O (v/v). After washing with acidified water, the analytes were eluted with 10, 20, 30, 40,
and 80% (v/v) MeCN containing 0.05% TFA (v/v). The SPE eluates were dried in a ScanSpeed 40 vacuum
centrifuge, resuspended in MQ-H,O (Millipore, MA, USA), and tested for antimicrobial activity.

Antimicrobial SPE eluates (the 40 and 80% MeCN eluate) were further fractionated by preparative
high-performance liquid chromatography (HPLC) on an Agilent 218 Preparative LC system coupled
to an Agilent 1260 infinity DAD with an Agilent 440-LC fraction collector (Matriks, Oslo, Norway).
Separation was achieved using a Waters XBridge BEH C18 Prep Column (10 x 250 mm, 5 um) column.
The mobile phase consisted of two eluents: eluent A, H,O with 0.1% formic acid (FA, Pro-analysis,
Sigma-Aldrich), and eluent B, MeCN with 0.1% FA. The peptides were separated using a linear gradient
of 5-60% eluent B over 60 min, with a flow rate of 6 mL/min. Fractions (6 mL) were collected at regular
1 min intervals, which were then dried in a ScanSpeed 40 vacuum centrifuge, resuspended in MQ-H,O,
and tested for antimicrobial activity.

Active HPLC fractions were submitted to an Agilent 1290 Infinity UHPLC system, coupled to
an Agilent high resolution 6540B quadrupole time-of-flight (Q-ToF) mass spectrometer with a dual
electrospray ionization (ESI) source, controlled by MassHunter software (Matriks), for identification of
the bioactive constituents. The MS analysis revealed semi-purified peptides which required further
purification using an analytical HPLC-DAD-MS system consisting of a 600 Pump, a 2996 Photodiode
Array UV detector, a 3100 single quadrupole mass detector, and a 2767 sample manager (Waters, MA,
USA). The system was controlled by MassLynx 4.1 and FractionLynx application manager. A linear
gradient was developed for optimal separation, consisting of 20-36% MeCN (with 0.1% FA) over 24
min and a flow rate of 6 mL/min using a Waters XBridge BEH C18 Prep Column (10 X 250 mm, 5 pm).
The resulting ion chromatograms of the peptides were used to determine the retention times (RTs; i.e.
relative hydrophobicity) of the bioactive peptides. Fractions containing semi-purified peptides were
collected using the “timed-event” function of the MassLynx software. Peptide fractions were pooled,
dried in a ScanSpeed 40 vacuum centrifuge, and resuspended in MQ-H,O. Purity was checked with
analytical HPLC, UHPLC-QToF-MS and NMR, and the antimicrobial activity was profiled.

3.3. Peptide Sequencing

Primary structure determination of the peptides turgencin Apjox1 and turgencin Byjoxe was
performed at Eurosequence (Groningen, The Netherlands, www.eurosequence.nl). The complete
sequence of turgencin Byjox2 Was obtained solely by Edman degradation sequencing, whereas the
sequence of turgencin Apjox1 Was obtained by a combination of N-terminal Edman degradation,
reduction and alkylation of the peptide with iodacetamide, followed by Glu-C digestion, separation of
fragments by RP-HPLC, and finally analyzing the obtained fragments by Edman degradation and
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MS/MS. The peptide sequences have been submitted to the UniProt Knowledgebase with the accession
numbers COHLNS5 (turgencin A) and COHLNG®6 (turgencin B).

3.4. Partial Reduction and Alkylation

Lyophilized turgencin B (0.5 mg) was partially reduced in 210 uL of 0.17 M citrate buffer (32 mg/mL
citric acid, 50 mg/mL trisodium citrate dihydrate) (pH 3.0). Peptide sample was then combined 1:1
with cold (4 °C) 10 mM tris(2-carboxyethyl)phosphine (11.4 mg/mL) solution in 0.17 M citrate buffer
(pH 3.0). One sample of turgencin B was incubated at 40 °C, a second sample at room temperature,
and a third sample at 4 °C. Aliquots of 50 uL were taken out at different timepoints (10, 20, 30, 45, 60,
90, 120 and 240 min) from all three samples. Upon sampling, each reaction solution was immediately
added to 0.6 mg of pre-prepared N-ethylmaleimide (NEM) and incubated for 15 min at 37 °C before
acidification through addition of 300 uL of 1% FA. After this step, salt was removed from all samples
using C18 ZipTips (Millipore), and eluted in 10 pL of 80% MeCN with 1% FA. Following this, 100 pL of
0.5 M ammonium bicarbonate (pH 8.0) was added. Samples were fully reduced by adding 35 uL of 100
mM dithiothreitol, deoxygenated with Ny, and incubated at 60 °C for 30 min. Afterwards, they were
alkylated by adding 35 pL of 250 mM iodoacetamide for 15 min at room temperature. The reduced
and alkylated samples were analyzed on a Nexera UHPLC (Shimadzu) coupled to a TripleToF 5600
MS (AB Sciex).

3.5. NMR Spectroscopy and Calculations

All NMR experiments were performed on a Bruker Avance III HD spectrometer equipped with
an inverse four-channel probe with cryogenic enhancement for 'H, 2H and '3C (TCI) operating at
600 MHz for 'H (Bruker Biospin, Switzerland). When applicable, gradient-selected experiments with
adiabatic pulse sequences were used. The experiments acquired for the studied peptides were Presat,
Excitation sculpting, Carbon, I5N-HSQC, 3C-HSQC, HMBC, band-selective HMBC (carbonyl hires),
H,BC, HSQCTOCSY (60 ms DIPSI), NOESY (100, 200, 300 ms mixing time), ROESY (100 ms spinlock),
DQF-COSY, E.COSY and TOCSY (20, 60, 100 ms DIPSI). Acquisition and processing were done in
Topspin 3.5pl7 using standard pulse sequences (Bruker Biospin, Switzerland). The NMR samples were
prepared by dissolving 1-2 mg of peptide in 120 uL ultra-pure water and adding a drop of D,Oina 3
mm Shigemi tube matched for D,O. Spectral assignments and integrations were performed in CARA
1.8.4.2. Secondary structure prediction was made in TALOS+.

Structures were generated using XPLOR-NIH 2.52. Starting structures were created as extended
chains and folded using standard simulated annealing protocol (2000 K, 20000 cooling steps in vacuo)
using NMR-derived constraints without connecting any disulfide bonds. Low energy folds were then
used to generate disulfide connected starting structures for the final refinements. Finally, production
runs of 500 cycles of simulated annealing was used to generate the reported structure ensemble.
Representative low energy structures were then solvated in an orthorhombic water box of explicit SPC
water and neutralized by adding 3 Cl- ions, with 10 x 10 x 10 A clearance from the peptide atoms using
the Desmond package in Maestro v11.4.011, MMshare v4.0.011, release 2017-4 for the Schrodinger
suite. The structure was minimized (min 10 SD steps/3 LBEGS vectors) before a 10 ns free MD (2 fs
timesteps, 9.0 A electrostatics cutoff) was simulated under constant pressure and temperature (300 K
Nose-Hoover thermostat, Martyna-Tobias-Klein barostat). The NMR data of this paper are available at
the Biological Magnetic Resonance Data Bank under accession number 50153.

3.6. Microbial Strains and Antibacterial Activity Assays

The Gram-negative bacteria E. coli (E.c, ATCC 25922) and P. aeruginosa (P.a, ATCC 27853), and the
Gram-positive bacteria S. aureus (S.a, ATCC 9144), C. glutamicum (C.g, ATCC 13032), and B. subtilis
(B.s, ATCC 23857) were used as test bacteria. Cultures stored in glycerol at —80 °C were transferred to
Mueller-Hinton (MH) plates (Difco Laboratories, Detroit, MI, USA) and incubated at room temperature
for two days. One colony from each bacterial strain was transferred to 5 mL MH broth and shaken at
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600 rpm overnight. From these vials of actively growing bacteria, 20 uL were transferred to 5 mL MH
broth and shaken for 2 h at room temperature. The antibacterial assays were performed as previously
described [61], but with the following exception; bacterial cultures were diluted with medium to
2.5-3.0 X 10* bacteria/mL concentrations. An aliquot of 50 uL (1250-1500 bacterial cells) was added to
each well in 96 microwell plates (Thermo Fisher Scientific, Denmark), preloaded with sample solution
(peptides or eluates) and controls (water, medium or antibiotic). The plates were incubated at 35 °C
for 24 h, using an EnVisionMultilable Reader, controlled by EnVision Manager (PerkinElmer, United
Kingdom) to measure the optical density (ODsys) every hour. The minimum inhibitory concentration
(MIC) was set to the point a sample showed >90% reduction in ODsg5 after 24 h compared to the
growth control (bacteria plus MQ-H;0). Oxytetracycline (Sigma-Aldrich, Steinheim, Germany) in
a serial dilution was used as a positive (antibacterial) control (40-0.04 uM). All experiments were
performed in triplicates. The highest peptide concentration tested against the bacteria was 100 uM,
and the lowest was 0.02 pM.

3.7. Real-time Assay Measuring Immediate Membrane Disruption

A real-time membrane integrity assay (modified from [56]) was performed using B. subtilis
168 (ATCC 23857) and E. coli K12 (ATCC MC1061), both carrying the plasmid pCSS962 with the
eukaryotic luciferase gene lucGR. The luciferase enzyme is dependent on D-luciferin as substrate
to emit light. Externally added D-luciferin (MW 280 Da) does not penetrate intact cell membranes
efficiently. However, disruption of the bacterial membrane integrity (like pore-formation) will lead to
the influx of luciferin and subsequently induce bacterial light emission. After reaching a peak, the
light intensity will reduce and drop below normal values (intact cell membranes) due to reduced
cell numbers.

B. subtilis and E. coli were cultured overnight in MH broth supplemented with 5 pg/mL
chloramphenicol (Merck KGaA, Darmstadt, Germany) and a mixture of 20 pug/mL chloramphenicol /
100 pg/mL ampicillin, respectively, before being centrifuged at 4500 rpm for 10 min. The supernatant
was removed, and the pellet resuspended in MH broth to give an ODgqg of 0.1. D-luciferin potassium
salt (Synchem Inc., Elk Grove Village, IL, USA) at a final concentration of 1 mM was added to the
bacterial cultures and the background luminescence was measured. Twofold dilutions (final assay
concentration of 50-1.6 uM) of turgencin Apjox1 and B dissolved in MQ-H,O were prepared and added
(10 pL) to black round-bottom 96-well microtiter plates (Nunc, Roskilde, Denmark). Chlorhexidine
acetate (Fresenius Kabi, Halden, Norway), at assay concentrations of 200-12.5 uM, was used as a
positive control, whereas MQ-H,O was used as a negative control. The plates were loaded into a
Synergy H1 Hybrid Reader (BioTek, Winooski, VT, USA). Aliquots (90 uL, to give a total assay volume
of 100 pL) of the prepared bacteria suspension were added to the test wells by an automatic injector
and luminescence emission was recorded every second for 180 s. All experiments were performed in
triplicate and all values were normalized to untreated water controls.

3.8. Real-time Assay Measuring Bacterial Cell Viability

A real-time cell viability assay (modified from [62]) was performed using B. subtilis 168 and
E. coli K12, carrying a chromosomal integration of an optimized luxABCDE operon controlled by
the constitutive promoter Pveg [63] or the plasmid pCGLS-11 [64] with the luxCDABEoperon from
Xenorhabdus luminescens, respectively. These strains express luciferase constitutively and emit light as
long as they are alive (i.e. have a functioning metabolism). Thus, adding a bactericidal compound
will result in reduced light emission due to reduced cell viability and/or cell number. B subtilis and
E. coli were cultured overnight in MH broth supplemented with 5 pg/mL chloramphenicol and 100
ug/mL ampicillin, respectively, before being centrifuged at 4500 rpm for 10 min. The supernatant
was removed, and the pellet resuspended in MH broth to give an ODg of 0.1. Twofold dilutions (10
uL) of turgencin Apjox1 and turgencin B (assay concentrations: 50-1.6 tM) and the positive control
chlorhexidine acetate (assay concentrations: 200-12.5 pM) were added to black round-bottom 96-well
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microtiter plates (Nunc). MQ-H,O was used as a negative control. The plates were loaded into
the Synergy H1 Hybrid Reader and aliquots (90 pL, to give a total assay volume of 100 uL) of the
bacteria suspension were added to the test wells by an automatic injector. Luminescence emission was
subsequently measured every second for 180 s. All experiments were performed in triplicate. The
measurements were normalized to the untreated water controls.

3.9. Human Cell Viability Assay

The human melanoma cancer cell line A2058 (ATCC CRL-11147TM) and the non-malignant human
fibroblast cell line MRC-5 (ATCC CCL-171) were cultured in Roswell Park Memorial Institute-1640
(RPML VWR, West Chester, PA, USA) medium, supplemented with 10% heat-inactivated fetal bovine
serum (FBS; VWR, West Chester, PA, USA) at 37 °C in a humidified atmosphere of 5% CO,. The
inhibitory effect of the peptides on the proliferation on A2058 and MRC-5 were assessed. Cells were
plated in 96-well microtiter plates at an initial density of 2000 (A2058) or 4000 (MRC-5) cells per well
and allowed an overnight period for attachment. Cell media were then removed and replaced with
fresh RPMI media containing ranging concentrations of the peptides. Cells were then incubated for 72
h at 37 °C. To each well 10 uL. AqueousOne (Promega, Madison, WI, USA) was added 1 h before the
end of the incubation period. Absorbance was measured at 485 nm. Cells in compound-free RPMI
medium were used as a negative control and cells treated with 0.1% Triton®X-100 reagent (Sigma
Aldrich, Steinheim, Germany) were used as a positive control. All experiments were performed in
triplicate and repeated three times.

4. Conclusions

We report the isolation, structural and biochemical characterization of several novel cysteine rich
AMPs from S. turgens. From a structural perspective, neither of the peptides, turgencin A and turgencin
B, was found to exhibit sequence homology to any previously reported peptides, even with the same
disulfide connectivity, however they do display overarching similarities to the lysine-rich viscotoxins
which are also positively charged and share the helix-loop-helix motif. Antimicrobial activities and
cytotoxicities across various oxiforms of these new peptides varied considerably, and hence future
studies should elaborate and examine the importance of the methionine residues for the bioactivities
of turgencins. To our knowledge, the turgencins are the first cysteine-rich AMPs ever isolated and
characterized from ascidians/tunicates.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/1/51/s1,
Figure S1: MS spectra of the isotope patterns of the purified peptides, Figure S2: MS/MS spectra of the intact
peptides of turgencin A and turgencin Ayjox1, Figure S3: MS/MS spectrum highlighting the different oxidation
states of turgencin B, Figure S4: Retention times of turgencin A, B and their oxidized derivatives, Figure S5:
15N-HSQC (at natural abundance) of turgencin Ayjox1 in water, Figure Sé: 15N-HSQC (at natural abundance)
of turgencin Byjox in water, Figure S7: TALOS+ predicted secondary structure of turgencin Byjoxo, Figure S8:
The 3Junpa coupling constants of turgencin Byjoxo, Figure S9: Early test calculations of turgencin Byjox using
crude constraints to evaluate different disulfide patterns using crude constraints, Figure S10: The most viable
alternative disulfide pattern of turgencin Byjox» compared to the found pattern in terms of energy, Figure S11:
RMSD relative to the starting frame, energies of the turgencin Byjox2 and the RMSF of the backbone during the
free MD trajectory, Figure S12: Comparison of NMR and molecular dynamics structures for turgencin Byjox,
Table S1: Antimicrobial activity of solid phase extract fractions and the organic extract, Table S2: Calculated and
measured monoisotopic my/z [M+4H]** ions of the turgencins, Table S3: Proton chemical shift assignments for
turgencin Apgoy in water, Table S4: Carbon chemical shift assignments for turgencin Aygoy; in water, Table S5:
Proton chemical shift assignments for turgencin By, in water, Table S6: Carbon chemical shift assignments for
turgencin Byjox2 in water, Table S7: Peptides sharing the same disulfide connectivity as turgencin B.
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Figure S1. MS spectra of the isotope patterns of the purified peptides turgencin Amox, turgencin B, turgencin
Bwmoxt and turgencin Bmoxe. The [M+4H]* ions are highlighted, and the monoisotopic signals of these ions were
used for calculation of the monoisotopic masses of the peptides.
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Figure S2. MS/MS spectra of the [M+3H]** precursor ions m/z 1236.27 and m/z 1230.94 of the intact peptides of
turgencin A and turgencin Awmou respectively.
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Figure S3. MS/MS spectra of the [M+4H]* precursor ions, highlighting the differing oxidation states of Met5
across three turgencin B oxiforms, zoomed in between m/z 420-700. Spectrum 1 is of turgencin B (precursor
m/z 885.65), spectrum 2 illustrates the oxidation of turgencin Bmox1 (precursor m/z 889.65), and spectrum 3 is of
turgencin Bumox2 (precursor m/z 893.65).
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Figure S4. Reversed-phase HPLC separation of turgencin A, B and their oxidized derivatives. Peptides with
methionine oxidation exhibit shorter retention times, corresponding with decreased hydrophobicity.



| _NW Wl fv/kw

UM

HSQCFPF3GPPHWG
L) o
L °
e
o
L4
o
° ’ e 4
° o
o '
' ° L, .
o o
L
o L
°
——————
10 9 8 7 F2 [ppm]
Figure S5. ’N-HSQC (at natural abundance) of turgencin Amox in water
A
My W f
\ [ r
YL Vi \)\j f 'P l\l\,\ ).
A AN
HSQCFPF3GPPHWG
o o
L
°
o ° °
% °
o
o
Ld
o
o, . &
- °
°
° °
. -
°
° .o . .o o
o
o ° °
o
—
10 9 8 7 F2 [ppm]

Figure S6. ’N-HSQC (at natural abundance) of turgencin Bmox in water.

15 110 F1 [ppm]

120

125

120 115 1 F1 [ppm]

125



Secondary Structure prediction (TALOS+)

0.9
0.8
0.7 Sheet
0.6 /\ Loop
0.5

0.4

0.3

0.2
0.1

Helix

Figure S7. TALOS+ predicted secondary structure of turgencin Buox based on all available chemical shifts
(HN, N, C, CA, CB, HA, HB). Overall patch of secondary fold is predicted. One residue (C16) is predicted as
B-sheet with low confidence, however this is likely an effect of the disulfide bond affecting the chemical shifts.
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Figure S8. The 3/unta coupling constants for turgencin Bumox2 structure estimated using two methods using
the TOCSY line widths and the sum/diff displacement of DQF-COSY and NOESY slices. The results indicate
access to helical structures (green area) for both sides of the turn, but the couplings also suggest significant
conformational averaging (blue area).



4500

4000

3500

3000

2500

2000

1500

1000

XPLOR-NIH energy (kcal/mol)

500

Structutre energy distribution

—7-24/11-27/16-31
——7-24/11-31/16-27
——7-27/11-24/16-31
——7-31/11-16/24-27
—7-31/11-27/16-2

10 20 30 40 50
Structure #

Figure S9. Early test calculations of turgencin Bmox using crude constraints to evaluate different disulfide
patterns using crude constraints. 10 out of 50 structures of each simulation are superimposed, picked at even
intervals from the energy profile.
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Figure S10. The most viable alternative disulfide pattern of turgencin Bmox2 compared to the found pattern in
terms of energy of 500 calculated simulated annealing structures using the final constraints.
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Figure S11. The (a) RMSD relative to the starting frame, (b) energies of turgencin Bumox2 and (c) the RMSF of
the backbone during the free MD trajectory.



Figure S12. Comparison of NMR and molecular dynamics structures for turgencin Bmox. (a) The
representative NMR structure of turgencin Bumoxz selected for MD simulations, and (b) an ensemble sampling
the last nanosecond of the simulation. Backbone core (res 6-32) RMSD ~ 1.5 A. (c) The NMR and MD structures
superimposed and displayed with ribbons.



Table S1. Antimicrobial activity of solid phase extract (SPE) fractions and the organic extract. Bacterial test

strains: C. g. - Corynebacterium glutamicum, B. s. - Bacillus subtilis, S. a. - Staphylococcus aureus, E. c. - Escherichia
coli, P. a. - Pseudomonas aeruginosa.

Antimicrobial activity (MIC; mg/mL)
Extract C.g. | B.s. | S.a. E.c. P. a.
10% MeCN SPE | 1.25 | 5.00 | 5.00 | 10.00 5.00
20% MeCN SPE | 250 | 250 | 5.00 5.00 5.00
30% MeCN SPE | 0.16 | 0.16 | 2.50 5.00 5.00
40% MeCN SPE | 0.04 | 0.08 | 2.50 5.00 2.50
80% MeCN SPE | 0.31 | 0.31 | 2.50 5.00 2.50
Organic 250 | 2.50 | 10.00 | >10.00 >10.00

Table S2. Calculated and measured monoisotopic m/z [M+4H]* ions of turgencin A, turgencin B, and their
oxidized derivatives.

Calculated Measured Error
Peptide monoisotopic mass | monoisotopic mass (ppm)
[M+4H]+ [M+4H]+

Turgencin A 923.4568 923.4574 0.65
Turgencin Amox 927.4555 927.4562 0.71
Turgencin B 885.6526 885.6536 1.11
Turgencin Bumox1 889.6529 889.6532 0.34
Turgencin Bumox2 893.6501 893.6518 1.92




Table S3. Proton chemical shift assignments for turgencin Amox in water.

Residue | H (ppm) | Happm) | HP (ppm) Hy(ppm) Others (ppm)
GLY! 8.56 3.91/3.92

PRO2 4.38 2.24/1.84 2.00/1.94 a:3.50/3.52
LYS3 8.61 4.32 1.80/1.70 1.39/1.43 a:1.57/1.58, 0:2.90
THR4 7.62 4.34 441 1.18

LYS5 8.68 3.97 1.82/1.74 1.38/1.40 a:1.66, 0:2.94
ALA6 8.34 3.99 1.34

ALA7 8.00 4.12 1.39

CYSs 8.16 4.18 3.39/2.96

LYS9 8.58 3.66 1.80/1.69 1.23/1.22 a:1.58/1.56, 0:2.90
MET10 8.16 4.12 2.25 2.94/2.86 a: 1.57, a: 2.62
ALA11 7.96 414 1.49

CYS12 8.10 4.45 3.06/3.12

LYS13 8.08 3.72 1.99/1.88 1.29 a:1.55, a:2.86
LEU14 7.63 4.07 1.70/1.55 1.68 a1:0.78, a2:0.83
ALA15 7.77 4.31 1.41

THR16 7.77 4.39 4.06 1.04

CYS17 8.29 4.21 3.21/2.81

GLY18 8.43 3.77/3.74

LYS19 7.80 4.26 1.81/1.67 1.36/1.41 a:1.59, a:2.91
LYS20 7.70 4.75 1.75/1.64 1.26 a:1.63, a:2.90
PRO21 4.74 1.89/2.38 1.99/1.90 a:3.58/3.34

GLY22 8.46 3.67/4.01

GLY23 7.64 3.76/4.15

TRP24 8.42 4.34 3.36/3.18 al:7.26, 01:10.13, 0.3:7.43,
02:7.13, a2: 7.41,003: 7.02

LYS25 8.02 3.54 1.42/1.26 0.89/0.84 a:1.40, a:2.80
CYS26 417 3.01/2.97

LYS27 7.78 3.96 1.74/1.80 1.37/1.29 a:1.54, a:2.84
LEU2s 8.09 3.92 1.46/1.41 1.44 a:0.78/0.74
CYS29 7.77 4.15 3.34/2.98

GLU30 8.43 3.69 2.06/1.88 1.90/2.60

LEU31 8.22 4.12 1.72/1.55 1.68 a:0.82/0.81
GLY32 7.84 3.86/3.85

CYS33 7.54 4.66 3.07/2.97

ASP34 7.74 447 2.68

ALA35 7.54 4.27 1.40

VAL3s 7.53 3.98 2.08 v1:0.92, y2:0.85




Table S4. Carbon chemical shift assignments for turgencin Amox1in water.

Residue | N (ppm) | Coqppm) | CB (ppm) | Cy(ppm) Others (ppm)
GLY1 109.48 | 40.56

PRO? 60.50 | 29.59 24.34 0:46.89
LYS3 121.19 | 53.92 | 30.14 22.24 2:26.21, 0:39.33
THRs | 111.99 | 58.48 | 68.09 19.07

LYSs5 123.81 | 57.34 | 29.02 22.26 2:26.72, 0:39.32

ALAs¢ 120.98 | 52.30 15.32

ALA7 121.95 | 52.09 15.47

CYSs 121.10 | 57.05 35.14

LYS9 121.30 | 57.72 30.13 24.40 a:26.28, 0:39.30

METi0 | 12045 | 52.02 23.24 48.40 a:26.3, 0:36.80

ALA11 | 12340 | 5242 14.53

CYS12 116.13 | 54.33 35.66

LYS13 123.81 | 56.97 29.22 22.05 a:26.27,00:39.18
LEU14 | 118.52 | 53.97 39.30 24.20 al:20.19, 02:21.16
ALA15 | 120.99 | 50.92 16.46

THRi16 | 109.91 | 61.20 66.78 18.18

CYS17 | 119.35 | 55.29 40.47

GLY18 118.81 43.86

LYS19 118.69 | 54.01 30.64 22.21 @:26.29,001:39.33
LYS20 117.80 | 50.79 30.37 22.04 a:26.25, 0:39.34
PRO21 61.75 28.76 24.43 o:47.84

GLY22 106.81 42.12

GLY23 | 106.85 | 42.17

TRP24 | 122.69 | 57.01 25.95 108.03 al:124.59,
a2:126.89,
a2:126.20,
a3:117.93,
a2:121.91,
a2:112.01,
a3:119,26,

Nal:129.22

LYS25 119.54 | 56.94 28.99 22.57 a:26.31, :39.15

CYS26 | 118.96 | 55.75 36.82

LYS27 120.16 | 56.37 29.55 22.18 a:26.125, 0:39.22

LEU2s | 118.33 | 54.77 39.04 23.94 :21.82/20.81

CYS29 | 119.87 | 5241 35.34

GLUs0 | 10790 | 57.71 26.49 34.96

LEU3: 121.21 | 54.92 39.28 24.20 a:22.07




GLY32 | 107.37 | 43.87

CYS33 11792 | 56.11 33.55

ASP34 119.77 | 53.49 37.87

ALA3s | 121.58 | 50.23 16.27

VAL3s | 11753 | 59.61 29.45 v1:17.82, y2:18.46

Table S5. Proton chemical shift assignments for turgencin Byox in water.

Residue | H (ppm) | Ho(ppm) | HP (ppm) Hy(ppm) Others (ppm)
GLY1 7.63 3.65,3.77 - - -

ILE2 8.65 3.94 1.79 1.19, 1.42, CHs: 0.86 OCHs: 0.81
LYSs3 8.43 3.88 1.67,1.76 1.32,147 OCH2:1.60, ¢CHz: 2.89
GLU: | 841 382 | 194,198 2.17,2.25 -

MET5 8.01 4.20 2.21,2.28 2.84,3.01 eCHa: 2.58
LEUs 8.50 3.97 1.420, 1.749 1.74 OCHs: 0.75, 0.77
CYS7 7,83 4.20 2.820, 3.254 - -

ASNs 8.57 4.20 2.701, 2.748 - -

MET9 8.22 4.14 2.24 2.73,3.02 eCHa: 2.57
ALA10 7.86 4.21 1.48 - -

CYSi1 8.01 4.27 3.04, 3.07 - -

ALA12 8.22 3.73 1.42 - -

GLN13 7.55 4.19 2.06, 2.20 2.40, 2.48 eNH-z: 6.85,7.31
THR14 7.43 4.50 4.26 1.16 -

VALi15 8.81 4.09 2.09 0.98, 1.04 -

CYSi6 8.13 4.89 2.76,3.31 - -

LYS17 7.23 3.99 1.70 1.30 OCH2:1.60, eCHz: 2.90
LYSis | 813 | 417 | 170,180 131 dCHa:1.60, eCHy: 2.89
SER19 7.77 4.37 3.76, 3.83 - -

GLY20 8.18 3.82,4.12 - - -

GLY21 8.62 3.85, 4.44 - - -




PRO22 - 4.26 1.87,2.30 1.90, 1.98 OCHz2: 3.54, 3.68
LEU23 8.46 4.09 1.34,1.70 1.60 OCHs: 0.80, 0.84
CYS24 7.50 4.19 3.16, 3.21 - -

ASP25 8.39 4.25 2.62,2.67 - -

THR26 8.34 3.86 4.08 1.17 -

CYSz27 7.56 4.16 3.01, 3.36 - -

GLN2s 8.29 3.93 1.99, 2.02 2.22,2.61 -

ALA29 8.38 4.02 1.41 - -

ALA30 7.64 4.15 1.46 - -

CYSs1 7.49 4.55 3.00, 3.08 - -

LYSa32 7.63 4.03 1.79,1.85 1.36,1.49 OCH2:1.59, eCH2: 2.86
ALA33 7.57 4.21 1.37 - -

LEU34 7.61 4.15 1.45,1.75 1.78 OCH3s: 0.78, 0.82
GLY35 793 | 3.78,3.87 - - terminal-NH2: 7.05, 7.21

Table S6. Carbon chemical shift assignments for turgencin Bmoxin water.

Residue | N (ppm) | Co(ppm) | CP (ppm) | Cy(ppm) Others (ppm)

GLY1 - 61.014 - - -

ILE2 122.15 60.82 35.45 14.68, 25.64 0CHs: 10.32
LYSs3 120.82 57.24 29.27 22.65 OCHo2: 26.37 ¢CHz2: 39.28
GLU4 120.90 57.43 26.15 33.18 -

MET5 118.83 55.76 23.13 48.73 eCHa: 36.56
LEUs 121.07 55.31 38.68 23.92 OCHs: 19.85, 22.68
CYS7 121.22 57.19 32.11 - -

ASNs 120.64 54.04 35.91 - -

MET)9 120.49 55.60 22.93 47.84 eCHas: 36.547
ALA10 122.84 52.64 14.45 - -

CYS11 116.93 54.80 35.20 - -

ALA12 123.91 52.69 15.50 - -

GLN13 111.92 53.47 27.05 31.25 0CO: 177.40
THR14 108.63 57.095 67.66 18.38 -

VALi1s5 118.30 61.24 29.56 17.42, 19.53 -

CYSi6 116.07 5291 41.12 - -




LYS17 120.89 56.09 30.06 22.133 OCH2: 26.35 ¢CHoz: 39.32
LYS1s 117.66 54.22 29.95 22.18 OCHz2: 26.34 ¢CHoz: 39.29
SER19 113.19 55.42 61.55 - -

GLY20 108.86 42.22 - -

GLY2: 110.51 42.04 - -

PRO22 - 62.77 29.46 24.59 OCHz2: 47.00
LEU23 117.91 55.08 38.44 24.45 O0CHs: 20.31, 22.08
CYS24 119.23 55.88 36.38 - -

ASP25 120.78 54.79 36.90 - -

THR26 116.55 63.82 66.02 18.78 -

CYSz27 123.34 58.41 35.90 - -

GLN2s | 116.81 56.55 25.79 32.02 -

ALA29 123.12 52.24 15.11 - -

ALA30 121.61 51.88 14.65 - -

CYSs1 115.49 52.02 32.63 - -

LYS32 119.51 55.41 29.82 22.31 OCH:2: 26.24, ¢CHo2: 39.20
ALA33 121.34 50.37 15.71 - -

LEU34 118.72 53.19 39.37 23.84 O0CHs: 20.26, 23.08
GLY35 108.32 42.36 - - -




Table S7. Peptides sharing the same disulfide connectivity as turgencin B (C1-C6/C2-C5/C3-C4).

AMP #aa | Sequence and protein data bank (PDB) ID Species Ref.
Turgencin B 35 | GIKEMLCNMACAQTVCKKSGGPLCDTCQAACKAL- Synoicum turgens This work
NH> (ascidian)
TEWP 36 pEKKCPGRCTLKCGKHERPTLPYNCGKYICCVPVKVK Caretta caretta [1]
(PDB: 2B5B) (Loggerhead sea
turtle)
Pelovaterin 42 | DDTPSSRCGSGGWGPCLPIVDLLCIVHVTVGCSGGFG | Pelodiscus [2]
CCRIG (PDB: 2JR3) sinensis (Chinese
softshell turtle)
Caenopore-5 81 | RSALSCQMCELVVKKYEGSADKDANVIKKDFDAECK | Caenorhabditis [3]
KLFHTIPFGTRECDHYVNSKVDPIIHELEGGTAPKDVC | elegans (nematode)
TKLNECP (PDB: 2JS9)
NK-lysin 78 GLICESCRKIQKLEDMVGPQPNEDTVTQAASRVCDK Sus scrofa (pig) [4]
MKILRGVCKKIMRTFLRRISKDILTGKKPQAICVDIKIC
KE (PDB: 1INKL)
RTD-1 18 | GFCRCLCRRGVCRCICTR (cyclic, 3 DSB + head to tail Macaca mulatta [5], [6]
peptide bonds) (PDB: 2LYF) (Rhesus monkey)
Viscotoxin 46 | KSCCPNTTGRNIYNACRLTGAPRPTCAKLSGCKIISGST | Viscum album [7] (sequence),
A3 CPSDYPK (PDB: 1EDO) (mistletoe) [8] (activity)
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Abstract: Turgencin A, a potent antimicrobial peptide isolated from the Arctic sea squirt Synoicum
turgens, consists of 36 amino acid residues and three disulfide bridges, making it challenging to
synthesize. The aim of the present study was to develop a truncated peptide with an antimicrobial
drug lead potential based on turgencin A. The experiments consisted of: (1) sequence analysis and
prediction of antimicrobial potential of truncated 10-mer sequences; (2) synthesis and antimicrobial
screening of a lead peptide devoid of the cysteine residues; (3) optimization of in vitro antimicrobial
activity of the lead peptide using an amino acid replacement strategy; and (4) screening the synthesized
peptides for cytotoxic activities. In silico analysis of turgencin A using various prediction software
indicated an internal, cationic 10-mer sequence to be putatively antimicrobial. The synthesized
truncated lead peptide displayed weak antimicrobial activity. However, by following a systematic
amino acid replacement strategy, a modified peptide was developed that retained the potency of
the original peptide. The optimized peptide StAMP-9 displayed bactericidal activity, with minimal
inhibitory concentrations of 7.8 pg/mL against Staphylococcus aureus and 3.9 pg/mL against Escherichia
coli, and no cytotoxic effects against mammalian cells. Preliminary experiments indicate the bacterial
membranes as immediate and primary targets.

Keywords: Arctic; ascidian; antimicrobial; synthetic; peptide; Synoicum turgens

1. Introduction

Antibiotic-resistant bacteria are emerging as a major global health problem and are considered one
of the biggest future medical threats to humankind. Many pathogenic bacteria previously susceptible
to antibiotics are now becoming nearly impossible to combat [1-3]. The increasing number of
immunocompromised patients (AIDS, cancer and transplant recipient patients) and the rising number
of elderly further aggravate the problem, as they often need effective antibiotics to treat infections
caused by opportunistic bacteria [4-6]. Currently, infections caused by antibiotic-resistant bacteria are
estimated to cause more than 700,000 deaths annually and the number is rising [7]. Due to a long-term
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focus on the modification of existing conventional antibiotics by the pharmaceutical industry, rather
than development of novel treatment options, modern medicine is now in dire need of a solution to
the problem [8]. Antimicrobial peptides have, in the last three decades, gained increasing attention as
promising candidates to solve the challenges of antibiotic resistance [9].

Natural AMPs usually consist of less than 60 amino acid residues, which occur mainly in the
natural L-configuration, and have molecular masses below 10 kDa [10,11]. AMPs normally have a
substantial portion of hydrophobic residues (>30%) and most are cationic, with a net charge of +2
to +9 [12]. The segregated arrangement of the hydrophobic and cationic amino acids gives AMPs an
amphipathic nature, a feature allowing interaction with and embedding into anionic microbial cell
membranes, causing bacterial death [13]. Thus, the presence of positive charges (mainly caused by the
cationic amino acids Lys and Arg) in combination with hydrophobic residues have a fundamental role
in the mechanism of action of these potent compounds [14]. Compared to conventional antibiotics,
AMPs are substantially less prone to resistance development due to their mode of action, and they
exert their killing activity faster (within seconds to minutes) [15]. AMPs often show a wide range of
antimicrobial bioactivities, acting as antibacterial, antifungal and antiparasitic agents, and are often
highly membrane-selective [11]. Furthermore, linear AMPs can easily be synthesized due to their
relatively small size [16]. In this regard, the possibility for AMPs to overtake the title of next-generation
antibiotics looks realistic [17]. However, to date, no AMP has reached the antibiotic market, although
many AMPs are in clinical trials [18]. The biggest challenges faced in the development of AMPs into
drugs are high production costs (especially for large and disulfide-rich peptides), lack of proteolytic
stability, and unfavorable toxicology profile when administered systemically [3,17]. To overcome
these issues, the pharmacophore of AMPs and the structural features causing toxicity must be
identified to enable the production of peptides with improved therapeutic indexes. Furthermore,
pharmacophore identification will lower production costs, as only substructures of the peptides need to
be produced. This knowledge can be acquired through synthesis of analogues followed by bioactivity
testing and structure-activity relationship studies. In fact, recent studies have shown that potent,
short (<15 amino acids), linear AMPs (devoid of cysteines), can be successfully produced [3,19]. Certain
characteristics have also proved to play a critical role for the activity of these peptides, like the balance
between the positive charge, hydrophobicity, and content of lipophilic bulky residues such as Trp [19].
These peptides have shown effectiveness against bacterial infections in vivo [20], as well as improved
stability in serum [21]. By experience, shortened peptides derived from natural AMPs can retain
relevant biological activities [22,23]. Consequently, they are excellent candidates as lead peptides for
developing novel antimicrobial drugs [2].

Recently, we have characterized two novel AMPs, turgencin A and turgencin B, from the Arctic
sea squirt Synoicum turgens (Phipps, 1774) [24]. The turgencins are composed of 35-36 amino acid
residues with six Cys residues engaged in three disulfide bridges with connectivity of Cys1-Cys6,
Cys2-Cys5, and Cys3-Cys4, making them challenging to synthesize and explore as drug leads. The aim
of the present study was to make a truncated AMP derivative based on turgencin A with drug lead
potential. We recognized an internal stretch (residues 18-27) of turgencin A having an unusual
amino acid PGGW central core, flanked by two lysine residues on each end, making it highly cationic.
We therefore hypothesized that this 10-residue-long sequence could be used for the generation of a
novel antimicrobial lead peptide. The antimicrobial potential of this first lead peptide StAMP-1 was
verified using publicly accessible and pre-trained AMP prediction tools that rely on various machine
learning algorithms [25,26] before being synthesized and tested. First, a single-cysteine residue within
the sequence was replaced by alanine to avoid potential and unpredictable dimerization. Subsequently,
an amino acid replacement strategy was chosen to improve the antimicrobial activity of StAMP-1.
This involved enrichment of the central core (PGGW) of the peptide with Trp residues, causing an
increase in the hydrophobic ratio while leaving the cationic residues unchanged (i.e., ensure a high
net positive charge). After optimizing hydrophobicity and exploring sequence effects through the
preparation of peptides StAMP-2-8, an increase in antimicrobial potency was further explored by
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synthesizing two peptides, SSAMP-9 and StAMP-10, where all four Lys residues were substituted
by Arg. Finally, the effects on the antimicrobial activity of Leu and Trp as lipophilic residues was
compared by synthesis of SStAMP-11.

2. Results and Discussion

2.1. Sequence Analysis and AMP Prediction

Turgencin A is a potent AMP consisting of 36 amino acid residues with six cysteines forming
three intramolecular disulfide bridges. Sequence homology with turgencin B indicates that these
bridges are formed between Cys8-Cys33, Cys12-Cys29 and Cys17-Cys26 (Figure 1) [24]. By experience,
short peptide segments derived from larger natural AMPs can partly be responsible for the detected
activity [22,23,27], and thus be promising lead sequences for drug development. By visual inspection
and similarity searches in various AMP databases (for review, see Liu et al. [28]), we recognized a
cationic region within turgencin A (sequence 18-27, GKKPGGWKCK) with a 4-amino acid central core
sequence PGGW (Figure 1) which was found in some abaecins, a well-known family of AMPs found
in insects [29]. Hydrophobic Trp residues are widely accepted as contributors to the bioactivity of
AMPs [30,31], and both Pro and Gly residues are known to break up «-helical sequences [32]. Turgencin
A also contains an N-terminal Gly residue, which is found to be beneficial in many AMPs [33,34].
We therefore hypothesized that this 10-residue sequence could be used for the generation of novel
antimicrobial lead peptides. To support our hypothesis, a linear version of turgencin A (denoted
turgencin Ay;,), where all Cys were replaced by Ala, was examined using the online prediction tool of
the collection of antimicrobial peptides (CAMPRr3) web server (Figure 1). CAMPR3 contains information
on conserved AMP sequence signatures captured as patterns and Hidden Markov Models (HMMs),
and currently the database contains 10,247 sequences and 114 family-specific signatures of AMPs [25].

10 ’ 15 20 25] |

1 5 30 35
TurgencinA GPEKTKAACKMACKLATCGKKPGGWKCKLCELGCDAV -NH;
TorgencinA,, GPKTKAAAKMAAKLATAGKKPGGWKAKLAELGADAVYV -NH;

Figure 1. Amino acid sequences and disulfide bond connectivity of turgencin A and its linear derivative
turgencin Ay, where all Cys residues were replaced by Ala (shown in bold). The potential 10-residue
lead peptide sequence containing the PGGW core is shaded in grey.

The antimicrobial potential of shortened, overlapping peptides (10-mers), using a sliding window
strategy, was predicted by utilizing all four available prediction models: support vector machine
(SVM), random forests (RF), artificial neural network (ANN), and discriminant analysis (DA). SVM,
RF and DA predict and state a peptide’s probability of having antimicrobial properties in values
between 0 (low probability) and 1 (high probability), with values above 0.5 defined as being most likely
to be bioactive, whereas the ANN model makes a qualitative statement of either AMP or non-AMP
(NAMP). The antimicrobial potential of these peptides was also predicted using a different SVM model
available through ADAM, another comprehensive AMP database, containing 7007 unique sequences.
In this model, a higher value indicates higher probability for antimicrobial activity. [26]. Out of the
27 sequences analyzed, only one sequence (sequence 18-27, GKKPGGWKAK) was predicted to be
antimicrobial by all four models in AMPgs, including the RF classifier, and by the SVM model in ADAM
(Table 1). Although several other peptides were predicted to be antimicrobial by the SVM, DA and ANN
models, only one additional sequence (the neighboring sequence, 19-28) was predicted to be active by
the RF model (RF value > 0.5). A number of AMP prediction tools have been designed attempting to
discriminate AMPs from non-AMPs (NANP) (reviewed by Liu et al. [28]). Among ten web-based AMP
prediction tools, the CAMPR3 (RF) tool was recently shown to outperform other web-based prediction
models, followed by CAMPR3 (SVM) and ADAM (SVM) [35]. The Lys residues, which are spread
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through the turgencin A sequence, provide a positive charge to the peptide. Thus characteristic is
known to be important for the activity of most AMPs. Of notice, the two 10-mer sequences predicted
to be active by the RF model were also the two peptides with the highest net positive charge (+4)
(Table 1). Furthermore, the peptide sequence, 18-27 (GKKPGGWKAK), was calculated to have a
Boman index of 1.52, the highest among all the predicted peptides, but still in the middle range among
AMPs [36]. The Boman Index is an estimate of protein-binding potential, calculated on the basis of
cyclohexane-to-water partition coefficient of the respective amino acid side chains divided by the
total number of amino acid residues within the peptide [36]. A high index value (>2.48) indicates a
multifunctional peptide with high binding potential (e.g., hormones). A low index value (<1) indicates
a potential AMP with less side effects (e.g., low hemolytic activity) [36]. Based on the above predictions,
the C-terminally amidated sequence 18-27 (GKKPGGWKAK; hereafter named StAMP-1) was selected
as the first lead peptide to be synthesized, screened for antimicrobial activity, and further optimized
employing an amino acid replacement strategy. Through single-residue substitutions, additional
peptides were rationally designed with the purpose of increasing the hydrophobic ratio, i.e., overall
hydrophobicity, and to investigate sequence specific effects. This resulted in the production of ten
additional truncated turgencin A analogs, StAMP-2-11.

Table 1. Characteristics and in silico antimicrobial activity prediction of 10-mer peptide sequences
modelled from Turgencin Ayy,; a linear version of turgencin A where the Cys residues were replaced
by Ala. The highlighted sequence 18-27 (GKKPGGWKAK) in bold was the only sequence that was
predicted to be antimicrobial by all four in silico models.

Peptide Sequence Net Hydro-Phobic Boman Index CAMPg; ! ADAM?
Region Charge Ratio (%) (kcal/mol) SVM RF ANN DA SVM
1-10 GPKTKAAAKM +3 40 1.04 1.000 0.479 AMP 0.681 1.49
2-11 PKTKAAAKMA +3 50 0.96 0.548 0.439 NAMP 0.343 1.95
3-12 KTKAAAKMAA +3 60 0.78 0.131 0.443 AMP 0.325 2.53
4-13 TKAAAKMAAK +3 60 0.78 0.972 0.439 AMP 0.170 2.53
5-14 KAAAKMAAKL +3 70 0.03 0.478 0.428 AMP 0.797 2.59
6-15 AAAKMAAKLA +2 80 -0.70 0.980 0.363 AMP 0.785 2.64
7-16 AAKMAAKLAT +2 70 -0.26 0.989 0.358 AMP 0.483 241
8-17 AKMAAKLATA +2 70 -0.26 0.947 0.325 AMP 0.312 241
9-18 KMAAKLATAG +2 60 -0.17 0.330 0.281 AMP 0.254 213
10-19 MAAKLATAGK +2 60 -0.17 0.651 0.270 AMP 0.135 213
11-20 AAKLATAGKK +3 50 0.61 0.615 0.425 AMP 0.786 2.07
12-21 AKLATAGKKP +3 40 0.79 0.751 0.376 AMP 0.535 1.29
13-22 KLATAGKKPG +3 30 0.87 0.244 0.377 AMP 0.647 1.58
14-23 LATAGKKPGG +2 30 0.23 0.736 0.379 AMP 0.649 2.16
15-24 ATAGKKPGGW +2 30 0.49 0.075 0.282 AMP 0.781 2.52
16-25 TAGKKPGGWK +3 20 1.22 0.880 0.398 AMP 0.591 2.53
17-26 AGKKPGGWKA +3 30 0.78 0.490 0.427 AMP 0.930 2.85
18-27 GKKPGGWKAK +4 20 1.52 0.968 0.559 AMP 0.884 2.85
19-28 KKPGGWKAKL +4 30 1.12 0.165 0.566 AMP 0.815 2.61
20-29 KPGGWKAKLA +3 40 0.38 0.027 0.448 AMP 0.689 2.44
21-30 PGGWKAKLAE +1 40 0.51 0.017 0.190 AMP 0.018 2.00
22-31 GGWKAKLAEL +1 50 0.02 0.325 0.238 AMP 0.041 2.37
23-32 GWKAKLAELG +1 50 0.02 0.444 0.241 AMP 0.041 2.37
24-33 WKAKLAELGA +1 60 0.21 0.205 0.252 NAMP 0.024 2.04
25-34 KAKLAELGAD 0 50 0.00 0.004 0.293 NAMP 0.002 147
26-35 AKLAELGADA -1 60 0.28 0.281 0.329 NAMP 0.003 144
27-36 KLAELGADAV -1 60 0.80 0.799 0.373 NAMP 0.007 0.56

1 CAMPg;: collection of anti-microbial peptides; SVM: support vector machines; RF: random forests; ANN: artificial
neural networks; and DA: discriminant analysis. 2 ADAM: a database of AMPs.

2.2. Peptide Design and Antibacterial Screening

A high net-positive charge is vital for many cationic AMPs, predominantly with regard to initial
electrostatic interaction with the anionic microbial cell surfaces and subsequent disruption of the
bacterial cell membrane or intracellular translocation [30,37,38]. The lead peptide StAMP-1 and all
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proceeding peptides were therefore synthesized with an amidated C-terminal end, which provides an
increase in net positive charge by +1 by masking the otherwise anionic C-terminal carboxylate group.
The original turgencin A peptide is also amidated C-terminally [24]. An amidated C-terminus can also
provide resistance to the action of carboxypeptidases, as shown for the well-known AMP magainin [39].
An overview of the synthesized StAMP-1-11 peptides and their physicochemical characteristics is
presented in Table 2.

Table 2. Sequences and physicochemical properties of the synthesized StAMP-1-11 peptides. StAMP-1
corresponds to the C-terminal amidated first lead peptide sequence 18-27.

Peptide Sequence ! M0n01s'otop1c Mass (Da) Net Boman Index Hydro.-Pl})obic Rt?
Theoretical Measured?  Charge (kcal/mol) Ratio (%)

StAMP-1 GKKPGGWKAK-NH2 1054.64 1054.64 +5 1.52 20 0.40
StAMP-2 GKKWGGWKAK -NH2 1143.67 1143.67 +5 1.29 30 1.75
StAMP-3 GKKPWGWKAK-NH2 1183.70 1183.70 +5 1.38 30 2.17
StAMP-4 GKKPGWWKAK-NH2 1183.70 1183.70 +5 1.38 30 2.05
StAMP-5 GKKWWGWKAK -NH2 1272.72 1272.72 +5 1.15 40 5.21
StAMP-6 GKKWGWWKAK -NH2 1272.72 1272.72 +5 1.15 40 5.39
StAMP-7 GKKPWWWKAK-NH2 1312.76 1312.76 +5 1.24 40 5.70
StAMP-8 GKKWWWWKAK -NH2 1401.78 1401.78 +5 1.01 50 8.77
StAMP-9 GRRPWWWRAR-NH2 1424.78 1424.78 +5 4.99 40 6.65
StAMP-10  GRRWWWWRAR-NH2 1513.81 1513.81 +5 4.76 50 9.20
StAMP-11  GRRPLLLRAR-NH2 1205.79 1205.79 +5 4.21 40 2.54

! Amino acid substitutions are shown in bold, > Measured by high-resolution mass spectrometry, 3 Retention time
(min) on an analytical RP-HPLC Cyg-column using a fixed mobile phase gradient.

As predicted by four models in the CAMPr3 web server, StAMP-1 displayed antibacterial activity
in vitro (Table 3). However, the prediction models do not predict the exact antimicrobial potency of
a given peptide sequence, they only predict the probability of being an AMP. As shown in Table 3,
StAMP-1 displayed low antibacterial activity (MIC = 250 pg/mL) and only against two out of seven
test strains: the Gram-positive (G+) bacteria Bacillus megaterium and Corynebacterium glutamicum.
The reason for the weak antibacterial activity was suspected to be a too low hydrophobic ratio (20%,
Table 2). According to the APD3 database, the average hydrophobic ratio of AMPs deposited in the
database is about 41.5% [40]. Higher hydrophobicity would ease the penetration of the peptide into
the lipid environment of the microbial membranes. However, the hydrophobicity should not be too
high, making the peptide insoluble in aqueous environments. On the other hand, according to a
recent study [19], short AMPs have different features compared to larger AMPs. Short AMPs do not
seem to need structural requirements like high o-helicity, a specific hydrophobic moment, an explicit
partitioning of charge and hydrophobicity, or a high frequency of particular amino acids or amino acid
pairs (e.g., Arg-Trp or Arg-Arg pairs) within the peptide sequence. For short cationic AMPs, a balance
between positive charge and hydrophobicity seems to be more important, and some, but not too many,
Trp residues seem to be advantageous [19]. In silico prediction of antimicrobial activity of very short
peptides may, therefore, currently be challenging.

The above-mentioned design of StAMP-2-11 involved enrichment with one (StAMP-2/3/4) or
two (StAMP-5/6/7) lipophilic tryptophan residues in the central core (PGGW) of the first lead peptide
StAMP-1 while leaving the cationic residues (positive charge) unchanged. The substitution of Pro4,
Gly5 or Gly6 with a single Trp (StAMP-2/3/4) resulted in increased hydrophobic ratio (30%, Table 2)
and increased antibacterial activity against three to four of seven bacterial strains, but still only activity
against G+ bacteria (and fungi; discussed below) (Table 3). All three peptides (StAMP-2/3/4) were
highly potent against B. megaterium, and out of these three peptides, StAMP-4 was the overall most
potent peptide, having a MIC value of 3.9 pg/mL against both B. megaterium and C. glutamicum.



Int. J. Mol. Sci. 2020, 21, 5460 60f18

Table 3. Antimicrobial activities of turgencin A and the synthesized StAMP-1-11 peptides.

Antimicrobial Activity (MIC; ug/mL) !

Gram-Pos Gram-Neg Fungi

Peptide Bm Bs Cg Ml Sa Ec Pa Ap Ca Rh
Turgencin A 2 0.5 1.5 1.5 8.0 233 3.0 59 92.6 46.3 23.2
StAMP-1 250 >250 250 >250 >250 >250 >250 >250 >250 >250
StAMP-2 3.9 125 31.3 250  >250 >250 >250 625 125 62.5
StAMP-3 3.9 >250  15.6 250  >250 >250 >250 625 125 62.5
StAMP-4 39 125 3.9 125 >250 >250 >250 625 62.5 31.3
StAMP-5 1.0 15.6 2.0 156 >250 313 250 31.3 31.3 15.6
StAMP-6 1.0 3.9 3.9 62.5 250 625 >250 625 62.5 31.3
StAMP-7 1.0 3.9 2.0 31.3 125 31.3 250 15.6 31.3 15.6
StAMP-8 3.9 7.8 7.8 15.6 125 62.5 125 7.8 15.6 15.6
StAMP-9 1.0 39 2.0 3.9 7.8 7.8 31.3 31.3 31.3 15.6
StAMP-10 39 7.8 7.8 15.6 62.5 15.6 31.3 62.5 62.5 15.6
StAMP-11 7.8 >250  31.3 625 >250 >250 >250 250 125 31.3
Indolicidin 3.1 6.3 1.6 12.5 12.5 250 >250 25.0 100 25.0

Oxytetracycline 0.6 10.0 0.2 1.3 0.04 1.3 25 nt3 n.t n.t.

Triclosan n.t n.t n.t n.t n.t n.t n.t 3.1 3.1 1.6

! Microbial strains: Bm—Bacillus megaterium, Bs—Bacillus subtilis, Cg—Corynebacterium glutamicum, Ml—Micrococcus
luteus, Sa—Staphylococcus aureus, Ec—Escherichia coli, Pa—Pseudomonas aeruginosa, Ap—Aurobasidium pollulans,
Ca—Candida albicans, Rn—Rhodotorula sp. 2 Antibacterial data for turgencin A against Bs, Cg, Sa, Ec and Pa are
derived from Hansen et al. [24]. 3 nt: Not tested.

Introducing two Trp residues in the PGGW core (StAMP-5/6/7), and thereby increasing the
hydrophobicity to 40% (Table 2), resulted in further improved antibacterial activity and measurable
activity against Gram-negative (G-) bacteria. StAMP-7, having a total of three consecutive Trp
residues, was overall the most potent peptide in this series, and the only peptide showing antibacterial
activity against all test strains to date. SSAMP-7 displayed MIC values in the range of 1.0-125 pg/mL
against G+ strains and MIC values of 31.3-250 pg/mL against G- strains (Table 3). The least sensitive
bacterial strains within each class were Staphylococcus aureus (G+) and Pseudomonas aeruginosa (G-),
in which P. aeruginosa often is the least susceptible strain to many AMPs [24]. Gly does not have a
side chain and therefore provides increased flexibility within the sequence of AMPs. This feature
does not seem to be of importance to StAMP-7, in which both Gly residues in the PGGW core were
replaced by Trp. The substitution of Pro4 with Trp in both StAMP-5 and StAMP-6 resulted in a
lower increase in antimicrobial activity and may indicate a role of Pro4 in peptide folding. Among
the two Gly residues, the replacement of Gly5 with Trp (resulting in StAMP-5) seemed to result in
an improvement in antibacterial activity compared to replacement of Gly6 with Trp (resulting in
StAMP-6). In general, the antimicrobial activity increased when the overall hydrophobicity of the
peptides increased, as measured by RP-HPLC and as shown by the in silico calculations (Table 2).
However, increasing the hydrophobicity further by substituting all amino acids in the central core
with Trp, giving StAMP-8 with four consecutive Trp’s and a WWWW core, did not result in a major
increase in antibacterial activity except against P. aeruginosa (MIC = 125 pug/mL, Table 3). Other studies
have shown that there should be a balance between positive charge, hydrophobicity and the amount of
tryptophan in small peptides. Peptides with an imbalance between these properties have proven to
give weak activity [19]. A hydrophobicity window for the optimal antibacterial activity of AMPs has
also been observed by others [41].

After optimizing hydrophobicity and positioning of the inserted tryptophan residues, an attempt
to further increase the antimicrobial potential of StAMP-7 was performed by synthesizing a derivative
where all four Lys residues were substituted by Arg. The results for StAMP-9 where Lys2, Lys3,
Lys8 and Lys10 were replaced by Arg resulted in 4-fold increase in antibacterial activity against
Escherichia coli and an 8-fold increase against P. aeruginosa, as well as a 16-fold increase in activity against
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S. aureus. Overall, the MIC values of the Arg-enriched peptide StAMP-9 ranged from 1.0 to 31.3 pg/mL
against all seven bacterial test strains. An increase in antimicrobial activity when replacing Lys with
Arg is reported for other Trp-rich AMPs [14]. The hydrophobicity of StAMP-9 was further increased
by replacing Pro4 with Trp, resulting in StAMP-10 with a WWWW core and a hydrophobic ratio of
50% (Table 2). As observed above for StAMP-8, this did not result in an improvement in antimicrobial
activity, but the contrary, except against P. aeruginosa where the activity of StAMP-9 and StAMP-10
were similar (Table 3). Leu is, in some scales, reported to supersede Trp in hydrophobicity [42,43],
and as a final peptide we made the Leu analog of the most potent peptide StAMP-9, resulting in the
peptide StAMP-11. As shown in Table 3, StAMP-11, where all Trp residues were replaced by Leu,
showed low antimicrobial activity, except against B. megaterium (MIC = 7.8 pg/mL). Thus, the putative
high hydrophobicity of Leu was not enough to displace the more advantageous bulkiness of Trp with
respect to antimicrobial activity.

When inspecting all the prepared 10-mer peptide sequences, it was noteworthy that the most
potent antibacterial peptides within each series retained the Pro4 residue, as shown for StAMP-4,
StAMP-7, and StAMP-9, and to some extent also StAMP-11. Pro is reported to be an «-helix breaker
and that may serve a special function in the peptides by forming a hinge between the three first
N-terminal GKK-residues and the following Trp enriched core sequence. In the present peptides,
this may have been an important structural feature affecting the overall conformation of the Pro4
containing peptides upon interaction with bacterial membranes. In silico prediction of the antimicrobial
potential of the designed 10-mer peptides showed that they were all proposed to be active (Table S1).
However, whereas StAMP-9 was the overall most potent peptide in the antimicrobial screening,
StAMP-8 showed the overall highest scores in the prediction. However, as previously mentioned,
the prediction models do not predict the antimicrobial potency of a given sequence, only the probability
of being antimicrobial.

2.2.1. Bacterial Killing Experiments

Overall, StAMP-9 displayed the most potent antibacterial activity of the peptides that were
synthesized (Table 3). To evaluate whether the peptide only inhibited growth (bacteriostatic) or killed
the bacteria (bactericidal), StAMP-9 was subjected to a bacterial killing experiment. The G+ bacteria
Bacillus subtilis and the G- bacteria E. coli were selected for the experiment. As illustrated by the bar
chart in Figure 2, no colony-forming units (CFU) were formed on the plates treated with overnight
cultures that had been incubated with MIC (3.9 pug/mL for B. subtilis and 7.8 pg/mL for E. coli) or higher
concentrations of the peptide. These results suggested that StAMP-9 was bactericidal at MIC against
both bacteria. Lower concentrations of StAMP-9 produced approximately the same amount of CFU as
the control (bacteria and water) after 24 h of incubation.

(A) B. subtilis (B) E. coli
109+ 1010
108 109
1074 108
108+ . 10:
E 10°4 5105
E 104 Eﬂ)‘
o 1094 o10
102
102 102
1014 107
100 T 100 T T
MIC 1/2MIC 14 MIC Control MIC 1/2MIC 1/4MIC Control
Concentration Concentration

Figure 2. Bactericidal activity of StAMP-9 against (A) B. subtilis and (B) E. coli. Colony-forming units
(CFU) per mL were counted after treatment with MIC, 1/2 MIC, 1/4 MIC and no treatment (Control).
Each bar presents the mean of three replicates + SD.
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2.2.2. Membrane Integrity and Viability Investigations

Based on the results from antibacterial screening and the bacterial killing experiment, StAMP-6-10
were further studied for their immediate effect on the membrane integrity and viability on B. subtilis
168 and E. coli K12. In the integrity assay, both bacteria are carrying the luciferase lucGR gene within
the plasmid pCSS962. When a compound disrupts the membrane, externally added D-luciferin can
diffuse into the cells and function as a substrate for the luciferase enzyme. This, in turn, causes the
emission of light as relative luminescence units (RLU), a signal whose strength is relative to the degree
of membrane disruption in living cells. If the test compound affects the membrane sufficiently to cause
bacterial death, the RLU signal will increase until the bacterial ATP storage is empty. At this time,
the RLU signal will decrease in line with the decreasing ATP concentrations, as the enzymatic reaction
gradually stops. D-luciferin does not cross intact membranes at a neutral pH [44]. Following membrane
disruption, the RLU will reach its peak and start to decrease due to reduced cell numbers. In the assay
setup used herein, RLU was measured over a period of 3 min. The short time period was selected as
many membrane disruptive compounds usually affect the bacterial membranes immediately [24,45,46].

StAMP-6-7 affected the membrane integrity of B. subtilis at 50 ug/mL (RLU ~ 1.5) (Figure 3).
However, since the light emission was not decreasing over time, the membrane disruption was not
severe enough that the bacteria were killed within the measured time period. As both peptides
gave MIC values of 3.9 pg/mL against the same strain, this might indicate that StAMP-6-7 had an
additional target in B. subtilis, or that the membrane disruption process took longer time than 3 min.
Concentrations below 50 ug/mL did not affect the membrane.

2519
% 2.01
=} —— Chlorhexidine 25 ug/mL
@Y
£ 15l —— StAMP-6 50 pg/mL
2 —— StAMP-7 50 pg/mL
g StAMP-8 50 pg/mL
:l) 1.04 —=— StAMP-9 50 pg/mL
-% StAMP-10 50 pg/mL
o]
[

0.51

0.0 T T 1

0:00 1:00 2:00 3:00

Time (min)

Figure 3. Kinetics of the antimicrobial effect on membrane integrity as measured by relative luminescence
emission in B. subtilis 168 (pCSS962) in presence of D-luciferin. StAMP-6-10 and the reference
antimicrobial agent chlorhexidine was added to the bacteria. Chlorhexidine served as a positive
(membranolytic) control and water as a negative (untreated) control. Each datapoint is the mean of
three independent measurements normalized to the negative control.

StAMP-8-10 showed a stronger disruptive effect on bacterial membrane integrity of B. subtilis
at 50 ug/mL. As shown in Figure 3, an increase in light emission was observed for all three peptides,
but with a significantly weaker maximum peak intensity for StAMP-8 compared to StAMP-9-10.
The increasing light emission was followed by a continuing decrease in RLU. Compared to the control
chlorhexidine, a bacterial agent known for its membrane disruptive properties [47], StAMP-8-10
required a longer reaction time before disrupting the membrane. Chlorhexidine acetate has a molecular
weight of 625.5 g/mol, making the concentration 25 ng/mL (40 pM) most comparable with the highest
tested concentration for the peptides (50 pg/mL ~ 33-39 uM). As shown in Figure 3, it took approximately
30 s before a decrease in light intensity was observed in B. subtilis after adding StAMP-8-10. StAMP-8
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affected the membrane at 25 ug/mL (Figure S1), SSAMP-9 at 12.5 pg/mL (Figure S2), and StAMP-10
affected the membrane down to 6.3 ug/mL (Figure S3). These results strongly suggest that both
chlorhexidine and StAMP-8-10 had the bacterial membrane of B. subtilis as their main target, but the
molecular mechanisms leading to membrane disruption might be different.

StAMP-6-7 had no effect on light emission at any of the concentrations tested when looking at
the membrane integrity of E. coli (data not shown). StAMP-8-10 affected the bacterial membrane
of E. coli K12 at 50 pg/mL. As shown in Figure 4, all three peptides increased the light emission,
but their membrane integrity effect on the E. coli was less prominent than the effect on B. subtilis
when considering the decrease in light over time. The light emission was slowly decreasing after
1 min of StAMP-10 exposure, but when exposed to StAMP-8 and StAMP-9 the light emission was not
decreasing within the measured time period. StAMP-8-9 influenced the E. coli membrane down to
25 ug/mL (Figures S4 and S5), and StAMP-10 at 12.5 ug/mL (Figure 56).

A real-time cell viability assay was used to investigate the bactericidal effect of StAMP-6-10.
B. subtilis 168 contains a chromosomally integrated [ux operon, and E. coli K12 a plasmid-borne lux
operon. Both strains emit light as long as they have an active metabolism. If a compound reduces the
metabolic activity of the bacteria it will reduce the viability of the cells. The results of the viability assay
are shown in Figures 5 and 6. These results independently confirmed the bactericidal effect observed
in the membrane integrity assays. StAMP-6-7 had a minor effect on the viability of both B. subtilis
and E. coli at 50 ug/mL. The decrease in light emission caused by StAMP-8-10 shown in both assays
confirmed that these three peptides killed both strains at 50 pg/mL, but not as rapidly as the control
chlorhexidine. The same activity observed for StAMP-8-10 in the membrane integrity assay was also
observed in both viability assays (Figures S7-512). Chlorhexidine showed a dose-dependent activity in
both integrity and viability assay against both bacteria tested (Figures S13-516). Only at the lowest
concentration tested (0.8 ug/mL), was there no observed membrane activity for these assays.

157

—— Chlorhexidine 25 pg/mL

—— StAMP-6 50 pg/mL

—— StAMP-7 50 pg/mL
StAMP-8 50 pg/mL

—=— StAMP-9 50 pg/mL

57 StAMP-10 50 pg/mL

10+

Relative Luminescence Units

0:00 1:00 2:00 3:00
Time (min)
Figure 4. Kinetics of the antimicrobial effect on membrane integrity as measured by relative luminescence
emission in E. coli K12 (pCSS962) in presence of D-luciferin. StAMP-6-10 and the reference antimicrobial
agent chlorhexidine was added to the bacteria. Chlorhexidine and water were used as positive and

negative control. Each datapoint is the mean of three independent measurements normalized to the
water control.
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Figure 5. Kinetics of the antimicrobial effect on viability of B. subtilis 168 as measured by relative
luminescence emission from the luxABCDE operon after adding StAMP-6-10 to the bacteria.
Chlorhexidine served as a positive control and water as a negative control. Each datapoint was
the mean of three independent measurements normalized to the negative control.
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Figure 6. Kinetics of the antimicrobial effect on viability of E. coli K12 (pCGLS-11) as measured by
relative luminescence emission from the luxCDABE operon after adding StAMP-6-10. Chlorhexidine
served as a positive control and water as a negative control. Each datapoint was the mean of three
independent measurements normalized to the negative control.

2.3. Antifungal Activity

The synthesized peptides were subjected to antifungal screening against the molds Aureobasidium
pullulans and Rhodotorula sp., and the yeast Candida albicans (Table 3). The firstlead peptide StAMP-1 was
inactive (MIC > 250 pg/mL) against all three fungal strains tested. As observed during the antibacterial
screening, increased hydrophobicity of the peptides (due to Trp substitutions) generally increased
the antifungal activity, with StAMP-8 being the most potent peptide (MIC = 7.8-15.6 pg/mL) in this
mutant series. In contrast to antibacterial activity, replacement of all Lys residues in StAMP-7 with Arg,
resulting in StAMP-9, did not improve the antifungal activity against the three fungal strains tested.
Fungal membranes are more zwitterionic compared to the negatively charged bacterial membranes [48],
and these differences naturally could make the membranes vulnerable to different antimicrobials.
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2.4. Hemolytic, Cytotoxic and Anti-Inflammatory Properties

The peptides (StAMP-1-11) were assayed for hemolytic activity against sheep red blood cells,
cytotoxic activity against the human melanoma cell line A2058 and the non-malignant human lung
fibroblast cell line MRC-5, and their ability to inhibit LPS induced TNF-« production by the human
acute leukemia monocytic THP-1 cell line. None of the synthesized peptides displayed any hemolytic
activity (<1% hemolysis) against sheep red blood cells at concentrations up to 250 ng/mL. No cytotoxic
or anti-inflammatory activities were detected for any of the peptides, even at the highest concentration
tested (100 ug/mL). The results from these assays indicate that the peptides may be well tolerated in an
in vivo setting.

3. Materials and Methods

3.1. Sequence Analysis and Peptide Design

The 36 amino acids sequence of turgencin A, a Cys-rich AMP isolated from the marine ascidian
S. turgens [24], served as a starting point for the sequence analysis. All Cys residues were replaced by
Ala prior to in silico prediction of antimicrobial potential of 10-residue sequences of the linear version
of turgencin A, using the online prediction tool on the Collection of Anti-Microbial Peptides (CAMPr3)
server (http://www.camp3.bicnirrh.res.in/predict/) [25]. A sliding window strategy (using a window
size of ten amino acid residues) was used to locate putative AMP stretches within the full peptide
sequence. The peptide segments were analyzed by means of four prediction models: support vector
machines (SVM), random forests (RF), artificial neural network (ANN), and discriminant analysis (DA).
The antimicrobial potential of the peptides were also predicted using the SVM model in a database
of antimicrobial peptides (ADAM) (http://bioinformatics.cs.ntou.edu.tw/ADAM/svm_tool.html) [26].
Physicochemical properties and primary sequence homology to known AMPs were investigated
using the calculator, predictor, and BLAST tools of the antimicrobial peptide database (APD3)
(http://aps.unmc.edu/AP/) [40]. The synthesized peptides were named with the acronym StAMP
(S. turgens antimicrobial peptide) followed by a progressive number. The peptide sequence with the
highest overall predicted AMP score from all models was the sequence GKKPGGWKAK, which became
our first lead peptide StAMP-1 and basis for further studies. As for turgencin A, the lead peptide
StAMP-1 and the following peptides synthesized were C-terminally amidated to increase the overall
net-positive charge of the peptide series. In order to improve antimicrobial activity, an amino acid
modification and replacement strategy was chosen for a set of derivatives. Firstly, a Trp enrichment
strategy within the central core (PGGW) of the lead peptide was chosen to increase the overall
hydrophobicity. Secondly, all four Lys residues were substituted by Arg, and finally a peptide was
made with the Trp residues replaced by Leu. All designed StAMPs were subjected to AMP prediction
to validate the in silico models used and described above (Table S1 in the SI).

3.2. Peptide Synthesis

The peptides were synthesized by microwave assisted fluorenylmethoxycarbonyl solid-phase
peptide synthesis (Fmoc-SPSS), using a Biotage® Initiator+Alstra™ (Uppsala, Sweden) fully automated
peptide synthesizer. Fmoc-amino acids and solvents were purchased from Sigma-Aldrich (St. Louis,
MO, USA) whereas Rink amide ChemMatrix resin was obtained from Biotage.

Rink Amide ChemMatrix resin (loading 0.44-0.48 mmol/g) was used to obtain peptides with an
amidated C-terminus and each synthesis was scaled to 0.165 mmol. The resin was initially swelled at
70 °C for 20 min. Peptide synthesis was performed by coupling the Fmoc-amino acids (0.5 M in DMF,
4 equiv.) using the coupling reagent O-(6-chlorobenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium
hexafluorophosphate (HCTU, 0.6 M in N,N-dimethylformamide (DMF), 3.92 equiv.), and the base
N,N-diisopropylethylamine (DIEA, 2.0 M in N-methylpyrrolidone (NMP), 8 equiv.). The coupling
reactions were performed with microwave heating (75 °C) and coupling times of 5 min. Coupling of
Fmoc-Arg(Pbf)-OH (0.5 M in DME, 4 equiv.) was done at room temperature for 60 min for peptides
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StAMP-9, -10 and -11 and the coupling time of the remaining Fmoc-amino acids was increased from 5
to 10 min (microwave heating, 75 °C) due to the high lipophilicity of the fully side-chain protected
peptides. After each coupling step, the temporary Fmoc-protecting group was cleaved using a solution
of 20% piperidine in DMF (4.5 mL) at room temperature for 3 min and then repeated for 10 min.
When the synthesis was completed the resin with peptide attached was washed with dichloromethane
(DCM, 4.5 mL, 6 times, 45 s), followed by washing the resin with diethyl ether (4.5 mL, 34 times)
using a vacuum manifold, and then dried in a vacuum desiccator overnight. The removal of protecting
groups and cleaving the peptide from the resin was performed using a cleavage cocktail consisting of
95% trifluoroacetic acid (TFA, Sigma-Aldrich), 2.5% triisopropyl silane (TIS, Sigma-Aldrich), and 2.5%
H,O (total volume 10 mL) for 1 h and then repeated for 3 h. A vacuum manifold was used to isolate
the cleaved peptide solution by filtration. The peptide filtrates were pooled, and the volume reduced
in vacuo before the crude peptide was precipitated by the addition of ice-cold diethyl ether. The ether
solution was decanted, and the procedure repeated twice by washing with ice cold diethyl ether.
After the final decantation, the precipitated crude peptide was dried in vacuo prior to purification.

3.3. Peptide Purification and Verification

The synthesized peptides were purified by reversed-phase high-performance liquid chromatography
(RP-HPLC) using a Waters preparative HPLC system equipped with a photodiode array (PDA) detector
and an XBridge Cyg, 5 um, 10 x 250 mm column (Waters Associates, Milford, MA, USA). The separation
was performed using linear gradients of acetonitrile (95% in water) and water, and both eluents
containing 0.1% TFA (Sigma-Aldrich) with a flow rate of 10 mL/min. The purity of the peptides (>95%)
was determined by an analytical UPLC-PDA system using an Acquity Cyg, 1.7 um, 2.1 X 50 mm column
(Waters) with the same conditions as described above, but with a flow rate of 0.6 mL/min. Molecular
weight and purity of the peptides (Table S2) were confirmed using a high-resolution 6540B quadrupole
time-of-flight (Q-ToF) mass spectrometer with a dual electrospray ionization (ESI) source, coupled to a
1290 Infinity UHPLC system, controlled by MassHunter software (Agilent, Santa Clara, CA, USA).
The peptides were separated using a Zorbax Eclipse Plus Cyg, 1.8 um, 2.1 X 50 mm column (Agilent).
A gradient running from 3-20% acetonitrile containing 0.1% formic acid over 15 min with a flow rate of
0.4 mL/min was applied for the determination of the hydrophobicity (retention times) of the peptides.

3.4. Antibacterial Assay (Growth Inhibition)

The synthesized peptides were screened for antibacterial activity against five strains of G+ bacteria:
B. subtilis (Bs, ATCC 23857), C. glutamicum (Cg, ATCC 13032), S. aureus (Sa, ATCC 9144), Micrococcus
luteus (M1), B. megaterium (Bm) (the last two were obtained from professor Olaf B. Styrvold, UiT The
Arctic University of Norway).

Two strains of G- bacteria, P. aeruginosa (Pa, ATCC 27853) and E. coli (Ec, ATCC 25922),
were also used. Cultures stored at -80 °C in glycerol were transferred to Miiller-Hinton plates
(MH, Difco Laboratories, Detroit, MI, USA) and incubated for 24 h at 35 °C. Colonies of each strain
were transferred to 5 mL liquid MH medium and left shaking (600 rpm) at room temperature overnight.
An aliquot of actively growing bacteria (20 uL) was inoculated in 5 mL MH medium and left shaking
for 2 h at room temperature. In order to have a sensitive bioassay, the bacterial cultures were
diluted with medium to only 2.5-3 x 10* bacteria/mL and an aliquot of 50 puL. was added to each
well in 96 microwell plates (Thermo Fisher Scientific, Roskilde, Denmark) preloaded with peptide
solution (50 pL). The antibacterial assays were performed as previously described [49]. The microtiter
plates were incubated for 24 h at 35 °C with optical density (595 nm) recorded every hour using an
Envision 2103 multilabel reader, controlled by a Wallac Envision manager (PerkinElmer, Waltham,
MA, USA). The minimum inhibitory concentration (MIC) was defined as the sample concentration
showing an optical density less than 10% of the negative (growth) control, consisting of bacteria and
MQ-H;0. Oxytetracycline (concentrations ranging from 20-0.02 ug/mL, Sigma-Aldrich) and indolicidin
(concentration ranging from 200-0.2 ug/mlL, Sigma-Aldrich) served as a positive (inhibition) control.
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The synthetic peptides were tested for antibacterial activity in concentrations ranging from 250 to
0.5 ug/mL in two-fold dilutions. All tests were performed in triplicates.

A killing experiment was performed on StAMP-9 by using actively growing cultures of B. subtilis
(ATCC 23857) and E. coli. (ATCC 25922). The procedure was performed as previously described [50].
Both tests were performed in triplicates.

3.5. Real-Time Assay Measuring Immediate Bacteria Membrane Disruption

The real-time bacterial membrane integrity assay was performed using B. subtilis 168 (ATCC 23857)
and E. coli K12 (ATCC MC1061), both carrying the plasmid pCS5962 with the eukaryotic luciferase
gene [ucGR. Luciferase is dependent on D-luciferin as substrate to emit light, a substrate that does not
penetrate intact cell membranes. The assay is a modification of a previously described protocol [44]
and was conducted as previously described [24]. The bacteria (~5 X 107 bacteria/mL) were subjected
to ranging concentrations of StAMP-6-10 (50-3.1 pg/mL) and the positive control to chlorhexidine
acetate (assay concentrations 100-1.6 ng/mL, Fresenius Kabi, Halden, Norway). Three independent
measurements were conducted, and measurements were normalized to the untreated water controls.

3.6. Real-Time Assay Measuring Immediate Bacterial Cell Viability

A real-time cell viability assay (modified from [51]) was performed using B. subtilis 168 carrying
an optimized lux ABCDE operon controlled by the promoter Pveg [52], and E. coli K12 carrying the
plasmid pCGLS-11 [53] with the luxCDABE operon from Xenorhabdus luminescence. The procedure
was conducted as previously described [24]. The bacteria (~5 x 107 bacteria/mL) were subjected to
ranging concentrations of StAMP-6-10 (50-3.1 nug/mL) and the positive control to chlorhexidine acetate
(assay concentrations 100-1.6 ug/mL). MQ-H,0O was used as a negative control. Three independent
measurements were conducted, and measurements were normalized to the untreated water controls.

3.7. Antifungal Assay

StAMP-1-11 were screened for antifungal activity against C. albicans (Ca, ATCC 10231), A. pullulans
(Ap) and Rhodotorula sp. (Rh) (the last two were obtained from professor Arne Tronsmo, The Norwegian
University of Life Sciences, As, Norway). The antifungal assay was performed as previously
described [54] with a few modifications. Briefly, fungal spores were dissolved in potato dextrose
broth (Difco Laboratories) with 2% D(+)-glucose (Merck, Darmstadt, Germany) to a concentration of
4x%10° spores/mL. The spores (50 uL) were inoculated on 96 microwell plates (Thermo Fisher Scientific)
containing the synthetic peptides (50 uL) and controls (water or antibiotic). The peptides were diluted
in MQ-H,O at final concentrations ranging from 250-3.9 ug/mL in two-fold serial dilutions. Triclosan
(Sigma-Aldrich, Steinheim, Germany) was used as a positive (antifungal) control (32-0.25 ng/mL),
and MQ-H,O as a negative (growth) control. Cultures were grown in room temperature for 24 h (Ca)
and 48 h (Ap and Rh). Growth inhibition was determined by measuring OD values at 600 nm by a
microplate reader (Synergy H1 Hybrid Multi-Mode Reader, BioTek, Winooski, VT, USA). The MIC
values were defined as the lowest concentration of the peptides that showed >90% inhibition compared
to the negative growth control (as measured by OD). All experiments were done in triplicate.

3.8. Hemolytic Activity Assay

The hemolytic activity assays were performed as previously described [23], but instead of using
human red blood cells, defibrinated sheep blood (Thermo Scientific, No. R54016) was used. Briefly,
the blood was centrifuged (450% g) for 10 min, the supernatant removed, and the pellet dissolved in
phosphate-buffered saline (PBS; 320 mOSM, pH 7.4). This was done three times before the pellet was
adjusted in PBS to a suspension containing 10% red blood cells (RBC). An aliquot of 10 uL of the RBC
suspension was added to each well in 96 microwell plates with round bottom (Nunc, Thermo Fisher
Scientific), preloaded with 90 pL of the synthetic peptides and controls (PBS or Triton). The peptides
were diluted in PBS at final concentrations ranging from 250-2 pg/mL in twofold dilutions. As a
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positive (hemolysis) control, Triton X-100 (Sigma-Aldrich, Saint Louis, MO, USA) was used at a final
concentration of 0.05%, and PBS was used as a negative control. The plates were incubated at 37 °C for
1 h on a shaker, and afterwards centrifuged at 450x g for 10 min. The supernatants were transferred to
96 microwell plates with flat bottom (Thermo Fisher Scientific), and the absorbance was measured
at 550 nm. The percent hemolysis was calculated using the formula [(Asample — Abaseline)/(Atriton
— Apaseline)] X 100, where the PBS was used as baseline and Triton X-100 (Sigma-Aldrich) as 100%
hemolysis. The experiment was performed in triplicate.

3.9. Human Cell Viability Assay

The human melanoma cell line A2058 (ATTC CRL-11144) and the non-malignant human lung
fibroblast cell line MRC-5 (ATTC CCL-171) were assayed for sensitivity against StAMP-1-11 at ranging
concentrations between 100 and 5 ug/mL in a two-fold dilution series. The assays were performed as
previously described [55]. Both assays were performed in triplicate in two independent experiments.

3.10. Anti-Inflammatory Activity Assay

The ability of StAMP-1-11 to inhibit LPS induced TNF-o production by the human acute
leukemia monocytic THP-1 cell line (ATCC TIB-202) was assayed as previously described [56].
Cells were added with 100 pg/mL of StAMP-1-11. The experiment was conducted in triplicate in two
independent experiments.

4. Conclusions

The overall most potent antimicrobial peptide StAMP-9 has several advantages, including potent
antimicrobial activity, immediate effect on bacterial membranes, and high selectivity (non-hemolytic,
non-cytotoxic), and it has a short sequence consisting of 10 natural amino acids. Although StAMP-9
might be prone to proteolytic digestion, its simple sequence should facilitate rapid production, at low
cost, and accelerate further studies and development into a clinical drug candidate. Proteolytic
resistance might be improved by the insertion of D-amino acids or other chemically modified amino
acids, or by cyclization [57]. This study also illustrates the potential for combining web-based and
computational resources with a rational design of short antimicrobial peptides derived from larger
peptides or proteins of natural origin. Future studies should be aimed at checking and/or improving
the proteolytic stability of StAMP-9 as well as studying its efficacy in vivo, for instance, in a mouse
infection model.
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(pCGLS-11) treated with different concentrations of chlorhexidine, Table S1. Antimicrobial activity prediction of
the designed StAMPs.
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Figure S1. Kinetic of the antimicrobial effect on membrane integrity as measured by relative luminescence in B.
subtilis (pCSS962) treated with chlorhexidine and different concentration of StAMP-8.
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Figure S2. Kinetic of the antimicrobial effect on membrane integrity as measured by relative luminescence in B.
subtilis (pCSS962) treated with chlorhexidine and different concentration of StAMP-9.
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Figure S3. Kinetic of the antimicrobial effect on membrane integrity as measured by relative luminescence in B.
subtilis (pCSS962) treated with chlorhexidine and different concentration of StAMP-10.
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Figure S4. Kinetic of the antimicrobial effect on membrane integrity as measured by relative luminescence in E. coli
(pCSS962) treated with chlorhexidine and different concentration of StAMP-8.
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Figure S5. Kinetic of the antimicrobial effect on membrane integrity as measured by relative luminescence in E. coli
(pCSS962) treated with chlorhexidine and different concentration of StAMP-9.
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Figure S6. Kinetic of the antimicrobial effect on membrane integrity as measured by relative luminescence in E. coli
(pCSS962) treated with chlorhexidine and different concentration of StAMP-10.
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Figure S7. Kinetic of the antimicrobial effect on viability as measured by relative luminescence in B. subtilis (pCGLS-
11) treated with chlorhexidine and different concentration of StAMP-8.
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Figure S8. Kinetic of the antimicrobial effect on viability as measured by relative luminescence in B. subtilis (pCGLS-
11) treated with chlorhexidine and different concentration of StAMP-9.
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Figure S9. Kinetic of the antimicrobial effect on viability as measured by relative luminescence in B. subtilis (pCGLS-
11) treated with chlorhexidine and different concentration of StAMP-10.
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Figure S10. Kinetic of the antimicrobial effect on viability as measured by relative luminescence in E. coli (pCGLS-11)
treated with chlorhexidine and different concentration of StAMP-8.
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Figure S11. Kinetic of the antimicrobial effect on viability as measured by relative luminescence in E. coli (pCGLS-11)
treated with chlorhexidine and different concentration of StAMP-9.
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Figure S12. Kinetic of the antimicrobial effect on viability as measured by relative luminescence in E. coli (pCGLS-11)
treated with chlorhexidine and different concentration of StAMP-10.
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Figure S13. Kinetic of the antimicrobial effect on membrane integrity as measured by relative luminescence in B.
subtilis (pCSS962) treated with different concentration of chlorhexidine.
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Figure S14. Kinetic of the antimicrobial effect on membrane integrity as measured by relative luminescence in E. coli
(pCSS962) treated with different concentration of chlorhexidine.
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Figure S15. Kinetic of the antimicrobial effect on viability as measured by relative luminescence in B. subtilis (pCGLS-
11) treated different concentration of chlorhexidine.
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Figure S16. Kinetic of the antimicrobial effect on viability as measured by relative luminescence in E. coli (pCGLS-11)
treated different concentration of chlorhexidine.



Table S1. Antimicrobial activity prediction of the designed StAMPs. SVM: support vector machines; RF: random
forests; ANN: artificial neural networks; and DA: discriminant analysis.

Peptide Sequence CAMPro ADAM
SVM RF ANN DA SVM
StAMP-1 GKKPGGWKAK 0968 0559 AMP  0.884 2.85
StAMP-2 GKKWGGWKAK 0.998 0533 AMP  0.887 3.23
StAMP-3 GKKPWGWKAK 0.999 0625 AMP 0979 2.85
StAMP-4 GKKPGWWKAK 0997 0.623 AMP 0.979 2.85
StAMP-5 GKKWWGWKAK 1.000 0.605 AMP 0.980 3.14
StAMP-6 GKKWGWWKAK 1.000 0.605 AMP  0.980 3.14
StAMP-7 GKKPWWWKAK 1.000 0.724 AMP 0.997 2.79
StAMP-8 GKKWWWWKAK 1.000 0.830 AMP  0.998 2.90
StAMP-9 GRRPWWWRAR 0999 0.634 AMP  0.993 1.36
StAMP-10 GRRWWWWRAR 1.000 0.649 AMP  0.99 1.97
StAMP-11 GRRPLLLRAR 0918 0583 AMP 0.907 1.82

Table S2. Molecular weight and purity of the StAMPs.

Peptide Molef;/lt:;ror)reight P:t;ol)ty
StAMP-1 1055.28 97
StAMP-2 1144.37 98
StAMP-3 1184.44 98
StAMP-4 1184.44 98
StAMP-5 1273.53 95
StAMP-6 1273.53 98
StAMP-7 1313.59 99
StAMP-8 1402.69 100
StAMP-9 1425.65 100
StAMP-10 1514.74 100

StAMP-11 1206.49 97
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Abstract

Ascidians are a group of marine invertebrates where most are sessile and soft bodied. Their absence of an
adaptive immune system makes them rely on innate immune responses to detect and eliminate invading
microbes. Antimicrobial peptides (AMPs) play an essential part in this process. In this paper, we present the
isolation, structure elucidation and bioactivities of two new cysteine-rich peptides (CRPs) from the Arctic
marine ascidian Synoicum turgens. The sequences and structures of the peptides were solved with Edman
degradation sequencing, mass spectrometry, and NMR analysis. This revealed two novel 2 kDa peptides,
St-CRP-1 and St-CRP-2, with neutral net charge, and C-terminal amidation. St-CRP-1 consisted of 18
amino acids and inhibited growth of two Gram-positive bacterial strains (Bacillus subtilis and
Corynebacterium glutamicum) at 24.6 uM, whereas St-CRP-2 consisted of 19 amino acids and inhibited the
growth of B. subtilis at 49.2 uM. St-CRP-1 had no effect on two mammalian cell lines or the brine shrimp
Artemia salina at the highest concentration tested. Structural analysis of the St-CRPs indicated a Cys1-Cys6,
Cys2-Cys4, and Cys3-Cys5 disulfide connectivity, which is also found in alpha-defensins. The results from

this study show that Arctic marine ascidians are a rich source of novel bioactive peptides.


mailto:terje.vasskog@uit.no

1. Introduction

Peptides are ubiquitous natural products, widely abundant and found in all living organisms, from
prokaryotes to mammals. Many small peptides (<50 amino acids) are bioactive, displaying various activities
such as analgetic, anticancer, antihypertensive, antimicrobial, antioxidative, antiviral and
immunomodulatory properties [1]. Many peptides also show high potency and selectivity, and low toxicity
against normal human cells [2]. Furthermore, most peptides are usually less allergenic compared to larger
proteins when administered in mammals [3]. Natural peptides are therefore interesting candidates for
pharmaceutical research by serving as templates for developing new therapeutic drugs. There are currently
around 60 peptide drugs on the global market, and more than 400 different peptides are in clinical

development or in preclinical studies, many of which are derived from natural sources [4].

Antimicrobial peptides (AMPs), also referred to as host defense peptides, are produced by all living
organisms, in eukaryotes - as an important part of their innate immune system [5,6]. Because of their natural
properties as antibiotic agents, AMPs are promising candidates to overcome the growing problem of
antibiotic resistant pathogenic bacteria. AMPs are considered particularly favorable due to their broad-
spectrum antimicrobial properties and the low-tendency of resistance development towards them [7]. One
group of diverse AMPs are called the defensins. Defensins are a family of cysteine-rich AMPs, and are
found in vertebrates, invertebrates, plants and fungi. They consist of a characteristic -sheet core structure,
and are most often stabilized with six disulfide-linked cysteines [8]. Defensins exhibit a broad-spectrum

antimicrobial activity, displaying effects against both bacteria, fungi and viruses [9].

While linear peptides show limited promise as both orally and parentally administered drugs because of
poor in vivo stability (due to e.g. proteolytic degradation) and limited membrane permeability [2], cysteine-
rich peptides (CRPs) are emerging as a promising class of drug lead candidates and/or templates for drug
development [10]. Introduction of disulfide bonds in peptides seems to be among nature’s solutions to the
problem of proteolytic degradation. Disulfide bonds effectively constrains peptide topology, resulting in
increased structural rigidity and proteolytic resistance [11,12]. Cysteine knot peptides (defined by its three
disulfide bridges) and small cysteine-rich proteins are a special sort of peptides containing diverse structures

and displaying a wide variety of bioactivities [13].

Marine invertebrates are an increasingly interesting source of novel bioactive peptides because of their
ability to thrive in the bacteria-rich-environment without the presence of an adaptive immune system [14-
16]. Ascidians (also known as sea squirts) belong to the phylum of Chordata and the subphylum Urochordata
(tunicates), and have been a prolific source of bioactive peptides [14]. A variety of bioactive peptides

showing anticancer, antineoplastic, antiviral, antidiabetic, antioxidant, and immunomodulatory properties,



have been isolated from ascidians. Several of these peptides have been explored as drugs candidates

including a few in clinical trials [17].

As part of our ongoing search for novel AMPs from Arctic marine organisms, two novel cysteine-rich
AMPs, turgencin A and turgencin B, were isolated from the colonial ascidian Synoicum turgens [18]. The
peptides were 35-36 amino acids in length (3.5-3.7 kDa), containing 3 disulfide bridges with an unusual
disulfide connectivity of Cys1-Cys6, Cys2-Cys5, and Cys3-Cys4. During the isolation of these peptides, we
recognized a series of 2 kDa peptides in the same extract, with putative antimicrobial properties. Preliminary
mass spectrometric analysis indicated the presence of multiple cysteines in these peptides. In this study, two
small AMPs (18-19 amino acids in length) having 3 disulfide bridges, were isolated from S. turgens. St-
CRP-1 was sequenced using Edman degradation and LC-MS/MS fragmentation and its structure was
confirmed by NMR analysis. The sequence and structure of St-CRP-2 was solved solely with LC-MS/MS.
This revealed, for both peptides, a disulfide connectivity similarity to alpha-defensins, a Cys1-Cys6, Cys2-
Cys4, and Cys3-Cys5 connectivity.

2. Materials and Methods

2.1. Materials

The colonial sea squirt S. turgens (Phipps, 1774) was collected off the coast of Svalbard in August 2016
(79°33" N, 18°37" E) by divers at 20-30 m depth. The sample was identified by Robert A. Johansen,
Marbank, Norway (http://www.imr.no/marbank/en), and subsequently frozen at -20 °C at sea. The biomass

was lyophilized and kept frozen until further processing.

2.2. Extraction

Lyophilized samples of the ascidian (100 g) were pulverized and extracted with 5 volumes (v/w) of 60%
acetonitrile (MeCN, HPLC-grade, Sigma-Aldrich, Steinheim, Germany) containing 0.1% trifluoroacetic
acid (TFA, HPLC-grade, Sigma-Aldrich) dissolved in Milli-Q H,O (Millipore, Burlington, MA, USA) for
24 hours at 4 °C. The mixture was centrifuged, and the supernatant was collected and stored at 4 °C before
the residue was extracted once more under the same conditions. Supernatants were pooled and incubated at
-20 °C for 1-2 h, causing the formation of two liquid phases, an organic MeCN-rich phase and an aqueous
salt-rich phase. The aqueous phase was dried in a ScanSpeed 40 vacuum centrifuge (Labogene ApS,
Lillerad, Denmark), and afterwards dissolved in 0.05% TFA/ H>O (v/v) to a concentration of 100 mg/mL.
To remove salt form the sample, solid phase extraction (SPE) was performed using reversed-phase C18 35
cc Sep-Pak Vac cartridges (Waters, Milford, MA, USA), as described by Haug et al. [19] with some
modifications. Briefly, the cartridge was conditioned in MeCN and equilibrated with 0.05% TFA/H>0 (v/v)



before adding the aqueous phase. After washing the loaded extract with acidified water, a five-step elution
was done with 10, 20, 30, 40, and 80% (v/v) MeCN containing 0.05% TFA (v/v). The collected SPE eluates

were dried in a ScanSpeed 40 vacuum centrifuge and kept frozen at -20 °C until further analysis.

The SPE fractions were resuspended in Milli-Q H>O to a concentration of 10 mg/mL. Non-dissolved

material was removed by centrifugation, and the supernatant was tested for antibacterial activity.

2.3. Peptide Purification and Identification

Active SPE fractions were submitted to purification by preparative reversed-phase high-performance liquid
chromatography (RP-HPLC). The separation was performed using an Agilent 218 Preparative gradient LC
system coupled to an Agilent 1260 infinity DAD and an Agilent 440-LC fraction collector (Matriks, Oslo,
Norway). The column used was an XBridge BEH C18 Prep column (10 x 250 mm, 5 pm, Waters). The
mobile phase consisted of A: HO with 0.05% TFA and B: MeCN with 0.05% TFA, where the method was
set to run mobile phase A for 10 min, then a gradient of 0-60% of mobile phase B from 10-70 min, with a
flow rate of 6 mL/min. One-minute fractions were collected throughout the analysis, vacuum dried
separately and redissolved in 500 uL Milli-Q H»O, before testing for antibacterial activity. All SPE fractions,
and the active HPLC fractions were submitted to high-resolution mass spectrometry (HR-MS) analysis,
using an Agilent 1290 Infinity UHPLC-DAD system and an Agilent 6540B quadrupole time-of-flight (Q-
ToF) mass spectrometer coupled with a dual electrospray ionization (ESI) source. The data was acquired
and analyzed by using the Agilent MassHunter software (Data Acquisition B.06.01, SP1, and Qualitative
Analysis B.07.00, SP2)) (all instruments and software were from Matriks). A standard method was used,
running a gradient from 5-100% MeCN with 0.1% formic acid over 8 min with a flow rate of 0.3 mL/min.

The separation was done using an Agilent Zorbax Eclipse Plus C18 column (2.1 x 50 mm , 1.8 uM, Matriks).

The HR-MS analysis confirmed the presence of the small (ca. 2 kDa) peptides in some of the antibacterial
HPLC fractions, derived from the 40% MeCN SPE fraction. In order to isolate these peptides, the SPE
fraction was repeatedly injected on the preparative RP-HPLC system, using an optimized RP-HPLC
method. The mobile phase consisted of the same constituents as described above, However, elution was
performed by running 20% of mobile phase B for 5 min, then a gradient of 20-45% of mobile phase B from
5-35 min, with a flow rate of 6 mL/min. The peptides were isolated by triggering collection at predetermined
timepoints during the run. Each fraction was analyzed using the Agilent HR-MS system, and fractions

containing pure peptides were pooled, lyophilized, and kept frozen at -20 °C until further analysis.

2.4. Sequence Analysis
Primary structure determination of St-CRP-1 was performed with Edman degradation sequencing at

Eurosequence (Groningen, The Netherlands, www.eurosequence.nl). For de novo MS sequencing of St-
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CRP-2, 2 uL 0.5 mM peptide was added 20 pL 0.1 M Tris[2-carboxyethyl] phosphine (TCEP, Sigma-
Aldrich, St. Louis, MO, USA) and 50 uL. 1 mM ammonium format buffer adjusted to pH 3 with formic
acid. The solution was incubated at room temperature for one hour for full reduction of the peptide. The
reduced peptide was analyzed on an Acquity I-class UPLC with a Waters Xevo QToF G2 mass spectrometer
(Waters). The separation was performed using an Acquity BEH C18 column (2.1 x 100 mm, 1.7 pm,
Waters), and a mobile phase gradient consisting of A: water + 0.1% formic acid and B: MeCN + 0.1%
formic acid. Fragmentation spectra were obtained by CID fragmentation with a collision energy ramp of
20-50 eV. The fragment spectra gave full coverage of the peptide sequence, and for confirmation, the
proposed sequence was inserted in MS-product from UCSF (http://prospector.ucsf.edu/prospector/cgi-
bin/msform.cgi?form=msproduct) to induce peptide fragmentation. Isoelectric points (pI) were calculated

using Innovagen’s peptide property calculator app (http://www.innovagen.com). Sequence similarity

searches were performed using the Basic Local Alignment Search Tool (BLAST,
https://blast.ncbi.nlm.nih.gov/Blast.cgi), provided by the National Centre for Biotechnological Information
(NCBI).

2.5. NMR Spectroscopy and Calculations
NMR experiments were acquired on an Avance III HD spectrometer equipped with an inverse four-channel
probe with cryogenic enhancement for 'H, ?H and '*C (TCI) operating at 600 MHz for 'H (Bruker Biospin,

Fallanden, Switzerland).

The sample of St-CRP-1 was prepared by dissolving 0.8 mg of material in 120 pL of H,O/D-O solution
(95/5) in a D>O matched 3 mm Shigemi tube. The following experiments were acquired for the elucidation
of St-CRP-1: 'H (excitation sculpting), '*C, "N-HSQC, *C-HSQC, HMBC (including selective carbonyl
HMBC), HSQCTOCSY (80 ms DIPSI), NOESY (100, 200, 300 ms mixing time), ROESY (100 ms
spinlock), DQF-COSY, E.COSY and TOCSY (60, 100 ms DIPSI). Where applicable, gradient-selection
and adiabatic pulse sequences were used. Acquisition and processing were done in Topspin 3.5pl7 using
standard pulse sequences (Bruker Biospin). Spectral assignment and integration were done in CARA

1.8.4.2.

Starting structures were created as extended chains and folded using standard simulated annealing protocol
(2000 K, 20000 cooling steps in vacuo) using observed NMR parameters, and with an absence of disulfide
connectivity. Low energy folds from the previous step were used to generate disulfide connected starting
structures for the final refinements. Finally, production runs of 500 cycles of simulated annealing generated
the reported structure ensemble. Structures were generated using XPLOR-NIH 2.52 and secondary structure
prediction made in TALOS+ (https://spin.niddk.nih.gov/NMRPipe/talos/). The NMR data is available at the

Biological Magnetic Resonance Data Bank (https://bmrb.io/) under accession number 50547,
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2.6. Reduction and Alkylation of the Peptides

To determine the disulfide connectivity in the peptides a reduction and alkylation method by Albert et al.
was employed [20]. All chemicals used in this method were purchased from Sigma-Aldrich. The protocols
for St-CRP-1 and St-CRP-2 were optimized individually, using the described method as a template. An

overview of the analytical method and details on the reduction and alkylation procedures will be given here.

St-CRP-1: The SPE column (Empore C18, 3M, St. Paul, MN, USA) was activated with 250 pL. MeCN and
subsequently equilibrated with 500 uL. ammonium formate buffer (50 mM, pH 3). The peptide was
dissolved in the same buffer to a concentration of 0.5 mM and a volume of 500 uL was applied to the
column. A volume of 100 pL 0.1 M TCEP was loaded onto the column to selectively reduce available
cysteine bridges and the mixture on the column was incubated for 1 min before the column was washed 3
times with 300 pL. of ammonium formate buffer/MeCN 90:10 (v/v), and once with 250 pL of the same
buffer. Immediately after, the peptide was alkylated by adding 20 pL 0.5 M N-methylmaleimide (NMM)
dissolved in buffer and the solution was left to incubate for 1 hour. The sample was eluted from the column
with 300 pL 80% MeCN, and MeCN was removed under a gentle stream of nitrogen at 55 °C. To remove
excess NMM, 100 pL of 0.5 M thiosalicylic acid (TA) was added and left to react with remaining NMM
for 30 min. The sample was loaded onto a freshly equilibrated SPE column and washed 3 times with 300
pL 10% MeCN and once with buffer. For the second reduction, 100 uL of 0.1 M TCEP was again added
and left to incubate for 1 min before the column was washed 3 times with 300 uL 10% MeCN and once
with 300 pL buffer. The peptides were alkylated for the second time by adding 20 puL of a 0.5 M solution
of N-ethylmaleimide (NEM) and the solution was left to incubate for 1 hour before the column was washed,
as described above. Excess NEM was removed with TA as described for NMM and after washing and
eluting from the column 20 pL of 0.1 M TCEP was added to the solution and left to incubate for 1 hour.
The final alkylation was performed by adding 20 uL 0.12 M N-cyclohexyl maleimide (NCM) and the

solution was left to incubate for 3 hours.

St-CRP-2: In general, the same alkylation protocol was used for St-CRP-2, but with some modifications.
The peptide was dissolved in the same buffer, but 450 uL of a 0.5 mM peptide solution was added to the
column. A volume of 50 pL 0.1 M TCEP was added to the column to selectively reduce available cysteine
bridges. After incubation, the column was washed with 500 uL 20% MeCN. Immediately afterwards, 10
pL of a 0.5 M NMM solution was added to alkylate the reduced cysteines and the solution was incubated
for 1 hour. To remove excess NMM the column was washed 5 times with 500 pL 20% MeCN. The second
reduction and alkylation were done by adding 50 pL of 0.1 M TCEP to the peptide solution before incubation
for 1 min. The column was then washed with 500 uL 20% MeCN and immediately loaded with 10 uL 0.5
M NEM which was left to incubate for 1 hour. A volume of 50 uL 0.5 M TA was added to the column and



left to incubate for 0.5 hour to react with excess NEM before the column was washed 3 times with 500 pL
20% MeCN. The third and final reduction and alkylation was done in solution by eluting the peptide from
the column with 300 pL 80% MeCN before 20 pL 0.1 M TCEP was added and left to incubate for 1 hour
to reduce the remaining disulfide bridges. Then 20 puL of a 0.12 M NCM solution was added to complete
the alkylation of the last cysteines.

Reduced and alkylated peptides were analyzed using the same MS instrument, column and mobile phase as
described in the sequence analysis method. Mass spectrometric identification parameters were similar as for

Albert et al. [20]. For both peptides a collision energy ramp of 26-58 eV was used for optimal fragmentation.

2.7. Antibacterial Activity Assay

All MeCN SPE fractions and HPLC fractions collected from the 40% MeCN SPE, as well as the isolated
St-CRPs were screened for activity against Escherichia coli (ATCC 25922), Pseudomonas aeruginosa
(ATCC 27853), Staphylococcus aureus (ATCC 9144), Corynebacterium glutamicum (ATCC 13032) and
Bacillus subtilis (ATCC 23857). All isolates were grown in Mueller-Hinton (MH) broth (Difco
Laboratories, Detroit, MI, USA) at room temperature. The assays were performed in 96 microwell plates
(Thermo Fisher Scientific, Roskilde, Denmark) as previously described [21], but with a few exceptions; the
cultures were diluted in MH broth to a concentration of 2.5-3.0x10* bacteria/mL, and 50 uL was added to
each well in a plate preloaded with 50 pL of either SPE in a dilution series, HPLC fractions, or a dilution
series of St-CRPs and controls. The purified peptides (>95% purity based on UHPLC-DAD-MS analysis)
were dissolved in DMSO (Sigma-Aldrich), vortexed, and added MQ-H-O to end up with a stock solution
of 500 pg/mL containing 2.5% DMSO. The stock solution was diluted in MQ-H>O to obtain final test
concentrations ranging from 2.5-100 pg/mL. Oxytetracycline (Sigma-Aldrich) was used as a positive
(antibacterial) control (0.04-40 uM), MQ-H,O as a negative (growth) control, and a DMSO control was
made using the highest tested concentration of DMSO (0.25% DMSO). All experiments were done in
technical triplicates. The bacterial growth at 35 °C was monitored with an EnVision Multilable Reader
(PerkinElmer, Llantrisant, United Kingdom), where the optical density (ODs9s) was measured every hour
for 24 hours. The minimum inhibitory concentration (MIC) was defined as the concentration resulting in

>90% reduction in ODsos after 24 hours compared to the negative (bacterial growth) control.

2.8. Human Cell Viability Assay

The cytotoxic activities of St-CRP-1 was tested on two cell lines: A2058 (a human melanoma cancer cell
line, ATCC CRL-11147TM) and MRC-5 (a non-malignant human fibroblast cell line, ATCC CCL-171).
The peptides were assayed using a two-fold dilution series, ranging from 5-100 pg/mL. The assays were

performed as previously described [22]. Cell viability calculation: cell survival (%) = (absorbance treated



wells — absorbance positive control)/(absorbance negative control — absorbance positive control) x 100.

Both assays were performed in technical triplicates in two independent experiments.

2.9. Brine Shrimp Lethality Assay

St-CRP-1 was tested for toxic effect against Artemia salina nauplii as previously described by Haug et al.
[23], with some modifications. Sterile filtered (0.22 um) seawater was added to an illuminated petri dish
with a teaspoon of dried brine shrimp eggs and incubated at 22-24 °C. After 48 hours of incubation, 100 pL
of seawater containing 10-20 freshly hatched nauplii was added to separate wells in 96 microwell plates
(Thermo Fisher Scientific). Three dilutions of the peptide were added to the wells (in duplicates) at final
concentrations of 100, 50 and 25 pg/mL. The plates were incubated with illumination at 22-24 °C, and dead
nauplii were counted after 6 (acute toxicity) and 24 hours (chronic toxicity). MQ-H»O was used as negative

control, and potassium dichromate (K>Cr,O-, Sigma, 10-1000 ppm) was used as a positive control.

3. Results and Discussion
3.1. Peptide Purification and Mass Spectrometry Analysis

Colonies of S. turgens, collected from the coast of Svalbard, were lyophilized, crunched, and extracted with
60% acidified MeCN. After removing the sediment, the extract was separated into an organic phase and an
aqueous phase (containing a high concentration of salt). The aqueous phase was subjected to SPE to remove
the salt content, and to gain a rough compound separation based on their polarity. Antibacterial screening
was done on the organic phase and the 5 fractions obtained after solid phase extraction. All fractions tested
displayed antibacterial activity, but the 40% MeCN SPE fraction was the most potent fraction, but mainly
against the Gram-positive strains C. glutamicum and B. subtilis (Table S1 in the SI). This fraction was
therefore subjected to further fractionation by preparative RP-HPLC, and the collected one-minute HPLC
fractions were tested against the same panel of bacteria as the SPE fractions to get a pointer towards which
fractions/compounds might be causing the antibacterial effect. Such bioassay-guided purification has proven
effective when discovering and isolating novel marine AMPs [21,24,25]. Several of the obtained HPLC
fractions (fractions 40-52), containing compounds eluting at approximately 30-40% MeCN, displayed

antibacterial activity against several of the test strains (Figure 1).

HR-MS analysis of the active fractions proved that many of them (fractions 42-43 and 47-51) contained the
previously described AMPs turgencin A and B, both also having various oxidized versions (Figure 1) [18].
The turgencins (3.5-3.7 kDa) was originally isolated from the 80% MeCN SPE fraction due to much higher
abundance of these peptides in that SPE fraction [18]. In the present study, HPLC fraction 44 (displaying



activity against all test strains), contained only minor amounts of the previously described AMP turgencin
Awmox1 [18], indicating that another compound or compounds might be responsible for the activity observed.
The most abundant molecule in this fraction was a smaller peptide that we later named, St-CRP-1. Mass-to-
charge (m/z) ions recorded for this peptide were m/z 1019.8 and m/z 680.2, corresponding to [M + 2H]*" and
[M + 3H]**, respectively. The monoisotopic mass of St-CRP-1 was determined to be 2037.67 Da by doing

deconvolution of the isotopes.

Another peptide with similar size as St-CRP-1 was discovered in the broad-spectrum antibacterial HPLC
fraction 48 (Figure 1). This peptide was named St-CRP-2. m/z ions recorded for this peptide were m/z 1003.9
and m/z 669.6, corresponding to [M + 2H]*" and [M + 3H]*", respectively. The monoisotopic mass of St-
CRP-2 was determined to be 2005.75 Da. However, the most abundant molecule in this active HPLC
fraction was the AMP turgencin Bwmox2. The peaks containing the St-CRPs are marked in bold in the RP-
HPLC-DAD chromatogram in Figure 1.

AUA turgencinA,, . St-CRP-1
& S. aureus NG -100
1.04 , \
B E.coli o
7 WM P aeruginosa turgencin A %0

St-CRP-2
\ Y turgencin B, .

0.8 WM B. subtilis

{1 % C. glutamicum

Absorbance at 220 nm (AU)
o
<

turgencin BMou - 60
" 5
turgencin B L g
3
0.4+ 40
0.24 20
04 -0

T T T T T T T T T T T T T
10 20 30 40 50 60 70
Retention time (min)
Figure 1. Preparative RP-HPLC-DAD chromatogram (recorded at 220 nm) of the 40% MeCN SPE fraction of Synoicum turgens.
The peak fractions containing the St-CRP peptides and the turgencins are marked with arrows. HPLC fractions displaying
antibacterial activity are marked with colored boxes below the chromatogram. The blue line shows the linear gradient (0-60%) of

MeCN containing 0.05% TFA.

The St-CRPs proved to be challenging to purify as they coeluted with several other peptides with similar
hydrophobicity. Another obstacle was the poor solubility after drying the isolated peptides. A prolonged
process of optimizing the RP-HPLC method provided enough material of St-CRP-1 (1.2 mg) for nuclear



magnetic resonance (NMR) and bioactivity analysis. The amount of pure St-CRP-2 (0.6 mg) was only
sufficient for the antibacterial assays and MS analysis. UPLC-DAD analysis of the isolated peptides
indicated a purity of >95% for both the St-CRPs (Figure S1 and S2 in the SI).

3.2. Sequence Analysis

Edman degradation analysis of St-CRP-1 revealed an 18-residue N-terminal sequence
(CCDQCYGFCRLVDNCCNS). The calculated monoisotopic mass of this sequence, assuming the six
cysteines forms three disulfide bridges, is 2038.70 Da. The mass difference between measured and
calculated mass of around -1 Da can be explained by a C-terminally amidated serine. C-terminal amidation
occurs in all previously sequenced peptides from S. furgens [18], and is a known feature in antimicrobial

peptides from eukaryotic organisms [26]. The sequence was confirmed by NMR analysis.

The sequence of St-CRP-2 was obtained by de novo sequencing using MS/MS. The peptide was treated
with TCEP in acidic pH to break the disulfide bonds and subsequently analyzed on a UPLC-QToF-MS
apparatus. This analysis resulted in a good sequence coverage, providing a 19-residue sequence
(SCCEYCSXSCXVSGXXCCQ) with a C-terminally amidated glutamine (Figure S3 in the SI). The
proposed fragments from MS-product (UCSF, ProteinProspector v.6.3.1, http://prospector.ucsf.edu)
corresponded to the observed fragments in the MS/MS analysis and confirmed the sequence. Four amino
acids in the MS/MS spectra were determined to be either leucine or isoleucine (both having a monoisotopic
mass of 113.08 Da), but the method used could not distinguish between them, hence the X positions noted
in the sequence. The calculated monoisotopic mass of this sequence, assuming three disulfide bridges, C-

terminal amidation, and replacing X with leucine, is 2005.75 Da — the same mass as measured HR-MS.

Sequence alignment of the St-CRPs illustrates the similarities between the two peptides (Figure 2). They
share the same cysteine pattern (CC-C-C-CC), are both C-terminally amidated, and neutrally charged with
a calculated pl of 6.94 (St-CRP-1) and 6.58 (St-CRP-2). NCBI BLAST analyses revealed no sequence
similarities to other known peptides or proteins. In addition, no similarities were found to any of the major
AMP families present in the CAMPr3 database by using the CAMPSign tool [27]. Furthermore, only 191 of
the 3346 antimicrobial peptides registered at APD3 have a net charge of 0, whereof 41 have structures with
3 disulfide bonds. Most of these cysteine rich neutral peptides comes from plants (38 out 41), and their size

differs between 26-46 amino acids [28].
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St-CRP-1 _CCDQCYGFCRLVDN_ CCNS-NH,
St-CRP-2 SCCEYCSXSCXVSGXXCCQ -NH,

Figure 2. Sequence alignment of St-CRP-1 and St-CRP-2. Gaps () are introduced to maximize the alignment. Residues: yellow =
Cys, red = acidic amino acids, blue = basic amino acid, X = Ile/Leu.

Knowledge obtained of the structures gave some clues about the solubility obstacles. Prior to this current
information, the peptides were subjected to be dissolved in pure water, but with variable result. The
solubility of the peptides improved when adding a small amount of DMSO first, before diluting the DMSO
concentration considerately with water. DMSO at high concentrations has been known to interfere with
bioassays, and the final concentration needs be kept at a minimum, with appropriate controls, to avoid false

positives [29].
3.3. Structure Determination

The water-suppressed 'H spectra of St-CRP-1 was clean, with no impurities above 5 mol%, and well-
resolved. "N-HSQC and TOCSY spectra enabled the unambiguous assignment of all 18 amino acid residues
(Table S2 and S3 in the SI). The sequence was assigned by NOE hopping supported by high resolution
HMBC correlations through the backbone carbonyls where possible. In total 69 inter-residue backbone-
backbone and backbone-sidechain through-space correlations could be extracted from the collected 100,
200 and 400 ms mixing time NOESYSs. These NOEs were consistent with the sequence for St-CRP-1 (Figure
3).

1 5 10 15 18
CCDQCYGFCRLVDNCCNS
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Figure 3. Inter-residual NOEs for St-CRP-1 between adjacent residues extracted from 100, 200, and 300 ms NOESY NMR
experiments. The line thickness for the ‘i, i+1° couplings indicate the strength of the correlation: the thicker the line, the stronger
the crosspeak. For ‘i, i+2’ and greater, the lines indicate which two residues dipolar couplings can be identified between specified
backbone residues.
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An additional 144 non-sequential inter- and intra-residual NOEs were extracted, to a combined total of 213
unique NOEs. The NOEs were qualitatively classified as one of four categories: Strong, Medium, Weak,
Very Weak based on their intensities and correspond with upper limit distance constraints of 2.7, 3.5, 5.0,

and 6.0 A respectively.

Three dimensional structures were generated by simulated annealing protocols to produce a series of
energetically minimized structures. First, structures were generated from an extended chain without any
designation of disulfide bonds, applying only the distance constraints to fold the peptide. Three iterations
were calculated, where any violations of interatomic distances due to overlaps or other sources of erroneous
input were resolved to refine the fold. A batch production run of 500 structures was generated using the
iterated constraints, and the 10 most energetically favorable structures were selected, and the sulfur-sulfur
interatomic distances were plotted (Figure 4). By comparing the distances between each cysteine sulfur, the
nearest and therefor most likely bonding partners were identified. The determined disulfide bridge partners

were Cys1-Cys16, Cys2-Cys9, Cys5-Cysl5, giving a C1-C6/C2-C4/C3-C5 disulfide pattern.
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Figure 4. Average inter-sulfur distances for the six cysteines identified in St-CRP-1. The shortest distance is highlighted in red,
being consistent with a C1-C6/C2-C4/C3-C5 disulfide pattern.
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A final production batch was calculated with the C1-C6/C2-C4/C3-C5 disulfide pattern, using the same
simulated annealing protocol together with the refined distance constraints, adding also dihedral bond angle
constraints predicted from the H, N, C, CA, CB, HA and HB chemical shifts using TALOS+. The lowest
energy structures (energies below 2 kcal) were selected for analysis, representing 38 of the 500 structures.
Evaluation of the structures revealed that the structures adopt one of two energetically equivalent
conformations — an open fold with a small stretch of helix (Figure 5a and b — 21/38 structures), and a knot

conformation (Figure 5c and d — 17/38 structures).

(b) (© (d)

Figure 5. The lowest energy structures generated from the simulated annealing of St-CRP-1 with a defined disulfide bridge pattern
of C1-C6/C2-C4/C3-C5 in combination with NOE constraints and TALOS+ predicted dihedrals. The open structure (a), and the 90-
degree rotated view (b), compared to the knot structure (c) and its rotated view (d).

Both these structures satisfied the experimental constraints equally well. The structures were evaluated for
correlations that would be expected according to the conformation adopted but were absent in the data set —
indicating if one conformation is more or less supported by the acquired data. The knot structure is more
condensed and if this conformation was populated one would expect to observe a range of correlations
between the C-terminus and residues 6-9 where the knot is formed. The clearest example was between HA-
Tyr6 and HA-Cys16 (a distance of 4 A). Since this correlation was not observed in the data and no clear
inconsistencies with the open conformation could be found, we introduced a repulsion between HA Tyr6
and HA Cys16 and recalculated the structures. This abolished the knot conformation and resulted in a final
structure ensemble presented in Figure 6. Three out of the 31 lowest energy structures had a backbone
RMSD of more than 2.5 A from the lowest energy structure and these were omitted from the graphical
representation as a minor outlying conformation for visual clarity. The backbone RMSD of the other 28

structures were all 1.0 A or less (Table S4 in the SI).
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A short alpha-helical loop stretches between Cys9 and Val12 could be identified and was amply represented
in the calculated structure ensemble (15 out of 19 in the final ensemble). Strong NH(i)-NH(i+1), and
medium strength oH(i)- NH(i+1) NOEs were recorded for this stretch, which is consistent with an alpha-
helical conformation being populated. Furthermore, two NH(i)-NH(i+3) correlations were also identified

from residues 8 to 11 and 10 to 13, which is consistent with an alpha helix.

(b)

Figure 6. The 19 lowest energy structure ensembles generated from the simulated annealing of St-CRP-1 with the defined disulfide
bridge pattern of C1-C6/C2-C4/C3-C5 in combination with NOE constraints and TALOS+ predicted dihedrals (a), and the 90-
degree rotated view (b).

The disulfide bridge pattern for both peptides was confirmed with LC-MS/MS by using a sequential
alkylation method, introduced by Albert et al. [20]. The peptides were reduced and alkylated with different
maleimides on solid phase before sequencing. The reduction and alkylation process resulted in a mixture of
different alkylation patterns where the number of cysteines with different alkylating agents were 2xNMM
+ 4xNEM, 4xNMM + 2xNEM, 2xNMM + 4xNCM, 4xNMM + 2xNCM, 2xNEM + 4xNCM, 4xNEM +
2XxNCM, 2xNMM + 2xNEM + 2xNCM, 2xNMM and 4xNMM without further alkylation, and 6xXNMM for
both peptides. In addition, St-CRP-1 got a pattern of 2xNMM+ 2xNEM without further reduction and
alkylation that was not seen for St-CRP-2. Several of the alkylation patterns could be used to determine the

disulfide connectivity, but the most convenient pattern was the 2xNMM + 2xNEM + 2xNCM, where each
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bridge results in a pair of cysteines with the same alkylating agent. The other alkylating patterns were used

to confirm the findings from this pattern.

To determine cysteine connectivity by MS/MS analysis, the [M+2H]*" ion and the corresponding acetylated
ion was used for both peptides. The m/z value of this ion differs depending on the alkylation pattern, but for
the 2xNMM + 2xNEM + 2xNCM pattern the St-CRP-1 peptide gave m/z = 1438.04 (acetylated m/z =
1459.05 (Figure 7) and the St-CRP-2 peptide gave m/z = 1422.08 (acetylated m/z = 1443.09) (Figure 8).
The observed b- and y-ions of the acetylated [M+2H]*" of St-CRP-1 indicates that Cysl and Cys16 are
alkylated with maleimide NEM, Cys2 and Cys9 with NMM, and Cys5 and Cys15 with NCM (Figure 7).
This verifies the C1-C6/C2-C4/C3-C5 connectivity for St-CRP-1 obtained by NMR.
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Figure 7. The alkylation pattern 2xNEM + 2xNMM + 2xNCM of the acetylated doubly charged [M+2H]?>" molecular ion of St-
CRP-1. The framed masses are b- and y-ions identified in the MS/MS spectra. The dotted lines illustrate the disulfide bridges.

St-CRP-2 showed the same disulfide bridge pattern as St-CRP-1. From the acetylated [M+2H]*" ion of St-
CRP-2, two spectra showed the 2xNMM + 2xNEM + 2xNCM pattern. The observed b-ions, b-ions with
water loss, y-ions, and y-ions with ammonia loss identified Cys1 and Cys16 to be alkylated with maleimide

NCM, Cys2 and Cys9 with NEM, and Cys5 and Cys15 with NMM (Figure 8).
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Figure 8. The alkylation pattern 2xNCM + 2xNEM + 2xNMM of the acetylated doubly charged [M+2H]** molecular ion of St-
CRP-2. The framed masses are b-, b-H20, y- and y-NH3 ions identified in the MS/MS spectra. The dotted lines illustrate the disulfide
bridges. The X in the sequence is either [ or L.
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The same cysteine connectivity was confirmed in another spectrum of St-CRP-2, where the identified
fragments showed Cys1 and Cys16 to be alkylated with maleimide NEM, Cys2 and Cys9 with NMM, and
Cys5 and Cysl5 with NCM (Figure S4 in the SI). This gave the same cysteine pattern as for St-CRP-1, a
C1-C6/C2-C4/C3-C5 connectivity. In contrast, the turgencins have a C1-C6/C2-C5/C3-C4 connectivity
[18]. The St-CRPs share the same cysteine connectivity as mammalian alpha-defensins [8], and other AMPs
such as aurelin from the jellyfish Aurelia aurita [30] and damicornin from the coral Pocillopora damicornis
[31]. Other than the cysteine connectivity, these peptides share few similarities with the St-CRPs. They are
all cationic peptides (damicornin with as much as 9 charges) and bigger in size (<30 amino acids), while the

St-CRPs have a neutral net charge and less than 20 amino acids.

Another peptide family that has a C1-C6/C2-C4/C3-C5 connectivity is the M2 family of the conotoxins. In
addition, the majority of the entire M family share the same cysteine pattern (CC-C-C-CC) as the St-CRPs
[32]. These cysteine pattern similarities are interesting, but other than that, no relations can be drawn between
the M2-family and the St-CRPs based on the information that is available. Many conotoxin families are well
described in literature, but there are limited published data on the biological targets and mechanism of action
of the peptides coming from the M2 branch. It has been reported that some of these peptides gives a strong

excitatory behavior in mice [32].
3.4. Biological Activity

As the HPLC-fractions containing the St-CRPs possessed antibacterial properties (Figure 1), the purified
peptides were tested against the same panel of bacteria to verify the antibacterial activity. In addition, St-
CRP-1 was tested for toxicity against the brine shrimp 4. salina, and for cytotoxic activity against a human
melanoma cancer cell line A2058, and a non-malignant human fibroblast cell line MRC-5. The St-CRPs
showed only moderate activity against a few bacterial strains. St-CRP-1 displayed a MIC-value of 50 pg/mL
(24.6 uM) against C. glutamicum and B. subtilis, whereas St-CRP-2 displayed a MIC-value of 100 pg/mL
(49.2 uM) B. subtilis (Table 1). None of the peptides were active against the Gram-negative bacterial strains
at the highest concentration tested (100 pg/mL), which equals to 49.1 uM for St-CRP-1 and 49.2 uM for
St-CRP-2, respectively. Also, St-CRP-1 showed no activity in any of the toxicity assays at the highest
concentration tested. This conforms well with other neutral CRPs found in the APD3, whereof half of these
peptides have unknown bioactivity [28]. In some cases, like with the varv peptides from the plant Viola
arvensis, the plant produces several neutral CRPs with both known bioactivity (varv peptide A — anticancer,

and varv peptide E — antiviral and hemolytic) and unknown bioactivity (varv peptide C and D) [33,34].
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Tablel. Antimicrobial and cytotoxic activity of St-CRPs.

Antimicrobial activity Brine shrimp toxicity Cytotoxic activity
(MIC; pg/mL) (LCso; pg/mL) (ICs0; pg/mL)

Peptide Cg Bs Sa Ec Pa As A2058 MRC-5
St-CRP-1 50 50 >100 >100 >100 >100 >100 >100
St-CRP-2  >100 100 >100 >100 >100 N.t N.t N.t

Cg - Corynebacterium glutamicum, Bs - Bacillus subtilis, Sa - Staphylococcus aureus, Ec - Escherichia coli, Pa — Pseudomonas aeruginsa, As -
Artemia salina. N.t : Not tested

Compared to some of the turgencins [18], which in general showed much higher antibacterial activity against
the same panel of bacteria, one could assume that the main function of the St-CRPs is not to interfere with
(inhibit the growth of or kill) bacteria directly. Here we have tested purified peptides alone in vitro against
standard laboratory bacteria. It is plausible that the peptides would be more potent towards marine
pathogenic bacteria, which is a bigger threat to the animal than the terrestrial strains tested. This have been
observed in other studies of marine derived antimicrobial peptides [24]. However, the peptides might also
have other host defense functions in vivo. Perhaps the St-CRPs generates a synergistic effect together with
the turgencins or other compounds from the ascidian. The HPLC-fraction containing St-CRP-1 was active
against all bacteria tested, and the fraction containing St-CRP-2 was active against 4 out of 5 strains tested.
The St-CRPs was the dominant compounds in their respective HPLC-fractions. Since the St-CRPs showed
no activity at 100 ug/mL against the Gram-negative bacterial strains tested (E. coli and P. aeruginosa) as
well as against S. aureus, the activity had to come from other compounds in the fractions or be due to
synergistic effect between the St-CRPs and other compounds. Many organisms produce cocktails of
different AMPs to fight for their survival, and the main function of many of these peptides are yet to be
explored [34].

4. Conclusions

The world-wide spread of antibiotic resistance has fueled the search for and discovery of novel antibacterial
molecules. AMPs are promising candidates because of their broad-spectrum antimicrobial properties and
fewer cases of antimicrobial resistance developed towards them. In addition, cysteine-rich AMPs (or CRPs)
are generally also less prone to proteolytic degradation. In the present study, two novel cystine-rich peptides,
St-CRP-1 and St-CRP-2, were isolated from the Arctic ascidian, S. furgens. The peptides consist of 18-19
amino acids, are neutrally charged, and share the same cysteine connectivity as alpha-defensins and M2
family ofthe conotoxins, a C1-C6/C2-C4/C3-C5 connectivity. A gene characterization of the St-CRPs could

reveal the evolutionary relationship between them and other CRPs. The St-CRPs showed moderate
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antibacterial activity, and no cytotoxicity against mammalian cells. Ascidians have proven to be a promising

resource for finding novel peptides - potential templates for drug development.
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Figure S3. De novo sequencing of St-CRP-2 isolated from S. turgens, showing the identified a-, b-, b-H20, y- and y-NH3 ions in
frames. X = I/L. The sequencing was done on a Xevo G2-XS QToF MS (Waters).
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Figure S4. The alkylation pattern 2xNEM + 2xNMM + 2xNCM of the acetylated [M+2H]** of St-CRP-2, isolated from S.

turgens. The framed masses are b-, b-H20, y- and y-NH3 ions identified in the MS/MS spectra. The X in the sequence is either I
or L. The sequencing was done on a Xevo G2-XS QToF MS (Waters).

Table S1. Antimicrobial activity given as minimal inhibitory concentrations (MIC) of solid phase extract (SPE) fractions and
the organic extract of S. furgens. The measurements were end point values of ODsos after 24 h at 35°C. Bacterial test strains:

C. g. - Corynebacterium glutamicum, B. s. - Bacillus subtilis, S. a. - Staphylococcus aureus, E. c. - Escherichia coli, P. a. -
Pseudomonas aeruginosa.

Antimicrobial activity (MIC; mg/mL)
Extract | C.g. | B.s. | S. a E. c P. a.
10% SPE | 1.25 5.00 | 5.00 10.00 5.00
20% SPE | 2.50 | 2.50 | 5.00 5.00 5.00
30%SPE | 0.16 | 0.16 | 2.50 5.00 5.00
40% SPE | 0.04 | 0.08 | 2.50 5.00 2.50
80% SPE | 0.31 0.31 2.50 5.00 2.50
Organic | 2.50 | 2.50 | 10.00 | >10.00 >10.00




Table S2. Proton (‘"H) NMR and chemical shift assignments for St-CRP-1, isolated from S. turgens.

1 1
Residue | N'H (PPm) 600 ‘2(}({) f\‘;‘l’{“z‘) B'H (ppm) 600 25{11 g\‘,’[‘;l"l‘) other 'H (ppm) 600
'y 9
MHz, H20 H,0 MHz, H20 H,0 MHz, H:0
CYSI 8.80 4349 3.038, 2.875 : :
CYS?2 9.003 4.835 3.323 - -
ASP3 9.028 4262 2.698 : :
GLN4 7.866 4347 1.884, 1.944 2.229 6.785,7.416
CYS5 8.793 4.676 2.895,3.018 : :
TYR6 7.581 4.596 2.812,3.027 - ¢CH: 6.772 5CH:6.926
GLY7 8.686 3.703, 3.849 : : -
¢CH: 7.196 5CH: 7.233
PHES 8.766 4.108 2.928,3.182 - (CHL. 7.147
CYSY 8.244 3.985 3.075,3.371 : -
ARGI0 6.803 4.031 1.348, 1.632 1.439, 1.463 SCszfgfg eNH:
LEU/I 7712 3.963 1.585, 1.598 1.487 SCHs: 0.780, 0.810
VALI2 7.234 4226 2.188 0.470, 0.569 -
ASP/3 7743 4.438 2.639, 4.438 - .
ASN 14 8.222 5.150 2.293,2.777 NHz: 6.760, -
7.355
CYSI5 8.656 4814 3.228,3.257 - -
CYSI6 8.716 4.426 2.585,3.155 - -
ASN/7 8.750 4.639 2.673,2.752 NH2: 6.792, -
7.504
SER/S8 8.199 4295 3.758, 3.826 - -

*Bruker Avance III HD spectrometer operating at 600 MHz for protons, equipped with an inverse detected

TCI probe cryogenically enhanced for 1H, 13C and 2H.




Table S3. Carbon ('3C) NMR and chemical shift assignments for St-CRP-1, isolated from S. turgens.

C (ppm) | a*C (ppm) | BV°C (ppm) | y"°C (ppm) | Other (°C
Residue | 150 MHz, 150 MHz, 150 MHz, 150 MHz, (ppm) 150
H:0 H:0 H:0 H:0 MHz, H:0)
CYS! - 51.05 38.73 - -
CYS2 - 51.38 42.86 - -
ASP3 - 53.25 36.64 - -
GLN< - 51.97 25.81 30.69 177.75
CYS5 - 51.25 32.72 - -
TYRG6 - 53.52 37.87 127.02 5C: 130. 58
eC: 115.47
CC: 154.94
GLY7 - 43.56 - - -
PHES - 58.57 36.21 135.21 3C: 128.86
eC: 127.55
CC: 129.01
CYS9 - 56.47 41.35 - -
ARGI0 - 55.58 27.39 24.30 3C: 40.625
{C: 156.651
LEU/I - 54.93 39.24 23.92 8C: 21.079,
21.601
VALI2 - 57.88 27.79 15.74, -
18.32
ASPI/3 - 51.06 36.53 - -
ASN/4 - 48.63 37.87 - -
CYSI5 - 53.28 35.99 - -
CYSI6 - 52.66 36.50 - -
ASNI7 - 50.47 36.09 - -
SERI/S8 174.32 55.59 61.02 - -

* Bruker Avance III HD spectrometer operating at 600 MHz for protons, equipped with an inverse detected

TCI probe cryogenically enhanced for 1H, 13C and 2H




Table S4. RMSD of top St-CRP-1 structures generated through final simulated annellation constraints

Structure All atom Backbone Carbon Heavy atom
Name RMSD RMSD RMSD RMSD
S4 252 0 0 0 0
SA4 463 1.215 0.323 0.217 0.675
S4 6 1.624 0.355 0.258 0.628
S4 37 1.725 0.63 0.793 0.936
S4 372 1.749 0.526 0.513 0.852
S4 487 1.776 0.527 0.546 0.816
S4 48 1.793 0.658 0.75 0.963
S4_401 1.802 0.355 0.249 0.628
S4 382 1.872 0.531 0.517 0.869
S4 202 1.874 0.602 0.73 1.003
SA4 495 1.885 0.512 0.502 0.867
S4. 78 1.899 0.737 0.691 1.078
S4 238 1.927 0.541 0.519 0.905
S4 20 1.967 0.924 0.917 1.182
S4 113 1.974 1.004 1.111 1.412
S4 199 1.985 0.706 0.838 0.989
S4_100 2.074 0.533 0.48 0.925
S4 11 2.101 0.781 0.704 1.028
S4 462 2.178 0.532 0.506 0.906
SA 215 2.214 0.531 0.551 0.815
SA4_80 2.215 0.538 0.552 0.802
SA 221 2.239 0.612 0.668 1.025
SA4 76 2.259 0.766 0.854 0.948
S4 427 2.309 0.665 0.665 0.87
S4 97 2.374 0.635 0.686 0.932
S4 226 2.433 0.732 0.815 1.03
S4 412 2.509 0.87 0.968 1.059
S4 367 3.521 2.788 3.216 2919
SA4 488 3.726 2.88 3.347 3.047
SA4_338 3.989 3.211 3.657 3.364
S4 436 4.13 3.192 3.645 3.307
















