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Abstract

1 Abstract

Antimicrobial peptides represent an ancient clagsmmlecules which is found
throughout the animal and plant kingdom. In higbeganisms they are part of the
innate immune system and serve as first line defamainst infectious pathogens. In
contrast to conventional antibiotics, resistanceretigpment against antimicrobial
peptides is rather low which has attracted a gdeal of attention in the field of
antibiotic research. Precise knowledge of the nmmisha of antimicrobial action
provides the basis for the development of novghlyi efficient antibiotic agents which

selectively kill microbial pathogens.

This study is focused on elucidating the antimi@blmechanism of action of the
synthetic cyclic hexapeptide cWFW. Unlike the miyoof antimicrobial peptides, this
small molecule does not kill bacteria by permeabtion of the membrane. In order to
analyse alternative mechanisms of action, i.e.igegtanslocation into the cytoplasm
and demixing of membrane lipids, different peptdkrivatives were synthesised to
fulfil the technical requirements for the spectrunh methods applied. Peptide
modification involved labelling with different fluescent reporter groups as well as
amino acid substitution. Minor changes in the pryr&tructure were found not only to
reduce the antimicrobial activity but also to charnige non-permeabilising mechanism
of action of the parent peptide. However, two daiixes could be identified which
conserved the properties of cWFW. Using HPLC amsiged fluorescence microscopy,
the bacterial cytoplasmic membrane could be comfifras target structure. Moreover,
we observed pronounced accumulation of the antohiat peptide at distinct sites of
the lipid matrix. Peptide translocation into thdélssehowever, could not be detected. In
order to characterise peptide interactions witliedéint membrane phospholipids, we
performed live cell imaging and isothermal titraticalorimetry. We found that cWFW
preferentially integrates into membrane regionshviiigh curvature strain such as the
division septum and the cell poles. In additiorg dyclic hexapeptide strongly reduced
the fluidity of the bacterial membrane and indueedemixing of phospholipids into
large domains. The immense impact of peptide-induphase separation was
manifested in the delocalisation of membrane-aasediproteins which is suggested to

influence vital processes such as cell growth andidn.
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The results obtained in the present study poird tevel mechanism of antimicrobial
killing for the cyclic hexapeptide cWFW which isr=dered of low risk to induce the

development of bacterial resistance.
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2 Zusammenfassung

Antimikrobielle Peptide gehdren evolutionar bettatlzu einer sehr alten Klasse von
Molekulen und kommen in zahlreichen Tier- und Pflmarten vor. In hoéher
entwickelten Organismen stellen sie einen Teilldeaunsystems dar und erfiillen eine
essentielle Funktion bei der unspezifischen Abwaer pathogenen Mikroorganismen.
Im Gegensatz zu konventionellen Antibiotika ist Befahr der Resistenzentwicklung
gegen antimikrobielle Peptide relativ gering, wiaisein eine zentrale Bedeutung fur die
Erforschung neuartiger Substanzklassen verleiht.e DUntersuchung des
antimikrobiellen Wirkmechanismus tragt dabei enésgbnd zur Entwicklung

innovativer, hoch-spezifischer Antibiotika bei.

Ziel der vorliegenden Arbeit ist die Aufklarung dastimikrobiellen Wirkmechanismus
des synthetischen, zyklischen Hexapeptids cWFWhdsstzt eine sehr hohe Aktivitat
gegen Gram positive und Gram negative Bakterienspeallerdings beruht die
Wirkung des kleinen Molekuls nicht auf Membran-Peafilisierung, wie es fur die
meisten anderen antimikrobiellen Peptide gezeigtewAlternative Wirkmechanismen
basieren entweder auf der Translokation von Peptide Zytoplasma der Zellen oder
auf direkter Interaktion mit bestimmten Membrankamenten. Fur die Untersuchung
dieser Prozesse wurden verschiedene Derivate dkbpéptids synthetisiert. Wir

konnten zeigen, dass minimale strukturelle Veramigen, wie der Einbau von
Fluorophoren oder Aminoséuresubstitution, genemll einer Verringerung der
antimikrobiellen Aktivitat fihren und zum Teil eif®ermeabilisierung der bakteriellen
Membran bewirkten. Dennoch konnten zwei Peptid\zee identifiziert werden, bei

denen die nativen Eigenschaften von cWFW erhalteremvund die fiir weitergehende
Versuche verwendet wurden. Mittels Fluoreszenzmsikopie und HPLC-Analyse

konnten wir starke Wechselwirkungen des Zyklopeptidt der bakteriellen Membran
und Akkumulation in bestimmten Bereichen der Lipldtrix beobachten. Eine

Translokation ins Zytoplasma hingegen wurde niektdestellt. Um die Interaktion mit
bestimmten Phospholipiden genauer zu charaktegisievurden Bindungsstudien an
lebenden Zellen und, unter Anwendung von isotheemaitrationskalorimetrie, auf

Model-Membran-Level durchgefuhrt. Es konnte gezeigérde, dass sich das

Zyklopeptid bevorzugt in Lipidbereiche einlagerte @ine hohe Krimmungsspannung
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aufweisen, wie an den Polen und der Zellteilungsebdartber hinaus reduziert
cWFW erheblich die Fluiditat der Bakterienmembrand ubewirkt eine starke
Entmischung von Phospholipiden, was durch die Bitdu grof3flachiger
Membrandomanen nachgewiesen werden konnte. DiesseRéeparation hatte grol3e
Auswirkungen auf die Lokalisation und Funktionalitbembran-standiger Proteine, die
eine wesentliche Rolle wahrend des Zellwachstundsden Teilung spielen.

Die Ergebnisse unserer Untersuchungen deuten damaufiass die hohe bakterizide
Aktivitat des synthetischen Zyklopeptids cWFW auineen neuartigen, bisher
unbeschriebenen antimikrobiellen Wirkmechanismusiide welcher kaum Risiken fur

eine Resistenzentwicklung birgt.
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3 Introduction

Antimicrobial peptides represent an ancient cldssyalecules that is found in myriad

species throughout the animal and plant kingdorhidiher organisms they are part of
the innate immune system and serve as first lineende against pathogenic
microorganisms. Against the background of increassistance of bacteria towards
conventional antibiotic treatment there is a pragsneed for the development of
alternative therapies. The application of antintab peptides bears a high potential to
combat microbial infections. Due to their mechanisi action these compounds
possess a broad-spectrum activity and there is anlgw risk to induce bacterial

resistance.

Structural and mechanistic studies provide thesb@selucidate crucial parameters for
the design of new, optimised drug candidates anginmse toxic side effects. The

investigation of antimicrobial peptides is consa&terl turning point in the challenge to
combat global antimicrobial resistance and paveswdhy to a new antibiotic research

era.
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3.1 Antimicrobial therapy

3.1.1 The antibiotic era

The first systematic approaches to identify antrobéal agents were carried out at the
end of the nineteenth century when the “germ theofrydisease” was becoming
accepted. Ground-breaking screenings of small mu#scled to the discovery of
Salvarsan by Paul Ehrlich in 1907, an arsenic compound tattrsyphilis and
trypanosomal infections and heralded the era ofmcileerapeutic therapy (1). During
the following years further investigations were axged to include natural compounds
derived from environmental bacteria and fungi whigdre marked by high activity and
relatively low toxicity. The application of drug$ the penicillin family is considered a
milestone in the treatment of infectious diseasesgaved the way for the “golden era”
of antibiotic research (1940s-1960s) where mosttaday’'s clinically relevant

antibiotics were discovered (Figure 1), (2).

1940-1950

o Gramicidin (peptide)

o Penicillin (B-lactam)

o Neomycin (aminoglycoside)
Salvarsan o Streptomycin (aminoglycoside) | Rifamycin Linezolid (2000)
(arsenical) | © Cephalosporin (B-lactam) (ansamycin) (oxazolidinone)

1940

1950 1960

1908 1932

Protonsil 1950-1960 Naladixic acid Daptomycin (2003)
(sulfonamide) o Chloramphenicol (phenylpropanoid) | (quinolone) (lipopeptide)
. o Chlortetracycline (tetracycline) .
o Polymyxin (lipopetide)
o Erythromycin (macrolide)
o Vancomycin (glycopeptide)

Figure 1 Timeline of antibiotic drug discovery. The antibiotics linezolid and daptomycin
were first discovered in 1955 and 1986, respegtjvahd only revived at the beginning of the
21 century due to the lack of new compounds (modifiech Wright, 2007 (2)).
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The latest compound to be approved for clinical use2003, the lipopeptide
daptomycin, was already extensively studied in 1880, and ever since that time no
new class of broad-spectrum antibiotic compoundsrbeached clinical application (3,
4)*. The following discovery void that still continueslay, together with the fast-paced
emergence of multi-drug resistant microorganismsep a global health threat. In 2014
the World Health Organization(WHO) proclaimed a “post-antibiotic era” where
common infections and minor injuries might yet agéad to fatal outcome and
emphasised the urgent need for the developmeriteohative antimicrobial agents (5).

3.1.2 Bacterial physiology and antibiotic targets

With increasing knowledge of the physiology and abetism of microorganisms the
research on antimicrobial agents became more &tgébm broad-spectrum to highly
selective molecules. Most bacteria can be dividetb iGram positive and Gram

negative species depending on the compositioneaf tiell wall (Figure 2).

A B

Porins Lipopolysaccharides

Lipoteichoic Teichoic Outer
acid (LTA) ~ acid membrane

~ o -
‘ =S . . e S Rt
| OO DA v Yt | Cytoplasmic OO O \'

. f"-, I 5 membrane | () V\/u\f -
~ ’ 9)')'~)' o - o Q v
v Kor
Membrane Membrane
Phospholipids proteins proteins Phospholipids

Figure 2 Bacterial membrane compositions.(A) Gram positive cell wall with thick
peptidoglycan layer and (B) Gram negative cellhveih additional outer membrane and thin
peptidoglycan layer.

! In 2011 and 2012 the narrow-spectrum antibiotidgaxomicin and bedaquiline were introduced which
target Clostridium difficile and Mycobacterium tuberculosidurther approvals are related to specific
application against hospital-acquired MRSA in singt combination therapy.
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Gram positive cells are surrounded by a thick lagérpeptidoglycan. This tight
meshwork composed of the sugar derivatives N-agleiybsamine and
N-acetylmuramic acid is cross-linked by a small bemof different L- and D-amino
acids. In addition, these cells contain long lipdteic acids (LTA) which span through
the entire cell wall and are embedded in the cgmpic membrane. Peptidoglycan is
also present in Gram negative bacteria, albeit withignificant thinner diameter. To
withstand turgor pressure, these cells possessdditiamal outer membrane which
mainly consists of lipopolysaccharides (LPS) andwveys much of the toxicity
associated with Gram negative pathogens. Furthexntbe phospholipid composition
of the cytoplasmic membrane also varies widely betwdifferent bacteria species
(Figure 3) (6). The most abundant lipids are thétewonic phosphatidylethanolamine
(PE) and the anionic phosphatidylglycerol (PG) aadliolipin (CL). In general, PE is
found to a higher extent in Gram negative cellslevRiG constitutes the majority of the
bilayer of Gram positive bacteria species. Compdoedost eukaryotic membranes,
bacterial cells contain at least 15% of negatiwigirged phospholipids which, together
with the exposure of LPS and LTA, renders the sarfaighly negative and attribute for

the strong selectivity of cationic antimicrobialesgs.

Total Lipid Content [% PH :
Bacterial Species £ %] Ho./ MNHs
PG PE CL o o OH
0-P=0 0-P=0 0-P-0 _A\_0-P-0
Gram negative cells OS_\ ? /_; OS—\
O Q O Q
E. coli 15 80 5 o 3o o Fo o Fo oL o
R1 R2 R1 R2 R1 R2 R3 R4
Y. kristensenii 20 60 20
P. aeruginosa 21 60 11 PG PE CL

Gram positive cells

B. subtilis 70 12 4 é
S. aureus 58 0 42 3
B. cereus 40 43 17 k

Figure 3 Overview of the most abundant bacterial pbspholipids. (A) Table of lipid
distribution in different bacterial species (adaptfieom Epand and Epand, 2009 (7). (B)
Structure of phospholipid head groups of phospligcerol (PG), phosphatidylethanolamine
(PE) and cardiolipin (CL) with schematic represdota of respective spatial demands
(chemical structures modified from Oliver et aD]12 (8)).
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These differences in membrane composition congiboitvariations in susceptibility of
bacteria towards certain antibiotics, termattinsic resistance The additional outer
membrane of Gram negative cells represents antiedephysical barrier for many
antimicrobial compounds, e.g. vancomycin which carpenetrate the LPS layer and
therefore is mainly active against Gram positivlsc@). Other compounds, such as
B-lactam antibiotics, rapidly kill growing cells binterfering with peptidoglycan
synthesis, but are, however, ineffective againsh-diwiding, persistent bacteria.
Despite the large amount of antibiotics, the nundfenain targets is very low and can
be summarised by)(inhibition of cell wall synthesisjij nucleic acid andii{) protein

synthesis (Figure 4).

DNA gyrase Cell wall
. Sinthests Penicillins
Quinolones — — —| l | _| Glycopeptides
Cephalosporins
Carbapenems
DNA-directed Folic acid b sul id
— A _4
RNA polymerase \}\o metabolism ulfonamides
i |
|
| \/\y\/
I
Rifampicin \.I\\.)?\/

Protein synthesis

Cytoplasmic
membrane - |
I : |
| Oxazolidinones Aminoglycosides
I Tetracyclines
Daptomycin Chloramphenicol

Figure 4 Antibiotic target structures in bacterial cells. A selection of antibiotic drugs/classes
are presented in yellow boxes with respective tasgeictures shown in grey (modified from
Lewis, 2013 (3)).

In the first case, interference with peptidoglytamover results in growth arrest and/or
loss of mechanical stability and the high interosinotic pressure will eventually lead

to bursting of cells. Few antibiotic agents alsgeathe cytoplasmic membrane such as

13



Introduction

daptomycin which depolarises and disrupts the dsopic bilayer (10). Inhibition of
nucleic acids and protein biosynthesis requirebastic substances to translocate over
the cytoplasmic membrane. Subsequent effects dyebawcteriostatic and can lead to
growth recovery of cells once the drug is removéd).( Another bacteriostatic
mechanism of action has been demonstrated for rihibi@ic class of sulfonamides
which selectively inhibit the initial step in foasynthesis. However, strong resistance
development has restricted systemic treatment addced the application, e.g. to
uncomplicated urinary tract infections (12).

Although many of the conventional antibiotic drugmsve proven high initial efficacy,
the specific interaction with a particular cellutructure, however, is prone to induce
the development of resistance, i.e. through mutatim chromosomal genes or
horizontal gene transfer between individual baateells.

3.1.3 Resistance development

The evolution of bacterial mutant strains whichdaequired resistance to a particular
environmental stress is a natural process favolyeskelection pressure. Nevertheless,
the excessive and often inappropriate use of aniiisi over many years has largely
contributed to the increased number of infectiongh vnultidrug-resistant microbes

which are estimated to kill 25.000 people annu@lligurope (5).

Different bacterial mechanisms have been describedcounter the attack of
antimicrobial agents. They can be classified ihi@e¢ major strategies) (freduction of

the intracellular antibiotic concentrationi)(modification of the antibiotic target and
(i) inactivation of the antibiotic substance itséligure 5) (3, 13). Considering the first
strategy, the bacterial cell envelope constitutesefiective barrier. Fernandez and
Hancock investigated how the overexpression ofngoand efflux pumps enhances
antibiotic export, thereby decreasing the permégbdf the outer membrane (14).
Multiple studies on the Gram positive pathogenraistS. aureusdemonstrated how

thickening of the cell wall conveys resistance mtikaotics such as vancomycin (15,
16). Furthermore, changes in surface charge adhiewvesxample by alterations in LPS

and LTA molecules, but also phospholipid head gsplyave been proven an efficient

14
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measure to repel polar substances and to minimitial icontact with bacterial cells
(17, 18). A decrease in the intracellular antilsiotbncentration is also achieved by
rigidification of the cytoplasmic membrane whichbased on changes in phospholipid
composition and fatty acid synthesis and has begorted to be involved, e.g. in

daptomycin resistance (19).

Transfer

,@ W\ ﬁ /™ 4

l @ Increased
VN
o

m efflux
Clonal spread
Target ‘ g < Decreased
modification penetration
‘ Antibiotic “ Enzymatic
® Resistance ' degradation or
@ Phosphate modification

Figure 5 Mechanisms of acquired bacterial resistarecagainst conventional antibioticsThe
major resistance strategies include decreased sdoitiég to the target structure and
modification of the target or the antibiotic substa (modified from Lewis, 2013 (3)).

If, however, antibiotic substances have succeedecdrassing the bacterial envelope
they are confronted with intracellular challeng&$sg(re 5). These include lowered

binding affinities between the antibiotic and igsdet which can be based on a single
point mutation in the chromosome or uptake of hagous genes by transformation
(9). Post-translational modifications, e.g. methigla, mask the drug-binding site of the
target molecule and have been reported to be irdaiv resistance to chloramphenicol
and linezolid (20). Moreover, thousands of bacteslazymes have been elucidated
which are able to either hydrolyse antibiotic sahses, as in the case of penicillin
degradation byB-lactamases, or transfer chemical groups onto thg @hich creates

steric hindrance and blocks interaction with thrgeasubstance (9, 21).
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These mechanisms, which also include overproduatibthe target structure, have

evolved as potent methods to reduce the effectweentration of the antibiotic agent.

Thorough understanding of bacterial resistanceasired to aid future development of
novel therapeutic compounds which kill microorgamss by different molecular
mechanisms. In this context, increasing effortsehbgen made to study the potential

application of antimicrobial peptides as alternat@ntibiotic agents (22).

3.2 Antimicrobial peptides

3.2.1 Roleininnate immunity

Owing to their broad-spectrum activity, which indks Gram positive and Gram
negative bacteria, fungi, enveloped viruses anagi@s, antimicrobial peptides have
extensively been studied as novel therapeutic agéz). Cationic antimicrobial
peptides from higher eukaryotic organisms are ofteferred to asHost Defense
Peptides(HDPs) as they fulfil a major role in the immediand non-specific immune
response against infectious pathogens. They cagitber constitutively expressed or
induced upon an immune stimulus, as in the casdysdfzyme and defensins,
respectively (24). In addition to direct interactizvith microorganisms these peptides
possess strong immunological properties (Figure (8, 26). HDPs have been
demonstrated to balance the induction of pro- amiinlammatory stimuli, e.g. by
modulating Toll-like receptor (TLR)-signalling iresponse to bacterial LPS and LTA
exposure (27). Natural and also synthetic peptide® the ability to recruit leukocytes
to sites of infection by chemotaxis (28, 29). Indiéidn, direct attraction of immune
cells has been observed which is proposed to bedbas similar functions between
HDPs and chemokines due to the cationic and amgbtigpaature of both species (30,
31). Davidson et al. could further demonstrate ideginduced differentiation and
activation of macrophages and neutrophils, theedbgidating a potential link between

innate and adaptive immune response (32). In imtext, also a direct interaction of

16
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Host Defense Peptides with B and T cells was sh&wvprovide long-lasting and
efficient immune responses (33-35). Recently, adténfections were observed to
trigger the formation of neutrophil-derived extrégkar traps (NETS). This meshwork is
expelled from the cells like a net to catch invadpathogens and consists of nuclear
material and antimicrobial peptides, including thenman cathelicidin LL-37 (36, 37).
Cellular clearance of bacteria is also facilitabgdthe non-inflammatory programmed
cell death (apoptosis). Here, LL-37 was shown ty@n ambiguous role. While the
peptide triggers death of epithelial cells by cagpactivation, apoptosis is inhibited in
neutrophils which is thought to counteract the sHualf-life of these cells, thus

supporting general innate host defence (38).

Lumen e
Epithelium
WA Host defense peptide
@ Neutrophils
Monocytes
Macrophages

Tissue ‘
L Dendritic cells

Lymphocytes
© Proinflammatory cytokines
o Antiinflammatory cytokines
Endothelium .
Chemokines

Microbes
Blood vessel

Figure 6 Role of antimicrobial peptides in innate mmunity. Schematic presentation of the
various immunological functions of cationic pepsdealso called Host Defense Peptides
(HDPs). (1) Direct interaction with invading badé#er(2) recruitment of immune cells such as
neutrophils and monocytes; (3) reduction of praimfinatory cytokines (e.g. TN and
enhanced production of antiinflammatory mediaterg.(IL-10); (4) induction of macrophage
and dendritic cell differentiation and activatio§) modulation of adaptive immunity by
interaction with lymphocytes; (6) cell-specific tdgtion of apoptosis; (7) components of
neutrophil-derived extracellular traps (NETSs) (nfimdl from Mansour et al., 2006 (25)).
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3.2.2 Antibiotics vs. antimicrobial peptides

Apart from their wide range of activity, antimiciabpeptides (AMPs) possess multiple
properties which make them superior to conventiaibiotics. First of all, most
peptides specifically target the membrane of migganisms. The high selectivity is
favoured by electrostatic interactions betweenrtbgative bacterial envelope and the
cationic charge of the peptides (see 3.2.4 Antiofia mechanisms of action). Binding
to the pathogen surface is independent of recepéatated interactions and
antimicrobial targets are often non-proteinaceddisteover, some peptides also attack
multiple microbial structures which effectively dpans bacterial defence and has been
described in a concentration-dependent manneh&péptides nisin and magainin (39,
40). As mentioned above, in addition to their dir@ctimicrobial activity, AMPs show
endotoxin-neutralising and immune-stimulatory effe¢41). Furthermore, they are
effective as single agents or can be releasedagaiis of different peptides, each one
acting by a distinct mechanism (42). Synergistiteas were also observed with
traditional antibiotics and are proposed to beteelato strong peptide-membrane
interactions which render the bacterial surfaceammmrmeable and increase the uptake
of intracellular drugs (43). Thus, individual cont@tions of the involved antimicrobial
agents can be minimised which is thought to redwtetoxicity and the emergence of

resistance.

One of the most important features that distingesskantimicrobial peptides from

conventional antibiotics is the comparably low rigk select for bacterial resistance
(40). This observation is discussed to be relatethé co-evolution of peptides and
microorganisms for millions of years accompaniedlstep-wise adaptation to putative
resistance strategies. This in turn has led tolanbad host-pathogen interaction and
created the inventory of today’s antimicrobial pegs. Furthermore, the diverse and
often non-specific target structures usually doineblve protein binding sites. Hence,

in contrast to conventional antibiotic treatmemigre is only little selection pressure

giving rise to mutants which have acquired supetefence mechanisms (44, 45).

Nevertheless, microorganisms have found ways touceedthe effectiveness of
antimicrobial peptides (46). These countermeasirenost cases affect the bacterial

membrane and are supposed to reduce initial interasites. Examples include cell
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wall modifications, reduction of surface chargecréase in membrane fluidity or
increase of bilayer thickness and enhanced efflupeptides by bacterial pumps (47-
49).

Although there are many advantages of antimicrolp@ptides over conventional
antibiotics, there are also major drawbacks whigtrently still restrict their medical

application (43). Due to their small size, the g are subject to proteolytic
degradation. This influences pharmacodynamics petensy such as bioavailability,
target delivery and effective concentration. In iidd, at higher dosage, which is
required for systemic application, some peptidesevadserved to induce haemolysis in
red blood cells (50).

Currently, the antimicrobial peptides gramicidiraisd polymyxin B, which are both of
bacterial origin, are approved by the FDA for matliteatment of bacterial infections.
However, their use is limited to topical applicaoas both substances show toxic side
effects in systemic therapy (22, 51). The lantibiotsin, which was first isolated from
Lactococcus lactis efficiently kills Gram-positive bacteria speciesxd has been

employed as preservative in many different fooddpobs since the late 1960s (52).

To date, a particular clinical significance is iatited to the cyclic lipopeptide
daptomycin fronStreptomyces roseospomkich has a strong bactericidal effect and is
used for a variety of serious Gram positive infaasi (53). The high antibiotic potency
becomes evident considering its therapeutic agmitaagainst vancomycin-resistant
enterococci (VRE) and also methicillin-resista@taphylococcus aureu§VIRSA).
However, it is alarming that already a couple ddrgeafter introduction on the market,
daptomycin non-susceptible strains have evolved (17
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3.2.3 Peptide structure and activity

The class of antimicrobial peptides is charactdribg a broad structural diversity
regarding size, amino acid composition and secondsructure (41). Natural
representatives are processed from larger precursmlecules and can be post-
translationally modified, e.g. by glycosylation Grterminal amidation. Some peptides
are produced after proteolytic cleavage of protesnsh as in the case of the amphibian
buforin 1l which was first isolated from the storhatissue of the toadufo bufo
gargarizansand is derived from histone H2A (54). Also, enzyim&leavage of the
mammalian protein lactoferrin gives rise to lactoén which was reported to have

strong antimicrobial and antiviral activity (55).

The more than 2500 agents that are listed to dateeiAntimicrobial Peptide Database
(APD, (56)) differ widely in their secondary struo¢ (Figure 7). In nature, numerous
linear peptides withu-helical andp-sheet arrangement or mixed secondary structure
elements have been observed. However, in most thsss are random coil peptides
which only adopt their antimicrobially active formpon interaction with bacterial

membranes and lipid vesicles (57, 58).

(/:’Q*;tt O\ S B

Magainin 2 Protegrin p-Defensin-1 Indolicidin

Figure 7 Secondary structures of selected antimickmal peptides. Peptide structures were
obtained from PDB: amphibian magainin 2 (2MAG) (59brcine protegrin (1PG1) (60),
humanB-defensin-1 (11JU) (61) and bovine indolicidin (15862).

In addition, many cyclic antimicrobial peptides baween found in bacteria, plants and
animals (63). For example, the clasdaritibiotics are gene-encoded peptides produced
by many Gram positive bacteria species. Their umigiramolecular rings are formed

by the non-proteinogenic thioether amino acidshiamine or methyl-lanthionine which
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strongly impact their three dimensional structusé)( Furthermore, the plant peptide
family of cyclotidescomprises many thousand members which have a ssawircular
backbone that is additionally cross-linked by diidle knots (65). The first cyclic
mammalian peptide was isolated from leukocyteshesus macaques, named rhesus
0-defensin-1. In contrast to the bacterial and plapresentatives, this antimicrobial
peptide is produced from two genes each encodirghat linear peptide. These
precursors are subsequently ligated in a doubld-teetail fashion and further cross-
linked by disulphide bonds (66, 67). In generakKimne ligation and intramolecular
side chain interactions render cyclic peptides lgighable. They can be exposed to high
temperatures, extreme pH values and proteolytevelge, however, they were shown to

still retain their strong antimicrobial activity&h

Antimicrobial peptides are highly diverse even amathosely related species which
accounts for an adaptation of the organism to &icodar ecological niche with its

unique microbial environment. Nevertheless, mogttides exhibit a large number of
cationic residues, and show a predominance of oe@aamino acids throughout the
whole molecule. In this context, the class of Rd aW-rich peptides has been
extensively studied (69-73). The significance dajisne and tryptophan side chains
within peptides and also larger proteins is rela@dheir complementary properties
which energetically favour interaction and insartimto bacterial membranes (72).
While tryptophan has a strong preference for iatdl regions of lipid bilayers, the

guanidinium group of arginine gives cationic charged a unique geometry of
hydrogen bonding which are the basis for selectiteraction with anionic components
of bacterial membranes (74). With regard to theeulythg conformational principles,

all of these peptides adopt an amphipathic stractypon interaction with bacterial

membranes, i.e. in the antimicrobially active fowationic regions are spatially

separated from hydrophobic parts of the molecule polar residues establish strong
interactions with the negatively charged head gsowb bacterial phospholipids.

Subsequently, hydrophobic side chains facilitageition of the peptide into the acyl
chain region of the bilayer (75).
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3.2.4 Antimicrobial mechanisms of action

Electrostatic attraction is suggested as basithiinitial contact between peptides and
microorganisms independent of the different medrani of action. Although it has
been demonstrated that peptides readily insert méalel membrane vesicles with
acidic phospholipids, first interactions are sumubdo be established with anionic
compounds of the outer membrane (LPS) and thewall (LTA) (39). Subsequently,
peptides transverse the peptidoglycan layer andemabntact with cytoplasmic

membrane lipids.

Permeabilisation of the microorganism’s membramep®rted to be the most dominant
mode of action and is often induced delical peptides which are able to span the
entire thickness of the bilayer (41). In this rejamany different models have been
described to disrupt the integrity of the cytoplasimlayer (Figure 8). In théarrel-
stave modepeptide helices form tight bundles with a centmahen which leads to the
formation of transmembrane pores. Hydrophobic mgjiof the peptides interact with
the core of the bilayer while polar residues lite tinterior of the channel. This
mechanism, however, is rather unique and has azdy Ishown for the fungal peptide
alamethicin (76). For membrane permeabilisationucedl by thecarpet model
antimicrobial peptides first accumulate tightly esidy side on the surface in a parallel
fashion (77). This alignment already affects thebiity and curvature of the
membrane. With increasing concentrations peptidess detergents which eventually
break down the integrity of the bilayer under trenfation of lipid micelles. In
addition, manyu-helical peptides, such as magainin 2, protegrihle37, have been
described to act by theroidal-pore modelHere, the polar side chains bind strongly to
the acidic phospholipid head groups which forceslippids to bend towards the inner
lining of the pore (78). Recent investigations tetedmine the number of involved
molecules have elucidated the appearance of “déseddtoroidal pores” which are
characterised by smaller numbers of peptides seifficdo induce lipid bending (79). In
general, pore formation represents a very efficraathod of cell killing as it directly

impairs the barrier function of the membrane.
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Figure 8 Antimicrobial peptide-induced effects on he bacterial cytoplasmic membrane.
Different models have been described for pore ftionaand also non-lytic mechanisms which
reduce the barrier function of the membrane orrdgshe pH gradient. See text for details
(adapted from Nguyen et al., 2011 (80)).

However, other membrane-targeting mechanisms heee tescribed which have only
little or no impact on the integrity of the lipidldyer. Some of them are rather specific
and include for example peptide-induced electrajpmmaThis phenomenon is based on
an increase in membrane potential above a thresifdld?2 V due to accumulation of

cationic peptides at the cell surface which rendeesbilayer transiently permeable for
small molecules (81, 82). On the contrary, the icypéptide antibiotics valinomycin, a

potassium-selective ion carrier, and daptomybewve been reported to dissipate
membrane potential which in turn is connected tdoaisation and impaired

functionality of membrane proteins (83, 84). Depskion of the membrane potential
has further been described for bovine lactoferndmch eventually impedes the proton-
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motive-force and inhibits ATP-dependent multi-drefflux pumps (55). Similarly, it
has also been suggested that the linear peptiddiditih can function as inherent ion
carrier as it is able to couple with small aniorsoas the bilayer and facilitates their
efflux (85). Furthermore, Mattila et al. could demstrate that oxidised lipid head
groups which are formed after release of reactixggen species (ROS) during
phagocytosis might play a role in the targetindpa€terial membranes by antimicrobial
peptides (86).

Besides the antimicrobial mechanisms mentioned ebsgveral peptides have been
described whichtarget intracellular structures(39). For instance, the amphibian
peptide buforin 1l is able to translocate over tbygoplasmic membrane without
permeabilisation and is suggested to interact mittleic acids (87, 88). In other cases,
translocated peptides were observed to interfetie wital physiological processes, such
as septum formation during division, peptidoglycymthesis or protein biosynthesis.
Although intracellular peptide targets can be vefficient with regard to cell killing,
they are often observed in synergistic activityjhwitembrane disruption. Yet again, this
demonstrates how multiple mechanisms render antimi@l peptides superior over

conventional antibiotic agents.

A third mechanism of action which has only recemi®en discovereth vitro is based
on peptide-inducedipid demixing Cationic antimicrobial agents were shown to have
the ability to cluster anionic phospholipids headups which is thought to interfere
with pre-existing lipid phases in the bilayer angdbsequently impairs functional
microdomains (89). Furthermore, linear and cyclicWRrich peptides induce lipid
phase separation also in PE and PG model bilaystesg (90). It has been
demonstrated before that lateral, mobile lipid dmmaexist naturally in bacterial
membranes. These include changes in lipid disiohuand composition during the cell
cycle which are required for bacterial division (992). Hence, the impact of
antimicrobial peptides on bacterial lipid raft fation and disturbance of protein
function is subject to intensive investigations)(33owever, although phase boundary
effects are proposed to occur also under physicébgionditions, those that arise from
peptide-induced lipid clustering are presumed tppea too swiftly for the cells to be
able to compensate for this lipid re-arrangement {®is mechanism of action has
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raised increased awareness as it is suggestegdptitle specificity for a particular
bacterial species can be predicted based on tlgyabi cluster anionic lipids which

might be of great benefit in the design of novdllaatic agents.

The mechanism of action and activity of an antioltal peptide are influenced by
biophysical parameters, such as hydrophobicityrdptdobic moment and hydrophilic
face, as well as molecular size and charge (94,F&nce, modulation of these features
during peptide synthesis is used to study variationpeptide-lipid interactions and to

improve the antimicrobial activity spectrum.

3.3 cWFW - A synthetic cyclic hexapeptide with high

antimicrobial potential

In the 1990s, Blondelle and colleagues establishexynthetic combinatorial library
screen to identify new lead structures for the tguaent of antimicrobial agents based
on the active motif of lactoferrin (96, 97). Withetaid of this new technology, the high
abundance of arginine and tryptophan residues was$irmed as crucial structural
parameter that enhances antimicrobial activity Whécespecially pronounced for linear
hexapeptides. Earlier investigations of helical tjggs with high amphipathicity
revealed that the antimicrobial activity and seletst for microorganisms are rather
determined by global structure parameters and mamebcomposition than amino acid
composition (98, 99). Based on the linear sequé&teRRWWRF-NH, different sets
of synthetic hexapeptides were analysed with reg@itheir antimicrobial activity. To
this end, the position of the individual amino acesidues was changed in order to
elucidate the role of peptide sequence. Furthermitre impact of the secondary
structure was investigated with conformationallystrained cyclic hexapeptide

analogues (70).

Dathe et al. found that cyclisation results in anmunced increase in antimicrobial
activity compared to the linear sequences (100)relheer, clustering of hydrophobic
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and cationic regions was observed to enhance thghipathic nature of these small
hexapeptides which accounts for the strong membaatigity. Further studies were
conducted to investigate the influence of the mEpting size on the interaction with
E. coli membranes and also haemolytic activity (101).his tonnection, best results
were obtained for a cyclic hexapeptide with theusege cyclo(RRRWFW), termed
cWFW (Figure 9).

(o}
CWFW
@ﬂ b FSO

W6

Figure 9 Structure of the synthetic antimicrobial hexapeptide cWFW. (A) The primary
structure of cWFW (cyclo(RRRWFW)) shows backbonelisgtion and clustering of cationic
and hydrophobic regions. (B) The strong amphipadfignment of the six amino acid residues
is demonstrated by the hydrophobicity profile af 8econdary structure (modified from Appelt
et al., 2008 (102)).

The cyclic hexapeptide is characterised by a dedtarrangement of three arginine
residues opposed to the hydrophobic side chaitijefophan and phenylalanine. This
alignment renders the molecule highly amphipathiglR studies revealed that c WFW
adopts a secondary structure with two reguBaturns in membrane-mimicking

environments (102). In interaction with detergemteties, all aromatic side chains are
orientated in the same direction establishing anguoced hydrophobic peptide face
which integrates into the micellar core while tingimine residues interact with the outer
anionic head groups. cWFW was shown to have a aimgimicrobial activity against

Gram positive and Gram negative bacteria and itebamal even at low concentrations
(103). Although the small hexapeptide fulfils dikbtstructural requirements for strong
interaction with bacterial membranes, there is wmrable evidence that the peptide

does not act by membrane permeabilisation.
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4 Aim of the study

The aim of the present study is to elucidate ttisracrobial mechanism of action of the
small synthetic peptide cWFW. It selectively kibacteria at very low concentrations,
however, the underlying principles of cell killirjffer from those described for other
antimicrobial peptides. As cWFW does not appeariniduce bacterial resistance,
characterisation of the antimicrobial mechanisnmvigles highly useful information for

the design of novel antibiotic compounds. Invesiayaof the structural determinants of
peptide activity is pursued with a combination @flbgical and biophysical techniques,
including microbial cell culture, fluorescence liwell imaging, isothermal titration

calorimetry and HPLC.
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5 Materials and methods

51 Materials

5.1.1 Chemicals and consumables

If not stated otherwise, all chemicals and consuesalused in this study were

purchased from Acros Organics (Belgium), Becton kidison (Heidelberg), Life
technologies (Darmstadt), Merck (Darmstadt), Rétarlsruhe), Sarstedt (Nimbrecht),

Schott (Mainz),

Sigma-Aldrich  (USA),

(Switzerland) and VWR Chemicals (Darmstadt).

Thermo Scidiati (Schwerte), TPP

Substances Working Solution Source

Benzyl alcohol (BA) 5 M in DMSO Sigma-Aldrich
Casamino acids 20% in dg@ BD Biosciences
Laurdan 1 mM in DMF Sigma-Aldrich
DiSC4(5) 15 pM in LB/15% DMSO Life technologies
Isobutyrate (1B) 10 mM in ddHBO Sigma-Aldrich
Isovalerate (1V) 10 mM in dd}© Sigma-Aldrich
Methylbutyrate (MB) 10 mM in ddHO Sigma-Aldrich
NAO 10 uM in DMSO Sigma-Aldrich
Nile Red 1 pg/ml in DMSO Life technologies
Propidium iodide (P1) 10 pg/ml in ddB Sigma-Aldrich
MTT reagent 5 mg/ml in DPBS Sigma-Aldrich
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5.1.2 Media and buffers

Solution

Composition

Nutrient broth

Nutrient agar

BHI

SMM

BMM (104)

Cell culture
medium

Washing buffer
Trypsin/EDTA
Phosphate buffer
HPLC buffer

CD buffer

LB broth - Lennox’s version
10 g/l tryptone

5 g/l yeast extract

5 g/l NaCl

LB broth with agar - Lennox’s version
15 g/l agar
10 g/l tryptone
5 g/l yeast extract
5 g/l NaCl

Brain heart infusion

6 g/l infusion from brain heart (solids)
6 g/l peptic digest of animal tissue

5 g/l sodium chloride

3 g/l dextrose

14.5 g/l pancreatic digest of gelatin
2.5 g/l disodium phosphate

Supplemented minimal medium

12 pl/ml glucose (40 % stock)

10 pl/ml tryptophan (2mg/ml stock)

6 ul/ml MgS0O4 (1M stock)

1 pl/ml casamino acids (20%)

0.5 pl/ml Fe-citrate (2.2mg/ml stock)

Belitzky minimal medium (used for proteomic praiij, (105) )

DMEM (Dulbecco’s modified Eagle’s medium, Gibco)
4.5 g/l glucose

10% (v/v) heat inactivated foetal calf serum (FCS)
50 units/ml penicillin, 5Qug/ml streptomycin

DPBS(G) - Dulbecco’s phosphate buffered salineghtjlucose)
0.25% trypsin, 380 mg/l Na-EDTA
10 mM NaHPQ, /NaHPCQ,, 154 mM NacCl, 0.1 mM Na-EDTA, pH 7.4

80% (v/v) acetonitrile
0.1% (v/v) trifluoroacetic acid (TFA) in ddi®

10 mM NaHPO, /Ng&HPO,, 154 mM NaF, 0.1 mM Na-EDTA, pH 7.4
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5.1.3 Peptides and lipids

Peptides used in this study were either synthesis#dte Leibniz-Institut fir Molekulare
Pharmakologie (FMP), department of Chemical BiolofBeyermann group) or

purchased from Biosyntan GmbH, Berlin.

Peptide Sequence Mass [g/mol]
cCWFW c-RRRWFW 989.2
cRKR c-RKRWFW 960.5
cRKK c-RKKWFW 931.5
cKRK c-KRKWFW 931.5
cKKR c-KKRWFW 931.5
cKKK c-KKKWFW 903.5
cW,[Fluos] c-RRRWWK([Fluos] 1327.5
cW;[Fluos] c-RRWWWK][Fluos] 1357.5
cW[Cu]W c-RRRW/[Ala-Cu]w 1086.3
cW[NBD]W c-RRRW[Dap-NBD]W 1090.9
cR2[Cu] c-KRKWI[Ala-Cu]w 1030.3
cR2[NBD] c-KRKW[Dap-NBD]W 1033.9
KLA-1 (99) KLALKLALKAWKAALKLA-NH 1949.5
Polymyxin B (103) cyclic decapeptide with variahleyl chain 1385.6
Fluos-buforin Fluos-TRSSR AGLQF PVGRYV HRLLR K-NH 2790.7
Fluos-penetratin Fluos-RQIKI WFONR RMKWK K-NH 2601.6

Cu-coumarin; Dap-diaminopropionic acid; Fluos-casyfluorescein; NBD-nitrobenzoxadiazole.

All lipids used in this study were purchased froweAti Polar Lipids, Inc., USA.

Lipid Description

POPC (PC) 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3sphocholine

POPE (PE) 1-hexadecanoyl-2-(9Z-octadecenoyl)-soegbr3-phosphoethanolamine
POPG (PG) 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3spho-

(1'-rac-glycerol)
Cardiolipin (CL) Heart, bovine (predominant specig18:2))
E. coli extract Polar lipid extract fronk. coli(71.4% PE, 23.4% PG, 5.2% CL (mol%))
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5.1.4 Bacteria strains and mammalian cell lines

E. coli K12 DH5x and B. subtilis DSM 347 were purchased from DSMZ (German
Collection of Microorganisms and Cell Cultur®). subtilis168 CA/ED wild type were
obtained from the Centre For Bacterial Cell Biolo@3BCB), Newcastle University,
UK.

Wild type strains Description Genotype Culture medum
E. coliK12 DH%o, Plasmid host for cloning (106) LB
B. subtilis168 CA Wild type trpC2 LB
B. subtilis168 ED Wild type (strain background trpC2, walRmut LB

of Mre-mutants) + 20 mM MgSO4
B. subtilisDSM 347  Quality control strain (106) LB

according to DIN 58959-7 and
Ph. Eur., assay of antibiotics

L-form bacteriak. coli W1655 F+ (LWF+) and. subtilisL-170 (L-170) were kindly

provided by Dr Christian Hoischen, Leibniz Insteédbr Age Research, Germany.

L-form strains Description Genotype Culture medium

E. coliw1655 F+ E. coliL-form (207) BHI

(LWF+) (cell wall-deficient) + 70 mg/ml penicillin
B. subtilisL-170 B. subtilisL-form (207) BHI

(L-170) (cell wall-deficient) + 70 mg/ml penicillin

+ 50 mg/ml sucrose
+ 30 mg/ml yeast extract
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Mutant strains derived fronB. subtilis 168 CA/ED were provided at the Centre of
Bacterial Cell Biology (CBCB), Newcastle UniversityK. Further information on the
synthesis and genetic background can be foundrahlSet al. (108), Salzberg and

Helmann (109) and Dominguez-Cueyasal.(110).

Mutant strains

Deficiency

Genotype

Culture medium

B. subtilisSDB206
(111)

Cardiolipin
(all three CL synthases)

yWiE2::neo ywjE::spc
clsA::pMutin4 (ery)

LB

B. subtilisHB5343 Phosphatidyl- ery Apsd LB
ethanolamine (PE)
B. subtilisHB5134  Lipid desaturase spcAdes LB
B. subtilisHB5337 Lysylphosphatidylglycerol kanAmprF LB
(LPG) synthase
B. subtilis3728 MreB 0Oneo3427AmreB LB
+ 20 mM MgSQ
B. subtilis4261 Mbl cat Ambl LB
+ 20 mM MgSQ
B. subtilis4262 MreBH ery AmreBH LB
+ 20 mM MgSQ
B. subtilisPDC660 Mbl, MreBH AmblamreBHAmreB::neo LB
(expresses MreB only) amyE:PspacHY-mreB cat +5uM IPTG
B. subtilisYK1119 MreB, MreBH Ambl AmreBHAmreB::neo LB
(expresses Mbl only) amyE:PspacHY-mbl cat + 50 uM IPTG
B. subtilisPDC643 MreB, Mbl Ambl AmreBHAmreB::neo LB
(expresses MreBH only) amyE:PspacHY-mreBH cat  + 50 uM IPTG
B. subtilis4277 MreBH, Mbl, MreBH 0Oneo3427AmreBAmbl::cat LB
AmreBH::erm + 20 mM MgSQ
Q(neo::spchrsgl
B. subtilis3481 MreC 0Oneo34274mreC LB
+ 20 mM MgSQ
B. subtilisPDC464  LytE AlytE::cat LB
B. subtilisPDC463 CwlO AcwlO::spc LB
B. subtilisAG723-1  LytF AlytF::spc LB
(A. Guyet, CBCB;
unpublished) *
B. subtilisAG724-1 LytABC AlytABC::neo LB
(A. Guyet, CBCB;
unpublished) *
B. subtilisHS70 Bkd Abkd::ery LB

(H. Strahl, CBCB;
unpublished) °

(fatty acid synthesis) + lipid precursors

* Transformation ofB. subtilis 168 CA with DNA from B. subtilis 1A792 (ytABC::neo IytD::tet
IytE::cam IytF::spg (112).

° Transformation oB. subtilis168 CA with DNA fromB. subtilisRM113 @myE::tet xyIR, spoVD::cat
Pxyl-murE, sepFT11M, bkd::erm su{d13).
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All strains expressing GFP- or YFP-labelled pratenere cultivated at 30 °C.

Mutant strains Fluorescent protein Genotype Inducton
B. subitilis2566 MreB amyE::spc Pxyl-gfp-mreB 0.3% xylose
B. subtilis3751 Mbl amyE::spc Pxyl-gfp-mbl 0.3% xylose
B. subtilis3750 MreBH amyE::spc Pxyl-yfp-mreBH 0.3% xylose
B. subtilis3417* MreC cat mreC::Pxyl-gfp-mreC 0.3% xylose
B. subitilis2020 Ftsz amyE::spc Pxyl-gfp-ftsZ 0.1% xylose
B. subtilisPG62 FtsA aprE::spc Pspac-yfp-ftsA 0.1 mM IPTG
B. subtilis4181 SepF amyE::spc pxyl-sepF-gfp 0.1% xylose
B. subtilis3122* Pbp2B pbp2B::cat pxyl-pbp2B-GFP  0.5% xylose
B. subtilisLH131 MinD amyE::spc pxyl-gfp-minD 0.5% xylose
B. subtilis1988 MinC amyE::spc Pxyl-gfp-minC 0.5% xylose
B. subtilisHS63° DivIVA amyE::spc Pxyl-divIVA-msfGFF 0.3% xylose
B. subtilisJwVv042 Hbs cat amyE::Phbs-hbs-gfp -
B. subtilisHM4 Spo0J neo spo0J-gfp -
B. subtilisMS104 DnaN cat PdnaN-gfp-dnaN -
B. subtilisBS23* FoF1 ATP synthase cat ‘atpA—gfp Pxyl-atpA’ 0.5% xylose
B. subtilisHS401 MinDah spc amyE::Pxyl-gfp-junLZ- 1% xylose
(amphipathic helix) minDah

* Addition of supplements is mandatory for cell gitb.

° Reference: Jahn N, Brantl S, Strahl H (2015)iAgfathe mainstream: The membrane-associated type |
toxin BsrG from Bacillus subtilis interferes withelt envelope biosynthesis without increasing
membrane permeability.

Cell lines Origin Source
HelLa Human cervical cancer DSMZ (Braunschweig)
Erythrocytes Human blood donation Institute of Bfaision Medicine, Charité (Berlin)
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5.2 Devices and software

Device

Model

Company

Plate reader

Flow cytometer

Microscope slides

Microscope

Centrifuge

Fluorescence
spectrometer

HPLC,
column

DLS

ITC

CD spectrometer
Shaker

Incubator (bacteria)

Incubator (cell culture)

Protein determination

ATP detection

Liposome extruder

Ultrasonication

UPLC-MS,
column

Safiré
Fluostar Optima
FACSCalibuf"

Multispot microscope slides
(PTFE & specialised coating)

Axiovert 200M

(Plan-Neofluar x100/1.30 oil ph 3 objective)

LSM 510 ConfoCor2

(plan-apochromat x63, x100/1.4 objective)

Nikon Eclipse Ti

(Plan Fluor x100/1.30 oil ph3 DLL objective’

Biofug® primo R
Eppendorf MiniSpifi
Sigma 3K12
LS-50B

LC-2000 Plus,

ProntoSil 300-5-C18-H column

(250%4.6 mm, 5 um)
Zetasizer Nano ZS ZEN 3600
MicroCal VP-ITC

J-720

Eppendorf Thermomixer® comfort

Multitron Pro (shaker)
Binder Series BD
BCA™ Protein Assay Kit

BacTiter-GId"™ Microbial Cell Viability

Assay
LiposoFast mini extruder

Labsonic L ultrasonicator

ACQUITY UPLC®,

Ascenti§ Express Peptide ES-C18 column

(3%2.1 mm, 2.7 um)

Tecan (Switzerland)
BMG Labtech (Ortenberg)

BD Biosciences
(Heidelberg)

Hendley-Essex (UK)

Carl Zeiss (Jena)

Carl Zeiss (Jena)

Nikon (Dusseldorf)

Heraeus (Langenselbold)
Eppendorf (Hamburg)
Sigma (Osterode am Harz)

Perkin Elmer (Rodgau)

Jasco (USA),

Bischoff Chromatography
(USA)

Malvern Instruments (UK)
Malvern Instruments (UK)
Jasco (USA)
Eppendorfiniidarg)
Infors AG (Switzerland)
Bindec.If{USA)

Thermo Scientific
(Schwerte)

Promega (USA)

Avestin (Switzerland)

B. Braun Biotech
(Gottingen)
Waters (USA),
Sigma (USA)
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Software

Application

Source

ImageJ v.1.38
CellQuest Pr8"
FCS Express V3
SigmaPlot12

Image processing
Flow cytometry data acquisition
Flow cytometry data evaluation

Graph analysis

Public domain (114)
BD Biosciences
De Novo Software

Systat Software GmbH

NITPIC
Optima software (MARS)
Decodon Delta 2D 4.1

ITC data evaluation Public domain (115)
MGB_abtech

Decodon

Fluorescence spectroscopy

2D-gel image analysis (proteomics)

5.3 Peptide characterisation

5.3.1 Peptide synthesis

As reported previously, the parent peptide cWFW #ral lysine-bearing analogues
were prepared by multiple solid-phase synthesisguan Fmoc/tBu strategy according
to SHEPPARD (70, 100, 116). Briefly, peptides weleaved from the resin, followed
by removal of protecting groups as described byrdoeaet al. (117) and manual
cyclisation was achieved by HAPyU chemistry (11ptide purification and analysis
were accomplished with high performance liquid chatography (HPLC) on a Jasco
LC-2000Plus (Japan) and Dionex UltiMate 3000 withrfoSil 300-5-C18-H columns
(250%4.6 mm, fum) (Bischoff Chromatography, USA). Peptide mass determined
by UPLC-MS (ultra-performance liquid chromatograpimass spectrometry) on an
ACQUITY UPLC® System (Waters) using an AscefitiExpress Peptide ES-C18
column (3x2.1 mm, 2.dm) (Sigma-Aldrich). Final peptide purity was detémsd to be
>95%.

The labelled peptide derivatives bearing the flaceat groups 5(6)-carboxyfluorescein
(Fluos), 3-N-(7-nitrobenz-2-oxa-1,3-diazole-4-yIBliaminopropionic acid (Dap-

NBD) and 7-methoxycoumarin (Cu) were purchased fRdasyntan GmbH, Berlin.
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5.3.2 Bacterial growth conditions

E. coliandB. subtiliscells were inoculated from an overnight culturg0D: and grown
to mid-log phase (0o = 0.2-0.4) in the respective growth medium at @7 280 rpm
in 100 ml conical flasks under aerobic conditio@sltures fromB. subtilis strains
expressing fluorescent-labelled proteins were iatedh for 30 minutes at 37 °C and

transferred to 30 °C for the remaining cultivation.

Cell numbers were determined using a Petroff-Haussenting chamber: Ofgp= 1
corresponds to 2.8x¥@FU/mIE. coliand 8.8x10CFU/mIB. subtilis

Overnight cultures from L-form bacteria were diditd:10 and cultivated in BHI
medium with the respective supplements, at 37 °@ dgorous shaking using flat
bottom glass flasks. Cells were grown to late-lbgge of Olgso ~0.8 and diluted for
subsequent analysis to @= 0.4.

Cell number was determined as described above;sd3D1 corresponds to 9.8x%0
CFU/mIE. coliL-WF+ and 3.9x19CFU/mIB. subtilisL-170.

5.3.3 Reversed-phase HPLC
5.3.3.1 Peptide hydrophobicity

Using reversed phase HPLC (high performance liguntbmatography) to detect the
retention timeg of the cyclic hexapeptides represent an efficreatins to characterise
the effective hydrophobicity of the molecules. Tinethod is based on interaction of
individual amino acid residues with the hydrophobtationary phase of the HPLC

column. Thus, increased retention times correlatety with peptide hydrophobicity.

HPLC analysis was performed on a Jasco LC-2000&tdsa ProntoSil 300-5-C18-H
column (250x4.6 mm, pm). Peptide concentration was 1 mg/ml. The mollilase A
consisted of 0.1% TFA in deionised water, phaseaB @1% TFA in 80% acetonitrile
in deionised water. A linear gradient of 5% - 95k&ge B was applied over 40 minutes,

22 °C for chromatographic analyses.
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5.3.3.2 Cellular peptide uptake

In earlier studies, the cytoplasmic membrane ofdyechas been identified as the target
of c WFW (101, 119). To investigate potential peptightake we used cell wall-deficient
L-form strains derived fronk. coli (LWF+) andB. subtilis(L-170) in order to reduce
unknown interactions with the peptidoglycan layad auter membrane components.
The method is based on the irreversible chemicalification of extracellular peptides
after addition of o-nitroaniline (Figure 10). Asighhighly reactive compound cannot
cross cellular membranes, intracellular peptide eties will not be modified. This
allows for subsequent separation and quantificatfomodified and unmodified peptide
moieties by HPLC according to their different rdéien behaviour at the hydrophobic
column. The approach was originally developed byhlke et al. (120) for the
investigation of peptide uptake into eukaryotic IcelAs the high reactivity of
o-nitroaniline is restricted to free amino grouplse lysine-substituted hexapeptide
cR2[NBD] was used which, in combination with NBDloaed for fluorescence-based

HPLC detection of peptide uptake into the cytoplasm

)
2

|
(o) o o O\‘

o] ©

sO
8 o, 0

Retention Time tz [min]

Figure 10 Investigation of cellular peptide uptakeéby HPLC. Schematic representation of the
experimental procedure: (A) Cells are incubated lite peptide at the MIC; (B) addition of
o-nitroaniline modifies all external and surfacathd peptides; (C) Peptides are separated from
cell debris after cell fractionation; (D) Subsequanalysis with HPLC allows for quantification
of modified (external) and unmodified (internal)pgide species.
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L-form bacteria were cultivated to an @p~0.8 in conical flasks as described above.
Cells were harvested at 2000xg (Sigma 3K12) fomi@utes and washed twice with
DPBSG. 18 cells/ml phosphate buffer were incubated with M (24 nmol) Fluos-
buforin Il and cR2[NBD], respectively, for 30 mirf87 °C under gentle shaking
(Eppendorf Thermomixer® comfort). After subsequemntrifugation at 1500xg,
4 minutes, 1°C (Biofuge® primo R, Heraeus®, Gernm)atlye supernatant containing
the peptide solution was removed and cells werehagswice with 0.5 ml ice-cold
DPBS. 10 ul freshly diazotized o-nitroaniline sauatwas added to 0.5 ml cells in ice-
cold DPBS and incubated for 10 minutes in an idé ba modify cell surface-exposed
peptide molecules. (Diazotized o-nitroaniline siwintwas prepared as follows: 35 mg
o-nitroaniline were dissolved in 2 ml ethanol, éelled by addition of 1 ml 0.25 M HCI.
Meanwhile, 40 mg NaN©were dissolved in 1 ml ¥D. The diazotized reagent solution
was prepared by incubation of 400 pl o-nitroanikedution with 50 pul NaN@solution
for 5 minutes at room temperature.) Cells were wdstwice with ice-cold DPBS.
Pellets were lysed with 0.5 ml 0.1% Triton X-100s&blved in 0.1% TFA) and stored
at -20 °C until further HPLC analysis. To determitiee total amount of cell-
accumulated peptides, control samples were prepareter identical conditions,
however, without o-nitroaniline treatment. Prior HIPLC analysis cell lysates were
thawed to room temperature. The average proteirtenbrnwas determined with
~40 ng/18 cells using the BCA' Protein Assay Kit (Thermo Scientific). Three

independent experiments were performed in triphisat

HPLC analysis was performed on a Jasco LC-2000 i&ung a ProntoSil 300-5-C18-H
column (250%x4.6 mm, 5 um) and a precolumn with &oGap A300, 10 um (119).
Calibration curves for carboxyfluorescein (ex 445, ®m 520 nm, gain 1000) and NBD
fluorescence (ex 470 nm, em 520 nm, gain 1000) vemrerded to enable quantification

of the labelled peptides.
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5.3.4 CD spectroscopy

The conformation of the cyclic hexapeptide was sss& using circular dichroism (CD)
spectroscopy. This method is based on the diffedeabsorption of left-handed and
right-handed circular polarised light by opticaligtive molecules (121). Analysis of
CD signals in the UV range allows for the detectadrstructure elements in proteins
and peptides, such ashelices,3-turns and random coils, which are determined lgy th
absorption of chiral C-atoms in peptide bonds ef itolecule backbone. Furthermore,
it provides information about aromatic systems imitthe molecule. The difference
between the molecular absorption coefficients feft-1and right-handed circular
polarised light is described by the ellipticit®)(which is recorded as a function of

wavelength in the CD spectrum.

For structure analysis in aqueous solution, fBDcyclic hexapeptides were dissolved
in phosphate buffer (10 mM NaPOJ/N&HPQ,, 154 mM NaF, pH 7.4). For
investigation in membrane-mimicking environmenisaf concentrations of 25 mM
SDS or 10 mM POPG SUVs (small unilamellar vesichs)ye added to the peptide
solution (see 5.5.2 for liposome preparation). Giecsroscopy was performed on a
Jasco 720 spectrometer. Twenty scans were accwedulathin the range of 260 and
190 nm using a 2 mm pathlength quartz cell. CDagyare presented as mean residue
molar ellipticity ®n. In the case of measurements with POPG SUVs, rspeetre only

recorded down to 205 nm due to light scatterinthefliposomes.

5.3.5 Fluorescence absorption

In order to investigate the fluorescent propertéshe chromophores coumarin and
NBD, absorption spectra were recorded for the wiffe hexapeptide derivatives. The
emission spectra of coumarin (ex 328 nm) and NB 420 nm) were monitored
between 340-500 nm and 480-600 nm, respectivelggues fluorescence spectrometer
LS-50B (Perkin Elmer). Peptide concentration wag A in DPBSG.
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5.3.6 Antimicrobial activity

The antimicrobial activity of a substance can bseased by determination of the
minimal inhibitory concentration (MIC) which is deéd as the lowest concentration
able to inhibit growth of a microorganisim vitro (12). To investigate the antimicrobial
activity of the cyclic hexapeptides we applied acnmdilution technique in 96 well
microtiter plates as described before (122). Bacteere grown to mid-log phase and
diluted in growth medium to give a final cell numbef 5x1F cells/well. L-form
bacteria were used at OD = 0.4/well, as lower defisities were observed to exhibit a
non-exponential growth behaviour. Small volumegeptide solutions were added in a
serial dilution ranging from 100 to 0.05 uM. Cellsre cultivated for 18 hours, 37 °C,
180 rpm, followed by photometrical detection of thygical density using a microplate
reader (Tecan). Peptide concentrations were tastédplicates in three independent

experiments.

5.3.7 Haemolysis

The haemolytic activity of the cyclic hexapeptidesas determined with fresh
erythrocytes from a human blood donation (Chaieélin). 2 ml cells were washed
five times in Tris buffer (10 mM Tris, 150 mM NaGbH 7.4) at 4 °C, 2000xg,
5 minutes resulting in a clear supernatant. Cetisevadjusted to 2.5xi@ells/ml and
incubated with the peptide solutions at a finalasrtration of 100 puM in Tris buffer:
5 minutes on ice, 30 minutes at 37 °C, 5 minutescen To give 100% haemoglobin
release (Aoos) 200 ul of the cell suspension were mixed with rRI3NH,OH to induce
cell lysis. Haemoglobin absorption was detectecb4@ nm in duplicates (in three
biological repeats). Peptide-induced haemolysisefdd was determined after
centrifugation of the remaining cell suspension amging 200 ul of the supernatant
with 2.3 ml NH,OH. Cell suspensions without peptide incubatiorvesgras negative
control (Ayy). The following equation was used to calculate hlaemoglobin release
(R) from erythrocytes:

R [%]=100 x Zpeptidedor (Equation 1)

A100%-A0%
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5.3.8 Cytotoxicity

In order to investigate the specificity of the d¢gdiexapeptides for bacteria species, we
determined the viability of eukaryotic HelLa celis the presence of different peptide
concentrations. Cytotoxicity testing was performgih the well-established MTT-
assay which allows for quantification of activelyetabolising cells (123, 124). In
contrast to descriptions found in the early literat the exact molecular mechanism of
the MTT reduction remains to be elucidated (12%wkver, it was reported that in the
presence of cellular NADH and similar reducing neales, the water-soluble MTT is
converted to an insoluble formazan salt. Solulitisa of the precipitated salt is
accompanied by a colour change from yellow to viokhich can be detected

photometrically.

HeLa cells were cultivated in DMEM and transferted96 well microtiter plates at
5x1C cells/well 24 hours before viability testing. Cellgre incubated for 1 hour with
different peptide concentrations solved in 200 |[PB3G. Peptide solutions were
removed and Hela cells were incubated with 20 plMM&agent (5mg/ml) in 200 pl
DMEM for 2 hours, 37 °C. After removal of the MTDlstion, 100 pul DMSO were
added to each well to dissolve the generated faamand absorption was measured at

550 nm. Control cells without peptide incubatiorved as control for 100% viability.
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5.4 Fluorescence microscopy

Confocal laser scanning microscopy (CLSM) was apblior fluorescence analysis.
Obtained images were processed with ImageJ v.Da& evaluation was achieved

manually on the basis of at least three indepenelgmériments performed in duplicates.

5.4.1 Peptide translocation

Bacteria from an overnight culture were diluted0D1in fresh medium and grown to
mid-log phase. LB-agarose pads were prepared byngdds% agarose to LB medium
and heated until the agarose was completely disdolvhe solution was slightly cooled
down before peptides were added at a final conagotr of 12 uM. 100 ul LB-agarose
were applied in a thin layer on a cover slip anotest at 8 °C in the dark for ~30
minutes. For fluorescence imaging, the agarose lags lifted carefully and placed to
cover 10 pl cell culture (Odgo 0.4). Live cell imaging was performed for up to010
minutes in a heat controlled chamber to avoid desicn using a CLSM 510
ConfoCor2 (plan-apochromat x63, x100/1.4 oil obyejt

5.4.2 Cardiolipin staining

Specific staining of cardiolipin with NAO has beeeported before and is neither
influenced by fixation nor depolarisation of the mi@ane (126, 127). The dye also
interacts with other anionic lipids. However, anigsion shift from green to red
fluorescence (525 to 640 nm) is only observed dfteding of NAO to the cardiolipin

head group which is suggested to be caused bywarsiacking of dye molecules.

B. subtilis 168 was grown to mid-log phase and adjusted tgo©0.2. Cells were
incubated with 500 nM NAO for 60 minutes in the ldaat room temperature and
600 rom to ensure sufficient aeration. Afterward8yFW was added at a final
concentration of 12 uM and co-incubated with the thr another 30 minutes under the
same conditions. Images were captured using a ZR&igevert M200 inverted

fluorescence microscope (Zeiss plan-Neofluar x1.30/bil ph3 objective).
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5.4.3 Phase separation

Peptide-induced separation of lipid domains in llaeterial membrane was visualised
with the membrane dye Nile Red. The hydrophobic&yés almost no fluorescence in
polar solvents. However, upon integration into mhmdipid bilayers Nile Red

fluorescence is strongly increased (ex/em ~552(G8% The fluorescence intensity is
considered to be independent of the interactiom wértain lipid head groups but is

affected by the degree of membrane fluidity (108)1

B. subtilis168 wild type cells were grown at 37 °C to mid-jgdgase and adjusted to OD
0.2 in growth medium. cWFW was added at a final cemtration of 12 uM and
incubated with the cells for 30 minutes, 37 °C kst Meanwhile microscope slides
were covered with a thin layer of 1.2% agarose 40 ldnd stored at 8 °C (adjusted to
room temperature prior to use). Immediately befaraging, 2 pl Nile Red (1 pg/ml)
were added to the cells and fluorescence microsawpy performed using Zeiss
Axiovert M200 (Zeiss Plan-Neofluar x100/1.30 oil3uivjective).

5.4.4 Protein localisation

Peptide-induced delocalisation of membrane-assatiptoteins was investigated with
B. subtilisstrains expressing fluorescent fusion-proteinglsGeere cultivated at 30 °C
to mid-log phase and protein expression was indugdd respective supplements (see
page 31). Cells were adjusted to OD 0.2 (200in 2 ml Eppendorf tubes in growth
medium and incubated with 1@ cWFW for 30 minutes at 30 °C, shaking. Analogous
to investigations on phase separation, |0.6ells were fixed on freshly prepared 1.2%
agarose microscope slides and imaged immediateéhg s Nikon Eclipse Ti (Nikon
Plan Fluor x100/1.30 oil ph3 DLL objective). GFPR Fuorescence was detected at
525 nm.
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5.5 Peptide-membrane interaction

5.5.1 Membrane permeabilisation (FACS)

Peptide-induced permeabilisation of the bacteriainirane was investigated with flow
cytometry. This technology enables sorting of ddfe cell populations with regard to
various biophysical parameters, such as size, notwgi and fluorescent properties. To
guantify disruption of the lipid bilayer, propidiuiodide (PI) has been widely employed
in antibiotic-related studies on membrane conditi®®9-131). The small fluorescent
dye intercalates into nucleic acids which resultsan emission blue-shift of ~15 nm
accompanied with a strong increase in fluorescamemsity. As the dye is membrane
impermeable, it is excluded from vital cells. Henfleorescence detection is only

possible in those cells with disintegrated memisane

Cells were grown to mid-log phase, adjusted to 8>xcHlis/ml in growth medium and
mixed with 10 pg/ml PI. Peptides were added ateetspe MICs and PI fluorescence
was monitored at different time points over 90 nésu In between sample acquisition,
cell suspensions were kept at 37 °C, shaking,ardtrk. Cell sorting was performed on
a FACSCalibul flow cytometer (Becton-Dickinson) equipped withd@8 nm argon
laser and PI fluorescence was detected with a 238%# band-pass filter (channel F2).
All detectors were used with logarithmic amplifice. At least 10.000 events were
recorded per sample. Data were acquired and eealweith BD CellQuest P8 (BD

Biosciences) and FCS Express 3 (De Novo Softweespectively.

5.5.2 Liposome preparation

Small unilamellar vesicles (SUVs) were used to mheitee peptide conformation in
membrane-mimicking environments with CD spectrogcdpried POPG lipids were
resuspended in phosphate buffer (containing 154 Ma# as used for subsequent CD
analysis) by thorough vortexing at a final concattn of 20-40 mM. Lipid
suspensions were sonicated under nitrogen on ic20faninutes using a titanium tip

ultrasonicator (Labsonic L ultrasonicator). Fornt@dnium debris was removed by
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centrifugation. Vesicle size was determined wittfiedential light scattering (DLS) and

confirmed the existence of a main population (> P8#th a mean diameter of 30 nm.

Large unilamellar vesicles (LUVS) were prepared geptide analysis with isothermal
titration calorimetry (ITC). Lipids were dissolved chloroform to obtain the desired
molar ratios (POPE/CL and POPC/CL at 87.5/12.59R€®O0PG and POPE/POPG at
75/25%). To generate liposomes with identical swgfaharge, cardiolipin, which
potentially carries two negative charges, was appkt half POPG concentrations
(132). In order to obtain dried lipid films, thelsent was evaporated under nitrogen
and lipid samples were exposed to high vacuum oylernSubsequent resuspension of
the lipids in phosphate buffer was facilitated bgrming the solution to 40 °C for 2-3
times and thorough vortexing. For preparation ofPEOand POPC LUVs, lipid
solutions were extruded 35-fold through two stacketycarbonate membranes with
100 nm pore size using a mini extruder (Avestingsi¢les with a diameter of

90-120 nm were produced as determined with dynégfit scattering (DLS).

The lipid concentration of liposomes frden coli extract was determined by gravimetric
analysis from dried lipid films which were then wuepended in phosphate buffer and
sonicated under nitrogen on ice for 25 minutesaniitm debris from the tip was

removed by centrifugation. The diameter Bf coli extract LUVs was 90 nm as

determined with DLS.

5.5.3 Isothermal titration calorimetry (ITC)

To investigate peptide binding to different phodpghds of bacterial membranes we
performed high-sensitivity isothermal titration @ametry (ITC) using model bilayer
systems. The thermodynamic characterisation ofigefbipid interactions provides
useful information on specific binding parametessch as the hydrophobic partition
coefficient Ko), enthalpy AH®) and entropy changesTAS®) (133).

Biological and chemical reactions are accompaniedhanges in enthalpy where heat
is either released (exothermic) or taken up (eretatic) from the environment. A

titration calorimeter consists of two heated celts, reference and sample analysis,
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respectively, which are maintained at identical gematures. Using a syringe, small
volumes of the binding partner (i.e. lipids) areled step-wise to the sample solution
(containing the peptide). This leads to changdbenheat of the system and results in a
temperature difference compared to the referentteloeorder to keep both cells at a
constant temperature the electrical power of thetesy is adjusted. The differential
heating power necessary to compensate for thisrdiite is monitored over time. The
area under the curve is integrated and plotteduastibn of increasing lipid/peptide

ratios which allows for calculation of the bindipgrameters.

To consider electrostatic interactions betweenigeptand liposomes in the calculation
of the partition coefficientk,, a surface partition model in combination with the
Gouy-Chapman theory was applied as described bdigreKeller, et al. (134).
Simulations were based on the assumption thatqeeptilsorption is related in a linear
way to the peptide concentration immediately abtve membrane surface. This
concentration depends on the bulk concentrationpeptide, peptide charge and
membrane surface potential. As the cationic pept@e attracted by the negatively
charged lipid head groups, peptide concentratidgheasurface will be higher than in the
surrounding solution. In contrast, peptide absorptto neutral lipid bilayers will
increase the positive charge of the membrane asultran electrostatic repulsion of
further peptide molecules.

Further thermodynamic description of the interactivetween peptides and model

membrane systems was derived from calculationef3ibbs free energiG°:

AG° = —RT In(55.5 M X K,) (Equation 2),

where 55.5 M is the molar concentration of watethe aqueous phase. The entropic
contribution (TAS®) of peptide partitioning into lipid bilayers, wdsrther obtained
applying the Gibbs-Helmholtz equation:

AG® = AH®° — TAS® (Equation 3)

46



Materials and methods

ITC experiments were carried out at 25 °C on a Ve-instrument (MicroCal). Prior to
use, peptide and buffer solutions were gently degghsinder vacuum. 10 pl aliquots of
5 to 10 mM lipid vesicles were titrated into a 4M yeptide solution inside the
calorimeter cell (1.4 ml) under continuous stirriag307 rpm. To allow for the heat
signal to return to baseline level, time intervaé&tween injections were adjusted to 10
minutes. Automated baseline adjustment and peakriation were accomplished with
the public domain software NITPIC (115). Nonlindaast-squares data fitting was
performed with Excel 2010 (Microsoft) using the 8wl add-in (Frontline Systems)
(135). Results obtained from titration of lipid i@es into buffer solution without

peptides served as control. Experiments were pagdrin three independent repeats.

5.5.4 Membrane depolarisation

Peptide-induced changes in membrane potential vmeeasured using the small
potential sensitive fluorophore Dig@). In aqueous solution the dye emits strong
fluorescence (ex/em ~544/660) which is quenchedhuptegration into hydrophobic
lipid bilayers. When the membrane becomes depel&riBiSG(5) is released from the
bilayer which results in an emission increase. Therescence intensity directly
correlates with membrane potential which allows ftatection of peptide-induced

depolarisation.

B. subtilis168 was grown at 37 °C to mid-log phase and dilite.B medium to Olgy

0.2. After centrifugation for 1 minute, 16.500 rpim conical tubes (Eppendorf
MiniSpin®), the supernatant was removed and cells carefefiyspended in 1 ml pre-
warmed LB containing 0.1 mg/ml BSA. Subsequentl0 Ll of the cell suspension
were transferred into a 96 well microtiter plated aallowed to settle. Then, 10 ul of
15 uM DiSG(5) in LB/15% DMSO were quickly added to the wels give a final

DiSC3(5) concentration of 1 M. Incorporation of Di&&) into the membrane was
reflected by fluorescence quenching and followetdl time signal had returned to base
line level (Fluostar Optima, BMG Labtech). The péetwas added at desired
concentrations at 5 pl/well and changes in B{SETfluorescence were monitored for at

least 20 minutes. Solutions, plates and instrumeate warmed to 37 °C prior to use.
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5.5.5 Determination of cellular ATP

ATP is produced by metabolically active cells aeduction of the intracellular ATP
concentration accounts for deficiencies in energgtamolism. The BacTiter-GIY
Microbial Cell Viability Assay Kit (Promega) was et to investigate the influence of
the antimicrobial peptide on bacterial ATP prodoeti The method is based on the
enzymatic conversion of luciferin to oxyluciferin high is accompanied by
luminescence emission that can be detected phateailt (Figure 11). The reaction is
catalysed by a thermostable luciferase from firefligich requires Mg, ATP and
molecular oxygen as cofactors. The intensity of lilmainescence signal is directly
proportional to the ATP molecules used which ermflgantification of the intracellular

ATP amount.

B. subtilisDSM 347 cells were grown to mid-log phase andtddun growth medium
to 5x1C° cells/150 plin a 96 well microtiter plate. 50 pl peptide sauns were added at
desired concentrations and incubated with the c#is 30 minutes at 37 °C.
Subsequently, the cell suspensions were mixed lith ®acTiter-GId™ reagent
provided with the kit and incubated for 5 minutashe dark. Luminescence detection
was performed in opaque microtiter plates using adiré plate reader (Tecan).
According to manufacturer’s instructions an ATPhsiad curve was generated to allow

for quantification of bacterial ATP.

recombinant firefly luciferase

(Mg*)
ATP, 0,
0 s>_<,N o \ s s\ Ny M L lint
\CEN/ s]/ \" \CENHST
+AMP, PP, CO,
luciferin oxyluciferin

Figure 11 Chemical reaction catalysed by luciferase€Conversion of luciferin to oxyluciferin
in the presence of ATP and molecular oxygen leadslimination of carbon dioxide under
luminescence development (modified from: BacTités"@ Microbial Cell Viability Assay,
technical bulletin, revised 12/12).
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5.5.6 Membrane fluidity

For investigations on bacterial membrane fluidigukdan generalised polarisation (GP)
measurements were applied. The small hydrophobobeprintegrates into cellular
membranes and is used to detect changes relatikd lipid packing in the bilayer (136,
137). Depending on the polarity of the environmebgurdan interaction with

surrounding water molecules results in a fluoreseeshift which can be detected

spectroscopically or with fluorescence microscdpigire 12).

1,2
= «—
© 10
CHj 2
2 08 -
i}
c
o 06
(™ %
H3C\N 8 0,4 T
| ®
CH, 2
g 0,2
o
0,0 T T T

400 450 500 550 600

A [nm]

Figure 12 Properties of Laurdan. (A) Chemical structure of Laurdan (6-dodecanoyl-2-
dimethylaminonaphthalene); (B) Schematic represemtaof the fluorescence blue-shift
induced upon reduced polarity of the environmenddified from Sanchez et al. 2012 (137)).

Within a phospholipid bilayer the emission maximigrlocated at 490 nm when the
lipids are in a disordered phase and is blue-shifte ~ 440 nm upon tighter lipid
packing. A mathematical quantification of the enuesshift is achieved by calculation

of the Laurdan GP (generalised polarisation) (Equat).

GP = (I435 — Ia90)/ (435 + l490) (Equation 4)
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B. subtilis 168 cells were grown to QR ~0.5 at 37 °C in LB/0.1% glucose and
incubated with 10 uM Laurdan for 5 minutes, shakimghe dark. Subsequently, cells
were washed 4 times, 1 minute, 16.500 rpm in PBS#0glucose and triplicates of
150 pl cell suspension were transferred to a 96 mvrotiter plate. The peptide was
added at the desired final concentration at a mamxinvolume of 3 pl/well. The
supernatant which was removed from the cells dfterlast washing step served as
background for Laurdan fluorescence. The solvenkzylealcohol (BA) has a fluidising
effect on lipid bilayers and was used as positigetol (50 mM). All samples were
shaken briefly before fluorescence was detecteculsameously at 4355 nm and
49045 nm with excitation at 350+10 nm using a pleader (Fluostar Optima, BMG
Labtech). Laurdan fluorescence was monitored forleaist 20 minutes. Peptide

influence on membrane fluidity was investigatedhiree independent experiments.

Further studies of peptide-induced changes in mengfluidity were performed using
aB. subtilismutant strain which is deficient in membrane lipyohthesis. Branched
chain fatty acids (BCFAs) are the main constitugmthieB. subtilismembrane and
were reported to be essential for bacterial grdd@8). They are built from three
different precursor molecules: isobutyrate (IBdvalerate (IV) and 2-methylbutyrate
(MB) which in turn are synthesised from the bramthmino acids valine, leucine and
isoleucine, respectively (Figure 13). The const&danutation, termefbkd, leads to

the disruption of the enzyme complex BCKAD whichatgses the synthesis of the
BCFA precursors (113). The resulting phenotype eleserved to be lethal. However,
supplementation of the growth medium with IV, IBMB reconstitutes cell viability.
Based on the chemical structure of the precursoity,distinct fatty acid chains can be
synthesised which differ in length and positiorbcdnching (Figure 13). This is used to
artificially influence the membrane fluidity of tmeutant bacteria by selective addition

of either one precursor or a mixture.

B. subtilisAbkd cells were cultivated at 37 °C in supplementedimah medium with
addition of the desired BCFA precursor at a firaaentration of 100 uM. Subsequent
analysis of membrane fluidity was performed acouydio Laurdan GP measurement

described above.
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valine leucine isoleucine
isovalerate isobutyrate 2-methylbutyrate
ECKAD (Iv) (1B) (MB)
isovaleryl CoA isobutyryl CoA 2-methylbutyryl CoA
isoC15:C17 isoC14:C16 anteiso C15:C17
low membrane fluidity high

Figure 13 Branched chain fatty acid (BCFA) synthes in B. subtilis Schematic
representation of the BCFA synthesis pathway. Mambrfluidity can be deduced from the
fatty acid type synthesised from the precursorsvakate (IV), isobutyrate (IB) and
2-methylbutyrate (MB) (modified from Mercier et, @012 (113)).

5.6  Proteomic profiling

Proteomics related data were generated duringlaboohtion project with the group of
Prof. Dr. Julia Bandow at the Ruhr University, Booh (Germany). Experiments were
performed by Dr. Michaela Wenzel. Publication of tlesults within the scope of the

present study was approved by the collaboratiotnges.

Peptide-induced protein expression B subtilis cells was investigated using a

proteomics-based approach. The protein inductidterahas been described to respond
to a particular antibiotic treatment in a specifianner (139). Hence, with reference to
known substances the obtained protein profiles ban correlated with distinct

antimicrobial mechanisms of action.

In order to identify specific responder proteinspwing cells are stressed with an
antibiotic agent. The subsequent incubation wittlioactive amino acids results in
selective labelling of newly synthesised proteinsioch can be further analysed with

mass spectrometry (136).
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B. subtilis168 cells were grown in BMM at 37 °C to early logage and treated for
15 minutes with 8 pM cWFW which was determined akCMinder the respective
growth conditions. Subsequently, cells were puidelled with L-f°S]methionine for

5 minutes followed by preparation of the cytoplasmiotein fraction as described by
Wenze] et al. (140). For separation of the proteome two-dimearaligolyacrylamide

gel electrophoresis (2D-PAGE) was performed andigelges were analysed with
Decodon Delta 2D 4.1 image analysis software (Decp@l41). Proteins were excised
from the gel and identified using MALDI/TOF (4800AMDI TOF/TOF analyser;

Applied Biosystems, USA) as reported before (1R8grker proteins were designated
by at least two-fold induction upon peptide treatin&xperiments were performed in

triplicates in three independent biological repeats
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6 Results

6.1 Peptide characterisation

6.1.1 Structure and activity

To get insight into the mechanism of antimicrotaation of cWFW, different methods
were applied which required chemical modificatidrthe cyclic hexapeptide. Potential
translocation across the membrane was investigaiddmicroscopy and HPLC. For
this purpose, fluorescent reporter groups wer@dghiced to facilitate real-time peptide
imaging in live bacteria cells (Figure 14). The essful application of
carboxyfluorescein (Fluos)-labelled peptides inalgptstudies is well documented (142-
144). It has been demonstrated before that sutistituof phenylalanine with
hydrophobic amino acids had only minor impact andhtimicrobial activity of cWFW
(103). Therefore, the fluorophores coumarin (Cu aitrobenzoxadiazole (NBD) were
chosen due to their hydrophobic nature and stractsimilarity to tryptophan and
coupled at position 5 in the peptide ring (Figu4d. 1

The HPLC approach to investigate peptide uptake the cytoplasm is based on
covalent chemical modification of extracellular amsdrface-bound peptides with
diazotized o-nitroaniline (145). This reaction éstricted to free amino groups. Hence,
to be applicable for analysis of cWFW action, aimggnresidues were substituted with
lysine at different positions in the peptide rirgn overview of the antimicrobial
peptides synthesised for this study is given inl@db In order to test the applicability
of the newly synthesised peptide derivatives adstao further investigations, all
molecules were characterised and compared to trentpaeptide cWFW regarding

structure, biophysical properties and biologicaivaty.

Considering their antimicrobial effect, nearly akptides were more active against
Gram positiveB. subtilisthan Gram negativeE. coli cells which is consistent wittine
activity profile described for this class of pepgtsd (70, 71, 100). However, all
modifications applied to cWFW led to a general aun in biological activity (Table
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1). By far the lowest antimicrobial activity was @pged for the Fluos-labelled peptide
derivatives cW[Fluos] and cW[Fluos]. Carboxyfluorescein was introduced via sirlg
linker into the hydrophobic and polar domain, resiely, which leads to an overall
loss in positive net charge compared to the pgreptide. Both, the bulky structure of
the fluorophore as well as the change in hydrophtyband amphipathicity might be
responsible for the pronounced loss of antimicroagivity to a level which was not
observed for any of the other peptide derivativ¥dso, coumarin and NBD, which were
introduced in the middle of the hydrophobic clustean attempt to maintain the overall
amphipathic character of the molecule, reducedatitéenicrobial activity. Moreover,
the haemolytic activity was increased (Table 1).

o NH
HN i HN o
N NH
6 ° 5 &
HN
4
5

CWFW

O~N NH,

° (o] OH
X
(o] COOH ‘ O,N ©
O O
[e] OH

OH (o)
carboxyfluorescein methoxycoumarin NBD
(lysine) (alanine) (diaminopropionic acid)

Figure 14 Chemical structures of the fluorescent ngorter groups incorporated into
cWFW. Fluorophores are represented coupled to the régpemhino acid (given in brackets)
used for introduction into the peptide ring.
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Table 1 Cyclic hexapeptides derivatives and modelgptides used in permeabilisation and
translocation studies.The antimicrobial activity was determined as mirliidibitory peptide
concentration (MIC) where no bacterial growth isibfe.

Activity (MIC) [uM]

Haemolysis at

Peptide Sequence E.coli  B.subtiis 100 uM [%]
DH5a DSM 347
Parent peptide
cWFW c-RRRWFW 3 3 4
Fluorescence labelling
cW,[Fluos] c-RRRWWK[Fluos] >100 >100 9
cW;[Fluos] c-RRWWWK][Fluos] >100 >100 2
cW[Cu]W c-RRRW/[Ala-Cu]wW 25 6 23
cW[NBD]W c-RRRW[Dap-NBD]W 50 25 76
Lysine substitution
cRKR c-RKRWFW 50 12 4
cRKK c-RKKWFW 50 25 56
cKRK c-KRKWFW 12 25 2
cKKR c-KKRWFW 100 25 3
cKKK c-KKKWFW 100 50 8
Fluorescence labelling/ lysine substitution
cR2[Cu] c-KRKW/[Ala-Cu]W 50 6 4
cR2[NBD] c-KRKW[Dap-NBD]W 50 12 26
Model peptides
KLA-1 KLALKLALKAWKAALKLA- 15 15 nd.
NH,
Polymyxin B cyclic decapeptide with 0.8 6 nd
(203) variable acyl chain ' o
. Fluos-TRSSR AGLQF PVGRV
Fluos-buforin .0 "\ ' K-NH, 50 50 n.d.
Fluos- Fluos-RQIKI WFONR o5 3 nd
penetratin RMKWK K-NH , T

Cu-coumarin; Dap-diaminopropionic acid; Fluos-candluorescein; NBD-nitrobenzoxadiazole.
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Most MIC values found for lysine substituted hexapbes were slightly higher
compared to the fluorescent labelled peptides (@xE&ios-labelling). Here, the best
antimicrobial activity was observed for cKRK sugiyeg that the arginine residue in the
middle position of the cationic sequence motif mportant for optimal peptide

interaction with bacterial membranes.

The peptides cR2[Cu] and cR2[NBD] were synthesizedreate a highly active lysine
substituted fluorescent peptide based on cKRK. iitreduction of both modifications
led to similar antimicrobial activities and the @sted haemolytic effect was even
reduced compared to single-modified fluorescent tigep (Table 1). Further
investigations were focussed on elucidating thecttiral determinants for antimicrobial

activity of the peptide analogues compared to cWW(EYD).

6.1.2 Peptide hydrophobicity and conformation

The high antimicrobial activity of cWFW is based the optimal distribution of polar
and hydrophobic amino acid residues which renddrns imolecule extremely
amphipathic. The cationic charge drives accumulatb the peptide at the negative
surface of bacterial cells while the aromatic sttlains facilitate interactions with the

hydrophobic core of the lipid matrix (146).

In order to investigate the impact of fluorophomugling and substitution of arginine
for lysine on the hydrophobicity/amphipathicity thie cyclic hexapeptide, the retention
time tg was determined by reversed phase HPLC (Figure tABheasurements have
successfully been applied to characterise amphh#iices,-structured peptides and
different sets of small cyclic R-, W-rich peptidés0, 70, 146-148). Compounds are
retained from the hydrophobic stationary phase raicg to their ability to form

interactions with the HPLC matrix. Thus, differeada tg reflect differences in the

effective hydrophobicity of the molecule which @ated to the intrinsic hydrophobicity
of individual residues and their relative positidn.amphipathic structures, polar and
hydrophobic side chains align at opposite sideshef molecule. Hence, any change
applied to the primary structure of the parent ipepts expected to influence its

amphipathicity.
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cCWFW
CW [Fluos]
CW [Fluos] 22.08
cW[Cu]w
cW[NBD]W
|
cRKR 1] 18.60
CcRKK ] 18.38
cKRK | 17.27
cKKR ! 17.86
cKKK ] 17.70
|
cR2[CulW | : 17.20
cR2[NBD]W | 17.47
T T L T T
10 15 20 25

Retention Time tg [min]

Figure 15 Retention timestg of the cyclic hexapeptide derivativesThe impact of chemical
modification on peptide hydrophobicity was deteredrwith HPLC. Black: cWFW; dark grey:
fluorescent labels; light grey: lysine substitutiamite: double modifications.

Insertion of fluorophores into the peptide ring g an increase in retention time
(Figure 15). This can be related to an enlargeroktite aromatic ring system compared
to the phenylalanine side chain which leads to Boéd interaction with the stationary
phase. The highest retention time was observedhircarboxyfluorescein-labelled
peptides cWFluos] and cWFluos]. Moreover, in both cases fluorophore-cougli

was accompanied with a loss in positive net chafeese changes impair the
amphipathic nature of the molecule which is likdéty account for the reduced

antimicrobial activity (Table 1, Figure 15).

The retention time determined for lysine substdypeptides was dependent on the site
of introduction. Although the hydrophobicity of Ige is reported to be slightly lower
compared to arginine, cWFW and cKKK show basicalnticaltr values (149). Also,
the retention time determined for the other lydiearing peptides differed only
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marginally from that of the parent structure cWFW all cases, interactions with the
stationary phase of the column are determined l®y ghme aromatic residues.
Interestingly, cKRK, the only lysine-bearing pegtidvhich showed pronounced
antimicrobial activity, was found to have a retenttime lower than that of the parent
peptide. The strong impact of these particularnkyssubstitutions on the peptide’s
properties was also reflected in cR2[Cu] and cRADNBvhich also showed lower
retention times compared to cWFW. Apparently, tfiective peptide hydrophobicity is
rather affected by the side chains adjacent to hiérophobic cluster and their

contribution to peptide conformation than from flhuwrophores in the middle position.

As the carboxyfluorescein-labelled peptides,ffWios] and cW[Fluos] did not show a
significant antimicrobial activity compared to tharent peptide cWFW they were not
considered suitable tools for translocation studied excluded from all subsequent
investigations. All other cyclic hexapeptide detives were further analysed regarding
their conformation in different solvent systems ngsicircular dichroism (CD)

spectroscopy (Figure 16).

For the parent peptide cWFW dissolved in buffeegative ellipticity minimum at 202
nm and a shoulder at 220 nm was observed (Figuke ddid line). The signal in the
UV range next to 200 nm results from peptide bomdsthe backbone while
contributions of both, peptide bonds and aromaitie shains, superimpose in the
220-230 nm region. The spectrum of c WFW is comgartbthat of cyclo-RRWWRF
(cRW) which has been described in previous stualesis characterised by tvgeturns

in the backbone and rather flexible side chain®(180). The introduction of coumarin
had only minor effects on the CD signal of the myblexapeptide (Figure 16A, dotted
line). However, the contribution of the NBD-fluotopre in cW[NBD]W and
cR2[NBD] resulted in reduced negative ellipticitglwes (Figure 16A, short and long
dashed lines). The intensity of the CD signal wasrelased, however, ellipticity bands
and shoulder positions were conserved which pamthanges in backbone flexibility.
Concerning the lysine substituted peptides, cKRéwstd the strongest deviation from
the c(WFW spectrum. The high positive ellipticityldo 200 nm is also related to
pronounced changes in backbone conformation (Fiy6B) and might be decisive for
the change in amphipathicity as reflected by tlieiced retention time (see Figure 15).
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— CcWFW
—_— CWFW ........... CRKR
~~~~~~~~~~~ cW[Cu]W ———- cKKK
———- cW[NBD]W —— cRKK
—-— CcR2[Cu] — — cKRK
— — cR2[NBD] —— cKKR

200 220 240 200 220 240

Omr X 103 [deg x cm? x dmol1]

A [nm] A [nm]
C
10 1 CWFW 5 | cR2[NBD]

i 0

Is)

£

© _10

x
N

§ 201

x

o

S, 20
e

S 10 T

x

£

S 0

-10
200 220 240 200 220 240
A [nm] A [nm]

Figure 16 Effect of chemical modifications on peptie structure. CD spectra of fluorescent-
labelled peptides (A) and lysine-substituted pegtidB) compared to cWFW in phosphate
buffer. The effect of membrane-mimicking additivesthe structure of selected lysine peptides
is shown in (C): phosphate buffer (solid lines),28l SDS (dashed lines) and 10 mM POPG-
SUVs (dotted lines). Peptide concentration wasi/d0
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For all other K-peptides a positive ellipticity masum at 230 nm could be observed
with only minor spectral changes in the far UV wlamgith range compared to cWFW.

To mimic the anisotropic nature of the lipid matax cell membranes, changes in
peptide conformation were studied in the presericetergent micelles and liposomes
(Figure 16C). As reported before, the cyclic hexdaide cWFW adopts an amphipathic
structure with twd@-turns when bound to micelles (102). The aromatlie shains point

to the same direction establishing the hydrophglait while the arginine residues are
positioned to interact with the polar head groupslee micellar or liposomal surface.
Partitioning of the antimicrobial peptide from thgqueous solution into SDS micelles
and POPG liposomes led to an increase in elligtait202 nm and a red shift of the
shoulder from 220 nm to 225 nm. This indicates aokd backbone rigidity and
favourable changes in the orientation of the aramedsidues. The cyclic peptide
derivatives presented in Figure 3C differ in thigiological activity compared to the
parent peptide cWFW (Table 1). Although the pemiddowed variations in their
spectra obtained in phosphate buffer (Figure 16A,vBry similar CD signals were
observed when bound to membrane-mimicking POPGsdipees or SDS micelles
(Figure 16, dotted and dashed lines, respectiv@lyis indicates the high potential of
the cyclic peptides to adopt amphipathic structuresteraction with the lipid matrix of

bacterial membranes.

6.1.3 Fluorescence properties

The peptide derivatives were further analysed aiggrthe fluorescent properties of
coumarin and NBD (Figure 17). The emission maximafnthe two coumarin-bearing
peptides was found at 400 nm and 520 nm in the @bbeth NBD-peptide analogues.
This indicates that introduction of the two lysiresidues in cR2[Cu] and cR2[NBD]
did not shift the spectrum of the chromophores. e\mv, we observed differences in
fluorescence intensity which accounts for the girenvironment sensitivity reported
for both fluorophores (151, 152).
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In general, the choice of these fluorophores bpatsntial disadvantages. While NBD
was found to exhibit very low quantum vyields, theiwation of coumarin in the UV
range might interfere with the intrinsic cellulédwdrescence. Hence, the selection of the
most suitable peptide derivative for subsequemisteecation studies was based on the
property to retain the non-permeabilising mechangfnaction of the parent peptide
cWFW.

= 307 —  cWcuWw < 97 —  CWINBDW
< cR2[Cu] 5 CR2[NBD]
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Figure 17 Fluorescence spectra of cyclic hexapepé@dderivatives. (A) Coumarin and (B)
NBD fluorophores were excited at 328 nm and 470 mespectively, as determined with
absorption measurement (data not shown). Spectnee wecorded in DPBSG, peptide
concentration was 100 puM.
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6.2 Mechanism of antimicrobial action

6.2.1 Membrane permeabilisation

Among the different mechanism of action described &ntimicrobial peptides,
membrane permeabilisation is the most common wakillafig. Interaction with and
integration into bacterial membranes is facilitabgdthe peptides’ high amphipathicity.
Although cWFW fulfils all the structural prereques it was demonstrated before that
the antimicrobial action of the cyclic hexapeptid® not based on membrane

permeabilisation (71, 119).

Application of the newly synthesized peptide derxes in further studies requires a
high degree of congruence with cWFW properties. réioee, the coumarin- and
NBD-labelled peptides based on cWFW and cKRK, retspaly, were tested regarding
the potential to retain the non-permeabilising naeiém of action (Figure 18).

A B
300 - 300 - —@— cWFW
—O— cKRK
?: —w— cW[NBD]W
S, —A— cR2[NBD]
g 200 o 200 1 —| cwcuw
& —O cR2[Cy]
?
o
S 100 - 100 -
[
a
0 -
T T T T
0 30 60 90
Time [min] Time [min]

Figure 18 Bacterial membrane permeabilisation detenined with propidium iodide (PI).

PI fluorescence was measured after treatment witlicchexapeptide derivatives B. subtilis
DSM 347 (A) anck. coli DH5a (B). Peptide concentrations correspond to MICe (Bable 1).
The helical model peptide KLA-1 (5 pM) and the bittfic polymyxin B (5 uM) were reported
to exhibit a high membrane permeabilising poterdiadl served as positive control in Gram
positive and Gram negative cells, respectivelyigsbhes) (144, 153)Preparations without
peptide were used as negative control (dotted)lines
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Disintegration of the cytoplasmic membrane leadiflux of propidium iodide (PI)
and binding to DNA. Subsequent increase in Pl #goence was detected with flow
cytometry and could be observed for the controltidep polymyxin B and KLA-1
confirming strong membrane permeabilisationEincoli and B. subtilis respectively.
(147, 154). However, Pl signals detected for thevlyjesynthesised hexapeptide
derivatives were comparably low. Although slightigvated values were found within
30 minutes treatment with cW[Cu]W and cW[NBD]W, ilys substituted peptides
induced PI fluorescence similar to the parent peptMWFW (Figure 5). Furthermore, Pl
signals in cells treated with the hexapeptide @dires did not significantly change
over time which would account for a non-lytic kij mechanism. Although the
changes applied to cWFW had an impact on peptidpepties, the derivatives, like the
parent peptide, did not permeabilise the bacten@@mbrane. The derivatives
cW[NBD]JW and cR2[NBD] were considered reliable tdlor the application in
subsequent translocation studies since the inye@rfitthe cytoplasmic membrane,
especially inB. subtilis appeared to be unaffected (119).

6.2.2 Peptide translocation into the cytoplasm

As membrane permeabilisation could be ruled outmashanism of action of the
antimicrobial peptide cWFW, further investigatiofm@scussed on potential peptide
translocation into the cytoplasm, where it mighteifere with protein synthesis and
DNA replication (39). To circumvent the mild membea permeabilising effect
observed for in cW[NBD]JWE. coli cells, the peptide was applied at sub-MIC

concentrations.

6.2.2.1 Peptide localisation with fluorescence microscopy

In order to identify the target location of the iaritrobial peptide, liveE. coli and

B. subtilis cells were incubated with cW[NBD] (Figure 19). Tpeptide buforin I

served as positive control for peptide uptake itite cytoplasm. Its antimicrobial
mechanism of action was reported to be based oeraction with DNA after
translocation over the membrane (88, 155).
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Figure 19 Localisation of antimicrobial peptides inE. coli and B. subtilis Live cells were
incubated with 12 uM peptide for 30 minutes andestigated with confocal laser scanning
microscopy. (A) Fluos-labelled buforin Il B. subtiliswhich served as control for cytoplasmic
peptide localisation, (B) cW[NBD]W itk. coli and (C) inB. subtilis While buforin 1l was
internalised into the cytoplasm, the cyclic hexdigkpbound to the membrane of Gram positive
and Gram negative bacteria (156). Representativegaes from at least three independent
experiments are shown.

Treatment ofB. subtilisconfirmed rapid internalisation of fluoresceinddlbd buforin

Il into the cytoplasm (Figure 19A). On the contracy’V[NBD]W fluorescence was
found to be limited to the membrane in b&thcoliandB. subtiliscells(Figure 19B, C).
The peptide did not translocate over the cytoplasmembrane even after 90 minutes
(data not shown). Furthermore, prominent peptideumalation was observed at
distinct sites in Gram positivB. subtilis(Figure 19C). Here, the antimicrobial peptide
was enriched mostly at the poles and division segide some cells also showed
membrane-associated sub-polar peptide localisa8anilar accumulation patterns of

cW[NBD]W were also observed . coli, however, only after longer incubation time.

6.2.2.2 Peptide uptake studies with HPLC

Peptide localisation was further investigated wath HPLC-based approach where
chemical modification with o-nitroaniline was apgalito distinguish between external
and internalised peptides (Figure 20), (156). Tighllr reactive compound covalently

binds to thes-amino group of the lysine side chains of cR2[NBElich served as
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substitute for cWFW in HPLC studies. Peptide megtdsorbed to the cell surface are
modified while deep insertion into or translocatiaeross the membrane shields
peptides from the reaction with o-nitroaniline. lden fluorescence-based HPLC
monitoring allows for the quantification of unmaedi and modified peptide species. As
the cytoplasmic membrane of bacteria has beenif@dehas the crucial barrier of cyclic
R-,W-rich hexapeptides, cell wall-deficient L-forbracteria derived fronk. coli (L-
WF+) andB. subtilis(L-170) where used in the uptake studies. In cbré@rperiments
without cells, unmodified peptidedg(13.6 min) could clearly be separated from
modified species which were characterised by higieéention times (Figure 20A,
bottom). Here, the large number of peaks aftertmaniline addition results from
peptide moieties modified to a different extentdstigation of peptide localisation in
L-WF+ and L-170 cells is shown in Figure 20B angresents the amount of

unmodified peptide that was not accessible forotméroaniline reaction.

The results obtained for the cyclic hexapeptideewssmpared to internalisation of
Fluos-buforin 1. Here, similar amounts of unmoedi peptide were found in control
preparations without and after o-nitroaniline treamt. Fluos-buforin Il was not
exposed to the modification reaction which confirmg findings from microscopy
studies where the control peptide did not accuraulathe membrane but translocated
into the cytoplasm (Figure 20B, Figure 19A). By trast, after 30 minutes treatment of
L-form bacteria with cR2[NBD] most of the cyclic pedes had reacted with
o-nitroaniline. This observation accounts for pegtiocalisation on the cell surface.
The fraction of unmodified cR2[NBD] (inaccessibl®rfchemical modification)
amounts to about 20% and 30% of total cell-boungtiges inE. coli L-WF+ and

B. subtilis L-170, respectively (Figure 20B). As we could rddtect any peptide-
fluorescence inside the cell with microscopy, weuldosuggest the unmodified species

to be inserted deeply into the lipid matrix of theecterial membrane (Figure 19B, C).
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Figure 20 Antimicrobial peptide uptake into cell wall-deficient L-form bacteria.
(A) Representative HPLC spectra of cR2[NBD] Bn subtilis L-170 cells without and after
o-nitroaniline treatment revealed different retenttimes for modified and unmodified peptide
species. Calibration experiments in TFA withoutscshowed identical retention profiles like
untreated peptides in uptake studies (data not ho(B) Quantification of unmodified
peptides: Fluos-buforin Il (left) and cR2[NBD] (hit) after 30 minutes incubation time. Black
bars: without o-nitroaniline (total amount of cafisociated peptides), grey bars: after
o-nitroaniline treatment (amount of peptides notcessible for modification). Peptide
concentration was 50 uM which was reported befaseMAC for Fluos-buforin Il and

cR2[NBD] (156).
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6.2.2.3 Peptide uptake in eukaryotic cells

The high specificity of R-,W-rich antimicrobial pigies for microorganism is based on
electrostatic interactions with the negatively deak membrane (99, 157). The
membrane of eukaryotic cells is mainly composed nelutral lipids, however,

extracellular matrix components, such as hepardfiatsuproteoglycan (HSPG), also
confer negative charge upon the surface (158, 1%Rithermore, the cyclic

hexapeptides obtain structural characteristics wmtaled cell penetrating peptides
(CPPs) which are also rich in arginine and ofterplapathic (160-162). Putative

translocation of the antimicrobial peptide was gs@dl in HelLa cells using fluorescence
microscopy. The viability of the population wastéss in the presence of cWFW,
cW[NBD]W and cR2[NBD], respectively (Figure 21). Weuld demonstrate that even

at high concentrations none of the cyclic hexapiesthad a toxic effect on HelLa cells.
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Figure 21 Viability of HelLa cells after antimicrobial peptide treatment. Cell viability was
determined using an MTT assay after incubation wlith cyclic hexapeptide derivatives at
50 uM for 30 minutes, 37 °C. 50% DMSO served asatieg control. Two independent
experiments were performed in triplicates. (ThebWity of HeLa cells in the presence of
cWFW has been reported before (103).)
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Analogous to CLSM experiments with. coli and B. subtilis peptide localisation in
HelLa cells was investigated with cW[NBD]W. The wellaracterised cell penetrating
peptide (CPP) penetratin was reported to be takeninto eukaryotic cells by
macropinocytosis and served as positive control3,(1664). Following peptide
incubation for one hour we could detect Fluos-petiet throughout the cells showing a
preference for nuclear accumulation (Figure 22prkstingly, treatment with the cyclic
hexapeptide also led to peptide uptake, which appe&owever, to be restricted to the
cytoplasm. The slightly spotty distribution of NBIdorescence points to an
accumulation of the peptide inside vesicular streg. Furthermore, membrane
integrity was verified with trypan blue stainingdinating that the cyclic hexapeptide
translocates into HelLa cells by a non-permeabdisirechanism. Hence, the uptake of
the antimicrobial peptide into eukaryotic cellsc@mparable to other arginine-rich cell

penetrating peptides and is also suggested todsllzm endocytotic mechanisms.

Fluos-penetratin

cW[NBD]W

-

Figure 22 Peptide translocation into HelLa cellsLive adherent cells were incubated for
one hour at 37 °C with 5 uM Fluos-penetratin (tow)and 40 uM cW[NBD]W (bottom row),
respectively. (A) Trypan blue staining (red) waglaga to visualise membrane integrity of
intact cells, (B) peptide fluorescence and (C) reeBgale bar represents 20 um.
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6.2.3 Peptide-membrane interaction

High membrane activity has been described for RiglV-antimicrobial peptides and is
consistent with previous studies on cWFW interactiath model membrane systems
which showed deep insertion of the hydrophobictelusto the lipid bilayer (71, 150).
Also, investigations on peptide uptake into baeterells confirmed the cytoplasmic
membrane as target structure but revealed tharttimicrobial mechanism of action is
not based on translocation into the cytoplasm (féidiP). Hence, we suggest c(WFW
exerts its antimicrobial action by direct interaatiwith certain membrane components.
As we could detect distinct peptide accumulatiothatseptum and poles Bf subtilis
further studies on the mechanism of action weragsed on specific peptide interaction
with the lipid bilayer. The negatively charged pbloslipid cardiolipin (CL) is found in
the membrane of nearly all bacteria (165). Dugd@onical shape it has been shown to
accumulate in membrane regions with high curvastrain, i.e. cell septa and poles,
and has been attributed a role in cell divisioncpsses (111, 166). Based on these
observations we reasoned that potential interast@incWFW with cardiolipin might
contribute to peptide activity (156).

6.2.3.1 Peptide-cardiolipin interaction in vitro

Peptide-lipid interaction was first studied on mlodeembrane systems. Isothermal
titration calorimetry (ITC) was used to determirne taffinity of c WFW to different
bilayers mimicking the lipid composition of bacerimembranes (Figure 23). LUVs
based on POPE (phosphatidylethanolamine) were dopéith 25% POPG
(phosphatidylglycerol) and 12.5% CL (net charge, -Bspectively, to generate
liposomes with identical surface charge. In additipeptide binding was assessed to
LUVs made fromE. coli lipid extract. Vesicles from POPC, the predominigmt in
eukaryotic membranes, served as control. For apptepfitting of the experimental
data, a lipid accessibility factor 0.5 was applied for POPE/POPG and POPC/CL
liposomes assuming that only lipids in the outeflét of the bilayer are involved in
peptide binding (134).
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Figure 23 Thermodynamic characterisation of cWFW bnding to model membranes of
different lipid compositions. LUVs (56 mM POPE/CL, 10 mM POPE/POPG dadcoli lipid
extract) were titrated into 40 pM cWFW solution28t°C. (A) Representative thermograms of
the corresponding ITC titration experiments: diffietial heating powerAp, versus time,
POPE/CL (87.5/12.5 mol%) (top) and POPE/POPG (75i28%) (bottom). (B) Isotherms of
peptide adsorption to negatively charged POPE-bdipedomes: integrated and normalised
heat of reactiorQ versus lipid/peptide molar ratio, POPE/CL (cir¢lésft ordinate),E. coli
extract (triangles, left ordinate) and POPE/POR{bidses, right ordinate). Solid lines represent
best fits to experimental data in terms of a swfgartition equilibrium modulated by
electrostatic effects (134).
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However, cWFW adsorption to POPE/CL systems cooldbe characterised with this
accessibility parameter. Good curve fitting wasyoatchieved withy=1 (with fit
goodness given as sum of squared deviatiah€Q (J/mol) = 3.84x18 for y=1,
compared ta&4°Q (J/mol) = 1.37x18 for y=0.5) suggesting that lipids from both sides
of the bilayer contribute to the interaction witWgWw.

The thermodynamic parameters for peptide adsorptiahe different lipid systems are
presented in Table 2. Binding of cWFW to all invgated bilayers resulted in an
exothermic reaction which is characteristic for rbeame partitioning of amphipathic
organic molecules and small cyclic peptides (1658)1In general, detected binding
constants in the range of 20l ™ reflect strong peptide interactions with the lipiatrix.
However, with Ko=5.5x1d M partitioning of cWFW into CL-containing POPE
vesicles was more than 10- to 50-fold higher comegbdéo the POPE/POPG system and
also POPC-based liposomes. Peptide adsorptiof. twli lipid extract was slightly
reduced compared to POPE/CL vesicles (Figure 23C).

Table 2 Thermodynamic parameters for cWFW interacton with different model
membrane systems derived from ITC experimentsHydrophobic partition coefficientkp),
Gibbs free energyAG°®), enthalpy AH°), entropic contribution to membrane partitioning
(- TASO).

o N Ko AG® AH° -TAS®
Lipid composition L

M 7] [kd/mol] [kJ/mol] [kJ/mol]

POPE/CL (87.5/12.5 mol%) 5.5x10 -54.1 -12.0 -42.1

POPE/POPG (75/25 mol%) 3.7%10 -47.4 5.1 -42.3

E. coli extract 8.8x10 -49.6 -16.7 -32.9

POPC/CL (87.5/12.5 mol%) 1.4x90 -45.0 -24.3 -20.7
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The high affinity of cWFW to the bacterial model migranes is related to a highly
negative Gibbs free energ&G°, which is the result of both, favourable enthagmd
entropy changes, i.e. heat release and entropgaser (Table 2). Nonetheless, the
entropic impact (FAS®) for cWFW adsorption to POPE agd coli extract vesicles was
found to be considerably higher than the enthalpe AH°). Thus, cWFW partitioning
into the investigated lipid systems is an entrogyeh process based on the
hydrophobic effect which is determined by the reé¢e@f water molecules from the
hydrophobic side chains of the peptide (169). Gieréng AH° values, the negative
enthalpy change was more pronounced for all CLaioirtg vesicles compared to the
POPE/PG system. Taken together, the high affinitgWFW towards the POPE/CL
matrix is based on a pronounced entropic contiaoutif peptide binding to the POPE

systems and a favourable change in enthalpy foin€raction (Table 2).

6.2.3.2 Peptide-cardiolipin interaction in vivo

Further investigations on specific interaction bedw cWFW and cardiolipin in live
cells were based on fluorescence microscopy. Detectf CL microdomains in the
membrane oB. subtiliswas achieved with NAO staining (Figure 24). Theofescent

probe emits at 525 nm upon binding to negativelsgirgad phospholipids in general,
while a red shift towards 640 nm is induced onlpmugpecific interaction with CL due
to tighter stacking of NAO molecules (126, 127).

In untreated cells CL domains could be observeteapoles and septa (Figure 24C, top
row). However, incubation oB. subtilis with the antimicrobial hexapeptide cWFW
resulted in a significant decrease in NAO fluoreseeintensity when analysed with
identical intensity settings. Even after approgriahage processing there was hardly
any CL staining detectable at 640 nm (Figure 24dltoln row). As the fluorescence
signal at 525 nm was also strongly reduced, NAQlibop to other negatively charged
lipids was also affected. This suggests that cWR8Verely interferes with the

organisation of the lipid matrix vivo.
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untreated

+ C(WFW

Figure 24 Influence of cWFW on cardiolipin distribution. Cardiolipin-specific staining in

B. subtilis168 membranes was performed with NAO in untreated obmells (top) and after
peptide incubation with 12M cWFW (bottom). (A) Bright-field, (B) NAO fluoresmce at
525 nm (corresponds to binding to negatively charljgids) and (C) NAO fluorescence at
640 nm (corresponds to specific interaction with). GQlintreated cells show distinct staining of
cardiolipin at the septum and polar regions of ¢eds. A strong decrease in fluorescence
intensity was observed in the presence of the &rial peptide cWFW in both fluorescence
channels (insets showing pictures processed wihtichl intensity settings as applied for
control cells). CL staining was performed in dugti&s, representative images of at least two
independent experiments are shown.

6.2.3.3 Peptide activity against Bacillus mutants

In order to elucidate putative target structurecWFW, we tested the antimicrobial
activity of the cyclic hexapeptide against diffaremutant strains derived from
B. subtilis In this context, genetic depletions affecting rbeame lipids, cytoskeleton
proteins, peptidoglycan synthesis (autolysins) eeldl division were investigatedhn

overview of the mutant strains with a descriptiénheir phenotype and respective MIC

values observed for cWFW treatment are given inerab
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With respect to the antimicrobial activity detectied B. subtilisDMS 347, the same
MICs were also observed for the other wild typaissB. subtilis168 andB. subtilis
168 ED. The latter holds the genetic backgroundd uee the generation of the
cytoskeleton mutants. However, in the presence GfmM MgSQ in the growth

medium peptide activity againBt subtilis168 was reduced.

Regarding the lipid mutant strains, the depletibreardiolipin or PE in the bacterial
membrane did not result in increased resistancarstsvcWFW. Also, lack of MprF

which normally catalyses the synthesis of positivelcharged lysosyl-

phosphatidylglycerol (LPG), leading to reduced acefcharged, did not alter sensitivity
to C(WFW (109). These observations indicate thahoalgh peptide adsorption to the
membrane surface is based on initial electrostateractions, the high antimicrobial
activity of c(WFW appears to be independent of thesence of specific lipid head

groups.

The bacterial actin-homologues MreB, Mbl and Mre8&td required for cell elongation
and peptidoglycan synthesis (110, 170). As theespwnding cytoskeleton mutants are
genetically based oB. subtilis168 ED they require addition of 20 mM Mg3@ the
growth medium. Single mutationarfireB (1), Ambl (1) andAmreBH (1)) did not affect
peptide activity, however, deletion of two or difée MreB isologues led to increased
sensitivity. The highest peptide activity was oledr for the MreC-mutant. The
peripheral membrane protein MreC was suggested ridge intracellular MreB
molecules to extracellular peptidoglycan synth€sigl). Mutants lacking MreC have
lost control over cell shape which results in aespldal phenotype (108, 172). The
different MICs observed for the cytoskeleton muttnains indicate that the presence of
MgSQ, in the growth medium reduces the effective peptidacentration which is
caused by chelating sulfate ions that interact \thih arginine side chains rather than

shielding of the negative bacterial surface witkipee magnesium ions.
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Table 3 Antimicrobial activity of cWFW against mutant strains derived from B. subtilis

Peptide activity (MIC) was tested in triplicateslimee independent experiments.

Strain Description MIC [uM]
Wild type

B. subtilis168 wit 6

B. subtilis168 (Mg) wt grown in the presence of 20 mM Mg$O 25

B. subtilis168 ED wt (requires 20 mM MgSP 25
Lipid mutants

B. subtilisACL (3) cardiolipin deficient, normal growth 6
B. subtilisAPE PE deficient, normal growth 6
B. subtilisAdes slower adaptation of fluidity upon cold shock 6
B. subtilisAmprF increased negative surface charge 6
Cytoskeleton mutants*

B. subtilisAmreB(1) impaired lateral cell wall synthesis 25
B. subtilisAmbl (1) mpared I'_a;fé""s'ycs‘igr‘r’]"a” synthesis, 25

B. subtilisAmreBH (1) impaired lateral cell wall synthesis 25
B. subtilismreB (only) impaired lateral cell wall synthesis 21
B. subtilismbl (only) impaired lateral cell wall synthesis 12
B. subtilismreBH (only)  impaired lateral cell wall synthesis 12

o subtlsamers) o e cel ual apiness spreroga cels
o.subilsamie el eytres sphercalcels
Autolysin mutants

B. subtilisAlytE normal growth, narrow cells 6
B. subtilisAcwlO disordered growth, uncontrolled cell width 12
B. subtilisAlytF normal growth 12
B. subtilisAlytABC normal growth 12

*Based on genetic background of B. subtilis 168 Edguire 20 mM MgSgin growth medium.
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Next, peptide effect on cell wall turnover was ¢esin Bacillus autolysin mutants
(Table 3). The endopeptidase activity of the majaolysins LytE and CwlO along the
lateral cell wall was reported to be crucial forll celongation (173). Like the
antimicrobial peptide cWFW, LytF is localised a¢ thepta and poles B subtilisand is
involved in separation of daughter cells (174). Phatein complex composed of LytA,
LytB and LytC was attributed a role in cell mo#li175, 176). While the MIC found
for B. subtilis AlytE was unchanged compared to wild type cells, deletib CwlO
resulted in a slightly more resistant phenotypecWhivas also observed in mutants
lacking LytF and LytABC, respectively. These datggest that cWFW affects the cell
wall machinery irB. subtilis

6.2.3.4 Peptide-induced protein expression

As sensitivity testing in mutant strains did noteal putative peptide interaction with
specific target structures, further investigatiammcentrated on evaluating bacterial
stress mechanisms after treatment with cWFW. Thegsiplogical response of

B. subtilistowards antibiotic stress can be deduced fronptbeeome and was recently
reported to correlate with the antimicrobial medblamof action (177, 178). Therefore,
a collaboration project with the group of Julia Baw at the Ruhr University, Bochum
(Department of Biology of Microorganisms) was essded which was aimed at

elucidating cWFW-induced stress signals by proteqmofiling.

Proteins induced at least two-fold in response WF@/ treatment are designated
marker proteins (Figure 25). An overview of ther80st strongly upregulated proteins
is given in Table 4. The functions of these pratecould be classified into the
following categories: cell envelope, cell wall, maane, energy limitation and
oxidative as well as general stress (177). Uprdigmaf phage shock protein A (PspA)
and NAD synthase (NadE), specific markers for memérdamage (136), points to the
membrane lipid bilayer as target of c(WFW which @ngistent with our previous
findings from uptake studies (Figure 19, Figure.2Djterference with cell wall

synthesis is reflected by induction of LiaH. Altlgbuits exact function is unknown,

protein expression was reported to respond to wall-specific antibiotics, such as
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daptomycin, which interfere with the membrane-bosteps of peptidoglycan synthesis
(179, 180). However, as other significant marketgins for membrane-bound cell wall
synthesis were not upregulated in the presenceMiFW, a direct influence of the

cyclic hexapeptide on the bacterial cell wall isgrsed to be unlikely.

In addition to NadE, further proteins involved ineegy metabolism were induced in
response to c(WFW. Citrate synthase (CitZ) catalykesfirst step in the citric acid
cycle which delivers reduction equivalents to tlespiratory chain, while NfrA and
YwrO are stress-induced oxidoreductases involvedléatron transport. Upregulation
of these proteins point to peptide-induced enenmgytdtion in B. subtiliswhich might
be caused by impairment of cell respiration. Inoadance with these observations, also
elevated levels of proteins induced upon oxidasivess were found, such as YdbD and

thiol peroxidase (Tpx).
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Figure 25 Cytosolic proteome analysis dB. subtilis 168 in response to cWFW treatment.
Overlay of protein synthesis profiles obtained fraB-PAGE after antibiotic treatment (false-
coloured red) and untreated control preparatiotsgfaoloured green): upregulated proteins
appear red, downregulated proteins appear greeteips with unchanged expression levels
appear yellow. Peptide concentration was 8 pM. &sprtative data from three independent
replicate experiments are shown. Gel evaluationacasmplished with Decodon Delta 2D 4.1.
(136).
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Table 4 Marker proteins identified in B. subtilis 168 stress response to c(WFW treatment.
Protein functions are derived fro&ubtWiki (181).

. Induction Protein function Functional
Protein factor category
YdbD 19.4 similar to manganese-containing catalase oxidative stress
4-hydroxy-3-methylbut-2-enyl diphosphate
IspH 19.0 reductase; part of MEP pathway of membrane
isoprenoid biosynthesis
LiaH 16.6 similar to phage shock protein cell wall
RacX 12.0 ?mmo'amd racemase, involved in biofilm cell wall, biofilm
ormation
NadE 11.0 NAD synthase energy
YceC 9.9 similar to tellurium resistance protein cell envelope,
general stress
PspA 9.5 phage shock protein A homologue membrane
YviB 9.0 unknown cell envelope
GsiB 8.4 general stress protein general stress
FosB 8.3 baqllI|th|oI-S-transferase, fosfomycin cell envelope
resistance
YgkF 7.7 similar to oxidoreductase energy
YoxD 71 similar to 3-oxoacyl-acyl-carrier protein membrane
reductase
YWD 6.2 general stress protein, required for riboso Me neral stress
y ’ dimerization in the stationary phase g
Ythp 59 S|m|Ia_tr to ABC transporter (ATP-binding cell envelope
protein)
YihM 58 similar to epoxide hydrolase, general stressell envelope,
' protein general stress
FMN-containing NADPH-linked
NirA S nitro/flavin reductase energy
YdaG 5.6 general stress protein general stress
CloC 54 ATPase subunit of the ATP-dependent | general stress,
P ' ClpC-ClpP protease heat shock
- general stress,
Dps 5.2 general stress protein, iron storage prote iron metabolism
ClpP 48 ATP-dependent Clp protease proteolytic | general stress,

heat shock

subunit (class Il heat-shock protein)
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, Induction Protein function Functional
Protein factor category
YwrO 4.3 similar to NAD(P)H oxidoreductase energy
DItA 4.2 D-a_LIa_nyI-D_-alanln(_e carrier protein ligase, cell wall
antimicrobial peptide resistance
Tpx 4.1 thiol peroxidase oxidative stress
YpuA 4.0 unknown cell wall
. chaperone,
GroEL 3.9 chaperonin heat shock
AcsA 3.7 acetyl-CoA synthetase membrane
Citz 3.5 citrate synthase energy
negative regulator of scoC expression, gene regulation,
SalA 3.5 g :
derepresses subtilisin proteolysis
YidA 34 similar to 3-oxoacyl-acyl-carrier protein membrane
reductase
LuxS 3.4 | Sibosylhomocysteine lyase, swarming, | i piofilm
biofilm formation, methionine salvage

Proteome analysis further revealed bacterial atlaptatrategies upon contact with
antimicrobial agents. Firstly, the proteins Ispldetgl-CoA synthetase (AcsA), YjdA
and YoxD were found upregulated which play an ingoar role in fatty acid
biosynthesis. These findings are of particular ingowce as they indicate that c WFW
induces changes in the lipid composition of thaysl, a resistance mechanism that has
been described before for antimicrobial peptidatireent (182).

Also, adaptation to antibiotics can be achievednogification of the bacterial cell wall.
This was observed by upregulation of DItA and RaeXich leads to enhanced
production of lipoteichoic acid and D-alanylatioh the cell wall. Both mechanisms
have also been reported in the development of baktesistance to daptomycin,
vancomycin and telavancin (183-185). Furthermorag)Ris also involved in biofilm

formation, a survival strategy which is frequendgnployed by Bacillus species to
spatially evade stress conditions.
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Subsequently, the cWFW-induced proteome responsB. isubtilis 168 cells was

compared to protein upregulation observed afteatitnent with well-characterised
antibiotic compounds (Table 5). As a large numbanarker proteins have previously
been identified to be specific for certain mechansisof action, mutual expression
patterns could be indicative of the putative anthmibial mechanism of the cyclic
hexapeptide cWFW (177). Most matches in proteinfilp were found for

gramicidin S, gallidermin and valinomycin. All tlreantibiotics are highly membrane
active and although they act by different mechasisyh action, their antimicrobial

activity is based on integration into the bilayerthwut pore-formation, such as
observed for cWFW treatment (186-188).

Table 5 Comparison of cWFW-induced protein expressin with proteomic response to
membrane targeting antibiotics. Matches in proteomic profiling refer to the 10 mios
induced most upon cWFW responseairsubtilis168.

Protein YdbD IspH LiaH RacX NadE YceC PspA YvIB GsiB FosB
cWFW X X X X X X X X X X
Gramicidin S X X X X X X X X
Gallidermin X X X X X

Valinomycin X X X X X
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6.2.3.5 Peptide influence on energy metabolism

From proteome analysis in response to c(WFW tredtraieth comparison with protein
profiles from conventional antibiotic compounds, wan deduce a cWFW-related
influence on bacterial energy metabolism and mensrstress. Therefore, further
studies focussed on peptide-induced energy depletimd changes in lipid bilayer

composition.

First, membrane depolarisation was investigated thi¢ potential-sensitive fluorophore
DISC3(5) (Figure 26A). After addition of the cyclic hepeptide to the cells we
observed a strong fluorescence signal indicatingidradissipation of membrane
potential which increased with higher peptide coticgions. Membrane depolarisation
at 6 uM (MIC) c(WFW appeared to be transient, algioDiSG(5) fluorescence did not

return to baseline within 20 minutes.
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Figure 26 Peptide influence on energy metabolism . subtilis (A) Concentration
dependent dissipation of membrane potential deterthivith DiISG(5). Untreated cells were
used as control (dotted line); (B) Peptide-inducdthnges in intracellular ATP levels
compared to untreated control cells (100% ATP); @apsation of membrane potential was
dependent on peptide concentration and consistémreduced ATP amounts.
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Peptide treatment at 2MIC, however, resulted in a pronounced and coimgu
dissipation of membrane potential. In accordancth wthese observations, we could
detect a concentration-dependent reduction in daethadar ATP levels (Figure 26B).
Incubation with cWFW at 2 MIC led to a decrease of 50% compared to untrezetsl
while peptide concentrations at the MIC did noeeffATP levels.

6.2.3.6 Peptide influence on membrane fluidity

Peptide influence on the composition of the lipikdyer was investigated by measuring
membrane fluidity (Figure 27). The small environmsensitive probe Laurdan
integrates into the bilayer and changes its flumrrse properties depending on polarity.
Increased membrane fluidity is associated with déiglipid mobility and subsequent
enhanced interaction with surrounding water mokesubhich enables indirect analysis
of membrane composition. First, B. subtilis cellsrevtreated with the solvent benzyl
alcohol (BA) which highly increases membrane fltydand served as positive control
(Figure 27A) (189).

On the contrary, cWFW incubation at the MIC strgnigdduced the fluidity of the lipid
matrix. Furthermore, kinetic studies revealed thmEptide-induced decrease in
membrane fluidity proceeds very fast (within 2 ntes) and remains stable. Treatment
with benzyl alcohol, however, led to changes indily at a slower rate reaching

maximum fluidity only after about 10 minutes (Figl27B).

We were further interested to investigate the impadcWFW on cells with different
degrees of membrane fluidity (Figure 28). For fhuspose we used the auxotrophic
lipid strainB. subtilisAbkdwhich cannot synthesise branched fatty acid chayrisself
but requires addition of particular lipid precursto the growth medium in order to
build up membrane lipids (190). Depending on tha&llprecursor only distinct kinds of
fatty acids can be produced which enables artifioiedulation of the native membrane
fluidity. For addition of isovalerate (1V), isobuste (IB), methylbutyrate (MB) and an
equimolar mixture of all precursors, membrane flyidan be postulated with regard to

the chain properties of the corresponding fattds€iFigure 13, page 51).
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Figure 27 Peptide influence on membrane fluidity inwild type B. subtilis GP values for
Laurdan fluorescence were calculated as measurmeavhbrane fluidity: high GP values
represent low fluidity. (A) Membrane fluidity deted after 10 minutes in untreated cells
compared to treatment with 50 mM benzyl alcohol {Bsitive control) and 6 pM cWFW,
respectively; (B) Kinetic analysis of peptide-inédocchanges in Laurdan fluorescence.

IV and IB precursors lead to synthesis of acyl ohavith odd and even numbers of
carbon atoms, respectively, with branching at &s¢ position (iso). In the case of MB,
however, acyl chains are produced which are brahahéhe penultimate C-atom (ante)
(138). According to Laurdan measurements with Baxiwild type, fluidity of the
different membrane compositions®f subtilisAbkdwas studied after peptide treatment
(Figure 28). Membrane fluidity in untreated celtdldwed the order MB > mix > IB >
IV which was consistent with our previous predintibased on length and branching
position of the acyl chains (Figure 13). Additioh@uM cWFW to the mutant cells
strongly reduced membrane fluidity as observed vold type cells. However,
independent of the initial lipid composition, thetent to which the fluidity was
decreased was the same for all membrane systenfect)rmembrane fluidity of cells
grown in the presence of MB was the same afterigepreatment compared to
untreated wild type cells. These observations intipat the cells are challenged by the

fast and strong change in fluidity.
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Figure 28 Peptide influence orB. subtilis Abkd mutants with altered membrane fluidity.
Membrane fluidity derived from Laurdan fluoresceneuntreated cells and after incubation
with 6 pM cWFW for 10 minutesB. subtilis Abkd cells were grown with isovalerate (1V),
isobutyrate (IB), 2-methylbutyrate (MB) or an eqoiar mixture of all lipid precursors (mix).
Representative data from three independent expetaage shown.

Nevertheless, in the case @&. subtilis Abkd grown with isovalerate (IV) the
antimicrobial activity of cWFW was increased (Table The membrane of these cells
was slightly less fluid in the native state compate wild type. Hence, although the
peptide-induced reduction in fluidity is the samaemore ordered lipid matrix might
render the cells more sensitive in the first pladeese data suggest that the level of

membrane fluidity plays a role in antimicrobial fidp activity.

Table 6 Antimicrobial activity of cWFW in B. subtilis Abkd mutants with different degrees
of membrane fluidity.

MIC [uM] Abkd + IV Abkd + 1B Abkd + MB Abkd + mix

CWFW 15 6 6 6
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6.2.3.7 Lipid demixing (phase separation)

Our studies on membrane fluidity B subtiliswild type cells as well as mutant strains
confirm the severe impact of c WFW on the physicebpprties of the bacterial
membrane. These data are also supported by thikssrebtained from investigation of
peptide interaction cardiolipin (Figure 24). Aroeti al. have demonstrated before that
treatment with R-,W-rich cyclic hexapeptides resuitlipid demixing and enhances the
phase transition temperature of PE/PG bilayers. (Bhjs led to the assumption that
cWFW induces the formation of distinct lipid domsialsoin vivo. In this context, we
analysed the lipid arrangement B subtiliswild type cells after peptide incubation

with the membrane dye Nile Red (Figure 29).

untreated + c(WFW

Figure 29 Peptide-induced phase separation iB. subtilis 168. Cells were incubated with

6 uM cWFW for 30 minutes followed by brief membrasgining with Nile Red. While
untreated cells (left column) exhibited uniformtdizution of the fluorescent probe, continuous
membrane patches with enhanced Nile Red intengtg \detected after peptide addition. Scale
bar represents 2 pm.
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Untreated cells displayed uniform membrane staimiifpout obvious preference for
certain lipid microdomains. However, in about 30%ab investigated cells, treatment
with cWFW led to visible separation into membramag¢cpes which differed in Nile Red
intensity. Enhanced fluorescence was detected iedlyan regions close to the septum
and at the poles. As reported by Stratlal (108), strong accumulation of Nile Red is
facilitated in membrane regions with higher fluydithich confirms our previous results

from peptide-induced changes in Laurdan fluoreseenc

6.2.3.8 Peptide influence on protein localisation

Peptide-induced energy depletion and severe limcthixing suggests that cWFW
interaction with the lipid bilayer interferes withe localisation and/or functionality of

membrane-associated proteins (Figure 30-32).

To study the influence of the antimicrobial peptategeneral membrane topology, we
investigated peripheral and integral membrane pretehich are affected by membrane
composition (Figure 30-1). The protein MinD depemtsmembrane fluidity and was
shown to dissociate from the membrane with dectkasembrane potential (191).
Moreover, a fluorescent fusion construct of the roeme-bound amphipathic helix of
MinD (GFP-MinDah) resides in regions with increaskddity (RIFs) (108). Further
studies involved localisation of AtpA which is thatalytic subunit of the enzyme ATP
synthase. It is one of the most abundant proteinB.isubtilisand is found evenly
distributed within in the cytoplasmic membrane (L19%hile the proton motive force is
necessary to drive ATP synthesis across the memptacalisation of the protein is
independent of the membrane potential.

Incubation ofB. subtiliscells with the antimicrobial peptide c WFW had aese impact
on the distribution of MinDah as well as AtpA (Figu30-1). The amphipathic helix of
MinD was found accumulated in distinct patches g@ldhe membrane while the
fluorescence was lower in adjacent regions. Conteéfiects were observed in the case
of GFP-labelled AtpA. Here, addition of the peptidel to the formation of lateral

membrane areas which were completely devoid optbtein.
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GFP-MinDah AtpA-GFP

- cWFW

+ cWFW

Figure 30-1 Influence of cWFW on protein localisatbn in B. subtilis Distribution of
fluorescent proteins after 30 minutes peptide iatiob. (A) Peripheral (MinDah) and integral
(AtpA) membrane proteins. Scale bar represents 2 um

We further investigated the cellular distributionflaorescent fusion proteins which are
associated with bacterial cell growth, division arhromosome segregation,
respectively (Figures 30-2, 30-3). The bacteriabskeleton proteins MreB and Mbl
appear in membrane-associated foci in untreatdd @gbure 30-2B). Incubation with
the cyclic hexapeptide caused minor changes inepropatterns as GFP-MreB
fluorescence was slightly decreased and more umijodistributed inside the cells.
GFP-Mbl, however, was found more pronounced ingide membrane compared to
control preparations. By contrast, the cytoplasdigtribution of fluorescence fusion

proteins MreBH and MreC was not altered upon peptidatment.

The membrane-associated proteins FtsZ, FtsA, SegPhp2B play an important role
in bacterial cell division. FtsA and SepF were méga to tether FtsZ to the membrane
which then polymerises and builds the scaffoldsigptum formation (193, 194). Pbp2B
is part of the cell wall machinery which newly dyesizes peptidoglycan at the division
plane. Treatment of the cells with cWFW resultedi@localisation of all investigated
division proteins to more or less extent (Figure28). The prominent accumulation at
the division plane was shifted to a rather cytapliasdistribution in the case of FtsZ,
FtsA and Pbp2B. The most striking peptide-inducHdces were observed for SepF.
The native protein localisation at the septum wasetely abolished and replaced by

the appearance of bright foci irregularly spreadrdaiie membrane.
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GFP-MreB GFP-Mbl

- CWFW

+ cWFW

YFP MreBH

- CWFW

+ cWFW

GFP-FtsZ YFP-FtsA

- CWFW

+ cWFW

- CWFW

+ cWFW

Figure 30-2 Influence of cWFW on protein localisatbn in B. subtilis Distribution of
fluorescent proteins after 30 minutes peptide iatiob. (B) Elongasome proteins (involved in
cell growth) and (C) divisome proteins (involvedcigll division). Scale bar represents 2 um.
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The DNA binding proteins Hbs, Spo0J and DnaN avelired in DNA replication and
chromosome segregation during cell division whictargntees equal distribution of
genetic information among the two daughter celB5¢197). Treatment of the bacteria
with the antimicrobial peptide did not change tbealisation pattern of those proteins
(Figure 30-3D). This suggests that DNA repair reseois not directly involved in the
activity of CWFW.

By contrast, the proteins of the Min-system (Min@iNC and DivIVA) are usually
restricted to the septum and poles and are redgentr correct positioning of the
division plane in the middle of the bacterial qdl98, 199) (Figure 30-3E). Following
peptide treatment, however, protein-associatedrdamence was enhanced throughout
the cytoplasm. This points to reduced membraneraot®ns of MinD, MinC and
DivIVA and is suggested to be related to peptidbioed rearrangement of lipid

domains.

Altogether, we proposed that the strong phase aBparin the cytoplasmic membrane
and the severe reduction in membrane fluidity afiteatment with cWFW lead to a
significant delocalisation of membrane-associatestgins which eventually impairs

their functionality.
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Figure 30-3 Influence of cWFW on protein localisatbn in B. subtilis Distribution of
fluorescent proteins after 30 minutes peptide iatiob. (D) DNA binding proteins, (E) Min-
system proteins (positioning of the division plar#&gale bar represents 2 pm.
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7 Discussion

7.1  Structure and activity

The aim of this study was to shed light on themarmtiobial mechanism of action of the
synthetic cyclic hexapeptide cWFW. Previous inggion revealed high selective
activity against Gram positive and Gram negativls @nd strong peptide interaction
with lipid bilayers which is based on the amphipatimature of the molecule.

Furthermore, comparison of this class of hexapeptidnd respective enantiomeric
all-D-amino acid analogues showed nearly idenfzaperties with regard to activity
profile and membrane binding which rules out stepeacific, protein-mediated

interactions (70). From these results we would hanaposed a rather general killing
mechanism, such as disruption of bacterial memistawhich is independent of the
presence of specific components of the cell enweloplowever, membrane
permeabilisation, as most common mechanism of matib cationic antimicrobial

peptides, could not be detected (119).

Investigation of linear K-/R- and W-rich peptiddsosied that the high abundance of
these amino acid residues favours insertion intidoiel membranes and accumulation
of several of these compounds in the cytoplasm )(2@h the other hand, the
conformationally restrained flexibility of the sidbains in cyclic peptides was observed
to increase the uptake efficiency of R-rich pepidato eukaryotic cells (201).
Considering these observations, we were interdstat/estigate putative translocation
of cWFW into the cytoplasm and interaction with ppbolipids of the bilayer which
were reported crucial steps in alternative mechmasisf antimicrobial action (80, 202).
To this end, the cyclic hexapeptide had to be nwedlificcording to the technical
requirements of the analytical methods.

In order to be applicable, the properties of the peptide derivatives on cellular and
model membrane level need to be as similar aspessimpared to those of the parent
structure cWFW. These include high antimicrobidhaty, specificity for bacteria over

eukaryotic cells and the non-permeabilising medrarof action.
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Earlier research on the cyclic hexapeptide hadaledea strong impact of certain
structural modification on overall peptide charastes (70, 101, 146). For example,
introduction of the highly hydrophobic chromopharaphtylalanine into the aromatic
cluster induced strong haemolysis of red bloodscelthile insertion of the less
hydrophobic tyrosine side chain reduced peptidiactin addition, an increase in ring
size led to permeabilisation of the membrane. Altleese effects can be related to
differences in the effective hydrophobicity andnte, the amphipathic character of the
molecule. Corresponding deviations from the pageeytide cWFW are reflected in

changes in CD-spectra and retention behaviour mi@ted with reversed phase HPLC.

Fluorescent analogues of c(WFW were synthesisedagtication in confocal laser
scanning microscopy to determine peptide locabsain live cells. Further uptake
studies according to an HPLC-based approach esheabli by Oehlke et al. (120)
additionally required the substitution of arginimesidues by lysine to enable
modification of cell surface-bound peptides withnitroaniline. The new cyclic
hexapeptide derivatives were compared to the paeptide cWFW with regard to their

biological activity and biophysical properties.

Introduction of carboxyfluorescein proved to beuiteble as fluorescent marker as we
observed strong reduction of antimicrobial actiwtigich correlates with an increase in
hydrophobicity/amphipathicity reflected by higheetion times. This is in accordance
with unpublished investigations on model membramese carboxyfluorescein-bearing
hexapeptides showed a tendency to induce membrammeepbilisation. Surprisingly,
the haemolytic effect was low. Hence, opposite atéfeon cellular level and bilayer
systems underline the complexity of peptide-memdbrateractionn vivo and suggest

that the lipid matrix is not the only determinamipieptide activity.

On the other hand, peptide properties were lessctaidl after labelling with the
fluorophores coumarin and NBD, respectively. Ndweldss, while the antimicrobial
activity was conserved, we found a slight increes@ndesired haemolytic activity.
Although the overall hydrophobicity was similar¢&/FW, CD spectroscopy revealed
distinct changes in secondary structure in aqueolugion, especially after introduction
of NBD. Interestingly, in interaction with membranmemicking POPG liposomes and
SDS micelles, peptide conformations were highlyilsimwhich underlines the high
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potential of the cyclic hexapeptides in the attetopassume an amphipathic structure.
With respect to investigation on the mechanismrainaicrobial action, the coumarin-
labelled peptides induced slight permeabilisatiérihe bilayer in Gram positive and
Gram negative cells while perturbation of membriaegrity was considered negligible

for the NBD-containing peptides (Figure 18).

In the case of arginine-lysine exchange, peptidpgnties were determined by the site
of substitution. Here, the best antimicrobial atyiwas obtained for cKkRK which did
not permeabilise the bacterial membrane. Althodgjistructure in the lipid-bound state
was identical to the parent peptide cWFW, lysinbssitution reduced the effective
hydrophobicity of the molecule which could accotmt reduced interactions with the

bacterial membrane as reflected by higher MIC value

Taken together, all chemical modifications appliedhe hexapeptide ring reduced the
antimicrobial activity (Table 1). However, NBD-ldleg and double lysine substitution
at the edge of the polar cluster were found to gmes the non-permeabilising
mechanism of antimicrobial action which is consaiethe most important feature
considering the suitability of a peptide derivata® tool for subsequent translocation
studies. As the spectral characteristics of the NBIBbmophore were reported to be
sensitive to the environment (152, 203, 204), wagared the fluorescence properties
of cW[NBD]W and cR2[NBD] (Figure 17). In generahet quantum yield of NBD is
reported to be considerably low in aqueous solstiamd further decreases with
increased polarity of the environment (205). Deddctluorescence spectra revealed
identical emission maxima for both peptides, howeue the case of cR2[NBD] the
fluorescence intensity was slightly higher. Thiteef can be attributed to the impact of
the lysine side chains which render the peptidgalvkess polar compared to a cluster

of three arginine residues (206).

To conclude, with regard to antimicrobial activiggll selectivity and mechanism of
action, the cyclic hexapeptide analogues cW[NBD]WH aR2[NBD] showed the
highest congruency with the parent structure andewehosen for subsequent

investigations on the translocation ability of c WFW
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7.2  Peptide translocation

In order to investigate a putative translocationtttg antimicrobial peptide into the

cytoplasm of bacteria, we studied the localisatbthe fluorescent-labelled derivative
cW[NBD]W in live cells using confocal laser scangimicroscopy (Figure 19). For the
membrane-translocating antimicrobial peptide bufoli, which served as positive

control, we could detect rapid uptake into the pldem as reported before (155). No
accumulation in the membrane was observed whichoeaBrmed by our results from

HPLC studies (Figure 20). These findings are coasiswith earlier investigations of

buforin 1l interaction with negative PG/PC and PB/Pnodel membranes which

revealed low binding constants with about 2XID" (207). In contrast, the majority of

the NBD-labelled peptide molecules strongly accuatad in the cell membrane which
was reflected in the large difference between thmunt of non-modified peptide

moieties detected after o-nitroaniline modificatimmpared to unmodified cR2[NBD]

in control preparations without chemical modificati(Figure 20B). Overall interaction

of the cyclic hexapeptide with the bacterial membravas 4- to 5-fold higher compared
to buforin Il. As we did not observe peptide traasition into the cytoplasm with

fluorescence microscopy even after one hour inecoiathe non-modified peptides

detected in HPLC experiments after o-nitroanilimeatment are suggested to be
membrane-bound. This in turn would account for deegertion of the cyclic

hexapeptide into the lipid bilayer.

As mentioned above, the biological activity of tlikeorescent-labelled peptide
derivative was reduced compared to cWFW which mightonnected to slower initial
adsorption to the bacterial surface. However, syeset steps involved in the
mechanism of antimicrobial killing are based oromstr peptide interaction with the
cytoplasmic membrane which could be confirmed egetastructure of cW[NBD]W by
microscopy and HPLC. The small cyclic antibioticpttanycin has been shown to
perturb bacterial membranes by formation of oligomstructures that span the entire
membrane (208). Furthermore, studies on the mestmanf action of lactoferricin-B
peptides, R- and W-rich tritrpticin and indolicidievealed interference with lipid
bilayer structures in a way which might be suffitti€or spontaneous peptide crossing
(209).
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To what extent the cyclic hexapeptide cWFW andl@svatives are able to integrate
into the lipid matrix or even diffuse to the inrleaflet remains to be elucidated.

The differences found for peptide accumulation aptake between both types of
L-form cells are proposed to be related to membranenposition. While the
cytoplasmic membrane @&. subtilisis highly negative, with about 70 mol% PG and
only 20 mol% of neutral PE lipids, the oppositeiaatf phospholipids is found in
E. coli membranes (70mol% PE, 25 mol% PG). This would @aatdor stronger
electrostatic interaction of the cationic hexapdgptvith the surface of Bacillus cells (7,
165). In addition, both types of bacteria contaibow 5% negatively charged
cardiolipin. Due to their conical structure, CL aaldo PE, induce negative curvature
strain in the membrane, hence, they preferentrabyde at the poles and the division
septum (7, 92). The observed accumulation of therélscence-labelled peptide in
exactly these regions might be indicative of faéaied integration into less densely
packed lipid bilayer domains induced by curvatuteais. In addition, specific
interaction with cardiolipin microdomains might pla role which is discussed below in
detail (111, 127, 208).

R- and W-rich antimicrobial peptides were shownbt highly specific for bacterial
membranes based on the strong electrostatic ainact the negative lipid head groups
(99). However, recent studies elucidate the dugityabf many amphipathic structures
to possess both, antimicrobial and cell penetrairaperties (162, 210). These cell
penetrating peptides are able to cross the memimfaaakaryotic cells which renders
them highly useful tools for intracellular drug ery approaches (211, 212).
Translocation into eukaryotic cells has also rdgebeen described for some other
cyclic peptides (213). Therefore, we investigatdte tputative uptake of the
antimicrobial hexapeptide cW[NBD]W into HelLa celis,order to address membrane-
related differences in peptide interaction withludal surfaces. As reported before for
cWFW, the fluorescent-labelled peptide derivatida@snot influence cell viability even
at high concentrations (Figure 21). Regarding jpeplibcalisation, in contrast . coli
and B. subtilis where cW[NBD] strongly accumulated in the memlerawe now

observed peptide translocation into the cytoplabieba cells (Figure 22).
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The combination of antimicrobial and cell penetrgtproperties can be considered of
great potential considering treatment of intradatlubacterial infections, such as
described forListeria monocytogene@14). In this context, preliminary experiments
were performed which confirmed reduction of baetefdbad in mouse macrophages

after incubation with the cyclic hexapeptide cWFWvigublished data).

7.3 Peptide-membrane interaction

Based on the fact that we observed distinct pe@temulation at the poles and septa
of B. subtilis cells, we proposed a specific interaction of cWRkWth the anionic
phospholipid cardiolipin which is located in thesgions (111, 215). Elevated levels of
CL have been suggested to be involved in bacteggstance towards the lipopeptide
antibiotic daptomycin (208). Hence, a putative clingeptide-lipid interaction might be
responsible for the high antimicrobial activity @VFW. Binding studies based on ITC
revealed preferred interaction of the cyclic hexaigle with CL-doped POPE liposomes
with binding constants over ten times higher thamseoved for all other lipid
compositions tested (Figure 23C). This binding & determined by electrostatic
interactions with a particular lipid head groupves observed reduced peptide affinity
in the presence of POPG. Moreover, peptide intenaatith POPE-based systems and
E. coli extract was accompanied by a highly favourablenghan entropy reflecting a
pronounced hydrophobic effect which accounts foepdand stable partitioning of
CWFW into those bilayers (Table 2). In contrastPOPC and POPG which generate
stable bilayers, a characteristic feature of thespholipids POPE and CL is their
tendency to induce negative curvature strain whighears to be essential for managing
the lipid packing constraints at the septa and @45-217). Contribution of PE and
CL to bacterial cell division has been illustratadseveral studies and the formation of
lipid domains seems to be involved in the recruittnef functional assembly of
membrane proteins (for review see Matsumetaal. (92)). In fact, the binding affinity
of the division plane regulators MinD and MInE teetE. coli membrane has been
shown to be dependent on the anionic phospholpidand PG (218).
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From these results we would deduce that peptiggaation with bacterial membranes
and model bilayer systems is favoured in regiog Imegative curvature strain. These
regions are characterised by distinct lipid andtgano compositions and have been
described in lipid raft models for eukaryotic adlvas bacterial membranes (219).

In accordance with this assumption, we observearseunpact of cWFW on CL
staining in live bacteria (Figure 24). In untreaRdsubtiliscells, the specific dye NAO
revealed polar and septal localisation of the phobpid similar to what has been
shown in previous publications (166). Addition dfet antimicrobial hexapeptide,
however, strongly reduced NAO fluorescence to atergxwhere it was hardly
detectable anymore. Recently, Arouri et al. regbde cyclohexapeptide-induced lipid
demixing which was accompanied by an increase efniain lipid phase transition
temperature of PE/PG bilayers (90). Therefore, mi@tklipid separation by cWFW and
subsequent rearrangement of pre-existing functionarodomains might lead to

reduced NAO interaction with the bacterial membrane

The hypothesis that the mechanism of action of cWiBWhdependent of interaction
with certain phospholipid head groups was suppottgdour activity studies on
B. subtilisderived mutants with impaired membrane compongrable 3). Here, cells
lacking PE or CL did not exhibit altered sensiffvitowards the antimicrobial
hexapeptide which indicates that their functiothie bilayer can be taken over by other
lipids (220). Furthermore, changes in surface ahaigvestigated with the mprF-
deficient mutant strain, appeared to have no effecpeptide activity. Overall, studies
on peptide activity again&. subtilismutants did not reveal significant changes in MIC
values which would have been indicative of cWFVWiattion with specific membrane-
associated target structures. Only the cytoskeletotantAmreC appeared to be more
susceptible than the wild type strdn subtilis168 ED with a reduction in MIC from
25 uM to 6 pM. The bacterial cytoskeleton proteiref@ was proposed to be involved
in the spatial organisation of cell wall syntheas it constitutes a scaffold for the
assembly of peptidoglycan synthases (172). Theeprdg also referred to as “cell shape
regulator” as MreC-deficient strains are charasegtiby a spheroidal phenotype. Again,
the assembly of membrane lipids in these cells @vbel based on high curvature strain
which might favour cWFW integration into the lipidatrix and facilitate subsequent

steps in the antimicrobial mechanism of action.
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In order to get more insight into potential cellus&ructures involved in cWFW action a
proteomics-based approach was applied. As bacsdreds response mechanisms have
been associated with treatment of certain antibi@gents, changes in protein
expression can be indicative of the underlying rme@m of action (139, 221). The
proteins found upregulated in response to the cywixapeptide can be classified into
the functional categories of cell envelope/cell lwakll membrane, oxidative and
general stress as well as energy limitation (FidbeTable 4). These results confirm
the high membrane activity of cWFW and are conststeith our previous findings
from localisation studies. The highly upregulatedtgin LiaH is one of five specific
marker proteins which indicate inhibition of memteabound peptidoglycan synthesis
(221). However, as none of the other signatureeprstwas upregulated a direct
interaction of cWFW with cell wall synthesis compaits is proposed to be unlikely. In
fact, peptide perturbation of the cytoplasmic meambr organisation might
subsequently lead to interference with membraneess®d lipid Il synthesis as
suggested by Wenzekt al. (105). In accordance with this consideration, fres
studies on cell wall-deficient L-form bacteria didt reveal significant differences of
peptide activity compared to normal cells (138)rther evidence of the mechanism of
action of the cyclic hexapeptide was deduced frioeimduction of proteins involved in
fatty acid biosynthesis, as observed for IspH, Ypabetyl-CoA synthase (AcsA) and
YjdA (Table 4).Strong upregulation especially of IspH, which igtpaf the MEP
pathway for isoprenoid synthesis, indicates sewesdructuring of the fatty acid
composition of the bilayer upon cWFW binding to thembrane. Modification of the
hydrophobic chains of the phospholipids leads tanges in membrane fluidity and
thickness. This strategy is efficiently exploiteddacterial adaptation to cold shock and
has also been reported to play a role in defeneesigcertain antibiotic agents (19,
182, 222).

As the proteomic profile can provide informatioroabthe antimicrobial mechanism of
action, we compared the bacterial response tontesat with cWFW and membrane
active conventional antibiotics (Table 5). Most omeis of protein upregulation were
found for the cyclic decapeptide gramicidin S, taeatibiotic gallidermin and the
K*-selective ionophore valinomycin. These compounds by different mechanism

involving cell wall perturbation, binding to lipid and pore formation. However, they
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were all shown to integrate deeply into the lipitayer (83, 105, 188). The most
striking feature the antibiotics have in commontheir high ability to dissipate the
membrane potential. This is reflected by upregatatf the marker proteins NadE and
PspA which indicate interference with membrane gnitg and, moreover, they are
involved in the bacterial response to energy littota (105). Both proteins were also
strongly induced after treatment with the cyclicxéugeptide cWFW (Table 4).
Accordingly, we also found YdbD upregulated whicklicates severe oxidative stress.
This in turn can be caused by interference withréspiratory chain due to interruption
of electron transfer. Altogether, these findingsrppted us to investigate the influence
of cWFW on the energy metabolismBf subtiliscells.

It has been demonstrated before that the membratentfal is necessary for cell
division and also for localisation of membrane-agsed proteins (191). Using the
potential-sensitive fluorescent dye Di%®) we observed depolarisation of the
membrane in a concentration-dependent manner inatedgiafter cWFW addition

(Figure 26). Concordantly, intracellular ATP levels weredueed with increasing

peptide concentration. These findings indicate iBgant impact of the cyclic

hexapeptide on the bacterial energy metabolisnon§tdepolarisation of the membrane
potential has also been described for gramicidinh&@yever, already at sub-MIC
concentrations which suggests that this effect damg¢shecessarily lead to cell killing
(223). Hence, as c(WFW treatment at the MIC onlyttea transient dissipation of the
membrane potential, we would propose that depaliaois of the bacterial membrane is

involved but is not the basis of the hexapeptid@Bmicrobial activity.

Membrane depolarisation and energy limitation @sult from cation leakage through
small, transient pores in the bilayer or from iféegnce with components of the
electron transport chain. The involved protein ctexes are integral or peripheral
membrane proteins and were shown to be inhibiteddstain antimicrobial peptides
(224, 225). As previous studies on black lipid mesnles did not reveal cWFW-
induced ion flux (Oxana Krylova, FMP, unpublishedta), we reasoned that the
localisation and/or functionality of membrane pnesemight be impaired by peptide-
induced perturbation of the lipid order. Subsequenestigations showed a severe
decrease in membrane fluidity in the presence efdyclic hexapeptide (Figure 27).
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Kinetic analysis further revealed a permanent éffelsich set in immediately after
CWFW addition reaching the maximum within two miesit Under physiological
conditions, reduction of membrane fluidity as resgto physical and biological stress
conditions is a highly effective strategy to secunacterial viability (226, 227).
However, these adaptation mechanisms occur withionger time range. Further
studies onB. subtilis mutants Abkd) with different degrees of membrane fluidity
showed the same effect (Figure 28). Here, the extewhich fluidity was reduced was
the same observed for wild type cells, regardidshe initial membrane state. These
data suggest that the cells are not challengeddoyaal threshold of membrane fluidity
but by the degree of change. Hence, consideringspgee=d and the magnitude of
rigidification of the bilayer, we propose reductiohmembrane fluidity to be the basis
of the antimicrobial mechanism of action of thelxybexapeptide cWFW. This would

also account for the strong bactericidal effect.

Yet, the underlying principle of peptide-lipid inéetion remained elusive. In eukaryotic
cells, membrane-rigidifying cholesterol is incorpmd in order to respond to
environmental requirements (228). A comparable tionc of the antimicrobial
hexapeptide would impair the movement of fatty acigains and diffusion of
phospholipids through the bilayer and lead to agral reduced fluidity. As mentioned
before, cationic antimicrobial peptides and cyd¢lexapeptides were shown to cluster
anionic lipids and induce lipid demixing (89, 9@resumably, if cWFW induces lipid
demixing alsain vivo, this will lead to the formation of domains whidiffer in their

individual fluidity.

In order to visualise potential lipid domains waiséd liveB. subtiliscells with the

membrane dye Nile Red (Figure 29). The fluorescentansity of the dye has been
proposed to increase with membrane fluidity (108)¥act, after treatment with cWFW
we observed small, continuous membrane regions wgher Nile Red fluorescence
which account for more fluid domains. This, in tumplies that the observed cWFW-

induced reduction of membrane fluidity affects thajority of the bilayer.

100



Discussion

To assess the functional aspects of lipid demiang reduced bilayer fluidity, we
analysed the localisation of fluorescence-labelledmbrane-associated proteins in
B. subtilis(Figure 30-1-3). The distribution of the peripHemphipathic helix of MinD
(MinDah) and the F1-subunit of the ATP synthasepfdt which constitutes the
integral membrane domain of the respective protejoresents valuable information on
membrane topology (Figure 30-1). Binding of theiggeeral membrane protein MinD
to the bilayer has been shown to be facilitatechigyh membrane fluidity (229). This
would explain why, after cWFW treatment, the ampltjic helix was accumulated in
few lateral membrane patches which were sugge$tedeato bear a lower lipid order.
In contrast, AtpA was found distributed evenly asréthe membrane except for distinct
regions which were completely devoid of the prat€onsistent with our findings, the
ATP synthase has previously been identified in draadt rafts and was shown to be
excluded from more fluid membrane domains (230)esEhobservations confirm our
hypothesis that cWFW-induced phase separation l@aldsoad, continuous membrane

regions with decreased fluidity.

Furthermore, cWFW impact on phospholipid order vegpecially found to affect
components of the cell division machinery. Althoubke native, septal localisation of
the proteins FtsZ, FtsA and Pbp2B was not completeipaired, we observed
increasing protein-related fluorescence in the mgem (Figure 30-2). In contrast,
SepF, which has been demonstrated to be respof@itdégnment of FtsZ filaments to
the mid-cell area, was found heavily delocalisgubearing in bright irregular foci along
the membrane. SepF interaction with the bilayexcisomplished by an amphipathic
helix which prefers positively curved membranes dodower lipid density (193).
Therefore, subsequent formation of the Z-ring imray FtsZ, FtsA and Pbp2B, is
proposed to be disturbed by cWFW-induced local geann membrane fluidity.

Proper cell division is further accomplished by Mim-system which is responsible for
correct positioning of the cell division complexodalisation of the inhibitory complex
MinC/D is dependent on DivIVA. Treatment of thelsekith the antimicrobial peptide
resulted in detachment of DivIVA from the divisiplane and cytoplasmic distribution
which in turn is suggested to be responsible fer camplete delocalisation of MinC
(Figure 30-3).
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Multimeric DivIVA complexes are independent of @éntlipid moieties, however, they
were reported to target negatively curved membrnaggons (231-233). Membrane
binding, albeit indirectly, requires the presentdhe translocon ATPase SecA (234).
Taken into account that the bacterial secretionhim&gcy has been shown to depend on
anionic phospholipids (235), cWFW-induced lipid deimg would interfere not only
with SecA functionality but also with the Min-systewhich elucidates a potential

connection between phospholipid order and bacteeihdivision.
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8 Conclusion and outlook

The rationale behind the present study was to ddieithe mechanism of action of the
antimicrobial peptide cWFW. We could demonstratat tthe compound differs from
other antimicrobial peptides in that the highlyi@&nt mode of bacterial killing is
neither based on membrane permeabilisation noridgepranslocation into the
cytoplasm. However, we were able to confirm theoplgsmic membrane as major
target. Furthermore, the cyclic hexapeptide wasidoto exhibit severe impact on the
architecture of the lipid bilayer leading to massireduction in membrane fluidity. We
reason that disturbance of the lipid organisationthe bilayer certainly impairs
physiological microdomains (lipid rafts) which arenriched with a particular
composition of lipids and proteins (236). Maintecarof membrane heterogeneity is
considered vital for cellular processes involvimgnal transduction and secretion (219,
230). Consistently, we could demonstrate delodadisaof membrane proteins involved
in cell elongation and division which accounts floe complete growth arrest observed
within 30 minutes after peptide treatment. Therefove postulate peptide-induced lipid
demixing and accompanying reduction in fluiditylde the basis of a highly effective,
novel mechanism of antimicrobial action.

The obvious advantage of the cyclic hexapeptide WAME the high activity against
Gram positive and Gram negative bacteria which asedd on a rather unspecific
mechanism. As proposed by Epand and Epand (6) a&p&d rrearrangement of
phospholipids will not provide the bacteria withetbpportunity to adapt as too many
vital processes are impaired simultaneously. Tleeefthe antimicrobial peptide is
unlikely to provoke the development of bacteriaiseance. Against the background of
accelerated emergence of multi-resistant microosgas there is a pressing need to
explore novel approaches of antibiotic treatmenth\Vkegard to the dual ability of the
peptide to also penetrate human cells without texie-effects, cWFW represents an
eligible compound concerning an application in tfeatment of intracellular bacterial
infections. In this context, additional vitro andin vivo studies are intended in order to
investigate immune modulation and pharmacodynarnai@rpeters. Furthermore, the
compiled information on the relationship betweegygital and biological properties of

cWFW is of high importance in the design of newrardrobial peptides.
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10.3 Abbreviations

AMP
ATP

B. cereus
B. subtilis
BA
BCFA
BCKAD
BHI
BSA

CD
CFU/ml
CL
CLSM
ddH20
DiSC;(5)
DLS
DMSO
E. coli
EDTA
Ex/em
FACS
FCS
FDA
Fluos

GFP

Antimicrobial peptide
Adenosine triphosphate

Bacillus cereus

Bacillus subtilis
Benzyl alcohol
Branched chain fatty acid
Branched-chain keto acid dehydrogenase
Brain heart infusion
Bovine serum albumin
Circular dichroism
Colony forming units per mi
Cardiolipin
Confocal laser scanning microscopy
Double-distilled water
3,3-dipropylthiadicarbocyanine iodide
Differential light scattering
Dimethyl sulfoxide
Escherichia coli
Ethylenediaminetetraacetic acid
Excitation/emission wavelength
Fluorescence-activated cell sorting (flonooyétry)
Foetal calf serum
U.S. Food and Drug Administration
Carboxyfluorescein

Green fluorescent protein
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HPLC

HSPG

IPTG
LB
LPG
LPS
LTA
LUVs
MB
MIC
MRSA
MTT
NADH
NAO
NBD
P. aeruginosa
PDB
Pl
POPC
POPE
POPG
PR
PTFE
SDS

SUVs

High-performance liquid chromatography
Heparan sulfate proteoglycan
Isobutyrate
Isovalerate
Isopropylp-D-thiogalactopyranoside
Lysogeny broth
Lysylphosphatidylglycerol
Lipopolysaccharides
Lipoteichoic acids
Large unilamellar vesicles
2-methylbutyrate
Minimal inhibitory concentration
Methicillin-resistanStaphylococcus aureus
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tezaliumbromid
Nicotinamide adenine dinucleotide (reduced)
Nonyl acridine orange
Nitrobenzoxadiazole
Pseudomonas aeruginosa
Protein data bank
Propidium iodide
Phosphatidylcholine
Phosphatidylethanolamine
Phosphatidylglycerol
Pyrophosphate
Polytetrafluoroethylene
Sodium dodecyl sulfate

Small unilamellar vesicles
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TFA

TLR

tr

Tris
UPLC-MS

wt

Y. kristensenii

YFP

Trifluoroacetic acid
Toll-like receptor
Retention time

Tris(hydroxymethyl)aminomethane

Ultra-performance liquid chromatographydam mass-spectrometry

Wild type
Yersinia kristensenii
Yellow fluorescent protein

Wavelengthlambdg
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10.5 Conference contributions and project presentations

May 2015

December 2014

October 2014

July 2014

June 2014

November 2013

Gordon Research Conference/Seminar onmiartibial Peptides
“Basic and Translational Aspects”, Il Ciocco (ltaly

Oral Presentation & Postef“All Mixed up - A Novel Mechanism
of Action based on Phase Separation and MembraneityT)

Elected vice chair of GRS in 2017, GRS chair 2019

Centre for Bacterial Cell Biology (CH), Newcastle University,
Newcastle (UK), Institute Superlab Seminar Series

Oral Presentation(“*Comedy of Errors... or how to find the
mechanism of action of a small antimicrobial pegtjd

ICAR 2014 - “International Conferen@ Antimicrobial
Research”, Madrid (Spain)

Oral Presentation(“The X marks the spot: Investigations on the
site of action of a small cyclic antimicrobial piejat’)

AG Rolff - Evolutionsbiologie, FU Berlimvited speaker

Oral Presentation(“The X-marks the spot: Investigations on the
site of action of a small cyclic antimicrobial piejat’)

AMP 2014 - "4 International Symposium on Antimicrobial
Peptides”, Lorient (France)

Oral Presentation(*The X-marks the spot: Investigations on the
site of action of a small cyclic antimicrobial piejat’)

Poster(“The best of both worlds: investigating cyclictiamcrobial
peptides with cell penetrating properties”)

“Biomolecules and Synthetic Nanostines in Cells and Model
Systems: Experimental and Theoretical Studies“y Kigkraine)

Oral Presentation(“What Goes Around Comes Around - How
Chemical Modifications Influence the Antimicrobi&lctivity of
Small Cyclic Peptides”)
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October 2013

July 2013

February 2013

August 2012

June 2012

May 2012

EMBO/EMBL Symposium “New Approachesd adoncepts in
Microbiology”, Heidelberg (Germany)

Poster (“A Vicious Cycle ...or How to Elucidate the Mode of
Action of a Small Cyclic Peptide”)

FEMS 2013 - "5 International Congress of European
Microbiologists, Leipzig (Germany)

Poster (“A Vicious Cycle ...or How to Elucidate the Mode of
Action of a Small Cyclic Peptide”)

Gordon Research Conference/Seminakntimicrobial Peptides
“Discovery, Function and Application”, Ventura, GASA)

Oral Presentation & Poster(*A Vicious Cycle ...or How to
Elucidate the Mode of Action of a Small Cyclic Adpt)

IMAP - International Meeting on Antimobial Peptides
“Antimicrobial peptides as lead compounds to comatti-drug
resistant pathogens”, Leipzig (Germany)

Poster(“Lord of the Peptide Rings - A Small Cyclic Pegidnd its
Mode of Antimicrobial Action”)

AMP 2012 - '8 International Symposium on Antimicrobial
Peptides - "Today knowledge and future applicatiorslle
(France)

Poster & Oral Presentatioff‘Lord of the Peptide Rings - A Small
Cyclic Peptide and its Mode of Antimicrobial Actijn

Wissenschatftlicher Austausch der Arbeitsgen, FMP, Berlin
(Germany)

Oral Presentation(“Lord of the Peptide Rings - A Small Cyclic
Peptide and its Mode of Antimicrobial Action”)

128



Appendix

February 2012

September 2011

May 2011

May 2011

10.6 Awards

May 2015

June 2012

BAMP 2012 - International Scientifionference on Bacteriocins
and Antimicrobial Peptides, KoSice (Slovakia)

Oral Presentation(“Lord of the Peptide Rings - A Small Cyclic
Peptide and its Mode of Antimicrobial Action”)

T3aVIDC/FMP PhD Student Retreat, Liebenwalde (Germany)

Poster(*Small Cyclic Antimicrobial Peptides - Elucidatiaf their
Antibiotic Mode of Action”)

Campus Buch Symposium 2011, MDC, Berliar(@any)

Poster(“Small Cyclic Antimicrobial Peptides - Elucidatiasf their
Antibiotic Mode of Action”)

Peptide Vectors and Delivery of TheramsyfTallinn (Estonia)

Poster(“Small Cyclic Antimicrobial Peptides - Elucidatiof their
mode of action”)

Speed Lecture Award
XIIl. BIONNALE 2015, 3% place, Berlin (Germany)

“How to combat intracellular bacterial infections”

Poster Award

AMP 2012 - & International Symposium on Antimicrobial
Peptides - Lille (France)

“Lord of the Peptide Rings - A Small Cyclic Peptided its Mode
of Antimicrobial Action”
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