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Abstract

Antimicrobial peptides (AMPs) are an important group of innate immunity effectors, needed to

prevent or arrest microbial infections. In this thesis I describe an investigation on the modes of

action and structure activity relationships of different types of AMPs, in particular the proline-rich

bactenecins and β-defensins.  

The sequence of the bovine cathelicidin Bac7, a reference Pro-rich AMP, has suggested several

previous studies identifying the N-terminal region as responsible for the antimicrobial activity. To

search for the minimal entry sequence into bacteria, and to investigate whether this overlaps with

the minimal antimicrobial fragment a set of progressively shortened labelled N-terminal fragments

of Bac7 were synthesized and tested for their antibacterial activity and internalization capacity into

E. coli cells by flow cytometry and confocal microscopy. I confirmed the precise 16-residue

fragment which is still fully active and is efficiently internalized into cells. Further shortening leads

to a dramatic decrease of both functions. Furthermore it was found that a continuous chain is

required for transmembrane transport and/or antimicrobial activity. In addition I have worked to

determine the role of the two key N-terminal Arg residues of Bac7 on penetration of the outer

membrane and translocation through a putative inner membrane transporter i) synthesizing Bac7

analogues with systematically altered physico-chemical properties of first two Arg residues, ii)

using mutants of E.coli strains with deleted transport system or altered outer membrane

characteristics iii) testing their differential potencies and internalization efficiency by flow

cytometric assays and biological assay.

The results indicated that stereochemistry, charge and H-bonding all seem to be important

requirements for the activity and internalization of this Pro-rich AMPs. These are relevant to both

OM transit and the translocating role of inner membrane transporter, which was confirmed. These

studies have helped evaluate Bac7 as a potential anti-infective agent selective for Gram-negative

bacteria, as well as a possible vehicle for internalization of antibiotic cargo into these.

β-Defensins of various origins all show six highly conserved cysteines that form three S-S 

bridges to stabilize a β-sheet structure, suggesting a strong structure/activity relationship in their 

mode of action. Starting from the active and multimeric human β-defensin hBD3, I have 

synthesized a monomeric analogue that contains only the N-terminal α-helical stretch and one C-

terminal strand from this AMP, removing most of the β-sheet core. Its activity was compared with 

that of hBD3 and a monomeric full sequence primate variant hcBD3. The antimicrobial activity of

brevi-hBD3 was found to be comparable in potency to that of hBD3, but with significantly

increased bacterial permeabilization capacity and decreased haemolysis with respect to hBD3. It
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appears to have switched to a different killing mechanism. It helped define the role of the long,

amphipathic helical segment at the N-terminus of hBD3, a member of the -defensins which has a

robust antimicrobial activity and is therefore considered a potential lead for novel anti-infective

agents.

To study the interaction between antimicrobial peptides of interest to me and model

membranes I have used Surface Plasmon Resonance. I observed a disparate capacity of AMPs to

bind with membranes that can depend on very limited alterations in the peptides and have

confirmed SPR as a valuable tool for understanding the mode-of-action of AMPs.

Throughout by PhD project, I have also actively collaborated in several studies aimed at

understanding the modes of antimicrobial action and potential of different types of AMPs. In

collaboration with groups at the Universities of Chieti, Udine, and Split, I have had the opportunity

to study the roles of these AMPs against pathogens of cystic fibrosis or against the pathogenic alga

Prototheca, causing bovine mastitis, and contributed to the identification and characterization of

novel AMPs from teleosts and anurans. As these studies have resulted in publications of which I am

co-author, I have included these with a brief description of methods used and the principal results.
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1. INTRODUCTION

1.1 AMPs and Innate Immunity

The rapid increase of the antibiotics resistance phenomenon is one of the most

challenging problems in modern medicine. In fact, quite soon after the introduction of

antimicrobial drugs, bacteria began to exhibit an accelerated evolution towards resistant

strains and the ability to transfer resistance mechanism amongst species, so that most, if

not all, antibiotics available today are affected (Fernandez 2011).

The mechanisms underlying antibiotics resistance are numerous, including a reduced

permeability or uptake of drugs, an increased efflux activity, enzymatic inactivation of the

drug, alteration or over-expression of the drug’s target/s, or the suppression of enzymes

involved in pro-drug activation.

Consequently, there is nowadays an urgent need to develop novel antimicrobial agents

to cope with the antibiotic-resistance treat. One source of promising antibacterial

compounds is the vast number of gene-encoded antimicrobial peptides (AMPs)

endogenously produced as part of most organisms’ innate immune system.

Antimicrobial peptides, also known as host defence peptides (HDPs), are an abundant

group of molecules that are amply distributed in nature, from plants and insects to

vertebrate animals, including humans. They are an essential component of the innate

immune system for host defence against pathogenic agents of different types, and also to

control the host’s commensal microbial community (Zasloff 2002).

The innate immune system provides rapid and relatively non-specific defence

mechanisms against a wide range of potential pathogenic micro-organisms, including:

 Surface barriers or mucosal immunity: the skin cannot be penetrated by

most microbial organisms unless is nicked, scratched, or cut; external

fluids such as saliva, tears and nasal secretions, contain lysozyme, an

enzyme that degrades the cell walls of Gram positive bacteria; ciliary

action can mechanically expel pathogens from mucosal surfaces.



Chapter 1: Introduction

13

 Humoral components: the complement system, the coagulation system,

antimicrobial host defence peptides and other biological molecules such as

lactoferrin, transferrin, interferons, lysozyme, cytokines, lactic and fatty

acids, can all act to counter bacterial invasion and limit damage resulting

from injuries.

 Cellular components: dendritic cells, monocytes, macrophages,

granulocytes, and natural killer cells directly counter and remove microbial

invaders and can also act to alert adaptive immunity.

The innate immune system in general, and its antimicrobial peptide effectors in

particular, therefore represent an effective first line of defence against infection. In this

respect, it is not surprising that antimicrobial peptides are found in those parts of

vertebrate animals that are most in contact with pathogens from the environment, such as

the skin, eyes and gastric, respiratory and urogenital mucosal epithelial surfaces.

In vertebrates, including humans, that have the additional and highly sophisticated the

adaptive (or acquired) immune defences, they give this system sufficient time to mobilize.

The adaptive immune system is antigen specific and represents the immunological

memory. After an initial response of adaptive immunity to a specific pathogen, the

organism becomes able to recognize and to provide an enhanced response to subsequent

encounters with that same pathogen.

Innate and adaptive immune systems have a number of distinct features.

In the innate immunity, recognition of invading pathogens is generally by means of

‘Toll-like’ receptors (TLR), also termed “pattern recognition receptors” (PRRs). TLRs are

expressed on host immune cells, such as monocytes, macrophages and dendritic cells, but

also endothelial cells, epithelial cells, and fibroblasts (Janeway et al. 2002), (Schnare et

al. 2001), (Medzhitov & Janeway 2002). They have a relatively broad specificity, and are

able to recognize and rapidly responds to many molecular structures called “pathogen-

associated molecular patterns” (PAMPs), such as for example lipopolysaccharide,

peptidoglycan, lipoteichoic acid, bacterial DNA, RNA and glucans, that differ little from

one pathogen to another but are not found in the host.

The response is immediate and occurs through different pathways:

 Direct killing of pathogen by phagocytes

 Production of pro-inflammatory cytokines as alarm molecules

 Release of antimicrobial peptides
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In adaptive immunity, immunoglobulin-type receptors have very tight specificity; they are

capable of recognizing a particular epitope derived from proteins or other surface

components and reflect the individuality of the pathogen. These receptors are B-cell

(BCR) and T-cell (TCR) receptors for specific epitopes in exogenous antigens. The

response is however slow (3–5 days), but there is subsequently an “immunological

memory”, so that the system “remembers” an invasion by a particular pathogen and reacts

more rapidly on subsequent exposure.

Although these two arms of the immune system have distinct functions, there is a

constant interaction between them, and it has become apparent that AMPs, with their

different activities, can act at the interface between innate and adaptive immunity (Clark

& Kupper 2005).

1.2 HDPs: function and potential therapeutic applications

AMPs were discovered some 30 years ago, initially isolated from insect lymph, the

skin of frogs and mammalian neutrophils. Since then, thousands of cationic peptides have

been reported from numerous species, isolated from numerous organs and tissues such as

eyes, pancreas, oral mucosa and epithelium of respiratory and gastrointestinal tract in

mammalian species (Mangoni 2011).

Initially they were proposed as useful leads for anti-infective agents due mainly to

their direct, rapid antimicrobial activity against bacteria, fungi, eukaryotic parasites and/or

viruses. More recent studies are beginning to investigate several other potentially useful

biological properties of AMPs in modulating the immune response, such as their capacity

to act as ‘alarmins’ helping to recruit and activate other innate or adaptive defence

effectors. As a consequence, they are also termed ‘Host Defence Peptides’ (HDPs), which

better reflects this wider role in immunity.

Many factors suggest four important roles for HDPs in immunity: (Brown & Hancock

2006).

 Antimicrobial activity: within the cytoplasmic granules of phagocytes, and at the sites

of mucosal infections, they directly kill bacteria.

 Immune activation: at sites of infection, they can be chemotactic for effectors cells,

induce cytokine and chemokine release, stimulate mast cell degranulation and promote

wound healing.
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 Immune suppression: in the case of excessive tissue damage and inflammation, they

have been reported to suppress the transcription of proinflammatory cytokine genes,

prevent the release of toxic components, and induce the apoptosis of activated/

infected lymphocytes.

 Immune enhancement: they have been reported to induce cell differentiation of

monocytes, up-regulate co-stimulatory molecule expression, skew T-cell polarization.

As a result of these multifunctional properties (see Figure 1.1), there are many

potential clinical applications of HDPs as novel therapeutic agents, as follows: (Yeung et

al. 2011).

Figure 1.1 A schematic representation of the many potential biological roles of HDPs. (Taken from

Yeung et al. 2011.)
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For their immunomodulatory activities, the HDPs could be included as adjuvants to

improve the efficacy of vaccines, enhancing the recruitment of immune cells to the site of

immunization. In this manner the amount of antigen required for an immune response

should be reduced, and also the production costs. In addition, also the synthesis costs

should be reduced using short peptides, showing only the specific motifs.

- Immunostimulatory treatments often cause pro-inflammatory tissue damage. Some

HDPs, with their immune suppression capacity, could lead to a more balanced

inflammatory response.

- Some HDPs are also promising candidates as wound healing agents. In fact these

stimulate the expression of growth factors, cytokines in epithelial cells and keratinocytes,

enhancing re-epithelialization of wounds.

- HDPs could be used as drug carriers. The microbial membranes are a barrier for many

hydrophilic drugs, and membrane active antimicrobial peptides may act as cell-

penetrating peptides (CPPs) that could facilitate the transport of such molecules across the

membrane.

- The direct killing ability of AMPs could be exploited not only in the development of

antimicrobial agents, but also anti-cancer agents. Many types of cancer cells show an

increased negative charge on their membrane and so they could be a specific target for

these cationic peptides, with a selective toxicity with respect to normal cells. As

antimicrobial agents, AMPs, with their broad spectrum of activity, could constitute an

effective alternative to the conventional antibiotics in some contexts. Furthermore the

AMPs often have a wide spectrum of activity and variable mode of action, which is often

not well characterized, that includes both membrane permeabilization and self-promoted

uptake so as to interact with multiple intracellular targets. These several mechanisms of

action reduce the probability for the development of efficient and sustainable resistance

mechanisms by their microbial targets.

Nevertheless, the commercial development of these peptides has been quite limited.

There are many obstacles that retard the advance of HDPs as therapeutic agents, such as a

relatively high cytoxicity that limits systemic applications, and the poor bioavailability

and proteolytic stability to body proteases, characteristic of peptidic molecules in general

(Brogden & Brogden 2011).

In an attempt overcome these problems, researchers are developing peptidomimetics,

cyclotides, and AMP conjugates, and mostly limit their use as topic agents.
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Moreover, much effort is made to develop smaller and structurally simpler peptides, so

as to reduce the costs of production. It is evident that detailed structure-activity

relationship studies are becoming increasingly important in the optimization of peptides’

lengths and amino acid sequences, as well as to guide the design of non-peptidic

antimicrobial molecules that mimic their antimicrobial activity while presenting lower

production costs, reduced toxicity, improved bioavailability and increased resistance to

proteolytic degradation.

1.3 AMPs: structure and mode of action

AMPs from various species can differ markedly in size, amino acid sequence, structure

and biological functions. Nevertheless they have some common features. They are

generally small, cationic molecules (mostly 12-50 residues), often with several positively

charged arginine and/or lysine residues. They are gene-encoded, and often stored in

cytoplasmic granulocytes as inactive pro-peptides. In mammalian species, they are

typically synthesized as pre-propeptides consisting of an N-terminal signal region, a pro-

segment with other biological activities, such as the inhibition of mature peptides’ activity

until it is required, and a C-terminal peptide which becomes active only after proteolytic

release from the proregion (Bals 2000). Thus, the expression of functionally active AMPs

can depend on the presence of appropriate proteases. Constitutively produced, active

AMPs are rarer, and their presence is influenced by age and sexual maturation. In case of

injury or infection, their expression increases and this often involves signaling by pattern-

recognition receptors such as TLRs, or induction by specific cytokines (Lai & Gallo

2009).

AMPs are so structurally variable that they are difficult to categorize, but they can be

allocated to four classes based on their amino acid composition and/or conformational

characteristics (Figure 1.2)

 A very abundant and widespread class groups relatively short, linear peptides with an

amphipathic -helical domains. Well known examples are the insect cecropins (Otvos

2000), frog magainin (Bevins & Zasloff 1990) and the human cathelicidin peptide

LL37 or bovine cathelicidins BMAP-27 and BMAP-28 (Zanetti et al. 1990);
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 linear peptides with extended conformations and a preponderance of specific amino

acids, such as the proline and arginine rich bovine bactenecins, and tryptophan-rich

indolicidin, all if which are also cathelicidins;

 loop or -hairpin structures stabilized by 1 or 2 disulphide bonds, such as the

invertebrate tachyplesins (Muta et al. 1990) or porcine protegrins;

 small -sheet structures stabilized by 3 or more disulfide bridges, for example the

fungal, plant, invertebrate and vertebrate defensins (Lehrer 2007 ), (Zhu 2007);

Figure 1.2 Common secondary structure conformations of HDPs. Adapted from Tossi & Sandri 2000.
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Peptides with such different sequences and structures also evidently have different

target sites or mechanism of action. Nevertheless, they often show similar modes of

action in the initial steps leading to microbial inactivation, that include an electrostatic

interaction between these cationic molecules and negatively charged components on

microbial surfaces, such as for example the anionic phospholipids of bacterial membranes

in general, the phosphate groups on Gram-negative lipopolysaccharides (LPS) or the

teichoic acids of Gram-positive bacteria (Brogden 2005). During the subsequent steps, the

peptides can show a multimodal mechanism of action (Figure 1.3). In most cases they act

to disrupt membrane integrity, leading to cellular inactivation in this manner. In certain

less common cases, peptides can cross the membrane by self-promoted uptake

mechanism that does not require membrane permeabilization, and subsequently target

intracellular components, in a manner that blocks essential metabolic processes

(Mookherjee & Hancock 2007).

With respect to the membranolytic activity, two principal mechanisms have been

proposed on the basis of the position of peptide relative to the membrane surface: the

carpet model and toroidal-pore model (Figure1.3). In the “carpet model” the peptides

distributes parallel to the membrane surface forming a “carpet”, and act essentially as a

detergent, disrupting the bilayer. In the “toroidal-pore model” the peptides inserted into

the membrane and induce the lipid monolayer to bend onto itself forming worm-hole-like

pores (Matsuzaki 1999). Many other hypotheses have been put forward, for example the

membrane destabilization could be caused by peptides with imperfect amphiphilic

arrangement (interfacial activity model) or by aggregated peptides (sinking slit model) or

side by side, aggregated peptides that form a ribbon-like lesion (leaky slit model)

(Bocchinfuso et al. 2011).

Nonetheless, despite many years of intensive studies, the exact mechanism of

membrane perturbation is still unclear. In any case the scrambling lipid distribution in the

bilayer can alter the membrane stability and membrane-protein functions; the creation of

pores, channels, holes or otherwise less defined lesions would cause a leakage of essential

cytoplasmic contents and membrane depolarization. In addition, once peptides arrive at

the membrane or into the intracellular space, they can affect critical targets leading to

microbial cell death, for instance inducing a degradation of the cell wall by induction of

hydrolases or inhibiting cell-wall synthesis apparatus, or interfering with nucleic-acid and

protein synthesis or metabolic enzymatic activity (Brogden 2005), (Zasloff 2002).



Chapter 1: Introduction

20

Figure 1.3 Mechanisms of peptide insertion and membrane permeability. Adapted from Brogden 2005.
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1.4 PR-AMPs: Proline-rich Antimicrobial Peptides.

The term “PR-AMPs” relates to antimicrobial peptides with a linear, extended

structure and a primary sequence particularly rich in proline and arginine residues

(Scocchi et al. 2011). Mammalian PR-AMPs belong to the cathelicidin family of

antimicrobial peptides. Cathelicidins were so named on the basis of the well conserved

N-terminal pro-region; the cathelin-like domain, which is followed by a highly variable,

C-terminal, antimicrobial peptide domain that becomes active peptide only after

proteolytic release from the pro-region (Figure 1.4).

Figure 1.4 Schematic representation of a member of the cathelicidin family.

PR-AMPs have been found in both invertebrate and vertebrate species. Some were

isolates from insects, apidaecins being the earliest (Casteels et al. 1989), or from

amphibians, as an instance PR-bombesin (Li et al. 2006), and also in crustaceans

(Schnapp et al. 1996) and mollusks (Gueguen et al. 2009). Several others were identified

in mammals, such as the bovine peptides Bac5 and Bac7 (Gennaro et al. 2002). It is

unlikely that mammalian and invertebrate PR-AMPs are evolutionarily related, but

nevertheless they show many common features, suggesting that they are a case of

convergent evolution to AMPs with similar structural and functional characteristics

(Scocchi et al. 2011):

 they all have a high content of proline residues (from 25% to 50%)
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 they all have a high content of arginine residues resulting in a net positive charge

 unlike most other AMPs, they all act via a non-lytic mechanism of action

Apart from the similar, unusual aminoacid composition as invertebrate peptides,

mammalian PR-AMPs tend to be arranged in short repeated motifs of the type PPRX or

PRPX where X is often a hydrophobic residue. While most AMPs act via a lytic-

mechanism, interacting initially with microbial cell wall components and then inserting

into the bacterial membrane, leading to its disruption, PR-AMPs translocate across the

membrane without apparent damage to it. The membranolytic mechanism, for example of

helical AMPs, is due to a non-specific interaction of their amphipathic structure with the

membrane, so that usually the all-D enantiomers exert a similar antimicrobial activity as

the all-L enantiomers. Conversely, all-D PR-AMP analogues display a significant, if not

total, loss of activity. This suggests a mechanism of action which involves a more specific

(possibly stereoselective) interaction of the peptides either with the membrane transporter

(as they are non-lytic), or with the internal targets which they inhibit; quite possibly both

processes require a stereospecific interaction by the peptides (Scocchi et al. 2011). The

fact that they tend to display a quite narrow activity spectrum, centered on Gram-negative

bacterial species, can presumably be due to the requirement that a microorganism express

both the transporter and internal target/s with structures recognizable by the peptide. This

requirement likely also underlines their exceptional low toxicity towards host cells, which

are devoid of both the prokaryotic transporter and target/s.

1.5 PR-AMPs: primary sequences

PR-AMPs were identified in several invertebrates and vertebrates as part of the

cathelicidin family of AMPs, but exclusively in the artiodactyl order mammals. Analyses

of the primary sequences and gene structure indicate that vertebrate and invertebrate PR-

AMPs are not evolutionarily related, while the high content of proline and arginine

residues, and the presence of similar repeated motifs suggest that they are the product of

convergent evolution (Scocchi et al. 2011).

PR-AMPs isolated from insects can be divided into short-chain and long-chain

peptides (Bulet et al. 1999) (Table I). The short-chain group includes peptides with 15-20

residues, and comprises apidaecins, drosocin, and pyrrhocoricin. The apidaecins, isolates

from the lymph fluid of honeybees (Casteels P, 1989) and other hymenoptera (Otvos

2002), show a highly conserved stretch of eight residues at the C-terminus, and an RP or
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PRP motif in the N-terminal region (Gobbo et al. 2009). Drosocin, a 19-residue peptide

isolated from Drosophila melanogaster (Bulet et al 1993), presents three repeats of the

PRP motif. Pyrrhocoricin, deriving from the hemypteran insect Pyrrhocoris apterus, is

similar to drosocin, including the presence of an O-glycosidic substitution at the level of a

conserved, centrally located threonine residue, which is a common feature to some long

chain invertebrate PR-AMPs. In this group, the sequences are characterized by a

PFNPK/N motif at the C-terminus (Gennaro et al. 2002). PR-AMPs were also found in

other invertebrates, such as crabs (Schnapp et al. 1996) and shrimps (Destoumieux et al.

2000). However, these peptides often also have cysteine residues involved in disulfide

bonds, and likely have a different mechanism of action and microbial targets.

Several PR-AMPs have been isolated from mammals. The first to be identified and

isolated from bovine neutrophils were named “bactenecins”, and specifically Bac5 and

Bac7 from their size (Gennaro et al. 1989). They were later augmented by a putative

pseudogene containing for a third bovine PR-AMP, Bac4 (Scocchi et al. 1998). Several

orthologues of these PR-AMPs were identified in cow, sheep and goat (Shamova et al.

1999). A PR-AMP called PR-39, with a length of 39 residues (Agerberth et al. 1991), was

isolated from pig leucocytes, and may be an orthologue of the bovine bactenecins.

Subsequently, other less clearly related PR-AMPs, the prophenins, were also found in pig,

(Pungercar et al. 1993) along with a further pseudogene (Zhu S et al. 2009 ).

Mammalian PR-AMP sequences are characterized by tandem repeat motifs (Figure

1.5). The Bac5 consists of 43 residues and includes 9 tandem repeat of the tetramer of the

type XPPY, where X is most often a arginine residue and Y an hydrophobic residue

(Frank et al. 1990). PR-39 shows 7 tandem repeats of the tetramer X1PPY1 where X1 is a

hydrophobic residue and Y1 is mostly an arginine (Agerberth et al. 1991). Bac7 comprises

60 residues containing 3 tandem repeats of a tetradecamer made up of PRP triplets spaced

by a hydrophobic residue (Frank et al. 1990), (Gennaro et al. 2002).

The high content of proline residues evidently reflects on their secondary structure,

which is incompatible with α-helical or β-sheet conformations. Studies on Bac5 and PR-

39 using circular dichroism and NMR spectroscopy has indicated the presence of a

polyproline type II conformation (Cabiaux et al. 1994), (Raj et al. 1995).
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Figure 1.5 Sequences of the Pro-rich mammalian peptides PR-39, Bac5 and Bac7, presented so as to
highlight their respective internal repeat motifs, XPPY for PR39 and Bac7 . Adapted from Gennaro et al
2002.

1.6 SAR studies on the mammalian PR-AMPs.

The singular primary structures of PR-AMPs have encouraged a number of

structure/activity relationship (SAR) studies aimed at dissecting the role of different

regions, tandem repeats and specific residues in defining their activity, and to identify the

shortest active fragments. These studies coincide in indicating the N-terminal region of

the peptides as being primarily responsible for the antimicrobial activity (Skerlavaj et al.

1999), (Tokunaga et al. 2001). In fact, it has been observed that shortening peptides from

N-terminus, such as in the fragment Bac7(29-56) which comprises two tandem

tetradecamer repeats, or in the Bac5(19-43), PR-39(25-39) or PR-39(11-26) fragments,

the antimicrobial activity is significantly decreased or abrogated (Gennaro et al. 1994),

(Gennaro et al. 2002). Conversely, shortening from the C-terminus results in fragments

of just the first 15 residues for Bac5 and PR-39, and 16 residues for Bac7, that still

display a significant antimicrobial activity (Benincasa et al. 2004), (Tokunaga et al.

2001). In fact, removing just a very few of the N-terminal arginine residues common to

Bac5 and Bac7, such as in the fragments Bac5(4-23), Bac7(5-23) and also longer and

quite highly cationic Bac7(5-35), aslo results in inactive peptides. One can indeed

observe a gadual decrease in activity of Bac5(1-23) by stepwise removal of the first three
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residues, while adding one or two arginine to the N-terminus, the antimicrobial activity

increases from 2 to 8-fold. The specific presence of Arg residues seems important, rather

than just the positive charge or polarity, as substitution of the three N-terminal arginine

residues in PR-39(1-15) with three lysine or asparagine residues leads to decresed

activity (Chan et al. 2001). Also the substitution of six arginines with lysines in Bac5(1-

23) drastically reduces the activity (Tokunaga et al. 2001). In addition, other residues

within the sequence, at specific positions, may be important for the antimicrobial activity.

In PR-39(1-15) alterations and/or permutations of the sequence result in a reduced

activity (Chan et al. 2001).

In conclusion SAR studies indicate that the N-terminal region, the presence of arginine

residues at N-terminus (sometimes called the ‘N-cap’) and a certain minimum peptide

chain length, are all essential elements in the antimicrobial activity of mammalians PR-

AMPs.

1.7 Bac7: SAR studies and mode of action

In this PhD thesis the attention is focused on the Bac7, one of the most studied of the

mammalian PR-AMPs. It is a linear peptide of 60-residues, originally isolated from

bovine neutrophils (Gennaro et al. 1989). The sequence is characterized by a high content

of both proline and arginine residues (Pro 45.7% and Arg 31,4 % respectively). It shows a

highly cationic, Arg-rich N-terminal region, followed by three somewhat more

hydrophobic tandem repeats of 14 residues, and it is generally composed of repeated PRP

triplets from position 15 to 56 (Figure1.6).

Figure 1.6 Schematic representation of Bac7 sequence.
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Bac7 is synthesized as a pre-propeptide; after removal of the signal sequence, it is

stored in the granules of bovine neutrophils as the inactive precursor, and the active

antimicrobial peptide is released only after proteolytic cleavage by elastase, upon external

stimuli (Zanetti et al. 1990), (Scocchi et al. 1992).

Bac7 shows selective antimicrobial activity against Gram-negative species such as E.

coli, S. typhimurium, K. pneumoniae, and E. cloacae (Gennaro et al. 1989). It inhibits the

growth of some strains of Pseudomonas aeruginosa only, and is active against a panel of

Gram-negative, antibiotic-resistant clinical isolates (Benincasa et al. 2004). In addition, it

neutralizes the human herpes simplex virus (Zerial et al. 1987).

Numerous studies were conducted to better understand the exact mechanism of action

and to dissect the role of different region in the sequence (see Figure 1.7).

Figure 1.7 Sequence of Bac7 and schematic representation of antimicrobially active and less active
fragments. 1) The sequence comprises a cationic N-terminal stretch followed by three tandem repeats; 2-4)
for the all-L peptide, the N-terminal fragments 1-35 and 1-23 are as active as the parent sequence, and down
to 1- 16 residues maintain activity at low micromolar concentrations, via a non-membranolytic mechanism;
5) N-terminal fragments shorter than 15 residues are inactive; 6) The so called ‘N-cap’ (RRIR, pink
cilinder) is required for activity; 7) the central repeat region of the all-L peptide is inactive, but 8) some
antimicrobial activity can be recovered by grafting the N-cap onto it; 9) All-D enantiomers of the active
region (hashed cylinders) are inactive at lower concentrations.

These studies were realized by using overlapping synthetic peptide fragments covering

the whole sequence of the natural peptides, to investigate the role of different regions.

From these studies it is evident that the antimicrobially active domains generally

correspond with specific segments of the peptides. A portion of the N-terminal region is

essential and sufficient for antimicrobial activity. In fact, shortening from the C-terminus,

the Bac7(1-35) and Bac7(1-23) fragments showed activities comparable to that of the

native peptide. The shortest fragment maintaining antimicrobial activity includes the first
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16 residues of the N-terminal sequence. Removing a further arginine residue from the C-

terminus of Bac7(1-16) however abrogates activity (Benincasa et al. 2004). Furthermore,

the removal of the first four residues at the N-terminus (the “N-cap”) led to a drastic

decrease in activity irrespective of fragment length, indicating that it exerts an essential

role. Surprisingly, the tandem repeats seem to have a less essential, accessory role. The

Bac7(29-56) fragment, which includes two tandem repeats, is inactive, while adding the

N-cap RRIR sequence to its N-terminus, so as to obtain Bac7(1-4+29-56), the activity can

be partly restored (Gennaro et al. 1994).

These studies indicate that i) the presence of the N-cap residues, ii) a stretch of the

highly cationic N-terminal region and iii) a minimum length are all required for the

antimicrobial activity.

An additional crucial element for activity seems also to be the stereochemistry of the

active region. An enantiomer of the fully active Bac7(1-35) fragment, containing only D-

amino acid residues, showed a significant loss of activity (Podda et al. 2006). This

important observation suggests a stereospecific mode of action which could involve a

specific interaction between peptide and a putative transporter, or a specific interaction

with intracellular targets leading to their inactivation, or both. This hypothesis is

consistent with a characteristic non-lytic mechanism of action of PR-AMPs and also with

their narrow spectrum of activity (Scocchi et al. 2011).

It has been demonstrated that PR-AMPs have the ability to translocate across the

membrane and to penetrate into the bacterial cytoplasm without any apparent membrane

damage (Castle et al. 1999), (Podda et al. 2006). A dual mode of action has been

proposed for Bac7(1-35), depending on the peptide’s concentration. At near-MIC

concentrations, Bac7(1-35) rapidly killed bacteria by a non-lytic and energy dependent

mechanism of action, while the all-D enantiomer was inactive, indicating the involvement

of one or more chiral centre/s in the mode-of-action (Podda et al. 2006). This is able to

recognize only the all-L enantiomer, and may be located either or both the cytoplasmic

membrane transporter and internal target. At higher concentrations (>64 µM) both all-D

and all-L enantiomers showed a lytic mechanism of action. Interestingly Bac7(1-16), at a

concentration of 20-fold its MIC value, still seems to act by a non-lytic mechanism

(Podda et al. 2006). Probably the role of the C-terminal hydrophobic tandem repeat is

only to affect the kinetics of action and the lytic effect of peptide can be separated from

its antimicrobial capacity.
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Concerning the identification of a specific transporter, a genetic approach based on

mutagenesis to select bacterial mutants with altered susceptibility to Bac7 action has led

to the identification of SbmA as part of the putative transport system. This is cytoplasmic

membrane protein of unknown function, predicted to be part of an ABC transporter.

Mutations affecting the sbmA gene lead to a partial resistance of E. coli and S.

typhimurium strains to Bac7(1-35) as well as to other proline-rich peptides (Mattiuzzo et

al. 2007), (Scocchi et al. 2008).

With respect to the internal targets, studies using affinity resin functionalized with

Bac7(1-35) have led to the identification of DnaK protein, a protein derived from E.coli

lysates, as having the highest affinity for Bac7(1-35), but significantly only for the all-L

enantiomer. In addition it was found that the peptide is able to inhibit protein refolding

aided by the DnaK/DnaJ/GrpE/ATP chaperone system (Scocchi et al. 2009). It is striking

to note that SbmA is involved in the transport of invertebrate PR-AMPs as well

(Mattiuzzo et al. 2007) as mammalian ones, and that DnaK/DnaJ/GrpE/ATP system was

independently identified as the target for invertebrate PR-AMPs as well (Kragol et al.

2001). The convergence of their evolution to similar functions is truly striking.

In conclusion the exact mechanism of action of Bac7 is not yet fully characterized and

many questions remain to clarify, especially on the several steps that accompany its

transit to and across the bacterial membrane, including outer membrane interaction,

peptide-cytoplasmic membrane interaction, peptide internalization and interaction with

final internal target.

1.8 Defensins: characteristics and distribution

Defensins comprise several different families of host defense peptides (HDPs) (Antcheva,

Guida and Tossi, Handbook of Biologically Active peptides, see Appendix I). They have

been identified in vertebrate and invertebrate animals, plants and moulds and display

structural similarities based on a cystine stabilized antiparallel β-sheet core, with a α-

helical also stretch present in some members. Defensins of different origins show

structural and functional similarities, and phylogenetic relationship have been suggested

between invertebrate plant defensins, and between the different types of vertebrate

defensins, while a common origin to all of these families may be found in a possible

common bacterial ancestor (Zhu 2007).
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Defensins tend to be expressed at sites where the producer organism encounters

pathogens or needs to control the natural microbial flora - namely in phagocytic cells and

at epithelial surfaces. Mammalian defensins are stored in the granules of neutrophils or

paneth cells, or are generated by monocytes, macrophage, keratinocytes, or mucosal

epithelial cells of the respiratory, digestive, urogenital or reproductive system.

Six principal families of defensins can be distinguished according to structural features

and/or their origin: α-defensins, β-defensins and θ-defensins in mammals, arthropod 

defensins, plant defensins, and fungal defensins (Figure 1.8).

α-Defensins were amongst the first AMPs to be  identified, in the early eighties, and 

were originally isolated from the cytoplasmic granules of polymorphonuclear phagocytes,

where they are most concentrated (>10 mg/ml) (Lehrer 2007), (Selsted et al. 2005).

Human and mouse Paneth cells were also found to store α-defensins in secretory granules 

for release into intestinal crypts. In both cases, expression seems to be constitutive.

In the early nineties, β-defensins, with a different cysteine-bridge connectivity, were 

identified in mammalian epithelia and neutrophils, as well as in avian leukocytes

(Crovella et al. 2005), (Lay 2005), (Selsted et al. 2005) (van Dijk et al. 2008) and more

recently also in reptiles and teleost fish (Dalla Valle et al. 2011), (Zou et al. 2007). β-

Defensins have a wider tissue distribution, involving barrier and secretory epithelial cells

in particular, and can also be produced at quite high concentrations. Expression is in some

cases constitutive and in others induced by bacteria or their components (e.g. LPS, LTA)

or by pro-inflammatory cytokines (interferons-γ and 1β, TNF), and is often mediated by 

Toll-like receptors, induction being NF-kB dependent (Hazlett et al. 2011).

In the late eighties, isolation of the inducible peptides from the haemolymph of insects,

arachnids and mollusks (Dimarcq et al. 1998), (Froy et al. 2003) (Wong et al. 2007) with

a significant structural similarity to the mammalian peptides prompted the name “insect

defensin”, although they are common also to other arthropods. In insects, they are

induced in the fat body by bacterial components, for release into the haemolymph, or in

surface epithelia and in the mid gut. In the latter case they may serve both to prevent

infection of blood-sucking insects by blood-borne pathogens and parasites, and to protect

the stored blood meal from microbial attack.

Plant defensins were initially known as the “thionins”, but in the mid-nineties they

were redefined as “plant defensins” based on their resemblance to the insect and

mammalian defensins (Lay 2005). The distribution of plant defensins is consistent with
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their defensive role, which is mainly antifungal, as they are generally found in vulnerable

tissues or at entry points for pathogens, where they are constitutively produced in a tissue

or organ specific manner, or induced in peripheral cell layers, and in cells that line

cavities such as stomata. Most of the identified plant defensins are seed derived, and

sufficiently abundant to provide seedlings with protection against soil fungi during

germination. They have also been identified in other tissues, such as leaves, tubers, roots,

flowers, pods and fruit with a wide distribution in species throughout the plant kingdom

(Lay et al. 2005).

θ-Defensin were isolated from Old world monkeys, and subsequently found to be 

present as functional molecules in orangutan but only as pseudogenes in other great apes,

including man. They were found to derive from the head-to-tail ligation of two truncated

α-defensins, and so were assigned the name “θ-defensin”, with reference to the cyclic 

structure with a cysteine-bridge (Garcia et al. 2008) (Lehrer 2004).

Finally, the recent discovery of a several families of defensin-like peptides in fungi

underlines the antiquity of this peptide superfamily of innate immune effectors (Zhu

2007). There is evidence that fungal, invertebrate animal and plant defensins form an

evolutionarily related group (de la Vega et al. 2005) and all the vertebrate defensins form

another (Xiao et al. 2004). These two groups may be phylogenetically related through

ancient prokaryotic ancestors as evidenced by the discovery of defensins-like peptides in

some bacteria (Zhu 2007).
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1.9 Defensins: structural features and mode of action

Defensins have quite variable primary structures, not only when comparing members

of different families, but also for members within each family. Only the cysteine residues

involved in disulfide bonding, and very few other residues are highly conserved, while the

remainder shows varying degrees of variability, as does the number of residues separating

the cysteines. The connectivities are conserved within each family, but they differ

between them, being C1-C6, C2-C4, C3-C5 for α-defensins (Lehrer et al. 2012), C1-C5, 

C2-C4, C3-C6 for β-defensins, C1-C4, C2-C5, C3-C6 for invertebrate defensins, and C1-

C8, C2-C5, C3-C6, C4-C7 for plant defensins. Some insect defensin-like peptides such as

heliomicin and drosomycin also present an added C0-C7 disulfide-bridge (Tossi et al.

2002), (Wong et al. 2007).

Despite the differences in sequence and connectivity, molecules from the different

families fold into quite similar tertiary structures. This involves a core formed by a

twisted, antiparallel β-sheet, generally formed by two or three strands connected to each 

other and to the rest of the molecule by the disulfide bridges. Defensins can thus be said

to have in common a conserved scaffold which is insensitive to sequence variations.

Another common feature of defensins is that they are synthesized as precursors, in

which the N-terminal sequence or leader sequence is required for secretion or storage,

while a pro-sequence can be present either N- or C-terminal to the mature peptide region.

The induction of many defensins in animals and plants occurs when pathogen

associated molecular patterns (PAMPs) interact with Toll or Toll-like receptors on the

cells that produce and store them (Hazlett et al. 2011 ), (Selsted et al. 2005).

The antimicrobial activity of mammalian defensins derives from both direct

mechanism (when they act as effectors) and indirect mechanisms (when they act as

regulators of host defence components) (Crovella et al. 2005), (Hazlett et al. 2011 ). As

effectors, most defensins show a direct in vitro activity against bacteria and fungi, which

is however quite medium and salt sensitive. The precise mechanisms for this direct

microbicidal activity is still undefined. For many of them, interaction with the microbial

membrane seems to be a crucial step, although the mode of action can vary remarkably.

Membrane disruption would lead to loss of the transmembrane potential gradient and

release of cytoplasmic contents, and could be a principal factor in the microbicidal

activity.
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The distribution of cationic and hydrophobic residues on the conserved scaffold results

in amphipathic structures that favor this interaction with microbial membranes, which are

rich in anionic components, but the scaffold may also mediate more specific

receptor/based interactions. Membrane lysis is not necessarily a receptor mediated

process, although the ability to recognize specific membrane components is important for

some families, such as for example the plant defensins (Wilmes et al. 2011 ).

Very recently, it has been reported that different classes of defensins, including fungal

plectasin, invertebrate defensins and plant defensins, as well as the human beta-defensin

hBD3, can all interact specifically with lipid II with different affinities, thereby

specifically inhibiting cell wall biosynthesis in susceptible bacteria (Wilmes et al. 2011).

Mammalian defensins have been reported to have regulatory role, acting as signaling

molecules to recruit or activate cellular components of innate or adaptive immunity. They

have variously been shown to chemoattract leukocytes, antigen presenting cells and

lymphocytes (Lay et al. 2005), (Oppenheim et al. 2005). In addition, mammalian

defensins also play other roles outside immunity, which include stimulation of wound

healing, roles in reproduction, and curiously in the determination of fur colour in dogs

(Hazlett et al. 2011) (Lai & Gallo 2009). Certain plant defensins also act as proteinase, α-

amylase or protein translation inhibitors. These are structurally and functionally distinct

from antifungal defensins and serve to protect from predators (van Dijk et al. 2008). Plant

defensins are also implicated in plant growth and development (Stotz et al. 2009).

1.10 Human β-defensins 

The first human defensins, an α-defensin, was isolated and described in the 1985, and

was identified in neutrophil granules (Pazgier et al. 2007). Six α-defensins and 31 β-

defensins have since been reported, (Corrales-Garcia et al. 2011) in addition to other

putative β-defensins that have been proposed by analyzing the genomic sequence by 

computational methods. The first three human beta defensins were however discovered

by identification of the antimicrobial substances in large amounts of biological material.

hBD1 was found in the plasma of patients with renal disease (Bensch et al. 1995) and

is constitutively expressed in the kidney and female urogenital tract (Valore et al. 1998).

hBD2 was isolated from the skin of patients with psoriasis and is expressed in epithelial

cells of the trachea, skin, and lung tissues (Harder et al. 1997). hBD3 was isolated from

the epidermal keratinocytes of patients with psoriasis, and is expressed in the heart,
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skeletal muscle, placenta, esophagus, trachea, oral mucosa and skin tissues. In contrast to

the mainly constitutive expression of hBD1, the expression of hBD2 and hBD3 is induced

by external stimuli such as bacterial challenge or pro-inflammatory cytokines such as

interleukin-1-β, tumor necrosis factor-α, interferon-γ (Harder et al. 2001).  

Their primary structures are quite different, but are characterized by the presence of

the six conserved cysteines residues with conserved spacing and connectivity, and they

fold to quite similar three-dimensional structure (Figure 1.9). The NMR structure of

hBD3 and/or crystal structures of the hBD1 and hBD2 have all display a characteristic

triple-stranded antiparallel β-sheet core onto the N-terminal of which is grafted an α-

helical segment of different size and conformational stability.
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The formation of oligomers likely affects the mode of action of hBD3. In fact, of the

three β-defensins, hBD3 already has approximately twice the net positive charge (+11) 

compared with hBD1 (+4) and hBD2 (+6), and it exerts the broadest spectrum of activity.

Oligomerization would take the charge to extremely high levels. In this respect, the least

cationic hBD1 is also the least potent, being active principally against Gram-negative

bacteria, while the more cationic hBD2 can inactivate both Gram-positive and -negative

bacteria, as well as yeast. hBD3 has the most potent activity, which includes multidrug-

resistant Staphylococcus aureus and vancomycin-resistant Enterococcus faecium, in

addition to the yeast Candida albicans (Boniotto et al. 2003). Furthermore, unlike most

other β-defensins, including hBD1 and 2, that display a significantly reduced 

antimicrobial activity in the presence of physiological salt concentrations, hBD3 shows a

robust activity even at higher salt concentrations, and its activity is less affected by

culture medium components. It has been suggested that its higher and more salt-

independent antibacterial activity could in part derive from its capacity to create stable

dimers/oligomers in solution (Harder et al. 2001 ), (Boniotto et al. 2003), (Crovella et al.

2005). Concerning its mode of action, hBD3 probably interacts with the bacterial

membrane as a dimer or oligomer. The N-terminal stretch then undergoes a transition to a

well-defined amphipathic helical conformation and may insert into the lipid bilayer

(Morgera et al. 2008) acting as a sort of ‘keel’ for the extended β-sheet core above it. The 

subsequent steps leading to inactivation are as yet unclear. It was initially proposed that

the peptide would cause membrane lysis, although this process is slower than for known

membranolytic peptides (Sahl et al. 2005). More recently, it has been reported to interfere

with cell wall biosynthesis components, which is consistent with a slow degradation of

the membrane. hBD3, likely as an oligomer, is able to bind to lipid II in S. aureus, and

inhibits the formation of the peptidoglycan, an essential process during bacterial

replication. While these studies would indicate that dimerization of hBD3 is important

for its antibiotic activity (Sass et al. 2010), (Wilmes et al. 2011), previous studies in the

laboratory where I carried out the thesis have found that a primate orthologue of hBD3,

hcBD3 from hylobates concolor, has a double residue variation that decreases the

efficiency of dimerization, but shows similar in vitro antimicrobial activity (Boniotto M,

2003). Indeed, an artificial chimeric peptide, with a three-residue stretch from hBD1

replacing one in hBD3 indicated as essential for oligomerization (Morgera et al. 2008),

also continues to show a comparable activity. These results may indicate that
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oligomerization is only accessory to high cationicity in determining the potent, salt-

insensitive and broad-spectrum activity of hBD3, making it the most promising candidate

amongst human β-defensins for the development of anti-infective agents. 

1.11 Helical AMPs

Cathelicidins and defensins are the most extensively investigated families of AMPs in

vertebrate animals. Apart from the relatively well conserved N-terminal cathelin domain

(see above), the structures of cathelicidin antimicrobial peptides show very low homology

amongst each other.  In fact this family includes both α-helical peptides, such as the 

human LL37 and bovine BMAP-27 and BMAP-28, peptides with extended structures like

the proline-rich PR-AMPs, and small, cystine-stabilized β-hairpin peptides such as the 

bovine dodecapeptide and porcine protegrins (Tomasinsig et al. 2005). The α-helical 

peptides are characterized by the presence of positively charged and hydrophobic residues

spaced in such a manner that the peptides have a strong propensity for adopting an

amphipathic, α-helical conformation in membrane-like environments, favoring the 

interaction with both the anionic head groups and lipid bilayer of the bacterial membranes

(Skerlavaj et al. 1996). The subsequent step in their mechanism of action typically

involves membrane disruption by “carpet” or “pore-forming” processes (see above).

BMAP-27 and BMAP-28 (bovine myeloid antimicrobial peptides of 27 and 28

residues), in a membrane like environment, display an α-helical conformation in the 

region comprising the N-terminal 18 residues (Skerlavaj et al. 1996). They show a potent

and broad spectrum of activity against several Gram-negative and -positive bacteria, and

fungal species. This has prompted their study on numerous pathogens, in also in

comparison to other bovine cathelicidins and defensins, and in contexts such as bovine

mastitis and human cystic fibrosis, with a view of developing effective antimicrobial

therapeutic agents.

1.12 Development of AMPs as anti-infective agents

The rapid activity of AMPs against pathogens, including multidrug-resistant ones,

make them attractive leads for the development of novel anti-infective agents. These

peptides do however have significant disadvantages for drug development, including

toxicity to host cells, instability to proteases in biological fluids, a poor bioavailability and
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relatively high preparation costs. These can however be overcome by appropriate

modifications and handling.

Helical peptides have the advantage over β-defensins in having a generally more 

potent and robust antimicrobial activity which is less sensitive to medium conditions, and

also of being easier to prepare. Their disadvantage is a relatively higher toxicity to host

cells, which makes them less suitable for systemic use. Defensins are more difficult to

prepare, requiring specific folding protocols for the formation of disulfide bridges, and

are normally salt sensitive, but they can be relatively resistant to degradation by serum or

bacterial proteases. PR-AMPs have a rather narrow spectrum of activity, due to their non-

membranolytic mechanism of action, but are the easiest to prepare chemically so more

amenable to chemical modifications that could improve stability and bioavailability, and

also have exceptionally low toxicities. All three peptide classes were therefore worth

exploring, with a view to i) explore their usefulness in conditions mimicking real

examples of infectious diseases (such as for example, CF lung conditions or the mastitic

environment), and ii) explore the possibility of simplifying their structures, identifying the

minimal active domains, while maintaining or possibly even improving their potency and

selectivity.
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2.1 AIMS of the study

Antibiotic resistance represents a serious and growing threat to public health, also due

to a widespread and often inappropriate use of conventional antibiotics. There is an urgent

need for new drugs, acting with alternative mechanisms. Antimicrobial peptides (AMPs)

of innate immunity, with their multiple modes of action, are considered to be promising

templates for the development of novel anti-infective drugs. Studies aimed at developing

AMPs as drugs generally concentrate initially on optimizing their antimicrobial potency

and selectivity. To favor clinical application of these peptidic molecules, it is however

also necessary to reduce their size by individuating the minimal regions responsible for

the antimicrobial activity. In this manner it is possible to synthesize short peptides, or to

design active peptidomimetics, with reduced production costs, while simultaneously

optimizing bioavailability and reducing both toxicity and proteolytic degradation.

In this context, a consistent part of the studies carried out for this PhD thesis aimed,

through detailed SAR analyses, to i) individuate the minimum sequence in the proline-

rich cathelicidin AMP, Bac7, responsible for both its internalization into susceptible

Gram-negative bacteria, and its antibacterial activity, to ii) determine the role of key

residues at its N-terminus in its mechanism of action, and finally iii) to better define the

complete mechanism of action starting from the initial interaction with the bacterial

surface and arriving to its recognition and cytoplasmic transport by an inner membrane

protein transporter.

The active Bac7 fragments, acting by a non-lytic mechanism, have been shown to

have an exceptionally low toxicity, and are specifically active against susceptible Gram-

negative bacteria such as E. coli and S. typhimurium, so that these peptides (or their

analogues) represent potential candidates for novel anti-infective drug. In addition, the

fact that they are internalized to act on cytoplasmic targets could be exploited for

transport of normally impermeant antibiotic cargo into these bacteria.

The aim of this part of the my PhD activities was thus to evaluate useful minimalized

analogues of Bac7, also exploiting non-proteinogenic analogues, determine how these

affected its reaching and transiting through the cytoplasmic membrane, and to start

analyzing its capacity to internalize molecular cargo.
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2.2 MATERIALS and METHODS

2.2.1 Peptide synthesis and purification

To search for the minimal sequence required for Bac7 entry into susceptible bacteria,

and to investigate whether this sequence overlaps with that of the minimal antimicrobial

fragment, a set of progressively shorter fragments of Bac7 were synthesized, from the

fully active Bac7(1-35) down to Bac7(1-8). Subsequently, another distinct set of

syntheses was carried out for each peptide so as to introduce a cysteine residue at the C-

terminus which allowed conjugation with fluorescent probes (Table II). In a second study,

to better evaluate the role of the first two N-terminal arginine residues, known to be

crucial for activity, a series of Bac7(1-23) variants were synthesized where the R1R2

residues were omitted or systematically substituted with analogues of arginine, some of

which were kindly provided by Dr. Sotir Zahariev of the International Centre for Genetic

Engineering and Biotechnology (ICGEB, Trieste) and specifically with: nitro-Arg

(Zahariev et al. 2005), dimethyl-Arg (Zahariev et al. 2005), citrulline, lysine, D-Arg and

N-Arg (peptoid) that bears the arginine side-chain on the peptide amines (Table IIB).

Table IIA. Synthesized PR-AMPs Table IIB. Synthesized PR-AMPs

Peptide M.W.(Da)
calc.

M.W.(D
a) meas.

Bac7(1-35) 4207.1 4207.2
Bac7(1-23) 2897.5 2898.0
Bac7(1-16) 2076.5 2076.4
Bac7(1-15) 1920.3 1919.6
Bac7(1-13) 1667.0 1666.8
[Cys

36
](Bac71-35) 4310.2 4310.5

[Cys
24

]Bac7(1-23) 3000.6 3001.0
[Cys

17
]Bac7(1-16) 2179.6 2179.7

[Cys
16

]Bac7(1-15) 2023.4 2022.7
[Cys

14
]Bac7(1-13) 1770.1 1769.5

[Cys
9
] Bac7(1-8) 1209.4 1209.0

[Cys
8
]Bac7(9-23) 1971.4 1971.5

Peptide M.W.(Da)
calc.

M.W.(Da)
meas.

Bac7(3-23) 2585.2 2585.0
[Cys

24
]Bac7(3-23) 2688.2 2688.3

[Cit
1
,Cit

2
] Bac7(1-23) 2899.5 2899.2

[Cit
1
,Cit

2
,Cys

24
] Bac7(1-23) 3417.1 3417.0

[D-Arg
1
,D-Arg

2
]Bac7(1-23) 2897.6 2897.9

[Lys
1
,Lys

2
]Bac7(1-23) 2841.5 2841.8

[ Dma
1
,Dma

2
]Bac7(1-23) 2953.6 2953.4

[Dma
1
]Bac7(1-23) 2925.6 2925.6

[Dma
2
]Bac7(1-23) 2925.6 2925.5

[Noa
1
]Bac7(1-23) 2942.5 2942.2

[N-Arg
1
,N-Arg

2
]Bac7(1-23) 2897.6 2987.2
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Syntheses were performed in the solid phase, using Fmoc chemistry and global

protection of aminoacid side chain. Most syntheses were carried out on a CEM Liberty

automated microwave peptide synthesizer, with a synthesis scale of 0.1 mmol for each

peptide. To synthesize peptides containing proline or cysteine as C-terminal residue, the

2-chlorotrityl chloride resin (Novabiochem, substitution ≤ 0.2 mmol/g) was chosen, to 

prevent diketopiperazine formation and cysteine racemization, respectively. In this case,

the resin was manually preloaded with 4 fold molar excess of Fmoc-Pro-OH, or Fmoc-

Cys(Trt)-OH aminoacid solved in DCM and DIPEA. While for peptides with Fmoc-

Arg(Pbf)-OH at C-terminus, a commercially available preloaded TGA resin

(Novabiochem, substitution ≤ 0.2 mmol/g) was used. A five-fold excess of Fmoc-amino 

acid/PyBOP/DIPEA (1:1:1.7 v/v) was used for each coupling step in NMP as solvent. The

coupling temperature used was kept to 45°C, to prevent premature detachment from the

2-chlorotrityl chloride resin. Potentially difficult points in the sequence were predicted

using the Peptide Companion software (Coshi Soft, AZ, U.S.A) (see Figure 2.1 for an

example). Based on these profiles and especially for the bulky and sterically hindered,

pbf-protected Arg residues, double coupling cycles were performed at various points. The

presence of a number of proline residues in any case reduces the aggregation potential

during the peptide chain elongation, so that synthesis of these peptides is in general not

problematic. Deprotection of the Fmoc group was carried out using a solution of 20%

piperidine, 0.1 M HOBt in DMF.

Figure 2.1 An example of a prediction of difficult sequence for Bac7(1-35). Double couplings are

indicated by the arrows.
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The peptides were cleaved from the resin using a cocktail of trifluoroacetic acid

(TFA), Thioanisole, water, 3,6-dioxa-1,8-octane-dihiol (DODT), tri-isopropylsilane

(TIPS) (85%,3%,2%,8%, 2% v/v) and then precipitated and washed several times with

cold tert-butyl methyl ether (TBME) and dried under nitrogen. The crude peptides were

analyzed by ESI-MS [Esquire 4000 Brucker Daltonics] (Figure 2.2). All peptides were

purified by reverse-phase HPLC on a Phenomenex preparative column (Jupiter™, C18,10

µm, 90 Å, 250x21,20 mm) using a 5-30% CH3CN in 50 min gradient with a 8 ml/min

flow. The lyophilized peptides were accurately weighed and then dissolved in water. The

concentration of stock solutions was determined by spectrophotometric determination of

peptide bonds using ε214 calculated as described by Kuipers and Gruppen (2007) and by 

the method of Waddell, measuring the differential absorbance at 215nm and 225nm

(Waddell 1956).

Figure 2.2 ESI-MS of Bac7(1-13) fragment.

2.2.2 Peptide labeling with fluorescent probes

All peptides were synthesized in the solid phase, as previously described, but

introducing a cysteine at the C-terminal. After cleavage, crude peptide was reacted with

the fluorescent dye BODIPY-FL [N-(2-aminoethyl)maleimide] (1 eq. peptide/5 eq. dye)

in 30% CH3CN in 10 mM sodium phosphate buffer at pH 7.4. The reaction was

performed under nitrogen bubbling with stirring for 3 h at room temperature and

subsequently overnight at 4°C. The SH group on the Cys residue reacts with maleimide
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group of BODIPY as shown in Figure 2.3 A. The reaction was monitored periodically by

analytical RP-HPLC (Kinetex C18, 3µm, 100 A, 50 x 4.6 mm column from Phenomenex,

USA) and ESI-MS. Upon completion (about 24h) 10-fold excess of cysteine was added to

the reaction mixture to quench unreacted dye. After 60 min quenching, the reaction

mixture was diluted with 0.05% Trifluoroacetic acid in water to a final concentration of

10% CH3CN and pH 2.5. The labeled peptide was purified by RP-HPLC on a

Phenomenex semi-preparative column (Jupiter™, C18, 5 µm, 300 Å, 100x10 mm) with a

linear gradient from 10% to 30% of CH3CN in 40 min and 2ml/min flow. The labeled

peptide purity was confirmed by ESI-MS.

Figure 2.3 Schematic representation of peptide-BY reaction in A. ESI-MS of purified labeled Bac7
(1-15)BY fragment in B.

The same reaction was also performed using BODIPY activated as the STP ester to

allow the labeling at N-terminus of Bac7(1-15) fragment (Figure 2.4).

After lyophilization the concentration of labeled peptide stock solutions was

determined by spectrophotometric determination of BODIPY (ε504: 79000 M-1 cm-1 in

MeOH), (Invitrogen Molecular Probes Handbook, section 2.2).

B

A
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Figure 2.4 Reaction of BODIPY-STP ester with N-terminal amine group of peptide.

2.2.3 Peptide internalization into bacterial cells

The internalization capacity of fluorescently BODIPY labeled fragments into E. coli

ATCC 25922 bacterial cells, have been analyzed by flow cytometry and confocal

microscopy.

2.2.3.1 Flow Cytometry

E.coli ATCC 25922 bacterial cells (1 x 106 CFU/ml) were incubated in complete

medium at 37°C with several increasing concentrations of labeled fragments for 10 min

and then analyzed by flow cytometry after washing with high-salt solution. BODIPY

labeled-Polymyxin B was used as negative control; this peptide antibiotic is known to

bind to bacterial cell membranes but is unable to be internalized into bacterial cells.

The mean fluorescence intensity acquired with the cytometer was due to both peptide

bound to the cellular membrane and/or internalized into cells. To discriminate

internalized peptide, treated cells were incubated with 0.1% trypan blue (TB), which is

excluded from the intracellular compartment in intact cells and can therefore quench only

fluorescent dye on peptides bound to the external membrane surface. So the measured

fluorescence intensity, in absence of TB, refers to the total fluorescence, including the

fluorescence derived from surface bound peptide. While, in presence of TB, the measured

fluorescence intensity refers to the internalized peptide.

In each experiment the permeabilization of cells was monitored by the propidium

iodide (PI) exclusion assay (see 3.2.4).
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Analyses were performed by using a Cytomics FC 500 (Beckman-Coulter, Inc.)

equipped with an argon laser (488 nm, 5 mW) and detectors for filtered light set at 525

nm for BODIPY detection and 620 nm for PI+cells detection. A minimum of 10000

events for each sample was acquired and histograms were analyzed with the WinMDI

software (J. Trotter, Scripps Research Institute, La Jolla, CA, U.S.A.), (Benincasa et al.

2009).

Statistical analysis. Data are expressed as mean ± S.D. Significance of differences

among groups was assessed by using the program Instat (GraphPad Software Inc., San

Diego, CA) and performed by an analysis of variance between groups (ANOVA)

followed by the Student-Newman-Keuls post-test. Values of p <0.05 were considered

statistically significant.

2.2.3.2 Confocal Laser Microscopy

E.coli ATCC 25922 bacterial cells (1 x106 CFU/ml) were incubated at the same

conditions as for flow cytometric analyses, and were deposited on the cover glass without

fixing. Cells were examined with a Nikon C1-SI confocal microscope using an oil

immersion lens. Fluorophores were stimulated at 488 nm. Emission was acquired with a

510 nm band pass. Optical sections collected at different levels perpendicular to the

optical axis are presented. Photomultiplier gain and laser power were unvaried within

each experiment.

2.2.4 Cysteine alkylation by iodoacetamide

As unlabelled control peptides, the SH group on the side chain of the C-terminal

cysteine residue was alkylated using 2-iodoacetamide for an aliquot of the peptides. This

sulfhydrile-reactive alkylating reagent prevents intermolecular dimerization of peptides

by disulphide bond formation, during biological assays. The reaction was conducted in

Tris buffer 0.5 M and 2mM EDTA at pH 8.0 (Protein Structure A Practical Approach

Second Edition). Iodoacetamide is unstable and light-sensitive, so a 2.2 M solution was

prepared immediately before use and the reaction was performed in the dark and under

nitrogen, adding 1mM peptide and 0.5 M ascorbic acid to scavenge traces of iodine. After

2 min. 0.5 M citric acid was added as quencher.
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Figure 2.5 Schematic representation of alkylation reaction.

The reaction mixture was diluted with 0.05% Trifluoroacetic acid in water to a

final pH of 2.5. The peptide was purified by RP-HPLC on a Phenomenex semi-

preparative column (Jupiter™, C18, 5 µm, 300 Å, 100x10 mm) with a linear gradient

from 10% to 30% of CH3CN in 40 min and 2ml/min flow. The alkylated peptide purity

was confirmed by ESI-MS. The peptide was lyophilized and the quantification was done

by the method of Waddell (Waddell 1956), as well as by spectrophotometric

determination of peptide bonds using an ε214 calculated as described by Kuipers and 

Gruppen (2007).

2.2.5 Heterodimer formation and purification

The [Cys9]Bac7(1-8) and [Cys8]Bac7(9-23) fragments were synthesized on solid phase

using 2-chlorotrityl chloride resin (substitution ≤ 0.2 mmol/g) at 0.1 mmol scale as 

previously described. The disulphide linked heterodimer was then prepared to mimic the

full sequence of the active peptide Bac7(1-23), but with an interrupted polypeptide chain.

The heterodimer formation reaction was performed in oxidative conditions at pH 7.5

overnight at room temperature, in the presence of 20% DMSO in water, and with

[Cys9]Bac7(1-8) and [Cys8]Bac7(9-23) fragments present at a 1:1 ratio. The heterodimer

was the principal product (see figure). After dilution with 0.05% trifluoroacetic acid in

water, to a final pH 2.5, peptide purification from the mixture and quantification were

carried out as previous described.

RP-HPLC purification allowed

3178.4) from the [Cys9]Bac7(1
Bac7(1-8)Cys-(S-S)-Cys Bac7(1-8)

Ba
50 55

the separation of th

-8) homodimer as ma
c7(1-8)Cys-(S-S)-CysBac7(9-23
47

60 65 70 75 min

e principal product, Bac7(1-8)Cys-(S-S)-Cys Bac7(9-23) (MW =

in side-product.
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2.2.6 Antimicrobial activity

The antimicrobial activity of all synthesized peptides was tested in terms of the

minimum inhibitory concentrations (MIC), as well as the more sensitive IC50 value as

determined from inhibition of bacterial growth in the presence of peptides, for several E.

coli strains. These included i) E. coli ATCC 25922, which bears a fully formed O-antigen

on its outer membrane LPS, ii) the BW 25113 strain, derived from the K12 strain, iii) the

deletion mutant ΔwaaG of the BW 25113 strain, where the waaG gene deletion results in

an incomplete oligosaccharide core in the LPS (Yethon et al. 2000) and iv) the deletion

mutant ΔsbmA, lacking the cytoplasmic membrane transport system reported to

internalize Pro/Arg-rich peptides.

MIC determinations were carried out in Muller-Hinton (MH) broth on 2.5x105

bacterial cells/ml. The MIC value was defined as the lowest peptide concentration that

prevented visible bacterial growth after incubation for 18 h at 37°.

The bacterial growth curves were obtained using 106 cfu/ml bacteria in MH broth in

the presence of increasing peptide concentrations, monitoring the optical density at 600

nm at 37°C for 4 h. IC50 values were determined from the degree of growth inhibition

calculated as the relation between the absorbance of bacteria in presence and in absence

of peptide, at 210 min. in according to the formula:

%I= 1-(AP/A0) x 100

where A0 is the absorption intensity in the absence of peptide at 210 min and AP the

absorption intensity in the presence of a given peptide concentration at 210 min.

Figure 2.6 Schematic representation of bacterial growth curve (right) and bacterial growth

inhibition curve (left).
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The bactericidal activity was determined using 2.5 x 105 CFU/ml bacterial cells at mid-

logarithmic phase diluted in fresh medium to a final concentration of 1x 106 CFU/ml.

Different peptide concentrations were added and the suspensions were incubated at 37°C.

At the given times, samples were removed, diluted in high-salt solution and plated in MH

agar and incubated overnight to allow the colony counts.

2.2.7 Peptide-membrane interaction

The interaction studies between peptide and model membranes were carry out using

Surface Plasmon Resonance. These involved first immobilizing liposomes with a

phospholipid composition, representative of that in bacteria to sensor chips, then passing

increasing concentrations of peptide to obtain binding curves, from which binding

constants could be obtained in some cases.

2.2.7.1 Preparation of model membranes (liposomes)

Large unilamellar vesicles (LUVs) were prepared using

dipalmitoylphosphatidylcholine (DPPC) and 1,2-dipalmitoylphosphatidylglycerol

(DPPG) (4:1). Dry lipids were dissolved in a chloroform/methanol mixture (2:1 v/v), the

solvent was removed by evaporation under a stream of nitrogen, and resulting cake

vacuum-dried for 3 h. The dry lipid cake was re-suspended to a concentration of 1mM in

a buffer containing 10mM SPB with 150 mM NaCl and 1mM EDTA by spinning the

flask at a temperature above the transition temperature. The resulting multilammellar

vesicle suspensions were then disrupted by several freeze-thaw cycles prior to extrusion

through polycarbonate filters with 100 nm pores using a Mini-Extruder (Avanti Polar

Lipids, Inc.). LUVs were then used within a day to prepare the sensor chip surface.

2.2.7.2 Surface Plasmon Resonance

The SPR spectroscopy allows the analysis of biomolecular interactions in real time and

without the need for fluorescent tags or radioactive markers. The ligands are immobilized

on the surface of a sensor chip, while the solution of analyte crosses the surface in

continuous flow. The binding event can be detected by the changes in the optical

properties (refractive index) of the sensor surface due to the absorbed mass of analyte

(Figure 2.7 A).
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These studies were carried out on a BIACORE-X analytical system (Biacore, Sweden)

using the L1 sensor chip. It contains hydrophobic aliphatic chains on the dextran matrix

support, which are able to capture liposomes (Figure 2.7 B).

The surface of sensor chip was cleaned with 40 mM of the non-ionic detergent

octylglucopyranoside (OGP) at flow rate of 30 µL/min, for 80 sec. The dextran matrix is

negatively charged at pH 7 (BIAtechnology handbook), so to prevent electrostatic

repulsion, liposomes containing a mix of neutral and anionic phospholipids (DPPC/DPPG

4:1) were used at low flow rate of 5 µL/min for 1200 sec. Subsequently a 10 mM sodium

hydroxide solution was injected (30 µL/min for 30 sec.) to remove the poorly anchored

liposomes. BSA at a concentration of 0.1 mg/ml, was injected at 5 µL/min for 60 sec. to

confirm the complete coverage of the non-specific binding sites for polypeptides.

In this thesis I described deposition of the intact liposomes on the sensor chip surface,

in accordance with several studies (Cooper et al. 2000), (Anderluh et al. 2005 ). However

it has not yet been definitively resolved as to whether the liposomes remain intact on the

surface or come into contact and fuse together, forming continuous bilayer system. In any

case it is established that both continues bilayers and discrete liposomes show similar

physicochemical properties and so realistic analyses of the interaction with model

membrane can be performed using L1 sensor chip.

To detect the binding of peptides with the liposomes, solutions of different peptide

concentrations were tested injecting at a constant flow rate of 10 µl/min for a contact time

of 980 sec., followed by a dissociation time of 1200 sec. During this latter time the

peptide solution was replaced by phosphate running buffer (10mM SPB with 150 mM

NaCl and 1mM EDTA) so that the peptide-liposome complex tended to dissociate, with

the peptide returning to bulk solution. The binding sensorgrams for each peptide-

liposomes interaction were analyzed by curve-fitting using the BIAevaluation software,

so as to calculate, where possible, the equilibrium dissociation constant KD, from the

ratio of the kinetic rate constants for association and dissociation (KD = kd/ka).



Chapter 2: PR-AMPs

51

Figure 2.7 Surface Plasmon Resonance. A) Schematic representation of BIACORE system. B) L1 sensor
chip with immobilized liposomes and binding of peptides.

2.2.8 Pilot synthesis of the full N-Arg peptoid analogue of Bac7(1-23)

As the only variant of Bac7(1-23) showing an equivalent or even better antimicrobial

activity was the [N-Arg
1
N-Arg

2
]Bac7(1-23) analogue with peptoid arginine residues in

positions 1 and 2. It was therefore considered important to check of all the arginines could

be used as Arg peptoids, and if this could further increase the activity of the peptide. The

chosen strategy was to initially synthesise an analogue of Bac7(1-23) with the peptoid

ornithine at all positions normally occupied by Arg, and after cleavage, graft the

guanidine group on the primary ammine groups on the side chain of N-Orn residues. The

N-Orn residue used during the SPPS synthesis, kindly provided by S. Zahariev, were

protected with the Boc group on the side chain and 2Ns (2-nitrobenzensulfonyl) group on

the -amino group. Deprotection of this group was performed by using a mix containing

1 mM DBU and 2mM 2-mercaptoethanol in DMF, by appropriately modifying the normal

cleavage cycle on the CEM instrument. On completion of the peptide, final cleavage of

peptide from the resin and deprotection was performed as previously described using the

standard cocktail cleavage. The crude peptide was obtained with a yield of about 20%,

with a Pro deletion peptide as minor impurity. A pilot perguanidinylation reaction of side-

chains was carried out using 3mg crude peptoid and with 5 eq. of sodium carbonate and 5

eq. of pyrazole-1-carboxiamidine for each -amino group present. To ensure that

perguanidinylation was preferentially at the -amino and not also at the N-terminal -

amino group, the temperature was kept at about 20°C rather than 50° as suggested in

literature protocols (Wender et al. 2000), and also lowering the pH to 8.5 so that the -

amino, with a higher pKa, would be protonated. The reaction was monitored for 4 hours,

monitoring the MW. At this time the measured molecular weight indicated the presence

of 9 guanidine groups as expected for full side-chain modification (see Table III).
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Table III. Synthesized full N-Orn and N-Arg peptoid

Given the success of the pilot reaction, a larger scale preparation has been attempted

on 25 mg crude [N-Orn1,2,4,6,9,12,14,16,22]Bac7(1-23) peptide. In this case, after 4 hours minor

mass peaks of 2813, 2855.5 were present along with the correct mass of 2897,4,

indicating incomplete perguanidinylation of side-chains (minus one or two guanidine

groups). The reaction was thus left to proceed for 8 hours, at the end of which only the

2897,4 was observed. No evidence of a further guanidinylation of the -amino group was

observed. The [N-Orn1,2,4,6,9,12,14,16,22]Bac7(1-23) and [N-Arg1,2,4,6,9,12,14,16,22]Bac7(1-23) peptides

are currently undergoing purification for subsequent functional characterization.

Fmoc- and side-chain protected N-Arg residues could be used directly for solid

phase syntheses, but are more difficult to prepare and thus likely much more expensive.

2.3 RESULTS and DISCUSSION

2.3.1. Defining the “Entry Sequence” of Bac7

The particular sequence of the bovine cathelicidin Bac7, often used as a reference Pro-

rich AMP, has suggested several previous studies to probe its relationship with the mode

of action (see section 1.6), identifying an N-terminal region of between 16-23 residues as

necessary for robust antimicrobial activity. A question remained as to whether the

reduced activity of shorter fragments was due to a reduced cidal activity or reduced

capacity to internalize into the bacteria, or both.

To better understand the primary structural limits in this region, with respect to

internalization and/or killing, fragments were prepared starting from Bac7(1-35) and

systematically shortening from its C-terminus (Figure 2.8). These were then tested in

assays aimed at determining if there is an overlap between the minimal antimicrobially

active sequence and the minimal sequence which is able to be internalized. In the first

case, antimicrobial activity was evaluated by determining the MIC, in the second case,

Peptide M.W.(Da)
calc.

M.W.(Da)
meas.

[N-Orn
1,2,4,6,9,12,14,16,22

]Bac7(1-23) 2518.2 2517.7

[N-Arg
1,2,4,6,9,12,14,16,22

]Bac7(1-23) 2896.6 2897.4
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internalization studies made use of flow cytometry and confocal microscopy of bacteria

treated with fluorescently labeled peptide.

RRIRPRPPRLPRPRPRPLPFPRPGPRPIPRPLPFPRPGPRPIPRPLPFPRPGPRPIPRP Bac7 +17

Figure 2.8 Primary structure of the shortened fragments of B

cationic N-terminal region is in magenta and purple, while the more

composed of three tandem tetradecamer repeats (in light and dark blue)

in magenta.
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physiological salt solution to remove extracellular and loosely surface bound peptide, and

then analyzed by flow cytometry.

Figure 2.9 Flow cytometric analysis of peptide internalization. Uptake of fluorescent derivatives of
Bac7(1-35) into E. coli ATCC 25922 cells (0.25 M) after 10 min incubation at 37°C. Green bars are total
fluorescence intensity (membrane bound and internalized peptide), blue bands are fluorescence from
internalized peptide after the adding of Trypan blue (TB) quencher. The same experiment was carried out
with BODIPY labeled polymyxin-B (PMB-BY, inset) which is known to remain surface-bound and not
internalize (Benincasa et al. 2009). Results are the mean of four experiments carried out on different E. coli
suspensions.

Extensive washing of cells with the high salt solution did not however completely

eliminate the signal due to surface-attached peptide. To minimize any contribution from

this surface-bound peptide, the impermeant quencher Trypan blue (TB) was used to

selectively quench the extracellular fluorescence, thus allowing a quantification of

effectively internalized peptide. Studies carried out in parallel with propidium iodide in

the supernatant (not shown) were negative, indicating that the bacterial membrane was

undamaged, consistent with the non-lytic action of Pro-rich AMPs, so we could exclude

that the TB quencher could affect cytoplasmic labeled Bac7 fragments.

Already 10 min after addition of the peptides, the Mean Fluorescence Intensity (MFI)

associated to peptide-treated cells increased significantly, and for those > 16 residues, was

relatively unaffected by quencher, indicating fast and efficient internalization. Overall,

the fluorescence tended to decrease with the length of the fragments, and for those shorter

than 16 there was a significant decrease on treatment with TB, which is particularly
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evident for Bac7(1-13), where the MFI was halfed, indicating that this fragment bound to

the membrane surface and internalized into the cells relatively inefficiently (Figure 2.9).

For the shortest fragment tested, Bac7(1-8), the MFI was at lower limit of detection, so

that the difference in fluorescence intensity in the presence and in absence of TB could

not be quantitatively evaluated. In this case, both surface binding and internalization are

less efficient.

After 60 min treatment there was no significant increase in the MFI, either before or

after treatment with TB, and the relative difference of fluorescence intensity between the

fragments remained quite constant. This indicates that peptide internalization is a rapid

process, and is complete for fragments longer than 16 residues, while for shorter ones it

does not depend on the incubation time.

2.3.3 Peptide internalization into bacterial cells studied by Confocal Microscopy

The internalization capacity of the same set of labeled fragments was also studied

using confocal microscopy to better visualize internalization and to confirm the size-

related differences observed by cytometric analyses. Although bacterial cells are

considered small for use in this technique, the protocols used allowed discriminating well

between peptides which are bound on the surface of the bacterial membrane and the

peptides which are internalized into the bacterial cytoplasm.

A suspension of 1x 106/ml E.coli ATCC 25922 cells in MH broth was incubated at 37

°C for 10 min with 0.25 µM of each peptide. After washing with the physiological salt

solution, bacterial cells were analyzed by confocal microscopy on a Nikon C1-SI

instrument, as described in section 2.2.3.2. The results, as summarized in Figure 2.10 are

entirely consistent with those obtained by flow cytometry.

In flow cytometry, the active fragment Bac7(1-35) was observed to be efficiently

internalized into the bacterium, and this is confirmed in the confocal image (Figure 2.10

A), with diffuse fluorescence seen throughout the cytoplasm. Conversely, as can be seen

in Figure 2.10B fluorescence from the Bac7(1-15) fragment was more intense close to the

cell wall, although cytoplasmic fluorescence is also evident, while the Bac7(1-13)

fragment (Figure 2.10 C) was mainly on the membrane surface, as was the case for the

negative control, polymyxin B (Figure 2.10 D). By analogy, in flow cytometric

experiments, the MFI resulting from Bac7(1-35) was unquenched by TB, that of Bac7(1-
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15) only partly quenched, whereas those of labeled Bac7(1-13) and polymyxin were

highly quenched by TB, confirming a poorly internalization.

Results confirmed that for longer N-terminal fragments, there is rapid and efficient

internalization into bacterial cells, while shortening of the fragments to 15 residues or less

has significant effects on the internalization. There are however some considerations to be

made when considering these results: i) is the effect only due to decreased transport by

membrane protein transporter, or also due to a decreased capacity to reach this

transporter, and ii) given that the length of the fragment seems quite critical, how does the

labeling itself affect results? The labeled Bac7(1-15) fragment, as all others, contains a

Cys residue at the C-terminus to allow the chemical ligation with fluorescent probe, so its

effective length comprises 16 aminoacid residues. It was internalized relatively efficiently

in this form, as seen by both by flow cytometry and confocal microscopy, but it was now

necessary to relate this internalization to the functional efficiency as an antimicrobial, in

both its labeled and unlabelled forms.

Figure 2.10 Peptide internalization as imaged by confocal microscopy: All images are representative

sections from the middle of the bacterial cell after incubation with peptide. A) Bac7(1-35) and B) Bac7(1-

15), C) Bac7(1-13) and D) PMB-BY.

2.3.4 Correlation between peptide internalization and antimicrobial activity

To Correlate internalization capacity with antimicrobial activity, unlabeled fragments

(no C-terminal Cys and no BODIPY, or with acetamidated C-terminal Cys but no

BODIPY) were tested using standard MIC assays, and moreover, to check for the possible

effect of labeling, fluorescent fragments were also tested. Furthermore, to check for
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variations in capacity to reach the membrane through the outer membrane, the peptides

were assayed against two strains of E.coli, ATCC25922, which has a full O-antigen on its

LPS layer, and HB101, which is a K12-derived strain devoid of the O-antigen.

Results are summarized in Table IV, and indicate that for fragments down to 16

residues there is potent antimicrobial activity, irrespectively of the presence of label, for

both strains of bacterium.

Reducing by just one residue, in the unlabeled Bac7(1-15), has quite a dramatic effect,

with MIC increasing by 5 or 6 wells, and all shorter unlabeled fragments are quite

inactive (Table IV). For the 15 residue fragment, the interpretation of results for the

labeled peptides is however more complex. While unlabeled Bac7(1-15) was poorly

active, addition of a Cys residue did increase activity, albeit not to the same extent as with

the canonical Arg residue present in Bac7(1-16). However, further adding the BODIPY

label further increased antimicrobial activity to levels comparable to Bac7(1-16).

MIC results thus indicate a good correlation between peptide internalization and

antimicrobial activity, and it seems that the actual size of the fragment is quite critical,

around 16 residues. It could be argued that as the charge changes from +7 to +8 on

passing from Bac7(1-15) to Bac7(1-16), that this could be an important factor in

increasing activity; the fact that the [Cys16]Bac7(1-15), and [Cys16BY]Bac7(1-15)

fragments are quite potent with charge +7 would indicate that it is a steric rather than

electrostatic effect. In fact, the antimicrobial activity increased 8-fold for Bac7(1-16) (+8)

with respect to [Cys16]Bac7(1-15), indicating that the presence of the charged Arg residue

at C-terminus has a favourable effect, but it was unaffected if the charge was increased to

+8 in Bac7(1-15) by just amidating the C-terminus, confirming that it is the length rather

than cationicity which is important.

In addition, the presence of BODIPY seems to significantly alter the activity of shorter

inactive fragments (13-15 residues) of Bac7. Significantly, in experiments using

fluoresceine isothiocyanate to label the 1-15 fragment, it was found that activity was not

increased with respect to the unlabeled fragment (MIC = 32-64 M for the two strains of

E. coli used, see Table IV). In this case, however, the presence of the anionic label

reduces the cationicity to +6.

In this respect, the fact that active Bac7 fragments can efficiently transport BODIPY

molecules into bacterial cells is a good indication that they can be used to internalize
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molecular cargo. They thus represent a relatively rare example of Cell Penetration

Peptides (CPPs) directed at Gram-negative bacteria.

Table IV: Antimicrobial activity of shortened N-terminal fragments of Bac7, labelled, Cysteine tagged or
unlabelled, on E.coli strains.

a) MICs were determined using the broth microdilution susceptibility test according to the CLSI guidelines
in Muller-Hinton (MH) broth on 2.5x105 bacterial cells/ml; (b) cysteine residues were iodoacetamidated to
prevent undesired reactions of the sulfhydrile groups; (c) FL indicates the fluorescent fluorescein
isothiocyante covalently linked to the cysteine residue.

2.3.5 The importance of sequence integrity

At this point it should be born in mind that other features in addition to the charge and

length of peptides may also be important for antimicrobial activity or internalization. For

example, did the critical number of residues required (~15) have to be in a continuous

sequence? To test this, it was decided to synthesize two distinct fragments of Bac7,

connected by disulphide bond that would have the same residue content as that of an

active fragment.

Bac7(1-23) was chosen as the active fragment of reference. The N-terminal fragment

[Cys9]Bac7(1-8) already had a cysteine residue at its C-terminus, and this was linked by

MIC (M)a

Peptide charge E. coli
ATCC 25922

E. coli
HB101

Bac7(1-35) +11 0.5-1 0.5

Bac7(1-23) +9 0,5-1 0,5

Bac7(1-16) +8 0.5-1 0.5

[Cys17-BY]Bac7(1-16) +8 0,5-1 0.5

Bac7(1-15) +7 32-64 16

[Cys16]Bac7(1-15) (b) +7 8-16 8-16

[Cys16-BY]Bac7(1-15) +7 1 0.5

Bac7(1-15)-am +8 32-64 16-32

[Cys16-FL]Bac7(1-15) (c) +6 64 64

Bac7(1-13) +6 >128 64-128

[Cys14]Bac7(1-13) +6 >128 128

[Cys14-BY]Bac7(1-13) +6 16 8

Bac7(1-8) +5 >128 >128

[Cys9]Bac7(1-8) +5 >128 >128

[Cys9-BY]Bac7(1-8) +5 >128 >128
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an intermolecular disulphide bridge with a Bac7(9-23) fragment modified with a cysteine

residue at N-terminus. The obtained peptide, Bac7(1-8)Cys(S-S)CysBac7(9-23) thus has

the same residues in the same sequence as the active fragment Bac7(1-23), but the peptide

chain is interrupted by the presence of the cystine. Its antimicrobial activity was

compared to that of the native fragment in MIC assay against two above mentioned

strains of E.coli.

These indicated a significant difference in activity, the Bac7(1-8)Cys(S-S)Cys(9-23)

fragment being totally inactive with respect to wild-type peptide (Table V).

Table V

MIC µM

Peptide E.coli ATCC25922 E.coli HB101

Bac7(1-8)Cys(S-S)Cys(9-23) >64 >64

Bac7(1-23) 1 1

Thus, for the dimeric peptide, even though the sequence is almost the same, the

interruption of the main peptide chain, and the replacement of the peptide bond with an

intermolecular disulphide bond, knocks out activity. This could be due to inefficient

transport or decreased binding to the internal target or both. Experiments with labelled

dimeric peptides are now required to decide which is the more important, but these are

complicated by the fact that Cys residues are required for both dimerization and labelling.

In any case these studies suggest that a continuous sequence of at least 15 resides is an

essential element for antimicrobial activity.

2.3.6 Defining the Mode-of-Action and role of N-CAP residues

Previous studies had indicated that the residues in the so called “N-CAP” (RRIR) at

the N-terminus of the sequence, were quite important, as the Bac7(5-35) fragment, which

is devoid of these, loses most of the activity shown by the native and very active Bac7(1-

35) fragment (see section 1.6). To further evaluate the role of N-cap residues, it was

decided to alter only the first two arginine residues. These were either omitted or

systematically substituted with natural or non-proteinogenic aminoacid variants having
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RRIRPRPPRLPRPRPRPLPYPRP

different charge, hydrophobicity, H-bonding capacity or steric features (see Tables VI and

Figure 2.11).

Replacements involved:

 Not including the first two residues in Bac7(3-23), reducing the cationicity

from +9 to +7.

 Replacing both residues with the stereoisomer D-Arg, which has the same net-

charge and the same H-bonding capacity as L-Arg, but a different

stereochemistry

 Replacing one or both of them with either nitro-Arg (Zahariev et al., 2005), or

citrulline, that are neutral amino acids at pH 7, and have a different distribution

of H-donor and acceptor atoms.

 Replacing one or the other or both of them with dimethyl-Arg (Zahariev et al.

2005), which has the same net-charge as Arg but altered hydrophobicity and

steric features, and a different H-bonding capacity

 Replacing both residues with Lys, that has the same charge as the Arg but

reduced steric hindrance and different H-bonding capacity

 Replacing both residues with N-Arg (i.e. peptoid residues), that bear the same

side-chain but on the peptide amine group. This should affect only the

stereochemistry while leaving charge, steric bulk and H-bonding capacities

unaltered.

Figure 2.11: Residues used to replace Arg1 and/or Arg2 in Bac7(1-23). The replaced residues are
indicated in the circle. D-Arg is the D-enantiomer of arginine, Dma is asymmetric dimethylarginine, Noa is
nitroarginine, Cit is citrulline and N-Arg is the N-(3-guanidinopropyl)glycine peptoid residue. Participation
in H-bonding as donor/acceptor is indicated by the arrows. Note that in these fragments, Phe20 is replaced by
the isosteric Tyr (in green) to permit more accurate quantification.
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The fully active Bac7(1-23) was used as reference, but the Phe20 residue was replaced

by a Tyr residue to improve the accuracy of quantification. This was previously

determined to have no effect on the mode of action or antimicrobial capacity. The effect

of R1R2 substitutions on the antimicrobial activity were then evaluated by using a number

of biological assays against susceptible E.coli cells. On the basis of the results obtained,

selected analogues were re-synthesized to also contain a C-terminal cysteine to permit

labelling by BODIPY, so as to correlate the observed effects on antimicrobial activity to

not only effects on internalization efficiency, but also the capacity to reach the transporter

by transiting through the outer membrane. In this respect, a number of E. coli mutant

strains with different OM stabilities, as well as a knockout mutant for the transporter,

were tested alongside the ATCC strain and a K12-derived strain.

Table VI: Sequences of Bac7(1-23) analogues modified in the first two N-cap residues.

Peptide Sequence Charge (q) MW (Da)

Bac7(1-23)Y20
Arg.ArgIRPRPPRLPRPRPRPLPYPRP +9 2897.5

(3-23) - . - IRPRPPRLPRPRPRPLPYPRP +7 2585.2

Cit1Cit2 Cit.CitIRPRPPRLPRPRPRPLPYPRP +7 2899.5

Lys1Lys2
Lys.LysIRPRPPRLPRPRPRPLPYPRP +9 2841.5

D-Arg 1
D-Arg 2

DArg.DArgIRPRPPRLPRPRPRPLPYPRP +9 2897.6

Dma1Dma2
Dma.DmaIRPRPPRLPRPRPRPLPYPRP +9 2953.6

Dma1
Dma.ArgIRPRPPRLPRPRPRPLPYPRP +9 2925.6

Dma2
Arg.DmaIRPRPPRLPRPRPRPLPYPRP +9 2925.6

Noa1
Noa.ArgIRPRPPRLPRPRPRPLPYPRP +8 2942.5

NArg1NArg2
NArg.NArgIRPRPPRLPRPRPRPLPYPRP +9 2897.6

D-Arg is the D-enantiomer of arginine, Dma is asymmetric dimethylarginine, Noa is nitroarginine, Cit is

citrulline and N-Arg is the N-(3-guanidinopropyl)glycine peptoid residue.

2.3.7 Effect of R1R2 substitutions on the antimicrobial activity of Bac7(1-23)

The antimicrobial activity of all Bac7(1-23) analogues was tested both by determining

their MIC concentrations and by determining the effect of increasing peptide

concentrations on bacterial growth curves, against either the E.coli ATCC25922 strain, or

the K12-derived E.coli BW25113 strain (Table VII and Figure 2.12). As explained in

section 2.2.6 it is possible to easily obtain IC50 values from the inhibition of bacterial

growth (the concentration at which growth is halved at a given exposure time with respect
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to untreated bacteria), and this value is considerably more sensitive to variations in the

peptide than the MIC values, which are estimated from serial dilutions.

Both types of results in any case indicate quite clearly that effectively any

modifications of the Arg1 and/or Arg2 residues are detrimental, causing a decreased

activity. The only exception is the substitution with the peptoid residues, which has an

equivalent or improved activity with respect to the native peptide. Considering the MIC

data, summarized in Table VII, it is interesting to note that the greatest decrease in

activity was not observed, as might be expected, when the Arg residues are completely

missing, as in the (3-23 analogue, +7), but rather when they are replaced by citrulline

(Cit1Cit2 analogue, +7), so that the N-Cap has neutral residues replacing Arg. Thus, steric

features may be more important than the local charge. This is also made evident by the

fact that replacing L-Arg with D-Arg, or L-Lys, which have the same charge but

respectively have an altered stereochemistry or a reduced bulk/H-bonding capacity, also

results in an observable decrease in activity. Furthermore, also increasing the steric bulk,

as in the Dma1Dma2 analogue, had a significant effect on activity. Even single Arg

substitution, such as Arg1Noa or Arg1 or Arg2 Dma has an observable effect, so that

the steric/physico-chemical requirements of the N-cap must be quite stringent.

Table VII. MIC for Bac7(1-23) analogues modified at the N-Cap

MIC (µM)

Peptide E. coli
ATCC25922

E.coli
BW25113

Bac7(1-23) 1 1

(3-23) 8 8

Cit
1
Cit

2
32 32

D-Arg
1
D-Arg

2
4 4

Lys
1
Lys

2
4 4

Dma
1
Dma

2
8 8

Dma
1

2 2

Dma
2

4 4

Noa
1

4 4

N-Arg
1

N-Arg
2

0,5-1 0,5-1
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Table VIII. IC50 values for Bac7
analogues

IC50 (M)

Peptide
E. coli BW25113

Bac7(1-23) 0.2

(3-23) 1.7

Cit1Cit2 3.4

D-Arg1
D-Arg2

1.0

Lys1Lys2
0,5

Dma1Dma2
0,6

Dma1
0,2

Dma2
0,4

Noa1
0,3

N-Arg1
N-Arg2

0,1
Figure 2.12 Inhibition of the growth of E. coli BW25113 in presence of selected Bac7(1-23)
analogues. Data points are the means from at least three independent experiments carried out in
duplicate, and standard deviation shown as error bars. IC50 values for all analogues are listed in the
accompanying table.
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Results from IC50 determinations, obtained from growth inhibition studies, are

onsistent with the MIC determinations, as can be seen for selected analogues in Figure

.12 and TableVIII. Modifications of the Arg1Arg2 residues to D-Arg cause a 5-fold

ncrease in IC50, while omitting them causes almost a tenfold increase. Again substitution

y the neutral residue citrulline has the most deleterious effect. Results for IC50 are

ummarized in the accompanying table. As was mentioned previously, these data permit a

etter discrimination of analogue activities, which follow the trend:

-Arg1
N-Arg2 > Bac7(1-23)  Dma1, Noa1 > Dma2 > Lys1Lys2 > Dma1Dma2 >

-Arg1
D-Arg2 >(3-23) > Cit1Cit2

The question now arises as to whether the effect is entirely due an altered capacity to

nactivate the cytoplasmic target of the native peptide, to a differential capacity to be

ransported across the cytoplasmic membrane so as to reach this target, or even to a

ecreased capacity to overcome the external cell-wall barriers of the Gram-negative

acterium (and in particular the outer membrane), so as to reach the transport machinery

t the cytoplasmic membrane. To start answering these questions, it was decided to test
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all the analogues against particular mutant E. coli strains either having an altered OM LPS

layer, or lacking the transport system.

2.3.8 Role of outer and inner membrane barrier on the antimicrobial activity

To begin with, it should be noted that MIC values (Table VII) for all the different

analogues are quite similar for the ATCC E. coli strain and K12-derived BW strain,

which lacks the O-antigen (see Figure 2.13 a & b). From this we can deduce that

interactions with this part of the LPS layer in the outer membrane does not markedly

affect the approach of Bac7 fragments to the cytoplasmic membrane and transport system.

To further dissect the barrier effect of the outer membrane (OM) on the mode of action of

Bac7(1-23), all analogues were tested in bacterial growth kinetics and MIC assays against

the E.coli BW25113 deletion mutant ΔwaaG. The waaG gene deletion results in the

absence of glycotransferase required for complete assembly of the core oligosaccharide

(Figure 2.13 c). Consequently, this strain has an incomplete and destabilized LPS,

resulting in a deep-rough type of morphology, and has been reported to be more

susceptible to antibiotic molecules than the parent wt strain (Yethon et al. 2000). With

respect to the transport system, we also studied a ΔsbmA mutant that lacks the gene

encoding for the SbmA protein (part of the reported inner membrane transporter) (Figure

2.13 d). Its absence has been shown to markedly decrease the transport, and consequently

the antimicrobial activity, of various Pro-rich AMPs, whereas complementation of the

gene re-establishes these activities (Mattiuzzo et al. 2007).
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Figure 2.13 Schematic representation of the cell wall for E.coli strains used to test Bac7(1-23)
analogues. The ATCC strain has both the full transport machinery and complete LPS, including the O-
antigen. The BW strain lacks the O-antigen but has a complete core oligosaccharide, and a relatively stable
outer membrane. The ΔwaaG mutant has a destabilized LPS layer with incomplete core saccharide. The
ΔsbmA mutant instead lacks a necessary part of the transport system required for internalization.

MIC values (Table IX) determined for the various analogs against all these E. coli

strains indicate that when the SbmA transporter component is missing; all analogues

show a four-to-eightfold decrease in activity, regardless of the type of R1R2 variation.

This confirms that SbmA is necessary for the internalization of the peptides and

consequently their activities, but it also raises some interesting questions. For the

relatively more active analogues (those with MIC between 0.5 and 4 M), the MIC

increases to 8-16 M. What then is the killing mechanism, when the SbmA-containing

transport system is inactivated? It has been suggested with the all-D analogue of Bac7(1-

23), which does not internalize or kill bacteria at low concentration, that the killing

mechanisms is a membranolytic one, so this could be an explanation. To test this,

cytofluorimetric experiments were carried out with propidium iodide, with concentrations

up to 32 µM of Bac7(1-23) and selected inactive analogues (see also section 2.2.3.1), but

there was no evidence for membrane damage even after one hour exposure to peptide, so

this explanation is unlikely. Alternatively, there may be another transport system but with

a higher KM for transport, although there is no other evidence for this at the moment.

a)E.coli c)ΔwaaG mutant: d)ΔsbmA mutantb)E.coli BW
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Finally, it may be that the peptides have a capacity to translocate across the membrane

in a sort of “self-promoted-uptake”, at higher concentrations. This alternative will be

tested for by carrying out trypan blue quenching experiments on the sbmA strain at

relevant concentrations. With respect to the less active analogs (3-23 and Cit1Cit2), the

MIC also shift to considerably higher values of 32-64 M, so that a reduced transport

through SbmA is not a sufficient explanation for the reduced activity against the wild-

type strain.

The opposite effect was instead observed when the OM was destabilized. For the

more active fragments, Bac7(1-23) and the N-Arg1
N-Arg2 peptoid analogue, MICs were

unaffected for the ΔwaaG mutant strain, remaining at 0.5 M. This indicates that the

native fragment does not see the outer membrane LPS layer as a significant barrier. On

the other hand, for analogues with a decreased activity (higher MIC) with respect to the

wt strain, there was a significant improvement of activity against the mutant strain, with

MICs decreasing by one or two dilutions. The effect is especially evident for the least

active analogues, when the Arg1Arg2 residues are missing (3-23 analogue) or neutral

(Cit1Cit2 analogue). One possible explanation may be that Arg1 and Arg2 in the N-cap

play an important role in facilitating transit through the OM to the cytoplasmic transport

system. An alternative, which seems more likely, is that the amount of peptide reaching

the membrane through the OM barrier is only a fraction of the total, but sufficient for the

more active peptides to be internalized and act on cytoplasmic targets. If altering the R1R2

residues reduces the binding efficiency to the transporter, then making the OM more

permeable would allow more analogue to reach it, thus apparently reducing the MIC or

IC50 values. In any case, there remains a four dilutions difference between the MIC of the

most and least active peptides, which must be ascribed either to a less efficient

translocation to the cytoplasm or a less efficient inactivation of the cytoplasmic target, or

both. Some more light may be thrown on this issue should it be possible to obtain the

ΔsbmA + ΔwaaG double mutant.
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Table IX. Antimicrobial activity of Bac7(1-23) analogues.

Studies of the effect of increasing peptide concentrations on bacterial growth kinetics

(Figure 2.14) confirmed the MIC data, and were rather more sensitive at showing

differences between analogues, with respect to their growth inhibition capacity against the

wild-type or mutant strains. Growth inhibition plots are shown for selected peptides in

Figure 2.14, comparing in particular the effect of the native peptide to that of the least

active analogs (3-23) and Cit1Cit2. With this type of assay, it becomes clearer that both the

presence of the SbmA transporter, and the OM barrier effects are most critical at lower

peptide concentrations ( 1 M).

MIC (µM)

Peptide E. coli
BW

E. coli
waaG

E. coli
sbmA

Bac7(1-23) 1 0.5 8

(3-23) 8 4 32

Cit
1
Cit

2
32 8 >64

D-Arg
1
D-Arg

2
4 2 16

Lys
1
Lys

2
4 2 16

Dma
1
Dma

2
8 2 16

Dma
1

2 0.5 8

Dma
2

4 1 8

Noa
1

4 1 8

N-Arg
1
N-Arg

2
0,5-1 0,5 8
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analyzed by flow cytometry (Figure 2.15). The labeled analogues were also tested in MIC

and bacterial growth kinetics assay, to determine whether the presence of BODIPY could

affect the antimicrobial activity.

Figure 2.15 Peptide internalization by flow cytometric analysis. E. coli BW25113 and ΔwaaG  strains
were treated with 4 µM BODIPY-labeled (3-23) and Cit1Cit2 analogs for 210 min. The intensity of
fluorescence was calculated after adding of trypan blue quencher. Results are mean values ± SD of at least
four independent determinations. **p < 0.001 vs BW25113 group, *p < 0.05 vs BW25113 group (Student-
Newman-Keuls Multiple Comparisons Test, ANOVA).

While uptake of the labeled native peptide [Cys24-BY]Bac7(1-23) could be observed at

0.25 µM concentration, under the conditions used for flow cytometry, and was effectively

complete at 10 min, no uptake could be observed for the labeled (1-23) and Cit1Cit2

analogs under these conditions (results not shown), or even increasing to 1 M and

exposing for up to 210 min. Uptake of these fluorescent analogues could only be observed

after incubating either E. coli BW25113 or ΔwaaG deletion mutant with 4 µM

concentration of peptide for 210 min. For both analogues, an increased uptake of the

deletion mutant with respect to the wild-type strain confirms a barrier role of outer

membrane for these peptides. The integrity of inner membrane was examined by flow
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cytometry using the fluorescent probe propidium iodide, and it was confirmed that there

was no effect of permeabilization until 32 µM labelled peptides, treating for up to 60 min.

At this point to investigate if an increased internalization capacity corresponds with an

increased bactericidal activity when the OM is destabilized, the Bac7 analogues were

tested by bacterial killing assay (Figure 2.16). Bac7(1-23) and the two N-cap analogues

were added at 4 µM concentration to 1x106 CFU/ml of bacterial cells of both strains and

the suspensions were incubated at 37°C for 210 min. These data show that the analogs are

significantly less active than the native peptide Bac7(1-23), but there is some activity and

this is greater towards the ΔwaaG mutant strain.

Figure 2.16 Bactericidal activity of Bac7(1-23) analogues. Bacterial killing of E.coli BW25113 (blue

bars) and ΔwaaG deletion mutant (yellow bars) cells after 210 min incubation with 4 µM peptide.

It should be noted that for all three peptides, no significant differences were observed

for MIC, bacterial growth inhibition or killing, when using labelled or unlabeled versions

of the peptides. Thus, while BODIPY labelling seems to recover some of the activity of

shortened Bac fragments such as Bac7(1-15) (section 2.3.4), it does not affect the activity

of N-cap analogs of Bac7(1-23).

In conclusion, all data, taken together, show i) that Bac7(1-23) is efficiently

internalized into susceptible bacteria by a mechanism involving the SbmA membrane

protein, and this process is not markedly affected by OM integrity; ii) although its
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activity was significantly decreased in the absence of the transporter, in the ΔsbmA 

mutant, the MIC values remained well below concentrations clearly causing membrane

lysis as the principal killing mechanism; iii) the presence of the first two Arg residues in

the N-cap appears to be important for both the antimicrobial activity and internalization;

iv) different features of these Arg residues appear to be relevant, including the charge,

bulk, stereochemistry and H-bonding capacity, so that stereospecific interactions with the

transporter and/or final target may be involved; v) removal of the SbmA protein also

affects the activity of N-cap analogues, so it is involved in their internalization, although

this seems less efficient for most variants; vi) when the outer membrane is destabilized,

the less active peptides tend to increase both their internalization and bactericidal activity,

so that the OM appears to be a more effective barrier for these than for the native Bac7(1-

23) peptide.

Regarding the internalization process, the role of SbmA as part of the protein transport

system was confirmed for all analogues. In fact, all peptides, irrespective of a high or

lower activity against the wild-type strain, showed a comparable concentration fold

increase in MIC or IC50 with respect to the deletion mutant. Given the absence of the

transport system, what then was the killing mechanism against the deletion mutant? As

the active concentrations for all peptides against this mutant were insufficient to cause

significant membrane lysis, it is unlikely that membrane damage is the killing

mechanism. An explanation could that a second, as yet unidentified transport system is

present, with similar stereochemical requirements as SbmA but with a higher Km for

transport. This hypothesis requires further investigation.

2.3.10 Peptide-membrane interaction: SPR analysis

Although Pro-rich AMPs like Bac7 are not membrane-active, but internalized into

susceptible bacterial cells to hit internal targets, they are quite cationic. The membrane

may play a relevant role in their internalization, an initial attractor of the peptides to the

bacterial surface, due to electrostatic interactions with anionic phospholipid, and convey

them more efficiently to the transport system. Any difference in this initial interaction,

especially in shortened fragments or N-Cap analogues with a reduced cationicity, could

thus contribute to the observed differences in activity of the peptides, and needed to be

investigated.



Chapter 2: PR-AMPs

72

The interaction between several Bac7 analogues, of different sizes and cationicities

with anionic model membranes was evaluated using Surface Plasmon Resonance. L1

sensor chips were coated with liposomes containing a 80:20 mix of neutral and anionic

phospholipids. This chip bears hydrophobic chains on its dextran matrix that trap

liposomes, and the presence of neutral phospholipids reduces electrostatic repulsion

between liposomes, ensuring a full coverage of the chip surface. It was then possible to

measure the accumulation of cationic antimicrobial peptides on the membrane, by

flowing increasing concentrations over the surface, and under optimal conditions it was

possible to obtain the equilibrium dissociation constant (KD).

Typical sensorgrams for the binding of selected Bac7 fragments, at increasing

concentrations, with the immobilized membrane are shown in Figure 2.17. These show a

very rapid initial binding event to a plateau (association phase). On washing with buffer,

removal of peptides is also rapid (dissociation phase). These data are consistent with the

rapid and reversible electrostatic binding of all the peptides to the membrane surface, and

permit the calculation of the equilibrium dissociation constants KD, using the

BIAevaluation software, from the ratio of the kinetic rate constants for association and

dissociation (KD = kd/ka) (Table X).

Table X Equilibrium binding association constants (KD) for

selected Bac7 fragments.

A significantly higher affinity was observed for those fragments that were also most

antimicrobially active, such as Bac7(1-16), (1-23) and (1-35) as compared to the less

active ones Bac7(1-15), (3-23) and (5-35). The results indicate a differential capacity of

Bac7 fragments to bind with anionic membranes, and cannot be entirely explained by the

lower cationicity of the less active fragments. A good correlation between interaction

capacity with model membranes, peptide internalization and antimicrobial activity has

Peptide charge KD (M) a

Bac7(1-35) +11 3.7  2 E-5

Bac7(5-35) +8 3.3  0.8 E-4

Bac7(1-23) +9 2.5  1 E-5

Bac7(3-23) +7 1.8  E-4

Bac7(1-16) +8 3  0.4 E-5

Bac7(1-15) +7 1.6  0.2 E-4

a) mean of three experiments
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thus been determined. This would indicate that features of the active fragments, such as

the minimum size and presence of two N-terminal arginine residues in the N-cap, have a

rather extensive and articulated role in determining activities, at several different levels in

the peptide’s trajectory from bulk solution to their final targets in bacteria. They affect the

efficiency of outer membrane penetration, increase the capacity to surface bind with the

cytoplasmic membrane, and finally are important for the transport through the membrane

protein machinery which includes SbmA. It will be interesting to determine what effect

they also have in modulating the interaction with the final cytoplasmic target, which is

however still elusive.
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Figure 2.17 Binding analysis of selected Bac7 fragments to model membranes using Surface Plasmon Resonance with liposomes immobilized on an L1
sensor chip.
Binding sensorgrams (left panel) and binding curves (right panel) of: A) Bac7(1-23) at increasing concentrations from 2 to 128 µM; B) Bac7(3-23) at increasing
concentrations from 2 to 512 µM; C) Bac7(1-16) at increasing concentrations from 8 to 512 µM; D) Bac7 (1-15) at increasing concentrations from 8 to 512 µM.
74
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2.4 CONCLUSIONS and future perspectives

This study aimed at obtaining a better understanding of the characteristics of the Bac7

sequence which are necessary for a potent antimicrobial activity and efficient

internalization. In particular, I investigated the minimum required size for such activities,

and the role of two key C-terminal arginine residues. By using flow cytometry, confocal

microscopy and MIC assays I was able to accurately define at 16 residues the minimum

size required so that a Bac7 fragment be efficiently internalized into bacterial cells and

found a strong correlation between the antimicrobial activity and this internalization

capacity.

The data suggest a close correlation between internalization capacity and antimicrobial

activity, and in fact I did not find any sequence, amongst shortened or otherwise altered

fragments, which was inactive but able to be internalized, or vice versa. In addition both

internalization capacity and antimicrobial activity seemed to depend more on the

sequence length than other features such as the charge, as adding a neutral Cys residue

and/or BODIPY to could partly restore the activity of shorter, and otherwise inactive,

fragments such as Bac7(1-15).

Another potentially very useful observation is that fragments from 15 residues upward

can internalize molecular cargo into susceptible bacterial cells. One important future

perspective is thus to link a suitable Bac7 fragment to an otherwise impermeant antibiotic.

The choice of antibiotic molecule is an essential element because it must be:

• with a specific group for linkage to Bac7 peptide, at its C-terminus, that is not essential

for its activity

• unable to be internalized into Gram-negative bacterial cells on its own

• the linkage should ideally break intracellularly to release the free active antibiotic.

In this respect thioester bonds to a cysteine residue could be useful.

I have also some very interesting data relating structural features of the C-terminal

arginine residues in the so called “N-Cap” with the mechanism of action of Bac7, on

several different levels. The presence of these residues seems to be essential for several

different reasons, so that modifying features such charge, steric bulk, stereochemistry or

H-bonding capacity all had a deleterious effect on antimicrobial activity.
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In addition it appeared that the presence of these residues was also required for an

efficient transit through the outer membrane barrier, binding to the cytoplasmic

membrane, and efficient transport through this membrane by a specific protein

machinery.

By using specific E.coli mutants lacking expression of the SbmA membrane protein,

which is part of this machinery, it was confirmed that is in fact i) necessary for activity

and ii) may place structural and stereochemistry requirements on the peptides, particularly

regarding the N-Cap arginine residues, that would explain the observed effects of

variations. However, while activity is significantly decreased for all peptides in the

absence of transporter, as observed with the ΔSbma deletion mutant, it was not abolished.

As I could not find evidence for an alternative killing mechanism involving membrane

lysis, at the higher antimicrobial concentrations required against this mutant, it is possible

that other mechanisms, or even alternative transporters, could be active at higher peptide

concentrations.

Use of a mutant with an altered LPS layer was instead useful in probing the barrier

effects of the outer membrane. It was interesting to note that variants lacking first two

Arg residues or with neutral analogues, were not only less efficient in internalizing and

consequently less active as antimicrobials, but apparently also subject to the strongest

barrier effects.

From all the data I collected, it is possible to start building a more detailed picture of

the how Bac7 approaches the bacterial membrane and enters the cytoplasm, where it

inactivates one or more cytoplasmic targets that have not yet been well defined. This is

schematically represented in Figure 2.18.

Finally, an interesting observation was that of all the variants of the active Bac7(1-23)

fragments that were tested, only one showed a comparable or better activity, that of the

analogue with two peptoid Arg residues. This stereochemical modification not only seems

to be well tolerated, but may bring some advantages. It may either favour interaction with

the transport mechanism or the internal target/s, or possibly increase the stability of the

peptide to degradation. In fact, the group in which I carried out the thesis has found that

E. coli produces cytoplasmic proteases capable of degrading Bac7 fragments, which if

overexpressed decreases susceptibility to these peptides (Scocchi M, private

communication). Another future prospective is thus to increase the content of peptoid Arg
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residues in the active peptides. In this respect, the final stages of my thesis work, I have

successfully carried out the pilot synthesis of a Bac7(1-23) analogue in which all the

arginine residues were replaced by the peptoid residue. This was effected by first

synthesizing the peptide using the N-ornithine peptoid residues, and then guanidinylating

them in a one-pot reaction (section 2.2.8). A larger scale synthesis is now under way

which will allow to determine if this “full peptoid” analogue still retains a useful or even

improved activity.
Figure 2.18. Proposed Mode-of-action of PR-AMPS. PR-AMPs can penetrate in susceptible bacterial cells in a
stereoselective manner using a transport system involving the membrane protein Sbma, possibly part of a
multimeric transport system for which the oligomerization state and intracellular interactors are as yet unknown.
The natural all-L PR-AMPS are internalized by this system at sub- to low micromolar concentration, while the all-D
enantiomers aren’t. At considerably higher concentrations, both L- and D-isomers are capable of killing bacteria via
a membranolytic mechanism. Other, as yet unknown, transporters, or a self-promoted uptake, may internalise PR-
AMPs at intermediate concentrations. Once internalised, PR-AMPs can interact with the ATPase subunit of the
bacterial chaperone DnaK, or its peptide binding domain (PBD) or both. There are likely also other intracellular
interactors, alongside the chaperone, or downstream from it (adapted from Scocchi et al. 2011).
77
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3.1 AIMS of the study

AMPs, with their wide activity spectrum and their multimodal mechanism of action,

potentially constitute an alternative to the conventional antibiotics. β-Defensins have a 

broader spectrum of activity compared with PR-AMPs, including Gram-negative and

Gram-positive bacteria and as well as yeasts, and they can be relatively resistant to

degradation by serum or bacterial proteases (Antcheva et al. 2009). Furthermore, they are

known to have several interesting immunomodulatory functions, so they are good leads

for multifunctional anti-infective agents.

The production of synthetic defensins is however considerably more difficult than for

linear peptides such as the PR-AMPs or amphipathic helical AMPs, because after

synthesis they must be correctly folded to a more complex beta-sheet structure that

involves the formation of three disulphide bridges, which is not easy to obtain. The fact

that effectively only the six cysteines are completely conserved in the whole sequences,

and that despite the difference in primary sequence, the disulfide bridges they form

stabilize quite similar β-sheet structures in all -defensins, is encouraging. It suggests i)

that there is a strong tendency to adopt the correct -sheet fold, ii) that a strong

structure/activity relationship in their mode of action must be present to conserve it, and

iii) that as the rest of the primary structure is quite variable, this scaffold can support a

considerable structural plasticity to modulate this activity.

A study described in this part of thesis focuses on hBD3, which has a more potent, less

salt-sensitive and broader activity spectrum compared with the other human β-defensins. 

The idea was to design and characterize a minimalized analogue which is simpler to

synthesize, and thus with potentially lower production costs, but that would maintain a

good antimicrobial activity and show an acceptable cytotoxicity. Another aspect of this

approach was to better define the role of different structural elements of hBD3 in

determining the mechanism of action.

Another study, in collaboration with the University of Udine, aimed to explore the

capacity of a lingual bovine β-defensin, LAP, to inactivate the yeast-like algae of the 

genus Prototheca, which cause mastitis in cattle. This molecule has some features in

common with hBD3, in that it also is a highly cationic and quite potent, broad spectrum

antimicrobial. One aspect of this study was to continue to explore if this AMP, expressed

in mammary tissue along with several cathelicidins, could play a role in innate defense
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against mastitis (Tomasinsig et al. 2011), another was to evaluate if it might be a useful

lead for topical veterinary anti-infective agents against this disease.

3.2 MATERIALS and METHODS

3.2.1 Design, synthesis and folding of hBD3 and its brevi analogue

NMR of hBD3 β-defensin has shown a short N-terminal α-helical segment followed by 

a triple-stranded antiparallel β-sheet core (Schibli et al. 2002). This three-dimensional 

structure is a common feature of β-defensins, nevertheless the α-helical N-terminal stretch 

seems less stable in hBD3 molecule than in other human paralogues such as hBD1 and

hBD2, for which the structures have been reported. In fact the N-terminal stretch of hBD3

forms an amphipathic helix only after interaction with the membrane (Morgera et al.

2008). In aqueous solution, hBD3 forms stable dimers or oligomers, which appear to

require by the presence of both intermolecular and intramolecular salt bridges and

hydrogen-bonds between Glu-28 and Lys-32 (Schibli et al. 2002). The capacity to create

stable dimers in solution, at low concentrations, has been suggested as relevant

component of antibacterial activity of hBD3 (Harder et al. 2001); (Boniotto et al. 2003)

(Crovella et al. 2005).

 Starting from this active and multimeric human β-defensin hBD3, an analog 

containing only the N-terminal α-helical stretch and one C-terminal strand from this AMP 

(for a more detailed discussion see section 3.4.1), removing most of the β-sheet core, was 

synthesized, and was expected to be monomeric. This analogue was designed taking the

structure of hBD3 into account, and leaving only one residual S-S bond.

The synthesis of β-defensin peptides is considerably more difficult than that of linear 

ones, such as the Pro-rich peptides. In fact, the presence of a number of proline residues

greatly reduces the aggregation during chain elongation on the resin. Conversely the

synthesis of β-defensins involves a significant risk of aggregation due at the complexity 

of the sequences, and their lengths (35-50 amino acid residues). Moreover, the

incorporation of six conserved cysteine residues can lead to serious racemization

problems unless appropriate measures are taken. Subsequently, the correct folding of the

peptides, with up to 3 disulphide bridges of the correct connectivity, is difficult to obtain.

We have found that the program “Peptide companion” by Coshi Soft, is quite useful in

helping predict potentially difficult couplings due to steric hindrance or aggregation. The



Chapter 3: Defensins

81

prediction profile for hBD3 is shown in Figure 3.1. A stretch at the centre of the sequence

and at the N-terminus are predicted to be difficult. In the brevi analogue, the central

stretch corresponding to the Abu-Ala-Abu sequence is also predicted difficult.

The syntheses of beta-defensins were performed on the Liberty (CEM, USA)

Automated Microwave-Enhanced Solid Phase Peptide Synthesizer as previous described

(see 2.2.1 and 3.2.1) using Fmoc-Lys(Boc)-substituted Tentagel (TGA) resin

(Novabiochem, substitution 0.16 mmol/g) on a 0.1 mmol scale, and a mix of DMF/DCM

Figure 3.1 Synthesis difficulty prediction for hBD3 (Top) and its brevi analogue (bottom).
The stretch in the centre of brevi-hBD3 is predicted to be difficult, as is the N-terminal in both
peptides. The prediction was carried out using the Peptide Companion software from CoshiSoft.
As the programme does not consider the first four residues in the synthesis, a string of glycine
residues was inserted at the C-terminus. Abu residues (*) were mimicked by Val.

* *
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80:20 as solvent for each coupling step. The coupling temperature was set at 75°C, except

when using the preactivated ester Fmoc-Cys(Trt)-OPfp (45°C), which was required to

prevent racemization.

It has been demonstrated that microwaves are particularly useful for difficult peptide

syntheses because the alternating electric field tends to break up chain aggregation. In

addition the presence of DCM, which is less polar than DMF and absorbs less microwave

energy, favours energy transfer from solvent to the reactants (Collins et al. 2007).

On completion of the synthesis, and after cleavage using protocols as described in

section 2.2.1, the quality of crude reduced linear peptides (MW = 5161.0 and 3681.7

respectively for hBD3 and brevi-hBD3) (Figure 3.2) was found to be sufficiently high for

them to undergo the folding procedure directly, without previous purification. Folding

was carried out in oxidizing conditions by dissolving crude peptide in aqueous buffer

consisting of 0.1M ammonium acetate, 2 mM EDTA and 0.5M guanidinium chloride, at a

final pH 7.5-8, under nitrogen, so as to obtain a final peptide concentration of about 10

µM. Cysteine (100 fold excess) and cystine (10 fold excess) were also added immediately

prior to use, to catalyze disulfide exchange and facilitate obtaining the correct

connectivities. The folding reaction was conducted at room temperature for 24h and was

monitored by analytical RP-HPLC (Kinetex C18, 3µm, 100 A, 50 x 4.6 mm column from

Phenomenex, USA) until complete oxidation of the peptides, exploiting the fact that

unfolded and folded peptides have different and characteristic elution times. The folding

solution was then subjected directly to preparative RP-HPLC, and the peptides then

lyophilized. ESI-MS showed that the peptides were both correctly folded and of high

purity (see Figure 3.2), with a yield of about 30% for brevi-hBD3, but considerably lower

(<15%) for hBD3. In both cases, the N-terminal deletion peptide with missing Gly-Ile

was present and difficult to completely remove from the correct peptide.

After lyophilization, peptides were dissolved in water and the concentrations were

determined i) based on the molar extinction coefficient (ε280) of Tyr and Cys, using the

ProtParam tool on the ExPASy server (http://www.expasy.ch/tools/protparam.html) ii)

based on the molar extinction coefficient of peptide bonds (ε214), according to the 

method of Kuipers and Gruppen (2007) and iii) by the method of Waddell (Waddell

1956).

http://www.expasy.ch/tools/protparam.html


Chapter 3: Defensins

83

-Arg

-Thr-Gly,
-Ile

-Gly,
-Ile

B

-Gly,
-Ile

A

Figure 3.2 Mass spectra of hBD3 (A) and its brevi analogue (B). The reduced crude
peptide is shown on the left, the oxidised purified peptide is shown on the right. Some
minor impurity peaks are also indicated. Spectra were deconvoluted from the ESI-MS
spectra using the Esquire software.
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3.2.2 Structural characterization of brevi-hBD3

The designed peptide brevi-hBD3 was characterized by CD spectroscopy on a J-715

spectropolarimeter (JASCO Corp. Japan), using 2-mm quartz cells and 20 µM peptide.

Peptide conformation was investigated in aqueous buffers, such as 10 mM sodium

phosphate buffer pH 7 (SPB); 10 mM SPB and 150 mM NaCl (PBS buffer) at pH 7.0;

trifluoroethanol (50% TFE in SPB buffer), large unilamellar phospholipid vesicles (LUV)

made with phosphatidylglicerol/diphosphatydilglycerol (Sigma, PG from egg yolk lecitin,

dPG from bovine heart; 95:5; 0.4 mM total phospholipid). Spectra are the average of at

least two independent experiments, each with the accumulation of three scans.

3.2.3 Antimicrobial activity

The bacteriostatic activity were determined against Escherichia coli ML-35, and

Staphylococcus aureus 710A by MIC assay as described in the previous section (see

2.2.6) using 5%TSB (5%v/v tryptic soy broth) in 10mM phosphate buffer in presence or

in absence of 50mM NaCl. The activity of this brevi-hBD3 was compared with that of

hBD3 and also that of a primate variant hcBD3 (Boniotto et al. 2003).

3.2.4 Membrane permeabilization by cytometric analysis

The permeabilization of the cytoplasmic membranes of E.coli and S. aureus was

determined by flow cytometry in the presence of propidium iodide. This molecule is

unable to be internalized into bacterial cells unless the cytoplasmic membrane is

damaged, when it can rapidly penetrate into the cell, intercalate into DNA and increase its

fluorescence. Bacterial cells (1 x 106 CFU/ml) were incubated at 37°C in presence of

increasing peptide concentrations and 10 µg/ml PI for different times. Analyses were

performed by using a Cytomics FC 500 (Beckman-Coulter, Inc.) as previously described

(see section 2.2.3.1).

3.2.5 Haemolytic effect on freshly isolated human erythrocytes

The haemolytic activity of peptides was estimated using freshly isolated human

erythrocytes from healthy donors. Different concentrations of peptides (ranging from 10

µM to 50 µM) were added to 0.5 % erythrocyte suspensions in PBS, and incubated for 30

min at 37°C. Lysis was then blocked by adding a 5 fold excess of ice-cold PBS and

immediately centrifuging at 5000 rpm for 5 min. The release of haemoglobin in the

supernatant was estimated measuring absorption at 405 nm. Total lysis (100%
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haemolysis) was determined by addition of 0.2% Triton X-100. Percent haemolysis was

calculated as [(Ap-A0)/(A100-A0)] x 100, where Ap is the absorption in the presence of

peptide, A0 is that in the absence of peptide (blank) and A100 the absorption corresponding

to total lysis.

3.2.6 Peptide-model membrane interaction: Surface Plasmon Resonance

Interaction studies between the β-defensins and model membranes were performed 

using Surface Plasmon Resonance as described in previously in section 2.2.7.2.

Liposomes of dipalmitoylphosphatidylcholine (DPPC) and 1.2-

dipalmitoylphosphatidylglycerol (DPPG) (4:1) were prepared, and within one day were

immobilized on the L1 sensor chip surface. hBD3, brevi-hBD3 and hcBD3 were tested at

different concentrations (ranging from 0.5 to 16 µM). The equilibrium dissociation

constant KD (Kd/Ka) was calculated by analyzing the binding sensorgrams of each

peptide-liposomes interaction.

3.3 Synthesis and Characterization of the bovine β-defensin LAP 

LAP is a bovine -defensin of 41 residues with a charge of +10 and mass of 4515.4

Da. Its synthesis was not facile, due to its size and regions predicted to be of difficult

coupling (see Figure 3.3). It was thus decided to carry out the synthesis at 75°C and use

an appropriate protocol to improve coupling efficiency.

The synthesis of LAP was performed on the Liberty (CEM, USA) Automated

Microwave-Enhanced Solid Phase Peptide Synthesizer as previous described (see 2.2.1

and 3.2.1) using Fmoc-Lys(Boc)-substituted Tentagel (TGA) resin (Novabiochem,

substitution 0.16 mmol/g) on a 0.05 mmol scale, and a solvent mixture of NMP/DMF

(50/50) with 0.5% triton for each coupling step. Double coupling was carried out at all

positions.
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Figure 3.3. Prediction of difficult sequence LAP β-defensin.

The completed peptide was cleaved from the resin and fully deprotected. The crude,

fully reduced peptide (MW 4520.4) was verified by ESI-MS, and abtained in >90% yield.

A deletion peptide (-103), corresponding to a cysteine deletion, was the principal impurity

(see Figure 3.4). The crude product was of sufficient quality to be oxidatively folded for

24 h as previous described (see 3.2.1), without prior purification, which considerably

reduced loss of peptide due to RP-HPLC. At the end of the reaction, the mixture was

adjusted to pH 2.5, filtered, and purified by preparative RP-HPLC using a preparative

Waters X-terra C18 column (10-40% acetonitrile gradient in 60 min with 0.05%TFA).

The yield of pure folded peptide was about 21% with respect to crude, which was

reasonable for a folding process of this type.

Correct oxidation and purity was confirmed by ESI-MS of the peptide (MW 4514.8)

(see Figure 3.4), while correct folding was partly established by ESI-MS analysis of the

tryptic digest, in which the disulfide-linked fragments GICVPIR and QIGTCLGAQVK

(MW 1870.9) confirmed the presence of the Cys2-Cys4 bridge.

Peptide conformation was investigated by CD spectroscopy as previous described (see

3.2.2) at 10 µM concentration in 10 mM SPB, 50% TFE in SPB buffer, in PG/dPG (95:5)

LUVs and also in Zwitterionic LUVs which were prepared using neutral L-α-

phosphatidylcholine and sphingomyelin from egg yolk and ergosterol dispersions

[PC/SM/Er,40:40:20(w/w)] to mimic algal membranes. For all experiments, LUVs were

freshly prepared or used within 1or 2days.
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Figure 3.4. ESI-MS of LAP peptide. Crude peptide before folding (left) and purified folded peptide

(right).

3.4 RESULTS and DISCUSSION

3.4.1 Design and synthesis of a minimalized β-defensin analog: brevi-hBD3

brevi-hBD3, is an internally truncated analogue of the native human -defensin, hBD3.

Its design was based on the observations that i) the N-terminal stretch of hBD3, which is

unstructured in solution as seen by our group using CD (Morgera et al. 2008) and also

according to the published NMR structure (Schibli et al. 2002), adopts an amphipathic

structure similar to that of helical AMPs in the presence of membranes, and ii) that the C-

terminal stretch concentrates much of the positive charge which is reported to be a key

factor for the relatively potent and non-salt sensitive antimicrobial activity of hBD3. The

sequence of brevi-hBD3 is shown aligned to that of hBD3 in Figure 3.5.

- Cys
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1 10 20 30 40

|---:----|----:----|----:----|----:----|----:
hBD3 GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK +11
brevi-hBD3 GIINTLQKYYCRVRGGRZA-------------ZSTRGRKCZRRKK +11

Figure 3.5 Alignment of the sequences of hBD3 and brevi-hBD3, shown alongside a topological representation of the

structure, based on the 3D NMR structure (1KJ6). The central deleted stretch is in italics and corresponds to the central

-strand. Cysteine residues not involved in cystine formation are replaced by aminobutyric acid (Z = Abu)to mimic
its hydrophobic nature.

In effect, considering the reported structure of hBD3, this truncated version of the

sequence covers the helical N-terminal stretch, first strand and C-terminal strand in the

triple-stranded -sheet core typical of the -defensins (Figure 3.5), but maintains the full

cationicity of the native peptide. Only one disulphide bond remains, considerably

simplifying synthesis. One Cys residue is removed with the central deleted stretch. The

two cysteine residues flanking this stretch are involved in a disulfide bond in the native

molecule. The peptide chain now links these residues instead of a disulphide bond (Figure

3.6). The hydrophobic nature of the replaced cystine is mimicked by inserting

aminobutyric acid (Abu) at these positions. For the same reason, a cysteine residue in the

C-terminal region that now remains unconnected was replaced by Abu.

As previous studies had indicated that hBD3 approaches bacterial membranes and

inserts the helical stretch that forms at the N-terminus into the lipid bilayer, acting as a

sort of molecular ‘keel’ for the -sheet platform above it (Morgera et al. 2008), we

hypothesized that the simpler truncated version could behave in an analogous manner.

The synthesis and folding of brevi-hBD3 was relatively straightforward, and

considerably easier than that of the native peptide. The yield of the correct peptide in the

crude after cleavage from the resin was good (> 80%) so that folding could be carried out

directly on this, without previous purification, considerably increasing yields.

Furthermore, while hBD3 folds to at least two different isoforms with different cystine

connectivities that need to be separated by HPLC, the brevi analogue, having only one

possible connectivity, folds quantitatively to that structure, as determined by analytical

HPLC followed by mass spectrometry.
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Figure 3.6. Predicted structure of hBD3 (left), as it would appear in the presence of a biological
membrane, and hypothesized structure of brevi-hBD3 derived from it (right). The structure of hBD3
was obtained from the published NMR structure 1KJ6. A helical conformation was imposed onto the N-
terminal stretch from residues 1-12, using the Insight II software, and the structure was then energy
minimized. The residues in the central excised stretch were removed and the peptide bond artificially
linked, in the brevi structure on the right.

3.4.2 Structural characterization of brevi-hBD3

The structural features of brevi-hBD3 were analyzed using CD spectroscopy, in a

number of different environments such as aqueous buffer, organic solvent and model

membrane(Figure 3.7).

CD spectra indicated that the whole brevi peptide, including the N-terminal stretch, is

unstructured in bulk solution (Fig. 3.7A solid line) but that it undergoes a transition to a

well-defined conformation, in the presence of TFE, that is consistent with a partly helical

structure (dashed line), in agreement with an amphipathic helical arrangement of residues

in the N-terminal stretch. This structure is consistent with that hypothesized in Figure 3.6.

In the presence of anionic LUV, the conformation is again quite different, indicating that

it interacts strongly with a bacterial-like membrane, possibly inserting into it.
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3.4.3 Antimicrobial activity

Comparison of the biological activities of brevi-hBD3 with its parent peptide hBD3

needed to take into account not only their differences in primary and secondary structures,

but also the fact that hBD3 has been shown to aggregate strongly in solution at

antimicrobial concentrations (Schibli et al. 2002, Boniotto et al. 2003). For this reason, it

was decided to compare its activity also with that of a primate variant (hcBD3 from

hylobates concolor, see Table XI), which was previously found to be prevalently

monomeric (Boniotto et al. 2003).

Table XI. Comparison of the sequences of hBD3, brevi-hBD3 and the primate orthologue hcBD3

Peptide Sequence

hBD3 GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK

brevi-hBD3 GIINTLQKYYCRVRGGRZA-------------ZSTRGRKCZRRKK

hc-BD3 GLMNTLQKYYCRVRGGWCAVLSCLPKEEQIGKCSTRGRKCCRRKK

The antimicrobial activity was first tested using MIC assays against the Gram-negative

bacterium E. coli ML35 and the Gram-positive S. aureus 710A, in a permissive medium

(5% v/v tryptic soy broth), given the known sensitivity of -defensin antimicrobial

activity to medium conditions, both in presence and in absence of 50mM NaCl (Table

XII). All peptides showed a more potent activity against E. coli at low salt concentration,

but it decreased at 50 mM NaCl . The oligomeric hBD3 was equally potent against S.

aureus but in this case activity was not salt sensitive. The monomeric brevi-hBD3 and

hcBD3 were somewhat less active against the Gram-positive bacterium, but also in a non-

sensitive manner. In general, the antimicrobial activity of brevi-hBD3 was this more

similar to that of the monomeric primate orthologue than the oligomeric parent peptide,

consistent with its likely monomeric nature. These results would seem to suggest that i)

these peptides, and hBD3 in particular, have different modes of action with respect to the

Gram.-positive and Gram-negative bacteria, and ii) that the brevi-hBD3 analogue

maintains a substantial antimicrobial activity but may act differently to the parent peptide.
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Table XII: Antimicrobial activity of hBD3, its brevi analogue and primate orthologue

MIC (µM)

Peptide E.coli ML35 S.aureus 710 A

- NaCl +NaCl - NaCl +NaCl

brevi-hBD3 1 4 4 4

hBD3 1 4-8 1 1

hcBD3 1 2 4 4

MICs were determined using the broth microdilution susceptibility test
according to the CLSI guidelines in 5%TSB (5%v/v tryptic soy broth)
in 10mM phosphate buffer in presence or in absence of 50mM NaCl.

Results also indicate that the N-terminal stretch of hBD3, which is present in the brevi

analogue, is a determinant for antimicrobial activity. With the CD data, they suggest that

the peptide interacts with, and possibly permabilize the bacterial membrane, by inserting

the amphipathic helical stretch into the bilayer. This is consistent with the hypothesis that

in the parent peptide, the helical segment serves as a sort of molecular keel helping to

anchor hBD3 to the membrane bilayer, while the overlying -sheet platform serves to

attract the molecule to the surface due to its high charge, and also to mediate

oligomerization. In brevi-hBD3, insertion of the helical stretch may then be sufficient for

an antimicrobial mechanism based on a direct and rapid membrane permeabilization. For

the oligomeric native hBD3 the inactivation mechanism subsequent to membrane

interaction instead appears to be a slower one (Boniotto et al 2003). In the Gram-positive

bacterium, it also appears to involve interaction with other membrane components, such

as lipid II and oligomerization may be an important feature (Wilmes et al. 2011). This

would explain its greater activity against S. aureus with respect to both the brevi analog

and primate orthologue, and underlines how natural AMPs often have complex and

multimodal antimicrobial mechanisms, involving different processes simultaneously.

3.4.4 Permeabilization and haemolytic effect

At this point, to better understand whether the peptides were acting with different

mechanisms at the bacterial membrane, the permeabilizing effect on E. coli cells was

extensively evaluated by flow cytometry using the fluorescent dye propidium iodide

which cannot enter intact bacterial cells. A bacterial suspension of 1 x 106 CFU/ml was
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incubated at 37°C in presence of the three peptides at increasing concentrations and for

different times, in the presence also of 10 µg/ml PI. At a concentration which corresponds

to the MIC value of all peptides for the Gram-negative bacterium (1µM), brevi-hBD3

resulted in a significantly higher percentage of fluorescent cells than hBD3, confirming an

increased membranolytic capacity (Figure 3.8).

Figure 3.8 Membrane permeabilization of E. coli by hBD3, its brevi analog and primate
orthologue, as determined by flow cytometric analysis. The percentage of PI-positive cells was
determined for incubation of E.coli ATCC 25922 (1 x 106 CFU/ml) with peptides at 1 µM
concentration. A representative monoparametric histogram of fluorescence is shown on the left, after
20 min. incubation. The black curve represents untreated cells with low fluorescence. The magenta
curves represent cells treated with hBD3, and the unpermeabilized, low fluorescence population
dominates w.r.t the highly fluorescent permeabilized population at higher intensity values. The
opposite is the case for cells treated with brevi-hBD3 (red curve), where the permeabilized cell
population dominates. Results from these plots, taken at different exposure times were used to
construct the %PI to exposure time plot on the left. Each point was the mean of at least three
independent evaluations.

In AMP optimization studies, an increased lytic activity against bacteria is

unfortunately often accompanied by an increased cytolitic activity also with respect to

host cells, in particular when dealing with amphipathic helical AMPs (Zelezetsky et al.

2006). The haemolytic effect of brevi-hBD3 was therefore tested on freshly isolated

human erythrocytes and compared to that of the parent peptide and its monomeric primate

orthologue (Figure 3.9). Different concentrations of peptide (10 and 50 µM) were added

to a 0.5% erythrocyte suspension and % haemolysis determined form released

haemoglobin. The haemolytic capacity of brevi-hBD3 seemed to be lower than that of

either hBD3 or hcBD3 at the lower concentration, while it was comparable to the others

at 50 M. This is an interesting result, as it indicates that the brevi analogue may be

min
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relatively non-toxic at antimicrobial concentrations, and may thus be a useful lead for

development as an anti-infective agent.

Figure 3.9. Haemolytic activity of brevi-hBD3; hBD3; hcBD3. The haemolytic activity of the peptides
was calculated as percent lysis of human erythrocytes (0.5% suspension in SPB), in the presence of
increasing peptide concentrations (10–50 µM), after incubation at 37 °C for 30 min. Total lysis (100%
haemolysis) was determined by addition of 0.2% Triton X-100. Results are the mean of at least four
independent evaluations carried out on different, fresh batches of human eruthrocytes from healthy donors.

3.4.5 Interaction studies with model membrane by SPR

To better understand the role of the α-helical stretch in hBD3 and its brevi analogue in

mediating the interaction with the bacterial membranes, both peptides were used in

Surface Plasmon Resonance using anionic liposomes immobilized on the surface of the

L1 chip.

Figure 3.10 shows the sensorgrams and the derived binding curves obtained for

each peptide at increasing concentrations from 0.5 to 16-32 µM. The calculated

equilibrium binding constant (KD), determined from these binding curves (Table XIII),

turned out to be quite similar for the two peptides, indicating that the internally truncated

analogue substantially maintains a similar affinity for the model membrane as the native

peptide. However, the curve shapes are different, so that brevi-hBD3 rapidly binds to the

membrane but is also rapidly removed, while hBD3 shows a more complex, biphasic

binding, a markedly higher response level, and is not completely removed from the

membrane. The affinity constant may thus not be valid, due to the slow dissociation rates

and to a probable increased oligomerization of the peptide over 2 M. In any case, the
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binding constants, at around 3E-6, are an order of magnitude greater than those for the

Bac7(1-35) fragment, which has a similar size and charge (+11). Due to its Pro-rich

nature, this peptide cannot assume an amphipathic structure and insert into the membrane,

and is thus bound to the surface by mainly electrostatic interactions. SPR results would

therefore seem to confirm the role of the N-terminal amphipathic α-helical stretch as 

molecular keel anchoring hBD3 strongly to the membrane.

Table XIII. KD values for binding of hBD3 and its brevi analogue to anionic LUVs

.

Peptide charge KD (M)
hBD3 +11 (2,4 E-6)

brevi-hBD3 +11 4,5 E-6
Bac7(1-35) +11 3.3 E-5
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Figure 3.10 Binding sensorgrams (left panel) and binding curves (right panel) of brevi-hBD3 (0.5-16 µM) and hBD3 (0,5 - 32 µM) after
immobilization of DPPC/DPPG 4:1 liposomes. Table of calculated KD of each peptide. The KD value for hBD3 is tentative, due to a slow and
incomplete dissociation
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3.5 Comparative activity and mechanism of action the bovine beta-

defensin LAP against the emerging pathogen Prototheca

The bovine lingual antimicrobial peptide (LAP), also a β-defensin, was synthesized 

and structurally characterized by me, to be subsequently tested at Udine University

against pathogens causing bovine mastitis, and in particular the emerging algal pathogen

Prototheca. These yeast-like, non-photosynthetic algae are ubiquitous saprophytes that

cause uncommon infections in immunocompromised human patients, but are responsible

for acute to chronic granulomatous mastitis in cattle. Antimicrobial peptides produced by

both circulating and epithelial eukaryotic cells, as part of innate host defence, have been

shown to inactivate a wide array of pathogens and so are a potential source of leads for

novel anti-infective agents against these pathogens. Three structurally quite diverse

bovine AMPs, the cathelicidin BMAP-28, prepared by me also for use against cystic

fibrosis pathogens (see Chapter 4), the proline-rich Bac5, a paralogue of Bac7 in cattle,

and the β-defensin LAP, were thus compared for their capacity to inactivate Prototheca 

spp. As well as bacterial pathogens involved in bovine mastitis.

My principal role in this study was the solid phase peptide synthesis and folding of the

β-defensin LAP, and the characterization of its structure using MS spectrometry and CD 

spectroscopy, to respectively confirm the correct folding and define its conformation in

several different environments, as described in section 3.3. The synthesis was not facile,

with a final yield of less than 10% considering the synthesis scale, however, it provided

several mg of pure and correctly folded defensin, which was sufficient for all subsequent

tests.

The three peptides were all reported to be present in the mastitic mammary mileu

(Tomasinsig et al. 2010), and have quite distinct structural features which are likely to

result in distinct modes of action. BMAP-28 is a linear, amphipathic α-helical peptide, 

Bac5 likely has an extended poly-L-proline type II conformation, and LAP is likely to

have the β-sheet core stabilized by three disulphide bridges typical of defensins. The 

effects of these peptides against several Prototheca isolates were investigated in terms of

antimicrobial activity, and related to both their capacity to permeabilize the cell

membrane and affect the cell morphology, and is described in detail in the accompanying

publication. The reader is referred to this paper (see Appendix II) for figures and tables,

while a digest of results follows.
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The antimicrobial activity of the peptides was assayed against various microbial strains

isolated from cases of bovine mastitis, not only Prototheca, but also a number of

contagious (Staphylococcus aureus and Streptococcus agalactiae) and environmental

(Streptococcus uberis, Staphylococcus epidermidis, Escherichia coli and Klebsiella

pneumoniae) bacterial species. The MIC data (reported in the paper) indicate that all three

peptides are quite effective against all Prototheca isolates tested. BMAP-28 was effective

in the low micromolar range against most bacteria as well as the algae. Bac5 was very

effective against Gram-negative organisms, while displaying high MIC values against

most Gram-positive organisms, as expected for a member of Pro-rich family of AMPs. It

was however as effective as, or even better than, BMAP-28 against the yeast-like

Prototheca spp. Under the same conditions, LAP was ineffective against bacterial isolates

up to 32 µM, but displayed a significant antibacterial activity in four-fold diluted growth

medium, in agreement to the known salt and medium sensitivity of the antibacterial

activity of β-defensins. However, it inhibited the growth of Prototheca spp. with an 

average MIC value of 8 µM, even under full medium conditions. Thus, while the three

peptides have a differential capacity to inactivate bacteria, all three are quite active

against Prototheca.

In a microbicidal activity assay, BMAP-28 was found to markedly decrease the

viability of Prototheca wickerhamii within just 10 min, at its MIC (4 µM). The

microbicidal effects of LAP and Bac5 were significantly slower. With only partial killing

activity up to concentrations of 16 µM, and only following 60 min incubation, while

complete killing was achieved only following 6 h incubation of algal cells with each

peptide at its MFC value (four times the MIC value , i.e., 2 µM Bac5 and 16 µM LAP).

To gain further insight on the mechanism of antimicrobial action, peptides were

analysed for their capacity to induce extracellular release of ATP from P. wickerhamii as

a means to evaluate cell membrane disruption. At its MIC value, BMAP-28 resulted in

massive cellular ATP loss, within 10 min exposure, consistent with a rapid

membranolytic activity, while Bac5 and LAP did not induce ATP release even after 60

min incubation at their MIC values. Membrane integrity was further confirmed by a lack

of propidium iodide uptake under the same experimental conditions. Some

permeabilization was observed at four-fold the MIC value after prolonged incubation, but

not to the extent observed for BMAP-28.
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My circular dichroism studies indicated that BMAP-28 interacts with neutral

liposomes mimicking algal membranes (composed of phosphatidylcholine,

sphingomyelin and ergosterol, 40:40:20), by adopting a helical conformation, consistent

with its membranolytic mechanism. The CD spectra of Bac5 and LAP instead were

unaffected, indicating they have alternative inactivation mechanisms. This was also

underlined by electron microscopic analyses of peptide-treated Prototheca, where only

BMAP-28 was found to significantly affect cellular morphology and induced blebbing.

Collectively, results indicate that BMAP-28, Bac5 and LAP kill Prototheca with distinct

potencies, killing kinetics and modes of action and can be considered as valid leads for

the development of novel anti-protothecal agents, individually or in combination.

3.6 CONCLUSIONS and future perspectives

This study about β-defensins aimed to define the role of α-helical region and β-sheet 

core of the active human defensin hBD3. Functional characterization of the truncated

analogue, brevi-hBD3, indicated that the N-terminal helical stretch in hBD3 plays an

important role in mediating its interaction with bacterial membranes. In the brevi analog,

this interaction is sufficient to allow bacterial inactivation by a mechanism involving

direct, rapid membrane permeabilization. In the parent peptide, its role may be more to

anchor the peptide to bacterial membrane, while the presence of beta-sheet core may

result in additional inactivation mechanisms, while membrane permeabilization is slower.

Brevi-hBD3 has a relatively low hemolytic activity and a comparable antimicrobial

activity with respect to hBD3, so it may be a useful simplified lead for development as an

anti-infective agent.

-defensins have a medium and salt sensitive antimicrobial activity, although hBD3 is

less susceptible to conditions than most other defensins. MIC assays for both hBD3 and

brevi-hBD3 showed a somewhat decrease in activity at higher salt concentrations, but

MICs remained quite acceptable. Future assays will thus aim to determine how the

activity of the brevi analogue compares to that of the parent peptides at increasing

medium and/or salt concentrations.

Another aspect of the peptides’ activity that requires clarification are their

susceptibility to serum components and proteases. Preliminary experiments in the

presence of serum have indicated that hBD3 was partially degraded after 24 hours
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exposure (Antcheva et al. 2009) likely by C-terminal cleavage of Lys and Arg residues by

a trypsin-like carboxypeptidase. Recently, a similar experiment with brevi-hBD3 has

indicated that it is completely fragmented after only two hours exposure. A future aim is

thus to increase its stability to degradation, for example using the same peptoid residue

technology as proposed for Bac7 fragments.

Finally, Biacore technology will be used to carry out a detailed study of the affinity of

hBD3 and its brevi analogue to human serum albumin, an important serum component.

This type of sequestering interaction is known to significantly decrease the potency of

AMPs in general and defensins in particular. Very preliminary results are quite enticing,

as they indicate a lower affinity of the brevi analogue.

With respect to the bovine LAP peptide, our paper was the first report of the activity of

this type of AMP, as well as that of the helical and Pro-rich cathelicidins, against this

emerging pathogen. It appears that the three peptides used act via distinct mechanisms,

and could be useful leads for the identification of druggable targets, and/or the

development of selective anti-protothecal agents. Further studies are thus warranted to

better elucidate the respective mechanisms, and allow the design of AMPs or derivatives

with increased potency.
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4.1 AIMS of the studies

4.1.1 Helical AMPs in the treatment of cystic fibrosis (CF) infections

Physicians treating patients with CF are increasingly faced with infection caused by

multidrug-resistant (MDR) strains. During the second year of my PhD project, I

participated in a collaboration to define novel strategies for treatment of CF lung MDR

infections based on the use of helical antimicrobial peptides (AMPs), which are active

against antibiotic-resistant strains and, in general, do not select for resistant strains.

Although the antimicrobial activity of such AMPs has been extensively reported in the

literature, scant data have been published with respect to CF pathogens. Studies

performed in collaboration with the University of Pescara-Chieti aimed to evaluate the

therapeutic potential of AMPs in the management of CF lung infections, by:

i) Genotypic and phenotypic characterization of bacterial strains isolated from CF

patients

ii) Chemical synthesis of selected antimicrobial peptides (AMPs), in sufficient

quantities for testing, their purification and accurate quantification

iii) testing the cathelicidin-derived antimicrobial peptides for bactericidal and anti-

biofilm activities against selected P. aeruginosa, S. maltophilia and S. aureus,

CF isolates

my contribution was principally to the second activity.

4.1.2 Identification of novel helical AMPs from teleosts and anurans

Helical AMPs are produced by many vertebrate animals, including teleost fish and

amphibians, and some display a broad spectrum of activity showing a very rapid and

potent mechanism of action. However, the generally high cytoxicity limits their

therapeutic applications, and so the efficient and accurate identification of new classes

of AMPs with reduced cytotoxicity is desirable.

During the third year of my PhD project, I participated in a collaboration with the

University of Split aimed at:

i)identifying several novel antimicrobial peptides from teleosts and anurans in EST

database,

ii) analyzing these sequences using the D-descriptor model to predict the

potential therapeutics index (TI) values,

iii) synthesizing and structurally characterizing the identified sequences,
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iv) testing their antimicrobial activity against representative Gram-negative and

Gram-positive bacterial strains

v) testing their cytotoxicity on human erythrocytes and monocytes, and

correlating the measured TI with the predicted ones so as to validate the D-

descriptor model.

My role was in guiding the synthesis, characterization and testing of the 6 AMPs that

were considered.

4.2 MATERIALS AND METHODS

4.2.1 Synthesis of BMAP-27 and 28

To test the in vitro and in vivo activities of these bovine helical cathelicidins against

pathogens isolated from cystic fibrosis patients, thanks to a collaboration with University

of Chieti-Pescara, it was necessary to synthesize BMAP-27 and BMAP-28 peptides in

sufficient quantities and purities. The antimicrobial activity was initially studied in in

vitro assays, so it was sufficient to synthesize peptides on a 0.1 mmol scale.

Subsequently, given the promising activity of BMAP-27 in particular, it was decided to

test it also in vivo in a mouse CF lung infection model, so that it was necessary to

synthesize it on a larger scale (0.2 mmol) to obtain sufficient quantities of purified peptide

(> 50 mg).

Table. XIV Sequences of BMAP-27 and -28.

Species Amino acid sequence charge MW

BMAP-27 Cow GRFKRFRKKFKKLFKKLSPVIPLLHL-am +11 3225.1

BMAP-28 Cow GGLRSLGRKILRAWKKYGPIIVPIIRI-am +8 3073.9
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Fig. 4.1: Prediction of synthesis difficulty for BMAP-27 (left) and BMAP-28. This prediction was

carried out using the Peptide Companion software from CoshiSoft. As the programme does not consider the

first four residues in the synthesis, a string of glycine residues was inserted at the C-terminus.

The syntheses were performed as described previously (see sections 2.2.1, 3.2.1) using

a PAL-PEG-PS resin (0.2 mmol/g) to obtain peptides with an amidated C-terminus, and

using a solvent mixture of DMF/DCM 80:20 for each coupling step. A double coupling

cycle was performed at points in the sequence predicted to be difficult. A coupling

temperature of 75°C was used in the microwave cavity of the synthesizer except, for

Fmoc-His(Trt)-OH which was coupled at 45°C. After synthesis and cleavage the peptides

were analyzed by mass spectroscopy and showed the correct peptide as the major product.

The mass spectra of the crude peptide (Figure 4.2) indicated the presence of deletion

peptides as the principle minor impurities, so that purification was relatively

straightforward.

BMAP-27 and -28 were cleaved to give a yield of about 70% and 80% crude,

respectively. The peptides were purified by RP-HPLC on a Phenomenex preparative

column (Jupiter™, C18,10 µm, 90 Å, 250x21,20 mm) using a 20-40% CH3CN in 40 min

gradient with a 8 ml/min flow. The peptides were then lyophilized twice from a 10 mM

HCl solution to remove TFA from cleavage and purification as a counterion. The

purification process inevitably results in a considerable (~59%) loss of peptide, so that the

yield of pure peptides was about 30% for both BMAP-27 and -28.

Peptides were quantified using various methods, including accurate weighing, and by

resuspending in water and determining their molar extinction coefficient at 214 nm using

the method of Kuipers and Gruppen (2007). For BMAP-28 it was also possible using the

molar extinction coefficient at 280 nm due to the presence of Trp and Tyr residues, using
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the ProtParam tool on the ExPASy server (http://www.expasy.ch/tools/protparam.html).

The estimated concentrations coincided to within 10%.

Figure 4.2 ESI-MS mass spectra of BMAP-27 and BMAP-28 before (left) and after (right)

purification.

4.2.2 Identification and Synthesis of teleost and anuran helical AMPs

Thanks to a collaboration with University of Split, novel helical antimicrobial peptides

of teleost and anuran origin were identified in EST databases due to the fact that the

signal sequences in this type of peptide is quite highly conserved. In fact, using these

signal sequences to search the databases revealed several homologous sequences that

- (Gly-Gly)

- (Ser-Pro)?

BMAP-27

BMAP-28

http://www.expasy.ch/tools/protparam.html


Chapter 4: Helical AMPs

105

could represent the proforms of novel putative AMPs. Amongst these we selected those

with the physico-chemical characteristics most likely to lead to a potent and selective

antimicrobial activity.

Analyses of the sequences in Split University, using the D-descriptor model (Juretic et

al 2009) allowed to predict the potential therapeutic index (TI) values. This model uses an

algorithm that was trained on a set of 36 non-homologous anuran AMPs with

experimentally measured TI, in terms of the HC50 ⁄ MIC  (the MIC being against E. coli

and the HC50 being the peptide concentration causing 50% haemolysis of human red

blood cells). One sequence of teleost origin (Hfp1) and two of anuran origin (XTG1 and

2), appeared quite promising. For Hfp1, the algorithm also suggested single residues

whose mutation might have a significant effect on the TI and potency.

In our laboratory the identified putative AMP sequences were analyzed using

HydroMCalc applet (http://www.bbcm.univ.trieste.it/~tossi/HydroCalc/HydroMCalc

.html) to estimate the mean per residue hydrophobicities and amphipathicities, which,

together with the overall cationicity, were in a range that conformed to those of known

AMPs (see Table XV). Consequently, all these sequences were synthesized and

characterized to investigate their potential antimicrobial activity.

Table XV. Sequences of putative teleost and anuran AMPs

a) q = net the charge, His is considered neutral; b) H = mean hydrophobicity, determined using the applet at
http://www.bbcm.univ.trieste.it/~tossi/HydroCalc/HydrHydroM.html; c) µHrel = mean relative hydrophobic
moment (see methods); d) TI = therapeutic index estimated by the D-descriptor model (the TI is
HC50/MIC for RBC and E. coli respectively. The algorithm uses a training set of 36 non homologous
anuran AMPs with experimentally measured MIC and HC50 to effect its prediction. Point mutations in the
Hfp1 sequence are shown in red.

These peptides, containing 21-23 aminoacid residues, were synthesized in the solid

phase as previous described (see 2.2.1; 3.2.1), at a 0.05 mmol scale, using the NovaPEG

Peptide Sequence
size qa MW (Da)

(pred.)
MW (Da)

(meas)
Hb µHrel

c TI d

(pred.)5

Hfp1 SFKKFWGGVKAIFKGARKGWK 21 +8 2426,0 2426,2 -1,1 0,65 15
Hfp2 FFKKFWGGVKAIFKGARKGWK 21 +8 2486,1 2486,2 -0,4 0,7 8
Hfp3 SVKKFWGGVKAIFKGARKGLK 21 +8 2304,9 2305,1 -1,4 0,62 93
Hfp4 FVKKFWGGVKAIFKGARKGLK 21 +8 2364,9 2364,3 -0,7 0,67 31

XTG1 GWGDTFGKVLKNFAKVAGVKAAK 23 +5 2391,9 2391,8 -1,3 0.47 81
XTG2 GWGDTFLKTMAKIAKVGPKLLHS 23 +4 2498,1 2498,2 -0,3 0,59 94

http://www.bbcm.univ.trieste.it/~tossi/HydroCalc/HydroMCalc .html
http://www.bbcm.univ.trieste.it/~tossi/HydroCalc/HydroMCalc .html


Chapter 4: Helical AMPs

106

Rink Amide resin LL (substitution 0.17-0.22 mmol/g), to give the C-terminal amides. The

crude peptides were obtained with yields ranging from 60-90%, and with a final yield

after purification of 25-30%. They were purified by RP- a Phenomenex preparative

column (Jupiter™, C18,10 µm, 90 Å, 250x21,20 mm) using a 20-50% CH3CN in 60 min

gradient with a 8 ml/min flow. The peptides were then quantified by accurate weighing,

and by spectrophotometric determination of tryptophan (ε280=5500 M-1cm-1), which is

present in all the sequences, as well as of the peptide bonds (calculating ε214 as described 

by Kuipers and Gruppen (2007) and by colorimetric determinations using the BCA

protein assay kit (Pierce, Rockford IL). The estimated concentrations coincided to within

10-15%.

The propensity of each peptide to assume a helical conformation was probed by CD

spectroscopy (see section 3.2.2), in different environments, including water, 10 mM

phosphate buffer (SPB), 150 mM NaCl, TFE, 50% isopropanol in SPB, 10 mM SDS

micelles, anionic liposomes (95:5 phosphatidylglicerol:diphosphatydilglicerol) and 25

M LPS micelles.

The antimicrobial activity of the peptides was determined against E. coli ATCC 25922,

P. aeruginosa ATCC 27853, S. aureus ATCC 25923 and also on two different clinical

isolate of S. aureus MRSA (MRSA-16 and MRSA-G), as the minimum inhibitory

concentration (MIC) and IC50 obtained by value following the effect on the bacterial

growth kinetics as described in a previous section (see section 2.2.6). Haemolytic activity

was tested against 0.5% fresh human erythrocytes from healthy donors, as previously

described (section 3.2.5).

4.3 RESULTS AND DISCUSSION

4.3.1 BMAP-27 and BMAP-28 helical cathelicidin AMPs as potential therapeutic

agents against lung infection in cystic fibrosis. 

Cystic fibrosis (CF) is characterized by a lung environment which favors chronic 

infection, leading to progressive suppurative obstructive lung disease. This is the

primary cause of death in the vast majority of CF patients (Cystic Fibrosis Foundation.

2000).

Pseudomonas aeruginosa and Staphylococcus aureus are the most common bacterial

pathogens isolated from the CF respiratory tract, where they cause persistent infections

associated with a more rapid decline in lung function and survival (Dasenbrook et al.
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2010), (Emerson et al. 2002). In recent years, however, there have been an increasing

number of reports of other pathogens. These are well adapted to the CF pulmonary

environment, as suggested by their increased ability to form biofilms, against which

therapeutically important antibiotics are ineffective, (Hoffman et al. 2005) so that novel

antimicrobial agents are needed.

In a collaboration between my laboratory and a microbiology group at Chieti

University, it was decided to test antimicrobial peptides (AMPs) of different origin, for

activities against CF pathogens, both in vitro and in animal models.

Six different cathelicidin-derived peptides were considered, and compared to

tobramycin for antibacterial and antibiofilm effects against S. aureus, P. aeruginosa,

and S. maltophilia strains isolated from CF patients. Of these, two peptides, the bovine

helical cathelicidins BMAP-27 and BMAP-28, were synthesized and structurally

characterized by me, to be subsequently tested against preformed biofilms of CF 

pathogens. Based on the very promising results, I then re-synthesized and purified one

of these was on a sufficiently large scale to allow testing in animal models of CF lung

infection.

The antibacterial activity of the six tested AMPs, as compared to tobramycin, is

described in the accompanying paper (see Appendix III), to which the reader is referred

for Figures, Tables and a detailed discussion.

In brief, these peptides were tested in vitro against 11 different CF clinical isolates.

The -helical cathelicidins SMAP-29 (from sheep), BMAP-27, and BMAP-28 (from

cattle) were found to be active against all the strains tested, with MIC values in the

range of 4 to >32 µg/ml. In contrast, the bovine Trp-rich indolicidin, human LL-37 and

the Pro-rich peptide Bac7(1–35) did not show any antibacterial activity at the

concentrations tested (MIC50 and MIC90: >32 µg/ml).

SMAP-29, BMAP-27, and BMAP-28 exerted a rapid bactericidal activity against P.

aeruginosa and S. maltophilia, reducing the number of viable bacterial cells of at least

3-log within 15 min of exposure.

Regarding the capacity of these AMPs to prevent biofilm formation, SMAP-29, 

BMAP-27 and BMAP-28, at one half their MIC values, all significantly reduced biofilm 

formation by P. aeruginosa and S. maltophilia. Of the three peptides, only BMAP-28

was also effective against S. aureus strains at ½  MIC. The activity was comparable to

that of tobramycin but less strain dependent.
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SMAP-29, BMAP-27 and BMAP-28 were also found to be active against preformed

biofilms, which were significantly affected by bactericidal concentrations of the 

peptides, although at a lesser extent than tobramycin. Among the AMPs tested, BMAP-

27 exhibited the highest activity against P. aeruginosa biofilms.

Overall these results indicate the potential of some cathelicidin-derived peptides for

the development of novel therapeutic agents for cystic fibrosis lung disease.

4.3.2 Identification and characterization of novel helical AMPs from teleosts and

anurans.

Thanks to a collaboration with the University of Split, novel helical antimicrobial

peptides of teleosts and anuran origin were identified in EST databases, using the

observation that in this type of antimicrobial AMP, the signal sequences are

considerably more conserved than the mature antimicrobial peptide itself.

Among vertebrates, innate immunity is considered to be particularly important in

cold-blooded animals such as fish and amphibians, which have less efficient adaptive

immune responses (Du Pasquier et al. 2001), (Hsu et al. 1998). These animals live in

environments that are often laden with microbes, so that their skin mucosa are

particularly rich in innate immune effectors such as AMPs. Numerous antimicrobial

peptides have been described from different species of teleost fish and amphibians,

mostly from anuran species. The skin mucosa of aquatic animals are thus a rich source

of AMPs, but their isolation and characterization can be laborious (Pukala TL, 2006).

The animals are difficult to collect so as to obtain tissue in sufficient quantities, and the

AMPs may be produced only in small quantities and sometimes as inactive precursors,

complicating assay-based identification methods. The alternative is identifying potential

novel AMP sequences from the encoding DNA, for example in genomic or expressed

sequence tag (EST) databases. The fact that signal sequence in AMPs are quite highly

conserved significantly facilitates the identification process.

Once having identified potential candidates, these were analyzed using an algorithm

developed by the Split University group, known as the D-descriptor model, which

successfully correlates computable physico-chemical features (hydrophobicities,

sequence and hydrophobic moments etc.) with the therapeutic index (TI = HC50/MIC,

where the HC is the 50% heamolysis concentration and MIC is against E. coli) for

anuran peptides of known antmicrobial and haemolytic activity, (Juretić et al. 2009). 
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This algorithm can also be used to predict the potential TI of new AMP sequences, as

well as suggest the possibel effect of single mutations (Juretić et al. 2011) 

One identified peptide from a sticklefish, HFP1, along with three mutants HFP2 - 4, 

and two peptides XTG1 and -2 from the frog Xenopus tropicalis, were synthesized and

structurally characterized in our laboratory with my assistance. I also guided the

characterization of their antibacterial, haemolytic and cell-permeabilizing properties.

Results, including Figures, Tables and a detailed discussion are as described in the

accompanying paper (see Appendix IV), and are here briefly described.

CD studies confirmed our expectations and all peptides were found to undergo a coil-

to-helix transition, to different extents, in the presence of TFE or of model membranes

(anionic LUVs) indicating that all the peptides could be membrane active, but with

possible variations in their antibacterial potencies and mechanisms.

The antimicrobial activity of the peptides was measured in terms of the MIC values

and their effect on bacterial growth kinetics, leading to IC50 values against two Gram-

negative (E.coli and P. aeruginosa) and one Gram-positive (S. aureus) strains. The

observed trend for potency against the Gram-negative species was:

   Hfp1≥ Hfp2 > Hfp3 ~XTG2 > Hfp4~XTG1,  

whereas on S. aureus it changed to

Hfp2 > Hfp1 >> Hfp4 >Hfp3~ XTG2~XTG1.

In general, the peptide of teleost origin was more potent than the frog peptides, and

with a single mutation, it was possible to obtain the peptide Hfp2, which shows the

broadest spectrum of activity. It was less efficient than the parent peptide Hfp1 at killing 

E. coli, but more efficient at killing S. aureus.

Membrane permeabilization studies on both bacterial and host cells indicate that the

mode of action was prevalently membranolytic as is generally observed for most α-

helical AMPs, whatever their origin. Determination of the haemolytic activity of the

peptides qualitatively confirmed the efficacy of the D-descriptor model for estimating

TI values. Hfp1 was quite selective, as predicted, (measured TI = 85), while Hfp2

showed a decreased selectivity (measured TI = 19), also as predicted. The other two

mutants, HFP3 and 4, had been designed based on a predicted high TI, and in effect

showed < 20% haemolysis even at the highest concentration tested (100M).

Unfortunately, their antimicrobial potency was also decreased.
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In conclusion, with the assistance of computational methods, we have been able to

identify and confirm several novel AMPs from EST databases, and on the basis of a

rational prediction algorithm, predispose sequence modifications to tune their

selectivity. An advantage of these peptides is that they are quite short (21-23 residues,

as compared to >27 for cathelicidins) and they may be useful leads for the development

of topical anti-infective agents, especially when a reasonable antimicrobial activity is

accompanied by a high therapeutic index.

4.4 CONCLUSIONS and future perspectives

4.4.1 Helical cathelicidin AMPs as novel therapeutic agents in the treatment of cystic

fibrosis

Several cathelicidin AMPs of mammalian origin were compared to tobramycin to test

their antimicrobial activity on the both biofilm formation and preformed biofilms of P.

aeruginosa, S. maltophilia and S. aureus strains isolates from cystic fibrosis patients.

Overall three peptides, BMAP-27, BMAP-28 and SMAP-29, showed relevant activity in

some case higher than tobramycin. Both biofilm formation and preformed biofilm were

significantly affected at bactericidal concentrations of these three peptides, although on

the preformed biofilm, the activity was lower than tobramycin. BMAP-27, BMAP-28 and

SMAP-29 were thus considered to be potentially useful as lead compounds for the

development of novel antibiotics and also for compounds that may counteract bacterial

biofilm formation and eradicate preformed biofilms, thus potentially finding application as 

an early prophylactic and therapeutic treatment of CF lung disease. Of the three peptides,

BMAP-27 was selected for further studies in a mouse model of lung infection.

Preliminary results were encouraging, but unfortunately, its toxicity was found to be

unacceptably high. The use of truncated or mutated fragments, which appear to maintain a

similar antimicrobial activity but with lower toxicity, is now being considered. Also, the

use of the D-decriptor model, as described for the teleost helical AMPs may suggest

mutations to increase the TI.

4.4.2 Novel AMPs from teleosts and anurans with the assistance of computational

methods

One peptide from a sticklefish, HFP1, and two peptides XTG1 and -2 from the frog 

Xenopus tropicalis, were identified in EST-database, and subsequent analyses using the
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D-descriptor model suggested possible mutations of HFP1 peptide to probe different

aspects of its potency and selectivity. The therapeutic index of the six peptides was

predicted and found to correlate well with the measured values.

All six peptides were chemically synthesized and characterized and their antimicrobial

activity was confirmed. The 21 residue sticklefish peptide, in particular, showed a potent

activity, and it was possible to tune the spectrum of action and/or selectivity by the

combination of three directed mutations. Membrane permeabilization studies on both

bacterial and host cells indicate that the mode of action was prevalently membranolytic. It

was possible to effect mutations that either modified the spectrum of activity or

selectivity, leading very useful indications for future rounds of optimization.

This method thus opens the possibility of searching the vast and continuously growing

EST databases more effectively for novel AMPs, which are likely abundant, and to

efficiently identify the most promising candidates amongst them, as well as to suggest

minimal mutations in known sequences to improve the TI.
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Abstract 

 The term defensin relates different families of host defense peptides (HDPs) in vertebrates, 

invertebrates, plants and moulds that display structural similarities based on a cystine stabilized 

antiparallel β-sheet core, with a α-helical also stretch present in some members. Defensins of 

different origins show structural and functional similarities with phylogenetic relationship between 

invertebrate and plant defensins and between different types of vertebrate defensins, and a possible 

common bacterial ancestor. Most defensins show a direct antimicrobial action in vitro with varying 

activity spectra. This requires interaction with components of the microbial cell wall, and often 

involves membrane permeabilization, although the mode of action differs markedly for defensins 

both within and from different families. Defensins also play an important regulatory roles in the 

immune system of animals and plants, acting as a bridge between innate and adaptive immunity in 

vertebrates. Roles outside host defense have also been reported. 

 

1. Discovery 

Defensins were amongst the first HDPs to be discovered. α-defensins were first identified 

in the early eighties as cationic, cysteine-rich components of mammalian neutrophil phagocytes, 

by Lehrer et al., who coined the name “defensin” [14,15]. Analogous molecules termed 

“cryptdins” were later found in specialized host defense cells of the intestinal crypts. The ability 
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to inhibit adrenocortical steroidogenesis also led to the alternative definition “corticostatin” [31]. 

In the early nineties, “β-defensins”, with a different cysteine-bridge connectivity, were identified 

in mammalian epithelia and neutrophils, as well as in avian leukocytes [3,13-15, 22, 25], and 

more recently also in from reptiles and teleost fish [4,34]. In the late eighties, isolation of the 

inducible peptides from insect hemolymph [5] with a significant similarity to the mammalian 

peptides prompted the name “insect defensin”. Cysteine-rich peptides with antimicrobial 

properties - the “thionins” - were known in plants since the early fifties [2], but it was only in the 

mid nineties that the  γ-thionins, based on their resemblance to the insect and mammalian 

defensins, were redefined as “plant defensins” [13]. A backbone circularized peptide that is 

structurally quite different to defensins was isolated in Old world monkeys, but was found to 

derive from the head-to-tail ligation of two truncated α-defensins, so was assigned the name “θ-

defensin” with reference to its cyclic structure [8,14, 22]. Finally, the recent discovery of a 

several families of defensin-like peptides in a fungi underlines the antiquity of this peptide 

superfamily of innate immune effectors [33]. 

 The term “defensin” thus defines several peptide families based on functional (host 

defense) and structural (a compact cysteine-stabilized β-sheet structure) similarities [1,10,26,27] 

that seem to span a vast phylogenetic continuum. There is evidence that fungal, invertebrate 

animal and plant defensins form an evolutionarily related group [5,7,19,33], and all the 

vertebrate defensins form another [28]. These two groups may be phylogenetically related 

through ancient prokaryotic ancestors as evidenced by the discovery of defensins-like peptides in 

some bacteria [1,26,30,32] 

 

2. Structure of precursor mRNA and gene 

  Analysis of defensin gene organization in numerous species indicates that they occur in 

multigene families, as the result of numerous duplication and diversification events. They are 
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synthesized as prepropeptides (see Fig. 1) and processed to various degrees depending on the 

context. 

  The mammalian α- and β-defensins are products of distinct gene families likely deriving 

from an ancestral β-defensin gene, as only this latter type are found in non-mammalian 

vertebrates [24,25,27]. Primate θ-defensin precursors are truncated α-defensin paralogs from 

which fragments are excised and head-to-tail spliced to give the mature, backbone cyclised, 

homo-or heterodimeric peptide (Fig. 2) [8,14,22]. Their genes are active in Old World monkeys 

and Orangutan, not present in New World monkeys or prosimians, and present only as 

pseuodogenes in chimpanzee and man. 

  In humans, a gene cluster for both α- and β-defensins was mapped to a structurally 

variable region of chromosome 8 (8p21-p23 [21]), and there is evidence for a similar 

arrangement in syntenic chromosomal locations in other mammals confirming the homology 

between these gene families. Clusters of β-defensin like peptides of unknown function map to 

other chromosomal locations in human, mouse, rat and dog [18,21]. In non-mammalian 

veretebrate species, only β-defensin genes have been identified; 14 and 22 genes are clustered 

respectively on chicken and finch chromosome 3 (3q3.5-q3.7 in chicken) [11]. Mammalian 

defensin genes have at least two exons, the first encoding for the signal and the pro-piece, and 

the second for the HDP (see Fig. 1), separated by an intron of variable size, just before the 

mature peptide coding region. Myeloid α-defensins have a third exon in the 5’-UTR, as do avian, 

reptile and fish  and a few mammalian β-defensins [4,18,22, 34]. 

  Invertebrate defensins show a more varied gene organization (see Fig. 1). In addition to 

presenting diverse coding regions, the presence, number and location of introns also varied 

[7,19]. Defensin genes from related species, or even the same species, can show significant 

homology in the mature HDP region but little in that coding for the leader and pro-peptides. 
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  Plant defensins show two types of gene organization (Fig. 1) [13], the most common 

consisting of only signal peptide and the mature defensin domain, the other, found in 

solenaceous species, presenting a C-terminal propiece. Only one intron is present. 

  The propiece in plant, invertebrate and vertebrate defensins is often anionic, in contrast to 

the cationic mature HDP. This may be required for folding, subcellular trafficking or processing, 

or may serve to render the HDP non-toxic until needed, protecting the producer cell.  

 

3. Distribution and expression of the mRNA 

 Defensins are expressed at sites where the producer organism encounters pathogens or 

needs to control the natural microbial flora - namely in phagocytic cells and at epithelial 

surfaces. Mammalian defensins are stored in the granules of neutrophils or paneth cells, or are 

generated by monocytes, macrophage, keratinocytes, or mucosal epithelial cells of the 

respiratory, digestive, urogenital or reproductive system. α-defensins were originally isolated 

from the cytoplasmic granules of polymorphonuclear phagocytes, where they are most 

concentrated (>10 mg/ml) [15,22]. Humans and mouse Paneth cells also store α-defensins in 

secretory granules for release into intestinal crypts, where a concentration of 10 mg/ml can be 

reached. In both cases, expression seems to be constitutive. β-defensins have a wider tissue 

distribution, involving barrier and secretory epithelial cells in particular, and can also be 

produced at quite high concentrations. Expression is in some cases constitutive and in others 

induced by bacteria or their components (e.g. LPS, LTA) or by pro-inflammatory cytokines 

(interferons-γ and 1β, TNF), and is often mediated by Toll-like receptors, induction being NF-kB 

dependent [10,15]. 

 The distribution pattern in both granulocytes and epithelial cells varies considerably 

among vertebrate species, as well as within each species [10,15,22]. α-defensins have been 

isolated from the leukocytes of primates and various rodents, but not mice. In humans, 

expression of defensins has been reported in monocytes, NK and T-cells, but only rabbits have 
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appreciable amounts in alveolar macrophages. Only certain primate species express θ-defensins 

in monocytes and neutrophils [8,22]. Artiodactyls express numerous β-defensins, but apparently 

not α-defensins, and in avian species only the more ancient β-defensins are expressed in a 

specific manner in the heterophils, epithelia and eggs [25].  However, as α-defensin genes are 

present in monotremes and basal mammals they developed early in mammalian evolution. 

 Invertebrate defensins have mainly been isolated from the haemolymph of insects, 

arachnids and mollusks [5,7,27]. In insects, they are induced by bacterial components, in the fat 

body for release into the hemolymph, in surface epithelia and in the midgut. In the latter case 

they may serve both to prevent infection of blood-sucking insects by blood-borne pathogens and 

parasites, and to protect the stored blood meal from microbial attack. Curiously, a similar role 

has been proposed for the avian β-defensin spheniscin, isolated from the preserved stomach 

contents of the king penguin[25].  

The distribution of plant defensins also is consistent with their defensive role [13, 23], as 

they are mainly found in vulnerable tissues or at entry points for pathogens, where they are 

constitutively produced in a tissue or organ specific manner, or induced in peripheral cell layers, 

and in cells that line cavities such as stomata. Most of the identified plant defensins are seed 

derived and sufficiently abundant to provide seedlings with protection against soil fungi. They 

have also been identified in other tissues, such as leaves, tubers, roots, flowers, pods and fruit with 

a wide distribution in species throughout the plant kingdom [13]. 

 A common feature of many defensins in animals and plants is their induction by pathogen 

associated molecular patterns (PAMPs) interacting with Toll or Toll-like receptors [6,10,13,15,22]. 

The regulatory mechanisms show a remarkable analogy although it is uncertain whether they 

represent an ancient evolutionary relationship or a case of convergent evolution. Invertebrate 

defensins are principally selective for Gram-positive bacteria and fungi, and activation occurs via 

NF-κB-like signaling pathways initiated by Toll receptors, which respond to cytokines produced 
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after activation of pattern recognition receptors for different types of PAMPs [6]. Induction of 

mammalian defensins can be mediated by Toll-like receptors (TLRs), which directly recognize 

PAMPs, or by receptors for chemokines induced in by bacterial components [10,15,22], and is 

often under NF-κB control. Plants have also acquired the ability to recognize PAMPs via receptors 

that resemble animal TLRs, and several components of the resulting signalling cascades leading to 

the transcriptional activation of immune response genes are shared among the two kingdoms 

[Nurnberg]. 

 

4. Processing 

 Defensins are synthesized as precursors with an N-terminal signal or leader sequence 

necessary for secretion or storage, and usually also with a pro-sequence which can be either N- 

or C-terminal to the mature peptide region (Fig. 1). The post-translational processing steps are 

well understood for myeloid and enteric α-defensins, which are transferred into the ER by the 

signal peptide, where it is removed leaving a relatively long anionic propiece. This may serve as 

an intramolecular chaperone for folding, and/or to neutralize the activity of the mature peptide 

region preventing cell damage[14,15,22]. The myeloid defensins are stored as the mature, active 

form, on removal of the propiece during granulogenesis. In mice, enteric α-defensins are also 

stored in granules in the mature form, after processing by the matrix metalloproteinase 7 

(matrylisin), whereas they are stored in the pro-form in humans, with processing by Paneth cell 

trypsin during or after release. 

 β-defensin precursors are simpler, having a shorter pro-piece or lacking it altogether, and 

their biosynthesis and intracellular trafficking seems quite different to that of the α-defensins 

[15,22]. Human β-defensin 1 (hBD1) is constitutively produced in many epithelia and is present 

in plasma and urine, where several N-terminal truncated forms indicate continued processing. 

hBD2 lacks a propiece, and is processed to the mature form by signal peptidases in the ER, ready 
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for secretion. The biosynthesis of ovine neutrophil β-defensins is completed early in 

myelopoiesis and the peptides stored in the dense granules in the mature form. 

 θ-defensins are derived from the processing of α-defensin isoforms in which a premature 

stop-codon interrupts translation of the mature peptide after 12 residues. Although the 

intermediate processing steps are unknown, in monkey PMN two of these truncated peptides are 

then trimmed and spliced head-to-tail to give the mature, eighteen residue cyclic peptide [8, 22]. 

 Invertebrate defensins are also synthesized as precursors composed of a hydrophobic 

signal peptide and a relatively long prosequence, joined to the C-terminal mature HDP by a 

dibasic processing site [5]. This overall organization resembles that of vertebrate and plant 

defensins. The pro domain, similarly to the vertebrate α-defensins, shows a high content of 

anionic residues, and likely has similar chaperone or protective functions. In contrast to animal 

systems, there is little information about proteolytic processing of defensins in plants. 

 

5. Receptors 

 The antimicrobial activity of mammalian defensins derives from both direct and indirect 

mechanisms. In the first case, they act as immune effectors via a direct interaction with microbial 

cell-surface and/or membrane components, then somehow leading to breaching of the membrane 

as part of the killing mechanism, or to translocation into the cytoplasm where they can reach 

intramolecular targets. Membrane lysis is not necessarily a receptor mediated process, although 

the ability to recognize specific membrane components is important. In particular, the antifungal 

activity of insect and plant defensins requires either direct interaction with specific sphingolipids 

and related glucosylceramides in lipid rafts, or with phosphatidyl inositol anchored proteins 

associated with these rafts [1,13,26]. The antiviral activity of θ-defensins has been related to 

their capacity to act as lectins, and bind viral glycoproteins or glycolipids [15]. Very recently, it 

has been reported that different classes of defensins, including fungal plectasin, invertebrate 
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defensins and plant defensins can all interact specifically with and block lipid II, therby 

specifically inhibiting cell wall biosynthesis in susceptible bacteria [26]. 

 Some mammalian defensins have a regulatory role, acting as signaling molecules to 

recruit or activate cellular components of innate or adaptive immunity. They have variously been 

shown to chemoattract leukocytes, antigen presenting cells and lymphocytes [12,15,17,29]. 

Human and mouse β-defensins are chemotactic for a broad spectrum of leukocytes via the CCR2  

or CCR6  receptors. Certain α-defensins selectively chemoattract T-cells and iDC by G-protein 

coupled receptors, as this activity is pertussis toxin sensitive. Mouse β-defensin 2 has the ability 

to stimulate iDC maturation, acting through TLR4. The capacity of certain α-defensins to 

interfere with the production of immunosuppressive glucocorticoids, possibly by blocking 

ACTH receptors, was also recognized very early [31]. 

 

6. Active conformation 

 Defensins have quite variable primary structures, not only when comparing members of 

different families, but also for members within each family (see Figure 2 and Figure 3). 

Effectively only the cysteine residues involved in disulfide bonding, and very few other residues 

are conserved, while the remainder show varying degrees of variability, as does the number of 

residues separating the cysteines (Figure 2). The connectivities are conserved within each family, 

although they differ between families, being C1-C6, C2-C4, C3-C5 for α-defensins, C1-C5, C2-

C4, C3-C6 for β-defensins, C1-C4, C2-C5, C3-C6 for invertebrate defensins, and C1-C8, C2-C5, 

C3-C6, C4-C7 for plant defensins. Some insect defensin-like peptides such as heliomicin and 

drosocin also show an added C0-C7 disulfide-bridge [5,10,13,24,25,27,33]. 

Despite the differences in sequence and connectivities, molecules from the different 

families fold into quite similar tertiary structures (see Fig. 3). This involves a core formed by a 

twisted antiparallel β-sheet, generally formed by two or three strands connected to each other 
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and to the rest of the molecule by the disulfide bridges. In insect and plant defensins, the 

presence of a helix gives rise to the cysteine-stabilized α/β fold (CSαβ), which defines a super 

family in the SCOP classification that also includes scorpion and spider toxins and protease and 

amylase inhibitors. Vertebrate α- and β-defensins share an overall similar fold, and although not 

all peptides have a C-terminal α-helical segment. Although this segment, when present, makes 

the fold similar to the CSαβ fold, they have been placed in a separate “defensin-like” SCOP 

superfamily. Thus, defensins have in common a conserved scaffold which is insensitive to 

sequence variations. The distribution of cationic and hydrophobic residues on this scaffold in any 

case results in amphipathic structures that favor interaction with microbial membranes, which are 

rich in anionic components, but could also accommodate more specific receptor/based 

interactions. The lack of sequence constraints and the fact that these peptides are involved in 

host:pathogen interactions, has ensured their rapid evolution which explains the heterogeneity of 

their sequences. 

 

7. Biological actions 

 Defensins have an undeniably important role in host defense, both as effectors and 

regulators [2,3,5,10,13-15,22-27] . As effectors, most defensins show a direct activity, in vitro, 

against bacteria and fungi, which is however quite medium and salt sensitive. α- and θ-defensins 

tend to have a broader spectrum of activity than β-defensins, while the canonical insect defensins 

tend to be more active against Gram-positive bacteria and the four cystine insect defensin-like 

peptides and plant defensins tend to be principally active against fungi. The precise mechanisms 

of action of these peptides, regarding this direct microbicidal activity, is still undefined. For 

many of them, interaction with the microbial membrane seems a crucial step, although the mode 

of action can vary remarkably. Membrane disruption would lead to loss of the transmembrane 
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potential gradient and release of cytoplasmic contents that could be a principal factor in the 

microbicidal activity.  

For the vertebrate defensins and the canonical three cystine invertebrate defensins, 

bacterial membrane interaction was proposed to occur principally with anionic phospholipids 

such as phosphatidylglicerol or cardiolipin [2,5,10,12,22,24]. This could then lead to pore 

formation or membrane disruption by a detergent-like ‘carpet mechanism’.  However, while the 

relevance of initial membrane interactions are undisputed, that of membrane disruption may be 

overestimated. It is now apparent that bacterial membranes show considerable functional 

organization of their protein machinery, whose assembly requires patches of anionic 

phospholipids, so that HDPs could preferentially target these regions and affect coordinated 

processes required for bacterial survival. Furthermore, for fungal, mollusk and mammalian 

defensins it has been shown that the lipid II, which carries cell wall building blocks, is also an 

important target, especially for Gram-positive bacteria [26]. By binding to it, these peptides 

impede cell wall biosynthesis, analogously to some clinically used antibiotics. It is interesting to 

note that the affinity for mammalian α-defensin HNP1 and β-defensin hBD3 is an order of 

magnitude lower than for the fungal defensin, and in their case pleiotropic effects on membrane 

localized processes may act in conjunction with cell wall inhibition. The lower affinity likely 

also correlates with the broader activity spectrum of these peptides, which also includes Gram-

negative bacteria, and that requires affinity for additional targets. 

For the four cystine antifungal insect and plant defensin that are principally antifungal,  a 

common membrane target has been identified in fungal sphyngolipids or related 

glucosylceramides (see above) [1,13,26]. These sphingolipids co-localize in fungal membranes 

with ergosterol in lipid-rafts rich in membrane proteins, and may represent high-affinity binding 

sites for the defensins.  Different antifungal defensins bind in different manners with one or more 

different subsequent effects, including membrane disruption, inactivation of calcium channels, 
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activation of signalling cascades, induction of ROS production and induction of apoptosis [1, 

26].   

 For mammalian defensins in particular, roles as regulators of innate and adaptive immune 

cells have been amply demonstrated [10,12,15,17,29]. These variously include the capacity to 

chemoattract monocytes, neutrophils, immature dendritic cells, mast cells and T-cells; to 

stimulate maturation of antigen presenting cells; to induce or suppress pro-inflammatory 

mediators; to activate phagocytes; to regulate the function of complement components, to inhibit 

the production of immunosuppressive adrenal glucocorticoids, and to act as adjuvants for antigen 

presenting cells. Some mammalian defensins also play other roles outside immunity, which 

include stimulation of wound healing, reproduction, and curiously the determination of fur 

colour in dogs. Certain plant defensins act as proteinase, α-amylase or protein translation 

inhibitors. These are structurally and functionally distinct from antifungal defensins and serve to 

protect from predators [25]. Plant defensins are also implicated in plant growth and 

development.[23]. 
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Figure legends 

 

Fig. 1: Gene organization of different defensin families. The coding region for the mature 

peptide is in black. The signal or leader sequences are hashed. The pro-regions are in grey. 

Broken rectangle indicates the 5’- or 3’-UTR regions, only when introns fall into them. Introns 

are indicated by triangles. Full gray triangles represent introns normally present, while dotted 

triangles represent additional introns present only in some members. Coding region relative sizes 

are only indicative. For θ-defensin, two different genes provide precursors as indicated in the 

circle, that are subsequently trimmed and spliced head-to-tail into a single backbone-cyclized 

molecule. The dotted part of the bee-defensin mature peptide region represents a C-terminal 

extension found only in hymenopterans defensins. 
1,2 

For vertebrate defensins, β-defensins are 

present in all vertebrates, while α-defensins are present in all tested mammals except 

artiodactyls. θ-defensins are present in Old but not New world monkeys, and also in orangutan, 

but only as pseudogenes in man and chimpanzee. 
3
Fungal defensin gene families are as indicated 

by Zhu [33].   Adapted from [4,7,11,13,18,19,20,22,28,33]. 
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Fig. 2: Schematic representation of the primary structure, topology, disulfide connectivities 

and residue variation in defensin families. Highly conserved residues are in uppercase, 

conserved residues are in lowercase, x indicates variable residues, and stretches of variable size 

are indicated by xn; dots above the sequence indicate positions of possible residue deletions in 

some family members with respect to others. For β-defensins, * indicates a long C-terminal 

extension present in some members (e.g. epididymis hBD25-29). For θ-defensins, z indicates 

variable but hydrophobic residues; The only known fingal defensin structure is very similar to 

the 6 cysteine invertebrate defensin structure. For plant defensins, ⌂ indicates aromatic residues. 

Grey arrows represent β-strands. Cylinders represent α-helical segments.  Hashed segments are 

present in some family members but not others. 

 

 

Fig. 3: Sequences of known members of different defensin families. Sequences are aligned 

and gaps inserted so as to maintain a constant cysteine residue spacing. Residues or types of 

residues that are significantly conserved are shaded. Defensin nomenclature has not yet been 

fixed, so that the peptide names are either those present in the literature or in the UniProt 

database. The beginning of the mature peptide region is often inferred or unknown, in which case 

it is indicated by … 

  

 

Fig. 4: Comparison of structurally characterized defensins and defensin-like peptide  from 

different families. Structures were prepared with DSViewer Pro from Accelrys, using 

coordinates deposited in the PDB databank with the following PDB IDs: HNP3, 1DFN; RK-1, 

1EWS; cryptdin-4, 1TV0; hBD-1, 1IJV; hBD-2, 1FD3; hBD-3, 1KJ6; mBD8, 1E4R; mBD-7, 

1E4T; bBD12, 1BNB; spheniscin, 1UT3; pelovaterin, 2JR3; crotamine, 1H5O; DLP-2, 1D6B; 

RTD-1, 1HVZ; plectasin, 1ZFU; fly def A, 1ICA; sapecin 1L4V; heliomicin, 1I2U; termicin, 

1MMO; ARD1, 1OZZ; Def1 (mosquito), 2NY8; drosomycin, 1MYN; charybdotoxin, 2CRD; 

Mgd-1 (mussel), 1FJN; oyster defensin, 2B68; NaD1, 1MR4; RS-AFP-1, 1AYJ; AH-AFP1, 

1BK8; Psd1, 1JKZ; VrD2, 2GL1; PhD-1, 1N4N; γ-thionin, 1GPS;  Sd5, 2KSK.  *Snake 

crotamine and platypus DLP2 are venom peptides. 
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The yeast-like algae of the genus Prototheca are ubiquitous saprophytes causing infections in immunocompromised patients
and granulomatous mastitis in cattle. Few available therapies and the rapid spread of resistant strains worldwide support the
need for novel drugs against protothecosis. Host defence antimicrobial peptides inactivate a wide array of pathogens and are
a rich source of leads, with the advantage of being largely unaffected by microbial resistance mechanisms. Three structurally
diverse bovine peptides [BMAP-28, Bac5 and lingual antimicrobial peptide (LAP)] have thus been tested for their capacity to
inactivate Prototheca spp. In minimum inhibitory concentration (MIC) assays, they were all effective in the micromolar range
against clinical mastitis isolates as well as a Prototheca wickerhamii reference strain. BMAP-28 sterilized Prototheca cultures
within 30–60min at its MIC, induced cell permeabilization with near 100% release of cellular adenosine triphosphate and
resulted in extensive surface blebbing and release of intracellular material as observed by scanning electron microscopy.
Bac5 and LAP inactivated Prototheca following 3–6h incubation at fourfold their MIC and did not result in detectable surface
damage despite 70–90% killing, suggesting they act via non-lytic mechanisms. In circular dichroism studies, the conformation
of BMAP-28, but not that of Bac5 or LAP, was affected by interaction with liposomes mimicking algal membranes. Our results
indicate that BMAP-28, Bac5 and LAP kill Protothecawith distinct potencies, killing kinetics, and modes of action and may be ap-
propriate for protothecal mastitis treatment. In addition, the ability of Bac5 and LAP to act via non-lytic mechanisms may be
exploited for the development of target-selective drugs. Copyright © 2011 European Peptide Society and JohnWiley & Sons, Ltd.
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Introduction

Antimicrobial peptides (AMPs) are effector molecules of the in-
nate immune system. They have been widely detected in organ-
isms ranging from bacteria and moulds to plants and animals [1].
A distinctive trait of these molecules is their capacity to exert di-
rect antimicrobial effects in vitro on a wide array of bacterial and
fungal pathogens. Many AMPs display cationic and amphipathic
structures that favour interaction with biological membranes, so
their antimicrobial mechanisms are often based on membrane
disruption [2], whereas others use different mechanisms involv-
ing interference with vital membrane located processes [3] or
internalization and interaction with intracellular components [4].

Among the various known families of animal AMPs, the
well-characterized cathelicidins and defensin gene families
seem to play a particularly important role in mammalian host
defence. Members of both peptide families have been
detected in phagocytic and epithelial cells [5,6], and in addi-
tion to protecting the host against invading microbes through
their direct antimicrobial activity they also appear to act as
signal molecules that variously modulate other components
of the innate and adaptive immune responses [7,8] as well
as to promote wound healing [9]. As they are produced at
sites most in contact with the external environment, they
may provide an important means of controlling the micro-
biota living within the animal and act as an effective first line
of defence against opportunistic pathogens.
J. Pept. Sci. 2012; 18: 105–113
Unicellular achlorophyllous algae of the genus Prototheca have
been identified as emerging agents of infection in humans and in
other animals [10,11]. They are ubiquitous saprophytes and have
been isolated from environmental reservoirs such as food, milk,
soil, water and the faeces of domesticated animals [10]. Proto-
theca cells are ovoid to spherical in shape and range from 3 to
30 mm in diameter, depending on the species and stage of the life
Copyright © 2011 European Peptide Society and JohnWiley & Sons, Ltd.
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cycle [10]. These algae reproduce asexually by multiple fission,
giving rise to mother cells (sporangia) from which a variable
number of endospores are passively released upon rupture of
the sporangium.
The predominant form of protothecosis in cattle is mastitis,

an inflammatory process of the mammary gland that is caused
by multiplication of pathogens in its lumen and which generally
requires some form of antibiotic treatment of infected herds.
Prototheca zopfii genotype 2, in particular, causes acute to
chronic granulomatous mastitis in cattle [12,13], with reduced
milk production and atresia of the udder. Human forms of pro-
tothecosis are instead mainly caused by Prototheca wickerhamii
and include cutaneous lesions, olecranon bursitis and systemic
infections, particularly in immunocompromised patients [11].
Prototheca spp. are reported to be sensitive to amphotericin B
(AMB) and variably susceptible to azoles and other drugs
in vitro [10,11,14]. However, the in vivo efficacy of these drugs
in mastitis treatment is unpredictable [10], and the only com-
pletely effective control measure to date is culling of infected
animals [15].
The need for novel agents effective against Prototheca is high-

lighted by the increasing incidence of infection in dairy herds
worldwide [13,16,17] and by the rapid spread of Prototheca iso-
lates resistant to the few currently available antimicrobial drugs
[16,18]. AMPs may be promising candidates for the development
of such drugs as they rapidly kill a broad spectrum of microbes
in vitro, also including bacterial mastitis pathogens [19,20]. The
involvement of AMPs in udder infection is in any case suggested
by the observation that some of them are produced by bovine
mammary gland epithelial cells [21,22] as well as by activated
neutrophils recruited during infection [19,23] and are secreted
from these cells into bovine milk [24]. At least seven bovine
cathelicidin peptides belonging to several distinct structural clas-
ses [25] and 26 different bovine defensins or the genes encoding
them [26] have been reported. In the present study, two bovine
cathelicidin peptides, bovine myeloid antimicrobial peptide
(BMAP-28) and bactenecin 5 (Bac5), and the b-defensin lingual
antimicrobial peptide (LAP) have been examined comparatively
for their Prototheca-inactivating properties to provide functional
and mechanistic information in view of their possible develop-
ment as effective anti-Prototheca drugs. The three peptides were
selected on the basis of distinct structural features, i.e., BMAP-28
is a linear, amphipathic a-helical peptide [27], Bac5 likely has an
extended poly-L-proline type II conformation [28,29], and LAP
has a b-sheet core stabilized by three disulfide bridges [26]. The
effects of these peptides against several Prototheca isolates were
investigated in terms of antimicrobial activity and related to their
capacity to permeabilize the cell membrane and affect the cell
morphology.
Table 1. Sequences of bovine antimicrobial peptides

Peptide Sequence

BMAP-28 GGLRSLGRKILRAWKKYGPIIVPIIRI-NH2

Bac5 RFRPPIRRPPIRPPFYPPFRPPIRPPIFPPIRPPFRPPLGPFP

LAP GVRNSQSCRRNKGICVPIRCPGSMRQIGTCLGAQVKCC

aq, charge.
b%H, percent of hydrophobic residues (A, V, M, L, I, F, Y, W). Cystine residu
cCysteine residues involved in disulfide bridge formation are in bold. The c

wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European P
Materials and Methods

Peptide Synthesis and Characterization

Solid phase synthesis of BMAP-28 and Bac5 (Table 1), using
Fmoc-chemistry, has been described previously [27,30]. The
b-defensin LAP (Table 1) was synthesized with a microwave-
assisted Liberty synthesizer (CEM Corp., Matthews, NC, USA) on
Lys(Boc)-substituted Tentagel resin (substitution 0.16meq/g,
0.05mmol scale, Novabiochem, UK) essentially as described pre-
viously [31,32]. The good quality of the crude, fully reduced pep-
tide (MW 4520.4) as verified by electrospray ionization-mass
spectrometry (ESI-MS) (Esquire 4000, Bruker Daltonics Inc., Biller-
ica, MA, USA) allowed oxidative folding without prior purification,
as described previously [31]. Complete oxidation was confirmed
by ESI-MS of the peptide (MW 4514.4), whereas the correct con-
nectivity was partly established by ESI-MS analysis of the tryptic
digest, in which the disulfide-linked fragments GICVPIR and
QIGTCLGAQVK (MW 1870.9) confirmed the presence of the
Cys2–Cys4 bridge. Peptide concentrations were determined in
aqueous solution by measuring the absorbance at 257 or at
280 nm, taking into account the extinction coefficients of Trp
and Tyr (6839 cm�1M�1 at 280 nm) for BMAP-28 and Tyr
(1280 cm�1M�1 at 280 nm) for Bac5 [33,34]. The concentration
of LAP was determined using the Waddell method [35].

Microbial Strains and Growth Conditions

All the isolates were collected from cases of clinical and subclinical
mastitis in dairy herds from Lombardia region (Italy) and included
12 strains of P. zopfii, three strains of Streptococcus agalactiae
and five strains each of Escherichia coli, Klebsiella pneumoniae,
Staphylococcus aureus, Staphylococcus epidermidis and Streptococcus
uberis. The Prototheca isolates were identified as P. zopfii biotype II
on the basis of biochemical features, essentially as described pre-
viously [14]. P. wickerhamii ATCC 16529 was the reference strain.
The algae were grown on Sabouraud dextrose agar (Oxoid, UK)
at 30 �C for 3–4days, maintained in a refrigerator and transferred
once a month to fresh medium. E. coli, K. pneumoniae, S. aureus
and S. epidermidis were maintained in Luria–Bertani agar plates
(Oxoid), S. uberis and S. agalactiae in blood agar plates (Oxoid).

Antimicrobial Assays

Prototheca zopfii and P. wickerhamii were refreshed by streaking
a loopful of algal cells onto Sabouraud dextrose agar. After incu-
bation at 30 �C for 3 days, algae were harvested from the plates
and resuspended in Sabouraud medium. The bacteria were cul-
tured in Mueller–Hinton (Difco, Detroit, MI, USA) or brain heart
infusion broth (Difco) (S. uberis) for 18 h, diluted 1:50 in fresh
MW qa %Hb

3074 +8 44

-NH2 5147 +10 30

RRKc 4514 +10 37

es are considered to be hydrophobic.

ysteine arrangement is 1–5, 2–4, 3–6.

eptide Society and JohnWiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 105–113
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medium and allowed to grow in a shaker at 37 �C. Mid-log-phase
bacteria were harvested after 10min of centrifugation at 1000 g
and resuspended in appropriate media. The density of microbial
suspensions was assessed by measuring the turbidity at 600 nm,
with reference to previously determined standards, and adjusted
to give 1� 105 and 5� 105 colony forming units (CFU)/ml for
Prototheca and bacteria, respectively. The minimum inhibitory
concentration (MIC) was determined by a broth microdilution as-
say in 96-well microtiter plates, essentially as described [34]. For
P. wickerhamii, after the determination of the MIC, 50ml aliquots
of the assay mixture were plated on Sabouraud dextrose agar
plates and incubated for 3 days at 30 �C in order to determine
the minimum fungicidal concentration (MFC).

The microbicidal activity against P. wickerhamii ATCC 16529
was assayed by incubating cells (1� 105 CFU/ml) at 30 �C in the
presence of different concentrations of each peptide in Sabour-
aud. At fixed time points, culture samples were serially diluted
in ice-cold physiological salt solution, and 50ml aliquots were
plated onto solid Sabouraud. After 3 days of incubation at 30 �C,
colonies were counted and the CFU per millilitre calculated. The
concentration of peptide that inhibited the growth of half of an
inoculum of P. wickerhamii (IC50) was estimated from dose–
response curves, using the non-linear regression fit function of
GRAPHPAD PRISM version 5.0 (GraphPad Software Inc., San Diego,
CA, USA).

Cytotoxicity Assay

BME-UV1 cells were purchased from Istituto Zooprofilattico Sper-
imentale della Lombardia e dell’Emilia Romagna and cultured at
37 �C with 5% CO2 in the following medium: 40% Ham’s F 12,
30% RPMI 1640, 20% NCTC 135, 10% foetal bovine serum con-
taining 0.1% lactose, 0.1% lactalbumin hydrolysate, 1.2mM gluta-
thione, 10mg/ml L-ascorbic acid, 1 mg/ml hydrocortisone, 1mg/ml
insulin, 5mg/ml transferrin and 0.5mg/ml progesterone. Cells
were seeded in 96-well plates at a density of 2.5�105 cells/cm2,
grown for 24 h and incubated in complete medium in the
absence or the presence of peptides. After a 24-h incubation, a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay kit (Sigma-Aldrich, St Louis, MO, USA) was used to as-
sess cell viability according to the manufacturer’s instructions.

ATP Bioluminescence Assay

Prototheca wickerhamii ATCC 16529 cells (1� 105 CFU/ml) were
incubated at 30 �C for 10–60min with each peptide in Sabouraud
medium. Cells were then centrifuged (1,000 g, 10min) and the
supernatants placed on ice until assayed for extracellular adeno-
sine triphosphate (ATP). Cell pellets were submerged in liquid
nitrogen for 5min and resuspended in boiling water. Samples
were then boiled for 5min, centrifuged and the supernatants
placed on ice until assayed for intracellular ATP. ATP levels were
determined by luminometry using a luciferin–luciferase assay
kit (Invitrogen, Carlsbad, CA, USA), and the amount of extracellu-
lar ATP was expressed as percentage of the total cellular ATP
(extracellular + intracellular).

Preparation of Liposomes

Large unilamellar vesicles (LUVs) were prepared by extrusion of an-
ionic phosphatidyl/diphosphatidyl-DL-glycerol [PG/dPG, 95:5 (w/w)]
from egg yolk lecithin and bovine heart, respectively. Zwitterionic
J. Pept. Sci. 2012; 18: 105–113 Copyright © 2011 European Peptide Society a
LUVs were prepared using neutral L-a-phosphatidylcholine and
sphingomyelin from egg yolk and ergosterol dispersions [PC/SM/
Er, 40:40:20 (w/w)]. All components were purchased from Sigma-
Aldrich. Dry lipids were dissolved in chloroform, evaporated under
a stream of nitrogen, and the residue was vacuum-dried for 3h.
The lipid cake was resuspended to a concentration of 3mg/ml in
the appropriate buffer by spinning the flask at a temperature above
the lipid critical temperature. The resulting multilamellar vesicle
suspensions were disrupted by several freeze–thaw cycles prior to
extrusion with a miniextruder (Avanti Polar Lipids Inc., Alabaster,
AL, USA) through polycarbonate filters with 100nm pores. For all
experiments, LUVs were freshly prepared or used within 1 or 2days.

Circular Dichroism

Circular dichroism (CD) spectroscopy was performed on a J-715
spectropolarimeter (Jasco Inc., Easton, MD, USA), using 2-mm
quartz cells and 20mM peptide with phospholipid vesicles in
phosphate-buffered saline (PBS, 0.15M NaCl, 0.01M sodium
phosphate, pH 7.0) at room temperature (25 �C). Peptide/lipid
suspensions (molar ratio 1:20) were incubated for 30min at
37 �C before use. These spectra were compared with those
obtained in the absence of LUVs (aqueous buffer), in the pres-
ence of trifluoroethanol (TFE), a solvent known to stabilize
ordered conformations, and in the presence of anionic LUVs com-
posed of PG/dPG that mimic bacterial membranes. Spectra were
the average of at least two independent experiments, each with
an accumulation of three scans.

Scanning Electron Microscopy

About 1� 107 CFU/ml of P. wickerhamii ATCC 16529 were incu-
bated at 30 �C in Sabouraud medium with each peptide. After
incubation for 1 or 6 h at a peptide concentration (40 mM) that
ensured 70–90% killing by all peptides, 15 ml of cell suspensions
were deposited onto polylysine-coated glass coverslips and fixed
at 4 �C overnight with 2.5% (v/v) glutaraldehyde in 0.2M phosphate
buffer, pH7.3. The coverslips were then extensively washed with
PBS, post-fixed at 4 �C for 1h with 1% (v/v) osmium tetroxide in
PBS and dehydrated in graded ethanol solutions. After lyophilization
and gold coating, the samples were examined on a Leica Stereoscan
430i instrument (Leica Inc., Deerfield, IL, USA).

Statistical Analysis

Statistical differences among groups of data were analysed by
one-way analysis of variance followed by the Bonferroni post test,
using GRAPHPAD Prism version 5.0. In all comparisons, P< 0.05 was
considered significant.
Results

Antimicrobial and Permeabilizing Activity

The antimicrobial activity of BMAP-28, Bac5 and LAP (amino acid
sequences reported in Table 1) was assayed against various micro-
bial strains isolated from cases of bovine mastitis, including non-
photosynthetic algae of the genus Prototheca and a number of
contagious (S. aureus and S. agalactiae) and environmental (S. uberis,
S. epidermidis, E. coli and K. pneumoniae) bacterial species.

In the standard microdilution assay, BMAP-28 was effective in
the low micromolar range against all strains (Table 2), with the
nd JohnWiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



Table 2. Antimicrobial activity of bovine peptides against isolates
from cases of mastitis

MIC range (mM)

Organism (no. of tested strains) BMAP-28 Bac5 LAP

Prototheca spp. (12)a 2–8 0.5–2 4–16

Staphylococcus aureus (5)b 2–4 >32 >32 (4)c

Streptococcus agalactiae (3)b 2 4–16 >32

Streptococcus uberis (5)d 2 to >32 16 to >32 >32

Staphylococcus epidermidis (5)b 1–2 1–2 32 (1)c

Escherichia coli (5)b 4–8 0.5–1 32 (8)c

Klebsiella pneumoniae (5)b 1–2 1–4 >32 (32)c

aDetermined in Sabouraud broth.
bDetermined in 100% Mueller–Hinton broth.
cValues in parentheses determined in 25% Mueller–Hinton broth.
dDetermined in brain heart infusion broth.

Table 3. Antimicrobial activity against P. wickerhamii ATCC 16529

IC50 (mM)

Test agent MIC (mM) MFC (mM) 10min 60min

BMAP-28 4 4 2 1

Bac5 0.5 2 6 2

LAP 4 16 32 16

AMB 0.2 >1.6 — —
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exception of a single S. uberis isolate that was resistant to this
peptide up to the highest concentration tested (32 mM). Bac5
was as effective as or even better than BMAP-28 against
Prototheca spp. This AMP was also very effective against Gram-
negative organisms while displaying high MIC values against
most Gram-positive organisms, particularly S. aureus and S. uberis,
in line with the reported selectivity of Pro-rich AMPs for Gram-
negative species [4]. Under the same assay conditions, the b-
defensin LAP inhibited the growth of Prototheca spp. with an
average MIC value of 8mM but was ineffective against all bacterial
isolates even at the highest concentration tested (32 mM)
(Table 2). LAP did however display a significant antibacterial
activity when assayed in fourfold diluted bacterial growth media
(Table 2, values in parentheses). These results are in agreement
with the widely reported salt and medium sensitivity of the
antibacterial activity of b-defensins [36], whereas the anti-algal
activity appears to be more robust.
The MIC data reported in Figure 1 indicate that all three pep-

tides are effective against all Prototheca isolates. An increasing
number of studies indicate that this algal microorganism is an
emergent mastitis pathogen refractory to antibiotic therapy
[18], and particularly, P. wickerhamii has been shown to affect
humans by producing cutaneous infections in immunocompro-
mised patients [37]. These considerations prompted us to further
investigate the antimicrobial effects of BMAP-28, Bac5 and LAP
against P. wickerhamii ATCC 16529 as a reference strain. Its
Figure 1. Distribution of MIC values of the indicated peptides for Proto-
theca spp. isolates. The hatched part of the bars refers to P. wickerhamii
ATCC 16529.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European P
growth was inhibited by the AMPs with MIC values ranging from
0.5 mM (Bac5) to 4mM (BMAP-28 and LAP), as compared with a
MIC of 0.2mM for AMB (Table 3), which has been already reported
to be active against this strain [11]. In a microbicidal activity
assay, BMAP-28 was found to decrease the viability of P.
wickerhamii by approximately 80% in only 10min (Figure 2A)
and by >95% within 60min at a peptide concentration
corresponding to its MIC value (4 mM) (Figure 2A and B). The
microbicidal effects of LAP and Bac5 were instead significantly
slower. At their MIC concentration, they were not effective
against P. wickerhamii up to 30min and caused an approximately
20% decrease in cell viability within 60min (Figure 2A). Accord-
ingly, the IC50 calculated following 10 and 60min incubation
was considerably higher for Bac5 and LAP than for BMAP-28
(Table 3). Increasing the concentration of Bac5 and LAP to
Figure 2. Time-killing curve (A) and dose–response after 60min incuba-
tion (B) of BMAP-28, Bac5 and LAP against P. wickerhamii ATCC 16529.
Cells were incubated with peptides at the indicated concentrations in
Sabouraud medium. At selected time points, samples were serially diluted
and plated to allow colony counts. The results are reported as percent vi-
ability relative to untreated cells and are the mean� SD of at least three
independent experiments.

eptide Society and JohnWiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 105–113
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16mM resulted in 60% and 40% killing activity, respectively,
following 60min cell incubation (Figure 2B), whereas complete
killing was only achieved following 6 h incubation of algal cells
with each peptide at its MFC value, corresponding in both cases
to four times the MIC value (i.e., 2 mM Bac5 and 16mM LAP)
(Figure 2A). Importantly, none of the peptides was cytotoxic for
BME-UV1 cells, used as a model for bovine mammary gland
epithelium [38], at its algicidal concentration (cell viability higher
than 95% as assessed by MTT assay). The viability of these cells
was only slightly affected by BMAP-28 (approximately 80% viable
cells) at fourfold its algicidal concentration, whereas Bac5 and
LAP were ineffective at corresponding concentrations. Overall,
these data indicate a much lower affinity of these peptides for
BME-UV1 as compared with Prototheca cells. This is in line with
the results of numerous studies indicating that AMPs preferen-
tially associate with target microorganisms rather than with host
cells [2,7]. Intrinsic molecular and structural characteristics of
microbial versus host cells as well as inherent structural features
of AMPs are thought to be major determinants of this selective
antimicrobial discrimination [2].

To gain further insight into the mechanism of antimicrobial
action, peptides were analysed for their capacity to induce extra-
cellular release of ATP from P. wickerhamii as a means to evaluate
cell membrane perturbation. At its MIC value, BMAP-28 induced,
respectively, 80% and 100% release of cellular ATP after 10 and
60min exposure (Figure 3), consistent with a rapid membranoly-
tic activity. In contrast, Bac5 and LAP did not promote ATP release
for up to 60min incubation at their MIC values. This was con-
firmed by a lack of propidium iodide uptake under the same
experimental conditions (not shown). Approximately 50% ATP re-
lease was observed after cell incubation with Bac5 at fourfold MIC
value. Under the same concentration conditions, LAP caused ap-
proximately 25% permeabilization (Figure 3).
CD Spectroscopy

A different propensity of the peptides for interaction with the
plasma membrane was also suggested by CD spectra determined
in the presence of zwitterionic LUVs containing ergosterol, a sim-
ple model for algal cell membranes. As shown in Figure 4, the CD
spectrum of BMAP-28 showed a strong conformational transition
from random coil in aqueous buffer to a-helix in the presence of
50% TFE (Figure 4A). Under these conditions, all BMAP-28
molecules likely have a similar helix content, which was esti-
mated at approximately 50% [39], compatible with formation of
an N-terminal helix and disordered C-terminal tail [27]. The spec-
trum in the presence of zwitterionic LUVs indicates a lower yet
Figure 3. ATP release from peptide-treated Prototheca cells. Cells were incu
MIC values. The amount of ATP in the cell supernatants was expressed as perc
independent experiments. *P< 0.05; **P< 0.01; ***P< 0.001.

J. Pept. Sci. 2012; 18: 105–113 Copyright © 2011 European Peptide Society a
detectable helix content, which may be explained by a smaller
part of the peptide being helically structured or, more likely, only
part of the peptide population being membrane bound in a
helical conformation, estimated at about 20% by comparison
with the TFE spectrum. The CD spectrum of BMAP-28 in the pres-
ence of anionic vesicles was considerably more intense, and the
minimum shifted from about 208 to 222 nm. This indicates a
stronger membrane interaction and is possibly consistent with
helix aggregation at the membrane (as suggested by the altered
θ208/θ222 ratio [40]) and/or increased content of b-structure,
presumably at the C-terminus of the sequence (Figure 4A).

Bac5 showed similar spectra in aqueous buffer and in the pres-
ence of neutral LUVs (Figure 4B), indicating that its conformation
was not markedly altered in their presence. The spectra are con-
sistent with an extended type II poly-L-proline conformation, in
accordance with previous reports [28,29]. Similar slight changes
in the shape of the CD spectrum were observed in the presence
of TFE or anionic LUVs. Taken together, these results indicate that
Bac5 does not markedly alter its conformation in the presence of
biological membranes and are more consistent with a surface in-
teraction (especially with anionic LUVs where it is favoured by
electrostatic attraction) than membrane insertion as for BMAP-28.

The CD spectrum profile of LAP measured in aqueous solution
was consistent with a partly b-sheet, partly random coil confor-
mation (Figure 4C) and was unaffected in the presence of zwitter-
ionic LUVs, indicating poor interaction of the peptide with this
type of membrane. A helical component became evident in the
presence of TFE or of anionic vesicles (Figure 4C), likely due to
structuring of the N-terminal segment, as also observed for
hBD3 under similar conditions, and may result from some form
of interaction with bacterial-type membranes [41].
SEM Analysis of Surface Alterations

To further investigate the mechanism of action, we used
scanning electron microscopy (SEM) to visualize morphological
alterations induced by each peptide, which could be related to
its killing mechanism(s). Representative micrographs of untreated
P. wickerhamii showed individual cells with ridged surface
(Figure 5A ) or morula-like structures (Figure 5B) typical of P.
wickerhamii sporangia. As shown in Figure 5C and D, incubation
for 60min with BMAP-28 resulted in extensive surface blebbing
on both individual and sporangial cells, with occasional release
of intracellular material (Figure 5C). These features support a
membranolytic killing mechanism. LAP-treated cells did not reveal
evident signs of surface damage, although we consistently found
that approximately 15% of treated cells had an uncharacteristic
bated for 10 and 60min with the indicated peptides at MIC and fourfold
entage of the total cellular ATP. Results are the mean� SD of at least three
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Figure 4. CD spectra of BMAP-28 (A), Bac5 (B) and LAP (C) in PBS (diamonds), 50% TFE (solid line), PG/dPG (short dashes) and PC/SM/Er (long dashes)
LUVs. The concentrations of peptide and lipid in PBS were 20 and 400mM, respectively.

Figure 5. Scanning electron microscopy of P. wickerhamii cells incubated for 60min in the absence (A, B) or in the presence of 40mM BMAP-28 (C, D) or
40mM LAP (E, F). Magnification, �15 000; bars, 1mm.
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smooth, unridged surface (also showing some surface blebbing),
as compared with only about 2% of untreated control cells show-
ing this feature (Figure 5E and F). Cell incubation with Bac5 did not
produce any visible surface alterations, even after a 6-h incubation
time (not shown).
Discussion

The efficacy of currently available pharmacological therapies for
the treatment of Prototheca infection is controversial [11,16]
and is in any case undermined by the emergence of resistant
strains worldwide to the few drugs in use [18]. Naturally occurring
AMPs may be a promising source for the development of effec-
tive anti-protothecal agents, as these peptides generally show a
rapid and broad-spectrum antimicrobial activity and are largely
wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European P
unaffected by resistance mechanisms to clinically used antiinfec-
tive agents [42,43]. In this regard, it has been reported that pep-
tides derived from bovine lactoferrin, a multifunctional protein
endowed with antimicrobial activity [44], show the ability to inac-
tivate P. zopfii with MIC value of 1mg/ml, although the mecha-
nism underlying this activity has not yet been elucidated [45].
In this study, we have examined the anti-protothecal activity of
chemically synthesized versions of the endogenous bovine AMPs
BMAP-28, Bac5 and LAP. These peptides are highly cationic (+8 to
+10), with one out of every three/four residues being positively
charged, and have a variable content of hydrophobic amino
acids, ranging from 30% in Bac5 to almost 50% in BMAP-28.
The latter is a linear peptide with a propensity for adopting an
a-helical conformation in the region encompassing residues
1–18, in a membrane-like environment [27]. The alternation of hy-
drophobic and hydrophilic residues confers a strong amphipathic
eptide Society and JohnWiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 105–113
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character to the helix, favouring interaction with biological mem-
branes [27]. Bac5 includes in its sequence a tandemly repeated
Xaa1-Pro-Pro-Xaa2 motif, in which Xaa1 is almost invariably Arg
and Xaa2 is a bulky hydrophobic residue (Ile, Phe or Leu) [46]. On
the basis of CD and nuclear magnetic resonance spectroscopy,
an extended poly-L-proline type II conformation has been pro-
posed [28,29], but this or other possible conformations do not re-
sult in amphipathic structures, judging from Edmundson-type pro-
jections (www.bbcm.units.it/~tossi/HydroMcalc). LAP has the same
global positive charge as Bac5 and an intermediate content of hy-
drophobic residues between BMAP-28 and Bac5. Mapping its resi-
dues on the known structures of the human defensins hBD2 and
hBD3 and bovine defensin 12 (PDB ID: 1FD3, 1KJ6 and 1BNB re-
spectively) indicates that it could have a roughly discoid structure
which is predominantly polar, with a small hydrophobic patch on
one edge.

Antimicrobial assays indicate that all peptides are effective
in vitro against mastitic isolates of P. zopfii and kill a reference strain
of P. wickerhamii in a manner dependent on time and dose, at con-
centrations comparable with or slightly higher than that of AMB.
The observed decrease in CFU following treatment with BMAP-28
at its MIC value was quantitatively and kinetically correlated with
the extent of ATP released from P. wickerhamii, suggesting a
mainly membranolytic mode of action. A killing mechanism based
on membrane perturbation is considered the norm for a-helical
AMPs and underlies a broad-spectrum activity against Gram-
positive and Gram-negative bacteria, including methicillin-resistant
S. aureus and vancomycin-resistant Enterococcus faecium clinical
isolates [27,34], as well as the fungi Cryptococcus neoformans
and several Candida spp. [47].

The proposed lytic mechanism for BMAP-28 is supported by
CD spectra which indicate capacity to interact with anionic LUVs
(models for bacterial membranes) and with ergosterol-containing
zwitterionic liposomes (models for fungal/algal membranes). The
plasma membrane of Prototheca is rich in zwitterionic phospholi-
pids (>70% by weight of total phospholipids) and ergosterol (4%
of total neutral lipid w/w) [48]. Our results are consistent with
published evidence that BMAP-28 induces substantial calcein re-
lease from artificial liposomes with a composition mimicking that
of fungal membranes and causes rapid uptake of the dye SYTOX
green into the hyphae of the plant pathogen Fusarium oxysporum
f. sp. vasinfectum [49]. Overall, these results point to the plasma
membrane as a primary target for the antifungal and anti-algal
activity of BMAP-28.

Bac5 and LAP exhibited a different killing behaviour. Whereas
BMAP-28 sterilized P. wickerhamii cell cultures within 30min incu-
bation at its MIC, Bac5 and LAP led to a comparable decrease in
CFU only after 3–6 h incubation, and only at their MFC, which cor-
responded to four times the MIC for both peptides. This, and the
fact that, unlike BMAP-28, only modest amounts of ATP were re-
leased from Prototheca cells following up to 1 h incubation with
Bac5 or LAP at MIC values, argue against a lytic killing mecha-
nism. The amount of ATP in the supernatants of cells treated with
lethal concentrations of these peptides increased at longer expo-
sure times but was not proportional to the CFU reduction mea-
sured in parallel, so likely resulted from leakage of cell contents
as a late effect of killing rather than from early membrane injury.
This is also backed by CD studies, which suggest a looser interac-
tion of Bac5 and LAP with neutral model membranes. The struc-
ture of Bac5 is also unaffected in the presence of phosphatidyl
choline vesicles [28], and no calcein release was observed from
this type of vesicle in the presence of synthetic fragments of
J. Pept. Sci. 2012; 18: 105–113 Copyright © 2011 European Peptide Society a
Bac5 and its porcine analogue PR-39 [29,50,51]. The CD behaviour
of LAP in the presence of neutral or anionic model membranes is
similar to that of hBD3, whose weak propensity to interact with neu-
tral liposomes has also been demonstrated using high-resolution
synchrotron small-angle X-ray scattering [52]. In short, the conforma-
tion of either peptide is little affected by the presence of neutral
membranes, whose integrity is likewise little affected by peptide in-
teraction. Significantly, human b-defensins have been shown to kill
fungal cells without causing membrane disruption [53].

The differential killing mechanisms of the three peptides, and
the fact that only BMAP-28 acts via membrane permeabilization
is further supported by SEM analysis of peptide-treated cells,
revealing extended surface damage only following incubation
with BMAP-28, even at Bac5 and LAP concentrations that caused
70–90% killing and after prolonged incubation times. In this
respect, members of both the Pro-rich and b-defensin AMP
families have been variously shown to penetrate into bacterial
or mammalian cells without compromising plasma membranes
[30,31,54,55]. An accepted mechanistic model for the killing of
Gram-negative bacteria by Pro-rich peptides involves interaction
with intracellular targets following cellular internalization medi-
ated by specific membrane transporters [4]. With respect to the
antifungal activity of b-defensins, it appears that different mem-
bers may act via distinct mechanisms, dependent on interaction
with different cell wall components, which in turn are different
from those used by neutrophil defensins or plant defensins
[56], indicating they act in a quite complex framework.

To our knowledge, this is the first report on the activity of
AMPs against Prototheca spp apart from lactoferrin. We dem-
onstrate that BMAP-28, Bac5 and LAP kill this organism with
distinct potencies, killing kinetics and mode of action and
may be appropriate for treatment of protothecal mastitis. Ad-
ditionally, the ability of Bac5 and LAP to act via novel, non-
lytic mechanisms could be useful for the identification of
druggable targets and development of selective therapeutic
agents. Future studies are thus warranted to better elucidate
the respective mechanisms of action and allow the design
of AMPs or derivatives with increased potency.
Acknowledgements

This work was supported by the Italian Ministry of Education, Uni-
versity and Research (Progetti di Ricerca di Interesse Nazionale
2007), Interuniversity Consortium for Biotechnology (CIB) and
Regione Friuli Venezia Giulia (Grant art. 23 L.R. 26/2005).

Francesca Vita is gratefully acknowledged for technical assis-
tance in SEM analysis.

References
1 Zasloff M. Antimicrobial peptides of multicellular organisms. Nature

2002; 415(6870): 389–395.
2 Yeaman MR, Yount NY. Mechanisms of antimicrobial peptide action

and resistance. Pharmacol. Rev. 2003; 55(1): 27–55.
3 Sass V, Schneider T, Wilmes M, Korner C, Tossi A, Novikova N,

Shamova O, Sahl HG. Human beta-defensin 3 inhibits cell wall biosyn-
thesis in Staphylococci. Infect. Immun. 2010; 78(6): 2793–2800.

4 Scocchi M, Tossi A, Gennaro R. Proline-rich antimicrobial peptides:
converging to a non-lytic mechanism of action. Cell. Mol. Life Sci.
2011; 68(13): 2317–2330.

5 Selsted ME, Ouellette AJ. Mammalian defensins in the antimicrobial
immune response. Nat. Immunol. 2005; 6(6): 551–557.

6 Zanetti M. The role of cathelicidins in the innate host defenses of
mammals. Curr. Issues Mol. Biol. 2005; 7(2): 179–196.
nd JohnWiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci

http://www.bbcm.units.it/


TOMASINSIG ET AL.

1
1
2

7 Lai Y, Gallo RL. AMPed up immunity: how antimicrobial peptides have
multiple roles in immune defense. Trends Immunol. 2009; 30(3): 131–141.

8 Zanetti M. Cathelicidins, multifunctional peptides of the innate immu-
nity. J. Leukoc. Biol. 2004; 75(1): 39–48.

9 Steinstraesser L, Koehler T, Jacobsen F, Daigeler A, Goertz O, Langer S,
Kesting M, Steinau H, Eriksson E, Hirsch T. Host defense peptides in
wound healing. Mol. Med. 2008; 14(7–8): 528–537.

10 Jagielski T, Lagneau PE. Protothecosis. A pseudofungal infection.
Journal De Mycologie Medicale 2007; 17(4): 261–270.

11 Lass-Florl C, Mayr A. Human protothecosis. Clin. Microbiol. Rev. 2007;
20(2): 230–242.

12 Jagielski T, Lassa H, Ahrholdt J, Malinowski E, Roesler U. Genotyping of
bovine Prototheca mastitis isolates from Poland. Vet. Microbiol. 2011;
149(1–2): 283–287.

13 Osumi T, Kishimoto Y, Kano R, Maruyama H, Onozaki M, Makimura K,
Ito T, Matsubara K, Hasegawa A. Prototheca zopfii genotypes isolated
from cow barns and bovine mastitis in Japan. Vet. Microbiol. 2008;
131(3–4): 419–423.

14 Tortorano AM, Prigitano A, Dho G, Piccinini R, Dapra V, Viviani MA. In
vitro activity of conventional antifungal drugs and natural essences
against the yeast-like alga Prototheca. J. Antimicrob. Chemother.
2008; 61(6): 1312–1314.

15 Marques S, Silva E, Carvalheira J, Thompson G. Short communication:
In vitro antimicrobial susceptibility of Prototheca wickerhamii and
Prototheca zopfii isolated from bovine mastitis. J. Dairy Sci. 2006; 89
(11): 4202–4204.

16 Lopes MM, Ribeiro R, Carvalho D, Freitas G. In vitro antimicrobial sus-
ceptibility of Prototheca spp. isolated from bovine mastitis in a Portu-
gal dairy herd. Journal De Mycologie Medicale 2008; 18(4): 205–209.

17 Ricchi M, Goretti M, Branda E, Cammi G, Garbarino CA, Turchetti B,
Moroni P, Arrigoni N, Buzzini P. Molecular characterization of
Prototheca strains isolated from Italian dairy herds. J. Dairy Sci. 2010;
93(10): 4625–4631.

18 Sobukawa H, Kano R, Ito T, Onozaki M, Makimura K, Hasegawa A,
Kamata H. In vitro susceptibility of Prototheca zopfii genotypes 1
and 2. Med. Mycol. 2011; 49(2): 222–224.

19 Tomasinsig L, De Conti G, Skerlavaj B, Piccinini R, Mazzilli M, D’Este F,
Tossi A, Zanetti M. Broad-spectrum activity against bacterial mastitis
pathogens and activation of mammary epithelial cells support a pro-
tective role of neutrophil cathelicidins in bovine mastitis. Infect.
Immun. 2010; 78(4): 1781–1788.

20 Rieg S, Meier B, Fahnrich E, Huth A, Wagner D, Kern WV, Kalbacher H.
Differential activity of innate defense antimicrobial peptides against
Nocardia species. BMC Microbiol. 2010; 10: 61.

21 Roosen S, Exner K, Paul S, Schroder JM, Kalm E, Looft C. Bovine beta-
defensins: identification and characterization of novel bovine beta-
defensin genes and their expression in mammary gland tissue.
Mamm. Genome 2004; 15(10): 834–842.

22 Swanson K, Gorodetsky S, Good L, Davis S, Musgrave D, Stelwagen K,
Farr V, Molenaar A. Expression of a beta-defensin mRNA, lingual anti-
microbial peptide, in bovine mammary epithelial tissue is induced by
mastitis. Infect. Immun. 2004; 72(12): 7311–7314.

23 Tomasinsig L, Scocchi M, Di Loreto C, Artico D, Zanetti M. Inducible ex-
pression of an antimicrobial peptide of the innate immunity in poly-
morphonuclear leukocytes. J. Leukoc. Biol. 2002; 72(5): 1003–1010.

24 Isobe N, Nakamura J, Nakano H, Yoshimura Y. Existence of functional
lingual antimicrobial peptide in bovine milk. J. Dairy Sci. 2009; 92(6):
2691–2695.

25 Tomasinsig L, Zanetti M. The cathelicidins—structure, function and
evolution. Curr. Protein Pept. Sci. 2005; 6(1): 23–34.

26 Luenser K, Ludwig A. Variability and evolution of bovine beta-defensin
genes. Genes Immun. 2005; 6(2): 115–122.

27 Skerlavaj B, Gennaro R, Bagella L, Merluzzi L, Risso A, Zanetti M. Bio-
logical characterization of two novel cathelicidin-derived peptides
and identification of structural requirements for their antimicrobial
and cell lytic activities. J. Biol. Chem. 1996; 271(45): 28375–28381.

28 Raj PA, Edgerton M. Functional domain and poly-L-proline II confor-
mation for candidacidal activity of bactenecin 5. FEBS Lett. 1995;
368(3): 526–530.

29 Tokunaga Y, Niidome T, Hatakeyama T, Aoyagi H. Antibacterial activity
of bactenecin 5 fragments and their interaction with phospholipid
membranes. J. Pept. Sci. 2001; 7(6): 297–304.

30 Tomasinsig L, Skerlavaj B, Papo N, Giabbai B, Shai Y, Zanetti M. Mechanis-
tic and functional studies of the interaction of a proline-rich antimicrobial
peptide with mammalian cells. J. Biol. Chem. 2006; 281(1): 383–391.
wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European P
31 Morgera F, Pacor S, Creatti L, Antcheva N, Vaccari L, Tossi A. Effects on
APC antigen presenting cells of short-term interaction with the human
host defense peptide beta-defensin 2. Biochem. J. 2011; 436(3): 537–546.

32 Boniotto M, Antcheva N, Zelezetsky I, Tossi A, Palumbo V, Verga
Falzacappa MV, Sgubin S, Braida L, Amoroso A, Crovella S. A study
of host defence peptide beta-defensin 3 in primates. Biochem. J.
2003; 374(Pt 3): 707–714.

33 Edelhoch H. Spectroscopic determination of tryptophan and tyrosine
in proteins. Biochemistry 1967; 6(7): 1948–1954.

34 Benincasa M, Skerlavaj B, Gennaro R, Pellegrini A, Zanetti M. In vitro
and in vivo antimicrobial activity of two alpha-helical cathelicidin pep-
tides and of their synthetic analogs. Peptides 2003; 24(11): 1723–1731.

35 Waddell WJ. A simple ultraviolet spectrophotometric method for the
determination of protein. J. Lab. Clin. Med. 1956; 48(2): 311–314.

36 Pazgier M, Hoover DM, Yang D, Lu W, Lubkowski J. Human beta-
defensins. Cell. Mol. Life Sci. 2006; 63(11): 1294–1313.

37 Tsuji K, Hirohara J, Fukui Y, Fujinami S, Shiozaki Y, Inoue K, Uoi M,
Hosokawa H, Asada Y, Toyazaki N. Protothecosis in a patient with
systemic lupus erythematosus. Intern. Med. 1993; 32(7): 540–542.

38 Zavizion B, van Duffelen M, Schaeffer W, Politis I. Establishment and
characterization of a bovine mammary epithelial cell line with unique
properties. In Vitro Cell. Dev. Biol. Anim. 1996; 32(3): 138–148.

39 Chen YH, Yang JT, Chau KH. Determination of the helix and beta form
of proteins in aqueous solution by circular dichroism. Biochemistry
1974; 13(16): 3350–3359.

40 Wagschal K, Tripet B, Lavigne P, Mant C, Hodges RS. The role of
position a in determining the stability and oligomerization state of
alpha-helical coiled coils: 20 amino acid stability coefficients in the
hydrophobic core of proteins. Protein Sci. 1999; 8(11): 2312–2329.

41 Morgera F, Antcheva N, Pacor S, Quaroni L, Berti F, Vaccari L, Tossi A.
Structuring and interactions of human beta-defensins 2 and 3 with
model membranes. J. Pept. Sci. 2008; 14(4): 518–523.

42 Findlay B, Zhanel GG, Schweizer F. Cationic amphiphiles, a new gener-
ation of antimicrobials inspired by the natural antimicrobial peptide
scaffold. Antimicrob. Agents Chemother. 2010; 54(10): 4049–4058.

43 Zanetti M, Gennaro R, Skerlavaj B, Tomasinsig L, Circo R. Cathelicidin
peptides as candidates for a novel class of antimicrobials. Curr. Pharm.
Des. 2002; 8(9): 779–793.

44 Garcia-Montoya IA, Cendon TS, Arevalo-Gallegos S, Rascon-Cruz Q.
Lactoferrin a multiple bioactive protein: an overview. Biochim. Biophys.
Acta 2011; doi: 10.1016/j.bbagen.2011.06.018.

45 Kawai K, Shimazaki K, Higuchi H, Nagahata H. Antibacterial activity of
bovine lactoferrin hydrolysate against mastitis pathogens and its ef-
fect on superoxide production of bovine neutrophils. Zoonoses Public
Health 2007; 54(3–4): 160–164.

46 Gennaro R, Zanetti M. Structural features and biological activities of the
cathelicidin-derived antimicrobial peptides. Biopolymers 2000; 55(1): 31–49.

47 Benincasa M, Scocchi M, Pacor S, Tossi A, Nobili D, Basaglia G, Busetti M,
Gennaro R. Fungicidal activity of five cathelicidin peptides against clin-
ically isolated yeasts. J. Antimicrob. Chemother. 2006; 58(5): 950–959.

48 Sud IJ, Feingold DS. Lipid composition and sensitivity of Prototheca
wickerhamii to membrane-active antimicrobial agents. Antimicrob.
Agents Chemother. 1979; 16(4): 486–490.

49 van der Weerden NL, Hancock RE, Anderson MA. Permeabilization of
fungal hyphae by the plant defensin NaD1 occurs through a cell
wall-dependent process. J. Biol. Chem. 2010; 285(48): 37513–37520.

50 Niidome T, Mihara H, Oka M, Hayashi T, Saiki T, Yoshida K, Aoyagi H.
Structure and property of model peptides of proline/arginine-rich re-
gion in bactenecin 5. J. Pept. Res. 1998; 51(5): 337–345.

51 Cabiaux V, Agerberth B, Johansson J, Homble F, Goormaghtigh E,
Ruysschaert JM. Secondary structure and membrane interaction of
PR-39, a Pro +Arg-rich antibacterial peptide. Eur. J. Biochem. 1994;
224(3): 1019–1027.

52 Schmidt NW, Mishra A, Lai GH, Davis M, Sanders LK, Tran D, Garcia A,
Tai KP, McCray PB, Ouellette AJ, Selsted ME, Wong GC. Criterion for
amino acid composition of defensins and antimicrobial peptides
based on geometry of membrane destabilization. J. Am. Chem. Soc.
2011; 133(17): 6720–6727.

53 Vylkova S, Nayyar N, Li W, Edgerton M. Human beta-defensins kill
Candida albicans in an energy-dependent and salt-sensitive manner
without causing membrane disruption. Antimicrob. Agents Chemother.
2007; 51(1): 154–161.

54 Sadler K, Eom KD, Yang JL, Dimitrova Y, Tam JP. Translocating proline-
rich peptides from the antimicrobial peptide bactenecin 7. Biochemis-
try 2002; 41(48): 14150–14157.
eptide Society and JohnWiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 105–113



ANTI-PROTOTHECAL ACTIVITY OF BOVINE AMPS
55 Podda E, Benincasa M, Pacor S, Micali F, Mattiuzzo M, Gennaro
R, Scocchi M. Dual mode of action of Bac7, a proline-rich an-
tibacterial peptide. Biochim. Biophys. Acta 2006; 1760(11):
1732–1740.
J. Pept. Sci. 2012; 18: 105–113 Copyright © 2011 European Peptide Society a
56 Vylkova S, Li XS, Berner JC, Edgerton M. Distinct antifungal mechan-
isms: beta-defensins require Candida albicans Ssa1 protein, while
Trk1p mediates activity of cysteine-free cationic peptides. Antimicrob.
Agents Chemother. 2006; 50(1): 324–331.
nd JohnWiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci

1
1
3



Appendix III



P

A
i

A
G
a

b

c

d

a

A
R
R
A
A

K
A
C
C
A
M

1

e
o
m

m
t
a
r
o
p
s
d

M
M

A
C

0
d

ARTICLE IN PRESSG Model
EP-68462; No. of Pages 8

Peptides xxx (2011) xxx–xxx

Contents lists available at ScienceDirect

Peptides

j ourna l ho me pa ge: www.elsev ier .com/ locate /pept ides

ntibacterial  and  anti-biofilm  effects  of  cathelicidin  peptides  against  pathogens
solated  from  cystic  fibrosis  patients

.  Pompilioa,b, M.  Scocchic,  S.  Pomponioa,b,  F.  Guidac,  A.  Di  Primioa,b,  E.  Fiscarelli d,  R.  Gennaroc,

.  Di  Bonaventuraa,b,∗

Department of Biomedical Sciences, “G. d’Annunzio” University of Chieti-Pescara, Via Vestini 31, 66100 Chieti, Italy
Center of Excellence on Aging, “G. d’Annunzio” University of Chieti-Pescara, Via Colle dell’Ara, 66100 Chieti, Italy
Department of Life Sciences, University of Trieste, Via Giorgieri 1, 34127 Trieste, Italy
Cystic Fibrosis Microbiology Laboratory, “Bambino Gesù” Children’s Hospital and Research Institute, P.zza S. Onofrio 4, 00165 Rome, Italy

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 26 April 2011
eceived in revised form 30 July 2011
ccepted 1 August 2011
vailable online xxx

eywords:

a  b  s  t  r  a  c  t

Six  different  cathelicidin-derived  peptides  were  compared  to  tobramycin  for  antibacterial  and  anti-
biofilm  effects  against  S. aureus,  P.  aeruginosa,  and  S. maltophilia  strains  isolated  from  cystic  fibrosis
patients.  Overall,  SMAP-29,  BMAP-28,  and  BMAP-27  showed  relevant  antibacterial  activity  (MIC50

4–8  �g/ml),  and  in  some  cases  higher  than  tobramycin.  In contrast,  indolicidin,  LL-37,  and  Bac7(1–35)
showed  no  significant  antimicrobial  activity  (MIC50 >  32 �g/ml).  Killing  kinetics  experiments  showed  that
in  contrast  to tobramycin  the  active  cathelicidin  peptides  exert  a  rapid  bactericidal  activity  regardless
ntimicrobial peptide
athelicidin
ystic fibrosis
ntibiotic
ultidrug-resistance

of the  species  tested.  All  three  peptides  significantly  reduced  biofilm  formation  by  S.  maltophilia  and  P.
aeruginosa  strains  at  1/2×  MIC, although  at a lower  extent  than  tobramycin.  In  addition,  BMAP-28,  as well
as tobramycin,  was  also  active  against  S. aureus  biofilm  formation.  Preformed  biofilms  were  significantly
affected  by  bactericidal  SMAP-29,  BMAP-27  and  BMAP-28  concentrations,  although  at  a  lesser  extent
than  tobramycin.  Overall,  our  results  indicate  the  potential  of some  cathelicidin-derived  peptides  for  the
development  of novel  therapeutic  agents  for cystic  fibrosis  lung  disease.
. Introduction

Cystic fibrosis (CF) is characterized by the presence of a chronic
ndobronchial infection that leads to progressive suppurative
bstructive lung disease, which is the primary cause of death in
ore than 90% of CF patients [11].
Pseudomonas aeruginosa and Staphylococcus aureus are the

ost common bacterial pathogens isolated from the CF respira-
ory tract where they cause persistent infections associated with

 more rapid decline in lung function and survival [12,18]. In
ecent years, however, there have been an increasing number
f reports on potentially emerging and challenging pathogens,
Please cite this article in press as: Pompilio A, et al. Antibacterial an
isolated from cystic fibrosis patients. Peptides (2011), doi:10.1016/j.p

robably due to improved laboratory detection strategies and to
elective pressure exerted on bacterial populations by the antipseu-
omonal antibiotic therapy [18]. In this respect, both the overall

Abbreviations: CF, cystic fibrosis; AMP, antimicrobial peptide; MHA,
ueller–Hinton agar; MHB, Mueller–Hinton broth; CAMHB, cation-adjusted
ueller–Hinton broth; CFU, colony-forming unit.
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hieti, Italy. Tel.: +39 0871 3554812; fax: +39 0871 3554800.
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prevalence and incidence of Stenotrophomonas maltophilia iso-
lations from CF respiratory tract secretions have been recently
reported [14,17,28,46,47]. Although the pathogenic role of S.
maltophilia in CF is still uncertain [20,28,33] the problematic drug-
resistance patterns and the pathogenic role of this microorganism
in non-CF diseases [16,46] make the increasing frequency of isola-
tion in CF patients a cause for concern.

CF pathogens are well adapted to the CF pulmonary envi-
ronment, as suggested by their increased ability to form
biofilms [15,34,39,43],  sessile communities inherently recalci-
trant to immune defenses and available antibiotic treatment
schemes. Therapeutically important antibiotics such as amino-
glycosides, fluoroquinolones and tetracycline work poorly against
biofilms, making the eradication of infection difficult [24,32]. Novel
antimicrobial agents are consequently needed to combat chronic
infections in CF patients.

Antimicrobial peptides (AMPs) are naturally occurring
molecules of the innate immune system that play an impor-
tant role in the host defense of animals and plants [49,50].
AMPs exert their function both as antibiotics, active also against
d anti-biofilm effects of cathelicidin peptides against pathogens
eptides.2011.08.002

multidrug-resistant bacteria [53], and as regulators of several
immune components [30]. For these reasons, they are attractive
candidates for development as novel antibiotics [22,53].  Their
chemical nature makes them suitable for topical applications, so

dx.doi.org/10.1016/j.peptides.2011.08.002
dx.doi.org/10.1016/j.peptides.2011.08.002
http://www.sciencedirect.com/science/journal/01969781
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hat formulations can be envisaged (e.g. aerosols) for the treat-
ent of infections in CF patients, especially aimed at multiresistant

athogens. However, their development as antibiotics requires a
recise definition of their activity spectrum and modes of action. In
ddition, the effects of extracellular factors present in CF infected
ungs, such as biofilms and bacterial exopolysaccharides, need to
e taken into account. The anti-biofilm effects of both synthetic
nd natural AMPs have recently been reported [7,38],  and it has
een shown that the amphipathic nature of AMPs allows them
o overcome the biofilm barrier in some cases [38]. It is therefore
ossible to prospect a new scenario in which AMPs could be
ore effective than conventional antibiotics in killing bacteria in

iofilms formed by CF-infecting strains.
Cathelicidins are one of the most important families of AMPs

n vertebrates [31,51,52].  Its members are characterized by a con-
erved N-terminal pro-region followed by C-terminal antimicrobial
eptides that vary considerably in size and sequence and are repre-
entative of most of the known structural groups of AMPs, including
-helical, Pro-rich, Trp-rich and disulphide bridged peptides. Most
athelicidin peptides display a broad spectrum antibacterial activ-
ty and are often active against multi-drug resistant pathogens
1,4,35,44,45].

To investigate the potential of these AMPs as therapeutic agents
n CF patients, we tested the in vitro antibacterial activity of six
ifferent cathelicidin-derived peptides from different species of
ammals, including humans [50]. These comprised the �-helical

MAP-29 [2,13],  BMAP-27, BMAP-28 [45], and LL-37 [27], the Trp-
ich indolicidin [6],  and the Pro-rich Bac7(1–35) [4].  They were
ested against clinical strains of S. aureus,  P. aeruginosa,  and S. mal-
ophilia isolated from CF patients and compared to tobramycin,
urrently the most commonly used antibiotic to treat chronic P.
eruginosa airway infections in these patients [40]. The effect of
he peptides and tobramycin on the ability of these pathogens to
orm biofilms and on established biofilms was also investigated.

. Materials and methods

.1. Antimicrobial peptides and tobramycin

The peptide SMAP-29, BMAP-27, BMAP-28, LL-37, Bac7(1–35),
nd indolicidin (see their sequences in Table 1) were synthe-
ized, purified by RP-HPLC and analyzed by mass spectrometry
s previously reported [3,44].  The peptides were then lyophilized
rom 10 mM HCl solution, resuspended in double distilled water,
liquoted, and stored at −20 ◦C until use. Peptides were quantified
y measuring the differential absorbance at 215 nm and 225 nm
48] and using their molar extinction coefficient at 214 nm [29].
obramycin was purchased from Sigma–Aldrich srl (Milan, Italy)
s reagent grade antibiotic powder. Stock solutions of tobramycin
ere prepared at 1 mg/ml  in distilled water and stored at −80 ◦C
ntil their use.

.2. Clinical isolates and growth media

The strains used in this study were multi-drug resistant P.
eruginosa (strains Pa1, Pa5, Pa6, and Pa9), S. maltophilia (strains
m109, Sm126, and Sm143), and S. aureus (strains Sa1, Sa3, Sa4,
nd Sa7) isolated from the respiratory tract of CF patients at
he “Bambino Gesù” Pediatric Hospital of Rome. The designa-
ion of “multi-drug resistant” isolates was made according to the
994 American CF Foundation guidelines, namely, resistance to
Please cite this article in press as: Pompilio A, et al. Antibacterial an
isolated from cystic fibrosis patients. Peptides (2011), doi:10.1016/j.p

ll agents in two or more of the following groups of antibiotics:
-lactams, aminoglycosides, and fluroquinolones [41]. In order to
void collecting repeated specimens, only one isolate per species
as allowed per patient. Species identification was confirmed by
 PRESS
 xxx (2011) xxx–xxx

the API 20-NE system (BioMérieux, Marcy-L’Etoile, France). Iso-
lates were stored at −80 ◦C in a Microbank System (Biolife Italiana
srl, Milan, Italy) until use, when each isolate was  subcultured in
Trypticase Soy broth for 24 h at 37 ◦C, followed by two  passages on
Mueller–Hinton agar (MHA; Oxoid S.p.A., Milan, Italy).

To standardize the bacterial cell suspension for antibacterial
activity assays against planktonic and sessile (biofilm) cells, some
colonies grown overnight on MHA  plates were resuspended in
0.9% sterile saline to reach an OD550 value of 0.300 (approximately
1–5 × 108 CFU/ml). This standardized inoculum was  diluted 1:10
in Mueller–Hinton broth (MHB; Oxoid), and the inoculum size was
confirmed by colony counting.

2.3. Bacterial susceptibility assay

MICs were determined using the broth microdilution method
according to the CLSI guidelines [9].  Briefly, serial two-fold dilu-
tions (32–0.06 �g/ml) of each peptide and tobramycin were
respectively prepared in MHB  or cation-adjusted MHB  (CAMHB;
Becton–Dickinson, Milan, Italy), at a volume of 100 �l per well
in 96-well U-bottom microtiter plates (Bibby-Sterilin Italia srl,
Milan, Italy). Each well was  inoculated with 5 �l of the standard-
ized inoculum, corresponding to a final test concentration of about
1–5 × 105 CFU/mL. After incubation at 37 ◦C for 24 h, the MIC was
calculated as the lowest concentration of the test agent that com-
pletely inhibited visible growth. To measure the MBC, 100 �l of
broth from clear wells were plated on MHA  plates, and incubated
at 37 ◦C for 24 h. MBC  was  defined as the lowest concentration of
the test agent at which all of the cells were killed.

2.4. Killing-kinetics assay

Killing kinetics assays of AMPs and tobramycin were performed
against one representative isolate for each of the tested species
(S. maltophilia Sm126, P. aeruginosa Pa6, and S. aureus Sa7) using
the broth macrodilution method. Briefly, the bacterial inoculum
(1 × 105 CFU/mL) was exposed to the test agent at 1× MIC  in MHB
(AMPs) or CAMHB (tobramycin), and incubated at 37 ◦C. After
10 min, 30 min  and 1, 2, 4, 6, and 24 h of incubation, aliquots of the
samples were diluted, plated onto MHA  plates and the viable counts
determined after 18–24 h of incubation at 37 ◦C. Killing curves were
constructed by plotting the log CFU/mL vs time over 24 h.

2.5. Effect of AMPs and tobramycin on biofilm formation

A standardized inoculum (5 �l of a 1–5 × 107 CFU/ml suspen-
sion) was added to 100 �l of MHB  containing test agent at 1/2×,
1/4×, and 1/8× MIC, in each well of a U-bottom 96-well polystyrene
microtiter plate (Iwaki; Bibby-Sterilin Italia srl). After incubation
at 37 ◦C for 24 h, non-adherent bacteria were removed by washing
three times with 200 �l sterile PBS (pH 7.2). Slime and adherent
cells were fixed by incubating for 1 h at 60 ◦C and stained for 5 min
at room temperature with 100 �l of 1% crystal violet solution. The
wells were then rinsed with distilled water and dried at 37 ◦C for
30 min. Biofilms were destained by treatment with 150 �l of 33%
glacial acetic acid for 15 min, and the OD492 was  then measured. The
low cut-off was  represented by approximately 3 standard devia-
tions (SDs) above the mean OD of control wells containing medium
alone without bacteria [8].  The percentage of inhibition was cal-
culated as follows: (1 − OD492 of the test/OD492 of non-treated
control) × 100.
d anti-biofilm effects of cathelicidin peptides against pathogens
eptides.2011.08.002

2.6. Effect of AMPs and tobramycin against preformed biofilms

A standardized inoculum (5 �l of a 1–5 × 107 CFU/ml suspen-
sion) was added to 100 �l of MHB  containing test agent, in

dx.doi.org/10.1016/j.peptides.2011.08.002
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Table  1
Amino acid sequences of the cathelicidin-derived peptides used in this study.

Peptide Species Amino acid sequence Mass qc

LL-37 Humana LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES-OH 4493.3 +6
BMAP-27 Cow GRFKRFRKKFKKLFKKLSPVIPLLHL-amb 3225.1 +11
BMAP-28 Cow GGLRSLGRKILRAWKKYGPIIVPIIRI-am 3073.9 +8
Bac7(1-35) Cow RRIRPRPPRLPRPRPRPLPFPRPGPRPIPRPLPFP-OH 4 207.1 +11
Indolicidin Cow ILPWKWPWWPWRR-am 1906.3 +4
SMAP-29 Sheep RGLRRLGRKIAHGVKKYGPTVLRIIRIA-am 3198.0 +10
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a Species in which each cathelicidin was  identified.
b OH and am respectively indicate free and amidated C-terminus.
c Net charge including amino terminus. His was considered neutral.

ach well of a U-bottom 96-well polystyrene microtiter plate
Iwaki; Bibby-Sterilin Italia srl). After incubation at 37 ◦C for 24 h,
lanktonic and poorly attached bacteria were removed by wash-

ng once with 100 �l sterile broth (MHB for AMPs, CAMHB for
obramycin). Preformed biofilms were then exposed to 100 �l of
est agent-containing broth (prepared at 1×, 5×, and 10× MIC).
fter incubation at 37 ◦C for 24 h, non-adherent bacteria were
emoved by washing two times with 100 �l sterile PBS (pH 7.2),
nd biofilm cells were scraped with a pipette tip following 5 min-
xposure to 100 �l trypsin–EDTA 0.25% (Sigma–Aldrich srl). Cell
uspension was then vortexed at high speed for 1 min  to break up
he clumps. The bacterial counts were assessed by plating serial
0-fold dilutions of the biofilm cell suspension on MHA  plates.

.7. Scanning electron microscopy

The effects of SMAP-29 and tobramycin on the morphology
f P. aeruginosa Pa5 strain were evaluated by scanning electron
icroscopy. Briefly, samples treated for 1 h with SMAP-29 or

obramycin tested at 1/4× and 1× MIC  were allowed to air-dry and
hen fixed with 2.5% glutaraldehyde in 0.15 M sodium cacodylate
uffer (pH 7.4). Samples were then post-fixed in 1% osmium tetrox-

de, dehydrated through a graded ethanol series (50, 70, 80, 95, and
00%), dried with hexamethyldisilazane, mounted on steel stubs,
putter coated with a mixture of gold/palladium (Polaron E5100),
nd imaged using a Hitachi S-500 electron microscope (Hitachi,
ountain View, CA) at 15 KV.

.8. Statistical analysis

All assays were performed in triplicate and repeated in two  inde-
endent experiments. Results are shown as means ± SDs. Statistical
ignificance of differences has been calculated by the ANOVA-test,
ollowed by Bonferroni’s multiple comparison post-test by using
raphPad Prism version 4.00 for Windows (GraphPad Software, San
iego, California, USA). A P value < 0.05 was considered as signifi-
ant.

. Results

.1. MIC  and MBC  determination

The antibacterial activity of the six cathelicidin-derived pep-
ides and tobramycin was tested in vitro against 11 different CF
linical isolates (Table 2). Alpha-helical SMAP-29, BMAP-27, and
MAP-28 were found to be active against all the strains tested
ith MIC  values in the range of 4 to >32 �g/ml. In contrast, indoli-

idin, LL-37 and Bac7(1–35) did not show any antibacterial activity
Please cite this article in press as: Pompilio A, et al. Antibacterial an
isolated from cystic fibrosis patients. Peptides (2011), doi:10.1016/j.p

t the concentrations tested (MIC50 and MIC90: >32 �g/ml). The
ost active among the AMPs tested was SMAP-29 (MIC range:

–32 �g/ml; MIC50: 4 �g/ml; MIC90: 8 �g/ml), followed by BMAP-
8 (MIC range: 8–32 �g/ml; MIC50: 16 �g/ml; MIC90: 32 �g/ml)
and BMAP-27 (MIC range: 4 to >32 �g/ml; MIC50: 8 �g/ml; MIC90:
>32 �g/ml).

SMAP-29 and BMAP-27 showed comparable activity against P.
aeruginosa (MIC range: 4–8 �g/ml; MIC  median: 4 �g/ml), higher
than that exhibited by BMAP-28 (MIC range: 8–16 �g/ml; MIC
median: 16 �g/ml). SMAP-29 was found to be more active than
BMAP-27 and BMAP-28 against S. aureus (MIC range: 4–8 �g/ml
16 to >32 �g/ml, and 16–32 �g/ml, respectively; MIC  median:
6 �g/ml, >32 �g/ml, and 16 �g/ml, respectively). SMAP-29 also
showed the highest activity against S. maltophilia (MIC range:
4–32 �g/ml; MIC  median: 4 �g/ml), followed by BMAP-27 (MIC
range: 8–16 �g/ml; MIC  median: 8 �g/ml), and BMAP-28 (MIC
range: 8–32 �g/ml; 16 �g/ml). Tobramycin was more active than
BMAP-27 and BMAP-28 with most of the strains tested, while, com-
pared to SMAP-29, it resulted more active against P. aeruginosa
(MIC range: 0.25–8 �g/ml; MIC  median: 1.5 �g/ml), equally active
against S. maltophilia (MIC range: 2 to >32 �g/ml; MIC  median:
4 �g/ml), and less active against S. aureus (MIC range: 2 to
>32 �g/ml; MIC  median: 9 �g/ml).

Overall, SMAP-29, BMAP-27, BMAP-28, and tobramycin exhib-
ited MBC  values equal to or at most two-fold higher than the
corresponding MIC  values, thus indicating a bactericidal activity.

3.2. Analysis of the kinetics of bacterial killing

SMAP-29, BMAP-27, and BMAP-28 exerted a rapid bacterici-
dal activity against P. aeruginosa and S. maltophilia, reducing the
number of viable bacterial cells of at least 3-log within 15 min of
exposure (Fig. 1A and C). However, the bactericidal effect of SMAP-
29 against P. aeruginosa and S. maltophilia, and of BMAP-28 against
P. aeruginosa was incomplete, and bacterial growth restarted after
8–10 h, although with colony counts much lower than untreated
controls (Fig. 1A). In contrast to BMAP-27, BMAP-28 and SMAP-29
also rapidly killed S. aureus cells (Fig. 1B). In parallel experiments,
tobramycin showed a bactericidal effect against S. aureus detectable
after 4-h exposure, although a re-growth was observed at 24 h
(Fig. 1B). Tobramycin showed a bacteriostatic effect against P.
aeruginosa and S. maltophilia,  and caused a reduction in the number
of CFU of respectively 1 and 2 log after 4 h of exposure (Fig. 1A and
C).

3.3. Effect of sub-lethal concentrations of peptides and
tobramycin on biofilm formation

As shown in Fig. 2, SMAP-29 at 1/2× MIC significantly reduced
biofilm formation by P. aeruginosa (strain Pa5: 43.3 ± 30.9% vs con-
trol, P < 0.001; strain Pa9: 72.8 ± 35.4% vs control, P < 0.01) and S.
maltophilia (strain Sm109: 5.6 ± 0.6% vs control, P < 0.01; strain
Sm143: 66.0 ± 23.7% vs control, P < 0.01). The biofilm formation by
d anti-biofilm effects of cathelicidin peptides against pathogens
eptides.2011.08.002

S. maltophilia Sm109 strain was  also inhibited by the presence of
SMAP-29 at 1/4× MIC  (40.6 ± 3.3% vs control, P < 0.01). In contrast,
SMAP-29 had no effect on biofilm formation by S. aureus.  BMAP-
27 at 1/2× MIC  significantly reduced the formation of biofilm by

dx.doi.org/10.1016/j.peptides.2011.08.002
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Table 2
Antibacterial activity of cathelicidin-derived peptides and tobramycin against bacterial strains isolated from CF patients.

Straina Peptide Tobramycin

SMAP-29 BMAP-27 BMAP-28 Indolicidin LL-37 Bac7(1-35)

MICb MBCb MIC  MBC  MIC MBC  MIC  MBC MIC  MBC  MIC  MBC  MIC  MBC

Sm109 4 4 8 8 16 16 >32 >32 >32 >32 >32 >32 4 16
Sm126 32 32 16 32 32 32 >32 >32 >32 >32 >32 >32 >32 >32
Sm143 4 4 8 8 8 8 >32 >32 32 32 >32 >32 2 8
Pa1 4 4 4 8 8 16 >32 >32 32 >32 >32 >32 0.25 1
Pa5 4 4 4 8 16 32 >32 >32 >32 >32 >32 >32 2 8
Pa6 4  4 8 8 16 16 >32 >32 >32 >32 >32 >32 8 16
Pa9  8 8 4 8 16 32 >32 >32 >32 >32 >32 >32 1 2
Sa1  8 8 >32 >32 16 16 >32 >32 >32 >32 >32 >32 >32 >32
Sa3  8 8 >32 >32 32 32 >32 >32 >32 >32 >32 >32 16 32
Sa4 4 4 >32 >32 16 32 >32 >32 >32 >32 >32 >32 2 4
Sa7 4 4 16 32 16 16 >32 >32 >32 >32 >32 >32 2 4

MIC50
c 4 8 16 >32 >32 >32 2

MIC90
d 8 >32 32 >32 >32 >32 >32

a S. maltophilia strains: Sm109, Sm126, and Sm143; P. aeruginosa strains: Pa1, Pa5, Pa6, and Pa9; S. aureus strains: Sa1, Sa3, Sa4, and Sa7.
b

P
S
c
a
2
t
v
a
t
3
i
P
r
S
r

F
m
e

The MIC  and MBC  values are expressed as �g/ml.
c MIC  value at which ≥50% of the isolates are inhibited.
d MIC  value at which ≥90% of the isolates are inhibited.

. aeruginosa Pa5 (22.6 ± 13.1% vs control, P < 0.01), S. maltophilia
m109 (16.6 ± 7.1% vs control, P < 0.01) and Sm143 (26.0 ± 28.6% vs
ontrol, P < 0.01), but was also inactive against S. aureus Sa7 strain. S.
ureus Sa4 strain was not tested due to its low sensitivity to BMAP-
7 (MIC > 32 �g/ml). BMAP-28 at 1/2× MIC  significantly reduced
he amount of biofilm formed by P. aeruginosa Pa5 (42.4 ± 14.6%
s control, P < 0.01), S. maltophilia Sm109 and Sm143 (50.3 ± 40.6%
nd 31.0 ± 28.5% vs control, respectively, P < 0.01), and was effec-
ive against both S. aureus Sa4 and Sa7 strains (57.9 ± 6.2% and
4.1 ± 23.1% vs control, respectively, P < 0.01). Tobramycin signif-

cantly reduced the amount of biofilm produced by P. aeruginosa
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a5 and Pa9 strains (55.1 ± 28.0% and 61.0 ± 48.0% vs control,
espectively, P < 0.01). The activity was particularly relevant against
. maltophilia Sm143, whose biofilm formation was  significantly
educed both at 1/2× and 1/4× MIC  (8.7 ± 9.0% and 29.9 ± 22.2%
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altophilia Sm126 (C and F). Each compound was used at its MIC  value. The assays we

xperiments performed in triplicate. The dotted line indicates a 3-log reduction in viabili
vs control, respectively, P < 0.01). S. maltophilia Sm109 was  not
tested due to its low sensitivity to tobramycin (MIC > 32 �g/ml).
Biofilm formation by S. aureus was also significantly reduced by
tobramycin: at 1/2× MIC  against the strain Sa4 (2.4 ± 3.4% vs con-
trol, P < 0.01) and at all concentrations tested against strain Sa7
(10.6 ± 15.4%, 24.7 ± 21.6%, 25.2 ± 19.2% for 1/2×,  1/4× and 1/8×
MIC, respectively; P < 0.01).

3.4. Effect of lethal concentrations of peptides and tobramycin on
preformed biofilms
d anti-biofilm effects of cathelicidin peptides against pathogens
eptides.2011.08.002

The effects of the antibacterial agents tested at 1×, 5×, and 10×
MIC  on viability of established biofilms are shown in Fig. 3, and
were generally dose-dependent. Among the AMPs tested, BMAP-
27 exhibited the highest activity against P. aeruginosa biofilms,
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re performed as described in Section 2. Values are the mean of two independent
ty.
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Fig. 2. Effect of SMAP-29, BMAP-27, BMAP-28, and tobramycin at sub-MIC concentrations (1/2× MIC, black bars; 1/4× MIC, gray bars; and 1/8× MIC, white bars) on biofilm
f lorim
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ormation of CF biofilm-producer isolates. Biofilm formation was  assessed by the co
iofilm  formed with respect to untreated control taken as 100%. Data are the mean +
est  followed by Bonferroni’s post-test.

ignificantly decreasing the viability of biofilms formed by both
trains (P < 0.01 vs untreated control), regardless of the concentra-
ion tested (% viability vs control; strain Pa5: 27.5, 19.4, and 10.4%
t 1×, 5×, and 10× MIC, respectively; strain Pa9: 56.7, 0.6, and
.07% at 1×, 5×, and 10× MIC, respectively). Conversely, the activ-

ty showed by SMAP-29 and BMAP-28 against P. aeruginosa biofilm
esulted to be strain-dependent. In contrast to BMAP-27, SMAP-29
nd BMAP-28 caused a significant decrease in S. maltophilia biofilm
iability (P < 0.01 vs untreated control) regardless of the concen-
ration tested, although SMAP-29 exhibited a more pronounced
ctivity (% viability vs control; strain Sm109: 12.7, 0.1, and 0.06% at
×, 5×, and 10× MIC, respectively; strain Sm143: 6.0, 1.6, and 0.6%
t 1×, 5×, and 10× MIC, respectively). BMAP-28 showed the highest
ctivity against S. aureus biofilms, causing a significant reduction in
iofilm viability (P < 0.01 vs untreated control), regardless of the
oncentration and strain tested (% viability vs control; strain Sa4:
7.3, 19.8, and 0.10% at 1×, 5×, and 10× MIC, respectively; strain
a7: 71.4, 67.8, and 49.8% at 1×, 5×, and 10× MIC, respectively).

Tobramycin exhibited greater activity than AMPs against pre-
ormed P. aeruginosa and S. maltophilia biofilms, causing already at
× MIC  a reduction in viability of at least 99% for 3 out of 4 strains
ested. On the contrary, the activity of tobramycin against S. aureus
reformed biofilm resulted strain-dependent, since all concentra-
ions tested caused a significant reduction in viability (P < 0.01 vs
ntreated control) for strain Sa4 only (% viability vs control; 23.6,
.9, and 1.5% at 1×, 5×, and 10× MIC, respectively).
Please cite this article in press as: Pompilio A, et al. Antibacterial an
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.5. Effects of SMAP-29 on P. aeruginosa morphology

The rapid onset of the bactericidal effect of SMAP-29 suggested
y the killing kinetics studies was confirmed by using scanning
etric crystal violet-based technique. The results are expressed as percentage of the
 two independent experiments performed in triplicate. *P < 0.01 vs control, ANOVA

electron microscopy. Exposure of P. aeruginosa Pa5 to the pep-
tide at 1 MIC  for 1 h caused dramatic changes in cell morphology.
This effect is likely due to alterations in the cell wall that lead to
cell destruction (Fig. 4). In contrast, exposure of the same strain
to tobramycin did not significantly alter the cellular morphology,
regardless of the concentration used.

4. Discussion

The studies here presented were aimed at verifying the potential
of some naturally occurring cathelicidin peptides as lead com-
pounds for the development of novel antibacterials to treat lung
disease in CF patients. The in vitro efficiency of cathelicidin peptides
as antibacterial agents has already been extensively investigated
[50], also in view of their exploitation, and there is mounting in vivo
evidence for such a role in innate defense [37]. Here we show that,
among the peptides assayed, the bovine peptides BMAP-27 and
BMAP-28 and the sheep peptide SMAP-29 are also highly effective
against CF isolates of P. aeruginosa,  S. maltophilia and, the last two
peptides, also against CF isolates of S. aureus.

The hallmark of the cathelicidins is the structural diversity of the
C-terminal sequences that correspond to the antimicrobial domain
and show remarkable inter-species differences. These sequences
include linear �-helical peptides, �-stranded Cys-rich peptides as
well as Trp- and Pro-rich peptides with extended conformation
[50,52]. BMAP-27, BMAP-28 and SMAP-29, the most active pep-
tides against CF pathogens, are all strongly cationic and adopt an
d anti-biofilm effects of cathelicidin peptides against pathogens
eptides.2011.08.002

�-helical structure after interaction with the negatively charged
bacterial surface. The results here reported suggest that the pep-
tides with this structure may be the most effective against strains
that often produce exogenous polysaccharides that may  inhibit

dx.doi.org/10.1016/j.peptides.2011.08.002
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Fig. 3. Effect of SMAP-29, BMAP-27, BMAP-28, and tobramycin at lethal concentrations (1× MIC, black bars; 5× MIC, gray bars; and 10× MIC, white bars) on preformed
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s  100%. Data are the mean + SD of two independent experiments performed in trip

he activity of AMPs [5].  Alpha-helical peptides such as BMAP-27,
MAP-28 and SMAP-29 kill target cells by rapid permeabilization
f their membranes [44,45]. Time-killing assays on P. aeruginosa,
. maltophilia and S. aureus,  combined with electron microscopy
mages of P. aeruginosa cells exposed to SMAP29, confirmed that
he mode of action of these peptides is based on membrane lysis
lso against the species tested here.

These results are consistent with previous observations regard-
ng the activity of SMAP-29 on CF non-mucoid and mucoid strains
f P. aeruginosa and of S. maltophilia [42], and show, for the first
ime, that BMAP-27 and BMAP-28 have an antibacterial potency
lose to that of this peptide. In some cases the activity of these
elical peptides was found to be higher than that observed for
obramycin, the antibiotic of choice for treatment of chronic P.
eruginosa airway infections in CF patients. This observation is even
ore evident when the molar concentration of each compound

s considered instead of their concentration by weight (�g/ml), as
eported in Table 2. In fact, the molecular mass of the active pep-
ides (see Table 1), is at least six-fold higher than that of tobramycin
MW  = 467.5).

On the other hand, the human LL-37, the bovine Trp-rich indoli-
idin and the Pro-rich fragment 1–35 of Bac7 proved ineffective
MIC ≥ 32 �M)  against all the strain tested. This lack of activity

ay  depend on different reasons. LL-37 has been reported to show
eculiar structuring and aggregation properties that make it sen-
itive to inhibition by medium components [36]. P. aeruginosa
ucoid strains from CF lungs, as well as S. maltophilia [24] and S.

ureus [21,25,26] strains can produce a large amount of extracellu-
ar polymeric substances [21], which are known to be potent in vitro
Please cite this article in press as: Pompilio A, et al. Antibacterial an
isolated from cystic fibrosis patients. Peptides (2011), doi:10.1016/j.p

nhibitors of LL-37 and other AMPs [5].  Formation of molecular
omplexes of varying stability between peptides and exopolysac-
harides, may  explain the inhibition [5,19].
film viability, assessed by colony counting, with respect to untreated control taken
. *P < 0.01 vs control, ANOVA test followed by Bonferroni’s post-test.

Bac7(1–35) has been previously shown not to be very active
against P. aeruginosa and inactive against Gram-positive strains [4].
This peptide uses a non-lytic mechanism of action that requires
its internalization into the bacterial cytosol to kill target cells; it
is likely that a polysaccharide shield may  be an effective barrier
to its activity. Similar considerations can apply to indolicidin, a
13-residue peptide that is thought to translocate across microbial
membranes into the cytoplasm at concentrations close to the MIC
value, and interact with internal targets.

Within the CF lung, P. aeruginosa cells grow as biofilm, a bacterial
community inherently recalcitrant to antimicrobial treatment [10].
In this respect, it has been recently demonstrated that aminoglyco-
sides, fluoroquinolones, and tetracycline not only perform poorly
against bacteria in biofilms, but even stimulate biofilm formation
at subinhibitory concentrations [24,32]. In contrast, our results
showed no induction in biofilm formation by tobramycin, prob-
ably because the isolates we tested in the present study showed
a high baseline level of biofilm formation in any case making
it difficult to estimate the added impact of this antibiotic. It is
worth noting that the three �-helical peptides are all able to
reduce both formation of biofilm and established biofilms, with
an efficiency at least in some cases similar to that observed for
tobramycin.

In conclusion, the results of this study shed new insights on the
antibacterial properties of cathelicidin-derived peptides, allowing
the selection of those with the best properties to cope with lung
pathogens associated to CF. BMAP-27, BMAP-28 and SMAP-29 may
thus be useful not only as lead compounds for the development
of novel antibiotics but also for compounds that may counteract
d anti-biofilm effects of cathelicidin peptides against pathogens
eptides.2011.08.002

bacterial biofilm formation and eradicate preformed biofilms, thus
finding application as an early prophylactic and therapeutic treat-
ment of CF lung disease.

dx.doi.org/10.1016/j.peptides.2011.08.002
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However, since efforts to treat CF patients are also hampered
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roteases – which may  impair the efficacy of some host defense
eptides [23], further work is needed to evaluate the therapeutic
otential of AMPs under “CF-like” experimental conditions.
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The problem of multidrug resistance requires the efficient and accurate

identification of new classes of antimicrobial agents. Endogenous antimi-

crobial peptides produced by most organisms are a promising source of

such molecules. We have exploited the high conservation of signal

sequences in teleost and anuran antimicrobial peptides to search cDNA

(expressed sequence tag) databases for likely candidates. Subject sequences

were then analysed for the presence of potential antimicrobial peptides

based on physicochemical properties (amphipathic helical structure, catio-

nicity) and use of the D-descriptor model to predict the therapeutic index

(relation between the minimum inhibitory concentration and the concentra-

tion giving 50% haemolysis). This analysis also suggested mutations to

probe the role of the primary structure in determining potency and selectiv-

ity. Selected sequences were chemically synthesized and the antimicrobial

activity of the peptides was confirmed. In particular, a short (21-residue)

sequence, likely of sticklefish origin, showed potent activity and it was pos-

sible to tune the spectrum of action and ⁄or selectivity by combining three

directed mutations. Membrane permeabilization studies on both bacterial

and host cells indicate that the mode of action was prevalently membrano-

lytic. This method opens up the possibility for more effective searching of

the vast and continuously growing expressed sequence tag databases for

novel antimicrobial peptides, which are likely abundant, and the efficient

identification of the most promising candidates among them.

Introduction

Antimicrobial peptides (AMPs) are endogenous antibi-

otics that are widely distributed in nature as ancient

components of innate immunity. These small, gene-

encoded polypeptides are abundantly represented in

vertebrate animals, particularly aquatic organisms [1],

typically have a rapid and broad-spectrum of antimi-

crobial activity, and display considerable diversity in

sequence, structure and modes of action. They are

often cationic and amphipathic molecules that interact

with microbial membranes, which they can then effi-

ciently permeabilize by forming transient pores or

other types of lesions as part of their killing mecha-

nisms [2]. These mechanisms are different to those of

therapeutic antibiotics, so that AMPs remain active

against multiresistant pathogens, and they often

involve a multimodal microbial inactivation process,

Abbreviations

AMP, antimicrobial peptides; EST, expressed sequence tag; Gal-ONp, o-nitrophenyl-b-D-galactopyranoside; HC50, concentration for 50%

haemolysis; IC50, concentration for 50% inhibition; LUVs, large unilamellar vesicles; MIC, minimum inhibitory concentration; PI, propidium

iodide; TFE, trifluoroethanol; TI, therapeutic index.
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impeding the development of resistance. These ancient

and efficient components of host defence are thus con-

sidered to be very promising leads for the development

of novel anti-infective agents, especially for topical

uses [3].

Among vertebrates, innate immunity is considered

to be particularly important in cold-blooded animals

such as fish and amphibians, which have less-efficient

adaptive immune responses [4–6]. These animals live in

environments that are often laden with microbes, so

that their skin mucosa is particularly rich in innate

immune effectors such as AMPs. Numerous antimicro-

bial peptides have been described from different spe-

cies of teleost fish and amphibians, mostly from

anuran species. The first and most abundant family of

AMPs described in fish includes pleurocidins, moro-

necidins and piscidins, which give the family its name

[7–10]. Hundreds of amphibian AMPs have been

described, starting with magainin, one of earliest and

best-characterized AMPs [11], and these are grouped

into scores of different families from numerous differ-

ent species of frogs and toads [12]. The skin mucosa of

aquatic animals is thus a rich source of AMPs, but

their isolation and characterization can be laborious

[12]. It entails obtaining often exotic animals or their

tissues in sufficient quantities, and pursuing peptides

that may be produced only in small quantities, need to

be induced or are present as inactive precursors, com-

plicating assay-based identification methods. Further-

more, the current amphibian extinction crisis will

prevent the identification in this manner of many

potentially interesting molecules. An alternative is to

identify the genes encoding these peptides, either by

directly isolating genomic DNA from small tissue sam-

ples, which may also be available for extinct species,

or by mining the vast amount of sequence information

already present in genomic or expressed sequence tag

(EST) databases.

Identifying novel AMP sequences in databases, at

either the amino acid or nucleotide level, depends on

there being a sufficient sequence homology between

these and a query sequence from a known AMP.

AMPs are, however, at the interface between the host

and a complex and ever changing microbial biota, so

that they are under strong positive selection for varia-

tion in many animal taxa [13]. This significantly

reduces homology between orthologous AMPs of even

closely related species; a problem compounded by the

fact that AMP sequences are generally also quite short.

Fortunately, AMPs are generally produced as longer

precursors that include signal sequences and prore-

gions that tend to be significantly more conserved than

the AMPs themselves. This is the case for both teleost

fish and anuran AMPs [5,14]. The piscidin family of

amphipathic cationic AMPs, initially isolated from the

tissues of hybrid striped bass (Morone saxatil-

is · M. chrysops) [6,7], comprises the most common

group of teleost AMPs, and their genes appear to con-

sist of three introns and four exons that code for a

putative precursor comprising a hydrophobic signal

peptide, the mature piscidin-like AMP and a C-termi-

nal prodomain [15]. In this case, nucleotide diversity

was found to be much higher in the regions coding for

the mature peptides and prodomain than in regions

coding for the signal sequences [5]. The situation is

more complex for anurans, because it appears that

AMP families from different evolutionary lineages

(neobatrchia, mesobatrachia and archeobatrachia)

have distinct signal sequence motifs [16]. The signal

sequences are highly conserved within each lineage,

although quite divergent between them.

In this article, we describe the use of signal

sequences from known teleost or anuran AMPs to

identify potential novel AMPs in EST databases. ESTs

have the advantage of including only coding sequences,

so that once a homologue to the signal sequence used

as the query is identified, any AMP coding sequence

that may be associated with it is likely to be just

downstream, and not separated by one or more introns

as would occur for genomic DNA. Furthermore, crude

EST sequence data may become available for data

mining earlier than genomic sequence data, which is

subject to threshold coverage and annotation require-

ments. Having identified potential candidates, these

were analysed using the D-descriptor model, which in

the past has successfully predicted the therapeutic

index (TI) of natural and designed AMPs [concentra-

tion giving 50% haemolysis (HC50) ⁄minimum inhibitory

concentration (MIC) for Escherichia coli] [17,18] to

suggest possible useful variants. This model is based

on a method for representing the lengthwise asymme-

try of physicochemical properties along an antimicro-

bial peptide sequences, by bending it into a 90� arc

and associating a hydrophobicity vector to each resi-

due with the same origin as the coordinate system. For

a given hydrophobicity scale, the vector summation for

all residues produces the ‘sequence moment’, whose

direction reflects the lengthwise asymmetry information

according to that scale. A linear relationship was

found between the measured TI of numerous anuran

AMPs and the cosine of the angle between the

sequence moments determined using different hydro-

phobicity scales [17,18].

Candidate peptides were then chemically synthesized

and structurally and functionally characterized. We

show that the method can both efficiently identify
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potent novel AMPs and indicate residue variations to

tune the peptides’ properties so as to alter their speci-

ficity and selectivity.

Results

Sequences analyses

The use of a signal peptide from a teleost fish (pleuroc-

idin-like peptide AP2 from American plaice) as a query

in a TBLASTN search of EST databases resulted in

several hits corresponding to known teleost AMPs,

mostly of the piscidin family. The search was more

effective than use of the mature AMP sequence alone,

because of the higher conservation of the signal

sequence [15]. Among those sequences producing sig-

nificant alignments, the entry CX166407.1 was surpris-

ingly annotated as being from a ‘human’ cDNA clone,

although it did not correspond to any sequences pres-

ent in the human genome database. When this

sequence was itself used as a query to search the EST

databases it resulted in significant alignment only with

a sequence from the sticklefish Gastereosteus aculeatus,

whose function was unspecified but was indicated as

similar to dicentracin, a piscidin family AMP from sea

bass. The identified sequence is thus likely of teleost

origin and incorrectly annotated as being of human

origin. C-Terminal to the putative signal peptide in the

translated CX166407.1 was a short region with all the

hallmarks of an AMP (cationic and amphipathic

amino acid distribution), termed Hfp1 (for hypotheti-

cal fish peptide), with a close sequence homology to

the equivalent region in the stickleback (Fig. 1A), indi-

cating that these are likely two novel AMPs from

related teleost species. Use of the CX166407.1, stickle-

back and dicentracin sequences in BLAST searches of

translated genomic ⁄EST databases and protein data-

bases resulted in the series of more or less related pisci-

dins shown in Fig. 1B (more details are given in

Table S1). Based on significant identity in the central

stretch, it would appear that Hfp1 is most closely

related to piscidin type 4 or 5, and less to other pisci-

dins such as the known AMPs dicentracin, moroneci-

din, chrysophsin or pleurocidin, despite the fact that it

was a pleurocidin-like signal sequence that was used to

identify it.

A similar process led to the identification of novel

potential AMPs using a signal sequence from an

anuran AMP (XPF from Xenopus laevis) in a BLAST

search of translated EST databases (Fig. 1A). Again,

|------Signal------|--------AMP-----------> 
A

MKFTATFLMLFIFVLMVEPGECGWKKWFNRAKKVGKTVGGLAVDHYLGKQPELDKRAVDEDPSAIVFD AP2

MKYVTIFLVLSLVVLMADPGDCSFKKFWGGVKAIFKGARKGWKEHRAIARSHRGQEQQGQQVVNYEGQPYWQD CX166407.1

MKYVTIFLVLSLVVLMADPGDCFFKNIWRGAKAIFKGARRGWKEHRAIARNHRGQEQQGQQADNDEGQPYWQD EG589953.1

|------Signal-----|---Proregion---|---AMP--------------> 
MYKGIFLCVLLAVICANSLATPSSDADEDNDEVERYVRGWASKIGQTLGKIAKVGLKELIQPKREAMLRSAEAQGKRPWIL XENO_XENLA
MYKGIFLCALLAVICANSLAKPTGSADEENDAVERFARGWGDTFLKTMAKIAKVGPKLLHSAPRSGEPQGLIGTLTAKQIKKR CN093329.1
MYKGICLCALLAVICANSLAKPTGSADEENYAVERFARGWGDTFGKVLKNFAKVAGVKAAKEHKQTVRSAEPQGLMGTLISKQMKKG EL670741.1

B C
→SFKKFWGGVKAIFKGARKGWKEHRA CX166407.1 (?) →GWGDTFLKTMAKIAKVGPKLLHS CN093329.1 (X.t.)

FFKNIWRGAKAIFKGARRGWKEHRA EG589953.1 (G.a) →GWGDTFGKVLKNFAKVAGVKAAK EL670741.1 (X.t.)

FLRSLLRGAKAIYRGARAGWRGYRA CX791706.1 (L.c) GWASSIGSILGKFAKGGAQAFLQ XP_002941676.1 (X.t.)
FFRHLFRGAKAIFRGARQGWRAHKV piscidin-4 (ADP37960.1) (M.c)  GWASKIGQTLGKIAKVGLQGLMQ levitide (CAA31764.1) (X.l.)
LIGSLFRGAKAIFRGARQGWRSHKA piscidin-5 (ADP37959.1) (M.c) GWASKIGQTLGKIAKVGLKELIQ xenopsin (NP_001079056.1) (X.l.)
FLGRFFRRTQAIFRGARQGWRAHKA FM025254 (D.l) GFMSKVANFAKKFAKGGVNAIMN XP_002941674.1 (X.t.)
FIRSFFRGAKTAFRGARDNLRAYRH EV462742.1 (F. h)
FFHHIFRGIVHVGKSIHKLVTGGKA dicentracin (P59906.1) (D.l)
FFHHIFRGIVHVGKTIHKLVTGGKA moronecidin (Q8UUG2.1) (M.c)
FIFHIIKGLFHAGKMIHGLVTRRRH BQ096584.1 (E. c)
FFGWLIKGAIHAGKAIHGLIHRRRH chrysophsin-1 (P83545.1) (P. m)  
FFKKAAHVGKHVGKAALTHYLGDKQ pleurocidin (AAK52842.1) (P.a)

Fig. 1. Sequence alignments. (A) Alignment of the query signal sequences from teleosts (upper) and anurans (lower) used to probe EST da-

tabases (italics), with the resulting translated hit sequences. The AMP part of the query sequence was not used. (B) Alignment of the puta-

tive novel AMP sequences from teleosts with other fish sequences found in the protein or EST databases, using them as a query. (C)

Alignment of the putative novel AMP sequences from anurans with other anuran sequences found in the protein or EST databases, using

them as a query. Sequences are truncated at the C-terminus. Shading in black indicates identity with the fish Hfp and anuran XTG

sequences, grey shading indicates conserved substitutions. The accession numbers of all peptides in the GenBank, Swiss-Prot or NCBI data-

bases are provided. Known AMPs are also indicated by name. Species abbreviations: G.t., Gasterosteus aculeatus (sticklefish); L.c.,

Lates calcarifer (bass); M.c., Morone chrysops (bass); D.l., Dicentrarchus labrax (bass); C.m., Chrysophrys major (seabream); F.h., Fundu-

lus heteroclitus (killifish); E.c., Epinephelus coioides; P.m., Pagrus major; P.a., Pleuronectes americanus (flounder); X.t., Xenopus tropicalis;

X.l., Xenopus laevis.
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among several known AMPs, mostly form Xenopus

species, the search revealed two novel putative AMP

sequences from X. tropicalis, termed XTG1 and -2

(XPF-like peptides) (Fig. 1C). For both the novel fish

and frog peptides, there is a region of higher homology

in the central part of the sequence, whereas the N- and

C-terminal stretches are quite dissimilar to those of

known AMPs. There is some uncertainty in the predic-

tion of where the C-termini are in the putative novel

AMPs. Precursors of XTG peptides have limited simi-

larity (at most 67% identity) with prolevitide-like pre-

cursor from X. tropicalis. Regions of higher homology

for precursors are N- and C-terminal stretches, namely

the N-terminal signal peptide and the C-terminal hor-

mone segment of the prolevitide. For the purposes of

antimicrobial activity testing, it was decided to synthe-

size a peptide of 21 residues for Hfp1 and one of 23

residues for XTG, based on the sizes of know AMPs.

Helical wheel projections indicate that all three pep-

tides could acquire well-defined amphipathic helical

structures (Fig. 2), with Hfp1 peptides having a

broader polar sector than the XTG ones, and also

being significantly more cationic (Table 1).

Comparison of the Hfp1 sequence with that of other

piscidin-like peptides indicates that the N-terminal resi-

due is unusual, as these peptides, including the closely

related G. aculeatus one, all have Phe in this position.

Variant Hfp2 (Table 1) was thus prepared to test the

relevance of this residue, also because the D-descriptor

model predicted a decreased TI. Running the sequence

of Hfp1 through a variation of the D-descriptor algo-

rithm at the University of Split server [17,18], sug-

gested double mutations (concerning positions 2 and

20), predicted to increase the selectivity for bacterial

(E. coli) with respect to host (erythrocyte) cells

(Table 1), without altering the charge or amphipathicity
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Fig. 2. Helical wheel projections for Hfp1 and its analogues (A), XTG1 (B) and XTG2 (C). The substitution pattern for Hfp is indicated by

the arrows. Polar ⁄ charged residues are shaded black, neutral resiudes are grey, and hydrophobic residues are not shaded. Hydrophobic

and polar sectors are indicated by dashed lines.

Table 1. Synthesized peptides and their physicochemical properties.

Peptide Sequence Size qa

Molecular mass (Da)

Hb lHrel
c TId(predicted)Predicted Measured

Hfp1 SFKKFWGGVKAIFKGARKGWK 21 +8 2426.0 2426.2 –1.1 0.65 15

Hfp2 FFKKFWGGVKAIFKGARKGWK 21 +8 2486.1 2486.2 –0.4 0.7 8

Hfp3 SVKKFWGGVKAIFKGARKGLK 21 +8 2304.9 2305.1 –1.4 0.62 93

Hfp4 FVKKFWGGVKAIFKGARKGLK 21 +8 2364.9 2364.3 –0.7 0.67 31

XTG1 GWGDTFGKVLKNFAKVAGVKAAK 23 +5 2391.9 2391.8 –1.3 0.47 81

XTG2 GWGDTFLKTMAKIAKVGPKLLHS 23 +4 2498.1 2498.2 –0.3 0.59 94

a q, net charge, His is considered neutral. b H, mean hydrophobicity, determined using the applet at http://www.bbcm.univ.trieste.it/~tossi/

HydroCalc/HydrHydroM.html [29]. c lHrel, mean relative hydrophobic moment (see Materials and methods). d TI, therapeutic index predicted

by the D-descriptor model [17,18]. The algorithm uses a training set of 36 nonhomologous anuran AMPs with experimentally measured TI,

HC50 ⁄ MIC (MIC against E. coli and HC50 the peptide concentration causing 50% haemolysis of human red blood cells), to effect TI predic-

tion.
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of the peptides. This led to the peptide Hfp3. Hfp4

was derived from Hfp3 by introducing the Phe substi-

tution at the N-terminus.

Circular dichroism

The structural characteristics of the peptides in solu-

tion were determined in a number of different condi-

tions, using CD (Fig. 3). All peptides show spectra

consistent with random coil structures in buffered

aqueous solution. Adding increasing amounts of triflu-

oroethanol (TFE) resulted in a conformational transi-

tion to an a-helical conformation for all peptides, with

a maximum helicity (ranging from 30% to 65%)

reached at � 40% TFE. The helix content of the pep-

tides was also determined in the presence of a simple

model for bacterial membranes [large unilamellar vesi-

cles (LUV) composed of phosphatidylglycerol ⁄diphos-
phatidylglycerol 95 : 5], as well as of micelles of E. coli

lipopolysaccharide (Table 2).

Antimicrobial activity

The antimicrobial activity of the peptides was then

tested against a representative set of bacterial species

including two Gram-negative (E. coli and Pseudomo-

nas aeruginosa) and one Gram-positive (Staphylococ-

cus aureus). Potency was assessed in terms of the MIC,

as well as the concentration giving 50% inhibition

(IC50), which is more sensitive and determined from

bacterial growth kinetics curves in the presence of pep-

tides (Fig. 4), and listed in Table 3. The observed trend

for potency against the Gram-negative species was Hfp1

‡ Hfp2 > Hfp3 � XTG2 > Hfp4 � XTG1, whereas

on S. aureus it changed to Hfp2 > Hfp1 >> Hfp4 >

Hfp3 � XTG2 � XTG1. In general, Hfp2 shows the

broadest spectrum of activity, although it is somewhat

less active than Hfp1 on Gram-negative bacteria. It

should be noted that for all peptides, activity increases

on changing conditions from 100% to 20% medium in

10 mm sodium phosphate buffer pH 7.4 (Table 3), so

200
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Fig. 3. CD spectra of Hfp and XTG. (A–F)

Hfp1, Hfp2, Hfp3, Hfp4, XTG1 and XTG2,

respectively, 20 lM in 10 mM sodium phos-

phate buffer pH 7.0 (__ __ __); 50% (v ⁄ v) TFE

(_____); LUV of 0.4 mM phosphatidylglycer-

ol ⁄ diphosphatidylglycerol (95 : 5) in 10 mM

sodium phosphate buffer pH 7.4 (- - -);

25 lM lipopolysaccharide in 10 mM sodium

phosphate buffer pH 7.4 (ÆÆÆÆÆÆÆ). Spectra are

the smoothed means of at least two mea-

surements, each composed of three scans.

Table 2. Condition-dependent structuring of Hfp and XTG.

Conditionsa

% Helixb

Hfp1 Hfp2 Hfp3 Hfp4 XTG1 XTG2

H2O 5 0 10 10 5 10

10 mM Na2HPO4 ⁄ NaH2PO4, pH 7 (sodium phosphate buffer) 10 5 13 13 15 15

50% TFE in sodium phosphate buffer 60 50 40 30 65 50

LUV: phosphatidylglycerol ⁄ diphosphatidylglycerol (95 : 5)

(0.4 mM phospholipid in sodium phosphate buffer)

30 40 60 45 60 60

Lipopolysaccharide (25 lM in sodium phosphate buffer) 20 25 20 23 30 30

a Peptide concentration = 20 lM.
b Estimated at 222 nm in relation to the base spectra for a perfectly helical polypeptide as reported previ-

ously [32].
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that there may be an interaction of peptides with med-

ium components (for example anionic casein frag-

ments) that sequesters the AMPs.

The kinetics of bacterial killing of representative

Gram-positive and Gram-negative bacteria, exposed to

the most active peptides, Hfp1 and Hfp2 10 lm in

NaCl ⁄Pi buffer before plating, are shown in Fig. 5.

They killed E. coli very efficiently under these condi-

tions, resulting in a decrease of 6 logs in just 10 min

with Hfp1, whereas they killed S. aureus considerably

more slowly (1–2 log decrease in 120 min). Consistent

with the measured MIC values, Hfp2 was less efficient

than Hfp1 at killing E. coli, but more efficient at kill-

ing S. aureus under these conditions. Given this differ-

ential spectrum of activity, it was decided to determine

the MIC against clinical S. aureus isolates multiply

resistant to classical antibiotics (Table 3). Hfp2 was

found to be equally potent against these strains, with a

MIC of 4 lm.

Mode of action

a-Helical AMPs generally act via a membranolytic

mechanism, so the capacity of Hfp and XTG peptides

to permeabilize bacterial membranes was assessed by

monitoring the kinetics of hydrolysis of chromogenic

substrates that are impermeant to intact outer mem-

branes (CENTA�) and cytoplasmic membrane (o-ni-

trophenyl-b-d-galactopyranoside; Gal-ONp). These

substrates are respectively hydrolysed by a periplasmic

bacterial b-lactamase and cytoplasmic glycosidase, con-

stitutively produced by E. coli ML-35 pYC. The results

are summarized in Table 3, based on hydrolysis curves

in the presence of 4 lm peptides, as shown in Fig. 6. It

is evident that XTG peptides damage bacterial mem-

branes much less efficiently than Hfp peptides, which

follow the trend Hfp1 > Hfp2 > Hfp3 > Hfp4, in

line with their antimicrobial potencies. An attempt was

made to assess the permeabilization of the S. aureus

cytoplasmic membrane by Hfp peptides to propidium

iodide (PI) in a fluorescence microplate reader,

although this assay has a rather poor sensitivity. Only

Hfp1 and -2 resulted in some permeabilization (not

shown), in line with the antimicrobial activity assays.

Cytotoxicity

The capacity of the peptides to lyse blood cells was

determined, as a measure of cytotoxicity towards mam-

malian cells, and is reported in Fig. 7 and Table 3. At

50 lm peptides in NaCl ⁄Pi, Hfp1 and Hfp2 were the

most cytotoxic, whereas the other peptides were almost

inactive. At 100 lm the pattern remains the same.

For the more cytotoxic peptides Hfp1 and -2, in order

to also highlight sublethal damage, the 3-(4,5-

dimethyl)-2,5-diphenyl tetrazolium bromide test was

used to determine the effect on metabolic activity of

cells, exposing U937 monocytes. At 100 lm peptides,

all metabolic activity ceases, whereas at 10 lm, an

� 70% decrease in activity was observed after 30 min

(data not shown), so that results are in line with the

haemolysis test. The effect on the membrane integrity

and morphology of human monocytes, as assessed by

flow cytometry, was then determined for Hfp1 and

Hfp2. At the concentration of 10 lm, after 30 min

incubation, significant permeabilization of the

membranes to PI was observed for Hfp2 (40% PI

positive with respect to 10% in the control;

P < 0.001), whereas it was negligible for Hfp1 (13%

PI positive).

A B

Fig. 4. Inhibition of bacterial growth by Hfp peptides. (A) The effect of Hfp1 on the growth kinetics of S. aureus ATCC25923 (106 cfuÆmL)1

in 50% MH broth ⁄ 10 mM sodium phosphate buffer pH 7.4), used as a representative example. Control, no peptide (____); Hfp1 at 1 lM (- - -);

2 lM ( ); 4 lM (ÆÆÆÆÆÆ); 8 lM (__ __); 16 lM ( ). (B) Per cent inhibition of bacterial growth for different peptides, estimated at 210 min,

using the formula (Apeptide ) Ablank) ⁄ (Acontrol ) Ablank), where blank and control are in the absence of bacterium and peptide, respectively.

IC50 values are listed in Table 3. Hfp2 ( ); Hfp1 ( ); Hfp3 ( ); Hfp4 ( ). Data are based on two separate experiments carried out

in quadruplicate.
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Discussion

Use of conserved signal sequences as queries was

found to be effective in identifying putative AMPs in

both teleost fish and anurans from the EST database

[17]. In this study, we tested the antibacterial, haemo-

lytic and cell-permeabilizing properties of three

peptides, HFP1, likely from a sticklefish, and XTG1

and -2 from X. tropicalis. Their sequences show some

similarity to known AMPs from related sources, but

with a level of identity of < 50%, so that they likely

represent new subclasses. In particular, the teleost pep-

tide was most similar to the piscidin 4 subclass,

although found using the signal sequence of the less

similar pleurocidin. Because the method identified

many other potential AMP sequences in the EST data-

bases, prediction of the potential TI value of the pep-

tides, and key residues potentially affecting it, was also

carried out. This suggested three variants of the teleost

Hfp peptide, used to carry out sequence ⁄ activity
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Fig. 6. Permeabilization of the cytoplasmic and outer membranes of E. coli. Permeabilization of the cytoplasmic membrane (A) was moni-

tored by following the hydrolysis of Gal-ONp by a cytoplasmic b-galactosidase, whereas that of the outer membrane (B) was monitored by

following the hydrolysis of CENTATM by a periplasmic b-lactamase. Hfp1 ( ); Hfp2 ( ); Hfp3 ( ); Hfp4 ( ); XTG1( ); and XTG2 ( )

in the presence of 4 lM peptide in NaCl ⁄ Pi 5% MH broth. The lytic peptide SMAP-29 ( ) was used as a positive control. Data are based

on two separate experiments carried out in quadruplicate.
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Fig. 7. Haemolytic activity of Hfp1 ( ); Hfp2 ( ); Hfp3 ( );

Hfp4 ( ); XTG1 ( ); XTG2 ( ). The haemolytic activity of the

peptides was calculated as percent lysis of human erythrocytes

(0.5% suspension in NaCl ⁄ Pi), in the presence of increasing peptide

concentrations (10–100 lM), after incubation at 37 �C for 30 min,

and are the mean of two experiments performed in triplicate. Total

lysis (100% haemolysis) was determined by addition of 0.2%

Triton X-10.
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indicated time before plating. Hfp1 ( ); Hfp2 ( ); control ( ).
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relationship studies. All the chosen peptides were

expected to be amphipathic a helices, acting via a

membranolytic mechanism [19].

CD studies confirmed our expectations and all pep-

tides were found to undergo a coil-to-helix transition,

to different extents, in the presence of TFE or model

membranes. The two XTG peptides were the most

structured, whereas the Hfp peptides showed consider-

able variation in helix stability in the presence of TFE

(% helix content ranges from 30% to 60%) despite

relatively small changes in their sequence. However, in

the presence of LUVs, the trend is effectively reversed.

This indicates a differential capacity of the variants to

interact with model membrane as well as different lev-

els of aggregation, resulting in altered h208 ⁄h222 ratios

[20,21]. The peptides also show a partial helical confor-

mation in the presence of lipopolysaccharide micelles,

indicating that they also interact with these compo-

nents of the outer membrane in Gram-negative bacte-

ria. Taken together, our results indicate that all the

peptides could be membrane active, but with variations

in their antibacterial potencies and mechanisms.

The antimicrobial activity of the peptides was mea-

sured in terms of the MIC values and their effect on

bacterial growth kinetics, leading to IC50 values

(Table 3). The less cationic XTG peptides were selec-

tive for E. coli and less potent than Hfp peptides,

whose analogues showed considerable variation in

potency and selectivity. In particular, Hfp1 was more

active on Gram-negative species (MIC = 1–4 lm,

IC50 = 0.5–0.8 lm) than on the Gram-positive bacte-

rium (MIC = 16 lm and IC50 = 1.5 lm), whereas

Hfp2 was marginally less active on Gram-negative

species (MIC = 2–8 lm, IC50 = 0.6–1.3 lm) and con-

siderably more active on the Gram-positive bacterium

(MIC = 4 lm, IC50 = 0.8 lm). It is intriguing that a

single amino acid substitution at the N-terminus

should have such a marked effect on selectivity. Both

peptides were more active in 20% Muller Hinton

broth (conditions compatible with bacterial growth),

so that the sequestering effect of medium components

may in part also affect potency and selectivity. The

double and triple mutations resulting in Hfp3 and -4,

predicted to improve the therapeutic index (i.e.

decrease cytotoxicity, which they did, see below), also

decreased efficacy against bacterial cells, while the

S1 fi F mutation in Hfp4 is confirmed to favour

activity against S. aureus.

Time killing experiments, carried out with the two

most active AMPs, Hfp1 and -2, showed that the for-

mer inactivated E. coli much more rapidly than S. aur-

eus (Fig. 5). This has also been observed for other

types of helical AMPs, both natural and designed [21–

23] suggesting that the thick peptidoglycan layer of

S. aureus is a more formidable barrier to these

molecules than the outer membrane of E. coli. In this

respect, CD studies confirm an interaction with lipo-

polysaccharide, and the CENTA� permeabilization

assay confirms that the outer membrane of E. coli is effi-

ciently breached. The faster permeabilization by Hfp1

than Hfp2 is consistent with its greater potency against

the Gram-negative bacterium. Instead, Hfp2 is more

rapid at inactivating S. aureus, which may indicate an

improved capacity to penetrate its peptidoglycan layer.

Permeabilization to Gal-ONp or PI indicates that both

peptides are efficient at permeabilizing the cytoplasmic

membranes of both E. coli and S. aureus. This mem-

branolytic mechanism is consistent with the observation

that the peptides, especially Hfp2, remain active against

multiresistant clinical isolates of S. aureus.

The selectivity of AMPs for bacteria with respect to

host cells can be measured in terms of the TI value

(HC50 ⁄MICE.coli). This was predicted for all peptides

(Table 1) using the D-descriptor model (http://

split.pmfst.hr/split/dserv1/). The D-predictor has been

trained and tested with statistical significance only on

known anuran antimicrobial peptides [17,18], but the

prediction seems reasonable for Hfp peptides of fish ori-

gin (Table 1). A variation of this algorithm (D Juretić

and D Vukičević, University of Split, unpublished

results) was used to predict amino acid substitutions

that would significantly increase the TI. It tends to sug-

gest conservative amino acid substitutions (e.g. one

hydrophobic amino acid for another) in terminal pep-

tide regions that are known to be important for peptide

activity and selectivity [24]. For example, by comparison

with other predicted teleost sequences, Phe appeared to

be more common in position 1 than Ser, but the algo-

rithm predicted a decreased TI for the S1 fi F muta-

tion. Conversely, the F2 fi V and W20 fi L

mutations were predicted to increase TI considerably,

and counter the effect of the S1 fi F mutation. The

XTG peptides were both predicted to have low cytotox-

icity by the D-descriptor model, with TI > 80, and so

were not further elaborated.

The haemolytic activity of the peptides qualitatively

confirms the efficacy of the D-descriptor model for

estimating TI values. Hfp1 was more selective than

predicted (measured TI = 85), and Hfp2 showed a

decreased selectivity (measured TI = 19). For all the

other peptides, < 20% haemolysis was observed, even

at the highest concentration tested (100 lm). Note that

TI is a dimensionless selectivity parameter that does

not really address the therapeutic potential of the pep-

tides. High TI values can be obtained for nonhaemo-

lytic peptides even though they are relatively inefficient

Antimicrobial peptides from EST databases V. Tessera et al.
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antibacterial agents, or for potent antibacterial

peptides (very low MIC) even though they are moder-

ately haemolytic. Thus, although sequence modifica-

tions in Hfp3 and -4 did effectively increase the TI

value by reducing cytotoxicity, it was at a cost to anti-

microbial efficacy, whereas the predicted and con-

firmed decrease in TI for Hfp2 was accompanied by

an increased efficacy, especially in terms of a broad-

ened spectrum.

To obtain a more complete estimate of cytotoxicity

than furnished by the haemolysis assay, the 3-(4,5-

dimethyl)-2,5-diphenyl tetrazolium bromide test and

permeabilization to PI was also performed on a mono-

cytic cell line. The former test indicated that both pep-

tides do affect metabolism at concentrations (10 lm)

of limited haemolysis. However, only Hfp2 resulted in

significant membrane permeabilization, confirming that

it is the more cytotoxic.

In the case of anuran peptides, an increased uncer-

tainty in the identification of potential AMPs from

databases comes from the well-known fact that frog

AMPs are closely related to peptides with other,

sometimes overlapping, activities (e.g. neuropeptide-

like), and that these seem to share the signal pep-

tides, indicating a common origin. In the case of the

XTG peptides, a high TI was linked to a relatively

low antimicrobial activity, so that it is possible that

they may have other principal functions. Database

searches based on the conservation of selected signal

sequences can thus result in a plethora of peptide

sequences with other functions, so that an integrated

approach involving prediction of efficacy (based on

physicochemical attributes) and selectivity (based on

the D-descriptor model for estimating the therapeutic

index), as well as a consideration of the tissue of

origin and similarity to hormone-like sequences, may

allow a more rational selection. Like signal sequences,

propeptides are also better conserved than the corre-

sponding AMPs [25]. Signal-propeptide sequences can

thus also be used as query for database searches indi-

rectly leading to potential AMPs. We have verified

that the XPF signal peptide together with associated

propeptide (first 37 residues from XENO_XENLA

precursor) also finds XTG peptides by using standard

BLAST tools. Sequence homology search software

tools based on hidden Markov models [26,27] may

prove to be even more efficient for indirect AMP

searches using signal peptides as part of a query,

once they are implemented to work efficiently with

shorter sequences and EST databases.

In conclusion, we have been able to identify and

confirm several novel AMPs from EST databases, and

on the basis of a rational prediction algorithm, predis-

pose sequence modifications to modify their selectivity.

Peptides based on the sequence of a likely teleost

AMP (although its precise origin remains mysterious)

are the most effective. It was possible to effect muta-

tions that either modified the spectrum of activity or

selectivity, and while these came at a mutual cost, they

furnish very useful indications for future rounds of

optimization.

Materials and methods

Database searching

TBLASTN 2.2.24 + was used to search the Gen-

Bank + EMBL + DDBJ for translated EST sequences

using the sequence MKFTATFLMLFIFVLMVEPGEC as

probe, with word size: 3, matrix: BLOSUM62, gap costs:

existence 11, extension 1. This query is the signal sequence

from a known pleurocidin-like peptide AMP of Hippo-

glossoides platessoides (American plaice) (GenBank AAP55794).

Filtering for low-complexity sequences was turned off

because signal sequences often belong to that category. Hits

were visually inspected and known AMPs eliminated. The

EST sequence scoring 18th in the output list (CX166407.1)

on translation showed the characteristics of a novel puta-

tive AMP. When used as query in BLASTP 2.2.24 +

against the nonredundant GenBank CDS translations +

PDB + SwissProt + PIR + PRF, the highest similarity

was achieved with the piscidin-4 and -5 precursors from

M. chrysops · saxatilis hybrid (GenBank ADP37959.1 and

ADP37960.1) but with a relatively low score and E-value

that confirm it was a novel sequence. When used as query

to search the GenBank +EMBL + DDBJ for translated

ESTs, two further sequences (EG589953.1 and EG588661.1)

with high nucleotide (97%) and amino acid (86%) homolo-

gies were found from Gasterosteus aculeatus (a sticklefish),

coding for identical peptides. They were indicated as

5¢ similar to Dicentrarchus labrax dicentracin (GenBank

AAP58960.1). Using the translated sequences from

CX166407.1, EG589953.1, EG588661.1 and AAP58960.1 as

queries in TBLASTN against the EST database and

BLASTP against the nonredundant protein sequences (nr)

database, resulted in a series of other known or putative

AMP sequences used for comparative analyses.

TBLASTN was used to query the GenBank + EMBL

+ DDBJ for translated EST sequences using the XPF sig-

nal peptide: MYKGIFLCVLLAVICANSLA (see Table 1),

from a known X. laevis AMP. Hits were visually inspected

and known AMPs eliminated. The hits scoring 16th and

18th, respectively, corresponded to sequences CN093329.1

(maximal score of 41.2 and the E-value 0.12) and

EL670741.1 (maximal score 36.6 and the E-value 2.5) from

X. tropicalis, and on translation showed the characteristics

of a novel putative AMP. A BLASTP query against the
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nonredundant protein databases identified a series of

related peptides from X. laevis and X. tropicalis used for

comparative analyses.

Sequence analyses

The identified putative AMP sequences were run through

the HydroMCalc applet (http://www.bbcm.univ.trieste.it/

�tossi/HydroCalc/HydroMCalc.html) to estimate mean

per residue hydrophobicity and amphipathicity. These

were calculated using a hydrophobicity index (Hi) scale

derived from normalized and filtered consensus of 163

published scales [29], that arbitrarily ranges between maxi-

mum values of 10 for Phe and -10 for Arg. The hydro-

phobicity is given as the mean value of [H = (RHi) ⁄ l],
where l = peptide length. The mean hydrophobic moment

(lHmax) was calculated as described by Eisenberg et al.

[30]. The relative amphipathicity (lH ⁄ lHmax) for each

peptide was then determined with respect to the value of

the maximum hydrophobic moment for a perfectly amphi-

pathic, 18-residue peptide composed only of the most

hydrophobic and hydrophilic residue, Phe and Arg

(lHmax = 6.4 with our scale), respectively. This relative

measure of amphipathicity is less likely to vary according

to the scale used than absolute value.

The D-descriptor model (http://split.pmfst.hr/split/dserv1/)

was used to estimate TI [17,18]. This algorithm quantifies

the lengthwise asymmetry in potential AMPs by bending its

sequence into a p ⁄ 2 arc and associating vectors with each

amino acid residue so that all vectors have the same origin.

The D-descriptor is the cosine of the angle between the

summed vectors using two different hydrophobicity index

scales, and correlates well with the therapeutic index

defined as HC50 ⁄MIC. The algorithm uses a training set of

36 nonhomologous anuran AMPs with published MIC val-

ues against E. coli, and HC50 values from haemolysis exper-

iments carried out under standard conditions, to effect its

prediction [18], and provides an estimate of TI in a range

from 5 to 95.

Peptide synthesis, purification and

characterization

All peptides were synthesized in the solid-phase peptide using

Fmoc chemistry, on a microwave-enhanced CEM Liberty

synthesizer. Peptides were synthesized as amides, using the

NovaPEG Rink Amide resin LL (substitution 0.17–

0.22 mmolÆg)1). Peptides were cleaved from the resin and de-

protected using a cocktail consisting of trifluoroacetic acid

(TFA), 3,6-dioxa-1,8-octane-dithiol, thioanisole, water, tri-

isopropylsilane and a phenol mixture (85 : 6 :3 : 2 : 2 : 2,

v ⁄ v ⁄ v ⁄ v ⁄ v ⁄ v). The crude peptides were purified by reversed

phase HPLC on a Phenomenex preparative column

(Jupiter�, C18, 10 lm, 90 Å, 250 · 21.20 mm) using a

20–50% CH3CN in 60 min gradient with a 8 mLÆmin)1 flow.

Peptide quality and purity were verified by ESI-MS

(API 150 EX; Applied Biosystems, Carlsbad, CA), and pep-

tide concentrations stock solutions prepared with accurately

weighed peptides were confirmed by: (a) spectrophotometric

determination of tryptophan (e280 = 5500 m
)1Æcm)1); (b)

spectrophotometric determination of peptide bonds, e214 cal-
culated as described by Kuipers and Gruppen [31]; and (c)

colorimetric determinations using the BCA protein assay kit

(Pierce, Rockford, IL, USA).

Circular dichroism

The propensity of each peptide to assume a helical confor-

mation was probed by CD spectroscopy using a Jasco

J-715 spectropolarimeter (Jasco, Tokyo, Japan), in a 2-mm

path-length quartz cells and with a peptide concentration of

20 lm, in either water or 10 mm sodium phosphate buffer

pH 7. Spectra were measured in the absence or presence of

increasing amounts of: (a) TFE, (b) micelles of lipopolysac-

charide from E. coli serotype 0111:B4 (25 lm; Sigma,

St Louis, MO), (c) LUVs made with phosphatidylglycer-

ol ⁄ diphosphatidylglycerol (phosphatidylglycerol from egg

yolk lecithin, diphosphatidylglycerol from bovine heart;

95:5; 0.4 mm total phospholipid; Sigma). All spectra are the

mean of at least two trials, each with the accumulation of

three scans. Helical continent (% helix) was estimated from

the molar ellipticity at 222 nm, in relation to the model

spectra described by Reed and Reed [32].

Antimicrobial activity assay

The antimicrobial activity of the peptides was determined

against E. coli ATCC25922, P. aeruginosa ATCC27853,

S. aureus ATCC25923 (2.5 · 105 cfuÆmL)1 bacteria) as the

MIC using a microdilution susceptibility test in MH broth

(either 100 or 20% in 10 mm sodium phosphate buffer

pH 7.4) as described previously [22]. For the two most

active peptides, the MIC was also determined on two differ-

ent clinical isolates of S. aureus MRSA (MRSA-16 and

MRSA-G). The bacteriostatic activity was also probed as

the effect on the bacterial growth kinetics (106 cfuÆmL)1

bacteria in 50% MH ⁄ 50% 10 mm sodium phosphate buffer

pH 7.4) in the presence of different peptide concentrations,

monitoring D600 at 37 �C for 4 h. IC50 values were deter-

mined from the degree of inhibition calculated as the rela-

tion between the absorbance of bacteria in presence and in

absence of peptide, at 210 min.

For the two most active peptides, the kinetics of bacterial

killing was determined against both E. coli ATCC and

S. aureus ATCC25923 in the logarithmic phase

(� 107 cfuÆmL)1 in NaCl ⁄Pi incubated at 37 �C), exposed

to 10 lm peptide. At different times, 50 lL of the bacte-

ria ⁄ peptide suspension was diluted several fold in ice-cold

NaCl ⁄Pi, and the solution plated on nutrient agar and incu-

bated overnight to allow colony counts.
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Permeabilization assay

Permeabilization of the outer membrane of E. coli by the

peptides was evaluated by following the unmasking of

the periplasmic hydrolytic enzyme b-lactamase, using

extracellular CENTA� as the substrate, whereas that of

the cytoplasmic membrane by unmasking cytoplasmic

b-galactosidase activity using extracellular Gal-ONp as

the substrate, as described previously [33]. The hydrolysis

of both chromogenic substrates was monitored at 405 nm

on a Sunrise microplate reader (Tecan, Männedorf,

Switzerland). The b-galactosidase constitutive, lactose–

permease-deficient E. coli ML-35 pYC strain was used

(� 107 cfuÆmL)1 bacteria), exposed to different peptide

concentrations and 1.5 mm CENTA� or 0.15 mm Gal-

ONp in NaCl ⁄Pi, with addition of 5% (v ⁄ v) MH. Bacte-

ria treated with 1 lm of the known highly lytic AMP

SMAP-29 [34] were considered to be 100% permeabilized

and used as a reference.

Permeabilization of the cytoplasmic membrane of

S. aureus 710A was evaluated by determining the fluores-

cence from damaged bacteria showing permeability to PI,

using a Chameleon plate reader. A suspension of

108 cfuÆmL)1 was exposed to 16 lm peptide and 100 lm PI

at 37 �C. Bacteria treated with 10 lm SMAP-29 were taken

to be 100% permeabilized.

Cytotoxicity assay

The haemolytic activity of peptides was assessed using

freshly isolated human erythrocytes from healthy donors,

by monitoring the release of haemoglobin at 405 nm.

Aliquots of a red blood cell suspension (0.5% erythrocytes)

were incubated in triplicate with different peptide concen-

trations (10–100 lm) in NaCl ⁄Pi at 37 �C for 30 min. Total

lysis (100% haemolysis) was determined by the addition of

0.2% Triton X-100. The HC50 value was taken as the mean

concentration of peptide producing 50% haemolysis. In a

second method, cytotoxicity was also evaluated on the

human leukaemic U937 cell line using the 3-(4,5-dimethyl)-

2,5-diphenyl tetrazolium bromide assay. A suspension of

U937 cells (12.5 · 104 cellsÆmL)1) were incubated in qua-

druple with different peptide concentrations (1–100 lm) in

RPMI-1640 medium containing 2 mm glutamine, penicillin

and streptomycin (100 IUÆmL)1 and 100 lgÆmL)1, respec-

tively) and 10% fetal bovine serum at 37 �C for different

periods (30 min, 60 min and 24 h). In a third method, the

cytotoxic activity was investigated using flow cytometric

analysis of U937 cell permeabilization to PI in the presence

of peptide performed with an FC500 instrument (Beckman

Coulter, Lexington, MA).

Cells (12.5 · 104 cellsÆmL)1) were incubated in duplicate

with 5 and 10 lm peptide in RPMI-1640 medium contain-

ing 2 mm glutamine, penicillin and streptomycin

(100 IUÆmL)1 and 100 lgÆmL)1, respectively) and 10% fetal

bovine serum at 37 �C for different periods (5, 15 and

30 min) before each determination.
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