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Abstract 

 
The human peptide LL-37 is an important innate immune effector that contributes to 

defending the organism against infection in different scenarios, ranging from direct 

bacterial killing to the modulation of immune responses and acting as a signal molecule 

for different cell types involved in defence or healing. All these functions are possible 

despite its relatively simple structure, due to its capacity to interact with different types 

of biological membranes. This cationic peptide is able to switch from a random coil in 

aqueous solutions into an amphipathic helical structure in presence of salt ions or in the 

presence of membranes. Intra- and inter-molecular hydrophobic interactions in the 

hydrophobic sector of the amphipathic helix, together with ionic interactions in the 

polar sector, make LL-37 prone to self-association, which strongly affects its multiple 

biological roles, and these therefore need to be explored in detail. 

In this thesis I have investigated how folding occurs when LL-37 passes from bulk 

solution to the surface of membranes, and which structural features could be relevant 

for its in vitro antimicrobial and host cell modulating activities. For this reason 

comparative biophysical studies were performed on LL-37 and its structurally diverse 

orthologue in macaque, RL-37. Fluorescent analogues of LL-37 and RL-37, obtained 

from the systematic substitution of Phe residues with the non-invasive fluorescent 

probe, p-cyanophenylalanine, contributed to elucidate differential conformational 

variations in these peptides. Steady-state and time-resolved fluorescence studies 

confirmed that unlike RL-37, which is monomeric in physiological solution or in 

presence of neutral model membranes, LL-37 is in an oligomeric form in solution, with 

a hydrophobic core likely forming  near the central region. Furthermore LL-37 appears 

to interact with both anionic and neutral membranes in an oligomeric form. 

Cytofluorimetric studies, performed on bacterial cells treated at toxic peptide 

concentrations, confirmed that the different conformations of LL- and RL-37 in solution 

give rise to quite different modes of bacterial permeabilization. Lesions of a larger size 

were observed for LL-37, consistent with a toroidal pore-forming mechanism, while 

smaller lesions were detected for RL-37 and may indicate an incipient detergent-like 

mechanism of bacterial inactivation. 

I further investigated how many molecules are involved in the self-associated form 

of LL-37, either in solution or in presence of membranes, replacing the Phe5 residue 

with an analogue bearing Benzoyl-phenylalanine on the side-chain, which is able to 
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crosslink to adjacent molecules when irradiated with UV light. Photo-crosslinking 

studies revealed that LL-37 is in equilibrium between forms ranging from monomeric to 

hexameric in physiological solution, and dissociates to lower order oligomers in the 

presence of membranes, but does not become completely monomeric. The effects of 

oligomerization on the biological activities of LL-37 were further explored through 

testing its antiparallel and parallel covalently bound dimers, linked at either end, 

designed to mimic an obligatory dimeric form of the peptide. Both types of dimerization 

reduced the antibacterial potency of LL-37 and its capacity to permeabilize the bacterial 

membrane. Cytotoxic effect against the host cells was instead different for the three 

forms of dimers tested, and was related to the degree of freedom of the C- or N-terminal 

region.  

From the information obtained on the role of oligomerization on the antibacterial and 

cytotoxic activity of LL-37, I then rationally designed four different analogues of LL-

37, which bear minimal primary structure alterations from the native peptide, such as 

the replacement of one, or exchange of two adjacent residues, in order to modify inter- 

and intra-molecular salt-bridging. I attempted in this way to transfer some of the RL-37 

characteristics to LL-37 in order to improve its antimicrobial properties through 

reducing its propensity to self-assemble. I confirmed that variations in the equilibrium 

between attractions or repulsions in LL-37 significantly affect its antibacterial activity 

and mode of action. 
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1. INTRODUCTION 

 

1.1 Antimicrobial Peptides (AMPs) 

Antimicrobial peptides (AMPs) are endogenous peptides of microorganisms, plants 

and animals. They are considered one of the most ancient effector molecules of the 

innate immunity system. AMPs were discovered more than 30 years ago, initially from 

insect lymph, skin mucosa from frogs and mammalian neutrophils. Since then, 

thousands of antimicrobial peptides have been reported from numerous species, isolated 

from many different organs and tissues (Mangoni, 2011).  

Faced with the threat of infection, the innate immune system provides a first line of 

defence order to protect the organism from the pathogens. In the presence of exogenous 

molecules such as bacterial DNA, lipopolysaccharide (LPS) or peptidoglycan, as well as 

other bacterial cell wall components, of ‘Toll-like’ receptors (TLR) are activated. TLRs 

are transmembrane proteins expressed in host immune cells such as monocytes, 

macrophages and dendritic cells, as well as in epithelial cells, endothelial cells and 

fibroblasts (Janeway 2001). Their activation triggers two different types of responses: i) 

stimulation of macrophages present in tissue to produce pro-inflammatory cytokines 

and ii) release of antimicrobial peptides from specific cells. Both mechanisms lead to 

the overall antimicrobial and inflammatory responses (Janeway, 2001; Janeway and 

Medzhitov, 2002).  

Antimicrobial peptides are generally quite small, and usually expressed in skin 

keratinocytes and mucosal epithelial cells, and they may represent the main interface 

between the microbes and the host. The production of these molecules, constitutively or 

induced by the engagement of TLRs, aims to limit the multiplication or the viability of 

bacteria at the site of infection.  

Although different AMPs can vary widely in length, amino acid composition and 

secondary structure, two physico-chemical features are often the hallmark of these 

molecules: a net positive charge (normally ranging from +2 to +9) at physiological pH, 

and an amphipathic residue arrangement, with hydrophobic surfaces in the peptides 

spatially well separated from the hydrophilic ones (Nguyen et al., 2011). AMPs can 

display a broad spectrum antimicrobial activity, in vitro, against bacteria, fungi, 

parasites and viruses. Their antimicrobial role is generally due to their capacity to 
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interact directly with the microbial cell membrane or its components. This results in 

damage to the barrier effect of the membrane and/or further interaction with internal 

targets, eventually resulting in microbial killing. Moreover many AMPs also play an 

indirect antimicrobial role such as modulating other types of immune responses. They 

can help to recruit leucocytes or induce expression of chemokines or cytokines, such as 

CXCL8 (IL-8), CCL2 (monocyte chemoattractant protein, MCP-1) and IFN-α, thereby 

indirectly promoting recruitment of effector cells such as neutrophils, monocytes, 

macrophages, immature dendritic cells and T cells. (Hancock and Diamond, 2000; Lai 

and Gallo, 2009). This type of AMPs often referred to also as host defence peptides 

(HDP), thus serve as a link between the innate and adaptive immunity.  

HDPs can contribute to the resolution of inflammation and promote healing in 

different scenarios. They are able to sequester LPS, and thereby inhibit sepsis. They can 

aid in wound healing and angiogenesis (Allaker, 2008; Cederlund et al., 2011; Gallo, 

2008) (Figure 1.1).  

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Multiple roles of AMPs in host defense. Adapted from (Lai and Gallo, 2009). 
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1.2 AMPs – structure and main mechanisms of action 

Antimicrobial peptides are usually composed of 12-50 amino acid residues and can 

be broadly classified in three main groups depending on their amino acid composition, 

or on their structure and conformation (Nakatsuji and Gallo, 2012) (Figure 1.2). 

The most abundant and widespread group likely corresponds to the linear α-helical 

peptides, such as frog magainin (Bevins and Zasloff, 1990), insect cecropins (Otvos, 

2000) and various vertebrate cathelicidins, including LL-37 (Frohm et al., 1997). These 

linear peptides are however normally random coils before coming into contact with 

biological membrane, especially if anionic, where they can adopt the amphipathic 

helical conformation.  

The second group comprises the cationic peptides rich in specific amino acid, such as 

proline, arginine, tryptophan, etc. These peptides are also linear and tend to adopt 

extended conformation. Well known examples are bovine bactenecins (Gennaro et al., 

2002) and bovine indolicidin (Selsted et al., 1992). 

The third group, which is large and widespread, includes cationic peptides that 

contain cysteine residues and so adopt loop conformation or β-sheets, stabilized by one 

or more disulphide bonds. Of these, the most populated family is that of the defensins, 

with 3 or 4 disulphides (Zhao et al., 1996). 

 

Cys: β-hairpin 

Linear Pro-Linear α- Linear Trp- Cys. β-hairpin 

Cys: α-hairpin Cys: ϴ -hairpin 

Fig 1.2 Common secondary structures of AMPs. Adapted by (Tossi and Sandri, 2002). 
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Differences in the sequence and secondary structure among AMPs lead to different 

mechanism of bacteria inactivation. Initially, electrostatic forces drive the interaction 

between their positive amino acid residues and negatively charged lipids exposed on 

bacteria cell membranes, such as phosphatidylglycerol (PG) and cardiolipin (Lohner, 

2009). Moreover, Gram-negative bacteria contain LPS on their outer membrane and the 

cell wall of the Gram-positive bacteria is enriched in acidic polysaccharides (teichoic 

and teichuronic acids). Those molecules, that confer a negative charge to the bacterial 

surface, are selected as targets for the cationic AMPs (Brogden, 2005). 

The mechanisms by which AMPs can then traverse microbial membranes are not 

common to all peptides and seem to depend on the molecular properties of the peptides 

and lipid membrane composition. Several types of membrane damage can be induced 

by AMPs, such as formation of discreet pores, promotion of non-lamellar lipid structure 

or disruption of the membrane bilayer (Lohner and Prenner, 1999). There are currently 

two main models proposed to describe the membranolytic activity of the AMPs, i) the 

toroidal-pore model, and ii) the carpet model, and they may be two aspects of an overall 

mechanism. 

The “toroidal-pore” model, which was initially developed to explain the mode of 

action of helical AMPs, suggests that these peptide molecules adsorb onto the 

membrane with their axes parallel to its surface, and then insert into it by forming a 

bundle and inducing the lipid monolayers to continuously bend through the pore (Yang 

et al., 2001). As a consequence membrane lipids remain intercalated among the peptides 

forming the pore, and the resulting depolarization and leakage of the cytoplasmic 

components may be a principal cause of cell death (Brogden, 2005). 

According to the “carpet” model, the AMPs are always positioned parallel to the 

membrane surface and cover it in a disordered manner. At a threshold peptide 

concentration the membrane integrity is affected in a detergent-like manner, leading to 

cell lysis (Oren and Shai, 1998).  

Although most AMPs can interact directly with membrane lipids, it was reported that 

some peptides might require a bacterial receptor (Casteels and Tempst, 1994). Recently 

it has been proposed that AMPs can cause microbial death by other mechanisms in 

addition to membrane disruption, followed by cell lysis. There is much evidence that 

specific AMPs can interact with intracellular targets inducing other types damage to the 

cell, such as inhibition of cell wall, DNA, RNA or protein biosynthesis (Haney et al., 
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2013; Rebuffat, 2012; Yount and Yeaman, 2013). Furthermore one peptide can act upon 

multiple cell-targets, involving a multi-hit mechanism (Straus and Hancock, 2006). 

 

1.3 Cathelicidins 

One of the better-described AMP families in many vertebrate species are the 

cathelicidins. They are so named based on the highly conserved N-terminal region 

known as the ‘cathelin-like’ domain, as in mammals it is homologous to cathelin, a 

protein isolated from pig leukocytes. Cathelicidin polypeptides are expressed as “pre-

pro” forms and in mammals are usually stored as “pro-peptides” inside granules present 

in specific cell types. This granule storage form then needs further processing to 

unmask the antibacterial activity. The conserved N-terminal segment, corresponding to 

the cathelin-like domain, is cleaved upon stimulation, releasing the C-terminal domain 

as the mature antimicrobial peptide (Zanetti et al., 1995), also called cathelicidin-

derived peptides (Figure 1.3). While this is the correct term for the AMPs, and 

cathelicidin should be reserved for the pro-form, they are unfortunately often 

interchanged in their use.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Some mammalian species, such as pigs, cattle and other bovids, have multiple 

cathelicidin-derived peptides that show little similarity to each other and have quite 

different secondary structures, belonging to all three of the groups discussed above, and 

thus ranging from linear peptides enriched in specific amino acids, to β-hairpin 

Figure 1.3 Schematic representation of the protein structure of cathelicidins. The mature 

cathelicidin peptides include α–helical (a), cysteine-rich (b), tryptophan-rich (c) and proline-

rich (d) peptides. Adopted from (Zanetti, 2005). 

Signal 
peptide Cathelin-domain Peptide 

Structurally diverse 

mature AMPs 
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structures or linear α-helical peptides (Figure 1.3). These AMPs are referred to as from 

a single family entirely because of the similarity of the precursor protein, predominated 

by the large cathelin domain. Rodents, primates and carnivores instead contain only one 

typical cathelicidin (Bals et al., 2001; Gallo et al., 1997; Zhao et al., 2001), that 

invariably adopts an α-helical conformation, among which is the human cathelicidin-

derived peptide LL-37 (composed by 37 residues, beginning with two leucines).  

The human cathelicidin gene (CAMP), positioned in chromosome 3 (3p21.3) 

(Gudmundsson et al., 1995), encodes for a 19.3kDa pre-propeptide (Gudmundsson et 

al., 1996) which, after losing its 30-amino-acid signal sequence, becomes the 18kDa 

propeptide called hCAP18 (human cationic antimicrobial peptide). This precursor 

protein was independently deduced from myeloid bone marrow cDNA by three groups 

(Agerberth et al., 1995; Cowland et al., 1995; Larrick et al., 1995) and was isolated 

from neutrophils (Cowland et al., 1995).  

The human cathelicidin gene is expressed in the squamous epithelia of the airways, 

mouth, tongue, esophagus and intestine (Ashitani et al., 2007; Bals et al., 1998; Frohm 

Nilsson et al., 1999; Laube et al., 2006). hCAP-18 is also produced in immature 

neutrophils (Sorensen et al., 1997b) and in various blood cells populations that are 

involved in inflammatory and immune responses, including NK cells, B cells, 

monocytes (Agerberth et al., 2000) and mast cells (Di Nardo et al., 2003), as well as in 

hematopoietic cell lines and human leukaemia cells (Yang et al., 2003). In addition, this 

peptide is secreted in saliva (Murakami et al., 2002a), sweat (Murakami et al., 2002b), 

wound fluid (Frohm et al., 1996) and in seminal plasma (Andersson et al., 2002). 

The expression of the human cathelicidin peptide is either constitutive or induced by 

different stimuli such as skin incisions, the presence of wounds (Dorschner et al., 2001; 

Sorensen et al., 2003), or exposure of keratinocytes to bacteria (Midorikawa et al., 

2003) or to bacterial cell wall constituents such as LPS (Wu et al., 2000). Recent studies 

have reported that the expression of the human cathelicidin can be regulated in the 

presence of Ca2+, Vitamin D and retinoic acid (Morizane et al., 2010).  

The full-length precursor hCAP18 is thought to be inactive in its immature form 

(Schauber and Gallo, 2008), although some recent studies have indicated that 

recombinant hCAP18 can inhibit the growth of Gram-negative bacteria with efficiencies 

comparable to the mature peptide, LL-37 (Pazgier, Ericksen et al. 2013). The cathelin-

like domain of hCAP18, as all cathelicidins, contains two conserved disulphide bonds 

between cysteine residues C85-C96 and C107-C124 (Storici et al., 1996) (Figure 1.4). 
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Its biological relevance is still not fully clear, although it has been suggested that it 

might act as a protease inhibitor, due to its structural similarity to cathepsin inhibitors or 

that it may possess inherent antimicrobial activity (Zaiou et al., 2003).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In neutrophils, the processing of hCAP18 to the mature LL-37 is performed via 

enzymatic cleavage by proteinase 3, which is stored in peroxidase positive granules 

(Sorensen et al., 1997a). This cleavage occurs under external stimuli, finally producing 

the active molecule. Interestingly, in locations such as sweat, skin and seminal plasma, 

other serine proteinases, such as kallikreins, further process the mature peptide into 

fragments of different lengths, with different antimicrobial and immunomodulatory 

activities compared to LL-37 (Murakami et al., 2004; Yamasaki et al., 2006). For 

example fragments found in sweat, such as KR-20, RK-31 and KS-30, are more directly 

active against bacteria and less toxic to host cells than the holo-peptide LL-37 (Braff et 

al., 2005). The latter observations suggested that the post-secretory processing generates 

an additional diversity of antimicrobial peptides which exhibit with different 

effectiveness, broadening the functions of the single gene product (Kai-Larsen and 

Agerberth, 2008). 

Figure 1.4 Crystal structure of the cathelin-domain of the human cathelicidin peptide 
hCAP18, (Pazgier et al., 2013). PDB entry: 4EYC. 
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1.4 The human cathelicidin-derived peptide: LL-37 

1.4.1 Structural characteristics 

The human cathelicidin-derived peptide is a 37 residue long peptide with sequence 

LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES (which explains the name, 

LL-37), with a charge +6 under physiological conditions (pH 7). From the initial studies 

using Circular Dichroism it emerged that this peptide can switch from an unstructured 

conformation in aqueous solution into an amphipathic α-helical structure in presence of 

membranes, or solutions containing certain salt ions, in a manner that is anion-, pH- and 

concentration dependent. The high content of hydrophobic residues may then lead to 

peptide self-association, so that the apolar sector of the helix can be masked from the 

aqueous environment (Johansson et al., 1998). Furthermore, LL-37 is rich in both acidic 

and basic residues, which may stabilize the oligomeric form of the peptide via inter- and 

intramolecular salt bridges. In fact, Oren and co-workers showed that LL-37 in solution 

(under physiological conditions) is in equilibrium between the monomeric and 

oligomeric (dimer or trimer) form (Oren et al., 1999). 

Two different groups have determined the high-resolution structure of LL-37 in 

presence of neutral (DPC) and anionic (SDS and D8PG) micelles, by means of 2D 

NMR and 3D NMR techniques, respectively (Porcelli et al., 2008; Wang, 2008).  

In presence of anionic membranes, LL-37 is in a continuous and ordered α-helical 

conformation, involving residues 2-31, with the C-terminus being more mobile (Figure 

1.5). The helix is curved and presents a bend between residues Gly14 and Glu16, 

probably due to a hydrophobic packing between Ile13 and Phe17 (Wang, 2008). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Solution structure of LL-37 in complex with anionic micelles. A. Ribbon 

representation of the LL-37 structure. B, an ensemble of 28 backbone structures with residues 2-

30 superimposed (Wang 2008) (PDB ID 2K6O).  

B

. 

A

. 
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Porcelli and colleagues instead reported a more flexible molecule in the presence of 

neutral DPC micelles, with a shorter helical domain (involving residues 4-33) located 

between unordered C- and N-termini (Figure 1.6). This characterization was carried out 

using a less resolved method, but also indicated the presence of a curved structure 

(defined as helix-break-helix), at the level of the residue K12 (Porcelli et al., 2008). 

Although indicating slightly different structural behaviours, both studies concurred in 

defining an important role of the four phenylalanines (residues 5, 6, 17, 27) in binding 

to the micelles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.2 Mechanism of action against bacteria 

LL-37 was originally identified for its direct antibacterial activity in vitro and since 

then several studies were performed in order to fully understand the mechanism for its 

killing of bacteria.  

Its antimicrobial effect is exerted on a broad spectrum of Gram-positive and Gram-

negative bacteria, as well as on fungi and several enveloped viruses (Turner et al., 1998; 

Wong et al., 2011a; Wong et al., 2011b). But this activity appears to be rather sensitive 

to the conditions used in the in vitro assays, such as the salt concentration, the pH, the 

particular culture medium used and the bacterial growth phase (Zelezetsky et al., 2006). 

The antibacterial activity of LL-37 derives from its secondary structure, as the 

amphipathic nature of its helical conformation is a key feature making it suitable for 

peptide-membrane interactions. Furthermore, the net positive charge of the peptide at 

Figure 1.6 Representative structure of LL-37 in presence of neutral DPC micelles. A. Ribbon 

representation of the LL-37 structure. B, an ensemble of conformers for LL-37 (Porcelli et al., 

2008).  

A

. 

B

. 
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physiological conditions (+6 at pH 7) contributes to a selective activity against the 

negatively charged membranes of bacteria. While cytotoxic effects against host cells are 

observed in vitro for LL-37, this occurs at significantly higher concentrations than the 

antibacterial ones (Oren et al., 1999).  

Unlike most helical AMPs, which adopt this conformation only upon binding to the 

bacterial membrane, LL-37 is structured into a relatively stable helix also in aqueous 

salt solutions, at neutral pH. It is still not clear whether the peptide then interacts with, 

and inserts into, biological membranes in a monomeric or oligomeric form. Oren and 

co-workers suggested that the peptide reaches the model membranes in an oligomeric 

form, but then dissociates into monomers when in contact with anionic membranes, 

while remaining self-associated in presence of neutral membranes (Oren et al., 1999). 

Furthermore they suggested that the hydrophobic N-terminal region of LL-37 (the first 

four to seven residues), might be responsible for peptide oligomerization and its 

cytotoxic effect toward host cells, given that N-terminal truncation reduces its 

haemolytic activity (Oren et al., 1999).   

The structure of the peptide in solution is relevant for the efficiency of membrane 

permeabilization and for the selectivity toward different types of cells. This suggestion 

is endorsed by studies performed on rationally designed or naturally occurring truncated 

versions of LL-37. Sigurdardottir et al, showed that GKE, a 21 residue LL-37-derived 

peptide, with less helical content in solution or in the presence of liposomes than LL-37, 

conserved the antimicrobial activity and was much less cytotoxic than the precursor 

peptide (Sigurdardottir et al., 2006). Another example is KR-12, the smallest 

antibacterial fragment of LL-37, which is active against Gram-negative bacteria but not 

toxic to host cells (Wang, 2008). The differences in the biological activity 

(antimicrobial and cytotoxic) between the truncated peptides and LL-37 are probably 

due to a reduced tendency of the shorter peptides to self-associate in solution and in the 

presence of membranes, with respect to the full-length peptide.  

Previous studies performed in our laboratory with orthologous, cathelicidin-derived 

peptides from other primates confirmed the correlation between peptide structure in 

solution and their antimicrobial activity (Morgera et al., 2009; Tomasinsig et al., 2009; 

Zelezetsky et al., 2006) (see section 1.4.3).  

The antibacterial mechanism of LL-37 is likely to initiate from the electrostatic 

attraction between LL-37 and the polyanionic molecules anchored on the bacterial 

surface, such as lipopolysaccharide (LPS) in Gram-negative bacteria (Sochacki et al., 
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2011), or teichoic acids (TA) and peptidoglycan in Gram-positive bacteria. This 

interaction allows the peptide to penetrate the outer wall and come into contact with the 

outer surface of the cytoplasmic lipid bilayer, although many LL-37 molecules may be 

sequestered on the bacterial surface, on the way, and so delayed in exerting their 

antibacterial activity (Zelezetsky et al., 2006). Several studies performed on model 

membranes have shown that the peptide then likely binds parallel to the membrane 

surface (Oren et al., 1999; Thennarasu et al., 2010), probably with polar and cationic 

side-chains interacting with the phospholipids head group, while the aliphatic and 

aromatic residues insert into the bilayer acyl chains, causing a  positive curvature strain 

on the membrane (Wang et al., 2014).  

The subsequent mechanism of membrane breaching for LL-37, suggested by studies 

carried on model membranes, is a “toroidal-pore” mechanism where peptide molecules 

are associate within the continuous lipid bilayer and cause bending of the surface so that 

wormhole-like pores are formed. This type of pore, observed experimentally using the 

AFM technique on PG bilayers (Morgera et al., 2009), may compromise the barrier 

effect of the membrane, and probably causes a loss of the transmembrane potential and 

further leakage of cytoplasmic components leading to bacterial killing. (Henzler 

Wildman et al., 2003; Morgera et al., 2009). 

However the antibacterial mechanism may not only be due to damage at the 

membrane. Recent studies suggest that once LL-37 reaches the cell, it may interfere 

with cell-wall biosynthesis (Sochacki et al., 2011), or may internalize and interact with 

intracellular targets such as cellular proteins or DNA. Another mechanism through 

which LL-37 may defend the host against infections is the prevention of bio-film 

formation, causing a weak attachment of bacteria to each other or to surfaces (Overhage 

et al., 2008).  

 

1.4.3 Orthologous peptides in primates 

Peptide orthologues to LL-37 in non-human primates ranges from little variation 

with Great Ape sequences (no variation for chimpanzee, 5-8 % for gorilla and orang-

utan), to over 43% with New World Monkeys (Zelezetsky et al., 2006). Nevertheless all 

peptides have conserved the hydrophobic and amphipathic nature required to fold into 

helical conformation, while they show significant differences in their net charge at 

physiological conditions, which ranges from +4 to + 11. The cathelicidin-derived 
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peptides from primates can in fact be classified in two groups, considering their 

sequences, based on the possibility of forming intra-molecular attractions between 

oppositely charged residues when they form their helical secondary structure.  

To the first group belong LL-37-like peptides, such as orang-utan (pongo pygmaeus) 

ppyLL-37 and the gibbon (hylobates moloch) hmdLL-37, that have more intra-

molecular attractions than repulsions, between charged residues separated i+3 and/or 

i+4 positions from other charged residue in position i, given the high content in both 

acidic and basic residues. These peptides have a propensity to fold into an α-helix in a 

salt-dependent manner, and seem to have evolved features that under physiological 

conditions tilt the equilibrium toward an aggregated rather than monomeric form. This 

group was therefore named as “A-form” (aggregated-form) peptides. 

To the second group instead belong to more distant old-world monkey orthologues 

such as that of the leaf eater monkey presbytis obscrus, pobRL-37 or the rhesus 

macaque (macaca mulatta) mmuRL-37, which have a preponderance of positively 

charged amino acid residues in their sequence, so that electrostatic repulsions exceed 

the attractions. These peptides are unstructured and monomeric in physiological 

solution, folding into helices only in presence of negatively charged membranes, so 

were named “F-form” (free-form) peptides.  

There are consistent differences in the biological activity and mode of actions 

between the A- and F- form peptides. The F-form peptides tested by Zelezetsky et al, 

were consistently more efficient in permeabilizing bacterial membranes and inhibiting 

bacterial growth in vitro, especially with respect to Gram-positive bacteria. A-form 

peptides showed a more medium-sensitive antibacterial activity, so that the aggregated 

form of these peptides seems to make  them “stickier” to medium-components and/or to 

peptidoglycan or to other molecules in the bacterial outer membrane (Tomasinsig et al., 

2009; Zelezetsky et al., 2006), inhibiting their trajectory to the bacterial membrane.  

The effect of the form and peptide structure in bulk solution on the mechanism used 

to permeabilize bacterial membranes was studied by Morgera et al, using the human 

LL-37 and macaque RL-37 as prototype peptides for A- and F-form groups (Morgera et 

al., 2009). From this study it was proposed that mmuRL-37 caused a more rapid 

depolarization and efficient permeabilization of the bacterial membrane than LL-37. 

Furthermore, ATR-FTIR and AFM experiments in the presence of supported PG 

bilayers suggested a deeper insertion of the F-form peptide into the lipid bilayer than 

LL-37, a more disruptive effect on the membrane order, and a different type of lesion to 
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the membrane. Diverse mechanisms of action were proposed (Figure 1.7): a detergent-

like carpet mechanism for the macaque peptide and a toroidal-pore formation for LL-37 

(Morgera et al., 2009). 

These differences were then found to extend beyond the antibacterial mode of action. 

Tomasinsig et al, reported differences in the capacity of the peptides to stimulate host 

cells (Tomasinsig et al., 2008). Peptides that showed a structural propensity similar to 

that of LL-37 were able to stimulate fibroblast differentiation, activating via the P2X7 

receptor, while F-form peptides were less effective. Activation of this receptor thus 

seems to be affected by the structural/aggregational properties of A-form peptide, which 

may bind to the receptor in a non-canonical manner, possibly accumulating in the 

membrane around it and interacting with the transmembrane domains.   
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Figure 1.7 Modes of action of A- and F-form peptides. The form of the peptides in solution affects the interaction with the 

microbial surface (A) and the efficiency with which it crosses the outer cell-wall components (B) before it can interact with, 

and permeabilize the cytoplasmic membrane (C), using different mechanisms. Adapted from (Morgera et al., 2009). 

F- form A- form 

Gram - Gram + 

Membrane 
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1.4.4 Multiple biological roles of LL-37  

Beside its direct antimicrobial activity, LL-37 is involved in different mechanisms 

that contribute to protect the host form infections, and promote wound healing. 

Important roles of this pleiotropic peptide are; i) an efficient antiseptic activity, ii) 

chemotaxis; iii) immunomodulatory and immunostimulatory activities; iv)a pro-

apoptotic function and v) stimulation of angiogenesis. All of these various functions, 

some of which are mediated through activation of multiple receptors, dependent on the 

cell type and context, are possible despite a small, and relatively simple, structure.  

Antiseptic activity: Sepsis is characterized by an uncontrolled inflammatory as well 

as anti-inflammatory response of the immune system to bacterial components (Adib-

Conquy and Cavaillon, 2012). This over-reaction is one of the main causes of death in 

intensive care units worldwide. Although major wall components of Gram-positive 

bacteria (peptidoglycan and LTA) can induce sepsis, the highest incidence of this 

reaction is due to LPS form Gram-negative bacteria, a pathogen-associated molecular 

pattern (PAMP) that elicits a potent local inflammatory response by TLR4 activation 

(Miller et al., 2005). While this response is essential for fighting bacterial infection, an 

abnormal reaction may lead to septic shock and irreversible tissue damage. LL-37 is 

able to bind directly to toxins such as to LPS and LTA, forming a complex which 

prevents interaction with TLR receptors, thus reducing cytokine production and cell 

activation (Nagaoka et al., 2002). The direct interaction with LPS appears to be due to 

finely tuned physico-chemical properties of LL-37, as small changes in charge, helicity, 

amphipathicity or hydrophobicity affect significantly its ability to bind and neutralize 

LPS (Nagaoka et al., 2002). The presence of LL-37 at the site of infections may thus 

reduce the incidence of septic shock. 

Chemotaxis: A main effect of LL-37, as part of its “alarmin” function, is to attract 

cells capable of protecting from microbial threat to the site of infection. LL-37 

expressed by infected epithelial cells can directly activate FPR2 (formerly known as 

FPRL1), a GPCR (Gαi-coupled) (Fu et al., 2006), resulting in attraction of innate 

immune cells such as neutrophils and dendritic cells. Neutrophils can phagocytose 

microbes and contribute to further release of LL-37 from their storage granules at the 

site of infection. Antigen presenting cells, such as dendritic cells, can instead form a 

bridge between innate and adaptive immune responses, calling specific subpopulations 

of T-cells to the site of infection. 
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A large number of studies have suggested that FPR2 is not the only receptor for LL-

37, with alternative suggested receptors being CXCR2 (known as the IL-8 receptor) and 

MrgX2, found to be activated by LL-37 in human mast cells (Vandamme et al., 2012). 

LL-37 can indirectly attract innate immune cells to the site of infection by inducing 

secretion of IL-8 from macrophages, fibroblasts and epithelial cells, which attracts more 

neutrophils to help fight the infection. Furthermore, primary monocytes have been 

reported to produce CCL4, CCL20 and CXCL1 (previously named GROα), upon 

treatment with LL-37 (Vandamme et al., 2012). These chemokines are also capable of 

attracting more neutrophils.  

Immunostimolatory and immunomodulatory activities: Apart from attracting cells of 

the immune system to combat the infection, LL-37 is able to stimulate and modulate 

their action. The immunostimulatory and immunomodulatory effects of LL-37 may be 

mediated through the interaction with the purinergic receptor P2X7, leading to the 

release of IL-1β and IL-8 (Tomasinsig et al., 2008). Transactivation of EGFR also 

results in the production of cytokines, as well as in the migration and proliferation of 

cells (Braff et al., 2005). 

LL-37 can stimulate a balanced production and release of: IL-2, IL-4, IL-6, IL-1b, 

IL-10, IL-12, TNFα and CCL3 from different type of cells, such as mast cells, 

monocytes, fibroblasts, epithelial cells and keratinocytes. These cytokines are important 

mediators of both pro- and anti-inflammatory responses (Vandamme et al., 2012). Apart 

from directly inducing cytokine production and secretion, LL-37 also has an important 

modulating role. In response to tissue or cell damage or to pathogen associated 

molecular patterns (PAMPs), TLRs are activated, resulting in a specific inflammatory 

response. LL-37 is able to modulate this response by either upregulating (Pistolic et al., 

2009) or downregulation (Zughaier et al., 2005) the expression of key cytokines, so 

balancing the equilibrium between pro-and anti-inflammatory responses. Disrupting this 

balance can result in an increased risk of infection, lack of wound healing, increased 

incidence of autoimmune diseases and/or chronic inflammation. Examples of diseases 

associated with an abnormal expression of LL-37 are psoriasis, rosacea, atopic 

dermatitis and cystic fibrosis (Bucki et al., 2007; Reinholz et al., 2012).  

Regulation of apoptosis: During an infection, LL-37 regulates apoptosis of the most 

important cells involved, through activation of TLR2 and P2X7 receptors, via an 

intracellular circuit that leads to a decreased caspase-3 activity and an increased bcl-xl 

anti-apoptotic protein expression (Zasloff, 2009). Epithelial cell apoptosis is suppressed, 
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resulting in a prolonged period where these cells are able to produce chemokines and 

cytokines. Neutrophil apoptosis is also suppressed, resulting in a prolonged time during 

which they can kill microbes at the site of infection. Moreover, LL-37 inhibits LPS-

induced apoptosis of endothelial cells in certain organs like the liver and lung, which 

may inhibit the development of sepsis (Nagaoka et al., 2006).  

Wound healing and angiogenesis: Once the infection is cleared, tissue damaged by 

infecting microbes, or the reaction of the immune system, needs to be repaired. LL-37 

plays an important role in this process as well. Epithelial wound healing requires the 

migration and proliferation of epithelial cells, angiogenesis, and the inhibition of 

collagen production by fibroblasts to avoid too much scar tissue. Many of these effects 

are mediated through the transactivation of the epidermal growth factor receptor, EGFR. 

Activation of the EGFR in epithelial and endothelial cells, as well as in fibroblasts, 

results in the activation of different pathways that cause cell migration and/or 

proliferation, which contribute to repairing of the tissue damage. LL-37 is reported to 

activate FPR2 and P2X7 in epithelial cells and fibroblasts, resulting in similar 

proliferative effects as EGFR activation (Tomasinsig et al., 2008). Apart from epithelial 

wound healing, LL-37 was also found to be implicated in bone healing. Blood 

monocytes in the presence of LL-37 are stimulated to migrate to the site of bone 

fracture and to differentiate into mono-osteophils (bone-forming cells) (Vandamme et 

al., 2012). 

Wound healing may also require the formation of new blood vessels. LL-37 is able to 

recruit endothelial progenitor cells to the site of wound healing and induces their 

proliferation, stimulating angiogenesis by acting through an NFκB dependent pathway 

(Pfosser et al., 2010).  
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1.5 Biochemical and Biophysical methods described in this thesis  

 

1.5.1 Circular Dichroism (CD) 

CD spectroscopy is commonly used for analysing the secondary structure of 

peptides/proteins in different solutions. It is also a facile and very effective way of 

following conformational transitions that occur on changing the environment. The effect 

on peptide structure can be easily evaluated since measurement can be performed in 

different solutions, buffered or organic, and in presence of membrane-like 

environments. The low quantities peptide required and the relatively simplicity of the 

technique make it a method of choice for probing peptide structure (Kelly et al., 2005).  

Circular dichroism is an optical phenomenon, by which chiral molecules are able to 

interact with the linearly polarized light, absorbing differently its left- or right-circularly 

polarized components and as a result the light is converted into elliptically polarized 

light. The ellipticity is defined as ϴ, the angle of polarization, and is measured in 

degrees, (deg) or millidegrees (mdeg). Far-UV (190 – 240 nm) CD is used for 

determining protein structure, since amide bond electrons absorb in this energy range. 

The intensity and energy of electron transitions depend on the secondary structure of the 

protein, so that different types of regular secondary structure give rise to characteristic 

CD spectra in the far UV (Figure 1.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although it does not provide high-resolution data, it is very sensitive to protein 

structural perturbations over a wide range of experimental conditions, including 

Figure 1.8 CD spectra of the different peptide’s secondary structure. (provided from: 

www.proteinchemist.com) 
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temperature, pH, and solution compositions. A disadvantage of this method is that it is 

not possible to discriminate the contribution of different secondary structures in 

equilibrium, especially for the minority forms, with accuracy. On the other hand, in the 

case of amphipathic helices, CD can provide information on the aggregational state of 

the protein, considering the ration between the two minima at 222 nm and 208 nm. It is 

assumed that the protein is in a monomeric form when ϴ 222/  ϴ 208  is less than 1, and 

vice versa (Lau et al., 1984). 

 

1.5.2 Fluorescence Spectroscopy 

Fluorescence measurements can be broadly classified into two types: steady-state 

and time-resolved. 

Steady state measurements, the most common type, are performed with constant 

illumination of the sample. This is a very useful technique for a detailed study of the 

protein/peptide folding and oligomerization as well as peptide-membrane interaction. 

Nowadays, there are a number of different unnatural fluorescent amino acids that can be 

used as spectroscopic probes which can be easily incorporated into the peptide 

sequence, in absence of natural fluorescent amino acids in the native peptide.  

In this study I have used L-p-cyano-phenylalanine (FCN), a small non-proteinogenic 

fluorescent amino acid which is an isostere of phenylalanine or tyrosine,  (Figure 1.9), 

and which does not perturb peptide secondary structure (Aprilakis et al., 2007).  

 

 

 

 

Figure 1.9 The chemical structure of the fluorescent probe p-cyanophenylalanine 

 

I therefore systematically replaced Phe residues with FCN, given that its fluorescence 

quantum yield is nearly 5 fold greater than that of Phe (Tucker et al., 2006). The CN 

moiety has a polarity intermediate between an amide and a methyl group, allowing this 
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side-chain to place itself either near the polar surface of a protein or in its hydrophobic 

interior. FCN is a very good probe for the local environment since its emission is very 

sensitive to its surroundings, and is dynamically quenched in presence of different 

halogen ions, such as Cl-, I- and Br- (Pazos et al., 2013). This can be used to investigate 

the degree of the protection or exposure of the CN group during peptide folding. 

Inserting this fluorescent probe in different peptide regions may thus give very detailed 

information on the conformation of the peptide in solution and how each region 

participates in the folding process.  

A problem with using steady-state fluorescence as an indicator of the environment 

surrounding the FCN probe is that, like CD spectroscopy, it does not discriminate 

peptides in equilibrium between different conformational or aggregational states, each 

of which could affect solvation and intermolecular interactions, and thus the 

fluorescence, in different ways. In other words, it only provides an averaged measure of 

the probe’s environment. In this respect it is more useful to monitor the emission decay 

kinetic, as this can report on coexisting probe populations having different fluorescence 

lifetimes.  

Time-resolved measurements consist in illuminating the sample with pulsed light, 

where the pulse width is typically much shorter than the decay time of the sample. 

Recording the intensity decay with a Time Correlated Single Photon Counting (TCSPC) 

system permits the intensity to be measured in a ns timescale (Figure 1.10), so that the 

pulse is required to be low or sub-ns.  
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Figure 1.10 Pulse or time-domain lifetime measurements. (Adapted from Lakowicz J.R.  2006). 
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The time dependent intensity is measured following the excitation pulse, and the 

decay time (τ) is calculated from the slope of a plot of log I(t) versus t (Figure 1.10). 

The lifetime or decay time of a fluorescent molecule is the average time the molecule 

spends in the excited state prior to return to the ground state. The fluorescence lifetime 

depends on the environment and is proportional to the fluorescence QY of the molecule. 

A fluorophore may show significantly different lifetime values when the environment 

around it changes. For example, Trp shows distinctly different lifetimes when exposed 

to an aqueous environment (pH 7, τ ~ 3 ns) or when it is buried in the hydrophobic core 

of a folded protein (τ ~ 0.5 ns).  

Recent studies have reported that the fluorescent decay of FCN is very sensitive to 

hydrogen bonding involving the cyano (CN) group, and this makes it a useful probe not 

only for probing the hydration/dehydration status, but also for probing intra-molecular 

or inter-molecular H-bonding within polypeptides. Thus, while the fluorescence decay 

of FCN is mono-exponential manner in water, with a lifetime of about 7 ns, it can 

become non-exponential when it is inserted into in proteins exhibiting different 

conformations (Serrano et al., 2010).  

This technique provides more information than is available from the steady-state 

data, as it can discriminate the lifetime of two probes inserted in different parts of the 

peptide sequences, or the coexistence of one probe in two peptide populations with 

different conformation. Furthermore, the measurement of the fluorescence lifetime is 

more robust then the measurement of the fluorescence intensity, because it depends on 

the intensity of the excitation, and not on the concentration of the fluorophores. Steady-

state and time-resolved techniques should however be considered as complementary 

techniques, useful for elucidating different aspects of the multi-parametric fluorescence 

nature of the probes. 

 

1.5.3 Surface Plasmon Resonance 

Surface Plasmon Resonance (SPR) spectroscopy (for example using the Biacore 

X100 instrument) is a powerful biochemical technique for studying macromolecular 

interactions and it can be applied to study either peptide-peptide or peptide-membrane 

interactions. The biomolecular interactions are studied on the surface of the so-called 

“sensor-chip”, which is composed of a glass slide with a thin layer of gold deposited on 

it. The gold surface is in turn coated with a dextran matrix functionalized with 
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appropriate chemical groups, such as carboxymethyl groups, that allow covalent 

immobilization of molecules such as polypeptides or proteins, via formation of amide 

bonds (i.e the CM5 chip). Alternatively the dextran matrix can be coated with lipophilic 

chains able to capture and anchor liposomes, which act as immobilized membranes (L1 

chip). The molecules anchored the surface of the chip are termed ligands, while 

molecules subsequently applied in solution across the surface are termed analytes. In the 

Biacore system, the phenomenon of SPR is used to detect intramolecular interactions 

between the ligand and the analyte in real time. Polarized laser light is reflected off the 

thin layer of gold, from underneath, and through the SPR effect, the angle of reflection 

depends on the refractive index of material above the gold later. As the molecules bind 

to the sensor surface, the refractive index close to the surface changes, and this alters the 

critical angle by which the light is reflected from the surface (measured in resonance 

units, RU), and can be monitored as a plot of RU versus time (Figure 1.11). The 

resonance signal is proportional to the mass of the molecules bound to the surface. 

Binding of molecules can be detected down to changes of a few picograms or less per 

square millimeter on the sensor surface. Thus Biacore can give quantitative, but also 

qualitative, information of the interaction between molecules, such as the specificity, 

the kinetics and the affinity of an interaction. 

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.11 Schematic representation of SPR technique, adapted from (Cooper, 2002). 
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In this thesis SPR spectroscopy has been used to analyse peptide self-association in 

different environments, by using the same peptide molecule as both analyte and as 

ligand (bound to CM5 chip). Furthermore structurally diverse peptides in solution were 

used to investigate the interactions with both anionic and neutral model membranes, 

which were anchored to an L1 chip where liposomes were captured on the chip’s 

surface, in order to form a mimetic membrane bilayer.   
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2. AIMS OF THE STUDY 

This work aims at defining the mode of action of the human cathelicidin LL-37, 

correlating its structure and conformation in solution, or upon binding to the biological 

membranes, with the antibacterial activity and the immunologic effects. The features 

responsible for the multiple roles that LL-37 is able to exert are linked not only with the 

physico-chemical properties of its structure, but also with its capacity to self-assemble. 

It is still not clear what determines this aggregation of the peptide in solution and what 

effects this may have on the biological activity of LL-37. In this context, this thesis 

proposes to study peptide-membrane interaction by: 

1. Carrying out comparative studies between LL-37 and its orthologue in macaque, RL-

37, following from previous work performed in our laboratory. The differences 

between their structures were investigated by rationally designing fluorescent 

analogues, obtained by systematically replacing Phe residues with PheCN, a non-

invasive fluorescent probe sensitive to its environment. Furthermore, structural 

studies were correlated with the mode of interaction with the bacterial membranes, 

with the in vitro antibacterial activity and with the capacity to interact with host cell-

type membranes.   

2. Evaluating the effect of oligomerization on the biological activity of LL-37 by 

studying its parallel and antiparallel dimers. To this end, analogues were rationally 

designed so as to form covalently linked, obligate dimers of different types. 

Membrane-permeabilizing and bacterial growth kinetics assays in the presence of the 

dimers gave useful information on the effects of LL-37 self-assembly on its in vitro 

activity against bacteria. 

3. Quantifying how many molecules participate in the native oligomeric form of LL-37. 

For this purpose, an analogue was designed to contain the photo-crosslinkable Bpa 

residue, replacing Phe5, which is capable of forming covalent bonds with adjacent 

free CH groups when irradiated with UV light. With this method I could determine 

the extent of the self-assembly for LL-37 both in solution and the in presence of 

model membranes. 

4. Finally, to use the information acquired on the effects of structural parameters, I 

investigated how inter- or intra-molecular salt-bridging drives the oligomerization of 

LL-37. A set of its analogues were designed by the rational use of minimal residue 

modification, such as replacing one, or inverting the position of two or four adjacent 
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charged residues, in order to alter the intermolecular salt-bridges. This approach was 

used in order to observe what consequences an alteration in the propensity of LL-37 

to oligomerize had on its antibacterial activity and mode of action. 
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3. MATERIALS AND METHODS 

 

 
3.1 Peptide synthesis, purification and quantification 

Several peptides were synthesized in order to meet the aims of this thesis. These can 

be classified in two main groups: i) the endogenous peptides LL-37 and RL-37 

themselves, and ii) their rationally designed analogues. The latter group can be 

subdivided in four subgroups: a) fluorescent LL-37 or RL-37 analogues along with two 

small fluorescent reference peptides, b) two parallel and one antiparallel, covalently 

linked dimeric forms of LL-37; c) a photo-crosslinkable LL-37 analogue,  and d)LL -37 

analogues with residue alterations (see Table 1). 

All peptides syntheses were performed with a CEM Liberty automated microwave-

assisted peptide synthesizer, using Fmoc solid-phase chemistry. For all the peptides 

with a have a Ser residue at the C-terminal, a Ser-Pal-PEG resin was used (substitution 

0.24 mmol/g, Novabiochem). The two small two reference peptides were synthesized as 

C-terminal amides using a PAL-PEG-PS resin (substitution 0.34 mmol/g, Applied 

Biosystems), while the C-terminal cysteine-labelled LL-37 analogue was synthesized 

using a cysteine-linked 2-chlortrityl chloride resin (Novabiochem, substitution 0.2 

mmol/g). 

For the peptides of subgroup (b), single Phe residues at each position where this 

occurs were replaced by L-4-cyano-phenylalanine (PheCN or FCN, Sigma Aldrich). The 

analogue from subgroup (c) was obtained by replacing a single Phe residue at position 5 

with p-Benzoyl-phenylalanine (Sigma–Aldrich). All other protected amino acids were 

from Novabiochem (Merck Millipore).  

Couplings were carried out with a 4-fold excess of incoming amino acids in NMP 

(N-methyl pyrrolidone) and were activated with either PyBOP or HCTU. The 

deprotection of the Fmoc group was carried out using a solution of 20% piperidine, 0.1 

M HOBt in DMF.  

On synthesis completion, peptides were cleaved from resins using appropriate 

versions of the reagent K composed by 87% TFA (trifluoroacetic acid), 2% TIPS 

(triisopropylsilane), 3% water and 8% DODT (3,6-dioxa-1,8-octanedithiol) for 4 h at 

room temperature (22°C), under continuous stirring, and then precipitating in ice-cold 

TBME (methyl t-butyl ether).  
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Table 1. Sequences and molecular weight of the peptides used in this thesis 

 

 

 
Peptides* Sequence* MW (Da) 

calculated measured 

i LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 
4493.4 4493.1 

 RL-37 RLGNFFRKVKEKIGGGLKKVGQKIKDFLGNLVPRTA 
4101.0 4101.9 

ii     

a) LL-37(FCN)
5
 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 

4518.4 4518.1 

 LL-37(FCN)
17 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 

4518.4 4517.9 

 LL-37(FCN)
27 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 

4518.4 4518.0 

 RL-37(FCN)
5
 RLGNFFRKVKEKIGGGLKKVGQKIKDFLGNLVPRTA 

4126.0 4127.6 

 RL-37(FCN)
27

 RLGNFFRKVKEKIGGGLKKVGQKIKDFLGNLVPRTA 
4126.0 4126.2 

 GFCNKG  GFKG 
432.5 432.3 

 GFCNFKG  GFFKG 
579.7 578.3 

     

b) CTD 
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTESC 
                                     │ 
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTESC 

9191.0 9190.8 

 NTD 
CLLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 
│ 
CLLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 

9191.0 9191.1 

 ADP CLLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 

└───────────────────────────────────┐ 
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTESC 

9190.0 9190.9 

  
 

  

c) LL-37(Bpa)
5
 

----B-------------------------------- 4598.5 4598.3 

     

d) LL-37(E
10

K
11

) 
---------EK-------------------------- 4493.4 4493.2 

 LL-37(K
16

E
18

) 
---------------K-E------------------- 4493.4 4493.3 

 LL-37(G
15

) --------------G---------------------- 4422.2 4422.1 

 
LL-37 

(E
10

K
11

E
18

K
16

) ---------EK----K-E------------------- 4493.4 4493.2 

 

*Symbols in the table refer to: F = FCN (Cyano-phenylalanine); B = Bpa (Benzoyl-

phenylalanine);  ─  = conserved residue; CTD = C-terminal dimer; NTD = N-terminal 

dimer; ADP = antiparallel dimer. 
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Crude peptides were purified on a preparative reversed-phase Phenomenex Jupiter 

Proteo C18 column (21.20 mm × 250 mm, 10 µm, 90 Å) generally using a gradient of 

30 – 60 % acetonitrile in 60 min with a 8 ml/min flow. Peptide purity was confirmed by 

ESI–MS on an Esquire 4000 mass spectrometer (Bruker Daltonics). 

The lyophilized peptides were then repeatedly freeze-dried from 10 mM HCl to 

remove TFA counterions, and subsequently were dissolved in water. The concentration 

of peptide stock solutions was quantified using three or four independent methods: i) 

accurately weighing the peptide used to prepare solutions, ii) spectrophotometric 

determination of the peptide bonds using ε214 calculated as described in ref. (Kuipers 

and Gruppen, 2007), iii) by measuring the differential absorbance at 215nm and 225nm 

(Waddell, 1956) and iv) in the case of peptides bearing FCN by measuring the absorption 

at 240 nm and using the reported extinction coefficient (ϵ240 = 13.000 M-1 cm-1) (Tucker 

et al., 2005).  

 

3.1.1 Homo and hetero dimer synthesis 

The monomeric LL-37 analogue peptides labelled with a cysteine at the C- or N-

termini, LL-37-Cys38 and Cys1-LL-37 respectively, were synthesized on solid phase at a 

0.1 mmol scale, as previously described. In order to form the covalent dimers, aliquots 

of each peptide were oxidatively dimerized. The homodimers (LL-37-Cys38)2 (or CTD, 

C-terminal dimer) and (Cys1-LL-37)2 (or NTD, N-terminal dimer) were achieved by 

dissolving 1 mM peptide in 20% DMSO in water at pH 6.5–7 for 48 h (Tam and Shen, 

1992). The reaction was followed with an analytic column in RP-HPLC and the dimeric 

peptide is successively purified when the reaction was completed.  

Different approaches were undertaken in order to obtain the heterodimer (LL-

37Cys38-Cys1)2 (or APD, antiparallel dimer). In the first method, Boc-Cys(Npys)-OH 

(Sigma-Alrich) was attached to the N-terminal of LL-37. After peptide cleavage from 

the resin the base-labile Npys protecting group remains attached to the Cys residue. 

This group is known to be a both a good protector and activator of Cys, and the 

deprotection occurs only in presence of free SH (Andreu et al., 1994). In order to obtain 

the heterodimer, to the water solution of 2 mg/ml Cys(Npys)1-LL-37 were added, every 

2 h, three aliquots of 0.5 mg of LL-37-Cys38 in powder. The solution was adjusted with 

NaOH to pH 6. The reaction occurred overnight, under continuous stirring and in 

absence of O2. After purification in RP-HPLC, the correct mass of the dimer was 
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confirmed with ESI-MS. In order to ensure the presence of the antiparallel heterodimer 

rather than CTD (homodimer), 100 µg of the dimer in sodium acetate at pH 6 was 

digested with 5 µg of chymotrypsin (bovine pancreas, Sigma). The mass of the 

fragments obtained were determined by LC–MS (Amersham Pharmacia ÄKTA 

instrument interfaced with the Bruker Daltomics Esquire 4000 instrument) using a 5–

60% acetonitrile gradient over 55 min, confirming the presence antiparallel dimer. 

Unfortunately, this method turned out not to be efficient when larger amounts of 

peptides were used (~ 50 mg). 

The second method adopted to obtain the heterodimer was simpler, less time-

consuming and was efficient when large amount of peptides were used. In this case, the 

same oxidizing solution as for the parallel dimers was used (20% DMSO in H2O, pH 6) 

mixing Cys1-LL-37 with an equal quantity of LL-37-Cys38 monomer still Fmoc-

protected at the N-terminus. This allowed discrimination and efficient separating of 

parallel homodimers from the target antiparallel heterodimer by RP-HPLC, monitored 

by ESI–MS. To the ADP solution was further added the same volume of 20 % 

piperidine in DMF (dimethylformamide) for 2 h in order to remove the Fmoc group, 

and then the antiparallel dimer was extracted using 10 fold of ice-cold TBME and 20 

fold of pure water. Finally ADP was purified by RP-HPLC as described above. 

 

 

3.2 Peptide structure characterization  

3.2.1 Circular Dichroism 

CD spectroscopy was performed 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 150 mM NaCl and 10 mM sodium phosphate 

buffer (PBS) at pH 7.4, or 10 mM and 100 mM sodium phosphate (SPB), as well as in 

the presence of the folding inducer trifluoroethanol (50% TFE in SPB buffer) and in 

presence of large unilamellar phospholipid vesicles (LUVs, 0.4 mM w/v phospholipids 

in SPB). Peptide/LUVs suspensions (molar ratio 1:20) were incubated for 30 min at 37 

°C before use. Spectra are the average of at least three independent experiments, each 

with the accumulation of three scans. 
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3.2.2 Fluorescence spectroscopy 

The folding dynamics in solution and in presence of membranes of the two 

structurally diverse cathelicidin peptides, LL-37 and RL-37, was probed by performing 

fluorescence spectroscopy studies on their analogues in which selected phenylalanine 

residues present in the native sequences were systematically replaced with the 

fluorophore cyano-phenylalanine residue (FCN). The fluorescence intensity of 5 µM of 

the LL-37 or RL-37 fluorescent analogues was measured under different conditions, 

such as in H2O solution, 10 or 100 mM SPB, in H2O solutions titrated with 25-200 mM 

NaCl,  or in the presence of anionic or neutral model membranes (LUVs) in 100 mM 

SPB. Measurements were carried out at 22.5°C using a Perkin Elmer LS50B or a 

Fluorolog, Jabin Yvon Horiba spectrofluorometer. For all these environments, 

fluorescence emission intensity was followed at 300 nm after excitation of FCN at 240 

nm, using slits of 2 nm. Two unstructured and membrane-inactive reference peptides, 

GFCNKG and GFCNFKG were used as a control of the emission of the FCN when it is 

fully exposed to the environment and when it has a Phe residue in its proximity, 

respectively mimicking the sequence environments of Phe17/Phe27 and Phe in LL-37.   

 

3.2.3 Time-resolved florescence spectroscopy 

Time-resolved fluorescence studies were performed as a complementary study to the 

steady-state fluorescence results. This technique gives more detailed information on the 

environment surrounding the probe, and can reveal the existence of the probe in more 

than one environment, resulting, for example, from an equilibrium between different 

conformations for the fluorescent peptides. Fluorescence decays were determined at 

22.5°C using a FluoTime200 Time-resolved spectrometer (PicoQuant, Berlin, 

Germany) with a PDL 800-D picosecond pulsed diode laser driver unit, a PicoHarp 

time-correlated single photon counting system and PMA-182 photo multiplier tubes 

(based on H5783 photosensor modules, Hamamatsu). Excitation pulses at 247nm were 

LED generated with a pulse width of 840 ps. The repetition frequency of the excitation 

pulses was set to 10 MHz. The setup was equipped with polarizes and a cuvette holder 

(TLC 50, Quantum northwest, WA, USA) with Peltier temperature regulation and 

magnetic stirrer. The fluorescence decays were measured under the same conditions as 

steady state determinations. The obtained data were subject to either mono- or bi-

exponential fit using FluoFit (PicoQuant) and taking into account the non-uniform 
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instrumental response function through reconvolution. IRFs were determined by 

recording the scattering of dilute solutions of Ludox (Sigma Aldrich) in water. 

 

  

3.3 Peptide self-association in solution and in presence of membranes 

3.3.1 Photo-crosslinking in solution and in presence of LUVs 

In order to quantify the number of LL-37 molecules assembled in the oligomeric 

form, we replaced residue Phe5 with a cross-linkable residue, benzoyl-phenylalanine. 

The peptide variant LL-37(Bpa5), obtained by solid-phase synthesis (described above), 

was irradiated in solution, and in the presence of the model membranes. Peptide 

solution at 100 µM was prepared under different conditions, such as water, PIL buffer, 

10 mM SDS micelles in 10 mM SPB or 50% TFE in 10mM SPB, in order to test the 

effect of the peptide conformation on cross-linking. Irradiation was performed by 

exposing peptide solution in a 2 mm pathlength quartz cuvette, laid flat on the surface 

of a TLC plate UV lamp, to 1, 15 or 30 min irradiation at 365 nm. Furthermore LL-

37(Bpa5) was also irradiated in the presence of negatively charged and neutral LUVs 

that mimic the bacterial and the host membranes respectively. In this case the ratio of 

peptide to phospholipid used was 50 µM : 1 mM respectively. In the presence of LUVs 

at this phospholipid concentration, some scattering occurs, resulting in an 8 – 15 % loss 

of light intensity at 365 nm over the 2 mm pathlength, which may slightly reduce the 

efficiency of the photochemical reaction. 

 

3.3.2 Purification of the photo-crosslinking products with SDS-PAGE 

Tricine-SDS-PAGE (16% bisacrylamide) was performed as described (Schagger, 

2006), in order to separate the photo-crosslinked products obtained after different times 

of irradiation. Non-irradiated LL-37(Bpa5) and the covalently linked NTD were used as 

references for the monomer and dimer respectively. Peptide (3 µg) dissolved in the non-

reducing sample buffer (12% SDS, 30% glycerol, 150 mM Tris-HCl pH 7.0, 0.05 % 

Bromophenol blue) was loaded into each well. The peptides were run at 50 V into the 

stacking gel (4% of bisacrylamide) for the first 20 min and then at 120 V for 50 min. At 

the end of the run the gel was immerged in Coumassie staining solution for 12h. After 

the staining step, the gel was washed 3-4 times in the destaining solution (10% 
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CH3COOH in H2O). In order to check weather less concentrated cross-linking products 

are present, silver staining was also applied as described (Chevallet et al., 2006). 

Quantitative analyses of the gel profile were carried out using the GelNetQuant 

software. For all lanes, the total intensity was normalized to 100% to remove loading 

variations. Cross-linking under each condition was determined in at least two separate 

experiments, showing similar results. 

3.3.3 Analyses of the type of cross-linked dimer by enzymatic cleavage 

To investigate the orientation of peptide chains in the UV-crosslinked dimer, 2 mg of 

LL-37(Bpa5) was irradiated for just 1 min in PIL buffer and the dimeric peptide was 

purified with RP-HPLC in a semi-preparative column, using a 30–60% gradient of 

acetonitrile over 60 min and then an isocratic gradient at 70% acetonitrile. The correct 

mass of the dimer was confirmed with ESI–MS. Chymotrypsin (bovine pancreas, 

Sigma) was then used to digest 100 µg of the dimeric peptide obtained in 139 mM PBS 

(pH 7.4), 10:1 peptide/enzyme for 30 min or 24 h at 37°C. The mass of the fragments 

obtained were determined by LC–MS (Amersham Pharmacia ÄKTA instrument 

interfaced with the Bruker Daltonics Esquire 4000 instrument) using a 5–55% 

acetonitrile gradient over 50 min. 

 

3.4 Peptide-membrane interaction 

3.4.1 Preparation of model membranes 

In order to study the capacity of the peptides to interact with biological membranes 

we prepared liposomes (LUVs, large unilamellar vesicles) as model for the bacterial and 

host membranes. For the former type, anionic LUVs (or LUV(-)) were prepared with 

anionic phospholipids, such as L-α-phosphatidylglycerol (PG, egg yolk) and cardiolipin 

(dPG, bovine heart) at 95:5 w/w or with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phospho-rac-(3-lysyl(1-glycerol)) (DPPG) at 

4:1 w/w. Host-like membranes were neutral (LUV(0)) and were prepared with 

zwitterionic lipids L-α-phosphatidylcholine (PC, egg yolk), sphingomyelin (SM, egg 

yolk), together with cholesterol (Ch, ovine wool) (40:40:20, w/w) or using only DPPC. 

All lipids were obtained from Avanti Polar Lipids.  

Lipids were first dissolved and mixed in chloroform/methanol (2:1). The organic 

solvent was then removed under a stream of nitrogen for 20 min and further vacuum-
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dried overnight. The lipid cake was re-suspended to a concentration of 4 mg lipid/ml in 

100 mM SPB by spinning the flask at 45°C (above the transition temperature of the 

lipids) for 1 h. The resulting multilammellar vesicle suspensions were then disrupted by 

several freeze-thaw cycles prior to extrusion through successive polycarbonate filters 

with 1 µm, 0.4 µm and 0.1 µm pores, using a Mini-Extruder (Avanti Polar Lipids, Inc.). 

LUVs were conserved at 4°C and always used within one or two days of preparation. 

3.4.2 Surface Plasmon Resonance 

Both inter-peptide interactions and peptide-membrane interactions were studied 

using an X100 instrument (Biacore, GE Lifesciences). In the first case, the peptide (LL-

37 or its analogue LL-37(K16E18), suspended in sodium acetate buffer (pH 5), was 

anchored to separate CM5 chips, following the protocol provided with the Biacore 

EDC/NHS coupling kit. The acidic conditions and peptide concentration used (50 

µg/ml) were such that the peptide was most likely to deposit on the surface as 

monomeric molecules. The level of the substitution reached after immobilization was 

equivalent to 50 RU for LL-37 and 250 RU for LL-37(K16E18). At these peptide 

concentrations on the chip the molecules should be well separated (~ 4-16 nm), given 

that 100 RU corresponds to 0.1 ng/mm2 of the surface (Besenicar et al., 2006). Peptide-

peptide interaction studies were performed either in mildly basic conditions using HBS-

EP (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20, 

GE Lifesciences), which favour helical structuring and oligomerization, or in acidic 

conditions using sodium acetate 10mM and 1 mM EDTA (pH 5), which prevent 

structuring and oligomerization. Free LL-37 in solutions from 4 to 64 µM was flowed in 

successive cycles for 3 min across the surface of the LL-37-modified chip to collect 

sensorgrams, and the analyte was then washed away after each cycle by injecting 50mM 

NaOH for 60 seconds. 

For peptide-membrane interactions, an L1 sensor chip with dextran matrix modified 

with lipophilic chains was used to capture liposomes (prepared as described above), that 

remain intact on its surface (Anderluh et al., 2005). Anionic LUVs were composed of 

(DPPC/DPPG, 4:1) and neutral LUVs of only DPPC. Liposomes in 139 mM PBS at 

1mM were flowed at 5µl/min over the surface till a plateau was reached (7000-8000 

RU) and 1 mM EDTA in PBS buffer was then flowed overnight to ensure a stable 

membrane coating. Bovine serum albumin (BSA), at 0.1 mg/ml in PBS, was used as a 

negative control to confirm complete coverage of the surface with LUVs, as described 
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previously (Zelezetsky et al., 2005). Peptide solutions (0.25-16µM) in PBS 150mM, 

EDTA 1mM) were flowed over the membrane layer for 240 seconds, followed by a 

dissociation time of 1800 sec. For the cases where the system reached a steady state 

during injection of the sample, it was possible to measure an affinity constant using 

suitable models for peptide-membrane interaction, and the numerical integration 

analysis provided by the BIACORE X100 Evaluation Software.  

 

3.5 In vitro antimicrobial activity studies 

3.5.1 Determination of the Minimal Inhibitory Concentration (MIC) 

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

minimum inhibitory concentrations (MIC), against Gram-positive and Gram-negative 

bacteria. The former include: i) Escherichia coli ATCC 25922, which bears a fully 

formed O-antigen on its outer membrane LPS, ii) E. coli BW 25113 strain, derived from 

the K12 strain, lacking O-antigen, and iii) its mutants ∆waaP and ∆waaY, which lack 

kinases required for LPS core-oligosaccharide phosphorylation at HepI and HepII 

respectively (Yethon et al., 1998). Gram-positive bacteria used were: i) Staphylococcus 

aureus ATCC25923; ii) S. aureus SA113 and iii) its ∆tagO and ∆dltA deletion mutants,  

respectively lacking the capacity to insert WTA (wall techoic acid) into the 

peptidoglycan, and the capacity to insert D-alanine residues on the WTA (Weidenmaier 

et al., 2005). 

MIC determinations were carried out using serial peptide dilutions (16 – 0.25 µM), in 

20% of Muller-Hinton (MH) broth in 10 mM SPB, on 2.5 x 105 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°. Bacterial growth was monitored also in 

the absence of peptide as a control. 

3.5.2 Inhibition of bacterial growth 

Beside the long-term observation of the peptide effect to bacteria provided by the 

MIC assay, we further investigated how bacterial growth was affected in the presence of 

different peptides, for shorter exposition times. For this purpose, 106 bacteria cells/ml 

were exposed to different peptide concentration in the presence of 20% MH in 10 mM 

SPB, and bacterial growth curves obtained by monitoring the optical density at 600 nm 

at 37°C for 4 h, using a Tecan Sunrise microtiter plate reader.  
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Quantification of growth inhibition (I, expressed in percentage) was determined from 

the relation between the absorbance in the presence and in the absence of peptide, 

according to the formula: 

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

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

intensity in the presence of a given peptide concentration. Furthermore, an IC50 value 

for growth inhibition was calculated as the mean peptide concentration that reduced 

growth to 50% of that in the absence of peptide, after 210 min. 

3.5.3 Bacterial membrane permeabilization assays  

The antimicrobial efficacy of the peptides was also evaluated by considering their 

capacity to interact with and to permeabilize bacterial membranes. This was followed 

using two different methods: i) for Gram-negative bacteria by means of chromogenic 

substrates normally impermeant into bacteria with intact membranes and ii) for Gram-

positive bacteria by detecting the signal of impermeant fluorescent probes internalized 

into bacteria cells on membrane breaching, using flow cytometry. 

In the first case, the permeabilization of the bacterial outer and inner membrane (OM 

and IN) was evaluated using the E. coli ML-35 pYC strain, able to expresses 

constitutively the periplasimc enzyme β-lactamase and cytoplasmic enzyme β-

galactosidase, and lacking the capacity to internalize saccharides  since it is deficient of 

lactose-permeases (Lehrer et al., 1988). Damages of the OM were evaluated by 

following the activity of the β-lactamase on its substrate CENTA, an impermeant 

chromogenic substrate for this enzyme (Jones et al., 1982), whereas IM 

permeabilization was evaluated following the activity of the cytoplasmic enzyme β-

galactosidase on its substrate Gal-ONp (o-nitrophenyl-β-D-galactopyranoside, formerly 

known as ONPG) (Lehrer et al., 1988), which is hydrolyzed to o-nitrophenol. E. 

coli ML-35 pYC mixed with 0,15 mM CENTA or 1.5 mM ONPG in 139 mM PBS were 

incubated for 90 min at 37°C with different peptide concentration in a 96-well 

microtiter. The hydrolysis products were monitored at 405 nm using 107 cells/ml 

bacteria. The concentrations of the substrates used were 0.15 mM CENTA and 15 mM 

Gal-ONp in 139 mM PBS. 

In the second case, flow cytometric analyses of membrane permeabilization were 

performed on a mid-exponential culture of S. aureus ATCC25923 (106 cell/ml) in 20% 
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MH broth in 10 mM SPB, treated with 4 µM peptide for 30 or 60 min at 22°C. PI 

(propidium iodide, Sigma–Aldrich) and was then added to final concentrations of 10 

µg/ml. Furthermore using fluorescent dyes linked with different size fluorescent 

particles we could distinguish the size of lesions to the membrane. For this purpose we 

used FITC linked with different molecular weight dextrans, such as FD4, -10, -20, -40 

and -70 with mass of respectively of 4, 10, 20, 40 and 70 kDa and with estimated 

diameters of 2.8, 4.6, 6.6, 9 and 12 nm (Sigma catalogue, Pandey, Imura). The 

concentration of FITC-Dx used was of 0.25 mg/ml. Cells were analysed using an FC500 

flow cytometer (Beckman Coulter). For each measurement, 10000 events were 

collected and stored as list mode files, which were then analysed using FCS Express 

(DeNovo Software). 

 

3.6 Evaluation of the toxic activity on host cells 

3.6.1 Haemolysis 

The haemolytic activity of the peptides was determined by monitoring the release of 

haemoglobin at 405 nm from human erythrocytes. Fresh blood (5 ml) from several 

different healthy donors was washed with 5 ml of ice-cold PBS with added EDTA (1 

mM). After 20 min of centrifugation at 400 g, the supernatant was well separated from 

the erythrocytes. Aliquots of 0.5% erythrocyte suspension in PBS were then incubated 

with different peptide concentrations, varying from 5 to 40 µM, at 37°C for 30 min. 

Haemolysis at 100% was determined by the addition of Triton X-100 (0.2% final 

concentration). The percentage of haemolysis was calculated according to the formula: 

% H = (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 of the erythrocyte suspension treated with 1% 

Triton-X. Evaluations are the result of at least three independent experiments, each 

carried out in triplicate. The HC50 value was taken as the mean concentration of peptide 

causing 50% of cell lysis. 

3.6.2 PI permeabilization detected in flow cytometry 

Human leukemic U937 monocytes (106 cells/ml in PBS) were incubated with the 

fluorescent probe PI (10 µg/ml) and with different peptide concentrations ranging from 
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0.5 to 40 µM at 37°C. Membrane perturbation was determined using the flow cytometer 

to monitor the emission at 610 nm of DNA-bound PI after 5, 15, 30 and 45 min of 

peptide exposure. To evaluate the extent of permanent damage with respect to transient 

membrane permeabilization, peptide was removed by washing twice with PBS after 30 

min exposure and cells were then resuspended in complete medium and incubated for 

24 h. Internalization of PI to these cells was then measured by flow cytometry. For each 

measurement, 10000 events were collected and stored as list mode files, which were 

then analysed using FCS Express (DeNovo Software).  
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4. RESULTS AND DISCUSSION 

 
 
 
4.1 ROLE PLAYED BY NATIVE OLIGOMERIZATION IN THE MODE OF 

ACTION AND BIOLOGICAL ACTIVITIES OF LL-37 

Article synopsis (Appendix I) 

The group in which I carried out my work has been engaged in studying how 

sequence characteristics selected during the evolution of primate cathelicidin peptides 

determine their mode of action (Morgera et al., 2009; Tomasinsig et al., 2009; 

Tomasinsig et al., 2008; Zelezetsky et al., 2006). From the analyses of the sequences 

and structural characteristics of a pool of primate orthologues of human LL-37, it 

emerged that these peptides conserve their amphipathic nature, but display different 

charges, and quite different structural behaviour in solution or in contact with biological 

membranes. This is likely due to the different proportion of acidic and basic residues in 

their sequences. They have consequently been classified into two groups, depending on 

their structural characteristics: i) A-form (Aggregated) peptides, to which the human 

peptide belongs and ii) F-form (Free, monomeric peptides), to which the macaque RL-

37 belongs (Zelezetsky et al., 2006). A-form peptides are able to assume an amphipathic 

helical conformation in solution, in the presence of appropriate salt conditions, as well 

as in the presence of biological membranes. This capacity has been related to the high 

content of both acidic and basic residues, which may stabilize the helical structure by 

forming a net of intra-molecular salt bridges in the polar sector of the helix that together 

with intermolecular electrostatic attraction, and hydrophobic forces involving the apolar 

surface of the helices, may favour self-assembly in solution. F-form peptides are able to 

adopt helical structure only in the presence of negatively charged membranes. In 

physiological solution they remain unstructured and monomeric, probably because in 

their case the balance of acidic and basic residues is unfavourable, and helix formation 

leads to an excess of intra-molecular repulsions among basic residues in the polar 

sector.  

Furthermore, from these studies it emerged that there is a strong correlation between 

the peptide’s conformation (and aggregational properties) in bulk solution, and its 

antimicrobial or host cell stimulating capacities (Morgera et al., 2009; Tomasinsig et al., 

2009; Tomasinsig et al., 2008; Zelezetsky et al., 2006). A-form orthologues, such as 
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human LL-37, are generally less active against bacteria, in particular against Gram-

positive ones, but are able to induce fibroblast proliferation via activation of P2X7 

receptor. F-form peptides, such as rhesus RL-37, are more efficient in inhibiting 

bacteria and their antibacterial activity is less sensitive to medium condition.  On the 

other hand, they were less effective in inducing fibroblast activation through the P2X7 

receptor, thus losing the capacity to stimulate their proliferation.  

4.1.1 Effects of oligomerization in the biological roles of LL-37 

In order to further probe the effects of self-assembly on the biological activities of 

LL-37 I have synthesized three covalently linked dimers by introducing an 

intermolecular disulphide bridge, as templates for its aggregated form (obligate A-form 

peptides). In the absence of any information on how peptide helices may orient on 

dimerization, I introduced a cysteine residues at either the N- or C-terminus and then 

prepared both types of parallel dimers (N-terminally linked dimer or NTD and a C-

terminally linked dimer or CTD), as well as an antiparallel dimer (APD). I then tested 

the effect of dimerization on the helix-forming propensity, on bacterial inactivation and 

permeabilization capacities, as well as the effect on host cell integrity. In all 

experiments, the concentration of covalent dimers considered was always half that of 

the monomer, so that the number of peptide strands was always equal. Results are 

described in detail in the publication in Appendix I, to which the reader is referred for 

data figures, tables and schemes detailing the results that I will discuss.  

In brief, CD studies in solution showed a greater propensity of the dimers to assume 

a helical conformation in solution, both at low and high salt concentrations, as well as in 

the presence of negatively charged and neutral model membranes. This suggested that 

dimerization both stabilizes the helical structure, likely via stacking of the helices, and 

favours the interaction with the membranes.  

The capacity of the peptides to permeabilize the bacterial membranes was tested in 

both Gram-negative bacteria (E. coli ATCC25922, E. coli BW25113 and its mutants 

with modified LPS core) and Gram-positive bacteria (S. aureus ATCC25923, S. aureus 

SA113 and its mutants which lack WTA or bear modified peptidoglycan layer). In 

contrast to what would be predicted by CD studies on model membranes, results 

showed that the covalent dimers were all less efficient than LL-37 in permeabilizing the 

bacterial membranes, with the N-terminal dimer (NTD) in particular being the least 
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efficient. On the other hand, LL-37 was less efficient than RL-37 at these activities, 

especially when higher salt concentrations were used. These results suggest that the 

self-assembly of LL-37 in solution detrimentally affects its capacity to reach and/or 

permeabilize the bacterial membrane, reducing its antimicrobial efficiency. This may in 

part be due to the aggregated form of the peptide being more subjected to interaction 

with medium components as well as with the components of the outer bacterial outer 

membrane, thus impeding its access to the membrane. The different kinetics of 

membrane permeabilization also reflect on the capacity to inhibit bacterial growth in 

vitro, given that for the dimeric peptides a 2-4 fold higher concentration was required to 

exert an inhibitory effect on 100% of the bacteria cells. Furthermore, we investigated on 

the nature and size of the lesions caused to S. aurues cells after treating with the 

monomeric RL-37, the self-assembling peptide LL-37 and the covalent dimers. To this 

end we used two fluorescent dyes of different size: PI (~ 1.6 nm) and FITC-Dx 40 kDa 

(FD40, ~ 9 nm). Interestingly the more active peptide RL-37 resulted in 

permeabilization only to PI, albeit most efficiently, indicating that it induces the 

formation of a lot of small lesions, while LL-37 resulted in FITC-Dx uptake, indicating 

that it induces fewer but larger lesions. This was in good agreement with previous 

studies based on AFM on supported membranes, where RL-37 was observed to cause a 

generalized disruption by of the membrane, possibly a form of the carpet-like 

mechanism, whereas LL-37 appeared to form wormhole-like lesion compatible with 

toroidal pores (Morgera et al., 2009). Surprisingly, while the C-terminal dimer (CTD) 

allowed even more efficient entry of the larger FD40, the N-terminal dimer NTD did 

not. This implies that the mode of membrane permeabilization by LL-37 may involve 

formation of discreet channel or toroidal pores that are favoured by dimerization, but 

require a free N-terminus. 

Finally, the effect of peptide self-assembly on the host cells, and in particular its role 

in determining the cytotoxicity of the peptides, was evaluated with the haemolysis test 

or following the PI uptake in the leukemic monocyte-derived cells U937 cells. CTD was 

found to be the most toxic peptide tested, against both cell types, causing both a 

significant haemoglobin release and PI uptake, at relatively low concentrations, 

followed by the antiparallel dimer and LL-37, whereas NTD was significantly less 

cytotoxic. A free N-terminus may thus be generally required for membrane interaction, 

be it with bacterial or host cell membranes.  
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4.1.2 Study of the extent of self-assembly of LL-37 in solution and in the presence of 

biological membranes 

Another essential aspect that needed further investigation was the degree of 

oligomerization of LL-37 under different conditions, how this is affected by membrane 

interactions, and how it affects the mechanism of membrane permeabilization. In 

solution, LL-37 had been reported to be in equilibrium between the monomeric and 

oligomeric state, probably up to trimers (Oren et al., 1999). The oligomeric form seems 

to persist in the presence of neutral membranes while there are contrasting reports on its 

behaviour in the presence of anionic membranes, with some studies suggesting it reverts 

to a monomeric form and others that it forms tetramers (Li et al., 2007) or toxic 

oligomers resembling amyloid-like fibrils (Sood et al., 2008). The aggregational state in 

the membrane is likely to be important for the mechanism reported above. I have thus 

prepared an LL-37 variant with a photoactive residue, as a non-invasive probe for the 

degree of oligomerization both in solution and in the presence of model membranes. For 

this I replaced Phe5 with 4-benzoyl-L-phenylalanine (Bpa), a benzophenone-like side-

chain that forms covalent bonds with spatially adjacent C-H groups if irradiated at 350-

360 nm (Dorman and Prestwich, 1994), as shown in the scheme below:  

 

 

 
LL-37(Bpa)5 was irradiated for 1, 15 and 30 minutes under different conditions, such 

as in pure water, in a salt buffer with plasma-like ion concentrations  (PIL), in TFE, in 

SDS micelles and in the presence of anionic and neutral liposomes. The cross-linking 

products were than analysed both with LC-MS and SDS-PAGE (Tricine, 16% 

bisacrilammide).  No oligomerization was found to occur in aqueous solution, where 

CD studies indicate it is likely a monomeric, random-coil, or in the presence of TFE, 

which induces helical conformation without oligomerization. In the presence of salt 
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Scheme 1. Photo-crosslinking in Bpa-modified peptides (adapted from (Dorman and 
Prestwich, 1994). 
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ions, which induce helix formation in aqueous conditions, and thus favour aggregation, 

cross-linked peptide oligomers were observed. After 1 min of irradiation it was possible 

to detect the dimeric peptide, and after 30 min of irradiation higher order oligomers up 

to hexamers were observed. Irradiation in the presence of anionic membranes lead to 

only dimeric or trimeric forms, so that the level of oligomerization is somewhat reduced 

with respect to irradiation in buffered solution, but this confirms that some level of 

oligomerization can persist within bacterial membranes. Furthermore, oligomerization 

seems to be more favoured in the presence of neutral membranes, since it extends to the 

tetrameric peptide form. However, in the presence of both types of model membranes, a 

strong monomeric peptide band was also observed by SDS-PAGE, and had the form of 

a closely spaced doublet, probably due to LL-37(Bpa)5 cross-linked to the acyl chain of 

the phospholipids. So it appears that the oligomeric peptide disperses to some extent on 

contact with membranes, especially anionic ones, and is in a sufficiently intimate 

contact with phospholipids to allow for cross-linking with them. 

We proceeded to investigate the relative orientation of peptide chains in the cross-

linked dimeric form, obtained by irradiating in PIL for just 1 min. On purification by 

RP- HPLC, a broadened peak was observed corresponding to the dimeric peptide, 

which was digested with chymotrypsin that efficiently cleaves the peptide bond on the 

carboxyl side of a phenylalanine residue (e.g. at positions 6, 17 and 27. From the 

analyses of the digested patterns in LC-MS, and considering that cross-linking occurs at 

position 5, we inferred that a parallel orientation of the monomers is preferred in the 

dimeric form, given the abundant presence of the C-terminal fragment, LL-37(18-37), 

of the dimeric peptide missing the fragment 1-6 on just one chain, and of the free 1-6 

fragment. To further test this conclusion we carried out simple modelling of 

dimerization, using the DrawCoil applet (Grigoryan and Keating, 2008), which 

determines electrostatic interactions (attractions and repulsions) in the parallel or 

antiparallel orientation of the helices in a coiled-coil. From this study it emerged that the 

parallel alignment of the helices favours both electrostatic and hydrophobic interaction. 

4.1.3 Conclusions 

My studies have provided new insight into the structure and mode of action of A-form 

LL-37, and how this differs from its F-form macaque orthologue RL-37. Drawing also 

from data obtained previously by my research group, I suggest that i) LL-37 structures 
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and assembles in physiological salt concentrations forming oligomers at least up to 

hexamers; ii) this increases its tendency to interact with medium components, as well as 

the outer wall components of bacteria (LPS, WTA etc), in a manner that leads to 

sequestration and a decrease in antibacterial activity with respect to monomeric 

peptides; iii) structuring and aggregation may be favoured by intermolecular 

interactions at the N-terminus of the helix, leading to a preponderantly parallel 

oligomeric arrangement; iv) oligomerization persists, albeit at a decreased level, also 

when it interacts with the cytoplasmic membrane; v) this affects the rapidity and extent 

of bacterial membrane permeabilization, likely leading to different types of lesions 

forming, and therefore a different mode-of-action with respect to F-form peptides; vi) it 

also facilitates interaction with host cell membranes, affecting cytotoxicity at higher 

concentrations and likely the capacity to activate receptors such as P2X7 at lower 

concentration. All these features indicate that the particular residue arrangement in LL-

37, which appears to be  a positively selected feature of this peptide (Zelezetsky et al., 

2006), strongly affects both its tertiary and quaternary structure, has important 

repercussions on its mode of action and may help to explain its multiple activities as a 

pleiotropic agent in host defence. 

 

4.2. NEW ASPECTS OF THE STRUCTURE AND MODE OF ACTION OF LL-37 

REVEALED BY THE INTIRNSIC PROBE p-CYANOPHENYLALANINE 

 

4.2.1 Rational design of the fluorescent analogues 

As indicated previously, and unlike most other helical AMPs, LL-37 has a tendency 

to adopt a helical structure in aqueous solution, at physiological salt concentrations and 

pH, driving self-assembly into oligomers. Given the relevance of self-association to its 

biological roles, it is important to further establish how oligomerization occurs in the 

native oligomer, both in bulk solution and in the presence of appropriate ions, or at the 

surface of biological membranes. To probe the inter- and intramolecular environment in 

different regions of LL-37 and RL-37, I have exploited the presence of phenylalanine 

residues scattered throughout the sequence, and systematically effected single 

substitutions in available positions 5, 17 or 27 in LL-37 and 5 or 27 in RL-37 with FCN 

(see Table 4.2.1).   



52 

 

   

  Table 4.2.1 Sequence of LL-37, RL-37 and their fluorescent analogues 

The reference peptides 1 and 2 are designed to mimic the sequence environment of Phe17 or 

Phe27 and Phe5 respectively, but not permit self-aggregation or interaction with membranes.  

- = conserved residues, Z =  PheCN 

 

The structural context of the Phe residues is shown in the NMR structure of LL-37 in 

a helical conformation, obtained in the presence of DPC micelles (Wang, 2008) (Figure 

4.2.1). The relative positioning of these residues on dimerization (with either a parallel 

or antiparallel chain arrangement) is also schematically shown.  

Two reference peptides were also prepared: GFCNKG was designed to have the 

fluorophore fully exposed to the aqueous environment, next to a charged residue to 

ensure full solvation, and is representative of F17 in LL-37 or F27 in LL-37 or RL-37, 

when these peptides are in extended conformations; GFCNFKG is instead representative 

of the F5 environment in both peptides, where the presence of the flanking F6 residue 

could affect the emission characteristics of the fluorophore. Furthermore, while LL-37 

is known to self-assemble, and both LL-37 and RL-37 interact with the surface of 

anionic membranes, these two reference peptides should do neither. 

 

 

Peptide 
a
 Sequence 

b
 MW q 

  calc meas charge 

LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 4493.4 4493.1 +6 

LL-37(FCN)
5 

----Z-------------------------------- 4518.4 4518.1 +6 

LL-37(FCN)
17

 ----------------Z-------------------- 4518.4 4517.9 +6 

LL-37(FCN)
27

 --------------------------Z---------- 4518.4 4518.0 +6 

RL-37 RLGNFFRKVKEKIGGGLKKVGQKIKDFLGNLVPRTA 4101.0 4101.9 +8 

RL-37(FCN)
5
 ----Z------------------------------- 4126.0 4127.6 +8 

RL-37(FCN)
27

 --------------------------Z--------- 4126.0 4126.2 +8 

Reference 

peptide 1 
          GZKG-am 432.5 432.3 +2 

Reference 

peptide 2 
   GZFKG-am 579.7 578.3 +2 
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Figure 4.2.1. Structure of LL-37 and possible arrangement of the FCN probe in parallel or 

antiparallel dimeric forms of the peptide. The structures at the top are two views of the 

peptide in the presence of DPC micelles, seen from Wang et al., 2008, (PDB structure 2K60). 

The two schemes at the bottom represent the approximate positions of the probe residues 

(black hexagons) in an LL-37 parallel (top) and antiparallel (bottom) dimeric arrangement. 

Phe in position 6 (white hexagon) is also shown. 

 

FCN has several advantages as an internal fluorescent probe, as its emission intensity 

has a strong positive correlation with the Kamlett-Taft solvatochromic parameter α of 

the solvent (hydrogen bond donor capacity). Unlike most other fluorescent probes, the 

quantum yield increases in polar solvents such as water, due to their H-bonding 

capacity, with respect to aprotic solvents that lack it, thus it can report on intramolecular 

or intermolecular H-bonding interactions (Serrano et al., 2010). Furthermore, the 

fluorescence is not affected by pH or by the presence of phosphate anions, making it 

compatible with different biological contexts, but is strongly quenched by Cl- anions. 

These properties can be used to probe the possible effects of different structures and/or 

environments surrounding the probe (folded vs unfolded, bulk solution vs membrane 

interaction etc.) (Pazos et al., 2013). FCN shows a mono-exponential decay in water, 

with a lifetime of about 7 ns, but this can become non-exponential when it is inserted 

into proteins exhibiting different conformations (Serrano et al., 2010). We have 

attempted to exploit these features to see if it could report on its local environment when 

in different positions of the LL-37 or RL-37 chains and so provide additional 

LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 
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information on the conformational transitions occurring when the molecules pass from 

an aqueous to a membrane environment, and how this is affected by oligomerization. 

 

4.2.2. Fluorescence intensities and lifetimes of peptides in aqueous solution 

The spectrum of the reference peptide GFCNKG in aqueous solution is shown in Figure 

4.2.2A. Phosphate ions do not affect the emission intensity of FCN, but the increasing 

concentrations of Cl- significantly reduce it, in agreement with the literature. LUVs 

formed from negatively charged phospholipids (LUV(-)) or neutral ones (LUV(0)) also 

do not affect fluorescence, confirming that the reference peptide does not interact with 

the model membranes. The emission intensities of the LL-37 or RL-37 analogues in 

pure water solution, normalized to that of GFCNKG, are shown in Figure 4.2.2B. Under 

these conditions both peptides are in a random coil conformation, as clearly shown by 

CD spectroscopy (Figure 4.2.3D and E). Analogues with FCN
17 or FCN

27 residues behave 

similarly to GFCNKG, indicating that the probe is completely exposed to the aqueous 

environment. Reduced fluorescence intensity was instead observed for FCN
5 analogues, 

similarly to the GFCNFKG reference peptide (Figure 4.2.2B). A Phe residue adjacent to, 

or spatially close to the fluorophore FCN residue can thus significantly affect its 

fluorescence, a fact that has not been considered in previous reports.  
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Figure 4.2.2 Normalized emission fluorescent spectra of GFCNKG and LL-37 analogues 

under different conditions. A) GFCNKG in the presence of pure water (); 100 mM SPB (····); 

increasing concentrations of NaCl in H2O; 50 mM - - -; 100 mM -.-.-.; 200 mM − −; PG/dPG (---); 

PC/SM/Ch (-..-). B) Normalized emission of all peptides in H2O, referred to the max at 300 nm.  
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Figure 4.2.3 CD spectra of LL-37 and RL-37 under different conditions. A) in the presence of 10 mM and 100 mM SPB, pH 7.4; B) in the presence 

of anionic LUVs (PG/dPG) in 100 mM SPB; C) in the presence of neutral LUVs (PC/SM/Ch) in100 mM SPB;  LL-37 (); RL-37 (─ ─); D) RL-37 and  

E) LL-37 in the presence of increasing concentrations of NaCl in H2O (0 mM ; 25 mM ─ ─; 50 mM ····; 100 mM -.-.-.; 150 mM - - -; 200 mM -..-..-; 

F) % helix content for LL-37 at increasing NaCl concentrations, as determined from E) using the method of (Chen et al., 1974).  
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The structure of GFCNFK was modelled in a fully extended, β-structure or α-helical 

conformation, using the Sybyl 7.3 suite, and determined that the distance between the 

centres of the two rings varied from 7.2±1 to 8.6±1.3 Å. One explanation for this 

quenching could be that quenching occurs by resonance energy transfer from FCN to 

Phe, within this relatively short distance, as it has been reported to do with Tyr and Trp 

(Taskent-Sezgin et al., 2010; Tucker et al., 2005). This is however unlikely as there is 

very little, if any, overlap between the emission spectrum of FCN and the absorption 

spectrum of Phe. Another possibility is that it occurs by photoinduced electron transfer 

(PET). PET is known to occur with cyanoaromatic groups acting as acceptors, and 

alkylbenzene groups, as in the Phe side-chain, acting as electron donors, and can occur 

through several bonds, including peptide bonds (Lakowicz, 2006). This aspect needs 

further clarification. 

A problem with steady-state fluorescence as an indicator of the environment 

surrounding the FCN probe is that it does not take into account the possibility that 

peptide molecules could be in equilibrium between different conformational and/or 

aggregational states, each of which could affect solvation and intermolecular 

interactions, and thus the fluorescence, in different ways. In other words, it only 

provides an averaged measure of the probe’s environment. In this respect it is more 

useful to monitor the emission decay kinetics, as these can report on coexisting probe 

populations having different fluorescence lifetimes. The fluorescence lifetime decay of 

GFCNKG in pure water (Figure 4.2.4A) deviated from first order kinetics, but showed a 

reasonable bi-exponential fit (Fig. 4.2.4B & C), where the more abundant component 

(τ1 = 8.1 ns, A1 = 85%) suggests that CN groups are totally exposed to water molecules. 

The other faster component (τ2 = 3.2 ns, A2 = 15%) may be due to quenching by residual 

chloride counter ions deriving from the peptide purification process (see below).  

The fluorescence decay curves for FCN
17 in LL-37, and FCN

27 in either LL-37 or RL-

37, were effectively superimposable to GFCNKG, and dominated by a very similar 

longer-lived component (Table 4.2.2). For the GFCNFKG reference peptide, τ1 was 

shorter than GFCNKG (τ1 = 6.3 ns, A1 = 80%), as expected from the steady state 

fluorescence behaviour, likely due to quenching by the adjacent F6. The decay curves 

for FCN
5 in the LL-37 and RL-37 analogues were also essentially superimposable to 

GFCNFKG. In summary, all probe side-chains are fully exposed to water when the 

peptides are in a random-coil conformation, and some may be subject to quenching by 

residual chloride counterions. 
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mono-exponential 

 
bi-exponential fit 

Peptide ττττ1 χχχχ2
 

 
ττττ1 (A1) ττττ2 (A2) χχχχ2

 

GFCNKG 7.8 1.32  8.1 (85) 3.2 (15) 1.03 

GFCNFKG 6.1 1.3  6.3 (80) 2.2 (20) 1.01 

LL-37(FCN
27

) 7.9 1.06  8.0 (93) 3.8 (7) 0.99 

LL-37(FCN
17

) 7.6 1.1  8.3 (82) 4.1 (18) 1.04 

LL-37(FCN
5
) 5.8 1.19  6.2 (79) 3.2 (21) 0.99 

RL-37(FCN
27

) 8.1 1.03  8 (93) 4 (7) 1.06 

RL-37(FCN
5
 ) 6.6 1.08  5.6 (83) 2.9 (17) 0.97 

Figure 4.2.4. Representative fluorescence decay curves in H2O. A) Decay curves of 

GFCNKG (�) and GFCNFKG (�) with bi-exponential fit to the data. The curves for LL-37 and 

RL-37 analogs are not shown as they are effectively superimposed on the reference peptide 

decays. B) mono-exponential and C) bi-exponential decay fitting residuals for and of GFCNKG 

in aqueous solution 

Table 4.2.2 Lifetimes and χ
2
 values for mono- and bi-exponential decays in H2O 
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4.2.3 Effect of salt ions on structure and fluorescence 

It has been well known for some time that LL-37 adopts a helical conformation in the 

presence of appropriate salt ions, at neutral pH (Johansson et al., 1998; Oren et al., 

1999). This is likely due to the establishment of a network of intermolecular and 

intramolecular salt-bridges between anionic and cationic residues appropriately placed 

along the peptide chain, which is lacking in rhesus RL-37 (see previous section). Self-

assembly of the human peptide is also driven by the necessity to shield the hydrophobic 

sector of the amphipathic helix from the aqueous environment. This effect is observable 

in CD spectra already in 10mM SPB (Figure 4.2.3A), where it was estimated to have a 

helix content of about 20% based on the ellipticity value at 222nm  (Chen et al., 1974), 

while RL-37 remains random coil. This suggests that LL-37 is likely in equilibrium 

between an unstructured/monomeric and structured/oligomeric form. The maximum 

helix content measured in the presence of the strongly helix-inducing solvent 

trifluoroethanol (TFE) is around 55-60% with respect to a perfect helix (Tomasinsig et 

al., 2009; Zelezetsky et al., 2006), likely due to end effects and distortions in the helix. 

Therefore a helical content of about 20% in SPB indicates a roughly 1:2 

disordered/structured peptide ratio. 

Under these conditions, the decay lifetime (τ1) of the reference peptides is not 

greatly altered with respect to pure water (Figure 4.2.5), with the dominant component 

(A1 = 80%) having lifetimes of 7.5 ns for GFCNKG and 5.8 ns for GFCNFKG, 

respectively. For RL-37, where no structural transition was observed in SPB buffer, the 

decays of its (FCN
27) and (FCN

5) analogues continued to be superimposable on those of 

the respective reference peptides, having similar lifetimes (Table 4.2.3).  
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For LL-37, the decays of the FCN
17 and FCN

27 analogues were instead significantly 

altered with respect to GFCNKG, and two components of equal amplitude but with 

significantly different lifetimes emerged. The conformational transition clearly changes 

the environment around probe residues in a manner that affects their emission. The 

decay of the FCN
5 residue instead continues to behave similarly as in pure water, and 

resembles that of the GFCNFKG reference, so it appears to be in a region less affected by 

folding.  

 

 

 

 

 

 

 

 

 bi-exponential fit 

Peptide ττττ1 (A1) ττττ2  (A2) χχχχ2
 

GFCNKG 7.5  (80) 2.5  (20) 1.07 

GFCNFKG 5.8  (80) 1.9  (20) 1.02 

LL-37(FCN)
27

 5.3  (52) 12.3 (48) 1.14 

LL-37(FCN)
17

 5.6  (54) 12.5 (46) 1.12 

LL-37(FCN )
5
 6.2  (78) 3.6 (22) 0.99 

RL-37(FCN)
5
 5.6  (83) 2.9 (17) 0.97 

RL-37(FCN)
27

  7.9  (93) 4.0 (7) 1.06 

Time (ns) 

Time (ns) 

Figure 4.2.5.  Fluorescence decay curves of LL-37(FCN)
17

 ❶;,  LL-37(FCN)
27

 ❶;, GFCNKG 

❶,, LL-37(FCN)
5 
❶,, GFCNFKG ❶,, in SPB 10 mM. A) Decays are shown with a bi-

exponential fit. Those for RL-37(FCN)5 and RL-37(FCN)27 analogues are not shown as they 

superimpose on curves ❶  and ❶; B) and C) representative residuals for bi-exponential decay 

fitting of LL-37(FCN) 27 and RL-37(FCN )27. 

Table 4.2.3 Bi-exponential decay lifetimes in 10 mM SPB buffer 
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A

I then raised the phosphate buffer concentration to 100mM, which increased the helix 

content to ~ 35 % for LL-37 (Figure 4.2.3A, roughly 1:1 disordered/structured peptide 

ratio), while still not inducing a helical conformation in RL-37. The steady state 

fluorescence intensities, normalized to that of GFCNKG, are shown in Figure 4.2.6. 

These are not very informative, as for both LL-37 and RL-37 analogues they continue to 

resemble the respective reference peptides. Only LL-37(FCN)27 shows a decrease in 

steady state emission which is possibly significant.  

The fluorescence lifetimes for GFCNKG and GFCNFKG are not markedly affected 

even at these higher concentrations of phosphate anions and sodium cations (Table 

4.2.4), in agreement with the literature, as were the lifetimes of RL-37 FCN
5 and FCN

27 

analogues, that continue to resemble those of the respective reference peptides. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Decay components with increased lifetimes and about 50% abundance were now 

evident for all three LL-37 analogues (Table 4.2.4). Under these conditions the 

equilibrium between monomeric/unfolded and helical/oligomeric leads to a significant 

proportion of probe residues, especially the central FCN
17, having a markedly increased 

lifetime (17 ns). The other component may instead be due to probe that remains exposed 

to aqueous solution, although it has a somewhat shorter lifetime than that observed for 
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Figure 4.2.6. Fluorescence spectra, peak intensities and decay lifetimes in the presence 

of 100 mM SPB. A) Emission spectra for GFCNKG (____);  GFCNFKG (------); LL-37(FCN )5  

(__ __) ;   LL-37(FCN)17 (……); LL-37(FCN )27  (_ . _) RL-37(FCN)5 (_ .. _) and RL-37(FCN)27;  

B) Emission intensities at 300 nm, normalised with respect to that of  GFCNKG. 
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monomeric disordered analogues in pure water (5-6 ns instead of about 8ns). This may 

be because it is also affected by quenching from chloride counterions (i.e. the short-

lived component in Table 4.2.2). We did not attempt to verify this, using a three 

exponential fit, to avoid over interpreting the data, given also that the χ2 values of the bi-

exponential fitting model were acceptable (Table 4.2.4).  

 

 

 
  
 
 
 
 
 
 
 
 
 
 
 
 

The effect on FCN
5 was less marked than for FCN

17 or FCN
27, again suggesting that 

helical structuring involves the N-terminus less than the central region, in agreement 

with structural studies (Wang, 2008). 

The fact that changes in peptide conformation could result in an environment around 

the FCN probe that so markedly increases its lifetime, has to our knowledge, not been 

previously reported. Most literature reports, however, describe either variation in steady 

state fluorescence, which would miss this effect, or FRET experiments in which the 

probe is quenched by sequentially or spatially close Trp residues, not allowing the long-

lived component to emerge. The increased lifetime may result from the probe residue 

forming strong inter- or intra-molecular H-bonding with an appropriately placed donor 

moiety, when the peptide adopts a helical conformation or oligomerizes. Note that in the 

case of FCN, its removal from the aqueous environment, for example by being buried in 

the hydrophobic core of an oligomer, would not provide the explanation, as the highest 

quantum yield of FCN is detected in polar environments. The quantum yield is actually 

reported to increase with the increased H-bonding capacity of water, with respect to 

aprotic solvents (Serrano et al., 2010).  

 Bi-exponential fit 

Peptide ττττ1  (A1) ττττ2   (A2) χχχχ2
 

GFCNKG 7.9  (87) 2.4  (13) 1.05 

GFCNFKG 5.9  (83) 1.8  (17) 1.02 

LL-37(FCN)
27

 12.1  (48) 5.4  (52) 1.06 

LL-37(FCN)
17

 17.5  (58) 6.2  (42) 1.02 

LL-37(FCN)
5
 9.8  (42) 4.8  (58) 1 

RL-37(FCN)
5
 5.9  (81) 3.2(19) 1.07 

RL-37(FCN)
27

 8.1  (93) 3.7  (7) 1.05 

Table 4.2.4. Bi-exponential decay lifetimes in 100 mM SPB buffer 
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A rather puzzling aspect of these studies comes from an apparent discrepancy 

between steady-state and time-resolved data. The presence of a sizeable component 

with significantly increased lifetime should result in increased steady-state fluorescence 

intensity, whereas this is unaffected or actually decreased with respect to aqueous 

solution (Figure 4.2.6). An explanation could be a further component is missing that 

decays too quickly to be observed. This might occur if, on oligomerization, some of the 

probe side-chains were placed very close to a quencher moiety. In particular, a parallel 

arrangement of peptide chains could bring to quenching by vicinal FCN or F groups, 

allowing for quenching by PET. Under this scenario, the peptide would be in 

equilibrium between different forms, so that part of the probe side-chains would engage 

in strong H-bonding with a nearby donor, significantly increasing the lifetime, some 

would remain exposed to the solvent environment, and some would pack very close to a 

group capable of efficient quenching. This suggests a rather complex type of 

oligomerization, and is an aspect that needs further study. 

To gain further insight into how the long-lived component correlates with structural 

characteristics, we compared the behaviour of LL-37(FCN)17 in the presence of TFE, 

where the CD spectrum (θ222 value) indicates >50% helix content, and its shape 

(θ280/θ222 > 1) suggests an isolated helix (Wagschal et al., 1999), to that in the presence 

of acetonitrile, where the θ280/θ222 ratio is inverted, suggesting that the peptide is in an 

oligomeric form (Figure 4.2.7A).  
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Addition of TFE (from 5-50%) increased the lifetime of LL-37(FCN)17 progressively 

up to 10,7 ns. Note that this solvent has a Kamlett-Taft α parameter higher than water 

(see Table 4.2.6), so that it could in principle increase the fluorescence lifetime 

independently of its effect on conformation. However, the increase in lifetime correlates 

better with the % helix content than with %TFE (Figure 4.2.7B), and furthermore this 

solvent did not affect the lifetime of GFCNKG (Table 4.2.5), which suggests that the 

increased lifetime is due to the peptide’s conformation rather than the presence of the 

solvent.  

Acetonitrile, on the other hand, has a significantly lower Kamlett-Taft α parameter 

than water, resulting in a somewhat reduced τ1 for the reference peptide, and increased 

abundance of the shorter-lived components. Conversely, it increased τ1 to 12.7 ns for 

LL-37(FCN)17. Taken together these data indicate that, on helix formation, the probe 

side-chain can form both inter-molecular and intra-molecular H-bonds, so increasing its 

lifetime. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Decay (ns) 
  

FCNKG τ1 ( A1) τ2 ( A2) χ2 

H2O 7.8 
 

1.3 
CH3CN 7.4 (48) 2.0 (52) 0.99 
TFE/H2O 8.2 (73) 4.2 (27) 1.02 
   
LL-37(FCN)

17 τ1 ( A1) τ2 ( A2) χ2 

H2O 7.6   1.1 

CH3CN 12.7 (76) 5.9 (24) 1.1 
TFE/H2O 10.7 (91) 2.5 (9) 1.0 

Kamlet-Taft solvent parameters 

 α β π 

H2O 1.17 0.47 1.09 

CH3CN 0.19 0.40 0.75 

TFE/H2O 1.34 0.23 0.91 

Table 4.2.6. Kamlett-Taft solvent parameters 

Table 4.2.5 Bi-exponential decay lifetimes in organic environments 
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4.2.4 Effect of peptide conformation and oligomerization on quenching by chloride 

ions. 

The differentially increased lifetimes of FCN under structure-inducing conditions 

prompted a further investigation of this effect in the presence of chloride anions, which 

are known quenchers of this fluorescent probe. The steady state emission spectra for the 

two reference peptides and LL-37 analogues under different conditions are shown in 

Figure 4.2.8. The emission intensity of the reference peptides (Fig 4.2.8A) decreased in 

a concentration-dependent manner the presence of Cl-, indicating dynamic quenching 

(GFCNFKG behaved similarly and is not shown). At 200 mM Cl- the intensity is only 

about 30% that in water solution. At these salt concentrations, LL-37 has a significant 

helix content (~25%, see Figure 4.2.3E and F), so would be in equilibrium with an 

oligomeric form which might afford some protection from quenching. The emission is 

reduced, in the presence of Cl-, to values that are only slightly above those of the 

reference peptides (Figure 4.2.8B and C), so that folding and oligomerization does not 

shield FCN side-chains very effectively. This is in line with the proposal that the 

increased lifetime component occurring on oligomerization is due to increased H-

bonding rather than burial in a protected organic core.  

In agreement with the steady state emission, both reference peptides showed a 

significantly decreased lifetime down to ~ 2 ns in the presence of 200 mM NaCl 

(Figure 4.2.8D), and the same was observed for RL-37 analogues (not shown), 

consistent with its completely unfolded, monomeric form under these conditions (see 

Figure 4.2.3D). For LL-37 analogues a long-lived component emerged as the helical 

content increased with the Cl- concentration, but its amplitude decreased markedly at 

>50 mM Cl- anions. Thus, for the FCN
17 analogue, τ2 was essentially unchanged at ~ 3ns 

at 200 mm NaCl but increased its amplitude to >80%, while τ1 increased from 8 to 

almost 17 ns (similar to those in 100 mM SPB) but dropped in amplitude to < 20% 

(Figure 4.2.8E and 4.2.8F). The FCN
27 and FCN

5 analogues showed a similar trend but 

with less marked increases in the lifetime of the long-lived component (to 12 and 8 ns 

respectively, similar to 100 mM SPB). 

This is a further example of how the time-resolved measurements provide 

information which is lost in steady state experiments. The transition to a helical 

structure does in fact afford a partial protection of the longer-lived component from 

quenching by the anions, but it becomes a minor component. Vice-versa, the short-lived 
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component observed in the presence of 200mM Cl- has a similar lifetime to that 

observed aqueous solution (~ 3 ns for 20% of the FCN molecules), but with much higher 

amplitude. This supports the role for residual chloride ion quenching in the bi-

exponential decay observed in water solution.  

These results are again best interpreted in terms of an equilibrium between unfolded 

and helical/oligomeric states for LL-37, in which a portion of probe side-chains 

(especially in the 17 and 27 positions) enter into a core region where they form stable 

H-bonds and are thereby also protected from the quencher.  
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Figure 4.2.8. Steady state and time-resolved emission of reference peptides and LL-37 analogues in the presence of Cl
-
 anions. A) GFCNKG; B) 

LL-37(FCN)17, H2O (); 100 mM SPB (········); 50 mM (- - -); 100 mM(_ . _) and  200 mM (─ ─) NaCl in H2O; C) Normalized fluorescence intensities 
with respect to that of GFCNKG; D) Effect of chloride anion concentration on the mono-exponential decay lifetimes of the reference peptides GFCNKG 
(�) and GFCNFKG (�); E) Effect of Cl- concentration on the bi-exponential decay components: τ1 (full symbols) and τ2 component (empty symbols) and 
F) amplitudes of τ1 component (full symbols) and  τ2 component (empty symbols); LL-37(FCN)5 (♦);  LL-37(FCN)17 (�); LL-37(27CN) (�).  
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4.2.5 Peptide-membrane interaction studies 

 Previous studies have shown that LL-37 causes a different type of lesions in 

biological membranes than the rhesus RL-37 peptide, as their different 

folding/oligomerization behaviour likely leads to a different initial interaction with the 

membrane, affecting the subsequent mode of action (Morgera et al., 2009; Tomasinsig 

et al., 2009). To confirm this, and to gain more informaton at the molecular level, I 

studied the steady-state and time-resolved emission of the analogues in the presence of 

model membranes. For this purpose, negatively charged LUV(-) (PG/dPG, 95:5) were 

used as a model for bacterial membranes, and neutral LUV(0) (PC/SM/Ch, 40:40:20) as 

a model for host cell membrane. In both cases, a P/L ratio of 1/20 was used. CD studies 

showed that in presence of LUV(-) both peptides folded into an α-helix, but only LL-37 

did so when in contact with the LUV(0) (Figure 4.2.3B and C). The emisson spectra and 

lifetimes of peptides were measured first in LUV suspensions in 100mM SPB, and then 

NaCl was added to a final concentration of 200 mM. My aim was to determine if on 

membrane interaction i) the FCN side-chains were inserted into the relatively aprotic 

environment of the lipid layer, thus preventing H-bonding and reducing emission in the 

presence of LUVs; ii) if this protected FCN side-chains from Cl- quenching, so that the 

emission should remain unaltered in the presence of chloride anions, and iii) if it 

affected the oligomeric nature of LL-37.  

The emission spectra of GFCNKG was not affected by the presence of either anionic 

or neutral LUVs, as it does not interact with membranes (Figure 4.2.9) and it was 

strongly quenched by Cl-. Time-resolved data confirmed these results (Table 4.6). For 

the LL-37 analogues, the fluorescence intensity was instead reduced by 40-70% when in 

the presence of LUV(-) (Figure 4.2.9), consistent with insertion of the probe side-chains 

into the aprotic bilayer environment. The more central FCN
17showed the strongest 

reduction (70%) followed by FCN
5 and FCN

27. Addition of 200 mM Cl- had no further 

effect, but this is inconclusive under steady-state conditions. Emission decays showed 

two well distinguishable lifetimes for all three peptides when the anionic model 

membranes were added, with τ1 = 9-10 ns (60-70%) and τ2 =2-3 ns (30-40%) (Table 

4.2.6), and in this case, addition of Cl- anions confirmed that the FCN side-chains are 

removed from the external environment, as the longer-lived component was only 

slightly affected. The two RL-37 analogues behaved quite similarly to the respective 

LL-37 analogues in the presence of anionic LUVs (Figure 4.2.9 top panel and Table 

4.2.6).  
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 Figure 4.9. Effect of liposomes on peptide emission. Normalized emission spectra in the presence of 100 mM SPB (); after addition of LUVs 

(········); and after further addition of 200 mM NaCl (─ ─); histograms of emission maximum at 300 nm were normalized to GFCNKG in SPB 100 mM. 

Emission spectra were normalized for each peptide spectrum in presence of 100 mM SPB buffer intensity  
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These data, along with CD spectra, suggest that both types of peptides interact 

strongly with membranes composed of negatively charged phospholipids, adopt (in the 

case of RL-37), or augment (in the case of LL-37) the helical conformation, and insert 

into the lipid bilayer. 

The question remains as to what generates the two lifetime components under these 

conditions. It is proposed that amphipathic, helical AMPs interact with the surface of 

bacterial membranes, lying parallel to it, and that they insert their hydrophobic sectors 

into the bilayer, floating on its surface in a log-like manner. Insertion of the probe side-

chains into the aprotic environment may then explain the increased amplitude (to ~ 

40%) of the short-lived component. However, the fact that the long-lived component (9-

10 ns) still dominates, indicates that a significant proportion of probe side-chains are 

still capable H-bonding interactions. These could be intra-molecular or with 

phospholipid head-group moieties. For LL-37 there is evidence (see previous section) 

that some level of oligomerization persists, so that inter-peptide H-bonding might also 

persist. In this respect, however, it should be considered that for FCN
17 the lifetime 

observed in 100 mM SPB (17.4 ns, Table 4.2.4), is significantly longer than that in the 

presence of LUV(-), so that intermolecular interaction are likely looser in the presence of 

membrane, consistent with the previous photochemical studies.  

As expected, the behaviour in the presence of LUV(0) was somewhat different. The 

steady-state emission spectra for LL-37 analogues decreased less in their presence with 

respect to anionic LUVs, but still significantly (Figure 4.2.9 bottom panel), indicating 

some form of interaction with the neutral membranes that alters the environment of FCN 

groups. It decreased even further on addition of 200 mM Cl-. Both these observations 

are consistent with the probe side-chains being on the surface of the membrane and less 

inserted into the lipid bilayer.  

In time-resolved studies, lifetimes of LL-37 fluorescent analogues were similar to 

those in the absence of LUVs (Table 4.2.6), again suggesting surface located oligomers 

without deep insertion of FCN residues into the lipid bilayer. However, as Cl- had a 

reduced effect on the amplitude of the longer-lived component, this interaction seems to 

afford some protection from quenching. RL-37 analogues emission was unaffected by 

the presence of neutral LUVs, and it was not shielded from Cl- quenching, and these 

results were backed by time-resolved studies. This behaviour is in agreement with CD 

spectra (Figure 4.2.3C), suggesting a looser interaction of RL-37 with neutral 

membranes. 
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Table 4.2.6. Calculated lifetimes values (τ, ns) and the respective amplitudes (A, %) for the fluorescent peptides in SPB 100mM,   

PG/dPG and PC/SM/Ch 

  
              

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a)Anionic LUVs  b) Zwitterionic LUVs  c) Decays were analyzed using a bi-exponential fit, and had χ2 values between 0.98 and 1.06, d) In 

some cases, mono-exponential fits were acceptable, with χ2 values less than  1.3 

 

      Peptide SPB 100 mM 200 mM Cl
-
 

LUV 
(-) 

 
(PG/dPG) 

(a)
 

+ 200 mM Cl
-
 LUV 

(0)
 (PC/SM/Ch)

(b)
  + 200 mM Cl

-
 

 
τ1 (A1)  τ2 (A2)  τ1 (A1) τ2 (A2) τ1 (A1) τ2 (A2) τ1 (A1) τ2 (A2) τ1 (A1) τ2 (A2) τ1 (A1) τ2 (A2) 

GFCNKG 7.9 (87)
 c
 2.4 (13)

 c
 2.0(100)

 d
 - 7.9 (88) 2.4 (12) 2.4 (100) - 7.8 (88) 2.5 (12) 2.0 (100) - 

GFCNFKG 5.9 (83) 1.8 (17) 1.8(100) - 6 (80) 2.1 (20 2.0 (100) -  5.5 (100) - 2.0 (100) - 

LL-37(FCN)
5
 8.7 (57) 3.8 (43) 7.9 (12) 2.5 (88) 9.3 (61) 3.1 (39) 9.1 (43) 2.8 (57) 8.6 (64) 3.7 (36) 7.9 (34) 2.8 (66) 

LL-37(FCN)
17

 17.6 (60) 6.2 (40) 16.4 (21) 3.0 (79) 9 (61) 2.4 (39) 9.2 (55) 2.7 (45) 17.2 (63) 5.7 (37) 16.6 (49) 3.4 (51) 

LL-37(FCN)
27

 11.3 (60) 4.4 (40) 11.8 (16) 3.3 (84) 10.4 (68) 3.0 (32) 10.4 (55) 3.1 (45) 11.9 (62) 4.5 (32) 11.6 (40) 3.2 (60) 

RL-37(FCN)
5
 5.9 (81) 3.2 (19) 2.4(100) - 10.1 (61) 3.5 (39) 9.8 (48) 2.5 (52) 5.7 (87) 2.5 (13) 2.6 (100) - 

RL-37(FCN)
27

 8.1 (93) 3.7 (7) 2.3(100) - 9.2 (71) 3.1 (29) 9 (37) 2.5 (67) 8 (94) 4.3 (6) 2.7 (100) - 
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4.2.6 Surface plasmon resonance studies of peptide self-association and membrane 

interaction 

Surface plasmon resonance (SPR) is another useful technique for studying 

interactions between peptide molecules, or between peptides and supported membranes. 

We have attempted to use a Biacore setup to see if we could i) observe self-assembly of 

free flowing LL-37 molecules (analyte) with LL-37 molecules supported on the sensor 

surface (ligand), and ii) obtain more information on the different mode of binding of 

LL-37 or RL-37 with anionic or neutral membranes.  

In the first case, LL-37 molecules were anchored to the carboxyl dextrans covering 

the surface of a CM5 chip, via formation of amide bonds to the N-terminus or lysine 

residues, and self-association was then investigated by flowing LL-37 in solution over 

the chip surface, at different concentrations and pH values. In the second case, anionic 

DPPG/DPPG (1:4) LUVs or zwitterionic DPPC LUVs were anchored to lipid modified 

dextrans in the L1 chip, before flowing peptide solutions over the chip surface. 

Peptide self-assembly: Anchoring conditions were chosen so that covalently bound 

LL-37 molecules were likely to be spread out and monomeric. Increasing 

concentrations of an LL-37 solution (4 – 64 µM) were then flowed over the chip surface 

under conditions (HBS-EP buffer, pH 7.4) that induce helix formation (as verified by 

CD, not shown). The peptide in bulk solution could therefore oligomerise with the 

surface-anchored peptide. Sensorgrams indicate only a very moderated, linear increase 

in response units up to 16 µM of analyte, consistent with a weak and unspecific 

interaction, but at 32 µM there was a jump to almost 1000 RU, and a further increase to 

over 4000 RU at 64 µM (Figure 4.2.10A). It was not possible to determine an affinity 

constant with this behaviour. The binding was rapid and reversible, suggesting a 

massive level of reversible aggregation onto the surface-bound LL-37 molecules.  

A quite different behaviour was observed when the analyte was flowed in sodium 

acetate buffer (pH 5) under which conditions the peptide is not helical (as verified by 

CD, not shown). In this case, a more homogeneous, concentration-dependent increase of 

the RU signal was observed, up to about 500 RU at 64 µM (Figure 4.2.10B), and was 

possible to calculate the affinity constant, KD = 6 x 10-7 M. Binding was less reversible, 

with a significant signal also after the washing step, indicating a slower off rate.  

These results might be explained by a quite a tight form of electrostatic interaction 

occurring between unstructured free-flowing peptide and anchored peptide chains, 
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which is independent of the structure, and may be favoured by the presence of 

alternating acidic and basic residues. However, when the peptide is in an oligomeric 

form, it has an added capacity to form large assemblies that are less tightly bound. 

These results are in agreement with a high order of oligomerization for LL-37, and 

again indicate that the intermolecular interactions may be quite complex. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide-membrane interactions were studied using freshly prepared LUVs flowed 

onto the L1 chip covered with lipid modified dextrans, to which they anchor. The 

conditions under which the chip were prepared, and the phospholipid composition of the 

LUVs, were such that these were likely to remain intact on anchoring (Besenicar et al., 

2006). The interaction of LL-37 and RL-37 with supported anionic LUVs are shown in 

Figure 4.2.11A and B, and can be correlated with the secondary structure in the 

presence of the same type of LUVs, as determined using CD spectroscopy (Figure 

4.2.3B). The sensorgrams indicate that the two peptides have somewhat different modes 

of interaction with membranes, as the RU increase dramatically for LL-37, over a 

threshold concentration of about 2µM, and this may be due to self-association or 

oligomer insertion at membrane surface. The affinity constant could thus not be 

calculated. For RL-37 the variation in RU has a more linear dependence on the 

concentration, allowing to calculate a KD of about 5 x 10-6 M. These results are in line 

Figure 4.2.10 Surface plasmon resonance of LL-37 on a peptide-modified chip. 

Sensorgrams for LL-37 analyte flowed over LL-37 anchored to a CM5 chip surface under 

A) basic conditions (pH 7.4); B) acidic conditions (pH 5.0); The insets show the variation of 

RU with increasing peptide concentration at 4, 8, 16, 32 and 64  µM. 
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with the possibility that LL-37 retains an oligomeric structure when it interacts with 

anionic membranes, as suggested by the photochemical and photophysical studies. 

Unexpectedly, a similar behaviour was observed for chips covered with LUV(0), for 

both LL-37 and RL-37 (Figure 4.2.11C and D). While there was evidence that LL-37 

could interact with the surface of neutral membranes in a manner that enhanced 

oligomerization, there was no previous evidence that RL-37 interacted with these 

membranes. 

 

 

 

 

 

  

Figure 4.2.11. Surface plasmon resonance of LL-37 and RL-37 on membrane supporting 

chips. Top panels: Sensorgrams for LL-37 A) or RL-37 B) analyte flowed over LUV(-) 

anchored to L1 chips at pH 7.4. Bottom panels: Sensorgrams for LL-37 C) or RL-37 D) 

analyte flowed over LUV(0) anchored to L1 chips at pH 7.4. The insets show the variation of 

RU with increasing peptide concentration at 0.5, 1, 2,4,8 and16 µM. 

B A 

D C 
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CD spectra indicate that neutral LUVs do not induce large scale structure formation 

in the latter peptide, and photophysical studies do not suggest insertion into the lipid 

bilayer. However SPR experiments suggest that some peptide molecules can interact 

with this type of membrane.  

 

4.2.7 Flow cytometric studies of bacterial membrane permeabilization  

My results, in agreement with previous studies, indicate that the particular 

behaviour of LL-37 and RL-37 in solution, disordered or helical conformation resulting 

in a monomeric or oligomeric form, strongly affects their interaction with, and insertion 

into, biological membranes. It was previously proposed that this then leads to distinct 

types of membrane permeabilization, based on AFM experiments with supported 

anionic model membranes (Morgera et al., 2009), or on the size of fluorescent dyes that 

could transit through the cytoplasmic membrane of bacteria, as determined by flow 

cytometry (Xhindoli et al., 2014, See appendix I). This technique was further refined by 

using probe dyes of different sizes, ranging from that of PI (whose estimated longest 

diameter is nearly 1.6 nm), to fluoresceinated dextran particles of increasing sizes 

(FITC-Dx of 4, 10, 20, and 40 kDa corresponding to diameters of 2.8, 4.6, 6.6 and 9 nm 

respectively.  

This technique allowed distinguishing more precisely the dimension of the lesions 

caused by the two peptides to the S. aureus ATCC25923 bacterial membrane, in order 

to elucidate the differences in the mode of action of these two structurally diverse 

peptides. Bacterial cells were incubated for 60 min with increasing peptide 

concentrations, and then the percentage of permeabilized cell was measured in flow 

cytometry from the fluorescence signal obtained when the dyes enter the cell. Results 

for simultaneous exposure to PI and FD40 (FITC-DX 40 kDa) are shown as 

biparametric dot plots in Figure 4.2.12A and B. LL-37 caused lesions of a small size at 

2 µM, as PI could enter in ~ 30% of the bacterial cells, but all cells were negative for 

FD40. However, increasing the concentration to 4 µM resulted in larger lesions that 

allowed FD40 molecules (Ø = 9 nm) to enter about 30% of cells (Figure 4.2.12A and 

D). The effect was even more evident at 8 µM peptide, where ~ 80% of the cells were 

permeabilized to FD40. Furthermore, this occurred within 30 min with little further 

change at 60 min (not shown). RL-37 was considerably more efficient than LL-37 in 

permeabilizing the S. aureus membrane to PI, with 100% of PI positive at 2 µM, but the 
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size of the lesion remained unaltered up to 8 µM peptide, as no signal for internalized 

FD40 was detected (Figure 4.2.12B and D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Testing the uptake of FITC-Dx of smaller sizes (4-20 kDa) made this different mode 

of membrane permeabilization even more evident (Figure 4.2.12E). S. aureus cells 

treated with 8 µM RL-37 did not allow the uptake of any probes larger than PI (e.g. FD4 

Figure 4.2.12. Flow cytometric analysis of probe dye internalization into S. aureus 

ATCC25923 treated with: A) LL-37 or B) RL-37at 2, 4, 8 µM peptide concentrations and C) 

in absence of peptide. D) Percentage of the permeabilized cells in presence of LL-37 (circle) or 

RL-37 (square); PI permeabilization (filled symbol); double stained (FITC-DX 40 and PI, half-

filled symbol). E) Percent permeabilized cells to markers of different size after treatment with 

4uM LL-37 (filled circle) or RL-37 (empty circle). 
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was internalized by less than 5 % of cells), so that lesions were quite small, while 

bacteria treated with the same concentration of LL37 allowed the uptake of probes in 

40-60% of cells, in a size dependent manner up to Ø = 5 nm, after which it is size 

independent. This suggests that a significant proportion of the pores/lesions that are 

formed are big enough to allow the passage of even the bulkier probe.  

This method was useful to better understand the different mode of action of LL-37 

and RL-37 with the bacterial membrane. In agreement with previous studies on model 

membranes (Morgera et al., 2009), we confirmed that the monomeric peptide RL-37 

disrupts the membrane integrity with higher efficiency than LL-37, and this is probably 

due to: i) less interaction of unstructured RL-37 with medium components and/or 

components of the outer cell wall (e.g. peptidoglycan, wall teichoic and lipoteichoic 

acids) and ii) the type of lesions that are causes to the cytoplasmic membrane, that are 

smaller in size (Ø < 2.8 nm) but may be quite widespread, so that locally fewer peptide 

molecules may be sufficient to exert a permeabilizing effect. On the other hand, the 

oligomeric LL-37 requires higher concentrations to be toxic to S. aureus cells, in part 

due to the higher tendency of the peptide to be sequestered by medium or cell wall 

components, reducing its efficiency in permeabilizing the membrane, and furthermore 

leads to the formation of larger sized pores (Ø ~ 9 nm) that may require the local co-

operation between more peptide molecules. In ATR experiments, while distinct 

channels of approximately these dimensions were observed for LL-37, membrane 

exposed to RL-37 had a more disordered “spongy” appearance. We interpret this as RL-

37 causing a “detergent-like” damage to the membrane that allows PI to leak in but not 

larger molecules. 

 

4.2.8 Conclusion  

 The comparative study of the human and macaque cathelicidin orthologues, using 

the different techniques I have described, contributes more pieces to forming a picture 

of their mode of interaction with, and permeabilization of membranes, which is 

represented in Scheme 2, and which in part explains how the conformational and 

aggregational state of the peptides in solution, under physiological conditions, affects 

their mode of action against bacteria and their biological roles. LL-37, in bulk solution, 

is in equilibrium between structural/aggregational forms, which we can correlate with 

the observed lifetimes of the intrinsic FCN probes. The unfolded/monomeric form (F-

form,  τ ~ 8ns), is predominant in aqueous solution, where the probe is fully exposed to 
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the environment, as also shown by efficient Cl- quenching, which significantly reduces 

the lifetime (τ ~ 3ns). The folded, α-helical form, occurs significantly in the presence of 

physiological salt at neutral pH, and the peptide is then obliged to oligomerize to hide 

the hydrophobic sector along the helix (equilibrium �, this is the assembled or A-form). 

This process is favoured by the formation of both intramolecular and intermolecular 

salt-bridges due to appropriately positioned basic and acidic residues, and does not 

occur for RL-37, which always remains in the F-form in bulk solution. A-form 

structuring results in increased H-bonding to the internal probe, as shown by a 

component with markedly increased lifetime (τ ~ 17ns), especially for probe located in 

the central region of LL-37, and it also partly protects it from Cl- quenching. The effect 

seems to be due to oligomerization rather than just helical folding, as the lifetime 

increases less in the presence of TFE, which favours monomeric helix formation, than 

in acetonitrile, which favours self-assembly and cannot act as an H-bond donor 

(equilibria ❷ and ❸).  

LL-37 and RL-37 thus approach the bacterial membrane respectively as A and F-

forms and this seems to affect the subsequent interaction and mode of permeabilization: 

RL-37 interacts with the membrane surface as a monomer (equilibrium�) and then 

adopts a helical structure and likely inserts into the bilayer as a monomer, LL-37 instead 

interacts with the membrane surface as an oligomer (equilibrium �). This has a marked 

effect on the subsequent antimicrobial activity, as the F-form peptide appears to be less 

subject to sequestration by medium components, or components of the bacterial outer 

cell wall. For this reason RL-37 is more a potent and broad-spectrum antibiotic than LL-

37. 

On interaction with the membrane surface, LL-37 may in part disassociate to a 

monomeric inserted form similar to that of RL-37 (equilibrium �), but a significant 

level of oligomerization persist. RL-37 then forms small, heterogeneous lesions 

allowing the transit of only small molecules through the membrane (this may be a form 

of ‘carpet-like mechanism’, equilibrium �). The A-form origin of LL-37 instead leads 

it to its formation of sizeable lesions compatible with the ‘toroidal pore’ model, that 

allow larger molecules through (equilibrium �). In a previous study (Morgera et al., 

2009), it was reported that the small, heterogeneous lesions caused by RL-37 occur very 

rapidly leading to fast membrane depolarization, whereas the larger channels induced 

by LL-37 lead to a slower depolarization. It has been proposed that a detergent or 

carpet-like mechanism eventually leads to extensive micellization of the membrane 
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(Shai, 1999) with quite large lesions forming. I did not observe this for exposure to up 

to 8 µM RL-37 for up to 1 hour, so that would seem to be a slow process. It is possible 

that the peptidoglycan layer surrounding bacteria cells prevents this from occurring 

rapidly, or else, once it does occur, the damage is so great that it is no longer 

observable. In any case, I did not observe intermediate stages. 

Whether the peptide acts singly, via a carpet-like effect, or in a more concerted 

manner, via formation of toroidal pores, it likely remains parallel to the membrane 

surface, and is only partly inserted into the lipid bilayer, giving rise to a similar pattern 

of short-lived (τ2 ~ 3 ns) and long-lived (τ1 ~ 10 ns) fluorescence decay components for 

LL-37 or RL-37 in the presence of anionic LUVs, due respectively to insertion of the 

probe side-chains into aprotic the lipid bilayer and H-bonding with appropriate donors 

in the headgroup region. This also results in significant protection from Cl- quenching. 

In the presence of neutral membranes LL-37 appears to be capable of interacting 

with the membrane surface, as an oligomer (equilibrium �) but with a smaller 

proportion of molecules then inserting into the bilayer. RL-37 has an even lower 

capacity for interaction, possibly deriving from its unstructured, monomeric state, 

although some level of interaction is indicated by Biacore experiments. It is possible 

that the oligomeric form of LL-37, which is already helical, favours its interaction with 

host cell membranes, allowing it to exert its pleiotropic effects on different types of host 

cells (Vandamme et al., 2012).  
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Scheme 2.  Effect of different conformational and oligomerization states of LL-37 in different environments on the fluorescence decay lifetime 
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4.3 EFFECT OF INTRAMOLECULAR SALT-BRIDGING ON ANTIBACTERIAL 

ACTIVITY AND MECHANISM OF ACTION OF LL-37 
 

4.3.1 Rational design of LL-37 analogues 

The results I have presented in previous sections shed light on the strong correlation 

between the structure in solution of the orthologous peptides LL-37 and RL-37, and 

their mode of interaction with the biological membranes, resulting in significant 

differences in their biological activities. F-form RL-37, which remains monomeric upon 

binding the membranes, exerts a more linear and selective antimicrobial activity; LL-37 

which is in equilibrium between the monomeric and oligomeric forms has a more 

complex biological activity, with both directly antimicrobial and immunomodulatory 

roles. I observed that the propensity of LL-37 to self-assemble (up to hexamers in 

solution and trimers or tetramers in the presence of anionic and neutral model 

membranes respectively) affects the antibacterial activity by reducing its efficiency to 

permeate the bacterial membranes and to inhibit bacterial growth. On the other hand, it 

seems to be relevant for interaction with host cells, and may be the way it acts on their 

receptors (Tomasinsig et al., 2008). 

In this last part of my studies I focused on the investigation of the forces that drive 

LL-37 folding to a stable helix, causing its oligomerization in solution, which is 

maintained in membrane-like environments. I therefore attempted to modify the A-form 

propensity of the peptide, and correlated this with effects on its biological activities. In 

particular, I investigated the role of specific intramolecular electrostatic forces (salt-

brides) in stabilizing the oligomeric form of LL-37. It has previously been reported that 

salt-bridges occur among oppositely charged, spatially adjacent residues (~ 4 Å) and 

can contribute significantly to the stability and rigidity of the protein structures (Kumar 

and Nussinov, 2002). 

LL-37 is rich in basic and acid amino acid residues, distributed over the whole 

peptide sequence. I initially evaluated how ionic forces could arise in the single helical 

molecule in solution, at pH 7. This involved summing all the attractions occurring 

between oppositely charged residues, (basic Arg or Lys and acidic Asp or Glu), 

positioned i and i+3 or i and i+4 apart in a helical sequence, so as to be on the same side 

of the molecule. To this sum was subtracted the number of repulsions coming from 

adjacent like-charged residues. Based on this calculation one can easily distinguish the 

different equilibrium of ionic forces in LL-37, which has two attractions in excess of 
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repulsions (see Table 4.3.1), from RL-37 which instead has an equal contribution from 

attractions and repulsions in its structure. This may be a relevant factor that determines 

the conformation of the two peptides in the physiological solution. I therefore rationally 

designed variants of LL-37 by effecting minimal variations in its sequence, such as a 

single residue substitution, or the inversion of the position of two or four amino acid 

residues that are either adjacent in the sequence, or adjacent on the helix polar face 

(spaced 3 or 4 residues apart) (Table 4.3.1). The aim was to test to the hypothesis that 

by varying the internal ionic forces in the peptide it could be possible to control the 

peptide’s propensity for forming a helical structure in solution and/or in presence of 

membranes, modulate the mode by which the peptides interact with the bacterial 

membranes, and ultimately control the antibacterial activity.  

To start with, I designed four analogues of LL-37 that would have different ratios of 

intramolecular attractions and repulsions (A/T), on helix formation. LL-37(E10K11) 

switches two adjacent residues, Lys10 with Glu11,which results in the interruption of salt 

bridges with residues up and downstream, and an inverted ratio of A/T with respect to 

LL-37, so that now there is an excess of 2 repulsions. Another single amino acid 

inversion of Glu16 with Lys18 led to an analogue, LL-37(K16E18) with an equal number 

of attractions and repulsions, a similar A/T ratio to that of RL-37. The double mutant, 

LL-37(E10K11K16E18) combines the modifications of the two previous analogues and 

results in an excess of 4 repulsions, so that helix formation should be should be 

significantly destabilized. These variants were all expected to have a lower propensity 

to adopt a helical structure in solution, and this should in turn affect the propensity to 

oligomerize; in other words they should behave more like RL-37.  

The last variant, LL-37(Gly15), was obtained by replacing a basic residue (Lys15) 

with a neutral and flexible Gly residue, which is present in RL-37 at this position. This 

single modification causes a significant alteration in the ionic force equilibrium, 

resulting in an excess of 4 attractions. However, introduction of the glycine residue also 

reduces the net charge of the peptide, and likely locally increases flexibility, which 

could both also affect antimicrobial activity.  
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                           Table 4.3.1 Sequences and characteristics of RL-37, LL-37 and its analogues studied in this chapter 
 

                            
 

    
 
 
 
 
 
 
 
 
 
 
 
 
 

 

*Basic residues are highlighted in blue; acidic residues in pink; substitution with hydrophobic residue is shown in yellow. 

**Evaluation of the electrostatic forces between residues spaced (i, i + 3, 4) from each other; A= attractions and R= repulsions. 

    

Peptide Sequence* MW q A/R** 

% helix 

H2O SPB  PIL 
50% 

TFE 

 

LL-37 

----:----|----:----|----:----|----:-- 

   -  ++ +-+  +- ++   + +-  +    + - 

LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 

4493.4 +6 9/7 5 25 40 58 

RL-37 
+     ++ +-+     ++   + +-       +   

RLGNFFRKVKEKIGGGLKKVGQKIKDFLGNLVPRTAS 
4101.0 +8 3/3 3 5 5 50 

LL-37(E
10

K
11

) 
   -  ++ -++  +- ++   + +-  +    + - 

LLGDFFRKSEKKIGKEFKRIVQRIKDFLRNLVPRTES 4493.4 +6 7/9 6 24 34 60 

LL-37(K
16

E
18

) 
   -  ++ +-+  ++ -+   + +-  +    + - 

LLGDFFRKSKEKIGKKFERIVQRIKDFLRNLVPRTES 4493.3 +6 8/8 5 14 34 56 

LL-37(E
10

K
11

K
16

E
18

) 
   -  ++ -++  ++ -+   + +-  +    + - 

LLGDFFRKSEKKIGKKFERIVQRIKDFLRNLVPRTES 4493.2 +6 6/10 6 13 41 58 

LL-37(G
15

) 
   -  ++ +-+   - ++   + +-  +    + - 

LLGDFFRKSKEKIGGEFKRIVQRIKDFLRNLVPRTES 4422.1 +5 8/4 6 19 35 59 



83 

 

4.3.2 Structural characterization with CD spectroscopy 

The structure of the four LL-37 variants was characterized by CD spectroscopy, and 

compared with the native peptide, LL-37. Spectra were collected in the presence of pure 

water, in low salt concentration buffer (10mM SPB, pH 7), a buffer with higher ionic 

concentrations similar to those in plasma (PIL) and in the presence of the helix-inducing 

solvent TFE  (50% in SPB) (Figure 4.3.1). All peptides were unstructured in pure 

water, as their spectra were typical of the random-coil conformation. In 10 mM SPB 

spectra instead indicated partially helical conformations with variable helix content, and 

none of the peptides behaved quite like LL-37 (Figure 4.3.1).  
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In fact LL-37 gave rise to the most stable and intense spectrum, with two pronounced 

minima at 222 and 208 nm, typical of the helical conformation, with an estimated 

content of 25% α-helix, as estimated by the method of Chen (Chen et al., 1974). While 

it is reasonable to suppose that only the central part of the chain is in a helical 

concentration, the most likely explanation for this is that the peptide is in equilibrium 

between random coil and helical conformations (see section 4.2.3). The ratio of the 

ellipticity values at these wavelengths (ϴ222/ϴ208 > 1) suggest that the helices that form 

are not significantly stacked (Lau et al., 1984), so that they are unlikely to be involved 

in a high level of oligomerization.  

The helix content in 10 mM SPB was reduced most for the LL-37(E10K11 K16E18) 

and LL-37(K16E18) variants  (Table 4.3.1),   with < 15% helix content,  and the shape of 

the spectra suggested the equilibrium is more in favour of the unstructured than the 

helical conformation. This confirms that a minimal modification in the sequence of LL-

37, namely exchange of Glu16 with Lys18, can significantly alter the stability of the helix 

and shift the equilibrium toward the F-form. Conversely, the single residue modification 

in LL-37(G15) did not result in a more stable helical conformation, despite the excess of 

intramolecular attractions. The most likely explanation is that tilting the equilibrium 

towards a higher helical content also requires formation of appropriate intermolecular 

interactions, both electrostatic and hydrophobic. 

On increasing the concentration of salt ions in the solution, the structural differences 

between LL-37 and its analogues attenuated, as one can observe from the spectra in the 

presence of PIL (plasma-like ion concentration buffer). Higher ionic forces in solution 

may cause a “salting out” effect, due to fewer water molecules available to interact with 

peptide molecules, and thus inter- and intramolecular interactions are favoured. In this 

case, for all peptides the ϴ
222/ϴ208  ratio is close to 1,  more typical of interacting 

helices, indicating an equilibrium between the monomeric and higher oligomeric forms 

(Lau et al., 1984). In presence 50% TFE in SPB, conditions known to favour helix 

formation, the peptides all showed very similar spectra, with a comparably high helical 

content (~ 60%), which can be considered as the maximum helical content achievable. 

In this case, the presence of an organic solvent that can shield the hydrophobic helix 

sector means that the molecules can remain monomeric also in the helical conformation.  
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4.3.3 Evaluation of peptide-peptide interaction using SPR 

Circular dichroism gave interesting information on the secondary structure of the 

peptides, but only tenuous indications regarding the inter-molecular interactions among 

peptide molecules. I therefore attempted to distinguish the behaviour of variant 

peptides, and in particular try to determine if there is a variation in their capacity to self-

associate, in comparison to F-form RL-37, which has a low tendency to do so, and A-

form LL-37, which has a preference for self-assembly. These studies involved 

anchoring the variant peptide LL-37(K16E18) to a n SPR chip, and determining its ability 

to self-assemble, and to recruit either LL-37 or RL-37 flowed over it (Figure 4.3.2), 

having already determined that anchored LL-37 can strongly recruit free-flowing 

peptide (Section 4.2.6) under basic conditions. 

Free LL-37(K16E18) was therefore flowed across the LL-37(K16E18) -modified sensor 

surface, using HBS-EP running buffer at pH 7.4, conditions that induce a helical 

conformation in this peptide (confirmed by CD, not shown).  In successive experiments 

it was flowed over the chip at increasing concentrations, ranging from 0.5 to 64 µM, 

doubling it each time. Results were quite similar to those previously observed with LL-

37 (Figure 4.2.10), so that a moderate and linear  increase of RU was observed up to 16 

µM, but then the signal increased significantly at 32 µM, and dramatically (up to 1200 

RU) when 64 µM of peptide were flowed over the chip (Figure 4.3.2B). I attribute this 

profile to a concentration dependent high level of oligomerization on the chip surface, 

where binding was rapid and reversible, and where it was not possible to reach the 

saturation point for ligand/analyte interactions, suggesting an open type of 

oligomerization. It was not possible to determine an affinity constant with this 

behaviour.  

There was, however, some difference between the self-interaction studies when LL-

37 or LL-37(K16E18) was used. The peptide concentration at which massive self-

assembly was observed was somewhat higher than for LL-37. Also the RU signal due to 

peptide aggregation on the chip surface (at 64 µM) was more accentuated for LL-37 

self-association (~ 4-fold higher) than for its analogue. The fact that the modified 

(K16E18) variant needs a higher concentration to oligomerize, in these conditions 

indicates that it likely forms lower order oligomers than LL-37, in line with a 

destabilizing effect of the mutation.  
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Figure 4.3.2 SPR of different peptides on a LL-37(K
16

E
18

)-modified chip. A) Sensorgrams for LL-37(K16E18) analyte and B) the variation of 

the RU with increasing peptide concentrations; C) Sensorgrams for LL-37 analyte and D) RL-37 analyte. The peptide concentrations used were 

0.5, 1, 2, 4, 8, 16, 32 and 64 mM in HBS-EP (pH 7.4). 
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I then investigated how LL-37 or RL-37 interacted with the LL-37(K16E18) peptide-

modified chip (Figure 4.3.2 C and D). The running buffer, as well as peptide 

concentrations, was the same described above. With LL-37 as analyte, results were 

similar, but with a decrease in maximum RU with respect to the experiment where LL-

37 was anchored. This may indicate that the initial interactions between analyte and 

anchored peptide are important for subsequent oligomerization. Surprisingly, there 

wasn’t a striking difference in sensorgram profile using RL-37 as analyte, considering 

its F-form. For this peptide also, the RU increased markedly at the highest analyte 

concentration used. This prompted me to carry out CD spectra of RL-37 in the 

conditions used (HBS-EP, pH 7), and found that it actually had some helical content (< 

20%, data not shown) under these conditions. The presence of the more structured LL-

37(K16E18) on the chip thus appeared to induce interaction with the other peptide flowed 

over it under conditions that are favourable to helix formation. 

 

4.3.4 Antimicrobial activitiy studies 

 

The capacity of the analogues to inhibit bacteria in vitro, (E. coli ATCC25922 and S. 

aureus ATCC25923) was evaluated using two standard methods: i) by following the 

bacterial growth kinetics for 4 h in the presence of different peptide concentrations and 

ii) by determining the MIC values, after 18 h of incubation of the bacterial cells with the 

peptide at serial diluted concentrations. The results are shown in figure 4.3.3 and table 

4.3.2. The inhibiting activity of the two native peptides, LL-37 and RL-37, against E. 

coli was similar, with respect to short term bacterial growth inhibition curves, and the 

determined IC50 values (peptide concentration able to inhibit 50% of growth at 210 min) 

were comparable. The longer-term effects (MIC values) were slightly different, since 

RL-37 was able to inhibit bacteria already at 1 µM while LL-37 at 2 µM.  

It was therefore not surprising that modifications to the LL-37 sequence did not 

markedly alter its short-term effect against E. coli, with no significant differences in 

growth inhibition curves for the analogues (Figure 4.3.3A), so that their IC50 values 

were similar. However, considering the longer term effect, the K16E18 and G15 analogues 

showed an improved MIC with respect to LL-37 (See table 4.3.2). 

Results for S. aureus are more informative, also because the activity of two native 

peptides differentiates more with respect to the Gram-positive bacteria. F-form RL-37 

had a significantly higher potency than the A-form LL-37, was able to inhibit 50% of 
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bacterial growth at concentrations < 1 µM (Figure 4.3.3B), and had a MIC of 1 µM. 

LL-37 required of 8-fold higher concentrations to exert the same activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The differences in the S. aureus growth inhibition due to exposure to the LL-37 

variants were also more accentuated with respect to E. coli (Figure 4.3.3B), indicating 

that both intramolecular salt-bridging and the net charge played a more significant role 

than for Gram-negative bacteria. The single inversion of K16 and E18 residues enhanced 

the activity against S. aureus cells, reducing both the MIC and its IC50 value with 

respect to LL-37, although curiously the effect was less marked for the double mutant 

peptide. LL-37(G15) was instead the less efficient than LL-37 in inhibiting bacterial 

growth. In this case, salt-bridging is enhanced, and the charge decreased, both of which 

can affect activity against S. aureus cells. These data would seem to confirm that the 

balance of intramolecular attractions and repulsions, along with the net positive charge 
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Figure 4.3.3 Bacterial growth 

inhibition curves. A) E. coli 

and B) S. aureus growth 
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of the peptides, play a relevant role in modulating the activity against Gram-positive 

bacteria, likely affecting the efficiency with which they approach the bacterial surface 

and insert into the membrane, as well as determining the subsequent mode of 

permeabilization.   

 

 

 
a Peptide concentration (µM) that causes 50% of bacterial cell inhibiton, extrpolated value from 

the growth inhibitons curevs. bExtrapolated peptide concentration (µM) that induces 50% of PI 

permeabilized cells (GraphPad, SigmaPlot) 

 

 

4.3.5 Characterization of bacterial membrane permeabilization 

I was therefore prompted to further investigate the mechanism of action against S. 

aureus cells, by exposing them to increasing peptide concentrations (ranging from 0.25 

to 8 µM) for 30 min, and for increasing times (15-60 min), in the presence of the 

impermeant fluorescent probe propidium iodide (PI).  For both LL-37 and RL-37 the 

percentage of PI positive cells, measured using flow cytometry, increased with peptide 

concentrations to reach a plateau, at between 15 and 30 min, irrespective of 

concentration. RL-37 permeabilized 100% of cells within 15 min at 2 µM, whereas LL-

37 required > 4 µM, in line with its reduced potency, as previously assessed in terms of 

MIC and IC50 for bacterial growth inhibition, and confirming the membranolytic origin 

of their activities. The permeabilizing capacities of the LL-37 variants were then 

compared to those of the native peptides, after 30 min exposure, as shown in figure 

4.3.4. The curves indicate a sigmoidal dependence on peptide concentration, for both 

RL-37 and LL-37, confirming a significantly higher activity for RL37 with respect to 

Peptide 

A-R 

 E. coli ATCC25922 S. aureus ATCC25923 

q MIC 
a
IC50 MIC 

a
IC50 

b
EC50 

LL-37 +2 6 2 0.3 8 3.6 2.6 

RL-37 0 8 1 0.32 1 0.7 1.0 

LL-37(K
16

E
18

) 0 6 1 0.35 4 2.2 3.4 

LL-37(E
10

K
11

) -2 6 2 0.35 8 3.7 4.6 

LL-37(E
10

K
11

K
16

E
18

) -4 6 2 0.32 8 3 4.0 

LL-37(G
15

) +4 5 1 0.4 8 5.8 2.4 

Table 4.3.2. Antimicrobial activity of RL-37, LL-37 and its analogues 
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LL37. Computer assisted extrapolation of the 50% efficacy concentration (EC50) 

indicates a value that is 2.5 fold higher for LL-37 (about 2.6 µM) than for RL37 (about 

1µM) (Table 4.3.2). This was in line with the MIC values, as discussed above. The 

same analysis performed using LL-37 analogues interestingly showed that the sigmoid 

profile is maintained only for the LL-37(K16E18) and G15 single mutation analogues. For 

the other analogues there was a more linear dependence of PI uptake on concentration, 

and moreover a significant loss of permeabilizing capacity, with an increase of the EC50 

values. Curiously, in this experiment it is the single E11K10 inversion (EC50 ~4.6 µM), 

which most reduces the permeabilizing capacity. The different behaviour of the four 

variants would seem to confirm that relatively small changes in the sequence, which 

however affect the balance of intramolecular (and likely also intermolecular) salt-

bridges, can significantly affects the way in which the peptides act on the bacterial 

membrane.
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Figure 4.3.4. PI uptake in S. aureus ATCC cells. Bacteria were incubated for 30 min with different peptides concentrations and PI fluorescent 
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4.3.6 Peptide conformation affects the mechanism of bacterial permeabilization. 

As discussed previously, LL-37 and its macaque orthologue display a different type 

of interaction with the bacterial membrane, and act with different modes of damage 

induction (see Section 4.2.7). LL-37 was able to cause small size lesions at low 

concentrations (where only PI uptake was detected) but larger size lesions, allowing 

penetration of a bulkier fluorescent probe dye, at higher concentrations. RL-37 instead 

formed only small size lesions irrespective of its concentration, indicating a distinctly 

different mechanism of bacterial permeabilization. Considering these results, together 

with AFM studies on model membranes (Morgera et al., 2009), it was proposed that 

LL-37 acts via forming pores or channels, while RL-37 results in a more generalized 

and less well defined membrane reorganization compatible with the carpet mechanism. 

I therefore analysed the effect of minimal sequence alteration in the behaviour of LL-37 

analogues in terms of these models, using a series of fluorescently-labelled dextran 

polymers of different masses ranging from 4-70 kDa, with diameters, estimated from 

the Stokes radii, of ~ 3 - 12 nm. 

All the LL-37 variants also rapidly interacted with the bacterial cell membrane and 

promoted membrane perturbation in S. aureus, but this resulted in a loss of its barrier 

function only for the small diameter probe PI (Figure 4.3.5). None of the LL-37 

variants was able to induce uptake of any of the FITC-Dx dye probes. This result is 

preliminary, and has to be confirmed, as it is quite startling. It suggests that altering the 

network of electrostatic interactions in LL-37 structure, in any way causes a loss of its 

pore-forming capacity, so that the variants switched to a mechanism more like that of 

RL-37, but less efficient. 

Taken together, my experiments with LL-37 variants indicate that the helical 

cathelicidins can act by a type of carpet-like mechanisms, by default. But while RL-37 

has evolved to use it very efficiently, LL-37 has decreased this capacity in favour of an 

alternative pore-forming mechanism. Thus, as the peptide concentration on the 

membrane surface increases, LL-37 switches to a pore-forming mechanism, whereas 

RL-37 does not. The LL-37 variants would appear to have lost the capacity to form 

pores, or else these are less stable making the uptake of the larger probes less efficient. 

The mode with which the peptides disrupt the bacterial membrane (via carpet 

mechanism or pore formation) is clearly affected by intramolecular salt-bridges, but this 

feature may not be sufficient. One should consider that hydrophobic interactions and the 
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inter-molecular salt-bridges that form on peptide oligomerization also drive the peptides 

propensity to aggregate, and affect subsequent capacity to form pores. These 

mechanistic studies need to be extended, for example by rationally designing more 

variants,  and to be further confirmed, but may lead to important insights into the mode 

of action of LL-37, an evolved feature that appears to require a quite precise residue 

arrangement. 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The mode of permeabilization of bacterial membranes by LL-37 thus clearly depends 

on its propensity to adopt a helical structure and oligomerise via hydrophobic and 

electrostatic interactions, involving intra- and intermolecular salt-bridging, which 

appear to persist when it interacts with the bacterial membrane and favours pore 

formation over a carpet-like effect (see Appendix I). This hypothesis could be tested by 

extending the study of pore formation to the C-terminal dimer or CTD, an obligate 

dimeric form of LL-37. As reported in table 4.3.3 this dimeric form of LL37 shows a 

similar capacity to the monomer for permeabilizing the S.aureus membrane to the 

smaller PI probe (> 80% PI+ cells).  It significantly gains in the capacity to form pores, 

allowing internalization of dextran probes up to FD70 (≥ 80% of cells become positive 

irrespective of probe size), which would seem to support the hypothesis. 
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Figure 4.3.4.  PI and FITC-Dx uptake in S. aureus ATCC cells in the presence of RL-37, 

LL-37, its modified analogues and covalent dimers Bacteria were incubated for 30 min 

with 4mM of peptide concentration and the fluorescent signal was measured with flow 

cytometry. 
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*For the dimeric peptide CTD this concentration is intended as that of helical strands (two per 
molecules). Each + indicates 20% of dye uptake; +/- indicates ≤ 10 % of dye uptake. 
 

In conclusion, in my investigation of the role that intramolecular salt-bridging has on 

the structure as well as on the antibacterial activity of LL-37, I have confirmed that 

minimal sequence modifications in LL-37 could provoke an alteration in the network of 

intramolecular electrostatic interactions that  affects its structure in solution and its 

mode of action. CD and Surface Plasmon Resonance studies indicate that these changes 

do not necessarily abrogate the capacity of the peptides to adopt a helical structure in 

bulk solution, or to oligomerise, but they are reduced with respect to the native peptide 

LL-37, and this is sufficient to significantly affect the antibacterial activity, and 

especially the mode of action.  

In particular, antibacterial assays revealed that the sequence modifications altered the 

activity against Gram-positive bacteria much more significantly than against Gram-

negative ones, and the trend in activity could be related to both the balance of 

intramolecular attraction/repulsions, and the overall charge. In general, an increased 

activity was correlated to a permeabilizing mechanism more like that of RL-37. The use 

of fluorescent probes of different sizes revealed that all modifications resulted in a loss 

of capacity to form, or stably maintain, larger sized pores, which appears to be related to 

the capacity of LL-37 to oligomerise in solution and maintain this state in membranes, 

as confirmed using its covalent dimer. The particular mode-of-action of LL-37 likely 

 PI 0,7kDa 
(1.6nm) 

FD-4kDa 

(2.8nm) 

FD-10kDa 

(4.6nm) 

FD-20kDa 

(6.6nm) 

FD-40kDa 

(9nm) 

FD-70kDa 

(12nm) 

LL-37 ++++ +++ ++ ++ ++ + 

G-15 ++++ +/- - - - - 

E
10

K
11

 ++ + +/- - - - 

K
16

E
18

 +++ +/- - - - n.d 

E
10

K
11

K
16

E
18

 +++ - - - - n.d 

CTD* ++++ ++++ ++++ ++++ ++++ +++ 

RL-37 ++++ - - - - n.d 

Table 4.3.3. Uptake of PI and FITC-Dx in S. aureus ATCC25923 cells, after 30 min of 
incubation with 4 µM peptide concentration.  
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requires the complex and precise interplay of both intra- and intermolecular electrostatic 

interactions, which depend on a precise arrangement of residues in its sequence. More 

rational analogues of LL-37 have been designed and are in the process of being 

synthesized, to try and obtain further insights into the sequence-function and structure-

function relationships of this important human innate effector. 
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4.4 SELECTIVE ANTIMICROBIAL ACTIVITY AND MODE OF ACTION OF 

ADEPANTINS, GLYCINE-RICH PEPTIDE ANTIBIOTICS BASED ON 

ANURAN ANTIMICROBIAL SEQUENCE   

 
(Article synopsis – Appendix II) 

 
Due to a collaboration between my group and a group from the University of Split, I 

contributed to synthesizing and testing the peptides used for the study described in 

Appendix II, providing my experience in peptide synthesis, structure characterization of 

helical peptides and the functional characterization of their biological activities on both 

prokaryotic and eukaryotic cells.  

The aim of this study was to rationally design novel membrane-active antimicrobial 

peptides, which were highly selective to Gram-negative bacteria with respect to the host 

cells, and to investigate what were the physico-chemical parameters that determine their 

selectivity for AMPs. For this purpose, data was collected on many natural 

antimicrobial peptides of anuran origin, for which the antimicrobial and haemolytic 

activities were collected in the dedicated database AMPad (Juretic et al., 2009). In order 

to quantify the selectivity of these AMPs, a selectivity index (SI) was developed by 

calculating the ratio of the peptide concentration able to cause 50% of hemolysis (HC50) 

with the minimal peptide concentration able to inhibit the growth of  E. coli (SI = 

HC50/MIC). Correlating the non-homologous AMP sequences with this quantitative 

activity data, it was possible to develop an effective algorithm for predicting this SI. 

Apart from the estimation of SI values, which are very sensitive to small changes in 

peptide sequence, an algorithm called the “Designer” tool was used to reduce the 

number of peptide candidates that could be generated. This prediction was based on two 

main procedures: i) the peptides sequences had to be potential amphipathic helix and 

had to have characteristics similar to those of potent anuran peptide (defined by the 

analysis of residue distribution), and ii) a longitudinal component called the “sequence 

moment” was considered to be important for selectivity. The ‘sequence moment’ 

describes the lengthwise asymmetry of residue hydrophobicities along the peptide 

sequence.  

These processes lead to a set of seven AMP candidates; glycine-rich and 23 residues 

long peptides named adepantins (1-7), an abbreviation of Automatically Designed 

Peptide Antibiotic. ADP1 had previously been tested (Juretic et al., 2009) and was 

shown to effectively have a high SI, and be quite potent against E. coli, as expected. In 
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the paper described in Appendix II, the study was extended to other to two other of the 

adepantin peptides, ADP2 and ADP3, in order to confirm the effectiveness of the 

“Designer” tool to predict SI values in AMPs. ADP2 is similar to ADP1 but contained a 

C-terminal cysteine, while ADP3 was only 35% identical to ADP1, also bearing a C-

terminal cysteine. This residue allowed labeling the peptides with fluorescent dyes, in 

order to study their mode of interaction with the bacterial membranes, as well as to form 

covalent dimers, so as to probe the effect of the aggregation on their selectivity (similar 

to the study performed with LL-37 covalent dimers). My experience with LL-37 dimers 

was useful in assisting with the preparation and testing of these peptides, and it was 

interesting for me to assess similarities and differences in their behavior with respect to 

the LL-37 dimers. The unlabeled, monomeric peptides, with acetamidated C-terminal 

Cys, were also studied. 

CD spectroscopy studies showed that all peptides were unstructured in water or 

buffered solutions, but could adopt a helical conformation in the presence of organic 

solvents such as TFE and isopropanol. Covalent dimerization did not affect the spectral 

intensities. On the other hand, the shape of the spectra in the presence of the anionic 

LUVs suggested that the peptides may interact with these membranes in a more 

aggregated helical form, and this was particularly evident for the covalent dimeric 

forms. In the presence of neutral LUVs, peptides instead remained random coil, 

indicating that they did interact strongly with host cells-like membranes.  

Compared to LL-37 (Appendix I), where dimeric covalent peptides were used as its 

obligatory aggregated form, the adepantin dimeric peptides behave somewhat 

differently. Dimerization stabilized the helical conformation of LL-37 and increased the 

helical content in the presence of physiological salt solutions. Furthermore it promoted 

LL-37 aggregation in the presence of both anionic and neutral membranes. Instead, the 

dimeric adepantins behaved more like Free-form peptides, similar to the macaque RL-

37, which does not structure in solution but assumes helical conformation only in the 

presence of bacterial-like membranes. We can consider covalently linked adepantin 

peptides as dimeric F-form peptides. 

The in-vitro antimicrobial activity of both monomeric and dimeric peptide forms of 

adepantins was assessed from the MIC and by following the kinetics of bacterial growth 

in the presence of the peptides. ADP2 was the more potent peptide using both criteria, 

followed by ADP1 and ADP3. Interestingly the dimeric forms of adepantin 2 and 3, 

(ADP2)2 and (ADP3)2 respectively, showed MIC values that were significantly lower 
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with respect to their analogous monomeric peptides.  This is, to my mind, a very 

interesting result, as it is in contrast with the reduced efficacy observed instead for LL-

37 dimers, and indicates that it is not covalent linking of this peptide that reduces its 

activity, but rather oligomerization associated with helix formation.  

We further studied the kinetics of outer and cytoplasmic bacterial membrane 

permeabilization, using the E. coli ML-35 pYC strain, and the membrane-impermeant 

chromogenic substrates CENTA and ONPG. Membrane disruption, which resulted in 

hydrolyses of the substrates, respectively by a periplasmic lactamase and cytoplasmic 

galactosidase, was significantly faster and more efficient for the dimeric than 

monomeric adepantins. Dimerization seems to favor the passage through both the outer 

and inner membranes, and this may contribute to the greater potency of the dimeric 

peptides. Furthermore antimicrobial tests performed on LPS modified mutants of E. coli 

BW 25113, revealed that LPS layer is not a significant barrier for adepantins, in 

particular for the dimeric forms. This again is in contrast to what was observed for LL-

37, where dimerization resulted in the loss of the efficiency to permeabilize bacteria, 

with the dimeric forms being more subjected to the barrier effect of the outer membrane 

and its components. Therefore dimeric adepantins are confirmed to continue to behave 

as F-form peptides, and being linked seems to favour their permeabilizing activity on 

the membrane. 

The cytotoxic activity of the adepantin peptides were evaluated from their in-vitro 

haemolytic capacity and the efficiency in permeabilizing the membranes of U937 cells 

to propidium iodide. The results showed that the monomeric peptides exerted a quite 

low in-vitro cytotoxic effect, which was observable only at much higher concentrations 

than the antimicrobial ones, leading to peptides with a very high selectivity index. The 

dimeric peptides were instead significantly more haemolytic than the monomeric forms, 

so that some cytotoxicity was observed to occur at the antimicrobial concentrations.  

In conclusion, we confirmed that the Designer algorithm is capable of generating 

AMPs that are quite selective for Gram-negative bacteria, in particular E. coli, but not 

toxic for host-cells at antimicrobial concentrations, thus having high selectivity indices. 

The capacity of these short linear peptides to structure in the presence of anionic 

membranes may favor the insertion and permeabilization, while they only appear to 

interact with the surface of the neutral membranes. Furthermore, dimerization seems to 

play a significant role in modulation both the antimicrobial activity and cytotoxicity 

towards host cells, in vitro, but in a different manner to the covalently dimerized LL-37. 
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5. CONCLUSIONS 

This PhD thesis aimed to investigate and analyse which structural features determine 

the complex biological roles of the human cathelicidin peptide LL-37. Despite its 

relatively simple structure, LL-37 can exert several quite different activities, such as 

protecting the host from infection by directly inactivating bacteria, detoxifying LPS and 

thus preventing sepsis, or acting as signal molecule for host cells, thus exerting an 

immunomodulatory role and contributing to wound healing . The multifunctional roles 

of this molecule make it an important component for our host defence and a rather 

attractive tool for the possible future development of novel anti-infective agents.  

In order to explore the origin of the above-mentioned functions, two types of 

methods were undertaken: i) comparative studies were performed with the human 

peptide and its orthologue from macaque, RL-37 and ii) analogue peptides were 

rationally designed and tested in order to better understand the structure-activity 

relationships and differential modes-of-action of these peptides.  

From previous studies performed in my group with several primate cathelicidins, two 

main types of behaviour were identified. One type of peptide, termed  A-form, which 

includes LL-37 and orthologues from more closely related species, are able to structure 

into a helical conformation in bulk solution, display a medium-sensitive antimicrobial 

activity, are less efficient in permeabilizing the bacterial membranes, and are less active 

against bacteria, especially Gram-positive ones. The other type of peptides, which 

includes macaque RL-37, are termed F-form, are unstructured in bulk solution, their 

activity is relatively insensitive to the medium components and are more efficient in 

permeabilizing the bacterial membrane, which reflects in their more potent activity, 

especially against Gram-positive bacteria. Moreover, while the former peptides are able 

to modulate host cell host-cell responses such as fibroblast proliferation, the latter 

lacked this capacity.  

Comparative studies with fluorescent analogues of LL-37 and RL-37 revealed that 

the human peptide self-associates in solution, forming a loose core involving especially 

the central part of the peptide helix. This was confirmed with cross-linking studies 

which confirmed that LL-37 oligomerization occurs in solution, up to hexamers, and 

this persists to some extent also in the presence of the membranes. The human peptide 

is in equilibrium between monomeric and oligomeric forms in solution, and may 

approach the biological membranes as an oligomer. These results were in line with the 
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hypothesis that helical structuring in solution, which favours oligomerization, makes the 

peptide more susceptible to sequestering and so reduces antibacterial activity, with 

respect to F-form peptides such as RL-37.  

This was further confirmed by the decreased capacity of covalently linked dimeric 

forms of LL-37 to permeabilize the bacterial membranes, suggesting that peptide self-

assembly somewhat penalizes the peptide-membrane interactions. Furthermore, it leads 

to a distinctly different type of lesions to the membranes. I demonstrated while LL-37 is 

able to form pores or channels with diameters up to 9 nm in bacterial membrane, 

confirming previous AFM data on model membranes, while RL-37 seems to act by a 

more heterogeneous, possibly carpet-like mechanism and causes more widespread but 

smaller size perturbations to the membrane. Self-assembly of LL-37 in solution is thus 

confirmed to be responsible for its lower antimicrobial activity with respect to the 

monomeric peptide RL-37, which may derive from both an increased difficulty in 

reaching the membrane, and to a different mode of membrane permeabilization, which 

involves multiple peptide molecules assembled to form discreet pores. On the other 

hand, the propensity to aggregate seems to confer to LL-37 a greater capacity to interact 

with host cell membranes, which may explain its greater capacity to modulate their 

activities.  

My work leads me to suggest that oligomerization occurs in LL-37 because of 

specific inter- and intra-molecular interactions, involving electrostatic attractions and 

repulsions, hydrogen bonds and hydrophobic interactions, which depend on its 

particular amino acid sequence, and are therefore an evolutionarily selected trait of this 

peptide. Vice-versa, RL-37 evolved in a different manner, to favour a more potent direct 

antimicrobial activity, avoiding sequence characteristics that favour oligomerization. I 

observed that alterations the intramolecular salt-bridging pattern can destabilize LL-37 

structure, may modify its mode of interaction with the bacterial membrane, and in 

particular, lead to a loss of its pore-forming ability. 
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