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Summary 

 
A detailed description of the characteristics of antimicrobial peptides (AMPs) is highly 

demanded, since the resistance against traditional antibiotics is an emerging problem in medicine. 

They are part of the innate immune system in every organism, and they are very efficient in the 

protection against bacteria, viruses, fungi and even cancer cells. Their advantage is that their 

target is the cell membrane, in contrast to antibiotics which disturb the metabolism of the 

respective cell type. This allows AMPs to be more active and faster. The lack of an efficient 

therapy for some cancer types and the evolvement of resistance against existing antitumor agents 

make AMPs promising in cancer therapy besides being an alternative to traditional antibiotics.  

The aim of this work was the physical-chemical characterization of two fragments of LL-37, a 

human antimicrobial peptide from the cathelicidin family. The fragments LL-32 and LL-20 

exhibited contrary behavior in biological experiments concerning their activity against bacterial 

cells, human cells and human cancer cells. LL-32 had even a higher activity than LL-37, while 

LL-20 had almost no effect. The interaction of the two fragments with model membranes was 

systematically studied in this work to understand their mode of action. Planar lipid films were 

mainly applied as model systems in combination with IR-spectroscopy and X-ray scattering 

methods. Circular Dichroism spectroscopy in bulk systems completed the results.  

In the first approach, the structure of the peptides was determined in aqueous solution and 

compared to the structure of the peptides at the air/water interface. In bulk, both peptides are in an 

unstructured conformation. Adsorbed and confined to at the air-water interface, the peptides differ 

drastically in their surface activity as well as in the secondary structure. While LL-32 transforms 

into an α-helix lying flat at the water surface, LL-20 stays partly unstructured. This is in good 

agreement with the high antimicrobial activity of LL-32. 

In the second approach, experiments with lipid monolayers as biomimetic models for the cell 

membrane were performed. It could be shown that the peptides fluidize condensed monolayers of 

negatively charged DPPG which can be related to the thinning of a bacterial cell membrane. An 

interaction of the peptides with zwitterionic PCs, as models for mammalian cells, was not clearly 

observed, even though LL-32 is haemolytic. 

In the third approach, the lipid monolayers were more adapted to the composition of human 

erythrocyte membranes by incorporating sphingomyelin (SM) into the PC monolayers. Physical-

chemical properties of the lipid films were determined and the influence of the peptides on them 

was studied. It could be shown that the interaction of the more active LL-32 is strongly increased 

for heterogeneous lipid films containing both gel and fluid phases, while the interaction of LL-20 
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with the monolayers was unaffected. The results indicate an interaction of LL-32 with the 

membrane in a detergent-like way. 

Additionally, the modelling of the peptide interaction with cancer cells was performed by 

incorporating some negatively charged lipids into the PC/SM monolayers, but the increased 

charge had no effect on the interaction of LL-32. It was concluded, that the high anti-cancer 

activity of the peptide originates from the changed fluidity of cell membrane rather than from the 

increased surface charge. Furthermore, similarities to the physical-chemical properties of melittin, 

an AMP from the bee venom, were demonstrated. 
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Zusammenfassung 

 
Aufgrund der steigenden Resistenzen von Zellstämmen gegen traditionelle Therapeutika sind 

alternative medizinische Behandlungsmöglichkeiten für bakterielle Infektionen und Krebs stark 

gefragt. Antimikrobielle Peptide (AMPs) sind Bestandteil der unspezifischen Immunabwehr und 

kommen in jedem Organismus vor.  AMPs lagern sich von außen an die Zellmembran an und 

zerstören ihre Integrität.  Das macht sie effizient und vor allem schnell in der Wirkung gegen 

Bakterien, Viren, Pilzen und sogar Krebszellen.  

Das Ziel dieser Arbeit lag in der physikalisch-chemischen Charakterisierung zweier 

Peptidfragmente die unterschiedliche biologische Aktivität aufweisen. Die Peptide LL-32 und 

LL-20 waren Teile des humanen LL-37 aus der Kathelizidin-Familie. LL-32 wies eine stärke 

Aktivität als das Mutterpeptid auf, während LL-20 kaum aktiv gegen die verschiedenen Zelltypen 

war. In dieser Arbeit wurde die Wechselwirkung der Peptide mit Zellmembranen systematisch 

anhand von zweidimensionalen Modellmembranen in dieser Arbeit untersucht. Dafür wurden 

Filmwaagenmessungen mit IR-spektroskopischen und Röntgenstreumethoden gekoppelt. 

Circulardichroismus-Spektroskopie im Volumen komplementierte die Ergebnisse. 

In der ersten Näherung wurde die Struktur der Peptide in Lösung mit der Struktur an der 

Wasser/Luft-Grenzfläche verglichen. In wässriger Lösung sind beide Peptidfragmente 

unstrukturiert, nehmen jedoch eine α-helikale Sekundärstruktur an, wenn sie an die Wasser/Luft-

Grenzfläche adsorbiert sind. Das biologisch unwirksamere LL-20 bleibt dabei teilweise 

ungeordnet. Das steht im Zusammenhang mit einer geringeren Grenzflächenaktivität des Peptids.  

In der Zweiten Näherung wurden Versuche mit Lipidmonoschichten als biomimetisches 

Modell für die Wechselwirkung mit der Zellmembran durchgeführt. Es konnte gezeigt werden, 

dass sich die Peptide fluidisierend auf negativ geladene Dipalmitylphosphatidylglycerol (DPPG) 

Monoschichten auswirken, was einer Membranverdünnung an Bakterienzellen entspricht. Eine 

Interaktion der Peptide mit zwitterionischem Phosphatidylcholin (PC), das als Modell für 

Säugetierzellen verwendet wurde, konnte nicht klar beobachtet werden, obwohl biologische 

Experimente das hämolytische Verhalten zumindest von LL-32 zeigten. 

In der dritten Näherung wurde das Membranmodell näher an die Membran von humanen 

Erythrozyten angepasst, indem gemischte Monoschichten aus Sphingomyelin (SM) und PC 

hergestellt wurden. Die physikalisch-chemischen Eigenschaften der Lipidfilme wurden zunächst 

ausgearbeitet und anschließend der Einfluss der Peptide untersucht. Es konnte anhand 

verschiedener Versuche gezeigt werden, dass die Wechselwirkung von LL-32 mit der 

Modellmembran verstärkt ist, wenn eine Koexistenz von fluiden und Gelphasen auftritt.  
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Zusätzlich wurde die Wechselwirkung der Peptide mit der Membran von Krebszellen imitiert, 

indem ein geringer Anteil negativ geladener Lipide in die Monoschicht eingebaut wurde. Das 

hatte allerdings keinen nachweislichen Effekt, so dass geschlussfolgert werden konnte, dass die 

hohe Aktivität von LL-32 gegen Krebszellen ihren Grund in der veränderten Fluidität der 

Membran hat und nicht in der veränderten Oberflächenladung. Darüber hinaus wurden 

Ähnlichkeiten zu Melittin, einem AMP aus dem Bienengift, dargelegt. Die Ergebnisse dieser 

Arbeit sprechen für einen Detergenzien-artigen Wirkmechanismus des Peptids LL-32 an der 

Zellmembran. 
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1 Introduction 

1.1 Cell Membranes 

The cell membrane is a highly dynamic barrier. It protects the cell compartments from the 

environment and is involved in signaling, communication, solute transport, DNA replication, cell-

cell recognition, secretion and is a target of drugs, hormones and proteins [1-3]. Natural 

membranes contain a mixture of more than thousand different lipids and proteins [4]. They are 

arranged in a bilayer with an asymmetric contribution. This bilayer can be considered as a two 

dimensional solution of lipids and proteins, whose components can freely diffuse and flip-flop [5] 

(Figure 1). 

 

 

Figure 1: Schematic representation of a biological membrane. The lipids are mainly in the Ld phase. 
Dispersed Lo domains, where integral and peripheral proteins partition preferentially, form rafts. 

Adapted from [6]. 

Based on the miscibility gap in phase diagrams of some lipids [6], the fluid-mosaic-model was 

extended to a raft-model [7-10]. Especially cholesterol, glycosphingolipids and some membrane 

proteins form transient, co-existing, small (50 nm in diameter), dynamic, liquid-ordered 

microdomains in the liquid-disordered environment. These so-called rafts are involved in many 

biochemical processes. They influence the membrane fluidity and the trafficking of membrane 

proteins, and regulate different cellular processes such as neurotransmission and receptor 

trafficking. [11] Also, many viral pathogen infections and inflammations take place at the site of 

lipid rafts (a review can be found in [12]).  

1.1.1 Mammalian Cells 

Two major components of mammalian cells are phosphatidylcholines (PCs) and sphingolipids 

[13]. Together they make more than 80% of the total lipid amount in the outer leaflet [14]. 30% of 

the total lipid amount is the sphingolipid spingomyelin (SM) [15]. SM carries like PC a 
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phosphocholine head group, but has a sphingosine backbone which is connected with the fatty 

acid via an amide bond. While PC has only H-bond acceptors, SM has both, H-donors and -

acceptors, so it can form as well inter- and intramolecular hydrogen bonds [16; 17]. Other 

important components are cholesterol, phosphatidylethanolamine (PE) and phoshphatidylserine 

(PS). PE and PS are restricted to the inner leaflet [18].  

1.1.2 Cancer Cells 

Beside the increased elasticity of the whole cell [19], cancer cell membranes have no bilayer 

asymmetry and contain an increased level of negatively charged PS in the outer leaflet of the 

membrane [20; 21]. The increased PS content usually triggers apoptosis, which is somehow 

circumvented by cancer cells [22]. A PS content of 10% was found in the outer leaflet of 

leukemia cells, which is 10 times higher compared to lymphocytes [23]. Tumor cell membranes 

are more fluid and have an increased cell surface area compared to healthy cells. Also, some 

cancer cell types contain an increased amount of cholesterol and cholesterol-rich rafts [22]. 

1.1.3 Bacteria Cells 

Bacterial membranes are composed mainly of negatively charged phosphatidylglycerols (PG) 

and cardiolipin (CL) [23; 24]. In Staphylococcus aureus, the PG content is up to 80% [25] while 

in Escherichia coli it is only 15%.  From zwitterionic lipids, phosphatidylethanolamine (PE) is the 

most prominent lipid in bacterial membranes. The membrane is surrounded by a peptidoglycan 

layer. But bacteria must be divided into two groups: Gram-negative and Gram-positive bacteria. 

The membrane of these two types differs in composition. The membrane of Gram-positive is rich 

in lipoteichoic acids (LTA). The membrane of Gram-negative bacteria is more complex, because 

it is composed of two bilayers. The outer membrane contains mainly lipopolysaccharides (LPS) in 

the outer leaflet [26]. 

1.2 Modeling of Cell Membranes 

From the mixture of components within the membrane, it is not possible to get insight into the 

interaction with peptides or proteins on the molecular level. Using membrane models reduces the 

interaction partners to a few defined lipid species. Several membrane models with both, 

advantages and limitations exist. Lipid vesicles are one possibility, because the curvature can 

correspond to a shape of a cell, but it is difficult to control the lipid phase state in the membrane 

and the lipid composition exposed to the medium in mixtures in unknown [27]. Biological 

membranes can be considered as two weakly coupled monolayers [28; 29]. By using lipid 
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monolayers, the dependence on the curvature can be eliminated [30], which can influence peptide 

binding properties. Experiments with lipid monolayers are the first step in understanding the 

interaction of peptides with membranes [31-35]. The surface pressure, lipid packing and the area 

per lipid can be controlled additionally to the subphase composition and the temperature. Before 

interacting with the bilayer core, peptides have to adsorb to the lipid interface [36], to the head 

group region, to be more precise. So a lipid monolayer is a good approach to investigate the 

transition from solution to the membrane interface. This model can be more simplified, with the 

bare air/water interface. It is the simplest model to investigate peptide-membrane interactions 

with absence of lipid charges, since the interface to the membrane can be regarded as an interface 

between a hydrophilic and a hydrophobic environment. The hydrophobic effect is a main motif in 

inducing an ordered structure in a peptide [1]. Natural phospholipids have one or two double 

bonds in the aliphatic region. These generally create disorder and reduce the transition 

temperatures for bilayers, equivalently the transition pressures for Langmuir monolayers [29]. 

There is a direct relation between the lateral pressure in a membrane and lipid monolayers. This 

was found to be 30…35 mN/m [37; 38]. The disadvantage of using monolayers is that processes 

involving the complete bilayer, like membrane spanning or pore formation, cannot be followed.  

An overview of other membrane models can be found in reviews [39; 40]. Beside vesicles and 

lipid monolayers, supported and tethered bilayers are common models for a cell membrane, but 

they were not used in this study. 

1.2.1 Phase Behavior of Lipids 

The phase behavior of the lipids (Figure 2) depends on parameters like the head group size, its 

ability to form hydrogen bonds, the length and saturation of the fatty acid chains, the presence of 

counterions, and the temperature. The most rigid structure, which can be found in a natural 

membrane, is the gel (solid-ordered) phase So (untilted Lβ or tilted Lβ’) with an all-trans 

configuration of the chains which allows a strong packing. Upon heating, solid-ordered lipids 

melt at Tm to a fluid (liquid-disordered) phase Ld. This phase is rich in trans-gauche isomerized 

chains, creating a chain disorder in the packing. A kind of mixture of these phases is the liquid-

ordered phase Lo. The conformational order corresponds more to the So phase, but the lateral and 

rotational diffusion is more similar to the Ld phase [40]. Incorporation of cholesterol or lipids with 

saturated chains can promote the Ld phase.  
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Figure 2: Schematic representation of the most relevant lipid phases in bilayers, taken from [40]. 

Immisicibility of two components leads to a phase separation which results in coexistence of 

two phases and domain formation. The phase behavior of lipids is highly investigated for 

PC/SM/Chol mixtures, since this mixture is prominent for lipid rafts [7; 8; 10]. Lipid domains can 

be described as fluctuations near the critical miscibility point within the membrane [41-43]. These 

fluctuations occur over a correlation length ξ, both above and below the critical temperature Tc. If 

T approaches Tc, 

ξ  |    |       (1) 

with ν being the critical exponent. For T<Tc, domain boundaries fluctuate. If T approaches Tc 

from below, the composition of the two phases becomes similar until they coincide at the critical 

point, meaning that the order parameter m0, which is defined by 

  |    |       (2) 

Also, at the critical point, the line tension λ0, which is defined by 

  |    |        (3) 

This critical behavior is well-described by the two-dimensional Ising-model, considering nearest 

neighbor interactions, with the critical exponents ν=1 and β=1/8 and λξ=kBTc. 

1.3 Antimicrobial Peptides 

Antimicrobial peptides (AMPs) are part of the immune defense system and they are found in 

every organism [44-46]. In higher organisms, AMPs are produced on epithelial surfaces or 

directly in endothelial and phagocytic cells [47], leading to an effective protection against 

infection. Beyond their antibacterial, antifungal and antiviral activities [48; 49] they are also 

involved in immunomodulatory activities and inflammatory processes [50-52]. There exists a 

certain degree of coupling between the innate and adaptive immune systems: antimicrobial 
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peptides influence both, the quality and effectiveness of immune and inflammatory responses 

[53]. AMPs kill bacteria within 15 to 90 minutes [54; 55] and their target is the membrane. 

Besides that, antimicrobial peptides can also be involved in biochemical processes like the 

inactivation of nucleic acids and cytoplasmic proteins [54]. 

1.3.1 Anti-Cancer Effects of AMPs  

Many AMPs are active against cancer cells [22; 23; 47; 56; 57]. For example melittin (from the 

bee venom) inhibits tumor cell metastasis by reducing cell motility and migration [58]. The NK-2 

(derivative from the porcine NK-lysin) killing activity correlates with the membrane exposure of 

negatively charged PS on the surface of cancer cells [23]. Magainin II (from frog skin ) inhibited 

cell proliferation of bladder cancer cells in a dose-dependent manner [59], Gomesin (from the 

spider Acanthoscurria gomesiana) significantly delayed subcutaneous murine melanoma 

development and increased the number of living treated animals with tumors below the allowed 

maximal size limit [60].  

It is still unclear why some AMPs kill cancer cells when others do not [61]. Beside the effect of 

opposite charges of the peptides and the membrane, differences in the fluidity and/or 

morphological changes of the membrane could be involved, as well as increased levels of sialic 

acid of glycolipids [22]. Probably, it is more an interplay between the peptide and membrane-

based factors [56].  

1.3.2 Antimicrobial Peptide Resistance 

AMPs are thought to bring the way-out of the resistance problem of traditional antibiotics (‘the 

antibiotic crisis’ [62]). It was argued that a resistance against AMPs could only be attained by a 

change of the lipid composition (different charge, changed fluidity). That would mean a change in 

cell viability and can thus evolving resistance against AMP is excluded [55]. This is too simple 

and unfortunately not true. Alterations of net surface charges, structural alterations in LPS, 

changes in the membrane proteins, increased production of proteolytic enzymes or glycocalyx 

shielding can inactivate AMPs (for detailed discussion see the reviews [48; 49; 54]). A 

prospective resistance against AMPs in a broad medical use never can be excluded [63], but the 

structure-activity-relationship of natural AMPs should more serve as a template for the design of 

new peptides.  
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1.3.3 Amphipathic, Cationic, α-helical Antimicrobial Peptides 

More than thousand AMPs are yet identified and published in databases [64; 65], but their 

mode of action is still not completely understood [54; 66; 67]. One class are the cationic, 

amphipathic, and alpha-helical peptides. These peptides are typically 12–37 residues in length, 

and may have a kink or a central hinge region [49]. But their sequence and their activity differs 

markedly [64; 68; 69]. Since bacteria cells are mainly composed of negatively charged lipids, 

electrostatic interactions must be involved in the cell-disrupting mechanism. But an interaction 

based only on electrostatics ignores additional molecular mechanisms, which can influence the 

peptide activity after binding to the membrane [70]. Due to the different composition of 

eukaryotic compared to vertebrate host cell membranes, most of the AMPs can distinguish 

between the target membranes [71], making them cell-selective. But also non-cell selectivity was 

observed for some AMPs, like melittin [72], LL-37 [73] and dermaseptin S4 [74]. 

Several modes of action are predicted for AMPs, including a ‘carpet model’, where the peptides 

interact primarily with the lipid head groups, or the formation of ‘barrel-stave’ or ‘toroidal pores’, 

where the peptides penetrate the lipid bilayer [52; 64; 69; 75] (see Figure 3). For the formation of 

pores, an aggregation of the peptide has to precede, making the formation of pores concentration 

dependent [76] or even target charge-dependent [75]. The disorganization of the membrane is 

accompanied by a change in the orientation of the peptide and a formation of pores, as seen for 

cardiotoxins [77] and other AMPs, like protegrin, alamethicin, melittin, and magainin [78-80]. 

While for the formation of a‘torroidal pore’ the peptides interact only with the head groups of the 

lipids, for the formation of a ‘barrel-stave pore’ the peptides permeate the bilayer. 

For an interaction with the membrane via a ‘carpet mechanism’, the peptides cover the 

membrane and interact only with the lipid head groups. Therefore, the peptides are oriented 

parallel to the surface. The adoption of a secondary structure and a penetration of the peptides into 

the hydrophobic core of the bilayer is not mandatory. The membrane is disrupted in a detergent-

like way. Polymyxin B is thought to act via that mechanism [81]. It is discussed that the formation 

of toroidal pores is part of the carpet mechanism (see Figure 3) [66]. Magainin [76; 79], 

almethicin [82], melittin [24; 79; 82] and some channel peptides [83] can be bound in two states 

and the formation of pores is transient [24; 84], meaning a mixed mechanism in the peptide 

activity. This makes the formation of pores not sufficient in their antimicrobial activity. The 

peptides can induce lesions by arranging parallel to the membrane, even without forming pores. 

But the exact mechanism is still unclear. 
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Figure 3: Membrane permeation of antimicrobial peptides, taken from [66]. For an interaction via a 
‘carpet’ mechanism (left), the peptides bind parallel to the head groups of the lipids (A). After reaching 
a threshold concentration, the membrane is disrupted. A formation of transient torroidal pores is 
possible (B and C). Peptides acting via the ‘barrel stave’ mechanism (right) bind also parallel to the 
membrane (A), but change the orientation to build a pore which spans the bilayer (B). A certain 
concentration of neighboring peptides, which can build a pore, is necessary. 

1.3.4 hCAP18/ LL-37 

One class of amphipathic, cationic, α-helical AMPs is the class of the cathelicidins. They contain 

a highly conserved N-terminal domain called cathelin and a C-terminal domain that comprises an 

antimicrobial peptide [85]. In humans, only one AMP from this class is found, namely LL-37 [86; 

87]. LL-37 is released from its precursor hCAP18 by proteases [88] and stored in the intracellular 

granules of neutrophilic granulocytes [89]. Initially identified solely as an antimicrobial protein, 

hCAP18/LL-37 is multifunctional with diverse and significant effects on eukaryotic cells [90]. It 

exhibits hemolytic activity [73; 91] and is cytotoxic against Gram-positive, Gram-negative 

bacteria [87; 91] and tumor cells [92]. LL-37 is also active against viruses [93]. It is not active 

against fungi, but can inhibit the growth [94] and the adhesion of Candida albicans to cell 

surfaces [95]. Some effects of LL-37 against biofilm formation were also reported (a review can 

be found in [96]). Furthermore, LL-37 can bind and neutralize lipopolysaccharides (LPS) from 

the cell membrane of Gram-negative bacteria [97; 98].  
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Figure 4: NMR resolved membrane stucture of LL-37 from different research groups [88; 99] 

LL-37 is found on the skin, in sweat, and wound fluids (for review see [100]). LL-37 is found 

in the lung [101], where it induces wound healing, proliferation, and migration of airway 

epithelial cells [102]. Beside the antibiotic and wound healing features of the peptide, LL-37 is 

up-regulated in inflammations [52; 103], but also in some cancer types, like human prostate [104], 

breast [90; 105], ovarian [106] and lung cancer cells [107]. This is not surprising, since a 

correlation between inflammations and cancer is more widely accepted [108; 109]. On the other 

hand, LL-37 suppresses tumorigenesis in gastric cancer [110] and oral squamous cell carcinoma 

[92]. 

LL-37 binds as oligomers to zwitterionic membranes [111], but dissociates into monomers 

when in contact with negatively charged membranes [73]. An orientation of the helix parallel to 

the membrane [73; 111; 112] and a disruption of the membrane in a detergent-like carpet 

mechanism was proposed for LL-37 [73], but even  formation of transmembrane pores has been 

reported [113; 114]. A mixed mechanism in the membrane disruption of LL-37 is likely [66; 115]. 

LL-37 adopts mainly an alpha-helical conformation, when in contact with a membrane mimetic 

environment [73; 88; 99; 116] (Figure 4).  As resolved by NMR, a bend between Gly14 and 

Glu15 was proposed [88], but also a kink at Lys12, which breaks the helix into two helices with 

an angle of 120° [99]. An antimicrobial core was identified between the residues 18- 29, but is 

less active and only active against Gram-negative bacteria  [88; 117]. The residues 1-12 are 

inactive against any cell type [110]. The residues 32-37 are unstructured [88], but involved in the 

proteolytic resistance and the haemolytic activity [73]. The fragment LL377-27 exhibits a good 

activity against microbes, but not against erythrocytes [118].  

On the one hand, it was considered for the peptide that the interaction with the membrane is not 

mandatory based on electrostatics [119; 120] and that the helical content correlates with the 

antibacterial activity [121]. On the other hand the non-cell selectivity of the peptide implies the 

involvement of hydrophobic interactions [75] and no structure parameters can be defined that 

explain the strong interaction of LL-32 compared to other fragments [85]. 
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1.4 Motivation of this Work 

A detailed description of the characteristics of antimicrobial peptides (AMPs) is highly 

demanded, because AMPs are thought to provide a way-out of the ‘the antibiotic crisis’ [62], 

since the resistance against traditional antibiotics is an emerging problem in medicine. The lack of 

an efficient therapy for some cancer types (like malignant melanoma) and the evolvement of 

resistance against existing antitumor agents [22] make AMPs promising in cancer therapy, beside 

as an alternative to traditional antibiotics [122; 123]. Nowadays, nanocarriers filled with AMPs 

are investigated for cancer therapy [124; 125] and medical relevant materials can be coated with 

AMPs to suppress biofilm formation [126; 127]. But it is still not clear, which parameters 

influence the antibacterial and anti-cancer activities of many AMPs and how the peptides disturb 

the cell membrane integrity. 

LL-37, a peptide from the human cathelicin family, and its antibacterial properties were 

discovered in the middle of the 1990s [97] and investigated frequently. Since cathelicidin-derived 

peptides can bind LPS, these peptides are of special interest [128]. LPS can be released upon 

infection and lead to the gram-negative sepsis with a shock in the host organism. The over-

reaction of the immune defense system leads to death even after medical treatment in more than 

20 % of the cases [129]. In the last 5 years, the peptide became a coveted research object when its 

involvement in cancer was discovered [90; 92; 104-107; 110].  

The aim of this work was to find decisive differences between the membrane interactions of 

two peptide fragments of LL-37, which exhibit contrary behavior in biological experiments. It 

was shown that not only the antibacterial activity, but also the mode of action for fragments of 

LL-37 can be different [130]. The interaction of two fragments of LL-37 with model membranes 

was systematically studied in this work. Planar lipid films provide a useful model to study 

thermodynamical variables in two dimensions. Moreover, experiments on planar films are very 

suitable in the combination with surface sensitive methods to study peptide-lipid interactions 

(reviews can be found in [27; 30; 131; 132]). Planar lipid films have been mainly applied in this 

work, in combination with IR-spectroscopy and X-ray scattering methods.  

In the first approach, the structure of the peptides in solution was compared to the structure of 

the peptides at the air/water interface. This interface is the simplest model for investigating the 

hydrophilic-hydrophobic interactions of peptides at the membrane and was already successfully 

employed for many other peptides [31; 32; 133]. Because of the presence of LL-37 in the lung, on 

the skin, in sweat, and wound fluids (for review see [100]), the air/water interface receives even a 

biological relevance. When the peptide is adsorbed to the air/water interface, surface sensitive 

Infrared Reflection Absorption Spectroscopy (IRRAS) measurements can reveal the secondary 

structure of the peptide at the water surface [134]. Additionally, X-ray Reflectivity (XR) 
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experiments can be performed to obtain more details of the peptide film [135] as  the electron 

density profile perpendicular to the interface can be calculated.  

In the second approach, experiments with lipid monolayers as biomimetic models for the cell 

membrane have been performed. The presence of the peptide at lipid monolayers can change the 

organization of the lipid film [136], which can be examined by controlling the surface pressure of 

the mixed film, performing IRRAS and Grazing Incidence X-ray Diffraction (GIXD) [34; 137]. In 

addition, Circular Dichroism (CD) experiments with vesicles have been performed, since the 

optical activity of peptides depends on the arrangement of the peptide bonds in different structures 

(α-helices, β-sheets etc.) [138]. CD spectroscopy complements the monolayer experiments. 

In the third approach, the lipid monolayers were more adapted to human erythrocytes by 

incorporating sphingomyelin (SM) [139] to the PC monolayers. SM can lead to phase separation 

within the membrane [140-142] and is, together with cholesterol, involved in the formation of 

rafts [10], highly ordered microdomains which are involved in many biochemical processes [7; 

11; 12]. Physical-chemical properties of the lipid films have been characterized and the influence 

of the peptides on them has been worked out. Additionally, the modelling of the peptide 

interaction with cancer cells was performed by incorporating some negatively charged lipids [23] 

to the PC/SM monolayers.  

1.4.1 Fragments of LL-37 Used in this Work 

In our study, two fragments of LL-37, named LL-20 and LL-32 have been used. Their helical 

wheel projection is shown in Figure 5. Both fragments lack the unstructured C-terminal part of the 

peptide and correspond to the residues 1-20 and 1-32, respectively. The peptides showed contrary 

behavior in biological experiments: the antibacterial and anticancer activity of LL-32 is increased 

compared to LL-37 [85; 87; 143]. On the contrary, LL20 exhibits reduced antibacterial [143; 

144], anticancer and cytotoxic activity [143; 145] compared to LL-37. A reason for this might be 

the lack of the assumed antimicrobially active core LL-3718-29 [88; 117].  

LL-32 carries a positive net charge of 6+, like LL-37, while LL-20 carries a positive net charge 

of 4+. The formation of an α-helix leads to the amphipathic structure of the peptide. The relative 

hydrophobic moment
1
mHrel can be calculated with the help of MPex [147; 148], applying the 

Eisenberg-scale [146], to mHrel,LL-20 =0.47 and mHrel,LL-32 =0.51, showing only slight differences 

for the two fragments. 

 

                                                   
1 Relative to a perfect amphipathic α-helix with mH=0.8 
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Figure 5: Helical wheel projection of LL-32 (left) and LL-20 (right). To emphasize the amphipathic 
structure of the peptides, hydrophobic amino acids are colored in grey (Eisenberg scale [146]). 
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2 Methods and Materials 

2.1 Circular Dichroism Spectroscopy 

The circular dichroism (CD) of a peptide is based on electronic transitions in the peptide bond. 

The difference in the absorbance between the left (L)- and right (R)- circularly polarized light is 

measured as a function of the exciting wavelength. It depends on the conformation of each bond 

(torsion angles) and is thus related to the secondary structure of the peptide.  

CD spectra of the studied solutions were recorded on a Jasco J-715 (Japan) spectrometer in the 

wavelength interval from 190 to 260 nm with 0.2 nm step resolution using quartz cuvettes with an 

optical path length of 0.1 cm. The signal-to-noise ratio was improved by accumulating at least 4 

scans. The peptide concentration was 63 µM in all experiments. Data processing was carried out 

using the J-700 software package. The spectra of the pure subphase were subtracted and the 

measured CD signal θ was transformed to mean residue molar ellipticity [θ] 

[ ]     
 

  
       (4) 

C is the molecular mass/concentration divided by the number of peptide bonds; l is the path 

length in the cuvette in cm. 

2.1.1 Estimation of the Secondary Structure 

Even though every conformation shows special absorption bands, the estimation of the content 

of helices, sheets and turns is quite sophisticated. Some algorithms are provided by the 

DICHROWEB [149; 150], like CONTINLL or SELCON. They are based on the known structure 

of proteins, resolved by NMR. The comparison with the measured spectrum gives the 

composition of the secondary structure of the sample. This comparison does not consider that also 

aromatic side chains can contribute to the spectrum. Also, the spectrum of a peptide bound in a 

vesicle can be different from the solution structure, even if the secondary structure is unchanged, 

as it was observed for helical peptides building transmembrane pores [34; 151]. An 

oligomerization can also lead to a change in the spectra [152]. Nevertheless, a shading of bigger 

particles (like vesicles or aggregated peptides) can lead to a signal decrease [153]. Therefore, CD 

spectroscopy was mainly applied to see the change in the secondary structure. The results 

obtained with the DICHROWEB are shown in the appendix but were not used for interpretation.  

The experiments were done in water due to the strong absorption of Cl
-
 ions and the HEPES 

buffer [154], which were used in the other experiments. 
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2.2 Langmuir Film Balance 

In this work, mixtures of peptides and lipids were investigated in planar films. Langmuir 

monolayers provide a useful model to study ordering in 2D [29]. The confined rotational and 

translational diffusion makes in some cases chemical reactions occur much faster at the 2D 

interface than in 3D bulk media [155]. The ratio of surface area per volume is high, so only few 

amounts of the sample are needed. 

 

With a Langmuir film balance, the surface pressure is measured by using filter paper as a 

Wilhelmy plate, in order to ensure zero contact angle. Film balance measurements were coupled 

with InfraRed Reflection Absorption Spectroscopy (IRRAS), Grazing Incidence X-ray Diffraction 

(GIXD) or X-ray Reflectivity (XR) to obtain more detailed information about the structure of the 

film on a molecular scale. 

Amphiphilic molecules adsorb to the air/water interface, and form a film which reduces the 

surface tension σ. The change in σ is defined as 

filmwater          (5) 

with π being the surface pressure. π can be monitored time-dependent and isothermal in a 

Langmuir trough. The formed film of amphiphiles can be stable with a constant concentration of 

adsorbed molecules (Langmuir layer) or in equilibrium with adsorbed and desorbed molecules 

from the interface (Gibbs layer). Amphiphiles used in this work, are lipids and peptides. Lipids 

are spread on the surface from a chloroform solution to form Langmuir monolayers. After the 

solvent is evaporated, the film can be compressed and depending on the geometry of the 

molecules exhibit phase transitions. The characteristic isotherm gives information about the phase 

state and the packing behavior at the air/water interface. Amphiphilic peptides can be dissolved in 

the subphase and adsorb to the air/water interface. Peptides can also be spread on the surface, but 

there they form a metastable state [30]. In the thermodynamical equilibrium with the bulk phase, 

πeq denotes the equilibrium surface pressure. 

In lipid monolayer experiments, the observed phases range from a gaseous (G) to a liquid-

expanded  (LE)/ fluid, liquid-condensed (LC)
2
 and solid (S) phase (see Figure 6). The main 

phases can be attributed to bilayer phases: the expanded phase is analogous to a fluid phase and 

the condensed phase is analogous to the gel phase. Phase transitions are indicated by the 

discontinuous behavior of the first derivative of the isotherm.  

                                                   
2 The term “liquid-condensed” is mainly eliminated from the literature. As proposed by Kaganer et al., in 

the further text the liquid-condensed phase is denoted as “condensed phase” (V.M. Kaganer, H. Mohwald, 

P. Dutta. Structure and Phase Transitions in Langmuir Monolayers. Reviews of Modern Physics,71 (1999), 

779-819) 
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Figure 6: Isotherm of a lipid monolayer exhibiting phase transitions from the gaseous (G) to the liquid-
expanded (LE), liquid-condensed (LC) and the solid (S) phase 

The transition enthalpy            between two phases of a first-order transition (like from the 

expanded to the condensed phase) can be described with a 2D Clausius-Clapeyron-equation: 

   
    

  
  ,       (6) 

with πPT being the critical surface pressure for the phase transition.  

2.3 InfraRed Reflection Absorption Spectroscopy (IRRAS) 

At the air/water interface, Infrared Reflection Absorption Spectroscopy (IRRAS) measurements 

can be applied to study the conformation of adsorbed molecules. Details of the technique can be 

found in the works of Flach and Mendelsohn et al. [134; 137]. The principle setup is shown in 

Figure 7. The IR beam is directed on the water surface at a certain angle of incidence, between 

30° and 70°. The reflected beam is detected from the water surface at the same angles. The 

intensity of the evanescent wave travels along the surface and decays exponentially with the 

penetration depth, making this method very surface sensitive. The absorption by functional groups 

leads to distinctive bands in the IR-spectrum. Some typical vibrational modes for peptides and 

lipids are listed in Table 1. 

Due to the strong and broad absorption of water, a trough shuttle technique was employed.  A 

spectrum of the bare subphase R0 was measured right before every sample spectrum R. The 

reflection absorption spectra RA was subsequently calculated with 

0

lg
R

R
RA  .      (7) 



 

 

30 

 

  
Figure 7: IRRAS setup, adapted from Mendelsohn et al [137]. 

With IRRA spectroscopy, the secondary structure of the peptide at the water surface can be 

obtained as an overall sum. The positions of the amide bands in the spectra depend on the 

secondary structure elements in the sample. The amide I band contributes mainly the C=O 

stretching vibration, which is very sensitive to hydrogen bonding of the peptide backbone and is 

mainly used for the estimation of the secondary structure of a peptide. The amide II band (in-

plane bending and C-N stretching) is also sensitive to the hydrogen bonding, but it is less specific 

since other vibrations also contribute to the band. But the amide II vibration can be consider ed to 

validate the structure which was found by means of the amide I band.  

The CH2 band from the fatty acid tails of the lipids is sensitive to the conformation of the lipid 

chains. A transition from a gauche to an all-trans conformation can be seen by a shift in this band 

from 2924 cm
-1

 to 2919 cm
-1

 (asymmetric CH2 vibration) and from 2854 cm
-1

 to 2849 cm
-1

 

(symmetric CH2 vibration). Using parallel (p) and perpendicular (s) polarized light, the orientation 

of the transition dipole moment can be derived. This is useful to determine the orientation of the 

molecules. The ratio of Rp/Rs is the dichroic ratio and is related to the tilt angle of the molecules. 

It can be employed to both, the amide I band of peptides and the CH2 bands of lipids. The 

directions of the transition dipole moments of some vibrations in an α-helix, a β-sheet and a 

phospholipid are drawn in Figure 8. In a lipid, the transition dipole moment of the CH2 vibration 

is normal to the lipid chain. In a perfectly oriented lipid monolayer, the chains are oriented 

parallel to the surface normal, and therefore the transition dipole moment is parallel to the 

air/water interface. For a peptide, the orientation of the transition dipole moment depends on the 

conformation of the peptide. In a β-sheet, the transition dipole moment lies in the plane of the β-

sheet while in an α-helix, the transition dipole moment of the amide I is pointed 36°…39° away 

from the molecular axis [156; 158]. A deviation from the orientation leads to a changed 

absorption in the IR spectrum. 
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Figure 8: Direction of the transition dipole moments of characteristic vibrations in an α-helix, a 
phospholipid and a β-sheet, taken from [156]. M.d. denotes the molecular direction. 

 

IRRA spectra were recorded with the IFS 66/ Vertex 70 FT-IR spectrometer (Bruker, 

Germany) coupled with a Langmuir film balance (Riegler & Kirstein, Germany) with a total area 

of 182 cm
2
 and two movable barriers.  

The films were compressed with a velocity of 4 Å
2 

molecule
-1 

min
-1

.  Angles of incidence were 

varied between 30° and 70°, the polarization of the beam was modulated to perpendicular (s) and 

parallel (p) polarized light. The reflected IR beam was detected at the same angles with a liquid 

nitrogen cooled MCT (Mercury Cadmium Telluride) detector. The resolution of the spectra is 8 

cm
-1

. The spectra were atmospheric compensated in OPUS 6.0 and shifted to zero at 1900 cm
-1

 

and 2600 cm
-1

, respectively.  
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Table 1: Some characteristic IR absorption bands of lipids and peptides, adapted from  [32; 156; 157]. 

Assignment Wavenumber          

[cm
-1

] 

Specification 

O-H (νas) ~3490 
 

 

O-H (νs) ~3280 
 

 

CH3 (νas) 2956  

CH2 (νas) 2920 Condensed phase:  2920            
fluid phase:            2924 

CH3 (νs) 2870  

CH2 (νs) 2850 Condensed phase:  2849            
fluid phase:            2854 

C=O (ν) 1730  

H2O (δ) 1645  

COO- (νas) 1623  

CH2 triclinic (c) 
 
 
 
 
ddd 

1473  

CH2 hexagonal (c) 

 

1468  

CH2 orthorhombic (c) 
 

1472/1463  

CH3 (δas) 1460  

amide A ~3300  

amide I C=O (ν) 
(76%), CN (ν) (14%), 

CCN (d) (10%) 

1600-1700 α-helix:                       1657-1648                
random coil:               1657-1642        

turns:                          1682-1662          
β-sheet:                       1641-1623 
aggregated strands:    1610-1628 
antiparallel β-sheet:      1695-1674 

amide II NH (δ) (55%), 
CN (ν) (29%), C=O (δ) 
(11%), […] 

1510-1580 α-helix:                        1545-1551                            
β-sheet:                         1552-1525    

ν stretching, δ bending, c scissoring, d deformation, s symmetric, as asymmetric 
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2.4 Surface Sensitive X-ray Scattering 

A synchrotron beam can be diffracted from a liquid surface at low angles of incidence. For the 

horizontal scattering vector Qxy>0, Grazing-Incidence X-ray Diffraction (GIXD) can be measured 

while for Qxy=0 specular X-ray Reflectivity (XR) is measured. Combining both methods, different 

parts of the structure can be measured. While GIXD shows the periodically ordered packing of the 

lipids on the surface in xy-direction (in-plane), XR measures the electron density in z-direction 

(out-of-plane), meaning the thickness of the layer. A more detailed description of the theory and 

the experimental setup of the x-ray scattering methods can be found in the work of Jensen, Kjaer, 

Als-Nielsen et al. [29; 135; 159; 160]. 

GIXD and XR experiments were performed at BW1, HASYLAB, DESY (Hamburg, 

Germany). A  Langmuir film balance (Riegler & Kirstein, Germany) with a movable barrier was 

placed in a hermetically sealed container with a Kapton foil window. The container was flushed 

with helium for at least 40 min to reduce the oxygen content. The trough was laterally moved 

during the experiments to eliminate sample damage due to the X-ray radiation. The stroke area 

had a size of 2 mm x 50 mm. An additional glass plate was used under the footprint area to reduce 

mechanically excited long-wavelength waves on the water surface [159]. The synchrotron beam 

was monochromated by a beryllium (002) crystal to λ=1.304 Å. A peptide concentration of 0.3 

µM in the subphase was used for the experiments, because the trough had a different geometry 

with an increased ratio of surface area per volume. This had influence on the adsorption times of 

the peptides. 

2.4.1 Grazing-Incidence X-ray Diffraction (GIXD) 

The scattering vector Q is defined as Q=kf-ki, with ki being the incident, and kf being the 

scattered wave vector. They represent the reciprocal space with │ki,f│=k=2π/λ (see Figure 9). 

Bragg diffraction fulfills the Laue conditions in 2D only at Q=Qhk (h, k Miller indices), meaning 

that 

      ,              (8) 

with the lattice parameters a, b which span the primitive unit cell. The scattering vector Q can be 

split into a horizontal and a vertical component Qxy and Qz. After background subtraction, the 

Bragg rods Qz were calculated with 

   
  

 
[   (  )      (  )]   

  

 
    (  ),    (9) 

and the Bragg peaks Qxy were calculated with 
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Figure 9: Schematic representation of a GIXD experiment, adapted from [161] and [162]. 

Due to the random orientation of the crystalline domains around the surface normal, the lipid 

monolayer can be seen as a 2D powder and Qxy=|Qxy| can only be measured as a combination of 

Qx and Qy.  

Finally, Qz and Qxy were analyzed with a Gaussian and a Lorentzian fit, respectively. From that, 

the repeat spacing d can be calculated with  

  
  

   
 [

  

  
 
  

  
  (

  

  
)     ] 

 
 ⁄     .   (11) 

γ is the angle between cell vectors a and b. The area of the unit cell A can be obtained from   

                                    (12) 

Due to the finite size of the crystalline domains, the Bragg peaks and rods are broadened. From 

the FWHMintrinsic (Qxy,z) (full with at half maximum), the finite size of the domains Lxy can be 

calculated with  

       [                (   )].       (13) 

Therefore, the measured FWHMmeas (Qxy) has to be corrected to the instrumental resolution by 

             (   )  [        (   )
 
          (   )

 
]   ,   (14) 

with          (   )         
  . The thickness of the diffracting layer Lz  can be calculated 

with  

      [       (  )].     (15) 

 

The monochromated synchrotron beam struck the surface at an angle of αi = 0.85αc, with αc ≈  

0.13° being the critical angle of total reflection. This makes it possible to measure surface 

sensitive, since the penetration depth is defined by the exponential decrease of the evanescent 

wave, and is only about 5 nm. The diffracted beam was collimated with a Soller collimator (JJ X-

Ray, Denmark) and detected under varying vertical and horizontal scattering angles (αf ≥ 0, 2θxy ≠ 

0; see Figure 9 for visualization of the angles) with a linear position-sensitive detector (OED-70-
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M, Braun, Garching, Germany) or a MYTHEN detector system (PSI, Villingen, Switzerland). 

Bragg peaks and Bragg rods were analyzed with a Lorentzian and a Gaussian fit, respectively. 

2.4.2 X-ray Reflectivity (XR) 

XR measurements can help to clarify and identify the position of the peptide in the lipid 

monolayer, since from the reflectivity profile the electron density profile at the surface can be 

calculated [135]. This can help to distinguish between a penetration or an adsorption of the 

peptides. 

In XR, the vertical scattering vector Qz is measured for αi = αf and 2θxy = 0 as a function of  

             (  )       (16) 

beween 0.01 Å
-1

 and 0.85 Å
-1

 (αr is the angle of the reflected beam). The obtained reflectivity R 

was normalized to the FRESNEL reflectivity RF, meaning a smooth surface or sharp interface. 

The data were analyzed by inversion into an electron density profile ρ normalized to water ρwater 

by a model-independent method [163] using a linear combination of b-splines. The electron 

density was fitted with boxes of a defined thickness, electron density and roughness.  

2.5 Chemicals and Sample Preparation 

Peptides: The two fragments of LL-37, namely LL-20 and LL-32, were synthesized with C-

terminal amidation by the solid-phase peptide synthesis technique on an automatic peptide 

synthesizer (model 433 A; Applied Biosystems) on Rink amide resin according to the fastmoc 

synthesis protocol of the manufacturer, including the removal of the N-terminal Fmoc-group. The 

peptide was cleaved from the resin and deprotected and with 90 % trifluoroacetic acid (TFA), 5 % 

anisole, 2 % thioanisole, 3 % dithiothreitol for 3 h at room temperature. After cleavage the 

suspension was filtered and the soluble peptides were precipitated with ice-cold diethylether 

followed by centrifugation and extensive washing with ether. Peptides were purified by RP-HPLC 

using a Jupiter 4µ Proteo column (Phenomenex). Elution was done by using a gradient of 0-70% 

acetonitrile in 0.1 % (TFA) to purities above 95%. The Purity was determined by analytical 

reversed-phase HPLC (UV 214 nm) and matrix-assisted laser-desorption-time-of-flight mass 

spectrometry (MALDI-TOF MS, Bruker). The masses are 3922 Da for LL-32 and 2465 Da for 

LL-20. The aqueous solutions were prepared using ultrapure water (specific resistance of 18.2 

MΩcm) produced by a Millipore reverse osmosis unit. The peptides were dissolved in water to a 

concentration of c = 1 mg/ml. These peptide stock solutions were stored in the refrigerator at 4°C 

and used within one week. The peptides were synthesized by Rainer Bartels and kindly provided 

by Prof. Dr. Thomas Gutsmann, Research Center Borstel, Germany. 
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Table 2: Amino acid sequences of LL-37, and its fragments used in this study. 

Peptide                   Sequence 
LL-37 (not used) LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 
LL-32 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLV 
LL-20 LLGDFFRKSKEKIGKEFKRI 

 

Lipid monolayer: Zwitterionic 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-

dioleoyl-sn-glycero-3-phosphocholine  (DOPC), bovine brain sphingomyelin (SM) and anionoic 

1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG), 1-palmitoyl-2-oleoyl-sn-glycero-

3-phospho-(1'-rac-glycerol) (POPG), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) were 

purchased from Avanti Polar Lipids (USA) and stored at -20°C. For experiments, the lipids were 

dissolved in chloroform to a concentration of 1 mM and kept at 4°C. Film balance measurements 

were performed on buffer with 5 mM HEPES (Roth, Germany), 100 mM NaCl (Merck, Germany, 

heated to 600°) at pH 7.4.  

Lipid vesicles: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG) and 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (Avanti Polar Lipids, USA) were 

dissolved in water to a concentration of 1 mM, vortexed for 5 min and sonicated in a water bath 

(T=30°C) for 15 min. To obtain unilamellar vesicles, the suspension was freeze-thawed 10 times. 

To obtain vesicles with a defined size, the suspension was pressed trough a polycarbonate filter 

(Avestin Inc., Canada) with a LiposoFastExtruder (Avanti Polar Lipids, USA). The size 

distribution of the vesicles was measured with Dynamic Light scattering. The averaged diameter 

was calculated for POPC to d1 = 78 nm and for POPG to d2 = 117 nm.  
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3 Surface Activity and Structures of the Two Peptides 

Abstract 

Two fragments of the antimicrobial peptide LL-37 (LL-32 and LL-20) have been characterized 

in adsorption layers at the air/water interface by Infrared Reflection Absorption Spectroscopy 

(IRRAS) and X-ray Reflectivity (XR) measurements. As shown in previous work, LL-32 exhibits 

an increased antimicrobial activity compared to LL-37 while LL-20 is almost not active. In water, 

both peptides are in an unstructured conformation. Adsorbed at the air-water interface, the 

peptides differ drastically in their surface activity (equilibrium adsorption pressure) as well as in 

their secondary structure. While LL-32 transforms into an α-helix lying flat at the water surface, 

with a helix diameter of 14 Å, LL-20 stays partly unstructured. The dichroic ratio is reduced and 

the electron density profile shows the formation of a second layer, whereas the electron density 

profile of LL-32 agrees with that of an entire α-helix. The ability to form a complete α-helical 

structure at the interface is in good agreement with the high antimicrobial activity of LL-32. 
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3.1 Peptides in Water 

To determine the secondary structure of the peptides in solution, CD experiments were 

performed (Figure 10).  Due to the strong absorption of HEPES and NaCl, the CD experiments 

were done in pure water. Both peptides exhibit a broad minimum at 198 nm and a tiny minimum 

at 230 nm. The spectra are typical for an unstructured conformation [154] and comparable to LL-

37 [121]. Using the AGADIR algorithm [164], a theoretical helix content of LL-32 was calculated 

to 0.9% and that of LL-20 to 0.3% in water at pH 6, showing that both peptides have a marginal 

propensity to form an α-helix. The theoretical helix content increases only slightly (1.8% for LL-

32 and 0.6% for LL-20) with increasing ionic strength (100 mM NaCl at pH 7.4). The results 

obtained with DICHROWEB [150; 165] deviate and are shown in the appendix. The data bases 

are derived from larger proteins and therefore are hardly applicable for short peptides. 
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Figure 10: CD spectra of LL-32 (—) and LL-20 (—)  in water at 20 °C. 63 μM peptide in solution. 

3.2 Peptides at the Air/water Interface 

LL-32 and LL-20 adsorb to the air/water interface only in the presence of salt and lead to an 

increase in the surface pressure π (Figure 11). This is an effect which was already observed for 

other AMPs [31; 34] and can be explained by a reduced peptide charge due to the electrostatic 

interaction with counter ions leading to a reduced repulsion between the adsorbing peptide and the 

corresponding image charge, and will not be discussed in detail. Based on AGADIR we expect no 

influence of the increasing ionic strength on the secondary structure, but we observed huge 

changes in the surface activity. The equilibrium surface pressure πeq was determined for different 

peptide concentrations in bulk (Figure 11A)). The minimal bulk concentration to achieve a 

completely covered surface was used in the following experiments (0.2 µM). The equilibrium 

surface pressure πeq is 24 mN/m for LL-32 and only 6 mN/m for LL-20 (Figure 11B)). Due to the  
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Figure 11: Film balance measurements: adsorption of the peptides to the air/water interface.  
A) The equilibrium surface pressure πeq for LL32 (■) and LL-20 (●) depends on the peptide 

concentration c in the subphase. The minimal concentration to achieve maximum πeq was used in the 
following experiments. B) Time-dependent surface pressure π of LL-32 (—) and LL-20 (—).  
(5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C) 

slow desorption kinetics, the peptide films can be compressed to surface pressures well above πeq: 

34 mN/m for LL-32 and 12 mN/m for LL-20. 

3.2.1 Infrared Reflection Absorption Spectroscopy (IRRAS) 

After reaching the adsorption equilibrium, IRRA spectra were recorded using different 

incidence angles (Figure 12 A)). The amide I band around 1660 cm
-1

 can be fitted with two 

Lorentzian curves with maxima at 1658 cm
-1
 and 1679 cm

-1
 for LL-32 and 1658 cm

-1
 and 1668 

cm
-1

 for LL-20. The vibration at 1658 cm
-1
 is related to an α-helical conformation but could also 

arise from unstructured conformations. However, the sign of the amide I band changes for 

incidence angles above the Brewster angle, thus a dominant helical conformation can be 

predicted. Also, the position of the amide II band at 1548 cm
-1
 is characteristic for an α-helix. The 

additional high frequency vibrations in the spectra can be indicators for non-hydrogen bonded 

C=O stretching vibrations from the peptide interior [157]. By comparing the areas of both bands, 

the latter contributes 30±5% to the spectra. Being unstructured in bulk the peptides are in an α-

helical conformation at the interface.  

The intensity of the amide I band depends on the peptide density, but also on the alignment of the 

peptide at the interface. Measurements at different angles of incidence using different 

polarizations of the incident light can help to shed light on the orientation of the helix at the 

interface. Therefore, measurements using p- and s-polarized light at different angles of incidence 

have been performed. For s-polarized light, the absolute values of the band intensity in the 

reflectance absorbance spectra increase monotonically with increasing angle of incidence. For p-  
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Figure 12: A) IRRA spectra of the amide I and II band of LL-32 (—) and LL-20 (—) adsorbed to the 
air/water interface. Shown are the spectra for p-polarized light at incidence angles of 40° (solid line) and 
60° (dashed line) B) Dichroic ratio of the amide I band (1660 cm-1) of LL-32 at πeq = 24 mN/m (■) and 
π1 = 34 mN/m (○), LL-20 at πeq = 6 mN/m (■) and π1 = 12 mN/m (○) for varied angles of incidence.  
(5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution) 

polarized light, the sign of the band changes at the Brewster angle and the resulting changes in 

band direction, intensity, and position allow the determination of orientations of secondary 

structure elements. To elucidate the LL-32 conformation and orientation at the interface, 

measured IRRA spectra can be compared with simulated spectra (see appendix). The spectra can 

be best described by an α-helix with its helical axis in the surface plane. 

Calculating the intensity ratio of the amide I band using p-polarized and s-polarized light gives 

the dichroic ratio, which provides additional information about changes of the peptide in-plane 

and out-of-plane orientation [137]. For LL-32, the angle dependent dichroic ratio at the 

equilibrium surface pressure (24 mN/m) and after compression (34 mN/m) is the same (Figure 12 

B)). This shows clearly that the compression of the adsorption layer does not lead to a peptide 

bend or tilt. Also, a change to a more parallel alignment of the helices, as in a 2D nematic phase 

[166], can be excluded. Upon compression of the peptide adsorption layer, the intensity of the OH 

stretching band at 3600 cm
−1

 increases. The intensity of this band depends on the effective 

adsorption layer thickness [167], because the intensity of the water OH stretch vibration in the 

spectrum of the sample trough is reduced in comparison with the reference trough, since the 

adsorption layer replaces a water layer of the same thickness. The intensity increase can only be 

explained by either an unlikely increase of the peptide layer thickness (bend or tilt has been 

excluded based on the dichroic ratio data) or an increased packing density in the peptide film but 

without going into a 2D nematic phase.   

The dichroic ratio of LL-20 at the equilibrium pressure (6 mN/m) is smaller than that of LL-32, 

suggesting a less structured peptide film due to a certain fraction of unstructured molecules [137]. 

Compression of LL-20 (to 12 mN/m) leads to values of the dichroic ratio comparable to that of 
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LL-32, indicating the transition of unstructured peptides to helical conformation. This might be 

also the reason for the same intensity of the OH stretching band at 3600 cm
−1

 before and after 

compression showing that the effective thickness of the LL-20 peptide layer is not changed. The 

higher packing density induced by compression could be balanced by the transition of the peptide 

from an unstructured conformation to a helical conformation.   

3.2.2 X-Ray Reflectivity 

To obtain information of the peptide orientation normal to the air/buffer interface, X-ray 

reflectivity (XR) measurements were performed. From the experimental XR curves (Figure 13 

A)), the corresponding profile correlation function is estimated via indirect Fourier 

transformation. For this profile correlation function, the matching electron density profile is then 

derived by square-root deconvolution. No a priori assumptions on the shape of the electron-

density profile have to be made. The obtained relative electron density distributions along the 

surface normal to the peptide monolayers at the air/buffer interface normalized to water are shown 

in Figure 13. To obtain the absolute values of the electron densities, the relative electron density 

has to be multiplied with the electron density of water ρwater= 0.334 e
-
/Å

3
. 

 

 

A)

 

 

B)

 

Figure 13: A) X-ray Reflectivity and B) calculated relative electron density profile of the peptides 
adsorbed the air/water interface: LL-32 (—) at πeq = 24 mN/m and LL-20 (—) at πeq = 6 mN/m (5 mM 

HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution). Qz is the out-of-plane scattering 
vector, z the distance from the interface, ρ/ρWATER is the electron density normalized to water. 

The electron density profile of LL-32 (Figure 13 B), black curve) can be fitted with a one-box 

model. Based on the box thickness of (13.9±0.5) Å, an absolute electron density of (0.4±0.02) e
-

/Å
3
 and a roughness of (3.4±0.1) Å towards air and (3.7±0.1) Å towards water, it is concluded that 

the α-helix of LL-32 is lying flat at the interface. This is in agreement with the IRRAS data and 

with literature data showing that the thickness of an α- helix is between 13 Å [135] and 17 Å [31; 

168]. The lack of Bragg peaks in the GIXD implies a random orientation of the helices and the 
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absence of a two-dimensional order in the peptide adsorption film. Compression of the LL-32 

film leads to an estimated thickness of (15.4±0.5) Å with a roughness of (4.2±0.1) Å and 

(3.9±0.1) Å towards air and water, respectively. The electron density amounts to (0.40±0.02) e
-

/Å
3
. A change in the orientation of the peptide as a bend or the formation of a second layer would 

lead to an increase of the calculated thickness.  

The electron density of the compressed LL-32 film agrees with measurements of another α-

helical peptide, NK-2 [31], but it is slightly reduced in the uncompressed peptide film of LL-32. 

This is probably due to a less densely packed film. Upon compression, the peptide could arrange 

better with less space between the molecules, leading to the observed increase of the electron 

density.  

The reflectivity data for LL-20 is clearly different. The calculated electron density profile 

(Figure 6 B), grey curve) is not symmetrical as observed for LL-32. Such a profile had to be fitted 

with 2 boxes. The first box has a thickness of (9.7±0.5) Å with an electron density of (0.27±0.02) 

e
-
/Å

3
, a roughness of (2.5±0.1) Å towards air and (3.6±0.1) Å to the next box. The second box has 

a thickness of (6.6±0.5) Å and a roughness of (4.0±0.1) Å towards the subphase. The electron 

density amounts to (0.43 ±0.02) e
-
/Å

3
. The sum of the thicknesses of the two sub-layers is with 

(16.3±0.5) Å comparable with the thickness of an α-helix. The electron density in both 

contributions is clearly smaller compared with that of well-packed stretched helices. The 

decreased electron density corresponds to a more diluted peptide layer. The dilution of the peptide 

is also supported by the much lower equilibrium values of the adsorption pressure. One possibility 

to explain the electron density profile could be that one part of the adsorbed peptide forms an α-

helix and another part stays unstructured. Or some peptides molecules transform into the α-helix 

and other do not. These explanations might be surprising, because no difference in the secondary 

structure was observed with IRRAS. However, the dichroic ratio for LL-20 at equilibrium 

pressure differs drastically from that of LL-32. This could support the assumption that some 

adsorbed molecules of LL-20 stay unstructured. This would result in more or less the same 

position of the amide I band in the IRRA spectra, but in another dichroic ratio and would lead to 

another electron density profile in XR. In contrast to LL-32, the transition from the unstructured 

to the helical conformation is obviously incomplete in the LL-20 adsorption layer. This could be 

either due to slow transformation kinetics or due to the existence of a peptide concentration 

threshold at the surface. The latter seems to be the main reason, because the compression of the 

peptide film had only little effect on the electron density profile. 

The compressed LL-20 film has to be again fitted with two boxes with thicknesses of 

(10.6±0.5) Å and (8.2±0.5) Å. The electron densities amount to (0.27±0.02) e
-
/Å

3
 and (0.41±0.02) 

e
-
/Å

3
. The roughness of the boxes is estimated to (4.33±0.1) Å towards water, (3.09±0.1) Å 
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between the boxes and (2.63±0.1) Å towards air. The LL-20 film cannot be compressed to such 

high packing densities as observed for LL-32 with an equilibrium value of 24 mN/m compared to 

the maximum value of only 12 mN/m which can be reached after compression of LL-20. These 

values show that the transition threshold for a perfect helix cannot be reached as indicated by the 

same electron density profile, even if the dichroic ratio is increased.  

3.3 Discussion 

Two fragments (LL-32 and LL-20) of the antimicrobial peptide LL-37 have been characterized 

in bulk and adsorbed at the air/buffer interface by CD and IRRA spectroscopy, respectively. XR 

was used to determine the electron density profiles perpendicular to the buffer surface. LL-32 and 

LL-20 are in water in an unstructured conformation. Theoretical calculations using AGADIR 

show that the increase of the ionic strength does not change the secondary structure in bulk, but 

increases drastically the surface activity of the peptides. The equilibrium adsorption pressures of 

both peptides are quite different (πeq ~ 24 mN/m for LL-32 and ~ 6 mN/m for LL-20). The 

relative mean hydrophobic moment mHrel of the helix (relative to a perfect amphipathic peptide) 

can be calculated with MPex [147], using the Eisenberg-scale [146], to mHrel = 0.47 for LL-20 

and mHrel = 0.51 for LL-32. This shows only a marginal difference in the amphipathy, which is 

not large enough to explain the huge differences in the surface activity. The only explanation for 

the higher surface activity of LL-32 could be the larger molecular size, which stabilizes the α-

helical conformation at the interface (for review see [30]).  

CD spectroscopy showed bands characteristic for an unstructured peptide. IRRA spectroscopy 

showed, that the peptides transform into helices, when they are adsorbed to the air/ water interface 

in the presence of salt. Obviously, the adsorption of the peptides to a hydrophobic/hydrophilic 

interface is connected with a secondary structure change. This effect has already been observed 

for other antimicrobial peptides, like NK-2, arenicin, melittin or others [31; 32; 71; 169]. But this 

is not a general phenomenon for peptides, since also the solution structure of peptides and 

proteins can be preserved at the air-water interface [30]. 

LL-32 forms an entire helix with the molecular axis parallel to the interface and a diameter of 

14Å, which is in accordance with other α-helical peptides [31; 166; 168]. LL-20 forms 

unstructured, amphipathic intermediates, which can be squeezed out from the interface by 

compression. This was resolved from the electron density profile, obtained from the XR curves. 

The smaller dichroic ratio for LL-20 at equilibrium pressure supports the assumption that some 

adsorbed molecules of LL-20 stay unstructured. In contrast to LL-32, the transition from the 

unstructured (in bulk) to the helical conformation at the surface is obviously incomplete in the 

LL-20 adsorption layer. This could be either due to slow transformation kinetics or due to the 
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existence of a peptide concentration threshold at the surface for such a transition. The latter seems 

to be the main reason, because the compression of the peptide film had only little effect on the 

electron density profile. The two parts of the adsorption layer are still seen with slightly increased 

thickness (21.7 Å at 12 mN/m), mainly because of the higher compressibility of an unstructured 

peptide layer. In conclusion, the LL-20 film cannot be compressed to such high packing densities 

as observed for LL-32. Therefore, the transition threshold for a complete α-helical conformation 

cannot be reached even if the dichroic ratio is increased. The helical peptides at the surface 

contribute stronger to the IRRA spectra than the unstructured ones. The measured dichroic ratio 

for the compressed peptide film is therefore similar to the one observed for the helical LL-32. 

Neville et al. performed XR measurements on LL-37 [136]. At zero equilibrium adsorption 

pressure, the electron density was fitted with a box thickness of only 7.7 Å, but the same 

maximum electron density of ~0.4 e
-
/Å

3
 as in our case. Since the authors used only half of the 

concentration we used for our experiments, and the equilibrium adsorption pressure is zero, the 

surface is obviously not completely covered with the peptides. After compression to 28 mN/m, 

two boxes had to be used to fit the XR data with thicknesses of L1 = 8.5 Å and L2 = 4.3 Å and 

electron densities of 0.38 and 0.32 e
-
/Å

3
, correspondingly. This was interpreted by the formation 

of a second layer. As described in the introduction, LL-37 adopts mainly α-helical conformation 

and an unstructured part involving the residues 32-37. Therefore, this observation supports our 

assumption that the two contributions to the electron density profile of LL-20 originate from 

helical and unstructured peptides, even if the determined box thicknesses do not match our results.  
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4 The Influence of the Peptides on Lipid Monolayers 

Abstract 

LL-32 and LL-20 (two fragments of the human antimicrobial LL-37), which show a contrary 

behavior in biological experiments, have been characterized on their physico-chemical properties. 

To obtain insight into the peptide structure and their influence on phospholipids, lipid monolayers 

were used as a simple model for the outer leaflet of a cell membrane. Film balance measurements 

were coupled with surface sensitive Infrared Reflection-Absorption Spectroscopy (IRRAS), 

Grazing Incidence X-ray Diffraction (GIXD), and X-ray Reflectivity (XR). The results were 

compared to CD measurements with vesicles.  

LL-32 is more surface active and can better intercalate into lipid monolayers than LL-20. Even 

though LL-32 has no cell-selectivity, our results show how the peptide interacts differently with 

zwitterionic compared to anionic membrane models. The interaction with 

dipalmitylphosphatidylcholine (DPPC) monolayers is based on the simple intercalation of the 

peptides between the lipid molecules, which leads to a phase transition of the lipids to a 

condensed phase. But the peptides bind in a two-step process to dipalmitylphosphatidylglycerol 

(DPPG) monolayers, which results in a fluidization of the lipid film. This can be related to a 

membrane thinning. 
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4.1 Interaction of the Peptides with Lipid Monolayers 

In this chapter, the interaction of LL-32 and LL-20 with different model membranes was 

investigated. To model the interaction with mammalian cell membranes, lipid monolayers 

composed of the zwitterionic DPPC and DOPC, respectively, were formed. To investigate the 

interaction with bacterial cell membranes, lipid monolayers of the negatively charged DPPG and 

POPG, respectively were formed. DPPC and DPPG exhibit phase transitions from the expanded 

to the condensed state. This makes them a useful model membrane, since the influence of the 

peptide on the phase state of the lipids can be visualized. Many proteins and peptides interact 

preferentially with a fluid phase, so experiments with POPG and DOPC complement the obtained 

results. 

4.1.1 Interaction with Pre-Compressed Monolayers: the Fluid Phase is Preferred 

4.1.1.1 Maximum Insert ion Pressure Measurements 

Maximum Insertion Pressure (MIP) measurements with monolayers are a quite simple method 

to assess if a peptide would interact with a biological membrane. The peptide is injected under a 

pre-compressed monolayer with a defined surface pressure πi. An interaction of the peptide with 

the lipids leads to a change in the surface pressure π. Plotting the change of the surface pressure 

Δπ=π-πi depending on the initial pressure πi, linear fitting and extrapolating to Δπ=0 gives the 

MIP, up to which an interaction of the peptide with the lipid monolayer is energetically favorable 

[170]. If a peptide interacts with a cell membrane, the value of the MIP should be higher or in the 

range of the lateral pressure in a membrane. This was found to be 30…35 mN/m [37; 38]. 

Additionally, the slope of the linear fit gives further information on the peptide interaction: an 

equilibrium surface pressure πeq=const. for all πi, means that the MIP is a stationary surface 

pressure [171; 172] and independent from πi.. The slope in the linear fit of   (  ), 
 (  (  )) 

   
≈-1. 

A non-stationary πeq(πi) leads to a reduced increase in Δπ(πi) with increasing   , meaning that  

 (  (  )) 

   
>-1, and makes it more difficult for the peptide to interact with the monolayer with 

increasing   .If πeq(πi) is increasing with increasing πi, the MIP corresponds more to an Exclusion 

Pressure (EP) [171; 172]. 
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Figure 14: Estimation of the MIP of LL-20 (—, ■) and LL-32 (—, ■) into negatively charged DPPG 
and POPG monolayers. Shown is the time-depending surface pressure π for varied πi. The increase in 
the surface pressure Δπ dependent on the initial pressure πi is plotted on the right. Extrapolating the 
linear fit to Δπ = 0 gives the MIP. (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in 
solution).  

The change in surface pressure after the injection of LL-32 and LL-20 (injection at t=0) and the 

extrapolation of the MIP are shown for DPPG, DPPC, POPG and DOPC monolayers in Figure 15. 

The results of the fit (MIP and slope) are listed in Table 3. 

LL-32 has a high affinity for negatively charged lipid monolayers. The injection of LL32 under 

pre-compressed POPG and DPPG monolayers leads to a strong increase in the surface pressure. 

The equilibrium surface pressure are πeq(DPPG) ≈ 37 mN/m and πeq(POPG) ≈ 38 mN/m for all πi. 

That means that πeq(πi) is a stationary surface pressure and that the phase state has no influence on 

Δπ and the MIP [172]. The slope in the linear fit of   (  )) ,  
 (  (  )) 

   
   . The MIP of LL-32 

is found to be (45±3) mN/m for DPPG and (40±2) mN/m for POPG.  

The injection of LL-20 under DPPG leads to a constant increase in Δπ = 10 mN/m for all πi, 

with  
 (  (  )) 

   
  . This leads to a MIP = ∞, but reflects only electrostatic attraction and not a 

hydrophobic interaction, because it is independent from the phase state of the phospholipids. The  
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Figure 15: Estimation of the MIP of LL-20 (—, ■) and LL-32 (—, ■) into zwitterionic DPPC and 
DOPC monolayers. Shown is the time-depending surface pressure π for varied πi. The increase in the 

surface pressure Δπ dependent on the initial pressure πi is plotted on the right. Extrapolating the linear 
fit to Δπ = 0 gives MIP. (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution) 

peptide is attracted to the charged head groups, compensating the negative charge, but exhibits no 

further interaction with the lipids. The peptide could be inactivated by hindering hydrophobic 

interactions, which play a strong role in the activity of helical antimicrobial peptides [64; 173-

175]. 

The effect of LL-20 to POPG monolayers is comparable to the interaction of LL-32 with 

POPG. The MIP is 38 mN/m and corresponds to a stationary surface pressure.  

The MIP of LL-20 is estimated to be (32±3) mN/m into DPPC monolayers. Together with a low 

slope 
 (  (  )) 

   
=-0.5 it is obvious that LL-20 has only a low affinity for DPPC, but also DOPC 

monolayers. LL-20 cannot bind to zwitterionic lipid monolayers at physiological relevant surface 

pressures (30 mN/m), independent of the lipid phase state. LL-32 has a MIP of (35±2) mN/m into 

DPPC with a slope 
 (  (  )) 

   
=- 0.7, meaning an interaction with the zwitterionic DPPC  for low πi. 

The MIP of LL-32 into DOPC monolayers is even comparable with that of POPG and is in agree- 
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Table 3: Maximum Insertion Pressure (MIP), and slope of the linear fit. 

 
 MIP 

[mN/m] 
Slope  

 (  (  )) 

   
 

LL-32 DPPG 

DPPC 

POPG 
DOPC 

45±5 

35±2 

40±2 
42±2 

-1 

-0.7 

-1 
-0.7 

LL-20 DPPG 
DPPC 

POPG 

DOPC 

∞ 
32±3 

38±3 

30±1 

0 
-0.5 

-0.9 

-0.7 

 

ment with the non-cell selectivity of the peptide [73]. 

In the experiments with LL-32 and DOPC and POPG monolayers, irregularities in the 

adsorption isotherm are visible. A drop in the isotherm and a decrease in the surface pressure after 

the peptide injection is generally described as a condensing effect due to a compensation of 

charges [176-178]. From other injection experiments, by keeping the surface pressure constant 

while the change in the area is monitored, it was concluded that a drop in the surface pressur e is 

the result of film lability [136; 179]. This we also propose here, since the isotherms show several 

instabilities which cannot be explained by condensing effects. The injection of LL-32 under 

monolayers composed of lipids in a fluid phase state leads to a strong accumulation of the 

peptides at this interface and to a high increase in the surface pressure. This leads to local 

destabilizations of the lipid monolayer which result in the drop of the surface pressure. Due to 

further adsorption of peptides, the surface pressure further increases, leading to additional defects 

until adsorption equilibrium of the peptide is reached. 

4.1.1.2 Infrared-Reflect ion-Absorption Spectroscopy w ith LL-32 

IRRAS measurements at the air/water interface can be performed additionally to the MIP 

experiments. They are useful to examine the interaction of the peptides with the lipids. An 

interaction with the head groups and/or the hydrophobic chains leads to differences in the packing 

which is reflected by the CH2 band position. The amide bands are connected with the secondary 

structure of the peptide. The OH-band intensity is related to the film thickness
3
 and is influenced 

by the tilt angle of the molecules and the formation of additional layers. 

                                                   
3 With increasing film thickness, the number of water molecules at the surface is replaced by the presence 

of lipids and peptides at the water surface, which leads to this positive band in the spectrum.  
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Figure 16: IRRAS on A) DPPG and B) DPPG/LL-32 mixed films. The peptide was injected under a 
precompressed monolayer with a πi of 10 mN/m (—), 15 mN/m (- - -), 20 mN/m  (—) or 30 mN/m  

(- - -). The spectra were measured in equilibrium at ~35 mN/m. 40°, p-polarized beam (5 mM HEPES, 
100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution).  

The spectra of the condensed DPPG film (Figure 17) show a small increase in the ν(OH) (~ 

3600 cm-1) band intensity, dependent on the surface pressure π. Above 8 mN/m, DPPG is in a 

condensed phase state with an all-trans conformation of the fatty acid chains. Further compression 

leads to small changes in the packing and the tilt angles. The phase state of the lipids can be 

concluded from the band position of the symmetric and asymmetric CH2 vibration, because this 

vibration is sensitive to the ratio of trans/gauche conformers. It is found to be 2919 cm
-1

 for the ν-

as(CH2)  and 2849 cm
-1

 for the νs(CH2), both before and after the peptide injection. This means a 

condensed state which is not affected by the peptide. But the peptide leads to changes in the OH-

band. At the same time, amide bands (amide A ~3300 cm
-1

, amide I ~ 1658 cm
-1

) become 

apparent. The amide I band position at ~1658 cm
-1

 denotes the presence of the peptide with an α-

helical structure. The OH-band intensity is increased
4
 in the mixed film compared to the DPPG 

film, meaning a strong interaction of the peptide with the lipid monolayer, with additional binding 

under the lipid head groups. This will be verified later.  

 

 

                                                   
4 The intensity change is quiet high, but shows not a direct correlation to πi. For this reason, further 

quantitative interpretation was renounced. 
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Figure 17: IRRAS on A) POPG and B) POPG/LL-32 mixed films. The peptide was injected under a 
precompressed monolayer with a πi of 10 mN/m (—), 15 mN/m (- - -), 20 mN/m (—) or 30 mN/m  
(- - -). The spectra were measured in equilibrium at ~35 mN/m, 40°, p-polarized beam (5 mM HEPES, 
100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution).  

The chains of POPG are fluid at 20°C, leading to νs(CH2) = 2855 cm
-1

 and νas(CH2) = 2923 cm
-1

, 

which is certainly not influenced by the peptide (Figure 18). The intensity of these bands is quite 

low, since the chains are completely disordered. Condensed chains have a strong packing and thus 

a better oriented transition dipole moment which leads to a stronger signal in the IR spectrum 

[180]. A fluid monolayer has a lower packing density of the aliphatic chains; this also contributes 

to reduced band intensity. 

The presence of amide bands illustrates the presence of the peptide in the lipid film. The intensity 

of the ν(OH) of POPG is almost unchanged after peptide injection, meaning a complete 

incorporation of the peptide and no formation of an additional layer under the lipid head groups as 

seen for DPPG .  
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Figure 18: IRRAS on A) DPPC and B) DPPC/LL-32 mixed films. The peptide was injected under a 
precompressed monolayer with a πi of 10 mN/m (—), 20 mN/m (- - -), 25 mN/m (—) or 30 mN/m  
(- - -). The spectra were measured in equilibrium between 25 mN/m and 32 mN/m. 40°, p-polarized 
beam (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution).  
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In DPPC/L-32 mixed films (Figure 19), no amide bands were detected for πi >10 mN/m. For πi 

= 10 mN/m only a small dip in the spectrum at 1658 cm
-1 

can be seen. Apart from that, the 

increase in the surface pressure after the peptide injection (πeq>πi) denotes an interaction with the 

lipid interface. An explanation for this is that the peptide binds preferentially to the air/water 

interface between the DPPC molecules without a further interaction.  This can proceed beyond the 

IR spot. The excess of peptide could stay in solution or adsorb to the bottom of the trough, but 

does not bind under the lipid monolayer.  

4.1.2 Interaction of LL-32 and LL-20 with Uncompressed Monolayers:  

Condensation and Fluidization are Key Effects 

To be sure that the peptides are homogeneously distributed at the lipid interface, the peptide is 

homogeneously dissolved in the subphase and the lipid solution is spread on the surface. An 

adsorption of the peptide to the the air/water interface and leads to an interaction with the lipid 

monolayer.  The concentration of the lipid film is chosen such that the initial surface pressure is 

zero. The increase in surface pressure reflects the peptide’s affinity for this type of membrane.  

Differences in the surface pressure for different model membranes give hint to the selectivity of 

the peptides [178]. To asess the influence of the peptide on the lipid packing, experiments were 

done with DPPC or DPPG to mimic mammalian or bacteria cell membranes. 

 

Spreading of the DPPG solution on the peptide-containing subphase leads to a strong increase in 

the surface pressure (Figure 20 A)). The equilibrium pressure for both peptides is increased in the 

presence of DPPG (35 mN/m for LL-32 with DPPG and 25 mN/m for LL-32 alone; 22 mN/m for 

LL-20 with DPPG and 6 mN/m for LL-20 alone). The equilibrium surface pressure is reached 

much faster for the less active LL-20, indicating additional effects in interaction of LL-32 with the 

lipids.   

The peptide adsoption to DPPC (Figure 20 B)) leads to a surface pressure increase of 8.5 mN/m 

in the presence of LL-20, and to 25 mN/m in the presence of LL-32. These values are comparable 

with the peptide adsorption to the bare air/water interface, indicating no specific interaction of the 

peptides with DPPC. The adsorption isotherm for LL-32 shows again a small plateau at 8 mN/m, 

conceivably due to a phase transition in the monolayer. This was not observed for LL-20. There, 

the equilibrium surface pressure is below the surface pressure required to induce the phase 

transition of DPPC. The results will now be analyzed in detail.  
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Figure 19: Adsorption isotherms of LL-32 (—) and LL-20 (—) binding to A) DPPG and B) DPPC 
monolayers. (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution) 

4.1.2.1 Infrared-Reflect ion-Absorption Spectroscopy 

A phase transition in DPPC and DPPG monolayers can be seen by a shift in the frequency of 

the asymmetric CH2 vibration
5
 from 2924…2922 cm

-1
 (expanded) to 2919 cm

-1
 (condensed).  
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Figure 20: A) CH2 vibration of DPPG-peptide mixtures with LL-32 at πeq = 38 mN/m (—) and LL-20 at 
πeq = 22 mN/m (—) and π = 30 mN/m (– – –). B)  Dichroic ratio of the asymmetric CH2 vibration of 
DPPG at 2854 cm-1 at 0 mN/m (□) and π = 30 mN/m (○), of DPPG with LL-32 (■) at π = 38 mN/m and 

LL-20 at π = 22 mN/m (■) and π = 30 mN/m (●). (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM 
peptide in solution).  

DPPG 

Both peptides lead to a fluidization of the monolayer: in equilibrium, the position and the 

dichroic ratio of the asymmetric CH2 vibration agree well with those of a DPPG monolayer in an 

expanded phase (Figure 21). This is surprising, since the equilibrium pressure is much higher than 

the phase transition pressure of a DPPG monolayer (8 mN/m).  

                                                   
5 This is analogously valid for the symmetric CH2 band between 2854 cm-1 and 2849 cm-1. 
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Figure 21: A) Maxima of the asymmetric CH2 vibration band and B) Maxima of the amide I band, 
depending on the surface pressure π for DPPG (□) and DPPG/LL-32 (●) and DPPG/LL-20  (●).  
(5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution).  

Following the adsorption kinetics with IRRAS (Figure 22A)) shows that LL-32 shifts the 

methylene vibration to 2920 cm
-1

 (condensed state), which is followed by relaxation to 2923 cm
-1

 

(expanded state) for intermediate surface pressures > 20 mN/m. LL-20 shifts the methylene 

vibration to 2921 cm
-1

 (condensed state) which relaxes to 2923 cm
-1

 (expandend state) for 

intermediate surface pressures >15 mN/m. That means that the peptide adsorption leads to an acyl 

chain ordering which is again dissolved by a further peptide-lipid-interaction. In the adsorption 

isotherm (Figure 20) can be seen that an intermediate equilibrium is reached around 25 mN/m, but 

additional interaction with the now compressed monolayer leads to a further increase of the 

surface pressure, indicating a further step in the peptide-lipid interaction. 

Additional compression of the DPPG/LL-20 film to 30 mN/m changes the position and 

intensity of the CH2 band (Figure 21). The maximum of the asymmetric CH2 vibration band is 

found at 2920 cm
-1

, which differs not from a pure DPPG monolayer at 30 mN/m. The dichroic 

ratio of the CH2 band intensity is slightly below the value of the pure lipid. This means a partial 

squeezing-out of the peptide, but indicates that the peptide is still located at the lipid interface, 

probably by interacting with the negative charge of the lipid head groups. The LL-32/DPPG 

mixed film was not further compressed, due to the high equilibrium pressure of the film.  

Following the adsorption kinetics, we also observe a shift in the amide I band to lower 

wavenumbers (Figure 22 B)). A redshift in the amide I band position can be attributed to the 

formation of hydrogen bonds [162; 181] or a change in the helix flexibility [182]. Also, a change 

in the backbone hydration influences slightly the band position. This can be due to an aggregation 

of the peptide [183-185] or a deeper incorporation into a hydrophobic environment which is both 

connected to a dehydration of the C=O groups. As shown in chapter 3, LL-20 adopts a less dis- 
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Figure 22: A) Amide band at 40° (solid lines) and 60° (dashed lines) of the peptide/DPPG film after 
subtraction of pure DPPG monolayer spectra. LL-32 (—), LL-20 (—), p-polarized light B) Dichroic 
ratio of the amide I band intensity at 1658 cm-1 (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM 
peptide in solution).  

tinct α-helix, with more contact to water. The stronger shift for LL-32/DPPG mixtures could be 

therefore explained by a deeper insertion of LL-32 compared to LL-20 or simply a better 

formation of an α-helix. 

In equilibrium, the  amide I  band
6
 can be fitted with two Lorentzian curves with maxima at 

1657.8cm
-1

 and 1679.0 cm
-
 for LL-32 and 1658.1 cm

-1
 and 1668.2 cm

-1
 for LL-20. The high 

energetic band can be attributed to the vibration of non-hydrogen bonded C=O groups [156]. 

To compare the orientation of the peptides, the dichroic ratio of the amide I band can be 

calculated  by dividing the signal of the p-polarized light by the signal of the s-polarized light 

[137; 166]. The dichroic ratio is independent of the concentration or length of the peptides and 

allows comparisons regarding the orientation in both, in-plane and out-of-plane. The spectrum of 

pure DPPG at π = 0 mN/m has to be subtracted previously to eliminate the influence of the H2O 

bending vibration on the band intensity, because it overlaps with the amide I band. The dichroic 

ratio of the amide I band is comparable for both peptides, indicating that both peptides adopt a 

comparable orientation when interacting with DPPG. But the values are slightly below the values 

of an entire α-helix lying flat at the air/water interface. Moreover, they are comparable to the 

deviating conformation of LL-20 at the air/water interface. 

 

 

 

 

                                                   
6 Differences in the intensity of the spectra originate from the different peptide sizes. The smaller LL-20 

contains less peptide bonds which can contribute to the IR spectrum. This was in detail discussed in chapter 

3. 
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DPPC 

The interaction of the peptides with DPPC is different from that with DPPG, as can be seen from 

the surface pressure change upon adsorption of the peptides. The asymmetric methylene vibration 

of the lipid (Figure 24) shifts for LL-32 to 2920 cm
-1
 and to 2924 cm

-1
 for LL-20. The band 

intensity increases, since the phase transition of the lipid film from a gauche to an all-trans 

conformation leads to a change in the orientation of the transition dipole moment, which gives a 

stronger signal [180]. This effect is increased by the better packing of the condensed molecules, 

because it increases the number of molecules in the spot, but this effect is eliminated by 

calculating the dichroic ratio. The dichroic ratio of DPPC/LL-32 agrees with the value of a pure 

DPPC film at the same surface pressure, confirming a phase transition of DPPC from the 

expanded to condensed state by the adsorption of LL-32. The adsorption of LL-20 leads does not 

lead to a condensation of the DPPC monolayer, but it should be mentioned, because the low 

surface pressure of  8.5 mN/m is too low to induce the phase transition.  
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Figure 23: A) CH2 band and B) amide I band of DPPC/peptide mixtures. DPPC/LL-32 at πeq = 25 
mN/m (—) and π1 = 30 mN/m (- - -), DPPC/LL-20 at πeq = 8.5 mN/m (—) and π1 = 30 mN/m (- - -)  
C) Corresponding dichroic ratio of νas(CH2) of DPPC at π = 10 mN/m (□), 25 mN/m (Δ), 30 mN/m (○), 
DPPC/LL-32 at πeq = 25 mN/m (■) and π1 = 30 mN/m (●), DPPC/LL-20 at πeq = 8.5 mN/m (■) and π1 = 
30 mN/m (■) (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution).  

 

Compression of the peptide/DPPC films to 30 mN/m leads to a shift in the asymmetric CH2 

vibration to 2919.4 cm
-1

, both in the absence and in the presence of the LL-20 and LL-32. 

Moreover, the dichroic ratio of the LL-20/DPPC mixed film and the DPPC film are the same. The 

absence of amide bands in the spectra (Figure 24 B)) confirms that LL-20 is squeezed out and not 

located between the lipids anymore. This is not the case for LL-32. The CH2 vibration has the 

same position as for pure DPPC, but the band intensity is relatively low and the dichroic ratio is 

increased. The presence of the amide bands from LL-32 in the spectra indicates that the peptide is 

still located at the interface (see appendix) and influences the lipid conformation.  
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4.1.2.2 Grazing Incidence X-ray Diffract ion 

Film balance measurements and IR spectroscopy give no direct information about the crystalline 

packing, but GIXD allows the determination of the condensed monolayer structure [160]. The 

periodicity  of the high ordering of condensed fatty acid chains results in a diffraction pattern, 

when X-rays are diffracted by them. The contour plots show the distribution of scattering 

intensity as a function of the in-plane scattering vector component Qxy and the out-of-plane 

scattering vector component Qz at different lateral pressures [28]. The contour plots of DPPC and 

DPPG monolayers with and without the peptides are shown in Figure 25. From the positions of 

the Q-values, the lattice parameters of the unit cell can be calculated, and the tilt angle can be 

derived. The obtained cross-sectional areas of one chain (approximately 20 Å
2
, see appendix) and 

the calculated tilt angles agree with the literature [28; 29; 136; 186; 187]. 

 

DPPC 

The diffraction pattern of condensed DPPC contains two Bragg peaks and can be attributed to a 

rectangular lattice [187]. The peak of the L02 reflection is located at Qz=0, the degenerated peak of 

the L11 reflection is located at Qz >0 Å
−1

. The chains are tilted by 31.8° at 30 mN/m (for more 

details of the in-plane parameters see appendix).  

The addition of neither LL-20 nor LL-32 has significant influence on the diffraction pattern and 

thus in the packing and the tilt angles. In the DPPC/LL-32 mixtures, the correlation lengths are 

670 Å and 100 Å for the equilibrium pressure of 26 mN/m. DPPC at 25 mN/m has correlation 

lengths of 630 Å and 90 Å, respectively. These are values of the same order, showing that the 

crystallinity of the monolayer is unaffected and LL-32 is probably excluded from the condensed 

lipid domains. This is analogously valid for LL-20. 

 

DPPG 

For DPPG, three Bragg peaks can be identified, all located at Qz>0. This is characteristic for an 

oblique lattice. At 30 mN/m, the chains are tilted to 26.9°. (see appendix). 

In contrast to DPPC, the peptides have a strong influence on the scattering properties. The 

presence of LL-20 decreases the tilt angles to 22.9° at 28 mN/m. This can be due to an increased 

order in the head group region and could be the result of charge compensation. It was concluded 

from the MIP experiments that LL-20 is electrostatically bound to the head groups, without 

exhibiting  further interaction. When LL-32 is adsorbed to the DPPG monolayer, no Bragg peaks 

were found, even at a high equilibrium surface pressure of 38 mN/m. This is consistent with the 

IRRAS measurements that the adsorption of LL-32 to DPPG leads to a fluidization of the 

monolayer. 
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Figure 24: Contour plots of the corrected X-ray intensities as a function of the in-plane (Qxy) and out-
of-plane component (Qz). Shown is an overlay of lipid/peptide mixtures at πeq (—) and pure lipid 
monolayers at comparable π (—). A) DPPC and DPPC/LL-20 B) DPPC and DPPC/LL-32 C) DPPG and 
DPPG/LL-20 D) DPPG and DPPG/LL-32 (no Bragg peaks are found for DPPG/LL-32). (5 mM 
HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.3 µM peptide in solution) 

4.1.2.3 Specular X-Ray Reflect ivity 

Specular X-ray reflectivity (XR) is based on the interference between X-rays reflected at various 

depths in the monolayer [29]. XR measurements can help to clarify and identify the position of 

the peptide in the lipid monolayer, since XR provides the electron density profile at the surface 

[135] and can help to distinguish between a penetration of the peptides into the hydrophobic chain 

region and an adsorption of the peptides to the head group region. The electron density profile can 

be fitted with boxes of a certain thickness, roughness and electron density. From that, the 

orientation and the film thickness at the interface can be estimated.  
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Figure 25: A-C) X-ray reflectivity and D-F) calculated electron density profile of DPPC/peptide and 
DPPG/peptide mixtures at πeq. Qz is the out-of-plane scattering vector, ρ/ρWATER denotes the electron 
density normalized to water, z is the distance from the air/water interface towards the subphase.  
Lipid/LL-32 (—), lipid/LL-20 (—). Pure DPPC (—) and DPPG (—) monolayers at equivalent surface 
pressure are plotted for comparison. (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.3 µM peptide in 
solution) 

DPPC and DPPG show a characteristic electron density profile (Figure 26) which can be fitted 

with two boxes for the head group and the tail region, respectively (see Table 4). The smaller 

boxes can be attributed to the lipid head group while the larger box of ~ 16Å with the lower 

electron density corresponds to the fatty acid tail.  
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The electron density curves of the mixtures peptides/DPPG do not allow the clear distinction 

between chain and head group as for the pure lipid. This is due to the deep penetration of the 

peptides between the lipids, which smears the transition between the two constituents. 

Nevertheless, the curves could be best fitted assuming 4 boxes.  For LL-32, the first box of 4.4 Å 

can be attributed to a diluted CH2 layer, as seen by the small relative electron density of only 0.16. 

The second box of 6.5 Å corresponds to the mixed CH2/peptide region. The peptide is 

incorporated into the chain region of the lipids. The third box of 12 Å corresponds to a mixed 

peptide/lipid head group layer. The fourth box in the DPPG/LL-32 mixture has a thickness of 17.0 

Å. That corresponds to the upper limit of a helix diameter [135] and indicates a second peptide 

layer bound under the DPPG monolayer, but could also arise from a peptide chain hanging out of 

the interface. The peptide carries a kink at Lys12, which breaks the helix into two helices [99] and 

the residues 1-12 are inactive against any cell type [110], so the interaction of the peptide with the 

DPPG film should be dominated by the second helix (residues 13-32). The first helix has a 

theoretical length of 18 Å, so the fourth box in the electron density profile could also be related to 

the first helix, hanging towards water. The small electron density of that box arises from a diluted 

peptide adsorption layer. The peptides oriented normal to the interface are less tightly packed than 

the ones parallel to the interface. The DPPG/LL-20 film shows a similar reflectivity profile. But 

the fourth box has a thickness of only 5.7 Å. Due to the reflectivity profile of the peptide adsorbed 

to the air/water interface (chapter 3), this box can be attributed to an unstructured contribution of 

the peptide. 
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Table 4: Data obtained from XR experiments. π – surface pressure, d-thickness of the box, ρ/ρwater- 
electron density normalized to water (ρwater= 0.334 e-/ Å3), roughness means the roughness of the 

calculated box. 

 
π [mN/m] d [Å] ρ/ ρwater  roughness [Å] 

DPPC 
 

30 15.9 
5.3 

1.03 
1.53 

3.36 
3.63 
6.01 

DPPC, LL-32 
 

 
 

26 
 

 
 
30 
 
 

15.2 
9.1 

11.9 
 
16.7 
3.13 
 

1.12 
1.24 

1.05 
 
1.10 
1.85 

3.2 
2.0 

2.9 
15.3 
3.4 
3.5 
5.8 

DPPG 28 
 
 

38 
 

16.3 
9.1 
 

16.6 
10.4 

1.03 
1.38 
 

0.99 
1.40 

3.36 
2.77 
3.70 

3.41 
3.06 
3.28 

DPPG, LL-20 
 

28 
 
 
 
 

3.7 
7.7 
5.7 
5.9 
 

0.17 
0.71 
1.48 
1.08 
 

1.7 
2.8 
4.6 
4.5 
8.5 

DPPG, LL-32 
 

38 4.4 
6.5 
12.0 
17.0 
 

0.16 
0.77 
1.26 
1.02 

1.9 
3.1 
3.9 
8.2 
11.0 

 

4.2 Comparison to Measurements in Bulk 

To compare the monolayer experiments with experiments in bulk, we performed CD 

experiments with the peptides and lipid vesicles (Figure 27). Due to the high absorbance of NaCl 

and HEPES in CD spectroscopy, the experiments were performed in ultrapure water [154]. There, 

both peptides are unstructured (see chapter 3). The helical content was calculated to < 1% for both 

peptides, also for a NaCl concentration of 100 mM. The addition of POPC vesicles to the peptide 

solution has little effect on the peptide conformation. The CD spectra correspond still to an 

unstructured peptide [31; 154], although the intensity at 230 nm increases little. However, the 

addition of POPG vesicles leads to a change in the peptide conformation of both LL-32 and LL-

20. A positive band at 193 nm and two negative bands at 207 and 222 nm emerge. These bands 

are indicators for an α-helix [31; 34; 154]. A formation of transmembrane pores in equilibrium 

can be excluded, since transmembrane pores lead to a redshift of the positive band in the range of 

195-200 nm and a higher intensity of the band at 222 nm compared to 208 nm [34; 151].  
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Figure 26: CD spectra of LL-32 (—) and LL-20 (—) in water in the presence of POPC vesicles (solid 
lines) and in the presence of POPG vesicles (dashed lines). Peptide:lipid = 1:16. Measurements were 
done in water at 20°C. 

4.3 Discussion 

The interaction of two peptides with model membranes, including vesicles and lipid 

monolayers, has been investigated to point out differences in their mode of action. The peptides 

are fragments of the human antimicrobial LL-37 and show contrary behavior in biological 

experiments. While LL-32 is more active compared to the mother peptide, LL-20 is active only at 

very high concentrations [143; 145]. Lipid monolayers composed of DPPG, POPG, DPPC and 

DOPC were formed to clarify how the lipid charge and the lipid phase state influence the 

lipid/peptide interaction. Surface sensitive IRRAS, GIXD and XR measurements were coupled to 

Langmuir film balance measurements to obtain details on a molecular level. The results were 

compared to CD experiments with vesicles composed of POPC and POPG, respectively. 

 

As shown in chapter 3, both peptides are surface active. This surface activity is enlarged by the 

presence of lipids. The equilibrium surface pressure for LL-32 at lipid monolayers is quite high 

(38 mN/m with DPPG, 25 mN/m with DPPC). LL-20 is less surface active and shows also a 

smaller equilibrium surface pressure in the presence of lipids (22 mN/m with DPPG and 8.5 

mN/m with DPPC). Moreover, the adsorption of both peptides to DPPC monolayers is 

comparable with the adsorption to the air/water interface.  

Maximum Insertion Pressure (MIP) measurements revealed the critical surface pressure, up to 

which the peptides interact with lipid monolayers of a certain composition. For an interaction with 

a cell membrane, the MIP should be higher than 30…35 mN/m, because this value corresponds to 

the lateral pressure in a membrane [37; 38]. The different MIPs and the corresponding slopes in 

the fit support the fact, that LL-32 is the more active peptide, and show that the mode of action is 
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different, even between the different lipid monolayers. The low MIPs of LL-20 into DOPC and 

DPPC monolayers indicate that the peptide will not spontaneously insert into zwitterionic regions 

of cell membranes. The interaction of LL-20 with negatively charged lipid monolayers shows the 

dependence from the lipid phase state, as concluded from the MIP experiments. Injection of LL-

20 under pre-compressed DPPG monolayers led to a constant increase in the surface pressure, 

independent from the initial surface pressure πi. The strong electrostatic attraction of LL-20 to the 

negatively charged head groups of condensed DPPG could hinder a penetration of the peptide into 

the tightly packed DPPG monolayer while the peptide exhibits normal interaction with the f luid 

POPG monolayer. GIXD experiments showed that LL-20 lowers the tilt angle of DPPG. 

Probably, LL-20 compensates the charges of the DPPG head groups, which improves the lipid 

packing. The resulting local ‘gaps’ could be used for the adsorption of the peptides to the 

air/water interface, since the now charge-compensated lipids have no attraction to the peptide, and 

the peptide does not interact with neutral lipids, as shown. 

LL-32 shows a strong affinity for both zwitterionic and negatively charged lipid monolayers 

and an interaction at physiological relevant surface pressures (30…35 mN/m [37; 38]).  LL-32 

completely penetrates the fluid POPG monolayers for π<MIP, but forms an additional layer under 

DPPG monolayers. 

The differences in the surface activity and MIPs for different lipids are indicative for a different 

way of action of the peptides [178] and mean a kind of selectivity of the peptide towards different 

membrane compositions. 

Both peptides have no influence on DPPC monolayers. The CH2 band position and the 

diffraction pattern of the DPPC/peptide films are undistinguishable from reference measurements 

of DPPC. As can be concluded from the correlation length of ~ 650 Å and ~100 Å, the 

crystallinity of the DPPC film is unaffected by the peptide adsorption. The peptides probably 

adsorb in clusters between the DPPC molecules, leaqding a coexistence of two phases: a 

condensed lipid phase and a peptide phase. Compression of the peptide-mixed films leads to a 

squeezing-out of LL-20, but not LL-32, as concluded from the dichroic ratio of the CH2 band and 

the qualitative analysis of the amide I band. 

For DPPG monolayers, the CH2 band position in the IRRA spectra are related to an expanded 

lipid phase and the lack of Bragg peaks in GIXD experiments indicate a fluidization of the lipid 

film. Following the adsorption kinetics shows that the peptide adsorption leads to a prior 

condensation of DPPG monolayers. The condensed lipid domains serve as a target for a further 

peptide-lipid interaction. While the peptide completely incorporates into pre-compressed POPG 

films, the peptide injection under DPPG monolayers leads to additional binding beneath the head 

groups, as concluded from the electron density profile. But the formed layer under the DPPG head 
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groups differs in the thickness. The second layer of LL-32 is 17 Å thick and can be attributed to 

an α-helix, both being parallel or perpendicular to the interface. The peptide carries a kink at 

Lys12, which breaks the α-helix into two parts [99]. Since the second helix corresponds to the 

active part of the peptide [117; 188], the first helix could hang out of the interface, leading to a 

sublayer with a theoretical thickness of 18 Å. It was concluded that the second layer of LL-20 

corresponds mainly to an unstructured peptide, which compensates the charges of DPPG, because 

LL-20 lacks the part identified as antimicrobial core LL-3718-29 [88]. The peptide is 

electrostatically bound to the head groups, but possibly with an irregular conformation. Both 

peptides adopt an α-helical conformation with a comparable orientation, as concluded from the 

amide I band position and the corresponding dichroic ratio for several angles of incidence. 

Compared to the values of the air/water interface, both peptides lie partly parallel to the surface, 

but contain deviating conformations. LL-32 contains a helix perpendicular to the interface and the 

layer of LL-20 contains unstructured peptides. Both cases lower the dichroic ratio (see chapter 3 

and [137]).  

The peptides are both unstructured in solution, but adopt a helical conformation when bound to 

POPG vesicles. Transmembrane helices could not be observed in the equilibrium state. POPC 

vesicles have no effect on LL-20 and LL-32 in water; the CD spectra are almost unchanged.  

To decide, if the unstructured peptides are bound to the POPC vesicles, some calculations can 

be done. The theoretical change in the Gibbs energy ΔGwif for the transition of the unstructured 

peptides from water to a POPC interface can be calculated with the help of Mpex [148] by using 

the White-Wimley scale [36]. This is a simple model to evaluate, if the adsorption of the 

unstructured peptides to a hydrophilic-hydrophobic interface is energetically possible.  

ΔGwif,LL-20 = 6.86 kcal/mol for LL-20 and ΔGwif,LL-32 = 9.28 kcal/mol for LL-32, indicating that 

binding of the unstructured peptide to POPC is energetically unfavorable. ΔG can be reduced by 

the formation of hydrogen bonds with the formation of α-helices, which reduces ΔG to -0.4 

kcal/mol per residue [189]. To gain in energy, and change the sign in ΔGwif, the helical content 

has to be ≥ 73% for LL-32 and ≥ 86% for LL-20. Therefore, the unstructured peptides are not 

bound to the POPC vesicles.  

It was shown that LL-32 fluidizes negatively charged DPPG monolayers, it penetrates into 

zwitterionic DOPC monolayers, but it exhibits no special interaction with DPPC. It was expected 

that LL-32 shows also an interaction with zwitterionic lipids, because the peptide is haemolytic 

[143; 145].  Is this in contrast to monolayer experiments? Also, it remains open, why LL-32 does 

not lead to a fluidization of pre-compressed DPPG monolayers. In the next chapter, the membrane 

model will be more adapted to a natural membrane by incorporating sphingomyelin to the 

monolayers. This will help to answer those questions. 
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5 Peptide Interaction with Mixed Lipid Monolayers Containing  

Sphingomyelin 

Abstract 

Biological membranes contain a mixture of thousands of lipids and proteins. Besides 

phosphatidylcholine (PC), sphingomyelin (SM) is the major constituent of human erythrocytes. 

The interaction of LL-32 and LL-20 with lipid monolayers containing both, PC and SM has been 

examined. The results show a clear dependency on the heterogeneity of the lipid film for the 

interaction of LL-32. 

First, the influence of SM on the DPPC packing within a monolayer has been investigated. It 

could be shown that SM exhibits like DPPC a phase transition from the expanded to the 

condensed phase and that at 30 mN/m condensed SM molecules are tilted by 18.1° while DPPC is 

tilted by 31.8°. Incorporation of SM to DPPC monolayers (50:50) resulted in an intermediate tilt 

angle of 23.2° and a coexistence of two phases over a wide pressure range. LL-32 interacts 

differently with SM-containing lipid monolayers compared to PC monolayers. It was concluded 

from MIP experiments that the peptide strongly binds to the lipids if there is a coexistence of fluid 

and condensed phases.  

In a second part, DOPS was incorporated into the DPPC/SM mixed films to mimic cancer cells, 

since cancer cell membranes contain an increased amount of DOPS in the outer leaflet. DOPS had 

no influence on the isotherm and the IRRA spectra, but led to a changed diffraction pattern. 

Though the equilibrium surface pressure of the peptide was slightly increased by the presence of 

DOPS, the results could not prove a stronger interaction.  

Finally, the obtained results were compared to DOPC and DOPC/SM/DOPS mixtures, which 

exhibited no phase transition to the condensed phase. The interaction of LL-32 with these 

mixtures was unaltered by the incorporation of SM and DOPS. 

It is concluded that LL-32 inserts into Ld phases and binds to Lo phases, but inserts 

preferentially into membranes exhibiting a Ld-Lo phase coexistence.  
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5.1 Characterization of the Mixed Lipid Films 

5.1.1 SM Influences the DPPC Phase Transition  

In the previous chapter, a clear influence of LL-32 on DPPC monolayers could not be 

observed, though a haemolytic effect of the peptide was observed [143; 145]. Natural membranes 

are certainly more complex, than a simple monolayer of DPPC or DOPC. For that reason, the 

model membrane was extended. Besides PCs, sphingomyelin (SM) is a basic module of the 

mammalian cell membrane (50% of the total lipid amount in the outer leaflet of erythrocytes[14]). 

SM influences the packing of the membrane and is together with cholesterol involved in the 

formation of lipid rafts (see introduction). Commercially available is SM with defined chain 

length, but also brainSM, a mixture of SM with different chain lengths  (50% 18:0, 21% 24:1, 7% 

22:0, 5% 20:0, 5% 24:0, 2% 16:0 fatty acid distribution). SM monolayers with chain length  of 

18:0, 20:0, 22:0, 24:0 can exhibit a phase transition from the expanded to the condensed phase on 

water [190]. That means that 67% of the SM molecules in the brainSM
7
 mixture can form 

condensed films at high surface pressure. This results in a kink in the isotherm of SM (Figure 28 

A), red curve). The critical surface pressure for the phase transition πpt is shifted to higher π 

compared to 18:0 SM (between 5 and 10 mN/m) [190; 191], reflecting a retarded phase transition 

due to the high amount of unsaturated chains. A squeezing-out of fluid molecules by the 

formation of condensed domains changes the compressibility of the film, which leads to a 

coexistence over a wide pressure range, as can be concluded from the deviation from a horizontal 

line. This is validated in the following experiments.  
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Figure 27: A) Isotherms and B) onset (■) and extrapolated end surface pressure (□) of the coexistence 
region  for DPPC monolayers containing different mole fractions of SM. See text for description. C) 
Maximum in the asymmetric CH2

 vibration, depending on the surface pressure π. DPPC (—), DPPC/SM 
(50:50) (—) and SM (—). (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C)  

                                                   
7 In the further text SM denotes the mixture of brainSM 
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5.1.1.1 IRRAS 

In Figure 28 C), the maximum in the asymmetric CH2 band position is plotted as a function of 

the surface pressure. This maximum is shifted to lower wavenumbers with increasing π, 

supporting the assumption of a phase transition.  But compared to DPPC, where the phase 

transition occurs at defined πPT =5 mN/m, the phase transition of SM is blurred over a wide 

surface pressure range. This originates from the exclusion of molecules with unsaturated chains 

which cannot undergo a phase transition to the condensed phase and underlines the coexistence of 

two phases over a wide pressure range. 

The DPPC/SM (50:50) mixture behaves similar to SM, but the phase transition region is 

shortened compared to SM. During the phase transition of DPPC, the CH2 band position shifts 

from 2924 to 2919 cm
-1

. For SM and DPPC/SM, this shift is broadened to 20 mN/m. For higher π, 

the CH2 band position agrees with the values for the pure DPPC, indicating the condensation of 

the film.  

In the DPPC/SM mixture, the critical surface pressure for the phase transition πPT depends on 

the mole fraction of SM (Figure 28 B)). The maximum surface pressure of the transition region 

was extrapolated by drawing tangent lines in the isotherms. The intersection point of the lines was 

defined as the end surface pressure of the coexistence region, whereas the starting point was 

defined by the kink in the isotherm. It is obvious that the width of the phase transition region is 

blurred with increasing SM content, because it increases the number of molecules in the film 

which cannot condense.  

5.1.1.2 GIXD 

With the help of the GIXD experiments it is possible to distinguish between a mixed or phase 

separated film of the condensed DPPC/SM monolayer and to obtain information on the crystalline 

structure of the film. In a phase separated film, the pure DPPC and SM diffraction pattern would 

be part of the diffraction pattern of the DPPC/SM mixed film [192; 193]. The miscibility of the 

compounds leads to a distinctive pattern. An overlay of the contour plots of SM, DPPC and the 

DPPC/SM mixture at 30 mN/m is shown in Figure 29.  

GIXD measurements of SM monolayers led to a diffraction pattern with a broad Bragg peak of 

low intensity. Additionally, the Bragg peak decays in the direction of smaller Q xy values and 

higher Qz values, indicating a superposition. The Bragg rod and Bragg peak profile can be best 

fitted assuming 2 peaks with Qz>0, meaning a NNN tilt. At 30 mN/m, the molecules are tilted 

by18.1°.  
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Figure 28: Contour plots of the corrected X-ray intensities as a function of the in-plane (Qxy) and out-
of-plane component (Qz). Shown is an overlay of the SM  (—), DPPC (—) and DPPC/SM (50:50) (—) 
monolayers at 30 mN/m (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C). 

The DPPC monolayer results in a diffraction pattern clearly composed of two Bragg peaks, 

meaning a centered rectangular lattice with a 31.8° tilt at 30 mN/m (this was discussed in detail in 

chapter 4). 

In the diffraction pattern of the DPPC/SM mixed film, clearly 3 peaks can be identified. Analysis 

of the peak position and the Bragg rod profile gives a tilt angle of 23.2° at 30 mN/m which is 

reduced compared to DPPC, but increased compared to SM. The diffraction pattern differs clearly 

from that of pure DPPC and SM, meaning that both types of lipids influence each other, leading 

to a different packing mode. The reduced correlation lengths of 167 Å, 34 Å, and 73 Å indicate a 

monolayer with an increased number of defects. 

The Bragg peak and Bragg rod profiles for several surface pressures and the derived packing 

parameters of the unit cell can be found in the appendix. 

5.1.2 Incorporation of 10 mol % DOPS Reduces Strong Packing 

Incorporation of 10 mol % DOPS into the DPPC/SM monolayer had only little influence on the 

shape of the isotherm and the CH2 band position (Figure 30).  

The diffraction pattern (Figure 31) reveals that the incorporation of DOPS influences the 

packing within the monolayer. The pattern consists of one broad peak with a low intensity. 

Analysis of the Bragg rod profile indicates that this peak is a superposition of two peaks, but one 

with Qz=0, meaning a NN tilt. Additionally, the intensity of the second peak is reduced with  
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Figure 29: (A) Isotherm and (B) asymmetric CH2 band position of DPPC/SM (50:50) (—) and 
DPPC/SM/DOPS (45:45:10) (—) (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C)  
 

 
Figure 30: Contour plots of the corrected X-ray intensities as a function of the in-plane (Qxy) and out-
of-plane component (Qz) of DPPC/SM/DOPS (45:45:10) at 30 mN/m (5 mM HEPES, 100 mM NaCl, 

pH 7.4, 20°C) 
 

increasing surface pressure. Besides, Lz is increased to 20.1 Å. The obtained tilt angle is with 

22.3° at 30 mN/m only slightly changed compared to DPPC/SM. 
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5.2 Influence on the Peptide Interaction 

5.2.1 How SM and DOPS Incorporation into DPPC Monolayers Influence the 

Interaction with the Peptides 

The interaction of the peptides LL-32 and LL-20 with DPPC/SM (50:50) and DPPC/SM/DOPS 

(45:45:10) monolayers has been investigated and compared to the results obtained with DPPC 

monolayers. 

The adsorption of LL-32 to the uncompressed DPPC/SM monolayers (πi=0) leads to an 

increase in the surface pressure to 23.5 mN/m and to 26.5 mN/m in the case of DPPC/SM/DOPS 

monolayers (Figure 32), which is comparable to DPPC (25 mN/m). LL-20 leads to a surface 

pressure of 10 mN/m for adsorption to DPPC/SM and to 12 mN/m to DPPC/SM/DOPS, which is 

slightly increased compared to DPPC (8.5 mN/m). The time for reaching the equilibrium is for 

both peptides enlarged compared to DPPC. The following results demonstrate clear differences in 

the way of action of the peptides with the SM-mixed films compared to DPPC. 
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Figure 31: Time-dependend change in the surface pressure π upon adsorption of LL-32 (—) and LL-20 
(—) to DPPC/SM (50:50) and DPPC/SM/DOPS monolayers (45:45:10).  
(5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution).  

The adsorption of LL-32 shifts the CH2 bands of DPPC to 2919.2 cm
-1
 and 2850.1 cm

-1
, which 

corresponds to pure DPPC at comparable π (see chapter 4). The adsorption to DPPC/SM shifts the 

band position to only 2922.8 cm
-1

 and 2853.1 cm
-1
 for, indicating a fluidization of the film (Figure 

33). This was also observed for DPPC/SM/DOPS (see appendix). Compression of the LL-

32/DPPC/SM film to 30 mN/m leads only to a marginal shift to 2922.2 cm
-1

 and 2852.3 cm
-1

. The 

intensity of the amide I band is unchanged. Further compression to 35 mN/m shifts the CH 2 bands 

to lower wavenumbers (2920.3 cm
-1

 and 2851.9 cm
-1), but these values are still slightly increased 

compared to DPPC/SM. The amide I band is unchanged in intensity, but the position shifts from  



71 

 

3000 2850 1800 1600
-0.008

-0.004

0.000

0.004

re
fl
e
c
ta

n
c
e
 a

b
s
o
rb

a
n
c
e

wavenumber [cm-1]

 

 

CH
2

Amide I

 

Figure 32: IRRA spectra of mixed films of DPPC/SM/LL-32 at πeq = 23.5 mN/m (—), π1 = 30 mN/m  
(- - -) and π2 = 35 mN/m ( - - -) (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in 
solution).  

1658.3 cm
-1

 to 1658.8 cm
-1

 (30 mN/m) and 1663.4 cm
-1

 (35 mN/m), reflecting more contact with 

water. But the peptide remains bound to the lipids. 
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Figure 33: IRRA spectra of mixed films of DPPC/SM/LL-20 at πeq = 10 mN/m (—) and π1 = 25 mN/m 
(- - -) (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution).  

The adsorption of LL-20 to DPPC/SM shifts the asymmetric CH2 band to 2923.3 and 2853.9 

cm
-1

 (Figure 34), this agrees with the values of the pure DPPC/SM film at this pressure (Figure 

28). The amide I band has a maximum at 1657.7 cm
-1

. The compression of the mixed film leads to 

a complete squeeze-out of the peptide. At 25 mN/m, the peptide is not bound to the lipids 

anymore. The small dip in the spectrum arises from the SM backbone and is found in every 

spectrum of SM mixed films. The sphingosine is connected with the fatty acid via an amide bond. 

This contributes to the IR spectrum. The position of the CH2 band maximum is shifted to 2919.9 

cm
-1

 and 2851.2 cm
-1
, which is comparable to the lipid monolayer without the peptide. LL-20 

shows no increased interaction by the incorporation of SM. 
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5.2.1.1 GIXD 

To obtain more details about the structure of that film, GIXD was performed on the mixed 

films. Due to the lack of interaction of LL-20 with DPPC/SM and time restrictions at the beam 

line, GIXD measurements were only done for LL-32.  

The presence of LL-32 in the mixed DPPC/SM film leads to a modified diffraction pattern 

compared to DPPC/SM alone. At equilibrium pressure, the diffraction pattern is composed of a 

broad peak with very low intensity, which can be best fitted with two Lorentzian curves. The 

diffraction pattern shows similarities to raft-like domains with cholesterol [194], indicating a high 

ordering of the chains which contribute to the diffraction pattern. LL-32 reduces the crystallinity 

of the film, but some tightly packed domains still exist. The Qxy values of 1.472 Å and 1.516 Å 

with the Qz values of 0.183 Å and 0 Å correspond to orthorhombic packing with NN tilt of 8.3°. 

The diffraction pattern shows similarities with the pure DPPC/SM/DOPS monolayer, reflecting a 

reduced number of ordered domains which contribute to the diffracted signal. 

 

      

Figure 34: Contour plots of A) DPPC/SM/LL-32 mixed film and B) DPPC/SM/DOPS/LL-32 mixed 
film, π = 35 mN/m (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.3 µM peptide in solution).  

The small tilt angle indicates a decreased mismatch between head group and chain area 

requirements. The compression of the film does not lead to a squeeze-out of the peptide. The 

signal is still low and the packing parameters are almost unchanged. The contour plot of the 

compressed film is shown in Figure 35 (for details see appendix).  

The adsorption of LL-32 to DPPC/SM/DOPS resulted in a destruction of the crystalline order. 

At equilibrium pressure, no Bragg peaks can be detected. The compression of the film to 35 

mN/m results in a diffraction pattern comparable to that of the LL-32/DPPC/SM film with a tilt 
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angle of 8.7°. Maybe, some SM molecules with long chains are less well miscible and phase 

separated only at higher surface pressures. The long scattering length of Lz = 23.2 Å supports this 

assumption. 

5.2.1.2 Inject ion under Pre-Compressed Monolayers: Dependence on the Lipid 

Phase State 

The peptides were injected under pre-compressed lipid monolayers with defined surface 

pressures πi. The equilibrium surface pressure πeq= πi+Δπ was estimated and Δπ was plotted versus 

πi. A linear fit with an extrapolation to Δπ=0 gives the MIP. A MIP higher than 30…35 mN/m 

means that the peptide would interact with a membrane, since this surface pressure corresponds to 

the lateral pressure in a membrane [37; 38].  
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Figure 35: Maximum Insertion Pressure experiments of LL-32 (■) and LL-20 (●) with DPPC, 
DPPC/SM (50:50) and DPPC/SM/DOPS (45:45:10) monolayers and linear fit to estimate the MIP.  

(5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution).  
 

The results are shown in Figure 36. LL-32 has a MIP
8
 of 35 mN/m, which is the same as all 

mixed monolayers with DPPC. But the MIP of LL-32 depends strongly on the phase of the lipid 

monolayer. The data points deviate from the linear fit for the expanded phase and the 

expanded/condensed coexistence region, reflecting dependence from the compressibility of the 

lipid monolayer. In DPPC monolayers, the phase transition occurs at defined πPT = 5 mN/m while 

in DPPC/SM monolayers, the phase transition is blurred up over a wide pressure range. This leads 

to a MIP of 52 mN/m for πi ≤ 15 mN/m. The peptide shows a higher interaction with the 

heterogeneous lipid film, because the overall fluidity of the film is unaffected by the presence of 

                                                   

8 The MIP values are ±3 mN/m. 
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few domains. Only when the condensed phase becomes dominant, the monolayer becomes stiff 

[195]. 

The incorporation of 10 mol % DOPS to the DPPC/SM mixture has no influence on the 

interaction with LL-32. Like for the DPPC/SM monolayer, the data can be best fitted assuming 

two different lines. This leads to a MIP of 52 mN/m for πi ≤ 15 mN/m (expanded/condensed 

coexistence). For a condensed film, a MIP of 36 mN/m was calculated.  

However, the MIP of LL-20 is lowered by the incorporation of SM (MIP = 25 mN/m compared 

to 32 mN/m for DPPC) and increased by the presence of DOPS (36 mN/m). The MIPs of LL-20 

are independent from the phase and reflect more the influence of charges on the peptide.  

5.2.2 SM Addition to Fluid DOPC Monolayers Has no Effect on the Peptide 

Interaction 

To compare the results with experiments with fluid lipids, DOPC monolayers were used. The 

incorporation of neither SM nor DOPS changes the shape of the isotherm (Figure 37 A)), 

confirming a fluid phase even after SM incorporation. This was proved by IRRAS. Highly 

ordered chains (all trans conformation) result in a CH2 band at low wavenumbers while fluid 

chains (gauche conformation) vibrate at higher wavenumbers. The coexistence of fluid and 

condensed phases (analogous to Lo and the Ld phases in bilayers) leads to an overlap of the 

vibrational energies and can clearly be distinguished. The CH2 band of the DOPC/SM is shown in 

Figure 37 B). It has a constant maximum at 2854.0 and 2923.5 cm
-1

, independent of the surface 

pressure, indicating an overall fluid film. 
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Figure 36: A) Isotherms of DOPC (—), DOPC/SM (50:50) (—), and DOPC/SM/DOPS (45:45:10) (—)  
B) CH2 bands of DOPC/SM for different surface pressures π. (5 mM HEPES, 100 mM NaCl, pH 7.4, 
20°C) 
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5.2.2.1 IRRAS 

The adsorption of the peptides to DOPC, DOPC/SM and DOPC/SM/DOPS led to comparable 

results like for the DPPC mixtures. The equilibrium surface pressure is unchanged by the addition 

of SM or DOPS (for details see appendix). But compression of the LL-32-mixed film does not 

lead to a complete squeeze-out of the peptide. LL-20 is already squeezed out at 25 mN/m, in all 

mixtures. The IR spectra can be found in the appendix. Because of the fact that DOPC cannot 

undergo a phase transition to the condensed phase, the CH2 band position gives no further 

information about the peptide-lipid interaction, and the spectra are therefore not shown. 

5.2.2.2 Inject ion Under Pre-compressed Monolayers  

The MIPs are the same for all DOPC-mixtures (Figure 38). Within the statistical error (±3 

mN/m), the MIP of ~42 mN/m indicates a strong interaction of LL-32 with the lipids, but 

independent from the incorporation of SM and DOPS. Moreover, the MIP values are below the 

values of the heterogeneous films. This supports the assumption that the coexistence of fluid and 

condensed domains dominates the interaction of LL-32 with the monolayers, rather than the 

fluidity or the presence of charges. The MIP of LL-20 is ~30 mN/m for all mixtures, indicating 

only a low affinity of the peptide for the lipid films. 
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Figure 37: Maximum Insertion Pressure experiments of LL-32 (■) and LL-20 (■) into DOPC, 
DOPC/SM (50:50) and DOPC/SM/DOPS (45:45:10) monolayers and linear fit to estimate the MIP. 
(5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution).  
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5.3 Discussion 

In this chapter, the interaction of mixed model membranes with LL-32 and LL-20 was 

investigated. To mimic human erythrocytes, monolayers were prepared from mixtures of DPPC or 

DOPC with SM. All of them carry the same head group, but vary in chain length and saturation 

and thus the phase transition temperatures. Additionally, SM contains a sphingosin backbone. The 

main constituent of brainSM, C18:0 SM is well miscible with DPPC, in both the gel and the 

liquid-crystalline phase [196]. The DPPC/SM lipid mixture was extended by adding the 

negatively charged DOPS to mimic cancer cells. Before investigating the interaction with the 

peptides, the monolayers were characterized in terms of their structure.  

5.3.1 Structure of the Lipid Films 

DPPC and SM  

From the position of the Bragg peaks and Bragg rods measured with surfaces sensitive GIXD, 

it can be concluded that SM is tilted by 18.1°.This is different from GIXD measurements of other 

work groups. Vaknin and Kelley [193] reported a tilt of ~4.2° of brainSM on water, albeit they 

receive unnaturally high values for the chain cross-section (>21 Å
2
). Broniatowksi et al. [197] 

indexed two diffraction peaks and calculated a tilt angle of 14.2° on water, but identified only one 

peak in the presence of mercury salts, which corresponds to untilted molecules. This is not 

understandable, since the Bragg peak profile indicates clearly the presence of more than one peak 

and the calculated correlation length Lz is with 12.8 and 10.2 Å too small compared to values they 

obtained from XR (~ 15 Å for the tail region). Also, the electron density profile allows the 

interpretation of a tilted molecule with a tilted head group instead of zigzag order of untilted 

molecules. Anyway, the sphingosine has a defined chain length corresponding to 18 carbon 

atoms. The second chain has a varying length and can be shorter, equal or longer. The resulting 

electron density profile would consist of two different parts. Unfortunately, both groups did not 

present the diffraction pattern in their work to discuss this in detail. Maulik and Shipley [198] 

assumed a tilted gel phase Lβ’ based on their X-ray diffraction data in bilayer experiments of 24:0 

SM, but they did not calculate the exact tilt angle.  

It was shown that at 20°C, DPPC and SM exhibit a phase transition from the expanded to the 

tilted condensed phase upon compression, but the surface pressure of the transition is higher for 

SM and smeared over a wide pressure range. Unsaturated chains act as contaminants which are 

squeezed out from the condensed part of the film upon compression [199] and lead to a resistance 

of the monolayer against compression due to the nonzero rigidity in the coexistence region [195]. 

Moreover, the changed compressibility leads to lateral molecular density fluctuations of the 
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cooperative units [200]. This leads to a deviation of the isotherm from a horizontal line. Since SM 

is a mixture with varying chain length (50% 18:0, 21% 24:1, 7% 22:0, 5% 20:0, 5% 24:0, 2% 

16:0 fatty acid distribution), the molecules with unsaturated chains are squeezed out from the 

condensed domains upon compression, leading to a coexistence of condensed and fluid phases. 

The condensed domains with a perfect crystallinity have only small size. GIXD analysis resulted 

in correlation lengths of 87 Å and 57 Å of SM while DPPC shows a perfect crystallinity over a 

wide range of ~670 Å and ~100 Å.  

 

As shown in chapter 4, DPPC is tilted by 31.8° at 30 mN/m. The addition of SM to DPPC 

monolayers results in a shift in the phase transition from the expanded to the condensed phase to a 

higher surface pressure, which is additionally smeared over a broad pressure range. This was 

confirmed by the CH2 band position in IRRAS experiments and is related to the complexity of the 

mixture. The transition range shows a linear dependence on the mole fraction of SM. DPPC and 

18:0 SM or SM-mixtures containing mainly 16:0 SM are well miscible in both the gel and the 

liquid-crystalline phase [196; 201]. Analysis of the diffraction pattern of the condensed DPPC/SM 

mixtures results in a tilt angle of 23.2° at 30 mN/m which is smaller compared to DPPC (31.8°), 

but larger compared to SM (18.1°). SM influences the ordering of the polar head groups of DPPC 

[201], leading to a changed packing. The correlation lengths decrease to 166 Å, 34 Å and 73 Å. 

The diffraction pattern differs clearly from that of pure DPPC and SM, meaning that both types of 

lipids influence each other. The reduced correlation length shows that the crystallinity is reduced 

and that the presence of the SM mixture leads to more defects.  

 

DOPC and SM 

From the shape of the isotherm and the CH2 band position it was concluded that DOPC/SM mixed 

monolayers are like DOPC monolayers in a fluid phase. This is in agreement with the confocal 

microscopy observations on GUVs [203] and MD simulations [204] that DOPC and 18:0 SM do 

not phase separate. On the other hand, Langmuir-Blodgett transfer of DOPC/brainSM monolayers 

on water resulted in microdomains in AFM pictures [205]. Differential Scanning Calorimetry 

(DSC) and Förster Resonance Energy Transfer (FRET) measurements revealed that brainSM and 

DOPC exhibit fluid-fluid coexistence [206]. Mixtures with DOPC and 16:0 SM or eggSM (which 

contributes to 86% 16:0 SM) exhibit a clear phase separation into Ld and So phase with [140-142], 

but the results cannot be directly compared with our mixture, since brain SM contains mainly 18:0 

SM. 
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Incorporation of DOPS to the Mixed Films 

The addition of 10 mol % DOPS has no influence on the isotherm or the CH2 band position in 

IRRAS. But GIXD experiments showed that DOPS influences the packing in the condensed film 

of DPPC/SM. The diffraction pattern consists of two strongly overlapping peaks with low 

intensity and shows similarities to raft-like domains with cholesterol [194]. The obtained tilt 

angles are only slightly changed to 22.2° for all π. The correlation length Lz is increased from 

16.4 (DPPC/SM) to 20.1 Å. A reduced intensity means a decreased contribution of scattering 

molecules. The remaining SM molecules which contribute to the diffracted signal are the longer 

ones which are less good miscible within the film. This happens if more SM molecules with 

shorter chain length are mixed within the fluid part of the film. Therefore, Lz is increased while 

the overall signal is reduced. 

 

5.3.2 Influence of SM and DOPS on the Peptide Interaction 

The MIP experiments revealed the dependence of the lipid phase state on the peptide 

incorporation. LL-32 has a MIP of 52 mN/m into DPPC/SM and DPPC/SM/DOPS monolayers 

for heterogeneous films containing both, expanded and condensed phases. Comparison to fluid 

lipid films (DOPC, DOPC/SM and DOPC/SM/DOPS) show that the peptide has indeed a higher 

affinity for lipid monolayers in a fluid phase, but the MIP of ~ 42 mN/m into fluid films is still 

below the MIP for the heterogeneous films containing DPPC (MIP ~ 52 mN/m). Also, the 

incorporation of DOPS has no influence on the interaction of the peptide, even when the ordering 

of the molecules was reduced. 

The phase transition is characterized by the coexistence of two phases. In DPPC monolayers, 

already a small increase in the surface pressure by the adsorption of the peptide leads to a 

transition to a completely condensed film. The incorporation of SM blurs the phase transition over 

a wide pressure range. The coexistence of expanded and condensed phases is retained. If the 

peptide is injected under the pre-compressed DPPC monolayer (experiments were done above πpt, 

for πi>10 mN/m), the peptide adsorbs to a condensed film. If the peptide is injected under a pre-

compressed DPPC/SM(/DOPS) monolayer, for πi<20 mN/m, the peptide adsorbs to the film 

containing both, fluid and condensed domains.. 

In contrast to DPPC, where the adsorption of the peptides leads to a condensation of the lipid 

film, the mixed films are more fluid in the presence of the peptide, as concluded from the higher 

CH2 band position in the IRRAS experiments. LL-32 is not squeezed out by the compression of 

the SM-mixed film to 35 mN/m, though DOPC, DPPC and SM have the same head group and the 

interaction with the head group was thought to be accountable for the membrane-lytic effect of 
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the peptide (chapter 4). It could be shown, that the membrane activity of LL-32 is increased in the 

presence of a miscibility gap of the lipids.  

 

LL-20 is apparently different. The equilibrium surface pressure is too low to induce the phase 

transition of the lipid film, which is necessary to create a coexistence of fluid and condensed 

sections. Already a compression of the peptide/lipid film to only 25 mN/m results in a squeezing-

out of the peptide, as followed by the IR data. The CH2 band position is comparable to that of a 

bare lipid film and also the amide bands vanish. So the interaction of LL-20 with DPPC is not 

enhanced by the addition of SM. The MIP is rather  reduced by SM incorporation (from 32 to 25 

mN/m) . The incorporation of DOPS has also no effect.  
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6  General Discussion/Conclusion 

Two fragments of the human AMP LL-37 with different antibacterial activities were 

investigated in this work. LL-32 lacks the unstructured part of LL-37, which makes the peptide 

more active against bacteria, but also more active against human cells [85; 87; 143]. LL-20 

exhibits almost no activity against both types of cells [143-145], presumably because it lacks the 

identified antimicrobial core [88].  

In chapter 3 of this work, the peptides were characterized by their physical-chemical properties. 

Their surface activity was investigated and the structure at the air/water interface was compared 

with the structure of the peptides in solution. In chapter 4, the interaction of the peptides with 

membrane models was investigated. There the peptide binding to various lipid monolayers was 

compared. Negatively charged lipids (POPG, DPPG) were used to model the interaction with 

bacteria membranes and zwitterionic lipids (DOPC, DPPC, POPC) were used to model the 

interaction with mammalian cells. In chapter 5, the mammalian membrane model was extended 

by the addition of SM to DOPC and DPPC in order to mimic better the membrane of human 

erythrocytes. The influence of SM on the lipids was investigated and its effect on the peptide 

interaction with the membrane was discussed. Additionally, DOPS was incorporated to increase 

the surface charge to mimic cancer cell membranes, and the influence of DOPS addition on the 

peptide interaction with the membrane was investigated. 

6.1 Peptides at the Air/water Interface 

Two fragments of the antimicrobial peptide LL-37 have been characterized in bulk and 

adsorbed at the air/water interface by CD and IRRAS experiments, respectively. XR gave 

additional information and allowed to explain the differences observed between the two peptides. 

The results are graphically represented in Figure 39. 

LL-32 and LL-20 obtain an unstructured conformation in solution. Film balance measurements 

showed that both peptides differ drastically in their surface activity. The equilibrium surface 

pressure πeq ~ 24 mN/m for LL-32 and ~ 6 mN/m for LL-20. Adsorbed to the air-water interface, 

LL-32 transforms into an α-helical structure with a diameter of 14 Å with the molecular axis 

parallel to the interface. This was confirmed by IRRAS and XR experiments.  

The conformation of LL-20 deviates from that of a pure α-helix, since the dichroic ratio of the 

amide I band is reduced and the electron density profiles consist of two contributions. It was 

concluded that a part of the LL-20 peptides does not exist as an α-helix flat at the interface, but 

remains partially unstructured after adsorption. The main reason for this clear difference between 

LL-32 and LL-20 is the reduced surface activity of LL-20. Therefore, the critical surface concen- 
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Figure 38: Schematic picture of the peptides adsorbed to the air/water interface in side view. LL-32 
(black) adopts an α-helix with the axis lying flat at the interface and a random in-plane orientation. LL-
20 (grey) forms a similar α-helix, but with an unstructured contribution of the peptide located close to 
the interface. 

tration for the transition to a complete helix cannot be reached in the LL-20 film. After 

compression of the LL-20 film, the unstructured molecules are mainly squeezed out into the bulk 

solution, leading to IR-spectra and dichroic ratios comparable to those of LL-32. However, some 

unstructured LL-20 molecules stay at the interface, giving rise to an electron density profile 

described by two contributions. In other words LL-20 does not reach the concentration threshold 

needed for a complete transformation to a helical structure at the air/water interface. Therefore the 

adsorption layer consists of two parts: Unstructured peptides and helical peptides. In contrast, LL-

32 forms a perfect helix at the hydrophilic/hydrophobic interface, what can be related to the 

higher antimicrobial activity. 

6.2 Interaction of the Peptides with Vesicles 

LL-32 and LL-20 are unstructured in the bulk solution, as concluded from the CD spectra. The 

titration of zwitterionic POPC vesicles to the peptide solution had no influence on the peptide 

conformation. Moreover, it could be shown that the unstructured peptides in the presence of 

POPC vesicles correspond to unbound peptides in water. In contrast the titration of POPG 

vesicles to the peptide solution led to a change in the secondary structure for both peptides from 

an unstructured to an α-helical conformation. As shown in earlier studies, the binding of an 

antimicrobial peptide to a membrane mimetic interface can be connected to a change in the 

secondary structure [31; 32; 128], which is in good agreement with the finding that LL-32 and 

LL-20 bind to a hydrophobic/hydrophilic interface by forming an α-helix. However, the peptides 

differ in their structure when adsorbed to the air/water interface. Consequently, the question 

appears why both peptides entirely fold into a helix in the presence of POPG? It was shown by 

molecular dynamics simulations that the adsorption of peptides to the air/water interface can 

occur via a series of intermediate states [207] which are metastable amphipathic structures with 

buried hydrophobic residues [1]. In the case of LL-20, the intermediate state at the air/water 

interface is a partly unstructured conformation, as found in bulk. The presence of the head group 

charges of POPG could help the peptide to fold into an α-helix. 
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6.3 Interaction of the Peptides with Lipid Monolayers 

From the Maximum Insertion Pressure (MIP) experiments with DOPC, DPPC, DPPG, and 

POPG it was concluded, that a penetration into both, human and bacteria cell membranes, is 

feasible only for LL-32 and not for LL-20. This is consistent with biological experiments [85; 87; 

143-145]. But the way of interaction must be specific for the respective cell type, even though in 

vivo experiments with LL-37 show no cell selectivity [73].  From the surface pressure dependent 

IR measurements it can be concluded that the interaction of LL-32 and LL-20 with DPPG 

monolayers proceeds via two steps:  

1. Adsorption of the peptides to the air/water interface between the lipid molecules which 

leads to a condensation of the lipids by compression 

2. Adsorption of the peptides to condensed lipid domains, leading to fluidization of the lipid 

monolayer.  

In step one, peptide and lipids form two phases while in step two, peptides and lipids mix. This is 

in agreement with the idea that LL-37 binds as oligomers to zwitterionic membranes [111], but as 

monomers to negatively charged membranes [73].  

From the electron density profiles could be concluded that LL-32 binds as an helix between the 

lipids, preferentially interacting with the air/water interface, but it also binds as a helix underneath 

the condensed domains of DPPG. The second layer of LL-20 is (partly) unstructured, when LL-20 

is adsorbed at the air/ water interface. This explains the stronger redshift of the amide I band of 

LL-32 compared to LL-20.  

The two peptides bind differently to model membranes in different phases. LL-32 binds to 

POPG and DPPG at surface pressures < 40 and < 45 mN/m, respectively. While LL-32 

completely incorporates into the POPG monolayer, it forms an additional layer under the 

condensed DPPG.  

 

The MIP of LL-20 into a POPG monolayer is the same as for LL-32, but the injection of the 

peptide under condensed DPPG led to a constant increase in the surface pressure Δπ, independent 

from the initial surface pressure πi. I interpreted this as a kind of aggregation of the peptide, based 

on electrostatic attraction. This is in agreement with the electron density profile of the 

peptide/lipid film, which predicted an unstructured peptide bound under the head groups – in 

contrast to LL-32 which is bound in a helical conformation. The bound LL-20 shields the charges 

of the DPPG head group, leading to a better packing of lipid chains. This resulted in decreased tilt 

angles of the chains (22.9° instead of 26.9° for DPPG). This could be a transient state in the 
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peptide-lipid interaction and needs further investigation. It was shown that the peptides lead to a 

fluidization of DPPG films in an expanded phase, which precedes with a condensation of the film.   

The intercalation of the peptides into the DPPG monolayer can be deeper for LL-32 than for 

LL-20, since we observe a stronger redshift in the amide I band in the adsorption process, which 

indicates less water contact of the peptide bonds by a deeper intercalation into the lipid chain 

region or more oriented H-bonds. As shown for other CAP18-derived peptides, the possibility of a 

deep penetration is sufficient for the antimicrobial activity of CAP-derived peptides [120; 208]. It 

was shown in bilayer experiments with alamethicin, that the fluidization effect is connected to a 

membrane thinning [175]. The deep insertion and accumulation of peptides into one half of the 

bilayer can lead to a mass imbalance and therefore a curvature strain and membrane thinning [55]. 

The strong fluidization effect of AMPs in monolayer experiments was also observed for some 

other helical AMPs: the pore forming peptides Protegrin [179; 209], Dicynthaurin [28], for LL-37 

[136] and concentration-dependent for SMAP-29 [210], which belongs to the cathelicidin family 

like LL-37. For melittin, the helical content increases with the penetration depth of the peptide 

into DMPC/DMPA vesicles [211]. 

 

MIP experiments showed that LL-32 does not fluidize completely condensed DPPG films. How is 

this possible, since the adsorption of the peptide to uncompressed monolayers leads to a 

fluidization of the film? The adsorption of the peptides to the initially expanded lipid film leads to 

a condensation of the lipid molecules. This means that there is a transient coexistence between 

expanded and condensed phases within the monolayer. In chapter 5 it was shown that the MIP 

depends strongly on the phase state of DPPC/SM and DPPC/SM/DOPS films and that the 

coexistence of fluid and condensed phases increases the MIP and thus the interaction with the 

peptide. This will be now discussed in detail. 

6.4 Interaction of the Peptides with Mixed Lipid Monolayers 

Containing SM and DOPS 

Besides PCs, SM is a main component in mammalian cells. Together, PCs and SMs they make 

more than 80% of the total lipid amount in the outer leaflet of human red blood cells [14]. SM can 

form inter- and intramolecular hydrogen bonds [16; 17] and that has influence on the head group 

order of DPPC [201].  

It was shown that in a condensed phase at 30 mN/m, the acyl chains of DPPC are tilted by 

31.8° and the alcyl chains of SM are tilted by 18.1°. The mixing of the two lipids results in a tilt 

of 23.2°, showing that SM influences the head group packing of PCs [201]. The phase transition 
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of DPPC is smeared by SM incorporation, but shows a linear dependence on the mole fraction of 

SM in the mixture indicating that number of molecules, which cannot undergo a phase transition 

to the condensed phase, act as contaminants. This coexistence of two phases over a wide pressure 

range increased the interaction of the monolayer with LL-32. In MIP experiments, where the 

peptide is injected under a pre-compressed monolayer with a defined surface pressure and phase, 

it could be shown that LL-32 binds much stronger to heterogeneous lipid monolayers than to a 

fluid or condensed lipid film. The MIP was larger for the coexistence of the expanded and the 

condensed phase. The interaction of LL-20 was unaffected by the heterogeneity of the film. 

Moreover, the presence of SM reduced the MIP of LL-20, which can be related to a weakened 

interaction of the peptide with the lipid film. A schematic illustration is shown in Figure 40.  

 
Figure 40: Schematic Illustration of LL-32 bound as an αhelix to the interface  

between a fluid and a condensed phase. 

DOPC/SM mixtures were prepared for comparison to see the influence of an overall fluid 

phase on the peptide-membrane interaction. As concluded from the isotherm and the methylene 

vibration bands, DOPC/SM monolayers are in a fluid phase like DOPC, but can exhibit fluid-fluid 

coexistence [206]. Though it was shown that the peptides can better intercalate into fluid 

compared to condensed lipid films (chapter 4), the MIP of LL-32 into DOPC/SM films was lower 

than for the DPPC/SM mixture in the coexistence region. 

Incorporation of SM into the lipid monolayer reduces the MIP of LL-20 from 32 mN/m into 

DPPC to 25 mN/m. Due to the fact that the used mixture corresponds to more than 80% of the 

total lipid amount in the outer leaflet of a human red blood cell [14], an interaction with that cell 

type is unlikely for LL-20, which is in agreement with the biological experiments [143; 145]. 

 

It was shown in chapter 4 that LL-32 leads to a fluidization of DPPG monolayers as if it 

adsorbs to uncompressed films. The interaction occurs via the intermediate of a condensed lipid 

film, as deduced from the CH2 band position in the IRRAS experiments. I suggest that the 

interaction of the peptide with DPPG is also determined by the coexistence of LE and LC phases 

during the adsorption process. A graphical summary is presented in Figure 41. 

But can the interaction of the peptide with the membrane be improved by the existence of small 

domains? Membrane heterogeneity was shown to be crucial for the selectivity of some model 

AMPs [212]. The peptide indolicidin, appears to initiate a thinning of the gel-phase domains 
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independent of the presence of an anionic lipid at high peptide concentrations while it forms an 

amorphous peptide layer on the fluid domains containing anionic lipids at low peptide 

concentrations [213]. Recently, it was shown that the cyclic antimicrobial peptide surfactin binds 

preferentially to the fluid phase at high peptide concentrations while at low peptide 

concentrations, the peptides bind to the interface of domains and destroys them [214]. This I 

would also suggest for LL-32, but a direct proof still needs to be provided. If the peptides interact 

with the lipid phase boundaries, they change the line tension of the interface, inducing a 

membrane-disruption in a detergent-like way [6].  

 

 

Figure 41: Schematic presentation of the adsorption process of LL-32 to a DPPG monolayer at the 

air/water interface. A) The lipid solution is spread on a peptide-containing subphase. The peptides are 
unstructured in solution, but some peptides are adsorbed to the air/water interface. The lipids are in an 
expanded state. B) The peptides are attracted to the air/water interface and the charged head groups of 
the lipids. The increasing amount of peptides at the interface leads to a condensation of the lipid film. C) 
and D) The peptides bind preferentially to transient interfaces of coexisting phases, reducing the line 
tension. Some peptides bind additionally underneath the headgroups. E) In equilibrium, the surface is 
maximal covered with peptides. Condensed domains are dissolved which results in a fluidized lipid 
film. Some more peptides could be bound underneath the monolayer or a part of the peptide could hang 
out of the interface. 
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DOPS was incorporated into the membrane model to mimic cancer cell membranes. A PS 

content of 10% corresponds to the value in the outer leaflet of leukemia cells [23].Incorporation 

of DOPS into the DPPC/SM mixture changed slightly the surface activity of the peptides (the 

equilibrium surface pressure was slightly increased), but had no influence on the MIP and its 

phase dependence. Moreover, incorporation of DOPS had no influence on the interaction of the 

peptide with DOPC/SM mixed films. Why is the interaction of LL-32 with the SM-mixed films 

not increased by incorporating the negatively charged DOPS? LL-32 is strongly active against 

some cancer types [145], and cancer cells have an increased level of negatively charged lipids in 

the outer leaflet of their membrane [20; 21]. Compared to healthy cells, in cancer cells the 

elasticity of the whole cell is changed [19] and some cancer cell types contain an increased 

amount of cholesterol-rich rafts [22], which changes the fluidity. This could be the key effect in 

the anticancer activity of LL-32. That means that the surface charge acts more as a helper to 

attract the peptide, as already proposed [119; 120]. 

6.5 Similiarities of LL-32 and LL-37 to Melittin 

Interesting are some similarities between LL-32 and melittin. First of all melittin is non-cell 

selective [72; 73] and active against cancer cells [124; 125; 212], like LL-37 and LL-32. The 

formation of pores is part of the interaction of melittin with zwitterionic lipids while the peptide is 

destroying negatively charged membranes in a detergent-like way [75; 213]. 

Flach et al. [169] obtained results on melittin with IRRAS measurements which can be 

compared to the results from this study: a condensation of the zwitterionic lipid monolayer 

(DPPC) and a fluidisation of the negatively charged lipid monolayer (DPPS). Besides that, bulk 

studies by Sevcisk et al. [214] with LL-37 and melittin showed comparable results. Based on 

SAXS, ESR and DSC measurements, they could draw a schematic phase diagram depending on 

the peptide concentration and the hydrocarbon chain length of the lipids, including lamellar non-

interdigitated, interdigitated phases and micellar disks, which is valid for both peptides. They 

concluded a general mechanism for α-helical AMPs, but I would rather conclude that this shows 

more the similarity of the two peptides. 

Moreover, melittin showed higher leakage efficiency upon increasing the SM content in POPC 

vesicles, which could be attributed to the coexistence of gel-phase SM-rich domains [215], which 

is in accordance with the results with LL-32 (chapter 5). Also, both peptides influence 

phospholipase A2 acitivity [216-218]. The enzyme actitivity depends also on the coexistence of 

two phases [219] and the enzyme binds probably to the interfaces of domains [220]. Further 

investigations on melittin, LL-37 and their interplay with phospholipases could reveal valuable 
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details about their interplay. Moreover, a deeper investigation of the binding properties of melittin 

and LL-37 to lipid mixtures exhibiting an immiscibility gap is crucial.  

Recently, it was shown that surfactin, a strong detergent and antibiotic, leads to lipid de-mixing 

[221] and binds to the interface between Lo and Ld phases [222]. The pore-forming equinatoxin II 

binds preferentially to domain interfaces and forms pores in giant unilamellar vesicles containing 

sphingomyelin only when liquid-ordered and liquid-disordered phases coexisted [223].  

Future experiments with incorporation of cholesterol to the PC/SM mixtures would yet be 

interesting, since cholesterol influences the membrane structure by dissolving microdomains 

[205] or leading to phase separation by binding to the interfaces of microdomains [204]. 

Consequently, this reduces the penetration depth of melittin [224] and has a concentration-

dependent effect on the membrane association of LL-37 [225]. Monolayer experiments, AFM and 

fluorescence-microscopy measurements with mixed membranes and fragments of LL-37 could be 

helpful to answer open questions about the binding of the peptides to the Lo-Ld interface and 

introduce new ones. But beside the effect of highly ordered rafts on the peptide interaction, the 

influence of immiscible components within the membrane should be part of further research in the 

interaction between AMPs and membranes. 
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VIII. Appendix 

VIII.1 Simulation of LL-32 at the Air/Water Interface 

Figure A1 illustrates the IRRA spectrum of LL-32 adsorbed at the air/water interface compared 

to a simulated spectrum. The spectrum can be best described by an α-helix with its helical axis in 

the surface plane. The effective thickness of the monolayer was chosen to be 14 Å based on fits to 

the height of the OH stretching band in the IRRA spectra at 3600 cm
-1

. The extinction coefficients 

of the peaks were chosen to best fit the experimental data (kmax(amide I) = 1.4 and kmax(amide II) 

= 0.67). The determined values are in good agreement with literature [158; 226]. The simulated 

spectra are in good agreement with the experimental IRRA spectra. Therefore, the comparison of 

measured spectra with simulated ones indicates that LL-32 forms an α-helix oriented parallel to 

the interface. In conclusion, using IRRA spectra acquired with p-polarized light at various angles 

of incidence shows that the peptide adsorbed at the interface forms an α-helix, although the 

peptide has a predominantly random coil conformation in buffer, as proved by CD spectroscopy. 
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Figure A1: IRRA spectrum between 4000 cm-1 and 1400 cm-1 of LL-32 (5 mM HEPES, 100 mM NaCl, 
pH 7.4, 20 °C, 0.2 µM peptide in solution, πeq = 24 mN/m) measured with p-polarized light at an 
incidence angle of 40° (solid line) compared to a simulated spectrum of an α-helix lying flat at the 
interface (dashed line). 

The spectra were simulated with a program based on the formalism of Kuzmin and Michailov 

[227], written by Dr. Annabel Edwards. 

 

 



 

 

108 

 

VIII.2 Secondary Structure Calculation with DICHROWEB  

 Even though every conformation shows special absorption bands, the estimation of the content 

of helices, sheets and turns is quite sophisticated. Some algorithms exist and are provided by the 

DICHROWEB [149; 150]. The database is based on the known structures of big proteins, which 

were resolved by NMR. The comparison with the measured spectrum gives the composition of 

the secondary structure of the sample. 

With the help of the CONTINLL [165] algorithm, we obtain a 5.6% α-helical, 38.4% β-sheet, 

22.0% turn and 33.9% unordered contribution for LL-20 and a 15.0% α-helical, 21.8% β-sheet, 

27.0% turn and 36.1% unordered contribution for LL-32. The algorithm does not consider a 

possible oligomerization of the peptides, which can lead to changes in the spectra [152]. 

Additionally, the shading of aggregated peptides can lead to a signal decrease [153]. The CD 

spectra for the peptides in water are typical for an unstructured conformation [154], therefore the 

DICHROWEB results were not used for interpretation of the data. 
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VIII.3 Effect of SDS and CTAB on LL-20 and LL-32 

The interaction of LL-20 and LL-32 with amphiphiles was also investigated. The influence of 

sodium dodecylsulfate (SDS) and cetyltrimethylammonium bromide (CTAB) solutions, both 

below and above the critical micelle concentration (cmc), was analysed by circular dichroism 

spectroscopy (CD)
9
.  
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Figure A2: CD spectra of the peptides mixed with amphiphiles  
A) LL-20 (- - -), LL-20/CTAB (—), LL-20/SDS below the cmc (—), LL-20/SDS above the cmc (- - -) 
B) LL-32 (- - -), LL-32/CTAB (—), LL-20/SDS below the cmc (—), LL-32/SDS above the cmc (- - -). 
Measurements were done in water at 20°C, 63 μM peptide in solution. 

Neither the presence of CTAB monomers nor CTAB micelles had an effect on the secondary 

structure of the peptides (Figure A2). There is no change in the spectra compared to those in 

water. An increased noise level below 200 nm is due to the absorption of bromide (counterion in 

CTAB) and could not be eliminated by subtraction of the CD spectrum of the corresponding 

surfactant solution. For both peptides, an unspecific signal was detected when the peptides were 

in contact with SDS monomers. This loss of signal is the result of an irregular aggregation of the 

peptide with SDS monomers, followed by sedimentation. Above the cmc SDS induced a change 

in the CD spectra of LL-20 and LL-32 with a positive band at 200 nm and a small, but broad band 

at 230 nm. There is equilibrium of micelles and monomers in solution at the used SDS 

concentration of 15 mM. We expect an α-helical conformation for the peptide when in contact 

with SDS micelles, because CD measurements with POPG vesicles revealed a mainly α-helical 

conformation of both peptides. Therefore, we assume that the measured spectrum is a 

superposition of two spectra: An unspecific spectrum, as found for the peptides interacting with  

                                                   
9 Sodium dodecylsulfate (SDS) was purchased from Sigma-Aldrich (Germany) and used in concentrations 

of 5 mM and 15 mM, respectively. Cetyltrimethylammonium bromide (CTAB) was obtained from Fluka 

(Germany) and used in concentrations of 0.5 and 1.5 mM, respectively. 
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Figure A3: Simulation of the CD spectrum of LL-32/SDS above the cmc.  
The best fit (—) to the measurement (- - -) is shown together with the spectrum of LL-32 bound to 
POPG vesicles (—) and and to SDS below the cmc (—). Measurements were done in water at 20°C. 

SDS monomers, and an α-helical spectrum for the peptides interacting with SDS micelles. To 

proof this, I simulated the spectra by interfering the spectra of the helical and the aggregated LL-

32 in different ratios. The best fit is shown in Figure A3 and was obtained by  

Fit= 0.22((spectrum of helical LL-32)+6(spectrum of aggregated LL-32)) 

The factor of 0.22 correlates with a reduced the intensity of a spectrum by the shading of the 

aggregates [153]. This aggregation effect was not observed for other antimicrobial peptides, e.g 

Ar-2 [228], the α-helical porcine-derived NK-2 [31] or other CAP-derived peptides [229] and 

even LL-37, leaving an explanation open. 
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VIII.4 Isotherms 

The pressure/area isotherm of DPPG is not shown in the chapters, so it is presented here in 

Figure A4. The isotherms of DPPC, DOPC and the mixtures with SM and DOPS are shown in 

chapter 5. 
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Figure A4: Isotherm of DPPG (5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C). 
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Figure A5: Time-dependent surface pressure π upon adsorption of LL-32 (—) and LL-20 (—) to 
A) DOPC/SM (50:50) and B) DOPC/SM/DOPS (45:45:10) monolayers.  
(5 mM HEPES, 100 mM NaCl, pH 7.4, 20°C, 0.2 µM peptide in solution).  
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VIII.5 GIXD Data and Calculated Lattice Parameters 

The position of the Bragg peak maxima Qxy and Bragg rod maxima Qz are listed in the tables 

below. The corresponding FWHM is denoted with ΔQxy and ΔQz, respectively. From these 

values, the lattice parameters and tilt angles were calculated. π is the surface pressure; a, b, and c 

are the length of the unit cell vector; α,β, and γ are angles between this vectors. A0 is the in-plane 

area of one alkyl chain; Axy is the projected area of the alkyl chain on the water surface. Lxy 

indicates the in-plane correlatiobn length, Lz the thickness of the scattering molecule. 

Table A1: Maximum positions and FWHM of the Bragg peaks and Bragg rods for DPPC. 

 

 

Table A2: Maximum positions and FWHM of the Bragg peaks and Bragg rods for  
DPPC/peptide mixed films. 

 π [mN/m] Qxy [Å
-1

] ΔQxy [Å
-1

] Qz [Å
-1

] ΔQz [Å
-1

] 

DPPC, LL-20 10 

 
30 

1.456 

1.290 
1.465 

1.349 

0.014 

0.056 
0.015 

0.053 

0 

0.662 
0 

0.643 

0.370 

 
0.370 

DPPC, LL-32 26 

 
30 

1.462 

1.337 
1.468 

1.365 

0.058 

0.115 
0.013 

0.055 

0 

0.720 
0 

0.668 

0.370 

 
0.370 

 

  

π [mN/m] Qxy [Å
-1

] ΔQxy [Å
-1

] Qz [Å
-1

] ΔQz [Å
-1

] 

15 

 

20 

 
25 

1.460 

1.309 

1.464 

1.320 
1.466 

1.338 

0.012 

0.068 

0.012 

0.067 
0.012 

0.064 

0 

0.783 

0 

0.768 
0 

0.705 

0.370 

 

0.370 

 
0.370 

 

30 

 

35 

1.469 

1.355 

1.469 
1.362 

0.013 

0.053 

0.013 
0.073 

0 

0.705 

0 
0.727 

0.370 

 

0.370 
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Table A3: Calculated lattice parameters and tilt angles for DPPC.  

π [mN/m] a,b [Å] distortion  tilt α, β Axy [Å
2
] A0 [Å

2
] Lxy [Å]   Lz [Å]   

15 

 
20 

 

25 
 

30 

 

35 

5.78 

5.18 
5.72 

5.16 

5.61 
5.12 

5.52 

5.01 

5.48 
5.08 

0.150 

 
0.142 

 

0.125 
 

0.110 

 

0.103 

35.8° 

 
35.0° 

 

32.2° 
 

31.8° 

 

32.4° 

112.2 

123.9 
112.6 

123.7 

113.6 
123.2 

114.3 

122.8 

114.7 
122.6 

24.9 

 
24.5 

 

24.1 
 

23.6 

 

23.4 

20.2 

 
20.1 

 

20.4 
 

20.1 

 

19.8 

620.9 

81.9 
669.1 

82.9 

628.7 
87.0 

541.8 

105.5 

517.5 
76.2 

14.9 

 
14.9 

 

14.9 
 

14.9 

 

14.9 

 

 

Table A4: Calculated lattice parameters and tilt angles for DPPC/peptide mixed films.  

 π 

[mN/m] 

a,b 

[Å] 

distortion tilt α, β Axy 

[Å
2
] 

A0 

[Å
2
] 

Lxy 

[Å]   

Lz 

[Å]   

DPPC,  

LL-20 

10 

 

30 

5.90 

5.22 

5.55 
5.11 

0.167 

 

0.114 

31.9° 

 

29.6° 

111.3 

124.4 

114.1 
122.9 

25.5 

 

23.8 

21.6 

 

20.7 

480.6 

100.7 

435.5 
104.9 

14.9 

 

14.9 

DPPC,  

LL-32 

26 

 

30 

5.61 

5.13 

5.46 
5-08 

0.123 

 

0.099 

32.8° 

 

30.1° 

113.7 

123.2 

114.9 
122.5 

24.2 

 

23.4 

20.3 

 

20.2 

669.1 

96.3 

541.8 
101.6 

14.9 

 

14.9 

 
 
Table A5: Maximum positions of the Bragg peaks and Bragg rods  
for DPPG/peptide mixed films. 

 π [mN/m] Qxy [Å
-1

] Qz [Å
-1

] 

DPPG 30 1.470 

1.389 

1.361 

0.032 

0.541 

0.627 

 40 1.479 

1.425 

1.402 

0.038 

0.499 

0.617 

DPPG, LL-20 28 1.475 

1.433 
1.407 

0.001 

0.442 
0.562 

DPPG, LL-32 38 - - 
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Table A6: Calculated lattice parameters and tilt angles for DPPG.  

 π [mN/m] a,b,c [Å] distortion tilt α, β,γ Axy [Å
2
] A0 [Å

2
] 

DPPG 30 5.00 

5.11 

5.41 

0.093 26.9° 

 

123.2 

121.4 

115.4 

23.1 20.6 

 40 4.94 

5.03 

5.22 

0.064 25.2° 

 

122.3 

120.8 

116.9 

22.2 20.0 

DPPG, LL-20 28 4.94 
5.03 

5.18 

0.055 22.9° 
 

122.1 
120.4 

117.4 

22.1 20.3 

DPPG, LL-32 38 0 - -  - - 
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Figure A6: Background subtracted Bragg peaks (left) and Bragg rods (right) for SM. 
 
Table A7: Maximum position and FWHM of the Bragg peaks and Bragg rods for SM. 

π [mN/m] Qxy [Å
-1

] ΔQxy [Å
-1

] Qz [Å
-1

] ΔQz [Å
-1

] 

20 

 

30 
 

40 

 

1.416 

1.472 

1.456 
1.487 

1.418 

1.471 

0.131 

0.106 

0.098 
0.064 

0.237 

0.089 

0.537 

0.205 

0.477 
0.209 

0.422 

0.166 

0.185 

 

0.200 
 

0.171 
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Table A8: Calculated lattice parameters and tilt angles for SM.  

π [mN/m] a,b [Å] distortion  tilt α, β Axy [Å
2
]  A0 [Å

2
] Lxy [Å]   Lz [Å] 

20 

 

30 

 
40 

 

4.87 

5.06 

4.85 

4.95 
4.87 

5.05 

0.051 

 

0.028 

 
0.0483 

 

20.9° 

 

18.1° 

 
18.4° 

122.5 

118.7 

122.4 

119.3 
122.4 

118.8 

21.6 

 

20.9 

 
21.6 

 

20.2 

 

19.9 

 
20.5 

74.1 

37.6 

87.4 
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Figure A7: Background subtracted Bragg peaks (left) and Bragg rods (right) for  
mixed films of DPPC/SM (50:50). 

 
Table A9: Maximum position and FWHM of the Bragg peaks and Bragg rods for  
mixed films of DPPC/SM. 

π [mN/m] Qxy [Å
-1

] ΔQxy [Å
-1

] Qz [Å
-1

] ΔQz [Å
-1

] 

25 
 

 

30 
 

 

35 
 

 

1.472 
1.454 

1.352 

1.470 
1.447 

1.376 

1.474 
1.453 

1.393 

0.036 
0.114 

0.093 

0.034 
0.164 

0.076 

0.028 
0.105 

0.056 

0 
0.251 

0.625 

0 
0.187 

0.581 

0 
0.219 

0.581 

0.334 
 

 

0.334 
 

 

0.334 
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Table A10: Calculated lattice parameters and tilt angles for mixed films of DPPC/SM. 

π [mN/m] a,b,c [Å] distortion  tilt α, β, γ Axy [Å
2
]  A0 [Å

2
] Lxy [Å]   Lz [Å] 

25 

 
 

30 

 
 

35 

4.84 

5.21 
5.27 

4.89 

5.14 
5.22 

4.88 

5.09 
5.17 

0.011 

 
 

0.078 
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Figure A8: Background subtracted Bragg peaks (left) and Bragg rods (right) for  
mixed films of DPPC/SM (50:50) and LL-32. 
 
Table A11: Maximum positions and FWHM of the Bragg peaks and Bragg rods  
for mixed films of DPPC/SM and LL-32. 

π [mN/m] Qxy [Å
-1

] ΔQxy [Å
-1

] Qz [Å
-1

] ΔQz [Å
-1

] 

28 

 

35 
 

1.516 

1.472 

1.506 
1.477 

0.102 

0.076 

0.115 
0.090 

0 

0.183 

0 
0.188 

0.238 

 

0.238 

 

Table A12: Calculated lattice parameters and tilt angles for mixed films of DPPC/SM and LL-32. 

π [mN/m] a,b [Å] distortion  tilt α, β Axy [Å
2
]  A0 [Å

2
] Lxy [Å]   Lz [Å] 

28 

 

35 

4.98 

4.83 

4.95 
4.85 

0.040 

 

0.026 

8.3° 

 

8.4° 

118.0 

121.0 

118.7 
120.7 

20.6 

 

20.6 

20.4 

 

20.4 

54.3 

73.1 

48.2 
61.7 

23.2 

 

23.2 
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Figure A9: Background subtracted Bragg peaks (left) and Bragg rods (right) for  
mixed films of DPPC/SM/DOPS (45:45:10). 
 

Table A13: Maximum position and FWHM of the Bragg peaks and Bragg rods for  

mixed films of DPPC/SM/DOPS. 

π [mN/m] Qxy [Å
-1

] ΔQxy [Å
-1

] Qz [Å
-1

] ΔQz [Å
-1

] 

25 

 
30 

 

35 
 

1.470 

1.417 
1.471 

1.412 

1.475 
1.425 

0.033 

0.148 
0.050 

0.077 

0.070 
0.049 

0.161 

0.580 
0.134 

0.578 

0.139 
0.582 

0.251 

 
0.274 

 

0.271 

 

Table A14: Calculated lattice parameters and tilt angles for mixed films of DPPC/SM/DOPS. 

π [mN/m] a,b [Å] distortion tilt α, β Axy [Å
2
] A0 [Å

2
] Lxy [Å]   Lz [Å] 

25 
 

30 

 
35 

 

4.88 
5.06 

4.86 

5.07 
4.86 

5.04 

0.048 
 

0.053 

 
0.046 

22.2° 
 

22.3° 

 
22.2° 

122.4 
118.8 

122.6 

118.7 
122.2 

118.9 

21.6 
 

21.7 

 
21.5 

20.0 
 

20.1 

 
19.9 

214.3 
37.5 

111.9 

72.3 
115.1 

79.3 

22.0 
 

20.1 

 
20.4 
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Figure A10: Background subtracted Bragg peaks (left) and Bragg rods (right) for  
mixed films of DPPC/SM/DOPS (45:45:10) and LL-32 at π = 35 mN/m. 

 
Table A15: Maximum position and FWHM of the Bragg peaks and Bragg rods for  
mixed films of DPPC/SM/DOPS and LL-32. 

π [mN/m] Qxy [Å
-1

] ΔQxy [Å
-1

] Qz [Å
-1

] ΔQz [Å
-1

] π [mN/m] 

23 
35 

- 
1.520 

1.475 

- 
0.056 

0.101 

- 
0 

0.194 

- 
0.202 

 

- 
0.238 

 
Table A16: Calculated lattice parameters and tilt angles for mixed films of DPPC/SM/DOPS  
and LL-32. 

π [mN/m] a,b [Å] distortion tilt α, β Axy [Å
2
] A0 [Å

2
] Lxy [Å]   Lz [Å] 

23 

35 

- 

4.97 

4.82 

- 

0.04 

- 

8.7° 

- - 

20.5 

- 

20.3 

- 

100.3 

54.9 

- 

23.2 
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VIII.6 IRRA Spectra  

In order not to reduce the number of graphics in the chapter to the most informative ones, some 

spectra were not shown. They are shown here. 
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Figure A11: IRRA spectra of mixed films of DPPC/SM/ LL-32 at πeq = 26 mN/m (—), π1 = 30 mN/m 
(- - -) and π2 = 35 mN/m (—). 
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Figure A12: IRRA spectra of mixed DOPC/SM/LL-32 films at πeq = 26 mN/m) (—)  and π1 = 30 
mN/m (---) and π2 = 35 mN/m (—). The compression of the film does not lead to a complete squeeze-

out of the peptide, since the OH-band intensity is comparable to the straight lipid film and amide bands 
are still present. 
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Figure A13: IRRA spectra of mixed DOPC/SM/DOPS/LL-32 films at πeq = 26 mN/m (—), π1 = 30 
mN/m (- - -) and π2 = 35 mN/m (—). The compression of the film does not lead to a complete squeeze-
out of the peptide, since the OH-band intensity is comparable to the pure lipid film and amide bands are 
still present. 
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Figure A14: IRRA spectra of mixed DOPC/SM/LL-20 films at πeq = 10 mN/m (—)  and  
π1 = 25 mN/m (- - -). The compression of the film leads to a squeeze-out of the peptide, since the amide 
I band intensity almost vanishes 
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Figure A15: IRRA spectra of DOPC/SM/DOPS/LL-20 mixed films at πeq = 10 mN/m) (—) and  
π1 = 25 mN/m (- - -). The compression of the film leads to a squeeze-out of the peptide, because the 
amide I band intensity almost vanishes 
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