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“Nature does nothing in vain”
Aristotle, 4th century BC 
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Introduction 

Antimicrobial peptides 
The discovery 
The knowledge of antimicrobial peptides grew from several independent 
sources and could be said to have started in 1922 by Sir Alexander Flem-
ming’s discovery of the first known antimicrobial protein, lysozyme 1. In the 
early 1960’s, small cationic peptides were discovered in the lysosomal com-
partments of leukocytes, which had antibacterial properties 2. Two decades 
later these peptides were characterized and named defensins 3. The discovery 
of these peptides was the start to the unraveling of a new facet of the innate 
immune system that we now know as antimicrobial peptides (AMP) or as 
host defense peptides. In the early 1970’s the role of AMPs in the immune 
system of fruit flies was revealed, and a decade later followed the discover-
ies and characterization of cecropins in moths and the frog derived magainin 
4-6. Today, 1370 AMPs have been isolated from all kingdoms of prokaryotic 
and eukaryotic life-forms. Of these peptides, 1070 are antibacterial 7. 

Role in disease and therapy 
In humans, AMPs are found especially in epithelial fluids of organs that are 
in contact with the environment such as the large surface areas of the air-
ways, intestine, and skin. They are both constitutively expressed and induc-
ible when triggered by pathogenic intrusion, often reaching above μM con-
centrations 8. They are also found in high concentrations in the granules of 
phagocytic leucocytes that are recruited to the site of infection where the 
peptides are released. The AMPs are broad spectrum antibiotics against 
Gram-positive and negative bacteria as well as fungi and occasionally even 
viruses, parasites, and tumour cells 9-12. They act synergistically with each 
other, and apart from their direct bactericidal effect, they also have immu-
nomodulatory properties such as attracting and stimulating immune cells and 
enhancing the inflammatory response 13. Furthermore, they are involved in 
healing by promoting re-epithelization and wound closure as well as neutral-
ising bacterial toxins 12. 

Two of the most common chronic skin disorders, atopic dermatitis and 
psoriasis, are linked to defective AMP production. The former is character-
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ised by decreased AMP production and is usually accompanied by secondary 
infections while the latter show elevated levels of AMP with leasons virtu-
ally immune to infection 14,15. Other hereditary chronic inflammation disor-
ders are characterised by reduced AMP expression, such as in Kostmann 
syndrome of the oral cavity and Crohn’s disease in the intestine, which re-
sults in chronic bacterial infections 16,17. Moreover, down-regulation of AMP 
production can be caused by the pathogens themselves, such as with dysen-
teric Shigella species, Salmonella enterica, and Neisseria gonorrhoeae 18-20. 
The depletion of AMP levels, in one way or another, is likely a common 
feature among organisms that become pathogenic. This can be seen in a va-
riety of common pathogenic bacteria and fungi, which use proteases to de-
grade AMPs 21-25. 

As a result of rapidly increasing occurrence of multidrug-resistant bacte-
ria in healthcare 26,27, there is an urgent need for new antibiotic drugs. AMPs 
represent promising alternatives in this respect and are currently receiving 
much attention due to their rapid and broad spectrum antibiotic effect 28-30, 
with apparently moderate resistance development 31-33. At present, there are 
no AMPs available as therapeutic antibiotics, excluding two lipopeptides. 
There are however about a dozen natural AMP derivatives in clinical phase 
of development that are to be used either as cream, aerosol, oral solution or 
for parenteral use. 

Molecular characteristics 
Antimicrobial peptides are ancient components of the innate immune sys-
tem, probably not much younger than cellular life itself. Despite their diverse 
origin, convergent evolution has given them remarkable similarities that are 
likely essential for activity. 

AMPs can be as short as six amino acid residues but the average is 30 7. 
Many AMPs have distinct amphiphilic characteristics with about 50% hy-
drophobic amino acids 34. These hydrophobic residues can often be seen to 
appear in a pattern of 1-2 every 3-4 residues (Figure 1). The reason for this is 
that when the peptide forms an �-helical structure the hydrophobic residues 
will end up on the same side of the helix normal. In this way the hydropho-
bic residues will be vectored, creating a hydrophobic moment that is a meas-
ure of the global hydrophobic interactive force of the peptide. Among the 
AMPs with known secondary structure, the �-helix is the most common with 
29% of the AMPs having this feature 7. 
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Figure 1. The hydrophobic profile of the AMP LL-37 according to the Kyte-
Doolittle hydrophobicity scale 35. Each turn of the �-helix correspond with a shift in 
hydrophobicity.  

Another reoccurring feature is disulfide bonds that are present in 26% of all 
AMPs 7. Subsequently cystein is also heavily overrepresented in those pep-
tides (Table 1). Lysine and arginine, the two amino acids that are cationic at 
physiologic pH, are more frequent in AMPs, while the anionic aspartic and 
glutamic acid are rare. Consequently, most carry a net positive charge and of 
all known AMPs the average net charge is +4. Another amino acid that 
stands out is tryptophan that is 50% more common in AMPs than its general 
occurrence (Table 1). The preference for these amino acids in AMPs is mo-
tivated by the specific characteristics they confer to the peptide in terms of 
bacterial membrane adsorption and disruption as well as stability against 
bacterial proteases. 

Cystein forms covalent disulfide bonds with each other that stabilize spe-
cific secondary structures. The defensins comprise a large family of cystein-
rich AMP. Defensins are broad spectrum membrane lytic AMPs also with 
several immunomodulatory properties. It has been shown that when reducing 
the disulfide bonds, membrane lytic effects prevail while immunomodula-
tory functions are hampered 36. The latter, receptor mediated function, is 
heavily dependent on defined secondary structures. For the direct antimicro-
bial property, the disulfide bonds should nevertheless play an important role 
as they confer increased resistance against proteolysis. Pathogenic microor-
ganisms use proteases for AMP degradation as a tool to evade host immune 
response 21-25. 

The cationic charge of the vast majority of AMPs is a result of the anionic 
nature of most microorganisms. By charge attraction, the peptides reach lytic 
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concentration in the membranes of the bacteria or fungi rather than in the 
less anionic host cell membranes. In this way target selectivity is improved. 
The positive charge may, in itself, be the membrane lytic factor for some 
peptides, most strikingly exemplified by the potency of short cationic pep-
tide oligomers in Paper IV of this thesis. 

Amphiphilicity is important for many AMPs in order to adsorb and pene-
trate the hydrophobic interior of the membrane bilayer. However, increasing 
peptide hydrophobicity will reduce solubility and can cause increased cyto-
toxicity 37. An alternative way to increase adsorption is to use tryptophan, 
which by other means have affinity for the membrane, specifically the region 
between the phosphate groups and the alkyl chains of the phospholipids bi-
layer 38,39. In this way tryptophan also act by anchoring and orienting mem-
brane associated peptides at certain depth within the bilayer. Tryptophan can 
also help stabilize secondary structures, which is important for adsorption, 
and also, as has been shown in Paper III, increases resistance against prote-
olysis. 

Table 1. The naturally occurring amino acids. Their hydrophobicity and frequency. 

Frequency 
Amino acid Hydrophobicity 

General AMP 
Frequency 

disparity (%) 

Isoleucine I 4.5 5.9 6.4 +7 
Valine V 4.2 6.8 5.9 -14 
Leucine L 3.8 9.7 8.5 -12 
Phenylalanine F 2.8 3.9 4.1 +5 
Cysteine C 2.5 1.4 7.5 +435 
Methionine M 1.9 2.4 1.0 -60 
Alanine A 1.8 8.1 8.0 -1 
Glycine G -0.4 7.0 11.5 +64 
Threonine T -0.7 5.4 4.3 -19 
Serine S -0.8 6.7 5.8 -13 
Tryptophan W -0.9 1.1 1.7 +50 
Tyrosine Y -1.3 2.9 2.4 -19 
Proline P -1.6 4.8 4.8 +1 
Histidine H -3.2 2.3 2.0 -11 
Glutamine Q -3.5 4.0 2.2 -43 
Asparagine N -3.5 4.1 3.8 -7 
Glutamic Acid E -3.5 6.7 2.4 -64 
Aspartic Acid D -3.5 5.4 2.3 -58 
Arginine K -3.9 5.5 5.7 +5 
Lysine R -4.5 5.9 9.7 +66 

Hydrophobicity according to the Kyte-Doolittle scale 35. The general amino acid 
frequency is from Swiss-prot database 40 and AMP frequency is from the Antim-
icrobial Peptide Database 7. 
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Occasionally, other amino acids are overrepresented in certain AMPs such as 
the turn generating and proteolysis impeding proline in bactenecins and 
prophenins, and the weak base histidine in histatins that become cationic in 
the acidic environment of infected tissue 41. 

Driving force for adsorption  
A requirement for the membrane lytic activity of AMPs is its driving force to 
associate with its target organ. The ability to adsorb to lipid bilayers derives 
from several enthalpic and entropic forces that either contributes or counter-
acts adsorption. Understanding the intricate interplay of the forces involved 
is essential for understanding AMP design and mechanism. The major ad-
sorption contributing and counteracting factors are therefore listed and ex-
plained below. 

Adsorption contributing factors: 
• Hydrophobic interaction between an amphiphilic peptide and the mem-

brane. This is an entropic force that derives from the polar solvents de-
sire to maximize its configurational freedom. The hydrophobic moment, 
which governs the magnitude of this interactive force, is the sum of hy-
drophobic side chains that can be directionally vectored.* 

• Dispersion interaction, in terms of peptide-membrane interaction often 
highlighted when describing the tryptophan preference for the glyc-
eryl/carbonyl region of the phospholipids. Between hydrophobicity 
scales, tryptophan is the amino acid with the highest discrepancy, de-
pending on what type of lipid phase is involved. In strict hydrophobic 
terms tryptophan is only moderately hydrophobic. Nevertheless, the 
phospholipid membrane interaction is that of a highly hydrophobic 
amino acid. This is believed to be caused by a perfect geometrical fit 
maximizing quadropol-dipole and van der Waals interactions, as well as 
desolvation with the region immediately below the phosphatidyl groups 
38,39. 

 
 
 
 
* Well over 100 hydrophobicity scales for amino acid have been reported and there is no 
consensus on the order of hydrophobicity. The amino acid that deviates most between scales 
is tryptophan, from intermediary to highly hydrophobic 42. The discrepancy depends on the 
method used, where peptide composition and the nature of the hydrophobic phase most likely 
affect partitioning by other forces than strict hydrophobicity alone 43. Especially secondary 
structure and dispersion interactions could complicate interpretation, and, although attempts 
have been made to compensate for this, the magnitudes of their contributions are also debated. 
The most frequently used hydrophobicity scale is the Kyte-Doolittle scale 35, which places 
tryptophan as an intermediary hydrophobic amino acid. This has also recently been recog-
nized in a new hydrophobicity scale published in Nature, focusing on insertion in biomem-
branes 44. 
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• Electrostatic attraction between anionic phospholips, common in bacte-
rial and fungal membranes, and cationic amino acids, is a fundamental 
driving force for adsorption with most AMPs. This attraction is however 
diminished by charge screening at physiologic salt conditions, which 
means that this driving force usually is accompanied by additional ad-
sorption factors for AMPs potent in vivo. 

• The ability to form ordered secondary structures through internal hydro-
gen bonding when adsorbing to a membrane is in it self an adsorption 
promoting factor. The loss of peptide entropy when adsorbing to a mem-
brane is even higher when it also attains an ordered secondary structure. 
However, this is compensated by an enthalpic gain in stabilizing peptide 
internal hydrogen bonds by the hydrophobic bilayer 45,46. This is likely 
one explanation for the high level of helix-inducible sequences among 
AMPs. 

• There is also cooperativity in peptide adsorption, which is especially 
important if the membrane has a higher lateral compressibility modulus. 
Peptide adsorption can lead to loss of lipid chain order by membrane 
thinning from asymmetrical lateral pressure increasing the headgroup 
area. By decreasing lipid order, the deformation energy on penetration 
decreases and facilitates further adsorption 47. Peptide self-assembly 
would also contribute to cooperative adsorption. 

• The last factor promoting adsorption is doing so only by increasing the 
adsorption saturation level. This is a result of peptide or lipid bilayer 
translocation or so called flip-flop. This ability is rare in most hydro-
philic compounds but certain peptides, such as cell penetrating peptides, 
excels in this perspective 48. Peptide adsorption can also results in flip-
flop of lipids from the opposite monolayer to equilibrate charge and cur-
vature strain 49. Recruiting anionic lipids from the inner monolayer, or 
translocation of peptides from the outer monolayer will delay membrane 
charge reversal and thereby extend the adsorption saturation limit. 

Adsorption counteracting factors: 
• When adsorbing to a membrane a peptide entropy loss will inevitably 

follow, both in terms of conformational and translational entropy. This is 
most predominant for random coiled peptides, and also shorter peptides 
since their net entropy loss per residue will be higher and is the reason 
for low adsorption levels for short oligopeptides 50. 

• If the adsorbed peptide interacts preferentially with one of the lipid 
components in the membrane it will result in partial lipid demixing of 
the bilayer and thus in an entropy loss. This is best illustrated when 
polycationic peptides adsorbs to a partially anionic membrane where an 
accumulation of anionic lipids in proximity of the adsorbed peptide can 
be expected. Difference in spontaneous curvature and alkyl chain length 
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of the lipids are other parameters that different peptides will preferen-
tially associate with 51. 

• When the interior of a bilayer is ordered, such as in cholesterol-
supplemented membranes, the deformation energy required to penetrate 
it is higher than for disordered membranes 52. This results in reduced ad-
sorption both for peptides dependent on hydrophobic interaction with the 
bilayer internal and those that require expansion of the headgroup area. 

• The hydration repulsion by the water layer at the bilayer interface will 
counteract adsorption by the energy required to displace the water mole-
cules between bilayer and peptide. Hydrated moieties linked to the 
headgroups increase the water layer thickness, which, together with 
steric repulsion, may reduce adsorption. 

• Adsorption saturation by charge neutralization or charge reversal of the 
bilayer as well as saturation in form of extreme curvature strain or ex-
cluded area effect as a result of extensive peptide adsorption, will ulti-
mately act as an adsorption counteracting factor to variable extents. 
However, because of the fluid nature of the bilayer, the saturation by ex-
cluded area effect will be weaker than for irreversible adsorption on 
solid surfaces. 

Mechanisms for membrane disruption 
Most AMPs kill microorganisms by non-receptor mediated membrane dis-
ruption. The lytic mechanisms vary between peptides and depend on mem-
brane lipid composition as well as peptide concentration. As the molecular 
mechanism for most AMPs are still unresolved, a number of models for 
permeabilization have been proposed and are briefly described below. 

The first three models are similar in that they involve peptides that ad-
sorb to and expand the headgroup region. Here, the membrane will suffer a 
positive curvature strain as a result of asymmetrical lateral pressure increase 
of the headgroup region relative to the alkyl chains: 
• Carpet mechanism. When the peptide adsorption to the membrane sur-

face reaches a threshold, the positive curvature strain on the membrane 
leads to membrane fragmentation in a micellar-like manner 53. 

• Toroidal pore. When the positive curvature strain reaches a critical con-
centration, it forces the membrane to curve, creating a continuous lipid 
layer between the bilayers that form well defined pores lined with pep-
tides 54. 

• Sinking raft. By expanding the headgroup area, the alkyl chain fluidity 
and disorder will increase resulting in membrane thinning and ultimately 
formation of transient pores 55. After peptide and curvature equilibration 
between the two monolayers, these pores have the potential to anneal. 
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Models where positive curvature strain is not a prerequisite include: 
• Barrel-stave pore. The model involves perpendicular insertion and ag-

gregation of peptides, forming a well defined cylindrical structure like 
staves in a barrel-like ring. This requires self aggregation within the 
membrane as well as membrane-spanning structures of defined length in 
the peptide 56. 

• Electroporation. When the cationic peptides associate with the mem-
brane, an electrical potential will be generated across the bilayer. When 
the potential reaches a critical level, pores are thought to be generated 
through electroporation 57. 

Another potential cause for membrane failure includes lipid demixing, where 
the affinity for one lipid component is higher and may result in localized 
negative curvature strain of the rejected lipid population 58. This might cause 
suboptimal packing properties that increase permeability and the tendency 
for membrane fusion and phase transition.  

In addition, some AMPs have non-membrane active bactericidal effects, 
apart from immunomodulatory properties. These include, blocking cell wall, 
nucleic acid, and protein synthesis, as well as disrupting the cell cycle and 
electron transport chain 59. 

Phospholipid membranes 
The fundamental function of the plasma membrane is to act as a barrier al-
lowing cellular organisms to maintain a chemical gradient of ions and sol-
utes, the loss of which inevitable leads to death. Biomembranes consists 
primarily of phospholipids in a lamellar phase, usually about 5 nm of which 
the alkyl chain layer makes up 3 nm, depending on alkyl chain length, satu-
ration, and order. The headgroup region of the typical phospholipids, includ-
ing the interspersed carbonyl and glyceryl region, is about 1 nm on each side 
of the bilayer. In addition to phospholipids, other lipids such as sterols and 
sphingolipids are components to variable extents depending on the origin of 
the membrane. Lipids, which are focused upon in this thesis, represent only 
about half of the mass in a typical cell membrane, the rest being membrane 
proteins and some carbohydrates 60. 

In order for AMPs to exert their membrane disruptive activity, one must 
also bear in mind that the peptides have to traverse outer barriers. The pepti-
doglycan cell wall of Gram-positive bacteria and the lipopolysaccharide 
(LPS) layer of the outer membrane of Gram-negative bacteria, are both steric 
barriers and peptide scavengers by their negative charge. In mammalian cells 
the glycocalyx layer and extracellular matrix represents similar barriers. 
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Bacterial membranes 
Most bacteria have an electronegative plasma membranes as a result of high 
levels of anionic phospholipids such as phosphatidylglycerol (PG), -serine 
(PS), and -inositol (PI), besides their zwitterionic phosphatidylcholine (PC) 
and -ethanolamine (PE) 61,62. This results in a strong electrostatic attraction 
for the predominately highly cationic AMPs. Contributing to the electrostatic 
attraction is also the chemiosmotic potential across bacterial plasma mem-
brane that is typically 50% greater for prokaryotes than for mammalian cells 
63. Other anionic components of the bacterial envelope are LPS of Gram-
negative bacteria, and lipoteichoic acid and anionic groups in the cell wall of 
Gram-positive bacteria. Similarly, phosphomannans and related constituents 
create negative charge of fungal surfaces. Furthermore, bacteria and fungi do 
not have cholesterol as a membrane constituent, which has a profound effect 
on the alkyl chains as is discussed below. 

Mammalian membranes 
In contrast to bacterial membranes, mammalian cytoplasmic membranes are 
rich in zwitterionic lipids, primarily PC but also PE and sphingomyelin, and 
to a lesser extent the anionic PS and PI 60,61. The latter two are asymmetri-
cally localized to the inner monolayer. This results in an electropotential of 
mammalian cells that is substantially lower than that of bacteria, exemplified 
by the zeta potential of human erythrocytes of -13mV 64 compared to -47 or  
-48 mV for P. aeruginosa and E. coli respectively 65. Wedged between phos-
pholipids is cholesterol that typically constitute about 40% of the lipids 60. 

The role of cholesterol 
In eukaryotic cells, sterols are an abundant lipid in the cell membrane. The 
sterols are predominately phytosterols in plants, ergosterol in protozoans, 
fungi, and insects, and cholesterol in the rest of the animal kingdom. Sterols 
have a condensing effect on the membrane by increasing lipid order while 
only marginally reducing fluidity of the alkyl chains. This broadens the fluid 
to gel phase transition and produces what is called a liquid ordered phase. 
Cholesterol has a higher condensing effect than for example ergosterol and 
usually represent a larger proportion of the lipids in the membranes of the 
organisms where it is found 66. The proportion of cholesterol required to 
reach a liquid ordered phase in pure phospholipids bilayers is usually around 
20% 67-69. The variation depends on the alkyl chain length and saturation as 
well as temperature 70-72. The condensing effect of cholesterol results in ex-
tended alkyl chain organization, which increases bilayer thickness. It also 
reduces lateral density fluctuations and thereby also undulations of the bi-
layer 73. These effects in turn results in reduced permeability and an in-
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creased lateral compressibility modulus, which increases deformation energy 
required for bilayer penetration 52,74. Furthermore, cholesterol has been found 
to have an extreme high rate of translocation between the monolayers of a 
membrane, which is likely to have a moderating effect on peptide curvature 
strain influence 75. 

Model membranes 
Close mimicry of living membranes is rarely attempted and difficult to 
achieve in artificial membranes. The enormous complexity of the biomem-
brane composition creates methodological and interpretative predicaments 
for most techniques used in physical chemistry. The large proportion and 
diversity of non-phospholipid components in biomembranes, as well as the 
diversity within the phospholipids, would also preclude analysis of compo-
nent dependent functions. This necessitates the use of simplified membrane 
models in most physicochemical studies concerning them. 

Cell membranes are in physicochemical terms a lamellar phase dispersed 
in excess water. In contrast to typical detergent micelles, the phospholipid 
lamellar phase does not readily disintegrate when diluted. Since the solubil-
ity of the phospholipid monomer in water often is as low as 10-10 M, extreme 
dilution would be required. With natural phospholipids, formation of vesicu-
lar lipid bilayers, so called liposomes, is not a spontaneous process, since 
curvature strain favor planar bilayer formations. In mixed lipid systems, 
curvature strain can be balanced by asymmetry in composition of the inner 
and outer monolayer. This will however reduce lipid entropy. Although not 
thermodynamically stable in the strict sense of the term, liposomes can be 
made stable for time scales of years. The tendency of liposomes to flocculate 
and fuse can be reduced by using lipids that conferes a higher degree of 
steric, hydration, and charge repulsion as well as undulation. Aspects such as 
shape, permeability, temperature sensitivity, lipid demixing, and raft-
formation are also affected by lipid composition. When assembling a 
phospholipid membrane, whether it is liposomes or supported bilayers, such 
compositional effects should be taken into account. With smaller liposomes 
the curvature will result in an asymmetrical distribution of lipids with 
different spontaneous curvature. Phase separation can occur with mixed lipid 
compositions, with cholesterol that could result in coexistence of liquid 
disordered, ordered, and gel phase within the same membrane 67. This 
emphasizes the need to either scrutinize the lipid system or simplifying it in 
order to eliminate artifacts. Hence, one rarely fines membrane models that 
use more than two phospholipids, one being zwitterionic, and the other 
anionic. An often used such combination is PE/PG, thought to have 
similarities with bacterial membranes. In those cases, usually the same alkyl 
chain combination is used, frequently those of DOPC and POPC seen in 
Figure 14. 
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One common feature found in pure zwitterionic membranes is that they have 
a small negative zeta potential (see Methods). Depending on the temperature 
and ionic strength of the medium, zwitterionic membranes can have varying 
zeta potential at neutral pH 76. There are several possible explanations for 
this. It has been suggested that the finite separation between the positive and 
negative charges in the zwitterionic group may affect counterion distribution 
and that the amine group may actually be oriented inside the phosphate 
group 76. The positively charged amino group has been suggested to 
influence the hydronium ion distribution around the phosphate group, 
thereby lowering the pKa of the latter and resulting in a minute fraction of 
anionic headgroups 77. Different types of zwitterionic phospholipids vary in 
their negative zeta potential contribution and has been proposed to depend 
on varying hydrogen bonding capacities with neighbouring lipids 78. In 
addition, a higher enrichment of anions at oil/water interfaces could play a 
part 79. 
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Aims of the thesis 

The aims of this thesis can be grouped into two separate aspects of AMP 
interactions with phospholipids bilayers, i.e. the lipid composition and 
the amino acid composition. Within these two topics, questions of par-
ticular importance were addressed. 
• One essential property of a therapeutic AMP is its ability to discriminate 

between human and bacterial membranes. The aim was therefore to 
study peptide interactions in terms of adsorption, penetration, secondary 
structure, and membrane disruption with different membrane composi-
tions and thereby isolate the effect of the lipid components. The two 
most significant differences between human and bacterial membranes 
are a higher negative charge and lack of cholesterol in the latter. These 
questions were addressed as follows: 

I The role of varying amount and accessibility of anionic charged 
headgroups. 

II The role of cholesterol and different alkyl chain saturation. 
 
• Peptides with seemingly related characteristics can have diametric anti-

biotic versus toxic properties. The aim was therefore to study the effects 
of amino acid substitutions and terminal modifications on peptide ad-
sorption, membrane disruption, and secondary structure. These proper-
ties were to be correlated with bactericidal and cytotoxic properties as 
well as protease sensitivity. In part, focus was put on the role of trypto-
phan due to its affinity for the membrane interface, �-helix stabilizing 
property, and also in terms of proteolysis due to its unusual and bulky 
shape. These questions were addressed as follows: 

III The role of tryptophan and enantiomer substitutions and ter-
minal modifications in an �-helical peptide. 

IV The role of oligotryptophan end-tagging on different random 
coiled polycationic peptides. 
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Methods 

Ellipsometry 
This method can be used to study absorbed films, such as lipid bilayers and 
peptide adsorption. It is based on measurements of the polarization of light 
before and after it has been reflected of a substrate on which the bilayer has 
been deposited. From the changes in intensities of different planes of polari-
zation, as a consequence of retardation in the layers of lipid and adsorbed 
peptides, the thickness and density (refractive index) can be extracted and 
the adsorbed amount calculated. The so-called null-ellipsometry setup has 
been used throughout all the papers of this thesis (Figure 2). It involves 
monochromatic circular polarized light passing through a rotating polarizer 
and a fixed compensator that emits elliptically polarized light with known 
vectors. After reflection, an analyzer (a second rotating polarizer) and a 
photodetector, dissects the intensities of each plane of polarization. From the 
angles at which the two polarizer’s are set when the detected intensity is 
minimized (the reflected light linearly polarized and the analyzer set perpen-
dicular), the phase shift can be extracted if the angle of incidence and the 
refractive index of the medium, substrate, and adsorbing component are 
known. The light beam is characterized by the amplitude ratio and phase 
difference of the components that are polarized parallel or normal to the 
plane of incidence. The phase shift is obtained from the setting of the first 
polarizer, while the analyzer gives the tangent function of the ratio in ampli-
tude between plane and perpendicular polarized light. From these parameters 
and the known refractive index increment of the adsorbed component 
(dn/dc), the mean refractive index (n) and layer thickness (d) of the adsorbed 
layer are obtained, from which the adsorbed amount (	) can be calculated 
according to de Feijter et al 80: 
 
 
 
 

By rotating the polarizers 180°, four sets of minima can be measured in 
order to reduce errors from instrumental and alignment imperfections. In the 
quantification of thickness and density, the lipid bilayer is assumed to be a 
flat homogenous layer. This simplification can have detrimental effect on the 
exactness of these parameters, particularly for ordered lipid systems. How-
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ever, since the covariance between thickness and density is strong the ad-
sorbed amount, being a product of the two, is not as sensitive and is highly 
reproducible. 

 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 2. The null-ellipsometry setup as used throughout the papers of this thesis: 
Monochromatic laser (a), circular polarizer (b), rotating linear polarizer (c), 
compensator (d), sample holder (e), rotating linear polarizer/analyzer (f), 
photodetector (g). 

The silica slides used as substrate are chemically polished in order to 
minimize surface roughness. This surface is oxidized to form a high purity 
SiO2 layer of 30 nm. By hydroxylation of the siloxan surface to yield silanol, 
the surface will be inert, homogenous and well-defined, a prerequisite for 
high resolution ellipsometry. The phospholipid bilayers are deposited on the 
silica slides in two ways depending on the lipid composition. For 
zwitterionic bilayers, the lipids are solubilized by a detergent to form a 
mixed micellar solution. The micelles adsorb to the substrate and at 
adsorption equilibrium, the micelles are dissolved by dilution after which 
only the lipids remain on the substrate. This procedure is repeated with 
decreasing micelle concentrations until the substrate is saturated with lipids 
and a bilayer has formed. For anionic bilayers, the also anionic substrate (-45 
mV) is precoated with poly-lysine, after which liposomes readily adsorb to 
the substrate. When liposome adsorption density reaches a critical level, the 
liposomes fuse into a bilayer. Both processes are carefully monitored to 
assure the formation of defect free bilayers. The experiments are conducted 
in a trapezoid low tension quarts cuvette angled perpendicular to the light 
source and the reflection, with a temperature regulator, magnetic stirrer, 
separate in and out flow, and a micromanipulator holding the silica slide. 
The technique of null-ellipsometry as described, with either zwitterionic or 
anionic bilayers were used in all four papers of this thesis. 

  

    a          b    c      d          e                 f                 g 
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Liposome preparation 
A liposome is a vesicular lipid bilayer that can be designed to share common 
features with the membranes of cellular life forms. They are naturally 
formed by agitated resuspention of dried lipid films in aqueous solutions, 
due to the inclination for lamellar phase of lipid compositions with a net 
spontaneous curvature close to zero. There are several other methods to gen-
erate liposomes such as freeze-thaw cycling of dried films, reverse phase 
evaporation, solvent injection or detergent dialysis 81. The choice of prepara-
tion method depends on the characteristics of the lipids or the entrapped 
material, the required purity of the system from organic solvents and deter-
gent contaminants, and the medium in which the liposomes are dispersed. It 
also depends on requirements on size and size distribution, multi- or 
unilamellar formation as well as reproducibility. Multilamellar liposomes 
can be reduced by freeze-thawing during vesicle formation since it forces the 
lamellar to separate, or by sonication witch produces smaller liposomes of 
less than 50 nm in diameter, with low polydispersity. Sonication risks dam-
aging sensitive molecular structures of for example encapsulated molecules. 
Extrusions through filters of defined pore size is therefore a more gentle way 
of achieving a more uniform size distribution and minimized multilamellar 
formation of also larger dimensions with less curvature (Figure 3). 

Figure 3. DOPC/cholesterol liposomes used in Papers I-III, visualized by cryo-
TEM. These liposomes derive from dried lipid films, resuspended by freeze-thaw 
cycles and extruded with 100 nm pore size.  

The liposomes used in the papers of this thesis were from freeze-thaw cycle 
resuspended dried films (Papers I-III), or by agitated resuspension alone 
(Paper IV), all followed by repeated 100 nm pore size extrusion. In Paper 
IV, for ellipsometric purposes, an additional 30 nm pore size extrusion was 
made to increase fusogenic properties and adsorption kinetics. 



 24 

Dynamic light scattering and zeta potential 
When light passes through a colloidal solution a portion will be deflected by 
the particles. This light scattering is dependent on number, shape, refractive 
index and size of the particles. Liposome size distribution can be determined 
by dynamic light scattering (Figure 4). The random movement of liposomes 
in the medium depends on temperature, viscosity of the medium, and more 
importantly, the hydrodynamic radius of the liposomes. As monochromatic 
light passes through the sample, scattering from neighboring liposomes will 
interfere either in phase (constructive interference) or out of phase 
(destructive interference), which is usually measured at a 90° angle. Because 
of liposome diffusion the distance between them will fluctuate in a time-
dependent manner, as will the scattering intensities. The decay of the 
autocorrelation function of intensity over time is directly related to the 
diffusion coefficient from which the diameter can be deduced by the Stokes-
Einstein relation 82: 

D  diffusion constant 
k  Boltzmann constant 
T  absolute temperature 
�  solvent viscosity 
R  hydrodynamic radius 

 

 
Figure 4. Dynamic light scattering of liposomes of E.coli phospholipids, used in 
Paper IV. After agitated resuspension of dried films, the size distribution was 
reduced by 100 nm pore size extrusion. 

If the hydrodynamic radius can be determined, and an electric field applied 
across the sample, also the electric potential of the liposome can be meas-
ured. A particle with a net charge will thereby gain an electrophoretic mobil-
ity that is given by the electrostatic potential at the plane of shear (the so 
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called zeta potential). When, as in our measurements, the particle radius is 
larger than the Debye length, the Smoluchowski model applies when calcu-
lating the zeta potential 83: 

�  zeta potential 
�  solvent viscosity 
u  electrophoretic mobility 
�0�r  permittivity of solution 

 
It should be noted that the zeta potential does not increase proportionally 

with the charge density of the membrane. The zeta potential increment 
decreases with increasing amount of surface charge of the liposomes 78. Size 
determination by dynamic light scattering measurements and zeta potential 
measurements were both used in Papers I and IV. 

Fluorescence spectroscopy 
A straightforward way to determine membrane integrity is to monitor leak-
age of encapsulated marker molecules. This can be achieved by adding a 
self-quenching fluorophore, such as carboxyfluorescein, during vesicle for-
mation and subsequently remove the non-encapsulated fluorophore by a size 
exclusion column. Fluorescence quenching is a process where a quencher by 
one of several mechanisms can decrease the intensity of the fluorescence 
emission if in proximity of the fluorophore. With a 100 mM concentration of 
the encapsulated carboxyfluorescein, 95% of the fluorescent signal is 
quenched. Upon liposome leakage, the externalized carboxyfluorescein will 
not be quenched due to its diluted concentration in the bulk (Figure 5). In 
this way the leakage of the liposomes can be directly related to the lytic ef-
fect of any administered AMP. The leakage kinetics can be followed over 
time and the leakage proportion determined by finally adding a micellizing 
detergent. This method was used in all four papers of this thesis. 

Many AMPs can be used as fluorescent markers themselves if they 
contain aromatic residues. Especially tryptophan is interesting in this context 
since it gives the largest fluorescent signal but most of all due to its emission 
wavelength shift when the polarity of its surroundings change. When exited 
at 280 nm the emission maxima for tryptophan in water is at 349 nm 84, 
while when incorporated in various proteins it ranges from 308 nm (azurin) 
to 355nm (glucagons), correlating to the degree of polar solvent exposure 85. 
In general, if the emission maximum is less than 330 nm the tryptophan is in 
a nonpolar environment, while above 330 nm reports on a polar 
environment. The method is usually termed blueshift, as a shift toward lower 
wavelength emission is usually the case in most experimental settings. The 
blueshift is frequently studied in tryptophan-containing AMPs since it is an 
easy   
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Figure 5. The principle of leakage measurements with a self-quenching marker. 

tool for studying peptide interaction with the nonpolar bilayer in terms of 
adsorption kinetics and penetration depth or in terms of peptide aggregation. 
However, the relationship between blueshift, and adsorption and penetration, 
is not always straightforward. Water penetration around an adsorbed peptide 
can vary and even a few water molecules near the faces of the benzene ring 
can effectively reduce blueshift, while the shift is only marginally effected if 
other parts such as the edges of the indole group is exposed to water 86. Ionic 
groups also affect the shift in that a positive charge close to the benzene ring 
gives a redshift whereas closer to the pyrrole ring would give a blueshift, and 
vice versa for negative charges (Figure 6) 86. 
 

 
 
Figure 6. The amino acid tryptophan and fluorescence charge dependency across 
the long axis of the indole side chain. 
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The tryptophan fluorescence can also be used for other means, such as 
monitoring its interaction with fluorescent quenchers either in the bulk or 
within the lipid bilayer. A drawback in these types of studies is that the addi-
tion of a quencher can affect the system and thereby the results obtained. If a 
water-soluble quencher is used, peptide aggregation or membrane interaction 
results in fluorescence increase. Although this method provides an idea 
about the degree of accessibility from the aqueous solution, it cannot discern 
the true depth of interaction, and requires high levels of quencher. Quenchers 
conjugated to alkyl chains within the bilayer are therefore more accurate, 
especially since the quencher depth can be regulated by conjugation to 
specific carbons in the alkyl chains. By combining results from different 
quencher depths one can approximate the penetration depth of the 
tryptophan residues of the peptide. The quencher however, may affect the 
packing of the lipid phase, and low concentrations of carefully chosen 
quenchers should be used. Tryptophan quenching, by bilayer inclusion of 10 
mol% doxyl-quencher conjugated to stearate fatty acid, was used in Paper I 
as a crude way of approximating peptide penetration. Blueshift 
measurements were used in Papers I and II to quantify peptide partitioning to 
each membrane composition. Also in Paper IV tryptophan fluorescence was 
studied in terms of oligotryptophan behavior in solution and when adsorbed 
to E. coli membranes. 

Circular dichroism 
The techniques commonly used to determine peptide secondary structure are 
X-ray crystallography, infrared spectroscopy, nuclear magnetic resonance 
(NMR), and circular dichroism (CD). Of these, X-ray crystallography usu-
ally gives the best resolution for these rather small molecules, but can only 
be done with peptides that crystallize. NMR is time consuming and requires 
a dedicated facility. Both these methods require large amount of sample and 
the structure upon interaction with liposomes can be difficult to decipher. 
Infrared spectroscopy and CD, give an averaged secondary structure of the 
whole peptide, requires little sample material and can readily be used with 
liposomes. CD is the most accurate quantifier of the two and measures the 
differential absorption of left- and right-handed circularly polarized light by 
optically active chiral groups. The magnitude of the CD signal is defined as 
the absorbance of the left minus that of the right circularly polarized light 
and usually expressed as ellipticity in degrees [
]. The wavelength between 
190 and 250 nm is normally used for secondary structure predictions al-
though below 200 nm the signal often is distorted by sample turbidity de-
pending on the sample composition. The different signals in the spectral 
range derive from rotation of the �-carbon of each amino acid residue, which 
puts the amide chromophore of the backbone in angles corresponding to 
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absorption of a certain direction of the circular polarized light at a certain 
wavelength. A specific secondary structure with its repeating backbone an-
gular planes thus gives a signal corresponding to the amount of that particu-
lar structure. In this way the �-helix structure absorbs more right handed 
circular polarized light at around 222 nm, creating a spectral minimum that 
can be used for quantification of the helix percentage (Figure 7). Structures 
such as different types of helices and �-sheets and also turns and random coil 
components can be quantified from their respective spectral contribution. 
The �-helical structure is generally perceived as the most accurate calculable 
structure due to its high regularity and strong signal 87. 

CD measurements were performed in all four papers of this thesis in order 
to study the secondary structure of peptides in solution or when bound to 
liposomes. 

 
Figure 7. The CD spectra of the AMP LL-37, either free in solution or adsorbed to 
anionic liposomes. When free, the negative peak at 222 nm is weak and represents 
20% �-helix and the dip below 210 nm derives from residual random coil structure. 
The helix amount is 90% when adsorbed to anionic liposomes and the curve as a 
whole is virtually identical to a pure �-helix spectrum. 

Peptide gel electrophoresis 
Protease activity can be detected and, to a reasonable extent, quantified by 
gel electrophoresis of the protease treated peptides. High resolution of pep-
tide fragmentation can also be studied by mass spectrometry or high-
performance liquid chromatography if more details are required for interpre-
tation. Gel electrophoresis is a simple and robust method that does not need 
complicated and expensive machinery. However, peptides cannot be sepa-
rated with any accuracy by ordinary SDS-PAGE protocols. Resolution prob-
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lems with polyacrylamide gels are usually handled by increasing acrylamide 
concentration in order to decrease the mesh size of the gel. A decreased 
mesh size requires a higher electrical potential over the gel in order for the 
peptides to migrate within a timescale that minimize lateral diffusion of the 
peptide bands. However, increasing the voltage level can lead to overheating 
of the gel and reduce resolution. For AMPs, that are just a few kDa in size, 
the problem is more fundamental. The small peptides are not separated from 
the bulk SDS in the stacking gel and, more importantly, the trailing ion gly-
cine migrate slower than the peptides in the separating gel, meaning the en-
tire gel system becomes a stacking gel. One way of resolving this problem is 
by introducing a trailing ion with lower pKa, meaning it will be more 
charged and migrate faster in the separating gel and thus separate the pep-
tides. The stacking and separation of the peptides could therefore be 
achieved at lower acrylamide concentrations and with high resolution 88. 

After electrophoresis, the gels are soaked in a dye and the excess is 
eluted. This treatment allows the visualization of protein bands. Coomassie 
brilliant blue is the most popular protein stain. It is an anionic dye, which is 
said to bind to proteins non-specifically. This is not true for shorter peptides 
where individual residues constitute a higher proportion. In reality, 
Coomassie binds only to cationic and aromatic groups and to various de-
grees. This leads to difficulties when comparing band intensity from differ-
ent peptides within a gel (Figure 8). To facilitate interpretation, quantifying 
and normalizing the band intensities is required and can be done through 
image programs that sum the pixels and grayscale of each gel band. 

Peptide protease resistance was measured in Paper III, by tricine-using 
SDS-PAGE of the protease incubated peptides and quantified by Coomassie 
staining in the above described manner. 

 

 
Figure 8. The effect of four tryptophan (W) substitutions and terminal acetyla-
tion/amidation on protease activity and on Coomassie staining ability for the 17 
residue peptide EFK17. 
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Results and discussion 

Effects of membrane composition 
In order to study the role of lipid composition for peptide lytic activity, the 
well characterized peptide melittin was used. It composes 50% of the dry 
weight of the venom of the European honey bee, Apis mellifera. This 26 
amino acid peptide shares several features with other membrane lytic AMPs, 
such as the magainins and cecropins, in being cationic and adopting a linear, 
�-helical, amphiphilic conformation when adsorbing to phospholipid 
bilayers (Figure 9) 89. The net charge of melittin is +6 at neutral pH, with all 
charges but one located near the C-terminal. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. The hydrophocity profile of melittin with �-helical turn based 
reoccurrence of hydrophobic residues (a). The structure prediction of the membrane-
induced �-helix conformation of melittin (b). 

The models proposed for the leakage mechanism of melittin, were focused 
upon pore formation, likely of a toroidal type 89,90. Large scale morphologi-
cal effects from melittin adsorption had not been shown to coincide with 
leakage. It had previously been established that negative charged membranes 
were more resistant toward melittin-induced leakage 91,92. Similarly but to a 
lesser extent also cholesterol, and DOPC over POPC, had been reported to 
require greater amount of melittin to generate leakage 93,94. The reasons for 

 
 a)  b) 
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these effects were however unknown and several contemporary theories 
were to be proven incomplete. 

Paper I 
In the first paper, the headgroup dependence of melittin action was ad-
dressed, by a comparison between the zwitterionic, PC, and the anionic, PA 
and PI (Figure 10). The main difference between the anionic phospholipids 
is the presence of the additional hydration force in the form of inositol. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 10. The headgroups of the phospholipids used in Paper I. Alkyl chains are 
represented with the letter R. 

The effect of varying the lipid headgroup on melittin-phospholipid 
interaction was investigated by cryo-TEM, fluorescence spectroscopy, 
ellipsometry, circular dichroism, zeta potential and dynamic light scattering. 
In particular, focus was placed on peptide adsorption to, and penetration 
into, the lipid bilayer, as well as on resulting morphological stability of 
liposomes. The effect of phospholipid headgroup properties on melittin-
bilayer interaction was addressed by comparing liposomes containing PC, 
PA and PI with varying fractions and at different ionic strength. In the 
liposomes containing 60% PC and 40% cholesterol, a gradual exchange of 
PC for anionic phospholipids conferred increased tolerance against melittin-
induced leakage as predicted. However liposomes with PA proved 
substantially more tolerant than those with PI (Figure 11). 
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Figure 11. The peptide to lipid molar ratio generating 50% leakage from liposomes 
of DOPC/cholesterol (60/40 mol%) (PC), or substituted with 30 mol% anionic 
phospholipids (PA and PI), in buffer with or without 150 mM NaCl. 

The difference in adsorption, measured both by ellipsometry and tryptophan 
blueshift, showed that although the leakage inducing effect per adsorbed 
melittin molecule were in the order of PA<PI<PC the preferential adsorption 
follows the opposite trend, i.e. PC<PI<PA. The difference between PA and 
PI in terms of adsorption was attributed to increased hydration repulsion and 
lower level of adsorption-induced �-helix formation for PI membranes. The 
difference (+47% helix as compared to +59%) possibly originating from 
steric interference by the inositol group. The lytic effect per adsorbed 
peptide could be linked to the difference in penetration depth of the single 
tryptophan residue in melittin. Quenching of tryptophan was substantially 
higher, in the D5 position (fifth carbon from the interface), for PC than for 
PA-containing liposomes (Figure 12). Liposomes supplemented with PI 
showed an intermediary quenching level at the same position. This showed 
that melittin penetrated the bilayer to a larger extent with PI than with PA. 
The leakage sensitivity and penetration depth both decreased as the ionic 
strength of the medium was reduced. This showed that the arrest of melittin 
in the interface was of an electrostatic nature and the origin of melittin 
tolerance. Furthermore, it demonstrated that inositol interfered with this 
interaction, facilitating penetration and leakage. This was of specific interest 
since the general notion of hydrated headgroup moieties was that they by 
steric and hydration repulsion would give the membranes increased 
protection against lytic peptides as in the case of PEG-modifications 95,96. 
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Figure 12. Tryptophan fluorescence of melittin, measured when bound to liposomes 
containing position-specific doxyl-stearate. The D5 indicating quencher depth at the 
fifth carbon from the interface and D16 the 16th carbon. Results are shown for 
DOPC/cholesterol (60/40 mol%) (PC), or substituted with 30 mol% anionic 
phospholipids (PA and PI). 

Previously, melittin-induced liposome leakage was thought to precede large 
scale effects like liposome fusion or fission both in anionic and zwitterionic 
membranes. This was one of the fundamental arguments for a universal pore 
forming mechanism. In Paper I, proof that liposomes could undergo large 
scale morphologic transformation already within the leakage interval was 
presented for the first time. According to dynamic light scattering, the 
liposome polydispersity increased when the peptide concentration reached 
and progressed through the leakage interval. The structural destabilization 
was confirmed by cryo-TEM, where membrane fusion and budding was 
demonstrated (Figure 13). This showed that large scale membrane trans-
formations could not be excluded as responsible for at least part of the melit-
tin-induced leakage in systems of both zwitterionic and anionic 
phospholipids in cholesterol-supplemented membranes. 
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Figure 13. Representative cryo-TEM images of DOPC/cholesterol (60/40 mol%) 
liposomes in the absence of melittin (a) and with melittin added corresponding to 
70% leakage (b). Liposomes substituted with 30 mol% PA when 100% leakage is 
reached (c) or with 30 mol% PI at 70% leakage (d). Black arrows indicate possibly 
reversed hexagonal phase and white arrows indicate ice crystals from sample 
preparation. Scale bars = 100 nm. 

Paper II 
In the second paper, the notion of leakage-coupled morphological 
transformations, showed in Paper I, would prove to hold true only for 
cholesterol-containing liposomes and not for pure phospholipids membranes 
of either DOPC or the more saturated POPC (Figure 14). In this study the 
role of cholesterol and alkyl chain saturation, for melittin adsorption and 
disruption, was addressed by a similar method combination as in Paper I. 
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              DOPC                        POPC                    Cholesterol 
 

 
 

Figure 14. The lipid components used in Paper II. 

Both pure systems of DOPC and POPC showed intact liposomes in cryo-
TEM at melittin concentrations that induced 100% leakage, in a manner 
compatible with the presence of small pore-like defects (Figure 15). Only 
when concentrations were raised substantially beyond that level did the 
liposomes suffer morphologically. These effects included open bilayer 
formation, fused and budded membranes and, at excessive melittin 
administration, micellisation. 

The amount of melittin needed to induce leakage was higher in the 
cholesterol-containing systems. In this sense cholesterol conferred increased 
membrane tolerance against melittin. The increased tolerance from 
cholesterol proved to be caused by a marked reduction in fraction of 
adsorbed melittin (Figure 16). When quantifying leakage induction per 
adsorbed peptide, cholesterol actually sensitised the membrane against 
melittin, both in terms of leakage and morphological effects. 
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Figure 15. Representative cryo-TEM images of pure DOPC liposomes with melittin 
corresponding to 100% leakage (a), pure POPC at five times the required melittin 
concentration for 100% leakage (b), DOPC/cholesterol (60/40 mol%) at about 70% 
leakage (c), and POPC/cholesterol (60/40 mol%) at eight times the required melittin 
concentration for 100% leakage (d). Scale bar = 100 nm 

The finding that cholesterol reduced the amount of membrane associated 
melittin needed for lysis and large scale morphological alteration questioned 
the universal applicability that negative curvature and condensed bilayers 
conferred resistance to melittin action 97. It furthermore suggested that melit-
tin-induced leakage occurred via different mechanisms in the cholesterol-
supplemented and cholesterol-free systems. 

 

a  b 

 

c 
 

 d 
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Figure 16. Association isotherms recorded for melittin by blueshift in systems 
containing DOPC (�), POPC (�), DOPC/cholesterol (60/40 mol%) (�), and 
POPC/cholesterol (60/40 mol%) () liposomes (a). Ellipsometry data showing the 
equilibrium amount of melittin adsorbed to supported bilayers (b). 

The alkyl chain saturation also affected melittin interaction. At this point a 
discrepancy between the blueshift study and ellipsometry appeared. The 
blueshift displayed a higher adsorption on DOPC than on POPC membranes, 
while the situation was reversed in ellipsometry. This behaviour could be 
caused by variation in blueshift due to an alkyl chain dependent gradient in 
adsorption orientation or peptide aggregation that changes the polarity 
around the tryptophan residue as the peptide concentration was increased. 
This disproportion in blueshift, would then translate into a more hydrated 
tryptophan residue in POPC at higher peptide concentrations, e.g. by 
increased water penetration, decreased peptide penetration, or alterations in 
aggregate or secondary structure formation, as well as variations in 
proximity between tryptophan and charged groups. Since the blueshift study 
was performed at concentrations that caused large scale morphological 
effects, membrane accessibility was also altered along the peptide 
concentration interval. Furthermore, in the phospholipid/cholesterol systems, 
alkyl chain dependent lipid demixing by preferential melittin-lipid 
association is possible, which could affect both adsorption and blueshift. 

As long as the supported bilayers are carefully monitored, ellipsometry is 
a robust method for comparative studies of this type. Although, the 
underlying substrate supporting the bilayer in ellipsometry, might affect the 
membranes differently, for example in terms of reduced translational 
entropy. However, in agreement with the ellipsometric results, both the 
negative curvature and the higher lateral compressibility modulus of DOPC, 
compared to POPC, would theoretically reduce the adsorption of mellitin-
like peptides 98,99. 
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The �-helix induction on membrane adsorption varied greatly between lipid 
compositions (Figure 17). The lower helix induction with POPC membrane 
could explain a lower adsorption levels, as melittin adsorption on similar 
bilayers is known to be influenced by the level of helix induction 45. On the 
other hand, the cause for the lower levels of helix in POPC could very well 
be an increase in water accessibility around the membrane bound peptide, 
which would also explain the apparent contrast between methods. This 
reduction in adsorption kinetics that the lower helix induction confers must 
in that case be balanced by the above mentioned curvature and compression 
factors, possibly combined with more favorable van der Waals interaction 
with the saturated phospholipids and a different angle of penetration as can 
be seen in membranes with different chain length 100. 

 
 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 17. The �-helix content of melittin as probed by CD measurements in PBS 
buffer and in the presence of liposomes (0.8 mM). [Melittin]tot refers to the helix 
content of the total sample of 2μM melittin, while [Melittin]lip refers to the liposome 
associated melittin only (as ascertained by blueshift).* 

 
 
 
 
 
 
 
 
 
 

 
* This figure, when as Figure 4 in Paper II, had its DOPC/cholesterol and POPC values in-
termixed at the final stages of publication. The discussion in the paper is referring to the 
correct values presented here. 
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Effects of peptide composition 
The usage of AMPs in therapy is a balancing act between bactericidal effect 
and cytotoxicity. To broaden the interval of potent bactericidal effect at low 
cytotoxicity, i.e. increasing target specificity, is therefore a central question 
in AMP design. There had been indications that bacterial target specificity 
was reduced with increasing hydrophobicity in �-helical amphiphilic 
peptides, which resulted in increased cytotoxicity 37. Therefore, focus was 
placed upon tryptophan, with its lower hydrophobicity, and at the same time 
high membrane affinity 35,38,39,44. Also, tryptophan had been reported to 
penetrate deeper in negative model membranes than in zwitterionic, which 
could possibly be used for improving selectivity 101. Tryptophan is 
interesting by its activity in other aspects as well, such as stabilizing �-helix 
formation and screening of charged groups 102-104. 

Paper III 
Pathogens have frequently been reported to have developed AMP resistance 
by proteolytic means 21-25. Among these, the Gram-positive S. aureus and 
Gram-negative P. aeruginosa, in chronic wound infections, are both coupled 
with the secretion of proteases that degrade LL-37, an endogenous human 
bacteriolytic and immunomodulatory AMP 21,25. By isolating a membrane 
lytic segment from LL-37 and modify the proteolytic cleavage sites, the 
possibilities of producing proteolytic resistance at maintained high 
antibacterial potency and low cytotoxicity, was investigated. The new 17 
residue peptide sequence, called EFK17, was modified by four d-enantiomer 
or tryptophan substitutions at known protease cleavage sites, as well as by 
terminal acetylation and amidation (Figure 18 and Table 2). The peptide 
variants were studied in terms of proteolytic resistance, antibacterial 
potency, and cytotoxicity, but also regarding their adsorption to model lipid 
membranes, liposomal leakage generation, and secondary structure behavior. 
The d-enantiomer substitutions were expected to show general proteolytic 
resistance 105,106. The effect of tryptophan substitutions of this kind and 
terminal modifications were not known for these types of proteases. 
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Table 2. The amino acid sequence of LL-37, EFK17 and the modified EFK17 variants. 

 
In the LL-37 sequence the internal EFK17 segment is highlighted in bold, as are the modifica-
tion sites on the EFK17 variants. All EFK17 variants have a net charge of +3, at pH 7.4, and a 
pI of ~11. The known proteolytic cleavage sites within EFK17 are marked for V8, Aureolysin 
(Aur) and Pseudomonas elastase (PE) and shown as 1-4 21,25. 1: V8 and PE, 2: Aur and PE, 3: 
PE, and 4: Aur. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Helical wheel projection of EFK17 with tryptophan (W) and 
enantiomeric (dF or dI) substitutions outlined. Black and white circles represent 
hydrophilic and hydrophobic residues respectively. 

The tryptophan substitutions resulted in a marked reduction of proteolytic 
degradation caused by three out of four proteases (Figure 19). The 
proteolytic stability increase for the two S. aureus proteases by tryptophan 
substitutions was an interesting finding. The further increase of endoprotease 
stability for its end-modified variant implied a more general role of terminal 
modifications in proteolytic stability. In addition, both these modifications 
enhanced antibacterial potency and to a higher degree retained membrane 
lytic potency at high ionic strength (Table 3 and Figure 20). The cytotoxicity 
was kept at level with that of the endogenous LL-37. The d-enantiomer 
substitutions rendered the peptides indigestible by all proteases. However, 
those peptides lost most of their membrane lytic and antibacterial potency. 

Peptide Sequence 

LL-37 NH2-LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES-COOH 

EFK17 NH2-E1FKR2IVQR2IKD3FLRN3L4V-COOH 
EFK17-d NH2-EdFKRdIVQRdIKDdFLRNLV-COOH 
EFK17-W NH2-EWKRWVQRWKDWLRNLV-COOH 
EFK17-a CH3CONH-EFKRIVQRIKDFLRNLV-CONH2 
EFK17-d/a CH3CONH-EdFKRdIVQRdIKDdFLRNLV-CONH2 
EFK17-W/a CH3CONH-EWKRWVQRWKDWLRNLV-CONH2 
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Figure 19. Representative gels of tricine SDS-PAGE on protease treated peptides. 
The proteases used were human neutrophil elastase (HNE), Pseudomonas aerugi-
nosa elastase (PE), aureolysin (Aur), and V8 protease. For EFK17-d/a, size refer-
ences for 7 and 4 kDa are included (a). Quantification of the proteolysis results 
summarized as the fraction of undegraded peptide after 4 hours of proteolytic expo-
sure (b). 

Table 3. The minimum inhibitory concentration (MIC) for each peptide variant on 
five strains of Pseudomonas aeruginosa and Staphylococcus aureus. 

MIC (μM) 

P. aeruginosa  S. aureus Peptide 
ATCC 
27853 15159  ATCC 

29213 FDA 486 2844 

EFK17 80 80  80 40 20 
EFK17-d >80 >80  >80 >80 >80 
EFK17-W 10 20  10 5 5 
EFK17-a 10 10  10 5 5 
EFK17-d/a >80 >80  >80 >80 >80 
EFK17-W/a 10 10  10 5 5 
LL-37 2.5 2.5  5 2.5 5 

 

 b) a) 
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The increase in membrane lytic and bactericidal effect with tryptophan sub-
stitutions and terminal modifications was linked to increased adsorption as a 
result of a combination of increased �-helix induction by both modifications 
and by the tryptophan interfacial affinity (Figure 21). 

 

 
Figure 20. Peptide-induced liposome leakage as a function of peptide concentration. 
The graph shows the leakage levels of DOPC/cholesterol liposomes by the terminal 
modified peptides in the absence (left) and in the presence (right) of 150 mM NaCl. 

The tryptophan substitutions, preferably in combination with acetylation and 
amidation of the terminal, constituted an interesting means to reduce the 
proteolytic susceptibility, while also improving antimicrobial performance. 
This could be of therapeutic value for chronic infections, frequent 
characterized by S. aureus colonization, such as atopic dermatitis. 
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Figure 21. Peptide adsorption equilibrium monitored by ellipsometry on supported 
lipid bilayers of DOPC/cholesterol. The adsorption levels for EFK17 and its homo-
logues EFK17-d, -W, and –a, in the absence or presence of 150 mM NaCl. #, indi-
cates that the adsorption level was not determinable due to bilayer destabilization as 
a result of peptide-bilayer interactions. 

Paper IV 
Preliminary data identified end-tagging of AMPs with hydrophobic amino 
acid stretches as an approach to achieve high AMP adsorption and potency 
at elevated ionic strengths 107,108. The tagged peptides also demonstrated 
antibacterial activity against bacteria with low anionic charge densities while 
showing notable target selectivity. These results inspired further 
investigation on the mechanism of action and also the role of the cationic 
template sequence of the tagged peptides. The templates chosen for tagging 
were cationic heptamers of lysine or arginine, and KNK7, a fragment of a 
kininogen-derived AMP (Table 4). Together with their C-terminal 
tryptophan pentamer tagged versions, these were studied in terms of peptide 
adsorption to bilayers formed by E. coli phospholipids, and their effects on 
liposome zeta potential, aggregation, and leakage as well as ionic strength 
dependence. These effects were correlated to antibacterial activity on E. coli. 
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Table 4. The amino acid sequence of the cationic templates and their tagged ver-
sions. 

 
 
 
 
 
 
 
 
 

Longer polymers of lysine and arginine were known to induce leakage and 
fusion in liposomes with mixed zwitterionic/anionic phospholipids 109. As 
shown in Figure 22, E. coli liposome leakage was generated also by heptam-
ers of lysine or arginine at low ionic strength, with K7 being significantly 
more potent than R7. 

Figure 22. Peptide-induced leakage from E. coli liposomes, in the absence (a) or 
presence (b) of 150 mM NaCl. 

The lytic activity of these peptides was substantially reduced when the ionic 
strength was elevated to physiological conditions as was adsorption (Figure 
23). This indicated that electrostatic interaction played a key role in their 
effect. However, the amount of adsorption was not proportional to the degree 
of leakage when comparing K7 and R7, where the former displayed lower 
levels of adsorption, yet caused higher leakage levels. 
 
 
 
 
 
 

Peptide Sequence 

KNK7 NH2-KNKGKKN-COOH 
K7 NH2-KKKKKKK-COOH 
R7 NH2-RRRRRRR-COOH 
KNK7W5 NH2-KNKGKKNWWWWW-COOH 
K7W5 NH2-KKKKKKKWWWWW-COOH 
R7W5 NH2-RRRRRRRWWWWW-COOH 
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Figure 23. Peptide adsorption equilibrium measured by ellipsometry on supported 
E. coli lipid bilayer, in the absence (a) or presence (b) of 150 mM NaCl. 

For the tagged peptides, the adsorption increased and were similar for all 
variants and only marginally lower in the presence of salt. This demonstrated 
that the tag is the dominating factor for adsorption with the tagged peptides. 
In parallel, liposome leakage was substantial for all tagged peptides, even at 
high ionic strength. However, despite the adsorption for the tagged peptides 
being essentially the same, R7W5 was somewhat more potent at liposome 
leakage induction than K7W5, which was the opposite of what was observed 
for the untagged peptides. The zeta potential of the anionic liposomes was 
neutralized by untagged K7 and R7 adsorption and reversed by their tagged 
variants. In dynamic light scattering, the untagged peptides caused liposome 
aggregation while the tagged peptides did not (Figure 24). 

The inverse relationship in lytic potency and adsorption displayed by the 
heptameric lysine and arginine was proposed to be caused partially by the 
proximity of the cationic groups on K7 that would generate a more profound 
segregation of the anionic PG lipids and partially due to monolayer 
translocation of R7 110. This would lead to less entropic loss for R7 on 
adsorption and also a fraction localised on the substrate side of the bilayer 
that would buffer the negative curvature strain produced by the peptide. The 
negative spontaneous curvature of the PE lipid that are to a larger extent 
demixed from their anionic positive curvature contributors in the case of K7 
adsorption, would result in an increased localized negative curvature strain. 
The tagged peptides on the other hand by their large area contribution to the 
interfacial region would produce a positive curvature strain explaining the 
inverse relationship between tagged and untagged lysine and arginine 
heptamers. The results of the tagged peptides agreed with a mechanism of 
selective increase of the area requirements for the outer monolayer, forming 
transient membrane ruptures that would allow for the peptide and lipids to 
rearrange between the monolayers to release curvature tension. 

 



 46 

Figure 24. Zeta potential (a) and mean diameter (b) observed by dynamic light 
scattering on of E. coli liposomes alone or after peptide incubation. The 
concentrations used correspond to peptide-to-lipid ratios identical to those used in 
the liposome leakage experiments (Fig. 22a) at 0.5, 1, and 2 μM, respectively. 

This comparative study, gave not only new insights into the lytic mechanism 
of end-tagged peptides, but also variations in adsorption and lytic potential 
of the cationic amino acids. The results from the liposome experiments 
largely agreed with the subsequent bactericidal assays on E. coli, and the 
R7W5 peptide distinguished itself as the best candidate for bacterial 
membrane lysis at physiological salt conditions. 
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Conclusions 

• The increased tolerance against melittin-induced leakage and struc-
tural destabilization on anionic compared to zwitterionic mem-
branes, is due to electrostatic arrest in the headgroup region. 

 
• Coupling a hydrated moiety, such as inositol, to the anionic phos-

pholipids, interferes with the electrostatic arrest, increasing melittin 
penetration and thereby also its disruptive activity. 

 
• Cholesterol reduces melittin adsorption, but also the membrane tol-

erance per adsorbed peptide, the former dominating the latter. 
 

• Membrane structural destabilisation in form of open bilayer forma-
tion, liposome fusion, and budding, are involved in the leakage 
mechanism of cholesterol-containing membranes, while preceded by 
leakage in cholesterol-free membranes. 

 
• Tryptophan substitution of hydrophobic amino acids can be used to 

increase proteolytic stability against S. aureus proteases.  
 

• Tryptophan substitutions and terminal acetylation and amidation 
both substantially increase adsorption and membrane lytic proper-
ties, especially at physiologic salt conditions and partially due to in-
creasing �-helix formation. 

 
• Heptamers of lysine and arginine have an inversed relationship be-

tween adsorption and lytic activity, with lysine being more lytic and 
less adsorbent. 

 
• The membrane lytic mechanism of oligotryptophan tagged and 

untagged cationic peptides act by counterbalancing positive and 
negative curvature strain effect, respectively. 
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Outlook 

The work presented in this thesis has focused on the direct antibacterial 
activity, although the immunomodulatory activities of many AMPs could 
very well have therapeutic value. Furthermore, the factor of protease 
stability will be paramount for AMP treatment given the high levels of 
proteases in infected tissues and the protease dependent resistance 
development shown by many pathogens. In this aspect, the role of arginases 
in the interstitial space questions the potential therapeutic value of such 
peptides as R7W5 in Paper IV. However, since the peptide activity was 
independent of ordered secondary structure, l-arginine could most likely be 
substituted for d-arginine, for protease restrictive purposes, without affecting 
the peptide in other aspects. This would be a natural extension of the last 
study together with cytotoxicity measurements. Except for enantiomers, 
artificial amino acids could be considered, both in terms of potency and 
selectivity but especially so in terms of protease restriction. One interesting 
such alternative, is  fluorinated amino acids 111. Although the inclusions of 
artificial amino acids are interesting, short and long term toxicity of such 
compounds will hamper their progress through clinical trials and should 
probably be considered when other alternatives are depleted. 

While lipid extracts from bacteria is a good step toward mimicking 
biomembranes, the bilayer models used in this thesis do not take, for 
example, collapse of the peptidoglycan cell wall or of the LPS layer in to 
consideration for AMP activity. While LPS could likely be introduced within 
the methodological procedures already in use, a peptidoglycan model could 
possibly be achieved by gel microcapsule techniques 112. 

The expectation of AMP as less likely to suffer the same resistance de-
velopment as the conventional antibiotics is due to the substantial alterations 
required to evade typical AMP activity and selectivity. Interesting in this 
context is the experimental evolution of bacterial resistance against plexiga-
nan, a typical AMP. Resistance development was only reached after pro-
longed and gradual increase of peptide exposure, using highly resistance 
prone strains. Furthermore, the resulting resistant bacteria were dependent 
upon the peptide for normal propagation 31,33. Bacteria can reduce membrane 
charge and potential, although at a metabolic cost that reduces bacterial 
propagation and thus one aspect of pathogenicity. The lack of cholesterol is 
however a larger obstacle to surpass and it would require the evolution of 
new synthetic pathways. Therefore, the search for AMP selectivity should 
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focus at least as much on the role of cholesterol as on electrostatics. AMPs 
can be produced either by recombinant expression or as synthetic peptides. 
The former requires elaborate purification steps and a highly tolerant micro-
organism, while the latter by its high cost of production would require pep-
tides as short and potent as possible. Hence, after the bactericidal to cyto-
toxic ratio, the potency to peptide length ratio should be considered. 
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Populärvetenskaplig sammanfattning 

Antimikrobiella peptiders membraninteraktion 
 

Ett bidrag till utvecklandet av en ny kategori antibiotika 
 
 
Cellulära livsformer, allt från bakterier till människor, använder sig av små 
proteiner, så kallade antimikrobiella peptider, för att försvara sig mot skadli-
ga mikroorganismer. På relativt kort tid har man kunnat kartlägga över tusen 
olika naturligt förekommande sådana peptider som hittats inom ett mängd 
livsformer. Dessa utgör rimligtvis bara en ringa del av vad naturen har att 
erbjuda och utgör en potentiell guldgruva för nya antibiotika. Med tanke på 
det snabbt ökande antalet antibiotikaresistenta bakterier i infektionssjukdo-
mar, är utnyttjandet av denna resurs synnerligen relevant. Med ett fåtal un-
dantag är det membranet, som omger bakterien och utgör barriären mellan 
dess innanmäte och omgivningen, som är måltavlan för de antimikrobiella 
peptiderna. Om detta membran börjar läcka på ett eller annat sätt dör bakte-
rien. Gemensamt för dessa membranförstörande peptider är att de är positivt 
laddade vilket gör att de attraheras till de negativt laddade membranytorna 
hos bakterier. Peptiderna är också oftast konstruerade så att de har både fett-
lösliga och vattenlösliga delar vilket gör att de attraheras till membranen som 
har ett fettlösligt inre. Människans cellmembran är mindre negativt laddade 
samt har kolesterol som beståndsdel. Kolesterolet gör membranets fettlösliga 
inre mer tättpackat och därför svårare att deformera. Beroende på hur de 
antimikrobiella peptiderna är uppbyggda, använder de sig av olika mekanis-
mer för att slå hål på membranen. Det kan röra sig om porbildning, kurvatur-
stress som böjer sönder membranet, uttunning som ökar genomsläppligheten 
eller genom att sönderdela eller fusera ihop dem. 
 Skillnaderna i sammansättning mellan bakteriernas och människans cell-
membran tros ligga bakom de antimikrobiella peptidernas selektivitet som 
möjliggör att de inom rätt koncentrationsintervall dödar bakterierna men 
lämnar våra celler intakta. På grund av detta har den antibiotiska effekten ett 
brett spektrum mot bakterier, så väl som mot svamp, vilka har snarlika 
membranegenskaper. Skillnader i peptidernas byggstenar, aminosyrorna, 
avgör peptidens fysikalkemiska egenskaper och tredimensionella struktur 
Dessa skillnader dikterar i sin tur hur gärna och på vilket sätt de binder in till 
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membranen, samt avgör vilket membran som förstörs och med vilken meka-
nism. 
De antimikrobiella peptiderna utgör en potentiell ny kategori antibiotika för 
terapeutisk användning. För att kunna vidareutvecklas behövs förståelse för 
hur peptidernas sammansättning och form hänger ihop med deras funktion 
och hur de påverkas av olika faktorer i membranen. I denna avhandling un-
dersöks båda dessa frågeställningar samt hur man kan gå tillväga för att mi-
nimera resistensutveckling. 

Då peptidernas längd och membranens tjocklek endast är några miljonde-
lar av en millimeter, krävs avancerad metodik för att studera interaktionen 
dem emellan. För att kunna urskilja de olika faktorernas inverkan behöver 
man också byta ut de komplexa levande membranen mot förenklade artifici-
ella membran. I dessa inneslöts en substans som när den läcker ut ger ifrån 
sig en ljussignal. På så sätt kunde man följa läckageförloppet och se vilka 
membran peptiderna angripit. Inuti membranen användes speciella moleky-
ler som känner av hur djupt vissa aminosyror binder in. Vi kan också följa 
vilken struktur peptiderna antar när de binder in till membranen genom att se 
hur de olika vinklarna i peptidkedjan vrider polariserat ljus. Strukturella 
förändringar av membranen studerades dels med elektronmikroskop, i mo-
mentant nedfrysta prover, för att ge övergripliga ögonblicksbilder, dels ge-
nom att mäta fragmentering eller aggregering genom membranens ljusbryt-
ningsegenskaper. Om man samtidigt lägger på ett elektriskt fält kan föränd-
ringar i membranens laddning, när allt mer protein binder in, studeras. Hur 
gärna peptiderna binder in till olika membran mättes genom att studera hur 
ljus som passade igenom blev fasförskjutet. Vissa aminosyror påverkas ock-
så av att miljön runt dem förändras till fettlöslig, då de binder in till mem-
branet, vilket går att uppmäta som förändringar i våglängd på infallande ljus. 
Allt detta kan sedan vävas samman för att ge en bild av hur peptidens och 
membranens sammansättning påverkar mekanism, effektivitet och måltavla. 
Resultaten från modellmembranen konfirmerades med försök på bakterier 
och cellkulturer från människa. 

Studierna inleddes med melittin, huvudbeståndsdelen i bigift, som delar 
många strukturella egenskaper med typiska antimikrobiella peptider men har 
en högre membranförstörande verkan mot människans cellmembran. Slutsat-
ser kunde dras om att peptiden kvarhölls på membranets yta på negativt lad-
dade membran medan oladdade membran kunde penetreras. Att koppla vat-
tenlösliga molekyler på membranets yta för att skärma av peptiden visade sig 
istället göra de negativa membranen mer mottagliga för läckage. Detta ge-
nom att störa interaktionen mellan de negativa laddningarna på membranet 
och peptidens positiva laddningar vilket ökade peptidens penetrationsförmå-
ga. Vidare visades att kolesterol minskade inbindning av peptiden och på så 
sätt gav membranet ett viss skydd, trotts att det då krävdes en mindre andel 
inbunden peptid för att skada membranet. På kolesterolinnehållande mem-
bran orsakades läckaget av storskaliga strukturella förändringar medan de 
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utan kolesterol läckte från tillsynes intakta membran, så som orsakat av små 
porer. Därmed kunde viktiga faktorer i växelverkan mellan peptid och mem-
bran förklaras, vilket ökade kunskapen om de centrala skillnaderna mellan 
bakteriella och mänskliga membran och deras mottaglighet för membranför-
störande peptider. 

I nästa studie, studerades en i människan förekommande antimikrobiell 
peptid som vid kroniska infektioner bryts ner av utsöndrade enzymer från 
bakterierna. Detta är den huvudsakliga mekanismen för resistans mot anti-
mikrobiella peptider och som gör bakterier infektiösa. Försök gjordes att 
med modifieringar av peptiden göra den okänslig för bakteriernas enzymer 
och samtidigt bibehålla sina antibakteriella och selektiva egenskaper. Genom 
att byta ut specifika aminosyror och modifiera ändarna av peptiden, visades 
hur motståndskraft kunde erhållas. Tack vare stabilisering av peptidens he-
lix-struktur samt en ökning av dess attraktion till membranet, visades att 
peptidens antimikrobiella egenskaper dessutom kraftigt förstärkts. Den nya 
antimikrobiella peptiden ter sig som god kandidat för behandlingar av exem-
pelvis kroniska och komplicerade hudinfektioner. 

En annan resistensmekanism, vilken har visat sig möjligt hos vissa typer 
av bakterier, är att minska membranets negativa laddning. I dessa fall kan 
man inte förlita sig på att laddningsattraktion ska vara tillräcklig för den 
riktade membranförstörande effekten. Därför studerades starkt positivt lad-
dade peptider som var kopplade till en tryptofansekvens. Tryptofan är en 
aminosyra med en unik attraktion till membran som inte är beroende av 
laddningen. Genom att jämföra de positivt laddade aminosyrasekvenser med 
och utan tryptofansekvens kunde den underliggande membranförstörande 
mekanismen förklaras. Vidare visades hur olika positivt laddade aminosyror 
kunde medföra olika egenskaper i form av inbindning och membranförstö-
ring. Studien visade hur man med rätt positivt laddade aminosyror kopplade 
till en tryptofansekvens kan skapa potent antibakteriell effekt även när ladd-
ningsattraktionen försvagats. 

Avhandlingen utgör ett bidrag till utvecklandet av antimikrobiella pepti-
der för terapeutisk tillämning. Dessa peptider, genom sin direkta och breda 
antibiotiska effekt och låga resistensbenägenhet, utgör ett intressant alterna-
tiv i kampen mot svårbehandlade infektionssjukdomar. 



 53

Acknowledgements 

The studies presented in this thesis were carried out at the Department of 
Pharmacy, Uppsala University. The work was funded by the Department of 
Pharmacy and the Swedish Research Council. 

The grant from Apotekare CD Carlssons Stiftelse, enabling me to partici-
pate in the American Chemical Society meeting in San Francisco, California, 
September 2006, was greatly appreciated. 

I owe a debt of gratitude to my supervisor, Professor Martin Malmsten, 
who introduced me to this important and interesting field of study. Your 
expertise in this scientific field is truly extensive and I am grateful that I had 
the fortune to work with you and learn from you. 

My co-authors: Lovisa Ringstad, Mukesh Pasupuleti, Dr. Per Wessman, 
Professor Katarina Edwards, and Professor Artur Schmidtchen. Our open-
minded and direct discussions have yielded fruitful results. I hold you all in 
high esteem, both as scientists and as friends. 

Our laboratory technician Lotta Wahlberg, you take pride in your work 
and it shows. Thanks for all the fine measurement you made for me, and all 
the excellent buffers I stole from you. You were an integral part of my thesis 
work. 

I would like to thank the colleagues at my department for the great work-
ing environment you all have contributed to. Special thanks to Christian 
Johansson, Helena Bysell, Martin Andersson, Tobias Bramer, Foad Mah-
moodi, Erik Sjögren, Dr. Peter Nilsson, Dr. Denny Mahlin, Dr. Anders 
Ericsson, and Dr. Per Hansson for your contributions to my work through 
valuable discussions and practical assistance. It has been a privilege to work 
at your side. 

Birgitta Rylén, Eva Nises Ahlgren, Ulla Wästberg-Galik, and Harriet Öst-
lund, I suspect that your workplace will be slightly less challenging when I 
leave. Thanks for your patience and good-spirited helping hand. 

Dr Göran Ocklind, patience is certainly one of your virtues. Still I fear 
that I might have shortened your life expectancy slightly. We had some good 
laughs between computer crashes. 

Other prominent scientists to whom I would like to convey my apprecia-
tion are: Daniel Edgar, Dr. Hanna Wootz, Dr. Robert Hägerkvist, and Dr. 
Johan Olerud. Thank you for your spirit of fellowship and valuable perspec-
tives on science. I would like to especially acknowledge Dr. Dariush Mok-
htari for our earlier collaboration in the field of psychogenetics. 



 54 

My parents-in-law, Ulla and Björn Jacobsson, thank you for being there 
for our little family, especially during these last hectic weeks of thesis writ-
ing. 

My dear father, Dr. Anders Strömstedt, and my loving mother Ulla, 
through whose sacrifice and unconditional love I was given the gifts of char-
acter that have carried me through all the challenges I have faced in life. 

My older brother Erland, the most beloved friend and bitter rival. Thanks 
for your uncompromising honesty and your talent for inspiring me. 

My wife, Dr. Lina Strömstedt. Soon we will be able to reciprocate titles 
over the kitchen table and equilibrium will finally set in. I am truly humbled 
by your love, acceptance and perseverance through which you have carried 
our precious family. You have given me the emotional and practical support 
that makes this thesis as much your labour as it is mine. Little Arvid and 
Elsa, while we try to teach you all about life, you teach us what life is all 
about. 

 



 55

References 

1. Fleming A. On a remarkable bacteriolytic element found in tissues and 
secretions. Proceedings of the Royal Society 1922;93(653):306-317. 

2. Zeya HI, Spitznagel JK. Antibacterial and enzymic basic proteins from 
leukocyte lysosomes: Separation and identification. Science 
1963;142:1085-1087. 

3. Ganz T, Selsted ME, Szklarek D, Harwig SS, Daher K, Bainton DF, Lehrer 
RI. Defensins. Natural peptide antibiotics of human neutrophils. J Clin 
Invest 1985;76(4):1427-1435. 

4. Boman HG, Nilsson I, Rasmuson B. Inducible antibacterial defence system 
in Drosophila. Nature 1972;237(5352):232-235. 

5. Hultmark D, Steiner H, Rasmuson T, Boman HG. Insect immunity. 
Purification and properties of three inducible bactericidal proteins from 
hemolymph of immunized pupae of Hyalophora cecropia. Eur J Biochem 
1980;106(1):7-16. 

6. Zasloff M. Magainins, a class of antimicrobial peptides from Xenopus skin: 
isolation, characterization of two active forms, and partial cDNA sequence 
of a precursor. Proc Natl Acad Sci U S A 1987;84(15):5449-5453. 

7. The Antimicrobial Peptide Database. http://aps.unmc.edu/AP/; Update Feb 
2009. 

8. Shafer WM. Antimicrobial peptides and human disease. Heidelberg: 
Springer; 2006. 

9. Boulanger N, Bulet P, Lowenberger C. Antimicrobial peptides in the 
interactions between insects and flagellate parasites. Trends Parasitol 
2006;22(6):262-268. 

10. Hoskin DW, Ramamoorthy A. Studies on anticancer activities of 
antimicrobial peptides. Biochim Biophys Acta 2008;1778(2):357-375. 

11. Klotman ME, Chang TL. Defensins in innate antiviral immunity. Nat Rev 
Immunol 2006;6(6):447-456. 

12. Steinstraesser L, Koehler T, Jacobsen F, Daigeler A, Goertz O, Langer S, 
Kesting M, Steinau H, Eriksson E, Hirsch T. Host defense peptides in 
wound healing. Mol Med 2008;14(7-8):528-537. 

13. Oppenheim JJ, Biragyn A, Kwak LW, Yang D. Roles of antimicrobial 
peptides such as defensins in innate and adaptive immunity. Ann Rheum 
Dis 2003;62 Suppl 2:ii17-21. 

14. Buchau AS, Gallo RL. Innate immunity and antimicrobial defense systems 
in psoriasis. Clin Dermatol 2007;25(6):616-624. 

15. Howell MD. The role of human beta defensins and cathelicidins in atopic 
dermatitis. Curr Opin Allergy Clin Immunol 2007;7(5):413-417. 



 56 

16. Putsep K, Carlsson G, Boman HG, Andersson M. Deficiency of antibacte-
rial peptides in patients with morbus Kostmann: an observation study. Lan-
cet 2002;360(9340):1144-1149. 

17. Wehkamp J, Stange EF. A new look at Crohn's disease: breakdown of the 
mucosal antibacterial defense. Ann N Y Acad Sci 2006;1072:321-331. 

18. Bergman P, Johansson L, Asp V, Plant L, Gudmundsson GH, Jonsson AB, 
Agerberth B. Neisseria gonorrhoeae downregulates expression of the 
human antimicrobial peptide LL-37. Cell Microbiol 2005;7(7):1009-1017. 

19. Islam D, Bandholtz L, Nilsson J, Wigzell H, Christensson B, Agerberth B, 
Gudmundsson G. Downregulation of bactericidal peptides in enteric 
infections: a novel immune escape mechanism with bacterial DNA as a 
potential regulator. Nat Med 2001;7(2):180-185. 

20. Salzman NH, Chou MM, de Jong H, Liu L, Porter EM, Paterson Y. Enteric 
salmonella infection inhibits Paneth cell antimicrobial peptide expression. 
Infect Immun 2003;71(3):1109-1115. 

21. Schmidtchen A, Frick IM, Andersson E, Tapper H, Bjorck L. Proteinases 
of common pathogenic bacteria degrade and inactivate the antibacterial 
peptide LL-37. Mol Microbiol 2002;46(1):157-168. 

22. Belas R, Manos J, Suvanasuthi R. Proteus mirabilis ZapA metalloprotease 
degrades a broad spectrum of substrates, including antimicrobial peptides. 
Infect Immun 2004;72(9):5159-5167. 

23. Guina T, Yi EC, Wang H, Hackett M, Miller SI. A PhoP-regulated outer 
membrane protease of Salmonella enterica serovar typhimurium promotes 
resistance to alpha-helical antimicrobial peptides. J Bacteriol 
2000;182(14):4077-4086. 

24. Ruissen AL, Groenink J, Krijtenberg P, Walgreen-Weterings E, van 't Hof 
W, Veerman EC, Nieuw Amerongen AV. Internalisation and degradation 
of histatin 5 by Candida albicans. Biol Chem 2003;384(1):183-190. 

25. Sieprawska-Lupa M, Mydel P, Krawczyk K, Wojcik K, Puklo M, Lupa B, 
Suder P, Silberring J, Reed M, Pohl J, Shafer W, McAleese F, Foster T, 
Travis J, Potempa J. Degradation of human antimicrobial peptide LL-37 by 
Staphylococcus aureus-derived proteinases. Antimicrob Agents Chemother 
2004;48(12):4673-4679. 

26. French GL. Clinical impact and relevance of antibiotic resistance. Adv 
Drug Deliv Rev 2005;57(10):1514-1527. 

27. Rossolini GM, Mantengoli E. Antimicrobial resistance in Europe and its 
potential impact on empirical therapy. Clin Microbiol Infect 2008;14 Suppl 
6:2-8. 

28. Marr AK, Gooderham WJ, Hancock RE. Antibacterial peptides for 
therapeutic use: obstacles and realistic outlook. Curr Opin Pharmacol 
2006;6(5):468-472. 

29. Zasloff M. Antimicrobial peptides of multicellular organisms. Nature 
2002;415(6870):389-395. 

30. Hancock RE, Sahl HG. Antimicrobial and host-defense peptides as new 
anti-infective therapeutic strategies. Nat Biotechnol 2006;24(12):1551-
1557. 



 57

31. Ge Y, MacDonald DL, Holroyd KJ, Thornsberry C, Wexler H, Zasloff M. 
In vitro antibacterial properties of pexiganan, an analog of magainin. An-
timicrob Agents Chemother 1999;43(4):782-788. 

32. Nizet V. Antimicrobial peptide resistance mechanisms of human bacterial 
pathogens. Curr Issues Mol Biol 2006;8(1):11-26. 

33. Perron GG, Zasloff M, Bell G. Experimental evolution of resistance to an 
antimicrobial peptide. Proc Biol Sci 2006;273(1583):251-256. 

34. Giangaspero A, Sandri L, Tossi A. Amphipathic alpha helical antimicrobial 
peptides. Eur J Biochem 2001;268(21):5589-5600. 

35. Kyte J, Doolittle RF. A simple method for displaying the hydropathic char-
acter of a protein. J Mol Biol 1982;157(1):105-132. 

36. Taylor K, Barran PE, Dorin JR. Structure-activity relationships in beta-
defensin peptides. Biopolymers 2008;90(1):1-7. 

37. Zelezetsky I, Pacor S, Pag U, Papo N, Shai Y, Sahl HG, Tossi A. Con-
trolled alteration of the shape and conformational stability of alpha-helical 
cell-lytic peptides: effect on mode of action and cell specificity. Biochem J 
2005;390(Pt 1):177-188. 

38. de Planque MR, Bonev BB, Demmers JA, Greathouse DV, Koeppe RE, 
2nd, Separovic F, Watts A, Killian JA. Interfacial anchor properties of tryp-
tophan residues in transmembrane peptides can dominate over hydrophobic 
matching effects in peptide-lipid interactions. Biochemistry 
2003;42(18):5341-5348. 

39. Yau WM, Wimley WC, Gawrisch K, White SH. The preference of trypto-
phan for membrane interfaces. Biochemistry 1998;37(42):14713-14718. 

40. Swiss-Prot. http://www.expasy.org/sprot/; Update Mar 2009. 
41. Rothstein DM, Helmerhorst EJ, Spacciapoli P, Oppenheim FG, Friden P. 

Histatin-derived peptides: potential agents to treat localised infections. Ex-
pert Opin Emerg Drugs 2002;7(1):47-59. 

42. Palliser CC, Parry DA. Quantitative comparison of the ability of hydropa-
thy scales to recognize surface beta-strands in proteins. Proteins 
2001;42(2):243-255. 

43. Wilce M, Aguilar, M-I, Hearn, MTW Physicochemical basis of amino acid 
hydrophobicity scales: Evaluation of four new scales of amino acid hydro-
phobicity coefficients derived from RP-HPLC of peptides. Anal Chem 
1995;67(7):1210-1219. 

44. Hessa T, Kim H, Bihlmaier K, Lundin C, Boekel J, Andersson H, Nilsson I, 
White SH, von Heijne G. Recognition of transmembrane helices by the en-
doplasmic reticulum translocon. Nature 2005;433(7024):377-381. 

45. Wieprecht T, Apostolov O, Beyermann M, Seelig J. Thermodynamics of 
the alpha-helix-coil transition of amphipathic peptides in a membrane envi-
ronment: implications for the peptide-membrane binding equilibrium. J 
Mol Biol 1999;294(3):785-794. 

46. White SH, Wimley WC. Hydrophobic interactions of peptides with mem-
brane interfaces. Biochim Biophys Acta 1998;1376(3):339-352. 

47. Huang HW. Molecular mechanism of antimicrobial peptides: the origin of 
cooperativity. Biochim Biophys Acta 2006;1758(9):1292-1302. 



 58 

48. Futaki S, Suzuki T, Ohashi W, Yagami T, Tanaka S, Ueda K, Sugiura Y. 
Arginine-rich peptides. An abundant source of membrane-permeable pep-
tides having potential as carriers for intracellular protein delivery. J Biol 
Chem 2001;276(8):5836-5840. 

49. Gurtovenko AA, Onike OI, Anwar J. Chemically induced phospholipid 
translocation across biological membranes. Langmuir 2008;24(17):9656-
9660. 

50. Evans F, Wennerström H. The colloidal domain. New York: Wiley-VCH; 
1999. 

51. Epand RM. Lipid polymorphism and protein-lipid interactions. Biochim 
Biophys Acta 1998;1376(3):353-368. 

52. Needham D, Nunn RS. Elastic deformation and failure of lipid bilayer 
membranes containing cholesterol. Biophys J 1990;58(4):997-1009. 

53. Pouny Y, Rapaport D, Mor A, Nicolas P, Shai Y. Interaction of 
antimicrobial dermaseptin and its fluorescently labeled analogues with 
phospholipid membranes. Biochemistry 1992;31(49):12416-12423. 

54. Matsuzaki K, Murase O, Fujii N, Miyajima K. An antimicrobial peptide, 
magainin 2, induced rapid flip-flop of phospholipids coupled with pore 
formation and peptide translocation. Biochemistry 1996;35(35):11361-
11368. 

55. Pokorny A, Birkbeck TH, Almeida PF. Mechanism and kinetics of delta-
lysin interaction with phospholipid vesicles. Biochemistry 
2002;41(36):11044-11056. 

56. Ehrenstein G, Lecar H. Electrically gated ionic channels in lipid bilayers. Q 
Rev Biophys 1977;10(1):1-34. 

57. Miteva M, Andersson M, Karshikoff A, Otting G. Molecular 
electroporation: a unifying concept for the description of membrane pore 
formation by antibacterial peptides, exemplified with NK-lysin. FEBS Lett 
1999;462(1-2):155-158. 

58. Arouri A, Dathe M, Blume A. Peptide induced demixing in PG/PE lipid 
mixtures: A mechanism for the specificity of antimicrobial peptides 
towards bacterial membranes? Biochim Biophys Acta 2008. 

59. Brogden KA. Antimicrobial peptides: pore formers or metabolic inhibitors 
in bacteria? Nat Rev Microbiol 2005;3(3):238-250. 

60. Yeagle P. The membranes of cells. San Diego: Academic Press, Inc.; 1993. 
61. Cevc G. Phospholipids handbook. New York: Marcel Dekker, Inc.; 1993. 
62. Lugtenberg EJ, Peters R. Distribution of lipids in cytoplasmic and outer 

membranes of Escherichia coli K12. Biochim Biophys Acta 
1976;441(1):38-47. 

63. Yeaman MR, Yount NY. Mechanisms of antimicrobial peptide action and 
resistance. Pharmacol Rev 2003;55(1):27-55. 

64. Omi T, Kajii E, Ikemoto S. The electrokinetic behavior of red blood cells 
from a patient with Tn syndrome by Doppler electrophoretic light 
scattering analysis. Tohoku J Exp Med 1994;174(4):369-377. 

65. Soni KA, Balasubramanian AK, Beskok A, Pillai SD. Zeta potential of 
selected bacteria in drinking water when dead, starved, or exposed to 
minimal and rich culture media. Curr Microbiol 2008;56(1):93-97. 



 59

66. Arora A, Raghuraman H, Chattopadhyay A. Influence of cholesterol and 
ergosterol on membrane dynamics: a fluorescence approach. Biochem 
Biophys Res Commun 2004;318(4):920-926. 

67. Davis JH, Clair JJ, Juhasz J. Phase equilibria in DOPC/DPPC-
d62/cholesterol mixtures. Biophys J 2009;96(2):521-539. 

68. Thewalt J, Kitson N, Araujo C, MacKay A, Bloom M. Models of stratum 
corneum intercellular membranes: the sphingolipid headgroup is a 
determinant of phase behavior in mixed lipid dispersions. Biochem 
Biophys Res Commun 1992;188(3):1247-1252. 

69. Vist MR, Davis JH. Phase equilibria of 
cholesterol/dipalmitoylphosphatidylcholine mixtures: 2H nuclear magnetic 
resonance and differential scanning calorimetry. Biochemistry 
1990;29(2):451-464. 

70. Clarke JA, Heron AJ, Seddon JM, Law RV. The diversity of the liquid 
ordered (Lo) phase of phosphatidylcholine/cholesterol membranes: a 
variable temperature multinuclear solid-state NMR and x-ray diffraction 
study. Biophys J 2006;90(7):2383-2393. 

71. Filippov A, Oradd G, Lindblom G. The effect of cholesterol on the lateral 
diffusion of phospholipids in oriented bilayers. Biophys J 2003;84(5):3079-
3086. 

72. Halling KK, Ramstedt B, Nystrom JH, Slotte JP, Nyholm TK. Cholesterol 
interactions with fluid-phase phospholipids: effect on the lateral 
organization of the bilayer. Biophys J 2008;95(8):3861-3871. 

73. Henriksen J, Rowat AC, Ipsen JH. Vesicle fluctuation analysis of the 
effects of sterols on membrane bending rigidity. Eur Biophys J 
2004;33(8):732-741. 

74. Smaby JM, Momsen MM, Brockman HL, Brown RE. Phosphatidylcholine 
acyl unsaturation modulates the decrease in interfacial elasticity induced by 
cholesterol. Biophys J 1997;73(3):1492-1505. 

75. Lange Y, Dolde J, Steck TL. The rate of transmembrane movement of 
cholesterol in the human erythrocyte. J Biol Chem 1981;256(11):5321-
5323. 

76. Makino K, Yamada T, Kimura M, Oka T, Ohshima H, Kondo T. 
Temperature- and ionic strength-induced conformational changes in the 
lipid head group region of liposomes as suggested by zeta potential data. 
Biophys Chem 1991;41(2):175-183. 

77. Moncelli MR, Becucci L, Guidelli R. The intrinsic pKa values for 
phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine in 
monolayers deposited on mercury electrodes. Biophys J 1994;66(6):1969-
1980. 

78. Roy MT, Gallardo M, Estelrich J. Influence of Size on Electrokinetic 
Behavior of Phosphatidylserine and Phosphatidylethanolamine Lipid 
Vesicles. J Colloid Interface Sci 1998;206(2):512-517. 

79. Boström M, Williams DRM, Ninham BW. Surface tension of electrolytes: 
Specific ion effects explained by dispersion forces. Langmuir 
2001;17(15):4475-4478. 



 60 

80. de Feijter JA, Benjamins J, Veer FA. Ellipsometry as a tool to study the 
adsorption behavior of synthetic and biopolymers at the air-water interface. 
Biopolymers 1978;17(7):1759-1772. 

81. Walde P, Ichikawa S. Enzymes inside lipid vesicles: preparation, reactivity 
and applications. Biomol Eng 2001;18(4):143-177. 

82. Einstein A. Über die von der molekularkinetischen theorie der wärme 
geforderte bewegung von in ruhenden flüssigkeiten suspendierten teilchen. 
Annalen der Physik 1905;322(8):549-560. 

83. Smoluchowski Mv. Contribution à la théorie de l’endosmose électrique et 
de quelques phenomènes corrélatifs. Bull Intren Acad Sci Cracovie 
1903;8:182-200. 

84. Lotte K, Plessow R, Brockhinke A. Static and time-resolved fluorescence 
investigations of tryptophan analogues--a solvent study. Photochem 
Photobiol Sci 2004;3(4):348-359. 

85. Eftink MR. Fluorescence techniques for studying protein structure. 
Methods Biochem Anal 1991;35:127-205. 

86. Vivian JT, Callis PR. Mechanisms of tryptophan fluorescence shifts in 
proteins. Biophys J 2001;80(5):2093-2109. 

87. Whitmore L, Wallace BA. Protein secondary structure analyses from 
circular dichroism spectroscopy: methods and reference databases. 
Biopolymers 2008;89(5):392-400. 

88. Schagger H, von Jagow G. Tricine-sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis for the separation of proteins in the range from 1 to 100 
kDa. Anal Biochem 1987;166(2):368-379. 

89. Raghuraman H, Chattopadhyay A. Melittin: a membrane-active peptide 
with diverse functions. Biosci Rep 2007;27(4-5):189-223. 

90. Yang L, Harroun TA, Weiss TM, Ding L, Huang HW. Barrel-stave model 
or toroidal model? A case study on melittin pores. Biophys J 
2001;81(3):1475-1485. 

91. Benachir T, Lafleur M. Study of vesicle leakage induced by melittin. 
Biochim Biophys Acta 1995;1235(2):452-460. 

92. Ohki S, Marcus E, Sukumaran DK, Arnold K. Interaction of melittin with 
lipid membranes. Biochim Biophys Acta 1994;1194(2):223-232. 

93. Rex S. Pore formation induced by the peptide melittin in different lipid 
vesicle membranes. Biophys Chem 1996;58(1-2):75-85. 

94. Benachir T, Monette M, Grenier J, Lafleur M. Melittin-induced leakage 
from phosphatidylcholine vesicles is modulated by cholesterol: a property 
used for membrane targeting. Eur Biophys J 1997;25:201-210. 

95. Rex S, Bian J, Silvius JR, Lafleur M. The presence of PEG-lipids in 
liposomes does not reduce melittin binding but decreases melittin-induced 
leakage. Biochim Biophys Acta 2002;1558(2):211-221. 

96. Immordino ML, Dosio F, Cattel L. Stealth liposomes: review of the basic 
science, rationale, and clinical applications, existing and potential. Int J 
Nanomedicine 2006;1(3):297-315. 

97. Allende D, Simon SA, McIntosh TJ. Melittin-induced bilayer leakage 
depends on lipid material properties: evidence for toroidal pores. Biophys J 
2005;88(3):1828-1837. 



 61

98. Lewis JR, Cafiso DS. Correlation between the free energy of a channel-
forming voltage-gated peptide and the spontaneous curvature of bilayer 
lipids. Biochemistry 1999;38(18):5932-5938. 

99. Rawicz W, Olbrich KC, McIntosh T, Needham D, Evans E. Effect of chain 
length and unsaturation on elasticity of lipid bilayers. Biophys J 
2000;79(1):328-339. 

100. Toraya S, Nishimura K, Naito A. Dynamic structure of vesicle-bound 
melittin in a variety of lipid chain lengths by solid-state NMR. Biophys J 
2004;87(5):3323-3335. 

101. Jing W, Demcoe AR, Vogel HJ. Conformation of a bactericidal domain of 
puroindoline a: structure and mechanism of action of a 13-residue 
antimicrobial peptide. J Bacteriol 2003;185(16):4938-4947. 

102. Butterfield SM, Patel PR, Waters ML. Contribution of aromatic 
interactions to alpha-helix stability. J Am Chem Soc 2002;124(33):9751-
9755. 103. Chan DI, Prenner EJ, Vogel HJ. Tryptophan- and arginine-rich 
antimicrobial peptides: structures and mechanisms of action. Biochim 
Biophys Acta 2006;1758(9):1184-1202. 

104. Shi Z, Olson CA, Kallenbach NR. Cation-pi interaction in model alpha-
helical peptides. J Am Chem Soc 2002;124(13):3284-3291. 

105. Bessalle R, Kapitkovsky A, Gorea A, Shalit I, Fridkin M. All-D-magainin: 
chirality, antimicrobial activity and proteolytic resistance. FEBS Lett 
1990;274(1-2):151-155. 

106. Hong SY, Oh JE, Lee KH. Effect of D-amino acid substitution on the 
stability, the secondary structure, and the activity of membrane-active 
peptide. Biochem Pharmacol 1999;58(11):1775-1780. 

107. Pasupuleti M, Schmidtchen A, Chalupka A, Ringstad L, Malmsten M. End-
tagging of ultra-short antimicrobial peptides by W/F stretches to facilitate 
bacterial killing. Submitted. 

108. Schmidtchen A, Pasupuleti M, Mörgelin M, Davoudi M, Alenfall J, 
Chalupka A, Malmsten M. Boosting antimicrobial peptides by hydrophobic 
amino acid end-tags. Submitted. 

109. Bondeson J, Sundler R. Promotion of acid-induced membrane fusion by 
basic peptides. Amino acid and phospholipid specificities. Biochim 
Biophys Acta 1990;1026(2):186-194. 

110. Wender PA, Mitchell DJ, Pattabiraman K, Pelkey ET, Steinman L, 
Rothbard JB. The design, synthesis, and evaluation of molecules that 
enable or enhance cellular uptake: peptoid molecular transporters. Proc 
Natl Acad Sci U S A 2000;97(24):13003-13008. 

111. Meng H, Kumar K. Antimicrobial activity and protease stability of peptides 
containing fluorinated amino acids. J Am Chem Soc 2007;129(50):15615-
15622. 

112. Shah R, Kim J, Agresti J, Weitz D, Chu L. Fabrication of monodisperse 
thermosensitive microgels and gel capsules in microfluidic devices. Soft 
Matter 2008;4:2303-2309. 

 
 



�	��,��+�
�������,���������
��������	
��������������������
�������������������
��
�
��������������
������������

�����
*����������-�����.	)��/��-���
�	/

����	��
�������
������-
�������.	)��/��-���
�	/0�,����
,��+�
���/0����)�)��/���)��
/��-���)���
��-����
�1���-��
	�������-�����	�������������
������
��2�������3�
��������

���
	�����

���0������������)��
/�������������
��)���
����
�������/���
�)4��������
������4����5���
������+�
�)��
�����-�,����������
�������-
�������.	)��/��-
��
�	/1�6�
��
����7�)
/0�$(("0�������
��������)�������
)���
�����������85���
������+���)��
�����-�,����
�����
�������-
�������.	)��/��-���
�	/91:

����
��)����*��)���	�����1))1��
)
�*���*��*))*��+# ((�!!

����
����	
�������
�����	����
������
����


	Abstract
	List of Papers
	Abbreviations
	Introduction
	Antimicrobial peptides
	The discovery
	Role in disease and therapy
	Molecular characteristics
	Driving force for adsorption
	Mechanisms for membrane disruption

	Phospholipid membranes
	Bacterial membranes
	Mammalian membranes
	The role of cholesterol
	Model membranes


	Aims of the thesis
	Methods
	Ellipsometry
	Liposome preparation
	Dynamic light scattering and zeta potential
	Fluorescence spectroscopy
	Circular dichroism
	Peptide gel electrophoresis

	Results and discussion
	Effects of membrane composition
	Paper I
	Paper II

	Effects of peptide composition
	Paper III
	Paper IV


	Conclusions
	Outlook
	Populärvetenskaplig sammanfattning: Antimikrobiella peptiders membraninteraktion – Ett bidrag till utvecklandet av en ny kategori antibiotika
	Acknowledgements
	References

