








ABSTRACT

Peptide-membrane interactions can trigger different 
physiological mechanisms, e.g. perturbation of phospholipid bilayers 
by pore-formation or carpeting, cell toxicity, lysis of phospholipid 
vesicles and peptide internalization or aggregation. The so-called 
cell-penetrating peptides (CPPs) are a class of peptides that have 
been proven to translocate across membranes of live cells, even 
when complexed with large cargoes, while exhibiting low levels of 
cell toxicity. The translocation property is not only important for the 
development of new, non-invasive drug-delivery systems, but can 
also explain disease-related mechanisms. This thesis focuses on the 
properties of peptides derived from the Prion, Doppel and Influenza 
haemagglutinin proteins in the context of bilayer interactions with 
model membranes and live cells. The studies involve mainly 
spectroscopic techniques like fluorescence, fluorescence correlation 
spectroscopy (FCS), circular and linear dichroism (CD and LD), 
confocal fluorescence microscopy and NMR. 

The N-terminal signal sequence (residues ~ 1-22) of the prion 
protein (PrP) is usually cleaved off during maturation, but under 
certain conditions it remains in place. Together with the subsequent 
nuclear localization-like sequence (residues 23-28 in mouse and 25-
30 in cow PrP), the peptide sequence resembles a CPP. mPrPp(1-
28), corresponding to the first 28 amino acids of the mouse PrP, 
was shown to translocate across cell membranes, but concomitantly 
caused cell toxicity.

The membrane perturbing effects of mPrPp(1-28) were 
compared to the effects of its bovine counterpart bPrPp(1-30), the 
strongly perturbing bee venom melittin and the non cell toxic CPP 
penetratin in membrane model systems comprised of large 
unilamellar vesicles (LUVs) with entrapped fluorescent dyes. The 
leakage induction potency was found to be melittin >> mPrPp(1-28) 
> bPrPp(1-30) >> penetratin. The potency was in most cases 
enhanced by interactions with partly acidic membranes. FCS 
confirmed that the vesicles were generally intact during this 
process. bPrPp(1-30) was shown by confocal fluorescence 
microscopy to enter live cells, with and without complexed gold 
particles, mainly via macropinocytosis.  

The mPrPp(23-50) peptide sequence overlaps with mPrPp(1-28) 
by six amino acids. The shared basic sequence (KKRPKP) was 



believed to encompass the driving force behind translocation, but 
mPrPp(23-50) was found to be unable to cross over cell membranes 
and had virtually no perturbing effect on membranes at all. 

 
The Doppel protein (Dpl), being a homologue and possibly an 
antagonist to PrP, also possesses a signal peptide at its N-terminus, 
that is followed by a basic sequence. The corresponding peptide, 
mDplp(1-30), was hence studied in terms of bilayer perturbation 
and changes in secondary structure induced by membrane 
interactions. NMR spectroscopy showed a high propensity for α-helix 
formation in micelles. 2H2O exchange experiments in bicelles implied 
a transmembrane configuration of the helix. Membrane perturbation 
studies on calcein-entrapping LUVs showed that mDplp(1-30) is 
almost as leakage-inducing as melittin and preliminary results 
indicate cell toxicity as well, thus suggesting a possible neurotoxic 
effect for the unprocessed Dpl. Subsequent studies of mDplp(1-30) 
associated with shear-deformed LUVs using LD corroborated its 
transmembrane orientation in the bilayer. The positioning of the 
mDplp(1-30) was compared to the orientation of the well-known 
CPP transportan, for which the induced α-helix was found to be 
more parallel to the bilayer surface.  

 
The influence on secondary structure and membrane positioning 

of two Influenza derived fusion peptides imposed by environmental 
changes was investigated with polarized light spectroscopic 
techniques. The native role of the fusion peptide derived from the 
Influenza haemagglutinin protein is to promote endosomal escape 
of the viral material via membrane merger. The native sequence did 
not exhibit significant pH sensitivity with respect to membrane 
interactions. Its α-helix was found to be obliquely inserted (60-65° 
relative to the membrane normal) at both physiological and 
endosomal pH, while the α-helicity increased from 39% to 44% as a 
result of the decreased pH. The glutamic acid enriched variant 
exhibited a heightened pH-sensitivity by changing its insertion angle 
from 70° to a magic angle alignment relative the membrane normal 
upon a drop in pH from 7.4 to 5.0. Concomitantly, the α-helical 
content dramatically rose from 18% to 52% in partly anionic 
membranes.  

 
This thesis will present the concept of membranes, give some 

background information about the three disease-related proteins 
from which the studied peptides are derived and discuss 
translocation and endosomal escape strategies in hope of shedding 
some light on effects induced by peptide-membrane interactions.   
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 INTRODUCTION  
 
Phospholipid Membranes 
 

Most biological membranes contain lipids as 
major constituents. Lipids all have polar headgroups 
and in most cases, two hydrocarbon tails. A double 
tail yields a cylindrical molecule that can easily be 
packed in parallel to form extended sheets of 
bilayers. Glycerophospholipids are the major class of 
naturally occurring phospholipids and lipids with 
phosphate-containing headgroups (shown in figure 
1) can all be considered to be derivatives of 
glycerol-3-phosphate.  

 
The second carbon in glycerol-3-phosphate is a 

chiral (asymmetric) centre and naturally occurring 
glycerol-phospholipids are derivatives of the L-
enantiomer. Usually the R1 and R2 substituents are 
acyl chains derived from fatty acids. One of them is 
often saturated, while the other is not. The R3 group 
varies greatly and is hence responsible for creating 
the largest variation in properties among the 
glycerophospholipids [1]. 

 
Another class of membrane lipids is built on the 

long-chain amino alcohol sphingosine. When a fatty 
acid is linked via an amide bond to the –NH2 group 
to sphingosine, the class of sphingolipids (referred 
to as ceramides) is obtained. Further modification 
by addition of groups to the hydroxyls, creates a 
variety of other membrane lipids. Among these, 
sphingomyelin (SM) is an important example. One 
hydroxyl group of SM is phosphorylated and a 
cationic group – choline (top of figure 1) is attached.  

 
Some lipids built on sphingosine contain 

carbohydrates and belong to the group 
glycosphingolipids, including molecules such as 
cerebrocides and gangliosides. Generally, lipids 
containing carbohydrate groups go under the name 
of glycolipids. Glycoproteins and glycolipids in the 
outer leaflet of a plasma membrane contribute, via 
their oligosaccharide chains, to the identification of 
cells [1]. 

Figure 1. POPC (1-
Palmitoyl-2-oleoyl-sn-
glycero-3-
phosphocholine), an 
example of a 
glycerophospholipid. 
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Cholesterol (figure 2A) is the most abundant steroid in the body. It is 
weakly amphipathic due to the hydroxyl group attached at the end of the 
molecule and resides in the hydrophobic interiors of membranes (figure 
2B).  

 
Cholesterol is quite bulky due to its 

three cyclohexane rings that are all in the 
chair stereochemical conformation [2]. 
The rigidity of the molecule tends to 
disrupt membrane regularity, but 
cholesterol also has a specific and 
complex effect on membrane fluidity. It 
does not influence the transition 
temperature of the membrane (going 
from a solid gel state to a liquid 
crystalline state), but rather broadens the 
transition interval of the membrane. This 
is most likely due to the fact that 
cholesterol has the ability to both stiffen 
the membrane above the transition 
temperature and inhibit the structure 
regularity below the transition 
temperature. There is evidence that 
variations in cholesterol content are used 
to regulate membrane behaviour in some 
organisms [1].  

Figure 2. A) Structure of 
cholesterol. B) Cholesterol 
in a phospholipid bilayer. 

 
Altogether, membranes of mammalian cells are comprised of more than 

2000 species of lipid molecules, including sphingolipids and sterols [3]. 
Since 1972 up until a few years ago, the lipid bilayer of eukaryotic plasma 
membranes had been regarded as a two-dimensional “fluid mosaic” [4]. In 
the liquid-crystal state of this  fluid mosaic, packing was thought to be 
loose and lateral diffusion relatively rapid [5]. This implied that all plasma 
membrane proteins should be subjected to random mixing and thus be 
uniformly dispersed in the liquid-crystal solvent. However, for several years 
evidence has accumulated for the existence of more than one lipid bilayer 
phase, namely a liquid-ordered (Lo) and a liquid-disordered (Ld) phase [6]. 
This presents an alternative to random mixing as postulated by the fluid 
mosaic-model. In addition to lateral movement, the “flip-flop” mechanism 
causes lipids to switch sides from one leaflet to the other. This motion is 
however much slower than lateral diffusion. Integral membrane proteins on 
the other hand, almost never flip in the plasma membrane [1].  

 
Sphingolipids (containing mostly saturated aliphatic hydrocarbon 

chains), phospholipids with relatively long, saturated acyl chains and 
cholesterol form the Lo-phase. The bulk phospholipids on the other hand, 
composed of glycerophospholipids with polyunsaturated fatty acids, form 
the Ld-phase. The difference in phase propensity is thought to drive the 
lateral separation of Lo and Ld in the plane of the membrane [7]. 
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Cholesterol plays a key role in supporting and enhancing the tendency of 
saturated phospholipids and sphingolipids to segregate from unsaturated 
phospholipids in membranes [8] by forming lipid rafts.  

 
Rafts are highly dynamic membrane domains whose concept is still 

under debate. The term “lipid raft” [9] describes specialized, detergent-
resistant microdomains (DRM), isolated by their insolubility in non-ionic 
detergents at 4 °C, that are enriched in cholesterol, sphingomyelin and 
glycolipids [10]. The bilayer asymmetry, determined by the unique 
composition of the outer leaflet in the lipid rafts which leads to an increased 
intrinsic bilayer curvature, is believed to be the basis of processes such as 
budding, fission, plasma membrane invagination, etc. [11]. Studies indicate 
that raft microdomains are the sites of budding of several viruses, such as 
the Influenza virus [12] and together with actin filaments, raft-rich areas 
can form thread-like filopodial projections, called cytonemes [13].  

 

Presumably, rafts have the ability to move laterally on cell surfaces and 
may coalesce into large structures called super rafts, that can become 500 
nm wide [13]. This fusion process enables new protein-protein interactions 
between proteins originally located on separate rafts [7]. The most 
common protein-raft associations take place via transmembrane domains 
(TMDs) or hydrophobic tails (such as GPI-anchors, N-myristolation or S-
palmitoylation).  

 
Glycosylphosphatidylinositol (GPI)-anchoring directs proteins to bind at 

the cell surface or at the lumen side (internal space) of the Endoplasmic 
Reticulum (ER). Acylation, protein-protein and protein-lipid interactions on 
the other hand, allow cytoplasmic proteins to interact with the cell 
membrane from the cytoplasmic side [7]. 

 
In studies regarding peptide-membrane interactions, either live cells or 

membrane mimetic systems in the form of micelles, bicelles and Large 
Unilamellar Vesicles (LUVs) (figure 3) were used. Micelles and bicelles are 
useful in NMR experiments since LUVs cause broadening of the spectral 
lines due to their slow diffusion in solution. There are however many 
experimental advantages with LUVs in other techniques. Not only can the 
chosen composition of lipids reflect different properties (such as surface 
charge and membrane rigidity), but the chemical environment of the LUVs’ 
interior and exterior can be varied. Peptides do not experience the same 
sharp curvature when interacting with LUV surfaces, as they do when in 
contact with micelles. The interaction thus results in more natural binding 
configurations whose details may reflect the governing properties behind 
ongoing peptide-membrane interactions in vivo.  

 
Bicelles are coin-shaped structures that are smaller than LUVs, but still 

provide the peptides with a flat surface for interaction. The size and shape 
of a bicelle is largely determined by the ratio of short aclychained 
detergents and long acylchained phospholipids. The ratio is gives as a q-
value for a given bicelle. The detergents are believed to place themselves 
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predominantly at the circumference while the phospholipids arrange 
themselves in a bilayer. The bicelles used in our NMR experiments were 
composed of deuturated DMPC and DHPC at a q-value of 0.25. 

 
During the course of experiments described in this thesis, LUVs were 

formed by the hydration of dried lipid films of desired compositions. After 
extensive vortexing, freezing and toughing, the suspensions were pushed 
through a membrane of fixed pore size (100 nm, 21 times) using an 
extruder. In some experiments the LUVs were filled with either calcein, 
rhodamine or ANTS/DPX to study leakage induced by membrane perturbing 
peptides. Also, membrane probes such as DPH and retinoic acid were used 
to observe changes in membrane anizotropy upon peptide binding.  

 

 
 
Figure 3. Schematic cross-sections of a LUV, a micelle, a bicelle and a phospholipid 
bilayer. A micelle’s diameter is the same as the thickness of the bilayer, while LUVs 
usually are ~ 100 nm in diameter and the disc shaped bicelles ~ 40 nm, depending 
on the ratio between detergents and lipids.  
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The Prion Protein (PrP) 
 

Transmissible Spongiform Encephalopathies (TSEs), also known as 
Prion diseases, are fatal disorders that can appear in most mammals 
causing a spongiform degeneration of the central nervous system (CNS). 
These neurodegenerative disorders can be hereditary, caused by infection 
or appear sporadically. The cause of the disease is believed to be a 
conformational change of the cellular, benign form of the Prion protein 
(PrPC) into the, infectious scrapie isoform (PrPSc) that may be neurotoxic 
[14, 15].  

 
The theory stating that PrPSc might be the only agent responsible for 

the TSE infectivity is supported by evidence from studies on transgenic 
knockout mice that are totally resistant to the disease when lacking PrP 
[16]. Furthermore, the amounts of PrP mRNA transcripts in the brain do not 
rise as disease progresses [17]. As yet, researchers have however not been 
able to convincingly prove the “protein-only” theory and induce a 
transmissible neurological disease with PrPSc generated by in-vitro 
conversion [18]. 
 

PrPSc is resistant to protein K digestion and forms insoluble aggregates, 
whereas PrPC is monomeric and highly susceptible to proteolytic digestion 
[19, 20]. The PrPC adopts a predominantly α-helical conformation. It has 
been shown by x-ray crystallography and NMR to have three α-helices at 
the C-terminal part (two of which are interlinked by a disulphide bridge) 
and an unstructured N-terminus up to residue 120 [21, 22].  

 
The structure of PrPSc, having a high β-sheet 

content (> 30%), has not yet been solved due to 
its innate amyloid nature and strong tendency for 
self-aggregation and fibril formation [23]. 
However, crystallographic studies conducted on 
the human PrP dimer, showed the formation of a 
two-stranded, antiparallel β-sheet formed out of 
the second helix in both subunits, suggesting an 
initial step for oligomerization [21] (figure 4).  

 
Figure 4. Top) The bovine PrP determined by NMR [24] 
(PDB structure 1dx0) (N-terminus not shown). Bottom) 
Hypothetical structure of PrPSc monomer. Illustration 
reprinted with permission from Dr. Cohen. 
 

 

Once PrPSc is formed, it appears to 
accumulate in late endosomes, lysosomes and on 
the cell surface [25-27]. When found in 
extracellular spaces, it forms amorphous deposits, 
diffuse fibrils or dense amyloid plaques [28]. 
While PrPC is harmless to neurons, the 
extracellular PrPSc aggregates are neurotoxic [29]. 
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Neither the mechanism behind the neurotoxicity of PrPSc, nor the cellular 
role of the native PrPC is yet fully understood. However, for the native 
protein several roles have been proposed involving cell adhesion [30, 31], 
signal transduction [32, 33], copper metabolism [34-37], neuron-protection 
[38-43], neurotransmitter metabolism [44-48] and antioxidant activity [35, 
49-52].  
 

PrP is encoded by PRNP – a small single-copy gene with three exons 
located on chromosome 20. It is expressed at highest levels on the surfaces 
of neurons [17] and glia cells of the CNS [14, 53, 54], possibly residing 
presynaptically [55].  

 
The PrPC is synthesized as a ~ 253 amino acid polypeptide chain 

(depending on source) from which the first ~ 22 amino acids (the signal 
peptide) are cleaved off shortly after translation commences. At the C-
terminus, we find another signal peptide corresponding to the last ~ 22 
residues. The role of the N-terminal signal peptide is to direct PrP to the ER 
where simple N-linked oligosaccharides and a C-terminal GPI-anchor 
(residue ~ 230) are added during posttranslational processing [56].  

 
Most of the PrP then travels through the Golgi apparatus (where further 

oligosaccharide modifications take place) and finally ends up at the outer 
leaflet of the cell membrane. Here, it is held in place by the GPI-anchor 
[57],  which is also believed to attach the protein to the ER at an early step 
of PrPC formation. Like other GPI-anchored proteins, PrPC is predominantly 
attached to rafts [25, 58-60].  
 

PrPC can adopt multiple membrane topologies [61-65] (figure 5). 
Besides the GPI-anchored forms of PrPC, a soluble, anchorless variant has 
been found in the ER. Two different transmembrane forms CtmPrP and NtmPrP 
(with either the C- or the N-terminus at the lumen side) are first associated 
with the ER membrane and then become transported to the cell surface. 
The CtmPrP form has been postulated to cause neurodegeneration since it 
has been found in damaged mice brains where PrPSc was absent [62]. The 
two transmembrane forms span the lipid bilayer via a common 
transmembrane segment composed of residues 113-135 [66, 67] (figure 
7).  

 
It is still unclear how GPI-anchoring correlates to infectivity. A 

anchorless, soluble form of PrP shows higher propensity for PrPSc 
conversion in vitro than does the GPI-anchored form [68], but at the same 
time the anchor seems vital for the development of a symptomatic disease 
[69].  

 
In order for the infective agent (presumably PrPSc) to cause neuronal 

degeneration it must first reach the CNS and the brain. This requires a 
passage through the blood brain barrier (BBB) and perhaps also through 
the epithelial cells separating the digestive tracts from the blood stream. 
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Figure 5. Bovine PrP (PDB code 1dwy) attached to a schematic, copper binding N-
terminus. Two of the PrP forms span the ER membrane with either the N- or C-
terminus facing the cytosolic side. Some forms lack the N-terminal signal sequence, 
while some retain it. Not all forms are attached to the membrane via the C-terminal 
GPI-anchor.  
 

A study using radioactively labelled, highly purified murine PrPSc, 
explored the possibility of PrP passing through the BBB directly [70]. A 
rapid uptake of PrPSc from the vascular space into both brain and 
cerebrospinal fluid (CSF) was found. Uptake rates were at least 10 times 
faster than those of other toxic glycoproteins [71-73] and even that of 
morphine [74]. Therefore, PrPSc is well within the range of uptake rates 
measured for substances known to affect the CNS. In comparison, albumin 
was not taken up by the brain during the course of experiments, showing 
that PrPSc did not disrupt the BBB [74]. 

 
Experiments involving model membranes show that PrPC and PrPSc have 

different binding affinities to lipid bilayers and exhibit different pH-
dependent binding behaviour [20, 75]. The binding of PrPC and PrPSc to 
negatively charged lipid membranes result in increased β-sheet content, 
which destabilizes the membrane and leads to amorphous aggregates of 
PrP. Binding of PrPC to raft membranes composed of 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), cholesterol and sphingomyelin, increases 
its α-helical structure, which does not destabilize the lipid membrane or 
lead to protein aggregation. Binding of PrPSc to rafts has been suggested to 
partially unfold the protein and induce fibrillization, but without destabilizing 
the lipid membrane either [20, 75]. 
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The Doppel Protein (Dpl) 
 

16 kb downstream of 
PRNP, a gene (PRND) 
coding for a PrP homologue 
called the Doppel protein 
(German for “double”) or 
Dpl (downstream Prion 
protein-like protein) is 
found. Dpl was the first PrP 
homologue to be described 
in mammals and it is 
controlled by the PrP 
promoter [76]. Just like PrP 
it contains a GPI-anchor 
and three α-helices that are 
similar to those of PrP 
(compare figures 4 and 6).  

Figure 6. Left) The human Dpl (PDB structure 
1lg4).  Right) Mouse Dpl (PDB structure 1i17).  

 
The function of neither Dpl nor PrP is well understood, but the two 

proteins seem to possess an antagonistic effect (possibly through 
competitive ligand binding) [77]. Doppel has the ability to bind copper ions 
in a selective manner in vitro [33] and displays ~ 25% primary sequence 
identity with the C-terminal two-thirds of PrP, besides exhibiting a similar 
topography (figure 7). 
 

The Dpl locus produces two major transcripts of 1.7 and 2.7 kb, as well 
as unusual chimeric transcripts generated by intergenic splicing with PRNP. 
Like PrP, Dpl mRNA is expressed during embryogenesis, but in contrast to 
PrP, it is expressed at low levels in the adult CNS and at high levels in the 
testis. Absence of Dpl has been shown to cause sterility in male mice [78].  

 
Dpl is upregulated in the CNS in Prnp0/0 lines of transgenic mice that 

develop late-onset ataxia (symptom of incoordination due to neuronal 
damage) and Purkinje cell degeneration. The Prnp0/0 lines that do not 
develop ataxia show no signs of upregulation. These findings suggest that 
Dpl may provoke neurodegeneration in PrP-deficient mice and could also 
explain why some lines of Prnp0/0 mice develop cerebral dysfunctions and 
Purkinje cell death, while others do not [79].   

 
Dpl seems therefore to be neurotoxic, causing apoptotic death in 

cerebral neurons of transgenic mice, whereas PrPC plays a neuroprotective 
role [41, 77, 80]. Deletion of large portions of the N-terminus of PrP 
(PrPΔ32-121) makes the protein resemble Dpl and this truncated form of 
PrP induces the same pro-apoptotic mechanism in transgenic mice as Dpl 
[77]. Even though PrP and Dpl have so far not been proven to interact 
directly [81], their reaction pathways may very well be interlinked. The 
truncated form of PrP (122-235 or 135-235) is a likely candidate for being a 
Dpl competitor [33].   
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Figure 7. Schematic view of the Prion and Doppel proteins of cerebral granule 
neurons in transgenic mice [77]. The B/B’ -helix designates an α-helix with a kink. 
TM corredponds to the transmembrane segment and GPI designates the GPI-anchor. 
The PrP has one S-S bond, while Dpl has two.  

 
Overexpression of PrP has been shown to abrogate ataxia correlated 

with Dpl-expression in the brain [82], but it has also been shown that Dpl 
has no influence on TSE induced in transgenic mice [83, 84]. Therefore, the 
functional relationship between the two proteins seems very complex.  

 
In spite of the homology between PrP and Dpl, the latter is not believed 

to have the ability to convert into a protease-resistant form analogous to 
PrPSc. Neither is it believed to support the Prion replication mechanism [84, 
85], even when one of the Dpl disulfide bridges has been removed [81]. 
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The Haemagglutinin Protein (HA) 
 

The name haemagglutinin, (HA) (or hemagglutinin), is derived from 
this proteins’ ability to agglutinate (glue together) erythrocytes in vitro. It 
is a glycoprotein found on the surface of the Influenza virus, as well as on 
other viruses and even bacteria. Its role is to bind to the N-
acetylneuraminic acid (generically called sialic acid) of the target host cell’s 
receptors. After binding, the virus particle becomes incorporated into the 
host cell via receptor-mediated endocytosis. When the pH inside the 
endosome drops to ~ 5-6, haemagglutinin alters conformation and 
becomes a membrane fusion facilitator allowing a merger between the viral 
membrane and the endosomal membrane of the host cell [86]. The 
membrane enveloped Influenza virus thus looses its membrane during the 
release of viral material into the cytosol, but regains it again during the 
budding process that concludes its life cycle [87].  
 

The Influenza virus belongs to the Orthomyxoviridae family which has 
three subtypes; A, B and C [88]. In 1892 Richard Pfeiffer isolated a 
bacterium, Hemophilus Influenzae, which he believed to be the cause of the 
flu and that later gave Influenza its name. Influenza type A is divided into 
subgroups which differ in their content of haemagglutinin and 
neuraminidase subtypes. Currently 16 haemagglutinin and 9 neuraminidase 
(NA) subunits are known [89] out of which H1 – H3 have the ability to 
infect human cells.  

 
The haemagglutinin 

precursor HA0 is further 
divided into two parts by 
proteolytic cleavage; HA1 and 
HA2 [90]. The separation is 
believed to be necessary for 
activation of HA since it is 
followed by a conformational 
change that separates the 
earlier linked N-terminus of 
HA1 and C-terminus of HA2 by 
approximately 20 Å [91, 92].  
 
Figure 8. The haemagglutinin 
monomer (left) is composed of a 
HA1 (gray) and HA2 (white) 
subunit. On the right, the 
homotrimer (PDB file 1RUZ) of the 
1918 Influenza virus [93]. 

 
The C-terminal part of HA2 spans the viral membrane once anchoring 

the whole HA protein [94], while the HA1 subunit carries the recognition 
part for the sialic acid and is located entirely outside the viral membrane. 
Haemagglutinin forms homotrimers [95] (shown in figure 8) on the surface 
of the virus that are stabilized by hydrophobic interactions between the 
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major α-helices found in the HA2 subunit. It has been proposed that a 
minimum of 3-4 trimers are necessary to induce membrane fusion [96].  

 
The so-called fusion peptide is comprised of the N-terminal part of the 

HA2 subunit. It is positioned inside the HA complex, ~ 30 Å above the viral 
membrane attachment site, at neutral pH [91]. When the pH drops to ~ 5-
6, HA undergoes a conformational change that enables the fusion peptide 
to interact with the endosomal membrane of the host (figure 9).  

 
 
Figure 9. The 
conformational change 
of the HA2 subunit. 
Left) The x-ray 
structure at pH 7.4 
(PDB file 1mql) [97]. 
Right) The x-ray 
structure at pH 5.0 
(PDB file 1htm) [98]. 
The α-helix formed 
after the 
conformational change 
is one of the longest 
discovered so far. 
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BIOACTIVE PEPTIDES 

Cell-Penetrating Peptides (CPPs) 

 
Cell-penetrating peptides (CPPs) are short, cationic (basic), water-

soluble molecules with the ability to translocate through various types of 
cell membranes [99-109]. In contrast to many pore-creating peptides, e.g. 
the European honeybee toxin melittin from Apis mellifera [110], they 
generally have a low lytic activity.  
 

CPPs contain segments similar to nuclear localization sequences (NLSs), 
which typically consist of a few consecutive lysines and arginines. The role 
of a NLS is to guide a protein through the nuclear pore complex into its 
rightful place in the nucleus. A commonly used NLS in research is 
PPKKKRKV. This sequence is derived from the Simian virus 40 and is the 
first NLS to be discovered [111]. The mode of action of a CPP differs from 
the one of a NLS however. The latter acts inside a cell and binds strongly to 
importin (which incorporates the NLS-bearing protein through the nuclear 
pore), while a CPP can cross a membrane without the help of a receptor. 
The translocation mechanisms of CPPs are not fully understood, but 
seemingly, chirality of the peptide is not relevant, the process is non-
celltype specific and endocytosis only explains part of the mechanism for 
some of the known CPPs.  

 
The field of CPP research begun in the late 1980s with the discovery of 

a translocative ability found in the human immunodeficiency virus type 1 
(HIV-1) Tat regulatory protein [99, 100]. A few years later, the 
translocative ability of the homeodomain of the Drosophila Antennapedia 
transcription factor was discovered. It was shown that the third helix 
(residues 43-58) was responsible for this ability and that the corresponding 
peptide, named penetratin or Antp, could carry large cargoes across cell 
membranes [103, 112]. Over the years, a variety of cargoes (often 
weighing many times the mass of the CPP) have been covalently linked or 
complexed with CPPs and successfully incorporated into cells. Among these 
we find PNA, nanoparticles, liposomes, oligonucleotides, polypeptides, etc. 
[113-117].  

 
More and more CPPs have been both discovered and constructed [109]. 

One example of a designed CPP is the chimeric sequence of transportan. It 
is comprised of the 12 N-terminal residues of galanin (a neuropeptide) 
interlinked with a lysine to mastoparan (a wasp venom from Paravespula 
lewisii) [105, 118]. The lysine residue replaced an original proline to make 
labelling and cargo attachment convenient, but turned out to make 
translocation more efficient in the process. Transportan has been show to 
efficiently transport cargoes such as peptides, PNA and proteins into live 
cells [106] without exhibiting high levels of cell toxicity. The internalization 
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of transportan is assumed to mainly take place via endocytotic pathways 
[119]. 

 
In the early years of CPP research, it was believed that endocytosis had 

been excluded as a possible route of entry since studies on fixed cells 
showed peptide translocation at 4°C when endocytosis is know to takes 
place at very slow rates. However, it was later shown that harsh cell 
fixation methods could generate false positive results. Before this 
discovery, it was believed that secondary structure and translocation ability 
were correlated and that an amphipathic helix was required for efficient 
translocation, but this model turned out to be too simplistic. Hence, the 
field shifted towards including the distribution of hydrophobic and 
hydrophilic residues of the primary sequence as well.  

 
Amphipathicity in itself was however shown early on to be insufficient 

for translocation since replacement of penetratin’s two tryptophans with 
phenylalanines, drastically decreased the translocation efficiency [102]. 
Similarly, simply a helical structure was also found to be insufficient since a 
penetratin variant containing three prolines has been shown to cross cell 
membranes [103] and opioid dynorphin peptides are believed to 
translocate in a random coli conformation [120]. Neither is a positive 
charge sufficient in itself to induce translocation, since while polyarginines 
translocate efficiently, polymers of Lys and His do not [121]. Moreover, 
branched polyarginines seem less efficient than linear ones [122].  

 
Endocytosis is today considered to be the main internalization 

mechanism for many CPPs, but some less understood processes still take 
place [123]. Most importantly, even though endocytosis can explain how 
peptides are able to enter cells, it does not explain how they translocate 
across the endosomal membranes. During endocytosis, the external 
environment of the cell becomes the internal environment of the formed 
endosome, hence leaving the peptides with the task of translocating across 
the exact same membrane. One immediate difference between the two 
environments however, is that the pH inside an endosome is known to 
decrease during its maturation. Hence, it is vital to investigate the peptides’ 
secondary structure conversions, changes in membrane interaction 
properties, differences in self-association etc. that may occur as a result of 
changes in pH or alterations of membrane compositions. 
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Peptides Derived from PrP, Dpl and HA 
 

Since the signal peptide of PrP is usually cleaved off by a signal 
peptidase acting in the lumen of the ER, it is common to study PrP without 
its first ~ 22 amino acids. It has however been shown that in some cases 
the Prion protein retains its N-terminal signal peptide [64] and that this 
particular sequence is associated with functions such as topogenesis and 
targeting [124-126]. It has also been proposed that it could induce the 
conversion of PrPC to PrPSc, hence making it neurotoxic [124, 127].  

 
As this signal peptide is highly hydrophobic in itself, it cannot readily be 

studied in aqueous solutions. The combination of the signal sequences with 
the subsequent KKRPKP however, not only makes it water soluble, but also 
turnes the new peptide construct into a possible CPP. We have therefore 
constructed this water soluble peptide corresponding to residues 1-30 of 
the bovine PrP, (abbreviated bPrPp(1-30)) and 1-28 of the mouse PrP 
(mPrPp(1-28), see table 1). Their hypothetical translocation ability was 
tested on both live cells and cell-mimetic systems. Both mPrPp(1-28) and 
its bovine counterpart bPrPp(1-30) turned out to be able to cross cell 
membranes of mammalian cells together with covalently linked cargoes, 
but concurrently proved to be rather cell toxic [127-129]. However, this 
suggests that these peptides could cross the BBB while dragging the rest of 
the Prion protein along as cargo, in spite of their toxic side effects.  

 
In order to find out how important the NLS-like sequence is for 

translocation ability, a peptide corresponding to amino acids 23-50 of the 
mouse Prion protein, denoted mPrPp(23-50), was synthesized. This 
sequence preserves the KKRPKP part, but places it on the N-terminal side 
of the new peptide instead. Previous studies have shown that CPPs can be 
equally efficient when their linear sequences are inverted or when they are 
constructed out of D-enantiomers [130]. This peptide turned out to have 
virtually no translocation ability and its toxicity levels were lower than that 
of penetratin [paper IV]. We thus concluded that the NLS-like part itself 
cannot be responsible for the translocation capability. The apparently 
needed hydrophobic counterpart might not necessary have to be directly 
linked the KKRPKP-sequence, but could in theory be located somewhere 
else in the protein. 

 
The N-terminus of the PrP homologue Dpl, constitutes a signal 

sequence (figure 7) out of which another signal sequence-associated 
peptide was constructed and investigated. The new mDplp(1-30) peptide 
corresponds to the first 30 N-terminal amino acids from mouse Dpl. It does 
not so obviously possess an NLS-like sequence, but the net charge of the 
last six C-terminal residues (KARGIK) is still positive. Surprisingly, this 
peptide proved to be more potent than any of the other PrP-derived 
peptides studied so far with regards to causing leakage from calcein 
entrapping vesicles. In fact, it proved to be almost as potent as melittin in 
this respect [131]. Preliminary studies involving live cells have so far only 
been conducted on human red blood cells (hRBCs) (see Results and 
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Discussion, paper III), but we expect that toxicity levels on cultured cells 
will correlate well with the leakage experiments. 

 
Curiously, the net charge of the fusion peptide derived from 

haemagglutinin (denoted HA2(1-23)) is -3, whereas all the other sequences 
mentioned so far bare a net positive charge (see table 1). Nevertheless, 
this fact does not seem to hinder the peptide-membrane interactions even 
when the membranes are negatively charged. HA2(1-23) induces 
substantial leakage in calcein entrapping LUVs at both pH 5.0 and 7.4, as 
does the glutamic acid enriched variant Inf7(1-23) (Oglęcka et al. 
unpublished results). The latter bears two additional negative charges and 
has been shown to be more pH-sensitive than HA2(1-23) [132] [paper V]. 
The two extra negative charges are hypothesized to stabilize an α-helical 
conformation upon a pH drop according to predictions based on the 
crystallographic data of HA2(1-23) [132].  

 
The secondary structures of some of the peptides in table 1 have been 

determined either by NMR or x-ray crystallography. Although the 
experimental conditions varied during structure determination, a rough 
comparison of their secondary structures is possible by studying figure 10. 
It is however important to note that the fusion peptide derived from HA2, is 
three amino acids shorter than the one studied in this thesis. 
 
Table 1. Comparison of some physical properties of the peptides discussed in this 
thesis. Aromatic residues are written in bold and charged ones in bold italic. The 
NLS-like sequence are underlined. * One-letter code corresponding to figure 10. † 
The average hydrophobicity calculated according to values devised by Kyte and 
Doolittle [133]. ‡ Net charge of the peptide. # Total number of residues. 
 
* Peptide Sequence 

 
† ‡ # 

A Transportan GWTLNSAGYLLGKINLKALAALAKKIL   0.63 +4 27 
B bPrPp(1-30) MVKSKIGSWILVLFVAMWSDVGLCKKRPKP   0.41 +5 30 
C mDplp(1-30) MKNRLGTWWVAILCMLLASHLSTVKARGIK   0.50 +6 30 

(D, E) HA2(1-23) GLFGAIAGFIENGWEGMIDGWYG   0.40 -3 23 
- Inf7(1-23) GLFEAIAEFIENGWEGMIDGWYG   0.00 -5 23 
F Penetratin RQIKWFQNRRMKWKK -1.73 +7 16 
G Melittin GIGAVLKVLTTGLPALISWIKRKRQQ   0.27 +5 26 
- mPrPp(1-28) MANLGYWLLALFVTMWIDVGLCKKRPKP   0.30 +3 28 
- mPrPp(23-50) KKRPKPGGWNTGGSRYPGQGSPGGNRTP -1.86 +6 28 
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Figure 10. The secondary structures of  
A) Transportan (25 NMR structures, PDB code 1smz) [134], 
B) bPrPp(1-30) (22 NMR structures, PDB code 1skh) [135],  
C) mDplp(1-30) (22 NMR structures, PDB code 1z65) [131],  
D) HA2(1-20), pH 5 (20 NMR structures, PDB code 1ibn [136], 
E) HA2(1-20), pH 7.4 (20 NMR structures, PDB code 1ibo) [136], 
F) Penetratin, pH 5.5 (20 NMR structures, PDB code 1omq) [137],  
G) Melittin (x-ray, PDB code 2mlt) - here shown as a monomer. 

 
An estimation of the threedimensional shapes of the peptides lacking 

NMR or x-ray structures can be deduced from Circular Dichroism (CD) 
spectra. According to these, the mPrPp(1-28) and mPrPp(23-50) both have 
the ability to form mixtures of α-helices and β-sheets when salt and peptide 
concentrations are favourable (Oglęcka et al., unpublished observations). 
They also show sensitivity towards prolonged exposure to room 
temperature with aggregation as a consequence. However, with freshly 
made solutions, mPrPp(23-50) does not show any significant structure 
induction in the presence of 20% negatively charged LUVs, while mPrPp(1-
28) undergoes a conversion from random coil to a mixture of α and β 
structure [paper IV]. 

 
In the case of HA2(1-23) and Inf7(1-23), the CD spectra show a 

moderate to high degree of α-helix induction in the presence of both 
neutral and 20% negatively charged LUVs, at pH 7.4 as well as pH 5.0 
[paper V]. We have attempts to resolve NMR structures in bicelles for these 
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fusion peptides have been made, but proved difficult due to signal 
broadening.  

 
The compiled experimental data suggests a general predisposition 

towards α-helix formation for the majority of the peptides in table 1, 
although their functions differ in the context of membrane interactions. 
Membrane perturbation potency and translocation efficiency can therefore 
not entirely depend on secondary structure. 

 
The distribution of hydrophobic and hydrophilic residues of all nine 

peptides is shown in figure 11. The two different views present two 
conformational extremes, showing primary and secondary amphipathicities. 
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Figure 11. Top) Helical wheel projections showing the distribution of hydrophobic 
and hydrophilic residues. Bottom) Primary sequences showing the corresponding 
distribution. 
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Internalization Mechanisms 
 

As mentioned earlier, translocation of a CPP across a lipid bilayer is 
receptor-independent, non cell-type specific [108] and cannot be fully 
explained by endocytosis becuse the CPP and its cargo have to escape the 
endosomal compartment in order to reach the cytosol. Alongside 
endocytosis, the most common translocation models proposed thus have to 
do with perturbation and thinning of the membrane bilayer itself.  

 
In the inverted micelle model (figure 

12a), a CPP is first associated to the 
membrane mainly through electrostatic 
interactions. The lipids are then believed to 
encapsulate the CPP in an inverted micelle 
[138]. Because the interactions between 
the hydrophilic tails of the lipids and 
hydrophilic environment are unfavourable, 
the membrane would still maintain a 
bilayar arrangement according to this 
model. A subsequent lipid rearrangement 
would, via the same mechanism, cause the 
CPP to enter the cytosolic side.  

 

Figure 12. Theoretical 
translocation models:  
A) Inverted micelle 
model. B) Carpet model.  
C) Pore formation. 

The carpet model [139-141] (figure 
12b), which has previously been suggested 
as a mechanism of action for antimicrobial 
peptides, also includes an initial association 
of the peptide with the membrane surface. 
Interactions between basic residues and 
negative lipid headgroups cause a 
redistribution of the lipid packing – that is 
further enhanced by hydrophobic 
interactions – leading to membrane 
thinning. 

 
Pore formation can occur in two ways according to the barrelstave and 

the toroidal models (figure 12c). The former describes a circular, 
transmembrane assembly of amphipathic helices that penetrate the lipid 
bilayer by creating a hydrophilic pore [142]. The pores described by the 
toroidal model instead place the headgroups of lipids alongside the 
transmembrane helices [143]. In general, it is believed that the modes of 
action differ for different classes of CPPs. For example it has been shown 
that a heptaarginine CPP can translocate across the membranes of live, 
unfixed cells even when the endocytotic mechanism is shut down in an 
energy-independent fashion [144]. Moreover, comparison between different 
mechanisms is not always straightforward because translocation studies 
were earlier conducted on fixed cells and should thus be interpreted with 
care, since it has been shown that they can produce false positive results 
[145].  
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Endocytosis is a term that incorporates several processes by which the 

cell internalizes particles and macromolecules. Phagocytosis and pinocytosis 
(Greek for “cell eating” and “cell drinking”, respectively) are the two major 
subcategories of endocytosis. Phagocytosis is a receptor-mediated 
mechanism used for example by the immune system to engulf pathogens 
after antibody recognition. Pinocytosis on the other hand, is a non-selective 
process that occurs in all cell types. There are four subcategories of 
pinocytosis: macropinocytosis, clathrin-mediated pinocytosis, caveolae-
mediated pinocytosis and caveolae-independent pinocytosis [146] (figure 
13). The endocytotic routes generally lead to degradation of encapsulated 
material via lysosomes and recycling via various pathways. 

 
Macropinosomes are fairly large structures that range over 1-5 µM in 

diameter, making good candidates for being transport vesicles for CPPs and 
their cargoes [129]. It has been suggested that the macropinosomal 
domain starts taking form at rafts and that their formation is initiated by 
external stimuli. Initially, polymerization of actin filaments gives shape to 
membrane protrusions that project into the external medium. They then 
collapse back onto the membrane while capturing membrane bound 
materials and extracellular fluid.  

 

 
 
Figure 13. A schematic cross-section of a cell membrane showing pinocytotic 
pathways. A) Caveolae-mediated and Clathrin-independent macropinocytosis. B) 
Clathrin-mediated entry via "coated pits". C). Formation of macropinosomes 
mediated by projection of actin filamens.  
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BIOPHYSICAL METHODS 
 
Fluorescence Spectroscopy  
 

Photoluminescence occurs when photons are emitted by excited 
electrons as they relax back to their ground energy state. In the UV/Vis 
(ultra violet/visible) region we can see either fluorescence or 
phosphorescence, depending on the electron configuration of the 
fluorophore and the subsequent photon emission pathway. A fluorophore is 
a functional group containing valence electrons of low excitation energies. 
When a photon is absorbed by an electron, the energy needed to go from 
the ground state to an excited state is provided. From the excited, lowest 
singlet vibrational state (S1), an electron can relax to the ground state (S0) 
via fluorescence, vibrational relaxation, quenching, internal conversion or 
intersystem crossing. The last four examples are non-radiative processes 
and occur without the emission of photons. Fluorescence is defined as the 
spontaneous emission of a photon from the lowest excited electronic state. 
 

An electron, in a high vibrational state of an excited electronic state 
(figure 15), will quickly lose energy via intermolecular collisions (i.e. 
vibrational relaxation) and by partitioning the excess energy to other 
possible modes of vibrations and rotations (internal conversion).  Electronic 
transitions occur on the order of ~ >10,000 cm-1 (which corresponds to 
UV/VIS spectroscopy), vibrational transitions occur around ~ 1000 cm-1 
(utilized by Infra red (IR) and Raman spectroscopy) and rotational 
transitions occur between ~ 0.1 - 100 cm-1 (observable by microwave 
spectroscopy).  

 
Internal conversion takes place when an 

excited electron de-excites to a lower electronic 
state of the same spin multiplicity, e.g. S2→S1. 
Intersystem crossing on the other hand, is a 
transition to a lower electronic state between two 
different spin multiplicities, e.g. S1→T1 (figure 14).   

 
Figure 14. The spin states of two electrons in different 
electronic states of single and triple multiplicity. 
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Figure 15. The energy levels of vibronic (electronic and vibrational) singlet (S0, S1, 
S2) and triplet (T1) states. The processes by which an electron can gain and loose 
energy are illustrated by different types of arrows.  

 
The possible electronic transitions of n, π and σ electrons, are n→π*, 

n→σ*, π→π* and σ→σ*, where n designates a non-binding orbital, π and 
π* the π–bonding and π-anti-bonding orbitals respectively and σ and σ* the 
σ-bonding and σ-anti-bonding orbitals respectively (figure 16).  
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Figure 16. The different energy levels of atomic and molecular orbitals. An orbital is 
an area described by a wave function where a given electron can be found with the 
highest probability. Two constructive wave functions form a bond, while two 
deconstructive ones result in an antibond. 

 
When an electron absorbs a photon of frequency ν, it increases its 

energy by: 

 

ω
π
ων h===Δ

2
hhE                                   (1) 

 
where h is Plank’s constant and ω is the angular frequency.  

 
Compounds having lone pair (non-bonding) electrons are capable of 

n→σ* transitions, but not many organic functional groups with this 
capability absorb in the UV region. For this excitation to takes place light 
with a wavelength between 150-250 nm is necessary. The energy required 
to induce a σ→σ* transition is generally higher, having an absorption max 
around 125 nm. Typically these transitions are not seen in UV/Vis spectra 
(~ 190-700 nm). Instead, most spectroscopic techniques of organic 
compounds utilize the remaining two transitions (n→π* and π→π*) during 
spectrum generation, that conveniently have their emission maxima in the 
UV/Vis region. 
 

Only light with the correct energy can cause a transition from one 
energy level to the next. However, even if the energy is right, not much will 
happen if certain selection rules are broken. These rules are however not 
absolute, thus so-called “forbidden transitions” may still occur, but are 
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inefficient. n→π* transitions are actually forbidden, but in reality we see 
them as weak signals and refer to them as weakly allowed. π→π* 
transitions are allowed and therefore much more intense.  

 
Fluorescence intensity is an arbitrary unit that depends among other 

things on the sensitivity of the fluorimeter. The fluorescence quantum yield 
Ф is a measurement of the efficiency with which absorbed light yields 
fluorescence. Quenching for example competes with fluorescence, thus 
decreasing Ф. Quenching can occur via collisions (the overlapping of van 
der Waal radii is sufficient) that transform the excess energy into thermal 
energy or via FRET.  

 
FRET (Förster Resonance Energy Transfer or Fluorescence Resonance 

Energy Transfer) is non-radiative process that involves long-range dipole-
dipole couplings between two chromophores, the donor and the acceptor. 
(The term chromophore is derived from the Greek word χρώμα (chroma), 
meaning colour). The donor and acceptor have to be close in space (within 
the so-called Förster distance, typically 15-60 Å) for this process to take 
place and their emission and absorption spectra must overlap (figure 17).  
 

 
Figure 17. Example of a 
donor emission spectrum 
overlapping with the 
absorption spectrum of an 
acceptor. The difference 
between the lowest energy 
of the absorbance and the 
highest energy of emission, 
is called a Stokes shift.  

 
 
 
 
 

 
Equation 2 makes it possible to calculate inter or intra molecular 

distances between donors and acceptors, as well as solvent accessibility, 
based on the energy transferred;  
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where r is the distance between the chromophores and R0 is the Förster distance, i.e. 
the distance at which the energy transfer efficiency between the donor and acceptor 
is on average 50%. 
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 In nature, we can for example find naturally occurring fluorophores 
amongst the amino acids; tryptophan (Trp), phenylalanine (Phe) and 
tyrosine (Tyr) (figure 18). Tyr and Trp have a similar quantum yield [147], 
but although Tyr is more abundant in proteins as compared to Trp, the total 
fluorescence seen from a protein is usually dominated by Trp because it 
quenches the Tyr fluorescence via FRET. Phe can usually only be seen in 
proteins when both Trp and Tyr are absent.  

 
 
Figure 18. 
Absorption and 
emission spectra of 
three fluorescent 
amino acids; Trp, 
Tyr and Phe in 
water at neutral 
pH. The figure is 
based on ref [148].  

 
 
 
Polar fluorophores (for example Trp) are effected by their environment 

(solvent polarity and pH), which can be observed as spectral shifts. The 
energy of the excited state decreases as solvent polarity increases, since a 
polar solvent has the ability to stabilize the excited state more efficiently. 
Absorption spectra are not as sensitive to solvent polarity as emission 
spectra since stabilization of the excited states occurs after excitation. The 
probable reason why stabilization takes place, is that the charge separation 
in the fluorophore is greater in the excited state, hence resulting in a 
greater dipole moment [148]. 

 
In our leakage experiments often we used a fluorescein analogue called 

calcein as a reporter molecule (figure 19). Calcein quenches its own 
fluorescence in its dimeric form, but becomes monomeric when diluted and 
subsequently fluorescent.  

 

 
 

Figure 19. The structure of calcein, a fluorescein analogue. 
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By entrapping calcein (55 or 70 mM) inside large unilamellar vesicles 
(LUVs) and getting rid of the external calcein by gel filtration, we observed 
a very low background fluorescence. The volume inside a LUV (~ 100 nm in 
diameter), as compared to the volume surrounding it, was usually in the 
range of 0.3% in our experimental setups. This ensured a sufficient dilution 
factor that would make escaped calcein dimers monomeric. By adding anti-
microbial and cell-penetrating peptides to the calcein entrapping LUVs, we 
could directly assess the damage being done to the lipid bilayer by 
monitoring the increase in calcein fluorescence. The peptides’ leakage 
induction potencies were show to correlate well with cell toxicity tests 
conducted on different cell types. Complete lysis of the vesicles was 
achieved by the addition of Triton-X 100 (a detergent) in order to establish 
the maximum fluorescence intensity. 

 
We used the entrapped fluorescent dye/quencher pair ANTS/DPX in 

LUVs in the same way as calcein when studying the Infulenza fusion 
peptides. The concentration of ANTS was 12.5 mM and that of DPX 45 mM. 
When leakage occurred, the pair became separated due to dilution and DPX 
no longer could quench the fluorescence of ANTS.  
 

We compared the membrane perturbing potency of PrP and Dpl derived 
peptides with the effects caused by melittin and penetratin in LUV 
membrane systems. The fusiogenic peptides HA2(1-23) and Inf7(1-23) 
were studied the same way, but the objective was to investigate the 
influence of membrane charge and pH on leakage-induction efficiency.  

 
The translocation of fluorescein-labelled PrP-derived peptides across 

membranes of live cells was monitored by confocal microscopy. A rough 
estimation of translocation efficiency could be made based on observations 
of the amounts of fluorescent material incorporated into the cells. The 
observed intensities were compensated for differences observed in the 
fluorescence quantum yield of fluorescein when attached to different 
peptides. Co-localization experiments were performed with the mentioned 
peptides and fluorescently-labelled endocytotic markers in order to 
establish the main route of cell entry. 

 
In the case of the fusion peptides, the changes in tryptophan 

fluorescence were studied during their interaction with membranes in 
different environments. Tryptophan quenching experiments using 
acrylamide were conducted in order to assess the depth of the tryptophans’ 
position in phospholipid bilayers.  

 
The extent of membrane polarization caused by the Influenza and PrP-

derived peptides was monitored by observations of the changes in 
fluorescence intensity of the membrane-incorporated polarization probe 
DPH (1,6-diphenyl-1,3,5-hexatriene). By attaching a Shimadzu polarizer to 
the fluorescence spectrophotometer, we could determine the steady-state 
polarization before and after incubation with peptides by the use of the 
following equation: 
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were P is the polarization, G is an instrumental factor (G = IHV - IHH) and I is the 
fluorescence emission intensity. The subscripts H and V stand for the horizontal and 
vertical plane, respectively; the first letter describing the excitation plane and the 
second the emission plane. Subsequently, the term IVV gives the intensity of emitted 
light, coming from the parallel plane to the vertical excitation plane. 
 

Any increase in polarization is a sign of lowered mobility of the acyl 
chains in the phospholipid membrane, indicating a higher order in the 
bilayer and thus possibly pore formation. A decrease in polarization 
therefore equals increased membrane fluidity, consistent with the carpet 
model and membrane thinning discussed in the previous chapter. 

 
Polarization (P) and anisotropy (r) are commonly known to describe the 

same phenomenon, but from different points of view. They can easily be 
interconverted by the use of the following equations: 

 

r
rP
+

=
2
3

                       (4) 

 

P
Pr
−

=
3
2

     (5) 

 
where P is polarization and r anisotropy. 
 
According to a new study however [149], a scaling relationship is 

present between P and r, hence after normalization they are directly 
comparable. Anisotropy takes into consideration all degrees of rotational 
freedom in a system and is therefore viewed as a more accurate 
representation of the underlying physical processes in question. We 
however used polarization in most of our experiments out of conventional 
reasons. 
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Fluorescence Correlation Spectroscopy (FCS) 
 

Fluorescence Correlation 
Spectroscopy (FCS) is based on the 
observations of fluorescence fluctuations. 
It enables counting of fluorescent 
molecules under observation, 
measurement of the relative fluorescence 
quantum yield of molecules in 
inhomogeneous solutions, determination 
of translational diffusion coefficients of 
macromolecules and also discrimination 
between amounts of different molecular 
species. The diffusion time of a molecule 
is directly correlated to its mass and 
shape. Consequently, any increase in 
mass of a biomolecule, e.g. as a result of 
interaction with a second molecule, is 
readily detected as an increase in the 
particle's diffusion time. 

Figure 20. The focus of a 
laser beam with biomolecules 
moving in and out of the 
prolate excitation volume. 

 
 Observed fluorescence fluctuations are caused by the diffusion of a 

fluorophore through the excitation volume or by changes of the 
fluorescence quantum yield due to chemical reactions (figure 20). The 
excitation volume is tiny (in the range of femtoliters) and should contain 
around 10 fluorophores in optimal conditions.  

 
Excitation is achieved by means of a focused laser beam. The excitation 

volume is determined by the beam’s diameter at the objective. The volume 
is assumed to be of prolate (ellipsoidal sphere) Gaussian shape and fits in 
the dimantions displayed in figure 23. 

 
A fluorophore will emit photons as long 

as it moves through the laser spot. The 
number of emitted photons depends on 
the number of fluorescent molecules 
(concentration), their diffusion time (mass 
of molecule), the size of the excitation 
volume (instrumental parameter) and the 
quantum yield of the fluorophore.  During 
the course of an experiment all emitted 
photons are detected during the time 
interval (δt). The total light intensity 
observed during δt can therefore be 
described as a constant mean intensity 
<I> with a fluctuating contribution δI(t). 
Information regarding molecular 
movements and interactions is reflected in 
these fluctuations (figure 21).  

Figure 21. The measured mean 
light intensity <I> with 
fluctuations δI(t). 
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Examination of the autocorrelation function (6), gives information about 
changes in fluctuations, i.e. it shows how fast the fluorophores move in and 
out of the excitation volume (figure 22).  

 

( ) ( ) ( )
( ) 2tI

tItI
G

τδδ
τ

+
=        (6) 

where <> stands for temporal 
average, t is the time and τ is the 
absolute time separation.  

 
If the system is controlled only by the 

diffusion of non-interacting molecules, the 
fluctuation can be characterized by the 
diffusion time and the average number of 
molecules in the volume. The amplitude of 
the correlation function increases as the 
number of molecules decreases. According 
to Rigler et al. [103], the normalized 
autocorrelation function for a molecule 
diffusing three-dimensionally through a 
volume element is defined as: 

 
Figure 22. The autocorrelation 
function describing the 
relationship between the data 
gathered in the time domain, 
with the time passed during data 
collection. A general picture can 
thus be formed of the whole 
ensemble, instead of looking at 
individual molecules. 
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 Figure 23. 

Schematic 
view of the 
confocal 
volume 
element. 

where G(t) is the distribution of diffusion times, N 
the number of fluorophores, D the translational 
diffusion coefficient, ω1 the radius of the volume 
element and ω2 half of the length of the volume 
element (figure 23). It is assumed that ω1 << ω2.  

 
 
FCS was used to study peptide-vesicle interactions. The peptides 

involved in these experiments were melittin, mPrPp(1-28), bPrPp(1-30) and 
penetratin. The vesicles were composed of POPC:POPG (7:3) and were 
either rhodamine labelled (RLVs) or rhodamine entrapping (REVs). The 
diffusion times of free rhodamine (Rh) and RLVs, were used as references 
and controls of vesicle integrity. The content of Rh inside the REVs was 
either 200 or 2 nM and the total peptide-to-phospholipid molar ratio varied 
from 0.05 to 0.10. All experiments were performed at 20°C. 
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Circular Dichroism Spectroscopy (CD) 
 
 

In Circular Dichroism (CD) spectroscopy 
circularly polarized light is used to study 
chiral chromophores. “Chiral” is derived from 
the word Greek χειρ, meaning hand, which 
is why the term “handedness” is sometimes 
used instead of chirality. Chiral substances 
are asymmetric, i.e. they lack elements such 
as mirror planes (σ) (figure 24), inversion 
centres (i) or rotation-reflection axes (Sn). 
The two possible mirror images are referred 
to as the R- and S-enantiomer (R standing 
for rexus and S for sinister).  

 
Due to the lack of symmetry in a chiral 

molecule, any rearrangement of its electrons 
will also lack a symmetry plane. This will 
cause the electrons to travel in helical 
patterns that interact differently with right 
and left circularly polarized light.  

Figure 24. Illustration of the 
effect of a mirror plane on 
enantiomers. 

 
Linearly/plane polarized light is created by letting light pass through a 

polarizer that transmits electromagnetic waves with only a single plane of 
polarization, i.e. only those components of the E-vector (the electric field 
component) that are parallel to the axis of the polarizer, are allowed to 
pass through (figure 25a).  
 

Circularly polarized light is created by means of two perpendicular, 
plane polarized light waves with a phase shift of ¼ λ (wavelength) with 
respect to each other. The resulting E-vector of the two interfering waves 
does not oscillate in amplitude, but instead traces out a helical pattern 
along the direction of propagation (figure 25). In other words, in plane 
polarized light the direction of the E-vector is constant while the magnitude 
varies and in circularly polarized light, the magnitude remains constant, 
while the direction varies (see E-vector projections at the bottom of figure 
25). 

 
The CD spectropolarimeter creates two superimposed, circularly 

polarized waves of equal amplitude and phase, but with opposite 
handedness. The resulting wave thus actually becomes plane polarized. 
When passing through an optically active sample, the right and left 
circularly polarized light become absorbed to different extents generating a 
CD-signal that is elliptical in shape (figure 26). Its magnitude is calculated 
according to (10). 
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 Absorbance: ( )IIA O /log=                  (8) 

The Beer-Lambert’s law: clA ⋅⋅= ε                     (9) 

( )( ) ( ) ( )( ) clclAAACD RLRL ⋅⋅Δ=⋅⋅−=Δ=−= λλλλ εεε                      (10) 

 
where I0 is the original light intensity, I the intensity after the passage through the 
sample, ε the molar extinction coefficient in (M-1cm-1), λ the wavelength (nm), l the 
optical path length (cm), c the concentration of the sample in (M) and Δε the molar 
circular dichroism (M-1cm-1). 
 

 
 
Figure 26. Left) The plane polarized E-vector, seen along the z-axis, as a result of 
two circularly polarized light waves with equal amplitude and phase, but different 
handedness. Right) The resulting E-vector of the elliptical signal, seen along the z-
axis, after passage through a chiral sample. The resultant amplitude of the more 
strongly absorbed component (here, ER) will be smaller than that of the less 
absorbed component (here, EL).  Rotation of the major axis of the ellipse by α, when 
plotted against wavelength, is referred to as optical 
rotatory dispersion (ORD). 
 

Ellipticity,θ, is the arc tangent (tan-1) of the 
ratio between the major and minor axes (figure 
27) of an ellipse. 

Figure 27. An ellipse 
and its major (a) and 
minor (b) axis.  
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CD is related to ellipticity according to: 
 

( )
982.3210ln180

4 θπθ
λ ==−= RL AACD  => 

 
)

π
θ λ

4
(10ln180 RL AA −

=                                 (11) 

 
In the biochemical sciences, CD is commonly expressed in terms of 

molar ellipticity, [θ] that is defined as: 
 

[ ]
lc ⋅

=
θθ 100

                                   (12) 

 
By combining (10), (11) and (12) we obtain a relationship between the 

molar ellipticity and the molar extinction coefficient: 
 
[ ] εθ Δ⋅≈ 2.3298                                     (13) 
 
[θ] is often given as the mean residual molar ellipticity (i.e. it is given 

as [θ] per chiral residue – in our case the peptide bond). The corrected [θ] 
is given in (mdeg cm-2 dmole-1). 

 
The chiral centre of an amino acid is situated at the asymmetric α-

carbon. The n and π-electrons in the peptide bond linking two amino acids 
are capable of n→π* and π→π* transitions, respectively. Due to the 
difference in induced electron flow in different conformations of a peptide 
backbone, it is possible to discriminate between several secondary 
structures.  

 
In nature, almost all amino acids are left handed. Consequently, α-

helices become right-handed with 3.6 residues per turn. They are stabilized 
by hydrogen bonds connecting the n:th amino acid’s  –CO group to the –NH 
of the (n+4):th amino acid and the n:th –NH group to the –CO of the (n-
4):th amino acid (figure 28).  

 - 39 -



In antiparallel β-sheets 
strong H-bonds are formed 
between the –NH groups and    
–CO groups situated on 
different strands, while weak  
H-bonds arise between the      –
CαH and the –CO groups 
situated on opposite strands. If 
the two strands are connected, 
a β-turn is formed by a 
hydrogen bond between the 
n:th amino acid and the 
(n+3):rd or 4:th one.  
 
Figure 28. The hydrogen bonds in 
an α-helix and the resonance 
structure of the peptide bond.  

 
 

Parallel β-sheets form 
strong H-bonds that connect the 
–NH group of the first strand 
with the    –CO groups on the 
subsequent residue (figure 29).  
 
Figure 29. The H-bonds of 
antiparallel and parallel β-sheets. 

 
Antiparallel β-sheet spectra 

show a characteristic negative 
band around 216 nm (π→π*) 
and a positive one around 196 
nm (n→π*) of similar size. 
Random coil spectra have their 
minimum around 197 nm 
(n→π*) and look very similar to 
spectra of lefthanded 31 helices.  
Due to exciton couplings, the 
π→π* transition in an α-helix 
splits into two parts – one 
perpendicular and one parallel 
to the helix. A maximum is 
found ~ 195 nm due to 
(π→π*)┴ and a minimum at ~ 
208 nm due to (π→π*)// [150]. 
The minimum at 222 nm 
corresponds to a red shifted 
n→π* transition (figure 30).   
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The spectrum of the disulfide bond has a broad band between ~ 250-
260 nm. Its stretch depends on the χ angle (~ 90º [151]) around of the S-
S bond and it can extend beyond 300 nm. The two n→σ* transitions 
responsible for this absorption band can complicate interpretations of CD 
spectra even though its extinction coefficient only ~ 120 M-1cm-1 [152]. 

 
 

Figure 30. Example of CD-
spectra of three secondary 
structures measured by 
synchrotron radiation circular 
dichroism spectroscopy 
(SRCD).   Data in the gray area 
< 190 nm is generally only 
accessible using SRCD, while 
spectra > 190 nm are readily 
acquired using conventional CD 
instruments.  SRCD reveals 
more transitions and can 
therefore distinguish between 
different secondary structures 
with greater accuracy [153].  

 
 

 
 
The aromatic residues Trp, Tyr and 

Phe also give rise to CD signals in the near 
UV region (figure 31). Their transitions will 
be discussed in detail within the next 
chapter.  
 
Figure 31. Vacuum ultraviolet CD spectra of 
the models of aromatic side chain residues. 
Glutamyl tyrosine (Y); lysyl-phenylalanine (F); 
glutamyl-tryptophan (W).  
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Linear Dichroism Spectroscopy (LD) 
 

Linear Dichroism (LD) is a method that can only be used on systems 
that are either intrinsically oriented or on ones that orient during the course 
of the experiment. Orientation can be achieved e.g. by stretching polymer 
films containing the molecules of interest or by rotating a viscous sample 
solution in a cylindrical quartz couette flow cell (figure 32).  

 
When LUVs are subjected to the 

shear forces that arise during rotation, 
they become somewhat elliptical in shape 
[154]. By orienting along the direction of 
rotation, they provide us with the means 
necessary to distinguish between parallel 
and orthogonal orientations in the 
sample. Peptides that bind to the 
flattened vesicles do so at different 
angles, but the overall average insertion 
angle can be determined using LD.  

 
In LD, linearly polarized light is used 

to determine the difference between the 
absorption parallel to and orthogonal to 
the main orientation direction of the 
system. The LD signal is thus given by: 

Figure 32. An illustration of a 
couette flow cell used in our LD 
experiments. 

 

⊥−= AALD //                                 (14) 

 
Reduced LD (LDr) is a function of only the geometric arrangement of 

the sample. Concentration, light path length and dipole strength (µ2) of the 
sample have all been compensated for [155]. It is calculated according to: 

 

tottot

r

A
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== //                                                       (15) 

 
where ( )zyxtot AAAA ++= 3

1                                     (16) 
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When a chromophore absorbs a photon during a LD experiment, an 

electronic transition takes place (described on page 30). However, in this 
technique the direction of the transition is of great importance. This feature 
is described by the transition moment, which is a quantum-mechanical 
parameter. A specific direction is present both during absorption and 
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emission. There is an electric (µ) and a magnetic (m) dipole transition 
moment to consider. When a transition is purely electric (µ≠0, m=0), the 
electric charge distribution is pushed along the axis of the transition 
moment axis. A purely magnetic transition (µ=0, m≠0) on the other hand, 
sets the charge distribution in a circular motion around the transition 
moment axis. Chiral molecules all have (µ≠0, m≠0), which results in a 
helical motion of charge along the direction of the transition moment 
[155].*  

 
Chromophores have their transition moments directed internally, but 

are at the same time arranged in space themselves. An LDr spectrum 
describes an average over all chromophores and all transition moments, 
thus including many superimposed uncertainties. It might therefore 
sometimes be useful to factorize the LDr into an optical factor O and an 
orientation factor S. The optical factor depends on the internal orientation of 
the transition moments inside a chromophore, whereas the orientation 
factor depends on the macroscopic arrangement of the sample molecules. 
If either O or S is known, the other one can be derived based on (18). The 
internal transition moment here lies at an angle α relative to the direction 
of the molecular orientation axis  z [155]. 

 

{ } }{ ( ) ( )θαθα SOLD r 3)1cos3()1(cos3 2
2
12

2
1 =−×−=       (18) 

 
where S is an orientation factor (or scaling factor) ranging between 0 and 1 and θ 
the angle between the macroscopic orientation direction and the molecular 
orientation. O is the optical factor and α the angle between the molecular direction 
and the direction of the transition moment responsible for absorption of light at a 
specific wavelength. 
 

The value S for uniaxial, rodlike molecules can be calculated according 
to: 

 

{ }1cos3 2
2
1 −= θS                                   (19) 

 
When S = 1, the sample is perfectly aligned along the direction of the 

macroscopic orientation axis. When S = 0, the orientation is random (i.e. 
the sample is isotropic) or at an inclination of 54.7º, known as the magic 
angle. When peptides are added to an oriented LUV solution, we 
predominantly detect signals from oriented aromatic residues and peptide 
bonds involved in α-helical segments. These segments can be considered 
rodlike and thus uniaxial. 

 
*Sreerama and Woody write “The electronic transitions in an achiral molecule have 
either the electric (e.g. n→π* transitions) or the magnetic (e.g. π→π* transitions) 
dipole transition moment equal to zero or the two kinds of transition moments are 
perpendicular to each other (e.g. n→σ* transitions), which results in zero rotational 
strength” [151]. 
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The peptide backbone predominantly absorbs light in the far UV region 

(< 250 nm), whereas the side chains of all aromatic amino acids absorb 
light in the near UV/aromatic region (250-300 nm). The latter applies to 
the cysteine S-S bond as well (tables 2) [155]. 
 
Table 2. The physical parameters for the optically active elements in peptides. ε 
values for the aromatics are from [156] and the Ф values from [147]. Cysteine has a 
broad band that can stretch beyond 300 nm. The absorption maximum of the peptide 
bond depends on secondary structure. 
 

Chromophore Trp Tyr Phe 
Cys S-S 
n→σ* 

Peptide 
bond 
n→π* 

Peptide 
bond 
π→π*┴ 

Peptide 
bond 
π→π*// 

ε (M-1cm-1) at Absmax 5600 1420 197 ~ 120 ~ 100 ~ 7000 100-200 

Abs λmax (nm) 279.8 274.6 257.4 250-260 210-220 192-198 ~ 208 

Em λmax (nm) 348 303 282 - - - - 
Ф 0.20 0.21 0.04 - - - - 

 
In a peptide bond, the transition lowest in energy occurs in the 

carbonyl, going from the non-bonding (n) orbital, to the π antibonding one 
(π*) (figure 16). The transition energy is in the order of ε ≈ 100 M-1cm-1 
and it occurs around ~ 210-220 nm (depending mainly on the amount of 
hydrogen bonding to the oxygen lone pairs). The polarization of this 
transition lies more or less in the direction of the carbonyl [157].  

 
The next transition in the carbonyl is π→π* (ε ≈ 7000 M-1cm-1) which is 

centred ~ 208 nm [157]. Its polarization roughly follows the direction of a 
line between oxygen and nitrogen. Although other amino acid side chains 
may absorb in the peptide-region with even stronger intensity then the 
π→π* peptide transition, the carbonyls are in excess which makes the 
other signals almost impossible to detect with CD. However, they become 
visible in LD measurements where the signal form Trp is particularly strong. 

 
π→π* transitions of aromatic rings are of L and B type in the Platt 

notation [158]. They denote quantum states of electrons reallocating from 
filled orbitals to empty ones. In most cases, these states are double 
degenerate since the direction of momentum can be in either way. In highly 
symmetric aromatics however (such as triphenylene and benzene), the 
degeneracy is removed and Ba, Bb, La and Lb become distinguishable. When 
an electron is excited, it may take on a singlet or a triplet state depending 
on weather its spin is parallel or antiparallel to its ground state. This divides 
the L and B states further giving them superscripts of 1 or 3 respectively 
(e.g. 1La). The energy of the ground state (1A) is less than for L, which is 
lower than B. A triplet state always has lower energy than a singlet and b 
has lower energy than a [158]. Polarization of the Lb and Bb transitions runs 
along the short axis of the molecule, while La and Ba follow the long axis 
[152]. Table 3 shows the optical parameters for the aromatic residues. 
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Table 3. The molar absorptivities of transitions occurring in aromatic amino acids. 
Values given for Trp are determined for 3-methyindole (3MI) [159]. The extinction 
coefficients for the L transitions in Trp are measured by LD in polyethylene (PE) 
sheets at -50ºC. The corresponding value for the 1Bb transition is estimated from an 
absorption spectrum for Trp in aqueous solution [Paper V]. 1Lb(Trp) has a 
characteristic feature with two peaks around 290 nm. The transition moments for Tyr 
and Phe are derived from [151]. The corresponding B transitions are practically 
degenerate in these amino acids. 

 

Chromophore Trp (3MI) Tyr Phe 
 

Transition 1La 1Lb 1Ba 1Bb 1La 1Lb 1B 1La 1Lb 1B 
Em λmax (nm) 279 290.5 <200 220 230 275 190 210 260 185 

ε (M-1cm-1) 3800 1900 - 36000 - - - - - - 

The 1Lb and 1La transitions in benzene are actually electrically forbidden, 
but when benzene is substituted (as when forming Tyr and Phe) they 
become weakly allowed. Forbidden and weakly allowed L transition in Tyr 
and Phe derive part of their energy from the allowed B transitions by 
vibronic mixing [150, 152]. L π→π* transitions are directed in the plane of 
the π-bonding system and are positioned at a ≅ 90º angle to each other 
(figure 33). Phe has a small extinction coefficient (see table 2) because of 
its high symmetry. It is also the least sensitive aromatic amino acid with 
respect to alterations of its environment. Tyr, being slightly less symmetric 
then Phe, has a more intense absorption (maximum ~ 276 nm and a 
shoulder around 283 nm). A redshift up to 4 nm can be observed due to 
hydrogen-bonding to the –OH group. Because the B transitions of the 
aromatics overlap with the π→π* transitions of the peptide bond, the 
interpretation of spectra in this region can be complicated. 

 
The complex spectral features of tryptophan, with a double peak 

centred at 290 nm arising from the 1La transitions and the 1Bb overlapping 
with the peptide transition, can become shifted due to H-bonding to a –NH 
group, which is usually the case when the Trp is involved in formation of a 
secondary structure. The 1La band can move by as much as 12 nm 
depending on the environment, hence either one of the L bands may have 
the lower energy. What is normally observed in a peptide spectrum is        
~ 270 nm for 1La, ~ 289 for 1Lb and ~ 225 nm for the 1Bb transition [160] 
[papers V and VI].  

 
In order to determine how certain peptides align themselves with 

respect to membranes, we again used LUVs as membrane mimetic 
systems. Peptides incapable of forming well-behaved α-helices and lacking 
Trp, are incapable of generating nice LD spectra. The PrP-derived peptides 
were therefore not studied using this technique. Penetratin has been 
investigated earlier with LD and was therefore not investigated either 
[161]. 
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Figure 33. The approximate 
transition moments of Trp (3MI), 
Tyr and Phe [148, 152, 159]. The 
L transitions in 3-methylindole are 
separated by 85º and the 1Bb is at 
an angle of 30º from the 1La 

transition moment [159]. 
 
The influence of a pH-drop 

on the membrane association 
mode and orientation of the α-
helical fusion peptides Inf7(1-
23) and HA2(1-23) in a bilayer 
was assessed using LD [paper 
V]. The impact of membranes 
surface charge on the 
inclination angles of these 
peptides was investigated in 
the same way and compared 
to existing NMR studies on 
HA2(1-20). 

 
The membrane surface 

charge during the course of 
experiments was either 20% 
negatively charged or 
zwitterionic. Experiments were 
conducted at room 
temperature, with a total lipid 
concentration of 5 mM and a 
peptide concentration of 50 
µM. The 50 mM potassium 
phosphate buffer, pH 7.4, 
contained 50% (v/w) sucrose 
in order to increase the 
viscous drag during rotation 
and to better match the 
refractive index of the quartz 
couette.  

 
 
Transportan and mDplp(1-30) had previously been studied in bicelles 

and micelles using NMR [131, 134]. The implied orientations form these 
peptides in bilayers derived from these studies, were corroborated by the 
LD data. In addition, orientation geometries for the two Trps in mDplp(1-
30) at the membrane interface were proposed. The LUVs used were 
composed of POPC:POPG (4:1) [paper VI]. 
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Nuclear Magnetic Resonance (NMR) 
 

Nuclear Magnetic Resonance (NMR) is a method used for structural and 
dynamic studies of molecules generally smaller than 30 kDa. It uses a 
strong magnetic field ( B

v
) to align the spin component of magnetic nuclei, 

either with or against the external field. Spin (I) is a quantum mechanical 
property describing an intrinsic angular momentum possessed by isotopes 
with nonzero spin. The value which I takes on for a given nucleus is largely 
determined by the number of its unpaired protons and neutrons, which are 
themselves fermions with spin ½. Isotopes with I = 0 lack net spin and are 
therefore incapable of generating NMR-signals. The number of spin states 
for a nucleus is given by (2I + 1). 

 
In the case of 1H (spin ½) there are two spin states (denoted α and β) 

with slightly different energies. β has the higher energy of the two since it 

is oriented against the direction of B
v

. By irradiation of the nucleus with the 
frequency υ corresponding to the resonance frequency (known as the 
Larmor frequency), the spin increases its energy. During the relaxation 
process that follows, the spin rotates around the direction z of the magnetic 
field, while successively loosing its magnetization in the xy-plane.  The 
rotation induces a current in a detector coil that is displayed as a Free 
Induction Decay (FID) signal. The FID is Fourier transformed, generating 
the familiar features of an NMR spectrum.  

 
The frequency with which the spin rotates depends not only on the 

nuclear species, but also on its local environment. Since charges in motion 
induce magnetism, they can either shield or deshield a certain nucleus 
from B

v
. Field modulations are thus caused by the local electron 

distributions and neighbouring nuclei, which slightly shift the resonance 
frequency for particular nuclei species. This so-called chemical shift (δ) is 
small (measured in ppm) and relative; shifts in resonance frequency are 
compared to a reference value. The integrated peak areas provide 
information on the distribution of nuclei present in different environments. 

 
Besides specific chemical shift, the NMR spectrum shows a fine 

structure introduced by interactions between magnetic nuclei. These so-
called spin-spin couplings, scalar couplings or J-couplings occur between 
covalently linked nuclei and split peaks into mulitplets. This phenomenon 
arises because nuclei “pair up” according to the Pauli principle forming pairs 
of spins. Since the energies of α and β differ, the interactions (or couplings) 
between them and a neighbouring spin state will also differ. This causes 
peaks to split according to their energy levels. The multiplicity of a peak 
and its intrinsic intensities, depend on the number of possible states for the 
involved nuclei, the number of coupling spins involved and their relative 
distances to one and other. The most common solution-NMR techniques 
focus on 1H, 13C 15N and 31P nuclei. 
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NMR is a far too complex and variable technique to be described in 
great detail here, hence only the relevant methods for this thesis will be 
mentioned (which all exclusively deal with 1H-NMR of peptides in lipid 
environments i.e. micelles and bicelles).  

 
Most importantly, NMR signals can be acquired in more than one 

dimension which provides a means for resolving how magnetic nuclei 
interact in space or along covalent bonds. The most common types of 2D 
experiments are COSY (correlation spectroscopy), TOCSY (total correlation 
spectroscopy) and NOESY (nuclear Overhauser effect spectroscopy). 

 
In a COSY experiment, magnetization is transferred through scalar 

couplings. Protons that are more than three covalent bonds apart give no 
cross-peaks in the second dimension since the 4J coupling constants are 
close to negligible. Consequently, only signals derived from protons 
separated by two or three bonds (2J and 3J) are visible in a COSY spectrum. 
The cross-peaks between HN and Hα protons are of special importance since 
they provide information on the phi torsion angle of the protein backbone 
based on 3J coupling constants, which in turn provides secondary structure 
information. 

 
The magnetization in a TOCSY experiment on the other hand, is 

dispersed over the complete spin system of an amino acid by successive 
scalar couplings. Therefore, a TOCSY spectrum has all the features of a 
COSY experiment, but also involves additional signals originating from the 
interactions of all protons involved in a particular spin system. 

 
The NOESY experiment is crucial for the determination of the 3D 

structure of macromolecules such as peptide backbone arrengements since 
it reveals the dipolar interactions (the nuclear Overhauser effect, NOE) that 
occur through space instead of bonds. The intensity of the NOE is to a first 
approximation proportional to 1/r6, with r being the distance between two 
interacting nuclei. Under normal conditions a signal is only observable if the 
distance is less than 5 Å. By analyzing the cross-peaks in a NOESY 
spectrum, a list of NOE-derived distances can be obtained that underlies 
the solution structure calculations. 

 
Amide protons located on molecules that are exposed to a hydrophilic 

phase, exchange with protons originating from the aqueous solvent, 
provided that they are not involved in stable hydrogen bonds. If deuterium 
is present in the solvent, the 1H signal will disappear from the part of the 
molecule that is exposed to the isotope. A so-called amide proton exchange 
experiment can thus be used to determine which protons are accessible to 
solvent, and which ones are shielded by a hydrophobic environment. 

 
In our 1H NMR experiments we added mDplp(1-30) to 100 mM DHPC 

micelles, pH 3.5 (with 10% 2H2O for field/frequency lock stabilization), or 
bicelles with q = 0.25 composed of 25 mM DMPC and 100 mM DHPC (10% 
2H2O). Water suppression was achieved with the WATERGATE pulse 
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sequence. For amide proton exchange experiments, a series of 2D TOCSY 
spectra were acquired. Distance constraints were calculated based on 2D 
NOESY spectra and used for structure calculations. All 2D experiments were 
conducted at 25 or 45°C.   
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RESULTS AND DISCUSSION 

 
Paper I - Membrane perturbation effects of peptides derived from 
the N-termini of unprocessed Prion proteins 

 
It had been established in 2002 that mPrPp(1-28) (derived from the 

mouse Prion protein) could cross membranes of neuroblastoma N2A and 
Bowes melanoma N1e fixed cells [127]. Not only could it translocate on its 
own, but also as Nα-biotinyl-mPrPp(1–28) coupled to avidin-FITC, at both 
37ºC and 4ºC [127]. The same study showed that mPrPp(1-28) was toxic 
to cells, leaving only ~ 50% of the N2A cells alive after 20 h exposure to 5 
µM peptide. At the time, the positive results at 4ºC were considered proof 
of translocation via a non-endocytotic mechanism, but are now believed to 
be at least partly an artefact caused by cell fixation. 

 
A continuation of this work focused on the membrane perturbing effects 

induced by mPrPp(1-28) using biophysical methods and was compared to 
the potency of its bovine counterpart bPrPp(1-30), melittin and penetratin 
[paper I]. LUVs composed of either POPC or POPC:POPG (7:3) with 
encapsulated calcein were incubated with peptides of increasing 
concentration and the consequent calcein release monitored by steady-
state fluorescence spectroscopy. We found that the potency of mPrPp(1-
28), bPrPp(1-30) and penetratin increased in the 30% negatively charged 
membranes, which is consistent with the fact that they all bare net positive 
charges and thus should interact stronger with acidic membranes (see table 
1). The increase in leakage induction due to negative membrane charge 
correlated the strongest for penetratin (see figure 1, paper I).  

 
Interestingly, a leakage plateau was reached for both PrP-derived 

peptides, both in kinetic experiments as well as in concentration-dependent 
ones, implying a complex membrane perturbing mechanism that can reach 
saturation. Even though addition of peptides has been shown to slightly 
quench the fluorescence of calcein (Oglęcka et al. unpublished 
observations) and that variations in fluorescence quantum yield of 
fluorescent labels depend on the peptide species, these effects do not fully 
compensate for the observed system saturation. The implication would 
instead be that the PrP-derived peptides may form aggregates, in solution 
or bound to membranes, that would prevent e.g. transient pore-formation 
to take place involving a non-aggregated peptide form. 

 
Fluorescence correlation spectroscopy (FCS) experiments involving 

rhodamine entrapping LUVs (POPC:POPG (7:3)) and the four above 
mentioned peptides, confirmed their order of potency. FCS measurements 
also revealed that POPG LUVs are very prone to aggregate upon addition of 
peptides (melittin was not examined). Based on additions of penetratin, the 
extent of aggregation was peptide-concentration dependent. This effect can 
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be explained by the existence of strong electrostatic interactions between 
penetratin (with a total charge of +7) and the acidic bilayer. 

The FCS experiments also showed that addition of peptide to partly 
acidic RLVs, caused no alternation in diffusion time at peptide-to-lipid ratios 
of 0.05 for melittin and 0.10 for the other three peptides. The PrP-derived 
peptides are at their fully bound state at this ratio and the diffusion data 
thus indicated that the vesicles were intact during the measurements. 
Addition of peptides to REVs, caused Rh leakage in a manner consistent 
with the calcein leakage experiments. Melittin caused approximately 80% 
leakage, penetratin ~ 20% and the mouse and bovine PrP-derived peptides 
~ 70 and 65% respectively.  

 
The correlation between membrane polarization and insertion mode of 

a given peptide into a bilayer was examined. The probe DPH (1,6-
diphenylhexa-1,3,5-triene) was used in order to establish whether the lipid 
order in LUVs of different compositions increased or decreased upon 
addition of peptide. DPH is a commonly used membrane probe whose 
fluorescence is detectable only in its membrane bound state. Any increase 
in polarization is a sign of decreased mobility of the acyl chains of the 
phospholipids, implying formation of a structure of higher order in the 
bilayer. Consequently, a decrease in polarization indicates increased 
membrane fluidity. By the attachment of a polarizer to the 
spectrophotometer, the changes in fluorescence emission of vertically and 
horizontally polarized light could be calculated according to (4) on page 35.  

 
Both PrP-derived peptides induced a concentration dependent increase 

in lipid order [figure 2, paper I]. Again, the partly acidic membranes had an 
enhancing effect on peptide potency in comparison to the zwitterionic ones. 
Penetratin showed no significant change in polarization, neither when 
added to 30% negatively charged membranes, nor with increasing peptide 
concentration. Melittin however, increased the lipid side chain order in 
partly acidic LUVs, but decreased it in zwitterionic ones. This implies two 
charge-dependent modes of action that are comparable with melittin’s 
different binding geometries depending experimental conditions [162-165]. 
These modes of action (presumably pore-formation and carpeting) do 
however not differ significantly with regard to perturbation potency, which 
corroborates the fact that melittin is a non-celltype specific venom [166]. 

 
Circular Dichroism (CD) spectra showed that the PrP-derived peptides 

have a propensity towards β-sheet formation in both 50 mM potassium 
phosphate buffer, pH 7.4, and in contact with both types of membranes. 
Interactions with partly acidic LUVs induced β-sheet formation in penetratin 
as well, while both types of LUVs resulted in the induction of an α-helical 
conformation in melittin. 
 

 - 51 -



Paper II - N-terminal peptides from unprocessed Prion proteins 
enter cells by macropinocytosis 

 
Since bPrPp(1-30) showed similar behaviour in membrane mimetic 

systems as did mPrPp(1-28), its cell-penetrating ability was investigated 
with and without cargo. As certain cell-fixation techniques had since the 
mPrPp(1-28)-study been proven to potentially generate false positive 
results, translocation experiments were conducted on live cells [167, 168]. 
In spite of the differences in experimental procedures, the results of the 
mPrPp(1-28) studies proved to correlate well with the findings of the 
present study. bPrPp(1-30) was shown to translocate across membranes of 
CHO (Chinese hamster ovary) and HeLa (Henrietta Lacks) cells both with 
and without cargo. bPrPp(1-30)-DNA-gold complexes were internalized into 
CHO cells approximately 100 times more efficiently as compared to controls 
lacking the peptide. The internalized fraction was predominantly found 
inside vesicles, suggesting incorporation via endocytosis.  

 
Just as in the case of mPrPp(1-28), bPrPp(1-30) itself predominantly 

associated with the plasma membrane and the corresponding peptide-
cargo-complexes were mostly found in aggregated form on cell surfaces. 
However, a considerable portion of the complexes was also found in the 
cytosol, but nuclear localization was not observed for either peptide. 
Morphological distortions of the cells were observed in both studies, 
suggesting a similar mechanism of action underlying cell toxicity. 

 
Dextran (an macropinocytosis marker) and transferrin (a specific 

marker for clathrin-mediated endocytosis) were used in co-localization 
studies with bPrPp(1-30) in CHO cells in order to determine whether 
bPrPp(1-30) internalization follows an endocytotic pathway. While little co-
localization was observed with transferrin, bPrPp(1-30) showed strong co-
localization with dextran, indicating fluid-phase endocytosis as the major 
incorporation pathway. Inhibitors of specific steps of endocytosis, i.e. 
cytochalanin D and wortmannin, corroborated that bPrPp(1-30) utilizes 
macropinocytosis as a major route of cell entry.  

 
Cationic peptides are known to interact strongly with negatively 

charged lipid headgroups during a membrane-association step presiding 
internalization. Moreover, the HIV-1 derived Tat peptide has been shown to 
enter cells in a cell surface proteoglycan (PG) dependent manner [169]. 
(PG’s encompass polysulfated, highly acidic glycosaminoglycan polymers). 
The internalization efficiency of bPrPp(1-30) was therefore investigated with 
mutant CHO cells lacking PG (strain pgsA-745). Confocal microscopy 
images showed that the peptide was bound to the cell surface to a lower 
extent than when incubated with native CHO cells and that consequently 
much less bPrPp(1-30) had been internalized. We therefore concluded that 
bPrPp(1-30) enters cells through macropinocytosis in a PG-dependent 
manner. 
 

 - 52 - 



Paper III: NMR solution structure of the peptide fragment 1-30, 
derived from mouse Doppel protein, in DHPC micelles 

 
It has been hypothesized that since the PrP can sometimes retain its N-

terminal signal sequence, this might also hold true for Dpl. The mDplp(1-
30) peptide was tested for membrane perturbing activity using calcein 
entrapping LUVs (POPC:POPG (4:1)) in order to examine a possible 
correlation with Dpl’s neurotoxicity. Calcein release experiments proved 
mDplp(1-30) to be almost as potent as melittin. In addition, CD 
measurements showed that mDplp(1-30) had a very high propensity for 
formation of stable α-helices (see figure 1b and 1d, paper III). Since 
melittin is a highly α-helical peptide that presumably perturbs membranes 
via pore-formation in some cases, the mechanism of actions could be 
similar for mDplp(1-30). The positioning of the Dpl-derived peptide in 
lipid/detergent environments, i.e. SDS micelles, DMPC/DHPC bicelles, q = 
0.25, and DHPC micelles was therefore investigated using NMR.  

 
The structure calculations of the DHPC 

micelle-embedded peptide were based on 
sequence specific chemical shift 
assignments for the backbone and most of 
the side chains. Peptide backbone torsion 
angles form COSY experiments and 
distance constraints in the same micelles 
acquired from NOESY cross-peaks (mixing 
time 50, 150 and 300 ms), indicated a 
helical structure between residues 8 and 
19 (figure 5, paper III). Based on 
secondary chemical shifts for Hα protons, 
a 43% helical content was estimated 
which is in good agreement with the CD 
data that yielded ~ 40% helicity under 
similar conditions.  

 
Figure 34. Illustration of the NMR 
structures of mDplp(1-30) in DHPC 
micelles showing its two Trps (PDB 
code 1z65). Trp8 (left) seems 
better defined than Trp9 (right) for 
which two preferred conformations 
can be distinguished.  

2H2O exchange experiments (1D 
TOCSY with mixing times of 30 and 80 
ms) showed a solvent-protected structure 
between residues 7 and 19 embedded 
inside the DHPC micelle. This implied that 
the peptide would adopt a 
transmembrane configuration in a bilayer. 

 
A 2D TOCSY experiment (mixing time 80 ms) in bicellar medium 

corroborated the preferred orthogonal positioning. Only signals from the 
unstructured parts of the peptide (located outside the bilayer) turned out to 
be distinguishable. Due to immobilization of the peptide core by the slowly 
diffusing bicelles, the remaining signals were broaden beyond recognition. 
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A hypothetical model of mDplp(1-30) positioned inside a DHPC micelle is 
shown in figure 2, paper III. 

 
Another distinguishable feature is the positioning of Trp8 and Trp9 

whose ring planes seem to be close to parallel to the transmembrane α-
helix (see figure 34). Trp 9 is however much more mobile than Trp8. They 
are both located at the DHPC/water interface and since both Trp positions 
are well conserved between species, a vital role of the protein may be 
linked to their membrane anchoring properties. A DHPC micelle has 
however a much sharper curvature than a membrane, why the positioning 
of the tryptophans might not be entirely accurate.  

 
The translocation ability of mDplp(1-30) has not yet been fully tested 

on live cells, but preliminary results obtained from haemoglobin  leakage 
studies predict that it will prove to be more cell toxic than the PrP-derived 
peptides (figure 35). The neurotoxic effects of Dpl could therefore possibly 
be linked to the strong membrane perturbing activity of the N-terminus of 
the unprocessed protein. 

 

 
 
Figure 35. Preliminary results on haemoglobin leakage induced be mDplp(1-30) and 
mPrPp(23-50) in hRBC. 

 
mDplp(1-30)’s potency of inducing calcein-leakage from LUVs 

(POPC:POPG (4:1)) was compared to the effects of mPrPp(1-28), 
mPrPp(23-50) and melittin. Again, the effects of mDplp(1-30) were close to 
those of melittin, but the virtual lack of leakage induction caused by 
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mPrPp(23-50) was unexpected. Since mPrPp(1-28) had been shown earlier 
to be membrane perturbing, the same was expected to hold true for 
mPrPp(23-50) due to the fact that both contain the NLS-like sequence 
(KKRPKP) that was believed to harbour a major element responsible for 
translocation ability (see table 1). The basic residues were thought to play 
an important role at least during association with negatively charged lipid 
headgroups or proteoglycans, which could in turn mediate internalization. 
Questions raised concerning the NLS-like sequence were to be the focus of 
the subsequent study (see paper IV).  

 
Paper IV: Relevance of the N-terminal NLS-like sequence for 
membrane interactions of the Prion protein  

 
A series of experiments were conducted involving mPrPp(1-28) and 

mPrPp(23-50) in order to establish the importance of the NLS-like sequence 
for peptide internalization. Calcein leakage from LUVs (POPC:POPG (4:1)) 
and haemoglobin leakage from hRBC induced by the mPrP-derived peptides 
were compared to the effects of penetratin – a CPP known to give rise to 
low cell toxicity. Both methods revealed that mPrPp(23-50) was virtually 
inert (figure 2 and 3, paper IV), which correlates well with CD 
measurement showing that mPrPp(23-50) remains in a random coil 
conformation even when in the presence of phospholipid membranes, which 
implies lack of membrane interaction. mPrPp(1-28) on the other hand, 
exhibits membrane perturbing features and adopts different conformations 
depending on the environment (figure 4, paper IV). 

 
Co-localization studies of the fluorescein labelled PrP-derived peptides 

with dextran were conducted on live HeLa cells. While the location of 
internalized mPrPp(1-28) correlated well with that of dextran, mPrPp(23-
50) was virtually not internalized at all (see figure 36). In order to confirm 
that the endocytotic marker was not inducing peptide translocation through 
complexation, control experiments were performed in the absence of 
dextran. The results of the control experiment confirmed the original 
findings. It also became evident from confocal images that mPrPp(23-50) 
does not exhibit any preference for residing at the membrane surface 
(figure 5, paper IV).  

 
Since membrane perturbation and leakage experiments are not 

evidence of cell toxicity per se, lactase dehydrogenase (LDH) release 
studies were performed on live HeLa cells. After 30 min of incubation with 
peptides at 37ºC, the amount of LDH activity was assessed and compared 
to the total LDH activity measured upon cell lysis. Melittin and penetratin 
were used for comparison and the order of cell toxicity established was 
melittin >> mPrPp(1-28) > penetratin > mPrPp(23-50).   
 

The fact that the mPrPp(23-50) peptide does not interact with 
membranes to any significant degree, could be explained by its hydrophilic 
nature (see table 1). The NLS-like part of the peptide sequences is most 
probably still an important factor in the translocation process, but 
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apparently a complementary hydrophobic counterpart is necessary. 
However, we cannot exclude the possibility that this criterion could be 
fulfilled by a non-adjacent sequence. In addition, a predisposition for 
aggregation in solution would hinder a peptide from gaining access to the 
membrane. As it turns out, all PrP-derived peptides discussed it this thesis 
show sensitivity towards heightened salt concentrations and prolonged 
room temperature exposure, resulting in an increase of β-structure. 
 
 
Figure 36. Confocal 
microscopy images 
showing uptake of 
fluoresceinyl-labelled 
PrP-derived peptides and 
their co-localization with 
rhodamine-B-labelled 
dextran in live HeLa 
cells. (a) mPrP (1-28) is 
effectively internalized 
into HeLa cells, whereas 
(d) mPrP(23-50) shows 
negligible internalization. 
(b) and (c) show the 
internalization of 
dextran. mPrP(1-28) 
exhibits a substantial co-
localization with dextran 
(overlay image c), while 
mPrP(23-50) did not co-
localize with dextran as 
a result of its poor 
cellular uptake (overlay 
image f). The incubation 
time was 30 min at 37 
ºC and the final peptide 
concentration 2 µM. 

 
mDplp(1-30) and mPrPp(23-50) both virtually lack secondary 

amphipathicity according to their helical wheel projections (see figure 11). 
Nevertheless they have completely different impacts on membranes, 
proving the importance of not solely comparing features like amphipathic 
helicity or sequence similarity when predicting biophysical properties of new 
peptides. 
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Paper V: Membrane binding of pH-sensitive Influenza fusion peptides. 
Positioning, configuration and induced leakage in lipid vesicles models 

 
The fusion peptide HA2(1-23) derived from the Influenza virus (strain 

H3N2) and its variant Inf7(1-23) (see table 1) interact strongly with 
zwitterionic and partly acidic membranes although they both carry net 
negative charges. The variant was designed [132] with the objective to 
exhibit enhanced pH-sensitivity, mediated through the two additional Glu’s 
at positions 4 and 7. They would have a disruptive effect on helix formation 
at neutral pH, but after charge neutralization at pH 5.0, formation of a 
stable α-helix would become possible. In order to evaluate the influence of 
pH and membrane surface charge on positioning in a phospholipid bilayer, 
experiments were performed at pH 7.4 and 5.0 in LUVs composed either of 
POPC or POPC:POPG (4:1). The main focus was put on LD measurements, 
but complementary methods such as CD, quenching of tryptophan 
fluorescence by acrylamide and leakage induction of entrapped ANTS/DPX 
(a dye/quencher pair) [170] from LUVs, were also utilized.  

 
CD measurements show that HA2(1-23) has a high propensity towards 

α-helix formation (~ 40%) that is fairly insensitive towards changes in 
solvent composition and pH (see figure 4, paper V). The Inf7(1-23) variant 
was according to expectations much more sensitive towards changes of the 
environment. In buffer solution (50 mM potassium phosphate) at pH 7.4 
the overall structure induction in Inf7(1-23) was very low, while at pH 5.0 
α-helix formation was observed. The highest α-helical content for the 
variant at pH 7.4 was observed in zwitterionic LUVs (33%) and at pH 5.0 in 
partly acidic LUVs (52%). 

 
Having established that the Influenza derived fusion peptides could 

form α-helices (see figure 6, paper V), LD experiments could be interpreted 
based on the assumption that we studied the alignment of rodlike, uniaxial 
molecules in phospholipid bilayers. Resolved binding geometries of the 
peptides thus represent ensemble averages of these rodlike helixes. 
Estimations of the orientation factor S were based on data gathered on an 
inner standard, i.e. the lipid order probe retinoic acid [171], which in turn 
made it possible to determine the LDr spectra according to equation 3, 
paper V.   

 
The time-dependent membrane insertion process of the peptides was 

monitored via observed changes in LD signals from retinoic acid embedded 
in LUV membranes (figure 8, paper V). An intensity change of the probe 
signal indicates an overall orientational change of the sample that generally 
can be a result of vesicle deformation, change in vesicle alignment or a 
change of lipid chain order. An increased LD signal reflects a higher order of 
the system, hence destruction of vesicles result in signal loss. Control 
experiments however proved that the changes in intensity correlated with 
lipid chain order in our experimental setup. 
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The polarities of aromatic side chain and peptide bond transitions are 
illustrated in figure 1, paper V. As mentioned previously, the π→π* 
transition becomes split into two signals due to the exciton couplings that 
occur in an α-helix. The transition parallel to the helix axis is observed at   
~ 208 nm, while the perpendicular one is undetectable in our experimental 
setup as it arises where the sample exhibits high absorptivity i.e. below 200 
nm. The n→π* transition of the peptide bond is seen at ~ 220-230 nm and 
has an orthogonal orientation to the helix axis. Transitions from Tyr and Trp 
can be observed in the 220-300 nm region.   

 
Figure 6, paper V, shows the LDr spectra of both peptides at pH 7.4 and 

5.0, in both neutral and 20% negatively charged LUVs. The positive 
spectral peaks of the π→π* transition indicate a preferred orientation in 
parallel to the membrane surface. Since the intensity is however 5-10 times 
weaker than observed for penetratin-like peptides known to reside on 
bilayar surfaces, it was assumed that the peptides had an oblique (inclined) 
orientation, which is in agreement with NMR studies conducted on HA2(1-
20) [136].  

 
Peptide alignment in zwitterionic LUVs is in general poorer than in 

partly acidic ones. Also, the spectral features of the aromatics in POPC LUVs 
are only distinguishable in the case of Inf7(1-23), pH 7.4, indicating 
randomized positioning of Trp and Tyr side chains in the remaining cases.  

 
According to calculations based on the π→π* transitions at 210 nm, the 

native fusion peptide in 20% negatively charged LUVs at pH 7.4 is oriented 
at an inclination of 60-65º to the membrane normal – a position that was 
only slightly affected by a drop in pH. All three aromatics in HA2(1-23) 
(Trp14, Trp21, Tyr22) were resolved well enough to indicate that they 
should be at least partially oriented in the membrane. Their contributions to 
the LD spectrum were estimated via least-square analysis fitting of 
concentration-scaled reference spectra for the 1La(Trp), 1Lb(Trp) and 
1Lb(Tyr) transitions onto the experimental spectrum.  

 
The 1Bb transition moments of HA2(1-23)’s both tryptophans were 

assumed to be close to the magic angle (54.7º) at pH 7.4 and around 60-
65º at pH 5.0. Tyr, having its 1Lb transition moment at an inclination of 35º 
to the membrane normal, was seemingly unaffected by changes in pH. 
Since the geometry of Tyr’s transitions prohibit that both transitions would 
simultaneously generate a positive signal in our case, the 1La(Tyr) was 
assumed to contribute to a negative LD signal in the 220-230 nm-region. 

 
The influence of pH and membrane surface charge had a far greater 

impact on the variant peptide compared to HA2(1-23). In partly acidic LUVs 
at pH 7.4, the inclination angle to the membrane normal was estimated to 
~ 70º, signifying an orientation almost in parallel to the membrane surface. 
Signals from 1La(Trp) and 1Lb(Tyr) were undetectable, indicating flexibility 
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of the residues. A positive band was however observed for 1Lb(Trp) in the 
aromatic region, implying an orientation parallel to the membrane surface. 

 
At pH 5.0 the variant displayed a dramatically different insertion 

geometry. The LD signal intensity however decreased with a factor of four. 
The inclination of the peptide axis is hence estimated to be close to the 
magic angle, since randomization would contribute to some positive LD. 
However, the previously observed 1Lb(Trp) signal vanishes completely at pH 
5.0, suggesting increased flexibility of the Trp side chains.  

 
Both insertion modes of the variant generate high perturbing effects 

that can be compared to those of melittin that is known to change 
membrane bound configuration depending on its environment although 
retaining high membrane perturbation potency.  

 
Leakage experiments conducted on LUVs entrapping ANTS/DPX (with 

100 mM sucrose on the outside to match osmolarity), showed that both 
fusion peptides are very potent in all experimental setups (see figure 2, 
paper V). Again, Inf7(1-23) proved to be very pH-sensitive, particularly in 
zwitterionic membranes, while HA2(1-23) exhibited more uniform 
behaviour in all four cases. The kinetics observed in different membrane 
types, depending on the environment for both peptides. 100% leakage is 
achieved much faster in the partly acidic bilayers (note the logarithmic time 
scale). While the variant is more potent at pH 5.0, the native sequence 
surprisingly induces leakage faster at pH 7.4 in acidic LUVs. Even when the 
lipid ratio is lowered from 1:100 to 1:1600, the same pattern is observed. 
This is in accordance with the pH-sensitive design of Inf7(1-23), but not 
what we first expected regarding the native fusion peptide sequence. The 
virtual pH-insensitivity of HA2(1-23) could however be explained by its 
native role, since it is shielded from solvent by the rest of the protein until 
endosomal pH is reached, thus rendering an efficient perturbing potency at 
physiological pH insignificant.  

 
Observations of Trp emission during the incorporation process of 

peptides into LUV membranes showed a blue-shift and a concomitant 
increase of emission intensity. This is in agreement with what is expected 
when Trp is moved to a more hydrophobic environment. The emission 
maxima also give an indication of how deeply buried the Trps are in the 
bilayer [148, 161, 172]. Based on this data, we can conclude that the Trps 
are membrane bound, but do not reside in a completely hydrophobic 
environment. The Trps of Inf7(1-23) in acidic LUVs at pH 7.4 are an 
exception however, as the emission maximum at 341 nm indicates a 
surface bound arrangement. 

 
Figure 9, paper V, illustrates how the Trp emission generated from the 

two peptides changes with time in zwitterionic and partly acidic LUVs, at pH 
7.4 and 5.0. The plots are not linear, suggesting at least a two-step 
mechanism of insertion. The first and fastest phase is completed within a 
few minutes, which corresponds to terminated leakage of ANTS/DPX shown 
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in figure 2, paper V. The following rearrangement process gradually shields 
the Trps from water, except in the case of Inf7(1-23) at pH 5.0 that 
exhibits the opposite behaviour after an initial membrane-association step.  

 
Tryptophan quenching experiments were performed on HA2(1-23) in 

both types of vesicles at pH 7.4. The extent of Trp fluorescence quenching 
by acrylamide indicated the Trps level of exposure to aqueous solvent. As a 
reference, Stern-Volmer plots were obtained for the quenching efficiency of 
free Trp in 50 mM potassium phosphate buffer (see equation 4, paper V). 
Plots illustrating the solvent accessibility (figure 10 A, paper V) are linear, 
indicating that both Trp14 and Trp21 are equally exposed to the water-
soluble quencher.  

 
The Trps in both peptides are in general more protected at pH 5.0 than 

in 7.4 in both types of membrane composition (figure 10 B, paper V). This 
trend is again more evident for the variant than for the native sequence, 
reflecting its stronger pH-sensitivity. In buffer solution, both fusion peptides 
show a significant protection of the Trps, which implies partial peptide self-
association. The trend in pH-dependence however remains the same and 
can be explained by the neutralization of negative charges. Protonation of 
the negative charges not only stabilizes an α-helix but also makes the 
peptides more hydrophobic, hence facilitating membrane insertion.  

 
Paper VI: Linear dichroism studies of geometry and positioning of 
two α-helical peptides in large unilamellar phospholipid vesicles 

 
Two α-helical peptides, transportan and mDplp(1-30) were studied with 

respect to their inclination angles in acidic LUV membranes. NMR 
experiments on bicelles and micelles have shown that transportan tends to 
insert into membranes in a surface-oriented manner, while mDplp(1-30) is 
most likely a transmembrane peptide [131, 134]. LUVs are better 
membrane modelling systems than micelles and bicelles but cannot easily 
be studied with NMR due to their slow tumbling movements that make 
signals broaden.  

 
Our LD data corroborated the preceding NMR studies in POPC:POPG 

(4:1) LUVs, pH 7.4 (see figure 2, paper VI). The Trp signals from mDplp(1-
30) were well resolved (see figure 3 paper VI) and fitting of Trp reference 
spectra suggested a positioning of the ring planes at the membrane 
interface, close to parallel with the membrane surface. In the NMR 
experiments however, the Trps were observed in a position placing the ring 
planes more in parallel to the transmembrane helix axis (see figure 34). 
Since these experiments were conducted on DHPC micelles, the curvature 
and diameter of the pseudo-membrane are different form the ones in LUV 
membranes. Moreover, since LD is a more sensitive technique as compared 
to NMR, we believe that the data acquired form the LD experiments is more 
likely to reflect a true biological system.  
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The LDr values for the almost perpendicular transitions 1La(Trp) and 
1Lb(Trp) in mDplp(1-30), were derived from anisotropy measurements 
conducted on the membrane probe retinoic acid incorporated in LUV 
membranes [171]. The derived values (-0.84 for 1La(Trp) and +0.54 for 
1Lb(Trp)) correspond to angles of 32˚ and 72˚, respectively, relative to the 
membrane normal and indicate that the ring planes are somewhat tilted 
with respect to the surface. The inclination of the 1Bb transition in mDplp(1-
30) was estimated to be ~ 75˚ relative the membrane normal and its 
contribution to the LD signal around 225 nm was assessed to be rather 
strong. 

 
The LDr value derived for this transition is >0.75 which indicates a high 

order in the sample around this area. This contributes to the assumption 
that mDplp(1-30) adopts a transmembrane configuration. The LD is zero   
< 210 nm where a negative peak emanating from the π→π* transition 
would be expected for a transmembrane peptide configuration. However, it 
is probable that the 1Bb signal masks that spectral feature. It is important 
to instead note the absence of a positive peak, which would have implied a 
surface-oriented position of mDplp(1-30). Also, since the band ~ 225 nm is 
strong, we conclude that the n→π* transitions must contribute to the 
signals intensity, which again points to a transmembrane orientation. 

 
The aromatic side chains in transportan did not generate an equally 

well resolved spectra as did mDplp(1-30) (see figure 4, peper VI). 
Transportan has been shown by NMR to possess a flexible hinge linking its 
galanin and mastoparan parts together that by allowing movement, also 
would attenuate LD signals (PDB structure 1smz). The major peak around 
225 nm is negative which implies a surface-oriented position as the n→π* 
transition is concerned, but since this is only a weakly allowed transition, 
the 1Bb and/ the 1La(Tyr) transition must therefore contribute strongly in 
this region. This peak is however rather narrow in comparison to the one 
observed for mDplp(1-30), implying that the 1Bb transition can either be 
relatively weak because it is positioned close to the magic angle, or be 
partly cancelled out by a positive signal generated by the 1Lb(Tyr) 
transition.  
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