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Abstract 

My thesis concerns spectroscopic studies (NMR, CD and fluorescence) of 
peptides with functions in biotechnology and biology, and their interactions 
with a model membrane (large unilamellar phospholipid vesicles). 
 
The resorufin-based arsenical hairpin binder (ReAsH) bound to a short pep-
tide is a useful fluorescent tag for genetic labeling of proteins in living cells. 
A hairpin structure with some resemblance to a type II β-turn was deter-
mined by NMR structure calculations (Paper I).  
 
Cell-penetrating peptides (CPPs) are short (30-35 residues), often rich in 
basic amino acids such as Arg. They can pass through the cell membrane 
and deliver bioactive cargoes, making them useful for biotechnical and 
pharmacological applications. The mechanisms of cellular uptake and mem-
brane translocation are under debate. Understanding the mechanistic aspects 
of CPPs is the major focus of Papers II, III, and IV. 
 
The effect of the pyrenebutyrate (PB) on the cellular uptake, membrane 
translocation and perturbation of several CPPs from different subgroups was 
investigated (Paper II). We concluded that both charge and hydrophobicity 
of the CPP affect the cellular uptake and membrane translocation efficiency. 
 
Endosomal escape is a crucial challenge for the CPP applications. We mod-
eled the endosome and endosomal escape for different CPPs to investigate 
the corresponding molecular mechanisms (Papers III and IV). Hydrophobic 
CPPs were able to translocate across the model membrane in the presence of 
a pH gradient, produced by bacteriorhodopsin proton pumping, whereas a 
smaller effect was observed for hydrophilic CPPs. 
 
Dynorphin A (Dyn A) peptide mutations are associated with neurodegenera-
tive disorders, without involvement of the opioid receptors. The non-opioid 
activities of Dyn A may involve membrane perturbations. Model membrane-
perturbations by three Dyn A mutants were investigated (Paper V). The re-
sults showed effects to different degrees largely in accordance with their 
neurotoxic effects. 
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I. Introduction 

This thesis is dedicated to the study of short peptides that have functions in 
biotechnology and biology. The first study concerns a short peptide which is 
able to form a fluorescent complex and function as a smaller alternative to 
the green fluorescent protein (GFP). Both the peptide and GFP can be genet-
ically fused to the protein of interest. The complex consists of a short peptide 
with four cysteines bound to the biarsenical-resorufin derivative called 
ReAsH. The tetracysteine peptide is used for site-specific fluorescent labe-
ling of recombinant proteins in living cells by binding to the ReAsH (1, 2). 
Conformational analysis of the tetracysteine motif may clarify the impor-
tance of previously selected amino acids in the peptide sequence as well as 
the resulting structure of the complex on the high quantum yield of the fluo-
rescent probe. 
 
An important peptide group in biotechnology is cell-penetrating peptides 
(CPPs) (3). Over the last years, much attention has been given to the prob-
lem of drug delivery through the cell membrane for the treatment of several 
human disorders. The cell membrane has properties that discriminate certain 
molecules to pass into the cell. Some drug molecules are large hydrophilic or 
negatively charged molecules that create major limitations for their penetra-
tion through the cell membrane. CPPs are short cationic and/or amphipathic 
peptides that are able to translocate into the membrane and gain access to the 
cell interior. They are able to deliver large cargo molecules, such as drugs 
into the cells. Different CPPs employ different pathways for their cellular 
internalization. Two major pathways are considered: direct penetration and 
endocytotic. However, this subject is still under debate (3). Understanding 
the molecular mechanisms underlying the cellular uptake and membrane 
translocation provides a unique opportunity to characterize the structural 
basis for modulation of these peptides, many of which may become useful in 
clinical applications. 
 
Biologically active peptides such as neuropeptides and hormones play a cru-
cial role in many different physiological processes. Several functional path-
ways of the brain are regulated by neuropeptides. Dynorphins, a group of 
opioid neuropeptides, consist of shorter bioactive peptides called dynorphin 
A (Dyn A), dynorphin B (Dyn B) and Big dynorphin (Big Dyn). Dyn A and 
Big Dyn share common properties with CPPs. They are able to enter the 



2 

cells and induce some non-opioid activities. The non-opioid activity of Dyn 
A was emphasized when alteration in the Dyn A gene was shown to be asso-
ciated with a particular disease called Spinocerebellar Ataxia type 23 (4). 
The mechanism(s) of the non-opioid activity of Dyn A and its mutants is not 
clear yet, but it may involve interactions of these peptides with the plasma 
membrane (5, 6). 
 
We employ biomembrane model systems to study most of above mentioned 
groups of peptides.  Unilamellar phospholipid vesicles comprise a simplified 
and relevant membrane mimetic system for studying the membrane interac-
tions, structure, and function of biologically and biotechnically active pep-
tides. 
 

1. Peptides in biotechnology 

1.1. Small molecule probe: ReAsH binding tetracysteine 
peptide 

 
Tracing target molecules is essential in the understanding and characteriza-
tion of biological events. Fluorescent labeling of the bioactive proteins and 
peptides plays an important role in both biophysical and biochemical studies 
of proteins and peptides. In addition, for real-time imaging of the physiolog-
ical changes inside the cells, labeling of proteins becomes a great tool. 
 
The green fluorescent protein (GFP) from the jellyfish Aequorea victoria, 
together with its variants are fluorescent probes commonly used for the pro-
tein localization and interaction studies in living cells. GFP can be genetical-
ly fused to the proteins, forming a highly stable fluorescent protein. Disad-
vantages associated with GFP are the limitations in its spectral properties, its 
slow detection rate, and its large size of 238 amino acids, which may cause 
perturbation of the target protein (1, 2). 
 
Site-specific fluorescent labeling of recombinant proteins in living cells is a 
novel method that has recently become useful in various biological applica-
tions (7-11). The probe consists of a short peptide sequence and a small mo-
lecule detection reagent, typically with fluorescent properties when bound to 
the peptide. One such peptide domain has the sequence CysCysXXCysCys, 
where X is a non-cysteine amino acid. The peptide sequence can be geneti-
cally inserted within the protein of interest (1). 
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    Succinyl-Phe  Leu  Asn  Cys  Cys  Pro  Gly  Cys  Cys  Met  Glu  Pro-NH2

 

 
Figure 1. Schematic picture of ReAsH bound to the 12-amino acid tetracysteine 
peptide, with succinylated N-terminus and amidated C-terminus. Cys4, Cys5, Cys8 
and Cys9 of the peptide are bound to the ReAsH molecule. 
 
 
The tetracysteine peptide is labeled by binding a small molecule, which is a 
membrane-permeant fluorophore, either fluorescein-based arsenical hairpin 
binder (FlAsH) or resorufin-based arsenical hairpin binder (ReAsH). 
ReAsH, which has been studied in this thesis, is a resorufin derivative with a 
tricyclic structure and two arsenic (As(III)) substituents at the positions 4 
and 5 of the rings. The biarsenical moiety fluoresces only after the arsenic 
group is bound to the cysteine thiol moiety (1, 12, 13). 
 
The benefits of biarsenical-resorufin labeling include: 1) possible attachment 
to a variety of large molecules since the biarsenical resorufin is small (≤ 750 
Da); 2) its ability to travel through membranes; and 3) the ability to bind 
tetracysteine peptides with a very low dissociation constant and very fast 
detection rate (12). Among the disadvantages of this methodology, the inte-
raction between an arsenic atom and endogenous thiol-containing cellular 
molecules has to be considered. This interaction could be toxic and produce 
non-specific labeling. Adding low micromolar concentrations of 1,2-
ethanedithiol (EDT) or 2,3-dimercaptopropanol prevents the biarsenical 
from binding to most endogenous molecules containing pairs of thiol groups 
and minimizes the toxicity. In addition, background labeling of endogenous 
proteins can be reduced by developing tetracysteine domains with higher 
affinity than that of thiols for resorufin (12, 14). 

High affinity and detection limit are best reached when Pro and Gly are in-
serted between the two cysteines, compared with other amino acids (12). An 
α-helical structure was the first assumption for the secondary structure of the 
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complex (1). However the selected insertion of Pro and Gly, two helix 
breakers, suggested that the structure is hairpin rather than α-helix (12). The 
other residues were selected after several optimizations and the final result-
ing peptide sequence has the small size of only 12 residues, namely PheLeu-
AsnCysCysProGlyCysCysMetGluPro (Figure 1) (14). 
 
The overall goal of this thesis project was to investigate the three-
dimensional structure of the ReAsH binding tetracysteine peptide. The struc-
ture could explain the importance of selected amino acids in the fluorescence 
activity of the probe.  
 

1.2. Cell-penetrating peptides 

 
Protein transduction domains (PTDs), membrane permeable sequences 
(MPSs), Trojan horses peptides, membrane translocating sequences (MTSs) 
or the most commonly used name, cell-penetrating peptides (CPPs) are short 
(at the most 30-35 amino acids), water soluble and partly hydrophobic 
and/or polybasic peptides with a net positive charge at physiological pH (15-
17). 
 
CPPs are able to pass various types of cellular membranes and gain access to 
the cell interior both in vivo and in vitro, independent of any chiral receptors 
and without causing significant damage (16, 18). Furthermore, they serve as 
vectors in intracellular delivery of electrostatically or covalently bound bio-
active molecules. There seems to be no obvious limitation in the type of the 
cargo (19-24). Figure 2 shows different cargo molecules varying in nature 
and size, which are able to pass cellular membrane in the presence of a CPP. 
This property is of great importance since the cell membrane is the main 
impermeable barrier to the most cargo molecules, such as charged hydrophil-
ic drug molecules. This makes CPPs potentially valuable in the field of drug 
delivery and clinical therapeutics (25-28). 
 
Historically, penetratin (pAntp) derived from the third helix of the amphi-
philic Antennapedia homeodomain of Drosophila (18, 29-32) and TAT pep-
tide from the transactivator of transcription (TAT) of human immunodefi-
ciency virus type one (HIV-1) (33-35) are the two most characterized CPPs. 
Since their identification, many other peptides, either natural or synthetic, 
with cell-penetrating and cargo delivery abilities have been identified and 
characterized (36-39). 
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Figure 2. Cargo delivery into cells. CPPs can carry covalently or electrostatically 
bound bioactive molecules, such as proteins, liposomes, nucleic acids, and therapeu-
tic agents into cells (3). 
 
 
The origin of the CPPs may differ and includes protein-derived peptides 
such as TAT and penetratin (29, 33), chimeric peptides containing two or 
more motifs from other peptides, like transportan (40, 41) together with its 
shorter analogue transportan 10 (TP10) (42), and finally synthetic peptides 
such as polyarginines (37, 39). 
 
The development and mechanistic understanding of CPPs are still in 
progress. The major goal is to find more stable (in both external and internal 
environments of the cells), less toxic and highly efficient CPPs for biological 
and therapeutic applications. One objective of this thesis project is to further 
investigate and explain the molecular mechanisms underlying CPP internali-
zation. 
 

1.2.1. Cellular uptake and membrane translocation mechanisms 

 
More than two decades since the discovery of CPPs, the mechanisms under-
lying their cellular uptake and membrane translocation remains mostly   
unclear. Elucidating the precise mechanism of uptake has proven complex; 
different research groups use different methodologies and their conclusions 
are often different. It is evidenced by several studies that the uptake mechan-
ism for a CPP is strongly dependent on experimental conditions such as con-
centration, temperature, incubation time, cell type, cargo type, the fluoro-
phore type etc. (43-45). Still, molecular understanding of the internalization 

Lipid 
bilayer 

Cytoplasm 

Proteins 

Liposomes 

Nucleic acids 

Therapeutics 

CPP 
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routes is required for development and optimization of highly efficient and 
more selective CPPs. 
 

In order to clarify CPP cellular uptake and membrane translocation mechan-
isms, especially to make it simple for comparisons, a classification of CPPs 
is recommended. One such classification is to include two groups: 1) Arg-
rich or polycationic peptides; and 2) amphipathic peptides. For biophysical 
studies, a classification based upon different peptide sequences and binding 
properties to the phospholipids has been used, resulting in three groups: pri-
mary amphipathic CPPs, secondary amphipathic CPPs, and non-amphipathic 
CPPs (46). 
 
1) The primary amphipathic CPPs (paCPPs), such as transportan (41) or 
TP10 (42), often have more than 20 amino acids. They have sequentially 
hydrophobic and hydrophilic residues in their primary structure. In addition, 
they interact with both neutral and anionic lipid membranes (46). 
 

2) The secondary amphipathic CPPs (saCPPs), such as penetratin (31), 
pVEC (36) and M918 (47), often contain a smaller number of amino acids 
compared with primary amphipathic CPPs. Their amphipathic property 
shows up when they form an α-helix or a β-sheet structure. They typically 
interact with membranes having a certain fraction of anionic lipids (46). 
 
3) The non-amphipathic peptides (naCPPs) are rather short with a high con-
tent of cationic amino acids (Lys and particularly Arg) such as R9 (39) and 
TAT(48-60) (33, 34). 
 
Even though there are some common properties between these three classes 
of peptides, especially in their cationic nature, the mechanism of uptake is 
not the same (48, 49). There is evidence for both so-called energy indepen-
dent and energy dependent, such as endocytotic processes in internalization 
of CPPs (50-52). In addition, it is likely that a certain CPP may use more 
than one pathway for its cellular uptake (53). The challenge is to determine 
which one is the dominant internalization route. 
 
Below is a brief description of the two major cellular uptake mechanisms for 
CPPs, namely: 1) direct penetration via bio-energy independent pathways; 
and 2) energy dependent endocytotic pathways (Figure 3). 
 

1.2.2. Direct penetration 

 
Direct penetration is described by different mechanistic models such as in-
verted micelle formation (18), pore formation (54), the carpet-like model 
(55), and the membrane thinning model (56). The first step in all these    
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mechanisms constitutes interactions of the positively charged CPP with the 
negatively charged components of the membrane, such as the sulfate in he-
paran sulfate (HS) as well as the head-groups in the phospholipid bilayer 
(57). They all involve transient destabilization of the membrane associated 
with folding of the peptide on the lipid membrane (58). In addition, mem-
brane potential is a further driving force for membrane penetration (59, 60). 
The subsequent mechanism of internalization depends highly on the peptide 
concentration, peptide sequence and lipid composition in each membrane 
model studied. 
 
The inverted micelle is one model suggested already at an early stage for the 
direct penetration of penetratin. In addition to the electrostatic interaction 
between the positively charged CPP and negatively charged lipid membrane, 
hydrophobic interactions between hydrophobic residues such as Trp and the 
hydrophobic part of the membrane is also included in this mechanism (18, 
32, 61). However, there is no direct experimental evidence for this model. 
 
Pore formation includes descriptions using the barrel stave and the toroidal 
models (54, 62, 63). In the barrel stave model, helical CPPs form a barrel by 
which hydrophobic residues are close to the lipid chains and hydrophilic 
residues forms the central pore. In the toroidal model, lipids bend in a way 
that the CPP is always close to the head-groups and both CPP and lipids 
form a pore. In both mechanisms, pores appear when the concentration of 
the peptide is more than a certain concentration threshold, which is not the 
same for different peptides. In addition, transient or permanent pores may be 
induced. Permanent pore formation is one of the models suggested for the 
antimicrobial peptides and it is not consistent with the non-lytic activity of 
CPPs (64). Permanent pore formation cannot explain a cargo delivery to-
gether with low toxicity and high efficiency required in the CPP transloca-
tion. 
 
In the carpet-like (55) and membrane thinning models (56), interactions be-
tween negatively charged phospholipids and cationic CPPs result in a desta-
bilization of the membrane. Subsequent translocation of the CPP is achieved 
when the CPP concentration is above a critical threshold concentration. 
 
Generally, direct penetration is most probable at high peptide concentrations 
for both amphipathic and Arg-rich CPPs (53, 65). It has been shown that 
electrostatic interactions with negatively charged membrane components 
may lead to charge neutralization and hence facilitate direct penetration for 
highly cationic Arg-rich CPPs (57). 
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Figure 3. Schematic drawing illustrating the pathways of the CPP internalization 
across the cellular membrane. CPPs and cargo attached to CPPs may enter the cell in 
a variety of routes, e.g. direct penetration, macropinocytosis, clathrin-mediated en-
docytosis, and caveolin-dependent endocytosis. The two latter are dependent on the 
protein dynamin for vesicle scission (66). The target can be e.g. the nucleus or cy-
toplasm. 
 
 

1.2.3. Endocytosis 

 
Early studies indicated that direct penetration is the uptake mechanism for 
most CPPs. This conclusion was based on the observations that peptides 
enter the cell at 4 oC, by depletion of the cellular adenosine triphosphate 
(ATP) pool and/or in the presence of endocytosis inhibitors, therefore by 
energy independent routes (31, 33). Later studies found experimental arti-
facts responsible for this conclusion. Methanol or formaldehyde necessary 
for the fixation of the cell lines with confocal microscopy could cause some 
experimental artifacts due to membrane associated peptides (67, 68).       
According to recent studies based on live unfixed cells, endocytosis is in-
volved in the cellular uptake mechanism for most CPPs especially at low 
CPP concentrations or in the presence of large cargo molecules (49, 68-72). 
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However, it cannot be excluded that several different mechanisms operate 
under different conditions for all CPPs. 
 
Endocytosis for CPP cellular uptake consists of several pathways including 
macropinocytosis, clathrin-mediated endocytosis, caveolin-dependent endo-
cytosis and endocytosis independent of clathrin and/or caveolin (Figure 3). 
In all these pathways, the molecule ends up in internalized lipid vesicles 
even though the vesicle structure is not the same in different routes (66, 73-
75). 
 
Macropinocytosis is an actin dependent endocytosis associated with the in-
ward folding of the outer surface of the plasma membrane that results in 
formation of vesicles called macropinosomes. The resulting macropino-
somes are surrounded by a membrane similar to the cell membrane. The size 
of the macropinosome is in the order of 1 to 5 µm, larger than other endocy-
totic vesicles (74). 
 
In receptor-mediated endocytosis, clathrin or caveolin pits are involved in 
the mechanisms of uptake. Both clathrin and caveolin proteins cover the 
intracellular part of the membrane. They are required for the invagination of 
the membrane and formation of the vesicles after binding the extracellular 
molecule to the membrane receptor. Clathrin- and caveolin-coated vesicles 
are a few hundred and 50-80 nm in diameter, respectively (66, 75). 
 
Initial electrostatic interactions of a peptide with cell surface negatively 
charged components, such as heparan sulfate (HS), are also involved in sti-
mulating the endocytotic internalization (76-78). 
 

1.2.4. Endosomal escape 

 
In endocytotic pathways, CPPs will end up in the endosomes. Thereafter, 
depending on the kind of the pathway, the CPP may recycle back to the 
plasma membrane or go further to the late endosomes and then lysosomes 
(73). Overall, CPPs that have entered the cells via endocytosis have to be 
released from endosomes in order to reach the target sites. Endosomal es-
cape appears to be the major problem in the delivery of molecules to the 
target and it is believed to be the rate limiting step in intracellular delivery of 
most cargo attached to CPPs (79). Various methodologies have been em-
ployed to overcome the endosomal barrier and get access for the cargo to the 
cell interior, including the use of lysosomotropic agents, inhibitors of endo-
somal acidification, membrane disruptive peptides and polymers (77, 79, 
80). A problem is however the question of how relevant these methods are in 

vivo. 
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1.2.5. Lysosomotropic agents: Chloroquine 

 
Lysosomotropic agents are compounds that are able to pass the cell mem-
branes and enter the lysosomes by various uptake mechanisms. The endocy-
totic pathway and simple diffusion are two modes of entry into cells and 
lysosomes for these agents (81). 
 
Chloroquine (CQ) is an example of lysosomotropic compounds that are able 
to cross the membrane of the lysosomes in the neutral unprotonated form. 
CQ is a relatively hydrophobic weak base with two basic groups (Figure 4). 
Its important application goes back to World War II when it was discovered 
to be a useful drug for treatment of malaria (81). Nowadays several studies 
use CQ as an inhibitor of endosomal acidification. In addition, CQ is also 
applied to provide evidence for an endocytotic pathway (82-85). 
 
 
 

CH3

CH3 CH3

+

 
 
 

Figure 4.  Chemical structure of CQ. 
 
 
 
A fluorescence measurement on lysosomes has shown a measurable pH in-
crease within the lysosome even in the presence of low concentrations of 
CQ.  The pH increase is probably due to the absorption of protons by the 
neutral base, CQ. Raising the pH inside the lysosome acts against the func-
tion of the proteolytic system inside the lysosomes and results in reduction 
of the degradation of macromolecules. A similar situation may occur in acid-
ic endosomes. The pH increase in the presence of CQ results in inhibition of 
endosome/lysosome fusion and hence the macromolecule cargo will be in 
the endosome for a longer period of time (82-85). 
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Membrane destabilization is another effect of CQ. Protonated CQ cannot 
cross the membrane back to the cytoplasm. It swells the endosome and des-
tabilizes the membrane. Such an effect could result in releasing the endo-
somal components into the cytosol, i.e. increase the rate of endosomal es-
cape (86). 
 
Studies on gene delivery systems indicate improved gene delivery in the 
presence of CQ. It enhances the transfection ability by releasing particles 
trapped in the endosome and facilitates the endosomal escape step during the 
endosomal pathway (87, 88). 
 

1.2.6. Counter-anions: Pyrenebutyrate 

 
Understanding the molecular basis relevant for the CPP efficiency provides a 
unique opportunity to optimize and design a CPP with better translocation 
ability and higher bioefficiency. Mapping of residues important for the CPP 
translocation ability allows the identification of residues that influence the 
cellular uptake and translocation. One major factor for the interaction of 
CPPs with the cell membrane and subsequent translocation is believed to be 
the number of Arg residues in the peptide sequence. In addition, the impor-
tance of Arg (and in particular, the guanidinium group) compared to Lys in 
delivery of peptides has been shown previously (51, 59, 89). In contrast, this 
is not the case for TP10 and other CPPs lacking Arg in their sequences, 
which indicates that basic nature alone is insufficient for the CPP internaliza-
tion. 
 
Several studies emphasize the importance of the guanidinium group of Arg 
in the cellular uptake. Decreased cellular uptake of peptides with guanidi-
nium substituted by N-methyl groups supports a role for these groups in 
mediating cellular uptake of the CPP (57). Guanidinium groups can form 
bidentate hydrogen bonds to counter-anions, for example to the phosphate 
group of phospholipids in the cellular membrane and thereby enhance the 
cellular uptake efficiency (57, 90). Moreover, addition of a hydrophobic 
counter-anion has been shown to improve the translocation ability of Arg-
rich CPPs (91). 
 
Pyrenebutyrate (PB) is an aromatic, hydrophobic and negatively charged 
counterion that interacts electrostatically with positively charged CPPs, par-
ticularly with Arg residues (Figure 5). Upon interaction with hydrophilic 
oligoarginine peptides, the hydrophobicity of the peptide is increased and the 
direct membrane translocation is promoted according to the current mecha-
nistic model (91-94). 
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Figure 5. Addition of a hydrophobic counter-anion, PB to the membrane in the 
presence of a CPP. The carboxyl group of PB can form hydrogen bonding to the 
positively charged guanidinium group of Arg residues in the CPPs. 
 
 

1.2.7. Proton pumping proteins: Bacteriorhodopsin 

 
Bacteriorhodopsin (BR) with the molecular mass of approximately 26 kD is 
an integral membrane protein found in the bacterium Halobacter salinarium. 
BR together with lipids forms a two-dimensional crystalline lattice of the 
purple membrane in H. salinarium. One of the important functions of this 
protein is converting light energy to a proton gradient, which is utilized by 
another membrane protein called ATP synthase to generate chemical energy, 
in the form of ATP molecules (95). 
 
The BR protein has a structure of seven-transmembrane α-helices with short 
interconnecting loops so that helices surround a channel through which pro-
tons can move (Figure 6). The helices enclose a retinal chromophore, cova-
lently linked via a protonated Schiff base to residue Lys216 in the seventh 
helix. Upon light absorption, the retinal molecule undergoes an isomeriza-
tion process that results in the proton pumping activity (95, 96). It has been 
shown that Lys216, Asp85, and Thr90 are important residues in the BR pro-
ton pumping mechanism (97, 98). 
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Figure 6. Schematic picture showing the proton pumping activity of BR. BR is 
reconstituted into the membrane so that in the presence of light, it pumps protons 
from the outside to the inside of the vesicles. 
 
 
When BR absorbs light, it pumps protons in a direction that depends on the 
direction of protein insertion into the membrane, generating a proton gra-
dient across the membrane (96, 99). Changes of transmembrane electrical 
potential produced by BR can be measured using a fluorescence probe called 
Oxonol VI, which is sensitive to the potential changes across the phospholi-
pid membrane (100). 
 
There are various methods to reconstitute membrane proteins into unilamel-
lar phospholipid vesicles, including organic solvent mediated reconstitution, 
direct incorporation, mechanical means, and the detergent mediated reconsti-
tution method. The final orientation of the protein incorporated into the ve-
sicle bilayers depends on the mechanism by which the protein is reconsti-
tuted into lipid bilayers to provide proteoliposomes. Among these methods, 
detergent mediated reconstitution is the most common and successful tech-
nique to incorporate membrane proteins asymmetrically into vesicles. This 
method provides 95% inside-out orientation of BR in the vesicle bilayer, 
meaning that the N-terminal amino acids are accessible inside the vesicles 
and the C-terminal is exposed to the exterior. This results in light induced 
BR proton pumping from the outside to the inside of the vesicles (Figure 6), 
which is in the opposite direction comparing to the proton pumping in the 
bacteria (101).  
 
The proton pumping activity of BR, and hence the production of an acidic 
environment inside the vesicles, is used to model the endosomes, similar to 
those existing in vivo. 

Inside the vesicles 

hυ 

H+ 
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1.2.8. CPPs and biomembrane models 

 
The biological membrane is a complex structure consisting primarily of a 
lipid bilayer together with different proteins and other components, each of 
which might be involved in the CPP internalization mechanisms. This makes 
the mechanistic analysis very complicated. The main advantage of using a 
simplified membrane model system is the possibility to study each compo-
nent separately. The CPP-lipid membrane interactions in a model system are 
important. There are various membrane model systems such as detergent 
micelles, phospholipid bicelles and vesicles that can be used to specifically 
investigate the CPP-membrane interactions. One should be careful in making 
general conclusions since each membrane model has its own effect on the 
observed results. Various biophysical spectroscopy methods, such as circular 
dichroism (CD) and nuclear magnetic resonance (NMR), are difficult or not 
possible to use for an intact biological cell membrane. However, they are 
more applicable to membrane model systems and give much valuable infor-
mation. 
 
Table 1 shows different CPPs together with some CPP-like peptides. The 
average hydrophobicity for each peptide is calculated according to von 
Heijne’s method (102). In this scale, lower values reflect greater hydropho-
bicity. This table includes different types of CPPs named non-amphipathic 
(hydrophilic), secondary amphipathic (intermediately hydrophobic) and pri-
mary amphipathic (hydrophobic) CPPs together with more potent or antimi-
crobial peptides, native CPP-like (dynorphins) and finally, two voltage sen-
sor paddle peptides (KvAPp and HsapBKp). 
 
The secondary and three-dimensional structures of the CPPs in different 
membrane models can be determined using CD and NMR methods, respec-
tively (103-106). Most CPPs have been shown to have a random coil struc-
ture in aqueous solution and they may form α-helix or β-sheet conformations 
in the presence of different membrane model environments (103, 107). 
There is no simple correlation between the structure induced by the mem-
brane model systems and the observed mechanism of cellular internalization 
for different CPPs, regardless of the hydrophobicity or cationic nature (59, 
103, 108, 109). In these studies, in addition to the selected model system, the 
peptide and lipid concentrations and lipid components of the membrane 
model are of importance. Magzoub et al. have shown that penetratin induces 
a β-sheet structure with negatively charged vesicles whereas an α-helix 
structure is generated in the presence of detergent micelles. In addition, pe-
netratin has a transition from an α-helix to a β-sheet at high peptide concen-
trations or at lower lipid to peptide ratios (109).  
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Table 1. Some CPPs or CPP-like peptides and their physical properties at physiological pH. aAverage hydrophobicity is calculated according 
to the values from von Heijne’s scale (102).  
 

Peptide 
No. of 
Arg 

Positive 
charges 

No. of 
Trp 

Average  
hydrophobicitya 

No. of 
residues 

Reference Sequence 

R9 9 9 - 2.58 9 (39) RRRRRRRRR 
TAT(48-60) 6 8 - 2.37 13 (33) GRKKRRQRRRPPQ 
Penetratin 3 7 2 1.52 16 (31) RQIKIWFQNRRMKWKK 

pVEC 4 6 - 1.10 18 (36) LLIILRRRIRKQAHAHSK 
M918 7 7 - 0.93 22 (47) MVTVLFRRLRIRRACGPPRVRV 

Transportan - 4 1 0.56 27 (40) GWTLNSAGYLLGKINLKALAALAKKIL 
Pen-Arg 7 7 2 1.49 16 (116) RQIRIWFQNRRMRWRR 

Tp10 - 4 - 0.53 21 (42) AGYLLGKINLKALAALAKKIL 
MAP - 5 - 0.57 18 (117) KLALKLALKALKAALKLA 
PeP-1 1 6 5 1.54 21 (38) KETWWETWWTEWSQPKKKRKV 
MPG 1 5 1 0.81 27 (118) GALFLGFLGAAGSTMGAWSQPKKKRKV 

Melittin 2 5 1 0.78 26 (54) GIGAVLKVLTTGLPALISWIKRKRQQ 
Mastoparan - 3 - 0.52 14 (119) INLKALAALAKKIL 

LL37 5 11 - 1.31 37 (120) LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 
Dynorphin A 3 5 1 1.40 17 (121) YGGFLRRIRPKLKWDNQ 
Dynorphin B 2 3 - 0.94 13 (121) YGGFLRRDFKVVT 

Big Dynorphin 6 10 1 1.29 32 (121) YGGFLRRIRPKLKWDNQKRYGGFLRRDFKVVT 
mPrPp(1-28) 1 4 2 0.70 28 (122) MANLGYWLLALFVTMWIDVGLC KKRPKP 

KvAPp 5 5 - 0.40 35 (123) PAGLLALIEGHLAGLGLFRLVRLLRFLRILLIISR 
HsapBKp 4 4 1 0.65 28 (124) PVFVSVYLNRSWLGLRFLRALRLIQFSE 
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In a recent study, Eiríksdóttir et al. have investigated structural induction in 
ten different CPPs in the presence of different membrane mimetic models. 
They aimed to classify the CPPs according to the correlation between the 
induced structure and their uptake mechanisms (107). All tested CPPs, both 
hydrophobic (but not including transportan, (109)) and cationic, display a 
random coil structure in an aqueous solution and in the presence of un-
charged phospholipid membrane models. However the results were different 
in the negatively charged or partially negatively charged model systems. 
They concluded that electrostatic interactions are involved in the structural 
induction and membrane interactions of the studied CPPs (107). According 
to Table 1, R9 and TAT(48-60) are two highly cationic CPPs with low hy-
drophobicity. We have shown that these two peptides induce no, or very low, 
membrane-perturbation in large unilamellar vesicles. This observation may-
be related to the inability of this group of CPPs or generally hydrophilic 
CPP-like peptides to display any ordered structure with the membrane mod-
els. A very high perturbation effect was observed for the primary amphipath-
ic CPPs, such as TP10, that showed a structural induction in most investi-
gated membrane environments (107). For intermediately hydrophobic CPPs, 
such as penetratin and M918, results depend strongly on different parame-
ters, including the type of membrane model, peptide and lipid concentrations 
and the lipid composition (108, 109). 
 
It has been shown that a cargo attached to Arg-rich CPPs reduces the cellular 
uptake efficiency (43). The effect of cargo molecules on CPP-membrane 
interactions can also be evaluated using membrane models. Results with a 
membrane model indicated reduced perturbation by a cargo attached to TP10 
compared to TP10 alone (110). Complexes with different sizes use different 
internalization pathways with different uptake efficiencies. 
 
There are several examples that highlight the importance of Trp residues and 
charge distribution in the peptide sequence for the membrane-perturbation of 
hydrophobic CPPs. As shown in Table 1, there are CPPs or CPP-like pep-
tides with similar hydrophobicity, however their membrane-perturbation 
effects are different.  The most potent group of peptides, antimicrobial pep-
tides like melittin, have Trp in their primary sequences (111). Preliminary 
results on two voltage sensor paddle peptides, HsapBKp and KvAPp, have 
shown that HsapBKp with one Trp gives rise to higher membrane-
perturbation compared to KvAPp without any Trp, despite the fact that the 
latter is slightly more hydrophobic. Dynorphin A (Dyn A) and Big dynor-
phin (Big Dyn) share common properties with CPPs. They are able to desta-
bilize membrane models and induce a fluorophore leakage (6, 112). Substi-
tution of one Arg with one Trp in Dyn A significantly enhances membrane 
perturbation. These observations are in accordance with the finding made on 
biological cell membranes. For penetratin, replacing one or two Trp residues 
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with Phe or Ala was also found to reduce the cellular uptake efficiency (31, 
113). 
 
Structure-function studies also implicate the importance of Arg residues in 
the cellular uptake of hydrophilic or non-amphipathic CPPs (114). Mem-
brane model leakage studies have shown that peptides with higher hydro-
phobicity have higher degree of membrane-perturbation and resulting lea-
kage. Non-amphipathic or hydrophilic CPPs like TAT(48-60) induce no or 
less leakage compared with hydrophobic CPPs. Obviously, this observation 
is not in agreement with the CPP activity of these peptides in biological cell 
membranes (39). These results indicate the potential effect of other compo-
nents present in biological cell membranes and mechanisms more related to 
a receptor-protein mediated uptake. The presence of negatively charged 
components such as glycosaminoglycan has also shown to be important in 
the uptake mechanism of Arg-rich CPPs (46, 115). 
 
Taken together, dedicated membrane models should represent a simplified 
mimetic system for complex biological cell membranes. They can be suc-
cessfully used to study CPP-membrane interactions. Both electrostatic inte-
ractions and hydrophobicity are found to be important in biological and 
model membrane interactions. However, with the lack of intrinsic negatively 
charged cellular components, e.g. proteoglycans, in membrane model sys-
tems, hydrophobicity is often seen as the essential characteristic for mem-
brane-peptide interactions in membrane model studies. 
 

1.2.9. Other drug delivery systems 

 
Due to the impermeability of cellular membranes, most cargo molecules 
have difficulties in entering living cells. Different delivery systems have 
been developed in order to direct different drugs into their targets (cells and 
tissues). Among such systems, CPPs have already proven to be quite suc-
cessful since they are capable of efficient delivery of different nucleic acid 
based therapeutics such as plasmid DNA, splice-correcting oligonucleotide 
(SCO), and siRNA; all of which have potential to become useful in future 
clinical applications (23, 125, 126). Both covalent and non-covalent conju-
gations have been investigated in order to attach the cargo molecule to the 
CPP (23, 127, 128). Some disadvantages with a covalent conjugation in-
clude: 1) high required doses of the cargo since a one to one ratio of the CPP 
and cargo is required; 2) low internalization efficiency; and 3) problems with 
chemical conjugation processes. Cargo-entrapment inside the endosome is a 
limitation associated with the non-covalent conjugation strategy (129). 
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Recently, several chemical modifications on CPPs have been introduced in 
order to increase the bioavailability, stability and efficiency in targeted deli-
very (129). Stearyl-TP10, a novel modified CPP, is a TP10 with the N-
terminal modified by a stearic acid. This CPP-based vector has an enhanced 
endosomal escape ability (130, 131). Another novel modified CPP is the 
PepFect group, e.g. PepFect 6, a further modified stearylated TP10 contain-
ing covalently attached CQ analogues, with higher activity and stability even 
compared with commonly used lipid-based vectors such as Lipofectamine 
2000 (125, 132). 
 
There are other non-viral vectors and strategies to deliver different cargo 
molecules, including hydrodynamic injection, lipid based systems (lipo-
somes, micelles, and solid lipid nanoparticles), polymer-mediated delivery, 
and conjugation to the different molecules (peptides and lipophilic mole-
cules) (133). Each of them has its own benefits and drawbacks. Toxicity, 
immune stimulation problems and non-specific targeting are some limita-
tions that make this attempt still ongoing. 
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2. Peptides in biology 

2.1. Dynorphin family 

 
Neuropeptides are chemical signals and a group of neurotransmitters in-
volved in communication of the information in the nerve system. They nor-
mally contain 3 to 50 amino acid residues, and are processed from a precur-
sor protein (134). 
 
Dynorphins constitute a group of endogenous opioid neuropeptides, which 
serve regulatory roles in different functional pathways of the brain including 
learning, memory acquisition, emotional control, stress response and pain 
processing (135, 136). They are obtained from a precursor protein called 
Prodynorphin (PDYN) or Proenkephalin B (a protein with 256 amino acids), 
which is found in different parts of the brain and also in the spinal cord 
(137). Dynorphin A (Dyn A), dynorphin B (Dyn B) and Big dynorphin (Big 
Dyn) are short peptides that arise from processing of PDYN by the enzyme 
proprotein convertase 2 (Figure 7) (121, 136). 
 
 
 
 

YGGFLRRIRPKLKWDNQKRYGGFLRRDFKVVT 
 

 
 
 
Figure 7. The amino acid sequence of Big Dyn(1-32) together with its shorter ana-
logues Dyn A and Dyn B.  
 
 
Dynorphins have opioid activity through binding to opioid receptors espe-
cially to the κ-receptor, a group of G-protein coupled receptors (138). This 
results in regulation of a variety of physiological functions in the central 
nervous system. 
 
Dyn A and Big Dyn share common properties with CPPs, including their 
highly basic nature in addition to having hydrophobic residues (Table 1). 
They are also able to translocate across the neuronal and non-neuronal cell 
membranes without using any chiral receptors (5). It is evidenced by model 
membrane leakage studies that electrostatic interactions are important for the 
induced membrane perturbations. The ability to translocate across the mem-
brane is not mediated by opioid receptors and may explain the ability of 

Big Dyn 

Dyn A Dyn B 
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these peptides to transfer certain non-opioid signals into the cells (6, 112). 
Several excitotoxic effects may be induced by Dyn A but not the other 
PDYN derived peptides through non-opioid receptors, such as neurological 
dysfunctions and cell death (139, 140). 
 
Another non-opioid activity of dynorphins was realized when Dyn A mu-
tants were shown to promote the human neurodegenerative disorder Spino-
cerebellar Ataxia (SCA) type 23. These mutations are the first known human 
neuropeptide mutants (4). SCA is a neurodegenerative disease that affects 
the cerebellum part of the brain. It is characterized by progressive cerebellar 
ataxia, dysarthria and oculomotor abnormalities (141). Three out of four 
identified mutations responsible for this misbehavior are located in the part 
of PDYN gene that encodes for Dyn A (4). The substitutions caused L5S, 
R6W, and R9C in Dyn A(1-17) (Table 2) (4). R6W and R5C were shown to 
induce more toxicity on striatal neurons compared to the wild-type Dyn A 
(4). 
 
 
Table 2. Amino acid sequence of Dyn A wild-type (WT) and its mutants. aAverage 
hydrophobicity is calculated according to the values from von Heijne’s scale (102). 
Substitutions are indicated in red. 
 

Peptide 
Average 

hydrophobicitya 
Sequence 

Dyn A (WT) 1.40 YGGFLRRIRPKLKWDNQ 
Dyn A (R6W) 1.26 YGGFLWRIRPKLKWDNQ 
Dyn A (R9C) 1.24 YGGFLRRICPKLKWDNQ 
DynA (L5S) 1.48 YGGFSRRIRPKLKWDNQ 

 
 
 
The mechanism(s) of the non-opioid and disease associated activity of Dyn 
A and its mutants is (are) not clear yet. It may involve interactions of these 
peptides with the plasma membrane, such as peptide translocation into the 
cell (5) and/or formation of membrane pores following by entering calcium 
ions to the vesicles (6). 
 
The aim of my study was to elucidate in more detail the membrane interac-
tions of the Dyn A mutants, and to identify the parameters affecting the inte-
ractions.   
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II. Methods 

1. Biophysical spectroscopy methods 
 
Spectroscopy is the study of interactions between electromagnetic radiation 
and molecules as a function of wavelength or frequency of the light. Light 
absorption spectroscopy is the most common type of optical spectroscopy. 
Other techniques such as circular dichroism (CD), fluorescence and nuclear 
magnetic resonance (NMR) are biophysical spectroscopy methods giving 
more specific information. Figure 8 shows different ranges of radiation in an 
electromagnetic spectrum. 
 
The aromatic side chains of the amino acids, Trp, Tyr, and Phe absorb UV 
light between 280 and 250 nm, while the peptide bonds absorb at shorter 
wavelengths around 200 nm. The concentration of the peptide and protein 
solution can be obtained by the absorption value of Trp at 280 nm, using the 
absorption spectrometer and the Lambert-Beer’s law, provided that the mo-
lar extinction coefficient is known (142, 143). 
 
Below is a brief description of the spectroscopy methods used in this thesis, 
together with their benefits and drawbacks. 
 
 
       
 
 
 
 

 
 
Figure 8. The electromagnetic spectrum with the range of wavelengths applied for 
different spectrometers (142). 
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1.1. Fluorescence spectroscopy 

 
Fluorescence spectroscopy is a very sensitive method available for a very 
broad application range. In biophysical studies, it may give information 
about e.g. peptide-membrane interactions, protein folding, peptide and pro-
tein binding kinetics or membrane dynamics (144). Fluorescent molecules, 
or fluorophores that have been electronically excited by absorbing light, 
return to the ground state by emitting light studied by emission spectroscopy 
in fluorescence spectroscopy. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 9. A simplified Jablonski energy level diagram (after (144)). Arrows 
represent the transitions between the ground state (Sο) and excited states (S1 and S2). 
The fluorophore is first excited by the absorption of light of an appropriate wave-
length, resulting in a transition from ground state (Sο) to the vibrationally different 
singlet excited states (S1 or S2). In fluorescence, light is emitted from the lowest 
vibrational state of a singlet excited state. Internal conversion (IC) relaxes the fluo-
rophore back to the lowest vibrational state, and intersystem crossing (ISC) is a 
forbidden transition between singlet and triplet states. Phosphorescence is the result 
of transition from a triplet state to the ground state. 
 
 
Fluorescence like other forms of luminescence is a process with two general 
stages: excitation and emission. First a fluorophore is excited by the absorp-
tion of the excitation radiation of an appropriate wavelength, resulting in a 
transition from the ground state (Sο) to the vibrationally different singlet 
excited states (S1 or S2).  Internal conversion (IC) is a non-radiative process 
that relaxes the molecules back to the lowest vibrational state. After a finite 
duration (fluorescence lifetime), the molecule returns to the ground state by 
emitting a lower energy photon (Stokes shift). Figure 9 shows a Jablonski 
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diagram that represents the energy levels of the molecule together with some 
possible transitions. As shown in this figure, the fluorescence will always 
occur from the lowest vibrational level of the excited state (Vavilov’s law). 
The transition should be between two singlet states. If the transition occurs 
between a triplet excited state and a singlet state, the emission is called 
phosphorescence (144, 145). 
 
There are a number of non-radiative processes that compete with fluores-
cence and quench the fluorescence intensity of the fluorophore by returning 
the system to the ground state without light emission. They include intersys-
tem crossing (ISC), energy transfer to other acceptor molecules (FRET), 
excited state reactions, complex formations and collisional quenching. Oxy-
gen (O2) and the iodide ion (I-) are common chemical fluorescence quench-
ers (144, 145). 
 
The fluorescence intensity of the sample depends on the light absorption 
efficiency of the fluorophore (ε, the molar extinction coefficient) and the 
quantity called quantum yield (Q).  Quantum yield is the number of emitted 
photons relative to the absorbed photons. In other words, it is the probability 
of fluorescence with respect to the probability of all other deexcitations. 
 
The rate constant for depopulation of the excited state is given by: 
 

∑+= if KKK ,    (1) 

 
where Kf is the fluorescence rate constant and Ki is the rate constant for all 
other non-radiative processes. The quantum yield can be written as: 
 

K

K
Q

f
= ,     (2) 

 
Using the quantum yield we can calculate the fluorescence intensity: 
 

QII Af ⋅⋅Ψ= ,    (3) 

 
where Ψ is the instrumental correction factor and IA is the initial population 
of the excited state (144). 
 
Fluorescence spectroscopy involves fluorescence properties of a number of 
natural fluorophores, including GFP, as well as a large number of synthetic 
compounds. The aromatic amino acids Trp, Tyr and Phe are fluorescent and 
Trp is the most useful with the strongest emission intensity. In addition, the 
fluorescence properties of Trp (wavelength maximum emission and the 
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quantum yield) depend on the polarity of the environment (144). Calcein 
(Figure 10) is a synthetic fluorophore with excitation and emission maxima 
of about 494 nm and 515 nm, respectively. It has a maximum of six negative 
and two positive charges. At neutral pH, the overall charge is -4 or -3 de-
pending on exact conditions (146, 147). Due to its negatively charged nature, 
interactions with the phospholipid membrane and spontaneous membrane 
leakage occur slower than with fluorophores of less charge, like e.g. fluo-
rescein. This makes calcein suitable for membrane-perturbation studies (148, 
149). 
 
 

O- COO--O

-OOC COO-

-OOC

 
 

Figure 10. Chemical structure of the fluorophore calcein, used for the study of 
membrane leakage. 
 

1.2. Circular dichroism spectroscopy 

 
Circular dichroism spectroscopy gives information about the overall second-
ary structure of the proteins or polypeptides in solution. It is generally based 
on the fact that optically active molecules (such as proteins and DNA mole-
cules) absorb left- and right-handed circularly polarized light to a different 
extent, a phenomenon known as circular dichroism (CD) (150, 151). 
 
Optically active chiral molecules are able to absorb plane polarized light, 
which can be considered as the superposition of two circularly polarized 
light beams (Figure 11, left). If the right- and left-hand components of the 
circularly polarized light are absorbed differently, the exiting light will be 
elliptically polarized (Figure 11, middle). In addition, the refraction index of 
the molecule may differ for the two components of the light. Consequently, 
the axis of the ellipse of polarization gets rotated, which is called optical 
rotator dispersion (ORD) (Figure 11, right). The CD spectrometer records 
the difference in absorption between left- and right-handed circularly pola-
rized light (A(l)- A(r)) as a function of wavelength although it often as a 
result gives the ellipticity (θ) in the unit of mdeg.  
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Figure 11. Plain polarized light may be considered as a sum of two circularly pola-
rized light beams (ER and EL, left). Elliptically polarized light (middle) and optical 
rotator dispersion (ORD, right) are the results of interaction between plane polarized 
light and the chiral molecule and different refraction indexes of the molecule for the 
two components of the light, respectively. α is the degree of optical rotation and θ is 
the ellipticity defined as arctan (b/a) (151). 
 
 
Mean residual molar ellipticity ([θ]) is manually calculated and defined as 
the observed ellipticity (mdeg) divided by the number of residues, concentra-
tion of the sample (mol/l) and path length of the cuvette (cm) (151). 
 
The major chromophore in proteins is the peptide bond, which gives charac-
teristic CD spectra for different secondary structures in the far UV from 250 
nm down to 190 nm.  Figure 12 shows typical CD spectra of different sec-
ondary structures including α-helix, β-sheet and random coil (152). The α-
helix spectrum has two negative minima at 208 nm and 222 nm and one 
positive band at 193 nm. β-sheet is characteristic having a minimum at 215 
nm and a maximum at 195 nm, while random coil is characterized by a min-
imum at 197 nm (153, 154). 
 
One advantage of the CD method is that one can easily monitor changes of a 
secondary structure due to the influence of the environment such as tempera-
ture and pH changes on the sample. However the important point is to only 
use chemicals necessary to keep the sample defined and avoid the ones that 
might mask the sample signal (155). Several computer fitting programs are 
available that can help determining the relative content of each secondary 
structure present in the sample. Typically, they fit the CD spectrum using the 
standard spectra of proteins whose crystal structures have been determined 
by X-ray crystallography (156). 
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Figure 12. CD spectra of polylysine (Mr=193000). Polylysine forms an α-helix in 
water at pH 10.8 at 25 °C, a β-sheet at pH 11 after heating (at 52 °C for 15 min) and 
cooling back to 25 °C. Random coil is formed at neutral pH (152). 
 

1.3. Dynamic light scattering 

 
Dynamic light scattering (DLS), photon correlation spectroscopy (PCS) also 
known as quasi-elastic light scattering (QELS) is a method mainly used to 
determine the particle size and polydispersity in solution. This method is 
based on the fact that radiation can induce an oscillating polarization of the 
electrons in the molecules, which results in light scattering in all different 
directions. DLS measures the intensity fluctuations of scattered light due to 
the particle motion (157). 
 
Small particles (smaller than the wavelength of the light, Rayleigh theory) 
scatter light with uniform intensity whereas the intensity depends on the 
scattering angle for large particles (larger than the scattering wavelength) 
(Figure 13). In addition, particles have thermal Brownian motion and the 
distance between particles varies with time. Intensity fluctuations resulting 
from the interference of light scattered by neighboring particles contain in-
formation about the motion. Moreover, the intensity fluctuation depends on 
the size of the particles. 
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Figure 13. A laser beam can induce an oscillating in electrons of the molecules 
which results in light scattering in all different directions. The intensity depends on 
the scattered angel (θ). 
 
 
A diffusion coefficient (D) can be calculated from the analysis of time de-
pendence of the intensity fluctuations and hence by means of the Stokes-
Einstein equation, a hydrodynamic radius of the particles can be determined 
according to (157, 158): 
 

DkTrH πη6/=     (4) 

 
where k is the Boltzmann constant, T is the absolute temperature (K), η is 
the viscosity of the solvent (mPa.s-1), D is the diffusion coefficient, and rH is 
hydrodynamic radius of the diffusing particles, assumed to have a spherical 
shape. 
 
DLS is used to measure the diameter of large unilamellar vesicles (LUVs) in 
solution (159). The hydrodynamic radius for the LUVs used in my studies as 
obtained by DLS at 25 oC is 50 nm. 
 

1.4. Some principles of nuclear magnetic resonance 
spectroscopy 

 
Nuclear magnetic resonance spectroscopy (NMR) provides information of 
the three-dimensional structure and molecular dynamics of biological ma-
cromolecules such as proteins, DNA and polysaccharides (160, 161). 
 
The principle of NMR is based upon the spin (I) and a related magnetic di-
pole moment of certain atomic nuclei. In the presence of a magnetic field of 
strength B, a nucleus with a spin quantum number I=1/2 (such as 1H, 13C, 
and 15N) aligns itself with the external field. There is a low energy state 
where the spin is aligned parallel to the external field (α-state) and a high 
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energy state where it is opposed to the external field (β-state) (162). The 
ground state (α) is only slightly more occupied than the β-state, obeying a 
Boltzmann population. An applied radio frequency radiation with the right 
energy (hυ) can induce transitions between these two nuclear spin states. A 
particle in the lower energy state absorbs a photon of frequency υ and ends 
up in the upper energy state (Figure 14). From the high energy state, it can 
then transiently return (relax) to the ground state. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 14. In the presence of an external magnetic field of strength B, for a proton 
with I=1/2, there are two spin states, +1/2 (α-state) and -1/2 (β-state). Radio fre-
quency with an appropriate energy can induce transitions between two states which 
results in a NMR spectrum after Fourier transformation. 
 
 
For hydrogen nuclei, the frequency of the electromagnetic radiation, υ, is 
typically around 600 MHz in a 14.1 T magnetic field. The energy of the pho-
ton is related to its frequency by the Planck’s constant, h: 
 

υhE =      (5) 
 
The required frequency υ depends on the gyromagnetic ratio (γ) of the nuc-
leus. Each nucleus has a particular value of γ. Therefore the energy of the 
photon required to make an allowed transition between the two spin states is: 
 

BhEEE γαβ =−=∆ )()(     (6) 
 
The frequency at which the transition takes place at a particular external 
magnetic field B is called Larmor frequency. 
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When placed in a magnetic field of strength B, more nuclear spins align pa-
rallel to the external field than antiparallel. This results in a net magnetiza-
tion represented by a vector. The net magnetization is not directly observable 
in NMR spectroscopy and has to be tilted away from the equilibrium state by 
application of an oscillating magnetic field (B1), associated with the electro-
magnetic radiation and emitted by the radiofrequency coil. This field is re-
quired to cause the transition and make the magnetization detectable. Mod-
ern NMR makes use of pulsed radiofrequency radiation to cause transitions. 
The induced current in the radiofrequency coil is the transient (time depen-
dent) NMR signal, which after Fourier transformation gives the NMR spec-
trum, i.e. frequencies of the nuclei in resonance (162). 
 
Despite very broad applications of the NMR spectroscopy, it is restricted to 
relatively small molecules. The major problems with the large molecules are 
the overlap between the signals. Both the number of signals and their line-
width contribute.  

1.5. Structure determination 

 
NMR spectroscopy and X-ray crystallography are both used to determine the 
three-dimensional structure of proteins and other biological macromolecules. 
The advantage of NMR over X-ray crystallography is that it can be recorded 
in solution. However, NMR typically gives lower atomic resolution com-
pared with X-ray crystallography. Structural information on partially folded 
proteins is only available using NMR since partially folded proteins are gen-
erally difficult to crystallize. In addition, studies of dynamic properties of the 
proteins are possible with NMR spectroscopy. NMR studies can provide 
information on the structural, thermodynamic and kinetic properties of inte-
raction between proteins and other cellular components (163). 
 
In order to obtain a three-dimensional structure by NMR spectroscopy, one 
should follow certain procedures, involving preparation of the appropriate 
sample, multidimensional NMR measurements, chemical shift assignment 
(backbone and side chain assignments),  structure constraints generation and 
structure calculation using the computer programs for interpretation of NMR 
data (163, 164). 
 
1) Sample preparation 
NMR samples are prepared by dissolving the purified protein in a buffer 
solution and then adjusting the conditions. The sample should always con-
tain some D2O, which is used for field-frequency locking. 
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2) Chemical shift assignment 
Chemical shifts are measured as the frequencies of the NMR absorption for a 
specific nucleus within a molecule relative to that of a standard molecule. In 
the case of non-isotope labeled proteins, various two-dimensional homonuc-
lear NMR experiments are applied. Double quantum filtered-correlation 
spectroscopy (DQF COSY) (165), total correlation spectroscopy (TOCSY) 
(166) and the nuclear overhauser effect spectroscopy experiment (NOESY) 
(167) are useful. All three experiments are used to generate information 
about chemical shifts of the peptide bond protons (alpha and amide protons) 
and protons from their side chains. From the TOCSY and COSY spectra, we 
are able to observe crosspeaks and to assign the protons that are connected 
by covalent bonds (through the electrons). However, in the NOESY spec-
trum, we also obtain crosspeaks between closely spaced protons that do not 
need to be in the same residue, but are close in space (less than 6 Å). From a 
combination of COSY, TOCSY and NOESY experiments it is usually possi-
ble to assign the proton resonances in a protein spectrum. A natural abun-
dance heteronuclear single quantum coherence (13C-1H HSQC) spectrum 
gives assignments of proton-bound carbons and verifies the proton assign-
ments from other experiments. 
 
3) Structure constraints generation 
 The most commonly used constraints in structure determination are distance 
constraints and torsion angle constraints. Crosspeaks are assigned to the 
respective residue using TOCSY and COSY spectra and the intensities of the 
NOESY crosspeaks are interpreted into distances. The intensity of the NOE-
SY crosspeak (proportional to the inverse sixth power of the distance) is 
interpreted into an upper distance limit between each pair of nuclei, usually 
between 1.8 and 6 Å (160). There are computer programs such as CYANA 
(168, 169) that perform this calculation automatically. 
 
4) Structure calculation 
The computer program CYANA (168, 169) is used to convert the intensity, 
or volume, of the NOESY crosspeaks into upper distance constraints and 
using them as an input to create the three-dimensional structure. However, 
this is only possible with a sufficient number of constraints. Without ade-
quate number of constraints, the protein molecule can find a huge number of 
conformations. A “best” structure will be obtained by identifying as many 
constraints as possible from the NMR spectra. 
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2. Biophysical methods to study the molecular 
mechanisms of CPPs 
 
Understanding the interactions between CPPs and plasma membrane or lipid 
bilayers helps us to obtain information of the mechanistic aspects of CPPs. 
For this purpose, different biophysical methods and experiments are availa-
ble. Some biophysical spectroscopy methods have been described in the 
previous section. In the following section, I discuss some biophysical expe-
riments and biomembrane models, particularly vesicles that are the most 
commonly used in the membrane-peptide interaction studies. For the bio-
physical studies, experimental conditions such as peptide concentration and 
lipid composition are important factors affecting the result of the experi-
ments. 

2.1. Biomembrane models: Vesicles 

 
Phospholipid molecules are amphipathic and therefore they aggregate in a 
polar solvent into the ordered structures like vesicles. Vesicles have a small 
spherical structure that consists of one (unilamellar) or more (multilamellar) 
lipid bilayers to separate the inside from the outside solution. Lipid bilayers 
are able to entrap different solutes in the solution while they are forming 
vesicles with a relatively impermeable lipid bilayer (170, 171). 
 
Figure 15 shows three types of vesicles with different sizes including small 
unilamellar vesicles (SUV; 20 to 50 nm in diameter) and large unilamellar 
vesicles (LUV; 100 to 200 nm in diameter) together with onion-like multi-
lamellar vesicles (MLV; 0.1 to 4 µm in diameter). Giant unilamellar vesicles 
(GUV) are large vesicles having diameters of about 10 to 100 µm (170, 
171). 
 
Light scattering is the main limitation when studying the vesicles with opti-
cal spectroscopy such as fluorescence and CD methods. Among different 
vesicles, SUVs have the lowest light scattering, however, they have high 
surface curvature which may affect the membrane-peptide interactions. 
LUVs are suitable biomembrane model systems in biophysical studies. They 
have a small surface curvature and a high encapsulation efficiency which 
better mimic the biological cell membrane (170). 
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Figure 15. Different types of vesicles. Multilamellar vesicle (MLV, 0.1-4 µm in 
diameter), large unilamellar vesicle (LUV, 100-200 nm in diameter), and small un-
ilamellar vesicle (SUV, 20-50 nm in diameter). 
 
 
The vesicle properties depend also on its composition in terms of phospholi-
pid content. A variety of phospholipids and phospholipid mixtures can be 
used to prepare the vesicles. Due to the negatively charged nature of biologi-
cal cell membrane, mixtures of neutral zwitterionic 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and negatively charged 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoglycerol (POPG) phospholipids are useful for 
biophysical studies. 
 

2.1.1. Methods of preparation 

 
The first step in any kind of vesicle preparation is to make certain of the 
purity of the lipids. Permeability and surface charge of the vesicles may alter 
in the presence of even small amounts of impurities (171, 172). Lipid purity 
is usually provided by the company where the lipids are purchased. 
 
In order to obtain MLVs, lipids are simply dissolved in aqueous solution, 
followed by agitation. SUVs are usually prepared by sonication of MLVs. 
LUVs can be prepared by several methods including extrusion, detergent 
dialysis, fusion of small unilamellar vesicles, reverse evaporation, and etha-
nol injection (159, 171, 172). 
 

LUV SUV MLV 

Lipid 
bilayer 
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2.1.2. Extrusion method 

 
The extrusion method is a common means of vesicle production, which pro-
duces LUVs with a narrow size distribution (173). Both saturated and unsa-
turated phospholipids can be used to make vesicles, provided that the tem-
perature is above the gel-fluid transition temperature (174). 
 
In this method, LUVs are prepared by dissolving the phospholipid(s) at the 
desired concentration in chloroform to obtain a homogeneous mixture of the 
lipid(s). Then the solvent is removed by evaporation under high vacuum for 
3 h. The resulting dried lipid film is resuspended by adding a buffer solution. 
This solution is vortexed for 10 min and then subjected to five freeze-thaw 
cycles with liquid nitrogen to reduce the lamellarity and obtain more 
aqueous trapped volumes (175). Next, an Avanti manual extruder is used to 
push the lipid solution containing MLVs 20 times through two polycarbo-
nate filters (100 nm pore size). A sign for being sure that the number of pas-
sages is enough to obtain homogenous size distributed LUVs is the stability 
in the flow rate of passages. However, a certain number of passages (gener-
ally 20) is necessary to produce a reproducible vesicle size (176). 
 
LUV produced by the extrusion method presents various advantages for 
studies involving membrane models, including: 1) producing a relatively 
homogeneous solution of unilamellar vesicles while it does not require any 
organic solvent or detergent (176, 177); 2) LUVs can be prepared quickly 
and easily from dried lipids with minimal dilution; and 3) the resulting 
LUVs mimic the biological cell membrane in the size and packing density 
(178-180). 

2.2. Other membrane model systems 

 
Membrane mimetic systems can be used to model interactions of a variety of 
molecules in detail. However, all membrane model systems are not useful 
for all biophysical spectroscopy methods. For example, vesicles have very 
slow reorientation rate on the NMR time scale, resulting in large linewidths 
(181). Detergent micelles and phospholipid bicelles are common in NMR 
studies of peptide-membrane interactions and lipid dynamic studies. On the 
other hand, vesicles are better mimetics regarding the size and lamellarity of 
a biological cell membrane. 
 
Detergent micelles have a spherical shape. They contain amphipathic deter-
gents with their hydrophilic head-groups facing the aqueous solution and the 
hydrophobic tails in the micelle center. Phospholipid bicelles have a disk-
like shape made of two components, including long-chain phospholipids 
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surrounded by either short-chain phospholipids or detergents (182). Another 
alternative is a nanodisc, a membrane model system similar to the bicelles, 
but instead of short-chain lipids, amphipathic proteins surround the lipids 
(183). They are useful in membrane-proteins studies (184). 

2.3. Model membrane leakage study by fluorescence 
spectroscopy 

 
The studies of leakage with a model membrane (LUV) indicate the degree of 
perturbation to the membrane caused by different molecules. For CPPs, the 
results are usually related to direct penetration or endosomal escape of CPPs 
(122, 185, 186). 
 
There are different ways of performing the leakage experiment. In the simple 
case, LUVs with an entrapped fluorophore are prepared by using a buffer 
solution containing a relatively high concentration of fluorophore according 
to the method described in section 2.1.2. The fluorescence intensity in the 
presence of a high concentration of the fluorophore should be low due to the 
self quenching, and it should increase upon fluorophore leakage and subse-
quent dilution. The presence of sealed vesicles and a suitable choice of the 
fluorophore are important so that the fluorophore does not leak out in the 
absence of the leakage-causing peptide. Free residual fluorophore outside the 
vesicles is first removed by passing through Sephadex-G25 columns (gener-
ally two times). Then the leakage-causing peptide is added to the outside of 
the LUVs, and leakage of the fluorophore from the inside of the LUVs is 
recorded, using fluorescence spectroscopy (149, 187).  
 
Another study considers addition of different leakage-modulating molecules 
(such as pyrenebutyrate) into the fluorophore-encapsulated LUVs. This may 
tell us more about different factors involved in the peptide-membrane inte-
raction and perturbation. The first step is to find a suitable peptide concentra-
tion that induces a minor fluorophore leakage. After optimizing the peptide 
concentration, different molecules can be added to the LUVs followed by a 
certain incubation time. Next, the selected peptide is added and the release of 
the fluorophore is monitored as an increase in the fluorescence intensity. 
 
In a more elegant experiment, the fluorophore-labeled peptide may be en-
trapped inside the vesicles. Then the effect of different factors such as a pH 
gradient across the membrane and addition of different molecules can be 
investigated by measuring the fluorescence intensity (59, 188-191). 
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Generally, one hundred percent leakage is induced by the addition of 10% 
(w/v) Triton X-100. Using this as a reference, the degree of leakage induced 
by different peptides can be calculated using the following expression: 
 
 % leakage = [(F – Fo) / (Ft – Fo)] ×100,   (7) 
 
where Fo and Ft are the fluorescence intensities observed in the absence of 
the peptide and after treatment with 10% (w/v) Triton X-100, respectively. F 
is the fluorescence intensity in the presence of peptides. 
 

3. Biological/biochemical methods to study the 
molecular mechanisms of CPPs 
 
Different biological methods have been utilized to study the molecular de-
tails of CPP internalization and translocation mechanisms and also to follow 
CPPs and their cargoes inside the cells. There is no specific method that 
could give a complete answer for all questions. Therefore, a combination of 
different methods and techniques are required. In the following, I briefly 
summarize some biological methods and protocols used in this thesis. Their 
benefits and drawbacks are also pointed out. 

3.1. Splice correction assay 

 
To obtain spatial information of the intracellular localization of CPPs taken 
up by cells, fluorometry and confocal microscopy have been utilized. How-
ever, the peptide may be retained in the endosome or aggregate on the out-
side surface, unable to reach its target. Different functional assays can be 
performed to observe biological responses as well as evaluating their me-
chanism of uptake. The splice correction assay (or splice-switching assay) is 
a useful experiment developed by Kole and co-workers (192, 193). In this 
method, the cell lines are stably transfected with a plasmid carrying a lucife-
rase genetic code and having an aberrant splice site. If a complementary 
oligonucleotide (ON) could block this splice site, correct splicing of the luci-
ferase gene towards the functional luciferase can be reached. Luciferase 
activity measurements indicate the successful delivery of ON to the target. 
Internalization of the ON is achieved by using different CPPs (194). 
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3.2. Other methods 

 
Fluorometry is the most commonly used method to study quantitatively the 
CPP and CPP-cargo cellular uptake. The CPP or attached conjugate mole-
cules have to be labeled with a fluorescence probe (usually fluorescein) be-
fore starting the measurement. First, cultivated live cells are treated with the 
labeled peptides, or the labeled cargo. After incubation, cells are washed, 
trypsinized, cenrifuged and lysed, followed by measuring the fluorescence 
intensity in the supernatant. By analyzing the results, it is not possible to 
distinguish peptides inside the cell and in different organelles, e.g. endo-
somes and nucleus. Another limitation with this method is the problem to 
remove CPPs bound to the outer surface of the plasma membrane. Trypsini-
zation is used to remove extracellular peptides, although it is difficult to 
remove all surface bound peptides (195). Besides, the fluorophore moiety 
itself may also influence the CPP uptake behavior. 
 
Confocal microscopy enables monitoring intracellular localization of CPPs 
or associated cargo molecules taken up by live cells. Using this method, one 
is able to discriminate between extracellular and internalized peptides, inside 
e.g. endosomes and nucleus. One major drawback of this method is when the 
amount of molecules is below the detection limit of the microscope. Howev-
er, this small level might still be sufficient to induce bioactivity. 
 
Flow cytometry is used for counting, sorting and analyzing biological par-
ticles in a cell suspension. Fluorescence-assisted cell sorting (FACS) sepa-
rates cells based upon the intensity of fluorescence. A cell sorter apparatus 
measures the amount of cells that have taken up the CPPs. However, like 
fluorometry, FACS analysis cannot discriminate between surface bound and 
translocated fluorescent molecules. 
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III. Results and discussion  

The work presented in this thesis deals with two groups of peptides; those 
with functions in biotechnology (the tetracysteine peptide complex and some 
CPPs) and the others with biological origin (Dyn A and its mutants). In Pa-
per I, the objective is to investigate the three-dimensional structure of a use-
ful fluorescent label known as ReAsH bound to the tetracysteine peptide. 
Understanding the mechanistic aspects of the CPP cellular uptake and mem-
brane translocation is the main focus of Paper II. Paper III presents in detail 
the protocol to model the endosome by using bacteriorhodopsin and light-
induced proton pumping, and in paper IV the vesicular escape of different 
CPPs is investigated in the presence of a pH gradient, in order to model en-
dosomal escape in the cell. Paper V deals with Dyn A and its mutants, and 
the objective is to study the mechanism of their non-opioid activities and to 
possibly correlate their membrane-perturbation activities with their neuro-
toxic effects in cultured neuronal cells. 
 
 

Paper I.  

Hairpin structure of a biarsenical-tetracysteine motif 
determined by NMR spectroscopy 

 
In Paper I, the purpose is to investigate the structure of a 12-amino acid te-
tracysteine peptide “FLNCCPGCCMEP” bound to the membrane-permeant 
biarsenical-resorufin derivative known as ReAsH (Figure 16). The resorufin 
derivative itself is not fluorescent but red-emitting fluorescence can be in-
duced through binding to the tetracysteine peptide. The biarsenical tetra-
cysteine motif is a useful tag for site-specific fluorescent labeling of recom-
binant proteins with small molecules in living cells (12, 14). NMR and CD 
spectroscopy methods were used to study the solution structure of the com-
plex formed between the peptide and the ReAsH moiety. Understanding the 
structure is interesting since it may be related to the fluorescence properties 
of the ReAsH complex.  
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Figure 16. Schematic structure of ReAsH bound to the tetracysteine peptide. 
 
 

In order to determine the overall secondary structure of the complex in the 
solution, CD spectroscopy was applied at pH 7.4 and 4 °C. CD measure-
ments showed a spectral shape with a minimum at 195 nm suggesting that 
random coil dominates the secondary structure, possibly with some contribu-
tion from β-structure suggested by a shoulder at approximately 212 nm. 
 
A series of different NMR experiments was performed. In order to calculate 
the size of the complex and hence to investigate if it is a monomer or multi-
mer in solution, NMR translational diffusion experiments were performed 
(196, 197). A hydrodynamic radius and a molecular mass can be determined 
using the translational diffusion coefficient. A molecular mass of 1616 Da 
close to the theoretical value (1772.7 Da) revealed that the ReAsH complex 
with the tetracysteine motif exists as a monomer in the solution at pH 7.4 
and 4 °C. 
 
Two-dimensional 1H NMR spectra, TOCSY and NOESY, were recorded at 
proton frequencies of 500 and 600 MHz. All backbone proton resonances 
were found and assigned for the peptide and around 90% of the side chain 
resonances were assigned using standard procedures. A natural abundance 
13C-1H HSQC was also performed in order to find assignments of proton-
bound carbons in the peptide and verify some of the proton assignments. The 
tricyclic biarsenical-resorufin itself is symmetrical. It has two non-equivalent 
protons in each equivalent ring which were also assigned (protons 15,16 and 
11,12). We compared the observed chemical shifts with random coil values 
and found that some resonances were significantly shifted from the expected 
random coil values. It is reasonable to assume that these deviations are the 
result of the ring currents as well as the presence of arsenic atoms bound to 
the peptide in a relatively tight structure. 
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The computer program CYANA (168, 169) was used to calculate the struc-
ture. The intensities (volumes) of crosspeaks in a NOESY spectrum have 
been used to calculate distance constraints for the structure calculation. No 
long-range NOEs were observed, but almost all sequential inter-residue 
NOEs and some non-sequential medium range NOEs were found for the 
peptide. Two NOEs were observed between ReAsH (16/12 proton) and the 
peptide (side chain protons of Phe1). In addition, we observed two NOEs 
between sidechain protons of Phe1 and the β−protons of Cys4. Except for β-
protons of Pro6, all other β-protons were represented as the pseudo atoms. 
 
The distance between arsenic and sulfur atoms was set to 2.25 Å, as reported 
from a crystal structure (198). The structure was calculated using totally 233 
upper distance and 6 lower distance constraints. Various binding combina-
tions between arsenic (As) atoms and cysteines were evaluated by calculat-
ing different structures and comparing the corresponding violation energies 
and the CYANA target function. The energetically best structure was the one 
where As(2) is connected to Cys4 and Cys5, and As(1) is connected to Cys8 
and Cys9 (Figure 16). This observation is generally consistent with the find-
ing based on the mass spectroscopy and fluorescence experimental data. 
 
We further investigated different characteristics of the averaged calculated 
structures, including the angles and the length of the peptide sequence. The 
results are as follows: 
 
1) The conformation of the CysProGlyCys fragment was characterized by 
calculating the central dihedral angles and comparing them with the corres-
ponding values in the proteins of known three-dimensional structures in the 
protein data bank (PDB) (199). The central fragment showed a β-turn type II 
conformation. 
 
2) Four relatively well defined angles between the arsenic atoms and cyste-
ines (Cys-S-As) were observed. In addition the angle between the Phe1 side 
chain plane and the resorufin plane was calculated showing a perpendicular 
position of Phe1 relative to resorufin (edge-face geometry). 
 
3) The average distance between the N-terminus and the C-terminus of the 
peptide sequence was calculated to be 12.5 Å +/- 2.2 Å, which is smaller 
than an α-helix with the same number of residues, indicating the presence of 
a hairpin. 
 
In summary, the CD spectrum showed an overall structure dominated by a 
random coil. However, the NMR spectroscopic results indicated a relatively 
well defined backbone structure with a hairpin-like turn, similar to a β turn 
type II, formed by the central CysProGlyCys sequence, and a higher mobili-
ty in the C-terminus of the peptide. There was not enough information for 
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any detailed description of the interaction between ReAsH and the peptide. 
However, the existence of two very clear crosspeaks between the Phe1 side-
chain on the N-terminal side and ReAsH confirms the significance of the 
presence of this residue in the motif. The fluorescence properties of the 
ReAsH complex may be related to the close positioning of the Phe1 relative 
to the ReAsH moiety. Alanine scanning experiments have also shown the 
importance of the Phe1 at the N-terminal for fluorescence properties and 
high quantum yield of the complex (14). We showed that Pro6 and Gly7 
induced a type II β-turn, which may facilitate the reaction of ReAsH with the 
four cysteine atoms. 

 
 

Paper II.  

Elucidating cell-penetrating peptide mechanisms of 
action for membrane interaction, cellular uptake, and 
translocation utilizing the hydrophobic counter-anion 
pyrenebutyrate 

 
The aim of Paper II is to shed more light on the complicated questions of the 
CPP cellular uptake and membrane translocation mechanisms. For this pur-
pose, we investigated the impact of pyrenebutyrate (PB, Figure 5), an anion 
with a polyaromatic hydrophobic anchor, on cellular uptake, membrane 
translocation and perturbation of different CPPs. Two biological assays in-
cluding the cellular uptake and the splice-switching assay, and one biophysi-
cal assay reporting on entrapped calcein release from LUVs were applied. 
 
Despite the fact that PB is not relevant to use in vivo, it may still give some 
useful information about the CPP internalization mechanisms, in vitro. Re-
cently it has been shown that PB promotes direct penetration of Arg-rich 
CPPs (91). The explanation given in that paper is that electrostatic interac-
tions between negatively charged PB and positively charged Arg residues 
may enhance peptide hydrophobicity and promote the cellular uptake effi-
ciency. 
 
Cellular uptake efficiencies of fluorescent-labeled CPPs in the absence and 
presence of PB were observed and quantified using confocal microscopy and 
FACS, respectively. The effect of PB on the translocation ability of a bioac-
tive ON cargo to the intracellular target was studied utilizing a splice-
switching reporter assay. The membrane-perturbation ability of different 
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CPPs was investigated by studying calcein release from the LUVs, 30% 
negatively charged and zwitterionic. The results of the leakage studies were 
compared with the biological assays, i.e. the cellular uptake efficiency of 
FITC-labeled CPPs and the splice-switching assay. It should be mentioned 
that PB treatment concentrations were not the same for the two biological 
assays, since the cellular uptake required more PB in order to observe any 
detectable effects. 
 
The CPPs studied here were divided into different subgroups, namely hydro-
philic CPPs (R9 and TAT(48-60)), intermediately hydrophobic CPPs (M918, 
pVEC, penetratin and PenArg) and a hydrophobic group, here with only one 
member (TP10). They have different physical properties including number 
of Arg residues, total positive charges and hydrophobicity (Table 1). Here I 
summarize important mechanistic aspects obtained from experiments per-
formed for each selected CPP. All studied CPPs were able to cross the cellu-
lar membrane of HeLa cells, as seen by confocal microscopy and FACS. 
 
TP10 belongs to the hydrophobic CPPs with no Arg residue and with the 
highest hydrophobicity among the selected CPPs. TP10 acted in a different 
mode compared with the other CPPs. An endosome-like punctate distribu-
tion was observed for TP10 by confocal microscopy, characteristic for the 
endosomal uptake (67). No effect on TP10 uptake efficiency and splice-
switching activity was seen in the cells incubated in the presence of PB. 
With LUVs, TP10 caused calcein leakage at a very low peptide concentra-
tion and no clear effect was observed by the presence of PB. One possible 
explanation here is the strong hydrophobic nature of TP10, which can induce 
potent destabilization and perturbation in the model membrane. TP10 does 
not have any Arg residues for making electrostatic interactions with PB. This 
may suggest the critical role of Arg residues for the two other biological 
endpoints. 
 
Confocal microscopy showed a diffuse intracellular distribution for R9, the 
most hydrophilic CPP in our group, indicating that a non-endosomal uptake 
is the dominant uptake mechanism for R9 in the presence of a high concen-
tration of PB. At low concentrations of PB, the R9 mediated ON delivery 
became enhanced. However, CQ was required to obtain any splice-switching 
activity. Both the presence of CQ and the extended peptide treatment time 
required to get any observable biological effects suggest that the transloca-
tion under these low PB conditions is through an endocytotic pathway. It has 
been reported that an R9 mediated ON delivery mainly occurred by Arg-
induced macropinocytosis (200). We could speculate that in the splice-
switching assay, the rate limiting step is endosomal escape, which is pro-
moted by PB present already in the membrane. PB alone also increased to a 
small but significant extent the calcein leakage from POPC LUVs. Pore for-
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mation or membrane perturbation, facilitating the endosomal escape of ON 
together with R9, should enhance the splice-switching activity. 
 
The TAT(48-60) peptide, like R9, belongs to the hydrophilic group of CPPs 
but with less number of Arg residues and more hydrophobicity. The effect of 
these differences is reflected in the cellular uptake and translocation effi-
ciency of TAT(48-60) observed from different experiments. PB increased 
the uptake efficiency and gave a diffuse cytosolic distribution, indicating 
direct penetration at high PB concentrations. The TAT-ON delivery is not as 
efficient as R9 in the splice-switching assay. Therefore ON translocation 
through the endosome is probably a rate limiting step also in this assay. In 
this case, the presence of PB has no clear further effect on calcein release 
from uncharged and partially charged LUVs. 
 
M918, penetratin and pVEC all belong to intermediately hydrophobic CPPs. 
These peptides showed similar behavior in all three types of experiments.  
Neither of the biological assays was affected in the presence of PB. Confocal 
microscopic observations revealed that the intracellular distribution is to 
some extent diffuse for the hydrophobic studied CPPs. In contrast to the 
biological endpoints, the peptides caused significant calcein leakage from 
LUVs in the presence of PB. A possible model for this observation is that PB 
may facilitate the endosomal escape, which is reflected in enhanced leakage 
from both partially charged and uncharged LUVs. Then, the rate limiting 
step in the biological assays is probably related to the endocytotic entry and 
not to the endosomal escape. 
 
In order to investigate whether the number of Arg residues can have effects 
on the translocation ability of different CPPs, we used PenArg, an analogue 
of penetratin with Lys residues substituted by Arg. Interestingly, in the pres-
ence of PB, both cellular uptake and splice-switching activity were enhanced 
compared with the other intermediately hydrophobic CPPs. Obviously, this 
observation indicates the importance of Arg residue in the interaction with 
PB and subsequent cellular uptake and translocation. 
 
Taken together, this study showed that CPPs employ different pathways for 
their cellular uptake and membrane translocation mechanisms depending on 
the conditions. Here, two major pathways were considered: the endocytotic 
pathway composed of two steps; endocytotic entry followed by endosomal 
escape, and the direct penetration. 
 
In summary, the number of Arg residues is an important factor affecting the 
results of the two biological assays. Both cellular uptake and ON delivery 
increased by enhancing hydrophobicity through addition of PB for the hy-
drophilic CPPs. Therefore electrostatic interactions play significant roles in 
the uptake mechanisms of hydrophilic CPPs. Negatively charged compo-
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nents of the membrane may have the same effect as PB and enhance the 
cellular interaction. Less effect of PB in the biological assays was observed 
for the more hydrophobic CPPs, with less number of Arg, indicating less 
effect of electrostatic balance in the uptake mechanisms of hydrophobic 
CPPs. 
 
Smaller effects of Arg were observed for the membrane model interactions. 
Hydrophobicity is the essential parameter in model membrane interactions as 
seen for the hydrophobic and intermediately hydrophobic CPPs. An en-
hanced hydrophobicity by addition of PB was not enough to provide signifi-
cant calcein leakage from LUVs for hydrophilic CPPs. We concluded that 
endosomal escape seems to be the rate limiting step for hydrophilic CPPs. 
 
 

Paper III.  

Liposome model systems to study the endosomal escape 
of cell-penetrating peptides: Transport across phospho-
lipid membranes induced by a proton gradient 

 
Paper III describes in more detail the protocol for detergent mediated recons-
titution of BR into the LUVs. Different parameters affecting the result were 
carefully characterized for every step of the procedure. 
 
The extrusion method was used to prepare LUVs from a mixture of POPC 
and POPG, resulting in a 20% negative surface charge. BR was reconstituted 
into the LUVs using detergent mediated reconstitution method and octyl 
glucoside (OG) as the detergent (101). Resulting LUVs without and with BR 
were characterized by DLS. Both LUVs and BR-reconstituted LUVs had 
homogenous populations but with different sizes. 
 
According to the detergent mediated reconstitution method, BR is oriented in 
the membrane such that it pumps protons from the outside to the inside of 
the vesicles upon illumination (101). We monitored the pH changes outside 
the vesicles by a pH meter. The pH was recorded with LUVs in the dark and 
after a certain time of illumination by a xenon lamp. 
 
Upon illumination of the sample, the pH measured outside the vesicles in-
creased and reached a maximum. This observation is consistent with the 
explanation that in the presence of light, BR pumps protons from the outside 
to the inside of the vesicles, resulting in the establishment of an acidic pH 
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inside the LUVs. In the dark, the measured pH gradient decreased, indicating 
that protons then leaked out across the membrane and reached an equili-
brium. 
 
As a control experiment, the experiment was also repeated in the absence of 
any BR to investigate whether this effect observed is due to the proton 
pumping of BR or some other effects. However, in the absence of BR and 
upon illumination, no pH change was observed.  
 
We have also estimated the apparent ∆pH inside the LUVs. A ∆pH shift 
outside the vesicles equal to +0.2 units should correspond to almost -2 pH 
units inside the vesicles when the different volumes inside and outside of the 
LUVs were taken into account. 
 
This experiment was repeated several times to test the reproducibility. The 
sensitivity of the study to different parameters that affect the result of the 
experiment was explored. The permeability and stability of the LUVs have 
significant bearing upon the proton pumping activity. Using lipids with high 
purity and being more precise in the preparation of the LUVs minimizes 
these defects. Additionally, examining the LUVs with DLS and complete 
removal of detergent are recommended to further improve the results. Fur-
thermore, the orientation of the BR incorporated into the LUVs affects the 
pumping efficiency. It has been shown that 95% inside-out orientation will 
be obtained using the detergent mediated reconstitution method, which re-
sults in maximum proton pumping (101). However, this percentage depends 
on experimental conditions, e.g. detergent to lipid ratio and the time point 
when BR will be added to the LUVs. 
 
In conclusion, the BR-LUV system is a good mimetic model of a biological 
endosome. The proton pumping activity of BR may simulate the pH de-
crease inside the late endosome. This model gave us the opportunity to study 
the molecular mechanisms underlying the endosomal escape of CPPs. 
 
In this study, we also performed experiments to study the background me-
chanisms behind the endosomal escape. 20% negatively charged LUVs with 
incorporated BR were used as model endosomes. Fluorescein-labeled pene-
tratin was entrapped inside the LUVs. We investigated the translocation 
ability of penetratin in the presence of a pH gradient. We observed that light 
induced proton pumping activity of BR facilitates the vesicular escape of 
penetratin as being an intermediately hydrophobic CPP. 
 
 
 
 
 



45 

Paper IV.  

Modeling the endosomal escape of cell-penetrating 
peptides using a transmembrane pH gradient 

 
This study is a continuation of the previous work with the aim to further 
investigate the molecular mechanisms of the endosomal escape of CPPs. 
CPP endosomal entrapment and digestion are the major challenges for CPPs 
and their cargoes having entered the cells via an endocytotic pathway. So-
called late endosomes were modeled by LUVs with a 20% negative surface 
charge and integral BR as a proton pump. Fluorescein-labeled CPPs were 
entrapped together with a fluorescence quencher (KI) inside the LUVs. The 
CPP selection represented peptides with cationic or hydrophilic nature and 
those more hydrophobic. CPP translocation ability in the presence of a 
transmembrane pH gradient was investigated using fluorescence spectrosco-
py. The effect of CQ, as an endosomal buffering reagent, on the membrane 
integrity and a transmembrane pH gradient was also evaluated. 
 
In Paper III, BR was used to induce a proton gradient across the lipid bilayer 
of the LUVs. By measuring pH outside the LUVs, we observed that in the 
presence of light, asymmetrically oriented BR pumps protons from the out-
side to the inside of the LUVs. This creates an acidic pH inside the LUVs, 
similar to the situation with late endosomes, in vivo. 
 
In the present work, CPPs from two different subgroups were studied, name-
ly hydrophilic (or non-amphipathic) CPPs (R9 and TAT(48-60)) and inter-
mediately hydrophobic (or secondary amphipathic) CPPs (M918 and pVEC). 
 
All peptides tested were unable to leak out in the dark when there was no pH 
gradient across the membrane. Only two out of the four peptides investigated 
were able to translocate across the membrane in the presence of light and a 
pH gradient. 
 
For the hydrophilic CPPs, we observed that fluorescence intensity decreased 
during illumination indicating that no or few labeled peptides were able to 
escape into the external solution. A possible explanation of this observation 
is the pH dependence of fluorescein itself, whose fluorescence decreased as 
a result of acidification inside the LUVs. Interestingly, this observation is 
consistent with our previous results showing that in the presence of light, BR 
pumps protons from the outside to the inside of the LUVs, making inside 
more acidic. 
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For the intermediately hydrophobic CPPs, a certain amount of peptides is 
able to translocate across the membrane of the LUVs in the presence of the 
pH gradient. Longer period of illumination resulted in more membrane trans-
location of the peptides until it reached an equilibrium state. After illumina-
tion the fluorescence intensity decreased and it returned to almost its back-
ground value in the dark. This indicates that once the peptide is outside, lo-
wering the pH outside the LUVs, resulting from a proton leakage in the dark, 
decreases the fluorescence intensity of the escaped peptide. 
 
In addition, we prepared CQ encapsulated in 20% negatively charged LUVs 
with reconstituted BR. The same qualitative ∆pH pattern was observed for 
the sample as with the LUVs without CQ. The measured outer pH increased 
and reached a maximum upon illumination of the sample. However the in-
crease of pH outside the LUVs was far less than the value observed in the 
absence of CQ. CQ inside the BR-LUVs could absorb protons, as a buffer, 
resulting in reduction of acidification inside the LUVs and/or membrane 
destabilization due to the vesicle swelling. A likely explanation to the ob-
served smaller pH changes upon illumination is leakage of protons to the 
outside of the LUVs, as a result of possibly transient membrane destabiliza-
tion by CQ. 
 
As a conclusion, we were able to model the endosome and simulate the en-
dosomal escape using LUVs and BR. The two selected groups of CPPs were 
found to have different translocation abilities in the presence of a pH gra-
dient. The translocation ability depends on the hydrophobicity of the peptide. 
LUVs acidification driven by BR proton pumping improves the vesicular 
escape efficiency of intermediately hydrophobic CPPs, whereas no or less 
peptide escape was observed for the hydrophilic CPPs. For both groups, 
vesicular acidification should be present, however this effect alone was not 
sufficient to promote the escape for hydrophilic CPPs. In accordance with 
the result of Paper II, this observation suggests that the endosomal escape 
could be the rate limiting step for hydrophilic or cationic CPPs. 
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Paper V.  

Perturbations of model membranes induced by patho-
genic dynorphin A mutants causing neurodegeneration 
in human brain  

 
The aim of Paper V is to gain further insight into the molecular mechanisms 
of the non-opioid activity of Dyn A and its mutants, including L5S, R6W, 
and R9C in Dyn A(1-17). In addition to the opioid receptor interactions, Dyn 
A has non-opioid activities which may result in excitotoxic effects. The Dyn 
A mutants were previously shown to be associated with the human neurode-
generative disorder Spinocerebellar Ataxia type 23 (4). 
 
We used both neutral and also partially negatively charged LUVs to model 
electrostatic interactions associated with negatively charged components of 
the eukaryotic cell membranes, e.g. proteoglycans (201). The extrusion me-
thod was used to produce LUVs from either zwitterionic phospholipid alone, 
or a phospholipid mixture resulting in a 30% negative surface charge. The 
fluorescent dye calcein at a concentration leading to self quenching of the 
fluorescence was encapsulated inside the vesicles. Calcein leakage experi-
ments were performed to study membrane-perturbation effects induced by 
the peptides via fluorescence spectroscopy. DLS was used to characterize the 
size and stability of the LUVs. 
 
Earlier studies indicated that Dyn A can translocate across neuronal and non-
neuronal cell membranes without using opioid receptors (5). Dynorphin neu-
ropeptides are short cationic and hydrophobic peptides, properties that make 
them similar to CPPs (Table 1). Hugonin et al. investigated the model mem-
brane perturbation effects of Dyn A, Dyn B, and Big Dyn. Dyn A and Big 
Dyn are able to induce leakage from model membranes such as LUVs. A 
possible explanation of their non-opioid excitotoxic effects is the membrane-
perturbation ability of dynorphins (6, 112). 
 
In this study, we aimed to compare the membrane-perturbation effects of the 
Dyn A WT with its neurotoxic mutants, including R6W, L5S and R9C. 
 
We observed that DynA WT, R6W, and R9C induced a substantial degree of 
calcein leakage in the presence of 30% negatively charged LUVs. The de-
gree of leakage was higher for R6W compared with the two others. Howev-
er, the maximum degree of leakage was observed for Dyn A WT in the pres-
ence of zwitterionic POPC LUVs. L5S did not induce membrane leakage in 
any model membrane system. 
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The results of this study indicated the significance of the membrane charge, 
peptide hydrophobicity and the presence of Trp residue in the membrane-
perturbation effects. 
 
Tryptophan seems to be important for the degree of leakage induced by the 
peptides since R9C has the highest hydrophobicity but a lower membrane 
leakage than R6W with one extra Trp. It is reasonable that both more hydro-
phobicity and number of Trp residues make the R6W more potent than Dyn 
A WT in the presence of charged membranes. 
 
The results were different for neutral zwitterionic LUVs. The Dyn A WT 
then induced the highest degree of leakage and the R6W mutant only the 
second highest, showing that the degree of leakage in the membrane model 
varies with the membrane charge. The less hydrophobic L5S mutant did not 
cause any leakage in the LUVs, irrespective of membrane charge. 
 
In conclusion, the results indicated differences in model membrane perturba-
tion by Dyn WT and its mutants. The results with uncharged and partially 
negatively charged LUVs showed some correlation between the membrane 
model perturbation and chemical nature of these peptides, including hydro-
phobicity and the number of Trp residues.   
 
Interestingly, our observations are in a good agreement with the previous 
toxicity experiments performed in cultured neurons (4) and with in vivo ex-
periments with mice (Bakalkin et al., unpublished data). If we consider the 
extremes, R6W was shown to be the most potent neurotoxic peptide (4) and 
also in agreement with our LUV studies. In contrast, L5S has no effect at all; 
neither on neurotoxicity nor in the model membrane perturbation. Hence, the 
membrane-perturbation effects observed in the membrane model system 
may to a large extent explain the neuronal toxicity caused by the Dyn pep-
tides. 
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IV. Conclusions 

The important conclusions in each of the five papers have been summarized 
below. 
 
 

• Paper I 
The structural characteristics of the ReAsH tetracysteine peptide 
complex have a potential effect on improving the fluorescence activ-
ity of the ReAsH moiety. Selected amino acids promoted an ob-
served β-hairpin type II conformation, which facilitates the reaction 
between the ReAsH and the peptide, resulting in high fluorescence 
quantum yield of the complex. 

 
• Paper II 

The investigated types of CPPs use different cellular uptake and 
translocation mechanisms. More effect of PB as a hydrophobic 
counter-anion is observed for the hydrophilic CPPs indicating that 
electrostatic interactions are of particular importance for cellular up-
take and membrane translocation of hydrophilic CPPs. We conclude 
that for R9, endosomal escape is the rate limiting step which can be 
accelerated in the presence of PB. However, a smaller effect of PB 
was observed for hydrophobic CPPs in both biological assays, sug-
gesting that endosomal entry is a probable rate limiting step for this 
group of CPPs. 

 
• Paper III 

We describe in detail the protocol for detergent mediated reconstitu-
tion of BR into the LUVs. The procedure provides a model endo-
some with properties similar to the late endosome, in vivo. BR re-
constituted into the well-defined LUVs may in the presence of light 
pump protons to simulate the acidic environment inside the endo-
some. This provides a novel model approach to study mechanistic 
aspects regarding the endosomal escape of CPPs. 
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• Paper IV 
A transmembrane pH gradient generated by BR proton pumping sys-
tem has different effects on the peptide translocation ability across 
the vesicular membrane. Only a weak effect on translocation is ob-
served for hydrophilic CPPs. In agreement with the conclusion from 
Paper II, we suggest that endosomal escape is then the rate limiting 
step for hydrophilic or Arg-rich CPPs. We show the ability of CQ to 
destabilize the vesicular membrane and to decrease the transmem-
brane pH gradient. 

 
• Paper V 

Certain mutations of Dyn A cause increased membrane-perturbation 
and leakage in the model membrane system, consistent with the re-
sults on neurotoxicity in cultured neurons. The chemical nature of 
Dyn A and its mutants influences the ability of the peptide to induce 
calcein leakage in LUVs. We demonstrate the effect of membrane 
charge, peptide hydrophobicity and the presence of Trp residue in 
the model membrane-perturbation and leakage. 
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V. Future plans 

Understanding the effect of various cargo molecules on the CPP model 
membrane translocation in the presence of a transmembrane pH gradient is 
one future goal. The results may clarify the mechanistic parameters essential 
for the endosomal escape when a cargo is attached to the CPP. It has been 
shown that the cargo decreases cellular uptake and membrane translocation 
efficiency (43). This observation has been also shown in a membrane model 
system (110). Here we showed that hydrophobic CPPs alone are able to 
translocate across the model vesicular membrane in the presence of a pH 
gradient, whereas less effects were observed for cationic or hydrophilic 
CPPs. It is interesting to investigate whether a cargo will alter the transloca-
tion ability of the CPPs. Preliminary results with a Cy5-labeled splice cor-
recting ON, electrostatically conjugated to pVEC, show that pVEC is able to 
translocate the cargo across the model membrane in the presence of the pH 
gradient. Control experiments are required to prove this observation. In addi-
tion, it would be interesting to investigate the translocation ability also with a 
hydrophilic or cationic CPP in the presence of a cargo. 
 
Understanding the molecular mechanisms underlying the CPP endosomal 
escape will help us to further design or modify a CPP with optimal bioavai-
lability. 
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VI. Sammanfattning på svenska 

I samtliga fem artiklar som ligger till grund för den här avhandlingen har jag 
studerat olika grupper av korta peptider som har tillämpningar inom 
bioteknik och  biologi. 
 
I den första artikeln består peptiden av tolv aminosyror varav fyra är 
cysteiner i komplex med en liten molekyl (ReAsH) härledd från resorufin. 
ReAsH blir kraftigt fluorescerande när den är bunden till peptiden. Peptid-
komplexet används för platsspecifik fluorescensmärkning av rekombinanta 
proteiner i levande celler, en metod som blivit allt mer populär och 
användbar i olika biologiska tillämpningar. 
 
Kärnmagnetresonansspektroskopi (Nuclear Magnetic Resonance, NMR) har 
använts för att bestämma en tredimensionell struktur av peptiden i 
komplexet med ReAsH. Strukturberäkningar baserade på NMR-resultaten 
visade på en hårnålsstruktur med vissa likheter med en typ II β-turn. Genom 
strukturbestämningen ville vi få insikt i vilka strukturegenskaper som var 
viktiga för funktionen hos den fluorescerande markören.  
 
I en andra avdelning av min avhandling, är det samspelet mellan korta 
positivt laddade peptider, s.k.  cellpenetrerande peptider (CPP) och fosfo-
lipid-membran som undersöks. CPP är amfipatiska och/eller basiska peptider 
som kan transporteras genom cellmembran och komma in i cellens 
cytoplasma. Dessutom kan de transportera stora molekyler som last. Denna 
egenskap gör dem användbara för biotekniska och farmakologiska 
applikationer. Mekanismerna för cellulärt upptag och membrantranslokering 
är under debatt. Två huvudsakliga upptagsmekanismer anses gälla. 1) 
endocytos som består av två steg, det första steget då molekylen innesluts i 
en endosom, och det andra steget då molekylen lämnar endosomen, och 2) 
direkt cellmembran-penetration. För de molekyler som kommer in i celler 
genom endocytos är i allmänhet steget att lämna endosomen den största 
svårigheten som måste övervinnas. 
 
I den andra artikeln, är målet att undersöka mekanismerna för cellulärt 
upptag och membrantranslokering av olika CPP från olika undergrupper. En 
liten molekyl, pyrenbutyrat (PB) är en negativt laddad motanjon som kan 



53 

interagera elektrostatiskt med aminosyran arginin i CPP. Vi undersökte 
egenskapen för olika CPPer och effekten av PB på cellulärt upptag, 
membrantranslokering och membranpåverkan i membranmodellsystem 
(enskikts-fosfolipid-vesiklar, ”large unilamellar vesicles”, LUV). Vi visade 
att PB främjar cellulärt upptag av Arg-rika CPPer (R9 och TAT(48-60)), 
men har en begränsad effekt på hydrofoba CPPer. Vi drog slutsatsen att både 
hydrofoba egenskaper och laddning är viktiga för cellulärt upptag och 
membrantr-anslokering av CPPer. 
 
Jag har vidare utfört experiment för att studera bakgrunden för me-
kanismerna som leder till att peptider lämnar endosomen (”endosomal 
escape”). Vi modellerade endosomen (artikel III) och hur peptider lämnar 
endosomen (artikel IV). Bacteriorhodopsin (BR) användes för att pumpa 
protoner genom modellmembranet i LUV och på så sätt modellera den sura 
miljön inne i endosomen. Resultaten visade att i närvaro av ljus, pumpar BR 
protoner från utsidan till insidan av vesiklarna och skapar en pH-gradient 
över membranet. Vi undersökte translokeringsförmågan hos olika CPPer i 
närvaro av en pH-gradient. Vi visade att ljusinducerad protonpumpning av 
BR underlättar transport över membranet av de hydrofoba fluorescein-
märkta CPPer M918 och pVEC. Vi observerade betydligt mindre effekter för 
de hydrofila CPPer TAT(48-60) och R9. 
 
Den sista artikeln behandlar en grupp av biologiskt aktiva peptider som 
kallas dynorfiner. Dessa är neuropeptider som består av dynorfin A (Dyn A), 
dynorfin B (Dyn B) och stor dynorfin (Big Dyn). De reglerar olika 
funktioner i hjärnan främst genom växelverkan med opioid-receptorer. Dyn 
A och Big Dyn har ett flertal gemensamma egenskaper med CPPer. De kan 
translokeras in i levande celler och orsaka vissa icke-opioida aktiviteter. En 
förändring i genen för Dyn A förknippas med en viss sjukdom som kallas 
Spinocerebellar ataxi typ 23. Verkningsmekanismen är inte klarlagd ännu 
men verkar vara oberoende av opioid-receptorerna. Syftet med arbete V är 
att undersöka mekanismerna för icke-opioid aktivitet av Dyn A och dess 
mutanter. Resultaten visar att en av dessa medför kraftigare störningar på 
modellmembran jämfört med den normala Dyn A och andra mutanter. 
Resultaten är i god överensstämmelse med resultat från påverkan på 
nervceller. Vi drog slutsatsen att membranstörningar kan orsaka den 
neurotoxicitet som har observerats i Dyn A-mutanter. 
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