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Abstract 
 
 Isotropic bicelles are disc-shaped aggregates of lipids and detergents, and are 
suitable model systems for high-resolution NMR studies of membrane-interacting 
peptides. In this thesis the structures for the two peptides motilin and transportan were 
determined by homonuclear 1H methods in the presence of bicelles, and the structure 
of the bovine prion protein peptide (bPrPp) was solved in the presence of DHPC 
micelles. All of these peptides were found to be largely α-helical when bound to the 
model membranes. In subsequent experiments both motilin and transportan were 
shown to reside on the surface of the bicelles, whereas bPrPp is more likely to have a 
transmembrane configuration.  
 NMR translational diffusion experiments revealed that the isotropic bicelles 
studied here are very large objects compared to what is regularly indicated by high-
resolution NMR spectroscopy. Furthermore, these studies showed that all three 
peptides examined interact strongly with bicelles. Investigation of the NMR-
relaxation of labeled sites in the peptides motilin and penetratin demonstrated that the 
overall rotational correlation times for these peptides do not reflect the bicellar size. 
Such decoupling of NMR relaxation from the dependence of overall size is also seen 
for the dynamics of the lipid molecules in the bicelles. It is therefore concluded that 
the overall size is not the sole determinant of the linewidths in NMR spectra, but that 
extensive motions within the bicelles also exert significant effects.  
 Another interesting observation is that the membrane-bound structures of the 
peptides motilin, transportan, penetratin and bPrPp are very similar, even though these 
peptides have very different biological functions. In contrast, considerably more 
variation is observed in the membrane-positioning and molecular dynamics of these 
peptides. Since the bicelles have been found to induce differences in membrane 
positioning and molecular dynamics compared to micelles, these model membranes 
are likely to be important in order to enhance our understanding of the biological 
function of membrane interacting peptides. 
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Abbreviations: 
 
aa   amino acid 
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CPP   cell-penetrating peptide 
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T2   transverse relaxation time 
TEMPO  2,2,6,6,-tetramethylpiperidinooxy 
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'In addition, biology as a whole would benefit from the physicist's general modus 
operandi, i.e., from the well-honed understanding of what science is and how it should 

be done: the crisp framing of problems, the clear understanding of what is and what 
isn't established truth, the importance of hypothesis testing, and the physicist's 

disinterested approach in general.' 
 

Carl Woese 
 (Woese, 2004) 
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INTRODUCTION 
 
 The biological membrane, one of the key structural elements in all types of 
living cells, is involved in a multitude of important functions, including 
photosynthesis, respiration and signaling with the immediate environment. 
Biomembranes are not only required by all living organisms, but are also thought to 
have played a major role in prebiotic evolution and the origin of life (Deamer, 1997). 
Many interesting features of biomembranes have been explored employing several 
experimental and theoretical approaches.  
 The present thesis focuses on experimental characterization of the interaction 
of peptides with model membranes. For this purpose artificial mixtures of lipids 
and/or detergents are utilized to mimic the key physical properties of actual 
biomembranes. The choice of a specific type of model membrane depends both on the 
biomembrane which is being mimicked and on the experimental procedures to be 
applied.   
 Since the primary experimental method employed in the present study was 
solution-state nuclear magnetic resonance (NMR), it was important that the model 
membrane used reorients sufficiently rapidly to obtain good spectral resolution. This 
requirement imposes a rather strong restriction on the types of model membranes that 
are suitable. Micelles, which have classically been the major model membrane for 
solution-state NMR studies suffer from at least two major disadvantages, i.e., they are 
composed of detergents, rather than the natural lipid components of membranes, and 
they exhibit a strong curvature.  
 During the last ten years, bicelles have been introduced as a model membrane 
potentially superior to micelles (Marcotte and Auger, 2005). These mixtures of 
detergents and lipids are thought to form disc-shaped aggregates, with a central lipid 
bilayer and a detergent circumference (Figure 1). The presence of natural lipids and 
the fact that the surface of the central lipid region is more-or-less flat eliminate some 
of the limitations associated with micelles.  
 

 

 
Figure 1 Schematic cross-section of a DMPC/DHPC bicelle, depicting DHPC 

molecules capping the ends of the central DMPC-rich region. 
 

 The work presented here was designed to characterize the interaction of 
bicelles with several different peptides with two principal concerns: in part, to 
understand how these peptides interact with a biological membrane, but also to 
elucidate the membrane-like properties of the bicelles. Our findings have also been 

DMPC 

DHPC 
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compared with those on other systems, e.g., by comparing the membrane-like 
properties of micelles and different types of bicelles.  
 It is highly interesting that both of these systems can be investigated using 
solution-state NMR methods. More challenging is the comparison of bicelles with 
other model systems such as vesicles, which are too large for this methodology. In 
such cases spectroscopic methods that can be applied to both types of model 
membranes, and are independent of rapid reorientation, not only allow valuable 
comparisons, but also complement and confirm the results obtained with NMR. 
Accordingly, spectroscopic approaches such as circular dichroism (CD) and electron 
paramagnetic resonance (EPR) have also been applied here.   
 The present investigation of peptide-bicelle interactions focuses on four 
different peptides, i.e., the gastrointestinal hormone motilin, the two cell-penetrating 
peptides (CPP) penetratin and transportan, and the N-terminal region (1-30) of the 
bovine prion protein (bPrPp). All these peptides, which have previously been 
characterized in other model systems, are thought to interact with membranes in 
rather different fashions. Here, we demonstrate that the interaction of these peptides 
with membranes can be studied effectively using bicelles as a membrane mimetic. 
 These interactions are similar in a number of ways, e.g, all the peptides exhibit 
strong binding to the bicelles accompanied by induction of an α-helix. However, 
differences were also observed. Motilin, transportan and penetratin are all prone to be 
localized at the surface of the membrane, whereas bPrPp tends to assume a 
transmembrane configuration. Moreover differences in local dynamics were apparent, 
e.g., the motion of motilin changes radically when 30% of the bicellar lipids contain 
negatively charged headgroups. Such differences can be correlated with the physical 
properties of the membranes to which these peptides are native and may influence the 
physiological activity of the peptide.  
 In addition to such studies on peptide interactions with bicelles, the lipids 
themselves in the bicelles were examined. One particular major problem associated 
with isotropic bicellar solutions is that the apparent size of the typical aggregate 
appears to be far too large for high-resolution NMR spectroscopy. However, this turns 
out not to be the case and it has been speculated that the spectral resolution in this 
situation is governed by extensive internal motion within the bicelle. Here, this 
hypothesis was tested and found to provide a reliable explanation of the data 
observed. However, a rather delicate balance between the overall size of the bicelles 
and the extent of local motion is expected, as demonstrated by, e.g., the peptide 
transportan, for which increasing the bicelle size by a factor of 1.5 renders the NMR 
spectra too broad to allow assignment. 
 This thesis consists of three parts. In the first part, (chapters 2 - 4) the 
background for the experimental studies performed is provided. Thus, chapter 2 is an 
introduction to biological membranes and peptides, the Brownian motion of 
molecules is discussed in chapter 3, and finally, chapter 4 describes our experimental 
approach, and the information that can be attained. The second part, consisting of 
chapter 5, summarizes and discusses the experimental findings, making comparisons 
between the different studies and to investigations reported in the literature. Finally, 
the research articles on which this thesis is based are appended. 
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2. BIOLOGICAL BACKGROUND 
 

2.1 Biological membranes 
 
 The typical biological membrane is a complex structure composed primarily 
of lipids and proteins. Such membranes surround every living cell and also divide the 
interior of cells into compartments, such as organelles in eukaryotes. Different 
membranes contain sometimes very different types and relative amounts of lipids and 
proteins and this composition is influenced by the physiological status, changing in 
response to various stimuli. The basic structure of biological membranes consists of 
an amphipathic lipid layer, with a hydrophilic exterior and hydrophobic core (Figure 
2).  

Figure 2 Schematic representation of a biological membrane bilayer with lipids ( ) 
and a transmembrane membrane protein, in this case the photosynthetic reaction 

center from the purplebacterium Rhodopseudomonas viridis (Deisenhofer and Michel, 
1989). 

 
In most cells this structure is a bilayer, but in some organisms (typically archea) 
monolayers are present instead.  
 The major structural component of the bilayer is lipids of various kinds. In 
eukaryotes the most common type of lipids are phosphatidylcholines, whereas in 
prokaryotes (such as Escherichia coli), the main lipids are typically 
phosphatidylethanolamines (Gennis, 1989). One example of a typical eukaryotic 
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neutral (zwitterionic) phospholipid is POPC. The molecular structure of POPC is 
compared to those of DMPC and the negatively charged DMPG in Figure 3.
 
 
 

 
Figure 3 The molecular structures of POPC, DMPC and DMPG. The nomenclature 

for the positioning of the two fatty acyl chains is indicated for DMPC, as is the 
conventional numbering and labeling of some of the carbon atoms. 

 
 

 
 The paradigm concerning the structure and dynamics of biological membranes 
has long been the fluid-mosaic model (Singer and Nicolson, 1972), which postulates 
that the membrane is not a static two-dimensional crystal, but rather a highly dynamic 
system, with many types of motion. The term 'fluid-mosaic' indicates that the 
molecules within the membrane have considerable lateral and rotational freedom and 
are therefore randomly distributed within the membrane. Recently, however, 
structured subdomains of membranes have been identified (Vereb et al., 2003). 
 Even though such domains might be of considerable importance, biological 
membranes in general are highly dynamic, involving many modes of motion. These 
movements include rotations and translations of individual lipid molecules, collective 
motions of several lipid molecules together, as well as local movements of parts of a 
lipid molecule. These all occur on very different time-scales, as indicated by their 
correlation times (Figure 4). Both the amplitude and the frequency of these motions 
differ significantly in different membranes and are influenced by features such as 
curvature-induced stress and the packing of different types of lipids. These differences 
are finely tuned by the cell in order to control properties such as membrane 
permeability and resistance to mechanical stress.  
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Figure 4 Typical time-scales (correlation times) for different types of motions in a 

biological membrane (adapted from (Yeagle, 2005)). 
 
 A general unifying theme for living cells is that their biological membranes, 
more-or-less, exist in the same phase, the lamellar liquid crystalline phase (Lα), which 
also is known as the fluid phase. However, this is but one out of the many possible 
phases that lipid mixtures can adopt. For instance, the fluid phase is very different 
from the gel phase (Lβ), another lamellar phase, characterized by a higher degree of 
order. Transition from the fluid to the gel phase is commonly induced by lowering the 
temperature below a certain transition point. In order for studies with model 
membranes to be biologically relevant it is important that the fluid phase is 
predominant. Typical values for the various properties of fluid-phase vesicles 
containing DMPC are documented in Table 1.  

 
 
 
 
 

rotational diffusion 
 10-8 s 

protrusion 
 10-9 s 

flip-flop 
 10-3 – 104 s 

lateral diffusion 
  10-7 s 

gauche-trans 
isomerization 

  10-12 s 

bond oscillations 
  10-12 s 

undulations 
  10-6 – 1 s 
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Table 1 Typical physical properties of DMPC-containing vesicles in the fluid phase. 
 

Property Value Reference 
Membrane thicknessa 44.2 Å  (Nagle and Tristram-Nagle, 2000) 
Thickness of the fatty acyl   
     core 

26.2 Å  (Nagle and Tristram-Nagle, 2000) 

Volume of a molecule of  
     DMPC 

1100 Å3  (Nagle and Tristram-Nagle, 2000) 

Rate of lateral diffusion 10-11m2/s  (Orädd and Lindblom, 2004) 
Gel phase / fluid phase  
     transition temperature 
     (Lβ→Lα) 

298 K  (Hinz and Sturtevant, 1972) 

Water permeability 6 µm/s  (Carruthers and Melchior, 1983) 
Flip/flop half-time 9h  (Wimley and Thompson, 1990) 
D┴

b 3.3*107 s-1    (Mayer et al., 1990) 
D║

b 3.3*108 s-1    (Mayer et al., 1990) 
Slipid

c 0.58  (Ellena et al., 1993) 
a  Steric thickness, without hydration 
b  D║ and D┴ are the overall rotational diffusion coefficients, around and perpendicular to the 
 main axis,   respectively 
c  Slipid is the order parameter for the overall lipid motion. 
 
 The lipid molecules in a biological membrane are very dynamic in many 
respects, but on the average they are ordered locally along the transverse plane of the 
bilayer. In terms of liquid crystals, the membrane normal forms a local director for the 
lipids. Indeed, on a local scale the membrane is a lyotropic liquid crystal, a fact that is 
not only of fundamental significance, but also has consequences for spectroscopic 
studies.  
 Lipid membranes demonstrate low permeability to charged and polar 
molecules and, furthermore, exhibit the properties of an electrical insulator, like a 
capacitor, when an external electrical field is applied across them. As a consequence it 
is possible to create chemical (osmotic) and electrical gradients across membranes. In 
living cells such gradients are of central importance in processes such as 
photosynthesis, respiration and neural signal transmission.  
 For many cells, the outer membrane is the only structural line of defense (as 
well as spatial definition) in respect to the external world. The difficulties involved in 
the passage of polar or charged molecules across the membrane impose fundamental 
restrictions on how peptides and proteins interact with membranes. Processes such as 
the insertion of membrane proteins must be highly orchestrated and the detailed 
mechanisms of the transmembrane translocation of many molecules, including 
peptides remain to be elucidated. 
  
 

2.2 Model membrane systems 
 
 The term model membrane is somewhat operational, being related to the 
aspects of a biological membrane that are being studied. In some cases a mixture of 
water and an organic solvent, such as the fluoro-alcohols TFE or HFP, is adequate to 
mimic a membrane mimetic environment. In general, however, such mixtures are 
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poor model systems, since the amphiphilic nature of biological membranes is not 
present.  
 In addition, the experimental technique being employed to examine a model 
membrane limits the number of possible mimetics. For instance, certain techniques 
require a solid-state type of membrane mimetic, such as bilayers stacked on glass 
surfaces, or monolayers of lipids deposited on a surface. Here, only dispersed 
membrane systems will be considered.  

 

 
Figure 5 Relative sizes and shapes of a typical micelle, a bicelle (q = 0.5), a small 

unilamellar vesicle (SUV) and a large unilamellar vesicle (LUV) (Vold and Prosser, 
1996; Pencer et al., 2001).  

 
 The membrane model that, from many perspectives, is most similar to natural 
biomembranes involves vesicles, sometimes also referred to as liposomes (Figure 5). 
The vesicles are water-filled spheres delineated by lipid bilayers. The typical 
biologically relevant vesicle is unilamellar, meaning that only a single bilayer 
structure is present in each vesicle. Due in part to the relatively large size of such 
vesicles, but also to the low concentrations of lipids that can be used to form stable 
vesicle dispersions, such model membranes are not suitable for most NMR 
investigations (Henry and Sykes, 1994).  
 For NMR studies, the micellar membrane model is preferred for a number of 
reasons. Micelles are relatively small (Table 2, Figure 5) which means that they rotate 
rapidly, on the time-scale required for NMR. Theses micelles consist of detergent 
molecules that aggregate above a certain threshold concentration called the critical 
micelle concentration (CMC). The size of a micelle is defined by the aggregation 
number, i.e., the average number of detergent molecules present. An increase in the 

LUV SUV 

bicelle 

micelle 

300 Å 
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detergent concentration above the CMC results in the formation of more micelles, 
rather than larger micelles. Examples of detergents that form micelles are DHPC, SDS 
and CHAPS, the chemical structures of which are depicted in Figure 6, and some of 
the characteristic physical properties of the micelles formed by these detergents are 
presented in Table 2. 
 
 

 
Figure 6 Molecular structures of the detergents DHPC, SDS and CHAPS 

 
 
 

Table 2 Typical properties of the micelles formed by DHPC, SDS and CHAPS at 
temperatures near to 37 oC 

 
 DHPC SDS CHAPS 

Aggregation  
     number  

27a 

 
64b  

 
8c 

 
Radius 18Å·18Å·30Åd 

 
17 Åe  

 
Not known 

CMC 14 mMf 

 
8 mMb 

 
6 mMg 

 
a   (Chou et al., 2004) 
b   (Anlansson et al., 1976) 
c   (Funasaki et al., 1991) 
d    DHPC micelles have been shown to have a prolate shape  (Lin et al., 1986) 
e   (Itri and Amaral, 1991) 
f    (Hauser, 2000) 
g    (Chattopadhyay and Harikumar, 1996) 
 
 

 
 The two major drawbacks of micelles as membrane-mimicking models are 
that they are composed of detergents and exhibit a strong curvature. A recent 
improvement in this connection was the discovery of bicelles, i.e., disc-shaped 
aggregates formed by mixing certain lipids and detergents at specific ratios (Figure 1). 
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The properties of such bicelles are dependent on several physical parameters, but one 
key feature is the q-value, which is defined as the molar ratio between lipid and 
detergent: 
 

    
[ ]

[ ]detergents
lipids

=q     (1) 

 
 Larger values of q give rise to aggregates with a more pronounced disc-like 
shape. At low q-values, bicelles are isotropically tumbling objects. However, above 
the phase transition temperature of DMPC and above a certain threshold q-value, a 
lyotropic liquid crystal is formed in the presence of strong magnetic fields. This 
reflects the fact that since the anisotropic molecular magnetic susceptibility of the 
lipid molecules exhibits a preferred orientation in a magnetic field and when this field 
is stronger than the force of free tumbling, sample alignment occurs (Hare et al., 
1995).  
 The phase behavior of bicelles with large q-values has been found to be highly 
multifaceted and conflicting theories have been presented as to whether a bicellar 
solution consists of discs, or whether a completely different phase is formed  
(Gaemers and Bax, 2001; Arnold et al., 2002; Nieh et al., 2004; van Dam et al., 2004; 
Triba et al., 2005). In the present discussion, we will focus on the isotropic phase 
formed by bicelles with q ≤ 1. Several experimental methods, including NMR 
spectroscopy, electron microscopy, fluorescence spectroscopy, dynamic light 
scattering and small angle neutron scattering, indicate that disc-shaped objects are 
formed in such lipid-detergent mixtures (Glover et al., 2001b; Luchette et al., 2001).  
 The use of bicelles has been reported to have several advantages compared to 
micelles. For instance, the integral membrane protein diacylglycerol kinase retains its 
activity in bicelles, in contrast to micelles (Sanders and Landis, 1995). Furthermore, 
the membrane protein bacteriorhodopsin refolds in both DMPC/CHAPS and 
DMPC/DHPC bicelles (Booth et al., 1996, 1997). In addition, the interaction of the 
HIV-1 envelope peptide with micelles induces a strong curvature in this model 
membrane, which is not observed in the case of bicelles (Chou et al., 2002).  
 The versatility of isotropic bicelles as membrane models has been explored 
further by introducing different lipids in the bicelles. For instance, lipids with 
different charges on their headgroups, e.g., DMPG and DMPS, have been successfully 
introduced into bicelles (Struppe et al., 2000). Lipids containing longer fatty acyl 
chains, such as DPPC or POPC, have been employed to investigate different aspects 
of peptide-membrane mismatch (Whiles et al., 2002b; Chou et al., 2004). Bicelles 
also have been reported to form stable crystals with the membrane protein 
bacteriorhodopsin, allowing X-ray crystallographic studies (Faham and Bowie, 2002).  
 Lately, another interesting model membrane, referred to as nano-discs, has 
been developed (Bayburt and Sligar, 2002; Sanders et al., 2004). These discs are very 
similar to bicelles, except that that the lipid bilayer region is capped by amphipathic 
peptides instead of detergent molecules.  
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2.3 Peptides 
 
 The distinction between a peptide and a protein is not strictly defined, often 
depending on the circumstances. One major difference is that proteins usually are 
larger and often fold into a tertiary structure, whereas peptides only have secondary 
structure. Another typical feature of peptides is that their structure changes in 
response to different environments. For instance, a peptide might be an unstructured 
monomer in solution, but take on a well-defined structure when bound to a 
membrane. In the present context peptides will be considered to be rather short 
polymers of amino acids with no specific tertiary structure. Typical secondary 
structural elements of such polymers are α-helices and β-sheets, which are stabilized 
by characteristic patterns of backbone hydrogen bonding. However, secondary 
structures may be discussed more generally as the distributions of φ and ψ angles 
along the backbone.  
 Even though many peptides exhibit stable structures, considerable motion is 
still present, both of the whole peptide, but also locally around bonds and side-chains. 
This motion is often of key importance for the function of the peptide. In some cases 
these dynamics can be predicted from the structure, but it has been shown that in 
certain cases dynamic differences can explain differences in function even when the 
structure appears to be unchanged (Mäler et al., 2000).  
 The interplay between the structures and dynamics of molecules is often 
described in terms of energy landscapes, where each possible conformation of a 
molecule is defined by its energy. In this model, molecular dynamics is represented as 
fluctuations between the different conformations within this landscape. This energy 
landscape model can be thought of as a modern expansion of the classical theory of 
chemical kinetics that predicts that the activation energy is coupled to the rates of 
chemical reactions (Frauenfelder et al., 1991). 
 Peptides may position themselves in various ways in a membranous 
environment, depending both on their aa sequence and, on the properties of the 
membrane, such as fatty acyl chain length, head-group properties and packing. Two 
characteristic features of such positioning are: the angle of the peptide relative to the 
normal of the membrane, and the depth of penetration into the bilayer. Another 
important aspect in this connection is the length of a hydrophobic stretch of aa 
compared to the thickness of the hydrophobic core of the bilayer. If these distances 
are unequal, hydrophobic mismatch can occur.  
 This mismatch may involve the peptide either being too long (positive 
mismatch) or too short (negative mismatch), both of which situations influence the 
membrane lipids and the positioning of the peptide within the membrane. If the 
hydrophobic region of the peptide is somewhat too long, accommodation might occur 
by stretching the lipids somewhat, thereby decreasing flexibility (Killian, 2003). 
However, if it is far too long, the peptide might tilt relative to the membrane normal. 
On the other hand, if the peptide is too short, it might cause the lipids to become less 
ordered or else the peptide might position itself perpendicular to the membrane 
normal. 
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2.3.1 Naturally occurring peptides 
 
 Even though proteins are the primary machines of the cell, peptides are also 
abundant in nature and exhibit a vast and exciting functional repertoire. For instance, 
several peptides are used for defensive or offensive purposes, including the 
antimicrobial peptides of several animals and the peptide-based poisons produced by, 
for example, bees, wasps and cobras. Other peptides are utilized for signaling in 
multicellular organisms, both along neural and endocrine pathways. Furthermore, 
covalently attached to proteins certain peptides serve as tags for sorting within the cell 
and usually are cleaved off after the targeting of the protein has been completed.  
 
Motilin 
 
 Motilin is a peptide hormone whose sequence of 22 amino acids has been 
determined for at least 10 vertebrate species. Multiple alignments reveal that it is the 
N-terminal region that is conserved primarily (Figure 7). Site-directed mutagenesis 
and switching of the amino acid stereochemistry from L to D have confirmed that this 
region of the molecule is functionally most important (Boulanger et al., 1995). 
 
Homo sapiens (human)   FVPIFTYGELQRMQEKERNKGQ 

Macaca mulatta (rhesus monkey)  FVPIFTYGELQRMQEKERSKGQ 

Oryctolagus cuniculus (rabbit)  FVPIFTYSELQRMQERERNRGH 

Cavia porcellus (domestic guinea pig) FVPIFTYSELRRTQEREQNKRL 

Felis catus (cat)    FVPIFTHSELQRIREKERNKGQ 

Sus scrofa domestica (domestic pig)  FVPSFTYGELQRMQEKERNKGQ 

Bos taurus (bovine)    FVPIFTYGEVRRMQEKERYKGQ 

Ovis aries (sheep)    FVPIFTYGEVQRMQEKERYKGQ 

Equus caballus (horse)   FVPIFTYSELQRMQEKERNRGQ 

Gallus gallus (chicken)   FVPFFTQSDIQKMQEKERNKGQ 

 
Figure 7 Alignment of the amino acid sequences of motilin from 10 vertebrate 

species. Conserved residues are highlighted in bold. 
 
 The biological functions of motilin in humans are indicated by its primary 
expression in the gut and the nervous system, including the brain (Itoh, 1997). In the 
gastrointestinal tract, motilin stimulates the contraction of smooth muscles. Its 
function(s) in the brain and nerve cells remains unclear, although a possible role as a 
neuro-transmitter has been proposed (Itoh, 1997). 
 The effects of motilin in the gastrointestinal tract are mediated by binding to a 
specific receptor, which has recently been cloned and characterized (Fieghner et al., 
1999) and found to belong to the large family of G-protein-coupled membrane 
receptors (GPCR). It is thought that motilin first interacts with the membrane in which 
this receptor is located prior to binding to the receptor itself (Backlund, 1995). It 
seems likely that this binding to the membrane induces changes in the secondary 
structure and molecular dynamics of motilin, as well as orienting this peptide with 
respect to the receptor, in such a way that recognition is facilitated (Sargent and 
Schwyzer, 1986).  
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Extensive biophysical characterization of motilin in various membrane-
mimicking media has been performed. Employing 1H-NMR, the structure of this 
peptide in a solution of 30% HFP (Kahn et al., 1990; Edmondson et al., 1991) as well 
as in the presence of SDS-micelles  (Jarvet et al., 1997) has been determined. In both 
of these media motilin is primarily α-helical, but with an N-terminal β-turn. 
Characterization by circular dichroism (CD) indicates that virtually no change in the 
secondary structure of motilin is induced by vesicles with zwitterionic lipids as 
compared to motilin in solution, whereas negatively charged lipids induce the α-
helical structure (Backlund et al., 1994).  

The molecular dynamics of motilin have been studied both by NMR (Allard et 
al., 1995; Jarvet et al., 1996) and fluorescence spectroscopy (Backlund and Gräslund, 
1992; Backlund, 1995; Damberg et al., 2002). In the case of the NMR studies the 
dynamics were calculated on the basis of  relaxation data for the 13Cα-1Hα-spin vector 
in the amino acid residue Leu10, revealing that motilin is more rigid in the presence 
of a membrane mimic, indicating formation of a more stable structure. 
Characterization of the dynamics of the natural fluorofor Tyr7 in motilin performed 
by fluorescence anisotropy decay (FAD) indicates that two local correlation times (0.4 
ns and 1.7 ns) and one global correlation time (3.6 ns) are required to account for the 
dynamics of motilin in an aqueous solution of HFP. The overall rotational correlation 
times determined by FAD and NMR were similar under the same conditions.  
 

2.3.2 Cell-penetrating peptides 
 
 The term cell-penetrating peptides (CPPs) is used to refer collectively to 
peptides that can enter living cells in an apparently receptor-independent manner, 
most of which are not naturally occurring.  The original observations on entry of 
peptides into fixed cells proved to be artifactual since the fixing procedure itself leads 
to such uptake (Lundberg and Johansson, 2002). Thus, several presumptive CPPs that 
have been exhaustively studied do not enter living cells, and thus are not actually 
CPPs.  
 In this context the major focus of biophysical interest has been on the 
mechanism by which a peptide can translocate across a biomembrane. Accordingly, 
major efforts have been invested in attempts to demonstrate the translocation of 
peptides across model membranes in vitro (Thorén et al., 2000, 2004; Persson et al., 
2001, 2004; Drin et al., 2001). The original belief was that the translocation of CPPs 
should be energy-independent. However, since most of these peptides are positively 
charged, a membrane potential could act as a driving-force (Terrone et al., 2003), but 
how this process may occur is not yet understood.   
 More recently, endocytosis has been proposed as a mechanism for the cellular 
uptake of CPPs (Magzoub and Gräslund, 2004). However, even if a peptide can be 
internalized into the cell in an endocytotic vesicle, the problem of membrane 
translocation remains since the content of such a vesicle is still separated from the rest 
of the cell by a specialized region of the plasma membrane.  
 Another important feature of CPPs is their toxicity. It has been proposed that 
such peptides can be used to introduce foreign substances, e.g., drugs, into cells. 
However, if the peptide itself is toxic, this approach becomes problematic. 
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Penetratin 
 
 Penetratin, one of the CPPs first identified, originates from a helical segment 
present in a class of DNA-binding transcription proteins called Homeodomains 
(Derossi et al., 1994). Determination of the sequence of penetratin 
(RQIKIWFQNRRMKWKK) revealed that seven of its sixteen amino are positively 
charged, which is significant in connection with its binding to biological membranes, 
many of which are negatively charged. Even though eukaryotic plasma membranes 
are generally neutral overall (Matsuzaki, 1999), the high density of positive charges in 
penetratin might be crucial for its translocation of specific regions across such 
membranes. Furthermore, in the light of the high degree of diversity in the membrane 
lipids the attraction of this peptide to negatively charged domains might be important 
for its translocation.  
 Studies indicate, as expected, that penetratin interacts more strongly with 
vesicles composed of lipids with negatively charged headgroups, than with 
zwitterionic lipids (Magzoub et al., 2001). Furthermore, the structures of penetratin 
can vary greatly, depending on the charge density of the membrane with which it 
interacts (Magzoub et al., 2002). As evaluated by CD spectroscopy with low levels of 
negatively charged lipids a random structure dominates; at intermediate levels, 
formation of an α-helical structure is induced; and in the presence of high lipid charge 
density the structure of penetratin is dominated by β-sheets.  
 Characterization of the fluorescence quenching of the natural fluorofores in 
this CPP, i.e., the two tryptophan residues, has revealed that this peptide resides at the 
surface of both partially and fully negatively charged lipid membranes (Magzoub et 
al., 2003). The fluoresence depolarization of DPH, which resides in the fatty acyl 
region of the bilayer, provides an estimate of the influence of a peptide on membrane 
fluidity. Penetratin does not affect this depolarization, neither in neutral nor partially 
negatively charged membranes (Magzoub, 2004), indicating a lack of interference 
with the fatty acyl chains. This conclusion is reinforced by NMR studies on the 
interaction of penetratin with bicelles containing 30% negatively charged lipids, 
which show the structure of the peptide to be largely α-helical in good agreement with 
CD data (Lindberg et al., 2003).  
 
 
 
Transportan 
 
 Transportan is an artificial chimeric CPP, composed of the 12 N-terminal 
amino acids residues of the neuroendocrine peptide galanin linked to the wasp venom 
peptide mastoparan via a lysine residue, to give the sequence 
GWTLNSAGYLLGKINLKALAALAKKIL. Clearly, transportan contains far fewer 
positive charges than penetratin, suggesting a different type of membrane interaction, 
at least in the presence of negative charges. The structure of transportan in vesicles 
formed from both zwitterionic and partially negatively charged lipids is mainly α-
helical, as evaluated by CD spectroscopy (Magzoub et al., 2001). The structure 
induced by interaction with neutral lipids is slightly less α-helical in character. When 
the fluoresence of the tryptophan residue in transportan was exploited to examine its 
position in the membrane, in analogy to the investigation with penetratin described 
above, this CPP was also found to reside at the membrane surface (Magzoub et al., 
2003). However, NMR characterization of transportan in SDS micelles by NMR 
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provides a less clear indication of the position of this peptide in a model membrane 
(Lindberg and Gräslund, 2001).  
 

2.3.3 Prion proteins 
 
 The discovery of prion proteins has led to a paradigm shift in our 
understanding of the mechanisms of pathogenesis (Prusiner, 1982, 1997). The long-
prevailing idea that the spread of infectious disease always involves delivery of 
primary genetic material, i.e., DNA or RNA, into a host has been challenged by the 
existence of this interesting class of molecules.  
 The prion proteins exist in two forms, i.e., the natural non-toxic form native to 
the cell and the pathogenic scrapie form. The current hypothesis is that the scrapie 
form induces disease directly, by altering the conformation of the native prion 
proteins in the cell. Thus, these proteins can act as catalysts that transform the cells' 
own proteins into potentially lethal forms.  
 The underlying mechanism is an area of intensive research interest. From a 
biophysical perspective this idea challenges Christian Anfinsen's classic idea that a 
given primary sequence invariably folds to produce the same tertiary structure 
(Anfinsen, 1973; Dobson, 2003). Moreover, the mechanism of catalysis, and the 
pathogenesis of the scrapie form are of considerable medical interest and importance 
as well. One leading hypothesis is that the pathogenesis is coupled to aggregation of 
the protein in its β-sheet conformation, as is the case with other so-called amyloid-
forming proteins.  
 
 
Bovine prion protein peptide 1 - 30 
 
 The function(s) of the native prion protein is presently unknown, but it is 
thought to be a membrane protein (Hegde et al., 1998). The N-terminal sequence of 
this protein acts as a signal peptide, or more specifically a nuclear localization (NLS) 
like signal, to target it to specific membranes for insertion or redistribution. When 
targeting has been completed this sequence is normally cleaved off, but in infected 
cells, prion proteins which retain their signal sequences have been observed. It has 
been speculated that this signal sequence might be involved in the pathogenic process, 
perhaps serving as a membrane anchor (Hegde et al., 1999; Ott and Lingappa, 2004).  
 The amino acid residues at the N-terminal of the bovine prion protein have the 
sequence MVKSKIGSWILVLFVAMWSDVGLCKKRPKP. CD investigations have 
revealed that this peptide (bPrPp) adopts an α-helical upon interaction with uncharged 
vesicles, whereas introduction of 30% negatively charged lipids leads to a higher 
degree of β-sheet structure (Magzoub, 2004). The depolarization of DPH fluoresence 
in both neutral and partially charged membranes to which bPrPp is bound reveals a 
clear influence on the fluidity of the interior of the membrane.  
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3. BROWNIAN MOTION OF MOLECULES 
 
 Thermally induced movements in molecules involve a wide range of time-
scales and amplitudes. The difference in the time required for formation of the 
transition state of a chemical reaction and the spontaneous unfolding events that occur 
with certain proteins can vary from femtoseconds to several days. Not only do the 
rates of these motions differ by several orders of magnitude, but the underlying 
processes are often fundamentally different in nature. For instance, the oscillatory 
motions of bond vibrations are qualitatively different from the random diffusion of 
molecules in solution. In this chapter the rotational and translational diffusion of 
whole molecules, as well as intramolecular motions will be discussed. These motions 
are stochastic, or Brownian, in their nature. 
 

3.1 Rotation and translation 
 
 A sphere, which is one of the simplest models for a molecule demonstrates 
two types of movement: rotation and translation. In an equilibrium liquid state these 
two modes of motions are random in character, meaning that, for instance, the speed 
and direction of the translational motion for the molecule may vary considerably at 
different moments.  
 The translational diffusion of a sphere is described by the diffusion constant 
Dtransl, according to the Stokes-Einstein equation: 
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where k is Boltzmann's constant, T the temperature, η the viscosity and r the radius of 
the sphere. One way to approach translational diffusion is to consider the average time 
it requires for this molecule to diffuse a distance d. This time, τtransl, which is one 
example of a correlation time, is given by the equation: 
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for diffusion in n dimensions.  
 The second type of overall motion of a sphere is rotation, which can be 
quantitated as a typical rotational correlation time. This time is defined as the average 
time it takes for the molecule to rotate through one radian, which is given by the 
equation: 
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with the parameters being defined as in the case of equation (2). 
 The treatment considerations above relate to ideal spheres but real molecules 
often have highly complicated shapes. The influence of shape is discussed in the 
following section. Another complication is the fact that water molecules tend to 
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adhere to objects such as peptides and lipid aggregates, thereby creating a hydration 
layer that makes the objects larger and decreases their rate of diffusion. This effect is 
often corrected for by introducing the radius of hydration, which is the radius of the 
object under study plus its hydration layer. In practice, the thickness of the hydration 
layer varies somewhat, but has been estimated to be approximately 3 Å (Halle and 
Davidovic, 2003). 
 One important aspect of the diffusional properties of macromolecules is 
illustrated by the folding of proteins. In the folded state a protein is very dense, but in 
its unfolded state, for instance, the molten globular state, the protein chains mix more 
with the solvent molecules, resulting in a larger radius. This implies that the 
relationship between the mass of a polymer and its translational and rotational 
properties depends strongly on its physical state (Flory, 1969; Wilkins et al., 1999). 
However, peptides have been found to be too small to be affected by this phenomenon 
(Danielsson et al., 2002).  
 Translational diffusion is also affected when the concentration of large solute 
molecules is high, since these large particles hinder free diffusion. The ratio between 
the apparent diffusion coefficient (D) and the unobstructed diffusion coefficient (D0) 
may for spherical particles be expressed as in the equation (Söderman et al., 2004): 
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where φ is the volume fraction of obstructing particles, R the radius of the obstructing 
particles and r the radius of the investigated particle. Interestingly, equation (5) 
predicts a different obstruction of the translational diffusion for the solvent, compared 
to the large particles. In the limit where r = R, this expression is to a first 
approximation given by the equation: 
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3.2 Anisotropic rotation and translation 
 
 In principle molecules may have almost any shape imaginable, due to the large 
variations in their structures. In practice, however, this fact is often highly 
inconvenient and simplified models of shape are therefore introduced. One such 
simplification is to consider the shape as a simple three-dimensional object, which can 
be defined by the length of its three orthogonal axes. Unfortunately, even this 
approximation often turns out to be insufficient, since it can be difficult to determine 
the relative length of all three axes, when two of these are rather similar (Lakowicz, 
1999).  
 Consequently it is often assumed that the shape of a molecule is axially 
symmetric, i.e., that two of the three axes are equal in length. This gives rise to three 
situations: when the unique axis is longer than the other two, a prolate (cigar-shaped) 
object is obtained; when all of the axes are equal in length, the object is a simple 
sphere; and when the unique axis is shorter, the object is oblate (disc-shaped). These 
different types of objects exhibit different translational and rotational properties.  
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 The translational diffusion time is modified by a shape factor, F, according to 
the equation: 
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The size of this shape-factor depends on the type and degree of anisotropy associated 
with the object in question. Perrin calculated these shape factors for both the 
rotational and translational motion of ellipsoids, expressing the shape factor for the 
translation of an oblate as: 
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where a/b is the ratio between the length of the long, equal axes, a, and that of the 
short axis, b  (Perrin, 1934, 1936; Cantor and Schimmel, 1980). Similar expressions 
have also been developed for the shape dependence on the obstruction of translational 
diffusion due to large solutes at high concentration (Simha, 1940; Cantor and 
Schimmel, 1980). 
 In the case of rotational motion, an axially symmetric object may rotate 
around either its long or its short axis. These two modes are defined by rotational 
diffusion coefficients (Drot) where D║ is the frequency of rotation around the unique 
axis (i.e., the short axis in an oblate object) and D┴ the frequency around one of the 
two axes of equal length  (i.e., the long axes in an oblate object)  (Woessner, 1962; 
Lee et al., 1997). This type of motion may also be described in terms of rotational 
correlation times. Somewhat unexpectedly there are three rotational correlation times, 
τ1 − τ3, involved according to (Woessner, 1962), i.e.,  
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3.3 Time-correlation functions 
 
 In the previous sections of this chapter correlation times for rotational and 
translational motions were discussed. The correlation time describes how rapidly 
orientational or positional information is lost in connection with random motions. 
This time-dependent loss of orientational or positional information can be described 
mathematically by a time-correlation function, one example of which is the auto-
correlation function: 
 
    )()()()()( 0000 ttytyttytytC +⋅−+⋅=   (10) 

 
A mathematically more explicit example of such a time-correlation function is the 
exponentially decaying time-correlation function: 
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with the correlation time τ.  
 It should be pointed out that the time-correlation functions described by 
equations (10) and (11) are general, i.e., do not describe specific molecular motions. 
Nevertheless, these equations can be applied to many molecular situations. For 
instance, the time-correlation function for the rotation of an axially symmetric object 
is given by the equation: 
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where A1=(3cos

2θ-1)
2
/4, A2=3sin

2θcos
2θ and A3=(3/4)sin

4θ, and τi is provided by 
equation (9). θ is the angle between a given bond vector and the unique axis of the 
object. 
 The rotation of an entire molecule is not the only rotational motion that occurs. 
Indeed, rotation around bonds is ubiquitous and occurs on several different time-
scales. Within the stochastic limit, such local motion also may be described in terms 
of time-correlation functions.  The rotational motion of a given bond vector thus 
depends both on the overall motion and on the local motion. If these motions are 
statistically independent, i.e., occur on very different time-scales, then the observed 
correlation function is simply the product of the correlation function for the overall 
motion and the correlation function for the local motion: 
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 Local motion is often very restricted in nature, i.e., certain orientations of a 
bond vector relative to a given molecular frame are impossible. As a consequence of 
this limitation the local correlation function does not decay to zero, but to a value, S2. 

S, referred to as the generalized order parameter, thus provides a measure of the 
restriction of the local motion. An S value of 1 is associated with a completely 
immobile vector, while and S

 = 0 describes totally unrestricted motion. The time-
correlation function for the restricted motion is described by the equation 
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(Wennerström et al., 1974; Halle and Wennerström, 1981; Lipari and Szabo, 1982a-
b): 
 

    22 )1()( SeStC
t

local +⋅−=
−

τ    (14) 
 
 Order parameters are important not only when considering restriction of local 
motion, but also in connection with the order of a liquid crystal. The physical 
difference between an isotropic and an anisotropic liquid reflects the fact that in the 
former all orientations of a particle are equally probable, whereas in an anisotropic 
liquid, certain orientations are more probable. The order parameter of a liquid crystal 
is related to the degree of anisotropy in the system. More generally, this parameter is 
related to both the average order of the sample (Sorder) and the local restriction of 
motion (Slocal) the observed order parameter is obtained according to (Seelig, 1977): 
 
    SOBS = Sorder·Slocal    (15) 
 
 

3.4 Time-correlation functions of lipids in membranes 
 
 The motions of lipids in membranes, discussed briefly in section 2.1 can also 
be described in terms of correlation functions. However, due to the multitude of 
motional modes occurring in a membrane, these functions tend to be very complex. 
Still, it is possible to create simplified models by extending the reasoning underlying 
equations (13) and (14). One approach is to divide the motion of lipids in the 
membrane (in our case, the bicelle) into three different components, i.e., the overall 
rotation Cbicelle(t), lipid motion Clipid(t) and local motion Clocal(t), producing an overall 
correlation function, Coverall(t), of the type: 
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 The apparent overall motion of a bicelle, Cbicelle(t), involves two different 
types of motion, overall rotation and lateral diffusion, where lateral diffusion is the 
two-dimensional motion of lipids in the transverse plane of the model membrane and 
is defined in a manner analogous to regular rotational motion. The time required for, 
e.g., a lipid molecule to diffuse one radian along a vesicle (τlat-rot) is given by the time 
it takes to diffuse the distance equal to the radius of the sphere (θ = 1). The rotational 
correlation time for lateral diffusion in spheres can therefore be defined as (Bloom et 
al., 1975):  
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The observed rotational correlation time for the bicelle is thus given by: 
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 A lipid molecule in a membrane is free to rotate around its principal axis but 
the rotation around the other two axes is strongly restricted by the membrane surface. 
In order to accurately describe its motion, an order parameter for the entire lipid 
molecule, 2

lipidS , is required. This concept is the same for the local motion. Accepting 

these assumptions, the overall correlation function will have the form (Ellena et al., 
1993): 
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By assuming that there is a large difference in the timescale of these three types of 
motions, (19) can be simplified to obtain: 
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4. SPECTROSCOPY 
 
 In this chapter, the information that is provided by studying the interaction of 
light with molecules is discussed, in particular the three techniques NMR, EPR and 
CD spectroscopy. 

4.1 Nuclear magnetic resonance - NMR 
 Atoms, which are the building blocks of molecules, consist of nuclei with 
surrounding electrons. Both the nucleus and the electrons have four fundamental 
properties: mass, charge, electric/magnetic shape and spin. Mass, charge and shape 
can be understood from experiences in everyday life but spin is a rather intangible 
quantity. Spin is a magnetic property of the particle, and thus interacts with magnetic 
fields.  
 Since electrons in the orbitals of atoms or molecules tend to pair up with an 
electron of the opposite spin, few molecules exhibit a net electron spin. Nuclei are 
different in this respect, since pairing of nuclear spin does not occur to the extent as 
with electrons. This fact is exploited in connection with NMR spectroscopy, where 
the interaction between nuclear spins and a magnetic field is examined.  
 As interesting as all this is, it is even more exciting that spins tend to influence 
one another through so-called couplings. There are two types of couplings for a spin 
of 1/2, the dipole-dipole coupling and the J-coupling. The direct dipole-dipole 
coupling is observed between spins that are located close to one another. J-coupling is 
observed for nuclear spins that are coupled by common electrons, i.e., electrons 
shared in a common molecular orbital and thus involved in covalent bonding.   
 In addition to the effects of couplings, observed NMR spectra are influenced 
by another important feature, the so-called chemical shift, which reflects an 
interaction between a nuclear spin and its surrounding electron cloud (orbitals). A 
strong external magnetic field induces currents in electronic orbitals, which in turn 
induces a magnetic field that affects the nuclear spin. The three interactions 
mentioned so far all involve nuclear spins with net spin not equal zero. In addition 
there is a fourth interaction that only occurs with spins greater than 1/2. As opposed to 
nuclei with a spin of 1/2, nuclei with larger spins possess a magnetic shape that can 
interact with the surrounding electron cloud.  
 One extremely important feature of NMR spectroscopy is its low sensitivity. 
This reflects the fact that at room temperature the different energy levels are almost 
equally populated and, since what NMR measures in practice is the difference 
between the two energy states (at least in the case of spin = 1/2), the signal obtained is 
very weak. Even though recent improvements in the instrumentation recently have 
been dramatic, high concentrations of samples are still required.  
 Since the experimental portions of this thesis involve standard methodologies, 
neither the details nor theory of NMR spectroscopy will be discussed here. 
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4.1.1 Relaxation and dynamics 
 
 NMR is basically sensitive to molecular motion occurring on three different 
time-scales, i.e., pico-nanoseconds, micro-milliseconds, and periods longer than 
seconds. In order to be able to look into these different time windows, NMR 
spectroscopists have developed various tools. The motions considered here occur 
primarily within the pico-nanosecond time-scales, i.e., motions that influence NMR-
relaxation.  
 The relaxation theory applicable to NMR on solutions is in most cases 
described by the Bloch-Wangsness-Redfield (BWR) theory (Wangsness and Bloch, 
1953; Redfield, 1957, 1965). With this approach, relaxation is inferred by treating 
molecular motion as a stochastic perturbation of the nuclear spins, which are 
described quantum mechanically via the spin-Hamiltonian. This theory is complex 
and obscured by a number of mathematical transformations. However, the primary 
outcome is that relaxation of a given statistical quantum state is dependent mainly on 
the real part of the spectral density function, which is a function of frequency. A 
spectral density function is the Fourier transform of a time-correlation function 
(compare with section 3.3) and can be interpreted physically as the distribution of 
motional frequencies that influence relaxation. Of course, one very important aspect 
of the BWR theory is its limitations. This theory is based on a number of assumptions 
concerning the relationship between the relaxation parameters and molecular 
dynamics. One guideline concerning limits of the BWR theory is that the relaxation 
time measured should be much longer than the correlation time that dominates the 
relaxation (Slichter, 1978). This criterion is often met in connection with NMR 
studies on molecules in solution, but frequently is no longer fulfilled when 
paramagnetic agents are introduced, since such agents typically demonstrate much 
shorter relaxation times. This is a matter of major concern in connection with EPR 
spectroscopy (compare with section 4.2). 

In more physical terms, the theory of NMR relaxation concerns how non-
equilibrium spin states are eliminated by molecular motion. The most obvious 
example of this is the FID (Free Induction Decay, the NMR signal), which decays 
with a characteristic time, T2. However, there are usually numerous other relaxation 
times as well depending on the complexity of the system or the investigative strategy. 
In this section only three relaxation constants, T1,T2 and the steady state NOE 
(ssNOE) will be discussed.  

T1 is often referred to as the longitudinal relaxation constant, since it describes 
the relaxation of spin-flips, which are thought to occur along the direction of the 
strong magnetic field. T2, referred to as the transverse relaxation time constant, is 
associated with the destruction of statistical spin coherences. Both of these constants 
reflect auto-relaxation and are always present, even with an isolated spin.  

The ssNOE relaxation coefficient only exists for dipole-dipole coupled nuclei. 
This coefficient is not a relaxation time, but rather an enhancement/reduction factor 
proportional to the cross-relaxation phenomenon, which is caused by a double flip of 
a spin pair. These effects of spin-flips, i.e., T1 and cross-relaxation (in the shape of 
ssNOE), can be visualized in an energy diagram (Figure 8). 
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Figure 8 An energy diagram depicting a dipole-dipole coupled spin-pair. The thick 

lines indicate single-flip transitions (T1 auto-relaxation) and the thin lines double-flip 
transitions (cross-relaxation). 

 
 In connection with solution-state NMR, relaxation processes are dominated by 
strong anisotropic (orientation-dependent) interactions. For nuclei with spin of ½, the 
dipole-dipole coupling and the anisotropic component of the chemical shift (CSA) 
dominate these interactions. In the case of a heteronuclear spin-pair (typically 1H-13C 
or 1H-15N), relaxation processes are described theoretically by the BWR theory, in 
which the T1, T2 and ssNOE relaxation times are given as linear combinations of the 
spectral density functions at different frequencies, as follows: 
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where d is the dipole-dipole interaction constant, c the CSA interaction constant and 
the n the number of protons attached to nucleus X. The constants c and d are provided 
by the equations: 
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where µ0 is the vacuum permeability, h Planck's constant, r the distance between the 
proton and the X nucleus, ∆σ the CSA (which, in general, is assumed to be axially 
symmetric), γ the magnetogyric ratio and X denotes the heteronucleus of interest, e.g., 
13C or 15N.  
 As can be seen from these formulae the measurement of one of these 
relaxation constants in a given magnetic field provides information concerning the 
spectral density function at several frequency points. The spectral density function can 
be characterized fully by measuring a sufficient (and correctly chosen) number of 
relaxation constants and calculating the J values at different frequencies, employing a 
system of linear equations. This method, often referred to as “Spectral Density 
Mapping” (Peng and Wagner, 1992), has, indeed been applied. However, complete as 
it is, this approach is rather tedious, since it involves measurement of six relaxation 
constants and interpretation of the spectral density, which is not always 
straightforward.  
 The alternative approach commonly referred to as the 'model-free' 
interpretation of relaxation data (Wennerström et al., 1974; Halle and Wennerström, 
1981; Lipari and Szabo, 1982a-b) can in a sense be considered as mapping the time-
correlation function. This model is 'free' in the sense that it involves no physical 
assumptions concerning how a bond vector moves and is thus in principle applicable 
to any correlation function. With this model mathematical expression of the time-
correlation function provides parameters that may describe the motion, compare with 
equations (13) and (14). The standard procedure in the model-free approach is to 
measure T1, T2 and the ssNOE, although many other relaxation rates/coefficients 
would do equally well.  
 The spectral density function of the standard model-free assumptions is 
obtained from the equation: 
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τoverall is the rotational correlation time for the entire object, S2 the generalized order 
parameter for local motion and τlocal the rotational correlation time for this local 
motion. The parameters resulting from the model-free analysis are reasonably easy to 
understand in physical terms, at least in comparison to the spectral density function. 
The spectral density function defined by equations (23) can be extended to include 
several order parameters and correlation times, if the data measured require 
application of a more complicated model (Clore et al., 1990; Ellena et al., 1993). 
 One important feature of the T2-relaxation rate is its dependency on the 
spectral density function at zero frequency, J(0). This implies that motions 
considerably slower than the regular relaxation time-scales influence the value of T2. 
Furthermore, adiabatic motions also affect this relaxation time, so that dynamics that 
do not cause energy transitions may influence T2. For instance, the T2 values are 
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influenced by fast chemical exchange motion, lasting from micro- to milliseconds and 
implying a fast exchange rate (kex) according to: 
 
     kex >> ∆ω    (24) 
 
where ∆ω (s-1) is the difference between chemical shifts in the NMR signals from the 
two conformations, A and B,  and kex is the exchange rate (s-1). In more chemical 
terms, kex is defined as the sum of two rate constants that describes the exchange 
according to:  
 

            (25)   
 

where kex = k1 + k2. The average T2 value observed for the two readily interchanging 
conformations can be calculated according to (McConnell, 1958):   
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where kex is the exchange rate (s-1) and pX the probability of state X. Thus, the average 
T2 becomes dependent on the square of the strength of the magnetic field (∆ω2) under 
fast interchanging conditions, which exist when the probabilities of the two 
conformations are of the same magnitude. In the expression for T2 provided by 
equation (21b) this dependence on ∆ω2 can be inferred from the phenomenological 
term Rex.   

The molecular dynamics derived from NMR relaxation studies discussed here 
have focused on the motion of a single bond vector, as is usually the case for analysis 
of the dynamics of peptide backbones. It should, however, also be mentioned that 
other types of motion, such as the dynamics of amino acid side-chains, may be 
examined employing modified relaxation methodologies  (Millet et al., 2002; 
Skrynnikov et al., 2002). 
 
 

4.1.2 Translational diffusion 
 
 NMR spectroscopy can also be employed to determine translational diffusion 
through the use of pulsed magnetic field gradients (PFG), typically performed as a 
gradient spin-echo experiment. By increasing the gradient strength or delay-times 
step-wise, it is possible to calculate the translational diffusion time, Dtransl, according 
to the Stejskal-Tanner equation (Stejskal and Tanner, 1965):  
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where I is the peak intensity, I0 the intensity without gradients, g the pulsed field 
gradient strength, γ the magnetogyric ratio, ∆ the T2 delay time and δ the T1 

longitudinal storage period.  
 These measurements are straightforward for simple systems, but become more 
complicated for systems characterized by fast chemical exchange or target molecules 
or complexes of different sizes.  In the case of fast chemical exchange, aspects of 
relaxation come into play if the two states exhibit different transversal and 
longitudinal relaxation rates. Methods to overcome these problems have been 
developed, for example, by measuring values at several delay times and thereafter 
extrapolating to a delay time of zero.  
 At the same time, fast exchange is not a problem only since the translational 
diffusion measurements can, in fact, be used to calculate the sizes of the populations 
in the two conformations (A and B) (Lindman et al., 1984). If one of the states can be 
measured separately, the populations, p, of the two states can be calculated according 
to 
 
    BAOBS DpDpD ⋅−+⋅= )1(    (28) 
 
where Di are translation diffusion coefficients. This approach is very useful for studies 
of complex formation and, if the concentrations of all the species are known, can be 
employed to calculate binding constants.  
 
 

4.1.3 Positioning in the membrane 
 
 Several approaches allow information concerning the position of peptides or 
proteins in model membranes to be obtained from the NMR signals of either the 
peptides or the lipids. A classical procedure in this connection involves measurement 
of the quadrupolar splittings of 2H-labeled lipids in an ordered membrane matrix. The 
quadrupolar coupling is dependent on orientation, and the observed splitting, ∆, is 
provided by: 
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where e is the elementary charge, q the charge of the proton (+1), Q the nuclear 
quadrupolar moment, h Planck's constant, SCD the order parameter for the 2H-13C spin 
vector and θ the angle between the director and the external magnetic field (Seelig, 
1977). (Qe

2
q/h), which is often referred to as the quadrupolar coupling constant, is 

influenced by the electrical surroundings of the 2H nucleus. In order to interpret the 
order parameter it is helpful to compare equation (29) with equation (15), in which 
SOBS = SCD.  
 Thus changes in quadrupolar splittings induced by a peptide can be interpreted 
in terms of alterations in local ordering of the lipids. One possible interpretation is 
that an increase in the order parameter reflects an enhancement of positive 
hydrophobic mismatch (Bloom et al., 1991), i.e., the hydrophobic stretch of amino 
acids in the peptide is longer than the width of the hydrophobic lipid region (compare 
with section 2.1). Accordingly, a decrease in the order parameter would indicate a 
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negative hydrophobic mismatch (shorter peptide) or that the peptide is located in 
some way at the surface.  
 Another approach to examining the positioning of peptides in membranes is 
through the addition of paramagnetic agents, e.g., paramagnetically labeled lipids 
(Figure 9) or paramagnetic ions (such as Mn2+ or Gd3+), and determination of their 
effects on the NMR signals observed from the peptide.  

 
 

 
 

Figure 9 DMPC molecules containing the two spin labels TEMPO (attached to the 
headgroup) or DOXYL (attached to carbon five in the sn2 chain). 

 
 
The reverse procedure, i.e., adding of a spin labeled peptide to the membrane, can 
also be informative. Such addition of paramagnetic agents may either broaden the 
peaks, and/or shift peak positions in the spectrum. The broadening effects represent in 
principle relaxation experiments, in which the NMR signals are affected by the 
paramagnetic relaxation mechanism. The advantages of this procedure over 
observations of quadrupolar splittings are that it can be performed in isotropic systems 
and that the position of the peptide in the membrane can be determined in greater 
detail. The major drawback is that the addition of large spin labels may perturb the 
system. 
 A third indication of the positioning of a peptide in a membrane can be 
obtained from the secondary 1HN shifts of the peptide (Wishart and Sykes, 1994). 
Positive 1HN secondary shifts are typical for regions exposed to a hydrophobic 
environment whereas regions exhibiting negative shifts are generally exposed to 
hydrophilic environments.  Although this method is not as direct as the two other 
procedures discussed above, it can be highly useful, since it gives indications of 
membrane positioning simply from assigning the peaks in a spectrum.  
 A standard method for examining peptide positioning in membranes is 
measurement of the kinetics of exchange of peptide protons with solvent deuterons, or 
vice versa. Such measurements provide information concerning which parts of the 
peptides are hidden in the membrane. However, this approach has one serious 
drawback namely, that the exchange rates for protons in highly structured regions are 
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also much slower. Thus, it can be difficult to distinguish between regions involved in 
H-bonding, e.g., α-helices and β-sheets, and regions that are buried in the membrane. 

 

4.1.4 Structure 
 
 The fact that the dipole-dipole coupling is dependent on distance allows inter-
nuclear distances to be determined from these couplings. As discussed in section 4.1, 
the dipole-dipole averages out in solution. Nonetheless, it still remains as a 
mechanism of relaxation, but is effective only over distances of less than 5 - 6 Å. This 
fact is not only a problem, but also a blessing. If much longer couplings could also be 
observed, each pair of nuclear spins would give rise to a cross-peak and the NOESY 
spectrum would become too crowded to be interpretable.  
 Other ways to measure distances by NMR have involved systems where the 
dipole-dipole coupling does not average out to zero. Recent advances in the 
development of recoupling dipole-dipole couplings in solid-state magic-angle 
spinning (MAS) experiments have made it possible to determine structures of proteins 
in frozen samples (Castellani et al., 2002). Another interesting development is the 
measurement of 'residual' dipolar couplings in a weakly anisotropic liquid phase  
(Tolman et al., 1995; Tjandra and Bax, 1997). 
 The structures investigated here have all been solved by classical isotropic 
state 1H-methods, so that the subsequent discussion will focus solely on this 
methodology. It should, however be pointed out that much more structural 
information can be obtained by labeling the peptide with 13C and/or 15N and the use of 
sophisticated solution-state pulse sequences (Cavanagh et al., 1996).  
 The three fundamental two-dimensional experiments that provide the basis for 
homo-nuclear structural determination by NMR are COSY (Aue et al., 1976), TOCSY  
(Braunschweiler and Ernst, 1983) and NOESY (Jeener et al., 1979). The COSY and 
TOCSY approaches make use of the J-coupling for magnetization transfer, whereas 
NOESY is based on the Nuclear Overhauser Effect (NOE). The NOE is dependent on 
the remnants of the dipole-dipole coupling in the liquid state and thus represents a 
relaxation phenomenon.  
 The practical difference between COSY and the TOCSY experiments is that 
the former provides information only about covalently bonded spin-pairs that are no 
more than three bonds apart. In the case of TOCSY all spin pairs within a system that 
are J-coupled, such as in the side-chain of an amino acid, can be observed. This is due 
to the fact that TOCSY induces potent J-coupling in the system, which is normally 
observed only in the solid state.  
 The type of (and number of) peaks that can be observed by NOESY and 
TOCSY is fine-tuned by a mixing time in the pulse sequence. Several variants of 
these basic experiments have been developed for increasing spectral quality as well as 
for determining molecular parameters such as J-couplings. The basic steps involved in 
solving the structure of a small to medium sized molecule, such as a peptide or a 
small protein, using homonuclear NMR are as follows (Wüthrich, 1986): 
1. Assignment of a large number of 1H resonances in the molecule through the use of 

COSY, TOCSY and NOESY. On the basis of these assignments, it is then 
possible to obtain indications of secondary structural elements by calculating 
secondary chemical shifts (Wishart and Sykes, 1994). 
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2. Measurements of NOESY peak, which provides information on 1H-1H distances. 
Information concerning torsion angles can be derived from the J-couplings 
observed via the Karplus equation (Karplus, 1959). 

3. From the connectiveties, distances and torsion angle constraints, obtained a family 
of structures are calculated. From these structures that converge, the most 
favorable ones are considered to represent the structure 

 An extremely important aspect of structures determined by solution-state 
NMR techniques is that they are, in fact, solved in solution. This is in strong contrast 
to X-ray crystallography and electron diffraction methods, where the molecules of 
interest must be arranged in a very highly ordered crystal. Even though enzymatic 
activity has been observed in such crystals (Bränden and Tooze, 1999), it is clear that 
crystallization can give rise structural artifacts.  
 Lately, it has been shown that inclusion of data on molecular dynamics, for 
instance, generalized order parameters, in NMR structural calculations improves the 
structural precision (Lindorff-Larsen et al., 2005). As mentioned previously, however, 
structural determination by solution-state NMR is limited to short distances. For 
longer distances, other spectroscopic methods, such as electron paramagnetic 
resonance (EPR) come into play (Borbat et al., 2001). The long-distance structural 
information provided by a paramagnetic probe can be included in structural NMR 
studies. The usefulness of this approach has been demonstrated by the determination 
of the structure of the α-helical transmembrane protein mistic (Roosild et al., 2005).  
 One major obstacle to structure determination by solution-state NMR has been 
the limitation to molecules of relatively small size, due to the dependence on 
rotational correlation times. Recently, however, a modification of the standard HSQC 
pulse-sequence, TROSY, has extended the applicability of solution-state NMR 
techniques to much larger objects (Pervushin et al., 1997). 
 

4.2 Electron paramagnetic resonance - EPR 
 
 Electron paramagnetic resonance (EPR) or electron spin resonance (ESR) is a 
spectroscopic technique closely related to NMR, in which unpaired electrons are 
detected. Such electrons are either present in paramagnetic ions or free radicals, and 
these species are rather uncommon, at least in comparison to the occurrence of nuclei 
with spin ≠ 0. The EPR spectrum has features similar to those of an NMR spectrum. 
For instance, the EPR g-value is similar to the NMR chemical shift and the isotropic 
g-value differs in different environments.  
 Due to the scarcity of unpaired electrons, electron spin-spin couplings are 
rarely observed by chance. On the other hand couplings between electron spins and 
nuclear spins, so-called hyperfine couplings, are frequently seen and may be 
considered to be J-couplings between nuclear and electronic spins. One example of 
such hyperfine-coupling is the coupling between the radical electron in a typical spin-
label and the nearby 14N nucleus (Figure 9). Since the nucleus of 14N has a spin of 1, 
this coupling gives rise to a triplet in the EPR spectrum (Figure 10).  
 The motion of a spinlabel strongly affects the appearance of the EPR 
spectrum. This is because the T2 relaxation of the spinlabel is sensitive to rotational 
motion. The time-scale of the dynamics for the spinlabel is often divided into fast and 
slow motions. A fast motion is typically characterized by reorientational correlation 
times of less than ~ 3 ns (Grell, 1981). If the motion of the spin-label is restricted in 
some fashion, order parameters may also affect the shape of the spectrum. The 
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appearance of the EPR spectrum is thus influenced both by the motional time-scale, 
and on restriction of motion, making it possible to extract motional parameters from 
such a spectrum (Figure 10). It is thus possible to estimate, for instance, order 
parameters for the spin-label by measuring linewidths of the EPR spectrum (Berliner, 
1976).

 

 
 

Figure 10 Three calculated EPR spectra indicating the influence of the overall 
rotational correlation times of the spin-label on line broadening (adapted from 

'Biological spectroscopy' by (Campbell and Dwek, 1984)). 
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4.3 Circular dichroism - CD 
  
 Light is an electromagnetic wave that may rotate either to the left or to the 
right along the direction of the translational motion. One interesting aspect about 
these two rotational states is that they interact differently with chiral molecules, and 
since many biological molecules are chiral, for example, almost all of the amino acids 
in cells are L-stereo isomers; CD spectroscopy is a useful tool for studying these 
molecules. What kinds of information can be extracted from the CD spectrum of a 
peptide? Since the interaction of far-UV light with the backbone amide moieties in 
peptides is dependent on the φ and ψ angles in the backbone, different secondary 
structural elements give rise to typically different CD spectra. Accordingly, the CD 
spectrum of a peptide or protein is analyzed by comparison with characteristic spectra 
of, for example, α-helices and β-sheets (Figure 11).  
 However, it is very rare that such a spectrum exhibits only a single secondary 
structural motif. In the case where two characteristic structures are present, there is an 
isochroic point, i.e., a point at which the spectral intensity does not change upon 
changing conditions, such as the temperature. Thus, observation of such a point can 
provide valuable information. Analysis of the CD spectra of more complicated 
systems is difficult. Attempts to interpret complicated spectra simply as linear 
combinations of typical spectra have been made, but care should be taken in this 
connection since CD spectra are in principle not additive (Glatti et al., 2002). 

 
Figure 11 The characteristic CD spectra obtained with four secondary structures. The 

thick black line represents a random coil, the thin black an α-helix, the long stripes 
parallel- and short stripes anti-parallel β-sheets.
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Part 2:  Discussion 
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5. RESULTS AND DISCUSSION 
 
 Disc-shaped assemblies of lipid/detergent molecules were observed in bile as 
early as in the mid 1960's (Small et al., 1966, 1969; Small, 1967). These particular 
discs contain mixtures of phosphatidylcholines and bile salts. At the end of the 1970's, 
similar artificial mixtures of lipids and bile salt analogues (e.g., CHAPS and 
CHAPSO) were examined by Mazer an co-workers  (Mazer et al., 1980) who reported 
that that the disc-shape concept was complicated by the mixing of these two 
components. By the end of the 1980's Roberts and coworkers (Bian and Roberts, 
1990; Lin et al., 1991) were investigating DMPC/DHPC mixtures which also were 
found to be disc-shaped.   
 Around this same time, Sanders and coworkers characterized both 
DMPC/CHAPSO mixtures (Sanders and Prestegard, 1990) and, later, mixtures of 
DMPC/DHPC (Sanders and Schwonek, 1992). In 1988, Ram and Prestegard found 
that lipid/bile-salt mixtures can be induced to form ordered phases in strong magnetic 
fields (Ram and Prestegard, 1988).  The macroscopic ordering of these mixtures was 
later exploited by Bax and collaborators to study dissolved molecules and to measure 
residual dipole-dipole couplings (Tjandra and Bax, 1997). By the end of the 1990's 
both anisotropic and isotropic mixtures of DMPC and DHPC were being utilized as 
versatile model membrane systems by Vold and coworkers (Vold and Prosser, 1996; 
Vold et al., 1997; Struppe et al., 2000). Now, at the beginning of the second 
millennium, the usefulness of bicelles as model membranes is being explored by 
several research groups. 
 In the second part of this thesis the experimental results, presented in 
publications I - VI will be discussed and compared to relevant literature reports. This 
discussion is divided into a number of important questions concerning the properties 
of bicelles as model membrane. 
 

5.1 How large are the bicelles? 
  
 The sizes of molecules and molecular aggregates can be determined by a large 
number of methods. However, as discussed in chapter 3, several other molecular 
characteristics, including the shape, dynamic state (e.g., folding/unfolding), 
aggregation and size distributions, must also be considered in interpreting the results 
obtained. Depending on the method used, different sets of parameters come into play 
and in many cases, for instance, the shape of a given object must be assumed in order 
to estimate its size.  
 The approach presented here involves PFG-based NMR measurements of 
translational diffusion, as discussed in section 4.1.2. The translational diffusion of 
bicelles is described in papers II, III, V and VI. The interpretation of translational 
diffusion data on bicelles in terms of size relies on the fact that it is possible to 
measure the diffusion of the entire aggregate.  
 Since the solubility of a typical lipid in water is very low (~ 10-10 M (Evans 
and Wennerström, 1999)) the diffusion of DMPC most certainly reflects the bicelle 
diffusion. Fortunately, two of the lines in the 1H NMR spectrum of DMPC/DHPC 
bicelles arising from the methyl groups in the fatty acyl chains, do not overlap (Figure 
13) (Vold et al., 1997). In the case of DMPC/CHAPS bicelles, almost none of these 
lines overlap.  
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 Another important aspect of the determination of the overall size of bicelles 
from diffusion data might be contributions from lateral diffusion of DMPC in these 
bicelles. However, it can be argued, on the basis of the size of the bicelles (see also 
below) and the time typically required to dephase the NMR signal of these structures 
that this lateral diffusion accounts for < 1% of the observed diffusion. The 
translational diffusion coefficients for bicelles without peptides are documented in 
Table 3. 
 

Table 3 Translational diffusion constants for bicelles at 37 oC, as determined by 1H 
PFG NMR. 

 
Dtransl (·10-11 m2s-1) 

 
Paper Solvent 

 
DMPC/DMPG DHPC CHAPS H2O/HDO 

II [DMPC]/[DHPC] = 0.5a 

 
2.1 4.6 - 234 

II (0.7·[DMPC] 
+0.3·[DMPG])/[DHPC] = 0.5a 

 

2.2 
 

4.9 - 231 

V [DMPC]/[DHPC] = 0.5b 

 
2.9 5.5 - NDc 

VI [DMPC]/[DHPC] = 0.25b 

 
7.3 9.7 - 251 

VI [DMPC]/[[DHPC] = 0.5b 

 
2.7 5.9 - 260 

VI [DMPC]/[CHAPS] = 0.5b 

 
5.8 - 6.5 242 

a measured in D2O 
b measured in 90% H2O 
c not determined 
 
 The rates of translational diffusion of bicelles of different sizes and types 
exhibit large differences. Bicelles with a [DMPC]/[DHPC] ratio of 0.25 diffuse much 
more rapidly than bicelles with a corresponding ratio of 0.5, as expected. More 
surprising is the more rapid diffusion of bicelles with a [DMPC]/[CHAPS] ratio of 
0.5, compared to those with [DMPC]/[DHPC] = 0.5. This latter observation might 
reflect the lower aggregation number of CHAPS micelles (compare with Table 2), 
rendering CHAPS molecules more effective as detergents.  
 Another important aspect in this connection is that the miscibility between 
CHAPS and DMPC may be greater than the miscibility between DHPC and DMPC, 
rendering the DMPC/CHAPS bicelles less disc-like. Furthermore the difference in 
rates of diffusion for DMPC and DHPC is larger than for DMPC and CHAPS, 
implying that a larger proportion of the CHAPS is located in bicelles, making these 
bicelles smaller on the average. A general observation was that both DHPC and 
CHAPS diffuse faster than DMPC in all of the samples examined, which probably 
reflects the presence of a non-bicelle-bound fraction of these detergents (Ottiger and 
Bax, 1998; Struppe and Vold, 1998; Glover et al., 2001b). Measurement of the 
concentration-dependent diffusion of DHPC in paper II revealed that the level of this 
free fraction is below the CMC for this detergent in an aqueous solution.  
 The diffusion coefficient for water was used as an internal probe for apparent 
viscosity in the bicelle mixtures. In general, the viscosity of all samples was lower 
than that of pure water, which is predicted to be approximately 300·10-11 m2/s at 37 oC 
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(Mills, 1973). Recently, Geamers and Bax (Gaemers and Bax, 2001) proposed that the 
obstruction is a major determinant of viscosity changes in biclles. However, other 
factors may also be important, e.g., the influence of free detergent molecules. 
 As discussed in section 3.1, the diffusion coefficient of an object is related to 
its size and shape. Expressions relating the thickness of the bicelle to the radii of the 
long axes have been developed (Vold and Prosser, 1996; Glover et al., 2001b; Triba et 
al., 2005) on the basis of geometrical arguments concerning the shape of bicelles. In 
paper VI a novel expression is given that is independent of the shape of the rim region 
of the bicelle, namely: 
 

    
b

aqV
r

lipidσ2
=      (30) 

 
where r is the radius of the bilayer region, σ the number of detergent molecules bound 
to the bicelle per unit area, Vlipid the volume of one lipid molecule and q the q - ratio. a 
and b represent the thickness of the fatty acyl region and the full thickness of the 
bilayer region, respectively. One advantage of this relationship is that it can be used to 
predict differences in size, of bicelles formed using different detergents, which is 
important for explaining the differences in diffusion coefficients observed in bicelles 
with either DHPC or CHAPS.  
 In order to estimate the size of the bicelles from data on their translational 
diffusion, relationships of the type described by equation (30) are utilized to calculate 
a frictional shape factor. The most common assumption is that bicelles exhibit an 
approximately oblate shape, so that the Perrin shape factor can be employed. This 
approach was applied in paper V to calculate the radius of bicelles with a 
[DMPC]/[DHPC] ratio of 0.5.  
 The shape of bicelles is, however, expected to be more cylindrical than 
ellipsoidal and accordingly a cylindrical shape factor should be utilized. 
Unfortunately, no analytical expressions for the dependence of the diffusion of a 
cylinder whose equal axes are longer than the odd axis on friction have been 
developed. Consequently, it is difficult to obtain any reasonable values for the size of 
the bicelles.  
 However, in order to make comparisons with other methods, it is possible to 
calculate an apparent radius of hydration using the Stokes-Einstein's equation (2). For 
a DMPC/DHPC bicelle with q = 0.5, the radius of hydration can be calculated to be 
78 Å, using Dtransl = 2.9·10-11 m2s-1, T = 310 K and η = 10-3 ms-1. However, since 
bicelles are relatively large, at high concentration the diffusion of a given bicelle is 
hindered by the presence of other bicelles.  
 Therefore, in order to correctly interpret the data an obstruction factor is also 
required. By assuming a spherical shape equation (6) can be utilized, and by 
employing a typical volume fraction of bicelles (φ = 15 %), the obstruction effect 
turns out to be 0.7. Interpreting this factor, the apparent radius of hydration for the 
bicelle with q = 0.5 becomes 55 Å. A major problem associated with this calculation 
is that the obstruction factor itself is also inherently dependent on the size and shape 
of the object.  
 Another important influence on the size of bicelles is the miscibility of the 
lipids and detergents as has been discussed recently by Triba and co-workers (Triba et 
al., 2005). This phenomenon can readily be introduced into equation (30): if p is the 
relative population of DMPC in the bilayer region, s the relative population of DHPC 
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in the rim region, Vdet the volume of one detergent molecule and δ the number of lipid 
molecules per unit area, the following expression is obtained: 
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The derivation of this equation, for the slightly more general case of ellipsoidal 
bilayer regions, is presented in the Appendix. 
 NMR studies on the translational diffusion of isotropic bicelles have recently 
been conducted by other research groups as well. The diffusion coefficient for bicelles 
with a [DMPC]/[DHPC] ratio of 0.3 has been reported to be 6.2·10-11 m2/s at 25 oC  
(Wang et al., 2004) a value which agrees well with our findings on bicelles with q = 
0.25 (Table 3). A diffusion rate of 5.3·10-11 m2/s at 22 oC for bicelles with q = 0.5 was 
observed by Marcotte and co-workers (Marcotte et al., 2004), which indicates the 
presence of a much smaller bicelles in their system than what we report in papers II, 
III, V and VI. Their measurements were presumably performed using a mixture of 
DMPC and DHPC signals, which results in overestimation of the diffusion 
coefficients of the bicelles. Furthermore, it is not clear whether isotropic bicelles 
exhibit the same morphology above and below the Lβ → Lα transition temperature of 
DMPC.   Chou and co-workers  (Chou et al., 2004) calculated the translational 
diffusion of bicelles with a [DMPC]/[DHPC] ratio of 0.15 to be 9.2·10-11 m2/s at 27 
oC, which is in good agreement with the diffusion obtained for bicelles with q = 0.15 
bicelles in the presence of the peptide penetratin (Table 4).  
 The size of bicelles has also been determined using other approaches. 
Dynamic light scattering resulted in smaller values of the size of the bicelles with a 
[DMPC]/[DHPC] ratio of 0.5, i.e., r = 32Å  (van Dam et al., 2004) and r = 36 Å 
(Glover et al., 2001b). Employing neutron scattering techniques, the size of the same 
bicelles was estimated to be slightly larger, i.e., r = 43 Å (Luchette et al., 2001). The 
deviation of these values from the radius of hydration calculated on the basis of NMR 
diffusion measurements probably reflects the influence of shape and obstruction 
factors. 

 
 

5.2 Do the peptides bind to the bicelles? 
 

 It is not unreasonable to propose that virtually any peptide will interact with a 
biomembrane to some extent. Nevertheless, strong binding is indicative that this 
binding may be associated with function. The binding of peptides to model 
membranes may be addressed using several experimental approaches which, however, 
may provide answers that differ both qualitatively and quantitatively. For instance, 
monitoring the induction of structure in a peptide as a measure of its interaction with a 
membrane may be very tricky, since the structure may not actually change upon 
binding. Moreover, this method is very difficult to quantitate.  
 Investigations on translational diffusion can provide a quantitative measure of 
the binding of a peptide to a biomembrane (compare with section 4.1.3). Therefore, in 
papers II, III and V the translational diffusion constants for the peptides motilin, 
penetratin and bPrPp in bicellar solution were measured by means of NMR and the 
resulting data are summarized in Table 4. 
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Table 4 Diffusion coefficients for the peptides motilin, penetratin and bPrPp in the 

absence and presence of bicelles containing DMPC/DHPC or (DMPC + 
DMPG)/DHPC  

 
Dtransl (·10-11 m2s-1) 

 
Paper Peptide Mixture DMPC/DMPG peptide H2O/HDO 

II motilin 3mM buffer - 21.1 253 
II motilin q = 0.5 2.8 6.1 230 
II motilin q = 0.5, 30% DMPG 2.6 4.7 235 
III penetratin 3 mM in buffer - 28 329 
III penetratin 7.5 mM in buffer - 26.3 316 
III penetratin 10 mM in buffer - 26.1 317 
III penetratin q = 0.5 2.5 2.7 270 
III penetratin q = 0.5, 30% DMPG 1.9 2.4 280 
III penetratin q = 0.15, 30% DMPG 9.4 10.3 280 
V bPrPp q = 0.5 2.6 - - 

 
These translational diffusion data for both motilin and penetratin in the presence and 
absence of bicelles reveal clearly that both of these peptides interact with the bicelles, 
i.e., their diffusion is slower in a bicellar solution. In the case of motilin this effect is 
more pronounced when 30 % of the DMPC is replaced by the negatively charged 
DMPG. Using equation (28), it is possible to calculate that 84% of the motilin binds 
to the neutral bicelles and 90% binds to the partially acidic bicelles.  
 The diffusion of penetratin in solution was found to be concentration 
dependent, indicating that this peptide is prone to aggregate, thereby rendering 
estimation of its binding to bicelles difficult. Nonetheless, it is clear that penetratin 
does interact with partially negatively charged bicelles. The observation that 
penetratin also interacts with neutral bicelles is surprising, since other studies indicate 
that this should not be the case (Magzoub et al., 2001, 2002, 2003). For instance, blue 
shifts in fluoresence emission of the two tryptophan residues in this peptide have been 
observed in the presence of vesicles containing lipids with negatively charged 
headgroups, but not with neutral vesicles.  
 In order to compare these findings to the situation in bicelles, the fluoresence 
of penetratin in our two bicellar systems was measured here (Figure 12, unpublished 
data). 
 



 52 

 
Figure 12 Fluoresence emission spectrum of the two tryptophan residues of 

penetratin in the presence of neutral (grey) and partially acidic (black) bicelles with q 
= 0.5. 

 
Since the emission wavelength is the same and the intensity similar for penetratin in 
both of these bicellar systems, it appears that the interaction of this peptide with these 
two model membranes is very similar. This conclusion supports diffusion data 
observed by NMR, but at the same times raises a question whether the membrane 
environment provided by bicelles differs from that of vesicles.  
 Comparison of the values in Tables 3 and 4 reveals that the apparent diffusion 
of the bicelles is altered when motilin is present, in a surprising fashion, i.e., the 
diffusion constant is increased. This is the case for both partially acidic and neutral 
bicelles.  
 Although it is to be expected that when two objects bind, the resulting larger 
complex should demonstrate a slower diffusion, it is improbable that all of the bicelles 
in a sample have exactly the same size and shape, and that both size and shape 
distributions are present. Thus, the addition of a peptide might influence these 
distributions, causing a shift in the apparent size of the bicelles. 
 In contrast to motilin, penetratin increases the diffusion of neutral bicelles and 
reduces these movements of partially acidic bicelles. Of relevance in this context is 
the finding that aggregation of vesicles containing lipids with negatively charged 
headgroups is induced by penetratin (Persson et al., 2001; Magzoub, 2004). bPrPp 
slows down the diffusion of neutral bicelles.  
 

5.3 Why can the NMR signals from molecules interacting with bicelles be 
observed? 
 
 In section 5.1 it was shown that bicelles are rather large objects, even though 
different methods provide different estimates of their exact size. Assuming that a 
bicelle with q = 0.5 has a radius of hydration of 40 Å , and that η = 10-3 kg/ms and T 
= 37 oC, we can use equation (4) to estimate that the rotational correlation time for 
bicelle is 62 ns. If this motion were the only movement exhibited by bicelles, their 
NMR spectra would be extremely broad and featureless (Figure 13). Since this is not 
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what is observed experimentally, neither for the lipids nor for attached peptides, other 
extensive motions within the bicelle must affect the NMR relaxation rates.  

 
Figure 13 Experimental (continuous line) and simulated (dotted line) 1H spectra of 

the fatty acyl methyl groups in DHPC (0.93 ppm) and DMPC (0.88 ppm) in a bicelle 
with q = 0.5 at 37 oC at a magnetic field strength of14 T. The simulated spectrum was 
calculated using a rotational correlation time of 62 ns and a proton-proton distance of 

2.5 Å. 
 
 In order to understand the relationship between size and reorientational 
motions within the bicelles, relaxation studies were performed on the peptides motilin 
and penetratin. In paper I a single 13C−labeled α-carbon in the Leu10 residue of 
motilin was investigated by measuring T1, T2 and ssNOE relaxation constants at 
multiple magnetic field strengths. Especially interesting here is the difference in the 
dynamics of motilin which interacts with neutral or partially acidic bicelles with q = 
0.5. Clear differences are observed in the relaxation rates themselves and the standard 
model-free interpretation demonstrated that the apparent rotational motion of motilin 
in the presence of neutral bicelles (τrot = 7 ns) is much faster than in the presence of 
the acidic structures (τrot = 14.2 ns). The local motion was also different, with a lower 
order parameter for the neutral sample (neutral: S2 = 0.6, acidic: S2 = 0.69).  
 These data are clearly different from other reports on similar interactions in 
other model membranes (Jarvet et al., 1997) (compare with section 2.3.1). 
Furthermore, this investigation demonstrates that the dynamics of motilin in the 
bicelle-bound state is clearly dependent on the charge density of the lipid head-groups 
present, in agreement with the strong binding to both types of bicelles, described in 
the previous section. The large difference in rotational correlation times does not 
reflect the size of the bicelles, but rather differences in the motion of motilin within 
these bicelles.  
 In paper III the molecular dynamics of penetratin in the presence of bicelles 
was found to be similar to the dynamics of motilin. In this case, the relaxation of three 

0.80.850.90.951 ppm 
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15N-labeled sites (Ile3, Ile5 and Phe7) in the backbone was investigated. Even though 
these bicelles exhibit the same apparent size as the bicelles used in the studies on 
motilin, different overall rotational correlation times were observed (for Ile3, 19.3 ns; 
Ile5, 19.4 ns and Phe7, 17.4 ns). Again, it seems that the overall rotation of the 
peptide does not reflect the overall size of the bicelles.  
 For penetratin in smaller bicelles, with q = 0.15, shorter overall correlation 
times were observed (Ile3, 8 ns; Ile5, 7.7 ns and Phe7, 6.9 ns). These values are in 
better agreement with the expected size of these objects. However, the local dynamics 
of the peptide in these bicelles are quite different from that of the bicelles with q = 
0.5. The average order parameter for penetratin in bicelles with q = 0.5 is S2 = 0.76, 
compared with S2 = 0.51 in the smaller ones. This indicates that the smaller bicelles 
provide an altogether different environment than the larger bicelles.  
 This, in turn, raises questions concerning the q-value at which the bicelles 
form a bilayer region. When Chou and co-workers (Chou et al., 2002) adressed this 
question by increasing the q-value, they found that no changes in the NMR spectrum 
of a bicelle-bound apaptide at q-values larger than 0.25. As we shall see, this 
observation is very similar to what we found for concerning dynamics in bicelles 
[DMPC]/[DHPC] ratios of 0.5 and 0.25. 
 Other research groups have also examined the dynamics of peptides in bicelles 
by NMR relaxation. Whiles and co-workers  (Whiles et al., 2001) investigated the 
relaxation at three sites in the wasp venom peptide mastoparan X in the presence of q 

= 0.4 bicelles and found that the overall rotation in bicelles containing neutral lipids 
(8 ns) was slightly smaller than in the case of acidic bicelles (10.6 ns). This 
phenomenon is very similar to what was observed here for motilin. The order 
parameters in obtained by Whiles et al. are extremely high (for neutral bicelles S2 = 
0.93; for acidic bicelles S2 = 0.97), which means that the dynamics of mastoparan X is 
highly restricted or that measurements at a single magnetic field strength might not be 
sufficient to allow correct interpretation of the dynamics.  
 In another study Chou and co-workers (Chou et al., 2004) examined T1/T2 
ratios of the M2 peptide in the presence of bicelles with q = 0.15 and q = 0.3. In the 
absence of fast chemical exchange, this ratio provides estimates of rotational 
correlation times. The overall rotation of M2 was shown to depend on the q - value of 
the bicelles. The average value for two sites was 25.8 ns for the larger bicelles and 
21.5 ns for the smaller ones. However, this dependence does not correlate with the 
overall size of the bicelles. This conclusion is very similar to what was seen here for 
motilin and penetratin. 
 In paper VI the effects of different motional modes of the DMPC molecules in 
different bicelles are discussed. The dynamics of lipids in model membranes have 
been extensively studied using NMR relaxation for many years (Bloom et al., 1975, 
1991; Brown et al., 1983, 2002; Pastor et al., 1988; Mayer et al., 1990; Halle, 1991; 
Ellena et al., 1993). For instance, it is well known that the lipids in a membrane do not 
tumble freely, but that such motion is highly restricted. In order to correctly account 
for this restriction, order parameters for the entire lipid molecules were introduced.  
 In paper VI equation (19) was used to model lipid dynamics, in contrast to the 
peptide dynamics where mainly equations (13) and (14) were used. However, fitting 
the overall correlation time proved difficult. Since T2 is the only relaxation parameter 
measured that is sensitive to slow motions (compare with equation (21b)), the T2 

values was excluded from the fittings, thereby rendering the fitted data independent of 
the overall rotation of the bicelles, as well as lateral diffusion.  
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 In order to compare the dynamics of lipids in bicelles of different sizes, these 
measurements were performed on three different bicellar solutions, i.e., 
[DMPC]/[DHPC] = 0.5, [DMPC]/[DHPC] = 0.25 and [DMPC]/[CHAPS] = 0.5.  The 
dynamics for the 13C-21H vectors for carbon atoms 2, 3, 12 and 13 (Figure 3) in the 
fatty acyl chains of DMPC in the bicelles were monitored. A simple comparison of 
the relaxation data for these different bicelles reveals that that T2 is the only relaxation 
parameter that appears to be affected by overall rotation (Figure 5 in paper VI). The 
dynamics parameters fitted include local order parameters and correlation times for 
each site and the lipid dynamics in these two types of DMPC/DHPC bicelles were 
found to be very similar. This supports the assumption that the influence of overall 
size is decoupled in the analysis.  
 Judging from the generalized order parameters, the motion in the 
DMPC/CHAPS bicelles is more restricted (Table 3 in paper VI). This finding is not 
unexpected, since the molecular structure of CHAPS is rather similar to that of 
cholesterol (Figure 6) and cholesterol is well known to increase the order of lipids in 
membranes. It is not unlikely that the pronounced influence of CHAPS on DMPC 
dynamics reflects, at least in part, a change in miscibility, as discussed in section 5.1. 
This CHAPS-induced restriction on DMPC dynamics is highly interesting, since it 
demonstrates that the motion of the lipids is much more affected by the choice of 
detergent than by the overall size of the bicelles.  
 In paper VI lipid dynamics were investigated using not only NMR, but also by 
EPR of spin-labeled lipids. For this purpose DMPC was labeled with the TEMPO 
spin-label in the headgroup, or a DOXYL group was attached to either the 5th or the 
12th carbon atom in the acyl chain (Figure 9). When the order parameters for the spin-
labeled lipids in DMPC/DHPC bicelles were calculated from the EPR spectra, the 
same trends as in the NMR studies were observed: the order parameters in the 
DMPC/DHPC bicelles are rather similar, whereas the DMPC/CHAPS bicelles are 
more rigid. Thus, these findings provide qualitative support for the conclusions drawn 
using NMR. Furthermore, it is clear that the appearance of the EPR spectra as well is 
largely independent of the size of the bicellar object.  
 Taken together, these results show that, indeed, extensive motion occurs 
within the bicelles. Furthermore, the data demonstrate that the NMR T2 values 
represent a delicate balance between the overall motion and the motions within the 
bicelles. This model suggests why transportan gives rise to a 1H NMR spectrum of 
reasonable quality in the presence of bicelles with q = 0.3, but not in bicelles with q = 
0.5. bPrPp exhibits an even stronger dependence on the fluidity in the membrane, 
since with this peptide spectra of good quality are observed only in DHPC micelles, 
not in bicelles. This is in clear contrast to motilin and penetratin for which high-
quality data could be obtained in bicelles with q = 0.5.  
 Although the relaxation data for several peptides in bicelles have been 
successfully fitted employing the standard model-free approach, it is not clear that this 
is the most physically sound procedure. It is well known that the overall motion of 
several membrane-interacting peptides within the membrane is restricted. It is 
therefore not so far-fetched to propose that the same model applied to the analysis of 
relaxation data for lipids should also be used for the peptides, including an order 
parameter for the entire peptide.   
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5.4 Where are the peptides located in the bicelles?  
 
 In the previous section it was pointed out that well-resolved NMR spectra 
could not be obtained for bPrPp in bicelles. Consequently, in paper V the positioning 
of this peptide was therefore investigated by measuring the quadrupolar couplings for 
deuterated DMPC lipids in anisotropic phase bicelles with q = 3.5.  
 The average effect of bPrPp on these splittings is an increase, which is 
interpreted as an increase in the local order parameter (equations (15) and (29)). Such 
an increase in local order is often interpreted in terms of positive hydrophobic 
mismatch and thus predicts a transmembrane configuration of the peptide in which 
where the transmembrane region of the peptide is slightly longer than the hydrophobic 
thickness of the bilayer. In the light of the fact that bPrPp contains a rather long 
stretch of hydrophobic amino acid residues (compare with section 2.3.3) and that its 
structure is largely α-helical, this result is not very surprising.  
 However, this interpretation of the 2H-spectra is rather indirect. So, in order to 
investigate further whether bPrPp resides in a trans-membrane orientation, 2H/1H 
exchange studies were performed using DHPC-micelles.  After 6 hours, all of the 1HN 
had exchanged, with the exception of the backbone amide protons in residues 10 - 19, 
which correspond to the transmembrane α-helical region of the peptide. These 
observations are consistent with a trans-membrane configuration.  
 As discussed in section 4.1.3, monitoring the relaxation effects of 
paramagnetic substances on NMR spectra can provide site-specific information. In 
paper II the 1Hα - 1HN region of a TOCSY spectrum of the N-terminal region (residues 
1 - 7) of motilin in bicelles was shown to be selectively broadened beyond the limits 
of detection by the presence of 5-DOXYL labeled lipids (Figure 9). The conclusion 
that this part of the peptide is inserted into the fatty acyl region of the membrane is 
supported by the effects of paramagnetic Mn2+ ions, which broaden the signals from 
the C-terminal region.  
 In paper IV, the positioning of transportan in bicelles revealed a more 
complicated pattern. The effects of lipids labeled with 5-DOXYL or 12-DOXYL on 
the TOCSY spectrum indicate a periodical pattern, typical of an amphipathic helix. A 
similar interpretation was arrived at by analyzing 1HN secondary shifts. The analysis 
for transportan in bicelles provided a much clearer picture, than was obtained with 
SDS micelles (Lindberg et al., 2001).  This difference might reflect a general problem 
concerning the positioning of peptides in micelles. Since it is not clear whether the 
peptide binds the micelle, or if the detergents bind the peptide, this might perturb the 
membrane-like qualities of the micelles, especially in terms of membrane positioning.  
 In conclusion, the three peptides bPrPp, motilin and transportan have different 
localization within the membrane. bPrPp adopts a transmembrane configuration, the 
peptide hormone motilin inserts its N-terminal into the fatty acyl region of the 
membrane and the cell-penetrating peptide transportan adopts a orientation parallel to 
the surface of the membrane. These differences may well be correlated with different 
the different biological function s of these peptides, and it shows the importance of 
being able to accurately determine these properties. 
 Investigations on the positioning of peptides in bicelles have been carried out 
by several other research groups as well. One interesting study on the positioning of 
penetratin in partially negatively charged bicelles (Lindberg et al., 2003) involving the 
addition of Mn2+ ions and 5- and 12-DOXYL-labeled lipids reveal that this peptide 
resides in the interface between the headgroup region and the hydrophobic core. In a 
more systematic study, molecular oxygen (which is, indeed, paramagnetic) at high 
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pressures was used as a probe for the fatty acyl region of the bicelle (Ellena et al., 
2003, 2004). Rather than simply measuring paramagnetically induced peak 
broadening, changes in T1 were also monitored. Since the distribution of molecular 
oxygen in lipid bilayers is well characterized, more precise information could be 
obtained.  
 In addition, Vold and coworkers  (Glover et al., 2001a; Whiles et al., 2001) 
investigated the orientation of the peptides mastoparan X and the prion protein 
segment 110 - 136 in large ordered bicelles, by selective 2H-labeling of these 
peptides. This interesting approach indicated that mastoparan X is oriented 
perpendicular the membrane normal in neutral bicelles and parallel to the normal in 
negatively charged bicelles. Moreover, the normal of the helix in the prion protein 
fragment was found to reside at an angle of 16o relative to the bilayer normal.  
 Furthermore, the effects of hydrophobic mismatch were investigated 
employing the model transmembrane peptide P16, in this case by selective 2H-
labeling of both the peptide and lipids  (Whiles et al., 2002b) with DMPC (14 
carbons) and DPPC (16 carbons) as the bilayer lipids, P16 exhibited a transmembrane 
orientation. However, using DLPC (12 carbons) instead, this transmembrane 
orientation was lost.  
 As was shown by investigations on 2H-labeled lipids in ordered bicelles as 
well as utilizing spin-labels as membrane positioning probes provide valuable insights 
into membrane/peptide interactions. However, such studies can only be performed on 
ordered or solid-state type of systems or by introducing perturbing paramagnetic 
agents. In paper VI the 1H-13C ssNOE factors for several sites located in DMPC in 
DMPC/CHAPS bicelles were determined (Figure 8 in paper VI). It is known for 
several proteins that the ssNOE often correlates quite well with the square of the 
generalized order parameter, S2. Upon dissolving the bee venom melittin in bicelles 
with a [DMPC]/[CHAPS] ratio of 0.5 we observed changes in lipid dynamics 
reflected in the ssNOE factors  (Figure 14, unpublished data).  
 

 
Figure 14 The effect of melittin on the 13C-1H ssNOE factors for DMPC in bicelles 

with a [DMPC]/ [CHAPS] ratio of 0.5. 6 mM melittin was added to 96 mM DMPC at 
37 oC at a magnetic field of 14 T. The effects of melittin are depicted as triangles. For 

the nomenclature concerning 13C-DMPC, see Figure 3. 
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It can be seen that the ssNOE factors for almost all sites are decreased when melittin 
is present, which may be interpreted as a stiffening of almost all sites by melittin. This 
is a typical effect associated with positive hydrophobic mismatch, and indicates that 
the peptide exists in a transmembrane configuration.  This shows that the relaxation-
based method presented in paper VI has potential for being used to investigate the 
position of peptides in bicelles. 
 

5.5 Why are the structures of peptides that interact with membranes of interest? 
 
 In papers I, IV and V the structures of the peptides motilin, transportan and 
bPrPp, respectively, in the presence of bicelles or micelles (bPrPp) have been solved 
using 1H NMR techniques. All of these peptides were found to be largely α-helical, 
which was expected both on the basis on their CD spectra, and the structures of a 
large number of other membrane-interacting peptides. However, considering the large 
differences in their sequences and biological functions, the reason for these structural 
similarities is not obvious.  
 Why these peptides have nearly the same structure and how is this structure 
related to their putative biological functions? It is reasonable to propose that in these 
cases the structural similarities are not the key to biological function which could be 
considered a bit disappointing. However, this leads us to the conclusion that the 
function of such peptides may be more closely related to other features of their 
interactions with membranes, such as positioning and molecular dynamics. Indeed, in 
the previous sections of this chapter the more pronounced diversity in positioning and 
dynamics of these peptides has been described.  
 The structure of motilin in the presence of bicelles is rather similar that to 
observed in HFP and SDS-micelles (Kahn et al., 1990; Edmondson et al., 1991; Jarvet 
et al., 1997). Although the typical N-terminal β-turn is present in all of these 
situations, structural details were seen to differ, possibly, at least in part, because 
different solvents were used. It should be noted that the structures of small peptides 
might be more sensitive to, e.g., the curvature of a model membrane, than are 
membrane proteins, which often have a stable tertiary fold.  
 The structures of several membrane proteins have been solved by applying 
solution-state NMR techniques to micellar solutions and even more have been 
elucidated by X-ray crystallography (Torres et al., 2003). However, the number of 
membrane proteins whose structures are now known is smaller than for soluble 
proteins, perhaps because of the sensitivity of membrane protein structure to micellar 
membrane systems. For instance, the interplay between different conformational 
states and functional dynamics may be strongly influenced by the absence of 
appropriate lipids, and/or a well-defined bilayer region.  
 

5.6 Are bicelles good model membranes? 
 
 Even though bicelles have been studied using numerous approaches, both in 
the presence and absence of various peptides, much about what these objects is still 
unknown. For instance, certain peptides might perturb the bicellar morphology, e.g., 
by making pores, or causing aggregation. It is evident that several peptides can affect 
the apparent size of bicelles (Table 4) and that peptides may interfere with local lipid 
dynamics as well (Figure 14). These observations may be important not only for 
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understanding bicelles, but also for elucidating the mechanism of action of such 
peptides. 
 In this thesis, where several peptides have been studied in bicellar solutions, a 
major question is whether it is possible to draw any conclusions concerning biological 
function on the basis of these investigations. Papers I and II demonstrated clearly that 
the peptide hormone motilin interacts differently with negatively charged bicelles 
compared with neutral bicelles, e.g., binding more strongly to the former. 
Furthermore, the molecular dynamics of motilin in these two systems differ, with the 
negative charges both restricting local dynamics and slowing down the motion of the 
entire peptide in the bicelle down.  
 Another interesting insight here is the positioning of the well conserved N-
terminal region of motilin. Previous studies indicate that it is this region which 
interacts with the receptor and we show here that this region consists of a β-turn that 
resides at the interface between the polar headgroup and the fatty acyl regions. 
Together these observations indicate that motilin may bind preferably to negatively 
charged domains in the plasma membrane and that the positioning and structure of 
this peptide in the membrane may facilitate the interaction with the receptor.  
 In the case of bPrPp, the hypothesis that this segment may act as a membrane 
anchor seems not unreasonable in the light of the experimental results presented in 
paper V. Its α-helical structure, in a transmembrane configuration represents a 
classical membrane-interacting motif.  
 For the two cell-penetrating peptides penetratin (paper III) and transportan 
(paper IV) no clear conclusions concerning putative translocation mechanism are 
obvious from the present results. However, there are similarities in the membrane 
positioning and structures of these two peptides. Both are largely α-helical and reside 
in the head-group region of bicelles. The dynamics of penetratin in bicelles of 
different sizes and SDS micelles differ greatly, indicating that in order to obtain 
biologically relevant information on peptide dynamics, care must be taken in choosing 
the membrane model. 
 Paper VI, in which the dynamics of lipids in bicelles was investigated, reveals 
that even though lipid motion in a bilayer represent a highly anisotropic system, the 
NMR relaxation data could be explained sufficiently well employing a simple 
isotropic model. Local order parameters in bicelles with [DMPC]/[DHPC] ratios of 
0.5 and 0.25 were very similar and of the same magnitude as those observed for 
DMPC in vesicles. Moreover, the degree of order of all of the measured sites in 
DMPC was significantly higher in bicelles with a [DMPC]/[CHAPS] ratio of 0.5. 
These conclusions concerning lipid dynamics based on NMR-relaxation 
investigations were confirmed qualitatively by EPR studies on spin-labeled lipids. 
 Considered together, these investigations clearly demonstrate that the local 
lipid dynamics in the bicelles are strongly dependent on the detergent present. 
Furthermore, the present study shows that it is possible to decouple the local 
dynamics of the lipids and lipid reorientation from the overall reorientation of the 
bicelles in the analysis of NMR relaxation data which was also the case for the 
dynamics of bicelle-bound peptides. An interesting finding from these studies on lipid 
dynamics in bicelles is that the physical properties of the bicelles can be tuned, not 
only by the use of different lipids as has been suggested, but also by using different 
detergents. 
 In several publications it has been debated whether small isotropic bicelles are 
actually disc-shaped. The main support for such morphology comes from neutron 
scattering profiles and electron microscopy (Glover et al., 2001b; Luchette et al., 
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2001). Other findings reveal that bicelles possess an apparent radius of hydration 
larger than associated with DHPC or CHAPS micelles. One fundamental observation 
is that that high concentrations of lipid employed are actually solubilized by the 
detergent when making the samples. Altogether, it is clear that the detergent and the 
lipid molecules actually form aggregates together and it is probable that these 
aggregates are disc-shaped. However, further investigations on bicellar morphology, 
especially in the presence of peptides, are required in order to put the field on a more 
solid ground. 
 The main reason for using bicelles as model membrane is that they provide a 
more natural membrane environment than do micelles. However, since far fewer 
bicellar than micellar systems have been characterized, it is difficult to draw any 
general conclusions at the present. In the case of micelles, it is well-known that 
different systems may exhibit radically different properties. SDS-micelles are well 
known to denature both membrane and soluble proteins. And even though the activity 
of the membrane protein diacylglycerol kinase is higher in bicelles than in certain 
micelles, this activity has been found to be even higher in certain mixed micellar 
systems (Czerski and Sanders, 2000). In contrast, the activity of the peripheral 
membrane protein phospholipase A is rather similar in several different types of 
bicelles (Whiles et al., 2002a). These observations lead us to wonder whether the 
main strength of bicelles is they provide an adequate environment for many peptides 
and proteins, even though more optimal solutions may exist for each specific case. 
 Many of the peptide-bicelle interactions examined here appears to be inter-
related. The observation that the molecular structure and dynamics of the peptide are 
altered upon binding to a bicelle is perhaps not very surprising. More interesting are 
the differences observed with bicelles of different lipid compositions.  
 Another perspective on the binding of peptides to bicelles is that not only are 
the physical properties of the peptides modified, but those of the bicelle as well. 
Several peptides change the apparent size of bicelles and some also alter the local 
lipid dynamics.  
 Another exciting observation is that the divergence in the properties of 
membrane-interacting peptides is more likely to be related to membrane positioning 
and/or molecular dynamics than molecular structure. Even though at present this is 
merely a correlation, it might turn out to be a fundamental one. NMR is uniquely 
suitable for studying, e.g., molecular dynamics and membrane positioning 
experimentally, and the methodology explored in this thesis might provide unique and 
important insights into the biological function of several other membrane-interacting 
peptides as well. 

 

5.7 Future? 
 
 The use of bicelles as membrane models has been found to provide new and 
interesting insights into how peptides interact with membranes. However, many 
questions remain to be answered and experimental methodology must be developed 
further in order to answer these questions. One important problem is to resolve the 
discrepancy between the values of the NMR-derived diffusion coefficients and the 
estimates of size obtained from scattering experiments. First, it would be interesting to 
determine these diffusion coefficients by some other technique, for instance, 
fluoresence correlation spectroscopy (FCS) as well. Secondly, the influence of the 



 61 

obstruction factor should be estimated, e.g., by measuring the diffusion of the bicelles 
at several volume fractions.  
 Another important goal is to improve our understanding of the dynamics of 
molecules that interact with bicelles. NMR-relaxation investigations on peptides 
containing several labeled sites might possibly include an anisotropic model, if the 
bicelle-bound structure is known. Again, it could be rewarding make comparisons 
with other techniques, e.g., fluoresence anisotropy decay (FAD) measurements on 
natural peptide fluorofores.  
 The question as to whether bicelle-interacting peptides reside in the lipid 
bilayer region or in the detergent rim is also important. A possible experimental 
approach in this context could be to characterize the influence of adding spin-labeled 
lipids or detergents on relaxation. Such an experiment could also provide information 
concerning the miscibility of the lipids and the detergents. Furthermore, it would be 
highly interesting to characterize the effects of peptides on lipid dynamics in isotropic 
bicelles, which could be done, e.g., through NMR-relaxation investigations on the 
lipids and/or EPR studies of spin-labeled lipids. 
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APPENDIX 
 
 In paper VI a model for determining the radius of the bilayer region of a 
bicelle was developed based on geometrical arguments. Here this model is extended 
to include the miscibility of the detergents and lipids present. The distances given here 
are defined in Figure 7 in paper VI. The area of the exposed fatty acyl region of an 
elliptic disc is given by: 
 

    ( )bcaA +⋅⋅= π     (A1) 
 
The volume of the lipid bilayer region of the bicelle is given by: 
 
    dcbV ⋅⋅⋅= π      (A2) 
 
If the number of detergent molecules per units of hydrophobic surface area is given by 
σ, the total number of detergent molecules in the rim can be calculated from the 
relationship: 
 

    An
rim ⋅= σdet      (A3) 

 
In analogy, the number of lipid molecules in the rim region is defined by: 
 

     
An

rim

lipid ⋅= δ
     (A4) 

 
where δ is the number of lipid molecules per hydrophobic surface area. The total 
number of lipid molecules in the bilayer region can be calculated from: 
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V
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     (A5) 
 
where Vlipid is the volume of a single lipid molecule. The analogous expression for 
detergent molecules in the bilayer region is as follows: 
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V
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If the relative fraction of lipid molecules in the bilayer region is p (0 ≤ p ≤ 1) and the 
relative fraction of detergent molecules in the rim is s (0 ≤ s ≤ 1),then the q-ratio is 
provided by: 
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By combining equation (A7) with equations (A1) - (A6), we obtain the relation: 
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Upon setting d = c·z, equation (A8) is simplified, and the following equation is 
obtained: 
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This equation can be reformulated, as follows: 
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When z = 1, the circular shape is obtained; while setting p = s = 1 yields the non-
miscible case. 
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