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Abstract 

Interactions between peptides and biological lipid membranes play a crucial role in many 

cellular processes such as in the mechanism behind Alzheimer’s disease where amyloid-β 

peptide (Aβ) is thought to be a key component. The initial step of binding between a surface 

active peptide and its target membrane or membrane receptor can involve a non specific 

electrostatic association where positively charged amino acid residues and a negatively 

charged membrane surface interact. Here, the use of high resolution MAS NMR provides a 

highly sensitive and non perturbing way of studying the electrostatic potential present at lipid 

membrane surfaces and the changes resulting from the association of peptides. The interaction 

between pharmacologically relevant peptides and lipid membranes can also involve 

incorporation of the peptide into the membrane core and by complementing the NMR 

approach with differential scanning calorimetry (DSC) the hydrophobic incorporation can be 

studied in a non invasive way.  

By using 14N MAS NMR on biological lipid systems for the first time, in addition to 31P, 2H 

NMR and differential scanning calorimetry (DSC), gives a full picture of the changes all along 

the phospholipid following interactions at the membrane interface region. Being able to 

monitor the full length of the phospholipid enables us to differentiate between interactions 

related to either membrane surface association or hydrophobic core incorporation. This 

approach was used to establish that the interaction between nociceptin and negatively charged 

lipid membranes is electrostatic and hence that nociceptin can initially associate with a 

membrane surface before binding to its receptor. Also, it was found that Aβ can interact with 

phospholipid membranes via two types of interactions with fundamentally adverse effects. The 

results reveal that Aβ can associate with the surface of a neuronal membrane promoting 

accelerated aggregation of the peptide leading to neuronal apoptotic cell death. Furthermore it 

is also shown that Aβ can anchor itself into the membrane and suppress the neurotoxic 

aggregation of Aβ.     
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11..  LLiisstt  ooff  PPaappeerrss  
 

This thesis is based on the papers listed below, which will be referred to in the 

text by the corresponding Roman numerals (I-IV). 

 
I  Lindström, F., Bokvist, M., Sparrman, T., Gröbner, G. 

”Association of amyloid-β peptide with membrane surfaces monitored 
by solid state NMR” 

       Physical Chemistry Chemical Physics 4 (2002) 5524-5530. 
 

II  Bokvist, M., Lindström, F., Watts, A., Gröbner, G. 
“Two Types of Alzheimer’s β-Amyloid (1–40) Peptide Membrane 
Interactions: Aggregation Preventing Transmembrane Anchoring Versus 
Accelerated Surface Fibril Formation” 

      Journal of Molecular Biology 335 (2004) 1039-1049. 

 

III  Lindström, F., Williamson, P. T. F., Gröbner, G.  
“Molecular Insight into the Electrostatic Membrane Surface Potential by 
14N/31P MAS NMR: Nociceptin-Lipid Association” 

       Journal of the American Chemical Society 127 (2005) 6610-6616. 

 

IV  Lindström, F., Thurnhofer, S., Vetter, W., Gröbner, G.   

 “Impact on Lipid Membrane Organization by Free Branched-Chain 

Fatty Acids”   

 Submitted to Physical Chemistry Chemical Physics 

 
In addition to these papers various other research results will soon be published. 

 
•••• Bokvist, M., Lindström, F., Gröbner, G. ”Accelerated Aggregation of 

Amyloid-β peptide on Charged Lipid Membrane Surfaces” for Proceedings of 

the National Academy of Sciences  

 

•••• Thurhofer, S., Lindström, F., Gröbner, G., Wetter, W. ”Synthesis and 

Purification of Food-relevant Branched-chain Fatty Acids” for Journal of 

Agricultural and Food Chemistry 

 

•••• Lindström, F., Ruysschaert, J.-M., Gröbner, G. ”A Biophysical Interface Study 

on Lipid-DNA Complexes Used in Transfection” for Biophysical Journal   
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22..  IInnttrroodduuccttiioonn  
 
So, what is science? Maybe it is the acquiring of knowledge through 

experimental and theoretical observations in a systematical way. Or maybe it is 

approaching a problem head on armed with curiosity, imagination and pure 

madness? Most likely it is a combination, but many different approaches have 

been proven efficient through out the years, which emphasizes the importance of 

interaction between scientists and research groups.    

 

A scientist may aim to find the solution, or part of the solution, to a specific 

question or to find the question to a solution. No matter the approach, finding the 

path between the starting point and the end is hard and frustrating work because 

with a growing understanding of the problem one realizes the existence of more 

and more factors which you have not yet studied, or worse which are out of your 

control. Nevertheless, I have always found that getting to the results is more 

enjoyable than having the results. Often the results are not even the end of a 

quest. It is just another piece of a giant puzzle put together by scientists during 

the years. With this in mind one might wonder why anyone would voluntarily 

spend year after year doing a study like the one in this thesis. Perhaps because of 

curiosity, interest, importance to the community, someone else told them to do it 

or maybe for fun? I would like to think that I was fueled by my interest and 

curiosity but I cannot be sure. I had a lot of fun too.  

 

This thesis is based on the results obtained by studying systems which are 

supposed to imitate outer membranes of a biological cells and studies on how 

these systems can interact with different pharmacologically relevant peptides.  

The initial goal with this project was to study the interaction between various 

peptides and different lipid membranes in order to observe the mechanism 

behind their interaction. However, as the project progressed a new and 

interesting approach for studying lipid bilayers was developed. As seen in Paper 

III, 14N MAS NMR was used for the first time on biological membranes and it 

proved to be a very useful technique. The two main methods applied here are 

solid-state nuclear magnetic resonance (NMR) and differential scanning 

calorimetry (DSC). Both methods are non-invasive but they also provide 

complementary and overlapping information. Furthermore, neither of these 

methods is depending upon labelling or other modifications enabling the study 
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of systems in near native-like biological conditions. To mimic the plasma 

membrane of a biological cell various synthetic lipid components were utilized 

and by producing spherical aggregates, vesicles, the model membrane system 

gains additional similarity to the biological cell. In Papers I-IV and in other not 

yet published material the dynamic and structural organization of these peptide-

free membrane systems were examined as a function of salt concentration, 

hydration level, lipid composition, pH, temperature etc. In all these cases 

systematic trends in solid-state NMR spectra were observed with the largest 

response to modulation of the membrane surface potential due to variation in the 

membrane lipid composition. Information obtained via observations made on 

pure lipid systems was then used as a reference starting point to elucidate the 

properties of these systems upon interaction with various pharmacologically 

relevant peptides and free fatty acid systems. The NMR spectra resulting from a 

peptide-lipid system reveals if the peptide or free fatty acid interacts with the 

membrane. Moreover, the observed differences in the lipid response to an 

interacting molecule can be specific enough to distinguish an electrostatic 

surface association from a more hydrophobically driven insertion process into 

the lipid membrane matrix.                         
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33..  MMeemmbbrraannee  LLiippiiddss  aanndd  PPeeppttiiddeess  

33..11..    TThhee  BBiioollooggiiccaall  CCeellll  

The original word cell comes from the Latin word cella which means a small 

room. The name was chosen by Robert Hooke in 1665 as he was observing plant 

tissues and realized that these were divided into small compartments. Cells are 

sometimes referred to as “universal units of life” and as such they are divided 

into two major classes namely prokaryotes and eukaryotes. The prokaryotic cell 

has a more primitive structure when compared to the eukaryote. The prokaryotic 

cell interior consists of a liquid solution, called cytoplasm, in which all of the 

cells structure’s are suspended i.e. the cell has no internal compartments. The 

cytoplasm is then surrounded by a cell membrane which constitutes a boundary 

between the cell and its nearest environment. Bacteria for example belong to the 

family of prokaryotic organisms while most other organisms fall in to the 

category of eukaryotes. The eukaryotes have a much more complex interior 

where different cellular functions occur in different highly specialized 

compartments called organelles. Multicellular organisms such as animals and 

plants belong to the eukaryotes. A critical component of each biological cell is 

its selectively permeable cell membrane which separates the interior of the cell 

from its external environment. This system enables the cell to control all 

communication with the outer world and any exchange of salt, nutrients, water 

etc to the cell-interior or vice versa.   

33..22..    TThhee  CCeellll  MMeemmbbrraannee  

A basic representation of the cell membrane is a bilayer mixture of lipids 

and proteins which surrounds a cell. However, the membrane of a biological cell 

is a very complex and diverse system (Figure 1, bottom). This complexity is 

essential for the cell and allows the cell to uphold its crucial functional 

properties such as membrane stability and permeability. By regulating the lipid 

composition an eukaryotic membrane can maintain its fluidity over wide range 

of changing conditions, thereby keeping its essential membrane function and 

hence the transport of vital molecules across the membrane 
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The membrane is a dynamic bilayer structure and can be considered as 

an organized two-dimensional solution or smectic liquid-crystalline system.1 The 

bilayer structure is a consequence of the combined effects of hydrophobic and 

hydrophilic interactions arising from the amphiphilic phospholipids molecules 

upon contact with water. The basic membrane structure is then achieved by 

arranging the hydrophobic lipid acyl chains in a tail-to-tail fashion while 

allowing polar lipid head groups to have contact with the surrounding water. 

This arrangement maximizes both the hydrophobic interactions between the 

chains along with maximizing the hydrophilic interactions between the polar 

head groups and the water. A spherical aggregate, such as a vesicle, is composed 

of a bilayer surface with two distinguishable layers called leaflets. The lipid 

composition of the inner and the outer leaflet usually differs since their 

immediate environments have different needs to carry out the specific biological 

processes. Because of the complexity of biological membranes the use of a 

model membrane is more or less the only way to gain systematic information.  

 

 
Figure 1. Two models of a membrane. The Singer-Nicolson fluid mosaic model 

(top) and a newer version of a model membrane (bottom). Picture adapted from 

Engelman Nature 2005.1 
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In 1972 Singer and Nicolson2 proposed a model valid for a biological 

membrane named the fluid mosaic model (Figure 1,top). Although the model 

membrane is a much simpler system than the biological cell membrane there are 

still valuable generalizations to be made. Recently, a new membrane model has 

emerged (Figure 1,bottom)1 based on new information about membrane protein 

structures, distribution and the existence of so-called raft domains in 

membranes. By examining the composition of biological membranes3 it becomes 

apparent that one of the major families of membrane building lipids are the 

phosphatidylcholines.  Hence, phosphatidylcholines have been used as the main 

component in the model membranes in this thesis.   

33..33..    LLiippiiddss::  IImmppoorrttaanntt  DDiivveerrssiittyy  iinn  CChhaaiinnss  aanndd  

HHeeaaddggrroouuppss  

The major components in biological membranes are lipids. A fascinating 

and surprising feature of biological membranes is the tremendous diversity of 

lipids found in biological membranes, and the evolutionary and functional 
reasons for this has only slowly begun to emerge.4, 5 It is not yet fully understood 

why this diversity is needed but it provides the cell with a possibility to adapt to 

a wide variety of conditions and functions. The lipid nature is amphiphilic 

implying that they consist of a polar water-soluble hydrophilic group attached 

via a linker to a hydrophobic water-insoluble hydrocarbon part. The three main 

structural components of the lipids are the head group, the linker and the fatty 

acid acyl chains, which vary widely and are chiefly responsible for the great 

lipid diversity found in nature. Typical lipid structures consist of two 

hydrophobic hydrocarbon chains attached via an ester or an ether bond to a 

linker group. A common linker group, or backbone, is a glycerol molecule which 

links the hydrophobic acyl chains to the hydrophilic polar headgroup.  
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Figure 2.Schematic representation of the membrane constituents a) DMPC, 1,2-

dimyristoyl-sn-glycero-3-phosphocholine,b) DMPG, 1,2-dimyristoyl-sn-glycero-

3-phosphoglycerol and c) DDAB, dimethyldidodecylammonium bromide.   

 

 

The main lipid used in this thesis is dimyristoylphosphatidylcholine 

(DMPC) which consists of two saturated 14 carbon long chains, myristoyl, 

connected to a glycerol linker which further connects to a phosphatidylcholine 

headgroup. Although lipids with 16 to 18 carbons are predominately found in 

biological cell membranes, the 14 carbon long chain is still common and due to 

its physico-chemical properties better suited for the investigations performed in 

this thesis. Between 10 and 20% of the phospholipids found in a biological 

membrane are negatively charged.3 To mimic this condition a negative charge 

was introduced into the model membrane by using 

dimyristoylphosphatidylglycerol (DMPG). DMPG is structurally very similar to 

DMPC with two myristoyl fatty acid acyl chains connected to a glycerol linker 

but with a phosphatidylglycerol (PG) head group instead of the 

phosphatidylcholine (PC). By using a negatively charged lipid with the same 

chain length as DMPC problems regarding mismatch and changes in curvature 

could be minimized. Introducing charges into the membrane surface opens a 

possibility for electrostatic interaction with different peptides/proteins, but the 

charge does not necessarily have to be negative. By using 
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didodecyldimethylammonium bromide (DDAB), an amphiphilic molecule 

carrying a positive charge, membranes with nominal neutral or positive surface 

charge can be constructed. Membranes composed of charged lipids in equimolar 

ratios, i.e. with a nominal neutral surface, provide an opportunity to study the 

effect of specific electrostatic interactions between membranes and peptides.5 

33..44..    PPeeppttiiddeess  aanndd  PPrrootteeiinnss  

 Proteins and peptides are biopolymers composed of amino acid residues 

connected by amide bonds (peptide bonds). The difference between peptides and 

proteins is somewhat arbitrary. Basically, peptides differ from proteins by virtue 

of their size. If a protein is composed of 50 amino acids or less it is named a 

peptide. However, proteins are not just polypeptides, but they have a specific 

spatial arrangement. The primary sequence of this polypeptide chain is defined 

by the genes of the organism. The functional form of a protein is obtained when 

the polypeptide chain, called the primary structure, folds up into a three 

dimensional or tertiary structure. This folding process of proteins into their 

native functional structure can however go wrong and specific conditions cause 

a so-called misfolding of the protein. Protein misfolding can be linked to a wide 

range of amyloidogenic diseases.6 Many peptides, such as the hormones, have a 

very specific physiological or antibacterial activity. The peptides investigated in 

this thesis are described below. 

33..44..11..  AAmmyyllooiidd--ββ  PPeeppttiiddee  

 Amyloid-β peptide (Aβ) is found as a main component in the amyloid 

plaques present in the brain of Alzheimer’s disease (AD) patients. The 

hypothesis that Aβ is a key substance in the pathogenesis of AD has found 

growing support7-10 in a long range of diverse research studies, as well as in 

genetic evidence. It has been found that Aβ is toxic to neurons and especially 

when Aβ is aggregated.9-14 Recent studies have focused on Aβ’s interactions 

with neuronal membranes since this might be a primary mechanism behind its 

neurotoxic actions. It has been shown that by altering the membrane 

composition using different components such as acidic lipids, gangliosides and 

cholesterol Aβ’s affinity to the membrane is affected. The observed changes in 
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affinity have been linked to accelerated aggregation of Aβ into toxic aggregates. 

The Aβ peptide is 39-42 residues long and contains up to 28 extracellular 

residues as well as 14 transmembrane residues (DAEFRHDSGYEVHH-

QKLVFFAEDVGSNKGAII-GLMVGGVVIA). In this sequence there is a 

presence of both positively and negatively charged amino acid residues 

providing a possibility for electrostatic interaction with a charged cell or charge 

carrying model membrane. At neutral pH the amyloid-β peptide carries an 

overall negative charge.  

33..44..22..  GG--PPrrootteeiinn  CCoouupplleedd  RReecceeppttoorr  ((GGPPCCRR))  PPrrootteeiinn  

NNoocciicceeppttiinn//OOrrpphhaanniinn  FFQQ  

 The nociceptin/orphanin FQ receptor is a 40 kDa GPCR protein which 

belongs to the opinoid receptor family. Together with its natural ligand 

nociceptin (FGGFTGARKSARKLANQ) the receptor is a potential target for 

drug discovery, since it is involved in the modulation of  the chronic pain 

mechanism and the drug abuse regulation.15-17 Nociceptin/Orphanin FQ 

(N/OFQ) is a seventeen residue long, FGGFTGARKSARKLANQ, 

neuropeptide. It has been found that both N/OFQ and its receptor are produced 

in parts of the human associated with sensory signals such as the brainstem and 

the spinal cord.18 It also seems likely that (N/OFQ) participates in the regulation 

of important metabolic functions, and may be implicated in physiological 

responses to stress.15, 16, 18 It has been suggested that a non-specific surface 

association of hormones with a membrane surface is necessary before they can 

diffuse laterally to the receptor binding site.19  N/OFQ contains, as seen in the 

sequence, up to 4 positively charged residues and hence the structure itself 

suggests that N/OFQ interacts electrostatically with a negatively charged 

membrane. This was also confirmed in Paper III.  

33..55..    FFrreeee  FFaattttyy  AAcciiddss  

 The fatty acids studied in this thesis belong to a family of fatty acids 

called branched-chain fatty acids (BCFAs). These fatty acids are characterized 

by a methyl branch at the second or third to last carbon position in the acyl 

chain. BCFAs can be found in animals, plants but also in the human skin.20-24 
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BCFAs are normally present at low concentrations in eukaryotic membranes but 

they can be a major compound in bacterial membranes.25-27 These free fatty acids 

are known to affect a variety of cell membrane properties and can hence be 

considered as important biological affecter molecules.28-31 The effect of BCFAs 

on DMPC model membranes were investigated by incorporating 12-

methyltetradecanoic acid (a15:0), often referred to as an anteiso branched fatty 

acid, or 13-methyltetradecanoic acid (i15:0), an iso branched fatty acid. These 

BCFAs were used because their acyl chain length matches that of DMPC i.e. a 

similar argument as for using DMPG (Section 3.3) to introduce a negative 

charge into a membrane. The BCFAs used in Paper IV have an acid dissociation 

constant expected to be around 832 and a buffer system was chosen to maintain 

the fatty in their protonated state. The two different model systems were then 

used in Paper IV to obtain initial insights, at a molecular level, on the impact of 

the free fatty acids on the structural and dynamic organization of cellular 

membranes. 

 

 

 
 
Figure 3. Structure of two branched-chain fatty acids a) 12-methyltetradecanoic 

acid (a15:0) and b) 13-methyltetradecanoicacid (i15:0)  
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44..  MMeetthhooddss::  SSoolliidd--SSttaattee  NNMMRR  aanndd  DDSSCC  

44..11..    SSoolliidd--SSttaattee  NNMMRR  

44..11..11..  BBaacckkggrroouunndd  

 In 1945 Edward Purcell and his collaborators were the first humans to 

observe Nuclear Magnetic Resonance (NMR). Weeks later the group of Felix 

Bloch, independently of Purcell’s work, observed the same phenomena and in 

1952 Purcell and Bloch shared the Nobel Prize in physics. Since then NMR 

spectroscopy has grown dramatically in importance and only in the last four 

years two additional NMR associated Nobel prizes have been awarded. NMR 

spectroscopy has been dramatically developed during the years and is today a 

widely used technique to obtain a variety of different information. There are 

several reasons for the popularity of NMR spectroscopy. For example, the 

measurements can be performed without destroying the samples and in fact 

almost without disturbing the sample at all due to the relatively small energy 

input from the radio frequency coil. Another great advantage is the versatility of 

the technique. NMR can be used to determine not only simple structures of small 

molecules, but complex 3D structures of larger proteins. It also can be used for 
studies of diffusion processes or it can be used to study dynamical processes. 

Today, NMR routinely provides images of humans and their tissues in hospitals 

all over the world and by doing so NMR has made a huge impact in medical 

diagnostics. 

44..11..22..  BBaassiicc  PPrriinncciippllee  

 Magnetic resonance occurs as a result of the quantum mechanical 

property of nuclear spin. However, not all nuclei have a nuclear spin and some 

very common nuclei in biological systems such as 16O and 12C are therefore not 

suitable for direct NMR studies. In general the spin is connected with its angular 

momentum. This gives a nucleus a specific magnetic moment which will orient 

itself at discrete energy levels in an applied external magnetic field. These 
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orientations will differ in energy since it will be more favourable for the 

magnetic moment to orient parallel to an external magnetic field than anti-

parallel. This is known as the Zeeman effect. The energy differences in these 

orientations are dependent on the size of the applied magnetic field but also on 

the magnetic moment of the observed nucleus. The magnetic moment is specific 

for a certain nucleus and it depends not only on the spin but also on a constant 

called the magnetogyric ratio. The energy difference between the different 

energy levels corresponds to electromagnetic radiation with a specific frequency 

called the Larmor frequency. The net magnetization vector aligned parallel to the 

external field can be perturbed by a radio frequency pulse. Applying a pulse 

rotates the magnetization into the xy-plane by a specific angle which depends on 

the applied magnetic field and the length of the pulse. A radio frequency pulse 

introduces a transverse magnetization or coherence as long as the magnetization 

is at least partially aligned. The oscillating transverse magnetization can be 

detected and is collected as a free induction decay or FID. The data collected 

during an NMR experiment are in the time domain, however the interesting 

results are the response of a spin system in the frequency domain. The Fourier 

transform relates the time domain data to the frequency domain and the data can 

be presented as a NMR spectrum. 

44..11..33..  CChheemmiiccaall  SShhiifftt  

If nuclei with the same magnetogyric ratio were subjected to the same 

magnetic field they would resonate at exactly the same frequency and NMR 

would be rather useless. Fortunately, each nucleus, except magnetically 

equivalent nuclei, has a different surrounding since the electrons which screen 

the nucleus from the magnetic field are not uniformly distributed throughout the 

spin system. This leads to a shift in the observed frequency of same type nuclei 

which is called chemical shift 
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44..11..44..  CChheemmiiccaall  SShhiifftt  AAnniissoottrrooppyy  ((CCSSAA))  

As described in the section about the chemical shift every nucleus, 

except magnetically equivalent nuclei, is affected differently by its surroundings. 

This shielding of the electromagnetic environment is not the same in all 

directions i.e. the shielding is orientation dependent. This means that a nucleus 

would resonate at different frequencies if the molecule changes its orientation 

with respect to the magnetic field. If the molecule changes its orientation on a 

timescale faster than the inverse of the chemical shift anisotropy the chemical 

shift will be seen as a single narrow averaged resonance line, an isotropic 

resonance line, in the NMR spectrum. This is seen in liquid-state NMR. In 

contrast, solid-state NMR on liquid crystals or powders reveals broad lineshapes 

caused by insufficient averaging due to severely reduced molecular 

reorientation. Partially averaged lineshapes due to anisotropic motion give rise to 

characteristic spectra used to determine the phase of a lipid system (See Figure 

5, left and middle).     

44..11..55..  QQuuaaddrruuppoollaarr  EEffffeeccttss  

Nuclei with a nuclear spin of I≥1, such as 2H and 14N, have an electric 

quadrupolar moment which arises from an asymmetrical distribution of the 

nuclear charge. As this quadrupolar moment interacts with the electric field 

gradient (EFG), which is due to charges in the molecular environment, a shift in 

the energy levels is seen. If the Zeeman interaction is assumed to be much larger 

than the quadrupolar interaction, the so-called high field approximation, there 

will be a shift in the energy levels due to the quadrupolar interaction. The energy 

shift is due to quadrupolar interaction which depends on the quadrupole coupling 

constant but also on the angle between the EFG and the external magnetic field. 

In a liquid, or any other isotropic sample, this interaction will average out to 

zero. However, in a sample with restricted motion this interaction will not 

average out and the NMR spectrum will reveal a characteristic lineshape called a 

Pake pattern33or Pake Doublet. The Pake Doublet is a summation of two axially 

symmetric distributions which overlap each other (Figure 4,left). 
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Figure 4. The Pake pattern resulting from the nitrogen-14 in DMPC(left) and 

the summation of several overlapping Pake patterns resulting from the 

deuterium nuclei in DMPC-d67(right).     

44..11..66..  RReellaaxxaattiioonn  

After a nuclear spin system in a molecule is perturbed in an NMR 

experiment by being subjected to a radio frequency pulse, it will return to its 

initial state, or equilibrium, in a process called relaxation. The relevant 

relaxation times are dependent on the time scale of existing molecular motions. 

If there are interactions causing fluctuations near the Larmor frequency the 

relaxation back to the energetic groundstate will be most efficient. As a 

consequence, relaxation processes are very much dependent on the dynamics of 

the sample and can be seen as changes in the linewidth of peaks in the NMR 

spectrum. The relaxation process along the z-axis is often refereed to as spin-

lattice relaxation while the relaxation in the xy-plane is known as spin-spin 

relaxation. These two relaxation times are often different since the relaxation in 

the z-direction and in the xy-plane are sensitive to fluctuations on different time-

scales.      
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44..11..77..  MMaaggiicc  AAnnggllee  SSppiinnnniinngg  ((MMAASS))  

A typical solid-state NMR spectrum consists of very broad and 

overlapping lineshapes which makes it difficult to extract information. In liquid-

state NMR the lineshapes are very sharp due to averaging of all interactions 

except isotropic chemical shift and J-couplings. The broad lineshapes in solid-

state NMR reflect the fact that there is no or insufficient motional averaging of 

anisotropic interactions in solid samples. Ironically the broad lineshapes which 

at first sight might look featureless and unfeasible actually provides a wealth of 

information entirely due to the fact that the anisotropic features are not averaged 

to zero. A major step forward in solid-state NMR came with the introduction of 

cross-polarization (CP) in combination with proton decoupling in static solids34 

and in solids under MAS conditions.35 MAS is a method to suppress dipole-

dipole couplings in solid-state NMR and was initially developed by Andrew36 

and Lowe.37 All the rank-2 anisotropic features of a solid-state NMR spectrum 

can be removed by spinning the sample fast around an axis as long as the 

interactions are weaker in Hz then the spinning speed. The axis of rotation must 

be tilted at a specific angle with respect to the external magnetic field called the 

magic angle. The reason for this is that the rank-2 anisotropic interactions are 

scaled with the same function of an angle,θ , between the rotational axis and the 

magnetic field according to ( )1cos3
2

1 2 −θ . This function reduces to zero at the 

so called magic angle, which isθ = 54.7˚. Placing the solid sample in a special 

ceramic rotor and spinning it (at speeds of 70 kHz38 and more) results in 

spectrum with liquid-like appearance revealing only sharp resonances at their 

isotropic chemical shift values. At spinning speeds that are slow as compared to 

the CSA a set of spinning sidebands will appear around the isotropic central line 

in the spectrum (See Figure 5, right). These sidebands appear because as the 

sample is spun, all spin interactions become time-dependent. Sidebands appear 

on both sides of the isotropic main peak and are separated from the central 

frequency by multiples of the spinning speed in frequency units. The effort to 

achieve liquid-like NMR spectrum can be seen as a bit contradictive since this 

discards a lot of information. However, the spinning sidebands actually contain 

some anisotropic information which can be extracted by a fitting procedure.39, 40 
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44..11..88..  NNMMRR  oonn  LLaammeellllaarr  PPhhaasseess  

Most membrane lipids, with some exceptions, exist in a liquid-

crystalline lamellar (Lα) or bilayer phase in vivo.
41 Lowering of the temperature 

often forces these bilayers into a gel phase (Lβ) state. Naturally, the phase 

transition between these two phases has been thoroughly studied. The gel phase 

is relatively ordered with the hydrocarbon acyl chains methylene segments 

arranged in a rigid trans conformation while in the liquid-crystalline phase the 

chain segments are more disordered with the methylens segments often arranged 

in gauche conformations along the chains. In addition, the lipid molecules  in the 

Lα phase undergo much less restricted inter- and intramolecular motional 

processes as compared to the Lβ phase.
42 This phase transition into a Lα-phase is 

accompanied by a lateral expansion and a decrease in the thickness of the 

bilayer. 31P solid-state NMR has been used extensively to determine the phase of 

lipid bilayer systems under varying conditions.43 Some typical 31P lineshapes are 

seen in Figure 5a&b were the characteristic shape of the spectrum reflects lipid 

molecules which undergo fast, but partially restricted motion.  

 

 
 

Figure 5. Normalised 31P lineshapes of pure DMPC in the gel phase (left), liquid 

crystalline phase (middle) and in liquid crystalline phase but under MAS 

conditions (right). 

 

For example, in a lamellar system the lipid long axis is free to diffuse 

only parallel to itself while in a hexagonal system the long axis, or director of 

the lipid molecule, can diffuse around the surface of the tube as well. When 

comparing the lamellar gel phase 31P static spectrum (Figure 5a) with a 
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corresponding liquid-crystalline spectrum (Figure 5b) it is clear that the gel 

phase spectrum is much broader and has less intensity (not seen due to 

normalisation). Studies show that the difference in the 31P lineshape of 

phospholipids in the gel or liquid-crystalline phase is entirely due to changes in 

lipids motions.43, 44 There is for example a decreased rotational motion of the 

lipid headgroup in the gel phase. 

  

44..11..99..  HHeeaaddggrroouupp  TTiilltt  MMooddeell  

The surface of a biological cell is of great interest because it mediates 

interactions and exchanges between the cell and its surroundings. There are 

suggestions that the Alzheimer’s disease is a membrane mediated process in 

which the amyloid-β peptide associates to the membrane, gets enriched, and 

forms neurotoxic aggregates (Paper II).45, 46 The interaction between for example 

a peptide and a cell surface can be studied by an array of methods such as 

isothermal titration calorimetry (ITC), 47 IR48, electron paramagnetic resonance 

(EPR)49 and fluorescence.50 A very useful technique for studying peptide-lipid 

interactions is solid-state NMR, where changes in the interface region and/or 

core of the membrane are observed. The interface region of membranes have 

therefore attracted much attention and a model for studying changes in the lipid 

head group was developed by various research groups in the late 80:s early 

90:s.51-54 The model, known as the “molecular voltmeter”, indirectly monitors 

the tilt of the P--O-CH2-CH2-N
+(CH3)3 dipole i.e. phosphatidylcholine headgroup 

by acquiring wideline 2H NMR spectra of lipids deuterated at their headroup 

region. The response of the lipid headgroup to electrostatic changes in its 

immediate environment, such as variations in the surface charge of the 

membrane, could be extracted indirectly from variations in the quadrupolar 

splittings in the relevant 2H NMR spectra. The “molecular voltmeter”, although 

proven to be effective, has some drawbacks. Using deuterated phospholipids in a 

model system gives a poorer model of the cell membrane if compared to the use 

of naturally occurring lipids. It is also more expensive. Furthermore, the 

positions at which the headgroups are normally deuterated are often the 

methylene-segment in the middle of the P--N dipole in PC lipids. In this thesis 

the “molecular voltmeter”-model has been extended and improved by utilizing 

the ends of the dipole, which is possible by exploiting the naturally occurring 
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nuclei nitrogen-14 and phosphorous-31, situated in the phosphatidylcholine 

headgroup. Not only is isotopic labelling not necessary but this also allows for a 

more biologically relevant model since natural non-modified 

phosphatidylcholine lipids can be used without further modifications.  

The dominating spin interactions in the 14N and 31P NMR DMPC spectra 

are the quadrupolar interactions between the EFG and the nitrogen nucleus with 

its electric quadrupole moment, and the 31P CSA originating from the interaction 

of the phosphorous nucleus with its local electronic environment. As the surface 

charge is varied, systematic changes in the anisotropic features visible in the 14N 

quadrupolar splitting and the 31P chemical shift anisotropy become apparent. 

This is in response to the changes in the orientation of the P-N headgroup.51, 54-56 

To evaluate the changes in the headgroup orientation, a dynamic NMR model 

can be used (Paper III).57-59 The anisotropic features obtained from nitrogen and 

phosphorous NMR spectra do not provide direct structural information but time-

averaged constraints in the orientational motions. The motions responsible for 

the averaging can be described by using a molecular order parameter, molS , and 

the NMR observables can then be written as 

 

 ( ) ( )hqQeS NmolQ 4/3 2=∆υ  and ( ) ( )⊥−=∆ σσσ IIPmolS .  (Eq. 1&2) 

 

These order parameters can then be extracted by separating intra 

molecular and inter molecular motions from each other, ending up with a mutual 

orientational order parameter, ZZS , and the conformational order parameters 

CNS  and CPS  in the nitrogen and phosphorous scenario respectively (See Figure 

6).  
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Figure 6. The headgroup geometry along with occurring motional modes in a 

DMPC lipid bilayer. SZZ is the relevant orientational order parameter of the 

lipid molecule in liquidcrystalline membrane; SPN the dipole order parameter; 

and SCN and SCP the relevant segmental order parameters. 

 

The value for ZZS  is known to be 0.68 for DMPC.58, 59 This value can be 

considered to be constant as long as the fatty acid composition in the lipid 

mixtures remains relatively similar.51 By knowing ZZS  the molecular order 

parameters can be extracted directly from the observed NMR spectra. The 31P 

CSA for example depends on the conformational order parameter CPS  which 

reports on reorientations in the phosphate group as the 31P CSA tensor moves 

with respect to the lipid long axis.58 As described in more detail by Dufourc et. 

al and in Paper III the CPS  reduces to ( ) 2/1cos3 2 −Θ   which gives a time 

averaged description of the angle between an axis through the phosphate group 

and the lipid axis. Considering a case where a membrane has a high ratio of 

positively charged lipids the angle will decrease towards zero. By using the 

tensor description from Dufourc et. al. the maximum chemical shift anisotropy 

can be calculated to be 84 ppm. Consequently, any given value for 31P CSA (or 
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Givenσ∆ ) corresponds to an order parameter of  
84

Given
CPS

σ∆
=  and a 

corresponding average angle,Θ . For nitrogen there is further averaging as 

compared to the situation with phosphorous. By using previously obtained 

information from deuterium studies52 together with the geometric situation for 

the choline segment in DMPC,57 an averaged value for the quadrupole coupling 

constant, hqQe /2  can be calculated to 52 kHz. As mentioned, above nitrogen 

undergoes further averaging as compared to phosphorous since the choline 

headgroup does not only experience the fast motional averaging but also fast 

conformational changes. The observed nitrogen-14 splitting can be written:  

 

hqQeSSS CNCPZZQ /2=∆υ      (Eq.3) 

 

This reduces the observed splitting for DMPC in neutral membranes to 10.4 kHz 

which corresponds to an offset of 36º. The offset describes the angle between an 

axis from the carbon in the β-position and the nitrogen in the choline group and 

the lipid long axis.         

 

The response of the 14N and 31P isotropic chemical shift is different due 

to the fact that the changes in the electrostatic surroundings at the choline and 

phosphate positions are not identical. There are for example only small changes 

visible in the 14N isotropic chemical shift as the membrane surface gets 

progressively more positively charged. The headgroup model is an indicator of 

the electrical field originating from the surface of the membrane and the electric 

field parallel to the membrane normal is given by 60(Paper III) 
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    (Eq. 4) 

 
with R being the radius of a lipid cylinder, 

kσ  the average charge density60, 61, zk 

the position of a charge z in the membrane, and z describing the location along 

the membrane normal.  

As described more thoroughly in Paper III there are three different electrostatic 

scenarios to consider. First if the membrane surface is neutral, the point at which 
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the electric field is zero will be located in between the nitrogen and phosphorous 

nuclei. If the anionic DMPG is added, the point at which Ez = 0 will move 

further away from the surface, that is closer towards the nitrogen nucleus. Both 

the nitrogen and the phosphorous will experience a change in the electric field 

and hence the isotropic chemical shift is affected. As the membrane is altered by 

addition of the cationic DDAB the electric field moves closer to the surface. 

Since the nitrogen position will be far from the point at which the electric field is 

zero, only a slight shift is seen in the isotropic signal. The phosphorous however 

is very close to the point at which the electric field will change its sign and 

shows a linear response to an increasing cationic DDAB ratio. 

44..22..    DDiiffffeerreennttiiaall  SSccaannnniinngg  CCaalloorriimmeettrryy  ((DDSSCC))  

 DSC is a thermal analysis technique where the difference in heat required 

to change the temperature in a sample and reference cell are measured as a 

function of temperature. The sample and reference cells are simultaneously 

heated or cooled at a user defined and constant rate. In a power compensation 

system the cells are independently controlled and kept at the same temperature. 

The power used to keep the cells at exactly the same temperature is then 

measured. In heat flux DSC, the sample and reference are connected by a low 

resistance heat flow path. Both cells are enclosed in a single heating device. 

Enthalpy or heat capacity changes in the sample cause a difference in its 

temperature relative to the reference. When the sample undergoes a thermic 

event, a temperature difference between the cells will occur and as a result there 

will be a difference in the heat flow between the reference and the sample. Since 

DSC determines the thermotropic behaviour of a sample it is an ideal technique 

to characterize phase transitions processes in biological systems. The 

temperature at which a phase shift appears in a thermogram is called a transition 

temperature, TM, as seen in Figure 7. For the pure DMPC model membrane 

system the main-transition temperature denotes the temperature at which the 

transition between rippled gel and liquid-crystalline phase is one-half complete. 

A shift in transition temperature indicates that the intermolecular forces present 

between the lipid molecules are altered and by observing the width of the 

transition temperature peak at half height, ∆T1/2, changes in the cooperativity of 

the system can be seen. A wider peak indicates that the system loses cooperation 
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between the phospholipids of the membrane system. The area beneath the 

transition temperature peak represents the enthalpy of transition and since the 

change in free energy of the system is zero at the transition midpoint the entropy 

associated with the phase change can be calculated. 

 
Figure 7. Typical thermogram of pure DMPC with the pre-transition 

corresponding to the gel to rippled gel phase transition denoted as Lβ�Pβ’ and 

the main-transition corresponding to the rippled gel phase to liquid crystalline 

phase denoted  as Pβ’ �Lα.  
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55..  NNMMRR  aanndd  DDSSCC  oonn  PPuurree  LLiippiidd  BBiillaayyeerr  

SSyysstteemmss  

55..11..    NNMMRR  oonn  PPuurree  LLiippiidd  BBiillaayyeerr  SSyysstteemmss  

 When studying lipid systems solid-state NMR provides a very powerful 

non-invasive tool. Other useful techniques such as fluorescence require a 

fluorescent marker but this is not necessary in NMR. The advantages of using 

NMR have resulted in a large number of research publications and hence there is 

a valuable reference library available. The approach in this thesis has been to 

characterize lipid systems without any interacting substance such as peptides or 

proteins. The initial efforts were to characterize the NMR spectrum for lipid 

systems consisting of one, two or at most three different types of lipids in a 

systematical way. As seen in the nitrogen-14 and phosphorous-31 NMR spectra 

(Papers I,III) there is an apparent trend in the response of the head group to 

changes in the surface charge of the lipid systems. Characterizing these trends 

for pure lipid bilayers allows for comparative studies where corresponding lipid 

systems are allowed to interact with for example peptides or free fatty acids. By 

exploiting different nuclei, a variety of information can be extracted from a 

single sample. Since the nitrogen and phosphorous nuclei are located in the 

headgroup of the phospholipids, information regarding the crucial interface 

region of the lipid membrane can be obtained. The information given by 14N and 
31P NMR is complementary where 14N can be seen as reporter on headgroup 

conformation while 31P reports on local electrostatics and phase behaviour. By 

using isotopic labelling a certain degree of biologic relevance is lost but there are 

also several advantages to this approach. By utilizing lipids deuterated at all 

positions along the acyl chains as well as in the headgroup region, simultaneous 

information on the bilayer core and interface region can be extracted from the 2H 

quadrupolar splittings. Hence, information obtained from 2H overlaps with the 

information gained from 31P and 14N and together these nuclei provide a great 

overview of the complete lipid. 
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55..11..11..  
3311
PP  NNMMRR  oonn  PPuurree  LLiippiidd  SSyysstteemmss  

 The phosphorous nucleus has been extensively used during the years to 

conduct phase behaviour studies on phospholipid-water systems. The 31P nucleus 

has spin I=1/2 and is a naturally occurring spin reporter located in the 

phospholipid headgroup where it constitutes the negative part of the P-N electric 

dipole. The characteristic lineshapes seen in the 31P spectra (Figure 5 left and 

middle) are due to the CSA which is the dominating magnetic interaction. The 

lineshapes are indicative of lipid reorientational processes averaging the CSA in 

the lamellar phase.  In a liquid crystalline phase the phospholipids undergo rapid 

axial rotation around their long axis resulting in a uniaxially averaged CSA. The 

spectrum of a lamellar phase has a typical low frequency peak corresponding to 

bilayers where the normal is oriented perpendicular to the external field and a 

high frequency shoulder, for when the normal is aligned parallel to the field. In 

the lamellar phase the lipids are free to diffuse laterally but this does not further 

average the spectrum. However, in a hexagonal phase the CSA is further 

averaged by the diffusion of lipid molecules around the axis of a lipid aggregate 

shaped like a tube. For cubic phases and small lipid aggregates such as small 

vesicles and micelles the 31P spectra shows a narrow and symmetrical lineshape. 

This is the result of the lipids being able to diffuse in all directions.  

   

 When studying binary lipid bilayers consisting of DMPC mixed with 

either DMPG or DDAB the 31P spectra obtained under static conditions reveals 

lineshapes that are typical for lamellar bilayer phases. At 308K all binary lipid 

mixtures were in the liquid crystalline phase (Lα) which was also confirmed by 

DSC. The CSA, which can be defined as ∆σ= ⊥ΙΙ −σσ , is clearly dependent 

upon the composition of the lipid bilayer as seen in Figure 8. When the lipid 

bilayer constituents are DMPC and DMPG the surface region of the membrane 

will carry an overall negative charge. As the molar ratio of DMPG is increased, 

corresponding to an increase in the total negative charge at the membrane 

interface region, the CSA is reduced from around 47 ppm for pure DMPC to 36 

ppm for a 1:1 DMPC:DMPG mixture. A counter-directional effect on the CSA is 

seen when the positively charged DDAB is added to DMPC. At 1:1 

DMPC:DDAB the CSA has increased to approximately 74 ppm, which is 

approximately twice the linewidth of 1:1 DMPC:DMPG. Determining the CSA 

for binary systems can be precarious because of the overlapping lineshapes. If 

CSA is defined as mentioned above it is of outmost importance that the 
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perpendicular and parallel peaks can be distinguished. This problem can be 

resolved however by using magic angle spinning (MAS). By utilizing this 

technique, which eliminates the anisotropic features from the spectrum, different 

phosphorous environments can clearly be resolved. The anisotropic features can 

then be recovered by using spinning sideband fitting as mentioned in section 

4.1.7.  

 

 
Figure 8. Variations in 31P chemical shift anisotropy (left) and isotropic 

chemical shift (right) in response to changes in binary membrane composition of 

DDAB/DMPC (+) and DMPG/DMPC (-).  

 

When studying the isotropic lineshapes obtained from MAS NMR a 

clear and obvious trend is seen in the isotropic chemical shift (see Figure 8). The 

isotropic chemical shift values are changed in a systematic way as the surface 

charge of the model membrane is altered. A lipid membrane consisting of equal 

molar ratios of DMPC and DMPG has an isotropic chemical shift value of -0.74 

ppm for the DMPC component while a reference of pure DMPC gives rise to a 

resonance line at -0.90 ppm. From a midpoint consisting of pure DMPC the 

positively charged DDAB was added to the membrane until an equal number of 



Biological Membrane Interfaces Involved in Diseases: A Biophysical Study 

 

  26   

DMPC and DDAB molecules were present in the lipid bilayer. At this point the 

isotropic chemical shift had changed to -1.02 ppm. Higher molar ratios of 

DDAB than 1:1 were not used because there were signs of bilayer disruption and 

formation or non-bilayer structures in the NMR spectrum as well as in the DSC 

thermograms. For consistency reasons, although possible, higher molar ratios 

than 1:1 of DMPC and DMPG were not used for NMR. The typical behaviour of 

the phosphor-31 nucleus in response to changes in the membrane surface charge 

could then be employed on lipid systems interacting with membrane binding 

molecules such as peptides. Changes in the 31P spectrum in response to 

electrostatic interactions could then be interpreted as surface charge reduction. 

The “molecular voltmeter” approach, although very useful, is a model and like 

any other model it is of course not perfect, which becomes apparent when 

observing tertiary systems composed of three different lipids. A tertiary lipid 

bilayer with a nominal zero surface charge should, according to the “molecular 

voltmeter”, have the same 31P MAS NMR isotropic chemical shift as pure 

DMPC. This is however not the case. As seen in Figure 9 different lipid bilayers 

with a total surface charge of zero have deviating isotropic chemical shifts. 

 
 

Figure 9. 
31
P isotropic chemical shift for binary samples of DMPC/DMPG or 

DMPC/DDAB (line) and ternary samples of DMPC/DMPG/DDAB (with 

legends).  
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  This effect can however, in part, be described by using a more thorough 

surface charge calculation where the effective size of the lipid headgroup is 

taken into account. In the following equation the actual model membrane surface 

charge, (σA), can be calculated 

 

 ( )
( ) ( )000 AAXAAXA

XAzXAz

NNPP

NNNPPP
A

−+−+

⋅⋅+⋅⋅
=σ   (Eq. 5) 

 
 

where PX , 
NX  is the fraction of positively and negatively charged lipids. 0A , 

PA , NA is the cross-sectional area of the neutral, positively charged and 

negatively charged lipids. z is the charge of either cationic (subscript P) or 

anionic (subscript N) lipid. The results obtained from experiments conducted on 

ternary lipid systems display an isotropic chemical shift consistent with a minor 

negatively charged surface. As the fraction of anionic and cationic lipid is 

increased the apparent surface charge is shifted towards a more negatively 

charged membrane. This would suggest that the negatively charged lipid, in this 

case DMPG, has a larger cross-sectional area than DDAB. Both of the lipids are 

expected to have larger effective surface areas than the 57.9 Å2 for neutral 

DMPC due to repulsion between the charged headgroups.62 The cross-sectional 

area for DMPG in a Langmuir monolayer has been determined to be around 140 

Å2 which is more than twice the area of DMPC. 63 The headgroup area of DDAB 

is not known but by using the headgroup area of cetyltrimethylammonium 

bromide (CTAB) which is around 71.3 Å2 64 a valid starting point is provided. 

By considering the surface charge in relation to different sized lipid headgroup 

areas a very satisfactory agreement with experimental data for tertiary lipid 

systems is achieved. As is also seen in Figure 9 ternary samples with non-zero 

overall surface charge reveal isotropic chemical shifts corresponding to more 

negatively charged membranes, which again suggests that the anionic lipid 

affects the net membrane surface charge in a more pronounced way. As is 

argued above this effect can be explained by a larger headgroup area for DMPG 

as compared to DDAB.  

The “molecular voltmeter” model was first developed to describe the tilt 

of the phosphatidylcholine headgroup in response to changes in the local 

electrostatics. But the tilt of the choline dipole is not completely insensitive to 
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anything other than pure electrostatic changes. For example, a lipid vesicle 

formed by pure DMPC will change its curvature if a lipid with a different kind, 

for example length or saturation, of acyl chains is introduced. This may establish 

different conditions for steric hindrance which can influence the tilt of the 

headgroup. Other effects that can influence the “molecular voltmeter” model are 

for example repulsion between charged headgroups, variation in van der Waals 

forces and domain formations. 

55..11..22..  
1144
NN  NNMMRR  oonn  PPuurree  LLiippiidd  SSyysstteemmss  

The use of nitrogen-14 as a natural spin reporter is much more unusual 

than phosphorous-31. Both nitrogen-14 and phosphorous-31 have high natural 

abundance, for 14N 99.6% and for 31P 100%, and in this sense they are 

equivalent. The reason why nitrogen-14 is generally less preferred is in part due 

to the low magnetogyric ratio of nitrogen-14, which at constant magnetic field 

leads to much lower relative sensitivity for nitrogen-14. The low magnetogyric 

ratio also gives nitrogen-14 a low Larmor frequency, at times lower than the 

scope of common electronic equipment used for NMR experiments, which has 

most likely limited the use of nitrogen-14, despite it being a very useful nucleus. 

Another feature distinguishing nitrogen-14 from phosphorous-31 is the spin 

quantum number, I. I for 31P is 1/2 while 14N has 1=I . Therefore, nitrogen-14 

possesses a nuclear quadrupole moment due to a non-spherical distribution of 

the nuclear charge. As described more detailed in section 4.1.5 the quadrupole 

moment can interact with an electrical field gradient (EFG) giving rise to the 

characteristic lineshape often referred to as “Pake pattern”.33 The difference in 

frequency between the high intensity shoulders of these lineshapes are often 

referred to as the quadrupolar splitting. The nitrogen nucleus carries a positive 

charge and is positioned at the far end of the choline dipole, P--N+ which makes 

it ideal for the tilt model. The quadrupolar splitting is dependent upon the angle 

between the electric field gradient at the nitrogen nucleus and the external 

magnetic field and because of this the splitting can be used to monitor the 

orientational response of the headgroup to changes in the surface potential 

(Figure 10, right). For lipid bilayers formed from pure DMPC the quadrupolar 

splitting is around 10.5 kHz. As the lipid composition of the bilayer is changed 

by adding the anionic DMPG there is a linear increase in the quadrupolar 

splitting with surface charge. At 1:1 DMPC:DMPG the quadrupolar splitting has 
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increased to 12.5 kHz. On the other hand, by adding the cationic DDAB there is 

a reduction in quadrupolar splitting to 5.5 kHz at 1:1 DMPC:DDAB. Static 

nitrogen-14 spectra of a more than one nitrogen containing molecule can, as 

mentioned for phosphorous, suffer from overlapping making precise conclusions 

precarious.  

 
 

Figure 10. Varations in 14N MAS NMR sideband pattern (left) and quadrpolar 

splitting (right) in response to lipid membrane composition.  

 

In the case of lipid bilayers consisting of both DMPC and DDAB there 

is an overlap of two Pake patterns which not only gives a slight asymmetry but 

also introduces a slight uncertainty in the determination of the quadrupolar 

splitting. This predicament can be dealt with however by using a procedure 

called dePaking65 which can be used to determine the magnitude of several 

splittings from a single spectrum by transforming a powder spectrum into a 

result corresponding to an oriented sample. Another approach is to, as described 

in section 4.1.7, use solid sample magic angle spinning (Figure 5, right and 

Figure 10, left) followed by sideband fitting. To our knowledge no one has used 
14N MAS NMR on biological lipid systems before us. By spinning the binary 
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lipid system of DMPC and DDAB two well separated isotropic peaks are visible. 

The intensity of the peaks corresponds well with the ratio used for sample 

preparation. By setting the pure DMPC peak to 0 ppm, changes in the chemical 

shift along with alterations in the sideband pattern can be monitored. When 

observing the isotropic chemical shift of nitrogen-14 it is seen that the shift is 

almost unaffected as the membrane surface charge is increasingly more 

positively charged by addition of cationic DDAB. Also, the chemical shift 

changes in the opposite direction to what is seen for 31P. These effects have been 

previously explained in section 4.1.9. The first attempts on using the headgroup 

of DMPC to report on membrane surface charge were developed for deuterated 

lipids. By testing a hypothesis it was then found by Marassi et al. that the 

quadrupolar splitting for tertiary samples could be predicted by adding the 

individual effects of charged lipids in binary mixtures with the appropriate mole 

fractions 66 according to:  

 

 ( ) ( ) ( ) DMPCNBinaryPBinaryNPTernary XXXX υυυυ ∆−∆+∆=∆ ,   (Eq. 6) 

 
where υ∆  denotes the quadrupolar splitting and 

PN XX ,  is the molar ratio of 

anionic and cationic lipids. An explanation for this feature is not given by 

Marassi et al. However, the quadrupolar splitting reflects the response of the 

choline headgroup to varying surface charges. 14N quadrupolar splitting displays 

a counter-directional response to positively and negatively charged lipid 

membranes. The summation of quadrupolar splittings from binary samples can 

hence be considered a competition between opposing effects. The summation of 

effects from binary samples of negative and positive lipid membrane surface 

charge can also be viewed as a reduction of the surface potential, since the sum 

of charges will approach zero. Applying this to the quadrupolar splitting of 

nitrogen-14 reveals a good agreement with experimental data but deviations 

between the hypothesis and experimental results can be seen. A better agreement 

between hypothesis and the observed results are given when considering the 

actual surface charge as calculated by equation 5 (Eq. 5). Additional agreement 

between the predicted values and the experimental results are obtained when 

considering the response of nitrogen-14 to increasingly positively charged 

membranes as mentioned in section 4.1.9.  
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55..11..33..  
22
HH  NNMMRR  oonn  DDeeuutteerraatteedd  LLiippiidd  SSyysstteemmss  

The “molecular voltmeter” approach was developed and first applied for 

deuterated lipids with a phopsphatidylcholine headgroup.51-54, 67 By deuterating 

the lipid at two positions, called α and β, in the headgroup, conformational 

changes could be monitored (see Figure 2 for structure). The α and the β 

deuterons give rise to quadrupolar splitting where the α-splitting increases with 

added cationic lipid and decreases with the addition of anionic lipids. The β-

splitting displays the opposite behaviour.  If there were a change in the average 

order of the choline, the α- and β-deuterons would be expected to respond in the 

same way. However, since these quadrupolar splittings are not even changing in 

the same direction it is implied that the choline headgroup undergoes a 

conformational change which corresponds to a change in the average orientation 

of the lipid headgroup. The use of deuterated lipids is, even if costs aren’t 

considered, not to be preferred in comparison with natural lipids, since it is 

known that their physico-chemical properties are not identical. For example, the 

main-transition temperature, corresponding to a transition between gel and liquid 

crystalline phase, for chain deuterated dipalmitoylphosphatidylcholine (DPPC-

d54) is downshifted between 2 and 3 degrees as compared to non-deuterated 

DPPC.68 Although acquiring deuterated lipids is effortless, the price can easily 

be 50 times higher (comparison of DMPC-d67, Avanti Polar Lipids) than the 

corresponding natural lipid. Synthesis of deuterated lipids is however well 

described69, 70 but unfortunately many find this to be a rather complicated 

procedure. There are also differences in the deuterium splittings between the sn-

1 and sn-2 chains and there may be deviations from the order parameters 

obtained for pure lipids systems. But when observing a response and not 

monitoring specific values this is of no concern. There is however benefits to 

using deuterated lipids. By using fully deuterated lipids, signals from both the 

headgroup and the acyl chains can be observed simultaneously. Being able to tell 

the difference in response between the membrane interface region and the core 

of the membrane is very useful when studying the interaction between for 

example a peptide and the membrane. Determining the order parameter for every 

deuterium signal at a specific carbon position along the full length of the lipid 

provides a way to monitor interaction induced changes in a more site specific 

fashion. For example if a peptide, such as pentalysine, interacts with a negatively 

charged membrane through pure electrostatic interaction the deuterons in the 

hydrophobic part of the membrane will remain relatively unaffected. In paper IV 
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fully deuterated DMPC (DMPC-d67) is used to connect and confirm the results 

from 31P and 14N NMR to data obtained by DSC. In the static 2H NMR spectrum 

of DMPC-d67 the splittings originating from the headgroup and the acyl chains 

are well resolved making the specific observation fairly easy. 

55..22..    DDSSCC  oonn  PPuurree  LLiippiidd  SSyysstteemmss  

 Differential scanning calorimetry (DSC) is a highly accurate and easy to 

use method to carry out thermal analysis on lipid systems. Collecting data on 

how the heat capacity varies as a function of temperature results in what is called 

a thermogram, where thermally induced events will turn up as endo- or 

exothermic peaks. The thermal transitions seen for pure lipids are highly specific 

and can in a sense be used for identification. A typical thermogram recorded in 

Papers I,III-IV reveals a large main-transition known as the chain-melting 

transition and corresponds to the transition between the lamellar gel phase (Lβ) 

and the lamellar liquid crystalline phase (Lα). DSC is in the same way as solid-

state NMR a non-invasive technique without any need of special reporter 

molecules or isotopic labelling. The temperature at which this chain-melting 

transition occurs is not surprisingly highly dependent upon the interactions 

between the acyl chains of the lipids. Changes in the acyl chain surroundings 

will thusly be seen in the transition temperature. For DMPC the main-transition 

temperature (TM) was found to be 23.9˚C which corresponds well to literature.
71-

73 Furthermore TM for DMPC showed no sensitivity to changes in salt 

concentration when this was stepwise changed from 0 to 240 mM. By adding 

anionic DMPG to the non-charged DMPC lipid bilayers the main-transition at 

low molar ratios (<30%) is shifted to higher temperatures (Figure 11). This 

effect can be due to the relief of steric stress, as a result of crowding, between 

the phosphatidylcholine headgroups.74 As the molar ratio of DMPG is raised to 

30% or higher, charge induced repulsion between the phosphatidylglycerol 

headgroups will have a larger effect on the main-transition then the reduced 

steric stress and hence the TM is lowered but it is still higher than for pure 

DMPC or pure DMPG. As DDAB is added to DMPC the chain-melting 

transition is systematically shifted to lower temperatures and at a 1:1 molar ratio 

the TM is 19.5˚C. A charged headgroup, such as in DDAB, will cause less tightly 

packed bilayers due to repulsion which can shift the main-transition to higher 
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temperatures but here the dominating effect is the formation of less efficient van 

der Waals interactions between DDAB and DMPC. This is expected since 

DDAB has shorter chains than DMPC. At molar ratios of DDAB higher than 1:1 

for DMPC there was more than one peak apparent in the thermogram, 

suggesting two or more environments such as for example different sized 

vesicles or mixed phases. To avoid inhomogeneity in the samples used for NMR 

the molar ratio of DDAB was kept below 0.5 and likewise for DMPG, although 

there were no signs of additional peaks in the DMPC:DMPG thermograms.  

 
 

Figure 11. Main-transition temperature for binary samples of DMPC/DMPG (-) 

and DMPC/DDAB (+) with zero corresponding to pure DMPC and -100 to pure 

DMPG.   

 

 As the molar ratios of charged lipids are raised there is also a change in 

the peak width at half height, ∆T1/2. The chains of DMPC and DMPG are well 

matched, that is the inter-chain bonding pattern is moderately disturbed, which is 

seen as the ∆T1/2 is only slightly increased from 0.5 to less than 1˚C. Addition of 

DDAB shows a significant increase in ∆T1/2 with up to 5 degrees at 1:1 molar 

ratio. This is consistent with the conclusions drawn from the shift in the main- 

transition temperature, since an increased molar ratio of DDAB will cause a 

larger disturbance in the pure DMPC system than DMPG. Another feature of the 

thermograms of binary mixtures is the pre-transition temperature. This transition 
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corresponds to the phase change between the gel and the rippled gel phase (Lβ � 

Pβ´). The pre-transition temperature and the pre-transition enthalpy have not 

been interpreted in this thesis due to instrument limitations. However, the 

disappearance of pretranstion from the thermogram can be useful. Upon 

interaction between membrane inserting peptides and lipid membranes there is a 

loss in cooperativity, which broadens the pre-transition until the enthalpy of this 

phase transition is no longer detectable. 75, 76 As the molar ratio of DMPG in the 

DMPC lipid bilayers was increased by up to 50% the enthalpy of the main-

transition was almost constant which is an effect of the similarity in transition 

enthalpy between DMPC and DMPG (24.7 kJ/mole and 23.9 kJ/mole) but it is 

also an indication that the systems are homogenous. Addition of DDAB has a 

slight decreasing effect on the main-transition enthalpy which may be due to 

reduced hydrocarbon chain interaction. The main-transition enthalpy, of pure 

DDAB was not established since DDAB by itself did not form stable aggregates, 

however others have found TM  to be 16˚C.
53 
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66..  CChhaannggeess  iinn  LLiippiidd  MMeemmbbrraanneess  uuppoonn  

IInntteerraaccttiioonn  

66..11..    IInntteerraaccttiioonnss  bbeettwweeeenn  LLiippiidd  MMeemmbbrraanneess  aanndd  

PPeeppttiiddeess  

 The interaction between peptides or proteins and lipids are of 
fundamental importance since a number of biological processes, such as 

hormone-receptor interactions and antimicrobial peptide action, are membrane 

mediated. The importance of lipid bilayer-peptide interaction is also obvious 

when observing the design and development of potent new pharmaceutical 

agents where the biological action is ultimately dependent on the binding of 

different peptides with lipid-bilayers. The interaction between a peptide or a 

protein with a membrane surface can be of different specificity. A large number 

peptides and proteins insert into the lipid membranes, such as signal sequences 

and antimicrobial peptides, via a transmembrane section of the protein or peptide 

sequence. On the other hand, peripheral membrane proteins, short peptide 

sequences of charged amino acids such as pentalysine, bind to the membrane 

surface without insertion into the core. The “molecular voltmeter” approach 

based on nitrogen-14 and phosphrous-31 is mainly suited for exploring changes 

at the membrane surface as a consequence of lipid structure. However, DSC and 

fully deuterated lipids can give a clear picture of peptide or protein insertion into 

the membrane. 

66..11..11..  MMoonniittoorriinngg  LLiippiidd--PPeeppttiiddee  IInntteerraaccttiioonnss  

 The conditions for the headgroup and/or the surroundings of the fatty 

acid acyl chains will change depending on where an interacting substance, such 

as a peptide, ends up in a cell membrane. This since the interacting substance 

can for example have an effect on rotational restriction or the electrostatic 

environment. These changes in the headgroup and in the acyl chain conditions 

give clear experimental responses, such as shifts in the main-transition 

temperature, altered 31P isotropic chemical shift and variations in 14N and 2H 

quadrupolar splittings to name a few. By comparing the interaction induced 
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changes seen in spectra or thermograms of lipid systems containing peptide or 

free fatty acids with the results obtained from lipid bilayers the differences are 

easily distinguishable. Also if the interaction is purely electrostatic a measure of 

the charge compensation can be obtained. This can be done by comparing the 31P 

isotropic chemical shift with the chemical shifts obtained for binary mixtures. 

66..11..22..  PPeennttaallyyssiinnee  oorr  NNoocciicceeppttiinn  IInntteerraaccttiinngg  WWiitthh  NNeeggaattiivveellyy  

CChhaarrggeedd  MMeemmbbrraanneess  

 Pentalysine is a peptide five residues short and a substance known to 

interact with negatively charged lipid membranes purely through electrostatic 

interaction.77, 78 When observing 31P spectra as pentalysine interacts with a 

negatively charged membrane an upfield shift is seen in the isotropic signal and 

also an increase in the chemical shift anisotropy. These results shift toward the 

values obtained for pure DMPC and the observed effect can hence be thought of 

as a charge compensation at the membrane surface (Paper I).79-82 When 

observing the 14N MAS spectrum the isotropic chemical shift is seen to move 

downfield and is hence counter-directional to the effect seen in 31P. This together 

with a decreasing quadrupolar splitting is consistent with a membrane having a 

decreased negative charge. The observed 14N isotropic chemical shift and the 

quadrupolar splitting are corresponding to the exact same reduced surface charge 

as seen in 31P. In the thermogram obtained by DSC of the pentalysine-lipid 

system the so called pre-transition is clearly visible. This along with an almost 

unchanged main-transition temperature suggests that the pentalysine is not 

disturbing the interactions between the hydrocarbon chains of the lipids, 

meaning that the interaction is restricted to the surface of the lipid bilayer. This 

is also further supported by the main-transition enthalpy which is not affected by 

the pentalysine interaction indicating that the van der Waals forces present in 

between the tails are left unchanged.  

 

 The full binding mechanism of the peptidic GPCR ligand nociceptin(1-

13) to its receptor is still unclear but we do know from ITC (isothermal titration 

calorimetry) measurements that nociceptin interacts with negatively charged 

bilayers (Paper III and own not published data) and in Paper III this interaction 

was found to be electrostatic. This can be seen as the DMPC and DMPG peaks 

in the 31P spectra are affected in the presence of nociceptin. The observed shift is 
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of the same magnitude as seen for pentalysine which is also true for the 31P CSA. 

The nitrogen-14 static and MAS spectra also corresponds to the interaction with 

nociceptin by changing its conformation as seen in a decreased quadrupolar 

splitting by 0.7 kHz, corresponding to a decrease in order parameter by 0.1. 

When observing the DSC thermogram for nociceptin it is clear that the 

interaction cannot be associated with the membrane core. This since the main-

transition temperature is almost unchanged, except for a 0.5ºC downshift. The 

interaction between the membrane and the nociceptin is however enough to 

disturb the cooperativity of the lipids with a slight increase in the width of the 

main-transition peak.  

66..11..33..  TThhee  IInntteerraaccttiioonn  BBeettwweeeenn  AAmmyyllooiidd--ββ  PPeeppttiiddee  aanndd  LLiippiidd  

BBiillaayyeerrss  

 Amyloid-β peptide is known to be one of the main components behind 

Alzheimer’s disease. The originating mechanism behind the disease is however 

still largely unknown but several studies have found that the aggregation of 

amyloid-β peptide into neurotoxic aggregates or plaques is accelerated by the 

introduction of membrane surfaces.45, 46, 83-85 When adding amyloid-β peptide to 

neutral vesicles consisting of pure DMPC no changes are seen in either DSC or 

solid state NMR, suggesting that the peptide initially associates via electrostatic 

interaction. This is further supported by the results obtained from adding 

amyloid-β peptide to negatively, positively and ternary samples with zero net 

charge (Paper I-II). However, the amyloid-β sequence contains a transmembrane 

domain, residues 29-40/42, which can be inserted into the membrane via 

incorporation leaving possibilities for both surface association and membrane 

insertion. Upon association of amyloid-β peptide to membranes consisting of 

DMPC and DMPG an apparent upfield shift is seen in the 31P MAS spectrum. 

The samples are studied in low ionic strength buffer conditions which minimize 

electrostatic screening at the membrane surface by ions. By observing how the 

isotropic chemical shift is changed as amyloid-β peptide is added to the 

negatively charged lipid bilayer it is clear that the magnitude of the shift is more 

or less the same as seen for pentalysine (See section 6.12) implying that the 

association of amyloid-β peptide to the membrane surface is consistent with a 

surface charge reduction. The same effect is seen when using ternary lipid 

mixtures with a zero nominal surface charge. A significant broadening of the 
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lineshapes is also apparent which is due to a motional restriction in the lipid 

headgroup area, introduced as the peptide interacts with the membrane surface. 

More over, there are no additional peaks in the 31P MAS spectrum of the lipid-

peptide system which is an indication that there are no significantly diverging 

phosphorous environments due to for example membrane disruption. This is also 

supported when observing DSC thermograms. After association of amyloid-β 

peptide to negatively charged lipid membranes, the main-transition peak is 

downshifted by 2˚C and broadened but there is still only one peak. The change 

in transition temperature is consistent with a less stable gel phase, an effect often 

associated with disturbed acyl chain interactions due to incorporation. The 

disappearance of the pre-transition is also a further confirmation that the 

amyloid-β peptide is inserted into the membrane. The static 31P spectrum for the 

same lipid-peptide system reveals a significant decrease in chemical shift 

anisotropy from 47 to 30 ppm which corresponds to a change in order parameter 

from 0.56 to 0.36. This response may at first seem contradictory if we compare it 

to the results obtained from nociceptin and pentalysine. But this is if one only 

considers pure surface charge compensation and not the possibility of 

incorporation. As the transmembrane part of the amyloid-β peptide inserts itself 

in between the lipids of the membrane, it will induce a disorder in the interface 

region. Also an insertion into the membrane will cause a separation between the 

lipids which can release steric restrains allowing the phosphorous to increase its 

offset angle which reduces the 31P CSA. The nitrogen-14 is located further from 

the hydrophobic parts of the membrane and is responding to the interaction with 

amyloid-β peptide in the same fashion as pentalysine and nociceptin, which is by 

a reduced quadrupolar splitting originating from conformational changes at the 

choline position. In Paper II we examined the different responses of binary 

mixtures containg DMPC and DMPG to either association or incorporation of 

amyloid-β peptide. The variation in 31P isotropic chemical shift is then used to 

monitor the apparent surface charge as amyloid-β peptide is interacting. Upon 

pure association the isotropic chemical shift is shifted upfield for all DMPC: 

DMPG mixtures in a way identical with lowering the ratio of negative charges at 

the surface of the lipid bilayer. Further support for electrostatic association is the 

lack of change as the amyloid-β peptide is associated with non-charged 

membranes constituting of pure DMPC. If the amyloid-β peptide is instead 

incorporated into the membrane a different response is seen where the isotropic 

chemical shift is still affected but the effect is less pronounced that is as the ratio 
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of anionic lipid is increased the isotropic chemical shift is almost unchanged. As 

the amyloid-β peptide is incorporated in the membrane, the negatively charged 

lipids can arrange around it, which can explain why although more DMPG is 

added to the membrane the observed effect is moderate. This can also be 

supported by results from DSC measurements since the thermogram for a binary 

lipid mixture with 4:1 DMPC:DMPG shows a narrow transition with a reduced 

transition temperature and a broad lineshape with an increased transition 

temperature. The broad transition is due to the stabilized part of the membrane 

where the anionic lipids are arranged around the incorporated amyloid-β peptide 

while the narrow transition is due to formation of a less stabilized region with 

high cooperativity. 

66..11..44..  IImmppaacctt  oonn  LLiippiidd  MMeemmbbrraanneess  BByy  FFrreeee  BBrraanncchheedd--CChhaaiinn  

FFaattttyy  AAcciiddss  

In biological membranes a small fraction of free branched-chain fatty 

acids can be found.86-91 These branched-chain fatty acids (BCFA:s) are known to 

change the physico-chemical properties of membranes when present.28-31 The 

bacterium Listeria monocytogenes can grow at refrigeration temperatures and its 

membrane is characterized by a high fraction of iso and anteiso branched-chain 

fatty acids (BCFA:s).92, 93 The growth at low temperatures is possible since the 

membrane of Listeria Monocytogenes responds to cold by changing the fatty 

acid composition to maintain a liquid crystalline state. 94, 95 In Paper IV two 

branched-chain fatty acids (Section 3.5, Figure 3) were used to study the effects 

on lipids membranes by free i15:0 and a15:0 BCFA:s. In the DSC thermograms 

of pure DMPC together with free fatty acids both acids, induce a shift in the 

main-transition temperature to higher temperatures thus providing stability to the 

pure DMPC system and hence the observed effect is in direct contradiction to 

the preservation of membranes in the liquid crystalline phase at low 

temperatures. The raised main-transition temperature can be due to more 

efficient hydrophobic interactions in between the acyl chains but as is seen when 

studying DMPC togheter with DMPG at low ratios there might also be a release 

of steric stress in the DMPC headgroup region when the fatty acids incorporate 

into the membrane. As either of the fatty acids is added to the lipid mixture even 

at molar ratios of less then 1% the pre-transition disappears from the 

thermograms.  By comparing the results from the two fatty acids, a larger shift in 
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main-transition is seen when the iso-branched fatty acid is present. At 5 mol% of 

the fatty acids iso shifts the gel to liquid crystalline phase transition by 1.5˚C 

while anteiso effect is less pronounced with 0.5˚. Again, when observing the 

peak width at half height, iso broadens the transition considerably more from 

0.2˚ to 1˚C. At molar ratios higher than 5% the lipid bilayer are beginning to 

show traces of inhomogeneities as more than one peak appears in the 

thermograms. The incorporation of free fatty acids into the pure DMPC lipid 

membrane could be further examined by using fully deuterated DMPC (DMPC-

d67). By extracting the order parameters from the quadrupolar splittings in 2H 

NMR spectra the effect on the acyl chains observed by DSC can be confirmed. 

By using fully deuterated lipids, including the headgroup, both the interface and 

the membrane core region can be studied simultaneously. When incorporated 

into the membrane both i15:0 and a15:0 fatty acids display increased 

quadrupolar splittings along the acyl chains with i15:0 giving the largest effect 

as seen in Figure 12.  

 
Figure 12.  Ratio between the quadrupolar splittings seen for binary system of 

DMPC and free branched-chain fatty acids (i15:0: filled circles and a15:0 open 

circles) and pure DMPC-d67. The deuterons in the headgroup DMPC were 

unaffected by the incorporation of both i15:0 and a15:0 and are hence not 

shown. The splittings are numbered from the glycerol backbone towards the end 

of the acyl chain with the methyl group given splitting no. 12.   
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The largest changes are associated with the terminal methyl group at the end of 

the DMPC-d67 acyl chains which is to be expected due to the branching of 

a15:0 and i15:0.At two positions (splitting no. 10 and 12) near the end of the 

acyl chains a15:0 decreases the order parameter as compared to pure DMPC-d67 

while i15:0 increases or leaves the splitting unchanged. This deviation in 

response can be ascribed to the larger order disturbing segment at the end of an 

anteiso branched acyl chain compared to iso.  The deuterons in the headgroup 

region are not affected by the incorporation of either a15:0 or i15:0. The 

deuterons at the terminal carbon has significantly lower splitting than the 

neighbouring deuterons which is due to fast rotational motions about the C3 axis 

and this averaging also makes it precarious to compare changes in motions 

between the methyl and the methylene groups.96 When observing the 

phosphorous-31 and nitrogen-14 spectra in the liquid crystalline phase small or 

no changes are seen, which can be expected since the free fatty acids are 

incorporated into the membrane according to both DSC and 2H. This is however 

not an insignificant result since this visualizes the usefulness of the headgroup 

tilt model as a natural reporter on changes in the membrane interface region. The 

small changes seen in nitrogen-14 with small reductions in the quadrupolar 

splitting can be associated with an increased degree of motional freedom at the 

choline group as the BCFAs are incorporated in between the DMPC-d67 acyl 

chains. Furthermore, by maintaining the buffer pH lower than the acid 

dissociation constant of the BCFAs32 the effect from changes in the surface 

potential could be avoided since tha BCFAs are kept protonated.   
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77..  RReemmiinniisscceennccee  aanndd  CCoonncclluuddiinngg  RReemmaarrkkss  
 
 The response of the phosphatidylcholine headgroup to changes in the 

membrane surface charge had been studied for years by using deuterium labelled 

lipids. The results were then evaluated and understood by using a model named 

the “molecular voltmeter”. Further developments to the model were made by 

utilizing the phosphorous nucleus which occurs naturally and hence required no 

labelling. Our initial studies focused on carefully and systematically monitoring 

both the isotropic chemical shift and the chemical shift anisotropy for 31P as 

functions of surface charge. Based on these results pentalysine, a peptide with 

well documented electrostatic properties, was chosen to examine the response of 

a negatively charged membrane to electrostatic interactions. The obtained results 

correlated well with a compensation of surface charge. Almost at the same time 

the thought of using the nitrogen nucleus, also located in the headgroup, 

surfaced. It turned out that nitrogen-14, like phosphorous, could also be used as 

a reporter on changes at the membrane surface. 

  

  Suggestions had been made that the mechanism behind Alzheimer’s 

disease involved electrostatic association between the amyloid-β peptide and the 

membrane of neuronal cells. This was investigated first in Paper I, where the 

results showed that amyloid-β peptide does change the electrostatic surroundings 

in the headgroup region of both negatively charged and ternary lipid mixtures 

with a zero net surface charge. The results from Paper I were further investigated 

in Paper II, where two types of interactions between the amyloid-β peptide and 

lipid membranes were investigated. It was found that both surface association 

and membrane incorporation are possibilities in the amyloid-β peptide 

mechanism.  

  

 In Paper III a shorter peptide involved in stress and pain modulation, 

nociceptin, was used. Nociceptin is suspected to bind to a membrane surface 

before diffusing to its receptor binding site. The study was carried out using the 

full potential of nitrogen-14 and phosphorous-31 with conclusive results 

indicating electrostatic surface binding. Branched-chain fatty acids are present in 

biological membranes and in some cases thought to be responsible for the 

growing capabilities of bacteria at very low temperatures. The branched-chain 

fatty acids used in Paper IV were purchased but others were synthesized and the 
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results are soon to be published (See List of Publications). Fatty acids 

incorporate into lipid membranes and the effects can be studied by differential 

scanning calorimetry and 2H NMR. The results show that these particular 

branched-chain fatty acids in fact order the membrane and raise the gel-to-liquid 

crystalline phase transition. Together with the moderate changes in the nitrogen 

quadrupolar splittings and the 31P chemical shift anisotropy the results from the 

incorporated fatty acids provide a reference response when comparing the 

incorporation studies performed on amyloid-β peptide. 
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88..  AAcckknnoowwlleeddggmmeennttss    

 
En dag precis som vilken annan kom Gerhard Gröbner och besökte det lab som 
jag då jobbade på. Efter runt en timmes diskussion var jag helt övertygad om att 
Umeå var rätt för mig. Jag har aldrig ångrat mitt val. Tack Gerhard för all hjälp 
och alla råd men framförallt för att du är en god vän.  
 
I en tid av tveksamhet från min sida pratade jag med avdelningens hövding, 
Göran Lindblom, om livet som forskarstudent. Fem minuter och en anekdot 
senare kände jag mig åter lugn och säker på min sak. Vem kan säga tack nog för 
sådan hjälp?  
 
När ekonomer, administratörer och dylika har gjort sitt yttersta för att göra varje 
blankett obegriplig så har jag alltid kunnat lita på hjälp från Anita Ö. Du har 
sparat mig åtskilliga timmar och vansinnesutbrott. Tack!     
 
Det sägs att ett gott skratt förlänger livet. Om detta stämmer kan jag säkerligen 
tacka Marcus ”Bocke” Bokvist för ett par extra år på livets höst. Våra 
vänskapliga matcher i förolämpningstennis har ofta slutat i ett gapskratt. Du är 
en värdig motståndare! Tack också för de sanslösa minnena från krogrundan i 
San Antonio.          
 
Phil W. You have always brought knowledge and brilliance to the table. Thanks 
also for your company in Lille, France and San Antonio, Texas.  
 
Dom kanske mest givande dagarna under min tid som doktorand har spenderats 
stående, sittande eller liggande framför något som gått sönder. Normalt har mina 
nyfikna och begåvade vänner Tobias och Greger funnits i närheten. Stort tack för 
all hjälp.   
 
Erik. Det är inte ofta jag stöter på en person som hänger med i de mest snåriga 
av skämt. Mycket uppskattat.  
 
Nils, även känd som lökmannen. Du har något ovärderligt, nämligen entusiasm. 
Mycket inspirerande. 
   
Valle. Tack för hälpen under fikaveckorna, för pimpelhelgen och för att du alltid 
har en barnförbjuden textrad på lut.  
 
Marco. Thanks for discussions and a leaking coffee machine.      
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I spent a couple of fruitful weeks in Stuttgart, Germany together with Saskia T 
and Walter V. Thanks for taking care of me in Stuttgart and for all your work 
 
To present non-mentioned and former colleagues. I have learned a lot by 
observing you.  
 
Under ett antal års tid lärde jag känna en verkligt unik person. Stark som en oxe 
men samtidigt ömtålig som en vas. Glad som en sill och samtidigt sur som 
ättika. Jag har bara mött en person som bemästrar konsten att vara spontan med 
eftertanke och det är du. Du är en god vän Ulrica ”Penntrollet” Carlsson.   
 
Det händer att jag kommer på mig själv med att sitta och stirra ut i tomma intet 
med ett brett leende. Detta har dock en naturlig förklaring. Det är nämligen inte 
lätt att behålla fokus när en speciell liten tjej svassar omkring i tanken. Puss på 
dig, IMO!       
 
Jag har alltid väntat på ett tillfälle att få tacka mina föräldrar officiellt för då 
tänkte jag säga följande: ”Jag skulle vilja tacka mina föräldrar. Speciellt min 
Mamma och min Pappa”. Så underbart dumt. Ni vet ju att jag älskar er. Vad mer 
kan man säga? 
 
Tre år efter mig föddes en liten rosafärgad räka. Min lillebror. Bland det första 
som hände var att jag av misstag (det är säkert!) lyckades peta honom i ögat så 
att han tjöt i högan sky. Idag är lillebror inte så liten längre och springer lätt ifrån 
sin storebror på väg upp mot Åreskutans topp. Träningskamrat, broder och bästa 
vän allt i en och samma person. Jag hyser vissa känslor för dig, som du skulle ha 
formulerat det.   
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