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Abstract 

Alzheimer’s disease is an incurable neurodegenerative disorder linked to the 
amyloid β (Aβ) peptide, a 38-43 residue peptide. The detailed molecular 
disease mechanism(s) is (are) unknown, but oligomeric Aβ structures are 
proposed to be involved.  
 
In common for the papers in this thesis is interactions; interactions between 
Aβ(1-40) and selected molecules and metal ions. The purpose has been to 
find out more about the structural states that Aβ can adopt, in particular the 
β-sheet state, which probably is linked to the oligomeric structures. The 
methods used have been nuclear magnetic resonance (NMR), circular dich-
roism (CD) and fluorescence spectroscopy using Thioflavin T (ThT). 
 

Upon addition of SDS/LiDS detergent or Congo red (CR) to Aβ(1-40), the 
initial random coil/PII-helix state was transformed into β-sheet and, in the 
case of detergent, a final α-helical state. In contrast to SDS/LiDS and CR, 
the dimeric Affibody molecule locks monomeric Aβ(1-40) in a β-hairpin 
state. It was found that by truncating the flexible N-terminal end of the Affi-
body molecule its affinity to Aβ was improved. The aggregation of Aβ(1-40) 
was further studied in the presence of a β-cyclodextrin dimer by a kinetic 
assay using ThT. Although having a weak dissociation constant in the mil-
limolar range, the β-cyclodextrin dimer modified the aggregation pathways 
of Aβ.  
 
Finally Aβ(1-40) was studied in presence of Cu2+ and Zn2+ at physiological 
and low pH. Cu2+ was observed to maintain its specific binding to Aβ when 
decreasing the pH to 5.5 while Zn2+ behaved differently. This could be of 
importance in the Alzheimer’s disease brain in which the environment can 
become acidic due to inflammation.        
 
In conclusion the results show that Aβ(1-40) is very sensitive to its envi-
ronment, responding by adopting different conformations and aggregating in 
aqueous solutions. The β-sheet state is induced by varying molecules with 
different properties, properties that govern the final Aβ state. 
 

 

 



vi 
 

 



vii 
 

List of publications 

I Wahlström A*, Hugonin L*, Perálvarez-Marín A*, Jarvet J, 
Gräslund A (2008) Secondary structure conversions of Alzheimer’s 
Aβ(1-40) peptide induced by membrane-mimicking detergents. 
FEBS J 275, 5117-5128 

 
II Lendel C, Bolognesi B, Wahlström A, Dobson CM, Gräslund A 

(2010) Detergent-like interaction of Congo red with the amyloid β 
peptide. Biochemistry 49, 1358-1360 

 
III Lindgren J, Wahlström A, Danielsson J, Markova N, Ekblad C, 

Gräslund A, Abrahmsén L, Karlström AE, Wärmländer SK (2010) 
N-terminal engineering of amyloid-β-binding Affibody molecules 
yields improved chemical synthesis and higher binding affinity. Pro-

tein Sci 19, 2319-2329 
 
IV Wahlström A, Cukalevski R, Danielsson J, Jarvet J, Onagi H, Re-

bek J Jr, Linse S, Gräslund A. Specific binding of an engineered β-
cyclodextrin dimer to the amyloid β peptide modulates the peptide 
aggregation process. Manuscript. 

 
V Ghalebani L, Wahlström A, Danielsson J, Wärmländer KTS, 
 Gräslund A. pH dependence of the specific binding of 
 Cu(II) and Zn(II) ions to the amyloid β peptide. Manuscript. 
 
 
* These authors have contributed equally. 
 
 
 
 
Related publication not included in the thesis: 

 
Löfgren K, Wahlström A, Lundberg P, Langel U, Gräslund A, Bedecs K 
(2008) Antiprion properties of prion protein-derived cell-penetrating pep-
tides. FASEB J 22, 2177-2184 
 



viii 
 

 



ix 
 

 Abbreviations 

Aβ Amyloid beta 
ADDL Aβ-derived diffusible ligand 
APP Amyloid precursor protein 
CD Circular dichroism 
CMC Critical micelle concentration 
CR Congo red 
FTIR Fourier transform infrared spectroscopy 
HSQC Heteronuclear single-quantum correlation 
LiDS Lithium dodecyl sulfate 
NMR  Nuclear magnetic resonance 
PII helix Polyproline II helix 
ROS Reactive oxygen species 
SDS Sodium dodecyl sulfate 
ThT Thioflavin T 
TROSY Transverse relaxation optimized spectroscopy 



x 
 

 



xi 
 

Contents 

1. Introduction ............................................................................................. 1 
1.1 Alzheimer’s disease .................................................................................... 2 
1.2 The amyloid precursor protein and the amyloid β peptide ............................ 3 
1.3 The amyloid cascade hypothesis .................................................................. 5 
1.4 The Aβ aggregation process ........................................................................ 6 
1.5 Amyloid structure ....................................................................................... 7 

1.5.1 Congo red birefringence ...................................................................... 7 
1.5.2 Thioflavin T fluorescence .................................................................... 8 

1.6 Oligomers ................................................................................................... 9 
1.7 Structure of Aβ(1-40) in different environments ........................................ 11 
1.8 Aβ and metals ........................................................................................... 12 
1.9 Aβ and small molecules ............................................................................ 13 

2. Methods ................................................................................................ 15 
2.1 Nuclear magnetic resonance spectroscopy ................................................. 15 

2.1.1 2D experiments ................................................................................. 16 
2.1.2 Multidimensional experiments ........................................................... 18 
2.1.3 Diffusion NMR ................................................................................. 18 

2.2 Circular dichroism spectroscopy................................................................ 20 
2.3 Fluorescence spectroscopy ........................................................................ 22 
2.4 Membrane mimicking environments ......................................................... 24 

2.4.1 Micelles ............................................................................................ 24 

3. Results and Discussion .......................................................................... 26 
3.1 Paper I ...................................................................................................... 28 
Secondary structure conversions of Alzheimer’s Aβ(1-40) peptide             
induced by membrane-mimicking detergents ................................................... 28 
3.2 Paper II ..................................................................................................... 31 
Detergent-like interaction of Congo red with the amyloid β peptide ................. 31 
3.3 Paper III ................................................................................................... 33 
N-terminal engineering of amyloid-β-binding Affibody molecules                
yields improved chemical synthesis and higher binding affinity ....................... 33 
3.4 Paper IV ................................................................................................... 35 
Specific binding of an engineered β-cyclodextrin dimer to the                   
amyloid β peptide modulates the peptide aggregation process .......................... 35 
3.5 Paper V .................................................................................................... 38 



xii 
 

pH dependence of the specific binding of Cu(II) and Zn(II) ions                          
to the amyloid β peptide ................................................................................. 38 

4. Future perspectives ................................................................................ 41 

5. Sammanfattning på svenska ................................................................... 42 

6. Tack!..................................................................................................... 45 

7. References............................................................................................. 48 

 

 
 
  

  

 
  



 

1 
 

1. Introduction 

Alzheimer’s disease belongs to the group of protein misfolding diseases that 
encompasses about 40 different diseases. Common to all of them is that a 
peptide or a protein has lost its native state and is assembled in insoluble 
amyloid fibrils, structures that have a thread-like appearance (1). In the case 
of Alzheimer’s disease the amyloid fibrils are found in the brain, causing 
neurodegeneration, but other diseases involve aggregation in tissues apart 
from the brain (2).  
 
A characteristic property of the amyloid fibrils is the cross-β conformation, 
i.e. the β-strands making up the fibrils are oriented transversely to the axis of 
the fibril (fig. 1), protease resistance and binding to the dyes Congo red (CR) 
and Thioflavin T (ThT) (3, 4).  
 
 

 
Figure 1. Schematic overview of cross-β structure in the amyloid fibril (after (3)). 
The individual β-strands, making up a β-sheet, are perpendicular to the fibril axis (3, 
5).  
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1.1 Alzheimer’s disease 

Alzheimer’s disease is named after Alois Alzheimer (1864-1915), a German 
professor in psychiatry. In 1906 he presented the observations that were 
going to link his name with the disease; neuronal loss, amyloid plaques and 
neurofibrillary tangles. The patient, a 51 year old woman, had started to 
behave differently. Her condition worsened by time, she lost her memory, 
got paranoid, turned disoriented and finally reached a state of apathy before 
she died, five years after the symptoms first appeared (6). Today Alzhei-
mer’s disease is the main cause of dementia in elderly people (7).  
 
Dementia constitutes a group of symptoms caused by conditions that step by 
step destroy neurons and results in reduced mental function (8, 9). There is 
still no way to cure the disease, even though there are different drugs to re-
lieve the symptoms. The life span after diagnosis is an average of four to six 
years, but by then the disease can have been evolving for already 14-16 
years. Sometimes the progress is especially aggressive, resulting in a very 
short time period of about three years from outbreak to death (10).  
 
Worldwide more than 20 million people suffer from Alzheimer’s disease 
(11). In Sweden about 160 000 people have dementia and patients with Alz-
heimer’s disease constitute about 60% of the cases (12). The most serious 
risk factor for developing the disease is age and the typical patient is 65 
years or older. Above 65, the risk increases twofold every fifth year, reach-
ing a 50% risk at an age above 85 years (10). Since the population grows 
older and older, Alzheimer’s disease is an increasing problem in the society, 
both socially and economically. For example, in the USA, the prognosis is 
that by 2050 there will be one million new cases every year (10).   
 
Most cases of Alzheimer’s disease are sporadic, however, there is also a 
familial form caused by various mutations. The familiar form is rarer, but 
the patients are younger. The onset is before an age of 65 and sometimes 
there are patients as young as 40 years (13). 
 
The signs of neurodegeneration linked to Alzheimer’s disease (and also in 
other dementias) are first seen in the medial temporal lobe, including the 
hippocampus and the entorhinal cortex. This loss, or atrophy, can be seen by 
computed tomography (CT) and magnetic resonance imaging (MRI) (14).  
 
As mentioned, amyloid plaques and neurofibrillary tangles are typical struc-
tures in cerebral cortex that are linked to the disease (9). Tangles are twisted 
strands of a distorted phosphorylated form of the neuronal microtubule-
associated protein tau found inside nerve cells (15). The extracellular pla-
ques on the other hand are associated with the amyloid β (Aβ) peptide, a 
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small part of a larger protein. The plaques can be visualized post-mortem by 
different staining techniques like antibodies and CR (16, 17).  
 
There are different types of plaques in terms of morphology and ability to be 
stained and moreover the terminology varies, but commonly the plaques are 
referred to as being diffuse or neuritic (18). Diffuse plaques comprise struc-
tures that are quite heterogeneous and without a clear boundary. By light 
microscopy they are seen varying from 50 to several hundred micrometers in 
diameter, but electron microscopy visualizes much smaller ones as well. 
This type of plaque is not very immunoreactive and is seen also in individu-
als without clinical signs of Alzheimer’s disease, which raises the question 
that there may exist plaques connected to ageing (16, 17, 18). The neuritic 
plaques are more dense and spherical and have an insoluble and fibrous core 
of amyloid material (19).  
 
In the vicinity of the plaques, predominantly the neuritic ones, dystrophic 
neurites, i.e. abnormal axons or dendrites, are seen, as well as microglia and 
astrocytes. The presence of microglia and astrocytes is a sign of inflamma-
tion in the tissue (16, 18).  
 
The component in the plaques that is subject to lots of research and is be-
lieved to be one major underlying reason for the disease is the 4.2 kDa Aβ 
peptide (19, 20). Other plaque components are proteins like complement 
factors that are part of the immune system, serum amyloid P component, 
apolipoproteins E and J and heparan sulfate proteoglycans (21). Also metal 
ions like zinc, copper and iron are found (22).     
 
 

1.2 The amyloid precursor protein and the amyloid β peptide  

The origin of Aβ is the amyloid precursor protein (APP), an integral recep-
tor-like membrane protein whose gene is located on chromosome 21 (23). 
The main part of the protein is localized outside the cell while only a small 
fraction protrudes into the cell interior (24), the membrane spanning part in 
between is predicted to adopt α-helical structure (25). Varying cell types 
express APP, both neuronal and nonneuronal throughout the body (26, 27). 
The three major isoforms of the protein, consisting of 695, 751 and 770 ami-
no acids, respectively, differ somewhat in their expression pattern. The 
shortest form is most abundant in neuronal cells and is more rare in other 
parts of the body while the two longer forms are more commonly found in 
nonneuronal than neuronal cells (27). Besides the variation in the number of 
amino acids, the protein also shows variability in glycosylation, sulfation 
and phosphorylation resulting in a size span of 110-140 kDa (26, 27) (fig. 2).   
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Aβ peptides are derived from APP through proteolytic processing that takes 
place during normal cellular metabolism (28, 29). The peptides are found in 
both cerebrospinal fluid and blood plasma in healthy people (29, 30). Due to 
the activity of different proteases the outcome of the cleavage varies. The 
non-amyloidogenic pathway involves cleavage of APP by α-secretase, 
which results in a free soluble N-terminal part (sAPPα) and a membrane-
bound C-terminal region (CTF83), which is further cleaved (14, 26, 31, 32). 
The amyloidogenic pathway starts with the activity of β-secretase, most 
often represented by β-site APP cleaving enzyme 1 (BACE1), resulting in 
soluble sAPPβ and the C-terminal region (CTF99) attached to the membrane 
(33). In the next step γ-secretase, a complex consisting of at least four differ-
ent proteins (presenilin 1 or 2 is one of them), cleaves CTF99 in the region 
going through the cell membrane (34). The resulting fragments are Aβ and 
the APP intracellular domain (AICD) (32) (fig. 2).  
 
 

 
Figure 2. The amyloid precursor protein (APP) and the Aβ peptide (underlined 
residues). The dashed lines indicate the transmembrane (TM) part of APP. –CHO 
indicates a glycosylation site (23, 26). Aβ is produced by the activity of β- and γ-
secretase while α-secretase leads the process into the non-amyloidogenic pathway 
(14, 33, 34).   
 
 
Both β- and γ-secretase have more than one cleavage site resulting in Aβ 
peptide heterogeneity (15). Aβ(1-40) and Aβ(1-42) are the most frequently 
occurring peptides, consisting of 28 residues of the extracellular domain of 
APP and 12 and 14 residues of the transmembrane domain, respectively. 
However, there are peptides in the span from Aβ(1-37) to Aβ(1-43), and also 
N-terminal truncated forms like Aβ(11-40) exist (20, 23, 35). Aβ(1-40) is 
the dominating species in the extracellular fluid or cerebrospinal fluid, yet 
Aβ(1-42) is the major component in senile plaques (36, 37, 38). 
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Aβ(1-40) is an amphiphilic peptide with a charged and relatively hydrophilic 
N-terminal part, a central hydrophobic segment and a hydrophobic C-
terminus (fig. 3). At physiological pH, about 7.4, the peptide has a net 
charge of -3. The histidines are sensitive to pH changes, but at physiological 
pH they are uncharged. The hydrophobic parts of Aβ are important for its 
aggregation propensity (39). This is especially seen for Aβ(1-42) that has 
two additional hydrophobic amino acids in the C-terminus and therefore is 
much more prone to aggregate (40). 
 
 

 
 
Figure 3. The amino acid sequence of Aβ(1-40) with charges at physiological pH. 
Red letters: acidic negatively charged residues, blue letters: basic positively charged 
residues, green letters: polar uncharged residues, black letters: nonpolar residues. 
Histidines (H), uncharged at physiological pH and positively charged below pH ~6, 
are indicated by purple letters. 
 
 
Despite intense research on the biological functions of APP, nothing definite 
is known. There are however several processes to which APP and/or its var-
ious fragments have been linked; adhesion (to other cells or to the extracel-
lular matrix), signaling, neurite outgrowth regulation, calcium homeostasis, 
cell survival and cell death (24). Further, APP has zinc and copper metal 
binding sites and has been suggested to be important for homeostasis of 
metals (41, 42). 
 
 

1.3 The amyloid cascade hypothesis 

In 1992 the amyloid cascade hypothesis was presented (20), which states 
that the Aβ peptide and its accumulation in plaques is the first step towards 
Alzheimer’s disease and that genetic factors predispose the peptide produc-
tion. The other characteristics of the disease; neurofibrillary tangles, neuron-
al death and memory impairment are secondary effects of the Aβ plaque 
formation (20). However, one important observation that challenges the 
hypothesis is that the degree of dementia does not clearly correlate with the 
amyloid plaque load, but rather with the concentration of soluble peptide 
(43). Other weaknesses of the hypothesis concern the postulated connection 
between Aβ and formation of neurofibrillary tangles and the issue of what 
actually comes first - plaques and tangles formation or neurodegeneration 
(44)? 
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1.4 The Aββββ aggregation process 

The aggregation process of Aβ, described as a nucleation-dependent poly-
merization, starts with unstructured Aβ peptides that are converted into in-
termediate states containing some degree of β-sheet structure. Assembly of 
these intermediates, which are “supersaturated” in the solution, into a nuc-
leus results in stabilization. After the nucleation phase, also called the lag 
phase, the elongation phase starts with the formation of oligomers and high-
er order aggregates, also called protofibrils. In the final steady state phase, 
fibrils in equilibrium with monomers are found (fig. 4) (19, 45, 46). Tradi-
tionally the aggregation process has been considered to be governed by the 
nucleation events, however, already formed larger structures can split and 
form fragments. This filament fragmentation process is a secondary nuclea-
tion mechanism that contributes to the kinetics of aggregation (47).       
 
 

 
Figure 4. An example of the characteristic sigmoidal curve describing the aggrega-
tion process of the Aβ peptide. The process is initiated by the slow lag phase in 
which nuclei of peptide are formed that during the elongation phase assemble and 
grow rapidly by primary and secondary nucleation events (46, 47). Mature fibrils 
that are in equilibrium with monomeric peptide are found in the steady state phase 
(46). The aggregation in this example is measured by recording fluorescence from 
Thioflavin T that binds to β-sheet structures (48).  
 
 
Many factors have been found to influence the Aβ fibrillation process, for 
example the initial peptide aggregation state, peptide concentration, peptide 
length and amino acid substitutions, temperature, pH and interaction with 
different types of molecules (49, 50). In addition, metal ions like Zn2+, Fe3+ 
and Cu2+ have been proposed to have an impact on the aggregation process 
and the precipitation of amyloid fibrils (49).  
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1.5 Amyloid structure 

In 2004 the following was stated about amyloid structure: “extracellular 
depositions of protein fibrils with characteristic appearance in electron mi-
croscope, typical X-ray diffraction pattern, and affinity for Congo red with 
concomitant green birefringence” (51). Furthermore, the deposits have a 
fibrillar appearance and the X-ray diffraction pattern indicates cross-β sheet 
(21).  
 
The terminology is however not completely clear. The definition above con-
cerns amyloid fibrils that are found naturally and extracellularly in body 
tissues, always associated with the serum amyloid P component and proteog-
lycans (51). However, from a structural point of view, peptides of various 
kinds can in vitro adopt cross-β structure and subsequently bind to CR, stret-
ching the definition of amyloid. This also implicates that amyloid formation 
is not a result of a specific amino acid sequence, but is rather a property of 
the polypeptide chain (3). This leads to the alternative definition of amyloid 
fibrils as “fibrillar polypeptide aggregates with cross-β conformation” (3). 
An example of this is the sequence GNNQQNY from the yeast protein 
Sup35. This short sequence forms amyloid-like fibrils that fulfill all the re-
quirements for being an amyloid structure. At millimolar concentration it 
forms microcrystals suited for X-ray diffraction experiments, revealing an 
atomic model of the spine of the amyloid structure (52). The peptide is ar-
ranged in parallel and in-register β-strands that form the β-sheet. Two β-
sheets are then associated; the β-strands in one sheet are antiparallel to the 
ones in the other sheet and moreover the β-sheets are somewhat dislocated to 
each other making it possible for the side chains to wedge and form a “steric 
zipper” (52).          
 
For insoluble fibrils it is impossible to use solution state nuclear magnetic 
resonance (NMR) spectroscopy for characterization. Useful methods are for 
example electron and atomic force microscopy, infrared (IR) spectroscopy 
and, as already mentioned, X-ray diffraction (5). Another alternative to iden-
tify amyloid structure is to use dyes and ThT is very common in this context 
in addition to CR. There are however difficulties with these dyes since it is 
not clarified in detail to what structure these dyes actually bind. 
 
1.5.1 Congo red birefringence 

CR is a histological dye that binds to β-sheet structure and visualizes amy-
loid material by showing green birefringence (53). It has both hydrophobic 
and hydrophilic character; the two phenyl rings in the centre each links to a 
naphthalene group with a sulfonic acid and an amine group (fig. 5). At 
physiological pH the two sulfonic acid groups are negatively charged (54).  
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Figure 5. Chemical structure of Congo red. 
 
 
The binding mechanism for CR to amyloid is not completely known but 
there are various binding models. One of them gives two possible explana-
tions for the binding of CR to amyloid material; β-sheet structure and posi-
tive charge. The β-sheet structure implies that β-strands are packed side by 
side with a repetitive occurrence of a positively charged N-terminus. This 
nicely fits with the binding of a CR molecule that has one negative charge at 
each end, matching every fifth positive N-terminus (55).  
 
Another binding model involving insulin instead proposes that CR is in-
serted between the antiparallel β-strands making up the amyloid structure 
(56). However, although β-sheet structure binds CR, it is not the sole pre-
requisite for binding since α-helices also have been shown to bind the dye 
(55).  
 
An additional explanation for the amyloid staining ability of CR is its prop-
erty of assembling into micelles. The micelles expose hydrophobic regions 
that could interact with the polypeptide backbone (57). 
 
1.5.2 Thioflavin T fluorescence 

ThT is a very common marker for probing the presence of amyloid material 
that is formed by different proteins and peptides like for example Aβ, insu-
lin, lysozyme and α-synuclein. When this cationic benzothiazole dye (fig. 6)  
binds to amyloid structures an extra absorption peak at 450 nm appear in the 
excitation spectrum and an enhanced fluorescence is observed at an emission 
wavelength of 480 nm (58, 59, 60).  
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Figure 6. Chemical structure of Thioflavin T. 
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The ThT binding mechanism to amyloid structure is not known in detail, but 
the presence of cross-β structure seems crucial (61). The proposed sugges-
tions on the detailed structures of the complexes formed and on the induced 
fluorescence of the ThT in the complex are variable. One of them, the 
“channel model”, states that ThT is positioned within the channel that is 
formed by the side-chains in the cross-β structure and that the long axis of 
the molecule is parallel to the long axis of the fibril (62). The increased fluo-
rescence upon binding has been proposed to occur because the two halves of 
the molecule become rigid relative to one another, thereby avoiding quench-
ing (63).  
 
Another model is based on the amphiphilicity of ThT with the hydrophobic 
phenyl group linked to a dimethylamino group and the more polar part, the 
benzothiazole group (fig. 6). This would drive the formation of micelles that 
could interact hydrophobically with the grooves of the amyloid structures 
(58).  
 
Aromatic amino acid residues have been found to be beneficial for ThT 
binding while charged residues can have the opposite effect. This is exem-
plified by a positively charged fibril forming peptide, with amino acid se-
quence KLKLKLELELELG, which does not cause enhanced ThT fluores-
cence (58, 61). These findings imply that the binding of ThT might not be 
exclusively dependent on β-sheet structure but that there may be an ionic 
contribution as well (58).  
 
A third alternative under debate is that ThT might bind fibrils as a dimer 
forming an excimer (64).  
 
 

1.6 Oligomers 

During many years the insoluble Aβ fibril was considered as the toxic entity 
causing Alzheimer’s disease (65, 66, 67). But in fact the connection between 
the severity of the disease and the presence of Aβ plaques is not clear-cut 
(68). An example of this is that Aβ deposition in the brain, unrecognizable 
from the one found in patients with Alzheimer’s disease, has been observed 
postmortem in older individuals that did not display any signs of the disease 
(69, 70). Furthermore, in mice it has been seen that amyloid plaque forma-
tion is preceded by reduced density of presynaptic terminals and neurons 
along with impaired synaptic transmission (71).  
 
Instead, the levels of soluble Aβ in the brain have been found to correlate 
better with synapse loss and Alzheimer’s disease; higher levels are a strong-
er indication of dementia (69, 72, 73). Soluble Aβ can be monomeric but 
also aggregated in the form of various assemblies, widely spoken of as oli-
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gomers (73). The oligomers are suggested to assemble by hydrogen bonds 
resistant to sodium dodecyl sulfate (SDS) and urea, but sensitive to hexaflu-
oroisopropanol (HFIP) (74).  
 
Studies with synthetic Aβ peptides indicate that freshly made, soluble Aβ 
monomer is rather inert and that the toxicity rather is derived from the ag-
gregated, oligomeric and polymeric Aβ forms (75). Oligomers are defined as 
soluble if they remain in the aqueous supernatant after centrifugation at 
220,000 × g for 2 hours. Ultrafiltration following this centrifugation has 
revealed the size intervals >100 kDa, 30-100 kDa, 10-30 kDa and <10 kDa 
of smaller and larger oligomers (73). Aβ has been observed in many differ-
ent kinds of assemblies, both in vivo and as a synthetic peptide in vitro and 
its widely varying appearance can probably partly be explained by different 
preparation protocols and analysis techniques.  
 
Reported oligomeric terms, with more or less overlapping definitions, in the 
literature are protofibrils, annular assemblies, Aβ-derived diffusible ligands 
(ADDLs), Aβ*56 and dimers and trimers (76). The term protofibril is used 
for an intermediate state in the aggregation process, observed for synthetic 
Aβ. The state is characterized by short and flexible fibrils with a diameter of 
6-8 nm and a length of up to 200 nm observed by electron microscopy (77).  
 
Synthetic Aβ with the arctic substitution (E22G) has been observed in the 
form of annular assemblies consisting of 40 to 60 molecules. The outer and 
inner diameter were 7-10 nm and 1.5-2.0 nm, respectively. The annular 
structure resembled pore-forming bacterial toxins and it was suggested that 
amyloid pores in the cell membranes might be the cause of the neuronal 
injury seen in Alzheimer’s disease (78).  
 
ADDLs are another result of preparation of synthetic peptide. They are 
small, globular structures, about 5-6 nm in size with a mass between 17-42 
kDa. ADDLs consisting of Aβ(1-42) have proven to be neurotoxins, killing 
hippocampal neurons in a mouse brain slice model at nanomolar concentra-
tions. They were also shown to bind cell surface proteins and to inhibit long-
term potentiation (LTP)1 (79). 
 
Oligomers have further been extracted in vivo from cell cultures (75, 80) and 
from brains of mice (74) that express human forms of APP. The oligomeric 
forms were found to be SDS-resistant (75, 80) and have the ability to block 
LTP (80) and impair the memory (74) upon injection in rat brains. The caus-
ative agent of the memory loss was observed to be a 56-kDa soluble assem-
bly of Aβ (Aβ*56), theoretically an Aβ(1-42) dodecamer (74). 

                                         
1 LTP is a measure on the strength of a chemical synapse, which is the basis for memory 
formation and learning (160).  



11 
 

1.7 Structure of Aβ(1-40) in different environments 

Aβ(1-40) adopts varying conformations depending on the surrounding mi-
lieu. For example the method of preparation (like addition of the cosolvents 
dimethyl sulfoxide and trifluoroethanol), temperature, pH, time and presence 
of small molecules, for example detergent, are factors that affect the struc-
ture.  
 
In dilute buffer of physiological pH at 25 °C, Aβ(1-40) is mainly monomeric 
and in random coil conformation (81). At decreasing temperature the con-
formation is somewhat changed and a weak form of secondary structure, 
termed polyproline II (PII) helix, is induced in the peptide, preferentially in 
the N-terminal part (residues 1-18) (82).  
 
As mentioned, detergent induces structure in the peptide. It has also been 
shown that the detailed conditions for the detergent addition governs the 
adopted conformation for the peptide. Circular dichroism (CD) spectroscopy 
studies of Aβ(1-40) show that submicellar SDS concentrations accelerate the 
Aβ(1-40) aggregation and the peptide structure changes from random coil to 
β-sheet. At or close to the critical micelle concentration (cmc) (1-2 mM) the 
aggregation is at its maximum, visualized as β-structure by CD (83, 84). 
NMR studies on the same condition reveal line broadened signals indicating 
chemical exchange on an intermediate time scale and/or aggregation of pep-
tide (84). The state also gives rise to ThT fluorescence which probably is 
due to the presence of amyloidogenic assemblies (83, 84) 
 
By adding higher concentrations of SDS to reach the micellar state, the criti-
cal β-sheet state is passed and the induced Aβ aggregates are dissolved, at 
least partly. The Aβ(1-40) peptides associate to the micelles and concomi-
tantly they adopt α-helical structure (83, 85, 86, 87). This α-helical state 
consists of two α-helices: an amphipathic helix made up of residues 15 to 24 
and a hydrophobic helix constituted by residues 28 to 36 separated by a kink 
(residues 25 to 27). The two ends are flexible and consist of a long N-
terminal part, amino acids 1 to 14, and a shorter, predominantly extended, C-
terminal region, amino acids 37 to 40 (85, 86). Both helices are positioned 
inside the SDS micelle, the amphipathic helix closer to the headgroups of the 
micelle and the hydrophobic helix more deeply buried. The N- and C-
terminal ends of the peptide are probably at the surface or outside the mi-
celle (87). 
 
It is difficult to use solution state NMR to visualize the β-sheet structure of 
Aβ since this state is so closely associated to formation of aggregates and 
large aggregates are not seen by NMR. The reason for this invisibility is line 
broadening of the signals probably due to fast transverse relaxation (88). 
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However, the Aβ(1-40) peptides can be trapped one by one in a β-hairpin 
conformation that is proposed to be the form that is adopted by Aβ in the 
fibrils (89). This entrapment is achieved by a so called Affibody molecule, a 
58 amino-acid residue protein selected by phage display technology as an 
alternative to antibodies (90, 91). A dimeric construct of the Affibody mole-
cule encloses Aβ(1-40), which folds into a β-hairpin with two hydrogen 
bonding β-strands (residues 17-23 and 30-36) and an unstructured N-
terminal part (91). 
 
 

1.8 Aββββ and metals 

Metals are often implicated in the discussion about the origin and develop-
ment of Alzheimer’s disease. The metal ions that are most often mentioned 
are copper, zinc and iron, which have essential functions in the body and the 
brain (92, 93).  
 
Various cell types harbour and release zinc ions and one type is a glutamate-
releasing neuron residing in cerebral cortex. The zinc ions are important in 
signalling and they are liberated in the synaptic cleft upon certain stimuli 
(94). Like zinc, copper is involved in neurotransmission. However, copper 
also has redox properties and can participate in the formation of reactive 
oxygen species (ROS), which in turn are able to harm various cell structures. 
This can develop into oxidative stress, a condition often seen in the Alz-
heimer’s disease brain (93). The levels of zinc and copper are disturbed in 
the disease, with enhanced levels in the neuropil, especially in the plaques, 
compared to healthy people. Also the levels in serum and cerebrospinal fluid 
have been studied and deviations are observed (92, 93).       
 
Copper and zinc ions have varying effect on Aβ peptide oligomer formation 
and aggregation in vitro, depending on several factors, for example pH (95) 
and concentration (96). Substoichiometric concentrations of Cu2+ have been 
seen to increase fibril formation and toxicity of Aβ(1-42), while higher con-
centrations increased formation of amorphous aggregates of less toxicity and 
increased precipitation (97). In another study high Cu2+ and Zn2+ concentra-
tions increased precipitation of Aβ(1-40), while substoichiometric concen-
trations did not affect the precipitation significantly (96). The sub-
stoichiometric metal ion concentrations further transformed oligomeric as-
semblies into monomeric peptide (96).  
 
Moreover, ThT and absorbance measurements have been used to study the 
aggregation of Aβ(1-40) and Aβ(1-42) in the presence of zinc and copper 
ions. Increasing concentrations of each metal ion resulted in decreased ThT 
fluorescence, indicating less β-sheet structure, while the absorbance also 
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decreased, indicating less soluble Aβ peptide. Hence, it was concluded that 
in the presence of the metal ions Aβ(1-40) and Aβ(1-42) form aggregates 
although they are of another character with a reduced β-sheet content (98).   
 
The binding of zinc to Aβ has been studied by NMR around physiological 
pH (99). From 1H 1D NMR spectra of Aβ(1-28) it was concluded that zinc 
ions bind to histidine 6, 13 and 14 and to the N-terminal amino group of the 
peptide (99). The same ligands were observed in an NMR study of the full 
length peptide Aβ(1-40) (100). A second binding site constituted by residues 
Asp23, Val24, Ser26 and Lys28 was also confirmed (100). Copper ions also 
show specificity for the histidine residues, but the binding to the N-terminal 
amino group and/or the side chain of Asp1 is a bit more uncertain (100, 101, 
102).  
 
 

1.9 Aββββ and small molecules 

There is yet no cure for Alzheimer’s disease and available drugs only affect 
the symptoms. Even though the disease mechanism and the exact structure 
of the toxic unit still are hidden in the dark, much evidence suggests that 
formation of the soluble oligomers is at least one major cause for the dis-
ease. Accordingly, small molecules are highly interesting as modifying 
agents of the various oligomeric forms and aggregation processes or alterna-
tively as stabilizers of monomeric Aβ (103). However, besides having affini-
ty for Aβ in its monomeric or oligomeric form, the molecules have to fulfill 
requirements like being non-toxic and able to pass the blood-brain barrier 
(21). The interaction between Aβ and numerous small molecules are studied, 
both in applied research and in clinical tests, and hopefully this will reveal 
further information about the peptide aggregation and eventually end up in 
an effective treatment (21, 103).  
 
Methods that are used to study the interaction between the peptide and small 
molecules are for example NMR, dot blotting, western blot, ELISA, ThT 
fluorescence, turbidity measurements, atomic force microscopy and trans-
mission electron microscopy (104). In one study the small molecules tested 
were classified according to their influence on Aβ(1-42) oligomer and fibril 
formation, respectively, as seen by antibody techniques (104). Three groups 
were found: the first one included among others CR, ThT and curcumin and 
these compounds inhibited oligomers while fibrils still were formed. Com-
pounds like lacmoid and phenol red belonged to the second group and they 
prevented both oligomer and fibril formation. The last category comprised 
for example direct red and orange g, which were fibril inhibitors although 
they did not affect the oligomer formation (104).  
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Another group of aromatic small molecules (including for example polyphe-
nols) was found to structurally rearrange Aβ(1-42) soluble oligomers (105). 
The molecules could be grouped into three categories according to their 
effect on the oligomers. In one case the oligomers transformed into large 
assemblies, devoid of structure and toxicity. A different set of small mole-
cules turned the soluble oligomers into ThT active fibrils with β-sheet struc-
ture and in the last category the soluble oligomers were induced to dissolve 
into smaller units with no structure or ThT activity (105). 
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2. Methods 

2.1 Nuclear magnetic resonance spectroscopy 

In 1945 the first discoveries were made leading to the development of nu-
clear magnetic resonance (NMR) spectroscopy, a very powerful and useful 
method (106, 107). In the field of protein science, NMR is used to investi-
gate structure, dynamics, positioning and interactions. The method is based 
on the fact that the atomic nucleus has a quantum mechanical spin and in 
classical physics the property of spin involves a nuclear spin magnetic mo-
ment. Like a small bar magnet, the rotating charged nucleus gives rise to a 
small magnetic field oriented along the axis of rotation (108, 109).  
 
The most spectacular thing in the modern NMR setup is the large supercon-
ducting magnet, giving rise to a static magnetic field, B0. This strong field 
causes the magnetic moment to adopt different orientations, orientations that 
are connected to different energy levels. Each atomic nucleus with spin I has 
(2I+1) energy levels associated with it. These are degenerate in the absence 
of a magnetic field, but when the nuclei are subjected to a strong magnetic 
field, they are separated (108, 109). 
 
For a spin half nucleus (I=1/2) there are two energy levels; the low-energy 
state (α state), when the magnetic moment is parallel to the applied magnetic 
field, and the high-energy state (β state), when the moment is antiparallel to 
the magnetic field. The population of the energy levels by the nuclear spins 
is determined by the Boltzmann distribution. It predicts that the α-state will 
be much more populated since it is associated with a lower energy. Hence, 
when all the spins in a sample are taken in account there will be a slight net 
alignment of the spins in one direction, i.e. parallel to B0, at equilibrium. 
This net alignment of spins is described by the net magnetization vector M 
(108, 109). Introduction of this quantity brings the quantum mechanical de-
scription into a classical view. 
 
By applying a small oscillating radiofrequency field, B1, on the system, the 
net magnetization tilts away from B0. In the classical description this causes 
the magnetization to precess, i.e. rotate, around B0. The frequency of preces-
sion is  
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and is called the Larmor frequency. γ is the gyromagnetic ratio and is spe-
cific for each type of nucleus. It is at the Larmor frequency that the nuclear 
spin transition takes place, which is visualized as an absorption peak in the 
spectrum after performed Fourier transformation (108, 109).  
 
The NMR spectrum is expressed in the chemical shift scale, defined as 
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where ν0 is the Larmor frequency and ν0,ref is the frequency of the line of a 
reference compound, for example tetramethylsilane (TMS). Each nucleus 
has a characteristic chemical shift due to a unique chemical environment. 
The B0 field induces currents in the electrons surrounding the nuclei and 
these currents set up small magnetic fields opposing B0. Every nucleus hence 
senses slightly different magnetic fields resulting in that different external 
magnetic frequencies are required to equal the Larmor frequency (108, 109).  
 
A characteristic feature in the NMR spectrum is multiplet structure. This 
phenomenon is due to J-coupling between nuclei. The coupling is an interac-
tion between two chemically bonded nuclei, mediated by the electrons in the 
bond. In this way magnetization can be transferred between nuclei (108, 
109).  
 
There are numerous different types of NMR experiments but they all have in 
common that the spins are manipulated, or disturbed, from the equilibrium 
position with radiofrequency pulses and field gradients.       
 
2.1.1 2D experiments 

Due to problems with resonance overlap, 1D NMR spectra often are very 
hard to interpret for complex molecules. Therefore 2D NMR methods are 
commonly used when studying small biological molecules. COSY (COrrela-
tion SpectroscopY) and TOCSY (TOtal Correlation SpectroscopY) are 
homonuclear experiments giving information on nuclei that are connected 
through chemical bonds, while NOESY (Nuclear Overhauser Effect Spec-
troscopY) report on nuclei that are close in space (110, 111, 112). In con-
strast to the proton experiments just mentioned, the HSQC (Heteronuclear 
Single-Quantum Correlation spectroscopy) experiment is very useful when 
the peptide or protein is isotope labeled, often by 15N or 13C.  
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The two-dimensional HSQC experiment gives information about the chemi-
cal shift of a heteronucleus that is J-coupled to a proton and it is very useful 
when changes in the protein structure are of interest. In brief the HSQC ex-
periment starts with an Insensitive Nuclei Enhanced by Polarization Transfer 
(INEPT) step that transfers magnetization from spin I, usually proton, to spin 
S, i.e. 13C or 15N (fig. 7). The S magnetization evolves during t1, during 
which the nitrogen or carbon chemical shifts are probed, and is then trans-
ferred back to the I spin by a reversed INEPT step. The INEPT step and the 
final observation of proton results in a sensitivity gain (113). The resulting 
HSQC spectrum can be presented as a contour plot with the 13C or 15N fre-
quency plotted versus the proton frequency.         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Pulse sequence of the HSQC experiment. Period A and B constitute an 
INEPT step during which proton magnetization is transferred to a low gyromagnetic 
ratio nucleus like 13C or 15N. During C the S spin magnetization evolves and is sub-
sequently transferred back to the I spin during D and E that constitute a reversed 
INEPT step. In the acquisition period the S spin is decoupled (dashed rectangular 
box) to avoid heteronuclear splitting of the peaks (113). 
 
 
A problem with solution NMR is that large proteins or complexes cannot be 
studied since the resonances become too broad due to slow tumbling, which 
results in a fast relaxation rate and a fast decay of the signal. However, the 
TROSY (Transverse Relaxation Optimized SpectroscopY) experiment is a 
way of dealing with larger proteins and reduces transverse relaxation rates. 
In the experiment only the narrowest component in a multiplet, the one that 
relaxes the slowest, is chosen and an improved spectrum is obtained (88, 
108).  
 
Another reason for loss of signal in NMR measurements is chemical ex-
change on an intermediate time scale. A peptide or a protein can adopt dif-
ferent conformations and when the molecule fluctuates between these states 
the corresponding resonances of the amino acids accordingly change posi-
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tion. The rate of fluctuation is important for the outcome of the spectrum and 
if the rate is defined as slow, fast or intermediate depends on the size of the 
exchange rate in comparison to the chemical shift difference between the 
states. If the peptide slowly changes between two different conformations, 
there will be a double set of crosspeaks in the spectrum, representing each of 
the two different states. In contrast, if the exchange rate between the con-
formations is very fast then each amino acid will attain an average chemical 
shift of these two extremes. If the exchange rate between the states is inter-
mediate however, the crosspeaks will be linebroadened to invisibility and 
little can be said about the condition (114). 
 
2.1.2 Multidimensional experiments 

Expansion of two dimensions to three and four has further developed the 
procedure of protein assignment and structure determination. These multi-
dimensional NMR methods have made it possible to study proteins and as-
semblies of proteins of molecular mass around 25 kDa (115, 116). 
 
2.1.3 Diffusion NMR 

The translational diffusion experiment is highly useful when interactions 
between molecules are of interest. It also gives information about molecular 
size, shape, oligomerization state and protein folding (117). The experiment 
is based on the assumption that particles constantly are in random, transla-
tional motion and that this diffusion is very sensitive to changes in the hy-
drodynamic radius (rH) of the molecule (81, 118). The relation between the 
diffusion coefficient and rH is given by the Stokes-Einstein equation:  
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where kB is Boltzmann’s constant, T is the absolute temperature, f is the 
coefficient of translational friction and η is the viscosity. The equation is 
valid for isotropic solutions assuming a spherical particle that strongly inter-
acts with the surrounding liquid (118). Via the hydrodynamic radius the 
diffusion coefficient can be linked to the size of a peptide or a protein (81).  
 
The technique of measuring diffusion is based on pulsed-field gradient 
(PFG) NMR introduced by Stejskal and Tanner, which in turn depends on 
the spin echo method by Hahn (119). The pulse sequence starts with a 90° 
pulse that flips down the equilibrium magnetization into the transverse plane 
and then a short and strong field gradient of strength g and duration δ is ap-
plied along the z-axis (fig. 8). The gradient causes the Larmor frequencies to 
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vary along the z-axis and phase differences between the spins, depending on 
their positions in the sample, are introduced (fig. 9) (117, 120). After the 
gradient there is a delay (∆) followed by a 180° refocusing pulse, which 
inverts the phase shifts. Finally there is another gradient, identical to the first 
one (117, 120). 
 
 

 
Figure 8. Pulse sequence for translational diffusion NMR. The transverse magneti-
zation, generated by a 90° pulse, is first subjected to a gradient of strength g and 
duration δ. During the delay ∆ a 180° pulse is applied and before acquisition there is 
another gradient, identical to the first one (117). 
 
 

 
 
Figure 9. Schematic picture illustrating an NMR sample that is exposed to a field 
gradient that causes the magnetic field to vary over the sample. The varying mag-
netic field results in slightly different Larmor frequencies along the sample.     
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If the spins do not move during the delay, the phase shifts introduced during 
the first gradient will be refocused by the second gradient pulse. However, 
this is not the case if the spins diffuse during the delay (119). Then they are 
dephased and the result is a decreased signal when all the phase-shifted 
magnetization vectors are added up. Spins that diffuse faster move longer 
distances and they will be affected by larger changes in the magnetic field. 
This causes a larger variation in the phases and a greater loss in signal (120).  
 
The relation between the measured intensity of the NMR signal and the dif-
fusion of a spin is given by the Stejskal-Tanner equation (119): 
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where S(2τ) represents the measured signal intensity after a diffusion time ∆ 
and a gradient strength g, while S(0) is the intensity without gradients. γ is 
the gyromagnetic ratio, D is the diffusion constant and δ is the length of the 
gradient pulse (119). The diffusion constant is determined by repeating the 
diffusion experiment with varying g, ∆ or δ.  
 
 

2.2 Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy is a method that gives information 
about secondary structure of proteins and peptides. The method relies on the 
fact that chiral molecules absorb left and right circularly polarized light to 
different extents, a phenomenon called circular dichroism (121).  
 
The sample is illuminated with plane polarized light that can be considered 
as a sum of equal parts of left and right circularly polarized light. If one of 
the circularly polarized components is absorbed more than the other upon 
passing through the sample, the outcoming resulting light will be elliptically 
polarized (fig. 10). The two components of the incident light can also be 
slowed down differently due to differences in refractive index, resulting in 
that the plane of the plane polarized light is rotated by an angle α (fig. 10). 
This phenomenon is described as optical rotation (121, 122, 123).    
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Figure 10. a) The light reaching the sample is plane polarized and the electric field 
vector (E) consists of two counter-rotating components (L and R, left and right cir-
cularly polarized light). b) The light has passed through a sample of molecules that 
absorb left and right circularly polarized light differently. When adding the compo-
nents the resulting light is elliptically polarized. The ellipse has been rotated by an 
angle α due to optical rotation. c) Ellipticity, θ, is defined as arctan(b/a) and is a 
quantity to describe the degree of circular dichroism (121, 122, 123). 
 
 
The measured signal in CD is   
 

lclclcAAA RLRL εεε ∆=−=−=∆   (6) 
 
where AL and AR are the absorptions of left and right circularly polarized 
light, respectively, ε is the extinction coefficient, l is the sample path length 
and c is the sample concentration. Ellipticity, θ, is another quantity used and 
the angle is shown in figure 10. It is calculated as )/arctan( ab=θ  (122, 
123).  
 
Generally, CD for a protein or a peptide is reported in the unit mean residual 
molar ellipticity, [θ]: 
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θobs is the observed ellipticity (mdeg), c is concentration (mol/l), l is the path 
length of the cuvette (cm) and n is the number of residues in the peptide or 
protein. The unit is deg⋅cm2⋅ dmol-1 (121, 122, 123). 
 
In far-UV CD, i.e. CD measurements performed below 250 nm, the main 
chromophore in peptides and proteins is the amide group in the peptide bond 
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(124). The electronic transitions are nπ* at about 220 nm and ππ* at about 
190 nm. Since the amide group constitutes the backbone in peptides and 
proteins, the CD signal gives very good information about the secondary 
structure (123). α-helical secondary structure is represented by a curve with 
a maximum at 193 nm and two minima at 208 and 222 nm, respectively. β-
sheet structure is recognized as a curve with a maximum at 195 nm and a 
minimum at 215 nm. Random coil is characterized by a minimum at 197 nm 
(125). The different secondary structures are exemplified in figure 11 (126).  
 
 

 
 
Figure 11. Shapes of CD spectra measured for various secondary structures; α-helix 
(black line), β-sheet (long dashes) and random coil (short dashes) (126).   
 
 

2.3 Fluorescence spectroscopy 

Fluorescence is a form of luminescence, i.e. emission of light from an ex-
cited state of a molecule, the fluorophore. Possible events occurring after a 
fluorophore has been excited through absorption of energy are described by 
the Jablonski diagram (fig. 12). Upon excitation from the electronic ground 
state, also called a singlet state, S0, a vibrational energy level (0, 1, 2, etc) in 
the first (S1) or second (S2) electronic state is reached. Then the fluorophore 
relaxes to the lowest vibrational level within S1, a process happening in the 
picoseconds timescale and called internal conversion. Afterwards, and usu-
ally more slowly, the molecule relaxes to the electronic ground state by 
emitting a photon, the actual process that is registered by the spectrometer as 
fluorescence (127, 128).  
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Relaxation can also occur by for example quenching and energy transfer, 
events that do not result in photon emission. The fraction of molecules that 
deexcites through fluorescence is called the fluorescence quantum yield 
(ΦF). Phosphorescence is another form of luminescence but it involves for-
bidden transitions between the energy levels (from a singlet state to a triplet 
state) and is therefore a much slower process than fluorescence. The result-
ing emission rate is typically 103-100 s-1 in phosphorescence and 108 s-1 in 
fluorescence (127, 128). 
 
 

 
Figure 12. A Jablonski diagram showing the possible events that occur after a 
fluorophore has been excited through absorption of energy (hυA, where h is Planck’s 
constant and υA is the frequency of absorption) (after (127)). S0 is the electronic 
ground state while S1 and S2 are the first and second electronic states. 0, 1 and 2 
indicate the vibrational energy levels within the electronic states. Phosphorescence 
is a slower process than fluorescence since it involves emission of light from a trip-
let excited state (T1) to the ground electronic state, a forbidden process (127). 
 
 
When proteins and peptides are studied by fluorescence spectroscopy the 
presence of aromatic residues or external probes are necessary. Tryptophan, 
tyrosine and phenylalanine side chains all show fluorescence and tryptophan 
has the strongest emission. They have somewhat different absorption and 
emission spectra, with phenylalanine absorbing at the shortest wavelength 
and tryptophan at the longest. Usually the measurements are performed at an 
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excitation wavelength of 280 nm, resulting in that only tryptophan and tyro-
sine are excited (127). Examples of extrinsic fluorophores that can be at-
tached to the molecule of interest are fluorescein and green fluorescent pro-
tein (GFP) (127, 128).  
 
 

2.4 Membrane mimicking environments 

Many proteins and peptides that are studied for information about their 
structure are in their native environment either integrated in the cell mem-
brane or associated to the membrane surface (129). The cell membrane is a 
very complex system arranged as a bilayer constituted by different lipids 
supporting the proteins. To obtain information about the native structure of a 
protein or a peptide it is important to mimic the cell membrane to the great-
est extent possible. However, the method of high resolution NMR in solution 
limits the different systems that can be used in order to determine the struc-
ture of an associated peptide (129). A big complex in the context of NMR 
measurements is »105 Da and consists of for example a protein or a peptide 
bound to a phospholipid bilayer in the form of a vesicle or a multilayer. This 
assembly moves so slowly that the resonances will be broadened to invisibil-
ity in the NMR spectrum (130). Detergent micelles on the other hand are 
often smaller (about 104 Da) and offer a good substitute for the membrane 
interface (129, 130). An even better membrane mimicking environment is 
offered by so called bicelles or mixed micelles, although they are generally 
somewhat larger than micelles (131, 132).   
 
2.4.1 Micelles  

Detergents are amphiphilic molecules with a hydrophilic head group (ionic, 
non-ionic or zwitterionic) and a hydrophobic tail. In aqueous solution the 
detergents self-associate and form micelles, i.e. assemblies resembling 
spheres where the headgroups form the outer surface enclosing the hydro-
phobic tails directed inwards. The micelles are distributed in the solvent and 
are in rapid equilibrium with the soluble detergent monomers. The critical 
micelle concentration (cmc) is the minimum concentration needed for mi-
celles to form. The cmc depends among other things on the chemical struc-
ture of the monomer, temperature, pH and ionic strength (129, 133). 
 
When peptides are going to be studied in a membrane mimicking environ-
ment by solution NMR, SDS micelles are an alternative. SDS is a detergent 
with a linear alkyl chain and a negatively charged headgroup (fig. 13). It 
forms micelles consisting of in average 62 molecules with an unhydrated 
radius of about 28 Å at 25 °C (87, 129). 
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An advantage with SDS micelles is that they are small enough to move fast 
and isotropically, giving high-resolution NMR spectra (50). Although SDS 
micelles are a common system for folding of surface-active peptides, its use 
has been questioned, mainly because it promotes protein-protein hydrogen 
bonds and solvates hydrophobic side chains, resulting in β-sheet structures 
(134). 
 
 
 
 
 
 
 
 

Figure 13. The chemical structure of an SDS molecule (129). 
 
 
The solubility of SDS is very much influenced by the temperature and at 
about 16 °C, depending on concentration and the presence of ions, it precipi-
tates rapidly. When performing studies at low temperatures lithium dodecyl 
sulfate (LiDS) is better to use due to higher solubility (129, 135). The cmc of 
LiDS is slightly higher than the one for SDS, (8.8 mM in comparison to 8.1 
mM), but the two salts have been found to be equivalent (129, 136). Exam-
ples of other molecules forming micelles are the positively charged dodecyl-
trimethylammonium chloride (DTAC) and the zwitterionic, neutral, dode-
cylphosphocholine (DPC) (50). 
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3. Results and Discussion 

The five papers included in this thesis concern interactions between Aβ(1-
40) and selected molecules with varying properties and metal ions. In all 
projects the β-sheet structure has been of central importance, the structure 
that is believed to be strongly connected to the neurotoxic species in Alz-
heimer’s disease.  
 
The β-sheet structure is difficult to catch by NMR, probably since it is so 
closely linked to formation of larger aggregates and chemical intermediate 
exchange between different states of the Aβ peptide. Therefore other me-
thods like CD, fourier transform infrared (FTIR) spectroscopy and ThT fluo-
rescence have given valuable complementary information.  
 
In paper I-III the β-sheet structure is induced and stabilized by detergent, CR 
and an Affibody molecule, respectively. The β-sheet state is not observed by 
NMR in paper I and II in contrast to the study in paper III.  
 
Both the detergent molecules SDS and LiDS and the dye CR are negatively 
charged but still they interact with Aβ(1-40), which is also negatively 
charged at physiological pH. Probably hydrophobicity is a strong driving 
force for interaction, especially in the case of the detergent molecules.  
 
In paper I the β-sheet state is induced at the condition of 75 µM peptide and 
1-2 mM detergent, i.e. at a ratio of 1 peptide to 13-26 detergent molecules. 
Tentatively interaction occurs between various forms of both the peptide and 
the detergent; monomeric molecules as well as molecules organized in as-
semblies.  
 
For the Aβ-CR interaction we speculate that the positively charged lysines at 
position 16 and 28 in Aβ(1-40) are of major importance. The dimensions of 
the CR molecule, with its negative charges at the ends, match these amino 
acid residues when Aβ(1-40) is in a β-hairpin conformation, resulting in 
ionic interactions.   
 
In paper III Aβ(1-40) is locked one by one in a β-hairpin conformation by 
the interaction with two Affibody molecules (cf 89). This state is actually 
visible by solution NMR. The structure is very similar to the one determined 
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for Aβ situated in fibrils found earlier by solid state NMR (137). Here the 
interaction is different from the one in paper I and II; while the detergent 
molecules and CR probably are in monomeric as well as in smaller and larg-
er assemblies upon interaction with Aβ, the Affibody molecule surrounds 
the peptide. 
 
In paper IV the central part is once again β-sheet structure. But here the view 
is somewhat different and the work leads to the question of what amyloid 
really means and what it is characterized by. The interaction between Aβ(1-
40) and an engineered β-cyclodextrin dimer is studied by NMR and by a 
kinetic aggregation assay using ThT. NMR measurements confirm the inte-
raction and reveal a millimolar dissociation constant. The kinetic assay 
records continuously the Aβ aggregation and the cyclodextrin dimer is ob-
served to modulate the process in a concentration dependent manner.  
 
In paper V the influence of the metal ions Cu2+ and Zn2+ on Aβ(1-40) at 
various pHs is studied. It is observed that while Cu2+ ions still show ligand 
specific binding involving the histidine residues in the N-terminal part of the 
peptide at decreasing pH, the Zn2+ ions gradually lose or change their residue 
specific binding. 
 
Overall my research shows that the Aβ peptide conformation is very sensi-
tive to the environment and that it easily adopts varying states depending on 
the surrounding conditions. This may be one reason for its connection to 
Alzheimer’s disease; that it is prone to adopt varying conformations and that 
its environment leads it into a misfolded state.  
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3.1 Paper I   

Secondary structure conversions of Alzheimer’s Aββββ(1-40) 

peptide induced by membrane-mimicking detergents 

The purpose of this work was to study and characterize the oligomeric state 
of the Aβ(1-40) peptide. This state is suspected to comprise the neurotoxic 
species in Alzheimer’s disease, and many projects have been dedicated to 
this condition. The detergent induced structural conversions of Aβ have been 
studied earlier (84, 138), but not at the detailed level as in this work.  
 
Since Aβ originates from a transmembrane protein and even partly comes 
from the membrane spanning part, it is in close proximity to the cell mem-
brane. Membranes also have been suggested to be important in the aggrega-
tion process of the peptide (139). To take this into account the study in-
volved the detergents SDS or LiDS as a membrane mimetic system, also 
proposed to be a model system for peptide aggregation (134).  
 
The detergent was added to the peptide solution in small amounts and the 
structural changes of the peptide were followed by different NMR experi-
ments, CD, FTIR, ThT fluorescence and native-PAGE. The NMR 1H-15N 
HSQC experiments were run at 3 °C since the amide crosspeaks were better 
defined at low temperature due to slower exchange of the amide protons 
with the protons in the water molecules. 
   
The experiments suggest that the oligomeric state of the peptide, induced by 
1-2 mM detergent concentration, were stabilized. At this concentration of 
detergent the CD spectra at 3 and 20 °C showed a secondary structure domi-
nated by β-sheet. The same conditions studied by NMR revealed a 1H-15N 
HSQC spectrum with complete signal loss. When analyzing the volume of 
each amino acid with increasing LiDS concentration, we could see that the 
signal from each amino acid was mainly unchanged at concentrations up to 
500 µM, but then it abruptly decreased at 1 mM and finally completely dis-
appeared at 2 mM. With increasing detergent concentration the signals reap-
peared, the amino acids in the C-terminus with strongest intensity, but at 
entirely different chemical shifts. The new chemical shifts indicated α-
helical regions in the peptide (87).  
 
Loss of signals in NMR can be due to a variety of reasons. The apparent 
explanation here is that large assemblies of peptide and detergent are 
formed. Big aggregates have a very slow tumbling rate that results in a fast 
relaxation rate, in turn giving very broad and therefore invisible peaks (88). 
However, another possibly additional explanation could be chemical ex-
change on an intermediate time scale between aggregates of different sizes 
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and conformations including monomers. This was proposed in a paper by 
Schulman et al where they studied the unfolding of α-lactalbumin in the 
form of a molten globule (140). The molten globule is a state during the 
folding of a protein where the secondary structure elements have formed, but 
the tertiary state has not yet settled and the structure is somewhat loose. α-
lactalbumin was monomeric but only 3 out of 122 residues were seen in the 
NMR spectrum, a fact that was attributed to conformational fluctuations on a 
millisecond time scale. All residues were not observed until highly denatur-
ing conditions were applied (140).  
 
In an attempt to shed more light on the question of resonance disappearance, 
our Aβ samples were analyzed by native-PAGE. The preliminary results 
show that in the presence of 1 and 2 mM SDS, there are high molecular 
mass complexes in the samples. This strengthens the observations that oli-
gomeric states are induced at 1-2 mM detergent concentration, although 
chemical exchange cannot be excluded as an additional factor.  
 
Further NMR experiments were run to study this “invisible” state. A 
TROSY HSQC experiment, designed to give higher NMR intensity to high 
molecular mass systems, revealed weak resonances with chemical shifts 
agreeing well with the chemical shifts of the amide crosspeaks of valine 39 
and valine 40. This indicates a higher mobility in the C-terminus of the pep-
tide, which is a bit surprising since the end is hydrophobic and is expected to 
be buried in the interior of the complex. However, an alternative explanation 
to the appearance of valine 39 and 40 in the TROSY spectrum could be that 
the crosspeaks of these C-terminal amino acids in general have a strong in-
tensity, also in this experiment.   
 
Diffusion NMR could not give any valuable information about the state in 
the presence of 2 mM SDS since the signals were lost. However, when the 
peaks started to gain intensity again, the monomeric initial state had been 
transformed into a state with a slower diffusion coefficient, indicating that 
assemblies of peptide and detergent molecules had formed.  
 
The “invisible” Aβ intermediate state was further investigated by performing 
the detergent titration in the presence of ThT and the induced fluorescence 
was measured. The method of measuring ThT fluorescence as an indication 
of presence of amyloid material is widely used, even if it is not known to 
what structure the dye actually binds (58, 141). We could show that the state 
characterized as β-sheet structure by CD and signal loss by NMR was ThT 
active and gave rise to maximal fluorescence during the titration.  
 
The peptide in only buffer, or in the presence of low detergent concentra-
tions, was mainly unstructured, with a contribution of PII helix at low tem-
perature. This is in accordance with earlier work (82). The state adopted in 
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high detergent concentration is also well characterized: two α-helices, com-
prising amino acids 15-24 and 29-35 respectively, are induced in the peptide 
structure. The first helix is positioned closely to the headgroups in the mi-
celle while the C-teminal helix is located further inside (87). 
 
The results from the FTIR measurements were generally consistent with the 
findings from the other methods. However, the indicated presence of β-sheet 
also in the initial measurements when Aβ(1-40) was dissolved in only buffer 
and when 0.1 mM SDS had been added was somewhat surprising. The ques-
tion is if this β-sheet initially exists in all measurements, although it cannot 
be visualized by CD or NMR. 
 
In summary, a broad range of methods were used to characterize the oli-
gomeric state of Aβ(1-40) induced by SDS or LiDS. There is much to sug-
gest that high molecular mass complexes are formed at detergent concentra-
tions of 1-2 mM. They are β-sheet rich, ThT active and “invisible” in 1H-15N 
HSQC experiments. The TROSY experiment indicates a higher mobility in 
the C-terminus of the peptide. How the assembly of peptide and detergent is 
organized and what size the complex actually has, are very interesting ques-
tions. 
 
In one attempt to learn more about the oligomeric Aβ structure induced at 2 
mM detergent, the short peptide KKLVFFA was titrated into the sample in a 
preliminary experiment. KLVFF is found in the Aβ amino acid sequence 
(residues 16-20) and has been seen to bind to Aβ(1-40) and interfere with 
Aβ fibrillation (142). Upon KKLVFFA addition, in a molar ratio of 1:1 with 
respect to Aβ(1-40), some crosspeaks of the peptide reappeared in the 1H-
15N HSQC spectrum. Further addition of KKLVFFA caused all Aβ(1-40) 
crosspeaks to come back at the initial random coil chemical shifts, although 
with a reduced intensity.  
 
One can only speculate about what happens when KKLVFFA is added to the 
sample containing peptide and detergent in a ratio resulting in the “invisible” 
state. If it is assumed that Aβ molecules are surrounded by detergent mole-
cules, will then the positively charged KKLVFFA bind to the negatively 
charged detergent molecules and pull them out of the complex? This could 
result in a decreased available concentration of detergent and make it possi-
ble for Aβ(1-40) to adopt its initial random coil state once again. If it is the 
other way around, that Aβ is surrounding detergent molecules, then 
KKLVFFA may interact with the peptide itself, disturbing its association to 
the detergent assembly. The complex of peptide and detergent could also be 
a randomized association, disturbed or dissolved by KKLVFFA. 
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3.2 Paper II 

Detergent-like interaction of Congo red with the amyloid ββββ 

peptide 

Paper II has the same focus as paper I, but instead of detergent, CR was ti-
trated onto Aβ(1-40) and induced structural changes were followed by 
NMR, CD, absorbance measurements, dynamic light scattering (DLS) and 
electron microscopy.  
 
When incubated with soluble Aβ(1-40), CR has been shown to inhibit fibril 
formation and concomitantly abolish the neurotoxic effect of the peptide in a 
primary rat hippocampal culture. Furthermore, CR prevented the neurotoxic 
effect of already formed fibrils (66). In a Drosophila model expressing 
Aβ(1-42) the number of plaques was decreased and the life time of the flies 
was prolonged when the dye was mixed with their food (143). However, CR 
has been seen to have a variable influence on protein aggregation depending 
on its concentration. In a study of an amyloid forming protein (the amyloi-
dogenic immunoglobulin light chain variable domain) CR in low concentra-
tions promoted formation of β-sheet containing fibrils and aggregates. In 
contrast, CR present in high concentration reduced the aggregation of the 
protein. The proposed reason for the observed effects is that CR in low con-
centrations induce partially unfolded, aggregation prone forms of the protein 
while in high concentrations it causes protein unfolding, a state less ready 
for aggregation (144). In accord with this it has been proposed that CR binds 
to Aβ(1-40) by a two-state mechanism and that CR in a 1:1 ratio increases 
peptide aggregation while a high CR concentration has an aggregation re-
ducing effect (145). 
 
The aggregation modulating properties of CR (144, 145), in combination 
with its proposed micelle-like behaviour that resembles the ones of deter-
gents (57), inspired us to the present study.  
 
CR was titrated onto Aβ(1-40) peptide, starting at substoichiometric concen-
trations and ending at a 10-fold molar excess. The CD measurement gave 
information about a structural conversion from the initial random coil state 
to a state composed of both random coil and β-sheet. In similar ways both 
CR and SDS/LiDS hence induced β-sheet containing structures in Aβ al-
though CR could not induce the formation of the final α-helical state of the 
peptide.  
 
In the same way as the CD measurement, the 1H-15N HSQC experiments 
revealed an initial very similar behaviour of Aβ(1-40) in the presence of 



32 
 

increasing concentration of detergent and CR. Common to both agents is 
that they induced disappearance of the Aβ(1-40) crosspeaks. Further, in both 
cases the most C-terminal residues were the least affected. The phenomenon 
of peak loss can have several explanations. As described in “Results and 
Discussion” of paper I, large aggregates are invisible in NMR spectra since 
the signal fades too quickly due to fast transverse relaxation rates (88). An-
other reason is chemical exchange on an intermediate time scale (114).   
 
By adding detergent the invisible state can be passed and the chemical shifts 
of the crosspeaks report on an α-helical state, but this did not happen in the 
presence of increasing concentration of CR. The crosspeaks were still lost. 
These results indicate an essential mechanistic difference between detergent 
and CR and that CR lacks the strong solubilising property of SDS and LiDS. 
  
Possibly CR induces a state of the peptide, or locks the peptide in a state, 
that consists of lots of peptides and dye molecules forming a huge complex. 
Alternatively various small assemblies are formed in which Aβ fluctuates on 
an intermediate timescale between different conformations.  
 
CD studies, absorption spectroscopy, DLS and transmission electron mi-
croscopy gave indications that CR accelerates formation of β-sheet-
containing aggregates in comparison to Aβ(1-40) alone in buffer.  
 
A possible model of how CR and Aβ(1-40) interact may be that the peptide 
adopts a β-hairpin conformation and that the dye is positioned along the 
formed structure. This would allow ionic interaction between the negatively 
charged sulfonate groups in CR and the positively charged lysines (residues 
16 and 28) in Aβ. The β-hairpins could then gradually assemble in larger 
aggregates.   
 
It is interesting that our results, as well as the results of others (146), show 
an increased aggregation of Aβ in the presence of CR simultaneously as 
there are observations about a decreased Aβ neurotoxicity when CR is added 
(66, 143). Hypothetically the increased aggregation could be due to that CR 
binds to the initially monomeric peptide and induces the β-hairpin structure. 
The peptide in β-hairpin structure could then assemble in the protofilament 
structure proposed by Lührs et al (137). In this model the Aβ peptide has the 
shape of a β-hairpin and then several hairpins are stacked on top of each 
other forming two intermolecular parallel, in-register β-sheets (137). How-
ever, the reduced toxicity of the peptide in presence of CR probably reflects 
a modified structure of the peptide assembly. This could be due to the deter-
gent-like property of CR, which might modulate the size of the formed fi-
brillar aggregates or the surface of the aggregates. Another possibility is that 
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CR directs the peptide aggregation into a different pathway, avoiding forma-
tion of toxic oligomers (146). 
 
 

3.3 Paper III 

N-terminal engineering of amyloid-ββββ-binding Affibody 

molecules yields improved chemical synthesis and higher 

binding affinity 

Paper III deals with Aβ(1-40) and the Affibody molecule, a protein that was 
developed as an alternative to antibodies. It consists of 58 amino acids in the 
original form, is organized in three helices, and originates from the Z do-
main of the immunoglobulin binding staphylococcal protein A (SPA). The 
Affibody molecule gets its high affinity for a specific molecule by randomiz-
ing 13 amino acids in its sequence by phage display from combinatorial 
libraries (147). An Affibody molecule, ZAβ3, with nanomolar affinity for the 
Aβ peptide has been selected as a possible therapeutics for Alzheimer’s dis-
ease or as an analytical tool (89, 91).  
 
ZAβ3 binds as a dimer to monomeric Aβ(1-40) and upon binding both mole-
cules fold (89). Aβ(1-40) is enclosed by the Affibody dimer and adopts a β-
hairpin conformation comprising residues 17-36, residues 17-23 and 30-36 
form β-strands. Both ZAβ3 and Aβ(1-40) have unstructured N-terminal ends 
(89).  Interestingly, the capture of Aβ by the Affibody dimer makes it possi-
ble to visualize the peptide in the β-sheet structure state by NMR (89). This 
is fascinating since the aggregated β-sheet states induced by detergent and 
CR in paper I and II are invisible by NMR. A consequence of the Affibody 
binding to Aβ is that the peptide is kept in a monomeric form and is pre-
vented from aggregation (89). The structural model of Aβ(1-40) in complex 
with the Affibody dimer (89) is strikingly similar to the model of Aβ(1-42) 
in fibrils based on a combination of solution and solid state NMR (137). In 
this model Aβ(1-42) adopts a β-strand-turn-β-strand conformation in which 
residues 18-26 and 31-42 form the β-strands and the N-terminal 17 residues 
are non-structured (137).  
 
The purpose with paper III was to generate ZAβ3 synthetically, instead by 
expressing it in Escherichia coli, and optimize its yield by N-terminal trun-
cation. However, although truncated, the ZAβ3 molecule should retain its 
affinity for Aβ(1-40). The characterization of the synthesized Affibody 
molecules bound to Aβ(1-40) was performed by CD, surface plasmon reso-
nance (SPR)-based biosensor analysis and NMR.  
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Seven variants of the Affibody molecule were synthesized; ZAβ3(1-58), 
ZAβ3(3-58), ZAβ3(6-58), ZAβ3(9-58), ZAβ3(12-58), ZAβ3(15-58) and ZAβ3(18-
58). The more truncated, the higher the yield of the molecule. CD, SPR and 
NMR all showed in accord that ZAβ3(12-58) and ZAβ3(15-58) kept the affinity 
for Aβ(1-40) while ZAβ3(18-58) lost it. The three amino acids E15I16V17 are 
hence very important for the affinity of ZAβ3 for Aβ. This is in agreement 
with earlier results showing that residues 15-18 form a β-strand that hydro-
gen bond to Aβ(1-40) and obviously this part is very important for the inter-
action to occur.  
 
The CD spectrum of ZAβ3(1-58) showed α-helical structure, which is in ac-
cordance with earlier reported data that two of the three helices are retained 
when the Affibody molecule is in its free form, while the N-terminal helix 
gets disordered (148). When Aβ(1-40) was titrated onto ZAβ3(1-58) the α-
helical signal was decreased and the same was observed for the samples of 
ZAβ3(12-58) and ZAβ3(15-58) in the presence of increasing concentration of 
Aβ(1-40). In addition, contribution of β-sheet structure could be discerned in 
the two latter cases. The CD spectrum of ZAβ3(18-58) and increasing concen-
tration of Aβ(1-40) did not show any  significant changes.  
 
Interestingly, both melting curves and SPR measurements indicated that 
ZAβ3(12-58) and ZAβ3(15-58) have a stronger affinity for Aβ(1-40) than the 
full length Affibody molecule; the dissociation constants are 0.69 nM and 
0.48 nM for ZAβ3(12-58) and ZAβ3(15-58) binding to Aβ(1-40), in compari-
son to 9.5 nM for ZAβ3(1-58). 
 
The 1H-15N HSQC spectra of 15N-labeled Aβ(1-40) in the presence of molar 
excess of unlabeled Affibody molecules strengthened the already discussed 
results; ZAβ3(1-58), ZAβ3(12-58) and ZAβ3(15-58) form complex with Aβ(1-
40) while ZAβ3(18-58) does not show any affinity for the peptide. The com-
plex formation between the various Affibody molecules and Aβ(1-40) was 
seen as dispersed crosspeaks in the HSQC spectra, indicating induced β-
strands in residues 18-24 and 30-36 of the Aβ peptide. This is in general 
agreement with earlier results of Aβ(1-40) and ZAβ3(1-58) (89). When care-
fully comparing the chemical shift changes in Aβ(1-40) induced by ZAβ3(1-
58), ZAβ3(12-58) and ZAβ3(15-58), respectively, ZAβ3(12-58) and ZAβ3(15-58) 
induced very similar changes in the peptide as the full length Affibody 
molecule. However, ZAβ3(12-58) gave Aβ chemical shift changes somewhat 
more similar to ZAβ3(1-58) than ZAβ3(15-58) did. 
 
The study shows that by N-terminally truncating the Affibody molecule the 
yield in the chemical synthesis is greatly improved, to about 30% for 
ZAβ3(12-58) and ZAβ3(15-58), in comparison to 8% for ZAβ3(1-58). Further-
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more, the affinity for the Aβ(1-40) peptide gets higher by truncation, possi-
bly by less steric hindrance when the disordered N-terminal part is removed. 
The 1H-15N HSQC spectra show that although 11 to 14 amino acids of the 
Affibody molecule are removed, the truncated variants induce about the 
same structure in Aβ(1-40) as ZAβ3(1-58) does. 
 
 

3.4 Paper IV 

Specific binding of an engineered ββββ-cyclodextrin dimer to the 

amyloid ββββ peptide modulates the peptide aggregation process  

Paper IV is a continuation of a study on Aβ and cyclodextrin monomers 
(149). Cyclodextrins are cyclic, cone shaped molecules that consist of vary-
ing number of glucopyranose units. The most common forms are α-, β- and 
γ-cyclodextrin with six, seven and eight glucopyranose units, respectively. 
The different sizes result in varying characteristics concerning solubility, 
stability and flexibility (150).  
 
An advantage with cyclodextrins is that due to their hydrophilic exterior and 
hydrophobic interior they are suitable for host-guest interactions (150). 
Typically the cyclodextrin surrounds a benzene group of the guest molecule. 
This host property in combination with non-toxicity of several derivatives 
has made cyclodextrins common ingredients in drugs, food and cosmetics to 
increase stability and/or solubility (151). 
 
There are earlier studies on Aβ and cyclodextrin that report that β-
cyclodextrin interacts with Aβ(12-28) (152) and Aβ(1-40) (149, 153), which 
results in reduced fibrillation (152, 153) and neurotoxicity (153, 154).  
 
The interacting sites between β-cyclodextrin and Aβ have been shown by 
NMR studies to be V18 (152), Y10 (149) and F19 and/or F20 (149, 152). 
Especially the phenylalanines have proven to be important for binding to 
occur (149). The dissociation constant for the binding between Aβ(1-40) and 
β-cyclodextrin is 3.9±2.0 mM as measured by translational diffusion NMR 
spectroscopy (149).  
 
Besides these reports on interaction between β-cyclodextrin and Aβ and the 
resulting reduced Aβ aggregation, there are studies showing opposite effects. 
In one study ThT fluorescence and turbidity measurements indicated that β-
cyclodextrin does not inhibit Aβ aggregation but merely prevents binding of 
ThT to the fibrils (104). Another study with ThT measurements found that 
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β-cyclodextrin in low concentration promotes Aβ fibril formation, while in 
high concentration it has an inhibiting effect (155). 
 
We have investigated the interaction between an engineered β-cyclodextrin 
dimer and Aβ(1-40) by NMR and we have also measured the effects of the 
β-cyclodextrin monomer and the dimer on the kinetics of Aβ aggregation. 
 
The idea behind the synthesis of a β-cyclodextrin dimer was that dimeriza-
tion would increase the cyclodextrin affinity to the peptide since there are 
more than one binding site in Aβ(1-40) for the β-cyclodextrin monomer. 
Hypothetically, after one monomer in the cyclodextrin dimer has bound to 
Aβ(1-40), the other monomer would probe the possible binding sites in the 
peptide and then more easily attach.  
 
By translational diffusion measurements the cyclodextrin dimer was found 
to have a somewhat stronger affinity for Aβ(1-40) than the monomer. The 
dissociation constant was decreased from 3.9±2.0 mM (149) to 1.1±0.5 mM.   
 
1H-15N HSQC measurements showed that the crosspeaks for Y10, F19 and 
F20 shift when the β-cyclodextrin dimer is titrated onto Aβ(1-40). However, 
D7 and L17 showed comparable induced chemical shift changes. In fact the 
N-terminal amino acid residues in general were affected by the presence of 
the β-cyclodextrin dimer. Interestingly, the histidines in Aβ(1-40) also 
showed induced chemical shift changes as visualized by 1H-13C HSQC spec-
tra. This information could not be obtained from the 1H-15N HSQC spectra 
since the amide crosspeaks of the histidines are not visible at pH 7.4. Fur-
ther, a 1H-13C HSQC spectrum of Aβ(1-40) with the β-cyclodextrin mono-
mer also showed induced chemical shift changes of the histidines.  
 
That all aromatic amino acid residues in the peptide showed induced chemi-
cal shift changes in the presence of cyclodextrin, irrespective of monomeric 
or dimeric form, brings up the suggestion that the aromatic ring structures 
are surrounded by the cyclodextrin cavity (152). 
 
The kinetic aggregation experiments gave another perspective of the interac-
tion between Aβ and the β-cyclodextrin monomer and dimer, respectively. 
While the NMR measurements were performed during a short time period 
the aggregation experiments followed the complete aggregation process of 
the peptide. Probably the NMR measurements reflect the behaviour of the 
peptide during the corresponding lag phase in the aggregation process.  
 
The aggregation experiments were performed with recombinant Aβ(M1-40) 
peptide and showed that the influence of the cyclodextrins on the Aβ aggre-
gation process depends on the cyclodextrin concentration but also on the 
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peptide concentration. The lag time of the aggregation was considerably 
shortened by increased peptide concentration. Concomitantly the effect of 
the cyclodextrins was decreased.  
 
For all tested Aβ(M1-40) concentrations (3, 5, 8 and 15 µM), the β-
cyclodextrin monomer in 0.1 and 1 mM concentration somewhat prolonged 
the lag time of the peptide aggregation. However, in 10 mM concentration it 
shortened the lag time, i.e. promoted aggregation. Moreover the β-
cyclodextrin monomer in addition affected the amplitude of the ThT fluores-
cence. The higher the β-cyclodextrin monomer concentration, the stronger 
the amplitude reduction.  
 
The α-cyclodextrin monomer had a similar, although weaker, influence on 
the lag time as the β-cyclodextrin monomer. However, concerning the am-
plitude the α-cyclodextrin monomer did not show any reducing effect. In 
contrast it rather seemed to somewhat increase the amplitude. It is interest-
ing that the α- and β-cyclodextrin monomers differ in their influence on Aβ 
aggregation. This could be linked to the varying dimensions of the mole-
cules.  
 
In contrast to the lag time that is clearly connected to the peptide concentra-
tion (48), the amplitude of the ThT fluorescence curve is much more unpre-
dictable and difficult to interpret. However, it is tempting to evaluate the 
amplitude in the presence of α- and β-cyclodextrin in terms of cyclodextrin 
binding affinity for the Aβ peptide, especially since earlier results have 
shown that there is no significant interaction between Aβ and the α-
cyclodextrin monomer (149, 152). Perhaps the binding between the β-
cyclodextrin monomer and Aβ(M1-40) is reflected in both the lag time and 
the amplitude and that the loss of amplitude reducing effect of the α-
cyclodextrin monomer means a much weaker effect on the aggregation 
process. 
 
The difference in amplitude caused by α- and β-cyclodextrin could also be 
due to that they may induce formation of different types of aggregates that 
have varying affinity for ThT. Another possibility could be that the β-
cyclodextrin molecule in itself affects binding of ThT to the formed Aβ fi-
brillar aggregates.  
 
The β-cyclodextrin dimer appeared to have a dual influence on the lag time. 
Dimer present at lower concentrations decreased the lag time of 3, 5 and 8 
µM Aβ(M1-40) and hence accelerated aggregation. In contrast 10 mM β-
cyclodextrin dimer increased the lag time of 5 and 8 µM peptide.  
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It is difficult to evaluate any ThT fluorescence amplitude effect of the β-
cyclodextrin dimer. It seems like it in low concentrations somewhat in-
creased the amplitude of the ThT fluorescence, especially at low peptide 
concentrations. At 3 and 8 µM Aβ(M1-40) the tendency is that 10 mM 
dimer reduced the amplitude.  
 
It is interesting that the β-cyclodextrin dimer had an effect on Aβ aggrega-
tion that varied with both the peptide concentration and the dimer concentra-
tion. At low peptide concentration the dimer effects were more clearly dis-
tinguished than at high peptide concentrations. Possibly this can be ex-
plained by that the assembly process of Aβ monomers is slower at low pep-
tide concentration and the dimer can more easily interfere with the 
aggregation. In a sample with a high concentration of Aβ peptides nuclei are 
quickly formed whose further assembly follows a fast and strong aggrega-
tion pathway that is difficult to affect.  
 
The shortening of the Aβ lag time, especially seen at 3 µM peptide, in the 
presence of 0.5 and 5 mM dimer, could be a result of the dimer acting as a 
crosslinker. It might bind to two Aβ monomers that get in close contact, 
assemble and initiate the aggregation process. In contrast, when the β-
cyclodextrin dimer is present in high concentration each peptide might be 
occupied by a dimer and the peptide-peptide contact is counteracted.   
 
A dual effect on the Aβ aggregation has been observed also for amino modi-
fied polystyrene nanoparticles. It was seen that the ratio between Aβ peptide 
and particle concentration was crucial for the outcome of the aggregation 
and that a low particle surface area accelerated aggregation while a high 
particle surface area slowed down the aggregation (156).    
 
In conclusion the various cyclodextrins were observed to interfere with the 
Aβ aggregation process and the outcome was seen to depend on the concen-
tration of both peptide and cyclodextrin.    
 
 

3.5 Paper V 

pH dependence of the specific binding of Cu(II) and Zn(II) 

ions to the amyloid ββββ peptide  

In paper V the interaction of the metal ions Cu2+ and Zn2+ with Aβ(1-40) 
was studied by NMR and CD spectroscopy. Cu2+ and Zn2+ have been ob-
served to be accumulated in amyloid plaques and to affect the aggregation of 
Aβ (22, 157). 
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The binding of Cu2+ to Aβ probably occurs as a mixture of two models; one 
of them involves D1 and the three histidines and the other involves the N-
terminus, D1, H6, H13 and/or H14 (102). Zn2+ binds to all the histidines and 
D1 and possible also to for example E11 or H2O (102). Obviously the two 
metal ions bind at least partly to the same ligands and this makes it possible 
for competition. The question of competition is interesting in the context of 
Alzheimer’s disease since Cu2+ is redox active and connected to the forma-
tion of harmful ROS (158) while Zn2+ has been suggested to have a neuro-
protective effect (159). 
 
In the present study we investigated how the specific binding of Cu2+ and 
Zn+2 to Aβ(1-40) is influenced by various pHs. pH is an important factor that 
can be disturbed in the Alzheimer’s disease brain due to inflammation (95). 
 
Cu2+ and Zn2+ ions were titrated onto 15N-labeled or 13C,15N-labeled Aβ(1-
40) at pHs 5.5, 6.5 and 7.4 and induced crosspeak intensity changes were 
followed by 1H-15N and 1H-13C HSQC spectra. It was found that at pH 7.4 
both Cu2+ and Zn2+ caused a reduction of the amide crosspeak intensities of 
the Aβ N-terminal amino acid residues in the 1H-15N HSQC spectra. This is 
in general agreement with previous results (100) indicating specific binding 
of the metal ions to the nitrogen ligands on the histidines and to the N-
terminus. In the case of Cu2+, a possible linebroadening effect due to its pa-
ramagnetic properties could partly explain the crosspeak intensity reduction. 
 
At pH 5.5 and 6.5 Cu2+ caused a pattern for crosspeak signal intensity reduc-
tion similar to the one at pH 7.4 in the 1H-15N HSQC spectra. However, the 
intensity in general, for the complete peptide sequence, was decreased. 
Probably this has to do with an increased Aβ aggregation at lower pH val-
ues. 
 
In contrast to Cu2+, Zn2+ did not cause the apparent N-terminal signal inten-
sity reduction at pH 6.5. The effect was even smaller at pH 5.5, which could 
be due to that Zn2+ had lost or changed its specific binding for the peptide. 
Although this behavior may partly be due to a varying kinetic regime the 
observation suggests that the two ions do not compete for the same specific 
binding site at low pH. 
 
The CD measurements show that Cu2+ induced a β-sheet state from the ini-
tial random coil conformation of Aβ(1-40). The aggregation was initiated at 
lower metal concentrations at pH 5.5 in comparison to pH 7.4. Zn2+ was 
incapable of inducing an Aβ state dominated by β-sheet structure at pH 7.4, 
the pH had to be decreased to 5.5 for this to happen.  
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In summary it seems like Cu2+ keeps its specific binding for Aβ at decreas-
ing pH while Zn2+ shows a changed behavior. Hypothetically this could be 
of importance in the Alzheimer’s disease brain where the pH can be de-
creased due to inflammation (95). At pH 7.4 the ions compete for the same 
ligands in the peptide, but at lower pH the competition from Zn2+ seems to 
be different and Cu2+ could get higher access to Aβ. This could worsen the 
conditions in the brain due to formation of ROS.  
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4. Future perspectives 

My work during these years has added some new pieces to the jigsaw puzzle 
on the Aβ peptide, although a number of new questions has emerged along 
with the results. It would, for example, be very interesting to find out the 
size/sizes of the proposed β-sheet aggregates that are induced by detergent 
and CR. Further, how is the peptide organized in these assemblies? Another 
question is whether the peptide β-sheet structure in the presence of deter-
gent, CR and β-cyclodextrin dimer is the same or different. Does the peptide 
adopt a β-hairpin conformation like in the presence of the Affibody dimer?  
 
The toxicity of the β-sheet structures induced by the various molecules and 
metal ions should be investigated. Even though β-sheet structure is observed 
it could be of another character than in the oligomers reported to be neuro-
toxic (65). The formed assemblies could be modified in size, organization or 
surface, making them less toxic or even harmless. This has earlier been re-
ported for CR; although it accelerates Aβ aggregation (145), it reduces the 
peptide toxicity (66, 143). 
 
Even though the Aβ aggregation pathway can be quite well followed and 
characterized by various biophysical methods today, there are still several 
missing parts until the  molecular disease mechanism(s) of Alzheimer’s dis-
ease is (are) resolved. 
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5. Sammanfattning på svenska 

Alzheimers sjukdom är en demenssjukdom som leder till att nervcellerna i 
hjärnan dör. Patienten förlorar minnet och orienteringsförmågan, genomgår 
personlighetsförändringar och får med tiden allt svårare att klara sig själv. 
För närvarande finns inget botemedel och sjukdomen leder till döden. 
 
I hjärnan hos alzheimersjuka ser man ofta så kallade amyloida plack. I dessa 
plack, eller klumpar, hittar man en liten proteinbit som kallas amyloid beta 
(Aβ)-peptiden. Aβ-peptiden är både hydrofil och hydrofob och har en 
förmåga att aggregera (klistra ihop sig) med andra Aβ-peptider. I samband 
med aggregationen tappar peptiden sin ursprungliga, tämligen ostrukturerade 
form, och antar istället β-struktur. β-struktur innebär att peptiden veckar sig 
och flera sådana peptider bildar ett β-flak. 
 
Från början trodde man att placken orsakar nervcellsdöden, men numera är 
uppfattningen att det är lösliga oligomera former av Aβ-peptiden som är den 
egentliga orsaken. Oligomerer är en samling av ett varierande antal, två till 
tolv eller betydligt många fler, aggregerade Aβ-peptider som troligen har 
antagit β-struktur.   
 
I min avhandling har jag studerat Aβ-peptiden, hur den växelverkar med 
andra molekyler och hur dessa molekyler påverkar peptidens konformation. 
Den huvudsakliga metod som jag har använt för att följa förloppen är 
kärnmagnetresonansspektroskopi (NMR, Nuclear Magnetic Resonance). 
NMR ger atomär information om proteiner och peptider i lösning, bl a om 
deras tredimensionella struktur, hur de rör sig, hur stora de är och deras 
interaktioner med andra molekyler.  
 
Molekylerna som Aβ-peptiden har studerats tillsammans med är deter-
genterna SDS och LiDS, färgämnet Congo-rött, en affibodymolekyl, en 
cyklodextrindimer samt de tvåvärda metalljonerna koppar och zink.  
 
SDS och LiDS är detergentmolekyler bestående av en hydrofil huvudgrupp 
kopplad till en hydrofob svans. Dessa bildar miceller i vatten då 
huvudgrupperna vänder sig mot vattenmolekylerna medan svansarna göms 
inuti för att undvika kontakt med vattnet. Detta system används för att 
efterlikna cellmembranet.  
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Congo-rött används för att upptäcka β-struktur medan affibodymolekylen är 
ett protein som fungerar ungefär som en liten antikropp. Cyklodextrin-
dimeren består av två ihopkopplade cyklodextrinmolekyler och vardera 
cyklodextrinmolekylen är en cirkulär sammankoppling av ett antal socker-
molekyler. Metalljonerna är intressanta då de finns i placken i hjärnan. 
 
Vi har sett att alla dessa molekyler samt jonerna påverkar Aβ-peptidens 
konformation. Aβ-peptider som omges av allt fler detergentmolekyler ändrar 
sin form från att vara ostrukturerade till att anta β-struktur till att slutligen få 
inslag av α-helix. Vi tolkar resulten som att detergent i mindre mängder kan 
få Aβ-peptiden att bilda oligomerer. Med större mängd detergent bildas 
detergentmiceller som binder peptiden till sig varvid α-helixform framkallas.  
 
När Congo-rött tillsätts peptiden börjar händelseförloppet på samma sätt som 
då detergent tillsätts; Aβ-peptiderna är från början ostrukturerade men antar 
sen β-struktur. Skillnaden är dock att Congo-rött inte kan få Aβ-peptiden att 
övergå i α-helixform. 
 
Affibodymolekylen är ett litet protein som binder parvis till Aβ-peptiden. 
Nästan hela peptiden omsluts av affibodyparet och antar β-struktur. För att 
effektivisera produktionen av affibodyn undersökte vi om den kan förkortas 
i ena änden. Det visade sig fungera och affibodyparet band till och med 
starkare till Aβ-peptiden i sin kortare form. 
 
Cyklodextrin används inom framställningen av vissa läkemedel samt i en del 
smink- och livsmedelsprodukter för att förbättra löslighet och/eller stabilitet. 
Det har visat sig att cyklodextrinmolekylen binder till Aβ-peptiden och att 
den kan förhindra att peptiden aggregerar. Vi undersökte om cyklodextrin 
binder bättre till peptiden om cyklodextrinerna kopplas ihop två och två. Vi 
kunde se att denna dimer av cyklodextrin binder lite starkare till Aβ-
peptiden än vad monomeren gör, och att både monomer och dimer form av 
cyklodextrin påverkar förloppet då peptiden aggregerar.  
 
Slutligen studerade vi hur Aβ-peptiden påverkas av koppar- och zinkjoner 
vid ett allt lägre pH. Vid pH 7.4, dvs fysiologiskt pH, binder både koppar- 
och zinkjoner specifikt till peptidens tre histidiner och dess N-terminal vilket 
ger upphov till en tävlan mellan jonerna om bindning. Däremot, vid pH 5.5 
fann vi att zinkjonerna ändrade sin specifika bindning till peptiden, medan 
kopparjonerna behöll den. Detta kan vara av betydelse i hjärnan hos en 
alzheimersjuk då miljön kan vara sur pga inflammation. Om tävlan förändras 
mellan zink- och kopparjonerna och kopparjoner i högre grad kan binda till 
peptiden kan flera skadliga ämnen bildas i reaktion med syre. 
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Sammanfattningsvis visar resultaten att Aβ-peptidens konformation och dess 
benägenhet att aggregera lätt påverkas av omgivningen. Denna anpassnings-
barhet hos peptiden kan göra det lättare för den att anta en felaktig form, 
förslagsvis β-struktur, vilket i slutänden kan leda till utveckling av 
Alzheimers sjukdom.  
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6. Tack! 

Stort tack Astrid för att du är en så himla bra handledare! Din entusiasm och 
glädje för forskning är smittande och det har varit väldigt roligt och 
inspirerande att få ta del av det. Du är mycket bra på att se det positiva i 
saker och ting, är en fenomenal problemlösare och jag har sedan i våras 
redan börjat sakna att sitta på ditt kontor och diskutera med dig. 
 

Torbjörn, jag kan inte tacka dig nog för din omtänksamhet och hjälpsamhet 
under mina år på Biofysik. Du fixar ALLT, vad det än gäller, och du är ett 
suveränt fika- och lunchsällskap! 
 

Haidi, tack för all hjälp med papper och intyg och allt annat som är värt att 
veta! Jag uppskattar även allt småprat, din omtänksamhet och dina positiva 
kommentarer. 
 

Jüri, tack för att du lärde mig NMR, hur Aβ ska hanteras och för alla 
diskussioner och goda tips! 
 

Jens, din avhandling är vältummad och välstuderad. Jag har uppskattat att 
du har funnits i huset och bistått med NMR-hjälp, kloka kommentarer och 
uppmuntrande support! 
 

Sebastian, tack för vårt samarbete under de senaste åren. Det har varit 
väldigt värdefullt att få diskutera experiment och resultat med dig. 
 

Axel, jag är så glad för att du anslöt dig till Aβ-gruppen (bestående av mig) 
och tog del av mina projekt. Tack för att du läste min avhandling 
(kommentaren ”Det är roligt att läsa den!” glädjer mig fortfarande) och kom 
med goda förbättringsförslag. Jag kommer sakna våra diskussioner och 
glada fniss på kontoret.  
 

Sara, tack för att jag fick komma till ditt labb och göra Aβ-aggregations-
experiment samt för goda synpunkter. 
 

Risto, tack för all hjälp under veckan som jag tillbringade hos er på labbet i 
Lund och för att du visade hur Aβ-aggregationsexperiment bäst ska utföras! 
Ditt glada humör och ”det-ordnar-sig”-inställning glömmer jag inte.  
 

Coco, tack för att jag under ett halvår fick vara doktorand i din grupp och ta 
del av den spännande prionvärlden. 
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Kajsa, tack för att du gjorde mitt första halvår som doktorand så bra! Jag 
minns första gången vi träffades och jag blev helt fascinerad av din energi 
och ditt sätt att berätta om projekten; du är den mest idérika och 
entusiastiska doktoranden (numera postdoc) som jag någonsin har träffat och 
inget problem är för stort. 
 

Hanna, tack för all hjälp på cellabb, goda råd och uppmuntran under min tid 
i priongruppen.  
 

Alex, tack för samarbetet under mitt första projekt och värdefulla tips för att 
hantera Aβ. 
 

Jesper, tack för din hjälpsamhet med NMR experiment och datorprogram 
och inte minst för gott sällskap på den tiden då helgjobb var mer regel än 
undantag. 
 

Lena & Peter, tack för hjälp med NMR experiment och goda kommentarer. 
 

Fatemeh, ända sen jag kom till Biofysik har vi hängt ihop och jag kommer 
verkligen sakna att inte träffa dig varje dag! Jag gillar så våra diskussioner 
(rörande forskning och allt annat man kan tänka sig!), dagliga fikapauser, 
promenader, din pepp och support! 
  

Scarlett, tack för tiden som min goa rumskompis och medresenär ut i vida 
världen (vi skulle klara oss hur bra som helst var som helst – eller hur?!), 
spontana efter-jobbet-middagar och en massa bra snack! 
 

Sofia, jag minns precis tiden då vi var nya doktorander. Jag var väldigt glad 
över att du var där och uppskattar att vi har följts åt under alla år. Tack för 
alla bra pratstunder, tiden då vi delade kontor (saknar att du flyttade ut!) och 
roliga saker utanför jobbet! 
 

Johannes, vad vore Biofysik utan dina funderingar, skämt och roliga idéer? 
Du sprider god stämning av bästa sort. Tack för att jag äntligen har fått kläm 
på figurhantering, det har underlättat ett flertal gånger den här sommaren. 
 

Ye, thanks for your cheerfulness and enthusiasm, you always make me hap-
py! 
 

Britt-Marie, tack för att du alltid har ställt upp med hjälp på labb och för 
trevliga pratstunder. 
 

Tack till mitt lindy-hopgäng (Johannes, Sofia & Axel) för outsinlig talang, 
ofelbar taktkänsla och stämning på topp! 
 

Maria & Malin, det är så roligt att träffa er, fika, snacka och analysera det 
ena efter det andra i timmar! Saker och ting kommer på plats och energi fylls 
på. 
 

Linda & Sanna, vad skulle jag göra utan er egentligen? Ni är bäst på att få 
mig att släppa taget och bara vara. Jag tycker så mycket om att hänga med er 
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och det som är viktigt blir med ens kristallklart. Tack Peter och Johan för 
peppmiddagar, skratt och goda råd! 
 

Mormor & Morfar, tack för er omsorg, positiva hejarop och för att jag vet 
att ni tänker på mig. Det är en favorit att åka till er och bli ompysslad och få 
ett härligt bad i havet! 
 

Sofia, du är den goaste och klokaste person som jag vet, alltid nära mig (om 
än inte geografiskt) och du är bäst på att liva upp stämningen! Jag kunde inte 
ha en bättre syster och bästa kompis. 
 

Marcus, du är lugnet och tryggheten själv och det sprider sig runt dig. Du 
har bra lösningar på allt som jag kan tänka mig och en björnkram på det så 
är allt fixat. Du är min idol brorsan! 
 

Mamma & Pappa, tack för att jag vet att ni finns där för mig oavsett vad 
det gäller och oavsett vad som än händer. Tack för er obegränsade support 
och omtanke i massor! 
 

Doris, jag önskar att du vore här. Jag saknar att sitta i ditt kök, äta småkakor 
och prata. Jag minns fortfarande, även om det är en evighet sedan, vad jag 
svarade på din fråga om vad jag ville göra i framtiden; ”Forska – tänk vad 
spännande!” 
 

Gun, tack för allt. 
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