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CHAPTER 1 
 

INTRODUCTION 
 

 

 

 

This chapter is a general introduction to the work presented in this thesis. A brief 

overview of the techniques used and the proteins investigated is provided. At the 

end, the outline of the chapters of the thesis is given. 
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1 Introduction 

Proteins are essential for organisms and participate in virtually every process within 

cells 
[1]

. Knowledge about the structure of proteins provides crucial information 

about their function in biological mechanisms. In determining the structure of 

proteins with biophysical approaches, electron paramagnetic resonance (EPR) is 

rapidly gaining ground 
[2-13]

. The aim of this thesis is to provide insight in how 

broad the application of EPR can be to study proteins, in particular those which are 

difficult if not impossible to study with other approaches. The focus of this thesis is 

to investigate the aggregation and misfolding of intrinsically disordered proteins 

and to determine the structure of disordered parts of proteins with EPR. 

Specifically, the amyloid β (Aβ) peptide, the α-synuclein (αS) protein, and the light-

harvesting protein CP29 are studied. In the present chapter, the basic theory of EPR 

spectroscopy is described and an overview of the proteins studied is provided. 

1.1 Introduction to EPR spectroscopy 

1.1.1 Zeeman interaction and hyperfine interaction 

In EPR spectroscopy, transitions between the spin levels of a paramagnetic system 

are induced by electromagnetic radiation in a static magnetic field 
[14,15]

. The 

interaction between the electron spin, S , and the external magnetic field is called 

the electron Zeeman interaction (HEZ). In the presence of the external magnetic 

field, the electron spin occupies one of two states, which can be thought of as the 

electron spin aligned with or against the magnetic field.  

In addition to the Zeeman interaction, the electron spin experiences a small local 

magnetic field produced by nearby nuclei. This interaction is known as the 

hyperfine interaction (HHF), and may counter or enhance the externally applied 

field. Taking into account the Zeeman interaction and the hyperfine interaction with 

one nuclear spin, I , the spin Hamiltonian can be written as:  

0EZ HF e eH H H B g S S AI                                                                  (1.1) 

Here βe is the Bohr magneton, 0B  is the external magnetic field, eg  is the g-tensor, 

and A  the hyperfine tensor. Figure 1.1 shows the corresponding energy level 

scheme for a nitroxide spin label, which contains an electron spin (S = 1/2) and a 

nitrogen (
14

N, I = 1) nuclear spin. In the magnetic field the degenerate Ms = 1/2, -

1/2 magnetic sublevels of the electron spin split up by the Zeeman interaction and a 

further splitting into three MI = 1, 0, -1 nuclear spin magnetic sublevels results from 

the hyperfine interaction. The EPR transitions correspond to transitions between 

http://en.wikipedia.org/wiki/Cell_%28biology%29
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levels for which |ΔMs| = 1 and ΔMI = 0. For an isotropic g-tensor and an isotropic 

hyperfine tensor, the energy difference between the levels involved in the three 

transitions can be written as: 
e e iso IE g A M      with MI = 1, 0, -1. The 

isotropic 
eg has the value of 2.00551 

[16]
 and Aiso of a nitrogen (

14
N, I = 1) nuclear 

spin of a nitroxide spin label has the typical value of about 1.63 mT 
[16]

. The 

transitions show up in the EPR spectrum at magnetic fields such that the resonance 

condition E h    is fulfilled, where h is Planck’s constant (h = 6.626   10
-34

 Js) 

and ν the frequency of the electromagnetic radiation.  

 

Figure 1.1 Energy level scheme and allowed EPR transitions for an electron spin (S = ½) in 

interaction with a 14N nitrogen nuclear spin (I = 1). The hyperfine interaction leads to a 

splitting into 2I + 1 = 3 transitions, each corresponding to a 14N nuclear spin state (MI = −1, 

0, +1).  

 

For anisotropic g and hyperfine tensors, the orientation of the magnetic field with 

respect to the molecular system has to be taken into account 
[11]

. The principal 

components of the hyperfine interaction tensor ( A ) are defined as Axx, Ayy, and Azz, 

those of the g-tensor as gxx, gyy, and gzz. For nitroxide spin labels typical values of 

the hyperfine interaction of the nitrogen (
14

N, I = 1) nuclear spin are Axx ≈ Ayy ≈ 0.7 

mT and Azz ≈ 3.5 mT. The isotropic hyperfine-coupling Aiso = (Axx + Ayy + Azz)/3. 

The difference between Axx and Ayy is small and often the hyperfine tensor is 
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assumed to be axially symmetric. The magnitude of Azz gives an indication of the 

polarity of the environment. In contrast to the hyperfine tensor, the g-tensor is 

rhombic with typical values of gxx ≈ 2.00800, gyy ≈ 2.00586, and gzz ≈ 2.00199 
[11]

. 

The anisotropy of the Zeeman and the hyperfine interactions determines the 

sensitivity of the EPR spectrum to the orientation and rotational motion of the spin 

label. 

1.1.2 Spin labels for protein EPR 

Spin labels are extrinsic paramagnetic probes, which are commonly nitroxide 

derivatives with a stable unpaired electron and a functional group that allows its 

site-specific attachment to a protein, site-directed spin labeling 
[11,17]

. The nitroxide 

radicals are stable due to the presence of methyl groups adjacent to the nitroxide. 

Figure 1.2 shows the structure of the two nitroxide spin labels, which are used in 

this thesis: the MTS spin label ((1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) 

methanethiosulfonate), and the non-coded nitroxyl-containing -amino acid, TOAC 

(2,2,6,6-tetramethylpipe-ridine-1-oxyl-4-amino-4-carboxylic acid). The TOAC spin 

label serves as a rigidly attached spin label 
[18,19]

 compared to the rotationally 

flexible MTS spin label.  

 

Figure 1.2 The chemical structure of two nitroxide radicals. a: The MTS spin label. The NO 

group of the MTS spin label is part of a five-membered pyrrole ring. b: The TOAC spin 
label. The NO group of the TOAC spin label is part of a six-membered piperidine ring. The 

black dot represents the unpaired electron. 

 
Rotational motions of the nitroxide lead to partial averaging of the anisotropy 

between the elements of the g-tensor and the hyperfine tensor, and give rise to 

variations in the observed cw-EPR spectrum. The cw-EPR spectrum of a nitroxide 

spin label can be used to infer information about the local environment of the 

labeling site. Through EPR analysis, it is possible to determine the local structure 

and dynamics, to map inter-residue distances, and to reconstruct the three-

dimensional structure of proteins. 
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1.1.3 Dynamics by EPR: the rotation-correlation time  

The shape of the EPR spectrum depends not only on the static interactions in the 

paramagnetic molecule, but also on the dynamic processes on the timescale of the 

EPR experiment. The EPR timescale is determined by the anisotropy of the g and A 

tensors of the molecule. These cause the spectral anisotropy, i.e., the maximum 

difference between resonance line positions when the orientation of the molecule is 

varied 
[17]

. Any dynamic process on the timescale determined by the g and A tensor 

anisotropy will affect the shape of the EPR spectrum. The most important dynamic 

process in solution is the tumbling of the molecules, which is characterized by the 

rotation-correlation time τr. Figure 1.3 shows the four dynamic regimes that are 

distinguishable 
[17,20]

. 

 

 

Figure 1.3 Simulation of the effect of the rotation-correlation time on the line-shape of the 

EPR spectrum of a nitroxide spin label. In the isotropic limit the three lines have equal 

intensities. a: liquid solution EPR spectrum of the nitroxide spin label with τr = 0.1 ns. b: 

liquid solution EPR spectrum of the nitroxide spin label with τr = 0.4 ns. c: liquid solution 

EPR spectrum of the nitroxide spin label with τr = 2.2 ns. d: frozen solution EPR spectrum 

of the nitroxide spin label. 
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In the isotropic limit, the anisotropy is completely averaged due to the extremely 

fast tumbling of the molecules. The lines are symmetric and have an equal width 

and heights. In the fast-motion regime the rotation is fast enough to average the 

anisotropy, but the lines have different widths and heights. In the slow-motion 

regime, the rotation of the molecules is not fast enough to fully average the 

anisotropy. Therefore, the lines broaden and shift with respect to the isotropic limit. 

From the amount of spectral change, the rotation-correlation time can be obtained 

by simulation 
[20]

. In the rigid limit, the molecules are randomly oriented with 

respect to the magnetic field and immobilized, and the EPR spectrum shows the full 

anisotropy. Line-shape analysis of EPR spectra reveals information about the local 

dynamics and possibly about the local structure elements of proteins 
[3,4,6]

.  

1.1.4 Spin-spin interaction  

Distance determination in biological molecules can be done by introducing spin 

labels at two positions and measuring the distance between the labels by EPR. The 

two labels can interact via two mechanisms: the exchange interaction, the 

magnitude of which is J, and the dipole-dipole interaction. The exchange interaction 

is related to the overlap of the orbitals that contain the two unpaired electrons. 

Depending on the magnitude of this orbital overlap, which is determined by the 

separation between the orbitals, the exchange interaction can cause multiplet spectra 

or line broadening. When the overlap is large, the two electron spins can be in two 

states: a singlet and a triplet state (S = 0, 1). The triplet state is lower in energy, thus 

we consider the two electron spins to be in the triplet state. In the presence of an 

external magnetic field the three Ms = 1, 0, -1 magnetic sublevels of the triplet state 

split up by the Zeeman interaction. In the case of two nitroxides, owing to the 

presence of two nuclear spins: 
1

IM = 1, 0, -1, and 
2

IM  = 1, 0, -1, a further splitting 

results from the hyperfine interaction (figure 1.4). Considering the allowed 

transitions (|ΔMs| = 1 and ΔMI = 0), in the strong exchange limit, where the ratio of 

AN/J is small, the spectrum contains five lines with intensities 1:2:3:2:1 with a 

spacing of one-half of the hyperfine coupling constant for the nitroxide spin label 

(figure 1.4). When the ratio of AN/J is one-half, the transitions between the singlet 

and the triplet state can be observed as satellite lines. When the ratio of AN/J 

increases, the transitions arrange into three groups of lines, and finally when the 

exchange interaction is weak, the three-line spectrum results, which is characteristic 

of a nitroxide spin label. Exchange interactions are usually negligible at distances 

beyond 1.5 nm. 
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Figure 1.4 Energy level scheme for the two electron spins (S = ½) and two nitrogen (14N, I 

= 1) nuclear spins for J >> AN. The spectrum contains five lines with intensities 1:2:3:2:1 

with a spacing of one-half of the hyperfine coupling constant for the nitroxide spin label. 

 

The dipole-dipole interaction is inversely proportional to the cube of the distance. 

The dipole-dipole interaction in frequency units, νdd, between two spins A and B is 

given by: 

νdd  
2

20

2 3
3cos 1

8

e A B

AB

g g

r

 



                                                                        (1.2) 

Here gA and gB are the isotropic g factors of the two electron spins, rAB is the 

magnitude of the vector that joins the two electrons, and θ is the angle between the 

magnetic field and the vector that joins the two electrons (figure 1.5). The dipole-

dipole interaction causes line splitting or line broadening in cw EPR, which are 

resolved in nitroxides at spin-spin distances shorter than 1.5 nm 
[13,21]

. 
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Figure 1.5 Schematic representation of the dipole-dipole interaction in a magnetic field 

between two electrons A and B represented as black circles. 

 

For nitroxide spin labels at distances larger than 2 nm the dipole-dipole interaction 

is not resolved in the cw EPR spectra. Long-range distances (2 to 8 nm) can be 

measured with pulsed double electron-electron resonance spectroscopy (DEER), 

also called PELDOR 
[22]

. This technique is based on the detection of the modulation 

of the echo amplitude, caused by the dipolar interaction of two spins. Microwave 

pulses of two different microwave frequencies are used, where the two frequencies 

select different orientations or different spin states of the 
14

N nucleus in the two 

radicals. The pulse sequence of the four-pulse DEER is shown in figure 1.6. At the 

observer frequency (mw1), a refocused echo with a fixed position in time is detected 

for spins in resonance (spins A). Between the second and third pulse, an inversion 

pulse is applied at the pump frequency (mw2), which flips the spins that are in 

resonance with the second frequency (spins B). Dipolar interaction between spins A 

and spins B results in the modulation of the amplitude of the refocused echo as a 

function of time, t (figure 1.7). The modulation frequency is given by equation 1.2. 

To determine the distance distribution for two sites within the same macromolecule, 

the contribution of the interactions of spins within the same molecule should be 

separated from the background contribution due to the interactions with spins in 

neighboring macromolecules. The echo signal is a multiplication of these two 

contributions. 

Due to the flexibility of the macromolecules and conformational freedom of the 

spin label, the spin-spin distance is not always as sharply defined as in the rigid 

biradical shown in figure 1.7. In the case of proteins often broad distance 

distributions result, which will be addressed in chapters 5 and 6 of this thesis. The 

overall signal shows the superposition of modulations at different frequencies, 

rather than a single frequency. In that case separation of the background 

contribution from the modulation is improved by using an experimental background 
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function from the corresponding singly labeled protein (chapter 5). By means of 

regularization methods or model-based approaches, it is then possible to extract the 

distance distributions from the DEER time traces 
[23,24]

.  

 

Figure 1.6 The principle of double electron-electron resonance (DEER) spectroscopy. a: 

Right: absorption type EPR spectrum showing resonances of observed and pumped spins. 

Left: a macromolecule with two nitroxide spin labels, A and B. The two spin label N-O 

groups have different orientations with respect to the magnetic field, B0. b: Pulse sequence 

of the DEER experiment consisting of the refocused echo sequence at frequency mw1 that 
excites exclusively spins A and a pump pulse at frequency mw2 that excites exclusively 

spins B. Delays τ1 and τ2 are fixed, and the amplitude of the echo is monitored while the 

time delay t is varied.  

 

 

Figure 1.7 Analysis steps of DEER distance measurement on a rigid biradical. a: Raw 

DEER time trace. The dashed line is the background fit. b: The background corrected DEER 

time trace. The modulation depth, λ is related to the fraction of coupled spins. c: Distance 
distribution obtained by the Tikhonov regularization method [25]. Small features are probably 

artifacts of the regularization at distances longer than 5 nm. 
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1.2 The proteins and their properties 

1.2.1 Structure of proteins 

Proteins are composed of amino-acid residues. Each amino-acid residue is 

connected to the next one by a peptide bond and forms the polypeptide chain. The 

order of the amino-acid residues in the polypeptide chain determines the primary 

structure of the protein. The secondary structure of the protein refers to the 

polypeptide folding patterns, which are classified as α-helices, β-sheets, turns and 

random coils (figure 1.7).  

 

Figure 1.8 Secondary structure elements of proteins. a: α-helix, b: turn (the black-filled 

circles represent the Cα atoms in the turn) c: anti-parallel β-sheet, and d: parallel β-sheet. 

The dotted lines depict the hydrogen bonds. The N in a box corresponds to the N-terminus 

and the C in a box corresponds to the C- terminus of the proteins. Arrows show the direction 

of the β-strands in the β-sheets. 

 

A typical α-helix is a right-handed helix with 3.6 amino-acid residues per turn, and 

a pitch (the distance the helix rises along its axis per turn) of 5.4 Å. In an α-helical 

structure the backbone hydrogen bonds are arranged such that the C=O bond of the 

ith amino-acid residue points along the helix axis towards the N-H group of the (i + 

http://en.wikipedia.org/wiki/Beta_sheet
http://en.wikipedia.org/wiki/Beta_sheet
http://en.wikipedia.org/wiki/Beta_sheet


Introduction

 

11 

4)th amino-acid residue, which results in a strong hydrogen bond. The amino-acid 

side chains in an α-helix project either outward or downward from the helix. Like 

the α-helix, the β-sheet uses the full hydrogen-bonding capacity of the polypeptide 

backbone. However, in β-sheets hydrogen bonding occurs between neighboring 

polypeptide chains rather than within one chain (compare figure 1.8.a with c and/or 

d). The β-sheets can be grouped into two different classes: anti-parallel β-sheets, in 

which neighboring hydrogen-bonded polypeptide chains run in opposite directions 

(figure 1.8.c) and parallel β-sheets, in which polypeptide chains run in the same 

direction (figure 1.8.d). Turns are typically stretches of polypeptide chains that can 

easily change direction (figure 1.8.b). Turns join different α-helices and/or strands 

of β-sheets in proteins. 

1.2.2 Misfolding and aggregation of proteins 

Protein misfolding and aggregation occurs in biological processes, both in vital and 

disruptive processes 
[26]

. In contrast to most of the protein aggregates, which are 

amorphous, some of the protein aggregates generate amyloid fibrils. Amyloid fibrils 

are about 10 nm in diameter, and are composed typically of 2 to 6 protofilaments 
[26-

28]
. Amyloid fibrils of all proteins share a common cross-β structure, wherein the β-

strands (figure 1.9.a) are oriented perpendicular to the fibril axis. The β-sheets grow 

in the direction of the fibril axis by attaching proteins at the ends of the β-sheets 

(figure 1.9.b). Due to the large size, low solubility, and the noncrystalline nature of 

fibrils 
[29]

, understanding the molecular details of amyloid fibrils has remained a 

challenge. Amyloid fibrils play a role in neurodegenerative diseases, like 

Alzheimer’s disease and Parkinson’s disease 
[30]

.  

 

Figure 1.9 Schematic representation of the structure elements of amyloid fibrils. a: the black 

arrows show a β-strand and the grey dot shows the direction of the fibril axis, which is 

pointing out of the page. b: the grey arrow shows the direction of the fibril axis. The grey 

sheets are representative of β-sheets which are parallel to the fibril axis. 
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1.2.3 Diseases that involve protein misfolding and aggregation  

1.2.3.1 Alzheimer’s disease: the amyloid β peptide  

Alzheimer’s disease is the most common neurodegenerative disease in the aging 

population. Alzheimer’s disease is associated with confusion, irritability, 

aggression, mood swings, trouble with language, progressive cognitive decline, and 

profound neuronal loss 
[31-35]

. It is characterized by accumulation of intraneuronal 

neurofibrillary tangles and extracellular senile plaques in the brain tissue and 

ultimately neuronal and synaptic degeneration 
[31,33,36,37]

. The senile plaques are 

formed from deposition of the amyloid β (Aβ) peptide in an aggregated fibrillar 

form. 

The Aβ peptide is the product of sequential proteolytic cleavage of the amyloid 

precursor protein (APP), a transmembrane protein located in the neuronal 

membrane 
[38,38,39]

. The cleavage of APP is done by α-, β-, and γ-secretases via two 

distinct pathways: amyloidogenic and non-amyloidogenic 
[30]

 (figure 1.10). In the 

non-amyloidogenic pathway, APP is cleaved by α-secretases and subsequently 

cleaved by γ-secretases, whereas in the amyloidogenic pathway β-secretase cuts 

first, followed by γ-secretase cleavage resulting in the amyloid peptides with 

sequence length ranging from 38 to 43 amino-acid residues. There is evidence for 

other pathways, involving cleavage of the N-terminus of the Aβ by both α- and β-

secretases, which result in the production of several soluble, shorter Aβ fragments 

in the cerebrospinal fluid 
[34,38,40,41]

. Some of these fragments are up-regulated in 

Alzheimeer’s disease. The aggregation potential of two of these shorter peptides 

and their influence on the full-length A peptide is investigated in chapter 4.  

Soluble A oligomers, rather than fully formed A fibrils and plaques are currently 

considered as the more likely culprits in cellular toxicity and play an essential role 

in the pathogenesis of Alzheimer’s disease 
[29,42,43]

. The potent pathologic effects of 

Aβ oligomers provide a compelling reason for elucidating the mechanism(s) leading 

to the transformation of monomeric Aβ into toxic oligomers and ultimately larger 

aggregates 
[44-46]

. The hydrophobic part of Aβ suggests a possible membrane activity 

of the peptide. In chapters 2 and 3 we study and monitor the aggregation process of 

A on the time scale of EPR in the presence of a membrane mimetic agent. 

http://en.wikipedia.org/wiki/Mental_confusion
http://en.wikipedia.org/wiki/Mood_swing
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Figure 1.10 Schematic overview of processing of the amyloid precursor protein (APP). The 

top panel shows the non-amyloidogenic -secretase pathway, in which soluble APP-

cleaved (sAPP) and C83 are generated. Subsequent hydrolysis by the -secretase produces 
a p3 peptide that does not form amyloid deposits. The bottom panel represents the 

amyloidogenic pathway, in which cleavage of APP by the -secretase followed by -

secretase, liberates sAPP and C99 and A peptides (A39 to A42) that are found in 
plaque deposits. Italics: sequence numbers of APP protein. 

 

1.2.3.2 Parkinson’s disease: the α-synuclein protein 

Parkinson’s disease is the second-most frequent neurodegenerative disorder, which 

affects more than 1 % of the population above 60 years of age 
[47]

. The most 

obvious symptoms in Parkinson’s disease include tremor, stiffness, slowness of 

movement, difficulty with walking, and a specific gait. Parkinson’s disease is 

characterized by the accumulation of a neuronal protein, α-synuclein (αS), in Lewy 

bodies, which are the pathological hallmark of Parkinson’s disease. Misfolding and 

aggregation of the αS protein is accompanied by the loss of dopaminergic neurons 

in the substantia nigra, a region in the midbrain, and insufficient formation of 

dopamine, which is important for movement 
[30,48-50]

. The name synuclein arises 

from the evidence that this protein localizes to synaptic vesicles and portions of the 

neuronal nucleus 
[30]

, but it has also been observed in the cytosol 
[51,52]

. 

The αS protein (40 kDa) consists of 140 amino-acid residues, of which the N-

terminus has a propensity to acquire α-helical structure 
[53,54]

. The central region, 

http://en.wikipedia.org/wiki/Alpha-synuclein
http://en.wikipedia.org/wiki/Tremor
http://en.wikipedia.org/wiki/Bradykinesia
http://en.wikipedia.org/wiki/Bradykinesia
http://en.wikipedia.org/wiki/Gait
http://en.wikipedia.org/wiki/Alpha-synuclein
http://en.wikipedia.org/wiki/Lewy_bodies
http://en.wikipedia.org/wiki/Lewy_bodies
http://en.wikipedia.org/wiki/Dopamine
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enclosed by amino-acid residues 61 to 95, the so-called NAC region, is 

hydrophobic and is crucial in the aggregation of αS 
[55,56]

 (figure 1.11). The C-

terminus of αS is negatively charged and mostly remains unstructured (amino-acid 

residues 100 to 140). When exposed to phospholipids, detergents or vesicles, αS 

forms an α11/3 helix, which has 3.67 amino-acid residues per turn instead of 3.6 

amino-acid residues per turn of an ideal α-helix 
[57-60]

. This amphiphatic helix allows 

the αS protein to associate with the surface of membranes 
[57]

. 

 

 

 

Figure 1.11 A schematic view of the α-synuclein protein. The highlighted region, amino-

acid residues 61 to 95, is reported as the main part involved in the aggregation. The N in a 

box corresponds to the N-terminus and the C in a box corresponds to the C-terminus of the 

protein. 

 
Under certain conditions in vitro 

[58,60]
 (see chapter 5 of this thesis), αS forms 

oligomers and ultimately fibrils. The β-sheet core of the fibril starts at amino-acid 

residues 35-38 and ends around amino-acid residues 89-96 
[21,61-64]

. The fibrils have 

a cross-β-sheet structure, which is characterized by x-ray and electron diffraction, in 

which individual β-strands stack perpendicular to the fibril axis. However, the 

details of folding and arrangement of aS monomers in the fibrils are still 

unresolved. In chapter 5 we investigate the fold of αS in the fibril, using distance 

determination with pulsed EPR. 

1.2.4 Proteins with disordered regions: the light-harvesting protein CP29 

In plants, oxygenic photosynthesis, a process in which solar energy is converted 

into chemical energy, occurs in the membrane of thylakoids in chloroplasts (figure 

1.12). The light-driven charge separation occurs in two chlorophyll-binding protein 

complexes, photosystem I and photosystem II. The light-harvesting protein CP29 is 

a member of the photosystem II protein complex machinery. It is located between 

the major light-harvesting complex LHCII and the core complex 
[65]

. Besides light-

harvesting and energy transfer it has a photoprotective function. For light-

regulation, CP29 seems to make use of its N-terminus, a stretch of about 100 

amino-acid residues. In the recently solved crystal structure of CP29 
[65]

, the N-

terminus has no defined electron density. Site-directed spin labeling combined with 

http://en.wikipedia.org/wiki/Alpha-synuclein
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EPR enables us to investigate the structure of the disordered N-terminus of CP29. 

Our study involves two approaches: exploring the mobility of the spin label with 

continuous wave EPR and distance determination with pulsed EPR. From the 

present EPR investigation the presence of multiple conformations of the N-terminus 

is concluded. 

 

Figure 1.12 Schematic representation of the location of CP29 in a plant cell, chloroplast. 

 

1.3 Thesis outline 

This thesis is organized as follows. In chapters 2 and 3 continuous wave (cw) EPR 

is employed to examine the influence of a membrane-mimetic agent on the 

aggregation of the Aβ peptide. In chapter 4 the influence of shorter fragments of the 

Aβ peptide on the aggregation of the full-length Aβ is investigated. In chapter 5 we 

investigate the fibril fold of the αS protein with pulsed EPR. Chapter 6 describes the 

structure of the long flexible N-terminus of the light-harvesting antenna protein 

CP29. In the final chapter we present the EPR characterization of peptides with one 

or two rigidly-attached spin labels as  models for studying spin-spin interaction in 

distance measurements.  
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CHAPTER 2 
 

THE EFFECT OF A MEMBRANE  
MIMICKING DETERGENT ON  
AMYLOID β AGGREGATION 

 

OVERVIEW AND THE REGIME OF HIGH  
DETERGENT CONCENTRATION  

 
 
 

The aggregation of amyloid β (Aβ) peptide into fibrils and plaques is the chief 

indicator of Alzheimer's disease. Specific interest in oligomers stems from the 

suggestion that small, oligomeric aggregates and protofibrils, rather than the fully 
formed fibrils could be responsible for the toxicity of the Aβ peptide. We 

investigate the potential of Electron Paramagnetic Resonance (EPR) spectroscopy 

to detect early stages of Aβ peptide aggregation in the presence of the sodium 
dodecyl sulfate (SDS) detergent as a membrane mimicking agent. We have labeled 

the Aβ40 peptide variant, which contains an N-terminal cysteine with the MTS spin 

label ((1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate) and  

monitor the effect of different concentrations of SDS on the aggregation of the Aβ 
peptide. Continuous wave, 9 GHz EPR reveals that upon increasing the SDS 

concentration a transition from oligomers to a state in which a monomeric peptide 

binds to a micelle occurs. In the hitherto difficult to access area of low SDS 
concentrations we postulate a change from Aβ oligomers to Aβ-SDS complexes. 

The EPR approach enables us to monitor the changes occurring in the reaction 

mixture in the presence of different amounts of SDS on the time scale of 

aggregation. 
 

 

 
 

 

 
 

M. Hashemi Shabestari, N.J. Meeuwenoord, D.V. Filippov, M. Huber.  
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2.1 Introduction 

The amyloid β (Aβ) peptide is important in the context of Alzheimer’s disease, 

where it is one of the major components of the fibrils forming amyloid plaques 
[1-6]

. 

The peptide derives from misprocessing of the amyloid precursor protein (APP) and 

comprises a part of the presumed transmambrane section of APP 
[3,5-9]

. In solution, 

the peptide is disordered and, especially at high concentration its tendency to 

aggregate into fibrils is high 
[10]

. In the fibrils it adopts a parallel, -sheet structure 
[3,11]

. 

In vitro studies of the properties of Aβ are essential to understand its behavior at a 

molecular level. Such studies should also address the aggregation process, in 

particular, since early aggregates such as oligomers, rather than fully formed 

plaques, are discussed as toxic agents 
[5,8,12-16]

. Furthermore, agents that can 

influence aggregation are important, and of those, membrane mimics are 

particularly relevant, because the hydrophobic part of Aβ suggests a possible 

membrane activity of the peptide. One such agent is the sodium dodecyl sulfate 

(SDS) detergent 
[17-21]

.  

The aggregation of Aβ under the influence of SDS, and with respect to the SDS 

concentration has identified two regimes 
[20]

. At low concentrations of SDS or low 

SDS to peptide ratios (D/P), evidence for aggregates was found. These aggregates 

appeared to have a β-sheet component 
[22-27]

, suggesting aggregates which posses 

the secondary structure element of Aβ in the fibrils. In this regime, solution NMR 

methods are plagued by the absence of signals 
[20]

, which together with the known 

heterogenic character of Aβ samples has precluded further structural 

characterization. At higher SDS concentrations, the picture becomes clearer. In the 

concentration range around the critical micelle concentration (CMC) of SDS in 

water 
[22-25,27]

 and above, Aβ is found to have an α-helical conformation. A detailed 

study, using solution NMR 
[20,28]

 revealed that Aβ could be monomeric and 

embedded in an SDS micelle, a model that is supported also by small-angle X-ray 

and neutron scattering, FTIR, and CD spectroscopy 
[16,17,20,28-34]

. 

In the present study, we use spin-label EPR to learn more about the aggregation 

process in the presence of SDS. There are several reports about the use of spin-label 

EPR in Aβ research 
[35-37]

. The most relevant in the present context is that signatures 

of the oligomeric Aβ peptide can be detected by the spin-label EPR methodology 
[38]

, suggesting this technique as a possible tool to detect the effect of SDS on the 

aggregation of Aβ peptide. We employ spin-label EPR in combination with 

diamagnetic dilution to avoid line broadening by spin-spin interactions 
[3,38,39]

. 

Diamagnetic dilution refers to diluting the spin-labeled Aβ peptide (SL-Aβ) with 
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unlabeled Aβ peptide (wild type Aβ). We monitor the effect of SDS on the 

aggregation of the Aβ peptide at different D/P ratios. The ratios cover the entire 

range of SDS concentrations and were chosen to overlap with those employed by 

Wahlström et al. 
[20]

. The present study shows that by EPR information about Aβ 

aggregation at a wide range of SDS concentrations can be obtained. We propose 

that Aβ aggregates, present in the absence of SDS, are successively replaced by 

peptide-detergent aggregates at low SDS concentrations. At SDS concentrations 

above the CMC only one species is present, which we assign to a monomeric, 

micelle bound form of A. 

2.2 Materials and methods 

The Aβ40 peptide and its cysteine-Aβ variant (H-Cys-Asp-Ala-…-Val-OH) were 

purchased from AnaSpec (purity > 95 %), the solvent DMSO was purchased from 

Biosolve (purity 99.8 %). The MTS spin label ((1-oxyl-2,2,5,5-tetramethylpyrrolin- 

e-3-methyl) methanethiosulfonate) was purchased from Toronto Research Chemica- 

ls Inc. (Brisbane Rd., NorthYork, Ontario, Canada, M3J 2J8). Spin labeling was 

performed and the purified spin-labeled Aβ was analyzed by liquid chromatography 

as described previously 
[38]

. The peptide was lyophilized and stored in the freezer 

(20
0 
C) until used. 

2.2.1 Sample preparation protocol 

Seven different Aβ sample conditions, differing in SDS concentrations were 

investigated. The total concentration of peptide was kept constant at 0.55 mM. The 

peptide was a mixture of wild type Aβ and SL-Aβ that contained 14 % SL-Aβ, 

resulting in diamagnetically diluted samples as reported before 
[38]

. In contrast to the 

previous protocol 
[38]

, we prepared the Aβ samples using a procedure, which 

involves predissolution of the peptide in dilute base solution 
[20,40-42]

. This procedure 

was designed to avoid peptide aggregation in the starting solution. 

Accordingly, the Aβ peptides were predissolved in NaOH solution (10 mM, pH 11) 

with sonication for one minute in an ice bath at twice the desired final 

concentration, i.e., at 1.1 mM total Aβ concentration. The desired amount of SDS 

was dissolved in potassium phosphate buffer (20 mM, pH 7.4). The basic solution 

of Aβ peptides (1.1 mM) was combined with the potassium phosphate buffer 

solution (20 mM, pH 7.4) to reach the final desired peptide concentration and the 

proper D/P molar ratio for each sample (for D/P ratios see table 2.1). This step was 

followed by another one minute sonication in an ice bath. The final pH was adjusted 

to pH 7.4. The entire sample preparation was performed on ice. All samples were 

prepared and measured at least twice. 
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Table 2.1 Correspondence of SDS content of samples. Ratio of SDS detergent to Aβ peptide 

(D/P) and absolute SDS concentrations investigated. 

 
D/P ratio SDS [mM] 

0 0 

2.7 1.5 

5.4 3 

7.3 4 

12.7 7 

65.4 36 

130.9 72 

 

2.2.2 EPR experiments 

For room temperature measurements, samples of 10-15 µl peptide solution were 

drawn into Blaubrand 50 µl capillaries. Often, a white precipitate was observed, 

indicating aggregation. In cases where a white precipitate was observed, the sample 

height was carefully adjusted in order to be sensitive to that part of the solution. The 

X-band continuous-wave (cw) EPR measurements have been performed using an 

ELEXSYS E680 spectrometer (Bruker, Rheinstetten, Germany) equipped with a 

rectangular cavity. A modulation frequency of 100 kHz was used. Measurements 

were done at temperature of 20C, using 6.331 mW of microwave power and a 

modulation amplitude of 1.4 G. The large modulation amplitude helps to obtain a 

better signal-to-noise ratio for broad lines. The accumulation time for the spectra 

was 40 minutes per spectrum. 

2.2.3 The amount of spin label in different samples 

For a quantitative comparison of samples, we need to investigate the actual amount 

of spin label in each sample. This amount was determined by double integration of 

the first-derivative EPR spectrum, with the SL-Aβ stock solution as a reference. 

The amount of spin label for the samples with different concentrations of SDS was 

at least 86 % compared to the stock solution. The uncertainties of this method, 

determined by multiple independent analyses of the same data, are around 20 % due 

to difficulties with the base-line correction of the spectra. Within this error margin, 

the amount of spin-labeled peptides in all samples is identical.  

2.2.4 Simulations of EPR spectra, interpretation of the rotation-correlation 

time  

The spectra were simulated using Matlab (version 7.11.0.584, Natick, Massachuset- 

ts, U.S.A) and the EasySpin package 
[43]

. The following tensor values were used for 

all simulations: g = [2.00906, 2.00687, 2.00300] 
[38,44]

 and Axx = Ayy = 13 MHz in 
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buffer. For the fast and medium components, different Azz values were used than for 

the slow component, as discussed before 
[38]

. For each fraction over-modulation 

effects were taken into account in EasySpin. Usually a superposition of one to three 

components was required to simulate the spectra. In all cases, isotropic rotation of 

the spin label was sufficient to reproduce the line-shape observed. From the 

simulation of the EPR line-shape, the rotation-correlation time, r, of the spin-

labeled peptide as well as the corresponding amount of each spectral component 

was obtained 
[45]

.  

We interpreted r with the Stokes-Einstein equation, which implies a spherical 

approximation for the volume 
[38]

: 

34

3
r EPRV

kT kT

 
                                                                                           (2.1) 

The Boltzman constant, k, and solvent viscosity, η, at a specified temperature, T, 

are required to obtain the hydrodynamic radius, α. According to equation (2.1), the 

volume, VEPR, of the particle is linearly correlated with the τr of the spin-labeled 

peptide. The volumes derived are referred to as VEPR in the text. The volume VEPR 

derived from r is strongly affected by the mobility of the nitroxide group of the 

spin label and the rotation of the spin label around the linker bond can make this 

correlation time significantly smaller than that of the aggregate. 

2.3 Results  

We have applied X-band cw EPR to monitor the effects of the presence of SDS on 

the Aβ peptide. The main observable is the line-shape of the EPR spectra, which, 

under the conditions employed (diamagnetic dilution), reflects the mobility of the 

spin label attached to the cysteine variant of Aβ. Figure 2.1 shows the spectra of the 

monomeric SL-Aβ and of diamagnetically diluted SL-Aβ in three samples with 

different amounts of SDS measured at room temperature. In the following we refer 

to the diamagnetically diluted SL-Aβ as SL-Aβ unless otherwise stated. 
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Figure 2.1 Room temperature EPR spectra of monomeric pure SL-Aβ in a: DMSO, and SL-

Aβ obtained from samples with three different D/P ratios: b: D/P = 0, c: D/P = 12.7 and, d: 

D/P = 65.4. Black line: experiment, red line: simulation. 

 

 

 

Figure 2.2 Simulation of the EPR spectrum of SL-Aβ at D/P = 0 with three components: red 

line fast, green line medium, and blue line slow component. 
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The EPR spectrum of monomeric Aβ (figure 2.1.a) has three narrow lines. 

Comparison of figure 2.1.a and b shows that in the absence of SDS (D/P = 0), the 

lines are broadened and additional lines are observed compared to the spectra of the 

monomeric peptide (figure 2.1.a), which suggests a superposition of different 

spectral components. Figure 2.2 shows these components as obtained from a 

simulation of the EPR spectrum that is shown in figure 2.1.b. The spectrum can be 

simulated by three components 
[38]

, which, in the remainder of the text, we refer to 

as fast, medium and slow. The relative amount of these components (table 2.2) is 

similar to that obtained before 
[38]

 except for an increase in the amount of the fast 

fraction from 5 % to 10 % (see Discussion). Each component is characterized by a 

rotation-correlation time and the amount by which this component contributes to the 

spectrum (table 2.2). 

 

Table 2.2 EPR parameters obtained from the simulation of cw EPR spectra of SL-Aβ 

samples. Given are: τr, rotation-correlation time, Azz, the hyperfine splitting along the z-

direction, lw, the component line-width of the simulation, and % stands for the contribution 

of the component to the total spectrum.  

 
 

fast medium slow 

D/P 
τr 

(ns) 

Azz 

(MHz) 

lw 

(mT) 

% 

 

τr 

(ns) 

Azz 

(MHz) 

lw 

(mT) 

% 

 

τr 

(ns) 

Azz 

(MHz) 

lw 

(mT) 
% 

0 0.19 ± 0.02 110 0.14 10 ± 2.0 2.55 ± 0.35 110 0.32 51 ± 2 > 50 95 0.50 39.0 ± 2.0 

2.7 0.43 ± 0.02 110 0.14 2.5 ± 0.5 4.80 ± 0.40 110 0.32 64 ± 4 > 50 95 0.50 33.5 ± 2.5 

5.4 0.43 ± 0.02 110 0.14 2.5 ± 0.5 4.65 ± 0.55 110 0.32 75 ± 3 > 50 95 0.50 22.5 ± 2.5 

7.3 0.19 ± 0.02 110 0.14 10.0 ± 2.0 1.76 ± 0.16 110 0.14 90 ± 2 - - - - 

12.7 0.19 ± 0.02 110 0.14 7.0 ± 2.0 1.55 ± 0.08 110 0.14 92 ± 3 - - - - 

65.4 - - - - 0.93 ± 0.03 109 0.06 100 - - - - 

130.9 - - - - 0.93 ± 0.03 109 0.06 100 - - - - 

 

Figure 2.1.c shows the spectrum of a sample with an intermediate ratio of D/P (D/P 

= 12.7). This spectrum was simulated using two components (fast and medium) 

with the parameters given in table 2.2. The slow component disappears gradually in 

the range of SDS concentrations from 3 to 7 mM, D/P = 5.4 to 12.7. At even higher 

concentrations of SDS (above 36 mM, D/P = 65.4) the simulation shows that the 

line-shape (figure 2.1.d) is fully described by a single species. The corresponding τr 

of this species is the same for the D/P ratios 65.4 and 130.9. The rotation-

correlation time of the single species observed at high SDS concentrations (τr = 0.93 

ns) is larger than the τr of the fast component (τr = 0.19 ns) and smaller than that of 
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the medium component in the absence of SDS (D/P = 0, τr = 2.55 ns). In the 

following we refer to this species as the high-SDS species. 

To test for spin-spin interaction we measured the high-SDS species in a pure SL-Aβ 

sample. The result is shown in figure 2.3. There is no difference between the 

diamagnetically diluted and the non-diluted sample, showing the absence of spin-

spin interaction of Aβ in the high SDS regime. 

 

 

 

Figure 2.3 Room temperature EPR spectra of high-SDS-Aβ samples measured at a D/P 

ratio of 130.9. Black line: non-diluted Aβ sample: non-dd SL-Aβ. Red line: diamagnetically 

diluted Aβ sample: dd-SL-Aβ. 

 

2.3.1 Effect of SDS on the amount of different components  

An important parameter in the spectral simulation is the contribution of different 

components to each spectrum. In figure 2.4, the amount of different mobility 

components is plotted versus the D/P ratios ranging from 0 to 130.9. In the absence 

of SDS, at D/P = 0, the spectrum is composed of almost equal amounts of the slow 

and the medium component, and a small fraction (10 %) of the fast component. At 

low D/P ratios (between D/P = 0 and 12.7), the amount of the fast component 

fluctuates but never reaches more than 12 %. At D/P ratios larger than 12.7 the fast 

component disappears. There is a gradual increase in the amount of the medium 

component between D/P = 0 and 12.7. Above D/P = 12.7 (i.e., 7 mM SDS) which is 
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close to the critical micelle concentration of SDS 
[22-25,27]

, the medium component 

increases to its final value of 100 %. As shown in figure 2.4, upon increasing the 

D/P ratio to about D/P = 7.3, there is a drop in the amount of the slow component. 

At D/P ratios larger than 7.3 the slow component has disappeared.  

 

 

Figure 2.4 Amount of the spectral components as a function of the D/P ratios. 

 

2.3.2 The size of aggregates at different concentrations of SDS 

According to the Stokes-Einstein equation, equation (2.1), the volume of the 

particle has a linear dependence on τr (see materials and methods). From τr we can 

determine the EPR derived volume of the aggregates, VEPR, (see materials and 

methods). For the volume of the slow component (τr > 50 ns), only a lower limit of 

5*10
4
 Å

3
 could be given because this component is immobile on the time scale of 

the EPR experiment. For the fast rotating fraction of the sample with D/P = 0, a r 

of 0.19 ns is obtained. Using the viscosity of water of  = 1.002*10
3

 (N·s·m
2

) at 

20 C 
[46]

, a volume of 180 Å
3
 results, which is close to the volume of 126 Å

3
 

obtained from the r of Aβ in DMSO ( = 1.996*10
3

 N·s·m
2 [46]

, r = 0.26 ns) in 

which the peptide is in the monomeric form. Following Sepkhanova et al., the fast 

component is assigned to the monomeric peptide 
[38]

.  
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2.4 Discussion 

In the present study we have used spin-label EPR to investigate the effect of SDS 

on the aggregation process of the Aβ peptide. In the absence of SDS, three 

components are found, which, according to their mobility characteristics, are 

referred to as the fast, medium, and slow components. We attribute the fast 

component to monomeric Aβ and the two others to aggregated forms of Aβ, as 

described before 
[38]

. We ascribe the larger amount of monomeric Aβ (10 % vs 5 % 

in the previous study) observed in the present study to the different preparation 

protocol 
[20,40,42]

, a protocol that was designed to increase the amount of monomeric 

Aβ. The fraction of monomertic Aβ never reaches values higher than 12 %, even 

considering the sample-to-sample variation. From this observation, we conclude 

that the largest portion of the sample is aggregated. This observation is in good 

agreement with previous reports 
[10,20]

, which shows that at the Aβ concentrations 

used here aggregates are present.  

2.4.1 The high SDS concentration species of Aβ 

At high concentrations of SDS, well above CMC 
[22-27]

, the sample is composed of a 

single species, referred to as the high-SDS-species. This species makes up at least 

80 % of the total peptide in the sample (see materials and methods) and is the only 

species we observe. In that state, the Aβ must be monomeric because of the absence 

of spin-spin interaction in the spectra of pure SL-Aβ samples (figure 2.3 and 

appendix A). This species has a molecular volume VEPR that is larger than the VEPR 

of the monomeric Aβ. The VEPR of the high-SDS species is much smaller than the 

volume of an SDS micelle 
[22,47]

. Previously, it was proposed that the species 

predominant at high SDS concentrations is a monomeric Aβ, solubilized in an SDS 

micelle 
[17,20,28,29,31,32,34,48]

. This proposal is consistent with the data obtained by EPR. 

The finding that the size of the high-SDS species is larger than that of the 

monomeric Aβ is consistent with micelle binding, because the volume increases by 

the attachment of Aβ to the micelle. The fact that VEPR is smaller than the volume of 

the SDS micelle is attributed to the local mobility of the spin label. Also, owing to 

the local mobility of the spin label, VEPR is significantly smaller than the volume of 

the high-SDS species (23 – 132*10
3
 Å

3
) derived from NMR results 

[20,32,34,48]
. The 

last issue to be resolved for the high-SDS species is that EPR suggests the sample to 

be homogenous, whereas the NMR-titration data show that at similar D/P ratios, the 

sample is heterogeneous, and only a fraction of about 20 % of the sample is visible 

to the NMR, which shows that only that fraction is in the monomeric SDS-micelle 

bound form 
[20]

. Several explanations are offered for the absence of NMR signals 

for the remaining 80 % of the peptide, amongst which peptide aggregates 
[20]

. For 
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the EPR sample we can exclude a mixture of aggregates and monomers because 

only a single species is observed and Aβ-Aβ interaction is not detected (figure 2.3 

and appendix A). Besides other explanations given for the heterogeneity of the 

high-SDS NMR samples 
[20]

, differences between the EPR and NMR results could 

be caused by the respective measurement conditions. It has been shown that the 

absolute concentrations of SDS and Aβ could influence the formation of the Aβ-

micelle complex or peptide aggregation, because apparently there is competition 

between the association of Aβ with micelles and Aβ with Aβ to form aggregated 

peptide 
[17]

. The peptide concentration in the EPR experiments is higher than in 

NMR. Consequently, the critical micelle concentration of SDS is reached at lower 

D/P ratios than in the NMR experiments. This could help to favorably influence the 

equilibrium between Aβ-Aβ and Aβ-SDS interaction and result in a larger fraction 

of monomeric Aβ bound to the micelle in the EPR experiment. Furthermore, in the 

EPR sample preparation the total amount of SDS is added directly to the peptide, 

rather than in titrating steps as in NMR 
[20]

. Perhaps the presence of high 

concentrations of SDS under the conditions of the EPR measurement is more 

efficient to prevent peptide aggregation.  

2.4.2 Aβ at intermediate SDS concentrations 

In contrast to the interpretation of the high-SDS-species, much less is known so far 

about the state of peptide at intermediate concentrations of SDS. The disappearance 

of NMR signals and the β-sheet signatures found in CD and FTIR spectra were 

attributed to an aggregated form of  Aβ 
[20]

. By EPR, in the intermediate SDS 

concentration regime (D/P = 2.7), r of the medium component (table 2.2) is larger 

than in the absence of SDS, which could be due to an increase in the size of existing 

aggregates or to detergent molecules that bind to Aβ. In the former case, such 

aggregates are most likely formed at the expense of the very large aggregates 

present in the slow mobility fraction. Such a redistribution would explain the 

decreasing amount of Aβ in the slow fraction with increasing SDS concentration, a 

fraction that at D/P ratios of 7.3, corresponding to 4 mM SDS, completely 

disappears. But concomitantly, also the character of the aggregate must change, as 

also suggested by the decrease in the β-sheet component observed by CD 

spectroscopy 
[20]

. The rotation-correlation time of the medium-mobility fraction 

changes significantly at D/P ratios between 7.3 and 12.7 to 1/3 of its initial value, 

which indicates a change in the size of the aggregate and/or the local mobility of the 

spin label. We speculate that the aggregate changes from an Aβ-oligomer to a 

species in which Aβ interacts with several SDS molecules. The component 

observed is likely not the micelle bound species, because the transition occurs well 
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below the CMC of SDS. Almost coinciding with the CMC, at D/P ratios above 12.7 

the high-SDS species prevails.  

Overall, the present EPR investigation suggests that, starting from low SDS 

concentrations, a transition from an Aβ-oligomer to an Aβ-SDS complex seems to 

take place. Since this change is accompanied by a loss in β-sheet signature and an 

increase in α-helix character 
[20]

, we propose that this is the first step towards the 

micelle-bound state of Aβ, in which the peptide is supposed to have an α-heilcal 

structure. 

The present investigation shows that because of the high sensitivity of EPR to the 

aggregation state of Aβ, we can monitor the changes occurring in the reaction 

mixture in the presence of different amounts of SDS on the time scale of 

aggregation. We propose an Aβ-SDS complex at SDS concentrations below the 

CMC and a micelle-bound monomeric Aβ state at higher SDS concentrations. 
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CHAPTER 3 
 

INTERACTION OF THE AMYLOID β  
PEPTIDE WITH A MEMBRANE  

MIMICKING DETERGENT 
 

THE REGIME OF SUB-MICELLAR  
DETERGENT CONCENTRATION  

 
 
 

 

The amyloid β (Aβ) peptide is important in the context of Alzheimer’s disease, 

where it is one of the major components of the fibrils forming amyloid plaques. 

Agents that can influence aggregation are important, and of those, membrane 
mimics are particularly relevant, because the hydrophobic part of Aβ suggests a 

possible membrane activity of the peptide. We employed spin-label EPR to learn 

about the aggregation process of Aβ in the presence of the sodium dodecyl sulfate 
(SDS) detergent as a membrane mimicking agent. In chapter 2 we focus on the 

overall effect of SDS on the Aβ using a spin label at the N-terminus as a probe. 

Thereby information on the state of Aβ at high-SDS concentration, i.e., above the 
critical micelle concentration (CMC) is obtained. In the present chapter we explore 

the aggregation behavior using two different positions of the spin label. By 

comparing the two label positions the effect of local mobility of the spin label is 

eliminated, thereby, we learn about the Aβ aggregation in the SDS concentration 
regime below the CMC. We demonstrate that at low SDS concentrations the N-

terminus of Aβ participates in the solubilization by being located at the particle/ 

water interface. At higher SDS concentrations an SDS-solubilized state that is a 
precursor to the one Aβ/micelle state above the CMC of SDS prevails. This study 

reveals the unique potential of EPR in studying the Aβ aggregation.  

 

 

 

 

 
M. Hashemi Shabestari, N.J. Meeuwenoord, D.V. Filippov, M. Huber. 
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3.1 Introduction 

The aggregation of the amyloid β (Aβ) peptide to fibrils and plaques is the chief 

indicator of Alzheimer's disease 
[1-7]

. The potent pathologic effects of Aβ oligomers 

provide a compelling reason for elucidating the mechanism(s) leading to the transf-

ormation of monomeric Aβ into toxic oligomers and ultimately larger aggregates 
[8-

10]
. In this context agents that can influence aggregation are important, and of those, 

membrane mimics are particularly relevant, because the hydrophobic part of Aβ su-

ggests a possible membrane activity of the peptide. One such agent is the sodium 

dodecyl sulfate (SDS) detergent 
[10-14]

. Previous studies addressed the aggregation of 

Aβ under the influence of SDS 
[15-20]

. At high concentrations of SDS, close to the 

critical micelle concentration (CMC) and above, Aβ is found to have an α-helical 

conformation 
[15-18,20]

. At submicellar concentrations, SDS seems to accelerate the 

formation of spherical aggregates 
[21,22]

, however, detailed information is missing 

because samples are heterogeneous, which makes them difficult to study further 
[9,10,13,23,24]

. We use EPR to address this problem 
[25-28]

. Here we employ spin-label 

EPR to obtain local information about the different sections of the Aβ40 peptide 

during the process of aggregation. To this aim, two cysteine variants of Aβ40, 

bearing a nitroxide spin label at the N-terminus or in the middle of the sequence, are 

examined to study the effect of SDS at various concentrations. The present study 

suggests that at submicellar concentrations of SDS the Aβ40/SDS aggregates have 

different shapes. We show that by spin-label mobility EPR local information about 

Aβ aggregation at a wide range of SDS concentrations can be obtained. 

3.2 Materials and methods 

The Aβ40 peptide as well as two cysteine-Aβ variants: [cys26]-SL-Aβ (in short: 

SL26-Aβ) and [cys1]-SL-Aβ (in short: SL1-Aβ), differing in the position of the spin 

label, were purchased from AnaSpec (purity > 95 %), the solvent DMSO was 

purchased from Biosolve (purity 99.8 %), the MTS spin label ((1-oxyl-2,2,5,5-

tetramethylpyrroline-3-methyl) methanethiosulfonate) was purchased from Toronto 

Research Chemicals Inc. (Brisbane Rd., NorthYork, Ontario, Canada, M3J 2J8). 

Spin labeling was performed and the purified spin-labeled Aβ was analyzed by 

liquid chromatography as described previously
 [25]

. The peptide was lyophilized and 

stored in the freezer (20
0
 C) until used.  

3.2.1 Sample preparation protocol 

Two cysteine variants of the Aβ peptide, SL1-Aβ and SL26-Aβ, differing in the 

position of the spin label were used. From each Aβ peptide variant six different Aβ 

sample conditions, differing in SDS concentrations (1.5 mM, 3 mM, 4 mM, 7 mM, 
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36 mM, and 72 mM) were prepared and compared to a sample into which no SDS 

was added. The total peptide concentration was kept constant at 0.55 mM. The 

peptide was a mixture of wild type Aβ and SL-Aβ, which contained 14 % SL-Aβ 

resulting in diamagnetically diluted samples as reported before 
[25]

. Samples were 

prepared as described in chapter two of this thesis. In the remainder of the text we 

use the detergent to peptide (D/P) ratio to refer to each sample condition, i.e., D/P = 

0, 2.7, 5.4, 7.3, 12.7, 65.4, and 130.9, which refers to [SDS] = 0 mM, 3 mM, 4 mM, 

7 mM, 36 mM, and 72 mM, respectively.  

3.2.2 EPR experiments 

The X-band cw EPR measurements have been performed at room temperature 

(20C) using an ELEXSYS E680 spectrometer (Bruker, Rheinstetten, Germany) 

equipped with a rectangular cavity. Samples of 10-15 µl peptide solution were 

drawn into Blaubrand 50 µl capillaries. Measurements were performed using the 

following parameters: 6.31 mW of microwave power, a modulation amplitude of 

1.4 G, and a modulation frequency of 100 kHz. The accumulation time for the 

spectra was 40 minutes per spectrum. All samples were prepared and measured at 

least twice. 

3.2.3 Simulations of EPR spectra  

Matlab (version 7.11.0.584, Natick, Massachusetts, U.S.A) and the EasySpin 

package 
[29]

 were used for the simulation of EPR spectra. For all simulations the 

following tensor values were used: g = [2.00906, 2.00687, 2.00300] 
[25,30]

 and Axx = 

Ayy = 12 and 13 MHz in DMSO and buffer, respectively. For the fast and medium 

components, different Azz values were used than for the slow component, as 

discussed before 
[25]

. For each fraction over-modulation effects were taken into 

account in EasySpin. Usually a superposition of one to three components was 

required to simulate the spectra. In all cases, isotropic rotation of the spin label was 

sufficient to reproduce the line-shape observed. 

3.3 Results 

The spectra of both SL-Aβ variants in DMSO, in which the Aβ peptide is in the 

monomeric form 
[31-33]

, have three narrow lines (figure 3.1). At low field, the first 

two lines of both SL-Aβ variants in DMSO have similar intensities, whereas the 

intensity of the third line at high field is larger for the sample of SL1-Aβ compared 

to that of SL26-Aβ.  
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Figure 3.1 Room temperature EPR spectra of monomeric spin-labeled Aβ in DMSO. a: 

SL1-Aβ. Black line: experiment, red line: simulation. The rotation-correlation time τr is 0.19 

ns. b: SL26-Aβ. Black line: experiment, red line: simulation. The rotation-correlation time τr 

is 0.27 ns.  

 

Under aggregation conditions 
[25]

 (in buffer) and in the absence of SDS (D/P = 0), 

the lines of both SL-Aβ variants are broadened and additional lines are observed as 

reported before 
[25]

 (figure 3.2.a and 3.2.a’). In the presence of SDS, particularly at 

low concentrations of SDS (D/P = 2.7, 5.4), the spectra of SL1-Aβ differ from those 

of SL26-Aβ (figure 3.2.a-c and 3.2.a’-c’), whereas at higher concentrations (above 

7 mM, D/P = 12.7), both SL-Aβ variants have identical spectra (figure 3.2.f and 

3.2.f’). At D/P ratios of 7.3 and 12.7 the spectrum of SL1-Aβ has narrower lines 

compared to those of SL26-Aβ. 
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Figure 3.2 Room temperature EPR spectra of SL1-Aβ and SL26-Aβ in buffer for samples 

with different SDS detergent to peptide (D/P) ratios. a to f : Spectra for SL1-Aβ samples. 
From a to f the D/P ratio increases. a’ to f’: Spectra for SL26-Aβ samples organized as in the 

left part of the figure. Black line: experiment, red line: simulation. 

 

By means of simulation, we quantify the spectral changes. The spectra of both SL-

Aβ variants in DMSO are simulated by a single component with a τr value of 0.19 

ns for SL1-Aβ and 0.27 ns for SL26-Aβ. We attribute the difference in the τr values 

to a slightly lower local mobility of the spin label at position 26 compared to that at 

position 1. The spectra of both SL-Aβ variants in buffer in the absence of SDS 

detergent are simulated using three components 
[25]

, which, in the remainder of the 

text, we refer to as fast, medium and slow. Each component is characterized by its τr 

value, and the amount by which this component contributes to the spectrum (table 

3.1 and 3.2). We first describe the trends of the amount, and next the corresponding 

τr values. 
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Table 3.1 EPR parameters obtained form the simulation of cw EPR spectra of the SL1-Aβ 

samples. Given are: τr, rotation-correlation time, Azz, the hyperfine splitting along the z-

direction, lw, the component line-width of the simulation, and % stands for the contribution 

of the component to the total spectrum. 

 

 fast medium slow 

D/P 
τr 

(ns) 

Azz 

(MHz) 

lw 

(mT) 
% 

τr 

(ns) 

Azz 

(MHz) 

lw 

(mT) 
% 

τr 

(ns) 

Azz 

(MHz) 

lw 

(mT) 
% 

0 0.19 ± 0.02 110 0.14 10 ± 2.00 2.55 ± 0.35 110 0.32 51 ± 2.00 > 50 95 0.50 39 ± 2.00 

2.7 0.43 ± 0.02 110 0.14 2.5 ± 0.50 4.80 ± 0.40 110 0.32 64 ± 4.00 > 50 95 0.50 33.5 ± 2.50 

5.4 0.43 ± 0.02 110 0.14 2.5 ± 0.50 4.65 ± 0.55 110 0.32 75 ± 3.00 > 50 95 0.50 22.5 ± 2.50 

7.3 0.19 ± 0.02 110 0.14 10 ± 2.00 1.76 ± 0.16 110 0.14 90 ± 2.00 - - - - 

12.7 0.19 ± 0.02 110 0.14 7 ± 2.00 1.55 ± 0.08 110 0.14 92 ± 3.00 - - - - 

65.4 - - - - 0.93 ± 0.03 110 0.06 100 - - - - 

130.9 - - - - 0.93 ± 0.03 110 0.06 100 - - - - 

 

 

Table 3.2 EPR parameters obtained form the simulation of cw EPR spectra of the SL26-Aβ 

samples. Given are: τr, rotation-correlation time, Azz, the hyperfine splitting along the z-

direction, lw, the component line-width of the simulation, and % stands for the contribution 

of the component to the total spectrum. 

 

 fast medium slow 

D/P 
τr 

(ns) 

Azz 
(MHz) 

lw 
(mT) 

% 
τr 

(ns) 

Azz 
(MHz) 

lw 
(mT) 

% 
τr 

(ns) 

Azz 
(MHz) 

lw 
(mT) 

% 

0 0.27 ± 0.02 110 0.14 6 ± 1.00 3.6 ± 0.10 110 0.32 52 ± 4.00 > 50 95 0.50 42 ± 4.00 

2.7 0.26 ± 0.02 110 0.14 24 ± 1.00 2.1 ± 0.10 110 0.32 36 ± 4.00 > 50 95 0.50 40 ± 4.00 

5.4 0.26 ± 0.02 110 0.14 13 ± 1.00 2.1 ± 0.10 110 0.32 74 ± 4.00 > 50 95 0.50 13 ± 4.00 

7.3 0.26 ± 0.02 110 0.14 4 ± 1.00 2.1 ± 0.10 110 0.14 96 ± 1.00 - - - - 

12.7 0.27 ± 0.02 110 0.14 7 ± 1.00 1.4 ± 0.10 110 0.14 93 ± 1.00 - - - - 

65.4 - - - - 0.93 ± 0.03 110 0.06 100 - - - - 

130.9 - - - - 0.93 ± 0.03 110 0.06 100 - - - - 
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3.3.1 Effect of SDS on the amount of different components 

In the absence of SDS (D/P = 0), the spectra of both SL-Aβ variants are composed 

of almost equal amounts of the slow and the medium component and a small 

fraction (about 10 %) of the fast component. The amount of each mobility 

component at different D/P ratios is represented in figure 3.3. At low concentrations 

of SDS (between D/P = 0 and 5.4), the trend of the amount of fast and the medium 

component of SL26-Aβ is different from that of SL1-Aβ. For SL1-Aβ the amount 

of fast component decreases and the amount of medium component increases. This 

trend is not evident for SL26-Aβ (figure 3.3). In the same concentration region 

(between D/P = 0 and 5.4), the amount of slow component decreases in both SL-Aβ 

variants. Above a D/P ratio of 5.4 the slow component has disappeared leaving only 

the fast and medium components. At higher concentrations of SDS (above 7 mM 

SDS, i.e., D/P = 12.7), which is close to the critical micelle concentration of SDS 

only one component of medium mobility is left, which has the same parameters for 

both SL-Aβ variants. 

 

Figure 3.3 Amount of the spectral components as a function of the D/P ratios. a: SL1-Aβ. b: 

SL26-Aβ. 

 

3.3.2 Effect of SDS on the rotation-correlation time 

The τr values of the fast component of the EPR spectra of SL1-Aβ and SL26-Aβ in 

buffer are identical to those of the respective SL-Aβ variants in DMSO. We 

therefore assign the fast fraction to monomeric Aβ.  

In the presence of SDS up to D/P = 5.4 the τr values of the fast and the medium 

component of SL1-Aβ are larger than those of SL26-Aβ. For SL1-Aβ, at D/P < 7.3, 

the τr values of both fast and medium components slightly increase with increasing 

SDS concentration, whereas those for SL26-Aβ remain constant over that range 
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(D/P < 7.3). At higher values of D/P (above D/P = 12.7; i.e., 7 mM SDS) no fast 

component is detected in the spectra of both SL-Aβ variants. The τr values of the 

only observed component in both SL-Aβ variants are identical. This τr is longer 

than the τr of both SL-Aβ variants in DMSO, in which the Aβ peptide is in the 

monomeric form. 

3.4 Discussion 

We have investigated the aggregation of Aβ at different concentrations of SDS by 

monitoring two different positions in the Aβ chain; the N-terminal SL1-Aβ and the 

central SL26-Aβ. From the two label positions we can differentiate spectral changes 

due to local mobility, analyzing the parameters that differ for SL1-Aβ and SL26-

Aβ. Spectral changes because of a change of the aggregation state of Aβ should be 

reflected in identical parameters for SL1-Aβ and SL26-Aβ. 

Figure 3.4 shows the changes in aggregation state: the amount of slow component 

and the amount of combined fast and medium component. Both amounts agree 

within the experimental uncertainty for SL1-Aβ and SL26-Aβ. It stands to reason 

that the Aβ aggregation state changes in a continuous way with the SDS concentr- 

ation: the amount of slow component decreases, whereas the amount of the more 

mobile components increases. Considering the mobility to reflect qualitatively the 

size of the aggregate, the Aβ changes from a more aggregated state with larger 

particles at low SDS concentrations to a state in which these larger aggregates 

almost disappear. Concomitantly, the amount of the smaller aggregates increases. 

Aggregation of Aβ at submicellar SDS concentrations was also concluded from the 

absence of monomer-NMR signal 
[13]

 and from β-sheet signatures found in CD and 

FTIR spectra, which were attributed to aggregated forms of Aβ 
[10,13,34]

. At higher 

SDS concentrations (above 7 mM, D/P = 12.7), i.e., close to the CMC, no larger 

aggregates remain and the sample appears uniform. The higher SDS concentration 

results agree with previous observations that the predominant species at high-SDS 

concentrations is a monomeric Aβ, solubilized in an SDS micelle 
[9,11,13,23,24,35-37]

. 

The difference between the EPR parameters of SL1-Aβ and SL26-Aβ in the 

submicellar SDS concentration regime far exceeds the sample to sample variation. 

These differences suggest that the regions of Aβ to which each spin label is attached 

behave differently in the presence of submicellar SDS concentrations. At the lowest 

SDS concentrations investigated (D/P = 2.7 and 5.4) the N-terminus goes through a 

phase of immobilization, as evidenced by the larger τr values of the fast and 

medium component at these SDS concentrations and the smaller amount of the fast 

component. The spectral parameters of SL26-Aβ reveal an almost inverse behavior, 

showing that the central part of the peptide becomes slightly more mobile at these 
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low SDS concentrations. The SL26-Aβ variant reveals an immobilization event of 

the central region of Aβ at higher SDS concentrations around D/P ratios of 7.3. 

 

Figure 3.4 Amount of the spectral components as a function of the D/P ratios. The amount 

of the slow component of the SL1-Aβ and SL26-Aβ variants are shown with triangles, 

similar to figure 3.3 (filled triangles: SL26-Aβ, non-filled triangles: SL1-Aβ). The amount 

of the fast and the medium components of the SL1-Aβ and SL26-Aβ variants are shown 

together with circles (filled circles: SL26-Aβ, non-filled circles: SL1-Aβ). The values for the 

circles are obtained by adding the amount of the fast to the amount of the medium 

component at each D/P ratio. In both SL-Aβ variants, the amount of slow component 

decreases, whereas the amount of the more mobile components (fast plus medium) 
increases. 

 

At low SDS to peptide ratios, aggregates should be dominated by Aβ-Aβ 

interactions and these apparently restrict the mobility of the N-terminus. Since this 

region is not considered to be part of the fibrilization domain of Aβ 
[38]

, the 

aggregates presumably differ from fibrils. Support for compactation involving the 

N-terminus also comes from Sambasivam et al. 
[13,39]

, where FRET distances 

between residues 1 and 10 suggest an α-helix or a β-turn of the N-terminus of Aβ at 

a 1.5 mM concentration of SDS, rather than an extended β-sheet. Wahlström et al. 
[13]

 interpret their CD data as two β-sheet-type structures, with a transition point 

around a D/P ratio of 11. This could suggest that at submicellar SDS concentrations 

(D/P = 2.7 and 5.4) Aβ is an oligomer 
[13,23]

 in which the N-terminus is trapped and 

the middle part is more flexible. Taking the β-sheet character into account 
[13]

, that 

would agree with a non-fibrilar type of β-sheet oligomer. We speculate that at these 
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low concentrations of SDS the Aβ peptide acts as a kind of detergent (figure 3.5). 

The hydrophilic N-terminus 
[38]

 locates at the water/aggregate interface, which helps 

to solubilize the aggregate as long as there are not sufficient SDS molecules to 

perform this task. This position in the interface immobilizes the N-terminus. The 

SDS could help breaking up the hydrophilic interaction between the aggregation 

domains of Aβ (residues 25-35) 
[40]

, which makes this central part of Aβ more 

mobile. Above D/P ratios of 5.4, there are sufficient SDS molecules to replace 

(some of) the Aβ N-termini at the water/aggregate interface. The N-terminus, which 

is hydrophilic 
[38]

, becomes more exposed, as witnessed by the increase in the 

amount of the fast spectral component and the decrease in τr of the medium 

component. The central part of Aβ becomes buried. Most likely the headgroups of 

SDS face the aqueous phase and the tails interact with the central hydrophobic part 

of Aβ. At SDS concentrations above the CMC this form would then transform to 

the micellar, α-helical form of Aβ. The α-helical form was proposed to be a 

monomeric Aβ, solubilized in an SDS micelle 
[9,11,13,23,24,35-37]

. This proposal is 

consistent with the data presented in chapter 2 of this thesis, revealing a single, 

homogeneous form of Aβ in which Aβ-Aβ interactions are not detectable. Based on 

the model proposed by Jarvet et al. 
[23]

 the N-terminus and the central part of the 

peptide are not part of the helical domain. Our results show that the N-terminus and 

central part of Aβ have similar mobilities, which suggests a similar location of these 

positions with respect to the micelle.  
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Figure 3.5 Cartoon of the Aβ aggregation at different D/P ratios. On the left side, the Aβ 

aggregate is shown at a D/P ratios of about 5.4, in which the hydrophilic N-terminus 
becomes immobilized at the aggregate/buffer interface. This helps to solubilize the 

aggregate. In the middle, the Aβ aggregate is shown at D/P ratios of about 7.3, where there 

are sufficient SDS molecules to replace (some of) the Aβ N-termini at the water/aggregate 

interface. On the right, the Aβ peptide is shown at D/P ratios above the CMC of SDS. Two 

possible models for Aβ interaction with a micelle are shown, in which both spin labels 

would have similar rotation correlation times. 

 

In conclusion, we have shown that previously inaccessible detail of the low-SDS 

form of Aβ can be obtained by spin label EPR. A careful study of two labeling 

positions in Aβ and the sensitivity of this EPR approach to local mobility reveal a 

change in the aggregate state. From a particle, in which the N-terminus of Aβ 

participates in the solubilization by being located at the particle/water interface, the 

aggregate changes to an SDS-solubilized state that is a precursor to the one 

Aβ/micelle state above the CMC of SDS. We also demonstrate how from the local 

mobility parameters global properties of the Aβ-aggregation state are obtained, 

revealing the unique potential of EPR in studying the Aβ aggregation.  
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CHAPTER 4 
 

THE AGGREGATION POTENTIAL OF  
1-15 AND 1-16 FRAGMENTS OF  
THE AMYLOID β PEPTIDE AND  

THEIR INFLUENCE ON THE  
AGGREGATION OF Aβ40 

 

 

 

 

 

The aggregation of amyloid β (Aβ) peptide is important in Alzheimer’s disease. 

Shorter Aβ fragments may reduce Aβ’s cytotoxicity and are used in diagnostics. 

The aggregation of Aβ16 is controversial; Liu et al. (J. Neurosci. Res. 2004, 72, 
162-171) and Liao et al. (FEBS Lett. 2007, 581, 1161-1165) find that Aβ16 does not 

aggregate and reduces Aβ’s cytotoxicity, Du et al. (J. Alzheimers Dis. 2011, 27, 

401-413) reports that Aβ16 aggregates and that Aβ16 oligomers are toxic to cells. 

Here the aggregation potential of two shorter fragments, Aβ15 and Aβ16, and their 
influence on Aβ40 is measured by Electron Paramagnetic Resonance (EPR) spectr-

oscopy and the Thioflavin T fluorescence assay (ThioT). Continuous wave, 9 GHz 

EPR measurements and ThioT results reveal that neither Aβ15 nor Aβ16 aggregate 
by themselves and that they do not affect Aβ40 aggregation.  
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4.1 Introduction 

Fibrillar plaques and aggregates of the 39 to 42 amino-acid residue amyloid β (Aβ) 

peptide in the brain have been recognized as major characteristics of Alzheimer’s 

disease 
[1-4]

. The Aβ peptide originates from a proteolytic cleavage of the amyloid 

precursor protein (APP), a human transmembrane protein crucial for memory 
[3,5]

. 

Recently, more than about 20 shorter Aβ fragments, comprising residues 1-15, 4-15, 

5-15, 14-15, 1-13, 1-14, etc. of the N-terminus of the full-length Aβ (table 4.1), 

have been reported in the cerebrospinal fluid (CSF), in addition to the previously 

reported Aβ1-16 fragment (Aβ16) 
[6-9]

. Some of these fragments are up-regulated in 

Alzheimer’s disease 
[6,7]

. The soluble Aβ16 fragment in the brain results from the 

cleavage between amino acids K16 and L17, the proposed α-secretase cleavage site in 

the Aβ sequence. Amongst the 20 Aβ fragments that are upregulated, 11 fragments 

with different length end at amino acid 15, one amino acid before the α-secretase 

cleavage site, which suggests a novel metabolic pathway for APP 
[6,7]

. The short Aβ 

fragments draw a lot of attention especially in the search for peptide or 

peptidomimetic inhibitors of Aβ aggregation in the pathological context 
[8,10,11]

. For 

example the Aβ1-15 fragment (Aβ15) can be used as a vaccine 
[12,13]

. However, the 

precise sequence of events through which these short fragments form and their role 

in aggregation and toxicity of the full-length Aβ are still under debate. Reports 

about the aggregation potential of the N-terminal Aβ fragments by themselves are 

discrepant. According to Liu et al. 
[14]

 and Liao et al. 
[15]

, Aβ16 does not aggregate 

and reduces Aβ’s cytotoxicity in neuronal cells, whereas Du et al. 
[16]

 report that 

Aβ16 aggregates and that Aβ16 oligomers are toxic to cells. Du et al. 
[16]

 also show 

that Aβ15 forms aggregates, which are not toxic to cells. These conflicting results, 

obtained by NMR 
[17-19]

, FTIR, AFM, and CD 
[14-16]

 prompted us to investigate the 

behavior of these N-terminal Aβ fragments by a different technique. We used spin-

label EPR and ThioflavinT fluorescence assay to study the fragments Aβ15 and 

Aβ16 (for sequence see table 4.1). Earlier, it was shown that signatures of the 

oligomeric Aβ peptide can be detected by the spin-label EPR methodology, which 

suggests this technique as a possible tool to detect the early stages of aggregation of 

the Aβ peptide 
[20]

. Here we employ spin-label EPR to investigate and compare the 

aggregation potential of Aβ15 and of Aβ16, and their influence on the aggregation 

of Aβ40. We combined spin-label EPR with diamagnetic dilution, in which the 

spin-labeled Aβ peptide (SL-Aβ) is diluted with unlabeled Aβ peptide (wild type 

Aβ peptide) to avoid line broadening by spin-spin interaction 
[20-22]

. 
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Table 4.1 The amino-acid sequence of the full-length Aβ peptide (Aβ40) and the two 

fragments, Aβ15 and Aβ16 studied here. Residues 15 and 16 of Aβ peptide are glutamine 

and lysine, respectively. The cysteine variants (Cys-Aβ) of each of the three peptides with 

an additional cysteine at the N-terminus are used for spin labeling. 

 

 

By spin-label EPR, the mobility of the peptide is directly monitored enabling the 

detection of even small amounts (< 10 %) of aggregate, which would be difficult by 

the methods currently employed 
[23,24]

. We demonstrate that under the conditions of 

our experiments neither Aβ15 nor Aβ16 aggregate and that they do not seem to 

affect full-length Aβ aggregation.  

 4.2 Materials and methods 

The Aβ40 peptide and its cysteine-Aβ variant (H-Cys-Asp-Ala-…-Val-OH) were 

purchased from AnaSpec (purity > 95 %). The Aβ15 and Aβ16 and their cysteine-

Aβ variants were purchased from Peptide 2.0 Inc, Chantilly, VA (purity > 95 %), 

the solvent DMSO was purchased from Biosolve (purity 99.8 %). the MTS spin 

label ((1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate) was 

purchased from Toronto Research Chemicals Inc. (Brisbane Rd., North York, Ont- 

ario, Canada, M3J 2J8). Spin labeling was performed and the purified spin-labeled 

Aβ was analyzed by liquid chromatography as described previously 
[20]

. The pepti- 

des were lyophilized and stored in the freezer (20° C) until used. 

4.2.1 Sample preparation protocol 

The Aβ peptide samples in phosphate-buffered saline (PBS, 12 mM Na2HPO4, 137 

mM NaCl, 2.7 mM KCl, 1.8 mM KH2PO4 at pH 7.4) were prepared as 

diamagnetically diluted (dd) samples according to the protocol reported before 
[20]

. 

Typical samples contained a mixture of 86 % wild type Aβ and 14 % SL-Aβ. Two 

peptide concentrations (0.55 mM and 1.1 mM) were investigated. For the shorter 

peptides, the spin-labeled shorter peptides were mixed either with the respective 

wild type peptide or with the wild type Aβ40. A typical sample of SL-Aβ15 with 

wild type Aβ40 had the following concentrations: 0.077 mM SL-Aβ15, 0.47 mM 

wild type Aβ15 (dd-SL-Aβ15) and 0.55 mM wild type Aβ40. To investigate the 

 Aβ peptide  amino-acid sequence 

 Cys-Aβ15  CD1A2E3F4R5H6D7S8G9Y10E11V12H13H14Q15 

 Cys-Aβ16  CD1A2E3F4R5H6D7S8G9Y10E11V12H13H14Q15K16 

 Cys-Aβ40 
 CD1A2E3F4R5H6D7S8G9Y10E11V12H13H14Q15K16L17V18F19F20A21E22D23V24G25S26  

  N27K28G29A30I31I32G33L34M35V36G37G38V39V40 
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effect of shorter peptides on the Aβ40 peptide, either of the wild type shorter 

peptides was added to the SL-Aβ40 sample.  

4.2.2 EPR experiments 

Samples of 10-15 µl peptide solution were drawn into Blaubrand 50 µl capillaries. 

The X-band continuous wave EPR measurements were performed using an 

ELEXSYS E680 spectrometer (Bruker, Rheinstetten, Germany) equipped with a 

rectangular cavity. A modulation frequency of 100 kHz was used for all 

measurements; the accumulation time for the spectra was 40 minutes per spectrum. 

Samples were measured at room temperature (20° C) using 6.331 mW microwave 

power and a modulation amplitude of 1.4 G. The large modulation amplitude 

ensured a better signal-to-noise ratio for broad lines. The measurements were made 

immediately after dissolving in PBS. Samples were kept at room temperature in 

these capillaries for 10 days without agitation and measured again after two, seven, 

and 10 days to monitor time dependent effects. In all cases, the spectra were 

identical to those measured initially (data not shown). 

4.2.3 Simulations of EPR spectra  

The spectra were simulated using Matlab and the EasySpin package 
[25]

. For the 

simulation the following parameters were used: g = [2.00906, 2.00687, 2.00300] 
[20,26]

 and Axx= Ayy = 12 and 13 MHz in DMSO and buffer, respectively. Over-

modulation effects were taken into account in EasySpin. According to the 

simulation, the EPR spectra were composed of three components of different 

mobilities. These components were referred to as fast, medium, and slow according 

to their rotation correlation times (τr) as reported before 
[20]

.  

4.2.4 Ratio of the intensity of the “fast” and “slow” components in each 

spectrum 

Another way to define the mobility of the spin label, rather than by the relatively 

time-consuming simulations, is to measure amplitude ratios directly from the 

spectra 
[20,27,28]

. Here we use the amplitude ratio of the mobile component to the 

strongly immobilized component. The contribution of these two components was 

obtained by selecting specific positions in the EPR spectra (B0slow = 334.3 ± 0.1 mT; 

B0fast = 337.3 ± 0.1 mT) at which one component has a large amplitude and the 

other a small one. The ratio of the fast to slow component, i.e., the ratio of the 

amplitudes of the two selected spectral positions (see results) gives an indication of 

the aggregation state of the peptide. The larger the ratio, the smaller is the degree of 

aggregation in the sample. The values and the sample to sample variation of this 

ratio (standard deviation) were determined for three independent sets of samples.  
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4.2.5 Thioflavin T fluorescence assay 

As there is a stoichiometric and saturable interaction between ThioT and amyloid 

fibrils, fluorescence from the amyloid-ThioT complex provides accurate 

quantification of amyloid fibril formation as a function of amyloid fibril number 
[29,30]

. For the ThioT fluorescence assay, six different Aβ peptide samples, differing 

in Aβ peptide content were investigated. For the full-length peptide two peptide 

concentrations (0.55 mM and 1.1 mM) and for the shorter peptides one 

concentration (0.55 mM) was investigated. To examine the effect of shorter 

peptides on the Aβ40 peptide, 1:1 mixtures of the shorter peptides with the full-

length peptide (total peptide concentration of 1.1 mM) were prepared. For ThioT 

readings, the peptide was diluted with 10 µM ThioT in 50 mM glycine/NaOH 

buffer, pH 8.6. The final concentration of peptide in the ThioT wells was 11 μM or 

27.5 μM. Fluorescence was measured with the Fluostar Galaxy fluorometer, 96 

well, Black, uClear–Plate Ref. 655090 Greiner (fluor plate). The settings were: 

excitation λ: 450 nm emission λ: 485 nm, 1 cycle, 10 flashes, and gain: 75. All 

samples were prepared and measured at least three times. 

4.3 Results 

Figure 4.1 shows the continuous-wave EPR spectra of SL-Aβ15 in DMSO and in 

PBS measured at room temperature. The spectrum of the SL-Aβ15 peptide under 

aggregation conditions (in PBS) is similar to the spectrum of the peptide in DMSO, 

a solvent in which amyloid peptides are in the monomeric form 
[31-33]

. The same is 

true for the EPR spectra of SL-Aβ16 in PBS and in DMSO (spectra not shown), 

which indicates that Aβ15 and Aβ16 are monomeric in PBS. The spectrum of the 

SL-Aβ40 peptide under aggregation conditions has multiple components and 

broadened lines (figure 4.2) 
[20]

. In figure 4.2, the spectra of the spin-labeled shorter 

peptides, SL-Aβ15 and SL-Aβ16, in PBS, are compared to that of the SL-Aβ40 

peptide at the same peptide concentration. The differences of aggregation in SL-

Aβ40 (broad lines, extra signals) are absent in the spectra of shorter peptides further 

emphasizing the absence of aggregation in SL-Aβ15 and SL-Aβ16.  
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Figure 4.1 Room temperature EPR spectra of SL-Aβ15 under different conditions. a: SL-

Aβ15 in DMSO. b: Mixture of the diamagnetically diluted SL-Aβ15 (diamagnetically 

diluted SL-Aβ15 (dd-SL-Aβ15): a mixture of 86 % wild type Aβ15 and 14 % SL-Aβ15) 

with wild type Aβ15 in PBS (dd-SL-Aβ15: wild type Aβ15, 1:1). Total peptide 

concentration is 1.1 mM. c: Mixture of dd-SL-Aβ15 with wild type Aβ40 in PBS (dd-SL-

Aβ15: wild type Aβ40, 1:1). Total peptide concentration is 1.1 mM. d: Mixture of dd-SL-

Aβ15 with wild type Aβ40 in PBS (dd-SL-Aβ15: wild type Aβ40, 1:2). Total peptide 

concentration is 1.65 mM.  

 
The EPR spectra of the shorter peptides in the presence of Aβ40 are similar to the 

spectra of the shorter peptides alone. Furthermore, the spectral line-shape of the 

shorter peptides did not change for the two concentrations of the Aβ40 peptide used 

(0.55 mM and 1.1 mM), showing the absence of interaction of Aβ15 and Aβ16 with 

Aβ40 (figure 4.1). These observations are confirmed by the similarity of the 

simulation parameters given in table 4.2. 
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Figure 4.2 Room temperature EPR spectra of SL-Aβ15, SL-Aβ16, and SL-Aβ40 under 

conditions, where Aβ40 aggregates. Red line: diamagnetically diluted SL-Aβ15, i.e., SL-

Aβ15: wild type Aβ15 (14 % SL-Aβ15: 86 % wild type Aβ15). Blue line: diamagnetically 

diluted SL-Aβ16, i.e., SL-Aβ16: wild type Aβ16 (14 % SL-Aβ16: 86 % wild type Aβ16). 

Green line: diamagnetically diluted SL-Aβ40, i.e., SL-Aβ40: wild type Aβ40 (14 % SL-

Aβ40: 86 % wild type Aβ40). Total peptide concentration is 0.55 mM for all samples. 

 

 
 
Figure 4.3 Room temperature EPR spectra showing the effect of Aβ15 and Aβ16 on Aβ40. 

Red line: dd-SL-Aβ15 (14 % SL-Aβ15: 86 % wild type Aβ15): wild type Aβ40 (1:1). Blue 

line: dd-SL-Aβ16 (14 % SL-Aβ16: 86 % wild type Aβ16): wild type Aβ40 (1:1). Green line: 

dd-SL-Aβ40 (14 % SL-Aβ40: 86 % wild type Aβ40): wild type Aβ40 (1:1).  Total peptide 

concentration is 1.1 mM for all samples. There is a small difference among the three spectra 

in regions a and b. 
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Table 4.2 EPR parameters obtained from simulation for the SL-Aβ15 peptide and the SL-

Aβ16 peptide in PBS and in DMSO. Given are: τr, rotation-correlation time, Azz is the 

hyperfine splitting along the z-direction, lw is the component line-width of the simulation.  

 

sample solvent 
[total peptide]  

(mM) 
τr 

(ns) 
Azz 

(MHz) 
lw 

(mT) 

SL-A15 DMSO 0.55 0.17 ± 0.02 100 0.09 

SL-A15 + A15 PBS 0.55 0.10 ± 0.02 110 0.11 

SL-A15 + A40 PBS 0.55 0.11 ± 0.02 110 0.10 

SL-A15 + A40 PBS 1.10 0.15 ± 0.02 110 0.10 

SL-A16 DMSO 0.55 0.18 ± 0.02 100 0.09 

SL-A16 + A16 PBS 0.55 0.10 ± 0.02 110 0.11 

SL-A16 + A40 PBS 0.55 0.11 ± 0.02 110 0.10 

SL-A16 + A40 PBS 1.10 0.15 ± 0.02 110 0.10 

 

The spectra of the SL-Aβ40 peptide alone and of the SL-Aβ40 peptide in the 

presence of the unlabeled shorter peptides are shown in figure 4.3. By means of 

simulation 
[20]

, we determined the τr values of each mobility component (see 

materials and methods) and their contribution to the total spectra (table 4.3). The τ r 

values of the SL-Aβ40 peptide in the presence or absence of shorter peptides as 

well as the amount of each mobility component are given in table 4.3. There is a 

small difference among the three spectra in regions “a” and “b”, also reflected in 

small differences of the τr values and their relative contributions (figure 4.3). 

 

Table 4.3 EPR parameters obtained from simulation for the Aβ40 peptide alone as well as 

in the presence of shorter peptides: Aβ15 and Aβ16. Given are: τr, rotation-correlation time, 

Azz is the hyperfine splitting along the z-direction, lw is the component line-width of the 

simulation and % stands for the contribution of the component to the total spectrum.  

 
 fast medium slow 

sample 
τr 

(ns) 

Azz 
(MHz) 

lw 
(mT) 

% 
τr 

(ns) 

Azz 
(MHz) 

lw 
(mT) 

% 
τr 

(ns) 
Azz 

(MHz) 

lw 
(mT) 

% 

SL-A40 0.19 ± 0.04 110 0.14 12 ± 2 2.50 ± 0.35 110 0.32 52 ± 2 > 50 94 0.50 36 ± 2 

SL-A40 + A15 0.19 ± 0.04 110 0.14 11 ± 2 2.50 ± 0.35 110 0.32 53 ± 2 > 50 94 0.50 36 ± 2 

SL-A40 + A16 0.19 ± 0.04 110 0.14 15 ± 2 2.50 ± 0.35 110 0.32 47 ± 2 > 50 94 0.50 37 ± 2 

 

To determine whether these differences are significant with respect to the sample-

to-sample variation we analyzed the ratios of the intensities of the fast to the slow 

component in each spectrum (figure 4.4) for a large set of samples. Although there 

is a difference in the intensity ratios of the fast to the slow component of the 

samples of the SL-Aβ40 peptide alone and those containing SL-Aβ and the shorter 
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peptides, the differences are not significant, in view of the sample-to-sample 

variation. 

 

 
 

Figure 4.4 Effect of short Aβ peptides (Aβ15 and Aβ16) on the aggregation of Aβ40. 

Intensity ratios of the fast/slow components of three Aβ samples; Aβ40, Aβ40 + Aβ15 and 

Aβ40 + Aβ16 are represented as mean ± SEM of three sets of samples, i.e., each Aβ sample 
was fibrillized and measured under the same conditions three times. 

 
An increase in fluorescence of the fibril-specific dye ThioT, compared to the 

fluorescence of the free ThioT in PBS buffer, is a marker for fibril formation. 

Relative fluorescence levels for the samples are shown in figure 4.5. The 

fluorescence level increased in the samples with the full-length peptide, while no 

fluorescence increase is observed in the samples which contained only the shorter 

peptides. Samples containing an equivalent amount of shorter peptides and the full-

length Aβ (0.55 mM: 0.55 mM), have a fluorescence level similar to that of pure 

0.55 mM full-length Aβ samples, whereas the fluorescence in a sample with 1.1 
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mM full-length Aβ is significantly higher compared to that of 0.55 mM full-length 

Aβ.  

 

 

Figure 4.5 ThioT fluorescence (%) of six Aβ samples; Aβ40 (1) (0.55 mM), Aβ40 (2) (1.1 

mM), Aβ40 + Aβ15 (0.55 mM), Aβ40 + Aβ16 (0.55 mM), Aβ15 (0.55 mM), Aβ16 (0.55 

mM). For ThioT readings the peptide was diluted to concentrations of 11 or 27.5 μM. 

Values for ThioT fluorescence of ThioT alone were set to 100 % and the ThioT fluorescence 

of all samples is reported relative to this value (mean ± SEM of three experiments, i.e., each 

Aβ sample was fibrillized and measured under the same conditions three times; *p < 0.05 

unpaired t test, ns: not significant). 

 

4.4 Discussion 

The aim of this study was to investigate and compare the aggregation potential of 

the two shorter N-terminal Aβ peptides Aβ15 and Aβ16 and to determine if the 

shorter peptides had an effect on the aggregation of the Aβ40 peptide. To monitor 

the aggregation we used spin-label EPR by which, previously, the aggregation of 

the Aβ40 peptide was studied 
[20,34]

. In the present study either the short peptides 

(SL-Aβ15 or SL-Aβ16) or the Aβ40 (SL-Aβ40) peptide was spin labeled. By 

measuring the spin-label mobility of the SL-Aβ15 and the SL-Aβ16 in the 

absence/presence of the wild type Aβ40 or measuring the spin-label mobility of SL-

Aβ40 in the presence of either wild type short peptides, the properties of each of the 

components of the aggregating samples was monitored individually. 
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For the short Aβ fragments, Aβ15 and Aβ16, the ThioT results show the absence of 

fibril formation. The same is true for the EPR results, where an observed trend 

towards larger τr values at higher concentrations of Aβ (given in table 4.2 and 

results) most likely is not a sign of aggregation, but an effect of the increasing 

viscosity of the solution.  

The behavior of Aβ15 and Aβ16 is not affected by the presence of Aβ40, which 

reveals that the full-length Aβ does not induce aggregation in Aβ15 or Aβ16. 

Furthermore, no evidence for interaction of Aβ15 or Aβ16 with Aβ40 is observed. 

The Aβ40, on the other hand does aggregate under these conditions as is 

demonstrated in the experiments where SL-Aβ40 was monitored in the presence of 

unlabeled Aβ15 and Aβ16. In these experiments the difference between the EPR 

spectra is not significant (figure 4.3), revealing that the shorter peptides also do not 

inhibit or promote aggregation of full-length Aβ (table 4.3).  

Previous reports about the aggregation of Aβ15 and Aβ16 had differing outcomes. 

As in the present study, NMR investigations at high concentrations of Aβ16 showed 

the absence of aggregation 
[17-19]

. Similarly, Liu 
[14]

 and Liao 
[15]

 conclude from CD, 

AFM, and ThioT that Aβ16 does not aggregate. In contrast, a recent study 
[16]

 

proposes that Aβ16 can assemble into a novel type of toxic oligomers and fibrils. 

These findings cannot be reconciled with the present study unless only a small 

fraction of the peptide (< 10 %) was in the oligomeric state in the AFM samples.  

In summary, we find that the short peptides Aβ15 or Aβ16 do not directly influence 

the aggregation of Aβ40. This reveals that the effects that these short peptides show 

in neurotoxicity essays cannot derive from a direct influence of Aβ15 and Aβ16 on 

the aggregation of full-length Aβ. An alternative pathway for their action could be 

related to the metal-binding site in the N-terminus of Aβ 
[27,35-49]

. The fragments 

Aβ15 and Aβ16 contain all ligands that were proposed for binding Cu (II) and Zn 

(II) ions that were suggested to increase Aβ aggregation. The short fragments could 

reduce Aβ aggregation, because they scavenge the metal ions making the full-length 

Aβ less prone to aggregation.  

Overall, the present EPR investigation suggests that the short peptides Aβ15 or 

Aβ16 do not influence the aggregation of Aβ40 directly, supporting the view that 

physiological effects of these shorter fragments occur via a different route, possibly 

via metal-ion interactions. Therefore, examining the effect of metal ions on the 

aggregation of Aβ40 in the presence of the short peptides Aβ15 or Aβ16 is 

suggested as a future line of investigation. 
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CHAPTER 5 
 

ELUCIDATING THE α-SYNUCLEIN  

FIBRIL FOLD WITH PULSED EPR  
 

 

 

 

Amyloid fibrils are constituents of the plaques that are the hallmarks of 

neurodegenerative diseases. In Parkinson's disease, these plaques (Lewy bodies) 

consist predominantly of the α-synuclein (αS) protein. To understand how the 
aggregation occurs and to interfere with the process of aggregation, the structure of 

the fibrils needs to be known. Here we study the molecular architecture of the fibrils 

of αS by measuring distances between pairs of residues in the protein using double 
electron-electron paramagnetic resonance (DEER). Site-specific spin labeling was 

employed to create nine doubly labeled αS variants, which were investigated in the 

fibrillar state. Diamagnetic dilution with wild type αS suppressed inter-molecular 

interactions. The intra-molecular distances provide constraints for the fold of the 
protein inside the fibril. Intra-molecular distances were unambiguously determined 

for four pairs 41/69, 56/69, 56/90, and 69/90. Three of these distances provide the 

constraints to suggest a model for the fold between residues 56 and 90 in the fibril. 
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5.1 Introduction 

Alpha-synuclein (αS) is a protein of 140 amino-acid residues. The αS protein is 

implicated in Parkinson’s disease and is the major component of the Lewy Bodies 

characteristic of Parkinson’s disease 
[1]

. The αS protein is natively disordered with 

no distinct secondary structure in solution. It acquires an -helical structure on 

membranes. When αS forms fibrils, individual β-strands stack perpendicular to the 

fibril axis and form a cross β-sheet structure 
[2,3]

. It is important to understand the 

architecture of the fibril and to identify the residues that are crucial for the 

fibrillization. As yet, detailed information about the structure and fold of the protein 

in the fibrils is missing. Results from solid state NMR and EPR studies have 

identified residues involved in the β-sheet 
[4,5]

 and proposals for the fold of stretches 

of residues in close contact were made 
[6,7]

. Owing to the absence of long-range 

constraints, modeling the exact extent of the stretches is difficult. In this work, we 

focus on the fold of αS in the fibril, by measuring intra-molecular distances in 

fibrillized doubly labeled αS with a pulsed EPR method, DEER. Recently, distance 

constraints involving residues located at the external β-strands were reported using 

the same approach 
[8]

.  

We investigate nine doubly labeled αS variants, S9/69, S9/90, S18/69, 

S18/90, S27/56, S41/69, S56/69, S56/90, and S69/90. From the set of nine 

mutants, four, S41/69, S56/69, S56/90, and S69/90, have intra-molecular 

distances within the measurement range of the experiment. Based on the DEER 

distance data and combined with a triangulation approach, we construct a model of 

the fold of S in the fibril using a set of three intra-molecular distances: S56/69, 

S56/90, and S69/90.  

The present study shows that even for such challenging repetitive protein structures 

a few long-distance constraints from DEER experiments are sufficient to obtain 

structural detail of fibrils that comprises most of the strands considered in the 

present models.  

5.2 Materials and methods 

5.2.1 Expression and purification of cysteine variants of αS 

Single and double cysteine mutations were introduced into the αS gene by site 

directed mutagenesis. Mutants were expressed in Escherichia coli strain 

BL21(DE3) and subsequently purified in the presence of 1 mM DL-Dithiothreitol 

(DTT) 
[9,10]

. Prior to labeling, S mutant proteins were reduced with a six-fold 

molar excess (per cysteine) of DTT for 30 minutes at room temperature. 

Subsequently, samples were desalted on Pierce Zeba 5 mL desalting columns, 
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followed by an immediate addition of a six-fold molar excess (per cysteine) of the 

MTS spin label ((1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfo- 

nate) and incubated for one hour in the dark at room temperature. Free label was 

removed using two additional desalting steps. Protein samples were applied onto 

Microcon YM-100 spin columns to remove any precipitated and/or oligomerized 

proteins and diluted into 10 mM Tris-HCl, pH 7.4 to typical protein concentrations 

of approximately 0.25 mM 
[11]

. 

5.2.2 Preparation and harvesting of fibrillar αS  

Fibrils of αS were formed by incubating monomer solutions at a total protein 

concentration of 100 μM. Due to the stacking of proteins along the fibril axis, 

discrimination between intra- and inter-molecular distances is necessary. Therefore, 

the spin-labeled variants were co-fibrillized with the wild type αS protein 

(diamagnetic dilution). Different diamagnetic dilution ratios ranging from 1 in 5 to 

1 in 20 were employed to ensure that the obtained distances represent the intra-

molecular distances. Fibrils of all mutants were prepared using a diamagnetic 

dilution of 10 M MTS labeled S (SL-S) in the presence of 90 M wild type S 

(1 in 10). For selected mutants, fibrillization of the double cysteine mutants was 

carried out in a 1 in 20 diamagnetic dilution, using 5 M doubly labeled SL-S 

together with 95 M wild type protein. The corresponding single cysteine mutants 

were fibrillized in a 1 in 10 ratio, to keep the spin-label concentrations comparable. 

For the diamagnetic dilution series, fibrils were prepared with 20 M S56/69 and 

80 M wild type (1 in 5), 10 M S56/69 and 90 M wild type (1 in 10) and 5 M 

S56/69 and 95 M wild type (1 in 20). The aggregations were performed in 10 

mM Tris-HCl, 50 mM NaCl, pH 7.4 buffer at 37° C in 2 ml LoBind Eppendorf 

tubes with constant shaking at 1000 rpm in a Thermo mixer (Eppendorf). The time 

evolution of S aggregation was monitored by the standard Thioflavin T (ThioT) 

fluorescence assay 
[12,13]

. The fibrillization was generally completed in three to four 

days. The S fibrils were harvested by centrifuging for 90 minutes at 18,000 g in an 

Eppendorf microcentrifuge. The supernatant was carefully removed, leaving a fibril 

pellet typically with a volume of 80-100 l. The fibril pellet was used in the cw 

EPR and DEER measurements. Every mutant was fibrillized at least two times. 

5.2.3 Atomic force microscopy (AFM)  

The formation of S fibrils was confirmed by tapping mode AFM in air. 

Aggregation aliquots were diluted in 10 mM Tris, 50 mM NaCl, pH 7.4, adsorbed 

onto mica, washed twice with 100 µl MilliQ water and gently dried under nitrogen 

gas. Tapping mode AFM height images were made on a custom built instrument 
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[9,14]
. SPIP software (Image Metrology A/S, Lyngby, Denmark) was used for visual- 

ization. 

5.2.4 Continuous-wave EPR at 80 K and at room temperature 

The X-band cw EPR measurements were performed using an Elexys E680 

spectrometer (Bruker, Rheinstetten, Germany) with a rectangular cavity, using a 

modulation frequency of 100 kHz. For measurements at 80 K a helium gas-flow 

cryostat (Oxford Instruments, United Kingdom) with an ITC502 temperature 

controller (Oxford Instruments, United Kingdom) was used. For the measurements 

in frozen solution, 3 mm outer diameter quartz sample tubes were used. To obtain a 

frozen glass 20 % glycerol was added to the samples before freezing them in liquid 

nitrogen. The frozen samples were inserted in the pre-cooled helium gas-flow 

cryostat. The EPR spectra were recorded using a modulation amplitude of 2 G and a 

microwave power of 0.159 mW. Typical accumulation times were 40 minutes. For 

room temperature measurements, 10-15 µl samples of αS fibrils were drawn into 

Blaubrand 50 µl capillaries. The accumulation time for the spectra was 40 minutes 

per spectrum. Measurements were done at 20 C, using 6.331 mW of microwave 

power and a modulation amplitude of 1.4 G.  

5.2.5 DEER measurements  

The DEER measurements were performed at X-band (9.5 GHz) on an Elexsys E680 

spectrometer (Bruker, Rheinstetten, Germany) using a 3 mm split-ring resonator 

(ER 4118XMS-3-W1). The temperature was kept at 40 K with a helium gas stream 

using a CF935 (Oxford Instruments, United Kingdom) cryostat with an ITC502 

temperature controller (Oxford Instruments, United Kingdom). Samples, to which 

20 % glycerol was added, were prepared in 3 mm outer diameter quartz tubes and 

were frozen in liquid nitrogen before inserting them into pre-cooled helium gas-

flow cryostat. The pump and observer frequencies were separated by 70 MHz and 

adjusted as reported before 
[11]

. The pump-pulse power was adjusted to invert the 

echo maximally 
[15]

. The lengths of the pulses at the observer frequencies were 16 

and 32 ns for π/2- and π-pulses, respectively. The pump pulse length was 12 ns. All 

the DEER measurements were performed as two-dimensional experiments, in order 

to suppress the proton modulation. The DEER time traces were measured for ten 

different τ1-values spaced by 8 ns starting at τ1 = 200 ns. The typical accumulation 

times per sample were 16 hours. DEER data were analyzed using the “DeerAnaly- 

sis” program 2011 
[16]

, which is available from www.epr.ethz.ch/software/index. 

After background correction of the data using the experimental background, 

http://www.epr.ethz.ch/
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obtained from the singly labeled αS samples, the distance distribution was 

determined by Tikhonov regularization 
[15,16]

.  

5.2.6 General structure parameters of fibrils 

Generally accepted parameters 
[17]

 of the parallel -sheet architecture of amyloid 

fibrils are the intra-sheet distance d of 1.09 nm, and the distance between two 

neighbors in the sequence within a strand l of 0.35 nm 
[17]

 (see results). From the 

distance l and the number of intervening residues between a pair of spin labeled 

residues, the distance expected between two labeled residues on the same strand 

was determined. For the model of the fibril, three orientations of the linker were 

considered per residue, each 120° apart with the linker in the same plane as the 

protein. Nine unique relative linker orientations are possible in that case. 

5.3 Results 

We have investigated nine doubly labeled αS variants, S9/69, S35/60, S18/69, 

S18/90, S27/56, S41/69, S56/69, S56/90, and S69/90. These proteins are 

fibrillized in the presence of wild type αS (diamagnetic dilution) under the 

conditions explained in materials and methods. 

The rate of formation of the αS fibrils is checked by the thioflavin T fluorescence 

assay 
[12,13]

. No significant difference in the rate of fibril formation is observed for 

all samples, irrespective of the spin-label position and the degree of diamagnetic 

dilution. The morphology of the fibrils is checked by atomic force microscopy 

(AFM). As seen by AFM (figure 5.1) the morphology of the wild type and the spin-

labeled mutants is similar, revealing that the spin label does not affect the 

fibrillization. The αS fibrils are investigated with continuous-wave and pulsed EPR. 
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Figure 5.1 AFM images (A-D) of fibrils. A: αS56, at diamagnetic dilution 1 in 20, B: 

αS56/69 at 1 in 10, C: αS56/90 at 1 in 10, D: αS69/90 at 1 in 20. All images are 2.5 x 2.5 
μm2. Height information is rendered by the density of the color. Range: 0 to 10 nm. 

 

5.3.1 Continuous-wave EPR 

The continuous wave EPR spectra of the harvested fibrils of the S56/69, S56/90, 

and S69/90 mutants with their singly labeled counterparts, S56, S69, and S90 

in liquid solution (left) and in frozen solution (right) are shown in figure 5.2. The 

liquid solution spectra have broadened lines with respect to those of the non-

fibrillized S protein. Simulation shows that the line-shape is fully explained by a 

reduced mobility of the spin label. This indicates that the broadening is caused by 

partial immobilization of the spin label due to fibrillization rather than spin-spin 

interaction. The narrow lines marked in figure 5.2 are indicative of the presence of 

monomers in the fibril sample. According to the simulation, the harvested fibrils 

contain less than 10 % of non-fibrillized protein.  
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Figure 5.2 Continuous wave EPR spectra of the harvested fibrils of αS in a 1 in 10 

diamagnetic dilution. a to c: Room temperature spectra of fibrils of doubly labeled αS with 

the corresponding singly labeled counterparts. Narrow lines, marked by an asterisk, stem 

from a small (less than 10 %) contribution of non-fibrillized proteins. a: αS56/69 

superimposed with αS56 and αS69, b: αS56/90 superimposed with αS56 and αS90, c: 

αS69/90 superimposed with αS69 and αS90. d to f: Frozen solution EPR spectra of the 
doubly labeled αS proteins with the 1:1 added spectra of the respective singly labeled 

counterparts. d: αS56/69 (green) superimposed with αS56 plus αS69 (black), e: αS56/90 

(red) superimposed with αS56 plus αS90 (black), f: αS69/90 (blue) superimposed with αS69 

plus αS90 (black). 

 

Frozen solution cw EPR spectra are superimposed with the 1:1 added spectra of the 

respective singly labeled counterparts. The absence of line broadening in the frozen 

solution spectra of the samples of fibrils with doubly labeled proteins compared to 

those of the singly labeled samples is evidence for the absence of distances shorter 

than 1.5 nm 
[4,5]

. 

5.3.2 Pulsed EPR 

The DEER time traces of all mutants are shown in figure 5.3. The DEER time 

traces of S9/69, S18/69, and S18/90 have a shallow decay, i.e., small 

modulation depth, which is an indication that a large fraction of the population has 

distances outside the measurement range, i.e., shorter than 1.8 nm or longer than 5 
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nm. The absence of line broadening in frozen solution, cw EPR shows that there are 

no distances shorter than 1.5 nm. Therefore, the majority of the population with 

distances outside the measurement range must have distances longer than 5 nm. The 

DEER time traces of the other mutants have a larger modulation depth. Some of 

those traces show signatures of DEER modulation, for example the steep decay at 

about 0.35 μs for S56/69.  

 

Figure 5.3 The DEER time traces for αS18/90, αS18/69, αS9/69, αS69/90, αS56/90, 

αS35/60, αS41/69, αS56/69, and αS27/56. All samples are in a 1 in 10 (spin-labeled αS in 

total αS) diamagnetic dilution, except for the αS35/60 mutant in which the dilution is 1 in 

20. The maximum intensity of the DEER traces is normalized to one, by dividing the trace 

by the maximum of its intensity. DEER time traces are vertically shifted with respect to 

each other for better visibility. 

 

Of the mutants analyzed, we focus the description on those with a large modulation 

depth, mutants S56/69, S56/90, S69/90, and S41/69. The αS18/69 is used as a 

reference for the mutants with low modulation depth. Figure 5.4 shows the steps in 

the analysis of the DEER time traces. All traces are background corrected with a 1:1 

ratio of the background derived from the DEER curves of the respective singly 

labeled S variants, which were fibrillized under the same conditions as the doubly 

labeled counterparts (for details see figure caption). Distances below 2 nm cannot 

be reliably determined under the conditions of the DEER experiments 
[18]

. 
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Figure 5.4 The DEER time traces for mutants αS18/69, αS69/90, αS56/90, αS56/69, and 

αS41/69. Shown are: a: DEER time traces. The background is shown as a dotted line. 

Backgrounds are the 1:1 added background traces of fibrils of the respective singly labeled 

αS. The background correction is done by dividing the data by the experimental 

background. Spin-label dilutions are 1 in 20 (spin-labeled αS in total αS) except for αS18/69 
and αS41/69, which are 1 in 10. The maximum intensity of the DEER time traces is 

normalized to 1 and the traces are vertically shifted for better visibility. b: Baseline 

corrected DEER time traces and fit of the modulations to the data corresponding to the 

distance distributions shown in c. c: Distance distributions derived from the data. Arrows 

mark the distances identified as intra-molecular distances. Distributions were individually 

scaled to improve visibility.  

 

To discriminate between intra- and inter-molecular distances, a set of diamagnetic 

dilutions is measured for the S56/69 mutant (figure 5.5). The relative intensity of 

the peaks at 2.7 nm, 3.9 nm, and 4.5 nm compared to the 2.1 nm distance peak 

diminishes with increasing diamagnetic dilution, showing that the former peaks are 

due to inter-molecular interactions. These inter-molecular peaks are also found in 

the distance distributions of the corresponding singly labeled mutants, which 

confirm the inter-molecular character of these distances. As outlined below (see 

discussion) the intermolecular interactions should be independent of the mutant. 

Therefore, the inter-molecular distances identified for αS56/69 are also used in the 

interpretation of the distance distributions of the other mutants. Considering the 

signal-to-noise ratio of the time traces for the diamagnetic dilution of 1:20, higher 

dilutions do not seem feasible. The first screen of all mutants was performed at a 

1:10 dilution to obtain a good signal-to-noise ratio. For selected mutants, αS56/69, 
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αS56/90, and αS69/90 the measurements were repeated at 1 in 20 dilution to 

improve the discrimination of intra- and inter-molecular distances. 

 

Table 5.1 Distances from DEER experiments in nm compared to the expected distances for 
residues on the same β-strand. 

 
mutants intra-molecular 

DEER distances 

distances expected for residues 

on the same β-strand 

αS56/69 2.1 4.5 

αS56/90 3.4 11.9 

αS69/90 ≥ 4.0 7.3 

αS41/69 3.1 9.8 

 

Figure 5.4.c shows the distance distributions for the mutants analyzed in detail. 

Intra-molecular distances are marked as arrows in figure 5.4.c. The αS18/69 mutant 

shows distances with similar intensities all over the accessible distance range. The 

same is true for αS27/56 (data not shown). The αS69/90 mutant shows two peaks, 

one around 2.6 nm and one around 4.2 nm. The second peak of the αS69/90 mutant 

corresponds to a larger population than the first peak. The αS56/90 mutant has a 

contribution at short distances (≤ 2.5 nm) that is very similar to the inter-molecular 

contribution in figure 5.5. The same is true for the lower intensity peak at 4 nm. 

This leaves the peak at 3.4 nm as an intra-molecular distance. The αS56/69 mutant 

shows a dominant distance peak around 2 nm, which is intra-molecular (see above). 

The αS41/69 mutant, which was fibrillized at a 1 in 10 diamagnetic dilution ratio, 

shows three peaks: one at distances longer than 4 nm, one around 2 nm, and one 

around 3 nm. The distance peaks at 2 nm and 4 nm are close to inter-molecular 

distance peaks as observed for αS56/69 at 1 in 10 diamagnetic dilution (figure 5.5). 

We therefore consider only the distance peak at 3 nm as intra-molecular. The 

αS27/56 mutant (with 1 in 10 diamagnetic dilution, data not shown) has a broad 

continuous distance distribution from 2 to 4 nm.  

The intra-molecular distances are collected in table 5.1. They are compared to 

expected distances for residues on the same strand, which are calculated from the 

distance between two neighbors in the sequence within a strand, l 
[17]

 and the 

number of intervening residues (see materials and methods). The distances 

determined for all mutants listed in table 5.1 are shorter than the distances expected 

for residues on the same strand. 
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Figure 5.5 Distance distributions for the αS56/69 mutant with different diamagnetic 

dilutions.  

 

5.4 Fibril fold model 

Figure 5.6.a shows the schematic view of the protein in a plane perpendicular to the 

fibril axis as used in the model. In figure 5.6b the β-sheets are shown in a side view 

of the protein fibril. The mutants αS56/69, αS56/90, and αS69/90 provide a set of 

three intra-molecular distances that define the corners of a triangle in a plane 

perpendicular to the fibril axis (figure 5.6c). In a view along the fibril axis, the β-

sheets appear as parallel strands. The triangle is rotated in the plane perpendicular 

to the fibril axis until each corner is as close as possible to one of the parallel 

strands. Thereby several orientations of the triangle are found. Arrangements in 

which residues are not sequential on successive parallel strands are excluded. We 

exclude these arrangements because such an arrangement would require that the 

protein exhibits too many turns for the distance. Also the solutions that involve 

residues on the same strand are excluded on the basis of the distances measured 

(table 5.1).  
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Figure 5.6 The cross-β-sheet structure of fibrils. a: View along fibril axis (fibril axis: black 

arrow that is pointing out of the page). Dark blue: protein. Strands and turns that connect the 

strands are labeled. l: distance between residues (dots) within the strand and d: distance 

between sheets. b: Fibril side view (fibril axis: black arrow), colored planes: β-sheets. Dark 
blue arrows: proteins making up the fibril. c: Location of residues 56, 69, and 90 assumed to 

make the model of the fibril. 

 

Different spin-label linker orientations are considered to take the length of 0.5 nm 

from the protein Cβ atom to the nitroxide group of the spin label into account (see 

materials and methods). We first describe the case in which all linkers point in the 

same direction. In total four solutions are found. In two of theses solutions, residues 

56 and 69 or 69 and 90 are on the same strand. Consequently, these solutions are 

discarded. The remaining two solutions are equivalent but they reflect different 

threading of the protein through the points (compare figure 5.7a to b). Starting at 

residue 56, the protein can be threaded on strand II in the direction away from the 

position of 69 (figure 5.7a). In this case, turns at residues 58 to 62, 70 to 74, and 85 

to 89 (residue i and residue i + 4) are predicted. If the protein sequence is threaded 

on strand II in the direction towards the position 69 rather than away from that, a 

turn involving residues 74 to 78 and a strand of two residues followed by a turn at 

residues 80 to 84 is predicted (figure 5.7b). This leaves a stretch of residues from 86 

to 90 uncomplemented by an opposite β-sheet. This scenario seems unlikely, and is 

therefore discarded. 

The other set of linker orientations produce solutions shown in figure 5.8, depicted 

as orange, pink, purple, and green dots. For the solutions shown in orange and pink 

all three linkers point towards the same side of their respective strand, e.g. towards 

strand I. A fibril model similar to figure 5.7 results, although with shifted turn 
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positions (figure 5.9). If the linkers at residues 69 and 90 point into a direction, 

which is opposite to that of residue 56, i.e., to the other side of their strand than 56, 

an alternative fold is possible (figure 5.10). The main difference is that there is only 

one turn between residues 69 and 90. This solution is possible for two sets of 

orientations of linkers (green and purple dots in figure 5.10). The two solutions in 

figure 5.10 result from the two ways of threading the protein through the points. In 

this scenario, a stack of three β-sheets between residues 56 and 90 would result. The 

complete protofibril from residue 38 to 90 would have three or four stacked β-

sheets leading to a thickness B (figure 5.6b) of the protofibril of 2.18 nm 

respectively 3.27 nm, smaller than the dimension B of protofibrils (about 5 nm) 
[7]

. 

Therefore, the fold shown in figure 5.10 is not reasonable. 

Considering the distances reported by Karyagina et al. 
[8]

 we extended the model 

shown in figure 5.7a towards residue 41. The distance we measured for αS41/69 

(3.1 nm, table 5.1) suggests that residue 41, on strand I, could be facing residues 56 

or 57 on strand II, (figure 5.7a) thus yielding a distance between residues 41 and 69 

of 2.8 nm or 3.0 nm, respectively. For those arrangements of residue 41, the 

predicted separation between residues 41 and 90 would be about 4 nm, in good 

agreement with the result of 4.5 ± 0.5 nm reported by Karyagina et al. 
[8]

. A stack of 

five β-sheets would have a B value of 4.36 nm, in good agreement with predicted 

protofibril dimensions 
[7]

. 
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Figure 5.7 Models of the fold of αS in the fibril for all linkers pointing into the same 
direction. Strands are labeled I to V. Colored arrows indicate successive β sheets, and dark 

blue bent lines indicate turns. Italic numbers: residues at the start and the end of the turn. a: 

If the protein is threaded on strand II in the direction away from the position of 69, turns at 

residues 58 to 62, 70 to 74, and 85 to 89 are predicted. b: If the protein is threaded on strand 

II in the direction towards the position 69, a turn at residues 74 to 78 and a two-residue 

strand followed by a turn at residues 80 to 84 are predicted. 

 

Figure 5.8 Effect of linker orientation on the position of residues 56, 69, and 90 with respect 

to the strands I to V. Dots in different colors show optimal positions found as acceptable 

solutions for the nine relative linker orientations. Lines joining positions (triangles) resulting 

for different linker orientations are given in the color used for the corresponding linker 
orientation. For details, see text.  
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Figure 5.9 Effect of linker orientation on the model shown in figure 5.7.a. Pink and orange 

dots give the positions of residues 69 and 90 for two other orientations that are compatible 

with the fold obtained for parallel linkers. Orange dots show the position of residues if one 

or both linkers at 69 and 90 are almost parallel to the strand, but pointing towards the same 

side of the strands as the linker at residue 56. Black squares: positions shown in figure 5.7. 
The threading model is shown for the pink positions. Light-blue turns indicate the shift in 

the turn positions where strand IV is shifted by 2 residues relative to strand II, and turn 

positions differ by one (turn between strand II and III) and two residues (turn between strand 

IV and V). For position 69, the black square overlaps the orange dot. 

 

 

Figure 5.10 Alternative model of the αS fibril. a: Fold for linker orientations with the linker 

at residue 56 opposite to those at residues 69 and 90 for two different linker orientations 

(green and purple dots). b: Alternative way of threading the protein for the positions shown 

in a. The purple dot and the green dot labeled 69 are the alternative positions of residue 69. 
The black squares show the positions of residues 56, 69, and 90 in the model shown in 

figure 5.7.  
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5.5 Discussion 

The morphology of the fibrils and the fibril growth are not affected by spin-label 

position or diamagnetic dilution as evidenced by the AFM and ThioT results. We 

therefore conclude that all mutants report on the same fibril morphology and that all 

distances can be used to derive a common model of the fold of the protein within 

the fibril. Fibrils of -synuclein are in-register, parallel β-strand fibrils. Inter-

molecular interactions of spin labels are therefore parallel to the fibril axis. This 

parallelism makes that inter-molecular distances reflect the inter-strand separation 

or multiples thereof and do not depend on the mutant, i.e., the residue of -

synuclein to which the spin label is attached. Therefore, inter-molecular distances 

identified from the diamagnetic-dilution series of S56/69 are used also for the 

other double mutants. The best compromise between signal-to-noise and 

discrimination of intra- and inter-molecular distances is a diamagnetic dilution of 1 

in 20.  

For the mutants S9/69, S18/69, S18/90, and S27/56 one of the labeled 

positions is outside the region typically associated with the β-sheets of the αS 

fibrils, which ranges from residue 35-38 to 89-96 according to previous studies 
[4-

7,19]
. All these mutants, with the exception of S27/56, have a majority population 

with distances longer than 5 nm (see results). This shows that the non-fibril, N-

terminal part of S at least up to residue 18 extends away from the fibril core. 

Residue 27 behaves differently. The mutant αS27/56 has a broad, continuous 

distance distribution, revealing that the region close to residue 27 is disordered. 

Distances of the αS27/56 mutant, which are extending from 2 to 4 nm, suggest that 

the region around residue 27 is closer to the fibril core than residues at the N-

terminus around residue 18. The information obtained from the mutants S9/69, 

S18/69, S18/90, and S27/56 suggests the picture of an unstructured N-terminus 

that extends away from the fibril core. 

The experimentally determined distances for S56/69, S69/90, S56/90, and 

S41/69 are significantly shorter than the distances expected for residues on the 

same strand (table 5.1). These experimentally determined distances reveal that there 

must be minimally one turn between residues 41 and 56, 56 and 69 and between 69 

and 90, i.e., there are at least three turns separating residue 41 and 90. This leads to 

the picture that there are at least four strands of β-sheets, where the first strand 

contains residue 41 and the last residue 90. 

The model described in section 5.4 shows how the distances can be converted to a 

picture of the fibril fold. We stress that this model derives from the present set of 
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constraints. To prove or disprove the model additional distance restraints would be 

needed. 

The model of the fold of αS in the fibril (figure 5.7.a), derived from the situation in 

which all linkers are pointing into the same direction, suggests that the protofibril 

consists of five stacked β-sheets (I to V), spanning residues 41 (not directly 

determined, but inferred to be located on strand I) to 90. This model is also robust 

for a series of spin-label linker orientations, in which linkers are pointing into 

different directions. At most, extreme linker orientations shift strands with respect 

to each other, by up to three residues (figure 5.9). Nevertheless, there are linker 

orientations that could result in a fold in which the protofibril from residue 41 to 90 

consists of four rather than five stacked β-sheets. In figure 5.10.a and b only three 

of these strands (residue 56 to 90) are shown. Such a model would disagree with the 

outside fibril dimensions and is therefore excluded.  

Overall the fold shown in figure 5.10.a is similar to that proposed by Vilar et al. 
[7]

, 

in that three turns separate the strands containing residue 56 and 90. In this model, 

the first turn, 56-62 agrees with our results, whereas the second turn, 66-68 is four 

residues earlier in sequence, and thus suggests that there is an intervening strand 

between residues 56 and 69. Because this arrangement aligns residues 56 and 69 in 

a direction perpendicular to the strand, it would not violate the 56-69 distance 

constraint obtained in the present study. However, the model proposed by Vilar et 

al. would disagree with the distance we determine between residues 56 and 90, 

suggesting it to be longer than the distance between 69 and 90. The scenario of 

Vilar et al. 
[7]

 in which the distance between residues 56 and 90 is longer than the 

distance between of 69 and 90 is therefore not compatible with our data. 

The model of Heise et al. 
[19]

, with turns at 65-69 and 82-87 again is compatible 

with the distance between 56 and 69, but not with the other distances.Unfortunately, 

the very recent model proposed by Comellas et al. 
[6]

, in which long and short β-

strands alternate, cannot be checked against our data, because the overall arrangem- 

ent of strands is not reported 
[6]

. 

We show that a series of nine doubly labeled mutants of αS enables us to determine 

the fold of αS in the fibril, starting from the disordered N-terminus to the fibril core. 

We show that the N-terminus, presumably up to residue 27 is disordered and 

extends away from the fibril core. The β-sheet core from residue 41 to 90 comprises 

most likely five strands, leading to protofibril dimensions in agreement with 

previous results. This is the first step towards an atomic-resolution picture of the 

fibril core. 
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CHAPTER 6 
 

EXPLORING THE STRUCTURE OF  
THE N-TERMINUS OF THE PLANT  

ANTENNA PROTEIN CP29  
 

 

 

 

 
Recently, the crystal structure of the light-harvesting protein CP29 of plants was 

determined using X-ray crystallography (Pan et al., Nat.Struct.Mol.Biol. 2011, 18, 
309-315). However, the structure of the unusually long N-terminal domain of this 

membrane protein (about 100 amino-acid residues) remained elusive. We have 

studied the N-terminus with the use of electron paramagnetic resonance, EPR. Our 
study involves two approaches: exploring the mobility of the spin label with 

continuous wave EPR and distance determination with a pulsed EPR method. We 

demonstrate that the N-terminus of CP29 is relatively structured and five regions 

have been recognized that differ considerably in their dynamics. Two regions are 
relatively immobile and one of them shows alpha-helical character and is in contact 

with the bulk of the protein. This immobile part is flanked by highly dynamic and 

rather unstructured regions (loops) and we speculate that they may be important for 
the interaction with other light-harvesting proteins. A small part at the end of the N-

terminus around residue 4 appears to be immobilized, presumably because it 

attaches non-covalently to the protein. This section of the N-terminus is close to a 

phosphorylation site (Thr-6) in related proteins (Fristedt et al., PLoS One. 2011, 6, 
e24565), for example those encoded by the Lhcb4.2 gene. Phosphorylation might 

influence the interaction with other antenna complexes, thereby regulating the 

supramolecular organization in the thylakoid membrane.  

 
 

 

 
 

 

Maryam Hashemi Shabestari, Cor J.A.M. Wolfs, Ruud B. Spruijt, Herbert van 
Amerongen, Martina Huber. 



Chapter 6

 

80 

6.1 Introduction
 

In higher plants, photosynthesis is performed by two multiprotein complexes, 

photosystem (PS) I and II, which are composed of a core complex and an outer 

antenna part 
[1,2]

. In PSII, the outer antenna system is built from a large number of 

complexes out of which the most relevant here are LHCII, the major antenna 

subunit, and three minor complexes, CP24, CP26, and CP29 
[1,3]

. Amongst the 

minor complexes, CP29 is the largest one and believed to collect, conduct, and 

possibly quench electronic excitation energy in photosynthesis 
[1,3-12]

. Moreover, 

CP29 is essential for the proper assembly of PSII and its absence leads to a large 

drop in the average rate of excitation trapping in the reaction centers of PSII 
[10]

. 

The membrane protein CP29 has five main membrane helices, helices A-E, three of 

which are trans-membrane and a long N-terminal domain with about 100 amino-

acid residues (figure 6.1). The N-terminus contains a phosphorylation site which 

might be involved in the events occurring under high-light conditions 
[7]

 and its 

phosphorylation leads to a conformational change that can be detected with the use 

of circular dichroism 
[13]

. The crystal structure of CP29 has recently been solved 
[14]

, 

with the exception of the N-terminal part, which lacked well-defined electron 

density. Sequence alignment suggests that the related antenna protein LHCII has a 

shorter N-terminus, in particular, it lacks the residues 58 to 97 that are present in the 

N-terminus of CP29 
[15]

. Therefore the better-characterized LHCII cannot be used as 

a model for the N-terminus of CP29.  

Previous studies targeting the structure of the N-terminus of CP29 by FRET 
[8,10]

 

and EPR 
[9]

 indicate that the N-terminus is folded back onto the protein and suggest 

the presence of some structural heterogeneity in the N-terminal part. In the present 

study, we employ spin-label EPR to learn more about the structure and dynamics of 

the N-terminus. Our study involves two approaches. Singly spin-labeled variants 

were used to study the mobility of the spin label by continuous-wave (cw) EPR and 

doubly spin-labeled variants were used to determine distances by double electron-

electron resonance (DEER), a pulsed EPR method. To this aim, amino-acid residues 

were mutated one-by-one to a cysteine, spin labeled with a nitroxide spin label (i.e., 

site-directed spin labeling, SDSL), and reconstituted with the chlorophylls and 

carotenoids to form the holoprotein. In all cases this holoprotein was investigated. 

The present study demonstrates that the N-terminus of CP29 is relatively structured 

and consists of at least five different regions that differ in their secondary structure. 
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Figure 6.1 Schematic structural model of CP29 based on the X-ray structure of CP29. The 

five main helices (A-E) are shown in red. The N-terminus, consisting of residues 1-100, is 

not defined in the structure. Residue 101 is localized at the stromal surface of the protein, at 

the start of the helix B. 
 

6.2 Materials and methods 

6.2.1 Mutagenesis, labeling, and pigment reconstitution 

The construction and isolation of overexpressed CP29 apoprotein from Lhcb4.1 

cDNA of Arabidopsis thaliana (A. Thaliana) (from Arabidopsis Biological 

Resource Center DNA Stock Center) were performed as reported before 
[8,9]

. The 

naturally occurring cysteine (position 108) was replaced by alanine. The mutant 

protein (C108A) was used to estimate the amount of nonspecific spin labeling 
[8,9]

. 

Single cysteine mutants were introduced at 55 different positions in the N-terminus 

of the CP29 apoprotein using this template, resulting in the following mutants: 

G4C, G6C, A10C, A11C, S15C, A16C, T19C, V20C, T21C, T22C, P29C, G30C, 

A31C, I32C, S33C, G39C, S40C, L41C, V42C, G43C, G46C, F50C, G51C, L52C, 

G53C, A56C, E57C, Y58C, L59C, Q60C, F61C, S65C, Q68C, N69C, L70C, A71C, 

N73C, L74C, A75C, G76C, G80C, T81C, T83C, E84C, A85C, A86C, A88C, 

S90C, T91C, P92C, F93C, Q94C, S97C, G101C, C108C.  

In the DEER experiments six different double cysteine mutants were investigated: 

G4C/S97C, G4C/G101C, G4C/A205C, A56C/S65C, A56C/T81C, and A56C/S97C.  
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Pigment isolation, labeling, and reconstitution of CP29 pigment complexes were 

performed as described before 
[8,9]

. Solutions of the spin-labeled CP29 samples were 

washed and concentrated in sucrose-free β-D-maltoside (DM) buffer (0.03 % W/V 

+ 10 mM Na2HPO4, pH 7.6) just before the EPR measurements. Integrity of the 

holoprotein samples was checked by fluorescence excitation and emission 

measurements, showing the complete absence of free chlorophylls and carotenoids 

in all preparations.  

6.2.2 Continuous-wave EPR measurements 

The room temperature EPR measurements were performed on an X-band Bruker 

Elexsys E-500 EPR system (Bruker, Rheinstetten, Germany) equipped with a super-

high-Q cavity ER 4122SHQE in combination with a SuperX X-band microwave 

bridge type ER 049X. Temperature was controlled with a quartz variable-

temperature Dewar inset (Eurotherm, Leesburg, VA). Samples were transferred to 

50 μl capillaries and placed in a standard 4-mm quartz EPR tube. Spectra were 

recorded with 10 mT scan width, a microwave power of 5 mW, a modulation 

amplitude of 0.1 mT, and a scan time of 82 s at 279 K. Up to 150 scans were 

recorded to improve the signal/noise ratio 
[9]

. 

The measurements at 80 K were performed using an Elexsys E680 spectrometer 

(Bruker, Rheinstetten, Germany). A rectangular cavity, equipped with a helium gas-

flow cryostat (Oxford Instruments, United Kingdom) with an ITC502 temperature 

controller (Oxford Instruments, United Kingdom) was used. For the measurements 

in frozen solution, 3 mm outer diameter quartz tubes were used. To obtain a frozen 

glass 20 % glycerol was added to the samples before freezing them in liquid 

nitrogen. The frozen samples were inserted in the pre-cooled helium gas-flow 

cryostat. The EPR spectra were recorded using a modulation amplitude of 0.2 mT, a 

modulation frequency of 100 kHz, and a microwave attenuation of 0.159 mW. 

Typical accumulation time was 40 minutes.  

6.2.3 Simulation of the cw EPR spectra 

Information on the mobility of the spin label is encoded in the line-shape of the 

EPR spectra. In case of a non-restricted spin label, the lines are narrow, whereas for 

a restricted spin label the lines are broad. A spectrum consists of different 

components, corresponding to fractions of the samples in which spin labels have 

different mobility. Each component in a spectrum is defined by a rotation 

correlation time, τr, of the spin label. Simulation enabled us to define the τr as well 

as the amount of each component. The spectra were simulated using Matlab and the 

EasySpin package 
[16]

. For all components the following parameters were used: g = 

[2.00906, 2.00687, 2.003] 
[17]

 and Axx = Ayy = 13 MHz. The value used for Azz was 
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similar for the fast and medium component but different for the slow component, as 

discussed before 
[17]

. Over-modulation effects were taken into account in EasySpin. 

The quality of the agreement between the experimental and the simulated lines was 

checked by visual inspection. 

6.2.4 Assessment of the cw EPR spectra 

A quick method to define the mobility of the spin label, rather than performing the 

relatively time-consuming simulations, was to measure amplitude ratios directly 

from the spectra 
[18,19]

. Here we used the ratio of the mobile (R) component to the 

strongly immobilized (L) component (R/L). The contribution of these two 

components was obtained by selecting specific positions in the EPR spectra B0L (the 

magnetic field value at the outermost left peak = 329.4 ± 0.1 mT) and B0R (the 

magnetic field value at the second peak from the left = 330.5 ± 0.1 mT) at which 

one component has a large amplitude and the other a small one. The ratio of the 

amplitudes of the two selected spectral positions (R/L) gives an indication of the 

mobility. The larger the ratio, the higher the mobility is. Certain periodicities in the 

mobility of sequential residues indicate secondary-structure elements: a periodicity 

of 2.0 a β-sheet and a periodicity of 3.6 a regular α-helix. 

Another measure of the mobility was obtained using the inverse of the central line 

width (ΔB
-1

, mT
-1

) 
[19,20]

 and the inverse of the second moment (<ΔB
2
>

-1
, <mT

2
>

-1
) 

[21-23]
. The ΔB

-1
 parameter 

[19,24]
 is the higher the more mobile the spin label is. A 

more detailed analysis 
[21-23]

 defines the main topographic regions of a protein in a 

plot of the ΔB
-1

 vs. the <ΔB
2
>

-1
: loop/surface sites, loop/contact sites, helix/surface 

sites, and helix/buried sites. We refer to this plot as the Hubbell plot (see Results). 

6.2.5 Parameters to estimate the length of protein regions  

The distance between two successive Cα atoms, Cαi- Cαi+1, in a protein in the 

random-coil conformation is reported to be 0.38 nm, assuming that all amide groups 

are restricted to the trans conformation 
[25]

. So if the N-terminus of the CP29 (about 

100 amino-acid residues) was in a random coil conformation, it would have a length 

of about 38 nm. For comparison, the largest dimension of the stromal surface of the 

CP29 protein is about 3.2 nm (distance between the farthest two residues e.g. 164-

188 or 88-180), which is about 1/10 of the maximum total length of the N-terminus. 

So the N-terminus is not likely to be in an extended conformation. The distance 

separating each turn of a helix in the direction of the cylindrical axis is 0.54 nm, 

which results in a distance of 0.15 nm/residue for the length of the α-helix. For 

loops, two extreme situations are considered, a fat and a thin loop, which are 

maximally extended horizontally and vertically with respect to the stromal surface, 

respectively. Assuming a minimal turn diameter of 0.8 nm, the horizontally 
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extended loop has a height of 0.8 nm covering at least two residues at both ends, 

which leaves for a loop of nL residues, nL- 4 residues for the width of the horizontal 

loop. For the vertically extended loop, the height and the width of a loop of nL 

residues would be ½ * nL- 2 and 0.8 nm, respectively. From these numbers the 

length of different sections of the protein can be estimated (see results). 

6.2.6 Pulsed EPR measurements  

The DEER measurements were performed at X-band on an Elexsys E680 

spectrometer (Bruker, Rheinstetten, Germany) at frequencies of about 9.3 GHz 

using a 3 mm split-ring resonator. The temperature was kept at 40 K with helium 

gas in a CF935 (Oxford Instruments, United Kingdom) cryostat with an ITC502 

temperature controller (Oxford Instruments, United Kingdom). Samples were 

prepared in 3 mm outer diameter quartz tubes and were frozen in liquid nitrogen 

before insertion into a pre-cooled helium gas-flow cryostat. The pump and observer 

frequencies were separated by 70 MHz and adjusted as reported before 
[26]

. The 

power of the pump-pulse was adjusted to invert the echo maximally 
[27]

. The lengths 

of the pulses at the observer frequency were 16 and 32 ns for the π/2- and π-pulses. 

The length of the pump pulse was 12 ns. All DEER measurements were performed 

as two-dimensional experiments, in order to suppress the proton modulation 
[27]

. 

The DEER time traces were measured for ten different τ1-values spaced by 8 ns 

starting at τ1 = 200 ns. The typical accumulation time per sample was 16 hours. The 

DEER data were analyzed using the “DeerAnalysis” program 2011 
[28]

, which is 

available from www.epr.ethz.ch/software/index. After background correction of the 

data, the distance distribution was determined by Tikhonov regularization with an 

optimum regularization parameter determined by the L curve criterion 
[27,28]

. 

Significance of features at long distances was checked with the validation tool in 

“DeerAnalysis”.  

6.3 Results 

6.3.1 Continuous-wave EPR  

The cw EPR spectra of the reconstituted holoproteins in the detergent-micelle 

solution are shown in figure 6.2. The spectra differ substantially from each other. 

Some of them have particularly broad lines (e.g. the spectra of S33C and G101C). 

Others have sharp lines (e.g. the spectra of A10C and A86C). As seen from the 

residue numbers, broader lines occur throughout the N-terminus. 

More detailed information is obtained by spectral simulation, performed for 

selected spectra. For each spectrum (figure 6.3) at least two components are 

required that differ in rotation-correlation time τr (table 6.1). The broad-line spectra 

of the spin label at residues 4, 40, and 101 are simulated with three components. 
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Each spectrum has a substantial slow component (at least 18 %) with a τr longer 

than 50 ns, and maximally 5 % of a fast component (τr of about 1 ns). In the spectra 

of the spin label at residues 11 and 86, the slow component is absent, which 

indicates the more mobile character of these positions. The spectra have almost 

equal contributions of a fast component with a τr of about 1 ns, and a medium 

component with a τr of about 4 ns. Also, the spectrum of the spin label at residue 70 

consists of two components, only in this case the amount of the medium component 

(τr of about 4 ns) is significantly larger than that of the fast component (τr of about 1 

ns) (table 6.1).  

 

 

Figure 6.2 Room temperature EPR spectra of 55 singly labeled CP29 protein samples. In 

each spectrum the position of the nitroxide spin label is indicated. 

 

Because of the multicomponent character of these spectra an easier approach, rather 

than the time-consuming simulation, is to compare the spectral intensities, R/L. The 

intensity at position R (figure 6.4 insert) derives from the fast and medium 
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components and at position L from the slow component. The higher the R/L ratio, 

the more mobile the spin label. The dependence of the R/L ratio is illustrated in 

figure 6.4 as a function of the residue number. It gives qualitative information, i.e., 

relative mobility of the stretch of protein investigated. Amongst the investigated 

residues (55 out of 110) about 40 % appeared to be immobile/ restricted, 35 % have 

intermediate mobility and only 25 % are highly mobile. Ultimately, also including 

the further analysis (see below), five distinct mobility regions are determined within 

the N-terminus: I: residues 10 to 22, II: residues 23 to 57, III: residues 58 to 81, IV: 

residues 82 to 91, and V: residues 92 and 108 (figure 6.4). Region V includes a 

stretch of residues (101-108) assigned to the transmembrane helix B, which extends 

from residue 101 onwards. The borders between regions are not precisely defined. 

 

 

Figure 6.3 Room temperature EPR spectra of CP29 singly labeled at positions 4, 11, 40, 70, 

86, and 101. The experimental spectra are shown in black. The simulated spectra are shown 

in magenta. The simulated spectra are adjusted to fit the intensity in the low field of the 

spectra to account for the asymmetry in the experimental spectra. Each simulated spectrum 

is a sum of multiple components. The fast, medium and slow components are shown in red, 
green and blue, respectively.  
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Table 6.1 The EPR parameters derived from the simulation of the EPR spectrum of singly 

labeled CP29 proteins. Given are: τr, rotation-correlation time, Azz, hyperfine splitting along the 

z-direction, lw, the component line-width, and (%), the contribution of the given component to 

the total spectrum. 

 

 fast medium slow 

residue 
τr  

(ns) 
Azz 

(MHz) 
lw 

(mT) 
% 

τr 
(ns) 

Azz 
(MHz) 

lw 
(mT) 

% 
τr  

(ns) 
Azz 

(MHz) 
lw 

(mT) 
% 

4 0.67 ± 0.01 109 0.14 ± 0.01 5 4.00 ± 0.10 109 0.32 ± 0.03 72 > 50 94 0.60 ± 0.05 18 

11 1.05 ± 0.01 109 0.08 ± 0.01 47 4.00 ± 0.10 109 0.32 ± 0.03 53 - - - - 

40 0.83 ± 0.01 109 0.14 ± 0.01 2 4.30 ± 0.10 109 0.32 ± 0.03 78 > 50 94 0.60 ± 0.05 20 

70 0.95 ± 0.01 109 0.08 ± 0.01 26 4.20 ± 0.10 109 0.32 ± 0.03 74 - - - - 

86 1.05 ± 0.01 109 0.08 ± 0.01 55 4.00 ± 0.10 109 0.32 ± 0.03 45 - - - - 

101 1.15 ± 0.01 109 0.14 ± 0.01 4 4.30 ± 0. 10 109 0.32 ± 0.03 40 > 50 94 0.60 ± 0.05 56 

 

 

 

Figure 6.4 The R/L ratios versus the amino-acid residue number. The ΔB, L, and R peak 

indications are depicted on the inset spectrum. The line which connects the R/L values is 

just a guide to the eye. Five approximate regions (I-V) are defined according to the ratio of 

R/L, which is suggestive of different mobility regions within the N-terminus: I: residues 10 

to 22, II: residues 23 to 57, III: residues 58 to 81, IV: residues 82 to 91 and V: residues 92 

to108.  
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Figure 6.5 The values of the inverse second moment, <ΔB2>-1, of the EPR lines, and of the 

inverse of the central line-widths, ΔB-1, of the 55 singly labeled CP29 as determined from 

the EPR spectra (blue dots). The topological regions of a protein are indicated by ovals 

according to the Hubbell plot. The color-coded regions represent secondary structure in a 

protein: red: loop/surface site, yellow: loop/contact site, green: helix/surface site, blue: 

helix/contact site, and purple: helix/buried site. 

 

 
 

Figure 6.6 The <ΔB2>-1 (blue dots) and the ΔB-1 (red dots) values versus the amino-acid 

residue number are given. For each amino-acid residue the color code, which is defined 

according to the Hubble plot (figure 6.5) is given along the horizontal axis. The 

superimposed solid-green line shows the 3.6 amino-acid periodicity of an alpha-helix. 
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More details can be obtained from the Hubbell plot 
[20-23]

. It classifies mobility in 

terms of the location of the residue in the protein (topographic regions), using the 

inverse of the central line-width (ΔB
-1

) 
[19,20]

 and the inverse of the second moment 

(<ΔB
2
>

-1
) 

[20-23]
. For the spin-labeled variants of CP29 these values are shown as 

blue dots in the Hubbell plot (figure 6.5). This plot also shows the topographic 

regions as colored areas 
[20,29]

. Most points fall within these regions. To relate these 

points to the sequence, figure 6.6 shows the ΔB
-1

 and <ΔB
2
>

-1
 parameters and the 

region color coding as a function of the sequence number of the residue. As shown 

in figure 6.6, the first high-mobility region I fits with the red area in the Hubbell 

plot, indicating a loop/surface region. The next region with low mobility II falls into 

the blue area in the Hubbell plot, indicating a helix/contact region. Next is region 

III, which spreads over the green, red, and yellow areas, indicating a helix/surface 

and a loop/contact region, respectively. The next high-mobility region IV is mainly 

in the loop/surface region of the Hubble plot. The last low-mobility region V 

coincides with the helix/buried region in the Hubbell plot, close to the 

transmembrane part of the protein.  

We also checked for a possible periodicity in the mobility of sequential residues. 

While no part of the sequence exhibits a periodicity of two, indicative of a β-sheet, 

one stretch of residues (residues 39-46) exhibits a 3.6 periodicity (green line in 

figure 6.6), which suggests an α-helical stretch. The periodicity for residues 39 to 

46 is most pronounced in the inverse of the central line-width. This proposed α-

helical stretch is projected on an α-helical wheel diagram (figure 6.7), which reveals 

no clear hydrophobicity/ hydrophilicity pattern. Several residues on both sides of 

this helical region also fall on the green line, potentially extending the helix to 

residue 29 respectively 53. Clear evidence of periodicity requires data points from 

several successive residues and therefore, the periodicity between residues 29 to 38 

and 47 to 53 cannot be confirmed. Since all residues between 29 and 53 are in the 

helix/contact region of the Hubbell plot, it is likely that the α-helix extends beyond 

the residues 39 to 46.  
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Figure 6.7 Interpretation of the mobility data obtained by EPR in the single mutants of 

CP29, giving geometrical constraints for the N-terminus. The residues of the N-terminus are 

shown horizontally, with colors from the Hubbell plot (figure 6.6). As a reference the 
diagonal of the stromal surface is 3.2 nm. The position of residues 101-110 should be close 

to the stromal surface and helix B. As an extended chain, residues 92-101 would cover a 

length of 3.4 nm (region V). Different models for the chain conformation result in the 

lengths shown for regions IV, III, and I (for details see text). Extreme loop dimensions, 

assuming minimum turn diameters of 8 Å and comparing long/narrow or wide/flat loops. 

Region II can be an α-helix. Helical-wheel diagram for region II with the corresponding 

amino-acid residues are depicted in colors. The color codes represent the type of amino-acid 

residues in the helical wheel. The numbers on each circle refer to the number of the residue 

within the N-terminus. Going down the helix, the size of the circles representing the 

residues in the helical wheel decreases. (http://cti.itc.Virginia.EDU/~cmg/Demo/wheel/-

wheelApp.html) 

 

6.3.2 Pulsed EPR  

Six different intra-molecular distances within the N-terminus of the CP29 protein 

are assessed using pulsed EPR measurements. The DEER time traces show clear 

non-exponential decays, which differ for all double mutants (figure 6.8). The 

absence of visible modulation indicates multiple distances or broad distance 

distributions. Distance distributions are obtained by the Tikhonov regularization 

method (see materials and methods). The distance distributions are fitted to a sum 

of Gaussians, the parameters of which are given in table 6.2. Most of the distance 
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distributions are composed of multiple Gaussians (figure 6.8), suggesting that the 

N-terminus adopts several conformations. For all mutants but 56/65, the 

distributions have at least two components with a distance larger than 2 nm (table 

6.2). Components with distances below 1.8 nm are disregarded because they cannot 

be reliably determined under our experimental conditions 
[30]

. The presence of very 

short distances (below 1.5 nm) can be excluded from the absence of line broadening 

in cw EPR spectra 
[31]

 of the same mutants (figure 6.9). 

 

Table 6.2 The distance parameters for doubly labeled CP29 proteins, which are derived 

from the analysis of DEER data. The DEER data are analyzed by means of Tikhonov 

regularization. Given are: <r>, distance in nm; S(r), the width of the distance distribution in 

nm, % is the contribution of each peak and the number of spins. The width of the distance 
distributions reflects the unknown conformation distribution of the protein domains, which 

are carrying the spin labels, and the conformation distribution of the spin labels themselves. 

To define the number of spins, we compare the experimental time traces to the time trace of 

a standard sample, which contains two spins.  

 

mutant 
<r1> 

nm 

S (r1) 

nm 
% 

<r2> 

nm 

S (r2) 

nm 
% 

<r3> 

nm 

S (r3) 

nm 
% 

<r4> 

nm 

S (r4) 

nm 
% 

number 

 of spins 

4/97    3.19 0.84 28 4.27 0.67 20 4.94 0.98 52 1.38 

4/101 1.96 1.28 35 3.53 0.68 22 5.14 0.95 43    1.46 

4/205 1.14 1.15 44 3.14 0.84 15 3.69 0.34 2 5.06 0.76 39 1.35 

56/65 1.92 1.7 95 1.67 0.6 5       1.79 

56/81 2.86 1.3 54 3.72 0.9 29 5.62 0.89 17    2.26 

56/97 1.24 1.51 49 2.95 1.62 21 3.93 0.79 11 5.6 0.9 19 2.01 
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Figure 6.8 DEER data for mutants 4/97, 4/101, 4/205, 56/65, 56/97, and 56/81 are shown. 
Left: original DEER traces with the baseline used for correction. Right: individual distance 

distributions are given for each doubly labeled mutant with the corresponding Gaussian fits 

(performed using origin lab software). The experimental curve is shown in black and the 

best fit is shown in red. 
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Figure 6.9 Continuous wave EPR spectra of the doubly-labeled mutants (solid lines) 

obtained at 80 K superimposed with the spectra of the respective singly labeled counterparts 
(dashed lines). 

 

6.4 Localization of residue 4 of the N-terminus  

The distances between residue 4 and residues 101 and 205, and the distance 

between residue 4 and the most-nearby chlorophyll as obtained from a time-

resolved FRET study 
[8]

 in the CP29 protein has been used to obtain information on 

the position of the end (residue 4) of the N-terminus. The crystal structure of 

spinach CP29 
[14]

 served as a template in a triangulation approach described in detail 

in appendix B. To take into account the multiple distances obtained with DEER, all 

geometrically possible combinations of these distances are considered. Eliminating 

positions located in the protein interior, four positions remain as possible locations 

for residue 4 (figure 6.10.b). These positions are all close to the stromal membrane 

surface. Three of these positions cluster in the area where helices B and C reach the 

protein surface, and one is located farther from the protein surface, close to the 

membrane surface. 

Also, a hydrophobic groove at the stromal side of the protein had been discussed as 

a possible location for residue 4 
[8]

. We note that the distances from residue 205 to 

selected residues in that groove (R93, Q169, K170, Y173, P174, G175, G176, 

D179, A184, S185, K190, and E194) are all between 0.38 and 1.71 nm. Therefore, 

that particular location for residue 4 would not show up in our analysis because it 
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would yield distances between residue 4 and 205, which are outside the distance 

range experimentally accessible.  

 

 

 

Figure 6.10 Possible locations of residue 4 shown as colored spheres, superimposed on the 

three-dimensional structure of the CP29 protein derived from the X-ray crystallography 

(orientation as in figure 6.1). a: All geometrically possible positions for residue 4. The 

positions are determined using distances from DEER and FRET (see text). The distance 

between the Mg-atom of all eight chlorophylls (see appendix B) to the Cα- atoms of residue 

101 (88 in Spinach) and residues 205 (191 in Spinach) are measured using the coordinates 

from the X-ray structure [14]. The (s) and (m) stand for short and medium, which indicates 
the multiple distances obtained with DEER. Using a triangulation approach, 12 points of 

intersection are obtained. The intersection points are presented in different colors. For each 

color a three-section code is given. Each three-section code represents which chlorophyll 

(CHL) is used in combination with which two residues. The number given in front of CHL 

gives the number of the chlorophyll. b: Four positions remain possible for residue 4 after 

eliminating those positions that are located in the protein interior. The projection of the 

protein in the right hand side of the figure b is such that the yellow sphere eclipses the green 

sphere. The view along the membrane plane is given on the left and the view from the 

stromal side is given on the right. The dotted circle indicates the possible location of residue 

97. 
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6.5 Discussion 

We have investigated the N-terminus of CP29 spanning residues 1-110. This part of 

the protein is often considered to be flexible and only residues 101-110 are well 

defined in the X-ray structure 
[14]

. Determining the structure of such a flexible and 

long region of a protein is challenging. As yet the reported algorithms for prediction 

of loop structures were applied for loops with 4 to 20 amino-acid-residues only 
[32]

. 

Mobility of the spin label provides important markers for the structure. Here, we 

compare different methods of analysis of mobilities. Most rigorous is the simulation 

of the spectra, which reveals the multicomponent nature of the individual spectra. 

Absolute rotation-correlation times and the relative contribution of each component 

are obtained. Remarkably, spectra classified as strongly immobilized (residues 4 

and 40) can have as little as 20 % of the slow component, so these spectra appear 

immobilized on account of a small (≤ 5 %) population of the fast component rather 

than a large amount of the slow component. The multicomponent nature of the 

spectra could indicate different conformations of the N-terminus, however, spectra 

with multiple components have also been reported for single-conformation proteins 
[33]

. Consequently, the multiple components are consistent with, but not proof for 

multiple conformations of the N-terminus. The interpretive value of the simulations 

is limited because the relation of the components and their τr values to the structural 

features of the protein is not yet understood. 

The R/L method provides a qualitative measure of mobility. Comparison with the 

simulation shows that the spectral amplitude at the field position R derives mostly 

from the mobile components (the fast and the medium fraction in the simulation), 

whereas the amplitude at L derives from the least mobile spin labels (the slow 

fraction in the simulation). The R/L ratio is straightforward to determine, but 

because it depends on the composition of the spectrum it is difficult to apply 

consistently to other proteins. The analysis based on the Hubbell plot 
[19,20]

 refers to 

a method for which ample reference data is available, and which enables 

comparison to known reference protein positions. Using the R/L method three 

regions of low mobility are identified: the N-terminus itself (residues 4 and 6) and 

the regions labeled II, and V in figure 6.4. Comparison with the Hubbell values 

(figure 6.6) reveals that the mobility of the spin label in region II corresponds to 

those found in the helix contact regions, those at III to the outer surface of proteins, 

and those at V to the helix/buried regions. 

The distance measurements show that the N-terminus is not extended. For the nine 

residues from 56-65, for which the fully extended chain would have a length of 3.4 

nm a length of approximately 2 nm is found. This compactness is even more 

evident for the mutant 56-81, which has a major contribution of a distance of 2.9 
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nm and a minor one of 3.7 nm, whereas the fully extended length would be 9.5 nm. 

The sequentially more distant pair of 56-97 has a dominant distance around 3 nm. 

Another indication for compactness and close association of the N-terminus is the 

location of residue 4. In a significant fraction of the protein this residue is close to 

the protein surface. 

The data point to multiple conformations of the N-terminus. This follows directly 

from the multiple distances found in DEER experiments (table 6.2) and is consistent 

with multi-component cw EPR spectra (table 6.1).  

Figure 6.7 shows how the mobility information relates to structural features of the 

100-amino-acid-residue N-terminus. Residue 101 is located at the stromal end of 

helix B and its position is known from the X-ray structure. Residue 97 is 4 residues 

away from residue 101, the first residue defined in the X-ray structure, so residue 

97 must be in a radius of maximally 1.5 nm from the entrance of helix B on the 

stromal side of the protein (figure 6.10). In region IV, residues have a high 

mobility, which is suggestive of a loop region. Assuming standard parameters for 

turns and interresidue separation (see materials and methods) such a loop can have 

two extreme shapes: as a flat loop it covers 1.9 nm in width (figure 6.7), and as a 

long and thin loop it extends 1.3 nm into the stroma. Region III (residues 58 to 81) 

has a loop/contact- helix/contact character. So it must be more strongly attached to 

the protein surface than region IV. In region II residues 39 to 46 have a pronounced 

3.6 periodicity. Given that the entire stretch of residues in region II lies in the 

helix/contact region of the Hubbell plot, it may well be that this helix extends from 

residues 29 to 53, corresponding to a total length of the helix of  3.6 nm. Finally, 

region I that is flexible and shows no periodicity likely is a loop. For region I a flat 

loop would cover 3.0 nm almost traversing the stromal surface of the protein and as 

a long and thin loop it would extend 1.9 nm into the stroma, which shows that this 

loop is longer than the loop in region IV.  

The overall architecture reveals non-covalent attachment of several N-terminal 

residues (at least residues 4-6), of the middle part (residues 39-46) and of the end of 

the N-terminus (from residue 100 onwards). Two flexible regions (I and IV) flank a 

less flexible region. The N-terminal part of the protein is located on the stromal side 

of the protein, which suggests that the less mobile regions are embedded in the 

stromal surface of the protein.  

The first conclusion is that the N-terminus, which in its fully extended form would 

have a length of 38 nm, is surprisingly structured. It loops back-and-forth on the 

stromal surface of the protein. 

Considering figure 6.10, a location of residue 97 in the vicinity of the stromal side 

of helix B would yield distances between residues 97 and 4 that are consistent with 
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the proposed locations of residue 4 derived from distances involving residues 101, 

205 and FRET data. Four possible locations of residue 4 are found, out of which 

three (yellow, green, and orange spheres in figure 6.10.b) cluster on the region 

where helices B and C reach the surface of the protein. The closeness of the three 

positions suggests one location. The fourth position (black sphere, figure 6.10.b) 

suggests a second location for residue 4. A third location of residue 4 in the 

hydrophobic groove cannot be excluded from the data. We further speculate that the 

first location corresponds to the largest population of N-terminus conformations.  

The presence of multiple conformations of the N-terminus, which is concluded 

from the present EPR investigation is in agreement with the heterogeneity reported 

before 
[8,9]

. Two loop regions are reported, a short one, and a longer one, which are 

either sticking out into the stroma 
[9]

 or lying flat on the hydrophobic core most of 

the time 
[8]

. According to these EPR and FRET studies 
[8,9]

, residue 15 is part of the 

short loop, and residues 65, 82, and 90 belong to the long loop. Similar to those 

previous reports, we find two loops. We differentiate the reported long-loop region 
[8,9]

 further into two mobility sections (regions III and IV), rather than one 

continuous mobility section. So essentially the long loop of Kavalenka et al. 
[8]

 and 

Berghuis et al. 
[9]

 becomes our short loop, containing both phosphorylation sites 
[34]

. 

Compared to the previous EPR study, around residue 65 we find several residues of 

lower mobility (residues 57, 59, 60, 68, 69, 71, 73, and 75) arguing that residues 58 

to 81 do not form part of the loop, although residue 65 has a relatively high 

mobility. Therefore, in addition to the report of Kavalenka et al. 
[9]

, where 10 

residues of the N-terminus were investigated, a lot of information can be resolved 

by characterizing 55 residues. The structure of residues 58-97 is particularly 

relevant, because these residues are only present in CP29, and not in LHCII, which 

otherwise is similar to CP29. This may help to explain the difference in function of 

CP29 and LHCII in the outer membrane antenna complex.  

The present study demonstrates that the N-terminus of CP29 is relatively structured 

and is separated into different regions with strongly differing mobilities. Moreover, 

there are clear signs of heterogeneity, demonstrating that the N-terminus is not fixed 

in one particular structure but is able to adopt various conformations. The presence 

of phosphorylation sites that are affected by light conditions in this region of the 

protein, for example at position 81 and 83 
[34]

, is a strong indication that the N-

terminus is important in membrane organization. The flexibility of the N-terminus 

found in the present study thus may be functionally important, because it enables 

the N-terminus to switch between different conformations in order to let the system 

adapt to different environmental (light) conditions.  
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CHAPTER 7 
 

STRUCTURE AND FIRST EPR 
CHARACTERIZATION OF HELICAL  

PEPTIDES WITH TOAC SPIN LABELS:  
MODELS FOR SHORT DISTANCES 

 
 
 

 
 

 

For structure determination in biophysical systems electron paramagnetic resonance 

(EPR) is rapidly gaining ground. Proteins labeled specifically with two nitroxide 
spin labels can be prepared, and several EPR methods are available for distance 

determination, which makes it possible to determine distance constraints. However, 

such methods require frozen solutions, potentially causing non-physiological states 
of the sample. Here we target spin-spin interaction in liquid solution at room 

temperature using rigid model compounds. A series of helical peptides is 

synthesized with pairs of spin labels separated by three, four, and five amino acids. 

To avoid flexibility, the non-coded nitroxyl containing α-amino acid TOAC that is 
rigidly connected with the peptide backbone is used. The EPR spectra of the 

peptides show a decreasing amount of coupling between the two spin labels within 

this series, which provides a first characterization of these models. 
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7.1 Introduction 

Biological systems are preferably studied in liquid solution at room temperature 

because freezing a peptide or a protein can change or even destroy the three-

dimensional structure of interest. Most EPR methods for distance determination 

require freezing the sample 
[1-6]

. To address this problem, in the present work we 

investigate spin-spin interactions in model peptide systems in liquid solution. Such 

peptides have to be rigid to serve as useful model compounds. More specifically, 

we analyze a series of peptides consisting of stretches of the non-coded, host -

amino acid -aminoisobutyric acid (Aib), combined with one or two 4-amino-1-

oxyl-2,2,6,6-tetramethylpiperidine-4-carboxylic acid (TOAC) guest residues. Both 

TOAC 
[7-13]

 and Aib 
[14-16]

 are known to stabilize regular 310-helices 
[14,16-19]

. The 

backbone and side-chain conformations of TOAC are remarkably constrained, 

providing well-defined distances between the stable nitroxide free radicals of two 

TOAC residues. Flexibility, as resulting from the commonly used spin labels linked 

to the cysteine side chain in proteins, is thus avoided. Our series comprises a full set 

of peptides, from two to five intervening Aib residues, with incrementally increased 

TOAC…TOAC separations. The following compounds were investigated: 

 

 (i)  Z-(Aib)
9
-OMe  NONA  unlabeled          

 (ii)  Z-(Aib)
5
-TOAC-Aib-OMe  HEPTA

6
       monoradical 

 (iii)  Z-(Aib)
6
-TOAC-Aib-OMe  OCTA

7
       monoradical 

 (iv)  Fmoc-Aib-TOAC-(Aib)
7
-OMe  NONA

2
       monoradical 

 (v)  Fmoc-(Aib)
2
-TOAC-(Aib)

2
-TOAC-Aib-OMe  HEPTA

3,6 
 biradical 

 (vi)  Fmoc-TOAC-(Aib)
3
-TOAC-Aib-OMe  HEXA

1,5
 biradical 

 (vii)  Fmoc-Aib-TOAC-(Aib)
4
-TOAC-Aib-OMe  OCTA

2,7
 biradical 

 (viii)  Fmoc-Aib-TOAC-(Aib)
5
-TOAC-Aib-OMe  NONA

2,8
 biradical 

 

Here Z is benzyloxycarbonyl, OMe is methoxy, and Fmoc is fluorenyl-9-

methyloxycarbonyl. We address the sub-nanometer distances between two TOAC 

residues in the biradical peptides and compare them with a set of monoradical 

peptides that are matched in size. We determine the exchange interaction, J, in 

liquid solution using continuous-wave (cw) EPR. For selected peptides also the 

dipolar interaction in frozen solution was studied. 

In the sub-nanometer distance regime in liquid solution, the spin-spin interaction 

should manifest itself primarily as the exchange interaction, J. In the weak-

exchange limit, the spectra appear as those of the isolated radicals. For nitroxides 
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characteristic three-line spectra result, which come from the isotropic hyperfine 

interaction AN of the electron spin with the 
14

N, I = 1 nucleus. A strong-exchange 

interaction (J » AN) results in a five-line spectrum. The magnitude of J is related to 

the orbital overlap, and often J is believed to decay exponentially with distance 
[20]

. 

Orbital overlap through the bonds, which are linking the centers of spin density can 

also promote exchange interaction. 

For selected peptides the dipolar interaction was studied in frozen solution with X-

band (9.5 GHz) and W-band (95 GHz) EPR. At W-band, the spectral resolution 

increases and the information on magnetic parameters and molecular orientations, 

which is hidden under the broad lines in spectra that are obtained at X-band can be 

extracted. Furthermore, the higher resolution at W-band enables the detection of 

smaller dipolar interactions, i.e., longer distances than in X-band. Also, relative 

orientations of spin labels are accessible 
[21]

. 

The rigid biradical peptides investigated enable a systematic study of the exchange 

interaction. Overall, a decrease of J with increasing separation of the two TOAC 

residues is observed. We speculate that J is dominated by through-bond rather than 

through-space interaction. Careful line-shape analysis gives insight into the intra-

radical interactions. 

7.2 Materials and methods 

7.2.1 Synthesis and characterization of peptides 

Peptides NONA 
[7]

, NONA2 (labeled as NONA9 in 
[7]

) NONA2,8 
[7]

, and HEPTA3,6 
[22]

, have already been described. The difficult syntheses of the other very highly 

constrained TOAC/Aib peptides mentioned in this paper have been performed in 

solution 
[23]

 either: step-by-step by using the 1-(3-dimetylamino)propyl-3-ethyl-

carbodiimide/7-aza-1-hydroxy-1,2,3-benzotriazole method 
[24]

 (HEXA5, HEXA1,5, 

and OCTA2,7) or by the segment condensation procedure using the isolated and 

uncharacterized intermediate 5(4H)-oxazolones from Z-(Aib)3-OH 
[25]

 and Z-(Aib)5-

OH 
[25]

 for HEPTA6 and OCTA7, respectively. The chromatographically pure 

peptides show the following physical and analytical data: (a) HEPTA6: melting 

point 219-221° C (from EtOAc – PE); infrared (IR) (KBr) 3322, 1712, 1664 cm
-1
. 

(b) OCTA7: melting point 222-224° C (from EtOAc – PE); IR (KBr) 3318, 1712, 

1662 cm
-1

. (c) HEXA1,5: melting point 146-147° C (from EtOAc – PE); IR (KBr) 

3331, 1669 cm
-1

. (d) OCTA2,7: melting point 160-162°C (from EtOAc – PE); IR 

(KBr) 3306, 1659 cm
-1

. 
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7.2.2 Fourier transform infrared absorption spectroscopy 

Fourier transform infra red absorption spectra were recorded using a Perkin-Elmer 

1720 X FT-IR spectrophotometer, nitrogen-flushed, with a sample shuttle device 

and at 2 cm
-1

 nominal resolution, averaging 100 scans. Solvent (baseline) spectra 

were recorded under the same conditions. Cells with CaF2 windows and path 

lengths of 0.1 and 1.0 mm were used. Spectrograde deuterochloroform (99.8 % 

deuterated) was obtained from Fluka. 

7.2.3 EPR spectroscopy  

The X-band cw EPR measurements were performed both at room temperature (293 

K) and at 80 K using an Elexsys 680 (Bruker BioSpin GmbH, Rheinstetten, 

Germany) spectrometer equipped with a rectangular cavity. For the room 

temperature measurements microwave power, modulation frequency, and 

modulation amplitude were 0.3994 mW, 100 kHz, and 30 μT, respectively, and 

accumulation time was about 20 minutes per spectrum. In the frozen solution at X-

band microwave power, modulation frequency, and modulation amplitude were 

0.159 mW, 100 kHz, and 0.2 mT, respectively.  

For room temperature W-band measurements, a modulation frequency of 100 kHz 

and a modulation amplitude of 0.1 mT were applied. The standard 95 MHz sample 

clamp was used with the usual sample holder to place the sample properly in the 

resonator. For the frozen solution W-band measurements, microwave power, 

modulation frequency, and modulation amplitude were 5.0 *10
-5

 mW, 100 kHz, and 

0.5 mT, respectively. 

7.2.4 Preparation of the samples  

All peptides were dissolved in acetonitrile (Biotech. grade, ≥ 99.93 %, Sigma-

Aldrich). For room temperature X-band measurements, all the peptide samples were 

degassed and prepared in quartz tubes with an outer diameter of 4 mm and an inner 

diameter of 1.5 mm. The samples were then subjected to seven freeze-pump-thaw 

cycles. To freeze the sample, liquid nitrogen was used. The sample was thawed to 

room temperature. While the samples were frozen, the quartz tubes were connected 

to a rotary vacuum pump for 5 minutes and disconnected from the pump before 

thawing the sample. Finally the degassed samples were flame-sealed. The room 

temperature W-band samples were prepared in suprasil quartz capillaries, with an 

inner diameter of 0.125 mm and an outer diameter of 0.25 mm, from Wilmad-Lab 

glass (Buena, NJ, USA). The capillaries were sealed at one end. A Wilmad suprasil 

quartz tube with an inner diameter of 0.60 mm and an outer diameter of 0.84 mm, 
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which was sealed at one end, was used as an outside tube. The concentration of the 

TOAC spin label in all liquid solution samples was 0.1 mM. 

For the measurements in frozen solution at X-band, samples were prepared in 

quartz tubes with an outer diameter of 4 mm and were frozen in liquid nitrogen 

before inserting them in the pre-cooled helium gas-flow cryostat. For 80 K W-band 

measurements, the samples were measured in Wilmad suprasil quartz tubes with an 

inner diameter of 0.60 mm and an outer diameter of 0.84 mm that were sealed at 

one end. Both the monoradical, NONA2, and the biradical, NONA2,8, samples were 

diluted with NONA, the Aib peptide at a 1 to 10 diamagnetically dilution. The 

concentration of NONA2 and NONA2,8 in frozen solution was 0.2 mM and 0.1 mM, 

respectively. 

7.2.5 Simulation  

The spectra were simulated using Matlab and the EasySpin package 
[26]

. For the 

simulation the following parameters were used: g = [2.009, 2.006, 2.003] 
[7]

, Axx = 

Ayy = 0.553, and Azz = 3.375 mT. The three-line spectra were simulated using a 

Gaussian line-shape. The five-line spectra were simulated using an equal-amount 

contribution of a Gaussian and a Lorentzian line-shape 
[26]

. 

For the biradical peptides, the treatment of the effect of J depends on the type of 

spectrum. For compounds with a three-line spectrum, the spectra were simulated 

with the chili subroutine of EasySpin as an S = ½ system. For the five-line spectra, 

the effect of the exchange interaction was included explicitly in the simulation 

using the pepper subroutine as two coupled S = ½ systems. The presence of a sharp 

three-line component in the five-line spectrum was taken into account in the 

simulation by adding a mono-radical contribution to each spectrum using the chili 

subroutine. We checked the presence of satellite lines for HEXA1,5 and OCTA2,7 by 

measuring at higher powers, larger sweep widths and higher concentrations (about 5 

mM, non degassed). We also increased the modulation amplitude. However, no 

satellite lines were detected.  

7.3 Results 

7.3.1 Conformational analysis 

We carried out a conformational analysis of all TOAC-labeled (Aib)n host peptides 

(from hexamers to nonamers) studied in this work in CDCl3, a secondary-structure 

supporting solvent. Since neither circular dichroism (because all peptides are 

achiral) nor nuclear magnetic resonance (because all peptides contain at least one 

stable paramagnetic free radical) are appropriate spectroscopies with these 

compounds, we relied heavily on FT-IR absorption. The N-H stretching (amide A) 
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spectral region proved to be the most conformationally informative. Here, all 

peptides are characterized by two bands: a much weaker one, seen at 3435-3418  

cm
-1

 (free, solvated NH groups) and a much more intense one at 3339-3318 cm
-1

 

(H-bonded NH groups) 
[15,27,28]

. With increasing main-chain length, the stronger 

band moves to lower wave numbers and increases in intensity 
[15]

. The role of 

peptide concentration, at least below 5  10
-3

 M, is of minor significance, which 

indicates that the observed C=O…H-N H-bonds are mostly intra-molecular. The 

ratios of the integrated molar extinction coefficients of the H-bonded versus free 

NH groups point clearly to almost fully developed 310-helical 
[14,16-19]

 peptide 

structures 
[15]

. These findings are not unexpected on the basis of literature data of 

medium-sized peptides rich in the known helicogenic TOAC 
[8,13]

 and Aib 
[14-16]

 

residues in CDCl3 solution and in the crystal state. 

7.3.2 Room temperature cw EPR 

Figure 7.1 presents the room temperature spectra of the monoradical and the 

biradical peptides. The spectra of the monoradical peptides consist of three narrow 

lines. The spectra of the biradical peptides can be grouped into two distinct classes: 

the HEPTA3,6 and the HEXA1,5 peptides with a five-line spectrum and the OCTA2,7 

and the NONA2,8 peptides with a three-line spectrum. The five-line spectra have 

broader lines than those of the monoradical peptides and a contribution of a narrow-

line spectrum consisting of three lines marked in figure 7.1.  

The two classes of spectra are simulated by different approaches. For the two 

biradical peptides that have a five-line spectrum, the contribution of exchange 

interaction is larger than the hyperfine coupling of the 
14

N nucleus in the TOAC 

spin label (table 7.1), and we consider the contribution of J explicitly in the 

simulation. For the HEPTA3,6 peptide, the value of J is larger than 900 MHz. For 

HEXA1,5, the next biradical peptide in the series, the value of J is 800 MHz. For the 

three-line-spectra of the OCTA2,7 and NONA2,8 peptides, the value of J must be 

smaller than 9 MHz because for values of J above 9 MHz a significant deviation of 

the simulation from the observed three-line spectra occurs, a deviation that is not 

visible in the experimental spectra. Given that small value of J, we do not explicitly 

consider J in the simulation.  

To exactly match the line-shape of the simulated to the experimental spectra for all 

biradical peptides, additional parameters are needed (figure 7.2 and table 7.1). The 

spectra of the HEXA1,5 and the HEPTA3,6 peptides are simulated by two 

components, one component with a large J-value, representing the biradical, and the 

other representing a monoradical component. The monoradical contribution is 

simulated with the parameters of the respective monoradical peptide (table 7.1). The 
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spectra of the second class of peptides, the OCTA2,7 and the NONA2,8 peptides are 

fully described by a single component. The NONA2,8 peptide is simulated with an 

isotropic rotation correlation time, similar to the value we used to simulate the 

corresponding monoradical, NONA2. The simulated spectrum of the OCTA2,7 

peptide does not fit as well to the isotropic rotation model as the NONA2,8 peptide. 

The deviation of the simulated low-field line from the experimental one derives 

either from an anisotropic rotation or from a contribution of J in the order of 9 

MHz. The spectrum of the OCTA2,7 peptide can be fitted with an anisotropic-

rotation model using the best-fit option in the EasySpin program (table 7.1). 

However, we cannot exclude J-coupling, as it would produce qualitatively similar 

features. For the NONA2 and the NONA2,8 peptides, EPR spectra are also acquired 

at W-band. The spectra of NONA2 and NONA2,8 are identical (figure 7.3), which 

reveals that for these peptides the EPR spectra at W-band frequencies are 

dominated by motion, rather than by the spin-spin interaction. 

 

Figure 7.1 The room temperature X-band EPR spectra of monoradical (red) and biradical 

(black) peptides. Comparison of mono- with biradical peptides are shown from top to 

bottom: HEPTA3,6 with monoradical HEPTA6; HEXA1,5 with monoradical HEPTA6; 

OCTA2,7 with monoradical OCTA7, and NONA2,8 with monoradical NONA2. The black 

asterisks indicate the presence of narrow lines on top of the broad lines in the spectrum of 

the biradical peptides. 
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Table 7.1 Parameters used for the simulation of the liquid solution X-band ER spectra of the 

monoradical and biradical peptides. Given on the right are parameters for monoradicals: 

rotation correlation times τr and line-widths. On the left are simulation parameters for 

biradicals (τr, line-widths, and the line-shape: mixture of Gaussian and Lorentzian). The 
simulation parameters and the relative contribution of monoradical species to these spectra 

is given on the right. For HEPTA3,6 and HEXA1,5 the exchange interaction is explicitly 

considered. For details see text. 

 

peptides  
τr 

(ns) 

line-width
a
 

(mT) 
 

 

 

 

 

HEPTA6 

 

0.13 0.130 

OCTA7 0.15 0.130 

NONA2 0.17 0.130 

peptides 

parameters used for the simulation of  

biradical peptides 

monoradical contribution to  

biradical spectra 

Relative 

position 

of the 2
nd

 

TOAC 

in the 

helix 

J
-co

u
p

lin
g
 

(M
H

z) 

τr 

(ns) 

 

line-width 

(mT) 

τr 

(ns) 

 

line-width
a
 

(mT) 

 

monoradical  

component 

in biradical spectra 

% 

G
a
u

ssia
n

 

L
o
ren

tzia
n

 

HEPTA3,6 4 > 900 n.a.b 0.450 0.480 0.13 0.130 3 

HEXA1,5 5 800 n.a. 0.000 0.290 0.13 0.130 23 

OCTA2,7 6 < 9 0.15c 0.098 0.037 n.a. n.a. n.a. 

NONA2,8 7 < 9 0.17 0.110 0.037 n.a. n.a. n.a. 

 

a Gaussian single-component line 
b not applicable  
c The EPR simulation parameters for the OCTA2,7 peptide using an anisotropic rotation with 

axial rotation tensor; Best-fit parameters:  
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τ║

 

Figure 7.2 The room temperature X-band EPR spectra of monoradical and biradical peptides 
compared with the simulation. Simulated spectra are shown in red and the experimental ones 

are shown in black. On the left, the spectra of HEPTA3,6, HEXA1,5, OCTA2,7, and NONA2,8 are 

shown. On the right, the spectra of HEPTA6, OCTA7, and NONA2 are shown. The black 

asterisks indicate the presence of narrow lines (monoradical contribution) on top of the broad 

lines in the spectrum of the biradical peptides. 
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Figure 7.3 The room temperature W-band EPR spectra of the NONA2 peptide (red) and the 

NONA2,8 peptide (black). The spectra of NONA2 and NONA2,8 are similar. The spectra are 

normalized to the number of spins in each sample. 

 

7.3.3 NONA2 and NONA2,8 at X-band, in frozen solution  

In frozen solution, in addition to the exchange interaction, the dipolar interaction 

can be determined. However, the peptides seem to aggregate in frozen solution, as 

evidenced by the line broadening of NONA2 relative to a reference sample 

containing the MTS spin label, which is prepared in the same solvent and measured 

under the same conditions (figure 7.4).  

 

Figure 7.4 Frozen solution X-band EPR spectra of the NONA2 peptide and the free MTS 

spin label in the same solvent. a: Pure NONA2 peptide (grey line) and free MTS spin label 

(black line). b: Diamagnetically diluted (1:10) NONA2 peptide (grey line) and free MTS 

spin label (black line). In a the lines of the NONA2 peptide are broader compared to the lines 
in b, owing to the intermolecular spin-spin interaction. The spectra are normalized to the 

number of spins in each sample. 

 

To suppress intermolecular spin-spin interaction, diamagnetic dilution with the Aib-

only peptide NONA is applied 
[29]

. We investigated 1:5 and 1:10 ratios of NONA2 

to NONA. At both ratios the spectra have the same line-width as the reference 

sample has. Therefore, the biradical NONA2,8 was investigated at a 1 to 10 

diamagnetic dilution. For NONA2,8 compared with NONA2, the lines are broader, 

which results from the dipolar interaction in the NONA2,8 peptide (figure 7.5). 
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Distances derived from the second-moment analysis 
[30]

 of the NONA2 and the 

NONA2,8 spectra result in a distance of 1.1 nm, which is in good agreement with the 

distance of 1.2 nm reported from the X-ray structure 
[7]

. 

 

 

Figure 7.5 Frozen solution X-band EPR spectra of the NONA2 peptide (grey line) and the 

NONA2,8 peptide (black line). Both peptides are diamagnetically diluted (1:10). The lines of 

the NONA2 peptide are narrower compared to those of the NONA2,8 peptide. The spectra are 

normalized to the number of spins in each sample. 

 

 7.3.4 NONA2 and NONA2,8 at W-band, in frozen solution 

The EPR spectra of both NONA2 and NONA2,8 at W-band (figure 7.6) are acquired 

from the same diamagnetically diluted samples as used for X-band in frozen 

solution (1 to 10).  

At W-band, the g-tensor resolution increases, making it possible to resolve the 

rhombic g-tensor, while at X-band the nitroxide spectrum is dominated by the 

hyperfine interaction with the nitrogen nucleus. Similar to the result at X-band, the 

lines of NONA2,8 are broadened with respect to NONA2. The higher resolution at 

W-band was used by Carlotto et al. 
[33]

 to determine the distance and relative 

orientation of the TOAC radicals in NONA2,8.  
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Figure 7.6 Frozen solution W-band EPR spectra of a: the NONA2 peptide and b: the 

NONA2,8 peptide. The position of the spectral features at gx, gy, gz, and the hyperfine 

splitting Azz are indicated.  

 

7.4 Discussion 

We have investigated a set of biradical peptides built from the non-natural amino-

acid Aib, both in liquid and in frozen solution. In liquid solution at room 

temperature, the peptides have spectra that are in the motionally narrowed regime. 

The spectra of the biradicals are determined primarily by the exchange interaction 
[32]

. In the strong-exchange regime, where J » AN, the EPR spectrum is characterized 

by a five-line pattern with intensities 1:2:3:2:1, while in the weak-exchange regime 

the EPR spectrum has three lines of equal intensity. The spectra of biradicals 

HEPTA3,6 and HEXA1,5 are in the strong-exchange regime. The difference in the 

line-shapes between HEPTA3,6 and HEXA1,5 suggests a larger J for HEPTA3,6 or an 

additional dynamic process. The biradicals OCTA2,7 and NONA2,8 are in the weak-

exchange limit. Because the effect of J on the spectrum is minimal and because no 
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simulation program combines J-interaction with restricted mobility we have 

simulated the spectra of the OCTA2,7 and the NONA2,8 peptides as two independent 

spins. Therefore, only upper limits of J can be determined. The spectrum of 

OCTA2,7 shows deviations from the isotropic-motion regime. Whether this 

deviation reflects anisotropic motion or a J-value that is slightly larger than 9 MHz 

is not clear yet. The main result is that the J-coupling decreases with increasing 

residue separation in the sequence.  

7.4.1 Origin of the narrow-line contribution 

The presence of a sharp narrow-line component is prominent in the five-line-

spectrum of the HEPTA3,6 and HEXA1,5 peptides. There are two possibilities for the 

origin of this component. First, the sharp component may arise from a minimally 

populated conformation of the peptides, which leads to increased separation 

between the labels such that we have a contribution of a low J-value in addition to 

the dominant high J-value conformation of the peptide. A second possibility is that 

in a fraction of the peptides one of the nitroxides is chemically degraded. The 

rigidity of the peptides investigated argues against the presence of minority 

conformations in which J is small. Therefore we attribute the narrow-line 

component to a monoradical contamination. 

7.4.2 The relation between structure and J-coupling 

The strength of the exchange interaction is often considered to decay exponentially 

with distance and has been used to obtain a qualitative ranking of the distance of 

spin-label positions 
[32]

. For the set of peptides that are investigated here, the 

separation between the TOAC residues increases by one residue each in the series. 

The distance between the nitroxide groups, i.e., the through-space distance does not 

increase through the series (table 7.2). For example, the distance between residues 

one and five (in HEXA1,5) is similar to the distance between two and eight (in 

NONA2,8). So if J would scale with the distance between the nitroxide groups 

through space, the HEXA1,5 and NONA2,8 peptides should have similar values of J. 

However, the NONA2,8 peptide has a very small J, while the HEXA1,5 has a much 

larger J, a clear indication that the through-space distance of the nitroxides does not 

dominate J. The number of bonds between the nitroxides does increase 

monotonically within the series from HEXA1,5 to NONA2,8. Particularly, the number 

of bonds between the nitroxides in HEXA1,5 is smaller than those in the NONA2,8 

peptide, nicely following the trend in J. The difference between these two peptides 

shows that the through-bond contribution to J plays a major role. 
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Table 7.2 Comparison of the biradical peptides investigated. The number of covalent bonds 

between the two TOAC spin labels in each biradical peptide and the distance between the 

mid-points of the N-O bonds of the two TOAC labels in the 310-helix are given. 

 

peptide 

position of the 

two TOAC 

labels 

distance between the two 

TOAC residues (Å) 

number of 

covalent bonds 

J-coupling  

(MHz) 

HEPTA3,6 i, i + 3 6.5a 15 > 900 

HEXA1,5 i, i + 4 11.6b 18   800 

OCTA2,7 i, i + 5 14.6b 21 < 9 

NONA2,8 i, i + 6 12.6c 24 < 9 
 

a Experimentally determined i, i + 3 distance from the X-ray diffraction structure of 

HEPTA
3,6

 [33].  
b Calculated from a 310-helical peptide model. 
c Experimentally determined i, i + 6 distance from the X-ray diffraction structure of 

OCTA1,4,7 
[34]

. 

 

7.4.3 The contribution of dipolar interaction 

In the spectra in liquid solution no dipolar interaction is observed, although this 

interaction is expected to be large in view of the distance between the TOAC 

residues. The absence of dipolar broadening in the spectra proves that the rotation 

of the peptides is fast enough to average the dipolar interaction.  

In frozen solution, both the exchange and dipolar interactions are detectable. 

However, in frozen solution these peptides tend to aggregate and intermolecular 

interactions interfere with the intra-molecular interactions. To avoid this 

interference, we applied diamagnetic dilution. Comparison of the diluted 

monoradical vs. biradical peptides provides us with intra-molecular information, 

i.e., the spin-spin distance in a biradical peptide. The value of 1.1 nm obtained from 

the line-shape analysis agrees with the results from X-ray crystallography 
[7]

. 

7.4.4 Summary and conclusions 

The series of biradical peptides enabled a systematic study of the exchange 

interaction. We demonstrate that in these helical peptides the through-bond 

contribution dominates over the through-space contribution, which gives rise to a 

substantial J even over a separation of 12 Å. We are pursuing these studies with the 

quantum-chemical approach applied in reference 
[7]

, which will give insight into the 

electronic structure of these peptides. 
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APPENDIX A 
 

SUPPORTING INFORMATION ON THE 
MODEL OF ONE Aβ PER MICELLE  

DESCRIBED IN CHAPTER 2 
 

 
 

 

In chapter 2, the effect of the membrane mimicking detergent SDS on the 
aggregation of the Aβ peptide is investigated. We propose that at SDS 

concentrations above the critical micelle concentration (CMC) only one species is 

present, which we assign to a monomeric, micelle bound form of A. If A in this 
form is indeed monomeric, non-diamagnetically diluted samples should show the 

same spectrum as the diamagnetically diluted samples investigated in chapter 2. 

The figure shows that this is the case, confirming the one A per micelle model. 
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Figure A.1 Room temperature continuous wave EPR spectra of SL-Aβ40 

comparing diamagnetically diluted (red line) with non-diamagnetically diluted 

(black line) samples. Left: Spectra of SL-Aβ40 at high SDS concentrations with 

D/P of 130.9 (SDS = 72 mM). The spectra consist of one mobility component with 

a rotation-correlation time of 0.93 ± 0.03 ns. Black and red spectra are identical 

within the signal to noise. Right: Spectra of SL-Aβ40 in the absence of SDS, i.e., 

D/P = 0. The spectra consist of at least three mobility components, fast, medium, 

and slow. The corresponding rotation-correlation times and the contributions of 

each component are given in chapter two of this thesis. Given in black is the non-

diluted SL-Aβ40 at a D/P = 0. Similar to the red spectrum, the black spectrum 

consists of at least three mobility components. The contribution of the fast 

component to the spectrum of the non-diluted SL-Aβ40 is smaller than that of the 

diamagnetically diluted SL-Aβ40. Also, the slow component has a larger 

contribution to the spectrum of the non-diluted SL-Aβ40, compared to that of the 

diamagnetically diluted SL-Aβ40. We attribute the overall broadening in the right 

part of the figure to spin-spin interaction. Such a broadening is absent in the spectra 

given on the left, confirming the one Aβ per micelle model described in chapter 2. 
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APPENDIX B 
 

THE TRIANGULATION APPROACH  
USED IN CHAPTER 6: CALCULATING  

THE POSITION OF RESIDUE 4 OF CP29 
 

 

 
In chapter 6, the N-terminus of the light-harvesting protein CP29 is studied. The 

triangulation approach is used to determine the position of the end (residue 4) of the 
N-terminus, which is explained in this appendix. The distances between residue 4 

and residues 101 and 205, and between residue 4 and a chlorophyll as obtained 

from a time-resolved FRET study 
[1]

 define the position.  
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The triangulation approach used in chapter 6: calculating the position of 

residue 4 of CP29 

For the triangulation of the unknown position of residue 4 of CP29 we start from 

three known atom positions: A, B and C. To determine the position of residue 4, we 

have three experimental distances from atoms A, B and C to residue 4 that are 

measured either by DEER (table B.1) or by FRET. 

The distances a and b between A respectively B and the residue 4 define the radius 

of spheres around A and B that intersect as a circle between A and B (figure B.1). 

The distance c (distance between C and residue 4) defines a sphere around C with a 

radius of c. This sphere can have two points of intersection with the circle between 

A and B, one of these points is the position sought. The atoms are selected such that 

the distance AB (rAB) is longer than the distance AC (rAC). The lines joining these 

three positions rAB, rAC, and rBC (figure B.1) define the sides of a triangle. 

Amongst the three experimentally determined distances (a, b, and c), two are 

obtained from DEER measurements: residue 4 to residue 101 (88 in Spinach) and 

residue 4 to residue 205 (191 in Spinach). The third distance is the distance between 

residue 4, labeled with a fluorescents dye 
[1]

, and a chlorophyll taken from FRET 

data reported earlier 
[1]

.  

The FRET distance of 1.8 nm refers to a distance between residue 4 and one of the 

13 chlorophylls in the CP29 protein. To account for this, all 13 chlorophylls are 

considered individually and the coordinates of their central Mg-atom are combined 

with the other two Cα- positions. We exclude only those chlorophylls whose Mg 

atoms are farther than 30 Å from the Cα- atoms of residue 101 (88 in Spinach) or of 

residue 205 (191 in Spinach), because if these distances are larger, the chlorophylls 

are located on the other, luminal side of the protein and therefore cannot contribute 

to FRET with residue 4. Eight chlorophylls remain, which are listed in table B.2. 
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Table B.1 Distance parameters of the doubly spin-labeled CP29 (for details see chapter 6) 

derived from the analysis of DEER data selected and labeled as used in the present model. 

Given are: <r>, distance in nm; S(r), the width of the distance distribution in nm, % shows 

the contribution of each peak. The width of the distance distributions reflects the 
conformation distribution of the N-terminus as well as the distribution of the conformations 

of the spin-label linkers. 

 

 short (s) medium (m) long (l) 

mutant 
<rs> 

nm 

S (rs) 

nm 
% 

<rm> 

nm 

S (rm) 

nm 
% 

<rl> 

nm 

S (rl) 

nm 
% 

4/97C 3.19 0.84 28 4.27 0.67 20 4.94 0.98 52 

4/101C 1.96 1.28 35 3.53 0.68 22 5.14 0.95 43 

4/205C 3.14 0.84 15 3.69 0.34 2 5.06 0.76 39 

 

 

 

 
 

Figure B.1 Principle of the triangulation approach. For the triangulation we use three atom 

positions: A, B, and C. The coordinates of the three atom positions, Cα- for residues 101 (88 

in Spinach), 205 (191 in Spinach), and the central Mg-atom of the chlorophylls are taken 

from the CP29 pdb file (access code: 3PL9) [2]. The vectors joining these three positions 

(rAB, rAC, and rBC) define the sides of a triangle. The distances a and b between A or B to the 

residue of interest define spheres around A and B that intersect as a circle between A and B 

(shown as a red circle). The distance c defines a sphere around C with radius c. This sphere 

can have two intersections with the red circle (shown as blue dots), one of them the residue 

position sought. The sides were defined such that rAB is longer than rAC. 
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Table B.2 Distance combinations considered to determine the location of residue 4 in CP29. 

Given are the 72 possible combinations in two sections of the table, which comprise the five 

left-hand and the five right-hand columns each. In the first column, the number of the 

chlorophylls is given together with the atom label A, B, and C used in the computation. The 
second column gives the distances from DEER, either for the 4/101 or for the 4/205 mutant. 

The letters s, m, and l stand for short, medium and long distance derived from DEER 

analysis. The remaining three columns give the distances: a, b, and c. Nine rows describe all 

possible distance combinations for the chlorophyll in question. 

 
section  1 section 2 

  a (Å) b (Å) c (Å)   a (Å) b (Å) c (Å) 

 1: 101( s ), 205( s ) 18 31.4 19.6   1: 101( s ), 205( s ) 18 19.6 31.4 

 2: 101( s ), 205( m ) 18 36.9 19.6   2: 101( s ), 205( m ) 18 19.6 36.9 

CHL602 3: 101( s ), 205( l ) 18 50.6 19.6 CHL610 3: 101( s ), 205( l ) 18 19.6 50.6 

 4: 101( m ), 205( s ) 18 31.4 35.3   4: 101( m ), 205( s ) 18 35.3 31.4 

A: CHL 5: 101( m ), 205( m ) 18 36.9 35.3 A: CHL 5: 101( m ), 205( m ) 18 35.3 36.9 

B: 205 6: 101( m ), 205( l ) 18 50.6 35.3 B: 101 6: 101( m ), 205( l ) 18 35.3 50.6 

C: 101 7: 101( l ), 205( s ) 18 31.4 51.4 C: 205 7: 101( l ), 205( s ) 18 51.4 31.4 

 8: 101( l ), 205( m ) 18 36.9 51.4   8: 101( l ), 205( m ) 18 51.4 36.9 

 9: 101( l ), 205( l ) 18 50.6 51.4   9: 101( l ), 205( l ) 18 51.4 50.6 

 1: 101( s ), 205( s ) 19.6 31.4 18   1: 101( s ), 205( s ) 31.4 19.6 18 

 2: 101( s ), 205( m ) 19.6 36.9 18   2: 101( s ), 205( m ) 36.9 19.6 18 

CHL603 3: 101( s ), 205( l ) 19.6 50.6 18 CHL611 3: 101( s ), 205( l ) 50.6 19.6 18 

  4: 101( m ), 205( s ) 35.3 31.4 18   4: 101( m ), 205( s ) 31.4 35.3 18 

A:101 5: 101( m ), 205( m ) 35.3 36.9 18 A:205 5: 101( m ), 205( m ) 36.9 35.3 18 

B: 205 6: 101( m ), 205( l ) 35.3 50.6 18 B: 101 6: 101( m ), 205( l ) 50.6 35.3 18 

C: CHL 7: 101( l ), 205( s ) 51.4 31.4 18 C: CHL 7: 101( l ), 205( s ) 31.4 51.4 18 

 8: 101( l ), 205( m ) 51.4 36.9 18   8: 101( l ), 205( m ) 36.9 51.4 18 

 9: 101( l ), 205( l ) 51.4 50.6 18   9: 101( l ), 205( l ) 50.6 51.4 18 

  1: 101( s ), 205( s ) 18 19.6 31.4   1: 101( s ), 205( s ) 31.4 19.6 18 

  2: 101( s ), 205( m ) 18 19.6 36.9   2: 101( s ), 205( m ) 36.9 19.6 18 

CHL608 3:101( s ), 205( l ) 18 19.6 50.6 CHL612 3: 101( s ), 205( l ) 50.6 19.6 18 

 4: 101( m ), 205( s ) 18 35.3 31.4   4: 101( m ), 205( s ) 31.4 35.3 18 

A: CHL 5: 101( m ), 205( m ) 18 35.3 36.9 A: 205 5: 101( m ), 205( m ) 36.9 35.3 18 

B: 101 6: 101( m ), 205( l ) 18 35.3 50.6 B: 101 6: 101( m ), 205( l ) 50.6 35.3 18 

C: 205 7: 101( l ), 205( s ) 18 51.4 31.4 C: CHL 7: 101( l ), 205( s ) 31.4 51.4 18 

 8: 101( l ), 205( m ) 18 51.4 36.9   8: 101( l ), 205( m ) 36.9 51.4 18 

 9: 101( l ), 205( l ) 18 51.4 50.6   9: 101( l ), 205( l ) 50.6 51.4 18 

 1: 101( s ), 205( s ) 19.6 31.4 18   1: 101( s ), 205( s ) 31.4 19.6 18 

 2: 101( s ), 205( m ) 19.6 36.9 18   2: 101( s ), 205( m ) 36.9 19.6 18 

CHL609 3:101( s ), 205( l ) 19.6 50.6 18 CHL615 3: 101( s ), 205( l ) 50.6 19.6 18 

 4: 101( m ), 205( s ) 35.3 31.4 18   4: 101( m ), 205( s ) 31.4 35.3 18 

A: 101 5: 101( m ), 205( m ) 35.3 36.9 18 A: 205 5: 101( m ), 205( m ) 36.9 35.3 18 

B: 205 6: 101( m ), 205( l ) 35.3 50.6 18 B: 101 6: 101( m ), 205( l ) 50.6 35.3 18 

C: CHL 7: 101( l ), 205( s ) 51.4 31.4 18 C: CHL 7: 101( l ), 205( s ) 31.4 51.4 18 

 8: 101( l ), 205( m ) 51.4 36.9 18   8: 101( l ), 205( m ) 36.9 51.4 18 

 9: 101( l ), 205( l ) 51.4 50.6 18   9: 101( l ), 205( l ) 50.6 51.4 18 
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Figure B.2 Location of all geometrically possible positions for residue 4 within the structure 

of CP29. The orientation of CP29 is such that the membrane stromal surface is horizontal 

and follows the top surface of the protein. The positions are determined using the distances, 
which were measured with DEER (chapter 6) and FRET [1], as described in the text. Using 

the triangulation approach, 12 points of intersection are obtained. The intersection points are 

presented as spheres in different colors. Each color corresponds to one chlorophyll (CHL) 

number (see legend) and the distances from DEER, s: short, m: medium, and l: long. Six out 

of the 12 positions are physically possible positions for residue 4. 

 

 

Figure B.3 The four most likely positions of residue 4, selected from those in figure B.2. 

The orientation of CP29 on the left is as in figure B.2. On the right, the view onto the 

stromal surface of the protein is shown. These positions are given as spheres with different 

colors. Three of these spheres (the green, yellow, and orange sphere) cluster in the area 

where helices B and C reach the protein stromal surface, and the black sphere is located 

farther from the stromal surface of the protein, close to the membrane surface. The 

projection of the protein is so that it is hiding two of the spheres representing the position of 
residue 4 (shown in yellow and green). The dotted circle indicates the possible location of 

residue 97 (see chapter 6 of this thesis). 
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Each of the DEER experiments probing the separation of residue 4 with residues 

101 or 205 resulted in three distances, s, m, and l (see chapter 6 of this thesis). 

Combining the eight possible Mg atom positions and the three distances found for 

each DEER experiment results in the 72 combinations listed in table B.2. Amongst 

these 72 combinations, only 12 have points of intersection as defined in figure B.2. 

All these points are shown in figure B.2 as spheres, color coded to indicate the 

combination of distances that gives rise to these solutions. Because every 

combination gives rise to two intersection points, only six of these 12 solutions are 

physically meaningful, i.e., represent possible positions of residue 4. We discarded 

all points that were in the interior of the protein or the membrane, which leaves us 

with the four points discussed in chapter 6 of this thesis (figure B.3). 
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LIST OF ABBREVIATIONS 
 

 
Aβ   amyloid beta 

AD   Alzheimer's disease 

APP   amyloid precursor protein 

 αS   alpha synuclein 

CMC   critical micelle concentration 

cw   continuous wave 

DEER   double electron electron resonance 

DMSO   anhydrous dimethyl sulfoxide 

DTT   DL-dithiothreitol  

EPR   electron paramagnetic resonance  

J   the exchange interaction  

LHCII   light harvesting complex II 

MTS   ((1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)   

   methanethiosulfonate) 

mw   microwave 

PBS   phosphate-buffered saline 

PD   Parkinson's disease 

PSII   photosystem II 

SDS   sodium dodecyl sulfate 

ThioT   thioflavin T  

TOAC   alpha-amino acid 2,2,6,6-tetramethylpiperidine-1-oxyl-4- 

   amino-4-carboxylic acid  

τr    rotation-correlation time 
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SUMMARY  

The work reported in this thesis concerns novel methods to investigate the 

aggregation and misfolding of intrinsically disordered proteins, and the 

characterization of disordered parts of proteins by EPR. Such questions are difficult 

if not impossible to study with other approaches. To this aim, both pulsed and cw 

EPR has been applied and nitroxide spin labels are used as paramagnetic probes. In 

chapter 1 details of the EPR methods used are provided. In chapters 2 to 4 the 

aggregation of the amyloid β (Aβ) peptide is investigated. In chapter 5 the structure 

of the α-synuclein protein in its fibrillar state is described. Chapter 6 concerns the 

conformation of a disordered region in a protein, and chapter 7 the spin-spin 

interaction in a series of model peptides.  

In chapters 2 to 4 we describe the aggregation of the Aβ peptide. This peptide plays 

a role in Alzheimer's disease. Two themes are treated: the effect of membrane 

mimics (chapters 2 and 3) and the role of shorter Aβ fragments (chapter 4). We 

used sodium dodecyl sulfate (SDS) detergent as membrane mimicking agent. The 

EPR approach enables us to monitor the changes occurring in the reaction mixture 

in the presence of different amounts of SDS on the time scale of aggregation.  

In chapter 2 we observe that with increasing SDS concentration the Aβ aggregates 

become smaller as the concentration of SDS increases, until at SDS concentrations 

above the critical micelle concentration (CMC) a monomeric, micelle-bound form 

of A is the only species remaining, the “one Aβ/micelle” state. In chapter 3 we 

place our magnifier on the SDS concentration regime below the CMC. To 

understand the results obtained at SDS concentrations below the CMC we eliminate 

the effect of local mobility of the spin label, by comparing two different label 

positions, which is particularly important. At the lower end of these SDS 

concentrations, the N-terminus of Aβ participates in the solubilization by being 

located at the particle/water interface. At higher SDS concentrations, the aggregate 

changes to an SDS-solubilized state that is a precursor to the “one Aβ/micelle” state 

above the CMC. In this chapter, we demonstrate how global properties of the Aβ-

aggregation state can be obtained from the local mobility parameters.  

In chapter 4 the aggregation potential of two shorter fragments, Aβ15 and Aβ16, 

and their influence on Aβ40 is described. The shorter Aβ fragments draw a lot of 

attention especially in the search for indicators of Alzheimer’s disease. However, 

the role of these shorter fragments in aggregation of the full-length Aβ is under 

debate. We show in chapter 4 that neither Aβ15 nor Aβ16 aggregate by themselves 

and that they do not influence the aggregation of Aβ40.  
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One of the consequences of using EPR as done here is the requirement of relatively 

high concentrations of peptide. At these concentrations the Aβ peptide forms 

aggregates and fibrils very quickly, i.e., within minutes. But even this strong 

tendency to aggregate can be suppressed by SDS, and above the CMC the Aβ 

peptides become monomeric. In addition, we learn that the global properties of Aβ 

aggregates depend on the SDS concentration. The results of chapters 2 to 4 reveal 

the unique potential of EPR in studying the aggregation of the Aβ peptide. 

In chapter 5 we investigate the α-synuclein protein, which, similar to Aβ, can form 

fibrils. This protein has a role in Parkinson’s disease. We focus on the fibrilar state 

of α-synuclein. A series of α-synuclein proteins are used with two spin labels at 

different positions. After the formation of the α-synuclein fibril, the distance 

between pairs of spin-labeled residues in the fibril is measured with pulsed double 

electron-electron resonance spectroscopy, DEER. We find that the N-terminus up to 

residue 27 is unstructured and extends away from the fibril core. We propose a 

model for the fibril core, based on three intra-molecular distances, thus revealing 

the fold of a substantial part of the fibril core.  

In chapter 6 we investigate the light-harvesting protein CP29, combining cw EPR 

and pulsed EPR. The CP29 protein is an antenna protein in photosynthesis, the 

process by which solar energy is converted to chemical energy in plants. The CP29 

protein has a disordered region, the unusually long N-terminal domain (about 100 

amino-acid residues). For light-regulation within the plant antenna system, CP29 

seems to make use of this N-terminus. Even though the crystal structure of the 

CP29 protein was determined, the structure of the N-terminal domain remained 

elusive. In chapter 6, we demonstrate that the N-terminus of CP29 is partly 

structured and five regions are recognized that differ considerably in their 

dynamics. Two regions are relatively immobile, and one of the immobile regions 

shows α-helical character and is in contact with the bulk of the protein. This 

immobile part is flanked by highly dynamic and rather unstructured regions (loops). 

We speculate that the different conformations may be important for the interaction 

with other light-harvesting complexes and enable the protein to switch between 

different protein complexes within the photosynthetic membrane to help the plant 

adapt to different light conditions.  

In chapter 7 we target spin-spin interaction in liquid solution at room temperature. 

Here we use a series of rigid model peptides, containing pairs of TOAC spin labels. 

The pairs of spin labels are separated by three, four, and five amino acids. These 

rigid biradical peptides enable a systematic characterization of the spin-spin 

interaction in these peptides, which can be compared to the structure of the peptide. 
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Here we determine the exchange interaction J of the two spins. For selected 

peptides also the dipolar interaction is measured. Overall, a decrease of J with 

increasing separation of the two TOAC residues is observed. Our results show that 

in these helical peptides the through-bond contribution dominates over the through-

space contribution, which gives rise to a substantial J even over a separation of 12 

Å. Although liquid-solution studies are more favorable for biological systems than 

the frozen state, we learned in chapter 7 that the information we can obtain in liquid 

solution is ambiguous. Specifically, in contrast to the dipolar interaction, no direct 

distance information can be obtained from the quantity J. Therefore, more 

information can be determined in the frozen state, i.e., from dipolar interaction, as 

demonstrated in chapter 5 and 6 of this thesis. A combination of both approaches is 

needed to understand the scope of the protein structures.  

The work described in this thesis shows that EPR methods are useful in determining 

aspects of protein structure that are difficult to probe otherwise. This brings the big 

challenge of solving the molecular structure of proteins one step further. 
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SAMENVATTING  

Het werk beschreven in dit proefschrift betreft nieuwe methoden om de aggregatie 

van eiwitten te onderzoeken met elektron-paramagnetische-resonantie (EPR) 

spectroscopie, in het bijzonder van eiwitten die fibrillen vormen. Daartoe zijn zowel 

experimenten met continue microgolfexcitatie (cw) als experimenten met gepulste 

microgolfexcitatie uitgevoerd. Als paramagnetische sensoren zijn nitroxide 

spinlabels gebruikt. In hoofdstuk 1 worden de gebruikte EPR methoden beschreven. 

De hoofdstukken 2 tot en met 4 betreffen de aggregatie van het amyloid β (Aβ) 

peptide. In hoofdstuk 5 wordt de structuur van het α-Synuclein (αS) eiwit in het 

corresponderende fibril beschreven. Hoofdstuk 6 betreft de conformatie van een 

ongeordend gebied in een eiwit, hoofdstuk 7 de spin-spin wisselwerking in een 

reeks van modelpeptiden. 

In hoofdstuk 2 tot en met 4 beschrijven wij de aggregatie van het Aβ peptide. Dit 

peptide speelt een rol bij de ziekte van Alzheimer. In deze hoofdstukken komen 

twee aspecten aan de orde: de invloed van het membraan, dat wij nabootsen met 

natrium dodecyl sulfaat (SDS), en de rol van kortere Aβ fragmenten. Met behulp 

van EPR kunnen wij de veranderingen in het reactiemengsel ten gevolge van de 

aanwezigheid van verschillende hoeveelheden SDS op de tijdschaal van aggregatie 

volgen. 

In hoofdstuk 2 laten wij zien dat de Aβ aggregaten, die aanwezig zijn in de 

afwezigheid van SDS, steeds kleiner worden naarmate de concentratie van SDS 

toeneemt, totdat bij SDS concentraties boven de kritische-micel-concentratie 

(CMC) een monomeer, micel-gebonden vorm van Aβ als enige overblijft, de “één 

Aβ /micelle” toestand. 

In hoofdstuk 3 richten wij ons op SDS concentraties onder de CMC. Door gebruik 

te maken van twee verschillende posities van het label, wordt het effect van de 

lokale mobiliteit van het spin label geëlimineerd. Dit is belangrijk voor de 

interpretatie van de resultaten bij deze SDS concentraties. Bij de laagste 

concentraties SDS draagt de N-terminus van Aβ bij aan de oplossing van Aβ 

aggregaten door zich te positioneren aan het deeltje/water-grensvlak. Bij hogere 

concentraties van SDS veranderen de Aβ aggregaten in een SDS-opgeloste 

toestand, die een voorloper is van de " één Aβ / micelle" toestand boven de CMC. 

In dit hoofdstuk laten we zien hoe uit parameters die de lokale mobiliteit 

reflecteren, globale eigenschappen van de Aβ aggregaten kunnen worden afgeleid. 

In hoofdstuk 4 beschrijven wij de mogelijkheid van aggregatie van twee kortere 

fragmenten, Aβ15 en Aβ16, en hun invloed op Aβ40. De kortere Aβ fragmenten 
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trekken veel aandacht, in het bijzonder in relatie tot het zoeken naar remmers van 

Aβ aggregatie. De rol van deze kortere fragmenten in de aggregatie van Aβ40 staat 

echter nog ter discussie. In hoofdstuk 4 laten wij zien dat geen van de korte 

fragmenten, Aβ15 noch Aβ16, op zichzelf aggregeren en dat zij geen invloed 

hebben op de aggregatie van Aβ40. 

Bij het gebruik van EPR zijn hoge peptide concentraties niet te vermijden. Bij deze 

hoge concentraties vormen Aβ40 peptiden binnen enkele minuten aggregaten en 

fibrillen. Maar zelfs deze sterke neiging tot aggregeren kan door SDS worden 

onderdrukt. Bovendien komt boven de CMC het Aβ voor als monomeer. Daarnaast 

hebben wij geleerd dat de globale eigenschappen van Aβ aggregaten afhankelijk 

zijn van de SDS concentratie.  

In hoofdstuk 5 onderzoeken wij het αS eiwit, dat soortgelijke fibrillen kan vormen 

als Aβ. Dit eiwit speelt een rol bij de ziekte van Parkinson. In dit hoofdstuk richten 

wij ons op de fibril vorm van αS. Een reeks van αS eiwitten wordt gebruikt met 

twee spin labels op verschillende posities. Na de vorming van de fibrillen wordt de 

afstand tussen die paren in het fibril gemeten in een gepulst EPR experiment met 

gebruikmaking van de zogenoemde DEER methode. Uit onze resultaten bleek dat 

de N-terminus van het αS eiwit tot aan residue 27 ongestructureerd is en zich 

uitstrekt weg van de kern van het fibril. Gebaseerd op drie van de gemeten intra-

moleculaire afstanden stellen wij een model op voor de vouwing van een 

aanzienlijk deel van de kern van het fibril. 

In hoofdstuk 6 onderzoeken wij het “light-harvesting” complex CP29 met behulp 

van cw EPR en gepulste EPR. Het CP29 eiwit speelt een belangrijke rol in de 

fotosynthese, het proces waarbij zonne-energie wordt omgezet in chemische 

energie. Dit eiwit heeft een ongeordend deel van ongebruikelijke lengte, ongeveer 

100 aminozuren aan het N-terminale deel van het eiwit. Onlangs is de 

kristalstructuur van dit eiwit bepaald met behulp van Röntgen-diffractie, maar de 

structuur van de N-terminus bleef onbepaald. 

In hoofdstuk 6 laten wij zien dat de N-terminus van CP29 gedeeltelijk 

gestructureerd is en dat daarin vijf gebieden herkend kunnen worden die verschillen 

in hun dynamiek. Twee gebieden zijn relatief meer immobiel, en een van de 

immobiele gebieden heeft het karakter van een α-helix, en is in contact met de bulk 

van het eiwit. Dit immobiele deel wordt geflankeerd door meer dynamische 

gebieden (“loops”). Wij speculeren dat de verschillende conformaties belangrijk 

zijn voor de interacties met andere “light-harvesting” complexen, waardoor het 

eiwit tussen verschillende gebieden van het fotosynthetisch membraan kan 

schakelen om de plant te helpen zich aan verschillende lichtomstandigheden aan te 

passen.  
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In hoofdstuk 7 adresseren wij de spin-spin interactie in vloeibare oplossing bij 

kamertemperatuur. Hier gebruiken wij een reeks van rigide modelpeptiden voorzien 

van paren van TOAC spin labels. De paren van spin labels zijn gescheiden door 

drie, vier of vijf aminozuren. 

Met behulp van deze rigide biradicaal peptiden kunnen wij de spin-spin interactie in 

deze peptiden systematisch karakteriseren en die interactie vergelijken met de 

structuur van het peptide. Wij bepalen de exchange-wisselwerking J van de twee 

spins. Voor geselecteerde peptiden meten wij ook de dipolaire interactie. De waarde 

van J neemt af met toenemende afstand van de twee TOAC residuen. Onze 

resultaten laten zien dat in deze spiraalvormige peptiden de “through-bond” 

bijdrage tot J groter is dan de “through-space” bijdrage; hierdoor heeft J nog een 

aanzienlijke grootte, zelfs bij een scheiding van de residuen van 12 Å. Hoewel voor 

biologische systemen studies in vloeibare oplossing geschikter zijn dan in de 

bevroren toestand, zien wij dat de informatie die wij kunnen krijgen in vloeibare 

oplossing niet eenduidig is. In het bijzonder geeft de exchange-wisselwerking geen 

directe afstandsinformatie, dit in tegenstelling tot de dipolaire interactie. Meer 

informatie kan verkregen worden in de bevroren toestand, zoals aangetoond in de 

hoofdstukken 5 en 6 van dit proefschrift. Een combinatie van beide benaderingen is 

nodig om verschillende aspecten van de eiwitstructuur te begrijpen. 

In dit proefschrift hebben wij laten zien hoe met behulp van EPR informatie kan 

worden verkregen met betrekking tot de structuur van eiwitten die moeilijk op een 

andere manier toegankelijk is. Daarmee dragen wij bij aan de bepaling van de 

moleculaire structuur van eiwitten. 
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