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Summary 
 
Despite extensive research and numerous therapeutic approaches, Alzheimer’s 

disease remains an untreatable disorder with increasing prevalence. The peptide 

amyloid-β (Aβ) is the main culprit responsible for plaque formation, a pathological 

hallmark of Alzheimer’s disease, and its exerted toxicity contributes significantly to 

neurodegeneration. Like all amyloidogenic proteins, Aβ exists in various 

aggregations states including monomers, oligomers and fibrils, making it difficult to 

characterize. Magic angle spinning solid-state NMR spectroscopy is the unique tool 

available to capture molecular details of amyloids in their aggregated fibrillar states. 

Various potential drug candidates have been described in the literature, which are 

targeted to interfere with aggregation properties of Aβ. However, the molecular 

mechanisms of such interactions are not understood. The aim of this study is to 

elucidate structural details of Aβ in complex with inhibitory molecules by using a 

combination of solution-state and solid-state NMR spectroscopy. The molecules 

investigated include the nonsteroidal anti-inflammatory drug sulindac sulfide and 

peptide inhibitors mimicking the cross-amyloid surface. It was found that sulindac 

sulfide is able to interact with Aβ in two mechanisms. Firstly, promiscuous binding of 

sulindac sulfide as colloids interferes with Aβ solubility and redirects Aβ into 

off-pathway oligomers with reduced neurotoxicity. Secondly, individual sulindac 

sulfide molecules intercalate between β-strands formed in fibrillar Aβ. By this specific 

binding mechanism, sulindac sulfide may prevent oxidation of Aβ M35, and can 

thereby serve as a protective factor against reactive oxygen species in the brain. In 

both binding scenarios, sulindac sulfide does not interfere with the formation of 

characteristic structural elements of Aβ, such as the salt bridge connecting D23 and 

K28, or the typical β-strand motif. The peptide inhibitors investigated induce Aβ 

aggregation and form insoluble structurally homogeneous complexes with the 

amyloid. It was determined that the peptide inhibitors adopt a loop structure in 

solution, which may facilitate its interaction with Aβ. This study contributes to 

unraveling the mechanism of action in which small molecules interact with amyloid 

proteins structurally, and the resulting biochemical consequences. It is crucial to 
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understand such mechanisms on a molecular level, as they will facilitate structure 

based drug design in the fight against Alzheimer’s disease and other amyloidogenic 

disorders. 
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Zusammenfassung 
 
Bis zum heutigen Zeitpunkt ist Morbus Alzheimer trotz umfangreicher Forschung und 

Entwicklung zahlreicher therapeutischer Ansätze eine unheilbare Erkrankung mit 

steigender Prävalenzrate, dessen pathologisches Merkmal unter anderem die 

Ablagerung des β-Amyloid Peptides (Aβ) in Form von senilen Plaques ist. Die durch 

Aβ bewirkte Toxizität trägt signifikant zu einem progressiven Krankheitsverlauf und 

zur Neurodegeneration bei Alzheimer-Patienten bei. Wie alle Amyloid-Proteine kann 

Aβ in unterschiedlichen Aggregationszuständen vorliegen, beispielsweise als 

lösliches Monomer, Dimer oder als unlösliche Fibrillen, wodurch eine strukturelle 

Charakterisierung dieser Zustände eine Herausforderung darstellt. Mithilfe der 

Festkörper-Kernspinresonanz (NMR)-Spektroskopie können Amyloidproteine in 

ihrem unlöslichen Zustand molekular aufgelöst werden. Zahlreiche, in der Literatur 

beschriebene, Wirkstoffe verändern die Aggregationseigenschaften von Aβ. Die 

molekularen Details solcher Wechselwirkungen sind jedoch nicht bekannt. In der 

vorliegenden Arbeit werden durch den Einsatz von Lösungs- und Festkörper-NMR-

Spektroskopie die Interaktionen von Aβ mit verschiedenen Inhibitoren, welche als 

potentielle Wirkstoffe gelten, untersucht. Der Fokus liegt hierbei auf dem 

nichtsteroidalen Antirheumatikum Sulindac Sulfid, sowie einiger Peptidinhibitoren. Es 

konnte gezeigt werden, dass Sulindac Sulfid durch zwei unterschiedliche 

Mechanismen mit Aβ interagieren kann. Zum einen kann Sulindac Sulfid als 

unspezifische kolloidale Strukturen die Löslichkeit von Aβ herabsetzen, wodurch Aβ 

Moleküle in Aggregate überführt werden, welche keine Fibrillenstruktur mehr 

ausbilden können und zudem eine verringerte Neurotoxizität zeigen. Des Weiteren 

kann Sulindac Sulfid zwischen den zwei charakteristischen β-Strängen vorgeformter 

Aβ Fibrillen eingelagert werden. Durch diesen spezifischen Bindungsmechanismus 

verringert Sulindac Sulfid die M35 Oxidation von Aβ, und schützt somit das Gehirn 

vor reaktiven Sauerstoffspezien. In beiden Modellen bleiben trotz der Bindung von 

Sulindac Sulfid die charakteristischen Strukturmerkmale von Aβ erhalten. Diese 

beinhalten die Ausbildung der Salzbrücke zwischen D23 und K28, sowie das 

typische β-Faltblatt. Die untersuchten Peptidinhibitoren fördern Aβ Aggregation und 

verbinden sich mit Aβ zu unlöslichen, jedoch strukturell homogenen, Komplexen. Es 
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konnte gezeigt werden, dass sich die inhibitorischen Peptide in Lösung zu einer 

Schleife falten. Es wird vermutet, dass die Ausbildung dieses Strukturelementes erst 

die Wechselwirkung mit Aβ ermöglicht. Die vorliegende Arbeit gibt Einblicke in die 

molekularen Mechanismen der Interaktion von Aβ mit inhibitorisch wirkenden 

Molekülen und zeigt die hierbei entstehenden biochemischen Auswirkungen. Eine 

Aufklärung dieser molekularen Abläufe ist ausschlaggebend für ein strukturbasiertes 

Wirkstoffdesign für die Entwicklung von Medikamenten gegen Morbus Alzheimer und 

weiterer amyloidogener Erkrankungen. 
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1. Introduction 
 
1.1 NMR spectroscopy  

1.1.1 Basic concepts of NMR spectroscopy 
The theoretical concepts of Nuclear Magnetic resonance (NMR) spectroscopy are a 

huge topic on their own and a comprehensive introduction is beyond the scope of 

this thesis. A brief outline of the fundamental concepts of NMR spectroscopy will be 

presented here, which is only directly related to the understanding of the NMR 

experiments employed in this thesis. Excellent textbooks and reviews are available in 

the literature describing the principles of NMR spectroscopy in depth[1-4]. 

 

1.1.1.1 The origin of the NMR signal 
The basic principles of spectroscopy rely on the detection of transitions between 

energy levels of an atom or molecule. NMR spectroscopy exploits the energy of 

transitions experienced by the magnetic moment µ of nuclei with a nonzero nuclear 

spin angular momentum in a magnetic field. The NMR signal is proportional to 

magnetogyric ratio of the detected nucleus and its natural abundance, among other 

parameters (Table 1.1).  Nuclei with spin ½ include 1H, 13C, 15N, 19F and 31P, which 

are among some of the most frequently occurring nuclei in biomolecules. Although 

natural abundances of 13C and 15N are relatively low, their abundance in 

biomolecules can be enhanced by isotopic labeling, for instance by supplementing 

growth media with the appropriate isotopes. NMR spectroscopy provides direct 

access to the structure and molecular dynamics of biomacromolecules with atomic 

resolution. This makes NMR spectroscopy one of the most powerful techniques to 

characterize the structure and dynamics of proteins or RNA[5,6] in soluble and 

insoluble states. 
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Nucleus Spin quantum number I Magnetogyric ratio γ (107 rad T-1 s-1) Natural abundance (%) 
1H ½ 26.7522 99.98 
2H 1 4.1066 0.0156 

13C ½ 6.7283 1.108 
14N 1 1.9338 99.63 
15N ½ -2.7126 0.365 
19F ½ 25.1815 100.0 
31P ½ 10.8394 100.0 

 
Table 1.1: NMR relevant properties of selected nuclei.  

 
A spin ½ nucleus possesses angular momentum P, which in combination with the 

magnetogyric ratio γ accounts for the magnetic moment, as described by the 

following equation: 

! = !!"      (1) 

 
When placed in a magnetic field B0, the magnetic moment of spin ½ nuclei aligns to 

the field in two discrete orientations, which corresponds to the α and the β spin states 

(Zeeman splitting) (Figure 1.1a). A nucleus possessing spin quantum number I has 

2I+1 eigenstates, where the equilibrium populations among the eigenstates are 

established according to the Boltzmann distribution. The spins precess around the B0 

field direction with frequency ν0 (Hz) or ω0 (rad s-1) (2), also known as the Larmor 

frequency of the nucleus. Signals in the resulting NMR spectrum originate from the 

difference in frequency between the two energy states for a spin ½ nucleus.  

 

!! = !−!!!!!!  !! = !!!!
!!    (2) 

 

Transition between different eigenstates can be driven by radiofrequency (RF) pulses 

generated by the transmitter coil of the spectrometer, whose frequency corresponds 

to the energy gap between the states, ω0. If the applied frequency corresponds to the 

Larmor frequency, the RF is considered on resonance for the respective spins. The 

RF pulse provides an oscillating B1 field in the transverse plane, creating phase 

coherence of all spins and thus net magnetization in the x-y plane (Figure 1.1b). It is 

this transverse magnetization, which induces a current detectable by the coil and 

ultimately results in the signal observed in NMR experiments. 
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Figure 1.1 Basic concepts of NMR. (a) Nuclear spin states α and β adopted by nuclei with spin ½ in a 

magnetic field B0. ΔE grows with increasing field strength of B0. Energy provided by the RF coil 

corresponding to the Larmor frequency fulfills the resonance condition of the respective spins. 

h = Plank’s constant (b) Spins will align to the magnetic field and precess around B0 direction according 

to their Larmor frequency ν0. Bold arrows represent net magnetization. If the α and β states are equally 

populated, no net magnetization is found along the z-axis (gray arrows). Following a π/2 RF pulse along 

x, spins are phase coherent causing transverse net magnetization (black arrow) aligned to the y-axis.  

 
Individual nuclei in a system experience variations in their effective magnetic fields 

due to their chemical environment, causing them to precess at slightly different 

Larmor frequencies. More specifically, surrounding circulating electrons induce local 

magnetic fields, thereby shielding the nucleus from the external B0. This effect is 

known as chemical shift (CS, δ), and enables NMR spectroscopists to discriminate 

between nuclei in the system of interest and to study their chemical surroundings. As 

the chemical shift is small relative to the Larmor frequencies, it is expressed as parts 

per million (ppm). 

 

1.1.1.2 Relaxation 
RF pulses perturb the ground state by introducing spin coherence and deviations to 

net macroscopic magnetizations. The system returns to equilibrium by recovering 

magnetization along the direction of B0 in time T1 (longitudinal relaxation time 

constant), as well as by coherence loss in the x-y plane in time T2 (transverse 

relaxation time constant). As magnetization is restored along the z-axis, energy is 

lost to the surrounding, thus the process is also termed spin-lattice relaxation. 

Transverse magnetization is lost due to spins precessing at different frequencies, 

thus due to their δ, thereby leading to a fanning out of the bulk magnetization. Energy 

is distributed among spins, coining the term spin-spin relaxation. The loss of phase 

coherence is measured as an oscillating, time-dependent free induction decay (FID), 

which is the direct observable in NMR experiments. The FID decays exponentially 
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with the effective transverse relaxation time T2* and can be described by the 

following relation: 

FID ∝ !exp − !
!!∗

           (3) 

 

As the FID is measured as a function of time, Fourier transformation needs to be 

applied to the FID in order to yield the frequency domain components. Fourier 

transformation of an exponential decay results in Lorentzian line-shapes, whose 

linewidths are inversely proportional to T2*. Hence, a system relaxing slowly to the 

thermal equilibrium yields narrower NMR resonances than a rapidly relaxing system. 

 

In general, a time-dependent fluctuating magnetic field at a spin’s Larmor frequency 

is required for longitudinal relaxation to occur. Dipole-dipole interactions, chemical 

shift anisotropy (CSA), spin rotation and quadrupolar mechanisms induce local fields, 

and random motions of the molecule, such as tumbling, are responsible for their time 

dependence. The molecular motion is quantified by the rotational correlation time τc, 

the time it takes a molecule to rotate by one radian. The spectral density function 

J(ω)  (Figure 1.2a) describes the frequency distribution of molecular motion, which 

can be expressed as: 

 

! ! = ! !!
!!!!!!!

     (4) 

 
For globular proteins, τc is approximated by Stoke’s law. This implies that the rate of 

tumbling increases as a function of solvent viscosity and the hydrodynamic radius, 

i.e. the size of the protein. As described above, the relaxation time constant T1 is 

directly dependent on τc (Figure 1.2b). T1 is most severely affected by intermediate 

motions, and insensitive to very slow or very fast motions, as described by the 

spectral density function. Transverse magnetization vanishes with the same rate 

(liquids) or a slower rate (solids) than longitudinal magnetization, therefore T2 ≤ T1. 

Hence, T2 is also limited by τc. However unlike T1, T2 relaxation is enhanced by slow 

motions typical for molecules of large molecular weight, ultimately resulting in 

resonance broadening in the NMR spectrum. 

 



INTRODUCTION' 5!
!

!

 
Figure 1.2: NMR relaxation properties. (a) Spectral density as a function of frequency. J(ω) is 

indicated for slow, intermediate and fast motions at the Larmor frequency ω0. (b) Dependence of T1 and 

T2 on the correlation time τc. T1 values are shown for slow, intermediate and fast motions at ω0 as 

indicated in (a). 

 
All functional activities exerted by proteins, including enzymatic catalysis, protein 

folding, and binding to other proteins or ligands, rely on dynamic processes. Hereby, 

the protein exchanges between multiple conformational states on a µs-ms timescale. 

Such states, though biologically relevant, may not be accessible by conventional 

NMR techniques, as they may not resemble the lowest energy conformer[7]. For 

soluble proteins, such dynamic exchange processes may be probed by 

Carr-Purcell-Meiboom-Gill (t) and R1ρ relaxation dispersion experiments, which allow 

the extraction of relaxation rates, and thermodynamic and kinetic parameters[8-10]. 

Studies of internal dynamics in solids has been limited to the ps-µs range, due to 

their intrinsically rapid relaxation rates[11], and mobile residues are typically 

unobservable by conventional experiments[12]. Due to recent methodological 

advances, it is possible to quantitatively detect slower conformational exchange 

processes by solid-state NMR[11,13-15]. As there is no overall tumbling in solids, 

relaxation is solely due to internal motions. This facilitates sensitive detection of local, 

site-specific relaxation-rates by solid-state NMR[14,16,17]. Perdeuteration of the protein 

assists this process, as strong 1H-1H dipolar interactions are suppressed[18-21]. 

 

1.1.1.3 Multidimensional NMR and structure calculation 
A number of parameters influence the signal to noise ratio (S/N) of NMR spectra. In 

general, S/N is given by the following relation: 

!
! !∝ !!!! !!!!!!!    (5) 
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In order to improve S/N in NMR experiments, it is therefore crucial to consider the 

number of spins n, the magnetogyric ratios of the excited (γe) and the detected nuclei 

(γd), the magnetic field strength B0 and the measurement time t, i.e. the number 

scans accumulated. Due to its high γ, 1H is most frequently utilized as the nucleus for 

excitation and detection in solution-state NMR experiments. After initial excitation, 

magnetization is transferred from 1H to spin-coupled nuclei, which are allowed to 

evolve under their chemical shifts, and subsequently magnetization is transferred 

back to 1H for detection. These coherence transfers are commonly achieved through 

INEPT (Insensitive Nuclei Enhanced by Polarization Transfer) steps, which employs 

scalar (J) couplings mediated through chemical bonds. The resulting 

multi-dimensional heteronuclear correlations allow sequential resonance assignment 

to chemical shifts of directly bonded nuclei. The most prominent 2D spectrum is the 
1H-15N HSQC (heteronuclear single quantum coherence), which correlates 1H to its 

directly bonded 15N, and is considered the fingerprint spectrum of a protein.  

 

The measurement of chemical shifts provide information about secondary 

structure[22] and torsion angles, which can be predicted by TALOS+ (Torsion Angle 

Likeliness Obtained from Shift and Sequence Similarity)[23,24]. Structural elucidation of 

proteins relies strongly on the nuclear Overhauser effect (NOE), which is based on 

through-space homonuclear magnetization transfers facilitated by dipolar couplings. 

The NOE originates from a redistribution of spin populations of coupled nuclei, as 

induced by dipole-dipole relaxation, and provides distance information. 

 

NOE data is an essential contribution to solution-state NMR structures. As gathering 

NOE data can be tedious, Monte-Carlo algorithms like CS-Rosetta are being 

developed to predict protein structures solely from chemical shift data[25]. 

Traditionally, solution-state NMR structures are calculated from restraints provided 

by CS, torsion angles, hydrogen bonds and NOEs. Additionally, restraints obtained 

from paramagnetic relaxation enhancement (PRE) and residual dipolar couplings 

(RDC) can contribute to structure determination. Upon insertion of a paramagnetic 

ligand, PREs are observable for nuclei within 30 Å[26]. In order to detect RDCs, partial 

molecular alignment must be induced, as dipolar couplings are averaged out in 

isotropic solutions[27]. RDCs provide information about the orientation of bonds 

relative to the external magnetic field. 
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1.1.2 Solid-state NMR 
Due to the absence of tumbling in solids, there is no restriction imposed by molecular 

weight in solid-state NMR. The rigid orientation of atoms in solids is the origin for 

severe line broadening, and at the same time a source of valuable structural 

restraints. The following section introduces basic principles of approaches to 

overcome the anisotropy induced line broadenings, as well as to exploit the 

information contained in anisotropic interactions. 

 

1.1.2.1 Magic angle spinning (MAS) 
Nuclear spin interactions can be categorized into isotropic (orientation independent) 

and anisotropic (orientation dependent) interactions. The latter are typically negligible 

in solutions, as they are averaged to zero due to due molecular mobility. However, in 

solids, nuclei have a rigid orientation with respect to B0 as well as to the neighboring 

nuclei, which gives rise to large anisotropic interactions. Although anisotropic 

interactions contain information on the local geometry, they cause severe line 

broadening and loss of resolution in solid-state NMR. The sample is spun along the 

rotor axis, which makes an angle θ with respect to the external magnetic field B0 

(Figure 1.3). Sample spinning is routinely used to average out the anisotropic 

interactions in solid-state NMR. The spinning frequency ωr should ideally be set to a 

few times larger than the size of the anisotropic interaction for complete averaging. 

The angle θ between the rotor axis and the main magnetic field is known as the 

magic angle and defined as !"#$%& 2 ≈ 54.74°. Magic angle spinning (MAS) leads to 

significant line narrowing in solid-state NMR. 

 

 
 

Figure 1.3: Schematic illustration of magic angle spinning. Spinning the rotor at frequency ωr at 

angle θ = 54.74° with respect to B0, leading to removal of dipolar interactions. 
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The Hamiltonian operator for a heteronuclear dipolar interaction between two spins I 

and S under secular approximation, is given by the following equation: 

 

Ĥ!"!! = !!!" !!!!"#
!!!!
! !!2!!!!!,      where !!" = −!! !!!!ħ!!!!"!

   (6) 

 

where r corresponds to the distance between the two spins, µ0 is the magnetic 

constant, and ħ = h/2π. When θ is set to the magic angle, the Hamiltonian operator 

equals zero. Modern NMR probes allow spinning of 3.2 mm rotors up to 24 kHz and 

4.0 mm rotors up to 18 kHz. Some relevant anisotropic interactions frequently 

encountered in biological solid-state NMR are summarized in Table 1.2.  

 

Spins Type of interaction bIS 
1H-1H dipole-dipole ~ 60 kHz 

1H-13C dipole-dipole, direct bond ~ 23 kHz 
1H-15N dipole-dipole, direct bond ~ 11 kHz 

13C (aliphatic) CSA @ 800 MHz ~ 6 kHz 
15N CSA @ 800 MHz ~ 20 kH 

 
Table 1.2: Anisotropic interactions found in proteins. Values are taken from Barbet-Massin et al[28]. 

!
The strongest dipolar couplings in biomolecules are among 1Hs. The 1H-1H dipolar 

coupling Hamiltonian is homogeneous in the sense of Maricq and Waugh[29]. 

Therefore, it is impossible to demolish this interaction only by MAS. Hence, 

conventional solid-state NMR spectroscopy relies on the acquisition of 13C nuclei, 

even after taking into account its lower γ. In addition, constant high power 1H 

decoupling has to be applied throughout the pulse sequence to eliminate the strong 

heteronuclear dipolar couplings to 1H nuclei. 

 

1.1.2.2 Dipolar recoupling 
As anisotropic interactions contain structurally relevant information, such as distance 

restraints, it is of interest to reintroduce such interactions during a solid-state NMR 

experiment[30]. This method is termed as recoupling and provides the basis for 

experiments employing cross polarization (CP)[31,32], rotational echo double 

resonance (REDOR)[33], and various others[34]. 

 

1.1.2.2.1 Cross Polarization (CP) 

Signal enhancement in solid-state NMR can be obtained by employing the high γ of 
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spin I (typically 1H) for initial excitation and subsequent polarization transfer to low-γ 

spins S (mostly 13C and 15N in biological systems), as similarly done in solution NMR. 

In the case of solid-state NMR, this magnetization transfer is achieved via 

heteronuclear dipolar interactions to neighboring spins through space by CP (Figure 

1.4). CP steps reintroduce dipolar couplings, which are otherwise removed by MAS. 

A π/2 RF pulse creating transverse magnetization of I spins is followed by 

simultaneous, on-resonance RF irradiation on both spins (I and S).  

 

Figure 1.4: CP pulse scheme. The black rectangle represents a π/2 pulse. 

 

For efficient magnetization transfer, the spin-locked frequencies of I and S ωI and ωS, 

respectively, must fulfill the Hartmann-Hahn-condition[35]. Under magic angle 

spinning, with ωr, the Hartmann-Hahn condition is satisfied when 

 

!!!!! = !!!!! ± !"!               (7) 

 

1.1.2.2.2 Rotational echo double resonance (REDOR) 

REDOR building blocks in NMR pulse sequences consist of rotor-synchronized 

π-pulses on the S channel, reintroducing I-S dipolar couplings, inducing dephasing of 

the I spins (Figure 1.5). The dependence of this signal attenuation on I-S dipolar 

coupling facilitates measurement of heteronuclear distance restraints[36].  
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Figure 1.5: REDOR pulse scheme. The black rectangle represents a π/2 pulse. White rectangles 

represent π-pulses. 

 

The closely related transferred echo double resonance (TEDOR)[37,38] consists of two 

REDOR blocks. The initial REDOR block is followed by simultaneous π/2 pulses on 

both channels to transfer magnetization from I to S. Typically, CS is allowed to 

evolve on the S spin, before magnetization is transferred back to I by another pair of 

π/2 pulses and the second REDOR block. The magnitude of coherence transfer to 

the S spin is dependent on I-S dipolar interactions. Application of the TEDOR 

sequence demonstrated the ability to simultaneously measure multiple heteronuclear 

distances[39]. 

 

1.1.2.3 Structure determination by solid-state NMR 
CP and TEDOR constitute two powerful methods for heteronuclear coherence 

transfers via dipolar interactions. Most conventional solid-state NMR spectra rely on 

dipolar-based homonuclear mixing schemes. 13C-13C recoupling sequences such as 

proton-driven spin diffusion (PDSD)[40] or dipolar assisted rotational resonance 

(DARR)[41] allow the identification and assignment of spin systems within a protein. 

Homonuclear long-range contacts may be measured by proton-assisted recoupling 

(PAR)[42]. Mixing schemes applicable to fast MAS include the phase-alternated 

recoupling irradiation scheme (PARIS)[43] and mixed rotational and rotary resonance 

recoupling (MIRROR)[44]. In addition, proton assisted insensitive nuclei cross 

polarization (PAIN)[45] is a heteronuclear recoupling schemes enabling the detection 

of long-range distance restraints.  
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Specific labeling patterns in proteins alleviate various challenges in resonance 

assignment and measurements of restraints and may be achieved by the use of 

selectively labeled precursors[46-48]. MAS solid-state NMR spectroscopy has been 

successfully employed in the past to solve structures of large protein assemblies. 

Examples include micro-crystals of the α-spectrin Src-homology 3 domain (SH3)[48], 

amyloids of the Podospora anserina HET-s prion[49,50], oligomers of the small heat 

shock protein αB-crystallin[51] and Shigella type III secretion needles[52].  

 

1.1.3 Applications and advances of biomolecular NMR 
NMR spectroscopy and X-ray crystallography are the two most prominent techniques 

available for high-resolution structural characterization of biomolecules. It is often of 

great benefit to use combinatorial approaches of NMR, X-ray crystallography, 

cryo-EM or small angle scattering to address specific structural problems, as each 

technique provides unique information about different biological aspects. The main 

advantage of NMR over X-ray crystallography is that it represents the protein in a 

natural, soluble environment, and is able to capture its dynamic properties and 

kinetic details of ligand interactions. An increasing number of biological aspects 

become amenable to solution-state NMR characterization due to recent advances in 

the field. For instance, major progress has been made in the characterization of 

sparsely populated “NMR invisible” states, which are crucial in various biological 

processes[53,54]. Methods capable of capturing such states include PRE, relaxation 

dispersion and dark state exchange saturation transfer (DEST)[54,55]. Such methods 

allow the characterization of transient invisible “dark” states, which are based on a 

dynamic equilibrium with visible states[56]. These states may occupy only 0.5-5% of 

the protein population and range from ns to ms lifetimes[54]. For instance, PRE 

measurements have been successfully applied to follow conformational changes of 

the maltose binding protein[57] and calmodulin[58] upon ligand binding, as well as to 

describe transient binding of a transcription factor to its target DNA[59]. Relaxation 

dispersion and DEST experiments probe dynamic exchange processes of amyloid 

monomers interacting with the GroEL chaperone[60], and with other amyloid 

species[61,62] (Section 1.5.1). Similarly, membrane proteins constitute a group of 

biomolecules elusive to various biophysical techniques due to their insolubility. The 

introduction of nanodisc technology facilitates analysis of membrane proteins by 

solution-state NMR[63-65]. The target protein forms self-assemblies with phospholipids 

into discoidal bilayers termed nanodiscs, which keep the membrane soluble and 

available to NMR investigations. This method has been successfully applied to gain 
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insight to functional properties of various membrane proteins such as cytochrome 

P450[66,67] and G-protein coupled receptors[68]. In-cell NMR is another rapidly 

developing field, which enables in situ characterization of proteins in their natural 

environment[69,70]. This method facilitates the observation of numerous cellular 

processes, such as posttranslational modifications[71], metabolic processes[72], as well 

as protein-protein[73] and protein-ligand interactions[74]. 

 

One of the major drawbacks of solution-state NMR spectroscopy is its dependence 

on molecular weight, restricting most applications to protein sizes below 50 kDa. 

Proteins beyond this weight generate spectral overlap and broadened NMR lines due 

to their high τc, making spectra inapplicable for further analysis. This limit was pushed 

to higher molecular weights by protein perdeuteration, as this procedure slows down 

transverse relaxation rates[75]. The development of transverse relaxation-optimized 

spectroscopy (TROSY) allows the analysis of protein complexes up to 1 MDa[76-78]. 

The TROSY technique exploits the differential cross-correlated relaxation processes 

between either dipole-dipole and CSA or two different dipole-dipole relaxation 

mechanisms of two J-coupled spins, which gives rise to four multiplet components as 

a result of constructive or destructive interference. TROSY experiments select one of 

the four multiplet components for observation, thereby attenuating T2 relaxation 

effects. The method is particularly powerful when applied to methyl groups[79-81], as 

these groups are typically dynamic and yield higher signals compared to backbone 

resonances due to the contribution of three protons. The availability of precursors[82] 

in combination with specific labeling schemes[83,84] facilitates selective labeling of 

methyl groups. Application of TROSY in the solid-state enables the detection of 

dynamic residues undergoing intermediate exchange, inaccessible to conventional 

solid-state NMR experiments[85]. 

 

Solid-state NMR spectroscopy is applicable to biological systems, which are difficult 

to access by solution-state NMR. Large protein complexes and proteins of limited 

solubility like amyloids and membrane proteins are a few examples of such systems. 

A rapidly emerging field in solid-state NMR spectroscopy concerns 1H detection for 

structural elucidations. Introducing deuterons chemically dilutes the strong 1H-1H 

dipolar network, thereby reducing spectral overlap and narrowing linewidths[86]. 

However, as these dipolar contacts yield structural restraints[87], a compromise must 

be found to back-exchange protons without forfeiting resolution[88,89]. An approach 

named reduced adjoining protonation (RAP) allows selectively reducing proton 

density in nonexchangable proton sites, in particular aliphatic side chains[90]. 
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Additionally, high MAS and stronger B0 fields can be used to overcome the strong 1H 

induced anisotropies, enabling high resolution 1H detection for fully protonated 

samples[91-93], paving the way for resonance assignment[94,95] and structural 

elucidations[96].  

 

NMR is hindered by long experimental acquisition times due to its low intrinsic 

sensitivity. Non uniform sampling (NUS) and non Fourier transform based processing 

methods result in significant reduction of experimental time[97-99], facilitating 

acquisition of 4D spectra in solid-state NMR[100]. Furthermore, sensitivity of solid-state 

NMR can be enhanced by a factor 102-103 by dynamic nuclear polarization 

(DNP)[101,102]. In DNP experiments, polarization is transferred from electrons of a 

polarizing agent to nuclear spins via microwave irradiation[103,104]. Application of DNP 

enabled the study of membrane proteins[105-107] and amyloids[108-110]. 

 

The permanent NMR methodological developments are assisted by technological 

advances, for instance the availability of high magnetic field spectrometers. 

Furthermore, NMR probes featuring MAS frequencies up to 100 kHz for 0.8 mm 

rotors have been introduced[111]. A further benefit of utilizing these small rotors is the 

significant reduction of sample volume, which is often a major bottleneck.  

 

In summary, recent progress in sample preparation combined with methodological 

and technological developments will assist to overcome obstacles faced by NMR 

spectroscopy, granting access to yet inapproachable biological systems. 

 

1.2 Alzheimer’s Disease (AD) 

1.2.1 Background of AD 
The increasing global prevalence of dementia places heavy social and economic 

burdens on society. Approximately 35.6 million people worldwide were affected by 

dementia in 2010, and the number is estimated to double every 20 years[112]. 

Alzheimer’s disease (AD) is the most common cause of dementia and accounts for 

60-80% of all cases[113]. The condition was first reported in 1906 by the German 

neuropathologist Alois Alzheimer[114], and is a progressive neurodegenerative 

disorder associated with a decline in cognitive function. The two pathological 

hallmarks of AD in brain tissue include the extracellular deposition of the amyloid-β 
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(Aβ) peptide into diffuse and neuritic plaques, as well as the intraneuronal 

accumulation of hyperphosphorylated tau (p-tau) protein into neurofibrillar tangles 

(NFTs)[115,116] (Figure 1.6). AD is further associated with a damage to neurons and 

synapses, as well as gliosis and white matter lesions[115]. Risk factors of AD include 

cardiovascular problems such as hypertension, diabetes and high cholesterol levels, 

cerebrovascular diseases such as infarcts, lifestyle-related factors like smoking, 

alcohol and low physical activity and education, as well as genetic 

predisposition[115,117].  

 

 
Figure 1.6.: Hallmarks of AD pathology: Plaques and neurofibrillary tangles. Aβ is deposited in 

extracellular deposits called senile plaques. They are associated with an increasing number of 

astrocytes, microglia and dystrophic neurons. Aggregates of the hyperphosphorylated 

microtubule-associated protein tau form intracellular tangles. The figure was adapted from Blennow et 

al[118]. 

 

 

1.2.2 Genetics of AD 
AD can be categorized into two types, the rapidly progressing early-onset AD 

(EOAD), developing before the age of 65 and accounting for >1% of all AD cases, 

and sporadic late-onset AD (LOAD), occurring at ≥65 years and affecting the majority 

of patients[113,119]. Clinically, these two forms are indistinguishable, as they are 

phenotypically and pathologically similar[115,120]. They are however based on genetic 

differences[121]. EOAD follows a Mendelian pattern of inheritance, and is mainly 
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caused by Aβ overproduction[122]. It arises due to mutations in three autosomal 

dominant genes: amyloid precursor protein (APP), presenilin 1 (PSEN1) and 

presenilin 2 (PSEN2), the last two being components of the γ-secretase complex 

responsible for APP cleavage and Aβ metabolism[122,123]. AD caused by such 

mutations is also referred to as familial AD (FAD). The gene for APP is located on 

chromosome 21, and Aβ toxicity is linked to trisomy 21 (Down syndrome), in addition 

to AD[124]. The strongest genetic risk factor for developing LOAD is the inheritance of 

the ε4 allele of the apolipoprotein (APOE) gene[122]. ApoE is involved in lipid 

homeostasis and transport and is encoded by three polymorphic alleles ε2, ε3, and 

ε4. The presence of two ε4 alleles will increase LOAD risk by a factor 9 or more[125].  

 

1.2.3 Treatment of AD 
Neuropathological progression and therapeutic intervention can be monitored by the 

use of biomarkers[126]. AD is typically diagnosed by magnetic resonance imaging 

(MRI) assessing brain atrophy, positron emission tomography (PET) measurements 

of glucose metabolites and the retention of the amyloid binding Pittsburgh compound 

B (PIB), as well as biomarkers in the cerebrospinal fluid (CSF)[127]. Immunoassays 

allow the detection of Aβ, p-tau and Aβ-antibodies as biomarkers in the CSF[128]. 

 

Although neurotransmitter-based approaches such as cholinesterase inhibitors and 

memantine help in controlling cognitive AD symptoms, no therapeutic strategy for 

curing or prevention of the disorder is currently available[129,130]. Most clinical trials 

target pathways in Aβ metabolism and clearance[131]. Promising fields of research 

include the design of small molecule inhibitors interfering with Aβ plaque formation, 

and active and passive immunization strategies[132]. However, several antibodies 

including bapineuzumab and solanezumab have shown disappointing primary results 

in late clinical phase trials[133]. 

 

1.2.4 Inflammation in AD 
The progression and development of AD are closely associated with and caused by 

neuroinflammation[134-137]. During AD pathogenesis, Aβ deposits co-localize with 

chronic inflammatory mediators such as activated microglia and astrocytes[138], which 

show a strong immune response towards Aβ[139]. In addition, an excessive production 

of inflammatory chemokines and cytokines, complement system components and 

reactive oxygen species (ROS) by brain cells cause damage to synapses and hence, 
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cognitive impairment[139,140]. This elevated inflammatory response contributes further 

to Aβ deposition and tau phosphorylation[141]. Due to these inflammatory processes, 

nonsteroidal anti-inflammatory drugs (NSAIDs) have been suggested to exert 

beneficial effects on AD pathogenesis[142]. Indeed, epidemiological studies point to a 

protective influence of NSAIDs for AD[143,144], although other studies do not support 

these findings[137,145]. Further investigations are required to elucidate details of the 

effects of NSAID on AD risk[145]. Instead of inhibiting cyclooxygenase (COX) activity, 

in AD, NSAIDs act directly on Aβ production[142]. 

 

1.3 The AD peptide Amyloid-β (Aβ) 

1.3.1 Generation of the Aβ peptide 
The deposition of amyloidogenic proteins and their inherent toxicity is the cause of 

numerous degenerative diseases[146-148] and more than 100 human diseases[149]. 

Examples are aggregates of prions in spongiform encephalopathies[148], antibody 

light chains in systemic amyloidosis[150], α-synuclein (αS) in Parkinson’s disease[151] 

and islet amyloid polypeptide (IAPP) in type 2 diabetes (T2D)[152]. Aβ peptides have 

been identified as the main constituent of senile plaques in AD brain tissue in 

1985[153]. The approximately 40 residues long Aβ peptides are derived by proteolytic 

cleavage of the amyloid precursor protein (APP)[154-156]. APP is a type I 

transmembrane glycoprotein found in nearly all subcellular compartments of various 

cell types[157]. In a nonamyloidogenic pathway, the ectodomain of APP is cleaved by 

the α-secretase, followed by further cleavage of the C-terminal membrane-bound 

fragment (C83) by the γ-secretase in the transmembrane sequence (TMS)[155,158]. 

This normal metabolic event results in the secretion of soluble p3 peptides of ca. 3 

kDa[159], comprising only the C-terminal part of the Aβ sequence. In the 

amyloidogenic pathway APP is cleaved by the β-secretase (BACE-1 for β-site 

APP-cleaving enzyme) at a more N-terminal site[160,161]. Cleavage of the retaining 

C99 fragment by the γ-secretase will result in release of the amyloidogenic Aβ 

peptides[162]. A schematic representation of the generation of Aβ peptides from APP 

and the sequences of Aβ1-40 and Aβ1-42 are displayed in Figure 1.7.  
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Figure 1.7: Processing of the amyloid precursor protein (APP) and generation of Aβ1-40 and 
Aβ1-42. The membrane bound APP undergoes sequential proteolytic cleavage by the α- and 

β-secretases, resulting in C-terminal membrane bound fragments C83 in the nonamyloidogenic (blue), 

and C99 in the amyloidogenic pathway (red), respectively. These fragments are further cleaved by the 

γ-secretase, generating soluble p3 or amyloidogenic Aβ peptides. The cleavage site of the γ-secretase 

determines the lengths of Aβ peptides. The sequences of Aβ1-40 and Aβ1-42 are shown in the lower part 

of the figure. Arrows indicate cleavage sites of the secretases. The figure is adapted from Steiner et 

al[163] . 

 
In general, γ-secretase activity is facilitated by PSEN1 and PSEN2[163] and is 

associated with determining the lengths of Aβ peptides. As the cleavage site of the 

γ-secretase is rather imprecise, an ensemble of Aβ peptides with varying lengths is 

produced ranging from 30 to 51 residues[164]. Aβ1-40 and Aβ1-42 (40 and 42 residues, 

respectively) are the predominantly produced peptides[165-167]. They differ only by two 

additional residues in the C-terminus of Aβ1-42 (Figure 1.7). The C-terminus of Aβ 

peptides is particularly critical for aggregation[168]. Aβ1-42 is the pathological relevant 

peptide[158], as it is the major component of senile plaques in brain tissue[169] and 

more aggregation-prone[163,170,171]. However, not the total Aβ content, but rather an 

increasing Aβ1-42 to Aβ1-40 ratio enhances AD pathology and defers the age of 

onset[172,173].  
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1.3.2 Oxidation of the Aβ peptide 
Oxidative stress contributes to pathogenesis of numerous diseases, including 

neurodegenerative diseases[174]. It is caused by an imbalance in redox homeostasis, 

hence a reduction of antioxidants, and an increase of ROS like the hydroxyl radical 

(!OH) and reactive nitrogen species (RNS) such as nitric oxide (NO!). These radicals 

contain an unpaired electron and tend to react with other biomolecules, thereby 

causing oxidative damage to DNA, RNA, proteins, lipids and other cellular 

components[175,176]. Within proteins, methionine residues are particularly susceptible 

to oxidation and function as endogenous antioxidants[177]. Reversible oxidation of the 

thioether will result in methionine sulfoxide[178]. A second irreversible oxidation will 

produce methionine sulfone.  

 

The brain is particularly vulnerable to oxidative stress due to its elevated levels of 

redox transition metal ions and limited amounts of antioxidants[175]. Oxidative stress 

contributes significantly to AD disease progression[179]. The Aβ peptide plays an 

important role in this process, although the exact mechanism is unclear[180]. Oxidative 

stress seems to be mediated by residue M35 of the Aβ peptide[181], which is found in 

its oxidized form in 10-50% of total Aβ in AD plaques[182]. In addition, M35 is critical 

for the neurotoxicity of Aβ[181]. However, M35 oxidation also facilitates reduction of 

the neurotoxic Aβ-bound CuII to CuI[183]. Oxidation of M35 interferes with aggregation 

properties of Aβ[175]. A large amount of literature suggests that it hinders fibrillation 

and oligomer formation by preventing hydrophobic and electrostatic interactions[184-

187], although there are controversial reports[188]. 

 

1.4 Amyloidogenesis 

1.4.1 Amyloid self-assembly 
Amyloidogenesis describes the self-assembly of soluble monomeric protein into 

insoluble protein aggregates. The formation of fibrils can be monitored by the dye 

Thioflavin T (ThT), which exhibits enhanced fluorescence upon binding to insoluble 

amyloid species[189]. The process occurs in a sigmoidal fashion and consists of three 

phases, a lag phase, exponential growth, and a stationary phase[190] (Figure 1.8). The 

lag phase is a thermodynamically unfavorable rate-limiting step, in which low-n 

oligomeric intermediates are formed as nuclei. In the exponential growth phase, the 

generated nuclei act as seeds for rapid elongation and growth into larger oligomers 
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and protofibrils and finally association into mature fibrils[190-193]. The size of amyloid 

fibrils is in the range of MDa. The stationary phase is reached once the monomeric 

population is depleted, and larger species will remain in assembly/disassembly 

equilibrium[61,192]. Fibril growth is believed to be a template-dependent process, in 

which accreting monomers associate with the end of the growing fibrils[194,195].  

 

 
 
Figure 1.8: Kinetics and intermediates of amyloidogenesis. Amyloid formation is a 

nucleation-dependent process. In the lag phase (I), nuclei are generated which serve as seeds for fibril 

growth in the exponential phase (II) until the monomer population is depleted. In the stationary phase 

(III) protofibrils elongate and associate to form mature fibrils. The figure is adapted from Ghosh et al[193]. 

 

The nucleation dependent amyloid fibrillation process resembles the crystallization 

behavior of solutes at concentrations above their solubility limit[196,197]. Under such 

conditions solutes often form crystals. However supersaturated solutions are stable 

and retained, as crystallization underlies a high free-energy barrier[198]. Similarly, in a 

metastable supersaturated solution, amyloidogenic proteins are kinetically trapped 

and will remain soluble[199]. Supersaturation can be interrupted by ultrasonication, as 

it accelerates spontaneous fibrillation by triggering nucleation and introducing seeds 

to overcome the lag phase of amyloidogenesis[197,200-202]. 

 

1.4.2 The amyloid hypothesis 
The amyloid hypothesis postulates that Aβ is the fundamental factor that triggers a 

downstream cascade of events ultimately responsible for AD pathology[203,204]. 

Original reports describe that synaptic dysfunction, neurofibrillary tangles of p-tau, 

neuronal loss, vascular damage and dementia are direct consequences of Aβ 

deposition into plaques[203]. Concerns of the hypothesis first arose when it was found 

that not amyloid deposits, but rather soluble Aβ species correlate with cognitive 

impairment[205]. These findings gave rise to a hypothesis emphasizing the role of 

soluble oligomers in AD[206]. Although it is well established that soluble Aβ oligomers 
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constitute the toxic amyloid species, there are still many unresolved issues 

concerning the amyloid hypothesis[207]. Indeed, AD therapeutic approaches have 

been strongly guided by the amyloid hypothesis in the past and have mostly failed in 

late clinical phases[207,208]. 

 

Substantial evidence suggests that low-n Aβ oligomers are responsible for amyloid 

toxicity[205,209-211]. In vitro studies demonstrated that neurotoxicity initially observed for 

Aβ aggregates is actually mediated by Aβ soluble oligomers, also termed Aβ-derived 

diffusible ligands (ADDLs)[212], in a greater extent than by mature fibrils[213]. In 

addition, oligomeric Aβ contribute to AD pathogenesis by inducing tau 

hyperphosphorylation[214]. In particular, low-n oligomers impair synaptic plasticity by 

inhibiting hippocampal long term potential (LTP) of rats in vivo [215]. The importance of 

low-n oligomers in AD is further stressed by evidence that they cause synapse 

loss[216], alterations to synapse composition[217] and are found in elevated levels in AD 

brains in an age-dependent manner[218], although there are controversial 

reports[217,219]. There are ongoing debates regarding the correlation between size of 

the oligomers and toxicity[211], as low-n oligomers may act as seeds for high-n 

oligomers[220] and protofibrils[221]. The mechanism by which oligomers mediate 

neurotoxicity is unclear[211], although data suggests that they act by binding 

multi-protein receptor complexes on neuronal surfaces and thereby trigger synapse 

failure[206] or neurotoxic pathways[217]. 

 

1.4.3 Self-propagation and cross-seeding 
Fibrils have the ability to propagate their own structure by recruiting free peptide from 

their surrounding solution, a concept known as self-propagation[222]. This can be 

demonstrated by seeded fibrillation, where the presence of seeds results in omitting 

the lag phase of amyloidogenesis[223]. Hereby, the structure of the seed determines 

the structure of the final fibril[224,225]. Cross-seeding, an event where one type of 

amyloid species serves as a seed for a different type of amyloid protein, is highly 

sequence and conformation dependent[222]. For instance, αS seeds induce tau fibril 

formation[226]. Aβ1-40 seeds are able to efficiently cross-seed elongation of IAPP, while 

IAPP are poor seeds for Aβ1-40 growth[227]. There is controversial data about the 

ability of Aβ1-40 and Aβ1-42 to cross-seed each other. On one hand, Aβ1-40 inhibits 

Aβ1-42 aggregation when present as a monomer[228-230], however fibril formation of 

both peptides can be seeded by the other form[229] and mixtures of the two 

peptides[231]. On the other hand, in vitro fibrils of Aβ1-40 and Aβ1-42 are unable to 
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cross-seed each other efficiently[232,233]. The factors underlying cross-seeding remain 

elusive, but are most likely determined by molecular structures[222]. 

 

1.5 NMR studies of Aβ 
All Aβ species along the pathway to fibrillogenesis constitute potential drug targets. It 

is crucial to understand the internal molecular structure of amyloid assemblies as a 

basis for pharmacological approaches. It is however difficult to study amyloid 

aggregates using conventional structural biology methods, as they are inherently 

noncrystalline, insoluble and of high molecular weight, making them inaccessible for 

X-ray crystallography and solution-state NMR spectroscopy[222]. MAS solid-state 

NMR spectroscopy has emerged to be the most powerful technique for structural 

determination of insoluble macromolecular complexes[234,235]. Amyloid deposits can 

also be visualized by electron microscopy (EM)[236]. Structural details are available for 

monomeric and fibrillar Aβ, although oligomer structures remain elusive[237]. 

 

1.5.1 Solution-state NMR characterization of Aβ monomers 
and intermediates 
The monomeric entity of Aβ peptides adopts mainly unstructured, random coil 

conformations in aqueous solutions, although they contain transient secondary 

structure propensities[238,239], a typical feature of intrinsically disordered proteins 

(IDPs)[240]. Monomers may fold into partially helical intermediates on the way to 

fibrillogenesis[241].  

 

The structural characterization of amyloid intermediates is challenging, as they are 

heterogeneous in size, structure and morphology[242]. Moreover, low-n oligomers 

occur early in the amyloidogenic pathway and convert into larger oligomers, 

protofibrils and fibrils. Therefore it is crucial to prepare kinetically stable 

intermediates[243]. Attempts to capture Aβ oligomers include freeze-trapping[244], 

photo-induced cross-linking[245,246], or glutaraldehyde cross-linking of SDS stabilized 

globulomers[247], among others[248-251]. Oligomeric species have also been extracted 

from brain tissue of affected human individuals[237]. Analogous studies exist for 

protofibrils[252-254]. The sample preparations yield heterogeneous oligomers, however 
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they have the common feature of containing β-sheet elements, and the β-sheet 

content increases with oligomer size[255]. 

 

In addition to structural determination, dynamic processes in which Aβ species 

undergo on the path to fibrillogenesis can be probed by solution-state NMR, for 

instance by DEST experiments[54,56]. Exchange species on protofibrillar surfaces 

constitute a sparsely populated state. Transferring and detecting their properties on 

the observable monomeric state, enabled the description of a kinetic exchange 

regime between the two species[256]. Furthermore, NMR relaxation measurements 

determined that 3% of the total Aβ peptide undergoes dynamic exchange between 

oligomeric and monomeric states[61].  

 

1.5.2 Solid-state NMR characterization of Aβ fibrils 
Aβ fibers can reach up several microns in length and have a width between 

5-15 nm[222] (Figure 1.9). The macroscopic fibril morphology depends heavily on the 

growth conditions during fibrillogenesis[234]. For instance, when subject to gentle 

agitation, Aβ1-40 will fold into straight protofibrils which associating laterally into 

“striated ribbons”[225]. Quiescent conditions during growth will yield Aβ1-40 fibrils with a 

periodic twist termed “twisted-pair”[257]. Structural characterizations of different fibril 

polymorphs revealed that although amyloid fibrils contain common secondary and 

tertiary structural elements, they differ in their overall symmetry and quaternary 

structure[257,258]. 
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Figure 1.9: Details of Aβ fibril structures. (a) in-register parallel cross-β arrangements of adjacent 

peptide strands with β-strand conformation. The β-strands are perpendicular to the fibril axis (blue 

arrow), whereas the hydrogen bonds (gray) are approximately parallel. (b) cross-β structures formed by 

peptides in β-arch conformation. (c-e) EM images and (f-h) structural models of Aβ1-40 fibrils. Individual 

peptide strands will assemble into (c, f) a 2-fold symmetric structure with striated ribbon morphology in 

the presence of agitation, (d, g) a 3-fold symmetric structure with a twisted morphology under quiescent 

conditions, or (e, h) an alternative 3-fold symmetric structure when seeded from brain tissue. White 

scale bar = 100 nm. Images are adapted from Tycko et al[222,234]. 

 

The formation of β-sheets is the most characteristic secondary structural elements of 

self-assembled Aβ. The high propensity for cross-β structures found in fibrils can be 

observed in X-ray diffraction measurements[259]. In cross-β structures, β-sheets are 

formed which align perpendicular to the fibril axis, and are connected by interstrand 

hydrogen bonds parallel to the fibril axis[258] (Figure 1.9a-b). Except for monomeric 

Aβ, β-sheet content is found in most Aβ species to different extents[236]. 

 

Currently, there are several MAS solid-state NMR structures[232,257,260-263] and 

numerous models[264-267] available for wild type and mutant Aβ1-40 fibrillar assemblies. 

Details of Aβ structures and models are summarized in Table 1.3. The most 

commonly observed structures consist of in-register parallel cross-β structures 

consisting of U-shaped β-arches (β-loop-β), although exceptions have been 

found[263,268]. In addition, a salt bridge connecting side chains of D23 and K28 is 

frequently observed[232,260,266]. The structures and models differ mainly in the number 

of monomers forming the basic fibrillar subunit, residues involved in β-strands, as 

well as the flexibility of the N-terminus. It is consensus that the C-terminus, consisting 
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of mainly hydrophobic residues, is the driving force for aggregation and forms the 

fibrillar core[168]. Several models do not feature the N-terminus[261,263,264], as it is 

absent in solid-state NMR spectra due to dynamic disorder and flexibility. 

Experimental mass-per-length (MPL) measurements of fibrils by EM allow 

determining the number of monomers contributing to the subunit[234]. Wild type Aβ1-40 

structures are available for 2-fold symmetric “striated-ribbon” fibrils[260] (Figure 1.9c, 

f), 3-fold symmetric “twisted-pair” fibrils[257] (Figure 1.9d, g), as well as 3-fold 

symmetric fibrils seeded from AD patient brain tissue[232] (Figure 1.9e, h). Differing 

quaternary structures are found within one fibril morphology, depending on side 

chain orientation[260]. In the calculated structures, symmetric dimers/trimers form the 

subunit of the fibrils. However, asymmetric dimer formation has been described to 

form the basis for one Aβ1-40 polymorph[264], In addition, structures have been solved 

for the Osaka mutant ΔE22[262] and the Iowa mutant D23N[261,263] of Aβ1-40. 

 

In contrast to Aβ1-40, little is known about Aβ1-42 structural details at an atomic level. 

This may be attributed to its higher aggregation propensity[163] and heterogeneous 

fibril assemblies[150], making sample preparation challenging. Hydrogen/deuterium 

(H/D) exchange[269-271] and EM studies[269,272] on Aβ1-42 fibrils have provided valuable 

insight to overall morphology, symmetry and dynamics. Two recent MAS solid-state 

NMR studies characterize Aβ1-42 fibrils at a molecular level[233,273]. Xiao et al present a 

structural model of Aβ1-42 fibrils featuring the formation of an alternative salt bridge 

connecting K28 Nζ and A42 CO, and the presence of three β-strands[233], which are 

confirmed by Colvin et al [273].  
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) Description Author, year PDB-ID Symmetry Production Fibril 
preparation Residues observed Salt-bridge Motif 

St
ru
ct
ur
es

!

1-40, wild type Petkova et al. 2005[225],  
Pektova et al. 2006[260] 

2LMN/ 
2LMO 2-fold synthetic agitation A02, D07-V39 D23-K28 U 

1-40, wild type Paravastu et al. 
2008[257] 

2LMP/ 
2LMQ 3-fold synthetic quiescent, 

sonication A02, G09-E22, V24-V40 no U 

1-40, wild type, 
brain-tissue seeded Lu et al. 2013[232] 2M4J 3-fold synthetic/ 

recombinant n/a D01-H13, Q15-V40 D23-K28 U/S 

1-40, Osaka mutant, 
ΔE22 Schütz et al. 2015[262] 2MVX 2-fold recombinant agitation n/a E03-K28 other 

1-40, Iowa mutant, 
D23N Qiang et al. 2012[263] 2LNQ 

n/a, 
antiparall
el 

synthetic agitation 
Q15-K16, V18-N23, 
K28, A30-I32, L34-M35, 
V36, G38-V40 

no U 

1-40, Iowa mutant, 
D23N 

Sgourakis et al. 
2015[261] 2MPZ 3-fold synthetic agitation K16-L17, F19-V24, 

K28-V40 no U 

1-42, wild type Xiao et al. 2015[233] 2MXU n/a synthetic n/a 

A02, F04, G09, 
V12-H14, L17-A21, 
D23-S26, K28-L34, 
V36-A42 

K28-A42 S 

M
od

el
s)a

nd
)C
S)

1-40, wild type Petkova et al. 2005[225] - n/a synthetic quiescent A02, D07-V39 
weak D23-K28, 
potential 
K16-E22 

n/a 

1-40, wild type, 
asymmetric dimer 
conformer 1 

Lopez del Amo et al. 
2012[264] - 2-fold recombinant agitation Q15-V40 n/a double-β 

1-40, wild type, 
asymmetric dimer 
conformer 2 

Lopez del Amo et al. 
2012[264] - 2-fold recombinant agitation A21-G38 n/a double-β 

1-40, wild type Petkova et al. 2002[266] - 2-fold synthetic agitation 
A02, D07, G09-V12, 
K16-A21, D23-G25, 
K28-I32, L34-V36 

D23-K28 U 

1-40, wild type Bertini et al. 2011[265] - 2-fold recombinant agitation A02-V40 n/a U 

1-40, wild type, 
phospholipid reference Niu et al. 2014[267] - n/a recombinant agitation A02-R05, D07-A21, 

V24-V40 n/a other 

1-42, wild type Colvin et al. 2015[273] - n/a recombinant n/a M0-R05, D07-V12, 
K16-V40 n/a triple-β 

 
Table 1.3: Structural details of wild type and mutant Aβ1-40 and Aβ1-42 structures and wild type Aβ1-40 models and CS. 
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1.5.3 Solution-state NMR studies of Aβ interactions with 
inhibitory molecules 
Even though our understanding of AD pathology has improved in the past years, AD 

remains an untreatable disease[133]. Various initially promising treatment strategies 

have failed in clinical trails[132]. In current AD research, strong emphasis is placed on 

small molecules able to interfere with amyloid aggregation properties or Aβ 

production, toxicity and clearance[132]. In addition, further development of amyloid 

binding diagnostic compounds such as PIB will facilitate earlier AD detection[274]. A 

large number of multidisciplinary approaches combining NMR with biophysical 

methods like isothermal titration calorimetry (ITC), circular dichroism (CD) 

spectroscopy, dynamic light scattering (DLS), small angle X-ray scattering (SAXS), 

atomic force microscopy (AFM) and EM have set out to explain the mechanism of 

action in which such small molecules inhibit amyloids, however, the details of the 

molecular interactions remain to be solved[275]. 

 

A plethora of amyloid binding compounds has been probed by solution-state NMR. 

Valuable information nature of the interaction can be extracted from monitoring NMR 

variables like chemical shift perturbations (CSP), signal intensities and line widths, as 

well as NOEs[276,277]. These NMR properties give insight about the binding site, size, 

and stoichiometry. For instance, solution-state NMR was employed to study 

associations of Aβ species to substances like CR[278,279], lacmoid and lacmoid-like 

compounds[279-281], peptide inhibitors[282,283], nanoparticles[284], Zn2+ ions[285-287], and the 

phenolic compounds (-)-epigallocatechin-3-gallate (EGCG)[288], resveratrol[289] and 

others[290]. 

 

In aggregating systems such as amyloids, insoluble species and bound ligands are 

not observable by traditional solution-state NMR methods. More advanced 

solution-state NMR experiments provide details of exchange rates and dynamics of 

the complex, as well as the free (“visible”) and bound (“invisible”) state of the 

ligand[56]. For example, CPMG relaxation dispersion experiments may be employed 

to study equilibrium chemical exchange processes on a ms timescale[10,291]. This 

technique has been successfully applied to investigate CR[279,292] and lacmoid[279] 

binding to Aβ. Furthermore, in transferred NOE (trNOE) experiments, NOE properties 

of the target-ligand complex are transferred back to the free state, which is 

detectable in the spectra[293]. This approach yields information about the 

conformation of the ligand in the bound state, and has been employed to study αS 
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bound CR[292], ThT bound to insulin fibrils[294], and the interaction of various small 

molecules with Aβ[294]. 

 

1.5.4 Solid-state NMR studies of Aβ interactions with 
inhibitory molecules 
Solid-state NMR spectroscopy has emerged as the most powerful tool to investigate 

insoluble amyloid-small molecule complexes at atomic resolution[295]. The first study 

on such a protein-ligand complex allowed a high-resolution mapping of the 

CR-HET-s fibril binding site[296]. This was achieved by monitoring CSPs of HET-s 

fibrils in the presence of Congo Red (CR) and polarization-transfer from 1H of CR to 
13C of the [2H, 13C, 15N] labeled protein. EGCG-induced oligomers formed by Aβ1-40 

yield well-resolved solid-state NMR spectra[288]. Analysis of secondary chemical shifts 

and REDOR spectra indicated the presence of the typical β-sheets and the D23-K28 

salt bridge. Two studies investigate the binding of curcumin to Aβ1-42 fibrils and 

highlight the binding site[297] as well as alterations of the D23-K28 salt bridge and 

disturbance of the fibrillar character[298]. Similarly, Zn2+ has been demonstrated to 

disrupt the salt bridge, although leaving the cross-β structure intact[299]. A 

combination of solid-state NMR data and molecular dynamics (MD) were employed 

to determine the binding site of Cu2+ to Aβ1-40 fibrils[300]. 

 

1.6 Aβ inhibitors investigated in this study 

1.6.1 The γ-secretase modulator sulindac sulfide 

1.6.1.1 γ-secretase modulators 
Aβ1-42 production is increased in FAD, as the underlying mutations affect γ-secretase 

activity and cleavage site[162,301]. The γ-secretase is therefore considered a prime 

drug target for AD therapy[302]. However, it is involved in various pathways, such as 

Notch signaling[303], and attempts to inhibit its full activity have failed in clinical 

trails[164]. Instead, allosteric γ-secretase-modulators (GSMs) provide a more 

promising attempt to alter Aβ production. Instead of diminishing Aβ production, 

GMSs shift the profile of Aβ peptides generated[304]. These so-called 1st generation 

GSMs act by reducing levels of the disease-relevant Aβ1-42 and enhancing production 

of shorter, less toxic peptides[304,305]. This class of GSMs includes mainly NSAIDs and 
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their derivatives[304]. This work focuses on the interaction of the NSAID sulindac 

sulfide with Aβ. 

 

1.6.1.2 Sulindac sulfide interactions with Aβ 
Sulindac is a pro-drug and contains a methyl sulfoxide group, which is reduced to its 

active metabolite sulindac sulfide or oxidized to sulindac sulfone in the body[306] 

(Figure 1.10). The reduction reaction of sulindac to sulindac sulfide is catalyzed by 

the methionine sulfoxide reductase (Msr) and oxidation to sulindac sulfone is 

metabolized by cytochrome P450[306,307]. Sulindac sulfide inhibits COX 1 and 2 

activity, thereby reducing the production of prostaglandins[308]. Sulindac metabolites 

are promising anti-tumor agent[309,310], especially for colorectal cancer[311]. Sulindac 

sulfide has further pleiotropic effects, for instance, by inhibiting tumor cell invasion 

and down-regulating NF-κB mediated microRNA transcription[312]. 
 

 
 

Figure 1.10: Chemical structures of the NSAIDs sulindac, sulindac sulfide and sulindac sulfone. 
Biotransformation of sulindac involving the oxidation state of the sulfoxide substituent. Sulindac (center) 

can be reduced to its active metabolite sulindac sulfide (left) in a reversible reaction, or irreversibly 

oxidized to sulindac sulfone (right)[308]. 

 
The NSAIDs ibuprofen, indomethacin and sulindac sulfide[305], as well as 

R-flurbiprofen[313,314] are able to inhibit Aβ1-42 release in cultured cells, although others 

raise Aβ1-42 concentrations in vivo[315]. The mechanism of action is still a topic of 

discussion[316], as these GSMs may target either the γ-secretase[317-319] or APP[320,321]. 

Sulindac sulfide is reported to interfere with APP dimerization[164,322], a process 

influencing the specificity of γ-secretase cleavage. Cellular APP exists as a 

homodimer[323], and dimerization is mediated by the G29xxxG33 motif of the Aβ 

sequence in the APP-TMS[324]. Loss of the GxxxG motif weakens APP dimerization 
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and increases levels of shorter Aβ peptides[324]. NSAIDs including sulindac sulfide 

target Aβ1-42 production by binding to the GxxxG motif, thereby attenuating APP 

dimerization[320,322,325].  

 

The mechanism involved in NSAID activity are yet undefined. Efficacy of 1st 

generation GSMs in AD could not be verified in clinical trails[326]. 2nd generation 

GSMs aim at improving potency and bioavailability in the brain[316]. However, it is 

crucial to elucidate details of the NSAID-APP interaction. The GxxxG motif is 

involved in cholesterol binding[327]. NSAIDs have been suggested to interact with 

lipids in phospholipid complexes[328-330]. These findings contribute to understanding 

how NSAIDs behave in membrane environments. Solution-state NMR structures of 

dimeric APP-TM are available for the wild type[331] and for a familial mutant[332], and 

will provide further insight of APP processing and small molecule interference. 

The binding of sulindac sulfide to APP is well known and accepted. However, the 

interaction of sulindac sulfide to the Aβ peptide itself is still a matter of debate, as 

there are reports that support its binding to monomeric[322,333], oligomeric[334] and 

fibrillar Aβ[333], and those, which refute a direct interaction[335]. Similarly, the effect of 

sulindac sulfide on Aβ aggregation properties remains elusive. Hirohata et al 

demonstrated anti-fibrillogenic and fibril destabilizing effects exerted by sulindac 

sulfide towards Aβ[336] and αS[337], while Yesuvadian et al reported no influence of 

sulindac sulfide on the aggregation process of Aβ[333]. These discrepancies may arise 

due to the colloidal character of sulindac sulfide. 

 

1.6.1.3 Colloid formation of sulindac sulfide 
The solubility of sulindac sulfide is limited in aqueous solutions, and it aggregates 

into micelle-like colloidal aggregates above a certain critical micelle concentration 

(CMC)[335]. This phenomenon of aggregate formation is a common mechanism 

responsible for nonspecific and promiscuous activity of numerous compounds[338]. 

Such self-assemblies lead to protein aggregation and inhibition of protein function in 

a nonspecific manner[338-341]. Colloidal aggregates are formed mainly by hydrophobic 

small molecules with few polar groups and may reach submircrometer sizes[338]. The 

organization of such macromolecular assemblies is unclear, however they can be 

highly ordered and driven by aromatic π-stacking, as suggested for the amyloid dye 

CR[342]. Representative EM images of tetraiodophenolphthalein and CR colloids are 

shown in Figure 1.11.  
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Figure 1.11: Electron microscopy images of colloidal aggregates. (a) 100 µM 

tetraiodophenolphthalein in 20 mM Tris and (b) 50 µM CR in 20 mM Tris. Scale bar = 100 nm. The 

figure is adapted from McGovern et al[338].  

 

Colloidal species of small organic molecules are able to interact nonspecifically with 

Aβ and inhibit its aggregation into fibrils[343] and oligomers[290]. It has been suggested 

that the binding of sulindac sulfide to APP and Aβ is based on a nonspecific 

interaction[344], which is further supported by the observation of colloids formed by 

sulindac sulfide[335]. Interestingly, its oxidized derivative sulindac sulfone is 

significantly more soluble and does not form colloids[335]. The promiscuous mode of 

action characteristic for colloidal inhibitors must be taken into account when 

assessing the efficiency of GSM-amyloid interactions. 

 

1.6.2 Peptide inhibitors 

1.6.2.1 Diabetes mellitus 
Diabetes mellitus is a metabolic disorder caused by an impairment of 

insulin-regulated glucose uptake leading to chronic hyperglycaemia[345]. The disease 

can be categorized into type 1 diabetes (T1D), an autoimmune disorder caused by a 

lack of insulin production[346], and the more common type 2 diabetes (T2D), 

characterized by insulin resistance and strongly associated with obesity[347] and 

cardiovascular disease[348]. 347 million patients were affected by diabetes in 2008 
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and the prevalence, as predicted by the World Health Organization (WHO), is to 

double between 2000 and 2030 to 4.4%[349]. 

 

1.6.2.2 Islet amyloid polypeptide (IAPP) 
Islet amyloid is found in the islets of Langerhans in the pancreas and is a 

pathological hallmark of T2D[350]. These deposits are constituted of fibrils formed by a 

37 amino acid long peptide called islet amyloid polypeptide (IAPP), also named 

amylin[351-353]. IAPP is co-secreted with insulin from β–cells[354]. Its physiological role 

is not understood, but it has been suggested to be a neuroendocrine modulator in 

glucose metabolism[355]. A causative role of IAPP has been proposed in T2D, as islet 

amyloid depositions correlate with loss of β-cells and a lack of insulin secretion[350,356]. 

Similar to other amyloidogenic disorders, early oligomeric intermediates constitute 

the toxic species of IAPP[357,358]. 

 

1.6.2.3 The link between Type 2 Diabetes and Alzheimer’s disease 
There is increasing evidence suggesting a link between AD and T2D[359-363]. AD 

patients have an increased risk for developing T2D[359]. Similarly, insulin resistance 

can cause memory impairment[362]. Aβ was found to co-localize with IAPP in 

pancreatic tissue of T2D patients[364]. Besides aggregation of amyloidogenic peptides 

and cell death, AD and T2D share further physiological processes, including high 

cholesterol levels and risk of cardiovascular disease[365], increased oxidative stress 

and inflammation[366,367] and association with APOE-ε4[368,369]. Impairment of insulin 

signaling seems to be the main common underlying problem in both diseases[361]. 

Insulin receptors are found on neurons in the brain and mediate numerous cellular 

processes such as cell growth, hence, a misregulation will induce 

neurodegeneration[361]. Furthermore, insulin signaling triggers phosphorylation of 

tau[370]. 

 

1.6.2.4 Design of IAPP based inhibitors 
The peptide sequences of Aβ1-40 and IAPP are ca. 25% identical and 50% similar, 

where some regions share even higher identity[371], and cross-seeding of the two 

peptides has been described[227]. These observations triggered the design of IAPP 

based peptide inhibitors targeting AD and T2D[371,372]. An IAPP mimic (IAPP-GI) was 

designed containing N-methylations at G24 and I26 of the amyloid core of full-length 

IAPP, which is soluble, nonamyloidogenic and noncytotoxic[372]. The N-methylations 
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prevent interstrand hydrogen bond formation necessary for amyloid 

self-assembly[372]. Indeed IAPP-GI disassociates and blocks the formation of 

oligomers and fibrils of IAPP[372] and Aβ1-40
[371], binds their prefibrillar entities, and is a 

potent inhibitor of insulin aggregation[373]. IAPP-GI has contributed to the design of 

further peptide inhibitors[374,375]. 

 

Within the IAPP-GI sequence, regions A08-H18 and N22-S28 have been identified 

as hot regions responsible for high affinity interaction between amyloid peptides[376]. 

However, neither A08-S28, nor each hot segment alone is sufficient to inhibit Aβ1-40 

aggregation, suggesting the necessity of topological features for inhibition[377]. The 

two segments were connected by various linkers consisting of three identical amino 

acids and tested for their efficiency to block Aβ and IAPP aggregation[378] (Figure 

1.12). Such peptide inhibitors are termed IAPP cross-amyloid interaction surface 

mimics (ISMs). The advantage of ISMs over IAPP-GI is that they lack IAPP 

bioactivity and may thus be used for development of AD drugs. The hot segments 

connected by a leucine linker (L3-GI) adapts β-strand character in solution and is the 

most potent inhibitor of Aβ1-40 and IAPP aggregation and cytotoxicity. The resulting 

co-aggregates also contain β-strand elements. An arginine linker (R3-GI) has similar 

effects on Aβ1-40, although it contains less β-sheet content judged by far-UV CD 

spectroscopy. ISMs containing an alanine (A3-GI) or glycine linker (G3-GI) are 

unable to suppress Aβ1-40 or IAPP fibrillation, and contain high amounts of unordered 

structures. In the current work, we elucidate structural characteristics of ISM 

interactions with Aβ1-40. 
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Figure 1.12: Design of IAPP-based amyloid inhibitors. (a) Sequences of Aβ1-40 and IAPP. Identical 

residues are underlined. G24 and I26 of IAPP-GI are N-methylated (red). Physiological 

post-translational modifications of IAPP include disulfide bond formation between C02 and C07 and 

amidation the C-terminus[379]. Sequences A08-H18 and N22-S28 were identified as hot regions for 

Aβ-IAPP interactions[376] (orange). (b) Structure of ISMs. The hot regions of IAPP-GI were connected by 

various linkers (blue) and tested for their inhibitory efficiency[378]. (c) Mechanism of interaction action 

between IAPP-GI and IAPP. IAPP-GI binds IAPP monomers and intermediates, inhibiting further 

self-assembly to cytotoxic species. N-methylations (red) prohibit hydrogen bond formation on one side 

of the assembly. At the same time, IAPP-GI dissociates cytotoxic intermediates. (c) is reproduced from 

Yan et al[372].  

 

1.7 Scope of this study 
Understanding the mechanism in which inhibitory molecules interact with 

amyloidogenic proteins is crucial for structure-based drug design. In the current 

study, we investigate interactions of the AD peptide Aβ with the NSAID and GSM 

sulindac sulfide, as well as several ISM peptide inhibitors. In particular, we use 

solution-state NMR spectroscopy to monitor soluble Aβ and its aggregation behavior, 

as well as MAS solid-state NMR spectroscopy to characterize insoluble Aβ 

aggregates. Using a combination of solid-state NMR methods such as chemical 

shifts and distance restraints, we gather information about structural details of Aβ 

within the aggregate. As sulindac sulfide forms complexes with Aβ, the NMR active 

properties of its 19F atom were employed to localize the binding site of the NSAID on 

Aβ. In addition, solution-state NMR studies were carried out on the ISM K3L3K3-GI 

to characterize its structural details, and to understand how they facilitate binding to 

Aβ.  
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2. Materials and Methods 
 
2.1 Materials 

2.1.1 Chemicals 
Chemicals were supplied by Carl Roth GmbH & Co. KG (Karlsruhe, Germany), 

SERVA Electrophoresis GmbH (Heidelberg, Germany), VWR International GmbH 

(Ismaning, Germany), Roche Diagnostics GmbH (Unterhaching, Germany) and 

Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany), unless stated otherwise. 
15NH4Cl and U-13C6 D-glucose and D2O were purchased from Cambridge Isotope 

Laboratories, Inc (Tewksbury, USA) and Euriso-top (Saint-Aubin, France). DMSO-d6 

was supplied by Euriso-top and Sigma-Aldrich. 

 

2.1.2 Equipment and software 
Equipment for the ÄKTApurifier system, as well as the UNICORN 3.51 software was 

obtained from GE Healthcare GmbH (Munich, Germany), unless stated otherwise. 

NMR spectrometers and associated equipment are manufactured by Bruker BioSpin 

GmbH (Rheinstetten, Germany). Experiments were recorded using TopSpin v 3.2 

(Bruker BioSpin). Molecular structures were created with ChemBioDraw 14.0 

(PerkinElmer, Inc, Waltham, USA). Figures were created with Adobe Illustrator CS5 

(Adobe Systems Inc, San Jose, USA). Protein structures were analyzed with 

PyMOL[380]. ARIA2 (ambiguous restraints for iterative assignment) was used for 

protein structure calculations[381]. 

 

2.1.3 Bacterial strains and plasmids 
The pET28a(+) vector and E. coli BL21 (DE3) cells were supplied by Novagen 

(Merck Millipore, Darmstadt, Germany). E. coli XL1-Blue cells were purchased from 

Stratagene (Agilent Technologies Deutschland GmbH, Waldbronn, Germany). 
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2.1.4 Bacterial growth media 
Lysogeny Broth (LB) (Table 2.1) was used for expression of unlabeled peptide, 

minipreps or precultures. LB medium was autoclaved prior to use. M9 medium (Table 

2.1) was supplemented with 15NH4Cl for 15N, and U-13C6 D-glucose for 13C isotope 

labeling, respectively. Otherwise, unlabeled NH4Cl (Roth) and D-glucose (Roth) were 

added to the media. Isotopes, biotin (Roth) and thiamin-HCl (Serva) were prepared 

fresh and sterile filtered. All other M9 components were autoclaved prior to use. 

 

Medium Amount per 1 L Reagent (all Roth) 
LB  
pH 7.5 

10 g Tryptone  
10 g NaCl  
5 g Yeast extract  

M9 (10X) 60 g Na2HPO4 
30 g KH2PO4 
5 g NaCl 

Trace elements (100X) 5 g EDTA, pH 7.5 
0.83 g FeCl3 ! 6 H2O 
84 mg ZnCl2 
13 mg CuCl2 ! 2 H2O 
10 mg CoCl2 ! 6 H2O 

 10 mg H3BO3 
1.6 mg MnCl2! 6 H2O 

M9 (1X) 100 ml M9 (10X) 
10 ml Trace elements (100X) 
1 ml 1 M MgSO4 
0.3 ml 1 M CaCl2 
10 ml Biotin (0.1 mg/ml) 
1 ml Thiamin-HCl (1 mg/ml) 
10 ml 20% (w/v) D-glucose or U-13C6 D-glucose 
5 ml 10% (w/v) NH4Cl or 15NH4Cl 

 
Table 2.1: Recipes for bacterial growth media and their components. 

 

2.2 Methods 

2.2.1 Molecular biology 

2.2.1.1 Plasmid purification 
Plasmids were purified from E. coli XL1-Blue LB o/n cultures using the Wizard® Plus 

SV Miniprep kit (Promega GmbH, Mannheim, Germany). The DNA was sequenced 

at GATC Biotech AG (Konstanz, Germany) and stored at -20 °C. Pure plasmid 

concentration was determined by measuring the UV absorbance at 260 nm. 
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2.2.1.2 Heat shock transformation 
A 100 µl aliquot of cells were thawed on ice. Around 40 ng of the plasmid DNA was 

added to the cells and mixed gently. The mixture was incubated for 30 min on ice, 

heat shocked for 40 sec at 42 °C and immediately incubated on ice for 5 min. 1 ml of 

LB was added to the cells, followed by incubation for 1 h at 37 °C with 450 RPM. 

50 µl of the suspension was spread on LB agar plates containing kanamycin (Roth) 

(50 µg/ml). Cells were allowed to grow o/n at 37 °C. 

 

2.2.1.3 Glycerol stocks 
75 µl of an o/n LB culture of BL21 (DE3) cells were mixed with 25 µl of sterile 80% 

glycerol (Roth). The mixture was gently vortexed, immediately flash frozen in liquid 

nitrogen and stored at -80 °C. 

 

2.2.2 Recombinant expression and purification of Aβ1-40 
The Aβ1-40 sequence was cloned into pET28a(+) vector (Appendix 5.1.1) containing a 

gene for kanamycin resistance. The construct was preceded by an N-terminal 

methionine, which does not alter the biochemical properties of the peptide[382]. The 

Aβ1-40 peptide is expressed into inclusion bodies (IB) and purified following a washing 

protocol and reversed-phase HPLC (RP-HPLC) based on a protocol described 

previously[383]. 

 

2.2.2.1 Expression of recombinant Aβ1-40 
Aβ1-40 was recombinantly expressed in E. coli BL21 (DE3) cells. The cultures were 

grown in LB or M9 media supplemented with the desired isotopes for isotope-labeled 

peptide. All cultures were inoculated with a single colony picked from a plate 

containing BL21 (DE3) cells harboring the Aβ1-40 sequence prepared by heat shock 

transformation or from glycerol stocks. Bacterial cultures were grown in flasks using 

media supplemented with kanamycin (50 µg/ml) at 37 °C and 150 RPM. Cell growth 

was monitored by measuring the OD600. Protein expression was induced at an OD600 

of 0.7-0.8 by the addition of isopropyl-β-D-thiogalactopyranoside (IPTG) (SERVA) to 

a final concentration of 1 mM. After induction, the cultures were incubated for 4 h at 

37 °C and 150 RPM. 
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2.2.2.1.1 Test expression 

Prior to big scale expressions, test expressions were carried out at a smaller scale to 

screen for efficiently expressing colonies. 5-10 colonies were picked from the plates 

and added to 20 ml LB medium. The precultures were allowed to grow o/n. On the 

following day, appropriate amounts of cells were centrifuged 10 min at 4000 g and 

resuspended in unlabeled M9 medium to yield an OD600 of 0.1. The cells were grown 

to an OD600 of 0.7-0.8 and protein expression was induced for 4 h. Afterwards, cell 

pellets were collected by centrifuging 500 µl of each culture for 10 min at 21100 g. 

Protein expression was analyzed by tricine SDS-PAGE. 

 

2.2.2.1.2 Main expression 

200 ml LB medium was inoculated with 5 ml of the o/n LB culture of the colony 

showing the highest protein expression levels. Cells in LB medium were allowed to 

grow 5-6 h and used to inoculate the M9 o/n preculture. For this purpose, appropriate 

amounts of cells were centrifuged 10 min at 4000 g and resuspended in 300 ml M9 

medium to yield an OD600 of 0.1. The M9 precultures were allowed to grow o/n. On 

the following day, the cells were diluted in M9 to an OD600 of approximately 0.1-0.2. 

The cells were grown to an OD600 of 0.7-0.8 and protein expression was induced for 

4 h. Before harvesting the cells, 500 µl of each culture was centrifuged for 10 min at 

21100 g and used as a sample to check for protein expression by tricine SDS-PAGE. 

 

2.2.2.1.3 Cell harvesting 

The cells were harvested by centrifuging the cultures 30 min at 6000 RPM and 4 °C. 

The pellets were resuspended on ice in 20 mM Tris (Roth) pH 8.0. Subsequently, the 

cells were again centrifuged for 40 min at 6000 g and 4 °C. The cell pellets were 

immediately flash frozen in liquid nitrogen and stored at -80 °C until further use.  

 

2.2.2.2 Purification of recombinant Aβ1-40 
Cell pellets were thawed on ice and pellets of 2 L culture were resuspended in 50 ml 

20 mM Tris pH 8.0 supplemented with 20 µg/ml Deoxyribonuclease I (SERVA) and 

1 cOmplete EDTA-free Protease Inhibitor Cocktail tablet (Roche). The suspension 

was stirred for 20 min at RT. Cells were lysed by sonication on ice (30% amplitude, 

1 s pulse on, 1 s pulse off, total sonication time 3-5 min). This step was repeated until 

cells were fully lysed. The lysate was centrifuged for 30 min at 24000 g and 4 °C and 

the supernatant was discarded. The pellet containing IB were washed three times, 
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once with buffer A (20 mM Tris pH 8.0 supplemented with 0.4% Triton X-100 (Roth)) 

and twice with buffer B (20 mM Tris pH 8.0). To wash the IB, the pellet was 

resuspended in 30 ml of buffer A by sonication on ice until no particles remained 

(typically 30% amplitude, 1 s pulse on, 1 s pulse off, total sonication time 2-3 min). 

The suspension was centrifuged for 15 min at 24000 g at 4 °C. The washing step 

was repeated twice with buffer B. IB were stored o/n at -80 °C. On the following day, 

IB were dissolved in 20 ml 8 M guanidinium hydrochloride (Roth) in 20 mM Tris 

pH 8.0 by sonication at RT (30% amplitude, 1 s pulse on, 1 s pulse off, total 

sonication time 1-2 min). The suspension was centrifuged at 24000 g for 20 min at 

20 °C. 

 

The IB extraction was further purified using an ÄKTApurifier system (GE Healthcare). 

The extract was loaded onto an ECOPLUS HPLC column (TAC15/500, Kronlab 

Chromatography Technology, Dinslaken, Germany) home-packed with the 

reversed-phase separation material SOURCE 30RPC (GE Healthcare). The 

following buffers (filtered and degased) were used for the RP-HPLC runs: 

 

Buffer A: 10 mM ammonia solution (Roth) 

Buffer B: 80% acetonitrile (VWR), 0.3% trifluoroacetic acid (TFA) (Roth) 

 

Initially, the column was equilibrated with 20% B for 5 column volumes (CV). The 

sample was loaded in 0.6 CV, and the column was washed for 4 CV, both at 20% B. 

This was followed by a gradient from 20% B to 60% B over 15 CV, in which Aβ1-40 

usually elutes at around 42% B. Fractions of 11 ml were collected throughout the 

gradient. The concentration of B was increased to 100% in 1.5 CV and remained at 

100% B for 1.5 CV until the completion of the run. A constant flow of 4 ml/min was 

used for the entire HPLC run. Protein elution was monitored by UV at 280 nm. 

 

The protein content of the fractions was analyzed by SDS-PAGE. Fractions 

containing Aβ1-40 were gathered in glass tubes, flash frozen in liquid nitrogen, 

lyophilized for at least 3 days and stored at -80 °C until further use. 
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2.2.3 Protein analytical methods 

2.2.3.1 Tricine sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) 
In order to analyze protein content of samples, tricine SDS-PAGE was carried out 

according to the protocol described by Schägger[384] (Table 2.2). This method is 

optimized for the separation of small (<30 kDa) and hydrophobic proteins. 

 

Bacterial cell pellets from cultures were dissolved in 40 µl sample loading buffer (1X) 

by vigorous vortexing. For fractions collected in the RP-HPLC run, 30 µl of the 

fractions were mixed 10 µl of sample loading buffer (4X). The samples were 

incubated at 95 °C for 15 min with 800 RPM.  

 

Around 5 µl of samples from bacterial cell pellet samples and 10 µl of samples from 

RP-HPLC fractions were loaded onto the gels. The Ultra-low Range Molecular 

Weight Marker (Sigma-Aldrich) was loaded onto the gels as a reference for 

molecular weight. Gels were run with a constant voltage of 100 V. After the run was 

completed, gels were incubated in fixing solution (20% ethanol (Roth), 10% acetic 

acid (Roth)) for 30 min, transferred to staining solution (0.025% Coomassie (Serva), 

10% acetic acid) for at least 1 h and incubated in destaining solution (10% acetic 

acid). 

 
Buffer / gel Concentration / amount Reagent 
Gel buffer (3X) 
pH 8.45 

3 M Tris 
1 M HCl (Roth) 
0.3% (w/v) SDS (Serva) 

16% gel (30 ml) 12 ml 40% Acrylamide (Serva) 
10 ml Gel buffer (3X) 
3 g Glycerol (Roth) 
5 ml H2O 
200 µl 10% (w/v) Ammonium persulfate (APS) 

(Sigma-Aldrich) 
8 µl Tetramethylethylenediamine (TEMED) (Roth) 

loading buffer (4X) 200 mM Tris-HCl pH 6.8 (Roth) 
400 mM Dithiothreitol (DTT) (Roth) 
8% SDS 
0.4% (w/v) Bromophenol blue (Sigma-Aldrich) 
40% Glycerol 

Anode buffer (10X) 
pH 8.9 

1 M Tris 
0.225 M HCl 

Cathode buffer (10X) 
pH ~ 8.25 

1 M Tris 
1 M Tricine (Roth) 
1% SDS 

 
Table 2.2: Recipes for tricine SDS-PAGE buffers and gels 
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2.2.3.2 Mass spectrometry 
Lyophilized peptide was dissolved in 50% acetonitrile and analyzed by mass 

spectrometry. The analysis was carried out on a Thermo Finnigan LTQ-FT (ESI-ICR) 

spectrometer (Thermo Fisher Scientific, Inc., Waltham, USA), operating between 

50-2000 m/z. Deconvolution of spectra was done using the program ProMass 2.8 

(Thermo Fisher Scientific, Inc.). 

 

2.2.3.3 Transmission electron microscopy (TEM) 
Protein samples were prepared for TEM visualization by negative staining on a 

formvar coated grids stabilized with carbon film containing 300 meshes (Electron 

Microscopy Sciences, Hatfield, USA). The hydrophilization of the grids was 

enhanced by glow discharging in argon atmosphere for 30 s and 3 mA, to increase 

sample adsorption on the grids. 10 µl of protein sample was placed on the grid and 

incubated for 60 s. The protein solution was carefully removed using filter paper. The 

grid was stained with 5 µl 2% (w/v) uranyl acetate for 30 s. The stain was again 

removed using a filter paper. Images were recorded on a JEM-100CX transmission 

electron microscope (JEOL, Freising, Germany) at a magnification of 33000.  

 

2.2.3.4 Dynamic light scattering (DLS) 
The R3-GI peptide was dissolved to a concentration of 1 mM as described in Section 

2.2.4.7 and subject to DLS measurement on a DynaPro NanoStar instrument (Wyatt 

Technology Europe GmbH, Dernbach, Germany). Three measurements consisting of 

10 acquisitions each were carried out at 25 °C. Acquisition times of 60 s were used. 

The data was analyzed by the DYNAMICS V7 software (Wyatt Technology Europe 

GmbH). DLS measurements were carried out under the guidance of Dr. Philipp Baer 

(Technische Universität München, Chair of Biochemistry, Garching, Germany). 

 

2.2.4 Sample preparation 

2.2.4.1 NSAID stocks 
Stocks of sulindac sulfide (Sigma-Aldrich) and sulindac sulfone (Sigma-Aldrich) 

were prepared in DMSO-d6 at concentrations of 50 mM or 100 mM. The amount of 

the NSAID was determined by weight (error: 2.35 mM at a concentration of 50 mM). 
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Appropriate amounts of the NSAID stocks were added to aqueous solutions. The 

final concentration of DMSO in aqueous solutions typically did not exceed 1%. 

 

2.2.4.2 Dissolving monomeric Aβ1-40  
To avoid aggregation, it is crucial to obtain a purely monomeric solution free of 

nucleation seeds[385]. Lyophilized Aβ1-40 was dissolved in 10 mM NaOH (Roth) in a 

glass vial[386]. Appropriate amounts of NaOH were added until all particles were 

dissolved and a clear solution was obtained. In order to remove potential seeds for 

aggregation, the solution was centrifuged for 10 min at 21100 g. The supernatant 

was transferred to a new glass vial. The concentration of Aβ1-40 was determined by 

measuring the UV absorbance at 280 nm. The Aβ1-40 peptide was then diluted to the 

desired concentration (typically 50 µM or 100 µM) with 2-X buffer (100 mM 

Na-phosphate, 100 mM NaCl, pH 7.4). Monomeric Aβ1-40 was freshly prepared for all 

further steps. 

 

2.2.4.3 Probing equilibrium of aggregated Aβ1-40  
Monomeric Aβ1-40 at a concentration of 50 µM was incubated with a 6-X molar excess 

of sulindac sulfide (300 µM), which causes aggregation of a significant amount of the 

peptide. The sample was centrifuged for 30 min at 21100 g. The soluble and 

aggregated fractions were separated and the pellet was resuspended in 50 mM 

Na-phosphate, 50 mM NaCl, pH 7.4. 1D-1H NMR experiments were carried out at all 

steps. 

 

2.2.4.4 Oxidation assays of Aβ1-40 and NSAIDs 
Monomeric or fibrillar Aβ1-40 or NSAIDs were incubated with H2O2 (Sigma-Aldrich), 

T-chloramine (Sigma-Aldrich), N-chlorosuccinimide (NCS) (Sigma-Aldrich) or 

N-bromosuccinimide (NBS) (Sigma-Aldrich) under the desired conditions in the dark 

and at RT in glass vials. The oxidation reactions of fibrils were terminated by 

centrifuging the fibrils for 10 min at 21100 g, and redissolving them in DMSO-d6 

supplemented with 25 mM ascorbic acid (Sigma-Aldrich) and 0.2% TFA, as 

described previously[383]. To terminate oxidation of monomeric Aβ1-40, 25 mM 

ascorbic acid was added to the solution. As a reference, soluble monomeric Aβ1-40 

was oxidized, lyophilized and redissolved as described for fibrillar Aβ1-40. 
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2.2.4.5 Preparation of Aβ1-40 fibrils 
Aβ1-40 fibrils were prepared based on a protocol described earlier[383]. Monomeric 

Aβ1-40 at a concentration of 50 µM was incubated with 5-10% (w/w) seeds and 

incubated in glass vials under agitation until all monomeric material was fibrillized. 

Seeds were obtained from sonicated fibrils. The seeding step was repeated for 11 

generations until fibril morphology was consistent. 

 

2.2.4.6 Preparation of ISMs in combination with Aβ1-40 
All peptide inhibitors were provided by the group of Prof. Dr. Aphrodite Kapurniotu 

(Technische Universität München, Group of Peptide Biochemistry, Weihenstephan, 

Germany). Sequences of all ISMs used are shown in Appendix 5.1.2. The peptides 

were synthetically produced and purified and provided in a film evaporated from 

hexafluoroisopropanol (HFIP). Measurements were performed on Aβ1-40 at a 

concentration of 20 µM incubated with ISMs at 1-X (20 µM) or 10-X (200 µM) molar 

excesses. All steps were carried out on ice and in glass vials. The peptide inhibitors 

and Aβ1-40 (lyophilized) were dissolved in HFIP at 1 µl/µg until a clear solution was 

obtained. The solutions containing ISMs were then transferred to the Aβ1-40 solution, 

and incubated for 30 min. The HFIP was evaporated by a weak flow of N2 gas. The 

resulting film was dissolved in 500 µl of 10 mM Na-phosphate pH 7.5 supplemented 

with 1 % HFIP and measured.  

 

Alternatively, as a preparation of solid-state NMR samples, monomeric Aβ1-40 was 

prepared as described in Section 2.2.4.2, however using a stronger buffer (200 mM 

Na-P, 10 mM NaCl, pH 7.4). As indicated at the experimental figure captions, the 

final buffer contained 1% HFIP. The ISMs were dissolved in 50 µl of 1mM HCl (10% 

final concentration), added to Aβ1-40 and measured immediately. For all ISMs and 

experimental setups, reference experiments using Aβ1-40 treated under the same 

conditions were carried out. 

 

2.2.4.7 Preparation of the ISM R3-GI 
The R3-GI peptide was synthetically produced and purified by the group of Prof. Dr. 

Aphrodite Kapurniotu (Technische Universität München) and provided in a film 

evaporated from HFIP. Peptides for DLS and NMR measurements including 1H-15N 

and 1H-13C HSQCs contained U-13C, 15N isotope labeling at A06, V10, L20 and S21. 

450 µl of 10 mM Na-phosphate pH 7.5 supplemented with 1 % HFIP was added to 
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the peptide, and incubated for several minutes. Concentrations of 500 µM and 1 mM 

were obtained for solution-state NMR and DLS measurements, respectively. 

 

2.2.5 NMR spectroscopy 

2.2.5.1 Data analysis 

2.2.5.1.1 Plotting and resonance assignment of NMR data 

1D spectra were plotted using nmrglue[387] and 2D as well as strips from 3D spectra 

were plotted using Sparky[388]. NMR spectra were assigned using CcpNmr 

Analysis 2.4.1[389]. 

 

2.2.5.1.2 Peak integration 

1D spectra were integrated using nmrglue and 2D spectra were integrated using 

CcpNmr. Aβ1-40 amide signals were integrated in the region between 7.65 ppm to 

8.5 ppm in 1D-1H spectra. 

 

2.2.5.1.3 Prediction of secondary structures 

Secondary structural elements were predicted by TALOS+[24], and by secondary 

chemical shift ΔδCα (ppm) and ΔδCα-ΔδCβ (ppm).  

 

Secondary chemical shifts were calculated using the following equation: 

 

!!" = !!"!"#$%&$' − !"!"#$%&!!"#$ 
 

Random coil values were taken from Wishart et al[390]. The values are specified within 

a range of ±0.7 ppm (ΔδCα) and ±1.4 ppm (ΔδCα-ΔδCβ). Hence, Δδ values within 

this range are considered insignificant and are indicated by a gray bar in the data. 

 

Negative values for ΔδCα (ppm) and ΔδCα-ΔδCβ (ppm) indicate β-strand and 

positive values indicate α-helical structural elements. At least 4 consecutive positive 

values are required to define a helix and at least 3 consecutive negative values are 

required to define a β-strand. 
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2.2.5.1.4 Chemical shift perturbations (CSPs) 

For solution-state NMR studies, CSPs are extracted from 1H and 15N chemical shifts 

of sulindac sulfide (sul) incubated Aβ and reference Aβ (ref) using the following 

equation: 

!" = 1
2 !"!"# − !"!"#

! + 1
10 !"!"# − !"!"#

! !/!

! 

 

For solid-state NMR studies, CSPs are extracted from 13C an 15N chemical shifts of 

sulindac sulfide (sul) incubated Aβ and reference Aβ (ref) using the following 

equations: 

!"! = ! !"!"# − !"!"#
!
!
! !!!!!!!!!!!and!!!!!!!!!!!"! = !

2
5 !"!"# − !"!"#

!
!
!
 

 

The following equation was used for calculating CSPs of backbone resonances: 

!" = !13 !"#!"# − !"#!"#
! + !!"!"# − !"#!"#

! + 2
5 !"!"# − !"!"#

!
!
!
 

 

2.2.5.2 Solution-state NMR sample preparations 
All samples were freshly prepared. For titrations, the molecules of interest were 

added directly to the NMR tube (DURAN Group GmbH, Wertheim/Main, Germany) 

and the samples were mixed gently by inversion and measured immediately. 

Samples contained 10% D2O. 

 

2.2.5.3 Solution-state NMR measurements 
Solution-state NMR experiments were recorded Avance III spectrometers operating 

at 1H Larmor frequencies of 900, 750, 600 and 500 MHz. The spectrometers are 

equipped with cryogenic (except for the 750 MHz) triple resonance gradient probes 

(1H/13C/15N). The 1H CS scale was referenced by setting the signal of 2,2-dimethyl-2-

silapentane-5-sulfonate (DSS) to 0.00 ppm, and 13C as well as 15N CS scales were 

referenced according to their frequency ratios[391]. All measurements were carried out 

at 277 K, unless stated otherwise. 
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All 1D-1H spectra contained a watergate pulse sequence for solvent suppression[392]. 

2D 1H-15N correlations were recorded as SOFAST heteronuclear multiple quantum 

coherence (HMQC) experiments[393]. 2D 1H-13C correlations were recorded as HSQC 

experiments employing constant-time homonuclear 13C decoupling[394]. 

Band-selective excitation short-transient (BEST) pulse sequence versions were 

recorded for 3D assignment spectra HNCA, HNCO[395] and HNCACB[396]. In addition, 

sequential assignment was achieved by a 3D HNCANNH spectrum[397]. 2D 1H 

homonuclear NOESYs[398] were recorded using a watergate pulse sequence for 

solvent suppression.  

 

2.2.5.4 Solid-state NMR sample preparations 
Approximately 12-15 mg of Aβ1-40 was used in all solid-state NMR studies. Samples 

packed into rotors were stored at 4 °C. 

 

2.2.5.4.1 Packing of rotors 

Aggregated material was centrifuged into NMR MAS rotors (Bruker BioSpin). The 

rotor packing step varied depending on the sample volume. For volumes <20 ml, 

2 ml aliquots were pelleted for 15 min at 21100 g. The pellets were resuspended in 

200 µl of buffer, and spun into the rotor for 30 min at 21100 g. For larger sample 

volumes, ~ 20 ml were sedimented into the NMR rotor[399] for 1 h at 28000 RPM using 

a filling tool (Bruker BioSpin, Figure 2.1) and a L-100 XP Ultracentrifuge and a SW 

32 Ti rotor (Beckman Coulter GmbH, Krefeld, Germany). The supernatant was 

carefully removed after each step and replaced by another ~ 20 ml of sample 

material. 

 

 
 
Figure 2.1: MAS rotor filling tool for ultracentrifuges. The tools were kindly provided by David Osen 

(Bruker BioSpin). 
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2.2.5.4.2 Sulindac sulfide incubated Aβ1-40 fibrils 

50 µM Aβ1-40 fibrils were incubated with a 5-fold molar excess of sulindac sulfide 

(250 µM) and 1% DMSO-d6 for 1 h at RT in a glass vial under quiescent conditions. A 

reference fibril sample was incubated with 1% DMSO-d6 under the same conditions. 

After the incubation, the sulindac sulfide incubated fibrils were packed into a 3.2 mm 

rotor, and the reference fibrils were packed into a 4.0 mm rotor. 

 

2.2.5.4.3 Sulindac sulfide induced Aβ1-40 aggregates 

Monomeric Aβ1-40 was dissolved to a concentration of 100 µM and incubated in the 

presence of a 5-fold (500 µM) and a 10-fold (1 mM) molar excess of sulindac sulfide 

and 1% DMSO-d6 in a glass vial. The presence of sulindac sulfide causes the Aβ1-40 

peptide to precipitate out of solution. The concentration of monomeric Aβ1-40 was 

monitored by centrifuging a 200 µl sample for 10 min at 21100 g and measuring the 

UV absorbance at 280 nm of the supernatant. After 24 h only negligible amounts of 

Aβ1-40 were present as soluble peptide, and the aggregated samples were packed 

into a 4.0 mm rotor (5-fold molar excess of sulindac sulfide) and a 3.2 mm rotor 

(10-fold molar excess of sulindac sulfide). As a reference sample, 100 µM 

monomeric Aβ1-40 was incubated with 1% DMSO-d6 under the same conditions. The 

incubation time was extended to 8 days, as DMSO-d6 is less efficient in precipitating 

Aβ1-40. The sample was packed into a 4.0 mm rotor. Crystalline sulindac sulfide was 

packed into a 3.2 mm rotor as a reference. 

 

2.2.5.4.4 K3L3K3-GI induced Aβ1-40 aggregates 

Aβ1-40 at a concentration of 20 µM was incubated with a 1.23-X molar excess of 

K3L3K3-GI (10 mg). All steps were carried out on ice and in glass vials. Monomeric 

Aβ1-40 was prepared as described in Section 2.2.4.2, however using a stronger buffer 

(200 mM Na-P, 10 mM NaCl, pH 7.4) supplemented with 1% HFIP. The peptide 

inhibitor K3L3K3-GI was dissolved in 13 ml of 1 mM HCl (10% final concentration), 

added to Aβ1-40 and incubated at 4 °C for 14 days. The sample was then sedimented 

into a 3.2 mmm rotor. 

 

2.2.5.5 MAS Solid-state NMR measurements 
The magic angle of MAS solid-state NMR spectrometers was adjusted using KBr. 13C 

and 15N chemical shift scales were referenced to external standards. The 13C CS 

scale was calibrated by referencing the stronger low field signal of adamantane to 
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38.48 ppm[400].  The 15N CS scale was calibrated by referencing the low field 

methionine signal of the MLF peptide to 125.5 ppm[401]. 

 

Conventional 2D 13C-13C PDSD and 13C-15N TEDOR experiments, as well as 

assignment spectra of sulindac sulfide incubated fibrils were measured on an Avance 

wide bore spectrometer with a 1H Larmor frequency of 700 MHz. Measurements 

were performed using a 3.2 mm and a 4.0 mm triple resonance probe (1H/13C/15N). 

Spectra of Aβ1-40 aggregates induced by sulindac sulfide at a 5-X molar excess and 

of reference aggregates were recorded on a spectrometer at a 1H Larmor frequency 

of 600 MHz using a 4.0 mm triple resonance MAS probe (1H/13C/15N). MAS 

solid-state NMR experiments involving 19F nuclei were recorded on an Avance III 

wide bore spectrometer operating at a 1H Larmor frequency of 600 MHz equipped 

with a 3.2 mm triple resonance (1H/13C/19F) CP MAS probe under the guidance of 

Dr. Gerhard Althoff-Ospelt (Bruker BioSpin). Measurements for other samples and 

other experiments including the 13C-15N TEDOR detecting the D23-K28 Aβ1-40 salt 

bridge were performed on an Avance III standard-bore spectrometer operating at a 
1H Larmor frequency of 750 MHz equipped with an Efree 3.2 mm triple resonance 

(1H/13C/15N) probe (Bruker BioSpin). MAS rotation frequencies and temperatures 

during measurements are indicated in figure legends of spectra. 

 

2.2.5.5.1 Conventional 2D and 3D assignment spectra 

For conventional 2D 13C-13C and 13C-15N correlations, the initial magnetization 

transfer from 1H to 13C was achieved by ramped (70-100%) CP on the 1H channel[402]. 

In 2D experiments, homonuclear 13C-13C mixing was facilitated by PDSD[40] with 

mixing times of 50 ms or 200 ms and 13C-15N magnetization transfer was achieved by 

TEDOR. The 3D assignment spectra NCACX and NCOCX[403] were recorded in two 

different ways. In the first version, magnetization was transferred from 1H to 13C by 

ramped (70-100%) CP, followed by a TEDOR from 13C to 15N, CS evolution (t1), and 

a selective TEDOR back to 13C, followed again by CS evolution (t2). In the second 

version, magnetization was initially transferred from 1H to 15N by ramped (70-100%) 

CP (t1) followed by a second specific ramped (100%-90%) CP to 13C (t2). In both 

cases, the magnetization from 15N to 13C was specifically transferred to Cα of residue 

i in NCACX spectra and to CO of residue i-1 in NCOCX spectra. This was followed 

by a homonuclear DARR recoupling scheme[41] (t3) with mixing times of 20 ms or 

50 ms. 
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2.2.5.5.2 Detecting the Aβ salt bridge 

3D TEDOR experiments (Appendix 5.3) based on the pulse sequence published by 

Jaroniec et al[39] were carried out to detect the D23-K28 salt bridge of Aβ[404]. 

Magnetization was initially transferred from 1H to 13C by ramped (70-100%) CP on 

the 1H channel. The two REDOR blocks reintroduce dipolar couplings between 13C 

and 15N spins by rotor-synchronized π-pulses. The first REDOR step transfers 

magnetization from 13C to 15N, followed by t1 and the second REDOR, which 

transfers magnetization back to 13C for detection. This yielded a 2D 13C-15N 

correlation spectrum. Experiments were recorded with TEDOR mixing times of 

7.72 ms and 15.72 ms. 

 

2.2.5.5.3 Detecting 13C-19F dipolar couplings in Aβ aggregated by sulindac 

sulfide 

In order to detect 13C atoms of Aβ in vicinity of sulindac sulfide 19F atom in Aβ 

aggregates induced by sulindac sulfide, 3D TEDOR experiments similar as described 

for the detection of the D23-K28 salt bridge were carried out (Appendix 5.3). 

Magnetization was initially transferred from 1H to 13C by ramped (90-100%) CP on 

the 1H channel. Magnetization was then transferred to the 19F channel, instead of the 
15N channel, to reintroduce 13C-19F dipolar couplings. Experiments were recorded in 

1D mode, hence, no 19F evolution time was used. TEDOR mixing times of 0.65, 1.29, 

2.58, 5.16 and 7.74 ms were employed. As the spectra do not exclude intramolecular 

natural abundance 13C-19F dipolar couplings of sulindac sulfide, reference 

experiments were recorded for crystalline sulindac sulfide. Reference spectra were 

subtracted from the spectra of Aβ aggregated by sulindac sulfide with a factor 0.5. 

This factor was determined by estimating the S/N in both samples. Signals at 

104.9 ppm and 110.8 ppm were used for referencing, as they do not overlap with Aβ 

and must thus arise due to intramolecular 13C-19F dipolar couplings. 

 

2.2.5.5.4 Detecting 13C-19F dipolar couplings in Aβ fibrils 

REDOR experiments were recorded to detect 13C atoms of Aβ in vicinity to sulindac 

sulfide 19F atom in Aβ fibrils[404] (Appendix 5.3). Magnetization was initially transferred 

from 1H to 13C by ramped (90-100%) CP on the 1H channel. This was followed by a 

REDOR block reintroducing 13C-19F dipolar couplings, an evolution time on 13C (t1) 

and a PDSD mixing scheme. 13C atoms will be dephased due to dipolar coupling to 
19F. Reference experiments were recorded without dipolar recoupling and REDOR 

spectra were subtracted from reference spectra to visualize dephased signals. This 
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yielded a 2D 13C-13C correlation spectrum containing only diagonal peaks for aliphatic 

resonances. Hence, spectra are displayed as 1D projections. REDOR mixing times 

of 1.1, 2.2 and 4.4 ms were used. 

 

2.2.6 Structure calculation 
The solution-state NMR structure of R3-GI was determined using ARIA2[381]. The 

N-methylations of G17 and I19 were not taken into account for the structure 

calculations. Peaks and chemical shifts from the homonuclear 2D 1H-1H NOESY 

experiments were used as restraints for calculation of the dimeric and pentameric 

structures. In addition, ambiguous distance restraints and torsion angles as 

generated by CcpNmr were used for the calculation of the monomeric structures. 

Symmetric homodimers were calculated with symmetry type C2. All structure 

calculations were run for 8 iterations, generating 20 lowest energy structures each. 

Structures from the last iteration were water refined, generating 10 lowest energy 

structures. An ensemble of these 10 structures represents the final NMR structure. 
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3. Results 
 
3.1 Expression, purification and characterization 
of monomeric Aβ1-40 

The Aβ1-40 peptide was recombinantly expressed and purified via RP-HPLC 

(Figure 3.1a). The purification protocol produced a yield of around 10-12 mg per 4 L 

of 15N, 13C labeled cultures.  

 
Figure 3.1: Expression and purification of Aβ1-40. (a) Typical RP-HPLC run for the purification of 

U-15N, 13C labeled Aβ1-40. The chromatogram at UV 280 nm is shown in blue and the gradient of %B is 

shown in light green. The chromatogram is shown enlarged (right) to illustrate elution of Aβ1-40. 

(b) Representative gels of Aβ1-40 expression (left), supernatant after washing and centrifuging of IB 

(center) and the fractions collected from the RP-HPLC run (center and right). (c) Mass spectrometric 

analysis of purified Aβ1-40 yields a mass of 4709.1 Da after spectral convolution, which is close to the 

theoretical mass of 4714.0 Da of U-15N, 13C labeled Aβ1-40. 
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The expression and purity of the recombinantly produced peptide was controlled by 

tricine SDS-PAGE (Figure 3.1b). Elution fractions showing high purity on the SDS-

PAGE gels were pooled, lyophilized and analyzed by mass spectrometry 

(Figure 3.1c). A single peak was obtained in the mass spectrometric analysis at a 

peptide mass of 4709.1 Da for U-15N, 13C labeled Aβ1-40 (theoretical mass = 4714.0 

Da). (Figure 3.1c)  

 

The monomeric entity of Aβ1-40 gives rise to well defined solution-state NMR spectra 

of a typical random coil peptide as shown for the 1H-15N HMQC (Figure 3.2a) and 
1H-13C HSQC (Figure 3.3). The lack of dispersion in the 1H dimension of the 1H-15N 

HMQC demonstrates the unstructured character of Aβ1-40. Backbone and side chain 

resonances of the peptide were assigned, although no backbone assignments were 

found for D01, H06 and H14, and some of the assignments in the side chains are 

ambiguous. All assigned Aβ1-40 resonances are listed in Appendix 5.2.1 and 

published by Mainz et al[405]. Sequential assignment was achieved by analysis of the 

3D assignment spectra HNCA, HNCACB, HNCO and HNCANNH for backbone 

resonances, and HNHA and HCCH-TOCSY for side chain resonances. 

 

It is well known that the monomeric Aβ1-40 peptide adopts a random coil conformation 

in solution[239]. The obtained chemical shifts were subject to secondary structure 

analysis (Figure 3.2b). Analysis by TALOS+ demonstrates that the major part of the 

peptide mostly exists in random coil conformation. This is further supported by 

secondary chemical shifts ΔδCα (ppm) and ΔδCα- ΔδCβ (ppm). Several residues 

(Q15-F19) show a tendency for the formation of β-strands. These findings may 

indicate the presence of transient intermediates, as these residues are part of the 

hydrophobic core[238]. 
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Figure 3.2: Solution-state NMR analysis of monomeric Aβ1-40. (a) 1H-15N HMQC of Aβ1-40 at a 

concentration of 50 µM, recorded at 277 K and 600 MHz. (b) Secondary structural elements as 

predicted by TALOS+ (top panel), and secondary chemical shifts ΔδCα (ppm) and ΔδCα- ΔδCβ (ppm) 

(lower panels). The propensities for the formation of random coil (black) and β-sheet (red) elements are 

shown for TALOS+. No significant propensities for α-helical elements are observed throughout the 

sequence. The gray bar indicates a range of ±0.7 ppm (ΔδCα) and ±1.4 ppm (ΔδCα-ΔδCβ), as this is 

the range of random coil CS specified by Wishart et al[390]. Values within this range are considered 

insignificant.  
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Figure 3.3: Solution-state NMR 1H-13C HSQC of monomeric Aβ1-40. The sample concentration of 50 µM was used, and spectra were recorded at 277 K and 600 MHz. 

Positive contours are displayed in dark blue and negative contours are displayed in light blue. 
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3.2 The effect of sulindac sulfide on aggregation 
and biochemical properties of monomeric Aβ1-40 
The γ-secretase inhibitor (GSM) sulindac sulfide has been demonstrated to influence 

Aβ properties in various aggregation states[322,333,334]. We use solution-state NMR 

spectroscopy to determine the impact of sulindac sulfide on monomeric Aβ1-40. A 

monomeric solution, free of aggregation seeds, was titrated with sulindac sulfide and 

peptide resonances were monitored in 1D-1H and 2D 1H-15N HMQC spectra. In the 

presence of sulindac sulfide, Aβ1-40 aggregates rapidly out of solution in a 

concentration dependent manner (Figure 3.4a). The fraction of aggregated peptide is 

dependent on the absolute concentration of sulindac sulfide, not the molar excess or 

Aβ1-40 starting concentration. For instance, at 100 µM sulindac sulfide, 60.8% (30.4 

µM), 61.7% (61.7 µM) and 69% (138 µM) of Aβ1-40 remained soluble at starting 

concentrations of 50 µM, 100 µM and 200 µM, respectively.  

 

By contrast, when titrating Aβ1-40 with the oxidized derivative sulindac sulfone in the 

same conditions, no peptide aggregation is observed (Figure 3.4b). Even at a 20-X 

molar excess, 97% (48.5 µM) of Aβ1-40 remains soluble, compared to 2% of sulindac 

sulfide (1.01 µM) at the same concentration. The differences in aggregation behavior 

caused by the two NSAIDs are further demonstrated in 1D-1H spectra shown above 
1H-15N HMQCs of monomeric Aβ incubated with NSAIDs (Figure 3.4c).  

 

Aβ1-40 precipitation is uniform throughout the peptide sequence, as all residues 

aggregate at similar rates, as observed for backbone (Figure 3.4d) and side chain 

signals (Figure 3.4e). However, no CSPs are observed in the presence of the 

NSAIDs for backbone (Figure 3.4c, f) and side chain resonances (data not shown). 

At 5-X molar excesses of the NSAIDs, CSPs for all residues are negligible 

(<0.007 ppm). 
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Figure 3.4: The effect of NSAIDs on monomeric Aβ by solution-state NMR. (a) Solubility of Aβ1-40 

as a function of the amount of sulindac sulfide in the sample. (b) Solubility of Aβ1-40 as a function of the 

amount of sulindac sulfide and sulindac sulfone in the sample. (c) 1H-15N HMQC of 50 µM Aβ1-40 in the 

presence of a 6-fold molar excess of sulindac sulfide (left) and a 5-fold molar excess of sulindac sulfone 

(right). Corresponding 1D-1H spectra are shown above the 2Ds at increasing concentrations of the 

NSAIDs to illustrate the enhanced signal loss in the presence of sulindac sulfide compared to sulindac 

sulfone. (d-e) Relative residue specific signal intensities extracted from peaks in the 1H-15N HMQC (d) 

and 1H-13C HSQC (e) of 50 µM Aβ1-40 in the presence of increasing concentrations of sulindac sulfide. 

(f) Residue specific CSPs Δδ (ppm) for 1H and 15N as observed for 50 µM Aβ1-40 in the presence of a 

5-fold molar excess of sulindac sulfide and sulindac sulfone. All experiments were recorded at 277 K 

and 750 MHz.  
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As the NSAIDs were titrated from a DMSO-d6 stock, residual DMSO-d6 was found in 

nearly all NMR samples (usually ≤ 1%). Titrations of DMSO-d6 to Aβ1-40 were carried 

out to exclude effects of DMSO-d6 on the peptide (Figure 3.5a-b). 1H-15N HMQCs 

demonstrate that DMSO-d6 concentrations up to 2% do not affect Aβ1-40 CS, although 

CSPs are observed at higher concentrations of 8% mainly for S08-V12, several 

residues between V18-N27 and the C-terminal V40 (Figure 3.5a). Similarly, the 

influence of DMSO-d6 on Aβ1-40 solubility is negligible up to a concentration of 4% 

(Figure 3.5b). As these critical DMSO-d6 concentrations are higher than the actual 

concentration used in the experiments, side effects of DMSO-d6 were not taken into 

account in further experimental setups. 

 

 

 
 
Figure 3.5: Properties of monomeric Aβ in the presence of sulindac sulfide and DMSO-d6. 

(a) 1H-15N HMQC of 50 µM Aβ1-40 in the presence of increasing concentrations of DMSO-d6. 

(b) Solubility of Aβ1-40 as a function of DMSO-d6. (c) Solubility of Aβ1-40 in the presence of a 3-X molar 

excess of sulindac sulfide as a function of time. (d) 1D-1H spectra of 50 µM Aβ1-40 in the absence and 

presence of a 6-X molar excess of sulindac sulfide, and after separation (and resuspension) of the 

aggregated (pellet) and soluble (supernatant) fraction measured immediately and after 20 h. All 

experiments were recorded at 277 K and 750 MHz. 
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A time-follow experiment shows that upon the addition of sulindac sulfide, the 

aggregation reaction of Aβ1-40 occurs rapidly and continues at a slower rate for 4 h 

(Figure 3.5c). 300 µM of sulindac sulfide reduces Aβ1-40 solubility to 56.5% 

immediately, and to a stable state of 37.1% after 4 h. After 72 h, Aβ1-40 solubility 

remained at 35.9%. Hence, sulindac sulfide induced Aβ1-40 aggregation is slightly 

time dependent but will reach equilibrium eventually. The resulting aggregates are 

persistent and irreversible (Figure 3.5d). Sulindac sulfide induced Aβ1-40 aggregates 

were separated from the soluble fractions and redissolved in buffer. No peptide was 

resolubilized, even after 20 h incubation. Similarly, the fraction containing soluble 

peptide did not produce further aggregates, even after 20 h incubation. However, 

both fractions contain sulindac sulfide, as can be seen from the presence of two 

characteristic signals. 

 

Small phenolic molecules such as sulindac sulfide form colloidal aggregates in 

aqueous solutions[338]. To assess the solubility of the NSAIDs, we monitored their 

characteristic signals in 1D-1H spectra (Figure 3.6a-b). At increasing concentrations, 

sulindac sulfide signal are attenuated and broadened (Figure 3.6a), indicating the 

formation of larger assemblies and chemical exchange. By contrast, sulindac sulfone 

signals increase according to the concentration present in the sample (Figure 3.6b). 

The solubility of sulindac sulfide is impaired at concentrations above 300 µM in buffer 

(Figure 3.6c). The presence of Aβ1-40 hampers sulindac sulfide solubility even further, 

and the NSAID precipitates at concentrations above 100 µM. Therefore, Aβ1-40 and 

sulindac sulfide must aggregate into complexes. In accordance with the report that 

sulindac sulfone is not prone to aggregating into colloids[335], its 1D-1H NMR 

spectrum demonstrates that it is soluble even at high concentration. The monitored 

signal intensities correlate with the amount titrated into the sample (Figure 3.6d). The 

presence of Aβ1-40 has no effect on sulindac sulfone signals when compared to the 

buffer control. 
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Figure 3.6: Solubility of NSAIDs analyzed by solution-state NMR. Solution-state NMR spectra of 

characteristic sulindac sulfide (a) and sulindac sulfone (b) signals at increasing concentrations of the 

NSAIDs. The spectra were recorded in the presence 50 µM Aβ1-40. Signals at 7.22 and 7.08 ppm for 

sulindac sulfide (c) and signals at 7.75 and 7.52 ppm for sulindac sulfone (d) were integrated in the 

presence (!) and absence (*) of 50 µM Aβ1-40 to determine solubilities and plotted as a function of 

NSAID titrated into the sample. All experiments were recorded at 277 K and 750 MHz.  

 

Morphological and biochemical characteristics of sulindac sulfide induced Aβ1-42 

aggregates were analyzed by TEM, SEC and MTT assays by Dr. Cristian Barucker in 

the group of Prof. Dr. Gerd Multhaup (McGill University, Department of 

Pharmacology and Therapeutics, Montreal, Canada). As demonstrated by TEM and 

MPL measurements, Aβ aggregated in the presence of sulindac sulfide seems to 

form oligomeric complexes, which are ca. 20 nm larger in size than their counterparts 

aggregated by DMSO (Figure 3.7a). Specifically, sulindac sulfide shifts the 

population of 4-6mers to higher n oligomers consisting of 16-20 subunits as revealed 

by size exclusion chromatography (SEC) (Figure 3.7b). This effect is more 

pronounced after 8 h. There is strong evidence that small oligomers constitute the 

neurotoxic Aβ species[205,209]. Indeed, the larger oligomers formed in the presence of 

sulindac sulfide exert a decreased toxicity on neuron cells compared to the smaller 

aggregates formed by DMSO (Figure 3.7c). This protective effect is even more 

pronounced after 8 h. Therefore, the reduction in neurotoxicity correlates with the 

increased population of high-n oligomers after a longer incubation time, as shown by 

SEC. 
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Figure 3.7: The effect of sulindac sulfide on morpholgical and neurotoxic properties of Aβ. All 

exerpiments were performed in the lab of Prof. Dr. Gerd Multhaup by Dr. Christian Barucker (McGill 

University). (a) TEM images and mass-per-length measurements of Aβ1-40 in the presence of sulindac 

sulfide or DMSO after 8 h, 24 h and 7 days. *p<0.01; black scale bar = 100 nm. (b) SEC of Aβ1-42 

aggregates induced by sulindac sulfide (red) or DMSO (black) after 0 h and 8 h incubation. (c) MTT 

assay of neuron cells in the presence of Aβ1-42 incubated in the presence of sulindac sulfide (red) or 

DMSO (black) for 0 h, 4 h and 8 h. 
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3.3 Solid-state NMR investigations of Aβ1-40 
aggregates induced by sulindac sulfide 
Aβ1-40 aggregates induced by sulindac sulfide are too large to be observable by 

solution-state NMR. In order to investigate structural characteristics of the 

aggregates, we carried out MAS solid-state NMR measurements of Aβ1-40 

aggregated by a 5-X and 10-X molar excess of sulindac sulfide, as well as a 

reference sample (1% DMSO-d6) (Figures 3.8 and 3.9). 

 
Figure 3.8: MAS solid-state NMR spectra of sulindac sulfide induced Aβ aggregates. 100 µM 

Aβ1-40 was aggregated by a 5-X (blue), a 10-X (red) molar excess of sulindac sulfide and 1% DMSO-d6 

(black). (a) 2D 13C-13C PDSD correlation spectra and (b) 2D 13C-15N TEDOR spectra. Overlays of the 

2D PDSD spectra including assignments are shown in Figure 3.9. Residues marked in red in the Aβ1-40 

sequence are assigned for the 10-X sample. (b) Residue i is marked in N-Cα correlation (right) and 

residue i-1 is marked in the N-CO correlation (left). The 2D spectra of the 5-X, as well as the reference 

sample were recorded at a MAS rotation frequency of 13 kHz, 275 K and 600 MHz. The displayed 2D 

and corresponding 3D assignment spectra for the 10-X sample were recorded at a MAS rotation 

frequency of 15 kHz, 270 K and 750 MHz. A PDSDs mixing time of 50 ms was used. 
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All three prepared samples yield well resolved 2D 13C-13C PDSD correlation (Figure 

3.8a and 3.9) and 13C-15N TEDOR (Figure 3.8b) spectra, indicating the formation of 

homogenous structural elements. The 2D 13C-13C PDSD correlations of the three 

samples have similar patterns (Figure 3.8a). However, superimposition of the 2Ds 

highlights differences between the sample preparations (Figure 3.9 and 3.8b). 
 

 
 
Figure 3.9: Overlay of 2D 13C-13C PDSD correlation spectra of sulindac sulfide induced Aβ 

aggregates. 50 µM Aβ1-40 was aggregated by a 5-X (blue), a 10-X molar excess of sulindac sulfide (red) 

and 1% DMSO-d6 (black). The lower panel shows magnifications of the squares marked in the full 2D 
13C-13C PDSD correlation spectrum. 
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The overlays demonstrate that Aβ1-40 peptide aggregated in the presence of 5-X 

sulindac sulfide and the DMSO reference produce highly comparable spectra. This 

effect is most apparent in the 13C-15N TEDOR (Figure 3.8b), but also in the 13C-13C 

PDSD spectra (Figure 3.9). It seems that a 10-X excess of sulindac sulfide is 

necessary to evoke spectral changes and CSPs. Therefore we recorded 3D NCACX 

and NCOCX experiments for Aβ1-40 aggregated by 10-X sulindac sulfide. Analysis of 

these spectra allowed sequential assignments of individual backbone 13C and 15N 

shifts and side chain 13C shifts for residues V18-G38. The characteristic Cβ-Cγ cross 

peak of Q15 could also be assigned, as there is only one glutamine present in the 

Aβ1-40 sequence. All assigned chemical shifts are listed in Appendix 5.2.2. 

 

A 10-X molar excess of sulindac sulfide causes two obvious changes in the spectra. 

The first one is the appearance of additional and more intense cross peaks, 

particularly in the 13C-13C correlation (Figure 3.9). These cross peaks mainly originate 

from the isoleucine side chains of I31 and I32. The presence of such cross peaks 

indicates a high degree of stability of these side chains. Additionally, a 10-X sulindac 

sulfide excess results in pronounced CSPs observed in the spectra. CSPs are seen 

for individual resonances of almost all residues from F19-G33, but are most severe 

for S26, A30, I31, I32 and several glycines. For some residues such as E22 and 

N27, CSPs are also observed in Aβ1-40 aggregated by 5-X sulindac sulfide, although 

to a lesser extent (Figure 3.9). For S26, spectra of Aβ1-40 aggregated by 5-X sulindac 

sulfide contain cross peaks at the original and the new position, indicating the 

presence of both conformations in the aggregates (Figure 3.9). 

 

Aβ1-40 aggregates induced by a 10-X molar excess of sulindac sulfide were analyzed 

for their secondary structural elements by TALOS+ calculations, as well as 

secondary chemical shifts (Figure 3.10a). There is a clear tendency for the formation 

of β-sheet elements. The β-strand starts around V18 (the first assigned residue) and 

is interrupted by some residues surrounding V24-N27 (depending on the atoms 

analyzed) and G33. 
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Figure 3.10: Structural elements of Aβ aggregated by 10-X sulindac sulfide determined by 
solid-state NMR. (a) Secondary structural elements predicted by TALOS+ (upper panel) and secondary 

chemical shifts ΔδCα (ppm) and ΔδCα-ΔδCβ (ppm) (lower panels). β-sheet propensities above 0.5 are 

shown, as predicted by TALOS+. Values within the gray range of ±0.7 ppm (ΔδCα) and ±1.4 ppm 

(ΔδCα-ΔδCβ) are considered insignificant, as this is the range of random coil CS specified by Wishart et 

al[390]. (b) Schematic model of the salt bridge formed by side chains of D23 and K28. (c) 13C-15N TEDOR 

experiments detecting the salt bridge between D23 Cγ (178.6 ppm) and N28 Nζ (36.8 ppm) at TEDOR 

mixing times of 7.72 (orange) and 15.72 ms (red). Slices extracted from the TEDOR spectra are 

superimposed with a full 1D-13C spectrum of the same sample (black). Experiments were recorded at a 

MAS rotation frequency of 11 kHz, 270 K and 750 MHz. 

 

Further structural information about Aβ1-40 aggregates induced by a 10-X molar 

excess of sulindac sulfide is provided by 3D 13C-15N TEDOR spectra. These 

experiments detect heteronuclear dipolar couplings and have been employed to 

detect the characteristic salt bridge (Figure 3.10b) found in various Aβ1-40 species[266]. 

We observe intermolecular cross peaks of similar intensity between D23-Cγ 

(178.6 ppm) and of K28-Nζ (36.8 ppm) at mixing times of 7.72 ms and 15.72 ms. 
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(Figure 3.10c). Our data are in agreement with experiments performed by Jaroniec et 

al[39], who report the maximum transfer efficiency for a 4 Å distance using TEDOR 

mixing times on the order of ~ 7-15 ms. This distance corresponds to the distance 

expected for the atoms forming the salt bridge in Aβ1-40 aggregates.  

 
 

 
 

Figure 3.11: 13C-19F TEDOR spectra of Aβ aggregated by 10-X sulindac sulfide. TEDOR 

experiments were recorded for Aβ1-40 aggregated by 10-X sulindac sulfide (red) and pure crystalline 

sulindac sulfide (black) at the indicated TEDOR mixing times. The crystalline sulindac sulfide spectra 

were subtracted from Aβ1-40 spectra with a factor 0.5, resulting in difference spectra (blue). The lower 

panel shows full 1D-13C spectra of the same samples for references. The full spectra, as well as the 

TEDOR spectrum at 2.58 ms mixing time is shown enlarged in Figure 3.12. Experiments were recorded 

with assistance of Dr. Gerhard Althoff-Ospelt (Bruker BioSpin) at a MAS rotation frequency of 12.4 kHz, 

270 K and 600 MHz. 
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The solution-state NMR studies suggest that sulindac sulfide and Aβ1-40 aggregate 

into complexes when incubated together (Figure 3.6). To understand the molecular 

mechanism in which sulindac sulfide interacts with Aβ1-40 in the aggregated state, we 

detected dipolar couplings between 13C of Aβ1-40 and the NMR active 19F atom of 

sulindac sulfide. This was achieved by recording 13C-19F TEDOR experiments on 

Aβ1-40 aggregated by a 10-X molar excess of sulindac sulfide (Figure 3.11). 

 

The 13C-19F TEDOR experiment detects 13C atoms in proximity to 19F, and therefore 

provides information of the binding mode and site of sulindac sulfide to Aβ1-40. 

However, the measured sample contains 1 mM unlabeled sulindac sulfide with a 

natural abundance of around 1% 13C, which is equivalent to around 10 µM 13C 

labeled sulindac sulfide. To take this matter into account, we recorded the same set 

of TEDOR experiments on pure crystalline sulindac sulfide. These spectra were then 

subtracted from the sample with the complexes to extinguish TEDOR signals arising 

from dipolar couplings between intramolecular 13C-19F dipolar couplings of sulindac 

sulfide. The resulting difference spectra should contain solely intermolecular Aβ1-40 
13C to sulindac sulfide 19F contacts.  

 

The lower panel of Figure 3.11 contains full 1D-13C spectra for reference signals. For 

clarity, the full 1D-13C spectra including assignments of Aβ1-40 aggregated by a 10-X 

sulindac sulfide (a) and pure crystalline sulindac sulfide (b), as well an exemplary 
13C-19F TEDOR difference spectrum  (tmix = 2.58 ms) (c) are shown in Figure 3.12. 

Superimposition of the TEDOR difference spectrum with the full 1D-13C of 

Aβ1-40-sulindac sulfide complexes demonstrates that a broad range of signals from 

backbone Cα, CO and side chains are observed in the TEDOR experiments. These 

signals arise due to their spatial proximity to sulindac sulfide in the aggregates. 

These findings further support the formation of complexes. The lack of specific 

signals indicates a promiscuous binding mode. 
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Figure 3.12:  Aβ 13C atoms interacting with sulindac sulfide. (a) Full 1D-13C spectrum of Aβ1-40 

aggregates induced by 10-X sulindac sulfide including assignments. (b) Full 1D-13C spectrum of pure 

crystalline sulindac sulfide including assignments. (c) 13C-19F TEDOR spectrum at a mixing time of 

2.58 ms of Aβ1-40 aggregated by 10-X sulindac sulfide including assignments (blue) overlaid with the full 

1D-13C of the same sample (red). 
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3.4 Interactions of sulindac sulfide with fibrillar 
Aβ1-40 
To elucidate the interaction of sulindac sulfide with mature Aβ1-40 fibrils, we recorded 

solid-state NMR experiments on seeded fibrils incubated with a 5-X molar excess of 

the NSAID and DMSO-d6 as a reference (Figures 3.13 and 3.14). The resulting 2D 
13C-13C PDSD correlation (Figure 3.13a and 3.14) and 13C-15N TEDOR (Figure 3.13b) 

spectra are amenable for further analysis. Results of this study have been published 

by Prade et al[404]. 

 
Figure 3.13: MAS solid-state NMR spectra of sulindac sulfide incubated Aβ fibrils. Seeded Aβ1-40 

fibrils at a concentration of 50 µM were incubated with a 5-X molar excess of sulindac sulfide (red) and 

1% DMSO-d6 as a reference (black). (a) 2D 13C-13C PDSD correlation spectra and (b) 2D 13C-15N 

TEDOR spectra. Overlays of the 2D PDSD spectra including assignments are shown in Figure 3.14. 

Residues marked in the Aβ1-40 sequence are assigned. Line widths of resolved peaks are shown in blue 

panels. (b) Residue i is marked in N-Cα correlation (right) and residue i-1 is marked in the N-CO 

correlation (left). The displayed 2D and corresponding 3D assignment spectra were recorded at 285 K 

and 700 MHz, and a MAS rotation frequency of 17 kHz and 13 kHz for sulindac sulfide incubated and 

reference fibrils, respectively. A PDSDs mixing time of 200 ms was used. 
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The spectra feature well resolved peaks and line widths of directly detected 13C 

signals between 120-165 Hz, indicating homogenously structured fibrils. Incubation 

with sulindac sulfide does not alter the overall fibrillar architecture, as both samples 

yield similar spectra. However, it does cause defined CSPs for specific residues. 

CSPs are highlighted by gray areas in the 13C-15N TEDOR (Figure 3.13b) and 13C-13C 

PDSD spectra (Figure 3.14). For clarification, areas of interest in the 13C-13C 

correlations are magnified in Figure 3.14b. We do not observe peak splitting or line 

broadening, indicating quantitative binding.  

 

 
Figure 3.14: Overlay of 2D 13C-13C PDSD correlation spectra of sulindac sulfide incubated Aβ 
fibrils. Seeded Aβ1-40 at a concentration of 50 µM were incubated with a 5-X molar excess of sulindac 

sulfide (red) and 1% DMSO-d6 as a reference (black). Line widths of resolved cross peaks are shown in 

blue panels. The lower panel shows magnifications of the squares marked in the full 2D 13C-13C PDSD 

correlation spectrum.  
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Resonances of residues Q15-V40 were assigned for Aβ1-40 fibrils in the presence and 

absence of sulindac sulfide. In addition, residues S08 and G09 of the reference fibrils 

were assigned (Figure 3.13b). No cross peaks in the spectra of Aβ1-40 fibrils 

incubated with the NSAIDs remain unassigned. Sequential assignment was obtained 

from analysis of 3D NCACX and NCOCX spectra. Representative strip plots of the 

3D experiments of Aβ1-40 fibrils incubated with a 5-X molar excess of sulindac sulfide 

are shown for residues A30-G33 in Figure 3.15. All assigned chemical shifts are 

listed in Appendix 5.2.3. We observe only one set of signals for all residues, 

indicating the existence of only one set of conformation. The chemical shifts we 

observe are mostly identical to conformer I described by Lopez del Amo et al, who 

report the formation of an asymmetric dimer as the basic subunit of Aβ1-40 fibrils[264]. 

However, residues V24-S26 seem to correspond to conformer II. 

 

 

 

 
 
Figure 3.15: Strip plot of sulindac sulfide incubated Aβ fibrils. Representative strips from NCACX 

(blue) and NCOCX (green) spectra showing connectivities for A30-G33. Schematic representations of 

magnetization transfers are shown below. Lighter arrows indicate weaker magnetization transfers, which 

were occasionally observed in the spectra. 
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Electron microscopy images reveal that the fibrillar character of Aβ1-40 fibrils is 

maintained upon incubation with sulindac sulfide (Figure 3.16a). Black deposits in the 

upper image may be caused by sulindac sulfide aggregates. Based on chemical 

shifts of the assigned resonances, secondary structural elements were predicted by 

TALOS+ and secondary chemical shifts (Figure 3.16b). Both calculations 

demonstrate the formation of the two typical β-sheets for both samples, interrupted 

by several residues around G25-K28 (depending on the type of analysis). This 

pattern is commonly observed for Aβ1-40 aggregates, and the presence of sulindac 

sulfide does not seem to influence the β-arch formation.  

 
 

 
 
Figure 3.16: Structural details of sulindac sulfide incubated Aβ fibrils. (a) TEM images Aβ1-40 

incubated with a 5-X molar excess of sulindac sulfide or DMSO-d6. Scale bar = 200 nm. (b) Secondary 

structural elements predicted by TALOS+ (upper panel) and secondary chemical shifts ΔδCα (ppm) and 

ΔδCα- ΔδCβ (ppm) (lower panels). β-sheet propensities above 0.5 are shown as predicted by TALOS+. 

Values within the gray range of ±0.7 ppm (ΔδCα) and ±1.4 ppm (ΔδCα-ΔδCβ) are considered 

insignificant, as this is the range of random coil CS specified by Wishart et al[390].  
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The β-loop-β motif is stabilized by a salt bridge connecting the side chains of D23 

and K28 (Figure 3.10b), which can be detected employing dipolar couplings. Peaks 

connecting D23-Cγ and K28-Nζ are observed in 13C-15N TEDOR experiments 

(Figure 3.17) for Aβ1-40 fibrils incubated with sulindac sulfide and reference fibrils. 

Hence, sulindac sulfide does not destroy the formation of the salt bridge. EM images, 

prediction of secondary structures and 13C-15N TEDOR experiments demonstrate that 

sulindac sulfide does not cause drastic changes to the fibrillar structures of Aβ1-40, 

and thereby further support the observation made by solid-state NMR. 

 

 
 

Figure 3.17: The effect of sulindac sulfide on the salt bridge in Aβ fibrils. 13C-15N TEDOR 

experiments detecting the salt bridge between D23 Cγ and N28 Nζ at a TEDOR mixing time of 

15.72 ms. TEDOR spectra recorded for sulindac sulfide incubated fibrils (red) contain a peak at 
13C = 177.8 ppm and 15N = 33.9 ppm, and reference fibrils (black) contain a peak at 13C = 178.0 ppm 

and 15N = 34.3 ppm, the positions of D23-Cγ and K28-Nζ, respectively. Slices extracted from the 

TEDOR spectra are superimposed with a full 1D-13C spectrum of the same sample (gray). Experiments 

were recorded at a MAS rotation frequency of 11 kHz, 270 K and 750 MHz. 
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Next, we analyzed the CSPs introduced by sulindac sulfide to the spectra in order to 

investigate which residues are involved in binding of the NSAID (Figure 3.18a). 

Residues most severely affected by sulindac sulfide include K16, F19, F20 and G33. 

In particular, the backbone resonances of these residues undergo chemical shift 

changes. These changes are apparent in the 13C-15N correlations (Figure 3.13b). In 

addition, we observe defined CSPs for side chains of V18 Cβ, F19-20 Cβ, N27 Cγ, 

M35 Cβ and several resonances K16, which are reflected in the 13C-13C correlations 

(Figure 3.14). 

 

 

 
 

Figure 3.18: Solid-state NMR restraints collected for sulindac sulfide incubated Aβ fibrils. 

(a) Residue specific CSPs for backbone (left) and side chain resonances (right) of Aβ1-40 fibrils as 

induced by sulindac sulfide. (b) 13C-19F REDOR experiments recorded on sulindac sulfide incubated 

Aβ1-40 fibrils. Proximity to 19F causes dephasing of 13C atoms in Aβ1-40. REDOR spectra were subtracted 

from reference spectra without a REDOR recoupling pulse to yield the difference spectra (red). The 

experiments were recorded as 2D 13C-13C PDSD correlations. As only diagonal and no cross peaks 

were observed, the REDOR experiments are displayed as 1D projections of the 2D spectra. REDOR 

mixing times of 1.1 ms, 2.2 ms and 4.4 ms were used. All REDOR spectra (red) are superimposed with 

the full 1D-13C of the same sample (black), which is shown containing full assignment on the left. 

Experiments were recorded with assistance of Dr. Gerhard Althoff-Ospelt (Bruker BioSpin) at a MAS 

rotation frequency of 14.6 kHz, 270 K and 600 MHz. 
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To elucidate the nature of sulindac sulfide binding to Aβ1-40 fibrils, we recorded 
13C-19F REDOR experiments on fibrils incubated with the NSAID (Figure 3.18b). In 

the experiment, magnetization was transferred between 13C of the Aβ1-40 peptide and 
19F of sulindac sulfide via dipolar couplings. This leads to signal attenuation of Aβ1-40 

atoms in vicinity of the NSAID. REDOR spectra were subtracted from reference 

experiments without a REDOR recoupling pulse. Signals appearing in the REDOR 

spectra originate from Aβ1-40 atoms nearby 19F of sulindac sulfide. The experiment 

gives rise to only aliphatic resonances. For clarity, a full 1D-13C spectrum of the same 

sample including assignments is shown on the left, and is overlaid with REDOR 

spectra at all mixing times. The strongest REDOR signals are observed for V18 

and/or V39 Cγ. Further resonances affected by signal attenuations are K16 Cγ, V24 

and/or V36 Cγ1/2, A21 and/or A30 Cβ, L34 Cδ, V40 Cγ, as well as I31 Cγ2, I32 Cγ2 

and Cδ1, and M35 Cε at longer mixing times. Analysis of the spectra is hindered by 

signal overlap. A list of all observed 13C-19F REDOR signals, including their 

intensities and assignments (± 0.5 ppm) is shown in Table 3.1. 

 

 
 

Peak position (ppm) Rel. intensity Assignment Mixing time 

18.9 1.00 V39 Cγ / V18 Cγ 4.4 ms 

19.6 0.80 V18 Cγ 4.4 ms 

19.2 0.58 V18 Cγ / V39 Cγ 2.2 ms 

20.3 0.55 A30 Cβ / V24 Cγ1 / A21 Cβ 4.4 ms 

15.1 0.49 M35 Cε 4.4 ms 

17.5 0.48 V36 Cγ2 4.4 ms 

19.2 0.43 V18 Cγ / V39 Cγ 1.1 ms 

18.1 0.41 V24 Cγ2 / V36 Cγ2 2.2 ms 

16.2 0.40 I31 Cγ2 / I32 Cγ2 2.2 ms 

18.5 0.34 V24 Cγ2 / V36 Cγ2 1.1 ms 

15.8 0.33 I32 Cγ2 / I31 Cγ2 / M35 Cε 2.2 ms 

21.7 0.27 V36 Cγ1 / K16 Cγ / V40 Cγ / L34 Cδ 1.1 ms 

21.1 0.27 L34 Cδ / V40 Cγ / A21 Cβ / V36 Cγ1 / 
V24 Cγ1 2.2 ms 

21.2 0.22 L34 Cδ / V40 Cγ / V36 Cγ1 / A21 Cβ 1.1 ms 

12.9 0.20 I32 Cδ1 4.4 ms 

22.1 0.13 K16 Cγ  4.4 ms 

 
Table 3.1: 13C-19F REDOR restraints of fibrillar Aβ. Restraints are sorted by their intensities. Signals 

were assigned to resonances ± 0.5 ppm. 
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Experiments based on 13C-19F dipolar couplings provide information on the binding 

mode of sulindac sulfide to Aβ1-40. The 13C-19F REDOR spectra obtained for fibrillar 

Aβ1-40 incubated with sulindac sulfide differ significantly from 13C-19F TEDOR spectra 

of monomeric Aβ1-40 aggregated with sulindac sulfide (Section 3.3) (Figure 3.19). 

Signals throughout the peptide sequence originating from CO, Cα, Cβ, methyl and 

aromatic atoms are seen in spectra of the aggregated monomer, indicating 

nonspecific interactions with sulindac sulfide. However, in the fibrillar spectra, we 

observe defined signals, which can be assigned to individual residues. Sulindac 

sulfide must therefore interact specifically with individual atoms in the fibril, but 

promiscuously in induced aggregates. 

 

 

 

 
 
Figure 3.19: Dipolar coupling based 19F-13C spectra of different Aβ samples. Superimposition of the 
13C-19F TEDOR spectrum recorded for Aβ1-40 monomers aggregated by 10-X excess of sulindac sulfide 

at a mixing time of 2.58 ms (blue) as shown in Figure 3.11 indicative of nonspecific NSAID binding, and 

the 13C-19F REDOR spectrum of sulindac sulfide incubated Aβ1-40 fibrils at a mixing time of 4.4 ms (red) 

as shown in Figure 3.18b, indicative of specific NSAID binding. 
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The solid-state NMR part of this study focused on the collection of structural 

information about Aβ1-40 fibrils incubated with sulindac sulfide. The NSAID has an 

impact on chemical shifts of the peptide and can be detected in close proximity of the 

fibrils. The CSPs are 13C-19F REDOR contacts were employed as restraints for 

docking sulindac sulfide for Aβ1-40 fibrils. Currently, three wild type solid-state NMR 

Aβ1-40 fibril structures are available[232,257,260]. We compared our chemical shifts to the 

structures, as well as to all models of Aβ1-40 fibrils, for which CS information is 

available[264-267]. For this purpose, we calculated the correlation coefficient (r) and Δδ, 

both based on Cα, Cβ and CO shifts, for all CS information in the literature to 

sulindac sulfide incubated and reference fibrils (Table 3.2). All correlation plots and 

residue specific Δδ  analyses are shown in Appendix 5.4. Both CS analyses 

demonstrate that Aβ1-40 fibrils featuring a 3-fold symmetric subunit are the most 

similar to our current fibrils, followed by Aβ1-40 fibrils featuring a 2-fold symmetric 

subunit. Our fibril preparation is similar to the one reported for the 2-fold symmetric 

model, therefore, we employed both the 3-fold (PDB: 2LMN)[257] and the 2-fold 

symmetric (PDB: 2LMP)[260] structures for docking experiments. 

 Author, year PDB 
r Δδ (σ) 

Sulindac 
sulfide Ref Sulindac 

sulfide Ref 

S
tru

ct
ur

es
 Paravastu et al. 2008 

3-fold symmetry 
2LMP/ 
2LMQ 0.939 0.934 0.16 (1.59) 0.08 (1.49) 

Petkova et al. 2006 2-fold 
symmetry 

2LMN/ 
2KMO 0.920 0.904 0.25 (1.62) 0.16 (1.54) 

Lu et al. 2013 brain tissue 
derived 2M4J 0.857 0.873 1.84 (2.16) 1.80 (2.07) 

M
od

el
s 

an
d 

C
S

 

Lopez del Amo et al. 2012 
Conf I - 0.936 0.940 0.16 (1.59) 0.13 (1.58) 

Aβ aggregates by sulindac 
sulfide (current) - 0.850 0.867 -0.52 (1.53) 0.64 (1.56) 

Lopez del Amo et al. 2012 
Conf II - 0.835 0.845 -0.23 (2.06) -0.25 (2.14) 

Petkova et al. 2002 - 0.809 0.812 0.21 (1.90) 0.19 (1.78) 

Niu et al. 2014 - 0.771 0.742 1.61 (2.29) 1.58 (2.29) 

Bertini et al. 2011 - 0.760 0.756 0.56 (2.30) 0.52 (2.26) 

 
Table 3.2: Comparison of sulindac sulfide incubated Aβ fibrils to literature. CS of current sulindac 

sulfide incubated Aβ1-40 fibrils (red) and reference fibrils (black) were compared to CS of a 3-fold 

symmetric structure[257], a 2-fold symmetric structure[225,260], and a brain tissue derived structure[232], as 

well as models of an asymmetric dimer[264], a model of synthetic fibrils[266], a reference to fibrils binding 

phospholipids[267], a model of recombinant fibrils[265] and Aβ1-40 monomers incubated with sulindac 

sulfide Section 3.3. The correlation coefficient ! and the deviation of chemical shifts !" were calculated 

as average values of Cα, Cβ and CO values. The standard deviation (σ) is indicated for !"!values. 

Individual plots are shown in Appendix 5.4.  



76' RESULTS!
!

!

The NMR restraints collected by solid-state NMR are plotted onto both the 2-fold and 

3-fold symmetric Aβ1-40 fibril structures (Figure 3.20a). Atoms experiencing CSPs are 

marked in different colors, according to the strength of the CSP. In addition, 13C-19F 

REDOR contacts are marked in green. The REDOR restraints are considered more 

valuable, as they arise due to direct contact with sulindac sulfide, whereas CSPs 

may be caused by conformational changes. Figure 3.20a illustrates that sulindac 

sulfide affects atoms between the two β-strands, as well as atoms on the fibril 

surface. 

 

In the following, sulindac sulfide was docked onto Aβ1-40 fibril structures. All molecular 

modeling experiments were performed by Heiko Bittner and Prof. Dr. Peter 

Hildebrand (Charité-Universitätsmedizin, Molecular Modeling, Institute of Medical 

Physics and Biophysics, Berlin, Germany). Briefly, the structures were analyzed for 

cavities in a packing analysis using the Voronoi cell method[406,407], ProtOr[408] and a 

Delaunay triangulation. Five clusters of cavities were found (Figure 3.20b), out of 

which two surrounding I32 (Cluster 1) and V36 (Cluster 2) were employed for further 

induced fit approaches, due to their polarity as assessed by DOWSER[409]. They are 

large and hydrophobic enough to potentially harbor a sulindac sulfide molecule. 

Induced fit docking[410,411] of sulindac sulfide to cluster 1 and cluster 2 of the 2-fold 

and 3-fold symmetric Aβ structures reveals that sulindac sulfide can bind Aβ in 

various poses (Figure 3.20c). These binding scenarios include parallel (pose 1 in 

cluster 1) and perpendicular (pose 2 in cluster 2) alignment of the aromatic rings with 

respect to the fibril axis. A combination of all poses shown in Figure 3.20 fulfills the 

experimental NMR restraints. 
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Figure 3.20: Docking of sulindac sulfide to Aβ fibrils. A 3-fold symmetric structure (PDB: 2LMP)[257] 

and a 2-fold symmetric structure (PDB: 2LMN)[260] were employed. (a) NMR restraints based on CSPs 

and 13C-19F REDOR contacts plotted onto Aβ1-40 fibrillar structures. (b) Packing analysis of the fibrillar 

structures screening for cavities. Relevant cavities cluster around I32 (Cluster 1) and V36 (Cluster 2). 

Hydrophilic cavities are colored blue, hydrophobic cavities are colored gray. (b) Induced fitting of 

sulindac sulfide to Aβ1-40 fibrils. The sulindac sulfide molecule is shown in blue. Distances of the 19F 

atom to nearby methyl groups are shown as yellow lines. Heiko Bittner and Prof. Dr. Peter Hildebrand 

(Charité-Universitätsmedizin) performed the packing analysis and molecular modeling and provided 

Figures 3.20b and 3.20c.  
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3.5 Oxidation of Aβ1-40 
Oxidation of M35 alters toxicity and aggregation properties of Aβ[184-187]. The model of 

sulindac sulfide docking to Aβ1-40 fibrils suggests that the NSAID binds to a 

hydrophobic pocket near M35, and may be involved in redox regulation of Aβ. To test 

this hypothesis, we recorded solution-state NMR spectra of monomeric and fibrillar 

Aβ1-40 in oxidized and reduced states.  

 

 
 

Figure 3.21: Oxidation of monomeric Aβ. (a) 2D 1H-15N HMQCs of 50 µM Aβ1-40 incubated with a 

10-X molar excess of H2O2 (500 µM) for 19 h (red) and 5 days (blue) and a reference sample treated 

with the same conditions (black). The experiment was repeated in the presence of 100 µM sulindac 

sulfide (pink). (b) 2D 1H-15N HMQCs of 50 µM Aβ1-40 incubated with a 10-X molar excess of H2O2 

(500 µM, red) for 19 h and a reference (black). After 19 h, 25 mM ascorbic acid was added to the 

sample (green) and the appropriate amount of water was added to the reference (blue) and incubated 

for 3 days. Slices are extracted at 15N = 121.2 ppm, the position of the M35ox HN signal. (c) 2D 
1H-13C HSQCs of 50 µM Aβ1-40 incubated with a 10-X molar excess of H2O2 (500 µM) for 19 h (red) and 

a reference sample treated with the same conditions (black). Slices are extracted at 13C shifts of 

M0red β/γ, M35red γ, M0/35red ε and M0/35ox ε. 1% DMSO-d6 was present in all samples. All experiments 

were recorded at 277 K and 500 MHz. 
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In order to determine conditions for further experiments, monomeric Aβ1-40 was 

oxidized by a 10-X molar excess of H2O2. The resulting 2D 1H-15N and 1H-13C 

HSQCs show that an oxidized peak of M35 appears for the backbone HN signals 

(Figure 3.21a-b) as described by Hou et al[186]. However, oxidation by H2O2 does not 

seem to have a significant impact on the side chain resonances (Figure 3.21c). 

Signal intensities of Hε-Cε, Hβ-Cβ and Hγ-Cγ are reduced only by 10-12%. However, 

a new signal appears at 1H = 2.64 ppm and 13C = 48.2 ppm. Wang et al observed a 

similar shift of methionine methyl groups upon the oxidation of the light-harvesting 

complex of Rhodospirillum rubrum[412]. In the case of Aβ1-40, M0 and M35 methyl 

groups overlap, and the newly arising signal may originate from oxidation of M0 

instead of M35. 

 

The oxidation reaction of Aβ1-40 continued up to 5 days in solution (Figure 3.21a). 

Co-incubation of monomeric Aβ1-40 with sulindac sulfide and H2O2 does not decrease 

M35 oxidation. This is not surprising, as we expect sulindac sulfide to bind to a 

pocket formed only by mature fibrils. In order to analyze the oxidation state of fibrils, 

Aβ1-40 fibrils were oxidized, centrifuged, dissolved in DMSO-d6, 0.2% TFA, 25 mM 

ascorbic acid and recorded by solution-state NMR spectroscopy. Ascorbic acid was 

added to the mixture to ensure only mature fibrils are oxidized, and the oxidizing 

reaction is quenched when fibrils are dissolved. Ascorbic acid inhibits further 

oxidation and does not reduce methionine sulfoxide back to methionine 

(Figure 3.21b). 
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Figure 3.22: Comparison of oxidized monomeric and fibrillar Aβ. (a) 2D 1H-15N HMQCs of 50 µM 

monomeric Aβ1-40 incubated with a 100-X molar excess of H2O2 (5 mM) for 19 h (blue) and 50 µM 

seeded Aβ1-40 fibrils incubated with a 100-X molar excess of H2O2 (5 mM) for 19 h (red). (b) 2D 
1H-15N HMQCs of oxidized and monomeric Aβ1-40 (blue) and a reference treated with the same 

conditions (black). Monomeric samples were lyophilized and dissolved in DMSO-d6, 0.2% TFA, 25 mM 

ascorbic acid. Fibrils were sedimented and dissolved in DMSO-d6, 0.2% TFA, 25 mM ascorbic acid. 

Assignments were obtained from Dasari et al[383]. All experiments were recorded at 298 K and 600 MHz. 

 

Figure 3.22a shows the resonance assignment of Aβ1-40 fibrils dissolved in DMSO-d6 

(red). Incubation with H2O2 and addition of ascorbic acid does not alter the spectra, 

except for some peak splitting, presumably a result of M0 oxidation (Figure 3.23a). 

From the spectra it remains unclear if fibrillar M35 is oxidized by H2O2. In aqueous 

conditions M35 oxidation is clearly observed upon incubation with H2O2. Hence, in 

order to determine the spectrum of Aβ containing M35ox, 1H-15N HMQCs were 

recorded of Met35 oxidized, monomeric Aβ1-40, which was lyophilized and dissolved 

in DMSO-d6 and reduced Aβ1-40 treated with the same conditions (Figure 3.22b). In 

the resulting spectra, the HN peak of M35red disappears, although it is unclear where 

it is shifting. Residues surrounding M0 and M35 are also shifted upon oxidation. The 

spectrum of oxidized Aβ1-40 does not overlap well with mature Aβ1-40 fibrils in their 

oxidized form (Figure 3.22a). Therefore the 1H-15N HMQC of M35ox Aβ1-40 fibrils 

cannot be derived from M35ox Aβ1-40 monomers. In order to induce significant and 

observable M35 oxidation in fibrils, a variety of oxidation agents were tested 

(Figure 3.23). 
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Figure 3.23: Oxidation of fibrillar Aβ by a variety of oxidizing agents. (a) Chemical structures of the 

oxidizing agents chloramine-T, NCS and NBS. (b) 2D 1H-15N HMQCs and (b) of 2D 1H-13C HSQCs of 

50 µM seeded Aβ1-40 fibrils incubated with a 400-X molar excess of H2O2 (20 mM) (red), and 200-X 

molar excesses of T-chloramine (blue), NCS (green) and NBS (orange) (10 mM) for 2 days, as well as a 

reference sample treated with the same conditions. The samples were sedimented and dissolved in 

DMSO-d6, 0.2% TFA, 25 mM ascorbic acid. (a) Slices are extracted at the HN peak of M35red at 
15N = 118.3 ppm. (b) Slices are extracted at 13C = 15 ppm (M35red ε) and 30 ppm (M35red γ). The signal 

at 1H = 2.58 ppm and 13C = 30 ppm originates from incomplete deuteration of DMSO-d6. All experiments 

were recorded at 298 K and 500 MHz. 
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Mature Aβ1-40 fibrils were treated with various oxidizing agent, including H2O2, 

chloramine-T, N-chlorosuccinimide (NCS) and N-bromosuccinimide (NBS) 

(Figure 3.23a) before being dissolved and measured in DMSO-d6. The presence of 

all oxidizing agents causes CSPs in the 2D spectra (Figure 3.23b-c). In particular, 

residues in the N-terminus are most severely affected, as can be seen in the 1H-15N 

HMQCs (Figure 3.23b). This may be due to the accessibility of the N-terminus, or 

because of the chemical environment introduced through M0 oxidation, or direct 

binding of the oxidizing agents. Chloramine-T, NCS and NBS reduce the population 

of M35red, as demonstrated by slices extracted at peaks of M35 HN (Figure 3.23b), 

and side chain γ and ε (Figure 3.23c). NCS has the strongest effect on oxidizing 

M35, followed by chloramine-T and NBS. H2O2 seems to only oxidize M0. No new 

peaks corresponding to M35ox population appear in the 1H-15N HMQC. However, the 

signal originating from the oxidized Met ε atom appears in the 1H-13C HSQC 

(Figure 3.23c). The loss of M35red population is most apparent for the Hε-Cε peak, as 

it is the closest to the thioether group. The Hγ-Cγ peak is also strongly affected. The 

HN peak of the backbone shows the weakest impact. 

 

It should be noted, that there is currently no CS assignment for the 1H-13C HSQC of 

Aβ1-40 in DMSO-d6. The Hβ-Cβ and Hγ-Cγ assignments were adapted from Aβ1-40 in 

aqueous buffer (Figure 3.3), as the position of the peaks overlap. The Hε-Cε were 

assigned due to their unique CS. We assume that the sharper signal (Figure 3.24b, 

line 1) originates from M0, as it is more flexible, and the broader signal (Figure 3.24b, 

line 2) corresponds to M35. 

 

When mature fibrils are co-incubated with sulindac sulfide during the oxidizing 

reaction with NCS, the loss of M35red population is less severe (Figure 3.24). This is 

demonstrated by slices extracted at peaks of M35red from a 1H-15N (Figure 3.24a) and 
1H-13C HSQC (Figure 3.24b). Hence, sulindac sulfide reduces M35 oxidation by 

NCS. Signals from S26 and V39 (Figure 3.24a) were plotted for as references to 

ensure that all samples contain comparable amount of material. 
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Figure 3.24: Oxidation of fibrillar Aβ in the presence of sulindac sulfide. 50 µM seeded Aβ1-40 fibrils 

were incubated with a 375-X molar excess of NCS (18.75 mM) (green) and a 375-X molar excess of 

NCS and a 10-X molar excess of sulindac sulfide (500 µM) (pink) for 4 days. A reference sample (black) 

was treated with the same conditions. 1% DMSO-d6 was present in all samples. (a) 1H-15N HMQC 

spectra of M35red (left) and S26 and V39 (right) as references. (b) 1H-13C HSQC spectra of M0red and 

M35red of Hε-Cε (left), Hβ/γ-Cβ/γ (center) and M0ox or M35ox Hε-Cε (right). Slices were extracted from 

the 2D correlations and are shown in the lower panels. Experiments were recorded at 298 K and 

500 MHz. (b) 1D-1H spectra of 50 µM sulindac sulfide (black), sulindac sulfide incubated with a 40-X 

molar excess of H2O2 for 20 h (red) and sulindac sulfone (blue). Experiments were recorded at 277 K 

and 500 MHz.  
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As sulindac sulfide seems to attenuate methionine oxidation in Aβ, the question 

arises whether this effect is due to the NSAID binding to a pocket formed in fibrils, 

thereby blocking access for oxidizing agents, or whether it may function as an 

anti-oxidant. For this purpose, we performed experiments to oxidize pure sulindac 

sulfide in buffer. In principle, a 1-time oxidation of sulindac sulfide will yield sulindac, 

and a 2-time oxidation will yield sulindac sulfone. 1D-1H spectra of the three NSAIDs 

are shown in Figure 3.25. Sulindac sulfide was incubated with H2O2, NCS and 

chloramine-T. All three oxidizing agents produced sulindac Figure 3.25, as can be 

determined by the presence of the characteristic sulindac signal at 2.87 ppm 

(green 2), although to different extents. NCS was the most efficient oxidizing agent, 

as no remainders of sulindac sulfide (blue 2, blue 6) were left after 1.5 h incubation. 

In the presence of H2O2, smaller signals of sulindac sulfide remained even after 8 h 

incubation. A second oxidation step to sulindac sulfone was not seen in all three 

samples after 8 days (data not shown), as demonstrated by the absence of the 

characteristic sulindac sulfone signal at 7.94 ppm. Hence, NCS, the agent used for 

oxidation of fibrils, is able to convert sulindac sulfide to sulindac.  

 

To test in which oxidized state the NSAID is present in the fibril sample oxidized with 

NCS, we subtracted the 1D-1H spectrum of Aβ fibrils incubated with NCS from Aβ 

fibrils incubated with NCS and sulindac sulfide. The resulting spectrum (Figure 3.26) 

should in principle contain NSAID signals only. Several small signals in the amide 

region can be observed, most likely originating from CS differences between the two 

spectra. In addition three distinctive signals between 7.0 and 7.3 ppm may 

correspond to NSAID signals. 1D-1H spectra of sulindac sulfone, sulindac and 

sulindac sulfide recorded in DMSO-d6 are displayed in the lower part of Figure 3.26 

and serve as references for the difference spectrum, which was also recorded in 

DMSO-d6. The signals do no correspond perfectly to any of the three NSAIDs. The 

signals most upstream, at 7.05 and 7.15 ppm may originate both from sulindac or 

sulindac sulfone, suggesting an oxidized state of the NSAID in the fibril bound state, 

but analysis of the difference spectrum is difficult. The large signal difference at ca. 

2.5 ppm originates from incomplete deuteration of different DMSO-d6 batches used. 
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Figure 3.25: Oxidation of NSAIDs. The NSAIDs sulindac sulfide, sulindac and sulindac sulfone were 

dissolved in aqueous buffer to 200 µM containing 0.4% DMSO-d6. Reference 1D-1H spectra are shown 

in the top part. Assignments are indicated in blue, green and yellow, respectively. Sulindac sulfide was 

incubated with 20 mM H2O2, 1 mM NCS and 1 mM T-chloramine for 1.5 h, 8 h and 8 days. 

Representative time points are shown for each oxidizing reagent. Experiments were recorded at 298 K 

and 600 MHz. 
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Figure 3.26: The oxidized state of fibril bound NSAIDs. The 1D-1H spectrum of Aβ fibrils incubated 

with NCS was subtracted from the 1D-1H spectrum of Aβ fibrils incubated with NCS and sulindac 

sulfide. Samples were prepared as described for Figure 3.24. The resulting difference spectrum 

containing NSAID signals only is shown in the top panel. The three lower spectra represent 1D-1H 

spectra of sulindac sulfide, sulindac and sulindac sulfone dissolved at concentrations of 1 mM in 

DMSO-d6. Experiments were recorded at 298 K and 600 MHz. 
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3.6 Interaction of ISMs with Aβ1-40 
The IAPP cross-amyloid interaction surface mimic (ISM) L3-GI inhibits and reverses 

Aβ aggregation and reduces its neurotoxicity[378]. To understand the molecular 

interaction on a molecular level, we carried out solution-state NMR experiments to 

probe L3-GI binding to Aβ1-40. For this purpose, L3-GI was added to 20 µM Aβ1-40 in a 

1-X and a 10-X molar excess (Figure 3.27).  

 

 
 

Figure 3.27: Interactions of L3-GI with Aβ. (a) 2D 1H-15N HMQCs of 20 µM Aβ1-40 incubated with a 

1-X (blue) and a 10-X molar excess of L3-GI. Corresponding 1D-1H spectra are shown above the 2D to 

illustrate Aβ1-40 aggregation. The peptides were incubated in HFIP before being dissolved in buffer. 

(b) Full 1D-1H spectra of 20 µM Aβ1-40 incubated with a 1-X (blue) and a 10-X (red) molar excess of 

L3-GI and 20 µM L3-GI (green). Experiments were recorded at 277 K and 750 MHz. 

 

At a 10-X molar excess of the ISM, only 8% of Aβ1-40 remains soluble. The peptide 

inhibitor does not affect Aβ1-40 CS, although some very minor changes can be 

observed for R05, S08-G09, E11-V12, Q15-L17 and E22. The peptides were allowed 
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to react in a film of the organic solvent HFIP. In the presence of L3-GI, Aβ1-40 

aggregates out of solution in a concentration dependent manner (Figure 3.27a). The 

1D-1H spectrum reveals that like Aβ1-40, L3-GI is not soluble upon incubation with 

Aβ1-40, as no signals of the unlabeled inhibitor peptide are observable at a 10-X molar 

excess (Figure 3.27b). A 1D-1H spectrum of pure L3-GI demonstrates that the ISM is 

insoluble at 20 µM. 

 

 
 
Figure 3.28: Interactions of K3L3K3-GI with Aβ in an HFIP film. 2D 1H-15N HMQCs of 20 µM Aβ1-40 

incubated with a 1-X (blue) and a 10-X molar excess of K3L3K3-GI (left) and G3-GI (right). 

Corresponding 1D-1H spectra are shown above the 2D to illustrate Aβ1-40 aggregation. The peptides 

were incubated in HFIP before being dissolved in buffer. Experiments were recorded at 277 K and 

298 K and 600 MHz. 

 

In order to enhance solubility and to find a suitable system that can be studied by 

NMR, L3-GI was resynthesized with three lysine tags on each terminus (K3L3K3-GI). 

Aβ1-40 was incubated with K3L3K3-GI at a 1-X and a 10-X molar excess in the same 

conditions as previously (Figure 3.28). K3L3K3-GI efficiently reduces the amount of 

soluble Aβ1-40, even at a 1-X molar excess, and does not cause Aβ1-40 CSPs. 

Recording the NMR experiments at a higher temperature of 298 K does not alter the 

effect of K3L3K3-GI on Aβ1-40. Thus, K3L3K3-GI can be employed in further analysis. 

The ISM G3-GI fails to inhibit Aβ or IAPP fibrillation, and can therefore be used as a 

negative control. Indeed, when incubated with G3-GI, Aβ1-40 remains soluble 

compared to incubation with K3L3K3-GI. A 1-X molar excess of G3-GI has no impact 
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on Aβ1-40 solubility. A 10-X molar excess reduces the Aβ1-40 population to 28%, 

however 0% is left in solution when incubated with K3L3K3-GI. Likewise, G3-GI does 

not influence Aβ1-40 CS. 

 

The aim of this study is to understand the Aβ-ISM interaction at an atomic level. 

However, since Aβ1-40 aggregates in the presence of the inhibitor, it becomes 

invisible to solution-state NMR. In principle, the aggregated peptides can be 

investigated by solid-state NMR. The peptides are incubated in HFIP, which is 

evaporated during sample preparation. Upon addition of the buffer, no 

macromolecular aggregates can be observed in solution by eye. Most likely, Aβ 

peptides stay within the HFIP film. As the peptides must be accessible to be packed 

into a rotor, the protocol cannot be used for the preparation of solid-state NMR 

samples. The interaction study of Aβ1-40 and K3L3K3-GI was therefore repeated 

under different conditions to optimize the protocol for the preparation of a solid-state 

NMR sample. For this purpose, both peptides were dissolved and incubated in 

solution. It was found that the presence of HFIP is crucial for the inhibitory effect of 

the ISMs.  

 

 
 
Figure 3.29: Interactions of K3L3K3-GI with Aβ in the absence of HFIP. (a) 1D-1H spectra extracted 

from 2D 1H-15N HMQCs of 20 µM Aβ1-40 incubated with 10-X molar excesses of K3L3K3-GI (red) and 

K3G3K3-GI (blue). (b) 1D-1H spectra extracted from 2D 1H-15N HMQCs of 20 µM Aβ1-40 incubated with 

10-X molar excesses of K3L3K3-GI (red) and K3G3K3-GI (blue) measured after two weeks before 

(green) and after (orange) the addition of 1% HFIP. 
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More specifically, a solution of monomeric Aβ1-40 dissolved in 10 mM NaOH and 

50 mM Na-Phosphate, 50 mM NaCl, pH 7.4 as described in Section 2.2.4.6 was 

prepared and incubated with the peptide inhibitor, which was dissolved in 1 mM HCl 

(Figure 3.29). The 15N-edited 1D-1H spectra demonstrate that K3L3K3-GI, like the 

reference K3G3K3-GI, does no longer affect Aβ1-40 solubility (Figure 3.29a). The 

samples were stable for 2 weeks (Figure 3.29b). Upon the addition of 1% HFIP after 

2 weeks, Aβ1-40 incubated with K3L3K3-GI aggregated immediately to ca. 15%, 

whereas 60% of Aβ1-40 incubated with K3G3K3-GI remained soluble. Therefore, the 

presence of HFIP is necessary for the interaction of Aβ with the ISM. This effect can 

be observed when the experiments are repeated with a fresh solution of monomeric 

Aβ1-40 and immediate addition of 1% HFIP (Figure 3.30). Under these conditions, 

K3L3K3-GI causes 50% aggregation at a 1-X molar excess, and complete 

aggregation at a 10-X molar excess. This seems to be a time-dependent process, as 

the soluble Aβ1-40 population is decreased to 33% at 1-X K3L3K3-GI after 6 days. 

This is a specific effect, as the negative control G3-GI does not cause Aβ1-40 

aggregation. As in experiments observed before, the presence of ISMs does not 

affect Aβ1-40 CS. Differences in solubilities of the two peptide inhibitors is 

demonstrated full 1D-1H spectra in Figure 3.30b. Whereas the intensities of G3-GI 

signals increases according to its concentration, K3L3K3-GI seems to aggregate 

along with Aβ1-40 into co-aggregates. 
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Figure 3.30: Interactions of K3L3K3-GI with Aβ in the presence of HFIP. (a) 2D 1H-15N HMQCs of 

20 µM Aβ1-40 incubated with K3L3K3-GI (left) and G3-GI (right). The peptides were incubated at a 1-X 

(blue) and a 10-X (red) molar excess, and useful samples were measured again after 6 days (green). 

Corresponding 1D-1H spectra are shown above the 2D to illustrate Aβ1-40 aggregation. (b) Full 1D-1H 

spectra of 20 µM Aβ1-40 incubated with a 10-X molar excess (red) of K3L3K3-GI and G3-GI. Experiments 

were recorded at 277 K and 600 MHz. 

 
Solution-state NMR serves as a tool to determine the conditions to be used for the 

preparation of a solid-state NMR sample. Insoluble particles are observed in 

experiments reported in Figure 3.30, where a monomeric Aβ1-40 solution containing 

1% HFIP was incubated with K3L3K3-GI. Therefore similar conditions were applied 

for the preparation of Aβ1-40-K3L3K3-GI co-aggregates at a larger scale. A 1-X molar 

excess of the peptide inhibitor was used, as it is actively aggregating Aβ1-40 at this 

concentration. The mixture was incubated for 14 days in order to deplete the soluble 

fraction further. The aggregates were measured by MAS solid-state NMR 

spectroscopy (Figures 3.31 and 3.32).  
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Figure 3.31: MAS solid-state NMR spectra of K3L3K3-GI induced Aβ aggregates. Monomeric Aβ1-40 

at a concentration of 20 µM was incubated with a 1.23-X molar excess of K3L3K3-GI (red) and seeded 

Aβ1-40 fibrils incubated with 1% DMSO-d6. (a) 2D 13C-13C PDSD correlation spectra and (b) 2D 13C-15N 

TEDOR spectra. Experiments were recorded at a MAS rotation frequency of 15.5 kHz, 270 K and 

750 MHz. A PDSDs mixing time of 50 ms was employed. 

 

Only Aβ1-40 appears in the spectra, as it is uniformly 13C and 15N labeled, whereas 

K3L3K3-GI is unlabeled. The resulting 2D 13C-13C PDSD (Figure 3.31a and 3.32a) 

and 13C-15N TEDOR (Figure 3.31b) correlations reveal well resolved Aβ1-40 signals 

indicating structural homogeneity within the co-aggregates. The spectra are 

superimposed with seeded Aβ1-40 fibrils (in the presence of 1% DMSO-d6). The 

spectra display clear differences between seeded fibrils and the ISM induced 
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aggregates. However, the overall folds are similar, pointing to β-sheet formation. 

Judging from TEM images, Aβ1-40 forms short fibrillar structures when aggregated in 

the presence of K3L3K3-GI (Figure 3.32b).  

 
Figure 3.32: Aβ incubated with K3L3K3-GI. (a) Superimposition of 2D 13C-13C PDSD correlation of 

monomeric Aβ1-40 at a concentration of 20 µM was incubated with a 1.23-X molar excess of K3L3K3-GI 

(red) and seeded Aβ1-40 fibrils incubated with 1% DMSO-d6. (b) TEM images Aβ1-40 incubated with a 

1.23-X molar excess of K3L3K3-GI. Scale bar = 50 nm.  
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3.7 Solution-state NMR structure of R3-GI 
Although it is well known that ISMs interfere with amyloid aggregation, it is not 

understood how the inhibitors act on a molecular level. It has been suggested that 

such peptides mimic the IAPP cross-amyloid interaction surface and thereby exert 

inhibitory effects[378]. To elucidate structural details, we investigated the solution-state 

NMR structure of ISMs. Part of the reported work has been published by Andreetto et 

al[378]. For this purpose, we employed the ISM containing an arginine linker (R3-GI). 

Although this peptide contains the least amount of β-sheet elements in all inhibitory 

ISMs, it has proven to be the most applicable peptide for solution-state NMR 

spectroscopic analysis.  

 

The peptide yields a well resolved homonuclear 2D 1H-1H NOESY spectrum 

(Figure 3.33). Individual spins systems could be identified in the NOESY and 

sequential assignment was possible due to HN(i)-HN(i±1) and HN(i)-Hα(i;i-1) contacts. 

Two sets of peaks are observed for residues N15-L20, indicating the presence of two 

conformations in this region, which may arise due to cis-trans isomerizations induced 

by G17 and I19 N-methylations. Additionally, a third set of signals for I19 is found. 

Sequential contacts for both conformers are presented in Figure 3.33a. 13C chemical 

shifts were obtained from a 2D 1H-13C spectrum involving 13C natural abundance. 

Individual 15N chemical shifts were collected from selectively labeled R3-GI sample 

containing U-13C, 15N labeling at residues A06, V10, L20 and S21. 2D 1H-15N as well 

as 1H-13C HSQCs of the partially labeled R3-GI are shown in Figure 3.33a-b. All 

assigned R3-GI chemical shifts are listed in Appendix 5.2.4. 

 

After obtaining the full CS assignment, it was possible to further analyze the 

spectrum for structurally relevant long distance NOEs. Indeed, several NOEs 

between distant residues in the primary sequence are observed, which could 

potentially support the formation of a loop. Representative long distance NOEs are 

presented in Figure 3.34, and a full list is shown in Table 3.5. 
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Figure 3.33: 2D 1H-1H NOESY of R3-GI including assignments. (a) 2D 1H-1H NOESY of 500 µM 

R3-GI including assignment of residues A01-S21. A second conformer is observed for residues 

N15-L20. Sequential assignments are represented for HN-Hα and HN-HN regions for conformer 1 (blue) 

and conformer 2 (green, superscript “2”).  The lowest panel shows the 1H-15N HMQC of 500 µM R3-GI 

uniformly 13C and 15N labeled at residues A06, V10, L20 and S21. Extracts of the 2D 1H-13C HSQC 

recorded for the partially labeled R3-GI sample are shown in (b). Experiments were recorded at 277 K 

and 900 MHz and a NOESY mixing time of 300 ms. The figure is adapted from Andreetto et al [378]. 
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Figure 3.34: Long range NOEs observed for R3-GI. 2D 1H-1H NOESY of 500 µM R3-GI, including 

assignments of conformer 1 (blue) and conformer 2 (green). Long range NOEs are indicated in red and 

plotted onto the peptide sequence for both conformers (N-methylated G17 and I19 are marked in bold). 

A list of all observed long range NOEs and measured distances is listed in Table 3.4. The experiment 

was recorded at 277 K and 900 MHz and a NOESY mixing time of 300 ms. The figure is adapted from 

Andreetto et al [378]. 

 
Residue interaction maps of both conformers illustrate all NOE contacts observed in 

the interresidual NOESY spectrum (Figure 3.35a). The shading intensity correlates to 

the amount of NOEs observed for the residues. The majority of contacts are 

observed between residues i and i+1 and i+2, indicative of helical content. Several 

structurally relevant long distance NOEs are observed in both conformers, as 

mentioned before. Some long-distance NOEs are observed for both conformers, and 

some are unique for conformers 1 or 2. CD spectroscopy suggests a high β-sheet 

content for inhibitory ISMs and a mixture of β-sheet and random coil content for 

R3-GI[378]. Analysis of the obtained CS by TALOS+ and secondary chemical shift 

predicts a mainly random coil character for R3-GI (Figure 3.35b). 
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Figure 3.35: Residue interaction map and secondary structure of R3-GI. (a) Residue interaction 

map of NOEs observed in the 2D 1H-1H NOESY spectrum of R3-GI. Both axes represent the peptide 

sequence. Filled squares indicate an NOE observed between the two residues. The shading of the 

colored filling represents the number of NOEs observed, where a stronger intensity represents a higher 

number of NOEs. The NOE patterns are indicative for secondary structural content. The images were 

generated by CcpNmr[389]. (b) Secondary structural elements as predicted by TALOS+ (top panel), and 

secondary chemical shifts ΔδCα-ΔδCβ (ppm) (lower panel). The propensities for the formation of 

random coil (black) and β-sheet (red) and α-helical (blue) elements are shown for TALOS+. The gray 

bar indicates a range of ±1.4 ppm (ΔδCα-ΔδCβ), as this is the range of random coil CS specified by 

Wishart et al[390]. Values within this range are considered insignificant. ! no CS assignment. * No 

random coil CS values were found for N-methylated G17 and I19.  
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It has been suggested that inhibitory ISMs form β-hairpin like structures[378]. To 

determine the molecular structure of R3-GI, the collected NMR data was subject to 

structure calculation by ARIA. We calculated preliminary monomeric structures for 

both conformers (Figures 3.39 and 3.40). It remains unclear whether R3-GI exists as 

a monomer, dimer or oligomer at above 500 µM, the concentration used for NMR 

experiments. Investigations of R3-GI by DLS have predicted a molecular weight of 

around 4-5 kDa (peak 1), suggesting the formation of monomers or low-n oligomers 

(Figure 3.36, Table 3.3) However, the DLS results are calculated for globular 

proteins, and should be treated with caution. Yet, it tentatively excludes the presence 

of large oligomers. The large particle observed by DLS (peak 2) does not contain 

mass and thus does not originate from the peptide. 

 

 

 
Figure 3.36: DLS of 1mM R3-GI. The % intensity (left) and % mass (right) are plotted as a function of 

the radius (nm). 

 

 

 Peak Radius (nm) MW (kDa) Intensity (%) Mass (%) 

Measurement 1 
peak 1 1.258 5 90.4 100.0 
peak 2 77.332 88220 9.6 0.0 

Measurement 2 
peak 1 1.339 5 95.4 100.0 
peak 2 166.689 532104 4.6 0.0 

Measurement 3 
peak 1 1.301 4 88.2 100.0 
peak 2 498.055 6890780 11.8 0.0 

 

Table 3.3 DLS of 1 mM R3-GI. The molecular mass of the monomeric R3-GI peptide is 2.49 kDa. 
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Based on the 1H NMR line widths of around 12-14 Hz in the directly acquired 

dimension, the peptide presumably exists in a monomeric or low-n oligomeric state, 

supporting the DLS findings. To avoid bias, we calculated preliminary structures of 

R3-GI for a symmetric homodimer (Figures 3.41 and 3.42) and pentamer for both 

conformers. The pentamers contain no major structured regions, and the r.m.s.d. 

values (Å) are 9.46 (±1.18) for backbone atoms and 9.87 (±1.14) for heavy atoms of 

conformer 1 and 9.70 (±1.61) for backbone atoms and 10.26 (±1.50) for heavy atoms 

of conformer 2. Due to the high r.m.s.d. values, the pentameric structures were 

excluded from further analysis. The r.m.s.d. values for monomeric and dimeric 

structures are listed in Table 3.4. All four determined structures differ significantly, 

based on the r.m.s.d. values. The monomeric chains within the dimeric structures are 

different to monomers alone. Residue specific r.m.s.d. demonstrates that the 

structures are more consistent at around A06-R13 and are more flexible towards the 

termini (Figure 3.37). Details for structure calculations and output analysis by ARIA 

can be found in Table 3.10.  

 
Figure 3.37: Residue specific r.m.s.d. values for preliminary monomeric and dimer R3-GI 
structures. (a) Residue specific r.m.s.d. values for 10 lowest energy, water refined monomeric 

structures of R3-GI conformer 1 (left) and conformer 2 (right). r.m.s.d. values are plotted as spheres 

onto the peptide structure. (b) Residue specific r.m.s.d. values for 10 lowest energy, water refined for 

chains A and B of dimeric R3-GI structures for conformer 1 (left) and conformer 2 (right). The images 

were generated by CcpNmr[389]. 
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r.m.s.d. Monomer conf. 1 Monomer conf. 2 Dimer conf .1 Dimer conf .2 

Monomer conf. 1 0.61 - - - 

Monomer conf. 2 4.05 0.38 - - 

Dimer conf. 1 5.46 5.90 0.36 - 

Dimer conf. 2 5.77 6.03 7.13 1.55 

 

Table 3.4: r.m.s.d. values of preliminary monomeric and dimeric R3-GI structures . r.m.s.d 

values (Å) for 10 lowest energy, water refined structures are calculated for major structured regions by 

CcpNmr[389]. 

 

All calculated ARIA structures of R3-GI contain a large amount of random coil 

structure. A common motif is the presence of two loops in the monomeric and 

dimeric structures. In the monomers, the first loop comprises A06-F08, followed by a 

kink at V10-R12 and a loop comprising R12-R14 in conformer 2 (Figure 3.40a) and 

R14-G17 in conformer 1 (Figure 3.39a). Both monomeric structures adopt a S-like 

motif. In the dimeric structure of conformer 1, two loops are formed between 

Q03-A06 and R13-F16 (Figure 3.41a). The dimeric structures of conformer 2 do not 

yield a well defined bundle and result in a relatively high r.m.s.d. (Table 3.4), hence, 

no loops can be defined (Figure 3.42a). No significant amounts of secondary 

structural elements can be detected in any of the obtained structures, consistent with 

the TALOS+ and secondary chemical shift calculations. The arginine side chains of 

the R3 linker are not oriented in the same way. Instead, in conformer 1, R12 and R14 

are oriented towards the N-terminus and R13 is oriented into the space formed by 

the second loop (Figure 3.39b). In conformer 2, R13 also points towards the 

N-terminus, whereas R12 and R14 are oriented towards the surface of the structure 

(Figure 3.40b). The formation of the S-shaped motifs is supported by hydrogen 

bonds (Figures 3.39c and 3.40c). For instance, a hydrogen bond connecting R04 and 

N15 stabilizes the first loop and a hydrogen bond connecting R14 to S21 stabilizes 

the second loop of the monomeric conformer 1 (Figure 3.39c, Table 3.6). 

Intermolecular hydrogen bonds are found to stabilize the dimeric structures 

(Tables 3.8 and 3.9). A table listing all hydrogen bonds detected in one model of 

each structure is shown below the individual structures. 

 

All observed long distance NOEs were measured in the individual monomeric and 

dimeric structures. A summary of all long distance NOEs including violations is 

shown in Table 3.5. All confirmed NOEs are schematically plotted onto the calculated 

structures (Figure 3.38). For both conformers, most long distance NOEs observed in 

the NOESY spectrum are confirmed in the monomeric R3-GI structures of both 
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conformers. Only the NOE observed between L09 H and S21 Hβ* is a violation in 

every structure. In dimeric structures, the NOE may potentially arise from intra- and 

intermolecular contacts between the two chains A and B. Therefore, both scenarios 

were taken into account and intra-, as well as intermolecular distances were 

measured in the dimeric structures. In general, more NOE violations are observed in 

dimeric structures. Only two long distance NOEs could be confirmed for conformer 1, 

assuming they both arise from intermolecular contacts. For conformer 2, five long 

distance NOEs are confirmed, assuming four of the NOEs are caused by 

intermolecular contacts and one is based on intramolecular contacts. However, given 

the low r.m.s.d. value and the lack of structural elements in the dimeric structure of 

conformer 2, the distance measurements are unreliable. The measured distances in 

the individual structures are depicted in yellow for the monomeric structures in 

Figures 3.39d and 3.40d-e, as well as in yellow for intramolecular contacts and in 

blue for intermolecular contacts between chains in the dimeric structures in Figures 

3.41c-d and 3.42c-d. 
 

NOE 
Monomer 

conf. 1 
Monomer 

conf. 2 
Dimer 

conf. 1 inter 
Dimer 

conf. 1 intra 
Dimer 

conf. 2 inter 
Dimer 

conf. 2 intra 
A06 Hα – 
S21 Hβ 

3.3 2.3 4.0 11.9 3.1 12.7 

L09 Hδ* - 
R14 Hδ* 3.8 4.1 4.5 13.4 12.5 3.1 

"A01 Hβ* - 
R14 Hα 

3.6 5.3 8.0 7.9 3.4 12.5 
"F08 Hζ –  

R13/14 Hγ* 
2.6 (R14) 3.0 (R13) 9.9 (R14) 14.3 (R14) 10.9 (R13) 7.6 (R13) 

F08 Hε – 
L201 H 

4.4 - 11.9 8.4 - - 

L09 H – 
A182 Hβ* 

- 3.7 - - 7.1 7.5 

N07 H – 
I192 Hγ* 

- 3.8 - - 4.1 12.2 

N07 H – 
I192 Hδ* 

- 3.9 - - 5.1 12.1 

L09 H – 
S21 Hβ* 7.7 11.3 8.0 7.7 6.9 9.0 

 

Table 3.5: R3-GI long range NOEs observed in 2D 1H-1H NOESY. Lowest distances (Å) as measured 

between atoms in calculated monomeric and dimeric R3-GI structures. Inter- and intramolecular 

distances are shown for the dimeric structures. Violations are indicated in red. "NOE was determined by 

ARIA. NOEs found in only one conformer are labeled with a superscript number of the respective 

conformer. 
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Figure 3.38: R3-GI confirmed long distance NOEs. All confirmed long distance NOEs were plotted 

onto the structures of conformer 1 and 2 monomeric and dimer structures. Intramolecular contacts are 

shown in yellow and intermolecular contacts between the two chains of dimers are shown in blue. 
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Figure 3.39: Preliminary solution-state NMR structure of monomeric R3-GI conformer 1. 

(a) Bundle of models for conformer 1 of R3-GI as a monomer. (b) Orientation of arginine side chains in 

the R3 linker. (c) Hydrogen bonds stabilizing the turns in R3-GI (pink) (Table 3.6). (d) Distances of long 

range NOEs observed in the 2D 1H-1H NOESY spectrum (yellow). 

 

Donor Acceptor Distance (Å) 

R04 Hε N15 Oδ1 2.5 
R04 Hη21 N15 Oδ1 2.4 
R14 Hη12 S21 Oγ 2.6 
R14 Hη22 S21 Oγ 2.9 

R12 H S21 Oγ 2.2 
R14 Hη11 R12 O 2.3 

L05 H Q03 O 1.5 
R12 Hη12 Q03 O 2.5 

S21 Term COOH V10 O 3.1 
V10 H F08 O 2.3 
L20 H A18 O 2.6 

 
Table 3.6: Hydrogen bonds in preliminary monomeric R3-GI structure of conformer 1.  
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Figure 3.40: Preliminary solution-state NMR structure of monomeric R3-GI conformer 2. 
(a) Bundle of models for conformer 2 of R3-GI as a monomer. (b) Orientation of arginine side chains in 

the R3 linker. (c) Hydrogen bonds stabilizing the turns in R3-GI (pink) (Table 3.7). (d-e) Distances of 

long range NOEs observed in the 2D 1H-1H NOESY spectrum (yellow). 

 
 

Donor Acceptor Distance (Å) 
S21 Hγ L20 O 1.9 
N07 H S21 Term COOH 1.9 
I19 H G17 O 2.6 
F08 H A06 O 2.3 
R13 H N15 O 2.7 
G17 H N15 O 1.9 

R12 Hη11 R12 O 1.7 
R14 Hε Q03 Oε1 2.6 

R04 Hη11 N15 Oδ1 1.7 
V10 H F08 O 1.9 

 
Table 3.7: Hydrogen bonds in preliminary monomeric R3-GI structure of conformer 2. 
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Figure 3.41: Preliminary solution-state NMR structure of dimeric R3-GI conformer 1. (a) Bundle of 

models for conformer 1 of R3-GI as a dimer. (b) Orientation of arginine side chains in the R3 linker. 

(c-d) Distances of long range NOEs observed in the 2D 1H-1H NOESY spectrum within the same chain 

(yellow) or intermolecular contacts between the two chains (blue). 

 

 

Donor Acceptor Distance (Å) 
(B) S21 Hγ (A) A06 O 2.7 

(A) R13 Hη21 (B) S21 Oγ 2.0 
(A) R13 Hε (B) S21 Oγ 1.9 
(B) V10 H (A) R12 O 1.8 

 
Table 3.8: Intermolecular hydrogen bonds in preliminary dimeric R3-GI structure of conformer 1. 
The chain is indicated in parantheses. 
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Figure 3.42: Preliminary solution-state NMR structure of dimeric R3-GI conformer 2. (a) Bundle of 

models for conformer 2 of R3-GI as a dimer. (b) Orientation of arginine side chains in the R3 linker. 

(c-d) Distances of long range NOEs observed in the 2D 1H-1H NOESY spectrum within the same chain 

(yellow) or intermolecular contacts between the two chains (blue). 

 

 

Donor Acceptor Distance (Å) 
(A) R14 Hη21 (B) A01 O 2.1 
(A) R14 Hη12 (B) Q03 O 2.3 

!
Table 3.9: Intermolecular hydrogen bonds in preliminary dimeric R3-GI structure of conformer 2. 

The chain is indicated in parantheses. 
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monomer dimer 

conformer 1 conformer 2 conformer 1 conformer 2 

NMR restraints     

NOE distance restraints 458 455 468 529 

dihedral angles (ϕ+ψ) 30 28 - - 

Structure statistics     

Violations     

Distance violations (> 0.5 Å) 98.9 ± 3.14 77.2 ± 4.42 9.2 ± 4.31 19.3 ± 8.67 

Dihedral angle violations (> 5°) 14.4 ± 2.24 9.6 ± 1.35 - - 

Average r.m.s.d. (Å)     

Backbone 2.09 ± 1.46 1.89 ± 1.30 3.30 ± 0.87 3.62 ± 0.50 

Heavy 2.78 ± 1.59 2.62 ± 1.21 3.6s ± 0.84 4.12 ± 0.44 

Major structured regions[389] 0.61 0.38 0.36 1.55 

Deviations from idealized geometry     

Bonds (Å) 2.52 ± 0.00 2.73 ± 0.00 1.09 ± 0.00 1.33 ± 0.00 

Angles (°) 2.06 ± 0.15 1.97 ± 0.11 1.15 ± 0.07 1.42 ± 0.15 

Ramachandran plot analysis     

Residues in most favored regions 16.7% 31.1% 18.3% 25.8% 

Residues in allowed regions 72.8% 55.5% 55.6% 50.0% 

Residues in generously allowed regions 7.8% 10.6% 15.0% 16.1% 

Residues in disallowed regions 2.8% 2.8% 11.1% 8.1% 

 
Table 3.10: NMR restraints and statistics of preliminary R3-GI structures calculated by ARIA. 

r.m.s.d. values are calculated for the 10 lowest energy, water refined structures. 
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4. Discussion 
 
4.1 Aβ interactions with sulindac sulfide 
Molecular interactions of Aβ with sulindac sulfide 

It is commonly agreed upon that the NSAID and 1st generation GSM sulindac sulfide 

influences properties of the AD peptide Aβ. For instance, sulindac sulfide is able to 

alter production levels of Aβ[305], and interfere with its aggregation properties[336]. 

Furthermore, sulindac sulfide has been reported to bind directly to Aβ 

species[322,333,334]. The details of the impact that sulindac sulfide exerts on amyloids 

are still a matter of debate[335]. In this study we investigate the molecular interaction 

of sulindac sulfide with Aβ at an atomic level by NMR spectroscopy. In particular, we 

characterized the mechanism of interaction of sulindac sulfide with induced Aβ 

aggregates and seeded mature Aβ fibrils by MAS solid-state NMR. This technique 

has been successfully applied in the past to solve structures or large insoluble 

protein complexes[48,49,51,52] as well as to characterize amyloids in conjunction with 

small molecules[288,296-298,300].  

 

Colloidal sulindac sulfide nonspecifically induces Aβ aggregation. 

In the presence of sulindac sulfide, soluble monomeric Aβ aggregates rapidly out of 

solution in a concentration dependent manner, as demonstrated by solution-state 

NMR spectroscopy (Figure 3.4). Above a critical concentration, sulindac sulfide forms 

colloidal self-assemblies[335]. This phenomenon is commonly observed for phenolic 

compounds[338] and is known to cause nonspecific protein aggregation[341]. Several 

experimental observations support the assumption that Aβ aggregation by sulindac 

sulfide is based on a nonspecific mechanism and driven by colloids. Firstly, no 

chemical shift perturbations are caused by the presence of the sulindac sulfide. 

Secondly, Aβ aggregation is uniform throughout the peptide sequence and no 

regions are more severely affected by sulindac sulfide than others. Thirdly, the total 

concentration of sulindac sulfide and not the molar ratio to Aβ is decisive for the 

amount of aggregated Aβ, and colloid formation is a concentration dependent 
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process. Fourthly, Aβ solubility is unaffected by sulindac sulfone. Unlike sulindac 

sulfide, sulindac sulfone is highly soluble in aqueous solutions[335], which we also 

confirmed by solution-state NMR (Figure 3.6). The lack of colloid formation of 

sulindac sulfone may be responsible for the persistence of Aβ solubility and its 

inefficacy to interfere with Aβ biogenesis[322]. 

 

The CMC for sulindac sulfide colloid formation has been reported to be around 

50 µM, although this value is dependent on the DMSO concentration[344]. In our 

experiments, we observe aggregation of sulindac sulfide at concentrations of 

~200-300 µM (Figure 3.6). Line broadening and signal attenuation of the compound 

imply large complex formation and chemical exchange. At this NSAID concentration, 

~50% of the Aβ population is aggregated as a consequence of nonspecific 

interactions. Although sulindac sulfide precipitates by itself in buffer, the aggregation 

is enhanced in the presence of Aβ. This suggests that sulindac sulfide and Aβ 

aggregate together into complexes. The nonspecific induction of Aβ aggregation by 

sulindac sulfide, as well as the formation of co-aggregates is further supported by 

MAS solid-state NMR experiments. 

 

Sulindac sulfide induces structured Aβ co-aggregates with reduced 

neurotoxicity.  

Even though monomeric interacts with sulindac sulfide in a nonspecific manner, the 

resulting aggregates are not amorphous, but well structured. MAS solid-state NMR 

spectra of the aggregates yield well resolved spectra (Figures 3.8 and 3.9), 

supporting homogenous structure formation induced by sulindac sulfide. The 

concentration of sulindac sulfide plays a crucial role for Aβ aggregation, further 

indicating the involvement of colloids in the interaction. Spectra of the sample 

aggregated by a 5-fold molar excess of sulindac sulfide display highly similar 

patterns to reference aggregates. It seems that a 10-X molar excess is necessary to 

induce structural changes in the spectra. At this concentration, CSPs are observed 

especially for several residues including glycines and alanines. Furthermore, new 

cross peaks originating from isoleucine side chains appear at an increased sulindac 

sulfide concentration. The presence of such cross peaks indicates a high degree of 

stability of these side chains and their involvement in NSAID interaction. The Aβ 

sample prepared at a 10-X molar excess of sulindac sulfide contains the highest S/N 

and all further analyses were carried out on this sample. 
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Resonances of residues V18-G38 are detected in the spectra, suggesting that the 

C-terminus forms a well structured amyloid core of the NSAID induced aggregates. 

The lack of signals from the N-terminus is a consequence of broad lines resulting 

from signal averaging due to flexibility and heterogeneity. Typically, the C-terminus is 

responsible for Aβ aggregation[168]. Analysis of the obtained chemical shifts 

demonstrates the presence of β-sheet elements (Figure 3.10a). Furthermore, the 

typical salt bridge connecting D23 and K28 side chains is detectable by TEDOR 

experiments (Figure 3.10b). Hence, sulindac sulfide does not interfere with the 

formation of typical Aβ structural elements. The aggregates appear as short 

prefibrillar structures in TEM images (Figure 3.7a). SEC analysis demonstrates that 

Aβ forms larger oligomers in the presence of sulindac sulfide compared to controls. It 

is well known that small Aβ oligomers constitute the toxic amyloid species[205,209-211]. 

Indeed, MTT assays demonstrate a reduced neurotoxicity exerted by the relatively 

smaller sulindac sulfide induced Aβ aggregates compared to larger Aβ complexes 

aggregated by DMSO.  

 

In order to detect sulindac sulfide in the aggregates, we employed the NMR active 

properties of its 19F atom. 13C-19F TEDOR experiments allow the detection of 13C 

atoms in proximity of 19F via dipolar couplings. The resulting spectrum features 

signals from the entire protein sequence, including backbone, aromatic and side 

chain resonances  (Figure 3.12c). Hence, sulindac sulfide aggregates together with 

Aβ, as previously indicated by solution-state NMR. No specific binding site can be 

defined. Rather, sulindac sulfide binds nonspecifically to Aβ and aggregates as an 

amyloid bound colloid. 

 

Sulindac sulfide does not alter Aβ fibrils 

In a second part of this work, we investigated the mechanism of interaction of 

sulindac sulfide with seeded mature Aβ fibrils. For this purpose, seeded fibrils were 

prepared as described by Lopez del Amo et al[264] and incubated with sulindac sulfide 

or DMSO as a reference. Although the protocols for fibrillation are identical, we 

observe one set of signals in our study instead of two conformations as described by 

Lopez del Amo et al[264]. The current polymorph resembles mostly conformer I, 

although V24-S26 and various individual resonances show a high correlation to 

conformer II, whereas several resonances do not resemble either of the conformers. 

Overall, comparison of CS demonstrates the differences between the asymmetric 

dimer[264] and the current fibrils (Table 3.2, Appendix 5.4). The presence of DMSO 

may be responsible for the change in polymorphism. By functioning as a hydrogen 
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bond acceptor, DMSO disturbs the hydrogen bond network surrounding protein 

surfaces[413], which may alter self-assembly of Aβ[414]. Furthermore, slight variations 

of experimental conditions strongly affect Aβ aggregation kinetics[415,416] and may 

account for the different polymorphs. 

 

Mature seeded fibrils in the presence of absence of the NSAID reveal highly similar 

patterns solid-state NMR spectra (Figures 3.13 and 3.14) and TEM images 

(Figure 3.16a). The fibrillar character of Aβ is maintained in the presence of sulindac 

sulfide. The resulting spectra were amenable for further analysis, and residues 

Q15-V40 were assigned in both samples. CS analysis (Figure 3.16b) and TEDOR 

experiments (Figure 3.17) detect the presence of β-sheet elements and the D23-K28 

salt bridge. When incubated with sulindac sulfide, defined CSPs in Aβ fibrils are 

observed for specific resonances, including K16, G33 and hydrophobic residues 

between V18-A21 (Figure 3.18a). It is important to note that the observed CSPs are 

quantitative, and we do not observe peak splitting or line broadening. Hence, 

sulindac sulfide exerts the same effect on each Aβ molecule within the fibril structure. 

Similarly, in 13C-19F TEDOR spectra, individual 13C signals in 19F vicinity are detected 

which are assignable to specific resonances, namely to Cγs of V18, V24, V36 and 

V39 Cβs of A21 and A30, the side chain of K16 and methyl groups of I31, I32, L34 

and M35, although some signals remain ambiguous due to spectral overlap 

(Figure 3.18b, Table 3.1).  

 

Sulindac sulfide intercalates between the two β-strands formed by Aβ fibrils. 

Signals from 13C-19F TEDOR spectra and the observed CSPs are strong indicators 

for the binding site of sulindac sulfide to Aβ fibrils. TEDOR restraints are more 

valuable restraints, as they arise from direct binding to the NSAID, whereas CSPs 

may be caused by conformational changes. We used both sets of restraints in an 

induced fit study to dock sulindac sulfide to Aβ fibrils. Similar approaches in the past 

include a solid-state NMR supported docking of Cu2+[300] and a blind docking of 

sulindac sulfide[333], both to Aβ fibrils. For our molecular docking, we employed two 

out of three wild type Aβ1-40 fibril structures currently available. These include a 3-fold 

symmetric structure (PDB: 2LMP)[257], which shows the highest correlation to our 

obtained CS (Table 3.2, Appendix 5.4), and a 2-fold symmetric structure 

(PDB: 2LMN)[260], which resembles best our protocol for fibril preparation. Further 

available structures include fibrils obtained from brain tissue seeded material[232], as 

well as several familial mutants[261-263]. These structures were neglected as they show 

a high degree of variance in CS patterns and in the peptide sequence to our current 
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analysis. A packing analysis of the analyzed structures demonstrates a high degree 

of similarity in cavity size and polarity found in the fibrillar structures. Although the 

employed structures do most likely differ from our current polymorph, we conclude 

that docking sulindac sulfide to the published structures is a valid approach for 

various reasons. First, we use two structures which best resembles our polymorph to 

avoid bias. Second, a packing analysis serves as a base for the induced fit, and the 

packing density is consistent throughout various amyloid fibril structures. Third, the 

docking is based on experimentally observed NMR restraints, and the results are 

discussed critically. 

 

The packing analysis revealed that cavities cluster to five different regions, although 

the presence of cavities depends on the rotameric state of F19. The position of the 

cavities (Figure 3.20b) reflects residues affected by sulindac sulfide based on NMR 

restraints (Figure 3.20a). The clusters are approximately consistent in both 

structures, although the 3-fold symmetric structure is more tightly packed. To assess 

polarity, the probability of each cavity to harbor water molecules was predicted. Two 

clusters provide the necessary size and hydrophobicity to accommodate a sulindac 

sulfide molecule, marked “cluster 1” surrounding I32 and “cluster 2” surrounding V36 

(Figure 3.20b). An induced fitting approach to both cavities reveals that sulindac 

sulfide can dock to both fibril structures, in a manner consistent with the NMR 

restraints (Figure 3.20c). In both structures, sulindac sulfide can bind parallel to the 

fibril axis in groove formed by G33 (pose 1) in cluster 1, or with its aromatic ring 

system parallel to the β-sheets and perpendicular to the fibril axis (pose 2) in 

cluster 2. In pose 2 of the 2-fold symmetric structure, sulindac sulfide interacts with 

the fibril towards the C-terminus. In addition, sulindac sulfide can bind in cluster 2 of 

the 2-fold symmetric structure in a third pose with its 19F atom facing F19 (not 

shown). The combination of all poses fulfills important 13C-19F REDOR restraints, as 

the 19F atom is located less than 6 Å from the methyl groups of I32, L34, V36 and 

V39. In the solid-state, 13C-19F distances can be measured reliably up to a distance of 

12 Å, as demonstrated by REDOR measurements in complexes of the 

Staphylococcus aureus cell wall and various glycopeptides[417]. Furthermore, the 

binding modes account for the large CSP observed for G33, as this residue is 

involved in forming a groove to accommodate the NSAID. Yesuvadian et al found a 

weak interaction of sulindac sulfide with K16 and V18 on the fibril surface[333]. As 

docking to the surface was not taken into account in our current study, the previous 

report complements our results and attributes for the observed CSPs of K16 and the 

large 13C-19F REDOR signal of V18. Sulindac sulfide must bind to all clusters in order 
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to fulfill the experimental restraints, although their availability is determined by the 

rotameric state of F19. Hence, we assume not a simultaneous, but a dynamic 

binding of the NSAID. We hope to confirm this assumption by relaxation dispersion 

experiments in the future. 

 

Sulindac sulfide protects Aβ from M35 oxidation 

M35 in the Aβ sequence is a mediator of oxidative stress[181], which contributes 

significantly to AD progression[174]. Oxidation of M35 is commonly observed in Aβ 

peptides[182], and interferes with its aggregation properties[175]. In addition, due to its 

proximity to M35, G33 assists in stabilization of ROS[418,419] and thereby contributes 

to Aβ oxidation[420,421]. In our docking model, all poses suggest binding of sulindac 

sulfide near M35 and near G33 in pose 1. This residue is essential for Aβ toxicity and 

responsible for its aggregation into oligomers[422]. The localization of the NSAID near 

G33 may alter these abilities and have beneficial influences on Aβ toxicity. More 

importantly, sulindac sulfide binding may protect from Aβ M35 oxidation[404].  

 

In order to develop a system for testing fibrillar Aβ oxidation, fibrils were incubated 

under oxidizing conditions and dissolved in DMSO-d6 in the presence of ascorbic 

acid to quench further oxidation. We were able to efficiently oxidize M35 of Aβ fibrils 

with the oxidizing agents NCS and NBS, but not H2O2 (Figure 3.23). In addition to 

M35, M0 seems to undergo oxidation in the presence of all oxidizing agents tested, 

as residues in the N-terminal region near M0 are subject to CSPs and peak splitting 

(H2O2) or signal loss (NCS, NBS). These processes may arise due to exchange 

between two states. Peak splitting indicates slow exchange, whereas intermediate 

exchange will results in line broadening and signal loss. The oxidizing agents were 

added in high molar excesses, hence, we assume that the Aβ peptide becomes fully 

oxidized. It is possible that the oxidizing reagents bind the N-terminal part of Aβ and 

thereby induce conformational exchange of the N-terminus between a ligand bound 

and unbound state. Mass spectrometric analysis should be carried out in the future to 

support the hypothesis of the binding event between Aβ and the oxidizing reagents. 

 

Attenuated M35 oxidation in Aβ fibrils by the oxidizing agent NCS when co-incubated 

with sulindac sulfide was observed (Figure 3.24). Sulindac sulfide itself undergoes 

oxidation to sulindac (Figure 3.25), suggesting a role as an anti-oxidant for the 

NSAID. Anti-oxidants exert highly beneficial effects on AD progression[423,424], and 

this is the first time that sulindac sulfide is reported as an anti-oxidant. Sulindac 

sulfide may thus protect M35 oxidation in two mechanisms. The first mechanism 
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assumes oxidation of the NSAID instead of Aβ. However, no anti-oxidizing effect of 

sulindac sulfide is found for monomeric Aβ when oxidized with H2O2 (Figure 3.21a). It 

should be taken into account that H2O2 is less efficient in oxidizing sulindac sulfide to 

sulindac (Figure 3.25), and the effect of sulindac sulfide on monomeric Aβ M35 

oxidation in the presence of NCS should be investigated in the future. The second 

mechanism suggests a competitive inhibitory role for sulindac sulfide. By binding to a 

cluster of hydrophobic cavities present in Aβ fibrils surrounding G33 and M35, 

sulindac sulfide prohibits access of NCS, thereby shielding M35 from NCS oxidation. 

We assume that sulindac sulfide has a higher preference for binding to the pocket 

due to its relative high hydrophobicity in comparison to NCS, and its ring system, 

which will most likely interact with aromatic rings of side chains present in the binding 

pocket, for instance, F19. The absence of this pocket in monomeric Aβ may in 

addition explain the inefficiency of sulindac sulfide to prevent monomeric Aβ M35 

oxidation (Figure 3.21a). In all experiments, NCS was added in high molar excess in 

respect to Aβ or sulindac sulfide, ensuring that the anti-oxidizing effect of the NSAID 

was negligible. We assume that sulindac sulfide binding to Aβ fibrils occurs rapidly, 

hence, the NSAID may be protected from oxidation once bound to the fibrillar 

hydrophobic pocket. However, it could not be determined with certainty in which 

oxidized version the NSAID interacts with fibrils. The concept of sulindac sulfide 

acting as a competitive inhibitor strongly supports the accuracy of the binding site as 

predicted by the induced fit study, and moreover demonstrates a biological relevance 

of NSAID binding to Aβ fibrils. 

 

Comparison of Aβ interactions with NSAID to other studies 

Solid-state NMR studies in the past have revealed that small molecules may induce 

a variety of changes to amyloid structures[288,296-298,300]. Curcumin[297] and Zn2+[299] 

exert severe changes to the fibrillar character and disrupt the D23-K28 salt bridge. 

Similarly, EGCG drives Aβ into nonfibrillar oligomers, although typical features such 

as the salt bridge and β-sheets are preserved[288]. In contrast, CR[296], ThT[425] and 

Cu2+[300] solely bind to fibrils without introducing structural changes. Similarly, 

sulindac sulfide is unable to prevent the formation of, or disrupt characteristic 

structural Aβ elements. However, unlike CR[296] and Cu2+[300], which bind to a 

superficial groove along the fibril axis or at the termini, respectively, our NMR data 

based docking approach revealed that the NSAID intercalates between the β-strands 

of fibrils. This is a novel binding site for small molecules, as all previously described 

sites of interactions for inhibitory molecules on amyloid structures are superficial. 

This model for the interaction of sulindac sulfide with fibrillar Aβ may also assist in 
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understanding the influence of the NSAID on monomeric Aβ. In 2D 13C-13C 

correlation spectra of NSAID induced aggregates, we observe an increased intensity 

for I31 and I32 side chain cross peaks upon the addition of a 10-X molar excess of 

sulindac sulfide (Figure 3.9a). This suggests that the side chains are no longer 

flexible or averaged out due to conformational flexibility, but more rigid and stabilized 

by sulindac sulfide. Indeed, a large cluster of hydrophobic cavities around I32 side 

chain is one of the primary binding sites of sulindac sulfide in fibrils (Figure 3.20c). 

Analysis of CS reveals the presence of β-sheets (Figure 3.10a) in the pre-fibrillar 

aggregates induced by sulindac sulfide. Hence, it is likely to assume the presence of 

similar cavities in the induced structures, and sulindac sulfide binding to these 

cavities. However, based on the relatively large differences in chemical shift 

(Table 3.2, Appendix 5.4), we assume that monomeric Aβ in the presence of sulindac 

sulfide folds into a polymorph structurally different to mature fibrils incubated with 

sulindac sulfide. Thus, although sulindac sulfide may bind to a common binding site, 

which is integrated in characteristic Aβ structural elements, overall differences exist 

between the two structures and interaction modes with sulindac sulfide. 

 

Evidence for discrepancies in the nature of the NSAID-Aβ interaction in the two 

systems can be found in the NMR data. Unlike for the NSAID induced Aβ 

aggregates, sulindac sulfide causes defined CSPs in Aβ fibrils for specific 

resonances (Figure 3.18a). Further differences in the interaction in the two species 

are visualized when comparing the 13C nuclei detected in proximity to the sulindac 

sulfide 19F atom in 13C-19F REDOR and TEDOR experiments (Figure 3.19). 

Superimposition of the individual spectra featuring all 19F dipolar coupled 13C atoms 

of fibrils and NSAID induced aggregates reveals the different patterns in the spectra. 

In principle, the spectrum of induced aggregates contains signals of a full protein 

spectrum. In the case of mature fibrils, individual 13C signals originating from specific 

resonances are detected. Unlike the NSAID induced Aβ aggregates, we assume 

specific NSAID binding to fibrils, accounting for the defined CSPs and 13C-19F 

TEDOR signals. 
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Figure 4.1: Schematic representation of mechanism of interaction between sulindac sulfide and 
Aβ monomers and fibrils.  

 

Based on experimental observations, we are able to derive a mechanism of 

interaction between the NSAID sulindac sulfide and Aβ species (Figure 4.1). When 

incubated with monomeric Aβ at concentrations above its CMC, sulindac sulfide will 

nonspecifically induce Aβ aggregation. Due to its colloidal character, sulindac sulfide 

will promiscuously bind individual Aβ molecules. As these self-assemblies can reach 

submircrometer sizes[338], presumably several Aβ monomers are recruited to the 

surface of each colloid, leading to an Aβ accumulation. Hence, by bringing Aβ 

monomer close together, the sulindac sulfide surface acts as a nucleation seeds 

promoting structure formation and amyloid elongation into large off-pathway 

oligomeric or pre-fibrillar aggregates with reduced toxicity, which are structurally 

diverse from seeded fibrils. Upon addition of sulindac sulfide to seeded mature fibrils, 

we observe a specific mechanism of interaction. At 250 µM sulindac sulfide is likely 
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start forming colloids. Yet, we assume that individual sulindac sulfide molecules 

dissociate from the larger complexes to specifically intercalate in hydrophobic 

cavities formed between the two β-strands of the Aβ fibrils. By occupying these 

cavities, sulindac sulfide may protect Aβ from M35 oxidation. This may be a general 

binding mechanism of sulindac sulfide. As we assume the existence of similar 

cavities in the sulindac sulfide induced Aβ aggregates, it is likely that individual 

NSAID molecules bind to the same site. 

 

4.2 Interactions of Aβ with ISMs 
K3L3K3-GI induces structured Aβ aggregates 

IAPP cross-amyloid interaction surface mimics (ISMs) are potent inhibitors of IAPP 

and Aβ fibrillation and toxicity[378]. The structure of ISMs seems crucial for its 

inhibitory activities, as ISMs containing large amounts of β-sheet elements are the 

most effective to block amyloidogenic processes, although the exact mechanism of 

action is unknown. As reported before[378], we find by solution-state NMR that Aβ 

interacts strongly with ISMs containing a leucine linker, L3-GI and K3L3K3-GI 

(Figures 3.27 and Figures 3.28-3.30, respectively), but not with ISMs containing a 

glycine linker, G3-GI (Figure 3.28 and and 3.30). This is expected, as L3-GI contains 

a high degree of β-sheet elements, whereas G3-GI is mostly unstructured and of 

random coil character. The presence of HFIP is crucial for the interaction to occur. 

The organic solvent may provide an interface for interaction of the two peptides. 

Analogous to experiments with sulindac sulfide, K3L3K3-GI aggregates Aβ without 

affecting Aβ CS, indicating a nonspecific type of interaction. On a nM scales, L3-GI 

and Aβ form nonfibrillar hetero-oligomeric assemblies featuring a β-sheet/β-turn 

structure[378]. The experimental conditions had to be adjusted to µM ranges for the 

NMR experiments. Yet, the solution-state NMR experiments provide evidence that 

hetero-oligomers may exist at the higher concentrations, as K3L3K3-GI aggregates 

together with Aβ (Figure 3.30b). Solid-state NMR spectra revealed that the resulting 

aggregates exhibit a high degree of secondary structure. (Figures 3.31 ad 3.32a). 

Judging from the patterns in the spectra, it is highly likely that Aβ forms into β-sheet 

containing structures. Overall, the spectra are well dispersed and feature resolved 

peaks. For instance, individual signals are detected in the carboxylic region, 

indicating structured and stabilized side chains. Two serine signals are found. In the 

future, sequential assignments of the complex will reveal if these originate from the 

two serines in the Aβ sequence, or from two conformers of the same serine. TEM 



118' DISCUSSION!
!

!

images of the aggregates show fibrillar structures, in contrast to previous reports[378]. 

The discrepancies may arise due to the higher concentrations of both binding 

partners. Furthermore, it should be considered that K3L3K3-GI and Aβ primarily from 

hetero-oligomers, which are too large to be observable by solution-state NMR and 

difficult to see by TEM. The prefibrillar species may be an alternative structure 

formed by Aβ alone due to the experimental conditions. So far we can conclude that 

K3L3K3-GI drives Aβ into structured and not amorphous aggregates, observed by 

solid-state NMR. Experiments including various labeling schemes of the two binding 

partners will be carried out in the future to answer further questions. For instance, 2D 
15N-13C correlation spectra of 15N labeled K3L3K3-GI incubated with 13C labeled Aβ 

will reveal the presence of the ISM in the complex, and provide information about the 

binding site. Uniformly 15N and 13C labeled K3L3K3-GI will be measured to study 

structural details of the inhibitor in the complex. 

 

R3-GI forms loop-like structures  

Although the inhibitory effects of ISMs have been proven in numerous experiments, 

the detailed mechanism of its molecular interaction with amyloid peptides remains 

elusive and lacks experimental evidence. It has been suggested that ISMs form 

β-hairpin like structures, thereby mimicking the amyloidogenic binding interface. 

Upon binding to an amyloid species, the N-methylations at G24 and I26 will prevent 

further self-assembly[372]. To gather insight into the mechanism of interaction, we 

analyzed the ISM structure by solution-state NMR. Approaches involving K3L3K3-GI 

have failed in the past due to its low S/N in solution-state NMR spectra. Studies were 

further hindered by the unavailability of uniformly isotope 13C and 15N labeled peptide. 

The ISM R3-GI is the most suitable for structural characterization due to its relative 

high solubility. In 2D 1H-1H NOESY spectra, residues N15-L20 of R3-GI are present 

as two conformers, and I19 as three conformers, although conformer 1 is the most 

populated. The two conformations are observed for residues surrounding G17 and 

I19 and most presumably arise due to cis-trans isomerization brought about by the 

N-methylations of the two residues. In total we observe 5 confirmed long range 

NOEs for conformer 1, and 7 confirmed long range NOEs for conformer 2 

(Table 3.5). It remains unclear, whether R3-GI is present as a monomer or oligomer 

at the concentration above 500 µM used in the NMR experiments, although DLS 

suggests the lack of large oligomeric species (Figure 3.36 and Table 3.3). Four 

preliminary structures for R3-GI were calculated, including monomeric and dimeric 

structures for each conformer. It should be noted that there are several violations of 

NMR restraints (Table 3.10), and N-methylations of G17 and I19 were not taken into 
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account for the structure calculation. Hence, the presented structures should be 

treated with caution and be considered preliminary structures only. Overall, the 

monomeric structures yield better r.m.s.d. values, and seem to fulfill the NOEs to a 

greater extent than dimeric structures, even when considering the possibility of 

intra- and intermolecular origins for the NOEs in dimers (Table 3.5). Although all four 

structures differ, they all consistently lack secondary structural elements and contain 

various loops (Figures 3.39-3.42). The arginine linker is solvent exposed and the 

central arginines points away from the other two arginines in the linker. The termini 

are flexible (Figure 3.37). The loops seem to be supported by hydrogen bond 

networks (Tables 3.6-3.9). Indeed compared to L3-GI, R3-GI contains a much higher 

amount of random coil character, however some β-sheet content is expected[378].  

 

The lack of structural elements makes it challenging to explain how the ISM can 

interact with Aβ species. For further investigations, it is crucial to identify the primary 

and active R3-GI species present under the current conditions. The signals we 

observe in the NOESY spectrum are relatively narrow (~14 Hz) and most likely 

originate from a monomeric species. However, the monomer may solely constitute 

the NMR visible species and account for only part of the total peptide. Although DLS 

measurements exclude the presence of higher-n species, further experiments such 

as SAXS need be carried out to confirm this result. In the meantime, it should be 

taken into account that the NOEs may originate from transferred NOEs caused by 

exchange between a monomeric and a higher-n state. Due to the relatively long 

NOESY mixing time (300 ms), such processes may be observed. In addition, the 

long mixing time may capture two dynamic states, for instance the formation of two 

loops, which are actually not co-existent, but exist two transient states, which are in 

dynamic equilibrium. Therefore, the experiments should be repeated with shorter 

NOESY mixing times.  

 

The inhibitory mechanism described for ISMs so far relies on ISMs adopting 

structures to mimic the amyloid interaction surface[372]. The NOE patterns observed 

for R3-GI strongly indicate loop formation, which is an essential observation in order 

to explain the mechanism of interaction with amyloids. The dynamics of these loops 

need to be elucidated in the future. 
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4.3 Conclusions 
In this study we have focused on elucidating molecular interactions between the AD 

peptide Aβ and inhibitory molecules by MAS solid-state NMR spectroscopy. This 

method is a powerful tool, which allows the structural analysis of insoluble protein 

assemblies, which are elusive to other standard biophysical methods. Based on 

experimental data, we have suggested two distinct binding mechanisms of sulindac 

sulfide to various Aβ species and described the binding site of sulindac sulfide to 

fibrillar Aβ. Based on structural details, we derived conclusions how the interaction of 

sulindac sulfide with Aβ may hinder on-pathway amyloidogenesis and block 

neurotoxicity. Similarly, ISM peptide inhibitors sequester Aβ peptides from 

on-pathway amyloidogenesis by adopting structures to mimic amyloidogenic binding 

interfaces. The approaches shown here are applicable to various disease causing 

amyloid forming peptides and unlabeled ligands. To date, AD remains an untreatable 

disease. This study highlights the importance of structure-based drug discovery in 

the development of potential drug targets targeting Aβ and further amyloidogenic 

peptides on the way to curing amyloid based diseases.  

!
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5. Appendix 
 
5.1. Biophysical and biochemical properties of 
peptides  
 

5.1.1 Aβ1-40 peptide: 
 
       1          11             21               31         
M DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV  
 
Molecular weight (unlabeled): 4461.0 Da 
Molecular weight (U-15N, 13C labeled): 4714.0 Da 
 
Theoretical pI: 5.30 
Extinction coefficient (M-1 cm-1 at 280 nm): 1490 
 
 
 
Aβ1-40 DNA sequence used in pET28a(+): 
 
 
ATG GAT GCG GAA TTT CGA CAT GAC TCA GGA TAT GAA 

M D A E F R H D S G Y E 

            GTT CAT CAT CAA AAA  TTG GTG TTC TTT GCA GAA GAT 
V H H Q K L V F F A E D 

! ! ! ! ! ! ! ! ! ! ! !GTG GGT TCA AAC AAA GGT GCA ATC ATT GGA CTC ATG 
V G S N K G A I I G L M 

! ! ! ! ! ! ! ! ! ! ! !GTG GGC GGC GTT GTT TAA 
! ! ! ! ! !V G G V V STOP 
! ! ! ! ! ! 
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5.1.2 Cross-Amyloid Interaction Surface Mimics (ISMs)[378]  
 
• R3-GI* 
1                  11             21 
ATQRLANFLV HRRRNFGAIL S 
 
Molecular weight (unlabeled): 2468.8 Da 
Molecular weight (A06, V10, L20, S21 U-13C,15N labeled): 2489.8 Da 
Theoretical pI: 12.48 
Extinction coefficient (M-1 cm-1 at 280 nm): 0 
 
• L3-GI* 
1                  11          21 
ATQRLANFLV HLLLNFGAIL S 
 
Molecular weight (unlabeled): 2339.7 Da 
Theoretical pI: 9.80 
Extinction coefficient (M-1 cm-1 at 280 nm): 0 
 
• K3L3K3-GI* 
1                   11            21 
KKKATQRLAN FLVHLLLNFG AILSKKK 
 
Molecular weight (unlabeled): 3108.8 Da 
Theoretical pI: 11.43 
Extinction coefficient (M-1 cm-1 at 280 nm): 0 
 
• G3-GI* 
1                  11             21 
ATQRLANFLV HGGGNFGAIL S 
 
Molecular weight (unlabeled): 2171.4 Da 
Theoretical pI: 9.80 
Extinction coefficient (M-1 cm-1 at 280 nm): 0 
 
• K3G3K3-GI* 
1                   11                21 
KKKATQRLAN FLVHGGGNFG AILSKKK 
 
Molecular weight (unlabeled): 2940.4 Da 
Theoretical pI: 11.43 
Extinction coefficient (M-1 cm-1 at 280 nm): 0 
 
 
* The glycine and isoleucine residue marked bold are N-methylated. 
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5.2 Chemical shifts 

5.2.1 Chemical shifts of monomeric Aβ1-40 in solution 
 

aa H N CO Cα Cβ Cγ Cδ Cε Hα 1H side chain  
M0 - - - 54.89 30.69* 30.69* - 16.34* 3.71 2.30 Hβ*, 2.30 Hγ*, 1.81 Hε* 

D01 - - 175.63 54.16 41.05 - - - 4.36 2.34 Hβa, 2.49 Hβb 

A02 8.38 124.59 177.48 52.51 18.91 - - - 3.95 1.10 Hβ 

E03 8.24 119.43 175.05 56.33 29.95 35.87 - - 3.88 1.61 Hβ, 1.75 Hγ 

F04 8.04 121.12 175.12 57.48 39.26 - - - 4.26 2.75 Hβb 

R05 7.89 123.39 - 55.35 30.86 26.70 42.95 - 3.97 1.34 Hβa, 1.44 Hβb,  
2.85 Hδ, 1.21 Hγ 

H06 - - 174.98 56.16 30.46* - - - 4.25 2.83 Hβ* 

D07 8.19 121.51 176.15 53.77 40.78 - - - 4.34 2.40 Hβa, 2.48 Hβb 

S08 8.28 116.50 175.00 58.87 63.34 - - - 4.09 3.59 Hβa, 3.63 Hβb 

G09 8.38 110.58 173.79 45.12 - - - - 3.70  

Y10 7.77 119.91 175.56 57.92 38.55 - - - 4.24 2.67 Hβa, 2.75 Hβb 

E11 8.21 122.41 175.96 56.18 30.14* 35.98* - - 3.92 1.64 Hβa*, 1.76 Hβb*,  
1.99 Hγ* 

V12 7.94 121.21 175.95 62.54 32.26 20.56, 
20.51 

- - 3.65 1.66 Hβ, 0.50 Hγa, 0.60 Hγb 

H13 8.12 122.48 - 55.91 30.53 - - - 4.32 2.71 Hβ* 

H14 - - 175.03 56.29 30.48* - - - 4.22 2.77 Hβ* 

Q15 8.25 121.31 175.50 55.67 29.14 33.49 - - 3.98 1.69 Hβa, 1.79 Hβb, 2.05 Hγ 

K16 8.26 123.01 176.08 56.10 32.64 24.52 29.12 41.74 4.00 1.47 Hβa, 1.53 Hβb,  
1.11 Hγa, 1.19 Hγb,  
1.40 Hδ, 2.70 Hε 

L17 8.12 123.73 176.61 54.77 42.03 26.76 25.12  - 4.04 1.16 Hβa, 1.34 Hβb, 1.29 Hγ 

V18 7.86 121.51 174.97 61.73 32.84 20.97, 
20.30 

- - 3.75 1.62 Hβ, 0.47 Hγa, 0.57 Hγb 

F19 8.13 124.41 174.59 57.15 39.96 - - - 4.31 2.70 Hβ 

F20 8.08 123.00 174.52 57.05 39.87 - - - 4.29 2.65 Hβ 

A21 8.10 126.10 177.08 52.09 19.16 - - - 3.94 1.09 Hβ 

E22 8.21 119.89 175.93 56.30 30.11* 35.85* - - 3.91 1.55 Hβa*, 1.64 Hβb*,  
1.90 Hγ* 

D23 8.28 121.66 176.37 53.86 40.77 - - - 4.37 2.35 Hβa, 2.49 Hβb 

V24 8.02 120.61 176.87 62.51 32.00 20.89, 
19.97 

- - 3.86 1.91 Hβ, 0.69 Hγ 

G25 8.41 111.71 174.28 45.24 - - - - 3.70  

S26 8.01 115.39 174.29 58.24 63.60 - - - 4.15 3.60 Hβa, 3.63 Hβb 

N27 8.35 120.48 175.29 53.04 38.30 - - - 4.46 2.53 Hβa, 2.60 Hβb 

K28 8.21 121.60 177.00 56.57 32.28 24.48 28.63 41.80 3.99 1.50 Hβa, 1.61 Hβb,  
1.14 Hγa, 1.20 Hγb,  
1.40 Hδ, 2.71 Hε 

G29 8.28 109.45 173.54 44.89 - - - - 3.64  

A30 7.88 123.40 177.45 52.14 19.02 - - - 4.02 1.09 Hβ 

I31 8.05 120.75 176.27 60.73 38.09 17.03* 
27.02* 

12.32* - 3.87 1.58 Hβ*, 1.24 Hγaa*,  
0.94 Hγab*, 0.63 Hγb*,  
0.58 Hδa* 

I32 8.16 126.30 176.46 60.87 38.29 17.16*
27.02* 

12.28* - 3.87 1.58 Hβ*, 1.24 Hγaa*,  
0.94 Hγab*, 0.63 Hγb*,  
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0.58 Hδa* 

G33 8.34 113.01 173.50 44.83 - - - - 3.63  

L34 7.92 121.50 177.15 54.82 42.22 26.58 24.42 - 4.06 1.32 Hβ, 1.33 Hγ, 0.65 Hδa, 
0.60 Hδb 

M35 8.31 121.90 175.97 54.99 32.40 31.60 - 16.64* 4.25 2.24 Hβ, 2.23 Hγa,  
2.31 Hγb, 1.76 Hε* 

V36 8.12 122.48 176.54 62.37 32.48 20.23, 
20.80 

- - 3.84 1.81 Hβ, 0.68 Hγ 

G37 8.48 113.11 174.29 44.92 - - - - 3.7 3.65 Hαb 

G38 8.12 108.52 173.52 44.77 - - - - 3.72  

V39 7.94 119.80 175.41 62.23 32.64 - - - 3.90 1.81 Hβ, 0.67 Hγ 

V40 7.69 128.31 - 63.54 32.94 21.26, 
20.07 

- - 3.77 1.78 Hβ, 0.63 Hγ 

 
Table 5.1: Solution-state NMR chemical shifts of monomeric Aβ1-40 at 277 K. Aβ1-40 was dissolved 

in NaOH and measured in 50 mM Na-phosphate, 50mM NaCl, pH 7.4. All values are given in ppm.         

* indicates ambiguous assignment. CS assignment is published by Mainz et al[405]. 
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5.2.2 Chemical shifts of sulindac sulfide induced Aβ1-40 
aggregates 
 

aa N CO Cα Cβ Cγ Cδ Cε Nζ 

Q15 - - - 30.93 33.90 - - 
 

V18 - 171.83 58.27 32.25 18.73 - -  
F19 131.00 170.35 53.19 41.23 136.22 129.62 128.84 

 
F20 128.77 169.74 54.16 38.62 135.20 129.96 128.25 

 
A21 127.50 173.07 47.75 19.12 - - - 

 
E22 126.69 171.44 51.49 29.63 34.51 181.30 - 

 
D23 121.89 171.38 52.84 39.06 178.56 - - 

 
V24 120.97 174.46 57.97 31.62 18.29 - - 

 
G25 115.63 169.25 44.75 - - - -  
S26 108.56 171.97 54.47 63.10 - - - 

 
N27 125.26 170.33 52.03 35.14 179.51 - - 

 
K28 131.22 171.59 52.85 31.18 24.94 27.84 39.32 36.8 

G29 115.15 169.36 42.21 - - - - 
 

A30 130.05 173.15 47.60 19.82 - -   
I31 127.18 171.42 58.40 38.77 15.43 

26.08 
11.76 

 
- 

I32 129.06 174.46 55.99 39.61 
15.52 
25.34 

11.74 
 

- 

G33 121.73 169.49 45.97 - - -   
L34 120.88 171.84 50.72 43.91 25.15 

23.05 
22.46  - 

M35 122.16 172.32 50.79 - 31.26 - 18.47  
V36 - 174.88 57.66 32.13 18.16 - - 

 
G37 111.25 171.63 42.28 - - - -  
G38 112.67 169.52 41.94 - - - - 

 
!
Table 5.2: Solid-state NMR chemical shifts of Aβ1-40 aggregates induced by a 10-X molar excess 

of sulindac sulfide. Measurements were carried out at 270 K. All values are given in ppm.  
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5.2.3 Chemical shifts of sulindac sulfide incubated and 
reference Aβ1-40 fibrils 

aa N CO Cα Cβ Cγ Cδ Cε 15N side chain 

S08 115.02 173.17 57.82 61.81     

G09 115.59 170.67 43.17      

Q15 129.55 
129.51 

170.50 
170.58 

52.60 
52.99 

28.73 
- 

33.99 
34.36 

38.82   

K16 130.40 
130.05 

171.58 
171.34 

53.14 
52.67 

29.56 
30.76 

21.85 
20.95 

26.09 
25.46 

44.40 
41.91 

 

L17 123.64 
123.59 

173.95 
173.73 

53.46 
52.87 

38.48 
38.74 

    

V18 120.59 
119.87 

170.56 
171.04 

58.71 
58.52 

34.47 
33.92 

19.17 
19.01 

   

F19 131.98 
131.92 

170.60 
171.39 

55.03 
55.09 

42.16 
41.08 

 130.72 
 

129.71 
129.26 

 

F20 131.35 
129.24 

170.64 
171.35 

54.54 
54.71 

38.16 
37.03 

  129.59 
 

 

A21 129.64 
127.77 

174.62 
174.51 

47.97 
48.03 

20.73 
20.80 

    

E22 125.60 
125.51 

171.47 
171.53 

52.12 
52.46 

29.02 
29.38 

36.69 
36.75 

173.77 
173.68 

  

D23 124.87 
124.96 

175.46 
 

53.50 
53.95 

38.84 
38.98 

177.78 
178.01 

   

V24 127.88 
127.52 

173.22 
173.01 

58.56 
58.51 

30.89 
31.05 

20.60, 18.22 
20.65, 18.65 

   

G25 113.51 
113.81 

171.73 
171.50 

43.95 
43.93 

     

S26 109.80 
109.97 

171.84 
171.63 

57.41 
57.45 

59.26 
59.29 

    

N27 118.46 
118.56 

172.75 
172.45 

51.83 
51.84 

38.54 
38.55 

174.31 
173.80 

  120.36 Nδ2 
120.54 Nδ2 

K28 122.99 
122.89 

174.55 
174.16 

52.47 
52.70 

33.71 
34.00 

23.67 
23.672 

28.65 
28.23 

40.38 
40.56 

33.9 Nζ 
34.3 Nζ 

G29 118.66 
119.19 

170.49 
170.36 

45.83 
46.06 

     

A30 121.21 
121.08 

173.17 
173.40 

48.09 
48.22 

20.49 
20.35 

    

I31 121.41 
122.33 

172.30 
172.25 

58.33 
58.60 

38.82 
38.89 

25.31, 15.83 
25.32, 15.95 

11.75 
12.07 

  

I32 128.46 
127.95 

173.27 
172.63 

56.56 
56.68 

39.74 
39.67 

25.40, 15.79 
25.48, 15.83 

12.90 
12.81 

  

G33 116.82 
118.98 

170.72 
172.16 

46.43 
48.86 

     

L34 124.02 
124.08 

172.82 
173.05 

52.47 
52.69 

40.70 
40.72 

26.61 
26.37 

21.36 
21.61 

  

M35 126.02 
125.80 

171.70 
172.10 

52.38 
52.51 

33.13 
33.69 

32.52 
32.34 

 15.46 
15.61 

 

V36 123.84 
123.16 

173.81 
173.93 

57.47 
57.53 

33.20 
33.09 

21.56, 17.72 
21.35, 17.72 

   

G37 116.47 
116.35 

170.85 
170.66 

46.76 
46.42 

     

G38 108.34 
108.57 

169.57 
169.40 

42.50 
42.25 

     

V39 126.53 
126.20 

171.26 
171.51 

59.41 
59.26 

32.50 
32.37 

18.93 
18.76 

   

V40 132.24 
132.42 

178.80 
178.51 

59.16 
59.24 

33.67 
33.27 

21.44 
21.60 

   

Table 5.3: Solid-state NMR chemical shifts of Aβ1-40 fibrils incubated with a 5-X molar excess of 

sulindac sulfide. CS of fibrils in the presence of sulindac sulfide are red, CS of reference fibrils are 

black. Measurements were carried out at 285 K. All values are given in ppm. CS assignment is 

published by Prade et al[404].  
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5.2.4 Chemical shift assignment of R3-GI 
 
 
 
!
!
!
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!
!
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Table 5.4: Solution-state NMR chemical shifts of R3-GI at 277 K. R3-GI was dissolved in 10 mM sodium phosphate and 1% HFIP. All values are given in ppm. Chemical 

shifts of the second conformation observed for N15-L20 is marked in red. A third set of chemical shifts is observed for I19 and marked in green. The 13C chemical shift of the 

methyl group of N-methylated G17 and I19 is labeled as Cmet. 

 

aa H N Hα Hβ Hγ Hδ additional 1H Cα Cβ Cγ Cδ 
A01 - - 3.96 1.01 - - -  16.27 - - 
T02 7.99 - 3.77 3.78 0.87 - - 66.87 72.74 18.66 - 
Q03 8.42 - 3.97 1.63, 1.72 2.02 - 6.65, 7.32 59.20 26.57 30.70 - 
R04 8.32 - 3.93 1.39, 1.45 1.23, 1.27 2.80 - 53.19 27.8 24.00 40.34 
L05 8.17 - 3.99 1.22, 1.30 - 0.58, 0.52 - 52.84 39.24 - 20.32 
A06 8.13 124.63 3.86 0.96 - - - 49.74 16.10 - - 
N07 8.07 - 4.24 2.38, 2.36 - 7.35, 6.62 - 50.30 35.65 - - 
F08 7.83 - 4.22 2.70, 2.79 - - 6.88 55.07 36.43 - - 
L09 7.82 - 3.91 1.23, 1.09 - 0.49, 0.54 - 52.31 39.34 - 20.50, 21.98 
V10 7.72 121.03 3.6 1.63 0.49, 0.57 - 6.99 59.75 29.70 17.86, 17.91 - 
H11 8.09 - 4.25 2.68, 2.74 - 6.66 7.52 53.37 28.04 - - 
R12 8.25 - 3.93 1.45,1.37 1.30 2.81 6.93 53.08 27.81 24.09 40.33 
R13 8.25 - 3.92 1.49, 1.42 1.22, 1.25 2.81 6.91 53.01 27.79 24.03 40.29 
R14 8.22 - 3.92 1.48, 1.36 1.19, 1.19 2.80 6.91 52.92 27.73 24.04 40.29 

N15 7.97 
8.20 

- 4,32 
4.28 

2.39, 2.34 
2.31, 2.37 

- 6.64, 7.34 
6.63, 6.67 

- 49.96 35.81 
35.89 

- - 

F16 7.98 
7.85 

- 4.32 
4.58 

2.61, 2.73 
2.54, 2.66 

- 7.36 6.91 
6.86, 6.99 

 36.60 - - 

G17 

2.65 
2.54 

- 3.75, 
3.66 
3.75, 
3.93 

- - - - 50.69 
(Cmet 36.37) 
(Cmet 34.88) 

 - - 

A18 8.00 
8.27 

- 4.37 
4.38 

0.96 
0.97 

- - - 46.43 14.98 
19.77 

- - 

I19 
2.77 
2.75 
2.53 

- 4.37 
4.30 

1.71 
1.65 
1.69 

0.53, 0.64 
0.59, 0.44 
0.60, 0.67 

0.90 
0.97 
1.02 

- 60.72 
(Cmet 
30.16) 

31.33 23.81, 14.24 
14.17 
14.61 

9.31 
9.28 

L20 8.23 
8.13 

129.5 
129.3 

4.05 
4.30 

1.23, 1.32 
1.32 

- 0.49, 0.53 
0.50, 0.57 

- 51.94 39.07 - 19.97, 21.80 

S21 8.05 116.7 4.05 3.53, 3.49 - - - 55.02 60.88 - - 
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5.3 Pulse sequences 

 
Figure 5.1: Solid-state NMR pulse sequences. (a) 13C-15N TEDOR pulse sequence employed for the detection 
of the D23 Cγ – DK28 Nζ salt bridge. (b) 13C-19F TEDOR pulse sequence employed to detect Aβ-NSAIDs dipolar 
couplings of sulindac sulfide induced Aβ aggregates. (c) 13C-19F REDOR pulse sequence used to detect 
Aβ-NSAIDs dipolar couplings of fibrillar Aβ. All pulse sequences are based on the 3D TEDOR experiments 
described by Jaroniec et al[39] and have been reported previously[404]. White rectangles represent π -pulses and 
black rectangles represent π/2-pulses. In all experiments, magnetization is transferred from 1H to 13C via ramped 
CP. During the REDOR blocks, a train of π-pulses reintroduces dipolar couplings between 13C and 15N/19F. In the 
TEDOR pulse sequences (a, b) this is used to transfer magnetization from 13C to 15N/19F and back to 13C, 
interrupted by CS evolution (t1). In the REDOR pulse sequence (c), this causes dephasing of 13C atoms are 
dipolar coupled to 19F, and is followed by PDSD mixing (t1). Reference experiments must be recorded without 
dipolar recoupling. The following phase-cycling was used: (a) ϕ1 = y, -y; ϕ2 = y; ϕ3 = x, x, -x, -x;  ϕ4 = -x; ϕ5 = y, y, 
y, y, -y, -y, -y, -y; ϕrec = x, -x, -x, x, -x, x, x, -x; the REDOR π-pulses on 15N are phase-cycled according to the 
xy-16 scheme[426]. (b) ϕ1 = y, -y; ϕ2 = y; ϕ3 = x, x, -x -x; ϕ4 = (x)*4, (y)*4, (-x)*4 (-y)*4; ϕrec = -x, x, x, -x, y, -y, -y, y, 
x, -x, -x, x, -y, y, y, -y. The REDOR π-pulses on the S-spins are phase-cycled according to the xy-16 scheme (c) 
ϕ1 = y, -y; ϕ2 = x; ϕ3 = y; ϕ4 = y; ϕ5 = (x)*8, (-x)*8; ϕ6 = x, x, -x, -x, y, y ,-y -y; ϕrec = x, -x, -x, x, y, -y, -y, y, -x, x, 
x, -x, -y, y, y, -y; the REDOR π-pulses on 19F are phase-cycled according to the xy-4 scheme[426]. All other pulses 
were along x. 
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5.4 Comparison of Aβ1-40 chemical shifts to sulindac 
sulfide incubated and reference Aβ1-40 fibrils 

 
Figure 5.2: Residue specific CS differences; structures. Δδ of Aβ1-40 fibrils incubated with sulindac 

sulfide (red) and reference fibrils (black) to previously published Aβ1-40 structures. The mean chemical shift 

deviation (!") and standard deviation (σ) are shown for each comparison. The figure is reproduced from 

Prade et al[404]. CS differences were compared to a 3-fold[257] and a 2-fold[260] symmetric Aβ1-40 fibrillar 

structure, as well as to Aβ1-40 fibrils derived from brain tissue[232]. 
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Figure 5.3: Residue specific CS differences; models. Δδ of Aβ1-40 fibrils incubated with sulindac sulfide 

(red) and reference fibrils (black) to Aβ1-40 models and chemical shifts published previously, and to Aβ1-40 

aggregates induced by sulindac sulfide presented in this study. The mean chemical shift deviation (!") and 

standard deviation (σ) are shown for each comparison. The figure is reproduced from Prade et al[404]. CS 

differences were compared to two conformers of an asymmetric dimer structure[264], Aβ1-40 fibrils[266], 

reference Aβ1-40 fibrils incubated with phospholipid vesicles[267] and Aβ1-40 fibrils grown under agitated 

conditions[265]. 
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Figure 5.4: CS correlations; structures. CS correlations for Cα, Cβ and CO atoms of Aβ1-40 fibrils 

incubated with sulindac sulfide (red) and reference fibrils (black) to previously published Aβ1-40 structures. 

The correlation coefficient R is shown for each correlation. CS were compared to a 3-fold[257] and a 

2-fold[260] symmetric Aβ1-40 fibrillar structure, as well as to Aβ1-40 fibrils derived from brain tissue[232]. 
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Figure 5.5: CS correlations; models. CS correlations for Cα, Cβ and CO atoms of Aβ1-40 fibrils incubated 
with sulindac sulfide (red) and reference fibrils (black) to previously published Aβ1-40 models and chemical 
shifts published previously, and to Aβ1-40 aggregates induced by sulindac sulfide presented in this study. 
The correlation coefficient R is shown for each correlation. CS were compared to two conformers of an 
asymmetric dimer structure[264], Aβ1-40 fibrils[266], reference Aβ1-40 fibrils incubated with phospholipid 
vesicles[267] and Aβ1-40 fibrils grown under agitated conditions[265]. 
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6. Abbreviations 
 
aa   amino acid 
Aβ   Amyloid-β 
AD   Alzheimer’s disease 
APP(-TMS)  amyloid precursor protein (transmembrane sequence) 
ARIA   ambiguous restraints for iterative assignment 
αS   α-synuclein 
 
CD   circular dichroism spectroscopy 
CMC   critical micelle concentration 
CP   cross polarization 
CPMG  Carr-Purcell-Meiboom-Gill 
CR   Congo Red 
CS   chemical shift 
CSA   chemical shift anisotropy 
CSP   chemical shift perturbation 
CV   column volume 
 
Da   Dalton 
DARR  dipolar-assisted rotational resonance 
DEST   dark state exchange saturation transfer 
DLS   dynamic light scattering 
 
E. coli   Escherichia coli 
EM   electron microscopy 
EOAD  early-onset Alzheimer’s disease 
 
FAD   Familial Alzheimer’s disease 
FID   free induction decay 
FT   flow-through 
 
g   gravitational acceleration 
GSM   γ-secretase-modulator 
 
HFIP   hexafluoroisopropanol 
HPLC   high performance liquid chromatography 
HMQC  heteronuclear multiple quantum coherence 
HSQC  heteronuclear single quantum coherence 
 
IAPP   islet amyloid polypeptide 
IB   inclusion bodies 
ISM   IAPP cross-amyloid interaction surface mimic 
 
LB   lysogeny broth 
LOAD   late-onset Alzheimer’s disease 
 
mA   milliampere 
mAU   milli absorbance units 
MAS   magic angle spinning 
MD   molecular dynamics 
MPL   mass-per-length 
MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 
 
NBS   N-bromosuccinimide 
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NCS   N-chlorosuccinimide 
NOE(SY)  nuclear Overhauser effect (spectroscopy) 
NMR   nuclear magnetic resonance 
NSAID  non steroidal anti-inflammatory drug 
 
o/n   over night 
OD600   optical density at 600 nm 
 
PDSD   proton-driven spin diffusion 
PIB   Pittsburgh compound B 
ppm   parts per milion 
PRE   paramagnetic relaxation enhancement 
PSEN 1 and 2 Presenilin 1 and 2 
p-tau   hyperphosophorylated tau 
 
r   correlation coefficient 
RDC   residual dipolar couplings 
r.m.s.d.  root mean square deviation 
REDOR  rotational echo double resonance 
RF   radiofrequency 
ROS   reactive oxygen species 
RP-HPLC  reversed-phase high performance liquid chromatography 
RPM   rotations per minute 
RT   room temperature 
 
SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEC   size exclusion chromatography 
S/N   signal to noise 
 
T   tesla 
T1D   type 1 diabetes 
T2D   type 2 diabetes 
TALOS+  torsion angle likeliness obtained from shift and sequence similarity 
TEDOR  transferred echo double resonance 
TEM   transmission electron microscopy 
TFA   trifluoroacetic acid 
ThT   Thioflavin T 
TROSY  transverse relaxation-optimized spectroscopy 
 
UV   ultraviolet 
UV/VIS  ultraviolet/visible 
 
V   Volt 
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