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Abstract

Self-assembly of the amyloid β peptide (Aβ) is strongly linked to the pathogenesis of
Alzheimer's disease. Modulation of this aggregation process by small molecule com-
pounds has been shown to potentially inhibit or redirect this process. Thus, a detailed
understanding of the mechanism of action of such aggregation modulators is crucial for
speci�c design of therapeutics against amyloidosis diseases. The interaction of small
molecules, such as lacmoid, Congo red or surfactants, and Aβ have been investigated in
this licentiate thesis using a broad range of biophysical techniques. Here, we characterize
the formation and exchange kinetics of soluble dynamic co-aggregates that are formed
by Aβ and the aggregation modulators. Alongside a slow �brillation process of Aβ in the
time scale of minutes to hours, dynamic exchange between free and co-aggregate bound
peptide occurs on a much faster time scale (micro- to milli-seconds). Depending on the
di�erent conformational preferences of Aβ, aggregation may be promoted or inhibited.
β-structure promoting compounds, e.g. surfactants at intermediate concentrations, fa-
cilitate �bril formation. In contrast, when Aβ adopts a mainly unstructured state in the
co-aggregate, as in the presence of lacmoid, transient interactions with free peptide can
kinetically redirect Aβ from aggregation. Based on these �ndings, the molecular mech-
anism of action of Aβ in the presence of aggregation modulators can be rationalized in
terms of exchange and aggregation rates and conformational preferences.
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2 Introduction

2.1 Alzheimer's disease

Alzheimer's disease (AD) is the most common form of neurodegenerative disorder caus-
ing irreversible memory dysfunction of the patients [1, 2]. It belongs to the family of
protein misfolding diseases that includes devastating disorders such as Huntington's dis-
ease and Parkinson's disease [3, 4]. The �rst description of the disease was provided
by the psychiatrist and neuropathologist Alois Alzheimer [5]. Today, AD is the most
common form of dementia (more than 50 % of all dementia cases) and worldwide more
than 35 million people su�er from this disease [2,6]. Age is the major risk factor as AD
is generally diagnosed in patients over 65 years [2, 6]. One of eight Americans over 65
is diagnosed with the disease and even 45 % of people older than 85 have AD [6]. Most
AD cases appear sporadic, which implies that they do not exhibit any family history. In
contrast, the familial form of the disease occurs with a prevalence of below 0.1 % and
is associated with mutations in the transmembrane amyloid precursor protein (APP)
and presenilin 1 and 2 genes [7]. The major genetic determinant for developing sporadic
as well as familial late onset AD is the gene dosage of the Apolipoprotein E type 4
allele [8, 9].

2.2 The amyloid β peptide and its relation to AD

One hallmark of AD is deposit of amyloid plaques peptide and neuro�brillar tangles in
the brain of AD patients. These plaques consist of aggregates of the amyloid β (Aβ)
peptide, while aggregated tau protein is the main compound of neuro�brillar tangles
[10, 11]. Aβ is produced by enzymatic cleavage of APP which is concentrated in the
synapses of neurons and consists of 695-770 amino acids [10]. The cleavage of APP
is performed by enzymes called α-, β- and γ-secretases and can be divided into an
amyloidogenic and a non-amyloidogenic pathway.

α-secretase cleaves APP extracellularly at a position 83 from the C-terminus and
produces a soluble N-terminal fragment αAPP and a C-terminal fragment that remains
in the membrane. The C-terminal fragment is cleaved by γ-sectretase to release a frag-
ments termed p3 and intracellular AICD. Importantly, α-secretase cleaves APP in the
Aβ region and liberates fragments that do not form �brils and thus is referred to the
non-amyloidogenic pathway [3,10].

In contrast, the amyloidogenic pathway consists of the β- and γ-secretases. The
β-secretases cleave APP at a position 99 from the C-terminus releasing soluble βAPP
and the membrane-associated C-terminal fragment. Subsequent γ-secretases liberate 38
to 43 residue long Aβ [3, 10]. The 40 residue long variant, Aβ40, is the most prevalent
form while the more hydrophobic and aggregation prone 42 residue variant, Aβ42, occurs
with a proportion of about 10 % [10]. In particular, Aβ42 has a high propensity to form
oligomeric and �brillar complexes and it is the predominant species found in amyloid
plaques [3, 10]. The Aβ peptide sequence is given by:

DAEFR5HDSGY10EVHHQ15KLVFF20AEDVG25SNKGA30IIGLM35VGGVV40IA42
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3 Methods

In this thesis a broad range of biophysical methods has been used including several spec-
troscopy and microscopy techniques. Spectroscopy generally refers to the measurement
of the transitions between di�erent energy levels of electrons or nuclei. Thus, the fun-
damental basis of all spectroscopic methods is the time-dependent Schrödinger equation
(TSE):

i~
∂Ψ

∂t
= ĤΨ (1)

with the wave function Ψ, the reduced Planck constant ~ and a characteristic, method-
speci�c Hamiltonian Ĥ which describes the total energy of the given wave function. In
order to handle large spin ensembles the TSE may be rewritten using a density operator1

ρ̂ in form of the Liouville-von Neumann (LvN) equation that describes the time evolution
of the density operator using the concept of commutators [12,13]:

d

dt
ρ̂(t) =

i

~
[ρ̂(t), Ĥ(t)] (2)

The techniques described in the following sections have been used in this thesis.

3.1 Circular Dichroism (CD)

CD refers to the di�erent absorption of left and right circularly polarized light. Photon
absorption may be described by a transition probability w(0 → 1) from the ground
to an excited state. The transition probability can be calculated writing the Hamilto-
nian as an time-independent term Ĥ(0) with a time-dependent perturbation Ĥ(1)(t) as
Ĥ = Ĥ(0)+λĤ(1)(t) and is referred to Fermi's golden rule [14]. For CD the perturbation
term is given by [14]:

Ĥ(1)(t) = −µ · E(t)−m ·B(t) + higher order terms (3)

in which E and B describe the electronic and magnetic �eld, respectively, with the
associated electric µ and magnetic m dipole moments.

The di�erence of absorption coe�cients ∆ε for left and right circularly polarized light
is thus given by the di�erence of transition probabilities [14�16]. Hence, the CD signal,
that is proportional to ∆ε, is given in terms of the electric µ and magnetic m dipole
moments by the Rosenfeld equation [14�17]:

CD ∝ ∆ε = εL − εR (4)

∝ ∆w(0→ 1) = wL(0→ 1)− wR(0→ 1) (5)

∝ ={〈Ψ0|µ̂|Ψ1〉 · 〈Ψ1|m̂|Ψ0〉} (6)

1The density operator is de�ned as ρ̂ = pj
∑

j |Ψj〉〈Ψj | where pj gives the probability for the pure
state |Ψj〉 and, thus, describes an ensemble average of all spins in the system.
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in which Ψ0 and Ψ1 are the wave functions of the ground and the �rst excited state,
respectively. The CD signal is hence proportional to the imaginary part of the scalar
product of the electric and magnetic dipole moments. For maximal CD signal the electric
and magnetic dipole moments are oriented parallel causing a screw-like movement of the
electrons. This originates from a combination of translation and rotation that arise from
the electric and magnetic dipole moments, respectively [14,16].

Absorption in the far-UV region (190-260 nm) is caused by energy transitions in the
peptide bond, i.e. the π → π∗ (around 190 nm) and the n → π∗ (around 220 nm)
transitions [15, 16, 18]. Secondary structure elements show characteristic CD spectra
that can by used to obtain structural information about the protein or peptide [15,16].

3.2 Fluorescence spectroscopy

Fluorescence is the emission of light caused by electric transition from an excited singlet
state (S1 or S2) to the ground state S0 [19]. After light absorption (�uorophore excita-
tion) at an excitation frequency νex which is described by S0 + hνex → S1, the electron
relaxes from some higher vibrational level to the lowest vibrational level of S1 or S2.
This process is called internal conversion and causes heat. The transition from the S1

or S2 state to an excited vibrational level of the ground state S0, which relaxes then to
the equilibrium state, gives rise to the emission spectrum: S1 → S0 + hνem + heat [19].

Th aromatic amino acids tryptophan, phenylalanine and tyrosine are intrinsic �uo-
rophores where phenylalanine has only about 15 % of the quantum yield of tyrphtophan
or tyrosine [19]. Aβ contains three phenylalanines (F4, F19 and F20) and one tyrosine
(Y10) that due to the higher quantum yield is used for intrinsic �uorescence experiments.

Besides intrinsic �uorophores �uorogenic probes, such as Thio�avin T (ThT), can be
used. ThT may be applied to detect amyloid material as it becomes highly �uorescent
when binding to amyloid �brils [20]. The high �uorescence enhancement of ThT upon
binding is caused by a stabilization of the bond between the benzylamine and benza-
thiole rings. In solution, these rings are allowed to rotated freely which leads to rapid
quenching of excited photon states and, thus, drastically decreases �uorescence. In con-
trast, binding immobilizes the C-C bond between the rings which highly enhances the
quantum yield [20,21]. ThT is commonly applied to monitor kinetics of �bril formation
(see section 4.2).

4
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3.3 Nuclear Magnetic Resonance (NMR)

NMR describes the interaction of a nuclear spin with its surrounding environment. The
basic principles comprise, �rst, the alignment of the nucleus spin to an external static
magnetic �eld B0 and, second, perturbations of this �eld by applying radio-frequency
(rf) pulses. The e�ect of an electro-magnetic pulse may be described in the form of a
Hamiltonian operator Ĥ = −µ ·B(t). Hence, the solution of the LvN equation, eq(2),
determines the outcome of an NMR experiment and is generally given by:2

ρ̂(t) = exp(−iĤt)ρ̂(0) exp(iĤt) (7)

Besides rf-pulses the Hamiltonian may contain chemical shift, scalar and dipolar
coupling terms. These terms are responsible for chemical shift di�erences (which makes
interpretation of protein NMR possible), multiplet structures of signals and coherence
transfers that are essential for multi-dimensional NMR experiments [22].

3.3.1 Relaxation

A basic NMR phenomenon is relaxation that describes the return of a non-equilibrium
density operator to its original state. This is caused by couplings of nuclear spin with
the surrounding environment which creates a local magnetic �eld Bloc(t). The relaxation
mechanism is described by the Red�eld theory where the Red�ed equation describes the
relaxation behavior:

dρ̂T (t)

dt
= −

∞∫
0

[
ĤT

1 (t),
[
ĤT

1 (t+ τ), ρ̂T (t)
]]
dτ (8)

A derivation outline of eq(8) is given in appendix A. Expressions for the longitudinal, R1,
and transverse, R2, relaxation rates may be derived form eq(8) by introducing the spectral
density function J(ω) = 2

5
τc

(1+ω2τ2c )
with the resonance frequency ω and correlation time

τc. J(ω) is obtained by Fourier transformation of the time-correlation function G(τ),
which is de�ned as the auto-correlation of a stochastic �uctuating magnetic �eld:

G(τ) = Bloc(t)Bloc(t+ τ) (9)

J(ω) =

∞∫
−∞

G(τ) exp(−iωτ)dτ (10)

2Eq(7) is a solution to the LvN equation which is shown by:

dρ̂(t)

dt
= − i

~
Ĥ exp(−iĤt)ρ̂(0) exp(iĤt) + exp(−iĤt)ρ̂(0)

i

~
Ĥ exp(iĤt)

with [Â, exp(Â)] = 0 , i.e. Â and exp(Â) commute

= − i
~

[Ĥ, ρ̂(t)] =
i

~
[ρ̂(t), Ĥ]

5
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The relaxation rates for backbone NH-nuclei are given by [13,22,23]:

R1 =
d2

4
(J(ωH − ωN) + 3J(ωN) + 6J(ωH + ωN)) + c2J(ωN) (11)

R2 =
d2

8
(4J(0) + J(ωH − ωN) + 3J(ωN) + 6J(ωH) + 6J(ωH + ωN)) (12)

+
c2

6
(4J(0) + 3J(ωN))

with the constants d = µ0γNγH~
4πr−3

NH

and c = ∆σ ωN/
√

3 in which µ0 is the permeability
constant, ~ the reduced Planck constant, rNH the NH bond length and γH and γN the
gyromagnetic ratios, ωH and ωN the larmor frequencies of 1H and 15N, respectively.

3.3.2 Chemical exchange and relaxation dispersion

A general two-site chemical exchange process between the states A and B may be de-
picted as:

A
k1−−⇀↽−−
k−1

B

where k1 and k−1 are the �rst-order rate constants for the forward and reverse transition,
respectively. The exchange rate is de�ned as [24]:

kex = k1 + k−1 = k1/pB = k−1/pA (13)

where pA and pB are the population for state A and B, respectively. The resonance
frequency di�erence between the two states is given by ∆ω = |ΩA − ΩB| where ΩA and
ΩB are the resonance frequencies for state A and B, respectively.

The e�ect of chemical or conformational exchange is described by the Bloch-McConnell
equations [25]:

d

dt

(
M̃A(t)

M̃B(t)

)
=

(
−iΩA −R0

2A − pBkex pAkex
pBkex −iΩB −R0

2B − pAkex

)(
M̃A(t)

M̃B(t)

)
(14)

in which R0
2A and R0

2B are the transverse relaxation rates and M̃A and M̃B the magne-
tization in the rotating frame for state A and B, respectively. This di�erential equation
can be solved yielding a coe�cient matrix that describes the time-dependence of the
start magnetization [24]. Fourier transformation of this solution results in the desired
NMR spectrum.

A Carr-Purcell-Meiboom-Gill (CPMG) pulse scheme [26, 27] can be used to record
e�ect of chemical exchange on the transverse relaxation rates. The CPMG pulse sequence
consists of a block of 180◦ pulses with a delay τCP between two 180◦ pulses in the
τCP/2 − 180◦ − τCP/2 spin-echo period. The pulse program applied in this study [28]
includes a pulse element for exchange of in- and anti-phase magnetization in the middle
of the constant time relaxation that is embedded by two CPMG blocks (applied with a

6
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−π/2 phase shift) with mixing time (or relaxation delay) TCP/2 [28,29]. The relaxation
rates Robs

2 are calculated from the cross-peak amplitudes by:

Robs
2 =

1

TCP
ln

(
I

I0

)
(15)

in which I is the peak heights for di�erent CPMG frequencies, νCPMG, and I0 the peak
height from the reference experiment recorded at TCP = 0 ms.
The transverse relaxation rate R2 is a function of the interpulse delay τCP = 1/(2 νCPMG)
and is given by [24,30,31]:

Robs
2 (1/τCP ) =

1

2

(
R0

2A +R0
2B + kex −

1

τcp
· cosh−1 [D+ cosh(η+)−D− cos(η−)]

)
(16a)

with

D± =
1

2

(
±1 +

ψ + 2∆ω2

(ψ2 + ξ2)1/2

)
(16b)

η± =
τcp√

2

(
±ψ + (ψ2 + ξ2)1/2

)1/2
(16c)

ψ = (R0
2A −R0

2B − pakex + pbkex)
2 −∆ω2 + 4 pA pB k

2
ex (16d)

and

ξ = 2∆ω(R0
2A −R0

2B − pa kex + pb kex) (16e)

where R0
2A and R0

2B are the intrinsic transverse relaxation rates of each state without
contribution of chemical exchange.

Assuming a model with equal transverse relaxation rates for the two states, which
decrease the number of �tting parameters, eq(16) may be simpli�ed by using Rcalc

2 =
R0

2A = R0
2B [29, 32] which was applied in paper II and III.

Notably, only the magnitude of the chemical shift is obtained by relaxation dispersion
since these experiments are based on exchanged-induced line broadening [33] that does
not provide any sign information. However, experiments based on exchange-induced
chemical shifts may be used to obtain the sign of the chemical shifts [33], e.g. using
HSQC/HMQC (Heteronuclear Single/Multiple Quantum Coherence), �eld-dependent
HSQC or R1ρ experiments [33,34]. HSQC/HMQC methods have been shown to be most
e�ective for 15N chemical shifts [34]. However, to obtain signi�cant chemical shift changes
the exchange rate should be in the range 100 to 10000 s−1 and the minor population pB
& 3 % [33]. Recent studies showed that even slower exchange regimes can be investigated
using chemical exchange saturation transfer methods [35,36].

Taken together, CPMG relaxation dispersion experiments can provide information
about intrinsic relaxation rates, which may be used for size estimates of the complex for
the bound state (paper II and III), dynamics of the system (via the exchange rate kex),
structural properties of the states (via the chemical shift di�erence |∆ω| in ppm units)
and thermodynamics (via the populations pA and pB with exchange rate kex).

7
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4 Aggregation pathways

4.1 Aggregation process

Amyloid formation, which refers to formation of insoluble protein aggregates, can be
described as a polymerization reaction that is governed by a set of microscopic rate con-
stants [37,38]. Hydrophobicity, secondary structure propensity for β-sheet formation and
charge determine the aggregation rates of amyloidogenic peptides and proteins [39,40]. In
particular, the hydrophobic stretches in Aβ peptide sequence promote aggregation [41].

Mature �brils are the �nal aggregation state and feature a so called cross-β struc-
ture, where the β strands run perpendicular to the �bril axis, as revealed by solid-
state NMR [42�44]. Hence, a conformational conversion from an initial random coil-like
state [45] into a β-sheet structure occurs during the aggregation process. Early assem-
blies of oligomeric Aβ are in particular focus as they have been suggested to cause neu-
ronal damage [3,7]. These early stage oligomers may either be rather loosely structured
or feature a high β-structure content [46�48]. Besides oligomers that occur on-pathway
to �bril formation, other oligomeric species may appear o�-pathway [49,50]. There is evi-
dence that the aggregation pathway, and thus the formation of certain kinds of oligomers,
can be in�uenced and regulated by aggregation modulators (section 4.3). Figure 1 shows
a simpli�ed schematic model for Aβ aggregation pathways. Here, monomeric peptides
assemble to relatively small oligomeric aggregates that may either be on- or o�-pathway
to �bril formation. The aggregates (oligomers) that occur on-pathway convert to β-rich
oligomeric aggregates that are prone to form �brils [4,51]. The intrinsic β-turn propen-
sity of the residues 24 to 28 may lead to a nucleation of β-sheet formation [48,52]. The
β-rich aggregates that occur as the pre-�brillar species may be so called proto�brils that
show curvilinear structures structure in transmission electron microscopy (TEM) and
interact with amyloid-binding dyes [51]. Yet, also other pre-�brillar intermediates with
a spherical form have been reported to form �brils [7, 48, 53].

A large number of intermediate Aβ assemblies that show di�erent degrees of synap-
toxicity have been reported in literature (reviewed in [3, 7]). In addition, it is not clear
how oligomers studied in vitro are linked to the appearance of oligomers in vivo as in

vitro-oligomers are often generated under simpli�ed, non-physiological conditions [3, 7].

4.2 Aggregation kinetics

Protein/peptide self-assembly is governed by primary nucleation reactions, which de-
scribe aggregate formation from soluble monomers, and/or secondary nucleation path-
ways, such as fragmentation and surface catalyzed nucleation [37, 38]. The kinetics
of �bril formation can be monitored by optical spectroscopy, e.g. �uorescence spec-
troscopy using amyloid-binding dyes such as ThT [20]. The kinetic pro�les generally
show an exponential or sigmoidal shape3 for non-seeded aggregation where the slope of
the time course reaction is proportional to the concentration of monomers [38]. Beside

3Sigmoidal kinetic traces are described by S(t) = B + A/
(
1 + exp(−k(t− t1/2))

)
where A and B

describe the amplitude and the base line level, respectively.

8
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Figure 1: Schematic model for Aβ aggregation pathways [4, 7, 48]. The mature �bril
may be formed from aggregated states and monomers.

the reaction rate, k, the half time t1/2 (time of half completion of aggregation) and the
lag time4 tlag characterize the kinetics. The t1/2 is related to the initial monomer con-
centration c by t1/2 ∝ cγ [38, 54] where the power γ describes in a simpli�ed picture
the size of the nucleus (number of peptides in the aggregation nucleus) [55] but more
generally reveals the reaction order of the dominant process that leads to creation of
new aggregates [38, 56, 57]. For Aβ42 the power coe�cient γ is in the order of -1.5 to
-1.2 [54, 58]. Kinetics of primary (i.e. primary nucleation, elongation and dissociation)
and secondary pathways (i.e. fragmentation and monomer-dependent secondary nucle-
ation) can generally be described by a set of coupled non-linear di�erential equations
where rate constants and nucleus sizes5 characterize the di�erent processes [37, 56].

Alongside ThT other �uorescent dyes can be used that may detect other earlier
aggregation states, such as 1-anilinonaphthalene 8-sulfonate (ANS) that detects rather
non-speci�c or exposed hydrophobic regions [59]. Using �uorophore-labeled Aβ early
oligomerization can be monitored that does not give rise to ThT �uorescence [60]. Be-
sides �uorescence methods other techniques, such as CD and dynamic light scatter-
ing [61], can be applied to record the time course of Aβ aggregation.

4The lag time is related to the rate constant k and the t1/2 time by tlag = t1/2 − 2/k [54].
5Nucleus sizes for primary nucleation (nc) and monomer-dependent secondary nucleation (n2) [37,56]

9
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4.3 Aggregation modulators

A large number of compounds have been shown to modulate protein/peptide aggregation
and, hence, might potentially be applicable as therapeutics against amyloidosis diseases
and for a detailed understanding of the underlying aggregation mechanism [62,63]. Dif-
ferent mechanisms for aggregation inhibition are reported depending on the strength and
speci�city of the peptide and/or peptide aggregate-inhibitor interaction [63]. Inhibitors
may interact with monomeric peptide, oligomeric or �brillar species and thereby pre-
vent further peptide self-assembly. Binding to monomeric Aβ was shown for an A�body
protein [64] which inhibits �brillization by stabilizing a β-hairpin in the monomeric pep-
tide [65].

Besides blocking the Aβ self-assembly, aggregation modulators can promote alterna-
tive aggregation pathways. Peptide self-assembly can be redirected from �brillogenic (on-
pathway) oligomers to formation of non-�brillogenic oligomers, i.e. oligomers that ap-
pear o�-pathway to �bril formation. One such modulator is polyphenol (-)-epigallocha-
techin gallate (ECGC) - a substance contained in green tea - that promotes formation
of oligomers, that lack a pronounced secondary structure, and prevents β-struture for-
mation in Aβ and αSN [66].

Alternatively, conversion from toxic forms of oligomers to amyloid �brils, which might
be non- or less toxic than intermediate pre-�brillar species, can be accelerated by ag-
gregation modulators. This process was revealed for a related small molecule O4 [67].
Also Congo red (CR), a compound commonly used for amyloid-staining, belongs to
this kind of amyloid modulators. CR promotes a β-structure conformation and thereby
accelerates �bril formation [68]. In fact, CR may reduce cell toxicity of Aβ by this
mechanism [69�71].

Various other examples of small molecule modulators have been reported to inhibit
Aβ aggregation [49,72]. Necula et al. showed that Aβ inhibitors can speci�cally prevent
oligomer or/and �bril formation which, thus, suggests that these inhibitors interact
with distinct oligomeric species that occur on- or o�-pathway to �bril formation [49].
Lacmoid, a compound that inhibits both oligomerization and �brillization [49], forms
colloidal aggregates by its own ( [73] and paper I) which is a common property among
many small-molecule inhibitors [74]. The propensity to form colloidal structures, which
is also referred to as a surfactant-like property, may be assigned to the hydrophobic
or amphipathic character of the compounds that is a common feature among many
small-molecule inhibitors ( [74] and paper I).

Di�erent approaches for inhibitor selection have been presented using either high-
throughput screening of existing drug libraries [75] or speci�c chemical and structural
design of amyloid inhibitors [76] where the latter requires a more detailed understanding
of the mechanism of action.

10



Licentiate thesis Axel Abelein

Figure 2: Chemical structures of the small molecule aggregation modulators lacmoid
and CR and the surfactants SDS/LiDS

5 Results and Discussion

A detailed understanding of the mechanism of action of di�erent aggregation modu-
lators has been the aim of the papers included in this licentiate thesis. Two small
molecule modulators, lacmoid and CR, have been studied in detail as representatives of
the class of small molecule inhibitors (paper I and II). As these inhibitors often exhibit
colloidal/surfactant-like properties ( [74] and paper I) the aggregation process of Aβ in
the presence of anionic surfactants, such as sodium/lithium dodecyl sulfate (SDS/LiDS),
has been investigated (paper III).

We found that lacmoid binds to Aβ in a non-speci�c manner causing an overall
attenuation of 1H-15N-HSQC and 1H-15N transverse relaxation optimized spectroscopy
(TROSY) signals along the whole peptide sequence. Lacmoid inhibits Aβ aggregation
demonstrated by kinetic ThT �uorescence, CD and 1H-15N-HSQC experiments in agree-
ment with other studies [49,72]. Aβ in the presence of high lacmoid concentration (500
µM) remains its random coil characteristics monitored by CD even after peroid of 26
days, while Aβ alone shows a conformational change to a β-structure in the same pe-
riod. Aβ alone shows signi�cantly more NMR signal loss of monomeric Aβ than the
presence of lacmoid. Also TEM images on Aβ samples with and without lacmoid give
additional evidence for the inhibitory e�ect of lacmoid which prevents �bril formation
and leads to an overall reduced amount of aggregated material. The exchange rates
between Aβ amide hydrogen atoms and water are di�erent along the amino peptide
sequence (kNH−H2O ∼ 2 to 10 s−1) but do not change by addition of lacmoid. However,
conclusions about structural changes are not possible if the chemical exchange rate kex is
much larger than the intrinsic exchange rate kintNH−H2O

as found in paper II. The binding
of Aβ to lacmoid is weak compared to the interaction strength when binding to e.g. SDS
micelles.

Aβ and lacmoid form small-sized co-aggregates that are in dynamic exchange with
free peptide. 15N CPMG relaxation dispersion experiments reveal that NMR signal
attenuation can be attributed to chemical exchange on an NMR intermediate time scale
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[24] with an exchange rate kex of 1000 s−1. Only a small fraction of Aβ is bound in the co-
aggregates. The chemical shift di�erences show low and uniform magnitudes involving
the two hydrophobic parts in the peptide sequence as well as the hydrophilic N-terminus.
This indicates that the peptide remains rather unstructured in complex with lacmoid
which is in agreement with CD results. The overall formation of co-aggregates is on a
slow time scale with an aggregation rate of kco,agg ∼ 11 s−1 as monitored by intrinsic
tyrosine (Y10) �uorescence experiments. Assuming a spherical co-aggregate with a 1:2
Aβ:lacmoid ratio the hydrodynamic radius may be estimated to 43 Å which corresponds
to about 50 peptides bound in the co-aggregate.

Aβ in the presence of CR forms also dynamic co-aggregates showing similar exchange
kinetics (kex ∼ 1050 s−1) as in the lacmoid case. Yet, CR promotes a β-structure in the
peptide as shown by CD experiments [68] and, thus, indicates that the structural states
of Aβ in the co-aggregates are di�erent. Also CR forms smaller co-aggregates (r ∼ 28
Å) with Aβ than lacmoid.

These �ndings suggest that dynamic exchange with co-aggregates kinetically redirects
monomeric Aβ from self-assembly. Hence, the fast exchange kinetics may explain the
inhibitory e�ect of lacmoid on Aβ aggregation. The conformational preferences of CR
to form β-structure promotes �bril formation and, thus, counteracts the e�ect of the
exchange dynamics.

Surfactants induce a secondary structure change in Aβ depending on the surfactant
concentration as reported previously [77]. While at low surfactant concentration Aβ is
predominately unstructured, Aβ adopts at an intermediate surfactant concentration (c∼
1-3 mM) a β-structure conformation [77]. Above the critical micelle concentration of the
surfactant Aβ forms an α-helical structure. In paper III we investigate the β-structure
state as amyloidogenic intermediates along the aggregation pathway were shown to adopt
this structure [4].

The �uorophore pyrene can be used to monitor hydrophobic environment [78, 79]
which is shown here to be created upon β-structure induction in the peptide. The ratio
of two speci�c emission peaks is dependent on surfactant concentration and shows emis-
sion plateaus that correlate with β-structure formation detected by CD. Thus, surface
exposed hydrophobic clusters are created when a β-structure is induced in the peptide.

Kinetic measurements using the amyloid-detecting dye ThT demonstrate that β-
structure induced at intermediate surfactant concentration is the most aggregation prone
state, while the α-helical state induced at high surfactant concentration completely
inhibits peptide aggregation.

Small-angle X-ray experiments reveal an initial mixture of small spherical structures
and elongated cylinders (length > 350 Å) in a sample with a β-structure inducing sur-
factant concentration. The cylindrical �brils grow in radius on a time scale of hours to a
�nal diameter of ∼ 60 Å while the spherical aggregates gradually vanish and �brils are
formed during the slow aggregation process. Aβ in the presence of 10 mM SDS (above
the cmc) spherical core-shell structures are found indicating that the peptide is bound
to the micelle surface as previously reported by NMR studies [80].

The SAXS results are also in agreement with TEM images that display elongated
�brils with a diameter of 50-70 Å at a β-structure inducing SDS concentration. At
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high SDS concentrations the amount of aggregated material is substantially reduced,
however, some single �brils are present as well.

The formed Aβ-surfactant co-aggregates are dynamic and Aβ show exchange rates
(kex ∼ 1100 s−1) between free and bound states on the same time scale as found for Aβ
in co-aggregates with lacmoid or CR. E�ects on chemical shifts are mainly present in the
two hydrophobic parts that are involved in β-structure formation [42,65]. A size estimate
from NMR relaxation parameters reveals similar size dimensions as the spherical fraction
determined by the SAXS experiments. This suggests that both methods report on the
same species and, hence, a small fraction (∼ 1 %) of monomeric Aβ undergoes dynamic
exchange with spherical co-aggregated oligomers.

These �ndings can be rationalized in a model where free peptide transiently binds
to dynamic spherical co-aggregates. These co-aggregates slowly disappear during the
aggregation process and elongated �brils are formed on a minute to hour time scale.

6 Conclusions

The mechanism of action of Aβ self-assembly and the in�uence of aggregation mod-
ulators on this process have been investigated in this thesis. Hydrophobic attraction
and conformational preferences of Aβ in the presence of small molecule aggregation
modulators were identi�ed to be major determinants of their mechanism of interaction.
The property of many aggregation modulators to form colloidal aggregates by its own
("surfactant-like") motivates a strong link to Aβ-surfactant interactions. Both small
molecules and surfactants form dynamic soluble co-aggregates with Aβ which may be
depicted as simpli�ed micelles. A small fraction of Aβ bound to the co-aggregate under-
goes rapid dynamic exchange with free peptide. These transient interactions kinetically
modulate the Aβ self-assembly. When Aβ adopts a predominant disorder state in the
co-aggregates, as in the presence of lacmoid, formation of dynamic co-aggregates may
inhibit Aβ aggregation. In contrast, aggregation modulators that favor a β-structure in
Aβ, such as surfactants at intermediate concentrations, generally promote aggregation
and �bril formation. While �bril formation occurs on a slow time scale (minutes to
hours), dynamic exchange between free and co-aggregated bound peptide is on a much
faster time scale (micro- to milli-seconds).

Taken together, the molecular mechanism of action of Aβ in the presence of ag-
gregation modulators that exhibit colloidal properties may be rationalized in terms of
exchange and aggregation rates and conformational preference of Aβ (Figure 3). These
�ndings might potentially be helpful for design of therapeutics against amyloidosis dis-
eases.
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Figure 3: Schematic e�ects by lacmoid, CR and SDS/LiDS on Aβ self-assembly. Aβ
and these compounds form soluble dynamic co-aggregates with a formation rate kco,agg,
which are depicted as spherical micelles. Free and co-aggregate bound peptides undergo
rapid exchange with an exchange rate in the order of 1000 s−1. Aβ in the presence of
lacmoid is mainly unstructured in the co-aggregate and transient interactions with free
peptide kinetically redirect Aβ from self-assembly. In contrast, Aβ in the presence of
CR and LiDS/SDS adopts a β-structure rich state which facilitates �bril formation. The
slow �brillation process occurs on a time scale of minutes to hours.
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Appendices

A Red�eld equation

The Hamiltonian may be divided into a time-independent and -dependent part Ĥ0 and
Ĥ1(t), respectively. Thus, de�ning the Liouvillian operator L̂(t) = [Ĥ(t), ] the LvN
equation is expressed as [13, 22]:

dρ(t)

dt
= −i

[
Ĥ0 + Ĥ1(t), ρ(t)

]
= −i

(
L̂0 + L̂1(t)

)
ρ(t) (17)

The equation is transformed into the interaction frame by:

ρT (t) = exp(iL̂0t)ρ(t) = exp(iĤ0t)ρ(t) exp(−iĤ0t) (18)

Hence, the LvN equation yields:

dρT (t)

dt
= iL̂0 exp(iL̂0t)ρ(t) + exp(iL̂0t)

dρ(t)

dt
(19a)

= i exp(iL̂0t)L̂0ρ(t) + exp(iL̂0t)
(
−i
(
L̂0 + L̂1(t)

)
ρ(t)

)
(19b)

= −i exp(iL̂0t)L̂1(t)ρ(t) = −i
(
L̂1(t)ρ(t)

)T
(19c)

= −i
[
ĤT

1 (t), ρT (t)
]

(19d)

This di�erential equation may be solved by integration over a time period t:

ρT (t) = ρT (0)− i
t∫

0

[
ĤT

1 (t′), ρT (t′)
]
dt′ (20)

As ρT (t′) is not known the solution may be approximated, using the variable substitution
τ = t′ − t, which yields [13]:

ρT (t) = i
[
ρT (0), ĤT

1 (t′)
]
−

t∫
0

[
ĤT

1 (t),
[
ĤT

1 (t+ τ), ρT (0)
]]
dτ (21)

The system may be described as an ensemble of ensembles which implies that the average
of Ĥ1(t) over the ensemble of ensembles is zero at every given time point. Thus, the
�rst commutator in eq(21) vanishes. Using several additional approximations [13, 22],
equation (21) becomes the Red�eld equation formulated in eq(8).
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