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ABSTRACT

The deposition of immunoglobulin light chains (IgG LCs) in the form of amorphous aggregates or
amyloid fibrils in different tissues is a serious problem for patients with light chain diseases such
as Multiple Myeloma (MM). MM is an incurable malignancy of plasma cells characterized by a
clonal expansion of an abnormal B-cell, which leads to an overproduction of free light chain. A
lot of scientific work has been carried out to correlate the different in vivo solubilities of LCs and
their intrinsic aggregation propensity to either form highly ordered amyloid fibrils or disordered
amorphous aggregates. It is generally presumed, that the origin of their different solubility is to
be found in the amino acid sequence of the respective LC. Due to somatic recombination and
various mutations, each LC possesses an unique primary structure. Hence the clinical picture in
a patient as well as the behaviour of the LC in a test tube is very diverse.

In order to elucidate the in vivo solubility of a certain LC protein, I performed a detailed
biochemical and biophysical analysis of light chains extracted and purified from the urine of a
group of 20 patients with light chain disease. This process is described in Chapter 3. For all
samples, the unfolding temperature of the LCs, their monomer-dimer distribution, the digestibility
by trypsin and the formation of amyloid fibrils under various conditions of pH and reducing
agent, were quantified. Neither of these properties correlated with the kidney damage as defined
by clinical parameters. Most of the LC characteristics reported to be predictors of amyloid
formation cannot be used to assess the degree of kidney damage. Nevertheless, I detected that
LCs, which display very poor digestibility by trypsin, were derived from patients with the greatest
impairment of kidney function. To perform a more detailed biophysical in vitro characterization,
a sub-set of ten LC samples, which contained the protein at high purity, were choosen. This
allows both the sequence determination, as well as a detailed biophysical study. The amino
acid sequences are solved by a novel de novo sequencing workflow for patient-derived LCs,
based on a combination of bottom-up and top-down proteomics. This is presented in Chapter 4.
An in depth Thermodynamic and Aggregation Fingerprinting (ThAgg-Fip) (Chapter 5) was
established to characterize the behaviour of the LCs of all of which we determined the primary
structure. Our results suggest that while every pathogenic LC has an unique ThAgg-fingerprint
and sequence, they can all form amyloid fibrils under physiologically relevant, mildly acidic
pH conditions. Therefore we suspect that extrinsic factors are the main determinants of in vivo
light chain aggregation behaviour. This intrinsic amyloid propensity challenges the current
paradigm of the link between sequence and amyloid fibril formation of pathogenic light chains.
Since the aggregation kinetics of the LC samples are affected by external factors, I could not
easily examine the influence of the anti-amyloid component EGCG on their fibril formation. For
this reason I performed a detailed study of the aggregation kinetics of α-synuclein to elucidate
the impact of the solution conditions. This is shown in (Chapter 6). This research provides a
significant contribution to the highly-relevant scientific field of LC amyloid pathology research.
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1
GENERAL INTRODUCTION

The aim of this work is the biochemical and biophysical characterization of patient-derived
immunoglobulin light chains (LC) and to analyse their intrinsic aggregation propensity in vitro in
order to correlate the biophysical propensities with their in vivo solubility. For this, the clinical
picture, in particular the severity of kidney damage has been used as a readout. Since a clear-cut
correlation could not be detected, an in depth Thermodynamic and Aggregation Fingerprinting
(ThAgg-Fig) of nine multiple myeloma patient-derived LC was performed. Furthermore, the
potential impact of the small compound EGCG on amyloid aggregation was investigated using
α-synuclein as a model protein.

1.1. Protein folding and aggregation
The majority of proteins require a highly specific three-dimensional structure in order to attain
functionality in the organism [21]. The native structure is thermodynamically stable and is
determined by the primary structure of the polypeptide chain and its environment [22]. Recently,
DeepMind’s latest artificial intelligence system AlphaFold demonstrated its ability to forecast
the most accurate structure in the biennial protein-structure prediction challenge (CASP) [23, 24]
and with this made a big step towards prediction of the folding process. Nevertheless, the
prediction of a native protein structure from its primary sequence remains a fundamental problem
of biochemistry.

Dependent on their size, proteins can fold spontaneously into their biologically active structure
within microseconds [25] to hours [26, 27]. But as first pointed out by Levinthal about half a
century ago [28] the number of theoretically possible conformations is too high in order to find
the native structure in the conformational space in biological real-time by random searching.
To overcome the "Levinthal’s paradox"[29, 30] several folding models have been proposed
[31, 32, 33, 34, 35, 36, 37]. The folding funnel model first described by Leopold et al.[38] unites
several mechanisms and describes both thermodynamic and kinetic aspects of folding [39, 40].
The downhill nature of folding is explained by the assumption that all native-like intra-molecular
contacts are on average more favourable than non-native ones. The contacts are formed by
hydrophobic interactions, intramolecular hydrogen bonds, Van der Waals forces and electrostatic
interactions.

Unfolded proteins occupy the largest conformational state. The formation of native intra-
molecular contacts makes the polypeptide more compact, reduces the conformational space and
drives the molecule downhill towards the thermodynamically favoured state. An example of a
rugged folding funnel landscape is illustrated in Figure 1.1 A.
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Figure 1.1: (A) A two-dimensional cross-section of a rugged folding funnel landscape illustrates the
folding via a two-state model (fast) and a three-state model (slow). When the polypeptide chain des-
cends the funnel, the entropy and free energy is decreased [1]. (B) Energy landscape of protein folding
(green) combined with aggregation (red). The folding towards the native folded state and aggregation
are competing reactions. Kinetically trapped intermediates are exposed to intermolecular interactions.
This can lead to the formation of various aggregates such as amorphous aggregates, oligomers and
amyloid fibrils. Chaperons can help to overcome kinetic barriers. [2, 3]

Folding proteins may pass through structural intermediates, which may have kinetically stable,
misfolded conformations on the pathway towards the native state. Partially folded or misfolded
states, in particular kinetically trapped states, are exposed to intermolecular interactions and can
aggregate into a variety of aggregate structures (Figure 1.1 B). Aggregation is favoured due to
exposed hydrophobic amino acid residues, which are mostly buried in the native state [41] and
by an increased protein concentration, which increases the possible intermolecular interactions.
The presence of molecular chaperones in vivo can prevent intermolecular interactions between
misfolded molecules, and promote intramolecular interactions. The formed aggregates can either
be amorphous like oligomers or highly ordered, such as amyloid fibrils. Amyloid fibrils have
been postulated to be the most thermodynamic stable state present in the energy landscape and
can consists of thousands of individual protein molecules. Amyloid fibrils are found as deposits
of insoluble aggregates in patients with a wide range of diseases. However, fibril formation
may be an evolutionary conserved, widely accessible, stable structure of self-assembled proteins
and peptides [42, 43], hence amyloid can be formed from a range of very different polypeptide
sequences. Besides disease-related peptides, also non-disease related proteins can form amyloid
fibrils under certain conditions [44] and they can play important roles as "functional amyloid" in
different organisms such as promotion of structure and protection [45, 46, 47].

1.2. Amyloid
Today several dozens of diseases can be linked to fibrillar proteinaceous depositions, most
of which are neurodegenerative e.g. Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease and transmissible spongiform encephalopathy [48]. Amyloidosis had been observed
in organs since the 17th century [49], but the first histochemical reaction for amyloidosis had
been conducted by the German physician scientist Rudolpf Virchow [50, 51]. He used the
iodine-sulphuric acid reaction to stain a corpora amylacea in the nervous system. He introduced
the term amyloid under the assumption they would be cellulose derivatives. Nevertheless, in 1859
Schmidt [52], Friedreich and Kekulé [53] could demonstrate the absence of starch or cellulose
and a high proportion of nitrogen in the amyloids.
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The ability of the dye Congo Red (CR) to stain amyloid was discovered in 1922 [54], but the
specificity was limited. In 1945 Ladewig [55] demonstrated that amyloid deposits exhibited green
birefringence under polarized light. Since then, this Congophilia with apple green birefringence
[56] is known as one of the main characteristics of amyloid and commonly used as a criterion to
define amyloid species.

Under the light microscope amyloid appeared amorphous, and only with electron microscopy a
first fibrillar ultrastructure could be revealed in 1959 [57] while X-ray diffraction experiments
resolved another main characteristic of amyloid fibrils, namely the cross-β structure [58, 59].
This indicates a regular repeat of 4.68 Å along the fibril axis, a perpendicular spacing of 6 - 11 Å
to the fibril axis and the β -sheets are organized parallel to the fibril axis [4, 60] (Figure 1.2
A-C). Nowadays high-resolution structures can be solved by a combination of cryo-electron
microscopy, solid-state nuclear magnetic resonance (NMR) spectroscopy and atomic force
microscopy [5, 61, 62, 63, 64, 65, 66, 67]. An example of a cryo-EM structure of amyloid fibrils
of an immunoglobulin light chain is presented in Figure 1.2 D-F. The aggregation of light chains
is the hallmark of amyloid light chain (AL) -amyloidosis.

Amyloid fibrils possess highly similar structures, despite the precursor proteins can differing
greatly in their sequence and structure. Proteins with a natively unfolded (intrinsically disordered)
structure as well as highly structured proteins can self-assemble into fibrils. The secondary
structure of a folded protein appears negligible as well. Proteins with a primary helical structure
such as lysozyme, insulin and myoglobin [68] and with a prominent β -sheet secondary structure
such as light chains and transthyretin [69], both are able to build fibrils. Variation in local packing
can lead to morphological differences [70]. Even the same precursor protein can aggregate into
different morphologies due to varying the solution conditions [71, 72]. Interestingly, low-
stress environments produce heterogeneous polymorphs, while environmental stress such as
hydrodynamic flow results in a more homogenous fibril landscape [73]. In general, strain-specific
morphologies can cause different effects [74, 75, 76].

It remains unclear whether the amyloid formation requires disordered polypeptide segments
[68] or specifically structured β -sheet intermediates, which results in the questions whether
native β -sheet proteins are predisposed to form amyloid fibrils or not. Transmission mode FTIR
spectra recorded on native β -sheet structured monomers and amyloid fibrils revealed differences
in the properties of their β -sheet structure [69], pointing out that native β -sheets are not likely
predisposed to form amyloid fibrils and requires a substantial structural reorganization.

The amyloid formation of various proteins can be studied in vitro. Thioflavin-T (ThT) assays
are a powerful and easy approach to analyse the kinetic and structural properties of amyloid
fibrils [77]. The fluorescence emission at 482 nm is greatly enhanced upon selectively binding of
ThT to the cross-β -structure of fibrils. Furthermore, ThT does not interfere with the aggregation
into amyloid fibrils [78]. This enables the monitoring of amyloid aggregation in real time.
Identifying the processes that lead to the self-assembly of proteins into amyloid fibrils is key
to understanding the disease and designing a treatment. The amyloid formation is typically a
complex nucleation-dependent polymerization process [79, 80].

In cases where the monomeric precursor protein is folded, an aggregation-prone species can
be generated by destabilising the monomeric precursor protein. The formation of a minimal
fibril from monomer is called nucleation and this process has a higher dependence on protein
concentration and a higher energy barrier than the addition of a monomer to the end of a pre-
formed fibril. The latter is called elongation, or growth. Once a fibril has formed and is growing,



4 1. General introduction

Figure 1.2: (A) Negatively stained amyloid fibrils under the electron microscope. (B) Schematic
diagram of the cross-β sheets in a fibril and (C) the typical fiber diffraction pattern with a meridional
reflection at 4.7 Å (black dashed line) and an equatorial reflection at 6 - 11 Å (white dashed line) [4].
(D) The post-processed 3D reconstruction of the light chain AL55 amyloid fibril structure (overall res-
olution of 4 Å) and (E) atomic model of the cross-section of the density map. (F) Ribbon representation
of the fibril structured core [5].

it can multiply through a range of secondary processes, such as fibril breakage (fragmentation)
or secondary nucleation, whereby a new fibril forms on the surface of an existing fibril [81, 82]
(Figure 1.3 A).

Recently, Dear and colleagues proposed the catalytic nature of the amyloid reaction described
by Michaelis-Menten-like equations [83]. Primary nucleation does not meet all criteria for
Michaelis-Menten kinetics, but secondary nucleation can be well described. Surface catalysis
is admittedly only efficient between peptides with the identical morphology, indicating the
propagation of a fibril strain [84], however the solution conditions appear considerable more
important on the morphologies [85]. During elongation, which constitutes unspecific association
and dissociation of a monomer with the fibril end and subsequent conformational change to fit in
the fibrillar structure, was previously described as a dock-lock mechanism [86, 87] and diffusive
barrier-crossing reaction [88], the fibril ends may function as a catalytic pseudo species, because
the number of free ends remains unchanged. At high concentrations, where the elongation is
saturated, elongation can be modelled using Hamiltonian formulation [89].

The models are very efficient for fitting in vitro experimental data, but the transfer to the in
vivo aggregation behaviour is questionable. Because of the failure of several drug trials for
Alzheimer’s disease (AD), Thompson and colleagues proposed a new mathematical model
[90]. Besides the established mechanisms, primary and secondary nucleation, elongation and
depolymerization, they included additional mechanisms such as monomer production, monomer
clearance and dimer clearance. The model was applied on the aggregation of the AD peptide Aβ .
In contrast to α-synuclein, Aβ is a normal metabolic waste product due to the proteolytically
cleavage of amyloid-β precursor protein [91].

1.2.1 Oligomers

Besides amyloid fibrils, proteins can form different types of pre-fibrillar oligomers. Oligomers
have been reported for several amyloidogenic proteins, , such as Amyloid-β [92], α-synuclein
[93], tau [94], β2-microglobulin [95], transthyretin [96] and lysozyme [97]. Resolving the
structure with a high resolution is a challenging task, but they share structural similarities, since



1.2. Amyloid 5

Figure 1.3: (A) Overview of the coarse-grained reaction network describing fibril formation. Reac-
tions are represented by box and species of interest as circles. The oligomer-involving reactions are
highlighted in red [6]. (B)-(E) Representative Illustration of the ambiguity of identification off- and
on-pathway oligomers: (B) Oligomers dissociate into monomers instead of converting to fibrils; (C)
one oligomer species forms another oligomer species through a side reaction; (D) different types of
oligomers are formed from monomers, which can both convert into fibrils with different rates; (E)
monomer form different oligomers, but only one converts into fibrils (adapted from )[7]).

they can be identified with an oligomer-specific antibody A11 [98, 99]. In the example of
Amyloid-β , oligomers not only form in a test tube, they occur in humans and animal models
as well [100, 101, 102, 103, 104, 105] before formation of plaques [106, 107] and are claimed
to be the most neurotoxic species [108]. Oligomers may transfer from cell to cell and spread
to specific brain regions, suggesting a prion-like manner [109]. They can be extracellular and
existing in cerebrospinal fluid [110, 111, 112]. In vitro, oligomers form within minutes in a
lag-free oligomerization reaction [113]. They are metastable and heterogeneous in size ranging
from 50 to 1500 kDa and rich in β -sheet structure. They can be globular [114] or curvilinear
[115] oligomers.

In vitro, the aggregation kinetics displays a biphasic behaviour. The aggregation starts imme-
diately with the lag-free formation of oligomers, followed by a sigmoidal phase representing
the growth of fibrils, which slowly replace the metastable oligomers. Oligomers increase the
lag period for subsequent fibril nucleation and growth due to lateral binding to the amyloid
surface [113]. The rate of oligomerization is vigorously accelerated at low pH comparatively to
endosomal/lysosomal pH milieus, whereby a synaptic dysfunction and Tau pathology can be
explained [116].

Compared to fibrils oligomers generally have been defined as species with a smaller size, lower
growth rate, less ordered structure, distinct surface properties or higher toxicity. Cytotoxic
oligomers, which can convert to amyloid fibrils are prime targets for drug design, which either
prevent the formation or accelerates the conversion into amyloid fibrils to reduce the toxicity
[117]. The term oligomers is widely used in literature, but it remains unclear, whether these
oligomers are on-pathway or off-pathway. The majority of oligomers appear to be off-pathway
and dissociate into their monomeric precursors without forming new fibrils [6, 118]. Oligomers
are referred to as protofibrils, which can be misleading, if they are defined as off-pathway
oligomers not terminating in a fibril [108, 109, 114, 119, 120].
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Recently, different studies are debating about the terminology, establishing a non-binary defini-
tion of oligomers. Dear and colleagues used Monte Carlo simulations to identify if oligomers
are contributing to fibril formation [7]. They analysed the aggregation mechanism of Aβ42,
α-synuclein and tau. For Aβ in buffer under conditions where secondary nucleation dominates
they saw, that all experimentally detected oligomers were fully on-pathway, although they rapidly
dissociates to monomer and are constantly reformed, thereby facilitating amyloid formation. Un-
der conditions where secondary nucleation is suppressed, α-synuclein aggregates into two kinds
of oligomers, which are both on pathway. One oligomer species nucleates through monomers and
is converted into the other, which builds the fibrils. One oligomer species of tau was displayed to
contribute to fibril formation, whereas the other one was less productive.

1.3. Parkinson’s disease (PD)
Amyloid diseases are generally categorized in localized amyloid deposits in the brain, which
result in neurodegeneration such as AD, PD and prion diseases; and in systemic amyloidosis,
where amyloid deposits can occur in all organs apart from the central nervous system.

Prion diseases have to be emphasised, because prions are proteinaceous infectious particle
that lacks nucleic acid [121]. That proteins can be infectious was first discovered in scrapie,
Creuzfeldt-Jacob disease and Bovine spongiform encephalopathy (BSE) [122]. They consist
of assemblies of a cellular protein, that is misfolded from its native conformation PrPc into the
misfolded, self-replicating PrPsc conformation. These diseases belong to the category of prion
diseases and can occur in humans and mammals. Furthermore, they can conquer species barriers.
BSE was caused by scrapie of the sheep [123] and can be transmitted to sheep and goats as
well [124]. Prion propagation describes the templated conversion of natively folded proteins
into amyloid structures and the spread from cell to cell. The templated conversion into amyloid
structure is called seeding and is inherent to the self-assembly of different amyloid proteins. Prion
propagation is increasingly recognized to have an important role in neurodegenerative diseases
like Alzheimer’s disease and Parkinson’s disease (PD) [125]. Both diseases can be triggered in
transgenic mice by injecting preformed seeds of α-synuclein, islet amyloid polypeptide (IAPP)
or amyloid-β [74, 126, 127].

A-synuclein is the main component of Lewy Bodies, the main neuropathology of Parkinson’s
disease [128, 129, 130, 131]. Parkinson disease was first described two centuries ago by
James Parkinson on observation of the shaking palsy [132]. PD is the second most common
neurodegenerative disorder that affects 2-3 % of the population over 65 years of age [133,
134]. While the most common form of PD occurs sporadically with a usually late-onset, the
amyloidogenic protein can carry certain mutations (A30P, E46K, A53T, H50Q and G51D), which
can be autosomal-dominant inherited and are associated with an early onset [135, 136, 137].
It is associated with bradykinesia/akinesia, tremor, rigidity and postural instability as well as
other motoric and non-motoric symptoms [138]. The main pathological feature is the loss of
dopamineric neurons disrupting the micro-architecture of the substantia nigra [139, 140, 141]
which is caused by proteinaceous deposits. The underlying pathology at mesoscopic scales is the
aggregation and deposition of α-synuclein [129, 142, 143, 144].

One of the earliest neurological signs of PD are olfactory deficits [145]. The dysfunction
occurs in more than 90 % of cases and both in familial and sporadic PD [146]. Recent studies
demonstrate, that challenging TgM83 transgenic mice overexpressing mutant human α-synuclein
orally or intravenously with recombinant α-synuclein fibrils leads to the development of α-
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synuclein pathology [147]. This indicates that α-synuclein aggregates are transmissible by oral
and intravenous routes comparable to prions. However, picogram quantities of purified PrPsc

could trigger pathologies, whereas the most α-synuclein transmission studies used microgram
quantities [148]. Additional to the olfactory bulb, first lesions are developed at the dorsal motor
nucleus of the vagal nerve, suggesting that PD may start in the digestive tract and spread from
the gut to the brain by the vagal nerve [149]. A-synuclein could be detected in gastrointestinal
tract tissues of PD patients [150, 151]. A potential propagation from the gut to the brain could
be demonstrated in mouse/rat models as well [152, 153, 154]. A diet with uridine and fish oil
prevents motor and gastrointestinal dysfunction in model organisms paving the way for new
therapeutical approaches. Gastrointestinal inflammation and infection are postulated as potential
factors in PD pathogenesis. It is expressed during acute and chronic gastrointestinal infection
[155] and can directly activate immune cells [156].

A-synuclein is a synaptic protein attributed having an important role in neuronal communication.
It is probably involved in maintaining homeostasis of neurotransmitter release by interacting
with proteins involved in synaptic vesicle fusion and transportation. It can bind actin and
regulate its dynamics, which are required for the regulation of synaptic vesicle mobilization
[157]. Furthermore, a more general role of α-synuclein in basic cellular functions is assumed,
because of its propensity to associate with membranes [158]. The protein is also important for
the development of dopaminergic neurons [159]. Nevertheless, the precise biological function
remains unclear.

The factors which causes α-synuclein to adopt a pathological conformation are largely unknown.
The prevention of aggregation and cellular transport of α-synuclein are therapeutic goals, but
until now PD is incurable and the treatment is mainly based on the alleviation of the symptoms
[160].

At the present moment a prion-like propagation is only observed for amyloid proteins affecting the
central nervous system, but there are indications that systemic amyloidosis could be transmissible
as well [161, 162].

In the past, besides histological examinations, Congo Red was applied to detect amyloid in
patients with systemic amyloidosis without awareness of it’s carcinogenicity [163]. A highly
diluted solution of Congo Red was injected into patients, who were clinically suspected of having
amyloidosis. The CR would bind to amyloid deposits in the patient and results in a high decrease
of detectable CR in the blood after 60 minutes. But also in healthy subjects up to 60 % CR
disappeared [54, 164, 165]. In particular, systemic amyloidosis such as primary amyloidosis,
which affects the whole body and interferes with organ function, were diagnosed with the CR
test.

The term primary amyloidosis, which draws attention since 1929, was used formerly for AL-
Amyloidosis and denoted an amyloidosis without any predisposing disease [166, 167]. AL-
Amyloidosis is the most prevalent type of systemic amyloidosis with an incidence rate of 1.2 per
100,000 person/years [168]. It results from the extra-cellular, fibrillar deposition of monoclonal
immunoglobulin (IgG) light chains in various organs. Light chains are the major component of
fibrillar deposits in AL, but Ig heavy chains or heavy chain fragments.
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1.4. AL-Amyloidosis
AL-amyloidosis is a fatal disease in which IgG light chains deposit as insoluble fibrillar ag-
gregates [169, 170]. AL-amyloidosis can affect all organs, except for central nervous system,
but most frequently involved are the kidney and the heart [171, 172, 173, 174]. Cardiac AL is
insidious, because of a median survival of less than 6 months and a 5-year survival of less than
10 % [175]. Depending on the affected organs the clinical manifestations are very diverse and
challenging in diagnosis. Soft tissues and bones can be involved as well, and can be mistakenly
diagnosed as rheumatic conditions [176]. Possible symptoms range from asthenia, dyspnoea,
nephrotic syndrome over diastolic heart failure, sensorimotor peripheral polyneuropathy, carpal
tunnel syndrome to macroglossia and skin lesions [169, 170].

Cardiac involvement can be observed by echocardiography [174, 177], but the diagnosis generally
relies on pathological examination of an involved site or with abdominal fat aspiration, when the
AL is not localized [178]. The deposits are stained with Congo Red, showing typical apple-green
birefringence and stained positive with anti-LC antibodies through immunohistochemistry.

1.4.1 Etiology

The aggregation of light chains is contingent due to an overproduction of monoclonal protein
by a clonal expansion of an abnormal B-cell, which is called monoclonal gammopathy. The
B-cells accumulate in the bone marrow and secrete large amounts of monoclonal light chains
additionally to the complete immunoglobulin [179]. Upon mutation, a plasma cell that expresses
a soluble monoclonal immunoglobulin can lose the capacity to express the heavy chain. 15 %
of the multiple myeloma (MM)-patients produce exclusively light chains [180]. Due to an
increased plasma-cell growth, the produced monoclonal light chain becomes abundant. Light
chain proteins are usually either excreted or degraded by the kidney, but high monoclonal
quantities and low renal clearance can induce the deposition in the kidney’s extracellular matrix
[181]. A monoclonal gammopathy is diagnosed by immunofixation-electrophoresis of a patient’s
serum or urine and by detection of serum free light chains (FLC). In healthy humans IgG
light chains are produced in 10−40 % excess of heavy chains[182]. They are filtered by the
kidney, actively resorbed into lysosomes and degraded, whereby the FLC levels are minimized.
Elevated FLC level overwhelm renal filtration and/or catabolism and can be detected in serum
and urine by immunofixation-electrophoresis [183]. The abundant urinary proteins are often
referred as Bence Jones proteins [184]. Different stages of the underlying clonal population may
results in different diseases. The early stage is called monoclonal gammopathy of undetermined
significance (MGUS). MGUS is characterized by LC concentration of less than 30 g/l in the
serum, less than 10 % clonal plasma cells in the bone marrow and no organ damage which is
characterized by CRAB [185].

CRAB summarizes typical clinical manifestations of multiple myeloma such as hypercalcemia,
renal insufficiency, anemia and bone lesions (CRAB) [186]. The increase of the clonal population
to over 10 % bone marrow plasma cells are the hallmark of the first multiple myeloma stage. The
plasma cells can either remain in an asymptomatic (smoldering) or progress to the symptomatic
stage with hypercalcemia, renal failure, anemia and lytic bone lesions (CRAB) [187, 188, 189].
In all myelomagenesis stages the patient can develop a further light chain aggregation disease,
such as AL amyloidosis (proteins form amyloid fibrils [190]) and light chain deposition disease
(LCDD) (proteins form amorphous aggregates [191, 192]). Several cases have been reported in
which both types of deposits co-exists in the same or different organs [193, 194, 195, 196]. In
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vitro aggregation kinetics showed that an amyloidogenic LC (e.g. SMA) forms fibrillar aggregates
at physiological conditions and amorphous, granular aggregates in the presence of copper ions
[197]. AL-amyloidosis can coincide with all myeloma stages with descending probability; 54 %
were suffering from MGUS, 38 % from smoldering MM and 8 % from full blown MM [188].
Besides of the most common IgG LC, different types of monoclonal immunoglobulin protein
can be produced and secreted [198], for instance heavy chains, that can deposit by themselves
[199, 200, 201, 202, 203] or co-aggregate with LCs [204, 205, 206]. The evolution from MGUS
to MM is not proceeding linearly. At each step of progression they acquire new mutations and
evolve subclones, which may express altered light chain population [189]. LC which cause AL
or LCDD interact mainly with components of the glomerulus especially with mesangial cells and
cause glomerular dysfunction, but LCs can also be pathogenic to the proximal tubules causing
Fanconi’s syndrome and myeloma (cast) nephropathy [206, 207, 208].

Currently, there is no possibility to predict the in vivo deposition behaviour of a particular light
chain found in the blood or urine of a patient with a light chain disease in particular, because
only a small proportion of LCs are able to form amyloid in vivo [209].

1.4.2 Light chains
Immunoglobulin light chains are small (approximately 22-25 kDa) glycoproteins that are paired
with heavy chains to obtain an antibody. Immunoglobulin G are the most abundant type of
antibody and play an important role in the adaptive immune system [210, 211]. An antibody
comprises two identical heavy and two identical light chains, which are linked to each other by
disulfide bonds. An example of an antibody is shown in Figure 1.4 A. Abundant monoclonal
light chains subsist as monomers and/or as dimers. The structure is stabilized by two inter- and
one intramolecular disulfide bridges and formed a sandwich by two antiparallel β -pleated sheets
[212, 213]. The disulfide bridge is buried in the hydrophobic interior of each domain [214].
Representatively shown are two homodimers of λ and κ light chains in Figure 1.4 B and C.

Figure 1.4: (A) Three-dimensional model of an immunoglobulin, which consists of two identical
heavy (gray) and light (red) chains. Disulfide bonds are shown in yellow [8]. Three-dimensional ribbon
representations of (B) λ LC homodimer 3MCG [9] and (C) κ LC homodimer 1B6D [10]. The constant
region are presented in teal and the variable region in pink (visualized with PyMOL 2.4. (Schrödinger)
from the RSCB protein data bank [11]).

The solubility and behaviour in vivo of a light chain most likely lies within the variability in the
amino acid sequence and consequently certain variable subgroups and amino acid substitutions
[215, 216]. However the overall topology is highly conserved in mammals containing regions
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with a higher sequence variability (complementary determining region (CDR)) [217]. The
sequence of a mature immunoglobulin light chain is unknown and unique for each patient-derived
protein. LCs are genetically encoded in fragments, which are joined by somatic recombination
and then affected by hypermutations [210, 218]. LCs consists of an N-terminal variable region
(v-region) and a C-terminal constant region (c-region), which specifies the effector function of the
molecule [219]. The diversity of the N-terminal variable region, which is capable to recognize the
antigen [219], is created by somatic recombination of variable (V) and joining (J) gene segments
(V-J combination) during the early stages of B-cell maturation [220]. Light chains occur either
as a λ or a κ isotype, which are encoded by the immunoglobulin λ (IGL) (on chromosome
22 at band 22q11.2) [221] or the κ (IGK) (on chromosome 2 at band 2p11.2) [222] locus. It
has been found that the majority of light chain amyloidosis cases are associated with λ light
chains [223, 224] particularly with the variable λ VIa and IIIr subgroup [215, 216, 225]. There
are 40 - 76 IGKV and 73 - 74 IGLV gene segments belonging to seven and eleven subgroups
respectively, which are randomly joined with the corresponding joining gene segments (IGKJ
and IGLJ) [226]. There are a multitude of different IGLV and IGKV gene segments, which are
randomly joined with the corresponding joining gene segments IGLJ and IGKJ [226] and then
affected by somatic hypermutations during the antigen dependent stages of differentiation. This
sequence diversity translates into a diverse clinical picture [226], impeding the understanding of
the disease mechanisms. Besides the effect of the fibril deposition, amyloidogenic LCs were
denoted to be cardiotoxic.

Proteomic analyses have revealed that in most AL fibrils not the full-length LC proteins are
incorporated due to a lack of different parts of their according constant region [5, 66, 202,
227, 228, 229, 230, 231, 232, 233]. However, constant regions [234, 235] and the full-length
LC proteins [236, 237, 238, 239, 240] could be found in the amyloid depositions as well. So
far the timing of proteolysis is unclear. Lavatelli recently presented the first high-specificity
map of proteolytic cleavages in cardiac AL amyloid using mass spectrometry, suggesting that
LC deposition presumably precedes the proteolytic events [241]. Nevertheless, the induced
aggregation through proteolytic digestion particularly by lysosomal enzymes was demonstrated
in different studies [242, 243, 244, 245, 246, 247] even of non-amyloidogenic LCs [248, 249].
The full-length LCs and fragments could also be found in deposits of LCDD patients; local
tissue factors may be responsible for different processing of the light chain deposits in LCDD
[193, 239].

The sequence of a LC can be determined by sequencing the RNA of the producing B-cell clone
[250, 251]. However, a bone marrow aspiration is generally not conducted, because of ethical
reasons it is solely allowed to improve diagnosis and treatment. Moreover sequencing of the
RNA gives no insight into possible post-translational modifications (PTMs), which can play an
important role in their in vivo behaviour [252, 253, 254].

In contrast, MS-based sequencing on protein level covers all post-translational modifications in
particular inter- and intramolecular disulfide bonds and the ratio between monomeric and dimeric
proteoforms. Modern MS-based sequencing identifies the peptides based on an established
protein sequence database, which is solely suitable for known antibody sequences [255, 256].
Therefore a complex de novo sequencing based on a combination of top-down and bottom-up
proteomics is required for patient-derived LCs.

Combining sequence information with biophysical information could enable the prediction of an
in vivo light chain behaviour, which would pave the way for new diagnostics and therapeutics of
light chain aggregation diseases. A large number of studies has been performed in recent years
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to understand the solubility of a given LC in a patient through a detailed in vitro investigation
of biophysical and biochemical properties in particular which properties picture amyloidogenic
(in vivo amyloid forming) LCs. Various studies demonstrated a correlation between the thermo-
dynamic stability and the aggregation propensity [233, 257, 258, 259, 260, 261, 262, 263, 264],
though it could not be always observed [265, 266, 267]. However it was demonstrated, that
LCs from MM-patients could be irreversibly heat-denatured [267] and had lower free energy
of folding [265]. In addition non-amyloidogenic LCs could also be fibrillated under reducing
conditions in a test tube, but in contrast to amyloidogenic LCs the aggregation kinetic showed no
monomer-concentration dependence [267].

The structures of amyloidogenic and non-amyloidogenic LC monomers are very similar [209],
but Qin could demonstrate that the monomeric state rather than the dimeric state, was critical for
fibrillation. Intermediates with less native-like contacts showed a fast aggregation kinetic while
more native-like intermediated tend to aggregate amorphously [268]. Somatic mutations that
disrupts the dimer interface lead to higher amyloid propensity [269, 270], while stable dimers
interfere with amyloid assembly [244, 271]. But Gatt’s use of serum free light chain suggested a
correlation of high degree of dimerization with AL [272] and a discriminator between malignant
from premalignant monoclonal gammopathies [273, 274]. AL is usually caused by λ LCs, while
κ LCs are more often involved in LCDD [171, 275]. However, AL with dominant soft tissue and
bone involvement was significantly associated with κ chains [176].

λ LCs display a stronger tendency to dimerize and oligomerize [276, 277, 278], but they often
show a misfolded dimer conformation [279, 280]. AL patients presented a high proportion and
heterogeneity of disulfide-linked monoclonal FLCs [273, 281], λ LCs had a strong tendency to
migrate abnormal on a similar height as HSA, which may increase the risk of misinterpretation
of protein electrophoresis [282]. MS analysis revealed several cases of amyloidogenic κ light
chains, which formed covalently bound dimers, suggesting that the dimeric nature of κ-type
proteins was overlooked in previous studies [240].

Because of the increased size as a dimer, dimeric LCs are more slowly removed by glomerular
filtration resulting a high protein concentration, which may promote the aggregation. Further-
more, dimerization has to be considered for the dialysis of patients. Membranes with distinct
cut-offs must be used to filter monomers or dimers efficiently [283].

Lately, conformational flexibility and dynamics have been proposed to correlate with the ability
to form amyloid in vivo [232, 284, 285].

The removal of abundant, misfolded and aggregated protein is a key factor to maintain normal
physiological functions. There are two main systems which process these proteins: the autophagy-
lysosomal pathway (ALP) and the ubiquitin proteasome system (UPS). UPS presents the major
pathway for intracellular protein degradation. Cellular proteins are targeted for degradation with
polyubiquitin chains and subsequently get degraded by the 26S proteasome [286]. Proteasomes
are primarily localized in cytosol, but are also associated with plasma membrane and ER.
Autophagy is activated during stress conditions such as amino acid starvation, unfolded protein
response or viral infection and delivers cytoplasmic material to lysosomes for degradation [287].
Defects in either of these systems have been concatenate to neurodegenerative diseases [288].

The endoplasmic reticulum (ER) is responsible for the synthesis, folding, modification and
quality control of virtually all transmembrane and secreted proteins including antibodies. This
implies post-translational modifications and disulfide bond formation [289, 290]. Native folded
proteins which pass the quality control are delivered to the Golgi apparatus before they are
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secreted to the extracellular space [291, 292]. Excess light chains are usually secreted without
assembly to the corresponding heavy chains. Only properly folded proteins can migrate to the
Golgi, whereas misfolded proteins activate the unfolded protein response, which is signalled
through three ER transmembrane protein sensors; inositol-requiring kinase 1, pancreatic ER
eIF2a kinase and activating transcription factor 6 (ATF6) [293].

Even though amyloidogenic LCs appear to possess an more unstable and flexible conformation,
they are not detected by the ER quality control, allowing their secretion to the extracellular
space. However, it was demonstrated recently that inducing unfolding protein response due to
activation of ATF6 and ER protein disulfide isomerase, reduces the secretion of amyloidogenic
LC dramatically [294, 295, 296]. This can pave the way for the development of therapeutics.
Nevertheless, the expression in different cell lines of amyloidogenic LC presenting an unstable
conformation was failing and the LCs remain in the ER and were removed [297, 298].

1.4.3 Different treatment strategies

Multiple myeloma and AL amyloidosis remain incurable pathologies. The primary problem in
treating AL-amyloidosis effectively is the correct and early diagnosis. First symptoms are often
vague, which leads to a diagnosis at an advanced stage, where treatment is usually more difficult
[299]. To adjust the convenient therapy, patients are classified using cardiac biomarkers, such
as a NTproBNP cut-off [300], and glomerular filtration rate and proteinuria [301]. Currently,
treatment relies mainly on suppressing the underlying B-cell dyscrasia with chemotherapy or
other anti-B-cell/plasma cell agents. Depletion of the circulating free light chains is crucial,
since amyloidogenic LCs with cardiac involvement, cause oxidant stress independent of fibril
deposition [175].

High-dose melphalan and autologous stem cell transplantation (ASCT) is the most cytotoxic
therapy against plasma cells, which can be applied to patients associated with a good overall
rating, resulting in a hematologic response and improved 5-year survival high organ response
rate [302, 303, 304, 305]. In particular patients with cardiac-involvement and renal impairment
had a higher mortality rates [306, 307], therefore highly compatible therapeutics are required.

Many cell cycle regulatory molecules are degraded by the proteasome, but proteasome inhibitors
results in an accumulation of these proteins causing apoptosis [308, 309, 310]. Malignant cells
are more sensitive to proteosome inhibitors than normal cells [311], therefore they are used
in the care of MM and AL amyloidosis. Bortezomib is a reversible proteasome inhibitor, that
targets the myeloma cell and inhibits the binding of the myeloma cells to bone marrow stromal
cells [312]. It is a standard treatment for patients with MM who are not eligible for a high-dose
melphalan therapy [313, 314] and is well tolerated even in patients with advanced renal failure
[315]. Treatment with Bortezomib combined with dexamethasome revealed a rapid reduction of
amyloidogenic free light chains and improvement of organ function [307, 316].

The demand for novel therapeutic strategies is high, because many patients eventually experience
a hematologic relapse after chemotherapy or a hardly measurable remaining LC production
[304, 317, 318].

Bendamustine is an alkylating agent which enhanced the efficacy of bortezomib and dexa-
methasone in patients with MM especially in patients with renal impairment [319, 320, 321].

Daratumumab is a human IgGκ monoclonal antibody targeting CD38, which is located on the sur-
face of plasma cells [322, 323]. Treatment in combination with bortezomib and dexamethasone



1.4. AL-Amyloidosis 13

induced high response rates [324, 325] and was well tolerated even among patients with advanced
cardiac AL involvement [326]. Daratumumab leads to a rapid decrease of circulating free LCs
and improvement of organ function [327].

Antibiotic Doxycycline, which emerges as an inhibitor of amyloid formation of different proteino-
pathies, such as Alzheimer’s disease, prion disease, dialysis-related amyloidosis and transthyretin
amyloidosis [328, 329, 330, 331, 332], also displayed an impact on AL fibrils in vitro studies
[333], in mouse models [334] and in first clinical studies [335, 336, 337, 338].

Beside suppressing the malignant B-cell clone, different antibodies were developed in order to
deplete the amyloid fibril deposits. It is very important to consider the potential cardiotoxic
effect of free light chains, when the fibrils are dissolved [339, 340, 341]. NEOD001 is a
humanized form of the murine monoclonal antibody 2A4, which binds to a light chain epitope
exposed during misfolding and aggregation [342]. In vitro studies suggested promising effects
[343, 344], but after one of three randomized studies failed, it is no longer developed by
Prothena Biosciences [336]. CAEL-101 (a chimeric form of the murine monoclonal antibody
11-1F4) is another monoclonal IgG antibody, which can bind to AL fibrils. It demonstrated
an overall organ response of 63 % in a phase 1/1b study with patients with relapsed refractory
AL amyloidosis [345]. Furthermore, it can be used in positron emission tomography (PET)
imaging to diagnose the systemic amyloid depositions [346, 347]. Dezamizumab, an anti-SAP
antibody, combined with a small molecule, CPHPC, which depletes circulating SAP (serum
amyloid protein component), showed effective removal of amyloid deposits from the liver and
other tissues in a phase I clinical trail [336, 348].

In some cases, the transplantation of the affected organ, in particular the heart is the only solution.
But this can solely be applied to selected patients with single organ involvement, which are not
too old and display a general good performance [349, 350, 351].

In 2007 Hunstein, who was suffering from AL amyloidosis himself, noticed a clear improvement
of his clinical picture after drinking green tea on a daily basis [352]. In 2008 Mereles confirmed
this observation with the first report of an in vivo effect of green tea on a patient with systemic
AL and suggesting a potential new therapeutic [353]. A lot of different medical properties are
attributed to green tea, it functions for example as an antioxidant, preventing oxidative damage
in healthy cells and stimulating apoptosis in cancerous cells [354]. The leafs of the tea plant
Camellia sinensis contains different polyphenols and phenolic acids. The main polyphenol found
in green tea is the well-studied epigallocatechin-3-gallate (EGCG).

Figure 1.5: Chemical structured of epigallocatechin-3-gallate (EGCG): (A) 2D and (B) 3D conformer
from the PubChem database [12] and (C) 3D crystall structure bound to influenza strain pH1N1 from
the PDBe database [13] (4awm [14]). In the complex both substituents point in the same direction of
the catechin ring system.
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Biochemical in vitro studies indicated the ability to inhibit the amyloid aggregation of a number of
amyloidogenic peptides and proteins effectively, including α-synuclein [355, 356, 357, 358, 359],
amyloid-β (related to AD) [355, 360], islet amyloid polypeptide (related to type II diabetes)
[361, 362], huntingtin exon 1 (related to Huntington’s disease) [363], tau (related to AD and
tauopathies) [364], superoxide dismutase (related to amyotrophic lateral sclerosis) [365], prion
proteins (related to prion diseases) [366, 367] and others.

The removal of amyloid deposits is crucial to treat AL, therefore the inhibiting effect of amyloid
formation of LCs upon binding was recently investigated in a test tube [267, 368, 369]. EGCG
displayed a generic, sequence-independent effect on light chain aggregation through preventing
the second aggregation phase and induction of formation of SDS-stable oligomers [267]. In
addition to the in vitro studies, the clinical efficacy and toxicity of EGCG is investigated in
a Phase 2 trial. Even though the therapy was well tolerated, and urinary albumin level was
decreased, a clear-cut efficacy could not be observed [370].

Most of the studies are performed at physiological pH, where EGCG is unstable and oxidizes
rapidly into various products [371], while a decrease in pH results in a considerable increase
in stability. I tried to examine the effect of EGCG on the aggregation behaviour of the patient-
derived LCs depicted in the following, but there was no impact detectable. In order to examine
the mode of action of EGCG on fibril formation I therefore conducted experiments with the
well-established protein α-synuclein.

1.5. Aim and approach of this work
The aggregation of immunoglobulin LCs and the triggered disorders are known for almost a
century. Even though many detailed biophysical studies were conducted on patient-derived light
chains, the in vivo behaviour of a given light chain can not fully be predicted. Thereby also the
diagnosis is impeded. The main goal of this work was to resolve the biophysical and biochemical
basis of patient-derived light chain aggregation, aiming to develop a quick test to improve the
diagnosis.

The background of the applied methods are explained in Chapter 2. The detailed experimental
conditions can be found in the material and methods sections of the following chapters.

For this in vitro assessment, I isolated protein from the urine of 20 patients, when the protein
appeared in high concentration. All patients were suffering from a light chain disease, mainly
multiple myeloma of various subtypes and one patient with AL amyloidosis. The patients were
selected without bias. I investigated various characteristics, which were reported to correlate
with the amyloid propensity. The outcomes are presented in Chapter 3.

Since the severity of kidney damage showed no significant correlation with any of the char-
acteristics, the amino acid sequences of a suitable subset of samples were solved and an in
depth Thermodynamic and Aggregation Fingerprinting (ThAgg-Fip) was performed. The results
suggest that every pathogenic is not only unique on the level of primary structure, but also
possesses an unique ThAgg fingerprinting. The results are presented in Chapter 4 and 5

I attempted to investigate the impact of the amyloid-inhibitor EGCG on the light chain aggrega-
tion. The aggregation mechanism of LCs is not a typical nucleation-dependent polymerization
process, but requires additional alterations, therefore it was unfeasible to study the effect on light
chain aggregation. To understand the potential course of action, I investigated the effect of the
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polyphenol on the well-studied amyloid protein α-synuclein. The results presented in Chapter 4
indicate a diverse effect of EGCG which is dependent on the aggregation conditions.





2
MATERIAL AND METHODS

Investigated samples

2.1. Patient-derived IgG light chains
The study has been reviewed and approved by the ethics committee of the University Hospital of
Düsseldorf and all patients of whom samples were used in the study have signed an informed
consent (study number 5926R and registration ID 20170664320). The in vitro studies were
performed using protein isolated from urine samples of 22 patients with multiple myeloma of
various subtypes and one patient with Amyloidosis. Two samples were completely excluded
from this study, because one sample did not contain a measurable amount of light chain protein
and the other sample was attained using dialysate, which could not be purified in a simple manner.
An overview of the patient characteristics is shown in Table 2.1. The samples were attained from
patients (6 females and 14 males) with an age range between 45 and 76 years with a median age
of 61.5 years.

For the majority of patients the kidney histology was unknown. Because a histopathological ex-
amination of the kidney was not available since the corresponding invasive diagnostic procedure
was not necessary for the therapy decision as they were diagnosed according to International
myeloma Working Group (IMWG) criteria. Two patients (P008 and P009) were diagnosed with
myeloma cast nephropathy and one patient (P011) with AL-Amyloidosis. Thus, there was no
initial bias in the selection of patients, as the common denominator for inclusion into the study
was solely the presence of a monoclonal light chain in the peripheral blood and in the urine,
while the type of light chain disease (MM vs. Amyloidosis) did not play a role.

There was a large variation with regard to the light chain concentration in the serum, with concen-
trations between 2.2 mg/l and 11,000 mg/l. Two of our patients presented with renal insufficiency
and required dialysis, while four of them had no signs of functional renal impairment. We
divided the patients into three different groups (I,II,III) according to their chronic kidney disease
(CKD)-stage (1-5) at the time of diagnosis. Groups I corresponds to stages 1 and 2, group II to
stage 3 and group III to stages 4 and 5. At the time when the urine samples were collected, 17
patients were diagnosed de novo, whereas three patients with multiple myeloma had received
induction therapy with bortezomib, cyclophosphamide and dexamethasone. The duration of their
disease at the time of the examination was therefore relatively short with a median of 6 weeks
varying from 4 to 12 weeks. The isotype of the examined light chain protein in the study was λ

in 6 samples and κ in 14 samples.
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The protein content of a 24 h urine collection was precipitated by ammonium sulfate (70 %
saturation), generally on the same day when the urine was obtained from the patient. After
incubation (for 1-2 h) at 4 °C under continuous agitation, the samples were centrifuged at
6000 xg for 25 min at 4 °C. The precipitates were dissolved in 10 mM phosphate buffer,
pH 7.5, and dialyzed against the same buffer at 4 °C for 72 h (the buffer was exchanged every
24 h). The protein solution centrifuged to remove macroscopic aggregates, before loading it
on a size-exclusion chromatography (SEC) column Superdex 75 10/300 GL column using an
ÄKTA pure chromatography system (GE Healthcare). 10 mM phosphate buffer (for the general
characterization and circular dichroism (CD) spectroscopy) or 30 mM Tris-HCl pH 7.4 (for the
in depth characterization) was used as an elution buffer.

LC concentration was determined by measuring UV-absorption at 280 nm. For the experiments of
the general characterization the used extinction coefficient ε (38.000 M−1 cm−1) was estimated
from a range of published light chain sequences and corresponds to an average composition
of 3.5 Tryptophan and 9 Tyrosin residues. For the in depth characterization, an extinction
coefficient of the determined amino acid sequence was calculated. An overview of the calculated
ε is displayed in Table 2.2 together with the molecular weight (MW), theoretical isoelectric point
(pI), the partial specific volume v̄ and the intrinsic solubility score determined by CamSol [372].

Table 2.2: Overview of the intrinsic LC properties according their primary structure

2.2. α-synuclein
A-synuclein is a 140-residue neuronal protein, which is the major component of Lewy Bodies,
the main neuropathology of Parkinson’s disease [128, 129, 130]. The underlying pathology of
PD at mesoscopic scales is the aggregation and deposition of α-synuclein [129, 142, 143, 144].
The prevention of aggregation and cellular transport of α-synuclein are therapeutic targets, but
until now PD is incurable and the treatment is mainly based on the alleviation of the symptoms
[160].

A-synuclein is an intrinsically disordered protein (IDP) without a well defined secondary or
tertiary structure at neutral pH [373, 374]. The primary structure can be subdivided into an
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amphipathic N-terminal region that interacts with negatively charged surfaces, a central region
referred to as the non-amyloid β -component (NAC) that has a high aggregation propensity and
an acidic C-terminal region that is typically disordered. IDPs are often involved in cellular
signalling and regulation, but the precise biological function of α-synuclein remains unclear.
A-synuclein is enriched at the pre-synaptic terminal in almost all types of neurons in the central
nervous system. Bellani proposed a potential binding and regulation of actin-dynamics, which is
required for the regulation of synaptic vesicle mobilization [157].

Overproduction and/or familial mutations [135, 136, 137] cause the aggregation of α-synuclein
into highly ordered, cross-β -sheet structured amyloid fibrils [375]. As described earlier the
aggregation mechanism is a typical nucleation-dependent polymerization process [376]. The
familial single mutation can alter the morphologies of the amyloid fibrils [377]

Amyloid formation can be observed in a wide range of physiological pH conditions such as
neutral and slightly acidic pH values. At neutral pH the protein carries a net negative charge, but
at low pH the normally highly acidic and extended C-terminal tail becomes fully protonated and
collapses - leading to an increased hydrophobic conformation [378]. This results in a strongly
enhanced aggregation kinetic, through a secondary nucleation process catalysed by the binding
to the surface of pre-existing fibrils [81, 379].

A-synculein can experience such solution conditions during its life cycle in endosomes and
lysosomes, which maintain an acidic pH value between pH 4 and pH 5 [380, 381, 382]. Therefore
α-synuclein is an appropriate model protein to investigate the impact of EGCG on the aggregation
at various environmental conditions.

Human codon-optimized wild type α-synuclein in the PT7-7 vector was expressed in E. coli
BL21 (DE3) [85]. The expression was conducted for 24 h at 37 °C in auto-induction 2YT-
medium (16 g/L trypton, 10 g/L yeast extract, 5 g/L NaCl) with 50 mM sodium phosphate
pH 7.2, 2 mM MgCl2, 1.8 % glycerol (v/v), 0.05 % glucose (w/v), 0.2 % lactose (w/v). The
cell pellet was washed in a saline solution (0.8 % NaCl) and lysed at 95 °C for 15 minutes in
25 mM Tris-HCl pH 8.1, 1 mM EDTA and by ultrasonication using a VS70/T tip at 60 % power
(15 minutes, 15 seconds pulses spaced out by 1 minute) on ice. Before centrifugation at 20,000 g
for 30 minutes at 4 °C the lysed cells, the DNA was precipitated using streptomycin sulphate
(final concentration 10 mg/ml per litre of initial culture) for 15 minutes at 4 °C. Ammonium
sulphate was added to the supernatant (final concentration of 1.75 M) and stirred at 4 °C for
15 minutes. The precipitated protein was collected by centrifuging at 20000 g for 30 minutes.
The pellet was re-suspended in 25 mM Tris-HCl pH 8.1, 1 mM EDTA and dialysed at room
temperature for 2 h. The protein was filtered with a 0.42 µm pore size and subsequently loaded
onto a HiTrapQHP anion exchange chromatography (AEC) column (GE Healthcare). The
gradient was run stepwise: 0-35 % (in 100 ml), 35-45 % (in 50 ml) and 45-90 % (in 50 ml)
of 25 mM Tris-HCL pH 8, 800 mM NaCl. A-synuclein containing fractions were combined,
precipitated with ammonium sulphate and the pellet was stored at -20 °C. The expression and
described purification-steps were conducted by Alessia Peduzzo.

As a last purification step, α-synuclein was purified by size-exclusion chromatography on an
ÄKTA pure chromatography system (GE Healthcare) using a Superdex 200 Increase 10/300 GL
(GE Healthcare) and 20 mM citric acid, pH 7 as an elution buffer.

A-synuclein concentration was determined by measuring the UV-absorbance at 275 nm (extinc-
tion coefficient of 5600 M−1cm−1.



2.3. Spectroscopic techniques 21

Methods
The background of the applied methods is explained in the following sections. The exact
experimental conditions can be found in the material and methods-sections in the following
chapters in detail.

2.3. Spectroscopic techniques
Part of routine biophysical methods comprise spectroscopic techniques, which are based on the
interaction with light [383]. Light is electromagnetic radiation composed of an electric and a per-
pendicular magnetic field vector. The electric field vector is essential for ultraviolet (UV)/visible
(Vis) measurements, circular dichroism and fluorescence spectroscopy. The wavelength λ is
the spatial distance between two consecutive peaks in the sinusoidal waveform. Energy derived
from electromagnetic radiation is absorbed by electrons in molecules, leading to a transfer from
the lowest energy level to an excited state. The reversion to the electronic ground state leads
to emission of heat for non-fluorescent molecules. The plot of absorption probability against
wavelength is called absorption spectrum.

In proteins, peptide bonds and certain amino acid side chains are important chromophores, which
can interact with electromagnetic radiation. The electronic transition of peptide bonds occurs at
190 nm and 210-220 nm [384]. The aromatic side chains tryptophan (maximum at 280 nm) and
tyrosine (maximum at 274 nm) dominate the typical protein spectrum [385].

The extinction coefficient describes the chance for a photon to be absorbed and is characteristic
for certain macromolecules. The molar concentration (c)of a protein can be determined applying
the Beer-Lambert law [386] (equation 2.1) using the corresponding extinction coefficient, which
can be calculated with the amino acid sequence. Where d is the path length and A the absorbance
of the sample.

A = ε× c×d (2.1)

Beer-Lambert law can be applied at absorbances between 0.1 and 1.2, where the absorbance is
linearly proportional to the concentration of chromophores. The measurement of turbid samples,
in particular large aggregates in samples, can be problematic, because beside the absorbance, the
light can be scattered by Rayleigh scattering, which would be recorded as absorbance.

The transition from a higher to a lower state accompanied by radiation is called fluorescence
[383]. To emit fluorescence, molecules have to be brought into a state of higher energy prior to
the emission. The fluorescent group in a molecule is called fluorophore. Due to the Stokes shift
the wavelength of the emitted light is always longer than of the exciting light.

Proteins can possess three fluorophores (tryptophan, tyrosine and phenylalanine). The fluores-
cence of phenylalanine comparable to its absorbance has a very low quantum yield, whereas the
fluorescence of tryptophan is highest. This phenomena is called intrinsic protein fluorescence
[387]. The fluorescence is greatly influenced by the environment of the fluorophores. The emis-
sion maximum of tryptophan in solution as well as exposed on the protein surface is between
350 nm to 355 nm. If tryptophans are buried inside a protein in an environment with less polarity,
the emission spectrum exhibits a hypsochromatic shift and λ max is between 330 nm and 332 nm.
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This principal of intrinsic fluorescence was applied to follow the thermal and chemical unfolding
of the LC samples with a Prometheus Panta instrument. The fluorescence was excited at 280 nm
and emission was recorded at 330 nm and 350 nm. The unfolding was pursued with the ratio
of the intrinsic fluorescence emission intensity at 350 nm over the intensity at 330 nm. The
experiments conducted with the Panta experiments were performed by Alexander Buell and
analysed by Rasmus Norrild.

Scattering of light can reveal different properties of macromolecules, such as the molecular mass,
size, diffusion coefficients and interactions [388]. Light hitting a macromolecule is scattered in
all directions. In elastic light scattering also known as Rayleigh scattering, the scattered light has
the same wavelength as the incident light. For small particles (particle size less than λ /10) the
scattered light is equal in all directions. Due to Brownian motion macromolecules move in and
out of a laser beam. This leads to a broader wavelength distribution of the scattered light and can
be used to analyse the distribution of diffusion coefficients of macromolecules. Furthermore,
large aggregates can be measured through turbidity, because Mie scattering occurs when the
diameter of particles is larger than the wavelength [389].

Static light scattering records the average intensity of scattered light for i.e. different sample
concentrations; dynamic light scattering (DLS) determines the fluctuations of scattered light over
time. DLS measures Brownian motion and determines the hydrodynamic radius (rh) from the
translational diffusion coefficient (D) using the Stokes-Einstein equation (equation 2.2) [390].

rh =
kT

3φηD
(2.2)

The hydrodynamic radius represents the radius of a hypothetical hard sphere.

Light scattering is very sensitive to the formation of larger particles, because the scattering
intensity is directly proportional to the sixth power of the size [391, 392]. Large particles will
screen the light scattered from smaller ones. Therefore the formation of aggregates can be
detected to an early time point in the aggregation kinetics, even if the amount is fairly low.

2.4. Determination of the dimer content
Different studies indicated the impact of dimerization on the in vivo behaviour [272, 273,
274], therefore the ratio of dimers to monomers of the various LCs were investigated. Three
different approaches were applied using a denaturing, non reducing SDS-PAGE gel, analytical
ultracentrifugation and MS.

Dimer-content determination using SDS-PAGE gel

The samples were run before purification via SEC on a denaturing, non-reducing SDS-PAGE gel.
Tricine and Glycine sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
are the commonly used SDS electrophoretic techniques for separating proteins [393]. For the
most experiments in the following thesis Glycine-SDS PAGE with a 5 % stacking gel and a 15 %
separating gel were used to separate proteins in the mass range 10-200 kDa.

The gels were stained with Coomassie Blue (0.05 % (G/V) Coomassie Brilliant Blue R250) and
parsed photometrically using the program ImageJ [394]. For this analysis only the identified
monomer and dimer bands were used, no larger or smaller bands. In order to validate the
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native protein, Western blots were performed. The electrophoretically separated proteins were
transferred to a membrane and detected either by an antibody against anti-human κ light chain
(BioLegend), against anti-human λ light chain (BioLegend) or anti-human serum albumin (Santa
Cruz Biotechnology). The antibodies were used at a concentration of 0.5 µg/ml and detected by
a secondary anti-mouse antibody.

Dimer-content determination using analytical ultracentrifugation
Analytical ultracentrifugation (AUC) is a precise spectroscopic method that yields information
about the size, mass, shape and interaction of macromolecules in solution. Three forces act
on solute particles in a gravitational field: the sedimenting force (Fs), buoyant force (Fb) and
frictional force (F f ) (Figure 2.1 A) [15]. The macromolecules are detected by absorbance
detection. Light of a specific wavelength is sent through the AUC sample cell inside the rotor
and the transmitted light is detected with radial resolution by a detector. The wavelength can be
determined specific to the sample to achieve an absorbance of 1 in order to endure an optimal
resolution. The centrifugation generates a concentration distribution of the sedimenting particles
over the radial position as a function of time.

The AUC can be used to either determine the distribution of macromolecules in a centrifuge
cell which is rotating at low speed (sedimentation equilibrium (SE) method) or to measure the
velocity of movement of macromolecules under the influence of a centrifugal field (sedimentation
velocity (SV) method) (Figure 2.1 C, D) [395].

Figure 2.1: (A) The forces acting on a solute particle in a gravitational field. The buoyant force (Fb)
and frictional force (F f ) are counteracting the sedimenting force (Fs) [15]. (B) Schematic diagram of
the optical system of the Optima XL-A ultracentrifuge [15]. Example of a simulated (C) SV and (D)
SE experiment [16]. SV experiments are usually performed in a two-sector cell and SE experiments in
a six-sector cell (the performed experiments were conducted in a two-sector cell). The SV experiment
was simulated with a rotor speed of 50,000 rpm and scans are recorded at 20 min intervals. The concen-
tration of the boundary plateau decreased due to radial dilution. The SE experiment was simulated at
four different rotor speeds.

In a SE measurement, the ultracentrifuge is operated at low speeds, therefore the macromolecules
are concentrated at the bottom without forming a pellet and the concentration at the meniscus is
decreased without building a region devoid of solute. After a considerable period of time, an
equilibrium state between sedimentation and back diffusion is reached and no further changes in
concentration occur. The concentration distribution of particles in solution is a function of its
molecular weight. The SE method is rarely used to study proteins, because it required a long
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period before the equilibrium is reached and sedimentation velocity measurements provides
similar information. The SE method was only applied to the two samples displaying in SV
measurements a distribution, which could not be clearly attributed as a monomer or dimer species.
The equilibrium at 30.000 rpm was reached after three days, but it could not be evaluated.

In a SV measurement, the rotor is operated at high speeds so that the solute molecules are
rapidly sedimented and the back diffusion is minimised. This allows the determination of the
sedimentation coefficient (s).

s =
υ

ω2r
=

m(1− v̄ρ)

f
(2.3)

s is defined by the sedimentation velocity (υ) over the centrifugal acceleration (ω2r) (Equa-
tion 2.3). The centrifugal acceleration (ω2r) is defined by angular velocity (ω) and the distance
from the rotor (r). s is proportional to the buoyant molar mass (m(1-v̄ρ)) and inversely propor-
tional to the frictional coefficient (f ). The effective (buoyant) mass of the particle is the mass of
the particle m times partial specific volume of the particle (v̄) times the density of the solvent (ρ).
The unit of the sedimentation coefficient is Svedberg (S) and is defined as 10−13 seconds.

During sedimentation in sector shaped AUC cells, the solute molecules settle towards the bottom
of the cell, leaving a region containing only solvent molecules. The transition zone between
the supernatant and the solution of uniform concentration (plateau region) is called boundary.
The moving of the sedimentation boundaries are the principle of the SV analysis. Ideally, the
boundaries are expected to be in the shape of a vertical line, but diffusion causes the sedimenting
boundary to spread with time, which can be analysed to determine the diffusion coefficient. The
analysis of sedimentation boundaries is based on the Lamm equation (Equation 2.4) [396]. The
differential equation includes a term of diffusion (Dr(δc/δ r)) and for sedimentation sω2r2c. The
fitting of the experimental data enables the determination of the sedimentation coefficient as
well as the diffusion coefficient, hence achieving the molecular weight and shape factor for the
macromolecules in solution [397].

δc
δ t

=−1
r
{ δ

δ r
[sω

2r2c−Dr(
δc
δ r

)]} (2.4)

Sedimentation velocity analysis was performed to determine the ratios of dimers and monomers
of the LC samples. The experiments were performed in a XL-A Proteomelab ultracentrifuge
equipped with absorbance optics (Figure 2.1 B). Experiments were conducted in AN-60-Ti-Rotor
(Beckman) at 20 °C using a rotor speed of 60,000 rpm. Solutions of 35 µM of protein samples
were investigated in standard double sector cells (optical path length 1.2 cm) and the scans were
acquired at a wavelength which endures an optimal resolution to achieve an absorbance of 1
(approximately 260 nm), and 0.002 cm radial increments. At the beginning of each experiment a
wavelength scan at 3000 rpm was recorded. This scan allows the determination of a potential
loss of material during acceleration to final speed.

SV-data analysis was performed by applying a continuous distribution Lamm equation model
(c(s)) as implemented in Sedfit.

The majority of measurements were performed by the help of Florian Tucholski and the data
analysis by Thomas Pauly.
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Dimer-content determination using mass spectrometry

Liquid chromatography tandem mass spectrometry (LC-MS) is an accurate method to character-
ize the mass of peptides. Mass spectrometry determine the exact molecular mass of a sample
component by measuring the mass-to-charge ratio (m/z) after ionising the particles. Small
proteins and peptides can be measured at intact level (top-down approach) [398, 399], whereas
larger proteins are often indirectly measured after proteolytic digestion (bottom-up approach)
[400]. The analysis of intact large proteins cannot be conducted on a frequently used triple
quadrupole instrument, because of its limited resolution and mass range. But recent studies
with high resolution mass spectrometry (HRMS) approaches, such as time-of-flight (TOF) and
orbitrap instruments, displayed potential to analyse even intact antibodies with a molecular
weight of approximately 150 kDa [401, 402, 403, 404, 405].

Intact MS analysis can disclose different proteoforms within a sample [406]. Different proteo-
forms of LCs in patient samples can occur because of further mutations of the plasma cell clone
and post-translational modifications (PTM).

The lyophilised LC samples were diluted at 0.5 µg/L in 98 % acetonitrile and 0.1 % formic acid.
In order to determine the monomer and dimer ratio, the samples were measured using low and
high-resolution settings. High-resolution MS displays the accurate mass of the LCs and provides
information of post-translational modifications. Low-resolution MS reveals a potential dimeric
structure. Furthermore, the samples were analysed under reduced (30 minutes incubation with
5 mM TCEP at room temperature) and alkylated (30 minutes incubation at room temperature
with 10 mM iodoacetamide in the dark).

The intact protein mass spectra were deconvolutes using Protein Deconvolution v3.0 software
(Thermo-Scientific) either with the XtractTM algorithm for isotopically resolved charge envel-
opes or with the ReSpectTM algorithm for isotopically unresolved charge envelops.

The determination of the dimer ratios and the de novo sequencing of the amino acid sequence
using mass spectrometry were performed by Mathieu Dupre and Magalie Duchateau.

2.4.1 Size determination using microfluidic diffusional sizing (MDS)

The size and structure is fundamental for the physico-chemical characterization of proteins.
The determination of the size of native protein free in solution is challenging and can be
conducted using e.g. AUC or DLS. AUC is a very accurate approach to determine the size of
macromolecules, but is rather time-consuming. DLS measures the evolution of the scattering
signal, but is susceptible for large particles. Therefore the measurement of a heterogeneous
solution is complicated.

To conquer the problem of a heterogeneous solution, the components are physically separated,
for instance via gel filtration, before they are measured and sized. However, the separation may
modify the distribution of sizes due to dilution [407].

Fluidity One (Fluidic Analytics) is a microfluidic diffusional sizing [408] platform, which
measures two-dimensional diffusion profiles in a single step. The profiles can be modelled by
diffusive and advection mass transport equation without the need for any a priori knowledge
of the analyte composition. The device measures the rate of diffusion of protein species under
steady state laminar flow and determines the average particle size from the overall diffusion
coefficient (Figure 2.2). Thereby requiring only a low amount of sample (6 µL) and time for the
analysis.
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The protein concentration is determined by fluorescence intensity, as the protein is mixed
with ortho-phthalaldehyde (OPA), a compound which reacts with primary amines, producing a
fluorescent compound [409], after the diffusion. Therefore an additional labelling of the proteins
is not necessary.

Figure 2.2: (A) Schematic diagram of the channels with laminar flow. Small molecules can diffuse
faster than bigger particles. (B) The proteins mixed with OPA after the diffusion in the undiffused and
diffused detection chamber (taken from Fluidic Analytics).

The Fluidity One was used to follow the change in average size of the light chain samples
incubated at acidic pH values. The LC solutions were incubated in an Eppendorf tube at 37 °C
under quiescent conditions and measured after different time points.

Furthermore, it was used to determine the concentration of soluble α-synuclein after the aggreg-
ation experiment. EGCG absorbs strongly at 280 nm, therefore the protein concentration could
not be measured using the tyrosine-absorbance.

2.5. Aggregation
2.5.1 Fluorescent dye Thioflavin-T

Fluorophores are a useful tool for probing amyloid fibril formation. Most commonly used dyes
for selectively staining and identifying amyloid fibrils both in vivo and in vitro are Congo Red
and Thioflavin-T (ThT) [77]. The staining with CR is labour-intensive, sometimes difficult to
interpret and requires a polarized light microscopy, whereas the benzathiole dye ThT verifies the
presence of amyloid via an increased fluorescence emission. This fluorescent brightness was
demonstrated for the first time in 1959. Upon binding, the peak position of absorbance (412 nm
to 450 nm) and both the excitation (from 385 nm to 450 nm) and emission spectra (from 445 nm
to 482 nm) are dramatically shifted. ThT acts as a fluorescent molecular rotor: it comprises
a bentathiol and benzylamine ring, which can freely rotate around the shared carbon-carbon
bond. Intramolecular rotation modifies the potential-energy curves of both the ground state and
the excited state, resulting in a dramatically quenched excited state and in a low fluorescence
emission for the unbound dye [410]. The free rotation of the rings is inhibited upon binding and
leads to a stabilisation of excited states and by several orders of magnitude increased emission
intensities. This enables the real-time in situ tracking of fibrillation.

The cationic ThT-molecule binds on the fibril surface to channels, which are caused by residues
on each side of the β -sheet. It binds with its long axis parallel fibril to that of the fibrils [411].
ThT-monomer incorporation requires a minimal binding side of four to five consecutive β -strands
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across a flat β -sheet surface [77, 412]. There are several studies suggesting that ThT binds
to amyloid fibrils in an aggregated form in particular as excimers or micelles [413]. But the
monomer model of ThT binding was validated by Sulatskaya and colleagues [414, 415, 416].

The dye does not bind to natively β -sheet rich proteins, respectively the binding is less favour-
able than binding to amyloid fibrils. There are some counterexamples such as the binding to
acetylcholinesterase [417, 418], α-helical poly-L-glutamic acid (without fluorescence emission
increase) [419] as well as (human and bovine) serum albumin [420, 421]. ThT can bind in the
hydrophobic pocket of subdomain IB of the albumin monomer (as described later in Chapter 3
and 5, P020 entails a small portion of HSA, which can cause the high fluorescence signal of ThT
at pH 7.4 in the beginning of the experiment). Native proteins contain fewer β strands and are
more likely to be twisted, therefore the potential binding channel are more likely to be distorted
and irregular. Moreover, at least five strands would be required to obtain a groove longer than
the length of ThT (length 15.2±0.1 Å) [411]. Apart from protein structures, ThT can also bind
to nucleic acids, in particular to G-quadruplex [422, 423], which are higher-order nucleic acid
structures formed by sequences rich in guanine [424].

In moderate concentrations ThT has virtually no effect on fibrillation kinetics. But the effect on
secondary nucleation, which is happening on the fibril surface, cannot be excluded. Xue et al.
examined different ThT concentrations on the example of Aβ40, Aβ42 and the yeast protein
Ure2 [425]. The highest fluorescence signal was reached with concentrations of 20-50 µM ThT
and 20 µM or lower revealed a sparse effect. Hence, a concentration of 20 µM ThT was used
for the following experiments, also because at this concentration the inner filter effect [426] is
negligible.

Fluorescence emission is dependent on the temperature, solvent viscosity [410, 427], crowding
agents [428] and pH [429]. Furthermore, amyloid fibrils of various proteins and different
strains of certain protein can bind ThT differently [430, 431]. This enables the examination of
conformational differences of fibrils, but raises awareness to the importance to confirm the fibrils
by additional approaches [432]. But ThT is not an appropriate probe to quantify the fibril mass
[433].

Apart from this, ThT-fluorescence can be altered in the presence of an exogenous anti-
amyloidogenic compounds such as polyphenols. They either can interfere with the ThT fluor-
escence associated with fibrillar amyloid in the case of curcumin or quercetin, or can interact
with ThT and/or compete with ThT for the binding on the fibril structure [434]. Therefore,
the ThT-signal has to be analysed with caution when the anti-amyloidogenic properties of a
compound, such as epigallocatechin-3-gallate EGCG are investigated. Nevertheless, ThT is still
a valuable tool for studying kinetic aspects of fibrillation and inhibition mechanisms [435].

2.5.2 Aggregation conditions

An increase of ThT fluorescence intensity upon binding to amyloid fibrils was detected with
a multi-well plate reader (BMG labtech; FLUOstar Omega or CLARIOstar) under various
conditions. The experiments were conducted in an 96-well plate. The wells of the polysterol
plates were coated to achieve a non-binding surface (Corning # 3881) or a high-binding surface
plate (Corning # 3601), filled with 100 µL of the protein solutions. The fluorescence intensity
(excitation: 450 nm; emission: 490 nm) was read through the bottom (readings were taken every
150-300 seconds). The aggregation kinetics were monitored in the presence and absence of
small glass beads (SiLibeads Type M, 3.0 mm). The plates were sealed using SealPlate film
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(Sigma-Aldrich #Z369667, St. Louis, MO, USA). The kinetics of amyloid fibril formation were
monitored under continuous shaking (300 rpm), mild shaking conditions (every 5 min for 15 s)
or quiescent conditions. Agitation of protein solutions can accelerate or induce aggregation
by exposing hydrophobic amino acid residues to the air-water interface [436, 437], increasing
collision frequency and inducing fragmentation of oligomers and already formed fibrils by
shear forces [438, 439, 440]. Mechanical agitation can accelerate the aggregation kinetics by
increasing fibril mass through fragmentation, elongation and secondary nucleation [440].

De novo aggregation

The detailed conditions are specified in the material and methods section in the following
chapters. In general, different LC protein concentrations in a range from 5 µM to 100 µM were
tested. The aggregation behaviour was investigated at various pH conditions: neutral pH (10 mM
PB pH 7.4 or 30 mM Tris-HCl pH 7.4) and acidic pH (pH 2, pH 3 and pH 4). The final samples
at acidic pH values were prepared by diluting protein solutions at neutral pH 1:1 into 300 mM
citric acid buffer at the desired pH value. All aggregation kinetics were conducted at 37 °C, but
the aggregation at neutral pH values was additionally examined at 47 °C and 55 °C.

The de novo aggregation of α-synuclein was investigated using 25 µM monomer solution, which
was prepared with EGCG or EGCGox solutions in a 1:1 and 1:5 (protein:compound) ratio, 20 µM
ThT and 150 mM citric acid at the desired pH value (pH 3, pH 4, pH 5, pH 6 or pH 7).

Aggregation induced by trypsin

The aggregation behaviour of the LC samples was furthermore examined in the presence of
trypsin at neutral pH. For this, 33 µM light chains were incubated in 10 mM phosphate buffer
with 1 M urea and trypsin (molar ratio 1:100) at 37 °C in presence of ThT in a non-binding
surface plate.

Aggregation under reducing conditions

The fibril formation was additionally examined under reducing conditions by adding Tris (2-
carboxyethyl) phosphine (TCEP) to the protein solutions. Different TCEP conditions were tested
and the majority of experiments were conducted using a final concentration of 1 or 7 mM TCEP.
A stock-solution of 10 or 100 mM was prepared and the pH was adjusted to pH 7.4 using NaOH
to neutralize the acidic TCEP.

Disulfide bonds are related to various protein properties, including folding kinetics and stability
and more than 50 % of proteins involved in amyloidosis comprise disulfide bonds [441]. Dis-
ruption of disulfide bonds usually destabilize the protein structure [442] and enables the protein
to adopt a β -sheet structure. Moreover disulfide bonds inside the hydrophobic core of a folded
protein assist to protect hydrophobic residues from the access of solvent [443, 444]. Studies on
the LC domains revealed, that chemical reduction of the disulfide bond and genetic removal
leads to a loss of folding stability; even though it is not necessary for proper folding [246], it
accelerates the folding process [214, 445].

The impact on aggregation still remains unclear [446]; reduction of disulfide bonds demonstrated
to promote fibril formation [441, 447, 448, 449] and amorphous aggregation [450], as well as
inhibiting aggregation processes [451, 452, 453].
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Aggregates which are formed by lysozyme and BSA in the presence of dithiothreitol (DTT) and
TCEP had an amorphous nature, but displayed a rapid but low increase in ThT-fluorescence
(about 20 % of the signal of mature fibrils under identical experimental conditions) [450].
Andrich et al. could demonstrate the formation of large aggregates of patient-derived light
chains in the presence of DTT at neutral pH following a biphasic aggregation behaviour [267].
These aggregates were a mixture of amorphous and fibril-like structures and displayed ThT and
Congo Red fluorescence and birefringence. Moreover, LCs derived from MM-patients showed a
very weak concentration dependence, indicating that a conformational conversion step limits
the formation of amyloid fibrils, whereas the aggregation of LCs derived from AL-patients is
dominated by protein assembly at higher concentrations [267].

Because of the potential to differentiate between amyloidogenic and non-amyloidogenic LCs, I
applied the assay to the presented LC samples.

Time resolved size distribution

SV analysis of the LC samples after different incubation times with 7 mM TCEP was performed
by absorbance detection under the same conditions as the measurements described before.

The samples were incubated at 37 °C in a high-binding surface plate (100 µL per well) under
continuous shaking conditions before being loaded into (12 mm path length) aluminium cells.
The samples were incubated for 75 min, 5 h and 15 h. Additional to the incubation times, the
samples were inside the centrifuge for about 1 h before the measurement due to temperature
equilibration and establishment of the vacuum.

In order to determine the loss of material during acceleration from 3000 rpm to 60.000 rpm the
wavelength scan of the sample after 75 min was set as a reference for each set. The sample with
no TCEP could not be used as a reference, because of a shift in the detection wavelength due to
the AUC detection system.

Time resolved circular dichroism (CD) spectroscopy

The influence of reducing conditions on the light chain structure was measured by circular
dichroism (CD) spectroscopy. CD spectroscopy is widely used to examine secondary structures
of proteins [454]. The unequal absorbance of circularly polarized light is explained by the
geometries of the polypeptide backbones. Secondary structures display distinct CD spectra.
Helical structures have two minima at 222 nm and 210 nm, β -sheets a minimum at 217 nm and
random coil structures have a minimum at around 200 nm [455].

A solution of 35 µM, 10 mM phosphate buffer, pH 7.4 and 7 mM TCEP was incubated in
Eppendorf tubes at 37 °C under quiescent conditions and an aliquot was taken after 75 min,
5 h, 24 h, 48 h and 720 h. The sample was diluted to a concentration of 9.23 µM with 10 mM
phosphate buffer. Far-UV CD spectra from 260 nm to 190 nm were recorded in a JASCO J-810
instrument (Tokyo, Japan) equipped with a Peltier thermally controlled cuvette holder.

The analysis of β -structure-rich macromolecules is often troublesome, because of spectral
diversities particularly in protein aggregates and amyloid fibrils. The β -structure selection
(BeStSel) is an algorithm, especially developed for β -structure-rich proteins which takes the
twist of β -structures into account [456]. The recorded spectra of the different incubation times
were analysed using BeStSel, because of the high β -sheet content in the native protein and in the
expected amyloid fibril.
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Light scattering

In order to follow the formation of ThT-negative aggregates, these samples (P001, P013, P020)
as well as P006 and P017 were investigate using static and dynamic light scattering.

The experiments were performed using a 3D cross-correlation set-up (LS Instruments AG),
which suppresses contributions from multiple scattering to the correlation function [457]. The
measurements were done at a scattering angle of 90 °C with a He-Ne laser (wavelength 632.8 nm).

Time traces of the scattered intensities of samples containing 35 µM native LC and 7 mM TCEP
were monitored for up to 20 h in consecutive 120 s intervals which, in most cases, resulted in
well-defined intensity cross-correlation functions. Photon count rates were averaged over this
time interval to yield total scattered intensities I (with contributions from singly and multiply
scattered photons). As the correlation functions are dominated by a single exponential decay, the
cumulant method up to second order [458] was applied to infer the average and variance of the
decay rate. Typically, the variance ranged between 0.4 and 1.0, which indicates a broad peak of
the intensity-weighted size distribution and hence a large polydispersity. The (hydrodynamic)
aggregate size, i.e., the mean hydrodynamic radius, is estimated based on the average decay rate
via the Stokes-Einstein equation, assuming the aggregates to be spherical and the viscosity of the
surrounding medium to be equal to water [392].

Once the aggregates become very large, multiple scattering becomes important and the large
aggregates are expected to sediment out of the scattering volume, such that the aggregate size
can no longer be inferred from the correlation functions. Long-time data showing signs of these
effects are excluded.

2.5.3 Seeded aggregation

The addition of preformed fibrils as seeds to an aggregation assay allows the investigation of
different mechanisms. Seeds can strongly accelerate the overall aggregation time course and the
addition of high amounts of seeds allows the study of fibril elongation in isolation [20, 379]. The
use of low seed concentrations enables the investigation of secondary processes, such as fibril
fragmentation or surface-catalysed secondary nucleation [379].

In the case of α-synuclein, seeded experiments were performed under quiescent conditions in a
non-binding surface plate, in order to minimize de novo aggregation.

The seeded aggregation at acidic pH of IgLCs was monitored in high-binding plates under
quiescent conditions. To investigate the seeding efficiency at physiological pH of fibrils formed
from fragments, seeds were produced at pH 3 and pH 4 and added to 50 µM native light chain
solutions at pH 7.4. To destabilize the native structure and enables the elongation and secondary
nucleation on the fibril surface, the aggregation was monitored at 47 °C and 55 °C. To accelerate
potential secondary processes, the aggregation was monitored under agitation conditions in the
presence of glass beads. A non-binding surface plate was used to minimize a possible de novo
aggregation.

2.5.4 Atomic Force Microscopy (AFM)

In order to investigate the formed aggregates and to verify the presence of fibrillar structures,
the aggregated samples were imaged using a NanoScope V (Bruker) atomic force microscope
(AFM). AFM is a high-resolution scanning probe microscope, which allows the imaging on
the surface topography. It is equipped with one cantilever with a sharp tip (probe) by which
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the surface is scanned. The image resolution is limited to the tip size; the tip radius of the used
silicon cantilever ScanAsyst-Air was 2-12 nm. Besides different tip artefacts [459], the sample
heights can be accurately measured. The AFM was used in the tapping mode to avoid damaging
the surface of the sample [460]. In this mode, the cantilever is oscillating in the vicinity of the
surface and hits the surface on each oscillation. Compared to the contact mode, the stickiness of
the surface and the lateral shear force on the sample is reduced.

All samples were investigated in air, even though AFM generally provides the imaging of
macromolecules under physiological conditions. Mica surfaces are negatively charged and
hydrophilic [461], and were reported to induce aggregation [462, 463, 464]. The comparison
between IAPP and Aβ (1-42) amyloid fibrils under liquid environment and dried in air revealed
similar conformations [465]. Therefore the samples were deposited onto freshly cleaved mica.
After drying, the samples were washed 5 times with 100 µL of dH20 and died under gentle flow
of nitrogen.

The images were flattened and analysed with the software Gwyddion 2.56 [466] to measure
height profiles and investigate a possible twist of the fibrillar aggregates.

Nevertheless, AFM images should always be viewed carefully. The mica surface may not absorb
the aggregates of different samples to the same extent, in particular at distinct pH values and salt
concentrations [467]. Fibrils can clump together [468] and this complicates the localisation of
fibrils as well as the characterization of their morphology.

2.6. Prediction algorithms
In general, the amyloid propensity of a protein is presumably encoded in the primary structure
primarily in short sequence segments populating the aggregated β -conformation [469, 470]. The
fibrillar structure is formed through adhesive segments that built a steric zipper (cross-β spine
architecture) consisting of two interdigitating β -sheets mating in a dry, complementary interface
with their side chains intermeshing [471]. Each sheet is hold together by hydrogen bonds and
two sheets are bound into the zipper spine by van der Waals interactions. These steric zippers
are also found in Ig light chain fibrils [472, 473].

Aggregation prone regions are usually buried within the hydrophobic core of the native fold.
They are enriched with residues favouring β -strang formation, increased hydrophobicity and low
charge [474].

Several computational tools have been developed over the last years to predict the intrinsic
aggregation potential of a polypeptide sequence [469, 475, 476, 477, 478, 479, 480, 481, 482,
483]. The algorithms are either based on empirical aggregation assays or on the three dimensional
protein structure. They try to find factors which cause the observed aggregation based mainly on
the amino acid properties (for instance their hydrophobicity, β -propensity, solubility and steric
zippers). The tools are used to identify aggregation-prone sequences and estimate the influence of
particular mutations on the amyloidogenicity. This can help to investigate and validate different
therapeutics. The data is mainly obtained in vitro in buffered solutions, therefore it is not known,
whether these algorithms can predict the aggregation in vivo, where it is affected by the presence
of different biological factors [484].

The given LC sequences were analysed with selected computational online tools: ZipperDB
[485], waltz [482, 486], PASTA [470, 478] and TANGO [469].
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ZipperDB evaluates aggregation-prone sequences by identifying segments with high fibrillation
propensity that can form a steric zipper. Waltz contains 1416 hexapeptide entries, of which
512 peptides have experimentally determined amyloid-forming properties and 904 peptides
amorphous-aggregation properties [474]. Waltz uses a position-specific scoring matrix to determ-
ine amyloid-forming hexapeptides within sequences [482]. TANGO identifies β -aggregating
regions based on the physico-chemical principles of β -sheet formation with the assumption that
an amino acid is fully buried in the aggregated state [487]. TANGO presented a high aggregation
propensity for highly structures globular proteins [488]. PASTA uses a pairwise energy function
that computes the propensity of two residues to be found within a β -sheet facing one another on
neighbouring strands [489].

Best overall performance and pH 7 was used as threshold for waltz. The energy threshold for
PASTA was -5, TPR 40.5 %, FPR 4.7 % and the top pairing energies 20. The parameter applied
for TANGO were a temperature of 310.15 K, 0.02 M ionic strength and a concentration of
0.00035 M. Neither the n-terminal nor the c-terminal were protected. The pH values used in
TANGO were pH 7, pH 4 and pH 3.

The use of different tools may reveal a distinct pattern of amyloid-prone segments within the
sequences. Since the dataset comprises only one LC, which forms amyloid in vivo, a range of λ

and κ sequences derived from different germlines selected from AL-Base [490] were used as a
representative collection. The sequences were categorized depending on whether the patient was
suffering from AL-Amyloidosis or MM. To compare the tendency for β -sheet aggregation the
Agg parameter was determined for the sequences at pH 7 and pH 3.
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3.1. Abstract
In light chain (LC) diseases, monoclonal immunoglobulin LCs are abundantly produced with the
consequence in some cases to form deposits of a fibrillar or amorphous nature affecting various
organs, such as heart and kidney. The factors that determine the solubility of any given LC in
vivo are still not well understood. We hypothesize that some of the biochemical properties of
the LCs that have been shown to correlate with amyloid fibril formation in patients also can
be used as predictors for the degree of kidney damage in a patient group that is only biased
by protein availability. We performed detailed biochemical and biophysical investigations of
light chains extracted and purified from the urine of a group of 20 patients with light chain
disease. For all samples that contained a sufficiently high concentration of LC, we quantified the
unfolding temperature of the LCs, the monomer-dimer distribution, the digestibility by trypsin
and the formation of amyloid fibrils under various conditions of pH and reducing agent. We
correlated the results of our biophysical and biochemical experiments with the degree of kidney
damage in the patient group and found that most of these parameters do not correlate with kidney
damage as defined by clinical parameters. However, the patients with the greatest impairment of
kidney function have light chains which display very poor digestibility by trypsin. Most of the
LC properties reported before to be predictors of amyloid formation cannot be used to assess
the degree of kidney damage. Our finding that poor trypsin digestibility correlates with kidney
damage warrants further investigation in order to probe a putative mechanistic link between these
factors.

3.2. Introduction
The formation of insoluble aggregates by proteins can be associated with a broad range of human
disorders, many of which are neurodegenerative in nature [43, 491, 492]. Protein deposition in
other organs than the central nervous system can also lead to a wide variety of diseases. In the
case of the deposition of ordered fibrillar aggregates (amyloid fibrils) affecting various organs
the related disorders are known as systemic amyloidoses[493]. A particular class of such protein
deposition disorders is represented by the light chain diseases, which are characterized by the
occurrence of monoclonal free light chains in blood and urine[179]. In general, the monoclonal
free light chains of either κ or λ isotype are the secreted product of monoclonal plasma cells
residing in the bone marrow. Dependent on the type of the underlying B-cell disorder, they may
reflect a monoclonal gammopathy of uncertain significance (MGUS), a smoldering or full blown
multiple myeloma (MM) with exclusive (Bence Jones MM) or substantial light chain secretion
in addition to the complete immunoglobulin. Each light chain protein has a unique amino acid
sequence which is determined by somatic recombination and various mutations[218]. The amino
acid sequence, together with potential post-translational modifications and in interplay with the
local conditions in the organism, such as local pH or presence of proteases, determines the in
vivo behavior of the light chain. The sequence diversity translates into a diverse clinical picture,
as far as organ involvement and severity of organ damage are concerned [229]. Aggregation of
light chains and fragments of low solubility can lead to different diseases, such as light chain
deposition disease (LCDD), where the LC forms amorphous aggregates [191, 192], and the
AL-amyloidosis, where the LC forms amyloid fibrils[190]. At present, it is not possible to decide
upon first diagnosis of a patient with light chain disease, whether the particular monoclonal
light chain found in their blood at increased concentration is prone to form amyloid fibrils or
amorphous deposits, or remain soluble and get excreted quantitatively through the urine. Even
if the sequence of the particular light chain is known, its solubility inside the organism cannot
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currently be predicted. Therefore, there is a need both for increased mechanistic understanding
of LC deposition and for easy, rapid and reliable diagnostic procedures that are able to assess
the potential of a given light chain to cause damage through deposition. Much work has been
carried out in recent years on the study of the biophysical properties of LCs and to correlate
the results with, in particular, their amyloid fibril formation in vivo[267, 472, 494, 495, 496].
Most of these studies have relied on the a priori knowledge that a given light chain forms, or
not, amyloid fibrils in vivo. In this study, we set out to test the hypothesis that (some of) the
biochemical and biophysical properties of light chains previously reported specifically in the
context of amyloidosis also correlate with the severity of general light chain disease symptoms,
in particular impairment of kidney function. In our study, we examined 20 patients presenting
with light chains in their urine. Most of them had multiple myeloma with a large variety of
symptoms. For our in vitro assessment, we isolated protein from the urine of these patients,
where the proteins appear in high concentration, when the production is significantly increased
and the ability to reabsorb the filtered proteins is exceeded, and characterized the samples in
detail with biochemical and biophysical methods. We did not apply any particular selection
criteria to include patients into the study, but excluded those samples that did not contain a
sufficient concentration of light chains.

3.3. Material and Methods
3.3.1 Patients

The study described in this manuscript has been reviewed and approved by the ethics committee
of the university hospital Düsseldorf and all patients of whom samples were used in the study
have signed an informed consent (study number 5926R and registration ID 20170664320). The in
vitro studies were performed using protein isolated from urine samples of 20 patients (6 females,
14 males, median age 61.5 years with a range between 45 and 76 years) with multiple myeloma
of various subtypes and one patient with Amyloidosis as detailed in Table 1 (Table 2.1). For the
majority of patients – P008 and 009 had a cast nephropathy - a histopathological examination
of the kidney was not available since the corresponding invasive diagnostic procedure was not
necessary for the therapy decision-making process as they were diagnosed according to IMWG
criteria. Thus, there was no initial bias in the selection of patient, as the common denominator
for inclusion into the study was solely the presence of a monoclonal light chain in the peripheral
blood and in the urine, while the type of light chain disease (MM vs. Amyloidosis) did not
play a role. As far as the type of light chain is concerned, 14 patients with κ and 6 patients
with λ type chain were part of the study. There was a large variation with regard to the light
chain concentration in the serum, with concentrations between 2.2 mg/l and 11,000 mg/l. Two of
our patients presented with renal insufficiency and required dialysis, while four of them had no
signs of functional renal impairment. We divided the patients into three different groups (I,II,III)
according to their chronic kidney disease (CKD)-stage (1-5) at the time of diagnosis. Groups I
corresponds to stages 1 and 2, group II to stage 3 and group III to stages 4 and 5. At the time when
the urine samples were collected, 17 patients were diagnosed de novo, whereas three patients
with multiple myeloma had received induction therapy with bortezomib, cyclophosphamide
and dexamethasone. The duration of their disease at the time of the examination was therefore
relatively short with a median of 6 weeks varying from 4 to 12 weeks.
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Experimental Methods

3.3.2 Sample preparation

As first step, the protein content of a 24 h urine collection was precipitated by ammonium sulfate
(70 % saturation), generally on the same day when the urine was obtained from the patient.
After incubation at 4 °C under continuous agitation, the samples were centrifuged at 6000 xg
for 25 min at 4 °C. The precipitates were dissolved in 10 mM phosphate buffer, pH 7.5, and
dialyzed against the same buffer at 4 °C for 72 h (the buffer was exchanged every 24 h). The
light chains were purified by size-exclusion chromatography on an ÄKTA pure chromatography
system (GE Healthcare) using a Superdex 75 10/300 GL column equilibrated in the same buffer.
The final protein concentration was estimated by the absorbance at 280 nm. The used extinction
coefficient (38.000 M−1 cm−1) was estimated from a range of published light chain sequences
and corresponds to an average composition of 3.5 Tryptophan and 9 Tyrosin residues.

3.3.3 Analysis of the LC and HSA-ratio

In order to characterize the purity of the samples with respect to contamination with human
serum albumin, Western blots were performed. Before (in most cases) or after the purification
(P002, P014) by a size-exclusion chromatography step, the samples were diluted by a denatur-
ing, non-reducing loading buffer and run on an SDS-PAGE gel. The separated proteins were
transferred to a membrane and detected either by an antibody against anti-human κ light chain
(BioLegend), against anti-human λ light chain (BioLegend) or anti-human serum albumin (Santa
Cruz Biotechnology). The antibodies were used at a concentration of 0.5 µg/ml and detected by
a secondary anti-mouse antibody. By correlating the bands of the SDS-PAGE gel with these
blots, the relative amount of LC’s compared to the HSA-content could be estimated using the
program ImageJ, by integrating the degree of Coomassie staining. For this analysis the monomer
and dimer band of both proteins were considered but no bigger aggregates.

3.3.4 Differential scanning calorimetry (DSC)

Thermal unfolding of the various light chains was studied using a MicroCal VP-DSC instru-
ment (Malvern, UK) by performing temperature ramps on the LC solutions at an estimated
concentration of 25 µM (based on the UV extinction coefficient mentioned above) from10 °C. to
90 °C. with a heating rate of 0.8 °C /min. For each sample, the unfolding temperature, Tm, was
estimated from the peak of the thermogram. The reversibility of the unfolding was examined
by a second heating of the samples after cooling down to 10 °C. The degree of refolding was
estimated by the ratio of the areas under the unfolding peaks of the second to the first temperature
scan.

3.3.5 Determination of the dimer content

To determine the ratio of dimers to monomers of the various LC’s, the proteins were analyzed
by running the samples before purification via SEC on a denaturing, non-reducing SDS-PAGE
gel and staining the gels with Coomassie blue. The gels were parsed photometrically using the
program ImageJ. For this analysis only the identified monomer and dimer bands were used, no
larger and smaller bands.
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3.3.6 Proteolysis

LCs were incubated at 37 °C. in 10 mM phosphate buffer, pH 7.5 with 1 M urea at an estimated
concentration of 33 µM with bovine trypsin (molar ratio 1:100). The preparation was done on
ice and the aliquot for the first time point was collected after trypsin addition and immediately
inhibited by adding trypsin inhibitor (at an excess of 2:1). Further aliquots were taken 1, 2, 18,
24 and 48 h after the addition of the trypsin and quenched by the addition of trypsin inhibitor.
The samples were analyzed by SDS-PAGE. Before running the samples on an SDS-PAGE gel
the samples were diluted into a denaturing sample buffer without a reducing agent and heated
at 95 °C for 10 min. The aggregation behavior in the presence of trypsin was examined by
adding the fluorescent dye Thioflavin-T (ThT) and measurement of the fluorescence intensity
(Excitation: 450 nm; Emission: 490 nm) in a multi-well plate reader (FLUOstar Omega or
CLARIOstar, BMG labtech).

3.3.7 Aggregation behavior

Different solution conditions were tested for their potential to induce aggregation of the patient-
derived, purified LCs. In order to examine the aggregation behavior of the LC’s at pH 4, different
protein concentrations in a range from 5 µM to 50 µM were tested. The final samples were
prepared by diluting protein solutions of different concentrations from 10 mM PB pH 7.4 1:1 into
300 mM citric acid buffer at pH 4. The experiment was performed in a multi-well plate reader
(BMG labtech; FLUOstar Omega, CLARIOstar) at 37 °C. under mild shaking conditions (every
5 min for 15 s) in a multi-well, low binding plate. The amyloid formation was monitored using
20 µM of the fluorescent dye Thioflavin-T which binds to β -sheet rich structures and displays
the binding with an increase of fluorescence intensity (Excitation: 450 nm; Emission: 490 nm).
Subsequently the samples were analyzed using atomic-force microscopy (AFM, instruments by
JPK and Bruker were used; cantilever: QMCL-AC16OTS) to confirm the presence of amyloid
fibrils.

3.4. Results and Discussion
3.4.1 Clinical data

The results presented are based on the urine samples of 20 patients with a monoclonal light chain
(14 κ and 6 λ ) related to different types of multiple myeloma and one patient with confirmed
amyloidosis. Common denominator for inclusion into this in vitro study was the availability of a
sufficient amount of protein extractable from the urine with a certain degree of purity. Further
experiments were then performed with those samples that contained a dominant proportion of
LCs. As a consequence, two samples (P008 and P009) were excluded from further analysis, as
they mainly contained HSA. The data for the evaluation of LC content in the samples can be
found in the Supplementary Materials (Figure 3.6). We have chosen this clinically unbiased
approach (i.e. no exclusion of patients based on clinical phenotype) in terms of day-to-day
practicability rather than applying restrictive inclusion criteria. By doing so, we expected a
better evaluation of the utility and relevance of the biochemical and biophysical methods within
the diagnostic work flow. At the time of inclusion into the study, the majority of patients
were newly diagnosed without previous therapy. Two of the patients required dialysis. By
investigating a potential relationship between the LC concentration in the blood and the degree
of renal impairment at the time of the assessment we found no statistically relevant relationship
(correlation coefficient of 0.16 with p-value of 0.54). We were also interested in the further
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progress of the disease and examined the kidney looking for an improvement of the creatinine
concentration in serum during the course of the treatment. Without adequate information on
P005 and P013 it was interesting to note, that of the 18 patients available for assessment even
patients of the category 3 showed an improved kidney function after treatment. On the other
hand, the renal insufficiencies of P002 and P003 are probably irreversible. The kidney function
of most of the patients of category 1 did not change significantly, as their kidney function at
the time of examination was not or only moderately impaired. Previous studies have shown
that patients with LCDD and active MM displayed a greater improvement of kidney function in
comparison to pure LCDD [497].

3.4.2 Thermal stability

Figure 3.1: (A) Thermograms of the first and second DSC scans of P001 and P006. (B) Unfolding
temperatures determined from differential scanning calorimetry (DSC) experiments of the different
samples allocated in the three patient categories according to renal impairment (CDK stage): I (green),
II (blue), III (red) (left). (C) The fraction of native protein that unfolds during the second scan. The
boxes range between 25 and 75 percent, the median is visualized by the horizontal line and the mean by
the small square. P008, P009 (low LC content), P014 and P018 (low sample availability) are excluded
from this analysis.

It has been proposed that the thermodynamic stability of a light chain correlates with its tendency
to form amyloid fibrils[233, 257, 262, 266, 495], but this correlation has not been observed in
all studies[498]. Here we tested whether the stability against thermal unfolding correlated with
the severity of the disease symptoms, independently of the fact if amyloid fibrils or other types
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of aggregates cause those symptoms. The thermal stability of the proteins was investigated
using differential scanning calorimetry (DSC). The transition temperatures (Tm) of the different
samples range from 50 °C to nearly 70 °C (Figure 3.1B). In contrast to the other samples, which
displayed one distinct peak for the unfolding of the LC, the thermogram of P004 showed two
peaks; hence the presented Tm 57.7 °C is a mean of the Tm values of both peaks (53.2 °C and
62.1 °C). The mean unfolding temperature of the κ LCs of this study is 53.7 °C and the average
unfolding temperature of the λ LCs is 58.6 °C. λ LC have on average a greater stability against
thermal unfolding, which is in agreement with published reports[498]. No correlation was
observed between the thermal stability and the severity of the patient’s kidney function. It
has been reported that LCs derived from MM-patients, in contrast to those from AL-patients,
were not able to refold after heat denaturation [267]. Therefore it has been speculated that this
experimental parameter could be predictive for the in vivo behavior. In order to investigate the
degree of reversibility of the thermal unfolding, the samples were heated for a second time,
following a first ramping from 10 °C to 90 °C and subsequent cooling down within the DSC
liquid cell. If the protein can quantitatively refold into the native conformation after thermal
unfolding, the thermograms of the two successive scans should not differ significantly. If only a
fraction of the protein can refold into the initial structure, and the remaining fraction misfolds or
aggregates, the integral of the DSC thermogram, i.e. the enthalpy of unfolding, correspondingly
decreases or even vanishes. This decrease in the apparent enthalpy of unfolding is caused by
the fact that only a correctly folded protein has a well-defined unfolding transition, whereas
misfolded or aggregated protein comprises a multitude of states, often highly stable, that do
not undergo a thermally induced transition at a well-defined temperature. The observed degree
of refolding upon reheating up to 90 °C was highly variable. Some LCs did not display a peak
in the thermogram at the second temperature ramp, whereas other examined LCs show a high
reversibility (up to 70 %) of folding (Figure 3.1 C). Again, we found no apparent correlation
between the ability of refolding after heating to 90 °C and the patients’ renal function. Although
of more fundamental interest, we also tested for a correlation between thermal stability and
refolding ability of the LCs (Figure 3.10) and found a weak inverse correlation, i.e. the more
thermostable a given LC, the smaller its ability to refold. We discuss possible origins of this
connection in the SI.

3.4.3 Dimerization

The conformation of pathogenic LC proteins is typically dimeric [498, 499], and it has been
proposed that the tendency to dimerize can be used as a diagnostic parameter for the tendency
to form amyloid fibrils, whereby light chains in serum samples derived from AL patients show
abnormally high levels of monoclonal free light chain (FLC) dimers on a western blot [272].
On the other hand, the formation of dimers seems to prevent the LC to aggregate in vitro. The
formation of amyloid fibrils was observed when the dimer was destabilized and dissociated
into monomers [271, 500]. In order to test whether the degree of dimerization can be used
as a predictor for general disease severity in the form of kidney impairment in LC disease,
we performed similar experiments in our study. The relative fraction of dimers of the LCs
after precipitating the proteins from the urine, redissolving them in buffer and purification by
dialysis was determined with a non-reducing SDS-PAGE gel and quantified photometrically
(Figure 3.2). The fraction of dimers is high in some of the LC, and none of the examined
LCs occurs exclusively in its monomeric form. A clear correlation between the fraction of
dimerized LC and the renal function of the patients was not observed. In the case of P011, the



40
3. Biochemical and biophysical characterisation of immunoglobulin free light chains derived from an

initially unbiased population of patients with light chain disease

Figure 3.2: The relative fraction of dimer of the different samples measured in relation to the overall
amount of native light chains (monomer and dimer), as determined by SDS-PAGE. The colors refer to
the corresponding patient category defined above: I (green), II (blue), III (red), the shape indicates the
isotype of the light chain: triangle: lambda, circles: kappa.

only confirmed amyloidosis case, the dimer fraction of 0.75 is in accordance with the findings of
the FLC-MDPA test that amyloid prone LCs occur mainly in their dimeric forms [272].

3.4.4 Trypsin digestion

The structural flexibility and dynamics of the LC have been proposed to be correlated with the
ability to form amyloid fibrils in vivo. LC derived from AL-patients displayed rapid proteolysis
with trypsin under mildly destabilizing conditions which suggests increased dynamics of the
native fold of the amyloid-forming LC [284]. These structural dynamics may be required to
form amyloid fibrils under physiological conditions. In the present study, we performed such
experiments in order to test whether structural flexibility of the light chains correlates with the
severity of LC disease symptoms. The structural flexibility and dynamics of the LC were probed
by digesting the proteins using trypsin in the presence of 1 M urea. Fast proteolysis under these
conditions may suggest increased dynamics in the native fold of the LC, which allows the protease
to access the cleavage sites more easily. Of course it is important to remember that the sequence
variability between different light chains will lead to different numbers and accessibilities of
trypsin cleavage sites. The availability of sequence information of the investigated light chains
would therefore be beneficial for the detailed analysis of their proteolytic susceptibility, and will
be included in a future study. The digestion time course was analyzed using SDS-PAGE gels by
determining how much native protein (monomer and dimer combined) was still present after 48 h
incubation with trypsin (1:100 molar ratio) at 37 °C (Figure 3.3 A, B). In addition to correlating
trypsin digestion with kidney impairment, we also correlated it with the thermal stability of the
LCs (Figure 3.10). A weak inverse correlation is observed, i.e. the more thermostable a LC, the
less it is susceptible to be degraded by trypsin. While this connection is also of interest in a more
fundamental protein science context, it does lend some support to the hypothesis underlying the
digestion assay, see discussion in the SI. Additionally, these proteolysis experiments were also
conducted inside a multi-well plate reader in the presence of the fluorescent, amyloid specific dye
ThT. Only seven of the tested samples showed an increase in fluorescence intensity indicating
amyloid fibril formation (Figure 3.3 D and Figure 3.7). Six of these seven amyloid positive
LCs were almost completely digested after 48 h, suggesting that proteolytic cleavage of the LC
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Figure 3.3: (A) and (B) The fraction of native protein (monomer and dimer combined) after 48 h incub-
ation with trypsin is displayed. The colors refer to the corresponding patient category defined above:
I (green), II (blue), III (red). The shape of the symbols represents the isotype of the LC: triangles:
λ isotype, circles: κ isotype. Empty circles: amyloid fibril formation induced by proteolysis and
inferred from an increased signal of ThT-fluorescence, filled circles: no evidence for amyloid formation
observed. (C) SDS-PAGE gel of the trypsin digestion of P013 as a representative example. The dimer
(orange) and the monomer (purple) are marked with a square. (D) ThT fluorescence aggregation assay
of the amyloid forming LCs. Data for P006 is added as an example of a LC that does not from amyloid
fibrils. (E) AFM-image of the aggregated sample P007 after digestion with trypsin during the kinetic
experiment in a multiwell plate.

facilitates the formation of amyloid fibrils. Proteolysis-induced amyloid fibril formation of light
chains is a well-established phenomenon, and even the aggregation of non-amyloidogenic light
chains after acidic proteolysis was observed [248, 249]. The presence of amyloid fibrils was
confirmed by atomic force microscopy (AFM, Figure 3.3 E). Interestingly, the samples of patients
of category three, i.e. the patients most severely affected by impairment of kidney function,
were among the least digestible proteins tested. This observed behavior should be compared
to the findings on the behavior of amyloid prone LCs previously reported [284], whereby it
was found that amyloidgenic LCs are most easily digested. Interestingly, the only established
amyloidosis-related LC of our dataset (P011) was not digested during the investigated time
period and was also not observed to form amyloid fibrils under the conditions of this experiment.
However, the presence, in our data set, of only a single LC known to form amyloid fibrils in vivo
did not allow us to test the previously reported correlation between proteolytic degradability and
amyloid fibril formation. On the other hand, while easy degradability might increase the risk
for amyloid formation, our data set does suggest that LCs which are difficult to proteolytically
degrade tend to be associated with impairment of the renal function. A putative mechanism by
which this association can be explained is the more rapid accumulation, probably in the form
of amorphous aggregates, of non-cleavable LC in the kidneys. At the same time, it has to be
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kept in mind that the proteases responsible for the degradation of LCs in vivo have cleavage
patterns distinct from that of trypsin and therefore the digestibility by trypsin will only have
limited predictive power for the digestibility of a given LC in vivo.

3.4.5 pH-dependent amyloid formation

Figure 3.4: (A) Aggregation assay at different pH values in the presence of 1 mM TCEP and (B) in
the absence of TCEP. (C) Aggregation assay at pH 4 at different monomer concentrations measured
through ThT-fluorescence. (D) and (E) AFM images of the sample P005 at 50 µM, at the end of the
experiment shown in (C). (F) The amyloid fibril formation behavior at pH 4 of the LCs monitored by
an increase in the fluorescence intensity of the dye ThT: yes: if the amyloid formation was observed;
no: no evidence of amyloid fibril formation was observed. The colors refer to the corresponding patient
category defined above: I (green), II (blue), III (red). The shape typify the isotype of the LC: triangles:
λ isotype, circles: κ isotype.

Given our findings that digestion by trypsin facilitated amyloid fibril formation of our patient-
derived LCs, we further tested whether variations in solution conditions (pH, reducing agent) are
also able to induce amyloid fibril formation in a subset of our samples. We found that at neutral
pH and in the presence of the reducing agent TCEP at 37 °C almost all the samples (except
P002, P013, P014, P016, P020) show an increase in ThT fluorescence over time, suggestive
of amyloid fibril formation, (see Figure 3.4 A) for representative data and Figure 3.9 for an
overview). It is known that a reduction of mostly intermolecular disulfide bridges of light chains
can induce amyloid formation [498]. If the pH was lowered towards more acidic values ( pH 4),
fragmentation of the chains was observed, and in most cases amyloid fibril formation was absent
at acidic pH in the presence of TCEP. Presumably, the degree of fragmentation of the LC through
the combined effects of TCEP and low pH was too strong, such that the resulting short fragments
were unable to form amyloid fibrils. On the other hand, no amyloid fibril formation was observed
at neutral pH in the absence of a reducing agent (see Figure 3.4 B). If, however, in the absence of
reducing agent the pH was decreased, some of the LCs showed formation of amyloid fibrils at
pH 4, in particular also P011, derived from the patient with confirmed amyloidosis (Figure 3.8).
Low pH destabilizes the proteins and mildly destabilizing conditions are known to accelerate
aggregation [501]. For example, investigations of the amyloidogenic variable domain SMA
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showed relatively native-like intermediates, but with significant changes of the tertiary structure,
at pH 4 [413]. A summary of the aggregation behavior at pH 4, together with the corresponding
patient categories of the samples, is given in Figure 3.4 F). Seven LCs formed amyloid fibrils
at pH 4. Figure 3.4 C) displays a representative example of the observed aggregation kinetics
of sample P005 at pH 4. The resulting amyloid fibrils were also in all cases examined using
AFM imaging (see Figure 3.4 D and E) for a representative example, and Figure 3.8). The fibrils
seem to form clusters/higher order assemblies at this pH, but also individual fibrils were detected.
Some of the LCs displayed amyloid fibril formation only at pH 4 and did not form amyloid
fibrils if the pH was decreased to pH 3 and below. Very low pH may lead to too substantial
fragmentation of the LC [502], similar to the combined effect of reducing agent and less acidic
pH discussed above. There is no obvious correlation observable between the impairment of
kidney function at the time of diagnosis, i.e. the patient category, and the aggregation behavior
under the investigated solution conditions.

3.5. Conclusions
This study provides a comprehensive evaluation of the in vitro biophysical and biochemical
behavior of patient-derived monoclonal light chains. The majority of patients had been diagnosed
de novo with multiple myeloma, while a histopathological examination was performed in three
patients leading to the diagnosis of cast nephropathy in two patients and AL-Amyloidosis in
one. We used an unbiased group of patients as they came to our hospital during our recruitment
phase. Therefore, different from recent studies reporting on patients with light chain disease we
cannot make an a priori separation into two distinct groups on the basis of the amyloid formation
behavior of the respective LC proteins. However, an a posteriori bias was introduced into our
patient group by excluding two samples from further analysis, because they did not contain a
sufficient concentration of light chains, but were dominated by albumin.

Starting with the thermal stability of the LCs and their ability to refold after thermal unfolding
we could not find a clear correlation with the degree of kidney damage (see Figure 3.5 for
correlation coefficients). Also, the relative amount of dimer and the aggregation behavior at pH
4 were not correlated to the different patient categories. The digestibility by trypsin of the LCs
yielded no clear correlation with kidney damage for our samples. According to published results
[284], LCs derived from AL-amyloidosis patients could be relatively easily digested whereas
LCs from patients with Multiple Myeloma seemed to be more resistant against digestion by
trypsin. Trypsin digestion is here used as a proxy for structural dynamics, with the caveat that
different LCs are likely to differ in the number and availability of trypsin cleavage sites. The
most noteworthy result of our study is that in our dataset, the LCs of the three patients with
the greatest degree of renal impairment were only digested by trypsin to a very small extent.
Therefore, while easily digestible LC may have a tendency to form toxic amyloid fibrils in
vivo, our results suggest that indigestible LCs may nevertheless be able to induce severe kidney
damage, due to their overall higher structural stability their resulting ability to accumulate in the
kidneys. This conclusion will, however, need to remain somewhat speculative until sequence
information of the LCs of this study becomes available (ongoing work), which will allow to
investigate how physiologically more relevant proteases can digest these LCs. The particular
feature of LC diseases, namely that every patient displays a LC of a unique amino acid sequence,
makes it necessary to substantially enlarge the currently available data set that links biophysical,
biochemical and sequence information with clinical disease symptoms and the present study
aims to contribute to this task. In order to obtain a better mechanistic understanding of the
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Figure 3.5: The Pearson correlation coefficient between the clinical patient categories and the different
investigated biochemical and biophysical characteristics. The points are labeled with the corresponding
p-value.

in vivo behavior of the LCs, a more detailed biophysical investigation, as well as sequence
determinations (see above) of the extracted light chains, are required. These are the subject of
ongoing studies of our groups.
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3.6. Supplementary information
Sample purity: In order to characterize the purity of the samples and the relative amounts of

LCs to human serum albumin (HSA) and other proteins, Western blots with anti-κ , anti-λ and
anti-HSA antibodies were performed in addition to SDS-PAGE gels. The Western blots were
used for identification, but not for quantification, because the binding of the antibody can be
influenced by conformational changes, fragmentation or posttranslational modifications [503].
Albuminuria is often associated with kidney damage by MM and the percentage of urinary
albumin excretion obtained from 24-hour urine collection among patients with AL can range
between 5 and 85 % (average 70 %) [504, 505]. Some of the examined samples contain a high
amount of HSA and only a small amount of LCs (see Figure 3.6). The samples from P008
and P009 contained large amounts of HSA, while also containing relevant quantities of light
chains. These quantities do not show any obvious correlation with the clinical category of the
individual patients. However, it is worth noting that none of the samples derived from a patient
in category 1, the least severe, contains much HSA, reflecting the intact filtration unit of the
glomerulus. The remaining samples were all largely dominated (60−90 %) by light chains.
Nevertheless, the findings of the samples P008 and P009 will not be included in the subsequent
experimental results, because the HSA content had an influence on the measurements and can
not be immaculately distinguished.

We also tested for correlations between some of the biophysical and biochemical parameters
(Figure 3.10). We find weak inverse correlation between thermal stability (as quantified by
melting temperature) and on the one hand the ability to refold and on the other hand degradability
by trypsin. In other words, there seems to a weak relationship in the sense that the more
thermostable a LC, the smaller its ability to refold. And also, the more thermostable, the more
resistant against proteolytic digestion by trypsin. A putative explanation for the first relationship
is that a very hydrophobic core that stabilizes the native state against thermal unfolding can also
lead to irreversible aggregation, once the LC is actually unfolded. The second relationship may
be explained by the fact that more thermostable LCs are also less dynamic at room temperature
and hence more difficult to degrade by trypsin. These relationships between biophysical and
biochemical parameters do not have any direct relevance for the main purpose of the study, which
is the elucidation between LC properties and impairment of kidney function. We report them
nevertheless for their general interest and relevance to protein science.
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Figure 3.6: Sample purity estimates from SDS-PAGE gels and Western Blots. a) P007 as an ex-
ample. The HAS-band is marked with a red square, the light chain-bands in orange (dimer) and purple
(monomer). b) The relative amount of HSA in the different samples (left) b) The relative amount of
light chain (monomer and dimer combined) in the different samples (right). The sorting and colors
indicate the categories into which the patients were classified based on the severity of their renal
impairment (CDK stage: 1+2 (green), 3 (blue), 4+5 (red). The shape symbolizes the isotype of the LC
(triangle: lambda, circle: kappa).
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Figure 3.7: Aggregation of the LCs in the presence of trypsin. A) ThT-fluorescence aggregation assay
of the non-amyloid forming LC in the presence of trypsin (P006 is already displayed in Figure 3 of the
main manuscript). B) AFM-height images of the aggregated (ThT-positive) samples of P013, P017,
P019, P020, P010.
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Figure 3.8: Aggregation assay at pH 4 in the absence of reducing agent. Top: ThT-fluorescence aggreg-
ation assays at pH 4 of the LCs of category I (A), II (B), III (C) corresponding to figure 4F. Bottom:
AFM-height images of the aggregated samples of P002, P005, P007, P011 and P013.

Figure 3.9: Aggregation at pH 7.5 in the presence of 1 mM TCEP. ThT-fluorescence aggregation
assays at pH 7.4 in the presence of 1 mM TCEP of the LCs of category I (A), II (B), III (C).
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Figure 3.10: The fraction of native protein that unfolds during the second scan against the melting
temperature Tm determined from the differential scanning calorimetry (DSC) experiments of the
different samples allocated in the three patient categories according to renal impairment (CDK stage): I
(green), II (blue), III (red). The correlation coefficient is -0.597 with a p-value of 0.015. B) The relative
fraction of native protein (monomer and dimer combined) after 48 h incubation with trypsin against the
melting temperature Tm determined from the differential scanning calorimetry (DSC) experiments of
the different samples. The colors refer to the corresponding patient category defined above: I (green), II
(blue), III (red). The correlation coefficient is 0.468 with a p-value of 0.067.
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4.1. Abstract
In multiple myeloma diseases, monoclonal immunoglobulin light chains (LC) are abundantly
produced, with the consequence in some cases to form deposits affecting various organs, such
as kidney, while in other cases to remain soluble up to concentrations of several g/L in plasma.
The exact factors crucial for the solubility of light chains are poorly understood, but it can be
hypothesized that their amino acid sequence plays an important role. Determining the precise
sequences of patient-derived light chains is therefore highly desirable. We establish here a novel
de novo sequencing workflow for patient-derived LCs, based on the combination of bottom-up
and top-down proteomics without database search. This pipeline is then used for the complete de
novo sequencing of LCs extracted from the urine of 10 patients with multiple myeloma. We show
that for the bottom-up part, digestions with trypsin and Nepenthes fluid extract are sufficient to
produce overlapping peptides able to generate the best sequence candidates. For the sequencing
of intact LC proteoforms, combining activation methods is key to achieve a single amino acid
resolution.

4.2. Introduction
Multiple Myeloma (MM) is an incurable malignancy of plasma cells characterized by a clonal ex-
pansion of an abnormal B-cell [250, 506] The B-cells accumulate in the bone marrow and secrete
large amounts of monoclonal light chains (LCs) additionally to the complete immunoglobulin.
Fifteen percent of the MM-patients produce exclusively light chains [180] The 25 kDa light chain
proteins are usually either excreted or degraded by the kidney, but high monoclonal quantities and
low renal clearance can induce deposition in the kidney’s extracellular matrix [181]. The deposits
contain diverse LC aggregates, which can lead to various diseases, such as the Light Chain
Deposition Disease (LCDD), where the formed aggregates have an amorphous nature,[191, 192]
and the AL-amyloidosis, where aggregates consist of amyloid fibrils [190].

Currently, the in vivo aggregation behavior of a particular monoclonal LC found in the blood of a
patient with light chain disease cannot be predicted. To understand better the factors affecting the
solubility of LCs and their aggregation propensity, their biophysical properties have been recently
explored [17, 264, 267, 472, 494, 496]. Unfortunately no clear-cut conclusion could be drawn.
To achieve this goal, a database including the biophysical properties of LCs and their sequence
is essential. The sequencing of monoclonal LCs is challenging, because they all have a unique
amino acid sequence determined by somatic recombination and various mutations [210, 218]
This sequence diversity translates into a diverse clinical picture,16 and hence the mechanisms
behind a particular disease are hard to understand. LCs consist of a N-terminal variable region (v-
region), which is capable of recognizing the antigen and a C-terminal constant region (c-region),
which specifies the effector function of the molecule [219] Important for the antigen binding site
are three hypervariable loops, so-called CDRs (Complementarity-determining regions), present
in the variable region. The diversity is created by somatic recombination of variable (V) and
joining (J) gene segments (V-J combination) during the early stages of B-cell maturation [220].

Light chains exist in two isotypes: kappa κ , encoded by the immunoglobulin kappa (IGK) locus
on the chromosome 2[222] at band 2p11.2 and lambda λ , encoded by the immunoglobulin
lambda (IGL) locus on the chromosome 22 at band 22q11.2 [221]. There are 40-76 IGKV
and 73-74 IGLV gene segments belonging to seven and eleven subgroups, which are randomly
joined with the corresponding joining gene segments (IGKJ and IGLJ)[226]. The rearranged
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V-J genes are then affected by somatic hypermutations during the antigen dependent stages of
differentiation.

The sequence of a LC can be partially determined by sequencing the RNA of the producing
B-cell clone.2 [251, 507]. Admittedly, a bone marrow aspiration is allowed solely to improve
diagnosis and treatment of the patients because of ethical reasons. This cannot be attained for the
majority of studies. Furthermore, this approach gives no insight into potential post-translational
modifications (PTMs), which can be important for solubility.

In recent years, mass spectrometry (MS) has been extensively used for antibody analysis [255,
256]. The most usual approach is bottom-up proteomics (BUP), which relies on the protein
digestion and LC-MS/MS analysis of peptides. BUP can provide high sequence coverage
confirming the sequence of recombinant antibodies, and the presence of expected PTMs in
particular when using a combination of enzymes[508]. However, the situation is much more
difficult for unknown antibodies for which de novo sequencing is required [509]. Several papers
have shown that a combination of BUP and intact mass profiling can be of great help [510, 511].
For LCs, which are in the 25 kDa range, the use of top-down proteomics (TDP) based on the
fragmentation of intact proteins is also possible. However, achieving a complete sequence at
a single amino acid resolution is a difficult task [512, 513, 514]. A combination of BUP and
TDP has also been employed recently to develop an innovative algorithm (TBnovo) allowing the
de novo sequencing of small proteins, including a light chain as an example [515]. Although
TBNovo can lead to high sequence coverage, many sequence gaps remain because of the lack of
some fragment ions both in BUP and TDP.

We therefore developed here a complete de novo sequencing workflow for the characterization of
patient-derived light chain proteoforms based on a combination of BUP and TDP with specific
data analysis. This characterization covers the amino acid sequence with in most of the cases
Ile/leu distinction, all post-translational modifications (including disulfide bonds), and the ratio
between the monomeric and dimeric proteoforms in the clinical sample. To our knowledge such
as deep characterization of LCs extracted from clinical samples has never been achieved so far.

4.3. Materials and Methods
4.3.1 Chemical and Reagents

PBS (1X, Dulbecco’s Phosphate-Buffered Saline, GibcoTM), formic acid (FA), were purchased
from Thermo Fischer. Ammonium bicarbonate (AB), urea, Tris 1 M HCl pH 8.5 solution,
Iodoacetamide (IAA), Tris(2-carboxyethyl) phosphine 0,5 M solution (TCEP), Formic Acid
(FA), glass beads (acid-washed) were purchased from Sigma-Aldrich. Ethanol (70 %), Meth-
anol (MeOH) and Acetonitrile (ACN) were purchased from Carlo-Erba. Trypsin, Lys-C and
Chymotrypsin were purchased from Promega. Sep-Pak C18 SPE cartridges were purchased from
Waters. Pepsin column (ref AP-PC-001s) was purchased from affipro.cz. Nepenthes fluid was
extracted from nepenthes plants of the botanical garden of Lyon and prepared as described by
Rey et al. [516].

4.3.2 Ethical Considerations

All patients of whom samples were used in the study have signed an informed consent with the
university hospital Düsseldorf /study number 5926R and registration ID 20170664320).
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4.3.3 Light chain sample preparation

The light chains were extracted from urine samples as described in Sternke-Hoffmann et al. [17]
(Chapter 3). Briefly, the protein content of a 24 h urine collection was precipitated by ammonium
sulfate (70 % saturation) and the light chains were purified after dialysis by size-exclusion
chromatography on an Äkta pure chromatography system (GE Healthcare) using a Superdex 75
10/300 GL column. 10 mM phosphate buffer pH 7.4 was used as an elution buffer. The fractions
with the highest purity were chosen and dialysed against 200 mM ammonium bicarbonate and
freeze-dried using a SpeedVac vacuum concentrator (ThermoFisher Scientific).

4.3.4 Light chain multiple digestions

Twenty micrograms of each LC sample were solubilized in 8 M urea, 100 mM Tris HCl pH 8.5
to obtain a final urea concentration up to 7 M. Half of the sample was kept for a direct trypsin
digestion. The other half was reduced with 5 mM TCEP for 30 min and alkylated with 10 mM
IAA for 30 min at room temperature in the dark. For trypsin, Lys-C and chymotrypsin digestion,
the samples were diluted below 2 M urea with 100 mM Tris HCl pH 8.5. The digestion was then
carried out for 3 h at 37 °C with a 1:20 ratio for each enzyme. The digestion was stopped by
adding 5 % FA. For pepsin and Nepenthes fluid extract [516], urea concentration was lowered
below 2 M by adding 95 % H2O, 5 % FA. The digestion was performed in solution for 10 min at
37 °C for the Nepenthes fluid and a pepsin column was used for the digestion with this enzyme.
Resulting peptides were desalted and concentrated on Sep-Pak C18 SPE cartridge according to
manufacturer instructions. Peptide were eluted using 50 % ACN, 0.1 % FA. Purified peptides
were lyophilized and kept at −80 °C until further used.

4.3.5 Analysis of peptide digest by direct infusion

Peptide digests were analyzed in MS on an Orbitrap Fusion Lumos mass spectrometer (Thermo-
Scientific) fitted an Advion TriVersa Nanomate using a chip in positive ion mode. Mass spectra
were acquired at 60 K resolving power (at m/z 400), during 1 min with a scan range set to
300 – 1,700 m/z, 1 µscan per MS scan, an AGC target value of 3x106. Ions corresponding
to peptides with I/L residues were then manually selected for MS2 fragmentation in EThcD
(from 60 to 100 ms with additional 40−SI60%) or MSn fragmentation using HCD (40−SI50%).
MS/MS spectra were acquired during 1 min at 60 K resolving power (at m/z 400), with a
scan range set to 110 – 2,000 m/z, 10 µscans per MS scan, an AGC target value of 5x105 and
maximum injection time of 50 ms.

4.3.6 LC-MS analysis of peptide digests

Peptide digests were analyzed on a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific,
Bremen) coupled with an EASY-nLC 1200 chromatography system (Thermo Fisher Scientific).
Peptide digests (1 µg) were loaded and separated at 250 nL.min−1 on a in house packed 50 µcm
nano-HPLC column (75 µm inner diameter) with C18 resin (1.9 µm particles, 100 Å pore
size, Reprosil-Pur Basic C18-HD resin, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany)
equilibrated in SI98% solvent A (H2O, SI0.1% FA) and SI2% solvent B (ACN, SI0.1% FA).
Peptides were eluted with a linear gradient from 2 to SI23%buffer B in 70 min, followed by a
stepwise increase of buffer B to SI45% B in 30 min and finally to SI95% in 5 min. Mass spectra
were acquired with a Top10 data-dependent acquisition mode, with a scan range set to 300 –
1,700 m/z, 1 µscan per MS scan, an AGC target value of 3x106. The fragmentation of precursor
ions was performed by HCD (28 %) at 35K resolving power (at m/z 200) with an AGC target
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value of 1×106 and a maximum injection time of 110 ms. Four µscans were accumulated per
MS/MS scan. Precursors with unknown charge state or a charge state of 1 and >7 were excluded.
Dynamic exclusion was set to 45 s.

4.3.7 De novo peptide sequencing and concatenation

PEAKS Studio X was used for peptide de novo sequencing. Each LC-MS experiment was
processed independently. The data were refined using precursor mass correction only and the
chimera scan option activated. De novo searches were performed with 2 ppm error for precursor
mass, 0.01 Da for the fragment ions with fixed carbamidomethylation and variable oxidation as
PTMs. Enzyme rules were specified for each sample, with no rules for the Nepenthes fluid and
pepsin digestions. De novo sequencing results were exported and sequences, local confidence
and area were used in ALPS29 to concatenate the overlapping peptides. Kmer from 6 to 10
were tested to generate putative LCs sequences. The theoretical masses of these sequences
were compared to those obtained from the intact mass measurement of LCs to ensure correct
concatenation and select the appropriate sequences. PEAKS DB was used to generate protein
sequence coverage maps.

4.3.8 Bottom-up proteomics data analysis

All raw files were searched with MaxQuant [517] (v. 1.5.3.8) against the Uniprot Homo sapiens
reference proteome (74,830 entries) concatenated with all identified LC sequences, the usual
contaminants and the reversed sequences of all entries, using trypsin as specific enzyme with
a maximum of 4 miscleavages. For reduced and alkylated samples, possible modifications
included carbamidomethylation (Cys, fixed), oxidation (Met, variable) and Nter acetylation
(variable). For non-reduced and non-alkylated samples, the following modifications were set
up as variable: cysteinylation (Cys), coenzyme M (Cys), HexNAc(1)dHex(1) (Asn), oxidation
(Met), Nter acetylation. The mass tolerance in MS was set to 20 ppm for the first search then
6 ppm for the main search and 10 ppm for the MS/MS. Maximum peptide charge was set to
seven. Five amino acids were required as minimum peptide length. The maximum peptide mass
was increased to 8,000 Da. One unique peptide to the protein group was required for the protein
identification. A false discovery rate cut-off of 1 % was applied at the peptide and protein levels.
Draw Map from MSTools – Web applications was used for visualization of protein sequence
coverage [518]. For disulfide bridge localization, data were searched against the corresponding
LC sequences with MassSpec Studio50 using the CRIMP workflow. A loss of 2 hydrogens
(-2.0156 uma) was used as a virtual cross-linker mass modification. The search parameters are
provided in SI. The most intense cross-linked peptides identified were used to assign disulfide
bridges.

4.3.9 LC-MS analysis of intact light chains (TDP)

Intact LCs were diluted at 0.5 µg/µL in 98 % H2O, 2 % ACN and 0.1 % FA, with and without
reduction (5 mM TCEP, 30 minutes at room temperature) and alkylation (10 mM iodoacetamide,
30 minutes at room temperature in the dark) steps. For reverse phase nano-liquid chromatography,
a Dionex Ultimate 3000 system, equipped with a trap column (150 µm x 2.5 cm) coupled to an
analytical column (75 µm x 60 cm), was used with flow rates set at 10 µL.min-1 and 0.5 µL.min-
1 respectively. Both columns were packed in-house with C4 material (5 µm porous spherical
particles of 300 Å pore size, Reprosil). Solvent A consisted of 98 % H2O, 2 % ACN and 0.1 %
FA, and solvent B consisted of 20% H2O, 80% ACN and 0.1% FA. The following gradient was



56 4. De novo sequencing of antibody light chain proteoforms from patients with multiple myeloma

used: 2.5 % B from 0 to10 min.; 25 % B at 11 min.; 60 % B at 20 min.; 99 % B from 21 to
30 min.; and 0.5 % B from 30.1 to 50 min. Intact light chains were analyzed both in MS and
in targeted MS/MS mode on an Orbitrap Fusion Lumos mass spectrometer (Thermo-Scientific)
fitted with a nano-electrospray ionization source. All experiments were performed using the
intact protein mode at 2 mTorr as ion routing multipole pressure. All spectra were acquired
in profile mode. The MS method includes full MS scans acquired either at 15 K or 120K
resolving power (at m/z 400) with a scan range set to 750 – 2,550 m/z, 10 µscans per MS scan,
an AGC target value of 5x105 and maximum injection time of 50 ms. Targeted MS/MS scans
were acquired at 120 K resolving power (at m/z 400), with a scan range set to 110 – 2,000
m/z, 20 µscans per MS scan, an AGC target value of 5x105 and maximum injection time of
50 ms. In targeted experiments, selected intact protein ions were isolated with 1.2 m/z width,
and fragmented with either HCD (10 %, 12 % and 15 %), CID (20 %, 25 %and 30 %), EThcD
(1.5 ms/5 %, 5 ms/5 %, and 10 ms/10 %), or UVPD (25 ms, 30 ms and 35 ms).

4.3.10 TDP data analysis

Intact protein mass spectra were deconvoluted using Protein Deconvolution v3.0 software
(Thermo-Scientific) either with the XtractTM algorithm for isotopically resolved charge envel-
opes or with the ReSpectTM algorithm for isotopically unresolved charge envelopes. MS/MS
protein spectra were deconvoluted in FreeStyle 1.6 with the XtractTM algorithm. For Xtract, the
following parameters were used: signal to noise ratio (S/N) of 3, fit factor of 44 %and remainder
threshold of 25 %. For the Respect algorithm, a noise rejection threshold of 95 %and 20 ppm
mass tolerance were used. Fragment ions were identified using Prosight Lite v1.4 with a mass
tolerance of ±5 ppm.

4.4. Results
4.4.1 Development of the de novo sequencing strategy

We used the P013 sample for optimizing the four major steps of our workflow (Figure 4.1): intact
MS profiling, de novo peptide sequencing using multiple enzymes, proteoform characterization
using TDP and proteoform validation using BUP.

4.4.2 Intact MS profiling

The intact MS profiling is an important piece of information since it allows the number of
proteoforms and their isotopic molecular mass to be obtained. It also provides, using reduc-
tion/alkylation the information on the number of disulfide bridges. Since a slight band at 50 kDa
was also observed in the SDS-PAGE analysis of P013 [17], we used both low and high-resolution
settings to allow for the mass measurement of all species present in the sample. As shown in
Figure 4.2, two protein distributions are observed in the low-resolution MS spectrum (Figure 4.2
A) corresponding respectively to 23,590.4 Da (major one) and 46,941.5 Da (average masses). As
expected, only the lowest mass is observed (Figure 4.2 B) in the high-resolution spectrum (at
23,576.58 Da, monoisotopic mass). Finally, the reduced/alkylated sample (Figure 4.2 C) leads to
distribution shifted toward lower m/z, due to an extensive unfolding upon S-S bond reduction
and a measured mass of 23,746.74 Da (monoisotopic mass). Comparing the two monoisotopic
measured masses highlights a ∆Mass of 170.16 Da. This cannot only be explained by one or
several carbamidomethylations (+ 57.02) following the S-S bond reduction (+ 2.02 Da) and
indicates other cystein modifications.
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Figure 4.1: Combination of intact mass profiling, de novo peptide sequencing using multiple enzymes,
TDP with multiple MS/MS method and BUP with and without reduction/alkylation for confident
identification of light chain (LC) proteoforms.

4.4.3 De novo peptide sequencing and assembly

We first performed a digestion using four different enzymes (Trypsin, LysC, Pepsin and Nepen-
thes fluid) to maximize the probability to recover overlapping peptides. The LC-MS/MS method
was optimized to obtain high quality MS/MS spectra that are required for de novo sequencing.
For instance, the number of microscans was increased compared to a regular proteomics analysis.
The data generated were analyzed with PEAKS to obtain de novo sequenced peptides. These
peptides were further assembled using ALPS, with the intact mass previously measured as a
constraint with 1 Da tolerance. The ALPS k-mer parameter, which represents the number of
overlapping amino acids, was found to be optimal at 8. This process led to two different candidate
sequences, differing only from 1 Da and a single amino acid (N/D). One of these sequences has
a theoretical molecular mass of 23,746.60 Da (monoisotopic mass for the reduced/alkylated LC)
matching the experimentally measured one (23,746.74 Da) within 5.8 ppm. It also contains 5
cysteines, which fits with what is expected for a LC, and was thus selected as the best candid-
ate This allows to calculate the ∆Mass due to the reduction/alkylation which is thus 289 Da.
Compared to the 170.16 Da previously calculated, this leads to 119 Da, which corresponds to a
cysteinylation. This LC modification was originally described by the group of Costello[254] and
confirmed a few years later by Gadgil et al [519]. It has been suggested to play an important role
in the stabilization of the protein.
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Figure 4.2: Intact mass spectra of (A) non-reduced P013 sample using low resolution MS (15k). (B)
non-reduced P013 sample using high resolution MS (120k). C. reduced/alkylated P013 sample using
high resolution MS (120k).

4.4.4 Top-down proteomics

The P013 sample was analyzed in its reduced and alkylated form in targeted LC-MS/MS using
multiple activation techniques. The objective here was to obtain as many complementary
fragment ions as possible. This is required to increase the confidence in the assembly of de novo
peptides and identify potential errors. The Figure 4.3 shows the fragmentation map reconstructed
using the 470 assigned non-redundant fragment ions. This corresponds to 89 %residue cleavage.

4.4.5 Proteoform validation

As shown in Figure 4.3, a few amino acid stretches are not covered by the TDP data and thus
we decided to use the BUP information to confirm these parts of the sequence. The sequence
introduced in the database for P013 is the one that is identified by Maxquant with the highest
score and a 100 % sequence coverage. The MS/MS spectrum obtained for instance for the [1-24]
peptide is shown in Figure 4.7. Once the P013 sequence was fully identified, we evaluated the
sequence coverage obtained by each of the four enzymes. We concluded that a combination of
trypsin and Nepenthes fluid is sufficient to achieve a 100 % sequence coverage and we therefore
only used these enzymes for all other samples.

For the assignment of the disulfide bridges and the cysteinylation, we analyzed a non-
reduced/alkylated tryptic digest of P013. Using MassSpec Studio50 the disulfide bonds were
mainly identified between C23 – C88 and C134 – C194. Other combination could also be identi-
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Figure 4.3: Fragmentation map obtained for P013 reduced/alkylated LC sequence using a combination
of 12 top-down MS/MS analyses performed with different fragmentation methods (HCD 10 %, 12 %
and 15 %, CID 20 %, 25 % and 30 %, EThcD 1.5 ms/5 %, 5 ms/5 %, and 10 ms/10 %, and UVPD 25 ms,
30 ms and 35 ms).

fied, but to a much lesser extent. The cysteinylation was primarily identified on the C-terminal
cysteine (Figure 4.8), which fits with the major disulfide bond assignement. Regarding the I/L
attribution, we analyzed all tryptic digests in infusion using either EThcD or HCD (MS3 and
MSn) on selected I/L containing peptides. This strategy allowed about 60 % of all assignments
to be performed. For the rest, I/L were assigned by homology to the described light chain
sequences.

4.4.6 Application to the other clinical samples

4.4.7 P005, P006, P016 and P020

The same strategy as the one described for P013 was applied to all other samples. Four of
them (P005, P006, P016 and P020) exhibited the same behaviour as P013 and could be de novo
sequenced exactly in the same way (Table 4.1). These samples contain a single κ light chain,
which exists both in a monomeric and dimeric form (with various relative abundance). These
LCs contain 5 cysteines, two disulfide bonds and a cysteinylation at the C-terminus. For all
samples, the dimer results from the combination of 2 monomers that are linked through a single
disulfide bond. All intact MS spectra and TDP fragmentation maps are provided in Figure 4.5
and 4.6. For these LCs, sequence coverages larger than 80 % were obtained with TDP and
increased to 100 % with BUP data. The sequences identified share 81 % homology (without I/L
distinction) and 79.4 % when including P013.
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4.4.8 P007 and P017

For these two samples, the situation is very different since the intact mass measurement indicates
the presence of two proteoforms per sample. After reduction of both samples, P017 still exhibits
two proteoforms although a single one is obtained for P007. All sequences were found to be
part of the κ isotype, as previous ones, and contain 5 cysteines involved in two disulfide bridges.
For the two samples, the two respective proteoforms were found to share the same amino acid
sequence.

For P007, the first proteoform (P007A) carries a cysteinylation on the C-terminal cysteine as the
ones previously described (P013, P005, P006, P016, and P020). The second proteoform (P007B),
which is the most abundant one, differs from P007A only by another modification present on a
cysteine, since it is also removed after the reduction/alkylation process. The delta mass measured
is 139.96 Da, which does not correspond to any described PTM. This mass only fits with an
elemental formula of C2H6O3S2. Considering all possible thiol-based structures, we determined
that P007B was probably modified by the coenzyme M, a small molecule often used as adjuvant
in chemotherapy. The patient medical details confirmed this assumption. In conclusion, we
characterized P007B a being modified with this small molecule on the same cysteine as the one
which carries the cysteinylation. To our knowledge, such modification has never been described
so far on a protein, and in particular on LCs. The fact that both modifications are on a cysteine
explains why after the reduction we move from two proteoforms to a single one. This also
explains that a single type of dimer is present in this sample, since it is created by the binding of
the C-terminal cysteines from the two monomeric proteoforms.

For P017, the two proteoforms are cysteinylated on the C-terminus. For the second proteoform
(P017B), an additional oligosaccharide HexNAc(1)dHex(1) (349.14 Da) was identified probably
at N153. This location fits both with our TDP results and with another LC present in the Uniprot
database. The presence of this modification is unique to P017 among all clinical samples studied
here. For this sample, one homodimer and the only possible heterodimer are detected as indicated
by the intact mass measurements. However, this result would be explained by the low abundance
of one of the glycosylated proteoform. For both P007 and P017 samples, the sequence coverage
for all proteoforms were found to be 100 % when including BUP ones. The sequence homology
between P007 and P017 sequences is 88.4 %.

4.4.9 P004

This sample is again different from the others, since it contains two different κ proteoforms that
have different amino acid sequence. The proteoforms share a common pattern of 5 cysteines, 2
disulfide bonds and a cysteinylation at the C-terminus, but differ by eight residues present in the
variable part of the LC. This mixture of two sequences, quite close from each other drastically
complicates the de novo sequencing in particular the assembly of peptides. Note that for this
sample, all dimers are formed (homo- and hetero-) and constitute the majority (95 %) of the
sample.

4.4.10 P001 and P011

Finally, these two last samples are peculiar since they contain only a single LC proteoform of
the λ isotype. The P001 proteoform contains 6 cysteines, with only 4 involved in a disulfide
bridge. The presence of two free cysteines probably explains the easy and exclusive formation of
a dimer, since the monomeric form is absent in this sample. This number of cysteines is very
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unusual since LCs generally contain only five cysteines. This number of cysteines, combined
to the fact that two of them are vicinal largely complicates the exact determination of disulfide
bridges. It was therefore possible to formally identify only the C139–C197 disulfide bond. For
P011, the sequence contains 5 cysteines, including 2 disulfide bonds, the remaining cysteine
being cysteinylated as observed for the κ LCs present in the other samples. Note that the S-S
bond assignment was made difficult by the very low abundance of this species in the mixture.
The sequence homology between P001 and P011 is 80.1 %.

Table 4.1: Summary results obtained for all LC samples

Figure 4.4: Multiple sequence alignment of (A.) the nine κ LC sequences and (B) the two λ LC
sequences (done with Uniprot, “*” (asterix) indicates fully conserved residue, “.” (colon) indicates
residues with strong similar properties and “.” (period) indicates residues with weak similar properties).
.

4.5. Discussion
As shown from our results, the variability observed for the LCs extracted from all clinical
samples is very important, and much more than expected. First, both λ and κ isotypes are
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obtained, even if the majority is constituted of this latter. Second, some samples contain a
single proteoform although others contain several, which arise either from different amino acid
sequences or presence of various PTMs. The sequence homology between all sequences found is
75−80 % for the κ isotypes and XX for the λ one. The presence of different LC sequences for
the same patient questions the existence of several B-cell clones or point toward an unpredictable
maturation process. Another difference is also the ratio between the monomeric and dimeric
forms of the LCs that range from 0 to 100 %. For the PTMs, we find the cysteinylation of the last
cysteine of the sequence to be shared by almost all samples. We also identify a N-glycosylation
and a modification with coenzyme M that are either very unusual or never described so far.
Our results clearly show the added value of TDP to achieve a bird’s eye view of the various
proteoforms present in each sample as well as for the de novo sequencing. The also demonstrate
that the combination of various activation techniques is required to improve the sequence
coverage.

4.6. Conclusion
We developed here a novel workflow allowing the complete characterization of light chains
extracted from the urine of patients with multiple myeloma. This workflow is based on the
combination of bottom-up and top-down proteomics approaches, as well as the use of appropriate
software tools, that are all commercially available. Using this pipeline, we could characterize for
the first time a high variability in the LCs in term of sequence, PTMs and presence of monomeric
or dimeric forms. These results have now to be integrated to the biophysical data already obtained
for all samples. This may allow achieving the overall goal of this study, which is to identify the
major factors influencing the propensity of these LCs to aggregate and lead to a disease. This is
absolutely required to understand the aggregation process and be able to prevent it in the future.
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4.6.1 Supplementary information

Figure 4.5: Intact mass spectra of (A) non-reduced LC samples using low resolution MS (15k). (B)
non reduced LC samples using high resolution MS (120k). (C) reduced/alkylated LC samples using
high resolution MS (120k).
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Figure 4.6: Fragmentation maps obtained for reduced/alkylated LC sequences using a combination
of 12 top-down MS/MS analyses performed with different fragmentation methods (HCD 10 %, 12 %
and 15 %, CID 20 %, 25 % and 30 %, EThcD 1.5 ms/5 %, 5 ms/5 % and 10 ms/10 %, and UVPD 25 ms,
30 ms and 35 ms).
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Figure 4.7: HCD fragmentation spectra of the N-terminal peptide [1-24] from sample P013.

Figure 4.8: HCD fragmentation spectra of the C134-C194 disulfide-linked peptide from sample P013.
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5.1. Abstract
The deposition of immunoglobulin light chains (IgLCs) in the form of amorphous aggregates
or amyloid fibrils in different tissues of patients can lead to severe organ damage, requiring
transplantation in some cases. There has been great interest in recent years to elucidate the origin
of the very different in vivo solubilities of IgLCs, as well as the molecular determinants that
drive either the formation of ordered amyloid fibrils or disordered amorphous aggregates. It is
commonly thought that the origin of this differential solubility is to be found in the amino acid
sequences of the respective IgLCs, i.e. that some sequences display higher intrinsic tendencies to
form amyloid fibrils. Here we perform in depth Thermodynamic and Aggregation Fingerprinting
(ThAgg-Fip) of 9 multiple myeloma patient-derived IgLCs, the amino acid sequences of all of
which we have solved by de novo protein sequencing with mass spectrometry. We find that all
samples also contain proteases that fragment the proteins under physiologically relevant mildly
acidic pH conditions, leading to amyloid fibril formation in all cases. Our results suggest that
while every pathogenic IgLC has an unique ThAgg fingerprint, all sequences have comparable
amyloidogenic potential. Therefore extrinsic factors, in particular presence of, and susceptibility
to, proteolytic cleavage is likely to be the main determinant of in vivo aggregation behaviour. This
important conclusion, which is corroborated by systematic analysis of our sequences, as well as
a many sequences of IgLCs from amyloidosis patients reported in the literature, challenges the
current paradigm of the link between sequence and amyloid fibril formation of pathogenic light
chains.

5.2. Introduction
Protein aggregates are the hallmark, and in many cases causative agents, of severe disorders,
ranging from Alzheimer’s diseases to systemic amyloidoses [492, 493, 520, 521]. The loss of
protein solubility in these situations that leads to their deposition in various types of aggregates
can have multiple origins, such as point mutations, post-translational modifications and over-
production of proteins. The latter phenomenon occurs for example in Multiple Myeloma (MM),
an incurable malignancy of plasma cells characterised by a clonal expansion of an abnormal
B-cell [250, 506]. The B-cells accumulate in the bone marrow and secrete large amounts of
monoclonal light chains (LCs) additionally to the complete immunoglobulin [179]. 15% of
the MM-patients produce exclusively light chains [180]. The 25 kDa sized light chain proteins
are usually either excreted or degraded by the kidney, but high monoclonal quantities and low
renal clearance can induce the deposition in the kidney’s extracellular matrix[181]. The deposits
contain diversified kinds of LC aggregates, which can lead to different diseases, such as Light
Chain Deposition Disease (LCDD), where the formed aggregates have an amorphous nature
[191, 192], and AL-amyloidosis, where aggregates consist of amyloid fibrils [190].

Currently, there is no possibility to predict the in vivo solubility and deposition behaviour
of a particular monoclonal light chain found in the blood or urine of a patient with a light
chain disease. A large number of studies has been performed in recent years in order to
understand the in vivo solubility and aggregation behaviour of a light chain through a detailed
investigation of the biophysical and biochemical properties of patient-derived light chains in
vitro [17, 258, 264, 267, 472, 494, 496]. In particular the question as to which properties
distinguish the amyloid fibril forming light chains from those that are not observed to form
amyloid fibrils in vivo has been extensively studied. Various molecular properties of the light
chains, such as thermal stability [257, 258, 260, 262, 264], tendency to dimerize [268, 272, 498],
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or protein dynamics [232, 284, 285] have been proposed to correlate with their deposition in
the form of amyloid fibrils. Each patient-derived light chain protein has a unique amino acid
sequence determined by somatic recombination and various mutations [210, 218]. The diversity
of the N-terminal variable region (v-region), which is capable of recognition of the antigen
[219], is created by somatic recombination of variable (V) and joining (J) gene segments (V-J
combination) during the early stages of B-cell maturation [220]. Light chains occur either
as a λ or a κ isotype, which are encoded by the immunoglobulin λ (IGL) [221] or the κ

(IGK)[222] locus. It has been found that the majority of light chain amyloidosis cases are
associated with λ light chains [223]. There are a multitude of different IGLV and IGKV gene
segments, which are randomly joined with the corresponding joining gene segments (IGLJ
and IGKJ) [226] and then affected by somatic hypermutations during the antigen dependent
stages of differentiation. This sequence diversity translates into a diverse clinical picture [226],
impedig the understanding of the disease mechanisms. An improved understanding of the causes
and mechanisms of light chain deposition requires to determine the amino acid sequences of
patient-derived light chains and to correlate the sequence information with the biochemical and
biophysical properties. The unique nature of light chains renders their sequence determination
challenging. The sequence can either be obtained through DNA sequencing of tissue from bone
marrow biopsies [250, 251], or less invasively through de novo protein sequencing by mass
spectrometry. The latter, however, is difficult because of the absence of the sequence under
study in the data bases usually employed in mass spectrometry (MS)-based proteomics [511]. In
order to be able to address the challenging link between light chain sequence and aggregation
behaviour, we have developed a complete de novo protein sequencing workflow based on a
combination of top-down and bottom-up proteomics with specific data analysis for patient-
derived light chains. The details of this workflow are published separately (REF). We were able
to determine the sequences of a range of different light chains. The light chains investigated in
this study were derived from 10 patients presenting light chains in their urine (2 isotype lambda
and 8 isotype kappa) and represent a sub-set of a larger collection from a patient cohort at the
University Hospital Düsseldorf, which has already been subjected to an initial biochemical and
biophysical characterisation [17]3. The inclusion criterion of a given sample into the present
study was the availability of a sufficient amount of light chain at high purity to allow both the
sequence determination, as well as the detailed Thermodynamic and Aggregation Fingerprinting
(ThAgg-Fip) to be carried out. ThAgg-Fip consists of a characterisation of IgLC dimerisation,
thermodynamic stability (thermal and chemical), thermally and chemically induced aggregation
(amorphous and amyloid) and enzymatic digestability and represents the most comprehensive
charcaterisation of disease-related IgLCs to date. We dub our approach ThAgg-Fip, because the
multi-parametric characterisation we perform reveals a unique set of biophysical and biochemical
properties of every individual patient-derived light chain. In addition to the 9 samples fulfilling
our inclusion criteria, all stemming from multiple myeloma patients without evidence of amyloid
fibril formation, we also included a sample from a confirmed amyloidosis case. Consequently
our study was mostly carried out on light chain proteins, which would generally be considered
to be non-amyloidogenic. However, we find that all proteins of our study are observed to form
amyloid fibrils in vitro under physiologically relevant conditions of mildly acidic pH, where
the present proteases led to the rapid digestion of the light chains into shorter fragments. We
analyse our determined sequences as well as a representative collection of light chain sequences
from the literature using several commonly used aggregation prediction algorithms and find
no noticeable difference between amyloid forming and non-amyloid forming sequences. Our
findings challenge the current paradigm that the origin of the amyloidogenicity is to be found
in the amino acid sequence of the light chains alone. We conclude that all light chains have
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comparable intrinsic amyloidogenicity and that the interplay of protein sequence, environmental
conditions and presence and action of proteases defines whether a given light chain deposits in
the form of amyloid fibrils in a given patient or not. Furthermore, our uniquely comprehensive
and widely applicable ThAgg-Fip approach highlights the multiparametric nature of the problem
of in vivo protein aggregation and opens up the possibility for the application of machine learning
approaches once larger data sets will become available in the future.

5.3. Materials and Methods
5.3.1 Patient-derived samples

The study described in this manuscript is an extension of previous work [17] and has been
reviewed and approved by the ethics committee of the University Hospital Düsseldorf. All
patients of whom samples were used in the study have signed an informed consent (study number
5926R and registration ID 20170664320). Protein isolated from 24 h urine samples of 10 patients
(5 females, 5 males, median age 64.5 years with a range between 45 and 72, 2 patients with a
lambda isotype light chain and 8 patients with a kappa isotype chain) with multiple myeloma
and one patient with amyloidosis as detailed in table 2.1. A histopathological examination of
the patient’s kidney was not available since the corresponding invasive diagnostic procedure
was not necessary for the therapy decision-making process as they were diagnosed according
to IMWG criteria. These samples represent a sub-set of samples of a previous study [17] (cf.
Chapter 3), and they were selected, because they contained the light chain protein at sufficiently
high quantity and purity to perform the detailed biochemical and biophysical experiments and to
determine the protein sequence.

We divided the patients into three different groups (I, II, III) according to their chronic kidney
disease (CKD)-stage at the time of diagnosis. Group I corresponds to stages 1 and 2, group II to
stage 3 and group III to stages 4 and 5.

5.3.2 Protein sample preparation

The LCs were purified as described previously [17]. Briefly summarized, the protein content of a
24 h urine collection was precipitated by ammonium sulfate (70 % saturation) and the light chains
were purified after dialysis by size-exclusion chromatography on an ÄKTA pure chromatography
system (GE Healthcare) using a Superdex 75 10/300 GL column and 30 mM Tris-HCl, pH 7.4,
as an elution buffer. LC concentration was determined by measuring UV-absorption at 280 nm
(extinction coefficient of 33265 (P001), 27640 (P004), 26150 (P005, P006, P007, P016, P017),
33140 (P013) and 31650 (P020). A stock solution of tris(2-carboxyethyl)phosphine (TCEP) was
prepared by dissolving 100 mM TCEP in 30 mM Tris-HCl buffer pH 7.4. Subsequently, the pH
value was titrated with NaOH to 7.4. Pepstatin A and E-64 were dissolved in DSMO to prepare
a stock solution of 1 mM.

5.3.3 Determination of the amino acid sequence

Mass spectrometry (MS) experiments were performed to confirm the purity of the sample,
determine the monomer and dimer content of the LCs and to determine the amino acid sequence.
To this end, a complete de novo sequencing workflow based on a combination of top-down and
bottom-up proteomics with specific data analysis for patient-derived light chains was performed.
For bottom-up proteomics, peptides were generated either with trypsin or Nepenthes fluid extract
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[516, 522] and analyzed in LC-MS/MS on an Orbitrap Q-Exactive plus. PEAKS and ALPS
[511] were then used for peptide de novo sequencing and concatenation of overlapping peptides
to generate putative LC sequences. Intact light chains were analyzed in LC-MS/MS (before and
after disulfide bond reduction) on an Orbitrap Fusion Lumos with different activation methods.
Prosight PD was used for proteoform identification. A detailed description of the de novo
sequencing workflow can be found in (Chapter 4).

5.3.4 Analysis of the properties of the IgLC amino acid sequences

The sequences of the IgLC samples of this study were parsed with IMGT, the international
ImMuniGeneTics information system and were aligned in order to investigate the amino acid
changes between the germline sequences and the sequences under study. The sequences were
also analysed using different online bioinformatic tools (ZipperDB, Tango, Pasta, CamSol),
which predict the aggregation propensity/solubility of the samples.

5.3.5 Determination of the dimer content

The ratio of dimers and monomers of the various LCs were determined by both top-down
proteomics and analytical ultracentrifugation (AUC). Sedimentation velocity experiments were
performed in a XL-A Proteomelab ultracentrifuge equipped with absorbance optics. Experiments
were conducted in An-60-Ti at 20 °C using a rotor speed of 60,000 rpm. Solutions of 35 µM
of LC samples were investigated and the scans were acquired at a wavelength which ensures
an optimal resolution to achieve an absorbance of 1, and 0.002 cm radial increments. The
sedimentation boundary was analyzed with SEDFIT (version). The fraction of dimer measured
in relation to the overall amount of native light chains (monomer and dimer) investigated by the
AUC measurements were compared to the results of mass spectrometry (MS) and previously
reported results from non-reducing SDS-PAGE [17].

5.3.6 Combined differential scanning fluorimetry (DSF) and dynamic light
scattering (DLS) experiments

The thermal unfolding experiments of the IgLC samples as a function of protein and denaturant
concentration were performed with a Prometheus Panta instrument (Nanotemper, Munich,
Germany). This is a microcapillary-based (10 µL sample per capillary) instrument that allows
to measure up to 48 samples in parallel. Intrinsic fluorescence can be excited at 280 nm and
emission is monitored at 330 nm and 350 nm. The DLS experiments are performed on the same
sample with a laser at 405 nm. Thermal ramping experiments were performed by scanning from
20 °C (urea dependence) or 25 °C (concentration dependence) to 70 °C at a scan rate of 1◦C/min.
For the melting scans, we prepared stock solutions of the IgLCs (97 µM (P001), 150 µM (P004),
91 µM (P005), 139 µM (P006), 103 µM (P007), 97 µM (P013), 99 µM(P016), 158 µM (P017)
and 81 µM (P020)). These stock solutions were filtered through a 220 nm pore size syringe filter
before the DSF-DLS experiments. For the concentration-dependent measurements, the stock
solutions were diluted 3 times by a factor of two, to yield 4 different concentrations per protein.
For the urea-dependent experiments, the stock solutions were diluted 5 times into solutions of
appropriate urea concentration. The final urea concentrations were 0, 0.67,1.34, 2.01, 2.68, 3.35,
4.02, 4.69, 5.36 M and the buffer concentration was in all cases 30 mM Tris buffer. The data
was visualised as the ratio of the intrinsic fluorescence emission intensity at 350 nm over the
intensity at 330 nm. For the melting temperatures at the different protein concentrations the
melting temperature (Tm) and the temperature of aggregation onset (Tagg) were automatically
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determined by the instrument software. In table 5.2 we report the values for Tm and Tagg for
the highest and lowest concentrations of our concentration series, respectively. We also show
the evolution of the size distribution of the sample as a function of temperature with a heatmap
on a logarithmic scale. The aggregate size we report in table 5.2 corresponds to the maximal
size reached at the upper temperature limit of the experiment (70 °C). The full sets of raw data
of these experiments can be found in supplementary figures 5.16 and 5.17. For the combined
chemical and thermal unfolding experiments, the data set of each protein was globally fitted to
the thermodynamic model recently presented. The global fits are shown in Figure 5.18. In order
to reduce the influence of aggregation on the fits, only samples containing urea were included in
the fit, as the simultaneous DLS measurements had shown aggregation mostly in the absence of
urea. For P004, all samples below 2 M urea were excluded on this rationale. From the global
fit over all temperatures, we then determine the stability of the IgLC, ∆G, at 37 °C. We find
a significant correlation between ∆G and the m-value, i.e. m = d∆G

d[urea] . We therefore fix the
m-value to a common value for all different light chains and focus on the resulting differences
between ∆G. Error estimates of the obtained values were obtained by 100-fold bootstrapping by
resampling the different capillaries with replacement.

5.3.7 Measurements of aggregation kinetics

Different solution conditions (acidic pH values and reducing conditions) were tested for their
potential to induce aggregation of patient-derived, purified LCs. In order to prepare the samples
at different acidic pH values (pH 2, pH 3, pH 4), protein solutions of different concentrations
were diluted from 30 mM Tris-HCl pH 7.4 1:1 into 300 mM citric acid buffer at the desired pH
value). Reducing conditions were prepared by adding 7 mM pH-adjusted TCEP to the protein
solutions of the desired concentration (5 µM, 35 µM or 100 µM). 20 µM ThT was added to allow
the detection of amyloid fibril formation. Two or three replicates of each solution were then
pipetted into a high-binding surface plate (Corning #3601, Corning, NY, USA). The aggregation
kinetics were monitored in the presence and absence of small glass beads (SiLibeads Typ M,
3.0 mm). The plates were sealed using SealPlate film (Sigma-Aldrich #Z369667). The kinetics
of amyloid fibril formation were monitored at 37 °C. either under continuous shaking (600 rpm)
or under quiescent conditions by measuring ThT fluorescence intensity through the bottom of the
plate using a FLUOstar (BMG LABTECH, Germany) microplate reader (readings were taken
every 150 or 300 seconds). In order to compare the factor of the increase of the ThT fluorescence
emission intensity between the samples, the ThT fluorescence emission intensity at the end of
the experiment was compared with the lowest emission value. The halftimes of the aggregation
reaction are defined as the point where the ThT intensity is halfway between the initial baseline
and the final plateau. The halftimes were obtained by individually fitting the curves using the
following generic sigmoidal equation [523]:

Y = yi +mit +
y f +m f t

1+ e−(
t−t50

k )
(5.1)

Where Y is the ThT fluorescence emission intensity, t is the time and t50 is the time when 50 % of
maximum ThT fluorescence intensity is reached. The initial baseline is described by yi +mit and
the final baseline is described by y f +m f t. While this equation does not describe the underlying
molecular processes of aggregation, it does allow an accurate determination of the macroscopic
parameters of each experiment. At the end of the experiments, the amount of aggregated protein
was determined by combining the replicates and centrifuging the aggregation product for 1 h at
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13200 rpm and measuring the soluble content by UV-absorbance at 280 nm, and correcting for the
absorbance of the ThT. In order to investigate whether the aggregation can be seeded at acidic pH,
fibrils were produced by incubating 35 µM protein solution at pH 3 and pH 4 in a high-binding
plate and in a 2 ml Eppendorf tube in presence of glass beads under shaking conditions at 37 °C.
The presence of fibrillar aggregates was confirmed by AFM. These aggregates were used as
seeds by monitoring the aggregation kinetics in the presence of preformed fibrils obtained from
the plate and from the Eppendorf tube. Before performing the experiment, the seed-solutions
were homogenized using an ultra-sonication bath Sonorex RK 100 H (Bandelin, Germany)
for 300 s.The seeded aggregation experiments were performed in high-binding surface plates
under quiescent conditions with 35 µM P016 monomer and the preformed fibrils were added
as seeds to a final concentration of 5 % of the monomer solution at the desired pH value. The
seeds were added either at the beginning or after 6 h pre-incubation of the monomer solution
at 37 °C. We furthermore investigated the seeding potential at neutral pH, where the protein
remains largely intact. We used pre-formed fibrils, which were produced at pH 3 and pH 4 in
an Eppendorf tube as described above with 100 µM. The seeds were additionally washed to
remove the soluble fragments by centrifuging the sample at 40.000 rpm at 20 °C for 45 min and
resuspending the pellet in 150 mM citric acid. This washing procedure was carried out three
times. The seeded aggregation experiments were performed in high-binding surface plates under
agitation conditions with 50 µM monomer solution and fibrils added to a final concentration of
5 %.

5.3.8 Light scattering experiments

The influence of a reducing agent on different light chain samples (P001, P006, P013, P017
and P020), in particular their aggregation behaviour, was characterized at a temperature of
37 °C under quiescent conditions by static and dynamic light scattering. The experiments
were performed using a 3D cross-correlation set-up (LS Instruments AG), which suppresses
contributions from multiple scattering to the correlation function [457]. These measurements
were done at a scattering angle of 90° with a He-Ne laser (wavelength 632.8 nm, power 32 mW,
JDSU), a pair of avalanche photodiodes (Perkin-Elmer) and a multitau digital correlator. Time
traces of the scattered intensities of samples containing 35 µM LC monomer and 7 mM TCEP
were monitored for up to 20 h in consecutive 120 s intervals which, in most cases, resulted in
well-defined intensity cross-correlation functions. Photon count rates were averaged over this
time interval to yield total scattered intensities (with contributions from singly and multiply
scattered photons). As the correlation functions are dominated by a single exponential decay, the
cumulant method up to second order [458] was applied to infer the average and variance of the
decay rate. Typically, the variance ranged between 0.4 and 1.0, which indicates a broad peak of
the intensity-weighted size distribution and hence a large polydispersity. The (hydrodynamic)
aggregate size, i.e., the mean hydrodynamic radius, is estimated based on the average decay
rate via the Stokes-Einstein equation, assuming the aggregates to be spherical and the viscosity
of the surrounding medium to be that of water [524]. Once the aggregates become very large,
multiple scattering becomes important and the large aggregates are expected to sediment out of
the scattering volume, such that the aggregate size can no longer be inferred from the correlation
functions. Long-time data showing signs of these effects are excluded.

5.3.9 Circular dichroism (CD) spectroscopy

The influence of reducing conditions on the light chain structure was measured by circular
dichroism (CD) spectroscopy. A solution of 35 µM protein, 10 mM phosphate buffer pH 7.4
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and 7 mM TCEP was incubated in Eppendorf tubes at 37 °C under quiescent conditions and an
aliquot was taken after 1.25 h, 5 h, 24 h and 48 h. The sample was diluted to an concentration
of 9.23 µM with 10 mM phosphate buffer and Far-UV CD spectra were recorded on a JASCO
J-810 instrument (Tokyo, Japan) equipped with a Peltier thermally controlled cuvette holder. The
spectra were recorded from 260 nm to 190 nm.

5.3.10 Prevention of aggregation kinetics at acidic pH values

In order to investigate whether the cleavage of the IgLCs at acidic pH values was responsible
for the amyloid fibril formation, we tested whether inhibiting some of the identified proteases
will prevent the formation of ThT-positive aggregates. Therefore the LCs (35 µM monomer
concentration) were incubated as described above in a high binding surface plate under quiescent
conditions in the presence of 10 µM pepstatin A and E-64, respectively. E-64 is an irreversible
and highly selective cysteine protease inhibitor, pepstatin A is a reversible inhibitor of acidic
proteases (aspartic proteases) and can be used in a mixture with other enzyme inhibitors. Further
experiments were conducted with P005 and P016 in the presence of 1 µM pepstatin A or E-64 or
1 µM or 10 µM pepstatin A and E-64 under agitation conditions. The morphology of aggregates
were investigated by AFM.

5.3.11 Atomic Force Microscopy (AFM)

Atomic force microscopy height-images were acquired after the aggregation kinetic measure-
ments. 10 µL of each sample (after diluting 1:4 with dH2O) was deposited onto freshly cleaved
mica. After drying, the samples were washed 5 times with 100 µL of dH2O and dried under
gentle flow of nitrogen. AFM images were obtained using a NanoScope V (Bruker) atomic
force microscope equipped with a silicon cantilever ScanAsyst-Air with a tip radius of 2-12 nm.
The images were analyzed with the software Gwyddion 2.56 to measure height profiles and
investigate a possible twist of the fibrillar aggregates.

5.3.12 Microfluidic diffusional sizing and concentration measurements

Fluidity One is a microfluidic diffusional sizing (MDS [408]) device, which measures the rate
of diffusion of protein species under steady state laminar flow and determines the average
particle size from the overall diffusion coefficient. The protein concentration is determined by
fluorescence intensity, as the protein is mixed with ortho-phthalaldehyde (OPA) after the diffusion,
a compound which reacts with primary amines, producing a fluorescent compound [409]. To
measure the influence of pH on the average size of the molecules in the solution, the protein was
pre-incubated at acidic pH values with 150 mM citric acid (pH 3 or pH 4). The LC solution was
incubated in an Eppendorf tube at 37 °C under quiescent conditions. After different incubation
times, 6 µL of the solutions was pipetted onto a disposable microfluidic chip and measured with
the Fluidity One (F1, Fluidic Analytics, Cambridge, UK).

5.4. Results
This study is based on the detailed study of 9 different immunoglobulin light chains (1 isotype λ

and 8 isotype κ) which were purified from urine samples of patients with a monoclonal light
chain disease related to different types of multiple myeloma. These light chains were selected
from a previous study [17] and the criterion for inclusion into the present extended in vitro study
was the accessibility and a degree of purity of light chain proteins which enables a detailed
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analysis with biophysical techniques, as well as de novo sequencing. We set out to perform
a comprehensive characterisation of the thermodynamic and aggregation properties of these
light chains with the aim to combine this information with the sequences that we obtained from
a parallel sequencing effort. To this end, we have combined a wide array of state of the art
biophysical and biochemical methods into the ThAgg-Fip approach, which, in the form presented
here, is specifically suited for the characterisation of IgLCs, but can be easily adapted to capture
the key properties of any type of aggregating protein. The resulting ThAgg fingerprints are listed
in table 5.2.

5.4.1 Dimerisation of the light chains

We first set out to robustly characterise the monomer-dimer distribution of the IgLCs. The
tendency of disease-related overproduced immunoglobulin light chains to dimerise has previously
been proposed to correlate with the protein’s tendency to form amyloid fibrils [272, 498]. In
a previous study, we determined the degree of dimerization with non-reducing SDS-PAGE
gels [17]. Here we aimed to improve our previous results by both sedimentation velocity
analytical ultracentrifugation (AUC), as well as mass spectrometry. AUC allows the analysis
under native conditions in solution and mass spectrometry allows unique identification of protein
monomers and multimers. Taken together, these techniques provide a very accurate picture of
the monomer-dimer distribution of the light chain proteins in solution. None of the examined
LCs occurs exclusively in its monomeric form, but P001 is exclusively dimeric. The results of
the three different methods are displayed in Figure 5.1 C. The three techniques exhibit similar
outcomes. Especially P001, P004 and P006 behaved in the AUC- and the MS-measurement very
similar, despite the different sample treatments before the measurements. The light chains were
purified by size-exclusion chromatography (SEC), aliquoted, frozen and thawed before the AUC-
measurement. Prior to the MS-measurements the samples were dialyzed against ammonium
bicarbonate after the SEC and freeze-dried. The chromatograms of the different samples with
the fractions used for the experiments marked can be found in the supplementary information
(Figure 5.13). All experiments of the current study were conducted with specific fractions in
order to standardise the preparation since the peaks are not always symmetrical. Therefore a bias
of the measured dimer fraction due to differences in sampling can not be fully excluded.

Figure 5.1: (A) The distribution of sedimentattion coefficients (c(s)) determined by sedimentation
velocity AUC experiments at 60.000 rpm of two light chains (P004 and P017) as an example. (B) The
monomer (light blue), dimer (dark blue) and other (grey) content measured by AUC. (C) The fraction
of dimer measured in relation to the overall amount of native light chains (monomer and dimer) by the
AUC against the fraction detected by MS-measurements (black) and by SDS-PAGE (green) [17].
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The fractions of monomer and dimer displayed in Figure 5.1 A are extracted from sedimentation
velocity c(s) profiles derived from the AUC SV measurements (Figure 5.14). Both species
could be fitted as two distinct distributions in the displayed samples. As "other", we denote the
additional contents of the samples, for example HSA (in P020) or aggregates, but also particles
which are not sedimenting. The measured average s-value for the monomer is 2.32 S±0.07
and for the dimer 3.53 S±0.18. The c(s) profiles of P007 and P013 displayed only one species
situated between the s-value of a monomer and a dimer. Applying the c(s, ff0)-model to the SV
experiments, where the form-factor is fitted for each individual species, it becomes discoverable,
that the structure of the dimer differ greatly within the sample set. The dimers can be very
globular e.g. P020 with a f/f0 of 1.01 or elongated such as P006 f/f0 of 2.17 and P007, P013 and
P017 f/f0 between 1.62 and 1.79. Therefore the intriguing characteristic of dimers appears to
be the their structure and interface. This should be analysed in greater detail in the future, for
example with crystallisation experiments or NMR.

5.4.2 Thermal and chemical stability and thermally induced aggregation

We had previously characterised the thermal stabilities of these and other IgLCs by differential
scanning calorimetry (DSC, [17]), and we had observed that very different percentages of the
light chains re-folded upon cooling after complete thermal unfolding. Here we performed similar
experiments at high resolution by monitoring the intrinsic Trp fluorescence of the IgLC samples
as a function of temperature at different protein concentration, while simultaneously performing
dynamic light scattering (DLS) experiments. Examples of such experiments (for P007 and P017)
are shown in Figure 5.2 a and d. At the beginning of the experiment, the monomeric protein
dominates the DLS signal in all cases. We found a dependence of both the unfolding temperature,
as well as the temperature of onset of aggregation, on the protein concentration. Furthermore,
the onset and degree of aggregation vary considerably between the samples. Aggregation can
start significantly before (e.g. P001) or after (e.g. P006) the midpoint of unfolding. Furthermore,
the aggregate sizes vary between sizes below 10 nm (e.g. P016) and sizes of several µM (e.g.
P007). We also followed the degree of re-folding by cooling the samples down and found that
most samples (except P006 and P017) show no re-folding.

Next, we extended these measurements by analysing samples at different denaturant concentra-
tions, and performing a temperature ramp; examples are shown in Figure 5.2 b and e, where
the fluorescence ratio (350 nm/330 nm) and the DLS size distributions are shown. As expected,
the proteins become increasingly destabilised at higher temperatures. Interestingly, we find that
significant aggregation is only observed in the absence of urea, as well as for the 1-2 lowest urea
concentrations. This information allowed us to perform a global fit to a model of the temperature-
dependent IgLC thermodynamic stability where we excluded the samples where aggregation was
observed. Details of the modelling, which was performed directly on the fluorescence intensity
rather than the ratio, can be found in the methods section. All the global fits can be found in
supplementary figure 5.18. While this analysis allows to define the stability at any temperature
in the measured interval, see Figure 5.2 c and f, we report only the folding free energy, ∆G, at
37 °C as a measure for the protein stability in table 5.2.

5.4.3 Effect of reducing conditions on the light chain proteins

Based on the rapid emergence of the aggregates formed upon thermal unfolding, it seems likely
that these are disordered, amorphous aggregates. However, in our previous study we had observed
the formation of amyloid fibrils by these IgLCs under some conditions, despite the fact that
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Figure 5.2: Differential scanning fluorimetry and dynamic light scattering of IgLCs. The principle
of the experiment is illustrated with two samples, P007 (Panels a,b,c) and P017 (d,e,f). Experimental
details can be found in the methods section. a),d) Thermal unfolding and aggregation at different
protein concentrations. b),e) Thermal unfolding at different concentrations of urea. c),f) fractions of
unfolded protein as a function of urea concentration (0 to 5.36 M in 8 steps) at different temperatures.
The fits to the raw data can be found in supplementary figure 5.18

these samples stem from patients that did not have confirmed LC amyloidosis in most cases. We
therefore set out to investigate this phenomenon systematically and in more depth. The light
chain monomer solutions are highly stable at neutral pH at room temperature and at 4 °C, which
was confirmed by SDS-PAGE and sedimentation velocity experiments after incubation over a
number of days (data not shown). Hence we investigated the aggregation behaviour of the LCs
under native-like conditions by incubating the samples in 30 mM Tris-HCl, pH 7.4 at 37 °C
under permanent shaking in the presence of the fluorescent, amyloid specific dye Thioflavin-T
(ThT). We could not observe any positive ThT-signal (supplementary figure 5.20), which is in
agreement with published studies [244, 267].

Since previous studies showed a possible aggregation inducing effect on light chain proteins [267,
498], we examined the influence of reducing conditions (7 mM TCEP) on the aggregation
behaviour by incubating different monomer concentrations (5 µM, 35 µM and 100 µM) at 37 °C
under shaking conditions. The extracted increase of fluorescence intensities compared to the
lowest signal and aggregation halftimes are shown in Figure 5.3. The halftimes correspond
to the time point when the ThT intensity has reached half of the value between the initial
baseline and the final plateau value and can be used as a macroscopic parameter to describe
the aggregation kinetics. The halftimes are only displayed if an increase in ThT fluorescence
intensity indicates amyloid fibril formation. All investigated LCs except of P001, P013 and
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P020 showed ThT-positive aggregation. The aggregation time courses are qualitatively similar,
and P005 displays the most rapid aggregation with halftimes of 4.01 h±0.04 h (5 µM monomer
concentration), 1.96 h±0.13 h (35 µM monomer concentration) and 1.12 h±0.09 h (100 µM
monomer concentration) and P016 the slowest with halftimes of 49.9 h±0.52 h (5 µM monomer
concentration), 25.34 h±1.61 h (35 µM monomer concentration) and 13.21 h±0.91 h (100 µM
monomer concentration). We therefore see a clear concentration-dependence of the aggregation
kinetics, as expected for a nucleated polymerisation process, such as amyloid fibril formation.
The observed fluorescence signal at the end of the experiment of the samples with 5 µM initial
monomer concentration is quite weak, suggesting that only modest quantities of fibrils are
formed at this low concentration. The time courses of the aggregation did not present the typical
sigmoidal shape of unseeded amyloid fibril formation. No significant lag time was observed, and
the ThT-signal decreases briefly in the beginning prior to the subsequent substantial increase.
The initial decrease in signal can be explained to some extent by the influence of the increase in
temperature on the fluorescence, when the multiwell plate is brought from room temperature
to the temperature of the experiment. However in some cases the initial decrease lasts several
hours and cannot fully be explained by temperature effects. The relative increase in ThT signal
was derived by comparing the fluorescence intensities between the lowest and highest values of
the time course. The three replicate samples per condition were combined after the aggregation
experiment and the soluble protein concentration was determined. P006, P016 and P017 were
found to not having fully converted into aggregates, even though a plateau value in fluorescence
was reached. AFM imaging confirmed a mixture of amorphous and fibril-like structures in the
ThT-positive samples. In the LCs which showed no ThT-positive aggregation (P001, P013 and
P020), the protein was nevertheless found to have aggregated almost completely and to have
formed large, amorphous aggregates, which are even visible by eye.

The aggregation kinetics of ThT-negative aggregates can be monitored by dynamic light scat-
tering (DLS, Figure 5.3) and AUC sedimentation velocity experiments. While DLS allows the
emergence of aggregates to be determined at high sensitivity, AUC allows to follow the change
in relative populations between dimer and monomer through the time dependence of the c(s)
distribution. The dimeric P001 appears to be stable over the the 15 h incubation, but mono-
merization can be followed using the weight average s20, w (Figure 5.3 D). The sedimentation
velocity experiments moreover provided evidence for an additional fragmentation of the proteins,
which is, however, distinctly slower than at acidic pH values as described below (supplementary
figure 5.22). The secondary structure of the native LCs is dominated by β -sheet secondary
structures. The amount of β -sheet structure is reduced over time when the LCs are incubated
under reducing conditions. The formation of amorphous aggregates can not be distinguished
from the ThT-positive aggregation with the aids of CD-spectroscopy and their analysis with
BeStSel [? ] (supplementary figure 5.21). The CD-spectra were measured with samples which
were incubated in phosphate buffer, because Tris-HCl is not transparent below 230 nm, hence
we checked the comparability of aggregation behaviour under both buffer conditions for P006 as
an example (supplementary figure 5.20 B).

5.4.4 LC aggregation at acidic pH values

In our previous study we found that some of the investigated light chains formed amyloid fibrils
at mildly acidic pH values (pH 4). These aggregation experiments were conducted in non-binding
surface plates under mild mechanical agitation [17]. As we detected a strong influence of the
nature of the surface on the aggregation kinetics, particularly at acidic pH values, we examined
the aggregation behaviour of the selected light chains at pH 2, pH 3 and pH 4 in high-binding
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Figure 5.3: (A) ThT fluorescence aggregation assay of the LC samples in the presence of 7 mM
TCEP at pH 7.4 measured in high-binding surface plate under agitation conditions. The different
colour shades indicate the different monomer concentrations: light: 5 µM ; intermediate: 35 µM ; darK:
100 µM . (B)(C) Aggregation assays of P001, P013 and P020 (35 µM ) in the presence of 7 mM TCEP
under quiescent conditions monitored by light scattering. (B) Time evolution of the averaged total
scattered intensity I and (C) of the mean hydrodynamic radius R. (D) Weight average s20, w of the c(s)
distribution between 1.5 S and 5 S. The higher line (approximately 3.5 S) represents the s-value of the
dimer determined in the absence of TCEP, the lower line (approximately 2.4 S) represents the s-value
of the monomer. The average s-value was determined between 1.5 S and 5 S for the samples without
TCEP (grey), after 75 min (blue), 5 h (green) and 15 h (red) incubation with 7 mM TCEP. Overview of
the effect of TCEP on LC aggregation assayed by (E) increase of ThT fluorescence intensity compared
to the lowest signal, (F) the halftime of the aggregation and (G) relative fraction of aggregated protein
determined by measuring the remaining soluble content after centrifuging the endproduct of the aggreg-
ation reactions. The three replicated per condition were combined before centrifugation. The halftimes
are only displayed, if any fibril formation is detected by an increase in ThT fluoresence intensity.

plates (Figure 5.4). All samples displayed an increase in ThT fluorescence intensity, except of
P001 and P017 at pH 4, but the relative increase in the fluorescence intensity differs significantly
between the samples. The fastest aggregation kinetics can be detected at pH 3. When the
aggregation experiment was conducted in a non-binding surface plate (in the presence of glass
beads and under agitation conditions) only some of the IgLCs featured ThT-positive aggregation
(data not shown). P013 formed fibrils in a non-binding surface plate at all pH conditions (pH 2-
pH 4), P005 at pH 4 and pH 3, P001 only at pH 3 and P020 at pH 2. In figure 5.4G, AFM height
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images of products from the aggregation experiment at pH 2 are shown. The detected amyloid
fibrils appeared very differently in the different samples: as mature short fibrils (P004), as mature
long fibrils, which are associated with amorphous aggregates (P006), as a mixture of mature and
single-stranded fibrils (P005) or as mainly single-stranded and protofibrils (P013, P020). We
found no correlation between the time scale of the aggregation and the appearance of the fibrils.

Figure 5.4: ThT fluorescence aggregation assay of the LC samples at (A) pH 2, (B) pH 3 and (C) pH 4
monitored in high-binding plates in the presence of glass beads under conditions of mechanical agita-
tion (top). The aggregation kinetics are analysed by the (D) increase of intensity and (E) aggregation
halftime. (F) AFM-height-images of LC samples after aggregation at pH 2. The image scale is 5 x 5 m.
The colour range represents the height from -2 to 15 nm, (G) distribution of the fibril height in nm.

Since the aggregation at pH 3 is the most rapid we examined the aggregation behaviour of the
LCs at different monomer concentrations (5 µM, 35 µM and 100 µM) under this pH condition.
The plate was shaken in the absence of glass beads. Apart from P001, whose aggregation had no
lag time, the aggregation kinetics followed the typical amyloid formation reaction at first glance.
But solely P004, P006 (35 µM and 100 µM), P007 and P017 displayed a lag phase, a rapid growth
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phase and a steady-state phase. The lag phase can last for several hours, but as soon as the growth
phase started, the aggregation reaction was very fast. After reaching the steady-state phase, the
ThT-signal was found to decrease in the case of the samples at 100 µM concentrations. This
decrease can be explained by the formation of insoluble, big aggregates, which sediment and
disappear out of the focus of detection. The relative increase in fluorescence intensity was found
to be very substantial in some cases; for example for P004 and P007 the intensity increased
by a factor of over 1000. P004 aggregated as one of the fastest at the concentrations of 35 µM
and 100 µM, however showed a twice longer halftime at 5 µM. The aggregation process of the
remaining samples (P005, P013, P016 and P020) was found to be more complex, because it
features a bi- or triphasic behaviour.

Interestingly, compared to the aggregation behaviour under reducing conditions, the supernatant
still contained a significant amount of soluble protein after the aggregation assays. We tested the
influence of glass beads and preformed fibrils (seeds) on the aggregation kinetics of P016 in more
detail as an example (supplementary figure 5.23). We pre-incubated the protein (35 µM monomer
concentration) at pH 3 and pH 4 in a high-binding surface plate and added glass beads after 24 h
or preformed fibrils after 6 h. The glass beads which were added after the pre-incubation had no
accelerating effect on the amyloid formation compared to glass beads added at the start of the
aggregation assay (pH 4) or merely shaking (pH 3). We found that the amyloid fibril formation
could be seeded by adding pre-formed fibrils (seeds). However the amyloid kinetics were not
typical for strongly seeding experiments, especially at pH 4. At this condition, even though the
seeds accelerated the fibril formation significantly, a lag time was still observed. If the proteins
were pre-incubated at this mildly acidic pH, on the other hand, rapid aggregation was observed
from the moment of addition of the seeds at pH 3.

We used as seeds both fibrils which had been prepared in a high-binding surface plate in the
presence of glass beads, as well as fibrils which had been prepared in the same volume in an
2 ml Eppendorf tube with glass beads. The presence of fibrils were confirmed using atomic force
microscopy. A selection of AFM images from fibrils prepared in a plate and an Eppendorf tube
can be found in supplementary figure 5.24. Although the presence could be validated, the total
ThT-fluorescence intensity was lower if seeds prepared in an Eppendorf tube were used.

The influence of the pre-incubation of the monomer at acidic pH suggests a possible modification
that the monomeric proteins might undergo under these conditions. We therefore set out to probe
whether the proteins can undergo fragmentation. For this purpose the samples were incubated
in an Eppendorf tube at 37 °C under quiescent conditions, in order to slow down as much as
possible the formation of amyloid fibrils. The samples were analysed at different time points
using SDS-PAGE and the microfluidic diffusional sizing [408] device FluidityOne (Figure 5.6).
The time course of the relative proportions of native LCs (monomer and dimer combined) was
determined by SDS-PAGE. Incubation at pH 3 was found to have a strong effect on the size
of the monomeric protein; already after one hour incubation, almost no full length protein
was found to remain. Only P001, which occurs only in a dimeric form, partly resisted acid
induced degradation over several hours. At pH 4 the samples were found to be more resistant,
but after an incubation of 24 h the LCs were found to be fragmented to between 50 and 100
percent. The fragmentation at pH 2 was found to be faster than at pH 4, but slower than at
pH 3. P013 and particular P001 were found to be comparatively more resistant against the
pH 2 fragmentation. The fragmentation of the LCs at pH 3 and pH 4 could also be observed
with the FluidityOne instrument, which allows to measure the average radius of the samples
and the protein concentration. The rapid fragmentation of the light chains at pH 3 was also
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Figure 5.5: (A) ThT fluorescence aggregation assay of the LC samples at pH 3 in the presence of glass
beads measured in high-binding surface plate under agitation conditions. The different colour shades
indicate the different monomer concentrations: light: 5 µM intermediate: 35 µM; darK: 100 µM. Over-
view of the effect of pH 3 on LC aggregation assayed by (B) increase of ThT fluorescence intensity, (C)
the halftime of the aggregation and (D) relative fraction of aggregated protein determined by measuring
the remaining soluble content after centrifuging the end product of the aggregation reactions. The three
replicates per condition were combined before centrifugation.

visible in the FluidityOne, the radius decreased in the first hour by about 1 nm and the LC
samples have an average radius of around 1 nm after 160 h, which comply approximately to
the average radius at pH 4 after the incubation duration. P013 appeared stable at pH 4, but the
measured concentration displayed a strong decrease, which can possibly be explained through the
formation of aggregates. Both amorphous aggregates and amyloid fibrils are not detected in the
same quantitative manner by the FluidityOne instrument, because large aggregates may not be
able to enter the microfluidic channels. Furthermore, aggregates may not be as efficiently stained
by the fluorescent modification used for protein quantification in the FluidityOne (Figure 5.6 B).

Such an efficient fragmentation of the IgLCs at mildly acidic pH and room temperature cannot
easily be explained by hydrolysis of the polypeptide backbone. We therefore investigated the
results of our mass spectrometric analysis REF of the patient-derived samples for the possible
presence of proteases. The mass spectrometric data indeed revealed the presence of different
cathepsins in the LC samples purified from patients urine. The list of cathepsins detected in
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Figure 5.6: The influence of acidic pH (left: pH 2, middle: pH 3, right: pH 4) on the LC samples. (A)
The fraction of native protein (monomer and dimer combined) at different incubation times determined
by SDS-PAGE and (B) the radius in nm and the normalized concentration measured by FluidityOne.

the samples can be found in table 5.1. Cathepsins are predominantly endopeptidases, which
are located intracellularly in endolysosomal vesicles, but can furthermore be found in the
extracellular space. They are important regulators and signalling molecules of various biological
processes and are involved in the production of inflammatory cytokines and enhancement of
tumour development [525, 526]. The activity of cysteine cathepsins are increased at slightly
acidic pH values and are mostly unstable at neutral pH [526, 527].

Table 5.1: List of different cathepsins which were found in the samples by means of their MS/MS count.
The MS/MS count represents the number of MS/MS spectra leading to an identified protein. The black
numbers indicate an confident identification of the protein. Proteins, which are only found with one
peptide, are not valid (number coloured in grey).

In order to probe whether the fragmentation of the IgLCs at acidic pH values was caused by
the present cathepsins, we incubated the samples with protease inhibitors. As inhibitors we
choose E-64 and pepstatin A. E-64 (trans-Epoxysuccinyl-L-leucylamido(4-guanidino)butane)
is an active-site directed, irreversible inhibitor of cysteine proteases and is known to inhibit
cathepsin B, cathepsin L, cathepsin H and cathepsin Z [528, 529, 530, 531, 532]. Pep-
statin A (isocaleryl-L-valyl-L-valyl-4-amino-3-hydroxy-6-methylheptanoyl-L-alanyl-4-amino-3-
hydroxy-6-methylheptanoic acid) is a very selective and potent inhibitor of cathepsin D, which
is one of the major aspartyl endopeptidases in mammalian cells and has an pH-optimum at a pH
of 3.5-5 [533]. Cathepsin D was the second most frequently cathepsin present in the samples (in
P017 it had the highest fraction) [534].
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The LCs (35 µM monomer concentration) were incubated at pH 3 in the presence of 10 µM
pepstatin A and E-64 in a high-binding plate and the potential aggregation was followed by
the increase of ThT-fluorescence intensity (Figure 5.7). With the exception of P005 and P006,
all samples showed an increase in ThT-signal. However, the ThT intensity was found to only
increase by a factor of approximately two, which is almost negligible compared to the increase
observed in the absence of protease inhibitor. As control, pepstatin A and E-64 alone and in
combination did not display an increase in ThT signal.

AFM-imaging of the samples displayed small, globular oligomeric structures, very different
from the mature aggregates observed to form in the absence of the protease inhibitors. P006
and P016, which did not or slowly aggregate, showed slightly elongated aggregates, which
may be pre-fibrillar structures. While the incubation of the samples at pH 3 led to a complete
fragmentation of the native LCs, the presence of the inhibitors was found to maintain the IgLCs
in their original size, even after incubation for 50 h (Figure 5.7 C).

Figure 5.7: (A) ThT-fluorescence aggregation assay of the LC samples at pH 3 in the presence of
10 µM pepstatin A and 10 µM E-64 measured in a high-binding surface plate at 37 °C and (B) the ex-
tracted factor of the intensity increase. (C) The light chains were analysed by non-reducing SDS-PAGE
after incubation for 50 h in presence of the inhibitors (+) and without (-). (D) AFM-height-images
of the products of the aggregation assay after 50 h. The image scale is 2 x 2 µM. The colour range
represents the height from -1 to 5 nm.

The influence of the two different protease inhibitors was further examined at pH 3 and pH 4 for
the aggregation of P005 and P016 under agitation conditions. The light chains were incubated
with 10 µM or 1 µM both inhibitors or with 1 µM of only one inhibitor. E-64 alone showed no
effect on the aggregation kinetics of P005, but prolonged the aggregation of P016 at pH 3. Even
though there was only a weak increase in ThT signal, we could confirm the presence of fibrillar
structures in P016 at pH 3 in the presence of the inhibitors. In addition to the fibrils, also some
small elongated oligomers could be seen in the AFM images of P016 incubated with inhibitor.
The fibrils were twisted, even though the fibrils of P016 at pH 3 usually displayed no twist. The
period of the twist were not equivalent to that of the fibrils formed at pH 2 and pH 4 in the
absence of protease inhibitor.
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Figure 5.8: Influence of two different protease inhibitors pepstatin A and E-64 on the aggregation kin-
etics of the samples P005 at (A) pH 3 and (B) pH 4 and (C) P016 at pH 3 monitored in a high-binding
plate under agitation conditions. (D) AFM-height-images of aggregated P016 at pH 2 (purple), pH 4
(blue), pH 3 (cyan) and pH 3 in presence of 10 µM pepstatin A and E-64 after 70 h and the extracted
height profiles of different fibrils (top left) and the width of the twist (bottom left). Fibrils at pH 3 do
not display any twist. The image scale is 5 x 5 µM. The colour range represents the height from -2 to
15 nm.

Finally, we tested whether the fibrils which form from the fragmented light chains can induce
the aggregation of the intact light chain. Therefore we incubated the proteins at 55 °C, where the
IgLCs are partly to fully unfolded (see supplementary figure 5.16) and added seeds which were
produced at pH 3 or pH 4 (supplementary figure 5.26). Except for P006 and P017, no increase in
ThT fluorescence intensity was observed.

5.5. Discussion
The problem of rationalising the aggregation behaviour of immunoglobulin light chain is a
formidable one, given the fact that every single patient will present a light chain with a different
amino acid sequence. In particular the question as to which factors determine whether a given
light chain forms amyloid fibrils or amorphous aggregates has been extensively studied in recent
years []. Various biochemical and biophysical properties, such as thermodynamic stability [257,
258, 264], propensity to form dimers [272, 498], ability to refold [264] or proteolytic digestibility
as a proxy for protein dynamics [] have been proposed to correlate with one or the other type
of aggregate formation. In this study, we have performed an in depth characterisation of these
and additional factors for 9 patient-derived light chains. A complete overview over the data
can be found in table 5.2. None of these 9 samples stems from an amyloidosis patient, and yet
the aforementioned biophysical and biochemical properties span the full range of dimerisation,
thermal and chemical stability, refolding, digestability etc. In addition to these parameters, we
also characterise the overall aggregation behaviour, induced by heat, reducing conditions and
low pH. Overall, our ThAgg-Fip approach yields a unique thermodynamic and aggregation
fingerprint of each of the light chains. While different patient-derived light chain may appear
similar if characterised only in a single dimension, such as thermal stability, a multiparametric
investigation, such as the one we present here, highlights the uniqueness of each light chain.
However, despite this uniqueness in overall behaviour, we made the remarkable discovery that
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Table 5.2: Overview over the thermodynamic and aggregation fingerprints of the IgLCs of this study.
*m-value fixed for all samples **different m-value allowed in fit ***Only one population with intermediate
S-value detected

every one of the IgLCs of our study can form amyloid fibrils under physiologically relevant
conditions. While the physiological relevance of strongly reducing conditions is debatable, mildly
acidic pH values are physiologically relevant and can be encountered by IgLCs in the kidney due
to lysosomal proteolysis [380] and a decreased pH with a progressive chronic kidney disease
(CKD) [535]. Low pH values have also previously been reported to facilitate IgLC aggregation
[264, 536]. We were able to confirm the formation of amyloid fibrils within all investigated LCs,
using ThT-fluorescence assays and AFM. Furthermore, we were able to identify the presence
of proteases, most notably cathepsins, as decisive for amyloid fibril formation, because of their
ability to fragment the full-length protein under physiological relevant mildly acidic conditions.



5.5. Discussion 87

It has been reported before that fragments of LCs, particularly of the variable domains are able
to form amyloid fibrils [241], and it has even been proposed that the cleavage of the C-terminal
is important to initiate the aggregation process [537]. It has, however, also been proposed that
proteolytic cleavage may occur after fibril formation [238]. Similarly, reducing conditions can
also in most, but not all, cases facilitate the formation of amyloid fibrils. The finding that all
our investigated samples are able to form amyloid fibrils is ever more remarkable, as none of
our IgLCs appear to form amyloid fibrils in the patient. In order to understand this discrepancy,
we determined the amino acid sequences of all 9 samples investigated in this work, and in
addition the sequence of the single IgLC from an amyloidosis patient (P011) in our larger data
set [17]. The amino acid sequences of the light chain proteins was determined by a combination
of top-down and bottom-up proteomics with specific data analysis for patient-derived light
chains. The development and details of this workflow are the subject of a separate publication
(Chapter 4), where we also discuss some of the specific features of the individual IgLCs. An
alignments of the full length amino acid sequences of the two λ light chains P001 and P011 and
of the eight κ light chains P004, P005, P006, P007, P013, P016, P017 and P020 are presented
in the supplementary materials (supplementary figures 5.11 and 5.12). The constant regions of
the κ light chains are identical, apart from P013, which has a valine mutated to a leucine. An
alignment of only the variable regions can be found in Figure 5.9.

The sequences contain five cysteine residues which stabilise the monomers by two disulfide
bridges between C23 and C87-89 and between C133-C135 and C193-195. The fifth cysteine is
cysteinylated in the monomer and is responsible for the disulfide bridge in the dimer. However
P001 contains two additional adjacent cysteins at position 99 and 100. Besides the displayed
sequence we detected an additional LC proteoform in two samples (P004 and P017), and we were
able to determine the sequence of the second isoform in P004, which contains two homodimers
and one heterodimer, while P017 contains only one homodimer and one heterodimer. By means
of the intact mass analysis by mass spectrometry we detected in the sample P011, which stems
from the only confirmed amyloidosis patient in our cohort, two other proteins with a similar
mass of 20,9 and 21.1 kDa at high abundance in addition to the light chain. This contamination
prevented a detailed and accurate biophysical analysis of this sample. Therefore we excluded
P011 from the further experiments and analysed solely its amino acid sequence. We used the
international immunogenetics information system (IMGT) to search for the germline sequences
of the investigated light chains. Both lambda LCs have a different origin; P001 from IGLV2-11
and P011 from IGLV1-40, which explains the large differences between the sequences (Figure 5.9
A). P001 is very similar to the germline sequence; it contains only three mutations: from a serine
and an asparagine to a threonine and an additional threonine to alanine mutation.

The kappa LCs origin from four different germline sequences. P005 from IGKV1-39, P004 from
IGKV3-20, P007 P013 and P020 from IGKV1-5 and P006, P016 and P017 from IGKV1-33
(Figure 5.9 B). The secondary structure of light chains is dominated by β -strands. In order
to be able to judge a possible influence of the mutations on the native structures, we searched
the pdb for three-dimensional structures of the variable regions of the appropriate germline
sequence and highlighted the positions of the mutated amino acids (Figure 5.9 C). The sequence
changes of P004 and P005 could have a significant impact on the structure, because they affect
different β strand regions. The sequence changes identified for P013, P020, P016 and P017, on
the other hand, are mainly in the loop regions. In future work we will attempt to crystallize the
patient-derived light chains in order to elucidate the impact of the mutations on protein structure.
A previous study applied computational predictions using ZipperDB [483] to identify so called
steric zippers that drive the assembly of amyloid fibrils in IgLCs [472]. Our determination of the
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amino acid sequences enabled us to apply various bioinformatic prediction tools with the aim to
rationalise the universal ability of our samples to form amyloid fibrils.

Figure 5.9: Sequences of the (A) λ and (B) κ variable domain of the germline sequences. The muta-
tions in the sequences of the LC samples compared to the corresponding germline sequence are
labelled. Mutations between isoleucine and leucine are not indicated due to the uncertainty of sequen-
cing.(C) Three-dimensional structure of the variable regions of the κ germline sequences from the
RSCB protein data bank (5I1C, 3CDF, 3UPA) and UniProtKB (P01602) visualized with PyMOL 2.4.
(Schrödinger). The mutated amino acids in the investigated LCs are highlighted in colour.

We tested the amyloid propensity of the sequences with several freely available computational
algorithms such as ZipperDB [483], Waltz [486], Tango [469] and Pasta [489] (supplementary
figures 5.27 , 5.28, 5.29 and 5.30). Tango revealed the largest differences within the sequences,
whereas pasta displayed no amyloid potential in the variable domain. We also determined the
aggregation propensities of a range of κ and λ sequences from different germlines selected from
AL-Base [490] as a representative collection. The sequences were categorized depending on
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whether the patient was suffering from AL-Amyloidosis or MM. The algorithm does not identify
any clear distinctions between amyloidogenic and non-amyloid forming light chains.

Figure 5.10: Variable kappa region sequences were analyzed with Tango at (A) pH 7 and pH 3 (B).
The sequences, which originate from different germline sequences were selected from AL-Base and
were categorized whether the patient was suffering from AL-Amyloidosis or MM. IGKV1-5 (blue)
AL n=10, MM n=9; IGKV1-33 (violet) AL n=8, MM n=10; IGKV1-39 (green) AL n=10, MM n=10;
IGKV3-20 (orange) AL n=7, MM n=10. Variable lambda region sequences were analyzed with Tango
at (C) pH 7 and pH 3 (D). The sequences, which originate from different germline sequences were
selected from AL-Base and were categorized whether the patient was suffering from AL-Amyloidosis
or MM. IGLV1-40 (orange) AL n=10, MM n=5; IGLV2-11 (violet) AL n=2, MM n=11. The not-filled
circle indicates the germline sequence.

These results derived from state of the art amyloid prediction algorithms validate our findings that
the origin of the differential amyloidogenicity of IgLCs in patinets is not primarily determined
by their amino acid sequence. Our main discovery can therefore be summarised as all immun-
oglobulin light chains having a comparable intrinsic amyloidgenic potential, and the reason
that only some are able to realise this potential is to be found in the complex interplay between
intrinsic physical properties of the peptide and environmental conditions in vivo. In particular
the presence and action of proteases such as cathepsins in a patient enables the deposition in the
form of amyloid fibrils. This conclusion corresponds to a major paradigm shift in the field of
IgLC aggregation, where the origin of in vivo deposition behaviour has almost exclusively been
searched for in the sequence alone. Our findings might also hint towards a possible mechanism
for the preferential deposition of light chains in specific organs that is often observed. The
biochemical micro-environment conducive to IgLC cleavage is likely to differ both between
patients, as well as in different organs within a given patient. It is also important to stress tht it
may not be necessary to cleave the light chain quantitatively in order to allow the conversion into
amyloid fibrils. We have provided evidence in our study that full length IgLCs can be seeded
in some cases with fibrils formed under conditions that favour cleavage (see supplementary
figure 5.26). While this seeding could be very inefficient, it may still be relevant over clinical
time scales. In a previous study we tried to correlate the severity of kidney damage of the
patients which is possibly caused by various degrees of protein deposition, with the biophysical
and biochemical characteristics of the LCs [17]. In the present, significantly extended study,
we employed ThAgg-fingerprinting and found that apart from the universal amyloidogenicity,
every IgLC has a unique fingerprint. Our results, which show a large spread of the values of the
individual parameters, render it very unlikely that a single biophysical or biochemical parameter
can be found to correlate with the complex in vivo aggregation behaviour of IgLCs, or indeed
proteins in general. The multidimensional nature of this problem requires a multiparametric
approach, such as the ThAgg-Fip method we present here. We are confident that if this type
of approach is applied at large scale to patient-derived samples and combined with a maximal
amount of patient-derived information (disease severity, proteomics data) then modern machine
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learning and AI approaches will allow us to unravel the origin and mechanisms of such protein
aggregation and deposition diseases.
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5.5.1 Supplementary information

Figure 5.11: Full length sequence alignment of the λ light chains of our study.

Figure 5.12: Full length sequence alignment of the κ light chains of our study.
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Figure 5.13: Size exclusion chromatograms of the different IgLC samples of this study. The fractions
used for the remaining experiments in this study are marked in blue.

Figure 5.14: Distribution of sedimentation coefficients (c(s)) of the IgLC samples of this study
determined by sedimentation velocity experiments at 60,000 rpm.
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Figure 5.15: Application of the c(s, ff0)-model to the SV experiments of the IgLC samples at
60,000 rpm.
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Figure 5.16: Concentration dependent thermal unfolding experiments of the IgLC samples of our study.
The samples were scanned from 25−70 °C at 1 °C per minute. In each case, the evolution of the ratio
of the intrinsic fluorescence intensities at 350 and 330 nm is shown on top, and the evolution of the
size distribution, measured by dynamic light scattering (DLS) is shown on a logarithmic scale on the
bottom. Each sample was measured at 4 concentrations, as the undiluted stock solution as well as 3
dilutions by a factor of 2 each. The concentrations of the stock solutions are 97 µM (P001), 150 µM
(P004), 91 µM (P005), 139 µM (P006), 103 µM (P007), 97 µM (P013), 99 µM(P016), 158 µM (P017)
and 81 µM (P020)

.
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Figure 5.17: Temperature-dependent chemical denaturation of the IgLC samples of this study by urea.
In each case, the evolution of the ratio of the intrinsic fluorescence intensities at 350 and 330 ‚nm is
shown on top, and the evolution of the size distribution, measured by DLS is shown on a logarithmic
scale on the bottom. The protein concentration corresponds to a 5-fold dilution of the stock solution
used for the thermal denaturation in Figure 5.16. The urea concentrations are in each case 0, 0.67,1.34,
2.01, 2.68, 3.35, 4.02, 4.69, 5.36 M. The samples were scanned from 20−70 °C at 1 °C per minute.
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Figure 5.18: Global fits of the temperature-dependent chemical denaturation of the IgLC samples of
this study by urea. The data is the same as in the previous figure, but instead of using the fluorescence
intensity ratio, the fits are performed simultaneously on the fluorescence intensities at both 330 nm
(shown here) and 350 nm .
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Figure 5.19: Results from the global fits of the temperature-dependent chemical denaturation of the
IgLC samples of this study by urea. Shown is the fraction of unfolded protein as a function of urea
concentration at different temperatures.



98 5. Universal amyloidogenicity of patient-derived immunoglobulin light chains

Figure 5.20: (A) Aggregation kinetic assay of the IgLC samples of this study (35 µM monomer concen-
tration) in Tris-HCl, pH 7.4, in a high-binding surface plate under conditions of mechanical agitation.
(B) Comparison of the kinetics of amyloid fibril formation of the sample P006 under reducing con-
ditions in Tris-HCl, pH 7.4, and phosphate buffer, pH 7.4. The kinetic traces are similar, with the
aggregation in phosphate buffer being slightly faster, with an average halftime of 2.52 h (3.89 h in Tris-
HCl).(C)(D) Exemplary dynamic light scattering data corresponding to the time evolution of the mean
hydrodynamic radius shown in Figure 5.3 C. (C) Intensity cross-correlation functions, g(2)(Q,τ)-1, as a
function of lag time τ taken at selected times, as indicated, during the amorphous aggregation of P001
induced by TCEP and at a scattering vector Q=18.7 µm−1; measurements (symbols) and cumulant fits
(solid lines). (D) Data shown in (C) replotted as dynamic structure factor, f(Q,τ), as a function of lag
time τ . (Inslet) Data shown in (D) on a log-lin scale. With increasing time, the decay of the correlation
function shifts to larger lag times, indicating smaller diffusion coefficient and thus an increasing mean
hydrodynamic size.
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Figure 5.21: (A) Circular dichroism (CD) spectra of the IgLC samples of this study in the presence of
7 mM TCEP at different time points. (B) Analysis of the secondary structure content using BeStSel.
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Figure 5.22: The c(s) distribution in the range between 0 and 6 S and the corresponding ratio of the
species of the LC samples incubated with 7 mM TCEP. The fragments resemble the species between
0 and 1.5 S, monomer and dimer between 1.5 and 5 S and other from 5 S till the maximal value. The
data was fitted for a range between 0 and 50 S or 150 S. The loss represents bigger aggregates, which
sediment during the acceleration to 60.000 rpm. The c(s) distributions were normalized to the total
monomer concentration. The monomer and dimer could not always be separated, therefore the average
s-value was analyzed.
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Figure 5.23: Aggregation assays of P016 at (A) pH 3 and (B) pH 4 monitored in a high-binding sur-
face plate in the presence of glass beads and conditions of mechanical agitation and with addition of
glass beads after 24 h pre-incubation without shaking and the (C) aggregation halftimes (top). Aggrega-
tion assays of P016 at (D) pH 3 and (E) pH 4 in a high-binding plate under quiescent conditions. Seeds
prepared in a high-binding plate and prepared in an Eppendorf tube are added at the beginning and
after 6 h pre-incubation and (F) the halftimes are analysed. The pre-incubation times (24 or 6 h) are
subtracted from the halftimes.

Figure 5.24: AFM-height-images of aggregates prepared in a (A) high-binding surface plate and in (B)
Eppendorf tubes. The image scale is 5 x 5 µm. The colour range represents the height from -2 to 15 nm.
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Figure 5.25: Tris Tricine SDS-PAGE of the depolymerised LC aggregates formed at acidic pH values.
The aggregation products formed in Eppendorf tubes under agitation conditions were centrifuged using
an Optima MAX-XP ultracentrifuge (Beckman Coulter) in a TLA-55 rotor at 40.000 rpm at 20 °C
for 45 min. The pellet was resuspended in 150 mM citric acid (pH 3 or pH 4) and centrifuged again
for 45 min. This washing procedure to remove the soluble fragments was conducted three times. The
washed aggregates were dissolved in 6 M urea and subsequently ran on a Tris Tricine SDS-PAGE. The
gels were stained with colloidal coomassie G-250 [18].

Figure 5.26: (A) Aggregation experiment at 55 °C monitored in a non-binding surface plate under
agitation conditions in the presence of glass beads. 5% Seeds which were produced at pH 3 or pH 4 in
an Eppendorf tube were added to 50 µM light chain. (B) The soluble content was determined after the
experiment by UV-absorbance. AFM-height-images of the light chains at the end of the experiments
(C) and of aggregated P006 with the positive ThT-signal (D). Fibrils at pH 3 do not display any twist.
The image scale is 5 x 5 µm. The colour range represents the height from -2 to 5 nm.
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Figure 5.27: (A) Intrinsic solubility score measured by CamSol and (B) aggregation parameter determ-
ined by the Tango algorithm at pH 3, pH 4 and pH7, (C) aggregation free energy computed with the
Pasta algorithm.

Figure 5.28: The κ IgLC sequences P004, P005, P006 and P007 were analysed with different amyloid
prediction tools and the results visualised on the sequence. Rosetta energy was determined by Zip-
perDB, amyloidogenic sequence regions with the algorithms Waltz, Tango and Pasta. The analyses
with Tango were performed at pH 3 (red), pH 4 (green) and pH 7 (blue).
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Figure 5.29: The κ IgLC sequences P013, P016, P017 and P020 were analysed with different amyloid
prediction tools and visualised on the sequence. Rosetta energy was determined by ZipperDB, amyl-
oidogenic sequence regions with the algorithms Waltz, Tango and Pasta. The analyses with Tango were
performed at pH 3 (red), pH 4 (green) and pH 7 (blue).



5.5. Discussion 105

Figure 5.30: The λ IgLC sequences P001 and P011 were analysed with different amyloid prediction
tools and visualised on the sequence. Rosetta energy was determined by ZipperDB, amyloidogenic
sequence regions with the algorithms Waltz, Tango and Pasta. The analyses with Tango were performed
at pH 3 (red), pH 4 (green) and pH 7 (blue).
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6. The aggregation conditions define whether EGCG is an inhibitor or enhancer of α-synuclein amyloid

fibril formation

6.1. Abstract
The amyloid fibril formation by α-synuclein is a hallmark of various neurodegenerative disorders,
most notably Parkinson’s disease. Epigallocatechin gallate (EGCG) has been reported to be
an efficient aggregation inhibitor of numerous proteins, among them α-synuclein. Here we
show that this applies only to a small region of relevant parameter space and that under some
conditions, EGCG can even accelerate α-synuclein amyloid fibril formation through facilitating
its heterogeneous primary nucleation. Furthermore, we show through quantitative seeding
experiments that, contrary to previous reports, EGCG is not able to re-model α-synuclein
amyloid fibrils into seeding-incompetent structures. Taken together, our results paint a complex
picture of EGCG as a compound that can under some conditions inhibit the amyloid fibril
formation of α-synuclein, but the inhibitory action is not robust against various physiologically
relevant changes in experimental conditions. Our results are important for the development of
strategies to identify and characterise promising amyloid inhibitors.

6.2. Introduction
The misfolding and uncontrolled aggregation of proteins is linked to the onset and progression
of a range of neurological disorders, such as Parkinson’s disease (PD) and Alzheimer’s disease
[492, 520, 521]. PD is a progressive disorder of the nervous system that affects movement,
but it also has non-motor symptoms. A pathological characteristic of PD are Lewy bodies
[538]. The major filamentous component of Lewy bodies is the presynaptic protein α-synuclein
[129, 539, 540].

α-synuclein is a 140-residue neuronal protein, which can aggregate into highly ordered, cross-β -
sheet structured amyloid fibrils [375]. The aggregation mechanism of α-synuclein is a complex
nucleation-dependent polymerization process, which manifests itself in test tube experiments of
aggregation kinetics through a lag phase, followed by a growth and a steady state phases [376].
At a molecular level, this involves different microscopic steps, in particular (heterogeneous)
primary nucleation and growth, and, depending on the solution conditions, fragmentation and
secondary nucleation [379, 492].

At neutral pH α-synuclein carries a net negative charge, due to its isoelectric point of 4.0-4.7
[541]. The protein adopts a primarily disordered conformation without well defined secondary
or tertiary structure (intrinsically disordered conformation) [373, 374]. At low pH, α-synuclein
displays a more compact conformation due to a collapse of the normally highly acidic and
extended C-terminal tail [378]. The C-terminal tail becomes fully protonated, thus uncharged,
and it forms a compact conformational ensemble with increased hydrophobicity, resulting in an
accelerated α-synuclein fibril formation at low pH [379]; a similar effect can be achieved by
truncating the C-terminus [542]. Compared to aggregation at neutral pH, the aggregation process
is strongly enhanced at mildly acidic pH values (pH < 6), through an efficient production of
new growing fibrils catalysed by the binding to the surfaces of pre-existing fibrils (secondary
nucleation) [81, 379]. The investigation of the behaviour of α-synuclein at mildly acidic pH
values is physiologically relevant, because α-synculein can experience such solution conditions
during its life cycle in endosomes and lysosomes, which maintain an acidic pH value between 4
and 5 [380, 381, 382]. This lower pH has to be considered when designing a possible therapeutic
strategy for the treatment of neurodegenerative disorders.
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Once formed, amyloid aggregates are often highly stable and it is difficult to reverse the ag-
gregation process and to prevent it from spreading through secondary processes. Therefore the
development of inhibitors that are able to prevent the initial formation of amyloid aggregates
is crucial. In particular, a target of these substances are small oligomeric species, which are
suspected to be the most cytotoxic [543], has been proposed to be an efficient strategy to com-
bat neurodegenerative diseases. Viable therapeutic strategies for prevention and treatment of
amyloid-related diseases are 1) the maintenance of the amyloidogenic protein in its soluble state,
2) the redirection of the amyloidogenic proteins into unstructured, nontoxic and off-pathway
aggregates and 3) remodeling and/or dissociation of the mature amyloid fibrils. One class of
inhibitors of α-synuclein amyloid fibril formation is formed by molecules that can interact
with amyloidogenic monomers in order to prevent their inter-molecular associations, such as
antibodies or affibodies [544, 545]. Small molecules have also been proposed as inhibitors of
α-synuclein amyloid fibril formation [546, 547, 548, 549]. These include polyols, polyphenols
or other aromatic molecules containing hydrogen-bonding functionalities. Polyphenols are
naturally occurring secondary metabolites of plants characterized by the presence of two or more
phenol rings [550]. A well-studied polyphenol is Epigallocatechin-3-gallate (EGCG), the main
polyphenol found in green tea. Biochemical studies indicate the neuroprotective action of EGCG,
which has been suggested to effectively inhibit the aggregation of a number of amyloidogenic
peptides and proteins, including α-synuclein [355, 356, 357, 358, 359], amyloid-β (related to
AD) [355, 360], islet amyloid polypeptide (related to type-II diabetes) [361, 362], huntingtin
exon 1 (related to Huntington’s disease) [363], tau (related to AD and tauopathies) [364], su-
peroxide dismutase (related to amyotrophic lateral sclerosis) [365], prion proteins (related to
prion diseases) [366, 367] and others. EGCG has the ability to prevent the formation of toxic
prefibrillar oligomers as well as to inhibit amyloid fibril formation and has been proposed to
remodel existing amyloid fibrils. Most of the studies are performed at physiological pH, where
EGCG is unstable and auto-oxidises fast into various products [371]. Decreasing the pH to
slight acidic pH values (≤ pH 6), results in a considerable increase in EGCG stability, which
we have recently shown to lead to a strongly impaired ability of EGCG to inhibit α-synuclein
aggregation [19]. Considering that both α-synuclein and EGCG are likely to encounter such pH
environments in vivo, the aim of the present study is to characterise in more detail the depend-
ence of EGCG inhibition of α-synuclein aggregation on the solution conditions. The in vitro
amyloid fibril formation of α-synuclein is an intrinsically slow process, due to the fact that the
primary nucleation process is heterogeneous and requires a combination of appropriate surfaces
(e.g. air-water interface [551], polymer-water interface [552] or lipid-water interface [553])
and constant agitation of the sample. The nucleation step can be bypassed by the addition of
exogenous fibrils (seeds). Seeding, in particular at high seed concentrations (where all molecular
processes other than fibril growth can be neglected [20]) can improve the reproducibility of the
aggregation kinetics of α-synuclein. In this study we payed special attention on how the effect
of EGCG on the fibril formation is altered, when the aggregation of α-synuclein is studied under
different conditions, such as different surfaces and the presence and absence of glass beads. By
systematically examining a wide range of pH values, we probe the influence of EGCG oxidation
and the interplay between the solution conditions and the action of EGCG. Overall we find that
EGCG is an efficient inhibitor of α-synuclein aggregation only in a small range of parameter
space. Under some conditions, especially those that lead to enhanced stability of EGCG, it can
either have no effect on the amyloid fibril formation of α-synuclein or even promote the latter.
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6.3. Material and Methods
Materials and Solutions

α-synuclein in the pT7-7 vector was expressed in E. coli BL21 (DE3) and purified as previously
described [85]. As a last step α-synuclein was purified by size-exclusion chromatography on an
ÄKTA pure chromatography system (GE Healthcare) using a Superdex 200 Increase 10/300 GL
(GE Healthcare) and 20 mM citric acid, pH 7, as an elution buffer. α-synuclein concentration was
determined by measuring UV-absorption at 275 nm (extinction coefficient of 5600 M−1 cm−1).
For the α-synuclein inhibition experiments, 5 mM solutions of EGCG (Tocris #4524) were
prepared by dissolving EGCG in dH2O. The EGCG solutions were frozen and stored at −20 °C,
after monitoring no difference between freshly dissolved and thawed EGCG. EGCGox was
prepared by dissolving 10 mM of EGCG in 20 mM citric acid, pH 7, and incubating for at least 6
hours at 60 °C in a thermomixer compact (Eppendorf) at 1000 rpm. Subsequently, it was diluted
to a final concentration of 5 mM, frozen and stored at −20 °C.

Measurements of Aggregation Kinetics

In order to study the effect of EGCG of the amyloid fibril formation by α-synuclein, solutions
of 25 µM of α-synuclein were prepared with EGCG or EGCGox solutions in a 1:1 and 1:5
(protein:compound) ratio, 20 µM ThT and 150 mM citric acid at the desired pH value (pH 3,
pH 4, pH 5, pH 6 or pH 7). 3 replicates of each solution were then pipetted into a high-binding
surface plate (Corning #3601) or a non-binding surface plate (Corning #3881). The aggregation
kinetics were monitored in the presence and absence of small glass beads (SiLibeads Typ M,
3.0 mm). The plates were sealed using SealPlate film (Sigma-Aldrich #Z369667). The kinetics
of amyloid fibril formation were monitored at 37 °C under continuous shaking (300 rpm) or
quiescent conditions by measuring ThT fluorescence intensity through the bottom of the plate
using a FLUOstar (BMG LABTECH, Germany) microplate reader (readings were taken every
5 min).

In order to investigate the interactions of EGCG and the surface of the non-binding surface
plate, 130 µl of solutions of EGCG or EGCGox (25 µM and 125 µM) were pipetted into a well
and incubated at room temperature for 2 h. After incubation, the solutions were removed, the
concentration of EGCG and EGCGox were measured by UV-absorption and a solution of 25 µM
α-synuclein, 20 µM ThT and 150 mM citric acid pH 4 was added to the pre-treated wells. 3
replicates per condition were measured. The EGCGox concentration was compared to a solution
which was incubated in an Eppendorf tube. The highest ThT fluorescence emission value within
each time course was taken to be Imax. The half-times (t50) of the aggregation reaction were
obtained as described by Meisl et al. [554].

Seeded Aggregation Experiments

In order to probe the effects of EGCG and EGCGox particularly on the elongation process and on
preformed fibrils, the aggregation kinetics of α-synuclein were monitored in the presence of 5 %
and 0.5 % seeds in relation to the used monomer concentration. For the preparation of the seeds,
solutions of 50 µM α-synuclein were incubated at 37 °C in a high-binding surface plate, in the
presence of glass beads and under continuous shaking at the desired pH-values (pH 3, pH 4,
pH 5, pH 6 or pH 7). The end product after 24 h of incubation, when the reaction was found
to be completed under all conditions, was used to seed fresh solutions of 50 µM α-synuclein,
which were incubated at 37 °C for 24 h in an Eppendorf Thermomixer with continuous shaking
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(1200 rpm). The product of this seeded aggregation experiment was used to seed the kinetic
experiments in the presence and absence of EGCG and EGCGox. For the calculation of the
seed concentration, it was assumed that the monomer had quantitatively converted to amyloid
fibrils. Before performing the experiment, the seed-solutions were homogenized using an ultra-
sonication bath Sonorex RK 100 H (Bandelin, Germany) for 180 s. The seeded aggregation
experiments were performed in non-binding surface plates with 25 µM α-synuclein monomer and
the preformed fibrils were added as seeds to a final concentration of 0.5 % or 5 % of the monomer
solution at the desired pH value. For the experiment with seeds that were to be pre-incubated with
EGCG, we added 50 µM EGCG or EGCGox to a solution of 50 µM α-synuclein fibrils, at pH 5,
pH 6 and pH 7. After 2 h the fibrils were added to 25 µM monomer at the corresponding pH value
to a final concentration of 5 % and the aggregation kinetics were recorded every 150 s. In order
to investigate if EGCG can remodel pre-formed fibrils, we incubated 10 µM fibril solutions,
which were sonicated beforehand, with 10 µM EGCG or EGCGox in a non-binding surface plate
at 37 °C under shaking conditions at pH 6 or pH 7 for over 100 h. The fluorescence intensity
was recorded using a FLUOstar (BMG LABTECH) microplate reader (readouts were taken
every 5 min). After the incubation 50 µM fresh monomer was added to the solutions and the
measurement was continued, with readings taken every 150 s, allowing a potential change in the
seeding efficiency to be detected.

Atomic Force Microscopy (AFM)

AFM images were acquired directly after the aggregation kinetic measurements. 10 µl of each
sample was deposited onto freshly cleaved mica. After drying, the samples were washed 5
times with 100 µl of dH2O and dried under gentle flow of nitrogen. AFM images were obtained
using a NanoScope V (Bruker) atomic force microscope equipped with a silicon cantilever
ScanAsyst-Air with a tip radius of 2-12 nm.

Microfluidic diffusional sizing and concentration measurements

Fluidity One is a microfluidic diffusional sizing (MDS, [408]) device, which measures the rate of
diffusion of protein species under steady state laminar flow and determines the average particle
size from the overall diffusion coefficient. The protein concentration is determined by fluor-
escence intensity, as the protein is mixed with ortho-phthalaldehyde (OPA) after the diffusion,
a compound which reacts with primary amines, producing a fluorescent compound [409]. To
measure the concentration of the soluble α-synuclein, the samples were centrifuged for 60 min
at 16100 g at 25 °C using centrifuge 5415 R (Eppendorf) directly after the kinetic measurements.
The top half of the supernatant was removed and 6 µl of this solution was pipetted onto a dispos-
able microfluidic chip and measured with the Fluidity One (F1, Fluidic Analytics, Cambridge,
UK). For the measurement of the amount of protein in the pellet, the pellet was re-suspended in
the remaining liquid and 6 µl of this solution was pipetted onto a microfluidic chip and analysed
with the F1 instrument.

6.4. Results
Non-seeded experiments in high-binding plates

We performed α-synuclein amyloid fibril formation experiments in high-binding surface plates
in the presence and absence of glass beads under shaking conditions (Figure 6.1). α-synuclein
monomer solutions are kinetically highly stable, because the homogeneous primary nucleation
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rate is slow, in particular around neutral pH. Under most conditions, the primary nucleation of
α-synuclein is triggered by surfaces that have an affinity for the protein. When α-synuclein
binds to a suitable surface or interface, the N-terminal domain can adopt a helical structure [555],
which seems to facilitate the formation of fibril nuclei and oligomers. The air-water-interface
[551], the surface of the plate [552] and, under mildly acidic pH conditions, the surface of
already formed fibrils [81, 379] function as a nucleation assistance. The growing fibrils can then
be fragmented by the shaking, in particular in the presence of glass beads [379], which leads to
accelerated aggregation kinetics. We therefore performed aggregation experiments either in the
presence or absence of glass beads.

Figure 6.1: The effects of different ratios (1:1 and 5:1 with respect to protein) of EGCG and EGCGox

on the aggregation kinetics of α-synuclein at different pH values (pH 3 to pH 7), monitored in high-
binding surface plates in the presence (A) and absence (B) of glass beads. A small subset of this data
(pH 6 and pH 7, 1:1 EGCG and 1:1 EGCGox) is from [19].
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α-synuclein monomers were combined with the compound EGCG or EGCGox in a pro-
tein:compound ratio of 1:1 (25 µM:25 µM) or 1:5 (25 µM:125 µM) and the aggregation was
monitored through the change in Thioflavin-T (ThT) fluorescence intensity. An increase in
the intensity indicates the formation of ThT-positive aggregates specifically amyloid fibrils.
The results of these initial experiments in polystyrene plates are shown in Figure 6.1, and the
extracted maximal fluorescence intensities and aggregation half times are shown in Figure 6.2.
The half time (t50) is the time point when the ThT intensity has reached half the value between
the initial baseline and the final plateau value and can be used as a macroscopic parameter to
describe the aggregation kinetics. α-synuclein displayed the fastest aggregation kinetics at pH 4
with a t50 of 1.1 h when glass beads were added. Without glass beads the fibril formation was
slowed down by a factor of 2. The de novo aggregation at pH 3 and pH 5 is similar, and the
kinetics under these two conditions are slower by a factor of 2-3 (with added glass beads) and 8
(without additional glass beads), compared to pH 4. The aggregation at pH 5 is slightly faster
than at pH 3 and the influence of the glass beads on the kinetics is bigger. The glass beads have
the strongest aggregation enhancing influence at pH 7. α-synuclein can not form amyloid fibrils
very efficiently at pH 7, possibly due to the high negative charge under these conditions, which
is not strongly screened at the moderate ionic strength values of our experiments. Since the
secondary nucleation is suppressed at neutral pH, the dominating aggregation events are only
primary nucleation and elongation of the newly formed fibrils. In the presence of glass beads
the enhanced fragmentation leads to a t50 of 9 h, whereby the absence of glass beads leads to an
almost complete absence of secondary processes and a t50 of 96 h.

Due to the spectroscopic features of the ThT to increase its fluorescence intensity upon binding
to amyloid fibrils, it is possible to consider the enhanced ThT fluorescence intensity as an
increase in the concentration of aggregates that are formed. When the maximal ThT fluorescence
intensities are compared to Imax of the control, i.e. the absence of either EGCG or EGCGox,
almost all conditions show a decrease, in particular at neutral and slightly acidic pH (pH 7 -
pH 6) (Figure 6.2). Only the aggregation at pH 3 shows an increased fluorescence intensity
in the presence of EGCG. In the presence of EGCGox the intensities are decreased under all
conditions indicating either an inhibitory effect on the aggregation or an interference with the
ThT-signal. When the experiments were performed without glass beads, Imax showed a similar
outcome. However, at pH 3 the intensities are decreased in the presence of EGCG and EGCGox
when the glass beads were removed.

If rather than Ithe half-time of the aggregation reaction, t50, is used as a read out, the observed
inhibitory effects of EGCG at neutral and slightly acidic pH (pH 7 and pH 6) are different. At
pH 7 and in the presence of EGCG there is no increase in ThT-signal observable in the presence
of glass beads, whereas there is a slight increase in fluorescence intensity over time in the absence
of glass beads. In one of the three repeats in the presence of EGCGox, a minor fluorescence
intensity increase has been also observed in the case of the equimolar ratio EGCG to protein.
The t50 of the aggregation in the presence of EGCG is clearly increased at pH 7. The picture at
pH 6, however, is different. Where in the presence of EGCG (1:1) the intensity was significantly
(p ≤ 0.01) decreased, the t50 is not distinguishable from the control. In the presence of a high
concentration of EGCG, the kinetics are faster both with and without additional glass beads.
However the ThT-intensity curves without glass beads did not show the typical sigmoidal shape.
The decrease of the signal at longer times could be explained by higher order assembly or surface
adsorption of the amyloid fibrils [556], or else a time dependent interference of EGCG with
ThT fluorescence. In the presence of EGCGox the kinetics are prolonged and even completely
inhibited, both with and without glass beads. However, quantification of the soluble protein
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Figure 6.2: Overview of the effects of EGCG and EGCGox on α-synuclein aggregation monitored in
a high-binding surface plates assayed by (A) maximum ThT fluorescence intensity and (B) t50 of the
aggregation time course. Filled bars represent aggregation in the presence of glass beads, striped bars
in the absence of glass beads. Error bars are standard deviations. The data is normalized to the control
of the corresponding condition, i.e. the aggregation in the absence of EGCG or EGCGox, the kinetic
parameters of which are indicated with the horizontal dashed line at a factor of 1. Relative t50 values
are only displayed, if any fibril formation is detected by an increase in ThT fluorescence intensity.

in the supernatant at the end of the experiment with additional glass beads showed a loss of
in the presence of EGCGox (1:1) and (1:5). The formed aggregates are accordingly either not
ThT-positive or else the EGCG interferes too strongly with their ThT fluorescence.

At more acidic pH values, only the oxidised form of the EGCG showed any clear effect on the
aggregation kinetics. At pH 5 and pH 4 the EGCGox (1:5) showed a significant increase of t50,
but in the absence of glass beads the EGCG showed an accelerating effect at pH 5 and pH 3.
At pH 4 the aggregation kinetics are slowed down slightly, but not as much as in the presence
of glass beads and it is not statistically significant. The variability in the kinetics of the three
replicates per condition, especially at pH 3 and pH 5, is high, rendering a thorough statistical
analysis difficult with such a small number of replicates.

Non-seeded experiments in non-binding plates

The amyloid formation of α-synuclein is favoured in high-binding surface plates, due to the
ability of the polystyrene-water interface to provide nucleation sites. In an attempt to try and
disentangle the effects of EGCG and EGCGox on the polystyrene surface-induced nucleation
from that on other relevant processes, we also performed aggregation experiments in non-
binding surface plates, i.e. plates where the surface is coated with a protein-repellent PEG
layer (Figure 6.3). These non-binding surface plates are often used in kinetic experiments of
amyloid fibril formation in order to minimize the contribution of heterogeneous nucleation
processes and therefore simplify the kinetic analysis [82, 379, 553]. As expected, therefore, the
kinetics of de novo aggregation in the non-binding surface plates are slowed down with respect
to the high-binding plates, but the high fragmentation rate in the presence of glass beads allows
fibril formation to be observed within an experimentally accessible time scale. The enhanced
fragmentation amplifies the fibrils that form at the air-water interface [551]. This difference
in lag times between high and low binding plates is particularly pronounced at the pH values
which lead to very fast aggregation kinetics in the high-binding surface plates: at pH 4 the t50 is
increased by a factor of 3.4, whereas it is only increased by a factor of 1.3 at pH 7.
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Figure 6.3: The effects of EGCG and EGCGox on the aggregation kinetics of α-synuclein at different
pH values (pH 3 to pH 7) monitored in a non-binding surface plate in the presence (A) and absence (B)
of glass beads.

While the maximal ThT-intensities in the presence of glass beads and EGCG or EGCGox in
non-binding plates are comparable to the aggregation experiments conducted in a high-binding
surface plate, the t50s indicated an aggregation-enhancing effect of both oxidized and fresh
EGCG (Figure 6.4).

The enhanced fragmentation of the fibrils by the use of glass beads leads in general to more
reproducible data, both in binding and non-binding plates. However, the aggregation kinetics
under some conditions (e.g. pH 6) is still rather variable, as both Imax and t50 differ between the
three replicates of the control sample. In order to obtain an independent (of ThT fluorescence
intensity) measurement of aggregate mass in this case, we centrifuged the samples at the end
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Figure 6.4: Overview of the effects of EGCG and EGCGox on α-synuclein aggregation monitored in
a non-binding surface plate assayed by (A) maximum ThT fluorescence intensity and (B) t50 of the
aggregation. Filled bars represent aggregation in presence of glass beads, striped bars without glass
beads. Error bars are standard deviations. The data is normalized to the control of the corresponding
condition, the comparison is outlined with the dashed line (at 1).

point of the experiments and measured the size and concentration of the soluble α-synuclein in
the supernatant (Figure 6.5 A, left panel) by microfluidic diffusional sizing (MDS) [408]. We
found that while the ThT-signal displayed a clear difference, the amount of soluble protein in
the supernatant is similar. In all three samples α-synuclein converts near-quantitatively into
aggregates, and the average size of the supernatant fraction is that of monomeric protein. Overall,
the picture that emerges from these ThT experiments in non-binding plates with added glass
beads is that EGCG and EGCGox only have an inhibitory effect at pH 7 and in addition at pH 6 in
the presence of a 5-fold excess of EGCGox. This conclusion is confirmed by MDS experiments
under all conditions (Figure 6.5 A, central panel), which show that despite the variable final ThT
intensity, the protein is quantitatively converted into fibrils, illustrating that EGCG and EGCGox
can have a strong influence on ThT intensity [19].

In the absence of glass beads, the aggregation curves are generally more variable also in the non-
binding surface plate. The absolute fluorescence intensities at the plateau were increased by a
factor of up to almost 10 in the presence of EGCG (for example at pH 6 with EGCG and EGCGox
(1:1) and pH 5 with EGCGox (1:1)), and only in the presence of the 5-fold excess of oxidised
EGCG we could detect similar or slightly decreased maximal intensities compared to the control.
Importantly, the aggregation kinetics in the absence of glass beads are accelerated with respect
to the control in the presence of both oxidised and fresh EGCG, in particular by the former. This
accelerating effect is particularly pronounced at acidic pH (pH 3 and 4), but also observed at pH 5
and 6. Again, only at pH 7, an inhibitory effect is observed. The control aggregation (no EGCG)
at pH 7 in the absence of glass beads displayed a peculiar characteristic: the ThT fluorescence
increase starts already after ca. 10 h, but the rate of increase in fluorescence intensity was slow.
The analysis of the supernatant after more than 100 h demonstrated that over 80 % of the protein
was still soluble and had an average radius of 3.12 nm (Figure 6.5 B), corresponding to the
expected size of the monomer [557]. The lag time of the sample with an equimolar concentration
of EGCG was slightly longer, but the reaction reached a much higher final fluorescence level. All
the other samples at pH 7 without glass beads did not show any fluorescence intensity increase.
We also probed for the presence of fibrils and the degree of aggregation under those conditions
with the help of AFM-imaging and MDS. In these MDS experiments, we measured both the
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Figure 6.5: (A) Soluble α-synuclein concentration measured in the supernatant after centrifuging the
end product of the aggregation reactions in a non-binding surface plate in the presence of glass beads.
Radius in nm and concentration in µM of the three replicates of α-synuclein at pH 6 (control) (left),
concentration in µM (middle) and radius in nm (right) of the end product of the aggregation reactions
at pH 4, pH 5, pH 6 and pH 7. The three replicates per condition were combined before centrifugation
(except for the control at pH 6, where each replicate sample was analysed separately, see A). (B)
Amount of protein measurable with the Fluidity One (F1) MDS instrument (supernatant + pellet) in µg
in the end-product of α-synuclein at pH 7 in a non-binding surface plate without additional glass beads
(left). The dotted line indicates the used amount of protein. AFM-height-images of the control (black
frame), α-synuclein with EGCG (1:1) (cyan frame) and of α-synuclein with EGCGox (1:5) (magenta
frame). The image scale is 5 x 5 µm. The colour range represents the height from -2 to 10 nm (left and
middle) and -10 to 25 nm (right).

pellet and the supernatant and calculated the total concentration that the MDS data could account
for. Based on the observation that the combined concentrations in both pellet and supernatant
did not add up to the initially used concentration, we concluded that the samples with 1:5 EGCG
and those 1:1 and 1:5 EGCG ox also aggregated, but the aggregates were not ThT-positive (either
due to their non-fibrillar nature or due to quenching by EGCG) and were probably too big to be
quantifiable by MDS. This is compatible with the observation that in all samples, except for the
one with 1:1 EGCG, the α-synuclein was still primarily monomeric with radii between 2.4 and
3 nm.

At pH 4, in non-binding plates and in the absence of glass beads, all EGCG and EGCGox
containing samples showed faster and more reproducible aggregation than the control samples.
In order to probe whether the type of aggregates formed under all these conditions is the same,
we performed time-resolved AFM imaging experiments. Aliquots were taken at different time
points directly out of the plate during the measurement (Figure 6.3B) and imaged by AFM
(Figure 6.6). The sample of α-synuclein with a 5-fold excess of EGCGox (1:5) (magenta frame)
displayed many short fibrils and some amorphous structures after 17 h, when the ThT-signal
had already reached the plateau-phase for several hours. For the other samples, we only found
fibrils under all conditions in the last time point. At 17 h and 42 h, for example, we could not



118
6. The aggregation conditions define whether EGCG is an inhibitor or enhancer of α-synuclein amyloid

fibril formation

Figure 6.6: Time-resolved AFM-height-images of α-synuclein aggregation at pH 4 in a non-binding
surface plate without glass beads. The colors of the frame correspond to the condition (Figure 6.3):
control (black frame), EGCG (1:1) (cyan frame), EGCG (1:5) (green frame), EGCGox (1:1) (purple
frame) and EGCGox (1:5) (magenta frame). The image scale is 5 x 5 µm. The colour range represents
the height from -5 to 20 nm.

find any aggregates in the control and 1:1 EGCGox samples, even if the ThT-signal displayed
fibril formation, highlighting the fact that imaging-based analysis alone can be unreliable in
some cases. Overall, we found no clear difference in appearance of the fibrils made under any of
the different EGCG regimes at pH 4, confirming that neither EGCG nor EGCGox displays an
inhibiting effect under these conditions, and that the observed accelerated emergence of ThT
fluorecence can indeed be ascribed to an enhancing effect of the EGCG.

As described above, α-synuclein normally requires an appropriate surface or interface, to induce
the nucleation of its amyloid fibrils. Therefore the question arises as to how EGCG is able to
accelerate the formation of amyloid fibrils in non-binding surface plates. It could be that EGCG
directly interacts with the monomeric α-synuclein and facilitates nucleation or else, the EGCG
interacts with the non-binding plate surface and renders it conducive to induce α-synuclein
amyloid fibril nucleation. We hypothesised that if EGCG has a high affinity for the non-binding
plate surface, pre-treatment of the plate with EGCG should have a comparable effect as if the
ECGG was present during the entire aggregation experiment. Therefore, we incubated wells for
two hours at room temperature with solutions of 25 µM (corresponding to 1:1 EGCG) or 125 µM
EGCG or EGCGox (corresponding to 1:5 EGCG). After incubation the solution was removed
and the concentration of EGCG in the removed solution was determined. We found that the
concentration of the 1:1 EGCGox solution was decreased by 20 % and of the 1:5 EGCGox solution
by 28 % compared to solutions, which were incubated in an Eppendorf tube for the same time
duration. The loss of ca. 6 µM from the 1:1 EGCG solution, is compatible with the formation
of a monolayer of EGCG on the surface of the well, assuming that one molecule can occupy a
surface area of approximately 1 nm x 1 nm. It is interesting that at the higher concentration, the
EGCG solution is decreases by an approximately proportional amount, which could suggest the
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Figure 6.7: Aggregation kinetics of α-synuclein at pH 4 in a non-binding surface plate under quiescent
conditions in absense of glass beads. The fibril formation was monitored in the presence and absence of
EGCG or EGCGox, and in wells which were pre-treated with EGCG-solutions (A) and the correspond-
ing concentration measurement by Fluidity One after 160 h (B) with AFM-height-images (D) of the
aggregation products of α-synuclein (black frame) in presence of EGCGox (1:1) (purple frame), (1:5)
(magenta frame) and in the pre-treated wells with EGCGox (1:1) (light purple frame) and (1:5) (light
magenta frame) and the overview of the three replicates per condition (C). The image scale is 5 x 5 µm.
The colour range represents the height from -3 to 12 nm.

formation of supramolecular EGCG structures either in solution or at the surface. Alternatively it
could also be explained by a weak binding affinity that leads to saturation of all surface binding
sites only at concentrations much higher than the ones used here. Aggregation in the wells
treated in this way was indeed found to be accelerated in many cases with respect to the control
(Figure 6.7). In particular, the pre-treatment with EGCGox was found to be an efficient way to
enable the plate to induce α-synuclein aggregation. Most notably, the surface pre-treated with
125 µM EGCGox is even more efficient (t50 of 4.2 h ± 0.33h) than if the same concentration
of 125 µM EGCGox is present during the aggregation reaction (t50 of 4.6 h± 0.74 h). In the
case of 25 µM EGCGox, pre-treatment was found to be less efficient (t50 of more than 120 h)
than the presence of the compound (t50 of 10.5 h ± 1.14), suggesting that 25 µM EGCGox may
not be enough to saturate the surface during pre-treatment. This conclusion is in agreement
with the one drawn from the EGCG depletion experiments described above. These experiments
were performed under quiescent conditions, explaining why some reactions displayed a slower
kinetics compared to the equivalent solution conditions in Figure 6.3 B (control and EGCG
1:1 and 1:5). After the aggregation experiment, we centrifuged the samples and quantified the
average size and concentration of the soluble protein by MDS. The samples which did not display
an increase in the ThT-fluorescence had indeed remained mostly soluble, whereas the samples
with EGCGox aggregated nearly completely. The intensity Imax of the samples in pre-treated
wells is higher than the corresponding ones with the same concentrations of EGCG in solution,
even though the samples in the wells pre-treated with 25 µM EGCG and EGCGox contained still
a small amount of soluble protein. We could confirm the presence of fibrils of α-synuclein in
the pre-treated wells by AFM. The sample with EGCGox (1:5) present, which corresponds to
the time resolved AFM sample in Figure 6.6 showed mostly amorphous material this time, even
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though we had seen fibril formation (Figures 6.3 and 6.6) with almost identical kinetic traces.
This variability in imaging but not in kinetic traces illustrates the fact that AFM imaging is not
always representative of the distribution of species in the solution. In addition, the chemical
nature of any structure is difficult to ascertain by AFM. The amorphous material in Figure 6.6
could be protein but also could correspond to the EGCG content of the solution.

Seeded experiments in the presence of EGCG and EGCGox

In all the experiments described above, nucleation and growth of α-synuclein amyloid fibrils
proceeds simultaneously, in some cases (pH < 6) in combination with secondary nucleation.
A common strategy in the mechanistic analysis of protein aggregation is to perform seeded
experiments which can strongly accelerate the overall aggregation time course and which, at high
enough seed concentration, allows to study the process of fibril elongation in isolation [20, 379].
Experiments at weaker seeding can be useful if the contribution of secondary processes, such
as fibril fragmentation or surface-catalysed secondary nucleation is to be studied [379]. In the
case of α-synuclein, seeded experiments are often performed under quiescent conditions in a
non-binding surface plate, in order to minimize the de novo formation of fibrils. In order to
investigate the effects of EGCG and EGCGox on the elongation process, we added 5 % seeds to
monomeric α-synuclein with and without a 5-fold excess of EGCG and EGCGox with respect
to the concentration of monomeric α-synuclein at different pH values (Figure 6.8). We have
recently proposed a definition of a measure for the seeding efficiency of a given batch of seed
fibrils, based on the analysis of strongly seeded kinetic data [20]. A seeding efficiency of 1
seeding unit (s.u.) corresponds to an effective exponential constant of 1 h−1 under conditions
where the normalised kinetic traces of the seeded experiments can be well-fitted by the function
1-e−kt , with the time t in hours. We have quantified the following seeded experiments within
this framework, allowing for a convenient comparison of the effects of EGCG and EGCGox. It
has to be kept in mind, however, that in this framework, the effects of the inhibitor are entirely
attributed to their action on the seed fibrils, and interactions with the soluble protein are not
included. Therefore this framework is most appropriate for the experiments with pre-incubated
seeds.

Fresh EGCG does not show an inhibitory influence on the seeding efficiency, but the fluorescence
intensities are decreased in a pH-dependent manner compared to the absence of EGCG. At
both pH 3 and 6, the seeding efficiency in the presence of EGCG appears even to be somewhat
increased with respect to the control. The strongly seeded aggregation kinetics of α-synuclein
at pH 7 in the presence EGCG appear unusual. After a fast increase, the ThT fluorescence
intensity decreased strongly. However, by AFM we were able to verify the presence of fibrillar
structures. The fibrils were present as big aggregates on the mica substrate (Figure 6.8 A), which
is somewhat unexpected at neutral pH, given that higher order assembly of α-synuclein fibrils
is most pronounced at pH values close to the isoelectric point [379]. The observed decrease
in ThT signal could be due to this higher order assembly of the fibrils, or alternatively to the
fact that the initial seeded aggregation is faster than the EGCG oxidation, but the latter will
ultimately be responsible for a decrease in fluorescence intensity through quenching by the
EGCGox. Due to this unusual shape, we did not quantify the seeding efficiency in the presence
of EGCG at pH 7. Furthermore, the seeded aggregation at pH 4, both in the presence and
absence of EGCG, shows biphasic behaviour, indicative of a contribution of secondary processes,
also preventing the application of the simplified framework for the determination of seeding
efficiencies. Such behaviour is unexpected at high seed concentrations, but could be explained
by higher order assembly which is particularly pronounced close to the isoelectric point [379],



6.4. Results 121

Figure 6.8: (A) The effects of EGCG and EGCGox on the aggregation kinetics of α-synuclein, in
particular the growth of fibrils, at different pH values (pH 3 to pH 7) in the presence of 5 % seeds
monitored in a non-binding surface plate under quiescent conditions and a AFM-height-image of the
sample at pH 7 in presence of EGCG (1:5) (B) AFM-height-images of α-synuclein in the presence of
EGCGox (1:5) at different pH values after the aggregation experiment. The image scale is 5 x 5 µm.

and which decreases the seeding efficiency. However the similarity of the kinetic traces indicates
that also at pH 4, EGCG has no inhibitory effect on the seeding efficiency. The situation is
quite different for 1:5 EGCGox, which dramatically reduces the seeding efficiency and leads
to sigmoidal aggregation curves at pH 3-5 even at this high seed concentration of 5 %. The
observed lag times are even longer than in experiments without added seeds in non-binding
plates (Figure 6.9 C). However, these experiments cannot be compared in a straightforward
manner, because the non-seeded experiments were performed under shaking conditions and the
seeded experiments quiescently. Nevertheless, this result suggests that at the most acidic pH
values (3-5), EGCGox inactivates the pre-formed seeds and the observed ThT intensity increase
is due to de novo formation of fibrils. AFM-measurement confirmed the presence of fibrils in
the samples with EGCGox under all pH conditions. The fitting of the kinetics which showed the
expected shape for strongly seeded experiments (i.e. single exponential function, pH 6-7) reveals
a somewhat decreased seeding efficiency with repsect to the control (Figure 6.9 A).

When less seeds are added to the experiments (0.5 % seeds in monomer equivalents), the
aggregation kinetics are considerably slower than at the 10-fold higher seed concentration of the
previous experiments (Figure 6.9B), potentially allowing the impact of EGCG and EGCGox on
secondary processes to be studied. An inhibitory effect of both EGCG and EGCGox is clearly
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Figure 6.9: (A) The seeding efficiency, expressed in seeding units (s.u., [20]), determined by fitting the
kinetics of the 5 % seeding experiments with y=1-e−kt after normalisation between 0 and 1. Only the
kinetics which showed the shape expected for a strongly seeded aggregation curve [20] were analysed.
(B) The effects of EGCG and EGCGox on the aggregation kinetics of α-synuclein at different pH
values (pH 4 to pH 7) in the presence of 0.5 % seeds monitored in a non-binding surface plate under
quiescent conditions. (C) The t50 of α-synuclein at different pH values (pH 3 to pH 7) in a non-binding
surface plate without additional seeds with shaking (filled bar), with 0.5 % seeds (striped bar) and 5 %
seeds (chequered bar) under quiescent conditions and in presence of 1:5 EGCGox (violet).

visible at pH 7. The aggregation starts immediately, without a lag phase, in the control sample,
with EGCGox after over 30 h and in the presence of EGCG, no increase in ThT signal was
observed after over 60 h. Compared to the aggregation with 5 % seeds, EGCG was therefore
found to have a stronger impact on the aggregation kinetics at the decreased seed concentration.
EGCGox also delays the aggregation reaction at pH 5 and pH 6, whereas it has an accelerating
effect at pH 4. At the latter pH, the weakly seeded data in the absence of EGCG or EGCGox
has the expected sigmoidal shape indicative of secondary nucleation. The aggregation kinetics
in the presence of EGCGox resembles that in the absence of seeds (Figure 6.3 and 6.7), where
the EGCGox induces de novo formation of fibrils by changing the properties of the non-binding
plate surfaces. Overall, it appears that in these seeded experiments in non-binding plates, several
competing effects are at work, all of which are pH-dependent. Fresh EGCG mostly exert its
inhibitory effect at pH 7, consistent with the non-seeded experiments. EGCGox, on the other
hand, is able to effectively interfere with seeded aggregation at acidic pH values, while at the
same time being able to render the non-binding plate conducive to nucleate α-synuclein amyloid
fibrils.
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Figure 6.10: (A) The effects of EGCG and EGCGox on the seeded aggregation, when the seeds were
pre-incubated with stoichiometric amounts of the compound for 2 h at RT before adding them to a
25 µM monomer-solution at pH 5, pH 6 and pH 7 to a final concentration of 5 % (in monomer equival-
ents). The samples, where the fibrils were pre-incubated with the compound, contained still 1.25 µM
EGCG or EGCGox. (B) 10 µM fibrils at pH 4, pH 6 and pH 7 were incubated in presence of 10 µM
EGCG or EGCGox in a non-binding surface plate at 37 °C for over 100 h (left) and then 50 µM fresh
monomer were added (right).

Experiments in the presence of seeds pre-incubated with EGCG and EGCGox

In order to separate the effects of EGCG on the seeds and on the soluble α-synuclein, we
also performed experiments where we incubated seed fibrils for 2 h at room temperature with
stoichiometric amounts of EGCG and EGCGox and added them to a final concentration of 5 %
(in monomer equivalents) to 25 µM monomeric α-synuclein. This corresponds at the same time
to a strong dilution of the EGCG, such that the ratio of soluble α-synuclein to EGCG/EGCGox
is 20:1 during the seeded experiments. If the EGCG either binds with high affinity to the
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fibrils and/or is able to remodel the fibrils into non-fibrillar structures [355] then a reduction
in seeding efficiency can be expected. However, the observed aggregation kinetics are very
similar, particularly when they are normalized to the same final level of fluorescence intensity
(Figure 6.10A). A quantitative analysis shows that the seeding efficiency showed no significant
difference between the samples, suggesting that during the time scale of this experiment, the
fibrils have not undergone a significant structural change. In order to investigate whether fibril
remodeling into seeding-incompetent species can occur over longer time scales, we incubated
10 µM pre-formed seeds in a non-binding surface plate at 37 °C for over 100 h at pH 4, 6 and pH 7
with equimolar concentrations of EGCG or EGCGox (Figure 6.10 B). The ThT-intensity of the
control did not change over time, but the ThT intensity of the fibrillar sample with added EGCG
decreased by a factor of 2.4 at pH 6 and 1.8 at pH 7, whereby the decrease at pH 6 was slower.
The fluorescence intensity in the presence of oxidised EGCG was reduced by a factor of 2.2 at
pH 6 and 2.1 at pH 7. The intensities of the samples with both EGCG and EGCGox were very
similar, the EGCGox did not lead to a stronger quenching of the fluorescence. Compared to the
control, the intensities after over 100 h are lowered by a factor of 3.2 at pH 6 and 4.2 at pH 7 in
presence of EGCG and 4.7 in presence of EGCGox. Despite the fact that the significant decrease
in ThT fluorescence intensity suggested a change of the seed fibril structure or concentration,
and correspondingly a different seeding efficiency, the observed kinetics after addition of 50 µM
monomer were virtually identical between all samples. We quantified the seeding efficiencies
and found no statistically significant differences induced by the long incubation with EGCG or
EGCGox. Therefore an equimolar concentration of EGCG is not able to induce changes in the
seeding efficiency of preformed fibrils even after prlonged incubation.

6.5. Discussion
The effects of the potential anti-amyloid component EGCG and its auto-oxidised form on the
process of amyloid fibril formation of the protein α-synuclein was analysed under distinct
environmental conditions. We probed the effect of pH in the range from pH 3 to pH 7, the effect
of presence of a glass bead, the influence of the type of plate surface, as well as the presence and
absence of seeds, which were either freshly prepared or pre-incubated with EGCG or EGCGox.
By examining the change of the maximum ThT-intensity and/or the kinetics of the aggregation
(quantified by the t50 of the reaction) in presence of the compound, the effects on the de novo
(i.e. un-seeded) amyloid formation were assessed and a summary is presented in table 6.1.

The overall picture that emerges from table 6.1 is that only at pH 7, both Imax and t50 suggest
an inhibitory effect of EGCG under all tested conditions. This is confirmed by microfluidic
diffusional sizing experiments, which show that α-synuclein is maintained in its soluble, probably
monomeric state by both EGCG and EGCGox. Already at pH 6, the picture becomes more
complex and the two parameters Imax and t50 do not yield a consistent picture: while Imax still
largely suggests inhibition, t50 shows mostly no effect of EGCG but still inhibition for EGCGox.
At neutral pH (i.e. pH 7), corresponding to the solution condition most often investigated in
previous studies, EGCG is highly unstable. EGCG oxidises rapidly under the investigated buffer
conditions within several hours [19] in a similar time scale as the aggregation process itself in
presence of glass beads. A decrease of the pH value to pH 6 leads to a significant increase in the
stability of EGCG and accordingly to a less strong inhibitory effect on α-synuclein aggregation.
In particular at even lower pH values, where EGCG is highly stable, no significant effects on
the de novo amyloid fibril formation of α-synuclein are observed. Therefore, mostly the auto-
oxidised EGCG is able to inhibit amyloid formation. The fact that Imax and t50 do not always
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Table 6.1: Evaluation of the effects of EGCG and EGCGox on the de novo α-synuclein aggregation
process established by comparing experimental values of Imax or t50 of the control samples (α-synuclein)
with the ones determined in the presence of the component using one-way ANOVA (*:p < 0.05; **:p <
0.01; ***:p < 0.001). If the effect is defined as inhibitory without indication of the p-value, the sample
showed no aggregation during the term. The abbreviations HBS stands for high-binding surface, NBS for
non-binding surface and GB for glass bead.

yield a consistent result strongly suggests that both EGCG and EGCGox can interfere with ThT
fluorescence. It is therefore important to not only rely on ThT intensity alone when assessing the
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inhibitory effects of EGCG, or indeed any other compound. The inclusion of imaging techniques,
such as AFM can help to avoid false positives, but we also show in this work that it can be
challenging to obtain representative images of the content of an aggregated protein solution.
We therefore employ an additional method in this work, MDS, that allows us to quantify both
the concentration and average size of the protein remaining in the supernatant of the completed
aggregation reaction after centrifugation. This study reveals the strong influence of the de novo
aggregation conditions on the mode of action of a given compound. In a non-binding surface
plate the presence of EGCG was observed to result in a faster kinetics of aggregation. Unlike
the protein, the compound can bind to the non-binding surface and thereby enables α-synuclein
monomer to bind to the so-modified surface. This paves the way to the nucleation of amyloid
fibrils and starts the amyloid cascade. Consistent with this model, pre-incubation of the wells of
a non-binding plate can also lead to efficient induction of aggregation, and a clear concentration
dependence of this effect is visible.

To rely solely on the change in ThT intensity as a readout for the extent of inhibition can lead
to erroneous interpretation of a given compound as an inhibitor (e.g. EGCG seemed to inhibit
the aggregation at pH 6 in a high-binding plate with glass beads, but the t50 and the soluble
protein at the end of the measurement showed no effect on the amyloid formation). In particular
the oxidised EGCG strongly quenches ThT fluorescence, rather than inhibiting amyloid fibril
growth. The compound either interferes with ThT-fluorescence [558] or binds to amyloid fibrils,
preventing the binding of ThT [19, 559].

A de novo experiment involves different microscopic steps. At neutral pH conditions the process
is dominated by primary nucleation, growth and fragmentation. Secondary nucleation on the
surface of preformed α-synuclein fibrils becomes more important, when the pH is decreased
towards the isoelectric point. By performing seeded experiments the investigation of the process
of fibril elongation in isolation is feasible. In strongly seeded (5 % seeds in monomer equivalents),
mostly EGCGox exerts an effect on the seeding efficiency, and this inhibitory effect appears most
pronounced at acidic pH values. At the lowest pH values, de novo aggregation, aided by the
coating of the wells by EGCG, become efficient enough to lead to rapid aggregation despite
the lack of seeding. More weakly seeded experiments (0.5 % seeds in monomer equivalents)
are more susceptible to inhibition, probably because the relative concentration ratio of inhibitor
to seed is higher. These seeded experiments provide clear evidence for an interaction between
α-synuclein fibrils and both EGCG and EGCGox under most pH conditions. This is consistent
with a previous study that has reported an affinity of EGCG for α-synuclein fibrils in the low µM
range at neutral pH [? ]. Indeed, in this previous work, it was noted that the affinity of EGCG
to α-synuclein fibrils appeared to become more tight over the course of minutes to hours. This
corresponds to the time scale of EGCG oxidation under these conditions and is consistent with
our finding here that EGCGox has a stronger inhibitory effect at equivalent concentrations. We
also performed an experiment to probe whether EGCGox interacts with fibrils at more acidic pH
than what had been shown in the previous study. When 25 µM α-synuclein fibrils are incubated
with a stoichiometric quantity of EGCGox, approximately two thirds of the compound can be
centrifuged down with the fibrils. This result confirms that α-synuclein fibrils interact with
EGCGox also at acidic pH with a stoichiometry not very different from 1:1.

Since we detected an inhibitory effect of EGCGox in seeded experiments, particularly in the
experiments at low seed concentrations, we tested whether incubating the seeds with EGCG or
EGCGox before the experiment was able to influence their seeding efficiency. In experiments
where the seeds were incubated for 1 h and then added at a final concentration of 5 % in monomer
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equivalents at pH 5-7, the aggregation kinetics and the efficiency of the seeds did not reveal any
differences between pre-incubated seeds and those that had not been in contact with EGCG or
EGCGox. We then tested whether the seeds were altered by a substantially longer incubation
(> 100 h) at 37 °C, followed by addition of fresh monomer. Also here we found no influence
on the seeding efficiency, but the ThT fluorescence intensity was strongly decreased by the
compounds. In these pre-incubation experiments, the concentrations of EGCG/EGCGox is
sub-stoichiometric during the actual elongation reaction. Taken together, our seeded experiments
show therefore that EGCG and/or its oxidation products can only act on the seeding efficiency
if present at high enough concentrations and that the interactions between the seeds and the
compound are not able to permanently alter the seeding efficiency.

This finding agrees with a previous observation for κ-casein fibrils, which interact with high
affinity with EGCG, but showed no indication of modification the structure or of redirection
of the aggregation pathway [560]. However, various studies have reported the EGCG-induced
remodelling of diverse amyloid fibrils and a formation of soluble amorphous aggregates at
neutral pH [355, 356, 559, 561, 562, 563, 564, 565, 566]. Our seeding data did not suggest a
seeding efficiency change or dissociation of the pre-formed α-synuclein fibrils; EGCG interacts
with the fibril surface and therefore changes the interaction with ThT, as well as being able to
interfere with the seeding if present at sufficiently high concentrations. However, an equimolar
concentration is not sufficient to change the structure of preformed fibrils in such a way to render
them less efficient as seeds.

All together, our results paint a much more complex picture of the inhibitory effects of EGCG
on the amyloid fibril formation by α-synuclein than what the available literature suggests. We
summarize our findings in Figure 6.11. First of all, EGCG itself seems to be very ineffective as
inhibitor, whereas its oxidation products are much more efficient [19]. This finding explains why
in general EGCG is a rather inefficient inhibitor in de novo experiments under pH conditions
where EGCG is stable, i.e. mildly acidic pH. Furthermore, EGCG can interact with non-binding
surfaces of plates and transform them into efficient surfaces for the heterogeneous primary
nucleation of α-synuclein amyloid fibrils. Finally, EGCGox is able to effectively interfere with
seeded aggregation if present at a high enough ratio with respect to the seeds. However, upon
dilution and subsequent unbinding, the fibrils recover their seeding efficiency. Our seeded
experiments were carried out under quiescent conditons, where fibril fragmentation is negligible
and no new ends are therefore generated, explaining the efficient inhibition. Under conditions of
vigorous mechanical shaking, such as the ones we have employed in our de novo experiments, the
constant generation of new ends through primary nucleation and fragmentation [379] renders the
inhibitory effect of EGCGox much weaker. Our study represents the most detailed investigation
of the inhibitory effects of EGCG on α-synuclein amyloid fibril formation. From our study
emerges a complete picture of the EGCG effect on α-synuclein aggregation. This data suggest
that an extensive characterisation of potential amyloid fibril inhibitors is required in order to be
able to conclude whether a given molecule is a useful inhibitor.

Conclusions
In conclusion, we have shown that EGCG only inhibits the amyloid fibril formation by α-
synuclein under very specific conditions, and that this compound can even act as an enhancer of
amyloid fibril formation through facilitating heterogeneous primary nucleation. The oxidation
products of EGCG are significantly more efficient inhibitory agents than the unmodified EGCG,
but at the same time it is also more efficient in inducing primary nucleation. This leads to a
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Figure 6.11: Schematic depiction of monitored effects of the anti-amyloid compound EGCG on the
α-synuclein fibril formation. (A) shows that α-synuclein can not bind to the non-binding surface of the
plate, while the compound EGCG can bind to the surface and facilitate the formation of amyloid fibrils.
(B) EGCG displayed almost no effect on a strongly seeded aggregation (5 % seeds), whereas a weakly
seeded aggregation (0.5 % seeds) could be retarded through interactions with the monomer. (C) The
compound seems to interact with amyloid fibrils, but was not able to remodel the fibril into amorphous
aggregates. When fresh monomer was added, the fibrils could elongate like the control.

complex interplay of the inhibitory and enhancing effects of EGCG and EGCGox, the net effects
of which depend on the pH of the solution, the presence or absence of seeds, as well as the type
of reaction vessel and the general conditions of the aggregation reaction. Importantly, we also
establish that EGCG is not able to remodel α-synuclein into seed-incompetent structures. Taken
together our results highlight the complexity of even such a supposedly well-established amyloid
inhibitor as EGCG and establish a detailed experimental strategy to evaluate the true potential of
a compound to interfere with amyloid fibril formation.
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DISCUSSION

A lot of scientific work has been carried out on light chain characteristics and their aggregation
behaviour. But only in the last two decades studies with the full-length LC were conducted. In
the past solely the variable domains were intensively investigated, because they were mainly
found in amyloid deposits. The main focus was examining the variable domains REC, REI, SMA
and LEN, Rhe [184, 197, 214, 257, 298, 413, 499, 567, 568, 569, 570, 571, 572, 573, 574]. All
of these peptides derived from a patient and the amino acid sequence was determined, since the
de novo sequencing of light chains is even nowadays challenging, former studies concentrated
on the known sequences. REC and SMA were extracted from an AL patient, while LEN, REI
and Rhe were excreted free a patient without indication of having amyloid deposits.

Only recently the full-length LC gained importance in the research field [232], but the question
of amyloidogenesis of full-length LC remains unsolved. The aim of my project was to shed
light on the aggregation behaviour of patient-derived full-length LCs. I have purified 20 LC
proteins mainly from MM patients, characterized their biophysical properties in correlation
to the patient’s pathology (Chapter 3„ and performed a detailed Thermodynamic Aggregation
Fingerprinting (ThAgg-Fip) of a subset of nine LC proteins. With the help of my collaboration
partners from the Institut Pasteur we were able to to determine the amino acid sequence of
a subset of nine LC proteins (Chapter 4).The inclusion criterion of a given sample was the
availability of a sufficient amount of LC at high purity. A more detailed biophysical investigation
of the selected samples was performed, which we denoted Thermodynamic and Aggregation
Fingerprinting (ThAgg-Fip), because it revealed a unique set of biophysical and biochemical
properties of every patient-derived light chain (Chapter 5).

All together I could establish a simple, but efficient protocol to purify light chains from urine
samples of patients. The samples displayed a high purity, which enables a detailed biophysical
characterization, though I had to exclude three samples from the study. The kidneys of these
patients were massively damaged, hence they excreted mainly human serum albumin (HSA).
The intrinsic physical properties which were claimed to correlate with the amyloidogenicity
of a LC, such as thermodynamic stability, dimer content, ability of refolding and proteolytic
resistance, could not be used as a discriminator of kidney damage severity.

However, LCs derived from a patient with a significantkidney impairment were resistant to
proteolytic cleavage by trypsin. Even though a fast fragmentation could lead to the formation
of fibrillar structures in vitro. Mass spectrometry could not only determine the unique amino
acid of the structure, but also revealed the presence of different cathepsins in the LC samples
purified from urine. Cathepsins are predominantly endopeptidases, which are intracellular
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located in endolysosomal vesicles. Lysosomal lumen has an acidic pH close to 4.5 and contains
approximately 60 different soluble hydrolytic enzymes, which are directly involved in the
degradation of metabolites [380, 381, 382, 575]. This is the reason why cysteine cathepsins are
active at slightly acidic pH values and mostly unstable at neutral pH [527, 528].

In vivo extracellular material reaches lysosomes mainly through endocytosis and phagocytosis,
and intracellular materials are delivered through autophagy [575]. Studies demonstrated that
the interaction with mesangial cells plays a key role in the pathogenesis of AL and LCDD. The
glomerulus persists to approximately one third of mesangial cells. In contrast to light chains
from an LCDD patient, amyloidogenic LCs are endocytosed by mesangial cells and delivered to
lysosomes, where the LCs are exposed to secretases [576, 577, 578]. An in vitro study performed
by Tagouri indicated, that amyloid formation in the kidney requires the intracellular processing
of mesangial cells [579]. Kjeldsberg found intracellular amyloid fibrils within plasma cells,
histiocytes, renal tubule cells and hepatocytes, suggesting that amyloid fibrils may form in the
Golgi apparatus and within lysosomes [580]. It was postulated that the excessively produced
LCs were transported to the Golgi apparatus, where they were transformed into crystalline
inclusions, and thereafter, digested by lysosomal enzymes to form amyloid fibrils [247]. This is
consistent with the presented findings of generic amyloidogenicity where the LCs are fragmented
by cathepsins at low pH. Reiter and colleagues could detect the presence of cathepsin B in
urinary cast in AL and MM patients [581].

Protein maturation occurs in the endoplasmic reticulum (ER) implying chaperone-assisted
folding, post-translational modifications and disulfide bond formation [289, 290]. Native folded
proteins which pass the quality control are delivered to the Golgi apparatus before they are
secreted to the extracellular space [291, 292]. Excess light chains are usually secreted without
assembly to the corresponding heavy chains. But the expression of SMA and LEN in COS cells,
revealed that the secretion of a LC presenting an unstable conformation can fail due to the quality
control of the ER [297, 298].

During the expression of SMA and LEN in COS cells, non-amyloidogenic LEN is rapidly
oxidized in the ER, transferred to the Golgi apparatus and subsequently secreted, whereas newly
synthesized amyloidogenic SMA remains in the reduced state, and gets dislocated out of the
ER into the cytosol, where the protein gets ubiquitinylated and degraded by proteasomes. If
the degradation fails, SMA can be found in perinuclear aggresomes surrounded by vimentin-
containing intermediate filaments [297, 298]. LC amyloid deposits are extracellular. Only rarely
patients having additional intracellular aggregates localized for instance in the rough endoplasmic
reticulum are found [582, 583]. Usually altered conformations do not transit from the ER to the
Golgi. Rather they are retained in the ER, dislocated in the cytosol and targeted for degradation
by proteasomes [584, 585]. In patients the quality control in the ER is not always successful,
otherwise e.g. SMA could not have been found in amyloid deposits in a patient. Nevertheless,
activating the unfolding protein response significantly decreases the amount of secreted LCs.

Critical protein concentration for the aggregation of SMA was reported as 4 µM, which is
approximately the concentration of LC in the ER of the plasma cell [586]. The lowest concentra-
tion used in my aggregation experiments was 5 µM. The ThT-signal was dramatically reduced
compared to the fluorescence intensity for the aggregation experiment with 100 µM, but was
still detectable at acidic pH. Under reducing conditions the signal was hardly analysable, but
the aggregation under reducing conditions was very heterogeneous. Some of the LCs formed
only ThT-negative aggregates (P001, P013 and P020) and the other LCs formed a mixture of
amorphous and fibrillar aggregates. In addition to the reduction of the disulfide bond, the LCs
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also got fragmented. But compared to the fragmentation at lower pH values, this fragmentation
was very slow. The proportion of fragments did rarely change over an incubation time of 15 h,
whereas the aggregation continued. Therefore the driving force is probably not the fragmentation
of the LCs, but rather the reduced dimer. Unlike the other samples, which already comprised
very large aggregates after 75 min or 5 h, P006, P016 and P017 formed oligomeric species,
which grew more slowly. The size of the other aggregates was so enlarged, that they sediment
during the acceleration to 60,000 rpm or even scattered the light immense at 3000 rpm. But
except for sample P016, which aggregates fairly slow, these differences in the behaviour cannot
be revealed in the ThT-kinetics. The fact, that reducing conditions can induce the formation of
oligomeric species, was already reported by Andrich et al. [267].

Nevertheless, the data at pH 3 suggest, that the critical concentration for fragments is considerably
smaller.

The aggregation of SMA could be accelerated with pre-formed fibrils and these seeds could
also be used to seed LEN [587]. A possible cross-seeding of a non-amyloidogenic LC with
fibrils of an amyloidogenic LC, raises a more complex picture. This implies, that only a small
proportion of an aggregation prone LC is needed to induce the aggregation of a LC, which would
not self-assemble.

In vitro fibril formation of LCs, which did not aggregate in vivo could be induced by low
concentrations of denaturant, indicating that there are no structural or sequence-specific features
other than the greater stability [257].

The injection of LCs derived from patients with different clinical appearances in six-week-
old mice manifest in a comparable deposition similar to the patients deposits, however the
biophysical characteristics of the used light chain proteins showed no correlation [588, 589].

The systemic analysis of the LC sequences using different computational approaches, emphasizes
the universal amyloidogenicity of patient-derived light chains, in particular together with se-
quences derived from different germlines selected from AL-Base. The pathology of the patients
was known, therefore they could be categorized in amyloidogenic and non-amyloidogenic LCs.
TANGO determined similar aggregation propensities. This reveals that there is no significant
difference within the sample set. The TANGO calculations have not been compared to other
proteins, because they displayed very diverse aggregation propensities irrelevant of their in vivo
behaviour. Thus the algorithms are merely useful to compare similar sequences.

PASTA could not display the amyloidogenicity, whereas waltz determined no amyloid propensity
for the LC derived from an AL-patient. According to this, the different approaches have to be
considered critically.

Surfaces can catalyze the formation of amyloid fibrils. Surface-induced aggregation of SMA was
orders of magnitude faster on negatively charged mica surface than aggregation in bulk solution.
On positively or nonpolar modified mica no fibril formation was monitored. Large mature fibrils
were absent on the surface [590]. High rate of blood velocity, destabilizing lower pH, higher salt
and urea concentration in the kidney lead to in vivo deposits.

The comprehensive picture which arises, is that LC aggregation seems to be influenced by several
factors, of which some are dependent on the intrinsic protein properties whereas others depend
on the environment. In addition to the already mentioned proteases, the composition of the
extracellular matrix, such as glycosaminoglycans (GAGs) [495, 591], lipid compositions [592],
the ionic strength [593], pH [594] and the redox status [501, 595, 596] is highly relevant. In
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vitro aggregation could be induced by biologically relevant lipid-derived aldehydes by altering
the secondary structure to an increased β -sheet conformation. This was primarily dependent
upon the lipid aldehyde and not the primary structure of the examined LCs [592].

Since the aggregation of light chains seems to be dependent on different external factors, the study
of the impact of the polyphenol epigallocatechin-3-gallate (EGCG) is unfeasible to be carried
out with LCs in particular without a deeper understanding of the potential course of action of
EGCG. Therefore I conducted aggregation experiments with the well-studied Parkinson protein
α-synuclein. The mode of action was very dependent on the aggregation conditions and range
from enhancement to inhibition (Chapter 6). EGCG only inhibits amyloid formation at pH 7,
where EGCG auto-oxidises fast into various products. EGCGox is a significantly more efficient
inhibitor agent than unmodified EGCG. Both compounds can interfere with ThT-fluorescence,
which can result in false positives (Figure 7.1).

Figure 7.1: Impact of the compound EGCG on spontaneous de novo aggregation. (A) EGCG auto-
oxidises rapidly at neutral pH and this oxidised compound can inhibit the fibril formation, which results
in an prolonged lag-time. (B) EGCG and EGCGox can interfere with ThT-fluorescence, which may lead
to false positives.

To assess the impact of the compound, the used conditions played a key factor. For instance,
de novo aggregation of α-synuclein was dramatically accelerated in non-binding plates. A-
synuclein requires a hydrophobic surface to promote primary nucleation. This surface can either
be provided by lipids, the air-water interface or the surface of the reaction vessel. A-synuclein
cannot bind to the non-binding surface plates, but EGCG covers the modified surface, whereby
enabling the binding of the protein.

EGCG displayed almost no effect on a strongly seeded aggregation reaction, whereas a weakly
seeded aggregation reaction is more strongly inhibited. Even though EGCG interacted with
the fibrils, the compound was not found to be able to remodel the fibrils into amorphous,
seeding-incompetent aggregates. They presented the same seeding efficiency as the control
fibrils.

Summarising, the anti-amyloidogenic compound EGCG is strongly dependend on the envir-
onmental conditions, such as the pH value of the solution, the type of the reaction vessel, the
presence or absence of seeds. This complexity, in particular of a supposedly well-established
amyloid inhibitor, raised awareness to a comprehensive study design.
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7.1. Outlook
The idea of an intrinsic universal amyloidogenicity challenge the current paradigm of the link
between amino acid sequence and amyloid fibril formation of pathogenic LCs. The primary
sequence may play a role in their behaviour in a patient, but under appropriate, physiological
conditions all light chains formed amyloid structures. The external factors in vivo appear to
be essential requirements. This aggravates the experimental study design and in particular the
forecast of the behaviour in a patient.

To understand the effect of the intrinsic protein properties the amount of samples has to be
increased and our developed fingerprinting approach has to be performed. With a high amount of
ThAgg-Fip data sets, deep learning can be accomplished. This may reveal certain characteristics,
which tend to be overlooked in standard approaches. In addition, this raises the question, if more
precise knowledge of the patient’s environment is required.

In the future, in vitro studies better mimicking in vivo conditions, have to be performed. In
particular the affinity to different proteins have to be examined.

The non-fibrillar glycoprotein serum amyloid P component (SAP) was found to bind and deposit
universally to amyloid fibrils and was present in amyloid deposits of Ig light chains [597]. SAP
is a plasma protein, which belongs to the pentraxin family [598]. The interaction with fibrils
may involve glycosaminoglycans, but SAP also binds to in vitro formed fibrils. Patients with
Waldenström’s macroglobulinaemia, who possess high levels of IgM monoclonal protein [599],
have elevated SAP levels (83±34 µg/ml) compared to patients with MM (39±17 µg/ml) and
to a healthy control group (35±11 µg/ml) [600]. SAP bound to amyloid fibrils, protects the
fibrils from degradation by proteolytic enzymes, e.g. cathepsin G in the presence of calcium
[601], whereby amyloid can be fostered. SAP could not be detected in non-amyloid deposits of
LCDD-patients [602, 603]. In vitro aggregation kinetics in the presence of SAP are troublesome,
because it has a high tendency to precipitate. Therefore it is questionable, whether SAP promotes
aggregation by facilitating nucleation or solely by protecting formed fibrils. Nevertheless, SAP
can be used to detect amyloid deposits, diagnose amyloidosis and potentially treat amyloidosis for
example by using radioiodinated SAP [604] or the anti-SAP antibody Dezamizumab [336, 348].

Moreover, light chains can non-covalently bind to the glycosylated protein uromodulin, also
known as Tamm-Horsfall protein, which is the most abundant protein in normal human urine
[605]. The formation of heterotypic aggregation of these proteins form myeloma casts in the
distal nephron of the kidney and results in renal failure [606]. These aggregates displayed a low
digestability by proteases [607]. Uromodulin could be detected in all the investigated samples
using MS.

The investigation of patient-derived LCs has the advantage that the samples still comprise
patient-specific additional components such as cathepsins. However, this hampers the analysis
of the intrinsic protein characteristics. To overcome this burden, the LCs can be produced
recombinantly. A protocol to express LCs in E. coli and purify them from the periplasmic space
and from insoluble inclusion bodies was established using an amyloidogenic LC sequence from
literature tagged with an His-Tag. This protocol can be used to express the LCs, which primary
sequence has been determined. Furthermore, an established LC, such as LEN, can be expressed
and examined using the outlined approaches in the presence and absence of additional lysosomal
proteases.
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