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1 Zusammenfassung

1

Zusammenfassung

Sowohl AL Amyloidose als auch Multiples Myelom (MM) werden durch klonale Plasmazellen
verursacht, die monoklonale Leichtketten produzieren. Diese klonalen Plasmazellen gelten als MM,
sobald sie einen Anteil von über 10% des Knochenmarks ausmachen. Dies ist jedoch nur bei 46% der
AL-Patienten der Fall. Deshalb wird für die Diagnose AL das Vorhandensein von amyloiden
Proteinablagerungen herangezogen. Diese Ablagerungen besitzen ein cross-β-Faltblatt Motiv, an
welches spezifische Farbstoffe wie Thioflavin T (ThT) binden können. Das Polyphenol
Epigallocatechin-3-gallat (EGCG), das an das selbe cross-β-Faltblatt Motiv bindet, ist ein möglicher
Wirkstoff zur Behandlung von AL. EGCG war in der Lage Amyloidablagerungen im Herzen einzelner
Patienten aufzulösen.
Meine Arbeit analysiert die Amyloidbildung von Leichtketten aus dem Urin von AL und MM Patienten
und untersucht zudem den mechanistischen Effekt von EGCG auf die Leichtkettenaggregation. Dazu
wurden sowohl die Struktur und Stabilität von Leichtketten als auch ihr Aggregationsmechanismus
untersucht.
Zunächst habe ich ein Protokoll zur Isolierung von neun Leichtkettenproteine (2x κ-AL, 2x λ-AL, 2x κAL, 3x λ-AL) aus dem Urin von AL- und MM-Patienten etabliert. Die aufgereinigten Leichtketten lagen
zu 50% als Monomere und zu 50% als Disulfid-verbrückte Dimere vor.
Ihre Stabilität korrelierte in der thermischen und chemischen Denaturierung nur schwach zur Diagnose
MM oder AL, was nahelegt, dass die unterschiedliche Aggregation von AL und MM Leichtketten in
vivo auf kinetische Faktoren zurückzuführen ist. In vitro formten sowohl AL- als auch MM-Leichtketten
ThT-bindende Aggregate in einer zweiphasigen Aggregationskinetik. Voraussetzung für die erste Phase
war die Reduzierung intermolekularer Disulfidbrücken. Hierbei wandelten sich monomere Leichtketten
in aggregationsfähige Oligomere um. In der zweiten Phase bildete das Protein cross-β-Faltblätter. Dabei
hing die erste Phase nicht von der Leichkettenkonzentration ab. Dies deutet darauf hin, dass hier eine
Konformationsänderung geschwindigkeitsbestimmend ist. Im Gegensatz zu MM-Leichtketten, war die
zweite Aggregationsphase von AL-Leichketten abhängig von der Leichtkettenkonzentration. EGCG
inhibierte die zweite Aggregationsphase aller neun Leichtketten und induzierte SDS-stabile Aggregate.
Die Glykosylierung einer Leichtkette hatte keinen Einfluss auf deren Aggregationsverhalten.
Weiterhin habe ich ein massenspektrometrisches Verfahren zur Sequenzierung von Leichtketten
weiterentwickelt. Mittels Basispeak-Abfrage und de novo Sequenzierung assistiertem Peptidmapping in
einer IMGT-abgeleiteten LC-Sequenzdatenbank konnte ich die Sequenz der λ-AL-1 Leichtkette und
ihre Sequenzgüte zuverlässig bestimmen. Ich konnte 10 Mutationen im Vergleich zum Genvorläufer
bestimmen, von denen viele im Protein-Protein-Interface innerhalb von LC Dimeren lagen. Dies stützt
meine Interpretation, das eine Konformationsänderung der Bildung von LC-Amyloid bestimmt.
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1 Abstract

1

Abstract

AL amyloidosis and multiple myeloma (MM) is caused by plasma cells that form a clonal population
that produces monoclonal light chains (LC). A clonal population exceeding 10% of all bone marrow
plasma cells is considered as MM, a form of bone marrow cancer. Only about 46% of AL patients
progress to MM. In contrast to MM AL is defined by amyloid deposits formed by the LC. Amyloid
fibrils contain a common cross-β-sheet motif which binds to amyloidophilic dyes like Thioflavin T
(ThT). Epigallocatechin-3-gallate (EGCG) was discovered as a possible therapeutic agent in
amyloidosis. It reduced cardiac amyloid deposits in AL patients suggesting its potential as secondary
treatment option.
The aim of my thesis was to characterize structures and stabilities of authentic amyloidogenic light
chains, to analyze their aggregation behavior in vitro, and to investigate EGCG as a possible treatment
against amyloidogenic deposits in patients suffering from AL. I isolated nine LC proteins (2x κ-AL, 2x
λ-AL, 2x κ-AL, 3x λ-AL) from patient’s urine. SDS-PAGE resolved LC into monomers and disulfidelinked dimers. Thermal and chemical stabilities of LC proteins correlated weakly to MM or AL,
suggesting that kinetic factors might determine amyloid formation. All light chains formed ThT-positive
high molecular weight aggregates. Aggregation kinetics displayed two distinct phases. The first
aggregation phase was initiated by reduction of inter-molecular disulfide bonds. It corresponded to
conversion into oligomers, while the second phase corresponded to cross-β-sheets formation. At low LC
concentrations, all aggregation kinetics showed only weak concentration dependence, suggesting that a
conformational change was rate-limiting. At higher concentrations AL-LC, but not MM-LC displayed,
concentration dependence typical for amyloid formation kinetics. EGCG inhibited the second
aggregation phase and induced SDS-stable aggregates in all nine LC. Glycosylation of one LC did not
affect its aggregation.
In addition to the analysis of LC aggregation I determined the sequence of one LC (λ-AL-1) via mass
spectrometry. I advanced the previously described base peak interrogation method, which infers LC
peptide sequences after combined peptide mapping and de novo sequencing from LC-MS/MS data: To
confidently determine the sequence of the λ-AL-1 LC an IMGT-derived germline LC sequence database,
alignment to the IMGT numbering system, and a scoring system for sequence quality were introduced.
I identified 10 mutations of the λ-AL-1 LC compared to its germline parent. Strikingly, most of these
mutations lay at the protein-protein interface inside the LC-dimers. This supports my interpretation of
the kinetic data that conformational change rather than self-assembly determines LC amyloid formation.
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2 Introduction

2

Introduction

The aim of this work was to biochemically and biophysically characterize authentic amyloidogenic
immunoglobulin light chains, to analyze their aggregation behavior in vitro, and to investigate (-)epigallocatechin-(3)-gallate (EGCG) as a possible treatment option to dissolve amyloid deposits in
patients suffering from Systemic Light Chain Amyloidosis (AL). AL amyloidosis is a rare disease with
an underlying cancer pathology: Upon mutation, a plasma cell that expresses a soluble unique
immunoglobulin (Ig) ceases to express the Ig’s heavy chain, still expressing the Ig’s light chains. Further
mutations increase the plasma cells growth advantage, resulting in a clonal plasma cell population, and
the produced monoclonal light chain (LC) becomes overabundant. When the clonal population exceeds
10% of all bone marrow plasma cells (BMPC), a cancerous stage called multiple myeloma (MM) is
reached that may coincide with AL. LC deposits as amyloid in patient-individual tissues, predominately
the heart and the kidney, causing severe organ damage only in AL. Currently, the underlying clonal
plasma cell population is reduced with moderate success by stem cell transplantation and / or
chemotherapy. It can expand between treatments, supplying more light chains that might prevent LCdeposits from being cleared. Therefore, a second treatment route to deplete deposits is required, and
previous research on amyloidogenic peptides and proteins indicates EGCG might achieve this.
Understanding the aggregation behavior of light chains and the therapeutic potential of EGCG requires
an understanding of disease development, of light chain genetics and maturation, of protein misfolding
and amyloidogenesis, and of previous observation on the effect of EGCG on other amyloid. I will give
an overview of these topics in this chapter.

2.1

Connecting AL amyloidosis and multiple myeloma

The overproduction of monoclonal immune proteins by a clonal lymphocyte or plasma cell population
is called monoclonal gammopathy. Therefore, AL and MM are monoclonal light chain gammopathies
caused by clonal plasma cells that are closely connected by the development stages of myeloma
(myelomagenesis): While MM corresponds to its advanced stages, AL occurs in 54% of patients in
earlier stages. The staging of the underlying clonal population may be significant for the additional
hallmark of AL, the deposition of monoclonal light chains as amyloid. In this work, I compared light
chain proteins isolated from the urine of patients suffering from AL amyloidosis, with the underlying
clonal population progressed to multiple myeloma, to LC proteins isolated from patients suffering from
MM only. To review the differences and similarities between the patient groups, I will briefly introduce
amyloidoses, AL, monoclonal gammopathies and myelomagenesis.
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2.1.1.

Amyloidoses

Amyloidoses are known at least since the 1840s1, but the term amyloid was only introduced by Virchow
in 18542. They are defined as conditions in which pathological symptoms are associated with abundant
amyloid protein deposits. Amyloid deposition diseases are be classified by the tissues in which the
amyloid deposits appear and further discriminated according to the main protein species comprising the
amyloids:3 (1) The most common amyloid deposition diseases are neurodegenerative conditions such as
Alzheimer disease (AD), marked by deposits of Amyloid-beta (Aβ) and Tau proteins4, 5, Parkinson
disease (PD) associated with alpha-Synuclein (α-Syn)6, Huntington disease (HD) with Huntingtin (Htt)7,
8

, and Transmissible spongiform encephalopathies (TSE) with amyloid deposits composed of PrP9. (2)

A number of non-neuropathic systemic amyloidoses are known, including Primary Systemic
Amyloidosis (AL) with Ig light chains10, 11, Serum amyloid protein A Amyloidosis (AA) with Serum
protein A3, and Transthyretin Amyloidosis (ATTR) with TTR12 as amyloidogenic species. (3) A nonneuropathic localized disease is Diabetes mellitus Type 2 accompanied by an amyloidogenic species
composed of the insulin antagonist amylin, also called islet-amyloid polypeptide13. Insulin (Ins) itself
can form amyloid fibrils, causing problems for the long-term storage of medical insulin14.
AL amyloidosis, the most common form of systemic amyloidoses11, is marked by light chain protein
deposits in various organs: in the heart of 50% of patients, in the kidney of 66% of patients, as well as
in other tissues such as the tongue, liver, spleen, peripheral nerves, lung, the gastrointestinal tract and
fat11. Whether the heart is affected is a major prognostic factor for patient survival11.
To diagnose AL amyloidosis as well as the monoclonal light chain gammopathy, the presence of
amyloid deposits needs to be confirmed: Amyloid deposits are established by echocardiographic
observations of a septum wall11 (thickened by extracellular amyloid deposits), or by a positive Congo
red staining of fat or tissue biopsies15 (characteristic apple-green birefringence in polarized light), or by
scintigraphy16 (differentiation from other cardiac amyloidoses). The monoclonal light chain
gammopathy is established by immunofixation electrophoresis (IFE, electrophoresis mediated immuneprecipitation) of a patient's serum or urine17 , and / or by detection of serum-free light chains (FLC)18, 19.
Ig light chains are produced 10-40% in excess of heavy chains in healthy humans20-22. They are rapidly
filtered by the kidney, and probably actively resorbed into lysosomes and degraded22-27 (10-30 g/day22),
which minimizes FLC levels in serum and urine28, 29. However, when elevated FLC level overwhelm
renal filtration and /or catabolism FLC level increase and can be detected in serum and urine30-32.
Two approaches have to be combined in treating AL Amyloidosis11: First, to deplete the underlying
clonal population preventing the formation of further amyloidogenic precursor by chemotherapy33; this
is often unsuccessful due to the staging34 and high intra-clonal heterogeneity of the underlying clonal
population35 (see chapter 2.1.3). Second, to counteracting organ failure, amyloid deposits need to be
removed. No agents to accomplish this have been approved so far. Recently studies have explored the
potential of the green tea polyphenol (-)-Epigallo-catechin-(3)-gallate (EGCG) to accelerate the
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depletion of light chain deposits36-38, and a main objective of this thesis was to elucidate the influence
of EGCG on LC aggregation.

2.1.2.

Monoclonal gammopathies

Monoclonal gammopathies comprise a group of diseases where an over-proliferated lymphocyte or
plasma cell clone produces a monoclonal immune-protein39, which appears in the gamma fraction of
classic plasma protein electrophoresis40 and is excreted with urine, from which I isolated nine LC
proteins.

2.1.2.1

LC can be isolated from urine

In healthy individuals, because urine is the product of blood filtration in the kidney, matrix components
of urine and serum are qualitatively very similar but will differ in their proportions. The matrix
components of both body fluids belong to three major groups: (1) salts ions (e.g. Ca2+, Mg2+, Na+, K+,
Cl- PO43-. NH4+)41-43, (2) small molecules (e.g. uric acid, urea, glucose, creatinine, glucoses, vitamins,
amino acid)41, 43, and (3) proteins (e.g. albumin, γ-globulins, α- and β-globulins, non-clonal LC)41, 44, 45,
with albumin being the most abundant matrix protein. From a technical point of view ions and small
molecules can be easily removed, and the most important difference in urine compared to serum is that
protein concentrations are decreased by about a factor of 300041. In non-kidney-impaired AL or MM
patients, the FLC clearance by the kidney can be overwhelmed and up to 99% of the protein in urine
might consist of FLC (proteinuria). Over time the kidney becomes impaired, possibly due to the
permanent LC-overload and the protein composition in urine will adapt to that in blood (~albuminglobulin-LC: ~100:50:1), with FLC accounting for as low as about 0.5% of the total protein
(albuminuria). Here, I established a protocol for light chain purification from urine of non-kidney
impaired patients (chapter 4), and characterized the isolated LC in detail (chapters 4.2 to 4.6).
Additionally, I explored possibilities to purify LC from urine of patients with albuminuria (appendix
8.1.3).

2.1.3.

Myelomagenesis

Similarities between AL and MM do not end at the excretion of monoclonal immunoglobulin light
chains39: While the classification of multiple myeloma is derived from the portion of monoclonal plasma
cells in the patient's pool of bone marrow plasma cells35, the classification of AL amyloidosis is derived
from an LC protein’s propensity to form in vivo protein deposits with certain properties that render it
amyloid11,

39

. Still, the development of the LC-producing clonal plasma cell population

(myelomagenesis) connects these diseases as well. A brief overview of myelomagenesis will explain
how (Fig. 2.1.3-1), and will help to understand implications of patient selection described afterwards:
In the initial step Memory B cells or dormant plasma cells awaiting the next antigen challenge in bone
marrow achieve a first growth advantage over normal plasma cells: By translocations in the Ig heavy
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chain gene locus on chromosome 14 (14q translocation)35, 46, they cease to produce immunoglobulin
heavy chains. This happens in 50% of patients during somatic hypermutation in Memory B cells or
during heavy chain isotype switching46 in Memory B cells or plasma cells.

Fig. 2.1.3-1 Myelomagenesis.
Memory B cells or dormant plasma cells awaiting the next antigen challenge become pre-malignant by
mutationally acquiring a growth advantage over normal plasma cells by ceasing to produce Ig heavy chains. The
asymptomatic clonal population expands below 10% of bone marrow plasma cells (BMPCs) as monoclonal
gammopathy of undetermined significance (MGUS). When it gains by mutation further growth advantage it
expands to over 10% of BMPCs. The resulting multiple myeloma (MM) can be either still asymptomatic
(smoldering MM /SMM) or symptomatic (malignant) by fulfilling the CRAB criteria47 (hypercalcemia, renal
failure, anemia and lytic bone lesions). If the clonal population gains the ability for stroma-independent growth it
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becomes an bone marrow-independent (extramedullary diseases plasmacytoma or plasma cell leukemia (PCL)35
by expanding out of bone marrow. A study with 1,255 AL patients estimated that their underlying clonal population
was in 54% of cases in the MGUS stage, in 38 % of cases in the SMM stage and in 8% in the CRAB stage of
myelomagenesis34.

During the next stage, which has the clinical term monoclonal gammopathy of undetermined
significance (MGUS), the pre-cancerous clonal plasma cells expand first asymptomatically to a clonal
population amounting to < 10% of bone marrow plasma cells (BMPCs)35, before they gain additional
growth advantages through further mutations, often resulting in Ras and /or Myc oncogene activation,
deletion of chromosome 13, and / or DNA hypomethylation. This allows the clonal population to expand
to above 10% of BMPCs to reach the first multiple myeloma (MM) stage. The clonal population can
either remain in a asymptomatic (smoldering MM, SMM) or progress to the symptomatic stage with
hypercalcemia, renal failure, anemia and lytic bone lesions (CRAB criteria47)35. A clonal plasma cell
population exhibits a downstream myelomagenesis increasing intra-clonal heterogeneity. Since the
growth of clonal plasma cells is stroma-cell dependent, they are confined to the bone marrow35. Further
constitutive activation of NF-κB (nuclear factor κ-light-chain-enhancer of activated B-cells), and other
mutations35 allow for stroma-independent growth outside the bone marrow, which causes the multiple
myeloma to progress into plasmacytoma (bone lesions) or into plasma cell leukemia (PCL)35.
AL amyloidosis can coincide with all myelomagenesis stages (MGUS, SMM or CRAB) with
descending probability (54%, 38% or 8% of AL cases34). The patient information was partially blinded
during my study and upon unblinding I found that practical consideration during purification has
introduced an unintended bias in patient selection: In all four AL patients from whom I isolated LC
proteins the underlying clonal plasma cells was progressed to the CRAB stage defined by clonal
expansion of over 10% of BMPCs and the development of lytic bone lesions (calcium depletion from
the bone).

2.2

LC sequence analysis

Proteins are defined by their amino acid sequence48-50: The sequence of mature immunoglobulin light
chains is unknown on germline level. LC are genetically encoded in fragments, which are assembled by
chance and then somatically mutated. Therefore, mature light chains are unique and encoded only
somatically in the clonal population derived from a single plasma cell (see chapter 2.3). Here, I will
briefly introduce techniques to analyze LC protein sequences, ranging from previous approaches to
those considered state-of-the-art, and summarize the disadvantages that have led to the need for new LC
sequencing methods. Subsequently, I will introduce the basic approach in MS-based sequencing
combined with peptide mapping as well as de novo sequencing, which were both used in sequence
analyses in this thesis. At the end I will briefly introduce the principles of de novo sequencing.
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2.2.1.

Light chain sequencing

Immunoglobulin light chains can be sequenced on DNA or on protein level. DNA sequencing must be
based on monoclonal plasma cells that have been isolated from bone marrow51-55. It has the
disadvantages, that relatively high amounts of monoclonal plasma cells are required and that for ethical
reasons bone marrow biopsies can only be acquired where diagnostically relevant, which is often not
the case. On the protein level immunoglobulin light chains have been traditionally sequenced by Edman
degradation56-60. This method is labor-intensive, requires experienced personnel to operate the
sequencers and became virtually obsolete with the advent of MS-based proteomics. It is still available
as N-terminal sequencing service and charged by the amino acid, so a full-length LC sequence (~215
aa) could easily cost several thousand Euros. Traditional MS-based sequencing applied to monoclonal
LC isolated from three different tissues in a single patient, could not achieve total sequence coverage61.
Therefore, new methods to sequence LC proteins would be valuable tools.

2.2.2.

Automated MS-based sequencing, a modern myth

Modern MS-based sequencing does not actually sequence proteins, but only identifies their peptides
based on established DNA or protein sequence information, which makes it unsuitable for LC
sequencing. Bioanalytical textbooks describe how the inventions of matrix-assisted laser desorption /
ionization (MALDI)62 and electrospray ionization (ESI)63 have made it possible to ionize complete
peptides for tandem mass spectrometric (MS/MS) analysis, yielding peptide fingerprints64 from which
an amino acid sequence can be read out residue by residue. Still a typical MS-based sequencing approach
for an entire protein entails similar steps then Edman degradation: (1) purify the target protein, (2) digest
it with two or more different endoproteases, (3) separate the peptide fragments of each digest via
reversed-phase high-performance liquid chromatography (RP-HPLC), (4) measure all fractions in
MALDI- or ESI-MS/MS, (5) analyze the sequence by reading out each peptide fingerprint separately,
and finally (6) determine the order of peptides using overlapping peptides from different digests.
However, with a complete list of functional protein genes derived by the human genome project, peptide
fingerprinting was applied in an entirely new way: to identify the maximal number possible of distinct
proteins in a single complex sample. Automated peptide mapping65 was developed and the field of
proteomics emerged, where peptide fingerprints are automatically mapped against a sequence
database66, 67. HPLC systems were coupled directly to the ionizer, and became smaller, requiring less
and less sample, while mass spectrometer became faster and increasingly sensitive, ultimately
permitting scientists to detect even low abundant proteins66, 67. But this new technology has downsides:
it is not quantitative, the hundreds of thousands of peptide fingerprints it measures, are impossible to
analyze manually, and it only identifies proteins based on a reference sequence instead of determining
their actual amino acid sequence. A special technique called de novo sequencing68, which emerged to
deal with this very problem can merely assist peptide mapping69, 70. Monoclonal light chains isolated
from patient material will always contain trace amounts of highly similar non-clonal light chains, and
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because peptide MS/MS cannot discriminate between trace LC and target LC (see chapter 2.2.2) such
samples imply additional challenges.
In recap, MS-based sequencing is nearly impossible with modern LC-MS/MS machines and the data
analysis tools currently available. In chapter 4.6 I present a new approach (base peak interrogation)
pioneered by Robert H. Bergen III to apply de novo sequencing-assisted peptide mapping to authentic
LC71. I optimize his base peak interrogation method by developing a new LC-sequence database for
peptide mapping, refined it by introducing a scoring system for sequence quality, and extended it to
retrieve missing sequence information.

2.2.3.

De novo sequencing-assisted peptide mapping

For this thesis MS data were analyzed via the PEAKS software (Bioinformatics Solutions, Canada). It
combines conventional peptide mapping (IMGT-derived LC database + Uniprot) with de novo
sequencing and is able to identify point mutations and post-translational modifications (PTM) by
integrating both methods within the PEAKS PTM or SPIDER algorithm. The latter two were advantages
when sequencing LC proteins that had undergone somatic hypermutations.
During peptide mapping, known protein sequences from a search database are digested in silico with
the endoproteinase used in vitro. This creates in silico peptide fingerprints, which are one by one
compared with the in vitro measured peptide fingerprints of the sample. Here, matching peptides can
only be found if the search database contains the exact sequence of the protein of interest. Additionally,
it can identify peptides with certain common modifications acquired during the sample preparation or
the MS fragmentation process: Cysteine residues are in general carbamidomethlylated (m/z +57.02) by
iodoacetamid, methionine residues are often oxidized (m/z +15.99) and aspartate / glutamate residues
are often deaminated (m/z +0.98).
Tab. 2.2.3-1 Possible peptides for m/z 217.1 ± 0.1.
In red the peptide from the example in the text.
m/z
271.0
271.1
ALS
AVT
ASL
ATV
SAL
VAT
Matching
peptides
SLA
VTA
LAS
TAV
LSA
TVA

GLT
GTL
LGT
LTG
TGL
TLG

GDV
GVD
DVG
DGV
VGD
VDG

271.2
ACP
PSS
APC
CAP
SPS
CPA
PAC
SSP
PCA

DR

RD

De novo sequencing is a complex algorithmic decision problem, which I will demonstrate with help of
a model tripeptide in this chapter: The problem comprises (1) to analyzed every measured peptide finger
print (> 100.000 per MS/MS run, (2) to determine all possible amino acid (aa) combinations matching
the peptide fingerprints mass, (3) to fit all aa combinations to the peptide fingerprint, and (4) to
approximate the best fit68. A mass uncertainty has to considered as well, if the mass difference that is
allowed is too low, the peptide must be misinterpreted; otherwise the number of combinations becomes
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unnecessary large. For example, suppose we want to know the sequence of a peptide fingerprint with
real sequence ‘GVD’ (m/z = 271.2, z=1, Tab. 2.2.3-1). If we assume the peptide was detected instead
with m/z 271.1 and z=1, none of the combination of [ALS], [AVT], and [GLT] could ever reflect the
correct result. Only inclusion of all possible peptide sequences with a mass tolerance of at least m/z =
0.1 ([DGV], [DR], [PSS], and [ACP]) could lead to the correct peptide [DGV]. This means 38 candidates
(Tab. 2.2.3-1) have to be fitted to the 3-peptides mass finger print.
The problem of fitting all candidate peptides increases nearly exponentially with the peptide’s length
(e.g. 6-45 aa for LC) and the physics of peptide fragmentation are not even considered68. The more
uncertainty and fragmentation patterns the fitting / scoring function assumes, the slower it becomes. A
fast scoring function could in turn lack crucial information to deliver the correct result68. The vast
amount of data dictates the main challenge for de novo sequencing, to design a fitting / scoring function
that assumes just enough peptide fragmentation physics to remain efficient and as accurate as possible68.
The PEAKS DB database search module performs standard peptide mapping72, 73. The PEAKS de novo
sequencing module74 uses two subsequent scoring functions in a divide-and-conquer strategy: First, a
faster, more efficient scoring function that uses less information on peptide fragmentation. It delivers
the 10.000 best scored sequences for each analyzed MS/MS spectra, and secondly a more sophisticated
scoring function which considers more information known about peptide fragmentation physics68. The
PEAKS PTM algorithm75 compares highly confident de novo tags to DB search results and thereby
determines PTMs in the otherwise mapped peptides, while the SPIDER algorithm68, 76 detects peptide
mutations by reconstructing real sequences from de novo tags. These search algorithms and the design
of the scoring function for de novo sequencing are non-trivial algorithmical problems that lie beyond
my computational skills and I therefore will not attempt to explain them here in detail.

2.2.4.

Underlying assumption of the base peak interrogation method

To understand the main assumptions underlying the base peak interrogation method, some technical
terms need to be explained briefly. Generally, peptide ionization and flight probabilities of peptide ions
and therefore MS/MS signal intensities are not quantitative: In a complex whole-proteome digest, it
would be impossible to relate peak intensities (ion currents) to the abundance of a protein in the mixture
when looking at the total ion current chromatogram (TIC)66. The TIC contains the sum of all MS spectra
(ion intensities) collected in an entire sample run77 (Fig. 2.2.4-1). In contrast, the base peak is the peak
with the greatest intensity at a certain mass/charge ratio (m/z)77 and the base peak chromatogram (BPC)
is the sum of the ion currents of all base peaks at each detected m/z ratio77. The main assumption the of
base peak interrogation method for LC sequencing is now: If a mixture with about 95% monoclonal LC,
5% albumin and trace amounts of non-monoclonal κ- and λ-LCs is measured, peptides belonging to the
monoclonal LC should result in peaks with high intensities, while high intensity peaks do not necessarily
have to belong to LC peptides. Based on this assumption high intensity peaks can be looked up in the
base peak chromatogram to retain data characterizing the originating peptides (retention time, masses,
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charges). These data can be then used to find matching peptides data from de novo sequencing-assisted
peptide mapping of in 2D-LC-MS/MS raw data71 (chapter 4.6.2).

Fig. 2.2.4-1 Total ion current and base peak chromatogram.
The total ion current chromatogram (TIC) contains all MS signals measured during the LC-MS/MS run (upper
panel), while the base peak chromatogram (BPC) contains only the signal of the base peaks at each m/z ratio (lower
level).

To improve de novo sequencing-assisted peptide mapping as implemented in PEAKS for LC sequencing
by base peak interrogation, I constructed a light chain sequence database from genetically encoded LC
regions. Ig light chains underlie narrow structural constraints provided by their germline donor
sequence, even after becoming unique during plasma cell maturation. What makes the analysis of MS
data so difficult, will be especially useful later when determining where in the LC sequence identified
peptides belong. Therefore, I will introduce the basics of light chain structure, genetics and maturation
in the following chapter as well as structural factors I utilized during biochemical and biophysical
characterization and in aggregation experiments.

2.3

Implications of immunoglobulin light chain structure

As described earlier, patients suffering from monoclonal gammopathy produce large amounts of a
unique monoclonal light chain, which forms amyloid in AL but not in MM. Therefore, the amyloid
forming propensity of LC lies most likely within sequence variations. However, the overall genetic
makeup, and structure of immunoglobulins is highly conserved in mammals, with certain conserved
regions having higher sequence variability than others. This bares the questions, how this variability is
achieved, how variable immunoglobulin light chains really are, and how this information can be
capitalized for sequencing (chapter 4.6). Inter-molecular and intra-domain disulfide bridges are
important for LC structure and for amyloid formation (chapter 4.4) and also need to be considered in
designing a purification strategy (chapters 4 and appendix 8.1.3). For biophysical characterizations, I
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utilized the abundance of highly conserved tryptophan residue (Trp) and the conserved β-sheet rich LC
domain cores in Trp fluorescence spectroscopy and CD spectroscopy, respectively (chapter 4.3). Besides
disulfide bridges, Ig light chains may contain further post-translational modifications (PTM) and
immunoglobulins are known for N- or O-glycosylation. By glycosylation analysis I found one of the
isolated light chain to be glycosylated (chapter 4.2.6), which allowed me to analyze the influence of
glycosylation on aggregation as well (chapter 4.5).

2.3.1.

Light chains have a highly conserved variable and constant domains

Fig. 2.3.1-1 Schematic representation of immunoglobulins and light chain dimers78.
A. Immunoglobulins consisting of two identical heavy chains (blue) and two identical light chains (red). B. Light
chain dimers are formed by two identical light chains. The variable (V) region consist of the first N-terminal
domain of each chain, while the other domain(s) form the constant (C) region. The outer N-terminal areas of both
connected V domains form the two antigen binding sides of an antibody.

Ig light chain proteins are primary known for their role in immunoglobulins. The structure of
immunoglobulins is determined by their biological role in the adaptive immune system: The aminoterminal (N-terminal) variable (V) region is named after the highly variable antigen-binding site it
carries, and the carboxyl-terminal (C-terminal) constant (C) region is responsible for self-recognition
(Fig. 2.3.1-1). In immunoglobulins two identical heavy (H) and light (L) chains join to form a Y-shaped
antibody in which the C-terminal heavy chain constant domains (CH2 and CH3) form the trunk region,
while each arm (F(ab) fragment) is composed of one light chain and one heavy chain. In each arm one
VL and one VH, and one CL one CH1 domain face each other. Covalent disulfide bonds join the heavy
chains to each other and to one light chain apiece.
LC are produced in 10-40% excess to Ig heavy chains light chains20-22, per day 10-30 g FLC is
metabolized in the kidney22. This is wasteful, if their only role is their part in antibodies, and different
research indeed suggests LC might have several non-antigen binding related roles in humans79-90.
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Therefore, I will consider them rather as independent proteins then as fragments of antibodies. Light
chain dimers resemble F(ab) fragments, except that the heavy chain domains are replaced by identical
respective domains of two light chains (Fig. 2.3.1-1B).
The V domain is connected to the C domain by a short linker, and the joining (J) domain that is
structurally part of the V domain (compare to Fig. 2.3.3-1).78 V, J and C domains are separately
genetically encoded and LC are assembled by chance from pools of these domains. Protein sequences
from all germline LC genes was only available from disassembled genes and needed to be combined
during creation of a LC-sequence database for MS-based sequencing. This bares the question, how LC
genes become complete LC templates and how this can be emulated.

2.3.2.

Individual light chains will always be unique

Each LC domains (V, J, and C) are by chance processed into full V-J-C light chain genes as B cells
mature into plasma cells, which needs to be emulated in a sequence database for peptide mapping.
During the further maturation of plasma B cells light chain genes are additionally diversified by somatic
hypermutations. It scatters mutations through the light chain sequences, which make it necessary to
supplement peptide mapping with de novo sequencing.
Light chains are encoded into two different gene loci, the lambda (λ) locus on chromosome 22, and the
kappa (κ) locus on chromosome 2, and a plasma cell can only produce full κ- or λ-LC. The two loci are
organized differently: The λ-locus contains approximately 30 functional genes for V domains one after
another, followed by 4 J-C gene sets. The κ-locus contains approximately 40 V domain genes in
sequence, followed by a cluster of 5 J domains and 1 single C domain gene91. In small B cells, dormant
κ- or λ-light chain genes undergo so-called V-J-C rearrangement, where single V-J-C-gene
combinations are spliced together out of the pool of potential functional V, J, and C gene segments.
Further downstream memory B cells undergo somatic hypermutation and sparse scattered mutations are
introduced into the entire immunoglobulin variable domain (not just the hypervariable regions). An
immunoglobulin's antigen binding-affinity is maximized during this process by positive and negative
selection, that also ensures they maintain their structural integrity to ensure non-self-binding and selfrecognition. Afterwards heavy chain isotype switching transfers surface-bound the immunoglobulins
into the secreted soluble IgG produce by mature plasma cells91-93. The first step of myelomagenesis, the
loss of heavy chain gene function often occurs during these two processes.
As a result of V-J-C rearrangement and somatic hypermutation and every successful monoclonal plasma
cell clone produces its very own germline-derived but uniquely mutated immunoglobulin, whose
sequence is only somatically encoded in this single clone, and it is highly unlikely that two light chain
proteins from two different patients or two different clonal plasma cell populations would ever have the
same sequence. Therefore, although I could determine only the complete sequence of one LC protein in
this thesis, it is rather safe to assume all nine examined LC have different sequences.
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2.3.3.

Unique, but not as variable as one would expect

We know already light chain proteins consist of three domains and how these are assembled into
complete light chains. In this chapter I will explain what about their structure is actually conserved,
which parts form the antigen-binding site of the V domain, and how somatic hypermutations effect the
variable domain.

Fig. 2.3.3-1 X-ray structure and schematic representation of light chains.
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A. Three-dimensional representation of Ig light chain 3MCG94 from the RSCB protein data bank (PDB95-97)
visualized with the PyMolTM (Schrödinger, USA). B. Schematic representation of light chains with regions as
assigned by the IGMT gap alignment tool98. C. IMGT Collier de Perles99, 100 representation of light chain V and
C domains. Loops (red, light gray) have variable length while framework length are conserved even between
different species. Cys residues in position B23 and F104 are highly conserved and from intra-molecular disulfide
bonds. CysG127 is conserved in C domains and forms inter-molecular disulfide bonds to light or heavy chains. CDR
Complementarity determining region (red), FR Framework region (black), J domain and FR4 (green), C constant
domain (gray), Conserved residues (yellow, blue, light green).

Structurally, V and J domains build a unit (Fig. 2.3.3-1A) that consists of modular building blocks of so
called framework regions (FR1-4, black / green) interspaced with so called complementary determining
regions (CDR1-3, red) (Fig. 2.3.3-1A, and B). CDRs are α-helices, loops and / or turns on the LCs
surface, while FRs build the LCs β-sheet core and consist of 2 or 4 single β-sheets (β-sheets A-G, C’
and C’’)98, 101. Compared to FRs, CDRs show higher sequence variability between different light chains,
because they function as antigen binding site)91, 102-104. When comparing different light chain sequences
in vertebrates it was found that they could be fitted into a general numbering system (IMGT numbering
system)98, 101, where CDRs are of variable length, while FRs have a fixed length. Within FR1-3 LC
contain four highly conserved residues CysB23, TrpC41, LeuE89 and CysF104 in β-sheets B, C, E and F (Fig.
2.3.3-1A, and B)98, 101. During somatic hypermutation as well as CDRs, FRs are mutated, but with a
lower sequence in CDRs (compared to chapter 4.6.3.2).
The C domains are organized in related modular building blocks, where all β-sheets (A-G dark grey)
are interspaced by loops (light grey). As in V domains CysB23, TrpC41, LeuE89 and CysF104 are conserved
in β-sheets B, C, E and F and additionally their last amino acid Cys127 (Fig. 2.3.3-1A, and B). And
moreover, the IMGT numbering system with CysB23, TrpC41, LeuE89 and CysF104 applies to V and C
domains of Ig heavy chains and T cell receptors in vertebrates in general. It is highly conserved, and
therefore LC are structurally highly conserved98, 101, as well.
Light chains contain in each domain (V-J and C) one intra-domain disulfide bonds formed by between
CysB23 and CysF104. An additional inter-molecular disulfide bond can form between C-domains at
CysG127 (Fig. 2.3.3-1A, B and C) and cross-links LC into dimers. However non-reducing SDS-PAGE
suggests LC are only partially covalently dimerized (chapter 4.2.4).
For MS-based sequencing the structural conservation of light chain is boon and bane: It creates the need
to discriminate MS-peptides derived from monoclonal target LC from MS-peptides derived from trace
non-monoclonal light chains. But it becomes an advantage, when assembling the target peptides into a
light chain sequences and to guess how long gaps are, because peptides can be simply aligned to the
IMGT numbering system.
The conserved TrpC41 residue in each LC domain or the conserved β-sheet core formed by the framework
regions can be utilized as observable for biophysical analysis of light chain behavior, which I will show
in the next chapter.
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2.3.4.

Structural determinants of the biophysical behavior of light chains

In chapter 4.3, I analyzed unfolding energies by thermal and chemical denaturation of light chains. Here,
I will briefly introduce the rationale behind unfolding experiments and how tryptophan fluorescence
spectroscopy and CD spectroscopy can capitalize on the conserved structure of LC.
The free energies of protein unfolding can be determined by thermal denaturation or chemical unfolding
if (1) the unfolding process is reversible under experimental conditions and an equilibrium state can be
reached between the unfolded and the refolded state, so that ∆𝐺𝐺𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = −∆𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 can be

assumed; (2) all measurements are performed at the equilibrium state, where ∆𝐺𝐺 equals zero; (3) the
unfolding of the protein can be assumed as a two-state process, and the change of the observable can be

described by a sigmoid curve; (4) the observable allows a good approximation of both the global folded
state (F) and the unfolded state (U); (5) for the analysis of thermal denaturation data, ∆𝐻𝐻 and ∆𝑆𝑆 can be
assumed to remain constant over the observed temperature range.

Tryptophan (Trp) fluorescence105-107 or a protein's circular dichroism (CD)106 can be used to determine
the free energy of protein unfolding via chemical unfolding with guanidine hydrochloride (GdnHCl).
The fluorescence of tryptophan is sensitive to the direct environment of the Trp residues, and a typical
red-shift can be induced upon chemical unfolding / denaturation due to exposure to water, depending
on the Trp position108. Human germline Ig light chain V and C domains contain one conserved buried
tryptophan in IMGT-position C41 (TrpC41), and λ-LC constant domains contain an additional
conserved tryptophan in IMGT-position E96 (TrpE96) (Fig. 2.3.4-1). Single germline light chains may
contain up to four additional Trp residues (w).
The circular dichroism (CD) of a protein can detect and discriminate secondary structure elements (βsheets, α-helices) and their destruction upon unfolding. Up to 72% of a light chain's amino acids can be
involved in β-sheet conformations99, 100, 109, 110 (Fig. 2.3.4-1A, highlighted in yellow), but in crystal
structure the overall β-sheet content (Fig. 2.3.1-1A, and B) is often reduced. However, a light chain's
CD spectrum is determined by the majority of its β-sheet content.
The structure of proteins and therefore biophysical measurements can be influenced by posttranslational modifications, common PTMs in immunoglobulins are the already discussed disulfide
bridges (chapter 2.3.3) and N- or O-glycosylations. Therefore, a valid question is whether light chain
can be glycosylated as well, and whether the here examined LC are N- or O-glycosylated.
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Fig. 2.3.4-1 Tryptophan residues and β-sheet content of germline human Ig light chains.
A. Two-layer Collier de Perles99, 100 representation of human germline light chains. Trp residue TrpC41 (red, blue
highlighted) is conserved throughout human light chain domains. The C domain of λ-LCs contains an additional
conserved TrpE96 (blue highlighted). LC amino acids (aa) usually involved in β-sheets are highlighted in yellow98,
101
. Squares mark the last and first aa of the FR regions. W conserved and w possible additional Trp residues, C
Cys residues, x positions filled in selected human germline LCs of the respective isotype. B. Three-dimensional
representation of λ-LC 3MCG94 and κ-LC 1B6D111. Side chains of conserved tryptophan’s (red) are shown in stick
representation [From the RSCB protein data bank (PDB95-97) visualized with the PyMolTM (Schrödinger, USA)]
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2.3.5.

Glycosylation of light chain proteins

Glycosylation of Ig light chains has previously been reported in about 60 publications. However, only
about 25% of these studies provided truly rigorous biochemical proofs for the abundance of
glycosylation: for one light chain attached to immuno-purified IgG1112, and for 22 light chains isolated
from patients with different types of monoclonal gammopathies. (11 MM-LCs113-116, 4 AL-LCs117, 118,
for 5 LCDD-LCs51, 57, 119, 120; LCDD light chain deposition disease), for 1 AHL-LC (Heavy-and-light
chain amyloidosis)121, and one MGUS-LC122 (monoclonal gammopathy of undefined significance).
Most of these cases provided sufficient evidence for an N-glycosylation, and in the AHL-LC an Oglycosylation was found as well112. In the cases of two MM-LCs113 and one LCDD-LC57 the distinction
between N-glycosylation and O-glycosylation did not seem sufficient. The relative appearance of
glycosylated light chains is difficult to judge, but in a study with 89 MM-LCs 6% light chains were
found to be glycosylated and two studies with 5 and 9 LCDD-LCs put together found 21% of light
chains to be glycosylated. In keeping with these results, I used enzymatic deglycosylation123 to
determine whether the isolated light chains were glycosylated.
To determine whether the isolated light chains contained N-glycans or simple O-glycans, I performed
parallel and sequential deglycosylation experiments with five different enzymes. PNGase F form
Elizabethkingia miricola to remove asparagine-linked glycans, and four enzymes for O-glycosylation
analysis. PNGase F (dark red, Fig. 2.3.5-1A) cleaves all Asp-linked glycans (complex, hybrid, highmannose, all found in humans124-126) with the exception of N-glycans, where a α(1→3)-fucose is attached
to the core N-acetylglucosamine127-129. I could not find any reference of a core α(1→3)-fucosylated
N-glycan in humans, but it is found in insects130, 131, plants131, 132 and flat and round worms133, 134. In
animal proteins, mucin-type O-glycans exhibit different core structures (1-8) are most common135-137.
In contrast to N-glycans, O-glycans cannot be released by a single enzyme but have to be cleaved off
sequentially (Fig. 2.3.5-1B): (1) α(2→3,6,8,9)-Neuraminidase (orange) from Arthrobacter ureafaciens
cleaves terminal sialic acid138, (2) β(1→4)-galactosidase (blue) cleaves terminal β(1→4)-galactose139,
(3) β-N-acetyl-glucosaminidase (grey) cleaves terminal β-linked N-acetylglucosamine139 (both from
Streptococcus pneumonia), (4) O-glycosidase (green) from Streptococcus pneumonia can cleave
galactose-β(1→3)-N-acetyl-galactoseamine from serine or threonine amino acid residues139. A simple
way to observe enzymatic deglycosylation is sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Deglycosylation of a protein induces a shift in electrophoretic mobility due to the loss of
the charge from the attached glycan.

Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
28

2 Introduction

Fig. 2.3.5-1 Schematic overview N- and O-glycosylation and enzymes used for deglycosylation analysis.
A. PNGase F (N-Glycosidase F) cleaves all asparagine-linked glycans (complex, hybrid, high-mannose) with
exception of core-α(1→3)-fucose127-129. B. Most common O-glycans of the mucin-type with core types 1-8135-137.
O-glycosylations have to be cleaved sequentially: (1) α(2→3,6,8,9)-neuraminidase cleaves terminal sialic acid138,
(2) β(1→4)-galactosidase cleaves terminal β(1→4)-galactose, (3) β-N-acetylglucosaminidase cleaves terminal βlinked N-acetylglucosamine, and (4) O-Glycosidase cleave (galactose-β(1→3)-N-acetylgalactoseamine) from
serine or threonine amino acid residues139. [The glycans structures in this figure were made with GlycanBuilder140
according to the Consortium for Functional Glycomics (CFG) hybrid notation with placement of the residues
depending on the linkage position140 available at http://www.unicarbkb.org/builder]
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Tab. 2.3.5-1 Sequential O- and N-glycosylation analysis.
A. Parallel deglycosylation: Check marks indicate a shift in electrophoretic mobility, in case the glycan type is
abundant in the protein. B. Sequential deglycosylation: Check marks indicates a shift in electrophoretic mobility
compared to the preceding mixture, in case the glycan type is abundant in the protein. α-N α(2→3,6,8,9)neuraminidase, β-G β(1→4)-galactosidase, β-N-A β-N-acetylglucosaminidase, O-G O-glycosidase, PF PNGase
F. *Terminal α-N-acetylgalactoseamine and / or α-Fucose found in O-Glycans might prevent release of
carbohydrates by these enzymes, if no other terminal groups are abundant.
A. Parallel
single mix

O-glycans

B. Sequential
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Using α(2→3,6,8,9)-Neuraminidase, β(1→4)-galactosidase, β(1→4)-galactose139, β-N-acetyl-glucosaminidase and O-glycosidase in parallel can reveal abundant N- or O-glycosylations, they cleave the
most common types of glycans at least partially (Tab. 2.3.5-1). A sequential approach can inform on the
subtype of the N- or O-glycan as well (Tab. 2.3.5-1): After exposing the glycan core by α(2→3,6,8,9)neuraminidase, β(1→4)-galactosidase and β-N-acetylglucosaminidase, O-glycosidase can cleave only
glycan cores of the types 1 and 2, but not of the types 3-8 (Fig. 2.3.5-1B). The first three enzymes will
also cleave the respective terminal sugar residues from N-glycans (Fig. 2.3.5-1A). Terminal
α-N-acetylgalactoseamine and / or α-fucose found in rare O-glycans (e.g. human blood types) might
block the release of subsequent carbohydrates be these three enzymes, and rare N- and O-glycans might
not be detected with these enzymes. Fetuin, a protein abundant in fetal serum, is highly N- and Oglycosylated and is therefore widely used as a control protein in enzymatic deglycosylation141-145.
Applying parallel deglycosylation to all nine isolated light chains revealed one light chain to be
glycosylated, which allowed me to further analyze the glycosylation and to study its influence on the
light chains biophysical characteristics and on its propensity to from amyloid.

2.4

Amyloid

AL amyloid is one of the first known amyloids. Historically amyloid has been defined by histological
staining. The modern definition that amyloid is based on the common structural element of cross-βsheets, was derived mainly from research on neuropathic intrinsical disordered proteins (IDPs).
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Amyloid protein deposited in a certain tissue146 can be stained with Congo red, which produces applegreen birefringence in polarized light15. The aniline dye has been found to bind amyloid protein in
1922147, and the apple green birefringence has been first described in 1927 in amyloid from aging
brain148, 149.
Straight rope-like fibrils can be extracted from amyloid deposits3. These fibrils show a characteristic
ring pattern in X-ray diffraction, which reflects the characteristic inter-atomic distances of intermolecular cross-β sheet structures150-152. Their formation is the structural definition of amyloid. Another
feature of amyloid aggregates is binding of the benzothiazole salt Thioflavin T (ThT)153, it is however
in considered histologically not specific enough154. When ThT binds to the characteristic cross-β-sheet
motif of amyloid fibrils, its fluorescence emission spectrum is red-shifted and can therefore be used to
observe fibril formation153. A clinical diagnosis of AL amyloidosis or ThT-binding to LC aggregates in
vitro does not necessarily imply that LC protein deposits fulfill the narrow biophysical definition of
amyloid.
Amyloid fibrils can also be characterized by imaging via Atomic-force microscopy (AFM)155. Aggregate
size and morphology change in the presence of amyloid modulating compounds. This can be observed
via native filter retardation assays (FRA) or dot-blots156 that are immunostained with antibodies specific
either for epitopes on the protein or features of the aggregate morphology. Changes in the susceptibility
of aggregates to denaturing conditions can be observed in FRA156 or sodium dodecyl sulfate polyacryl
gel electrophoresis (SDS-PAGE)157, 158. Cross-β-sheet formation during fibrillogenesis can be observed
via the circular dichroism (CD) characteristic for β-sheets159, if the native amyloid precursor is not very
β-rich, as is the case for Aβ.
Amyloidogenic peptides or proteins polymerize into fibrils through a formation of nuclei in the form of
cross-β-sheets containing oligomers, followed by the directed addition of further misfolded monomers
to these nuclei13, 160-165.

2.4.1.

Protein folding and misfolding

Since AL amyloidosis is a protein-misfolding disease, the following summarizes concepts from protein
folding and misfolding that will become crucial in the discussion. Proteins that form amyloid deposits
may originate from very different starting conditions – ranging from intrinsical disordered proteins
(IDPs), which are highly dynamic or contain at least highly dynamic parts, such as Aβ or Htt-exon-1 to
highly structured globular proteins such as LC166 and TTR167 – and pathological amyloid deposits are
considered to derive from a misfolded state of the underlying protein. In the classic view proteins have
a certain three dimensional structure (folded state)168, 169 that stays within a narrowly restricted dynamic
range of distinct folded states to ensure proper function168. Globular proteins such as immunoglobulin
light chains are archetypical of low dynamic proteins. In contrast the highly dynamic part of IDPs is not
confined to distinct folded states, but rather a statistical distribution of many possible chain
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conformations170. Compared to IDPs, low dynamic proteins need to undergo conformational changes to
form amyloid, which is an additional step in their amyloid formation cascade and may be rate-limiting
(chapter 2.4.2). Despite the common features observed in their amyloid superstructure, these differences
in the dynamic range should lead to quite different mechanisms of aggregation for the two types. This
means that knowledge gained from IDPs might not be directly applicable to LC protein aggregation.
The theoretical concept of energy folding landscapes emerged in protein science in the 1990s as a way
of gaining deeper insights into protein folding and misfolding and the nature of IDPs 171, 172. A protein’s
energy landscape is a theoretical description of its conformational space: All observable conformational
states are arranged in a multidimensional space by their structural relationship to each other. A change
in conformation from one state into another is driven by different transition rates caused by the fact that
the species in the conformational space have different stabilities (energy levels). When this
multidimensional conformational space is plotted against the energy of each conformational state, the
result is an energy landscape with different local minima and maxima, and the native state can be
expected to occupy a local minimal energy state172, 173.
In vivo, PTMs like disulfide bonds / glycosylation or folding control machineries like chaperones174, 175
might remove or add conformational states or lower transition energies within the energy landscape.
These factors might push proteins down folding routes inaccessible in vitro and could lead to a protein
inhabiting a different local minimum then a protein folded in vitro in their absence. Therefore,
denaturation of highly structured proteins like LC in vitro might be partially irreversible.
The conformations of proteins in vivo are tightly regulated by an equilibrium between protein
biosynthesis and protein degradation, known as protein homeostasis or proteostasis176, 177. Proteins are
considered misfolded, when they escaped proteostatic control178. Amyloid aggregates circumvent
natural degradation by forming a very stable, cross-β-sheet fibril structure that is less accessible to
proteolytic proteins164. Some proteins might be driven to form amyloid by the overabundance of soluble
protein that cannot be removed fast enough from circulation or degraded. Recently researchers have
found several functional amyloids with no apparent relationship to disease179-183, indicating that these
folds might not be as “unnatural” or dangerous as has long been conceived.

2.4.2.

Amyloid aggregation

The amyloid aggregation cascade184-192 (Fig. 2.4.2-1A) usually starts with monomeric proteins (m). Their
native states (n) range from highly folded globular proteins (TTR, LC, β2m) to highly unstructured IDPs
(Aβ, α-Syn). Amyloidogenic species can be equivalent to this native state (α-Syn, Sup35) or can form
proteolytically as is the case for Aβ, or, as for TTR, by dissociation of a natively tetrameric protein into
monomers. Studies on the V domain of the Bence Jones protein Mcg suggests the amyloidogenic species
might be monomeric 193, 194. The overabundance of the natively folded amyloidogenic LC proteins may
drive aggregation as well, which was observed for dialysis-dependent β2m aggregation82, 160, 195.
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Fig. 2.4.2-1 Amyloidogenic aggregation cascade184-192.
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A. Transition diagram for amyloidogenic proteins folding states that might contain several distinct sub species.
The aggregation cascade starts from native non-amyloidogenic folding states (n), that need to be converted into
unfolded or at least partially unfolded monomers (m) (e.g. by proteolysis, or reduction of disulfide-bonds, or native
amyloidogenic monomeric species). On the way to fibrils (f) often highly transient intermediate oligomeric species
might exist in a pre-cross-β-sheet (u) and cross-β-sheet rich state (x). The folding states of different species are
dynamic, each could in principle be transferred into another species on the same, a higher or lower level folding
states. On the right hand side, the sum of possible folding states on each level is shown for simplicity. B. 3D-energy
landscape corresponding to the transition diagram: Each folding state has its own free energy ΔG, and transition
rates between different species are driven by energy differences. Crosslinks were omitted for clarity. Summarizing
sub states results in a simplified 2D energy landscape. [3D structures are merely representative place holders; as
templates PDB95-97 structures or partial structures PDB structures were used (2LP1196, 2LMN197, 2LMP198,
1XQ8199). The placeholders were visualized with the PyMolTM (Schrödinger, USA)] (modified from Andrich &
Bieschke, 2015200)

Aggregation proceeds from unfolded or partially unfolded monomeric species (m) through stages that
are probably first unstructured oligomeric species (u) and later more structured oligomer species
containing cross-β-sheets (x). The cross-β-sheets oligomers (x) may then function as fibril (f) nuclei,
which are subsequently elongated through the addition of non-oligomeric monomers.
Multiple conformers are present at each stage (Fig. 2.4.2-1B). ). The observed aggregation mechanism
depends on the stability of all present species, the transition rates between those species, and the way
they define an energy landscape (Fig. 2.4.2-1B) for the aggregation cascade172,

173

. In the energy

landscape amyloid fibrils inhabit a (local) minimum in a steep funnel-like area.
Amyloid formation is a multi-step reaction and has, as any multi-step reaction, a slow, i.e. rate-limiting
step. Three types of amyloid formation mechanisms are known, that depend on following rate-limiting
steps (Fig. 2.4.2-2A): (1) Nucleus formation with a log concentration dependence of –n/2 (primary
nucleation in classical N-P mechanism)201-204; (2) structural conversion of an early unstructured oligomer
to cross-β-sheet, with concentration depending on the relative rates of oligomer formation and structural
conversion (alternative primary nucleation)203,

205

; (3) structural transition of the native protein to

aggregation competent species, e.g. unfolding, dissociation206. Mechanisms (1) and (2) highly
concentration dependent, while (3) is not. Under many experimental conditions primary nucleation is
not rate-limiting, but instead secondary nucleation and prion replication (4). Under these conditions the
concentration dependence shifts from -n/2 to -1/2201-203, 207, 208. Therefore, a concentration dependence
below ½ indicates a conformational change is rate-limiting.
Details of a peptide's or protein's aggregation mechanism209, and its predominating rate-limiting step
can be deduced from aggregation kinetics. These are often observed, using the increase of brightness in
ThT’s fluorescence emission spectrum upon binding to amyloid fibrils and cross-β-sheet
intermediates210 (Fig. 2.4.2-2B).
Because unfolded monomers (u) do most-likely not contain the cross-β-sheet motif, their formation
won’t be observed by ThT kinetics. By comparing aggregation kinetics where monomerization is
prevented to kinetics where it is permitted, can reveal whether monomerization is relevant for a proteins
aggregation. Depending on its rate, monomerization could be also rate-limiting. If not the entire native
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protein enters the aggregation cascade, the formation of unfolded monomers (m) (e.g. by proteolytic
release) is usually not considered as part of the aggregation process (Fig. 2.4.2-2B).

Fig. 2.4.2-2 Possible rate limiting steps in amyloidogenic aggregation cascades201-203.
A. In the aggregation cascade of different amyloidogenic peptides and proteins different steps can be rate limiting:
The formation of aggregation competent monomeric species (m), the formation of primary nuclei (x) from
misfolded monomers (m) and / or oligomers (u) or the formation of secondary nuclei (s) from fibrils. B. Two
examples of different energy landscapes for fibril formation. For the taukk His-K18ΔK280 fragment the formation
of competent species is rate limiting highly transient misfolded oligomers might exist. For Aβ nucleation is rateAuthentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
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limiting. [3D structures are merely representative place holders; as templates PDB95-97 structures or partial
structures PDB structures were used (2LP1196, 2LMN197, 2LMP198, 1XQ8199). The placeholders were visualized
with the PyMolTM (Schrödinger, USA)] (modified from Andrich & Bieschke, 2015200)

The next / or first step in the aggregation cascade is the formation of aggregation-competent species (u)
that which can form aggregation nuclei (x). The model ( Fig. 2.4.2-1, Fig. 2.4.2-2) assumes the presence
of misfolded oligomers without the cross-β-sheet motif not directly observable by ThT fluorescence. In
order to produce cross-β-sheets and aggregates, an amyloid precursor must undergo structural
rearrangements and at least partial unfold. This is, most likely also true in β-sheet rich proteins such as
LC166, TTR167 or β2m211. Cross-β-sheet containing oligomers (x) function as primary aggregation nuclei,
which can be elongated to fibrils (f) by addition of unfolded monomers (m) without prior forming
oligomers themselves. ThT aggregation kinetics of peptides with nucleation as rate-limiting step
describe a sigmoid growth curve. In addition to primary nucleation, fragments pre-formed fibrils (f) can
function as templates or seeds (s) for aggregation, possibly circumventing another rate-limiting step.
This ability of fibrils to function as elongation template for monomers is referred to as ‘seedingcompetence’. Secondary nucleation is the generation of seeds by pre-formed fibrils (Fig. 2.4.2-2A). In
prions seeding and seed generation are referred to as ‘prion-propagation’212. By performing aggregation
assays in the presence and absence of pre-formed aggregates, we can determine whether they are seeding
competent. Seeding can reduce or omit the lag phase observed in an unseeded control sample, if
nucleation is rate-limiting.

2.5

Studies on amyloidogenic LC

Biochemical and biophysical studies on LC have concentrated on V domain sequences retrieved from
five different proteins: a) Wil and Jto sequenced on DNA level from plasma cells derived from bone
marrow by the Solomon group54, 213; b) AL-09 and AL-103 were sequenced also on the DNA level from
plasma cells214-218; c) SMA sequenced via Edman degradation from fibrils extracted from lymph nodes58,
219

. These studies concentrated on thermal and chemical denaturations observed using CD spectroscopy,

and simple aggregation experiments in which end points or discrete time points were measured using
either Tryptophan (Trp) or ThT fluorescence. Two AFM studies focusing exclusively on fibril
morphology have been carried out for SMA as well220, 221.
Four studies have addressed the influence of the C domain and / or full-length LC on thermal stability
of LC, in one aggregation was considered as well. The first analyzed authentic full-length light chains
from the urine of patients suffering from AL, and MM and LCDD (Light chain deposition diseases
characterized by non-amyloid LC deposits) using thermal denaturation and aggregation assays observed
via Trp fluorescence. These light chains’ V domains were additionally sequenced form plasma cells and
deposited in GenBank52. In a second study based on only thermal denaturation observed via CD
spectroscopy, the entire light chain sequence was retrieved by sequencing DNA from bone marrow. It
compared the recombinant C domain, V domain and theoretical full-length germline equivalent, to its
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authentic full-length protein222. In a third study, authentic light chains isolated from the urine of 2 AL
and 2 MM patients were analyzed in the presence and absence of biotin, again using only CD thermal
denaturation; the origin of the published sequences was not shared223. In the fourth study, a single
authentic full-length protein with the AL-09 V domain was compared via thermal denaturation with a
theoretical germline version of this light chain224. It was a construct of the consensus V domain that best
matched the AL-09 V domain, and the germline sequence of the kappa C domain.
In summary, no large set of authentic full-length light chains isolated from patient material has been
fully characterized in terms of stability and amyloid formation, which was the main focus of my thesis
research.

2.6
2.6.1.

The effects of (-)-epigallocatechin-(3)-gallate effect on amyloids
Epigallocatechin-3-gallate

Fig. 2.6.1-1 Chemical structures of epigallocatechin-3-gallate (EGCG) and gallocatechin-3-gallate (GCG).
A. EGCG is a flavan-3-ol with an gallo moiety attached to the C-2 atom in epi conformation towards the 3-olgroup that is replaced by a 3-o-gallate moiety. In contrast the gallo function is attached in non-epi conformation225
in GCG. B. In EGCG both substituents point in the same direction of the catechin ring system, while in GCG they
point in opposite directions. [3D structures were visualized with the PyMolTM (Schrödinger, USA) with 3D
structure data files (SDFs: 65064, 199472) and form the PubChem database226-228] (modified from Andrich &
Bieschke, 2015200)

The removal of amyloid organ deposits is crucial in the treatment of AL amyloidosis. Polyphenol (-)Epigallo-catechin-(3)-gallate (EGCG) produced in the leaves of the tea plant (Camellia sinensis) and
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found in green and black teas229 might be able to accelerate the depletion of light chain deposits36-38.
Since a main objective of my research was to study the influence of EGCG on LC aggregation, the
following chapter provides a comprehensive summary of previous research of the mechanism of EGCG
action, which I previously reviewed in Advances in Experimental Medicine and Biology200.
EGCG belongs to the group of flavan-3-ols Fig. 2.6.1-1A)225. In EGCG the gallic acid points to the same
side of the catechin ring system as the tri-hydroxy-phenyl group, which makes it the epi-isomer, while
in gallocatechin-3-gallate (GCG) the gallic acid points to the other side of the catechin ring (Fig.
2.6.1-1B). Remarkably, EGCG has been found not only to inhibit amyloid fibril formation, but also to
remodel pre-existing fibrils into non-fibrillary amorphous aggregates157,

158, 230

. The anti-amyloid

properties of EGCG have been studied for other disease-relevant peptides and proteins as well. After a
brief look at the available data, EGCG appears to have quite different effects on different polypeptides
(Tab. 2.6.2-1 to Tab. 2.6.4-2), which led to my working hypothesis that the effects of EGCG on Ig light
chain aggregation would be sequence-dependent. Unexpectedly, during a comprehensive analysis of the
literature, I found that the data suggested that EGCG had a general mechanism of inhibiting aggregation
and disaggregating amyloids, rather than distinct protein-dependent mechanisms. This view was
supported by the results of my thesis, which are presented in chapter 4.4. In the introduction I will
summarize the state of the literature while purposefully excluding my own results and the conclusions I
drew. How my results support this picture will be presented in chapter 4.4 and discussed in chapter
5.3.4.

2.6.2.

Phenomenological observations on EGCGs interaction with amyloid

In animals models EGCG reduced amyloid depositions of Aβ231-237 (AD mouse / Caenorhabditis
elegans) (Tab. 2.6.2-1) and TTR238, 239 (ATTR mouse model) (Tab. 2.6.2-2), and reduced cognitive
impairment in AD mouse models232, 233. Clinical trials of EGCGs effects on rare amyloidogenic diseases
preceded an anecdotal observation: When a physician suffering from AL amyloidosis was forced to
allow his body to recover from numerous ineffective cycles of chemotherapy, he began treating himself
with green tea and subsequently with EGCG capsules240. EGCG constantly reduced the cardiac deposits
as measured by the thickness of his left ventricular septum. This success prompted his clinic to perform
a retrospective study on AL patients to examine the effects of green tea consumption on amyloid
deposition36, leading to a suggestion that EGCG might accelerate the degradation of deposits after
chemotherapeutical treatments. Later the effects of green tea and green tea extracts were examined in
other systemic amyloidoses (hereditary and non-hereditary senile systemic amyloidosis, and ATTR) in
19 patients241, 242, where it also showed a potential to reduce the amyloid burden in patients. Because of
the possibility that it dissolves amyloid deposits, phase II and phase II/III clinical trials with EGCG have
been performed or are ongoing in treatments for AD243, PD244, HD245, and AL246, 247.
Compared to EGCG treatment, GCG had a reduced potential to inhibit the aggregation of Aβ157, Htt230
and IAPP248 and reduced effects on Aβ cytotoxicity249 and SEVI-mediate HIV infectivity250, 251. Removal
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of the 3-gallate function, to Epigallocatechin (EGC), had comparable effects in those studies157, 230, 248251

. While EGCG led to disaggregation of fibrils formed by the prionogenic N-terminal domain of Sup35

NM25, EGC did not. The prion PrPSc is produced through the lysosomal degradation of its nonamyloidogenic cytosolic form, PrPC, and four times as much EGC was necessary compared to EGCG
to prevent PrPSC formation in a cell model. This indicates that the abundance of the three planar ring
systems in the molecule as well as their orientation towards each other might be necessary to produce
effective pharmaceutical derivatives of to produce effective pharmaceutical derivatives of EGCG.
Tab. 2.6.2-1 EGCGs influence on amyloid depositions and importance of EGCGs structure (1).
Y observed, N is shown not to be relevant, Aβ Amyloid-beta, α-Syn alpha-Synuclein, Htt Huntingtin, taukk HisK18ΔK280 fragment of Tau protein, tauhep native Tau protein under heparin-induced aggregation, Sup35 NM25
prionogenic N-terminal domain of the Sup35 NM25 strain (head region 21-38, center region 39-90, tail region 91106), Sup35 NM4 prionogenic N-terminal domain of the Sup35 NM25 strain (head region 21-38, center region
39-78 tail region 79-96), PrP prion protein. (modified from Andrich & Bieschke, 2015200)
Sup35 Sup35
Neuropathic amyloid
Aβ
α-Syn
Htt
taukk tauhep
PrP
NM25 NM4
Reduction of deposits in higher organisms
Inhibits deposits in vivo (animal models)

Y231-237

Reduces cognitive impairment in mice

Y232, 233

Phase 2 or 3 clinical trial

Y243

Y244

Y245

Importance of EGCGs structure
2-gallo-moiety reduces efficiency

Y157, 249

Y230

3-gallate-moiety necessary for effectivity

Y157, 249

Y230

N157

Y230

Resistance against denaturing conditions
Redirects into non-denaturant resistant
species
Redirects into semi-denaturant resistant
species
Redirects into semi-denaturant resistant
species

Y252

Y252

Y253

Y158, 254 Y157, 158
Y157,

255, 256

Y157, 255

Y257

Y158

changes in antibody binding
Redirects into non-A11-specific oligomers

Y204
Y204

Uncovers antibody binding epitope

Observations on alterations in aggregate stability and conformation are difficult to put into a mechanistic
context: EGCG can change the behavior of aggregates in SDS-PAGE and filter retardation assay (FRA)
under semi-denaturing conditions (SDS only) and / or denaturing conditions (reducing agent, heat,
SDS). Aggregates from different amyloid precursors show significantly variable behavior. It is difficult
to draw mechanistic information from these phenomenological observations, other than that the
structural stability of aggregates is changed by EGCG. In absence of EGCG, Htt230 and taukk204 formed
SDS-stable aggregates, but this was prevented by aggregation in presence of EGCG. The opposite is
true for Aβ157, 158, 254-256, α-Syn157, 158, 255, SEVI251 and MSP2258, 259. Here, SDS-stable aggregates were
induced in the presence of EGCG. Aggregates of TTR became resistant to semi-denaturing conditions260.
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Tab. 2.6.2-2 EGCGs influence on amyloid depositions and importance of EGCGs structure (2).
Y observed, N is shown not to be relevant, IAPP Islet Amyloid polypeptide, Ins Insulin, TTR Transthyretin (studies
with variants: wt/ V30M/ E54K/ Y38F/ L55P), β2m β2-microglobulin, LC Immunoglobulin light chain protein,
SEVI semen-derived enhancer of virus infection and comparable seminal amyloids, MSP2 Plasmodium
falciparum Merozoite surface protein 2, ApoC II Apolipoprotein C-II. (modified from Andrich & Bieschke,
2015200)
Non-neuropathic amyloid

IAPP

Ins

TTR

β2m

LC

SEVI

MSP2 apoC II

Reduction of deposits in higher organisms
Inhibits deposits in vivo (animal models)

Y238, 239

Inhibits deposits in vivo (humans)

Y241, 242

Y36, 38
Y246, 247

Phase 2 or 3 clinical trial (humans)
Importance of EGCGs structure
2-gallo-moiety reduces efficiency

Y248

Y250, 251

3-gallate-moiety necessary for effectivity

Y248

Y250, 251

Resistance against denaturing conditions
Redirects into non-denaturant resistant
species
Redirects into semi-denaturant resistant
species
Redirects into semi-denaturant resistant
species

Y260
Y258, 259

Changes in antibody binding may permit the observation of structural changes, in cases where
aggregation alters or establishes a binding epitope. The antibody A11 can bind to oligomeric
intermediates of Aβ40 and Aβ42261, α-Syn158 and taukk204, 262, Sup35263, and β2m264. The reason for this
specificity is still unclear, but its binding was either obscured by EGCG, or EGCG induced structural
changes in the A11-epitope of Aβ, α-Syn158 and taukk204. Additionally, EGCG uncovered the binding
epitope of a non-amyloid-specific antibody of taukk204.

2.6.3.

Redirection, remodeling & seeding competence of aggregates

Aggregates of Aβ265, α-Syn157, 158, PrP253, Insulin14 and MSP2258, 259 formed in presence of EGCG
exhibited a reduced β-sheet content compared to aggregates that formed in its absence (Tab. 2.6.3-1 &
Tab. 2.6.3-2). Investigations of the most relevant question – whether EGCG influences the aggregation
and fibrillation of an amyloidogenic peptide or protein – have produced different results for various
amyloid precursors: (1) Fibril formation of the aggregation prone taukk mutant was prevented by EGCG,
as was fibril formation by wt-TTR and its mutant TTR-V30M. In the latter case the presence of EGCG
led to monomer depletion260. (2) The formation of fibrils by Htt230, Aβ158,
252

268

14

269

Sup35 NM25 , IAPP , Insulin , an LC V domain , SEVI

250, 251

and MSP2

258

266

, α-Syn157,

267

,

was redirected into

amorphous aggregates. (3) Instead of large amorphous aggregates, small amorphous aggregates formed
for the mutants TTR-L55P and TTR-Y78F270. (4) Fibrillation was not impaired for β2m271,
Sup35 NM4252, PrP253, and heparin-induced tau (tauhep)204.
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Tab. 2.6.3-1 EGCGs influence on aggregate morphology, seeding competence and structure (1).
Y observed, N is shown not to be relevant, Aβ Amyloid-beta, α-Syn alpha-Synuclein, Htt Huntingtin, taukk HisK18ΔK280 fragment of Tau protein, tauhep native Tau protein under heparin-induced aggregation, Sup35 NM25
prionogenic N-terminal domain of the Sup35 NM25 strain (head region 21-38, center region 39-90, tail region 91106), Sup35 NM4 prionogenic N-terminal domain of the Sup35 NM25 strain (head region 21-38, center region
39-78, tail region 79-96), PrP prion protein (modified from Andrich & Bieschke, 2015200)
Sup35 Sup35
Neuropathic amyloid
Aβ
α-Syn
Htt
taukk tauhep
PrP
NM25 NM4
Redirection of fibril formation
Reduces β-sheet content

Y265

Y157, 158

Prevents fibrils/ aggregate formation

Y158

Y157, 267

Y253
Y230

Y204

N204

Y252

N252

Y252

N252

Y252

N252

Y252

N252

Y253

Y204

Redirects into small amorphous aggregates
Disaggregation and remodeling of fibrils
Y157, 256

Y267

Remodels into large amorphous aggregates Y157, 256

Y157

Disaggregates fibrils

Y204

Seeding-competence reduced or inhibited
Reduces or inhibits seeding-competence

Y158,

234, 256,
266

Y157, 158

Inhibits prion propagation

Y253

Tab. 2.6.3-2 EGCGs influence on aggregate morphology, seeding competence and structure (1).
Y observed, N is shown not to be relevant, IAPP Islet Amyloid polypeptide, Ins Insulin, TTR Transthyretin (studies
with variants: wt/ V30M/ E54K/ Y38F/ L55P), β2m β2-microglobulin, LC Immunoglobulin light chain protein,
SEVI semen-derived enhancer of virus infection and comparable seminal amyloids, MSP2 Plasmodium
falciparum Merozoite surface protein 2, ApoC II Apolipoprotein C-II. (* LC variable domain only) (modified
from Andrich & Bieschke, 2015200)
Non-neuropathic amyloid

IAPP

Ins

TTR

β2m

LC

SEVI

MSP2 apoC II

Redirection of fibril formation
Y14

Reduces β-sheet content

Y14

Y260

Redirects into small amorphous aggregates

Y14

Y270

Leads to monomer depletion

N14

Y260

Prevents fibrils/ aggregate formation

Y268

Y258, 259
N271

(Y269)* Y250, 251

Y 258

Y272

Disaggregation and remodeling of fibrils
Y248,

Disaggregates fibrils

268, 273

Remodels into large amorphous aggregates

268, 273

Y248,

Y270

Y250

Y259

Y250, 274

Y259

Seeding-competence reduced or inhibited
Reduces or inhibits seeding-competence

Y248, 268

Y274
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2.6.4.

Elucidating the mechanism of EGCGs interaction with amyloid

This finally introductory chapter summarizes the effect of EGCG on ThT binding to amyloid and on
ThT aggregation kinetics. Next, I will discuss data suggesting to which species in the aggregation
cascade EGCG might bind, and I will conclude with data on EGCG’s binding mode to amyloid.
EGCG reduced the fluorescence amplitude of ThT and / or Congo red for all proteins for which this was
measured, except for PrP and Htt (Tab. 2.6.4-1, & Tab. 2.6.4-2)157, 158, 204, 250, 252, 254-260, 268, 269, 271-273, 275.
There are two possible explanations: Since ThT and EGCG both bind to cross-β-sheets, EGCG might
simply compete with ThT for the binding site, and thereby reduce the total fluorescence of ThT. A more
interesting hypothesis is that EGCG might induce structural changes in a mechanistic intervention that
prevents ThT from binding. While EGCG slowed the aggregation kinetics of taukk at high
substoichiometric concentrations, no influence on the aggregation kinetics of tauhep was observed204. In
contrast to its effects on insulin aggregation at pH 2.0, EGCG reduced only the ThT amplitude of insulin,
but did not slow down the aggregation kinetics14. It did, however, slow down the aggregation kinetics
of all other proteins for which ThT kinetics were acquired157, 158, 250, 254, 255, 257-259, 268, 269, 272, 273, 275.
Tab. 2.6.4-1 EGCGs influence on ThT binding, kinetics, oligomeric species and EGCGs binding mode (1).
Y observed, N is shown not to be relevant, Aβ Amyloid-beta, α-Syn alpha-Synuclein, Htt Huntingtin, taukk HisK18ΔK280 fragment of Tau protein, tauhep native Tau protein under heparin-induced aggregation, Sup35 NM25
prionogenic N-terminal domain of the Sup35 NM25 strain (head region 21-38, center region 39-90, tail region 91106), Sup35 NM4 prionogenic N-terminal domain of the Sup35 NM25 strain (head region 21-38, center region
39-78, tail region 79-96), PrP prion protein. (modified from Andrich & Bieschke, 2015200)
Sup35 Sup35
Neuropathic amyloid
Aβ
α-Syn
Htt
taukk tauhep
PrP
NM25 NM4
ThT binding & ThT kinetics
Reduces ThT/ CR fluorescence amplitude
Slows ThT kinetics
Accelerates ThT kinetics

Y157, 158,

Y157, 158

Y204

Y204

255, 257

Y157, 158

Y204

N204

N158

N157, 158

N204

N204

Y158

Y157, 158

Y204

255 254,
256, 257

Y158, 254,

Y252

Y252

EGCG and oligomers
Binds to oligomers
On EGCGs binding mode
Binding stoichiometries
Hydrophobic interactions
H-Bonding

Y276, 277
Y266, 276,
277

Y276, 277

Interacts with specific residues

Y266

π-π stacking

Y266

Schiff-base formation
Destruction of salt-bridges

N256, 276,
277

N256, 266,
276, 277
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To clarify the mechanistic influences of EGCG on amyloid formation, the species in the aggregation
cascade (compare to Fig. 2.4.2-1) to which it binds should be determined. Oligomer binding (u and / or
x) of EGCG has been reported for Aβ158, α-Syn157, 158, taukk, IAPP273, TTR260 SEVI250 and MSP2258.
Whether EGCG is able to bind to monomeric amyloid precursors, is a more difficult question: EGCG
can be stained with the dye nitro blue tetrazolium chloride (NBT)278,and EGCG-specific staining by
NBT was found in aggregation assays for Aβ and α-Syn158, and taukk204. Stained peptide-species ran as
monomers on SDS-PAGE, but are not necessarily monomeric in solution. EGCG could have bound to
SDS-labile oligomers that fall apart during SDS-PAGE, which would discriminate them from monomers
within the aggregation cascade.
Tab. 2.6.4-2 EGCGs influence on ThT binding, kinetics, oligomeric species and EGCGs binding mode (2).
Y observed, N is shown not to be relevant, IAPP Islet Amyloid polypeptide, Ins Insulin, TTR Transthyretin (studies
with variants: wt/ V30M/ E54K/ Y38F/ L55P), β2m β2-microglobulin, LC Immunoglobulin light chain protein,
SEVI semen-derived enhancer of virus infection and comparable seminal amyloids, MSP2 Plasmodium
falciparum Merozoite surface protein 2, ApoC II Apolipoprotein C-II, *LC variable domain only. (modified from
Andrich & Bieschke, 2015200)
Non-neuropathic amyloid

IAPP

Ins

TTR

β2m

LC

SEVI

MSP2 apoC II

Y14

Y260

Y271

(Y269)*

Y250

Y258, 259

Y272

Y271

(Y269)*

Y250

Y258, 259

Y272

N250

N258, 259

Y250

Y258

ThT binding & ThT kinetics
Reduces ThT/ CR fluorescence amplitude
Slows ThT kinetics
Accelerates ThT kinetics

Y268, 273,
275

Y268, 273, YpH2.0,
275
NpH 7.4 14
N268,

273, 275

N14

N271

EGCG and oligomers
Binds to oligomers

Y273

Y260

(Y269)*

On EGCGs binding mode
Binding stoichiometries

(Y269)*

Hydrophobic interactions

(Y269)*

Y258

H-Bonding
(Y269)*

Interacts with specific residues
π-π stacking

Y251

Y258

Y251

N258

N248

Schiff-base formation
Destruction of salt-bridges
Disulfide bridge formation

N248

N258

The question of whether EGCG binds to an oligomeric or monomeric state of an LC V domain was
analyzed using native PAGE and DLS269. When aggregated in presence of EGCG for 5 hours, native
PAGE indicated that the V domain remained in its monomer-dimer composition269. Since native PAGE
separates proteins not only on the basis of their charge-to-mass-ratio but also by size and physical shape,
the apparent molecular weight MWapp, determined from a molecular weight marker (M) might not
sufficiently reveal the solution state of the same species. In DLS the apparent diffusion coefficient of
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the LC V domain did not change with the addition of EGCG until it had been incubated for 5 hours with
EGCG269. The sample was centrifuged and only the supernatant was measured. Unfortunately, without
knowing the centrifugation conditions and whether proper gel controls were established, it is impossible
to judge whether this procedure triggered pelleting and the removal of aggregates from the
supernatant269. However, these experiments did suggest that EGCG might bind to either monomeric or
oligomeric species, and possibly both.

Fig. 2.6.4-1 3D structure of Aβ9-40 in cross-β-sheet fibril assembly.
A. One stack of doublet or triplet cross-β-sheet fibril assembly (2LMN197). In blue the N-terminal tail, in red the
cross-β-sheet region. The second half of the fibril assembly is for better visualization not shown. Within the fibrils
monomers form intra-molecular hairpins that are formed by the cross-β-sheet region (red) and the C-terminus
(gray). In the cross-β-sheet region Val18 and Phe20 point out of the fibrils, while Leu17 & Phe19 are directed
inwards. Further Phe19 / Leu34 (green) interact with each other keeping the hairpin together. B. The N-terminal
tail region, which has a high amount of aromatic, acidic and basic side chains, is rather flexible comparable to
tentacles of sea anemones. C. For comparison the cross-β-sheet LVFF-motif remains rather rigid emphasizing its
stabilizing role in Aβ amyloid fibrils. The predominantly hydrophobic C-termini form the core of the fibrils197, 279281
. D. monomer stack assembly along fibril axis (yellow arrow).[3D structures are partial structures from the
PDB95-97 (2LMO197, 2LMQ197), the images were visualized with the PyMolTM (Schrödinger, USA)]
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Experimental results on the binding mode of EGCGs that rely exclusively on methods based on soluble,
homogenous monomer solutions (ITC, solution NMR) or approaches with engineered peptides should
be judged with caution. Conclusions should integrate results from complementary methods, because
these experimental conditions do not necessarily reflect the situation under physiological conditions in
vivo. A summary of data on the mode by which EGCG binds to amyloidogenic protein should produce
a more global picture.
The binding mode of EGCG has been studied most for the neuropathic Aβ256, 266, 276, 277. I will briefly
describe the structure of Aβ fibrils, before introducing the data that has been published concerning
EGCG's influence on Aβ aggregation. Aβ fibrils are composed by monomers which form a hairpin
structure (Fig. 2.6.4-1A), with their C-terminus (gray), while the N-terminus (blue) remains flexible
(Fig. 2.6.4-1B). Monomer hairpins (β-sheet-loop-β-sheet) build a stack along the fibril axis that is
stabilized by less flexible intermolecular cross-β-sheets formed by their KLVFFA-motifs (red, (Fig.
2.6.4-1C)). Fibrils most likely contain bundles of two or three hairpin stacks, with the C-terminal region
building the hydrophobic fibril core along the fibril axis (yellow arrow) and the KLVFFA-motifs
directed outwards (Fig. 2.6.4-1D). Additionally, the hairpin is held together by interactions of Phe19
and Leu34197, 279-281 and a postulated Arg23 salt-bridge281.
Wang et. al. studied EGCGs binding mode to monomeric Aβ and fragments of it by isotherm titration
calorimetry (ITC), and proposed that EGCGs binding mode might gradually shift from H-bonding to
hydrophobic interactions276, 277. This suggests that EGCG might first be recruited via H-bonding to Aβ
fibrils by the N-terminus before it finally binds with high-affinity to the cross β-sheet motif through
hydrophobic interactions (Compare to Fig. 2.6.4-1). A solid-state NMR study indicated that EGCG
might destruct the cross-β-sheet region, and might hinder the rotation of Phe19 / 20 and His13 / 14 via
π-π-stacking to their aromatic rings266. Destruction of the salt-bridge and / or covalent Schiff base
formation by Lys 16 / Lys 28 with EGCG appeared unlikely to be relevant for EGCG binding to Aβ 256,
266, 276, 277

. In summary, different binding stoichiometries suggest that EGCG has more than one mode of

binding to Aβ; it may, for example, bind to distinct aggregation intermediates (see Fig. 2.4.2-1)276, 277.
EGCG probably interacts with low affinity to Aβ monomers (m) and misfolded oligomer species (u) but
with high affinity to cross-ß-sheet oligomers (x). Most likely the latter high-affinity interaction is
responsible for the inhibitory effect of EGCG on Aβ amylodiogenesis.
In a study with α-Syn NMR resonances of about 30% of its amino acid residues were lost when incubated
in presence of EGCG158, suggesting a non-site-specific binding mode. When IAPP mutants were used
to investigate whether π-π-stacking, Schiff-base formation or disulfide-bridge formation might play a
role in IAPP interactions with EGCG, none of the mutants affected EGCG's mode of action. The
mutations, however, had distinct and undesirable effects on the lag-phase of ThT aggregation kinetics
and modulated the IAPP aggregation mechanism itself248. For MSP2 only weak interactions between a
multitude of residues and EGCG were found in an NMR study258.
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EGCG-binding to the amyloidogenic SEVI fragment PAP248-286 was investigated by NMR, NBTstaining after SDS-PAGE and MS251: The PAP248-286 fragment contains six lysine residues, three lying
in each terminal region251. It is mostly of hydrophobic is thought to comprise part of the cross-β-sheet
forming region251. When administered at a five-fold level of equimolar excess, EGCG interacted with
four of the Lys residues as well as a positively charged histidine and arginine251. Mass spectrometry
indicated that one EGCG molecule was covalently added to PAP248-286251. When the Lys were blocked,
EGCG had no impact on the morphology of fibrils formed by the amyloidogenic peptide251.
A recent publication reported on NMR and molecular docking experiments aimed at clarifying the mode
by which EGCG binds to an amyloidogenic LC V domain269. EGCG was found to interact mostly with
hydrophobic residues (50% aromatic residues) and some hydrophilic residues spread mostly over the βsheets of the framework regions FR2 (sheets C, C’), FR3 (sheet F) and FR4 (sheet G) (compare to Fig.
2.3.3-1B). The aromatic rings might also permit π-π-stacking. Interestingly, the four β-sheets that
interacted with EGCG were all oriented to one side of the molecule, possibly forming a structure
resembling a cross-β-sheet269. These results were supported by ITC data which revealed only weak
interactions with EGCG, achieving comparable results with AL mutants and “germline” V domains269.
In summary, features of the amyloid precursor determined whether EGCG interacted predominantly via
hydrophobic and / or site-specific interactions. In Aβ EGCG interacted with phenylalanine residues,
suggesting a π-π-stacking effect, but the interaction might also be due to the hydrophobic nature of the
residues. An exception was found with the SEVI fragment PAP248-286, which probably covalently bound
to EGCG via at least one lysine. Lys residues could compete with the cross-β-sheet motif for EGCG and
thus prevent its influence on fibrils, or the five-molar excess might have saturated the cross-β-sheet
motif with EGCG first, opening the way for subsequent interactions with Lys, in a situation where
EGCG simply did not promote a disaggregation.
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2.7

Scope of this thesis

Evolution produced a highly conserved secondary and tertiary structure in immunoglobulin light chains
(LC) that allow them to fulfill roles in the biology of the human adaptive immune response. They
undergo a multi-step selective maturation process that leaves a single plasma cell clone with mature
light chains that have both a unique sequence and a sufficiently conserved three-dimensional structure.
The light chains involved in AL Amyloidosis stem from a single, over-proliferated monoclonal plasma
cell. The key idea of this project was for the first time to comprehensively analyze in parallel a number
of full-length patient-derived light chains (LC) using biochemical and biophysical methods. The main
goals of this work were (1) to elucidate the biochemical and biophysical basis of light chain aggregation,
(2) to determine whether EGCG treatment can reduce and / or reverse amyloid formation of light chain
proteins isolated from individual AL patients, and (3) to develop hypotheses whether EGCG has a
sequence-specific effect on the formation of amyloids by light chains. Major challenges were the limited
number of relevant protocols from previous work on AL Amyloidosis and the fact that the biochemical
and biophysical methods for amyloid characterization had been established predominantly for work with
intrinsically disordered proteins. Therefore, most of the methods used in this study had to be newly
established or at least adapted.
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3

Materials and methods

3.1

Patient material

All patient material was collected and provided by our project partners at the Amyloidosis Center at the
Heidelberg University Hospital, within the GERAMY network on systemic AL Amyloidosis. All patient
diagnoses were carried out by qualified personnel in Heidelberg. The study was approved by the
hospitals ethics committee and informed consent was acquired from all involved patients and the patient
data was anonymized.

3.1.1.

Patient diagnosis

Monoclonal gammopathies are marked by the overproliferation of a particular population of immune
cells (e.g. B cell, plasma cells). The size of this population results in an overproduction of the
monoclonal immune protein (e.g. Ig, LC, HC) that it expresses, leading to its appearance in blood and
in excreted urine39. Monoclonal gammopathies can be diagnosed by immunofixation electrophoresis
(IFE), which identifies the monoclonal immune protein from serum as well as from urine17. The
abundance of a clonal plasma cell population overproducing monoclonal immunoglobulin light chains
was established via IFE and the free light chain (FLC) concentration was discriminated into κ- and λisotype LCs from serum and urine17.
Tab. 3.1.1-1 Staging of underlying clonal plasma cell population.
MGUS monoclonal gammopathy with undefined significance, SMM smoldering multiple myeloma, BMPCs bone
marrow plasma cells, CRAB criteria hypercalcemia, renal failure, anemia and lytic bone lesions
MGUS
SMM
MM
Clonal Population >10% BMPCs
CRAB criteria

-


-




The albumin and the total protein concentration in urine help to establish the extent of the kidney
involvement in AL as well as in MM. While the MM patients were diagnosed according to the criteria
in Tab. 2.6.2-1 depending on the staging of underlying clonal plasma cell populations, the diagnosis of
AL amyloidosis was established independently from this staging. The abundance of amyloid deposits
was verified via Congo red staining of fat aspirates (soft tissue) or of biopsies of other relevant tissues15
(here: heart / liver / gastro intestinal tract / peripheral nerves). Alternatively, the enlargement of the left
intra-ventricular septum (IVS), as measured via echocardiography282, 283, combined with an abundance
of monoclonal light chains were considered sufficient to establish the diagnosis of AL amyloidosis.
Heart parameters were measured and analyzed for patients included in an EGCG clinical trial performed
by the amyloidosis center in Heidelberg, because cardiac symptoms have been the main factors in
diagnoses and estimations of prognosis for those suffering from AL amyloidosis246. Three pieces of
information were considered, the thickness of the left IVS, high-sensitivity-troponin T (hs-TnT), which
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is indicative of non-acute heart disease a myocardial injury284, and the presence of N-terminal pro-brain
natriuretic peptide type B (NT-proBNP)284, 285, which is indicative of an cardiac fluid overload284.

3.1.2.

Patient selection for this study

For this study 485 patients presenting with AL amyloidosis at the Amyloidosis Center in Heidelberg
were screened for proteinuria without general albuminuria, and urine samples from six patients were
selected for initial purification and analysis. Additionally, urine of six MM patients was examined. Four
of the AL protein samples and five of the MM protein samples qualified for further biochemical and
biophysical analysis. They contained > 265 mg/l LC and < 6% albumin of total protein, requiring no
further purification. No bone marrow for LC sequencing was available for the four selected AL patients.
Two further urine samples from AL patients, one with mild albumin and the other severe albuminuria
(> 65% respectively > 95% albumin of total protein), were initially purified, analyzed, and used for
developing methods to purify LC from high-albumin backgrounds.
Additionally, the urine of five patients qualifying for the EGCG clinical study to address the effect of
EGCG on cardiac amyloidosis were included in the initial purification and analysis, because they were
selected for bone marrow-based genetic sequencing. This was an attempt to circumvent MS-based
sequencing, but none of the samples fulfilled the necessary criteria, which made them unsuitable for
further studies.
In order to avoid bias in my interpretation of the experimental results from the nine LC samples to be
analyzed in detail, I decided to conduct biochemical experiments in a partially blind study and evaluate
a number of clinical parameters for the patients retrospectively after evaluating my experimental results.
These blind parameters were the LC isotype, the κ- and λ-FLC, albumin and protein levels, and the
impairment of organs beyond the kidney through AL. The diagnostic details for all of the relevant
patients are discussed in chapter 5.1.

3.2
3.2.1.

Experimental procedures
Chemicals, material and equipment

Tab. 3.2.1-1 Overview purified LC
Sample-ID
κ-AL-10
κ-AL-11
κ-AL-21
λ-AL-11
λ-AL-21
λ-MM-11
κ-AL-1
κ-AL-2
λ-AL-1

Batch
Test
First

Buffer
20 mM Tris HCl, pH 7.1
1x NaP, pH 7.2

Final

1x NaP, pH 7.2
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Sample-ID
λ-AL-2
κ-MM-1
κ-MM-2
λ-MM-1
λ-MM-2
λ-MM-3

Batch

Buffer

Tab. 3.2.1-2 Proteins, antibodies, enzymes
Substance
Goat anti-human Ig κ chain polyclonal antibody
Goat anti-human Ig λ chain polyclonal antibody
Goat polyclonal to Human Serum Albumin
Human serum albumin (HSA)
IRDye 800CW Donkey anti-Goat IgG (H+L)
IRDye® 680RD Donkey anti-Rabbit IgG (H+L)
Mouse anti-goat/sheep IgG (HRP-conjugated, monocl.)
Rabbit anti-human HSA polyclonal antibody
Chymotrypsin (sequencing grade, B. Taurus)
Endoproteinase GluC (S. Aureus)
Neuraminidase (A. ureafaciens, Kit)
O-Glycosidase (S. pneumonia, Kit)
PNGase F
PNGase F
PNGase F (E. miricola, deglycosylation kit)
Trypsin (MS grade)
β-(1→4)-Galactosidase (S. pneumonia, Kit)
β-N-Acetylglucosaminidase (S. pneumonia, Kit)

Cat. No.
AP502
AP506
ab19180
A8763
926-32214
926-68073
A9452-1VL
R0101-1D
V1061
10787906103
EDEGLY
EDEGLY
G5166
V4831
EDEGLY
V5280
EDEGLY
EDEGLY

Company
Millipore @ Merck Chemicals, Germany
Millipore @ Merck Chemicals, Germany
Abcam, USA
Sigma Aldrich, USA
LI-COR, USA
LI-COR, USA
Sigma Aldrich, USA
Thermo Scientific, USA
Promega, USA
Roche, Custom Biotech, Switzerland
Sigma Aldrich, USA
Sigma Aldrich, USA
Sigma Aldrich, USA
Promega, USA
Sigma Aldrich, USA
Promega, USA
Sigma Aldrich, USA
Sigma Aldrich, USA

Tab. 3.2.1-3 Chemicals
Chemical
Acetic acid, glacial
Char coal
Congo red
DL-Dithiothreitol (DTT)
EGCG (Sunphenon EGCg)
Ethanol
Ethylenediaminetetraacetic acid (EDTA)
Form aldehyde
Glycine
Guanidine hydrochloride (8.0 M)
Hydrochloric acid (HCl)
Methanol
Milk powder
Potassium chloride (KCl)
Serva Blue R (Coomassie R-250)
Silver nitrate (AgNO3)
Sodium acetate
Sodium azide (NaN3)
Sodium Carbonate (Na2CO3)
Sodium chloride (NaCl)
Sodium dodecyl sulfate (SDS, dust-free pellets)
Sodium phosphate dibasic (Na2HPO4)
Sodium phosphate monobasic (NaH2PO4)

Cat. No.
695029
05105
75768
D9779
E7148
EDS
252549
G8898
24115
258148
34860
P3911
35051
209139
32318
S2202
223530
S9888
75746
S3264
S3139

Company
Sigma Aldrich, USA
Fluka, Switzerland
Sigma Aldrich, USA
Sigma Aldrich, USA
TAIYO GmbH, Germany
Chemical Storage room
Sigma Aldrich, USA
Sigma Aldrich, USA
Sigma Aldrich, USA
Thermo Fisher Scientific, USA
Sigma Aldrich, USA
Sigma Aldrich, USA
Groceries store
Sigma Aldrich, USA
Serva Electrophoresis, Germany
Fluka, Switzerland
Fluka, Switzerland
Sigma Aldrich, USA
Sigma Aldrich, USA
Sigma Aldrich, USA
Sigma Aldrich, USA
Sigma Aldrich, USA
Sigma Aldrich, USA

Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
51

3 Material & methods
Chemical
Sodium thiocyanate (Na2S2O3)
Thioflavin T
Trichloroacetic acid (TCA)
Tris base (TRIS)
tris-(2-Carboxyethyl)phosphine, HCl (TCEP)
Tween 20

Cat. No.
106627
T3516
100807
sc-3715A
580560
P1370

Company
Merck, Germany
Sigma Aldrich, USA
Merck, Germany
Santa Cruz Biotechnology, USA
Merck, Germany
Sigma Aldrich, USA

Tab. 3.2.1-4 Materials
Material
10x Phosphate buffered saline (PBS)

Cat. No.
AM9625

Company
Invitrogen @ Thermo Fisher Scientific,
USA
Whatman @ GE Healthcare, USA
Corning

3MM chromatography paper
05-716-3W
Aggregation plates, 348-well (non-binding surface
3544
black, clear flat bottom)
Aggregation plates, 96-well (non-binding surface black, 3991
Corning
clear flat bottom)
Amicon® Ultra-0.5ml, MWCO 10 kDa
UFC501024 Millipore @ Merck Chemicals, Germany
Amicon® Ultra-15, MWCO 10 kDa
UFC901024 Millipore @ Merck Chemicals, Germany
Amicon® Ultra-4, MWCO 10 kDa
UFC801024 Millipore @ Merck Chemicals, Germany
Any kD™ Mini-PROTEAN® TGX™, precast SDS PA gels
4569033
Biorad, USA
(10-well/ 15-well)
4569036
BCA assay (Kit)
23225
Pierce @ Thermo Fisher Scientific, USA
Cellulose acetate
Schleicher & Schuell, Germany
ChemiGlow West Chemiluminescence Substrate Kit
60-12596-00 ProteinSimple, USA
Combitips for Multipette Plus (sterile, 10 ml)
21-381-406 Eppendorf, Germany
cOmplete EDTA-free
11873580001 Roche, Switzerland
cOmplete Ultra
05892970001 Roche, Switzerland
Costar Spin-X with 0.22 µm cellulose acetate spin filters 8161
Corning, USA
Deglycosylation kit
EDEGLY
Sigma Aldrich, USA
Disposable borosilicate glass culture tubes 10 x 75 mm 14-961-25
Fisher Scientific, USA
EZBlue
G1041
Sigma Aldrich, USA
Falcon® 96-well PS microplates (clear, flat bottom, lid) 351172
BD Biosciences
FEBS cantilevers
discontinued Veeco, USA
FESP cantilevers
FESP
Bruker AFM Probes, USA
2.75 x 225 x 28 µm, drive frequency 75 kHz, and feather
constant 2.8 N/m
Imperial Protein Stain
24615
Thermo Fisher Scientific, USA
Membrane syringe filter, 0.2µm, 25 mm, 2.8 cm²
4612
Pall GmbH, Germany
Acrodisc® Supor®, acryl copolymer
Membrane syringe filter, 5 µm, 25 mm, 2.8 cm²
4199
Pall GmbH, Germany
Acrodisc® Versapor®, acryl copolymer
Mica (Grade V-1)
01792-AB
01792-AB
NativeMark™ unstained protein standard
LC0725
Novex @Thermo Fisher Scientific, USA
NativePAGE® Novex 3-12% Bis-Tris gels (1.0 mm, 15BN1003BOX Novex @ Thermo Fisher Scientific, USA
well) precast blue native PA gels
NativePAGE® Novex 4-16% Bis-Tris gels (1.0 mm, 15BN1004BOX Novex @ Thermo Fisher Scientific, USA
well) precast blue native PA gels
NativePAGE™ Cathode Additive
BN2002
Novex @ Thermo Fisher Scientific, USA
NativePAGE™ Running Buffer
BN2001
Novex @ Thermo Fisher Scientific, USA
NativePAGE™ Sample Buffer (4X)
BN2003
Nitrocellulose (Protran®BA83)
10402468
GE Healthcare, USA
NuPAGE® LSD sample buffer
NP0008
Novex @ Thermo Fisher Scientific, USA
NuPAGE® MES running buffer
NP0002
Novex @ Thermo Fisher Scientific, USA
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Material
Cat. No.
NuPAGE® Novex 4-12% Bis-Tris gels (1.0 mm, 17-well / NP0329BOX
15-well / 10-well) precast SDS PA gels
NP0323BOX
NP0321BOX
PageRuler™ Plus prestained marker
26619
Parafilm M® plastic paraffin film,
PM996
PCR tubes (Amplitube™, 0.2 ml, 8-strips, single flat lids) T320-2x
Precision Dual Plus prestained marker
1610374
ProteoSilver Silver Stain Kit
PROTSIL1
ProteoSilver Silver Stain Kit
PROTSIL1
Staining Dishes (Clear Hinged Deli Container)
AD08F
Superose 12 10/ 300 GL column
17-5173-01
Syringes, 50-ml, sterile, luer-lock
613-3925
Thickwall polypropylene tubes, 200 µl, for TLA-100
343621
rotor

Company
Novex @ Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA
Bemis, USA
Simport, Canada
Bio-Rad, USA
Sigma Aldrich, USA
Sigma Aldrich, USA
Genpak, USA
GE healthcare, USA
VWR, Germany
Beckman, USA

Tab. 3.2.1-5 Solutions and buffers
Solution
AE (5x)

Formulation
46.3 parts 100 mM acetic acid, 3.7 parts 100 mM sodium acetate, ad
100 parts ultrapure water adjusted to pH 3.6 with 100 mM acetic acid /
100 mM sodium acetate
AE (sodium acetate 100 mM, pH 3.6) 20 mM sodium acetate, pH 3.6
Blocking solution
3% milk powder in PBS-T
BW (Binding & Wash buffer)
20 mM sodium phosphate, 150 mM NaCl, pH 7.4
Coomassie destaining solution
20% ethanol, 7% acetic acid
Coomassie staining solution
50% ethanol, 9.2% acetic acid, 0.2% coomassie R250
CS (GF column sanitation buffer)
20 mM TRIS HCl, pH 9.0
GE (10x)
500 mM glycine, 500 mM NaCl adjusted to pH 2.8 with HCl
GE (Glycine / HCl, pH 2.8)
50 mM glycine /HCl, pH 2.8
HSE (High-salt elution buffer)
20 mM TRIS / HCl, pH 7.5, 1.4 M NaCl
LSW (Low-salt wash buffer)
20 mM TRIS / HCl, pH 7.5
NaP (10x)
72% 500 mM Na2HPO adjusted to pH 7.2 with 28% 500 mM NaH2PO4
NaP (sodium phosphate, pH 7.2)
50 mM sodium phosphate, pH 7.2
NB (Neutralization buffer)
1 M TRIS HCl pH 8.0
PBS (10x)
137 mM NaCl, 26.8 mM KCl, 118 mM overall phosphate, pH 7.4
PBS (phosphate buffered saline)
137 mM NaCl, 2.68 mM KCl, 11.8 mM overall phosphate, pH 7.4
PBS-T
PBS with 0.05% Tween 20
SDS-PAGE running buffer (10x)
250 mM TRIS base, 1.91 M glycine
TBS (5x)
125 mM TRIS / HCl, 150 mM NaCl, pH 7.5
TBS (Tris buffered saline)
25 mM TRIS / HCl, 150 mM NaCl, pH 7.5
TBS-T
25 mM TRIS / HCl, 150 mM NaCl, pH 7.5, 0.05% Tween 20
WB (ready-to-use)
10% 10x WB buffer, 20% ethanol
WB Transfer (10x Western Blot)
250 mM Tris base, 1.56 M glycine

Tab. 3.2.1-6 Equipment
Equipment
-20°C Freezer
3510 pH meter
4°C Fridge
A-4-81 swing bucket rotor for 5810 R
ÄKTA explorer 100
BenchBlotter rocking shaker
Bio-Dot Apparatus
CD spectrometer JASCO J-810

Part#
351 001
5810718007
discontinued
BR1000*
1706545
discontinued

Company
Jenway, UK
Eppendorf, Germany
GE healthcare, USA
Benchmark, USA
Biorad, USA
JASCO
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Equipment
- PTC 423 S Pelletier temperature controller
- Osram XBO 150W74 Xenon ARC lamb
- 163-900 nm detector
Centrifuge 5810 R
Custom-built dot-blot apparatus
Custom-built Spectrofluorimeter
- PTI 814 photomultiplier
- PTI ASOC-10 computer interface / controller
- Quantum Northwest TC 425 rapid Peltier
temperature controller
Eppendorf Research 2100 series
(2-20 / 20-200 / 100-1000 / 0.1-2.5 µl)
FPLC (ÄKTA, St. Louis)
Fujifilm LAS-3000 Imager

Part#

Company

5811000010
-

Eppendorf, Germany
Photon Technology International (USA)

discontinued

Eppendorf, Germany

discontinued

Microwave
Mini- PROTEAN Tetra Cell (electrophoresis
chamber)
Multipette® Plus pipette
MultiTherm™ Heat - Cool - Shake
MyBlock™ Mini Dry Bath
Nanowizard II/Zeiss Axiovert setup (AFM)
New Brunswick Excella E24 Incubator Shaker
New Brunswick Innova® U725-80°C Freezer
Odyssey® Clx fluorescent imaging system
Orbital shaker
PowerEasy 90 W Power Supply
Spectrosil ® Far UV Quartz Cuvette (170-2700 nm)
Tecan infinite F200 filter based plate reader (St.
Louis)
- ex. 436 / 10 nm
- ex. 482 / 25 nm
- ex. 560 / 20 nm
Tecan infinite F200 monochromator based plate
reader (Berlin)
- ex. 440 / 9 nm (monochromator)
- ex. 485 / 9 nm (monochromator)
TL-100 ultracentrifuge
TLA-100 fixed-angle rotor for TL-100
Trans-Blot® SD Semi-Dry Transfer Cell
Veeco Dimension 3100 (AFM)
XCell SureLock® Mini-Cell (electrophoresis
chamber)
Zeiss Axio Imager

1658004EDU

Amersham Pharmacia Biotech, UK
FUJIFILM Electronic Imaging Europe,
Germany
Bio-Rad, USA

Tab. 3.2.1-7 Software & online databases & tools
Software
Ver.
Adobe Illustrator CC
2015.3
Image Studio Lite
5.2
MaxQuant
MS Office
2012 to 2016
OriginPro
2015G
PEAKS (Viewer)
7.5

022260201
H5000-HC
BSH-200
M1352-0000
2231000140
PS0090
1-Q-1

Eppendorf, Germany
Benchmark, USA
Benchmark, USA
JPK Instruments, Germany
Eppendorf, Germany
Eppendorf, Germany
LI-COR, USA
Thermo Fisher Scientific, USA
Starna, Germany
Tecan, Austria

Tecan, Austria

discontinued
343840
1703940
discontinued
EI0001

Beckman Coulter, USA
Beckman Coulter, USA
Bio-Rad, USA
Bruker Corporation, USA
Novex @ Thermo Fisher Scientific, USA
Zeiss, Germany

Company
Adobe Software Systems, Ireland
LI-COR, USA
MPI for Biochemistry, Germany
Microsoft, USA
OriginLab, USA
Bioinformatics Solutions, Canada
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Software
PEAKS Studio
Photoshop CC
PTI FELIX GX software
PyMOL
XCalibur QualBrowser
Immunogenetics Information
System
- IMGT Repertoire (IG & TR)
- IMGT DomainGapAlign tool
- IMGT Collier-de-Perles

Ver.
7.5
2015.5
4.3.2010.906
1.7.4.5 Edu
-

http://www.imgt.org/IMGTrepertoire/Proteins/
http://www.imgt.org/3DstructureDB/cgi/DomainGapAlign.cgi
http://www.imgt.org/3Dstructure-DB/cgi/Collier-dePerles.cgi
http://web.expasy.org/protparam/
http://www.rcsb.org/pdb/home/home.do
http://web.expasy.org/blast/

ProtParam (ExPASy)
RSCB Protein Data Bank (PDB)
SIB BLAST+ Network Service
Tool (ExPASy)
UniProt Knowledgebase

3.2.2.

Company
Bioinformatics Solutions, Canada
Adobe Software Systems, Ireland
Photon Technology International, USA
Schrödinger, USA
Thermo Fisher Scientific, USA
http://www.imgt.org/

http://www.uniprot.org/

Light chain protein purification

I purified LC proteins from 11 AL and 6 MM patients without albuminuria. 4 AL and 5 MM patients
had sufficiently high proteinuria and reasonably low albumin content to permit biochemical and
biophysical studies. I furthermore tested several procedures to isolate LC from patients with high
albumin concentrations in urine and from urine of one healthy individual.
For regulatory reasons, all light chain proteins were purified in Germany and only the isolated protein
samples were shipped to the United States. All of the patients tested negative for HIV, and Hepatitis A
& B, according to German law. All of the samples were initially purified and analyzed in the partially
blind manner mentioned above. The samples were given names according to the monoclonal light chain
isotype detected via Western blot. The urine of the healthy control individual was my own.

3.2.2.1

Analysis of target and most relevant matrix proteins

To estimate the range of charges, hydrophobicity and size to be expected for immunoglobulin light
chains, I created a theoretical sequence database of all possible VJC combinations of κ- or λ-Ig light
chains from germline sequences of the κ- or λ-Ig light chain variable (V), joining (J) and constant (C)
domains from the IGMT database98,

101

(FASTA format, 11,180 respectively 4365 possible

combinations, for details see chapter 3.2.6.1). For all of the proteins in this database I calculated the
GRAVY hydrophobicity index286 using the gravy calculator287, and estimated the pI and the MW with
the pI/MW tool provided by the Expasy website288, which calculates the pI based on Bjellqvist et. al.289,
290

. Additionally, I determined the number of amino acids with the “string length” function implemented

in MS Excel.
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3.2.2.2
a.

LC Purification from the urine of patients without albuminuria
Clarification

In order to remove debris and prepare the samples for diafiltration, 20-40 ml primary urine were
centrifuged for 15 min at 4500 x g and at 4°C in a centrifuge 5810 R (Eppendorf, Germany) within an
A-4-81 swing bucket rotor in 50 ml falcon tubes. The supernatant was further filtered through a sterile
5 µm membrane syringe filter and subsequently through a sterile 0.2 µm membrane syringe filter. For
safety reasons, 50-ml syringes were filled by removing the rubber plunger to avoid the usage of needles,
and syringe and membrane filters were equipped with luer-lock, adapters.

b.

Pilot experiment for capture purification step

20 ml of primary urine from patient κ-AL-1 were clarified according to the above described protocol
(chapter 3.2.2.2a). From the clarified urine, 12 ml were concentrated to about 500 µl in a Amicon®
Ultra-15 15 ml centrifugal filter unit, with a molecular weight cutoff (MWCO) of 10 kDa by
centrifugation for 20-25 min at 4,500 x g at 4°C. In five sequential steps the sample was diluted with
11.5 ml of 5 mM TRIS HCl pH 7.5 and reconcentrated to 500 µl for 25-35 min at 4500 x g at 4°C in the
same ultrafiltration unit. The diafiltrated samples were analyzed via reducing and non-reducing sodium
dodecyl sulfate polyacryl amide gel electrophoresis (SDS-PAGE, chapter 3.2.3.1a) and Western blot
(chapter 3.2.3.3a). The protein loaded onto the gel corresponded to 2 µg total protein in the diafiltrated
sample, as determined via the bicinchinonic acid (BCA) assay (chapter 3.2.3.1). The gels were stained
with coomassie (chapter 3.2.3.2a) and the Western blots were immunostained for λ- and κ-LC (chapter
3.2.3.3a).

c.

Optimization diafiltration for capture purification step

8.5 ml of primary urine from patient κ-AL-a or urine from a healthy individual (H) were clarified
according to the above described protocol (chapter 3.2.2.2a). Four times 1.8 ml clarified urine were
concentrated to about 100 µl in Amicon® Ultra-4 4 ml centrifugal filter units, with a molecular weight
cutoff (MWCO) of 10 kDa by centrifugation for 13 min at 4500 x g at 4°C. In six sequential steps, the
sample was diluted with 2 ml diafiltration buffer and reconcentrated to 100 µl for 13 min at 4,500 x g at
4°C in the same ultrafiltration unit. As diafiltration ‘buffers’ (A) ultrapure water, (B) 5 mM TRIS HCl
pH 7.5, (C) 20 mM sodium phosphate pH 7.1, and (D) 150 mM NaCl. The diafiltrated samples were
analyzed via reducing and non-reducing SDS-PAGE (chapter 3.2.3.1a) and Western blots
immunostained for κ-LC respectively λ-LC (chapter 3.2.3.3a). The protein loaded onto the gel
corresponded for sample κ-AL-a to 0.08 µl diafiltrated urine and the for the healthy sample to 6.75 µl
diafiltrated urine. The gels were stained with Coomassie (chapter 3.2.3.2a).
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d.

Final clarification and capture purification protocol

Monoclonal Immunoglobulin light chains were isolated from clarified urine using the following
protocol: Debris and particulate matter was removed from 20-40 ml primary urine according to the
above described clarification protocol (chapter 3.2.2.2a). Afterwards the secondary urine was
concentrated to about 500 µl in Amicon® Ultra-15 ml centrifugal filter units, with a MWCO of 10 kDa
by centrifugation for 20-25 min at 4500 x g at 4°C. In six sequential steps, the samples were diluted with
15 ml of 50 mM sodium phosphate (NaP) buffer pH 7.2 and reconcentrated for 25-35 min at 4500 x g
at 4°C to 500 µl in the same ultrafiltration unit, in order to achieve a buffer exchange equivalent to three
dialysis steps in 2 l buffer each. Afterwards the amounts of total protein, serum albumin, and light chain
protein were determined (chapter 3.2.3.1) for each sample. Samples from patients with sufficient
proteinuria (> 265 mg/24 h light chain in urine), but without albuminuria (< 6% albumin) were chosen
for further biochemical and biophysical analysis.

3.2.3.
3.2.3.1
a.

Biochemical characterization of soluble light chains
Gel electrophoresis and Western blots
Denaturing and semi denaturing SDS-PAGE

For SDS-PAGE291 analyses the Invitrogen, USA NuPAGE® precast gel system was used with MES
running buffer, 4x LSD sample buffer and NuPAGE® Novex 4-12% Bis-Tris gels (1.0 mm, 10-, 15- or
17-well). Samples were prepared with 4x LSD sample buffer and either reduced with a final 187.5 mM
DTT and incubated for 7 min at 95°C in a dry heat bath (reducing / denaturing) or applied to the gel
without further treatment (non-reducing / semi-denaturing). Unless otherwise stated, 10 µl of each
sample mix was applied to the gel together with 1.5 µl of the prestained marker PageRuler Plus (in
Berlin, Invitrogen, USA) or with Precision Dual Plus marker (in St. Louis, Bio-Rad, USA), and gels
were run for 35 min at 200 V with a PowerEasy 90 W Power Supply (Life technologies, USA).

b.

Blue native PAGE

For blue native PAGE292, 293 the InvitrogenTM NativePAGE® precast gel system from (Invitrogen at
Thermo Fisher Scientific, USA) was used with light blue cathode buffer (0.1 x NativePAGE Cathode
Additive in 1 x NativePAGE Running Buffer, with NativePAGE® Novex 3-12% respectively 4-16%
Bis-TRIS gels (1.0 mm, 15-well), and 10 µl NativeMark protein standard. The gels were run for
90-115 min at 150 V.

3.2.3.2

Gel stainings

Gels were rinsed directly after electrophoresis with ultrapure water, and in order to reduce breakage and
staining artefacts the thick gel bottom and the upper part of the pockets were usually removed.
Incubations for the staining were performed on an orbital (Berlin) or rocking shaker (St. Louis). Scanned
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gels were, where necessary, densitometrically evaluated using Image Studio Lite (LI-COR, USA), and
/ or images were processed in Adobe Photoshop CC for documentation according to accepted scientific
standards.

a.

Manual Coomassie staining – in Berlin (A)

The gels were fixed and stained by microwaving them in plastic dishes for 90 s with 0.1% coomassie
R250 in 9.25% acetic acid, 50% ethanol in ultrapure water. The staining solution was recovered and
reused up to two times before disposal. The gel was rinsed twice with destaining solution (7% acetic
acid, 20% ethanol in ultrapure water) and afterwards destained by 3-5 sequential steps of 90 s
microwaving and 10 min shaking at room temperature. The destaining solution was recycled 3 times
after filtration through 3 g of charcoal, and afterwards disposed of. (Modified from Fazekas de St Groth
et. al.294)

b.

EZBlue™ staining – Coomassie staining in St. Louis (B)

The EZBlue staining (Sigma Aldrich, USA) was used according to the manufacturer’s protocol with
minor changes as follows: The gels were fixed for at least 15 min with 50% methanol, and 10% acetic
acid in ultrapure water. Afterwards, the gels were stained by incubation with EZBlue™ first for 20 min,
and second over night to enhance the staining. The staining solution was disposed of, the gels were
rinsed twice with ultrapure water, and then destained with ultrapure water 3-4 times for 10-30 min or
over night. The destaining solution was disposed of.

c.

Imperial Protein Stain for MS only – in Berlin (C)

The Imperial Protein Stain (Thermo Fisher Scientific, USA) was used according to the manufactures
protocol with minor changes as follows: The gels were washed three times 15 min with ultrapure water
to remove MES from the running buffer. In a gel staining bottle the gels were incubated for 5 min to 1 h
under shaking. The gels were destained for 15 min to o/n with ultrapure water, repeatedly if necessary.

d.

Silver staining after Nesterenko et. al.295

The following stock solutions were prepared: Acetone stock (50% acetone in ultrapure water), TCA
stock (50% trichloroacetic acid ultrapure water), silver nitrate stock (20% AgNO3 in ultrapure water,
stored in the dark), sodium thiocyanate stock (10% Na2S2O3*5 H2O in ultrapure water), Stop solution
(1% acetic acid in ultrapure water), and for the developer solution (400 mg Na2CO3 in a 50 ml falcon
tube). Gels were incubated for 5 min with a fixing solution of 20 ml acetone stock, 500 µl TCA stock
and 5 µl 37% form aldehyde (final 50% acetone, 1.2% TCA, 0.9‰ form aldehyde). Gels were rinsed
three times with ultrapure water, washed (5 min) with ultrapure water and again rinsed three times. In
order to prepare the gels for impregnation with silver (1) gels were incubated for 5 min in 15 ml 50%
acetone, (2) incubated for 1 min in a solution of 33 µl Na2S2O3 stock in 20 ml ultrapure water (0.015‰
Na2S2O3), and (3) rinsed three times with ultrapure water. The silver impregnation was performed for
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8 min with a solution of 267 µl AgNO3 stock, 200 µl 37% formaldehyde, 8.3 µl Na2S2O3 stock in 20 ml
ultrapure water (0.26‰ AgNO3, 0.36‰ formaldehyde, 0.004‰ Na2S2O3) Afterwards the gels were
rinsed three times with ultrapure water. The developer was prepared directly before use as follows:
400 mg Na2CO3, were diluted in 20 ml ultrapure water with 8.3 µl 37% from aldehyde, and 8.3 µl
Na2S2O3 stock (0.2% Na2CO3, 0.015‰ form aldehyde, 0.004‰ Na2S2O3). The gels were incubated for
10-20 s in developer solution, and the development was stopped by adding 20 ml 1% acetic acid. Finally,
gels were washed for 15 min in ultrapure water.

e.

ProteoSilver silver staining

Most silver stainings were performed with the ProteoSilver Silver Stain Kit (Sigma Aldrich, USA)
according to the manufacturer’s protocol with minor changes. The volumes of all kit solutions were
reduced by a factor of 4, while the volume of fixing solution, ethanol and water washes was reduced by
a factor of 2. All kit solutions were prepared directly before they were used. To avoids background
signals from traces of silver or coomassie during the development step, the gels were stained in singleuse plastic staining dishes). After incubation for 40 min in fixing solution (10% acetic acid, and 50%
ethanol in ultrapure water), gels were washed for 10 min in 30% ethanol, followed by two 10 min wash
steps in ultrapure water. Next, the gels were incubated for 10 min in sensitizer solution, followed by two
10 min wash steps in ultrapure water, in which the entire dish including the lid was rinsed thoroughly,
in order to reduce the staining background. The incubation with the silver solution was elongated from
15-20 min, and the following recommended 1-1.5 min wash was replaced with 3 consecutive short
rinsing steps, in which the entire dish was rinsed. Afterwards the gels were incubated in developer
solution for 3-7 min, and the reaction was stopped by addition of stop solution and further incubation
for 5 min. Afterwards followed a final wash step for 15 min in ultrapure water.

3.2.3.3

Western blot and Immunostaining

Western blots were performed in a Biorad Trans-Blot® SD semi-dry transfer cell for 55 min at 25 V
onto 0.2 µm supported nitrocellulose membranes (Biorad, USA) using 25 mM Tris-base / 156 mM
Glycine / 20% ethanol in ultrapure water as transfer buffer. Immunostainings were performed according
to the following protocol: Membranes were blocked for 30 min in milk-PBS, followed by incubation for
35 min with primary antibody diluted 1:2000 in blocking solution. Blots were washed three times for
5 min with PBS-T, and afterwards incubated for 25 min with secondary antibody diluted 1:2000 (HRP)
respectively 1:15000 (LI-COR) in blocking solution; followed by two 5 min washes in PBS-T and one
final 5 min wash in PBS. The HSA bands as well as the protein standards were used to align protein
bands from different membranes. Before blotting blue native PAGE gels, there were incubated for
15 min in 0.5% SDS. Before immunostaining of Western blots from blue native PAGE, membranes
were fixed for 15 min in 8% acetic acid, washed with 15 min with ethanol and air dried.
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a.

Antibodies and Detection Method Berlin (A)

Semi-dry Western blots were immunostained for λ-isotype or κ-isotype LC, or HSA separately, and
detected in parallel, wherever possible. As primary antibodies polyclonal goat anti-human Ig λ chain,
polyclonal goat anti-human Ig κ chain (Millipore, AP506, AP502) and polyclonal goat anti-human
Serum Albumin (Abcam, R0101-1D) were used. As secondary antibody HRP-conjugated monoclonal
mouse anti-goat/sheep IgG (Sigma Aldrich, USA, Cat. No.: A9452-1VL). For detection of the
horseradish peroxidase (HRP), ChemiGlow West Substrate (ProteinSimple, USA) was used according
to the manufacturer’s protocol. The luminol/ enhancer solution and the stable peroxide solution were
mixed 1:1. On a glass plate the blots were covered with the luminol solution for 4 min, afterwards the
luminol solution was removed carefully and the glass plate with the blots was covered with plastic wrap
and analyzed immediately. was removed carefully and the glass plate with the blots was covered with
plastic wrap and analyzed immediately as digital luminescence image in a Fujifilm LAS-3000 Imager
equipped with a CCD camera (FUJIFILM Electronic Imaging Europe GmbH, Germany).

b.

Antibodies and Detection Method St. Louis (B)

Semi-dry Western blots were either immunostained for λ-isotype LC and HSA, or κ-isotype LC and
HSA in parallel. As primary antibodies polyclonal goat anti-human Ig λ chain, polyclonal goat antihuman Ig κ chain (Millipore, AP506, AP502) and polyclonal rabbit anti-human HSA (Thermo, R01011D) were used. As secondary antibodies IRDye 800CW donkey anti-goat IgG and LI-COR IRDye®
680RD donkey anti-rabbit IgG were used (LI-COR, USA, Cat. No.: 926-32214, and 926-68073).
Secondary antibodies were detected in a LI-COR Odyssey® Clx fluorescent imaging system (LI-COR,
USA). For detection a resolution of 169 µ/pixel and medium quality setting was used. LC was detected
in the 800-channel, albumin in the 700-channel.

3.2.3.4

Sample storage conditions

To test the influence of different storage conditions 15 µl aliquots of each sample were stored for
9 month at +4°C, -20°C, or -80°C in 50 mM NaP pH 7.2 respectively or lyophilized and stored at -80°C.
Afterwards, the protein from three storage vials was combined and diluted to a total volume of 400 µl.
200 µl of each sample ultra-centrifuged for 30 min at 55,000 rpm (130,000 x g) in a TL-100
ultracentrifuge in a TLA-100 fixed-angle rotor (Beckman, USA). The supernatants were recovered and
the pellets were resolved in 200 µl 2% sodium dodecyl sulfate (SDS) solution. For each sample 8 µl
supernatant and pellet solution were subjected to non-reducing SDS-PAGE on the same gel, to avoid
staining artefacts. The gels were stained with EZBlue™ Coomassie (chapter 3.2.3.2b).

3.2.3.5

LC concentration and HSA content

The total protein concentration was determined via bicinchoninic acid (BCA) assay (Pierce, USA)
against a standard of Human Serum Albumin (HSA). HSA was diluted with 50 mM NaP pH 7.2 and
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further diluted in serial dilution to either 2.56, 1.28, 0.64, 0.32, 0.16, and 0.08 µg/µl or 1.57, 0.94, 0.57,
0.34, 0.20, and 0.12 µg/µl. Light chain samples were diluted to approximately 1.5 µg/µl (0.75 µg/µl)
total protein. Samples were prepared in 96-well clear flat-bottom non-treated plates (BD Falcon, USA)
as follows: 10 µl triplicates of standards and samples was pipetted into the 96-well plate. 100 µl of
working reagent (1:250 buffer B to buffer A) were added using a Multipette Plus (Eppendorf, Germany).
The plate was incubated for 30 min at 37°C. Afterwards, the adsorption was measured in Tecan infinite
F200 filter based plate reader with 25 flashes with a 560 nm, 10 nm band width absorption filter. The
total protein concentration was estimated by plotting the standard HSA concentration versus the
absorption at 560 nm and linear extrapolation. The human serum albumin (HSA) concentration was
determined densitometrically either from dot-blot in triplicates or from silver stained denaturing SDSPAGE (chapters 3.2.3.1a, 3.2.3.2e) versus an external serum albumin standard with Image Studio Lite
(LI-COR, USA). The light chain (LC) concentration was calculated for protein, which was at least 90%
pure by subtracting the HSA concentration from the total protein concentration.

3.2.3.6

Molecular weight determination of monomer

The apparent molecular weight (MWapp) was determined for the deglycosylated κ-AL-1 sample (chapter
3.2.3.9) and the remaining eight untreated LC proteins from three independent silver stained SDS-PA
gels (chapters 3.2.3.1a, 3.2.3.2e) by determining the distance the protein traveled from the gel pocket
and comparing it to the protein marker bands on the gel. The MWapp was determined by plotting the
electrophoretic mobility over the logarithm of the MW of the standard proteins, and by linear
extrapolation.

3.2.3.7

Dimer/monomer ratio

The dimer/ monomer ratio was determined densitometrically from a silver stained SDS-PA gel (chapters
3.2.3.1a, 3.2.3.2e) with Image Studio Lite (LI-COR, USA).

3.2.3.8

Proteolysis

The proteolysis of the first and the final batch of the κ-AL-1 and the λ-MM-1 over 11 days was analyzed
at 25 µM LC in 150 mM sodium chloride / 50 mM NaP pH 7.2, untreated or in presence of different
combinations of proteinase inhibitors: cOmplete EDTA-free, 16 mM EDTA, cOmplete Ultra (both
Roche, Switzerland), and / or 0.2% or 0.6% sodium azide. COmplete inhibits serine and cysteine
proteases, EDTA inhibits metallo proteases, and cOmplete Ultra additionally inhibits aspartate
proteases. The samples (30 µl in 200-µl-tubes) were incubated for 1, 4 or 11 days at 37°C and 200 rpm
in a New Brunswick Excella E24 Incubator Shaker (Eppendorf, Germany).
The proteolysis of all purified LC samples was analyzed for 4 days at 25 µM LC in 150 mM sodium
chloride / 50 mM NaP, pH 7.2 untreated or in presence of cOmplete Ultra (Roche, Switzerland), and
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0.5% sodium azide. The samples (30 µl in 200-µl-tubes) were incubated at 37°C and 200 rpm in a New
Brunswick Excella E24 Incubator Shaker (Eppendorf, Germany).
All samples were analyzed via denaturing SDS-PAGE in a Mini- PROTEAN Tetra Cell (Bio-Rad,
USA), with SDS-running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3) on 10-well MiniPROTEAN TGX precast gradient gels. Samples were prepared with 4x LSD sample buffer (NuPAGE
@ Thermo Fisher Scientific, USA), reduced with final 187.5 mM DTT, and incubated for 7 min at 95°C
in a dry heat bath. Afterwards 10 µl of each sample mix were applied to the gel together with 1.5 µl
Precision Dual Plus prestained marker (Bio-Rad, USA), and gels were run for 40 min at 200 V. Gels
were stained with ProteoSilver silver staining (chapter 3.2.3.2e).

3.2.3.9

Glycosylation analysis

All deglycosylated samples were analyzed via denaturing SDS-PAGE (chapter 3.2.3.1a) and prepared
by diluting 1.8 parts of each sample with 6 parts of LSD sample buffer (Invitrogen, USA) and 16.2 parts
ultrapure water, and boiling for 5 min at 95°C in a dry heat block. 10 µl of each sample (1.125 µg
protein) were subjected to the gel. Deglycosylations were performed with the enzymatic protein
deglycosylation kit (Cat. No: EDEGLY, Sigma Aldrich, USA). Additional PNGase F form
Elizabethkingia miricola was acquired from Sigma (Sigma Aldrich, USA, Cat. No: G5166, 50 U 5 U/µl)
or Promega (Promega, USA 200 U, Cat. No: V4831, 10 U/µl)) Reaction were performed in 200-µl 8strip tubes with attached flat caps (Simport, Canada) unless otherwise stated.

a.

Parallel Deglycosylation Analysis of all LC samples

Deglycosylation reactions were performed with the EDEGLY kit. For controls 2 μl of each LC protein
(1000 µM, ~48.6 µg) were dilute with 18 μl ultrapure water to a final volume of 20 μl, and 1 μl Fetuin
was diluted with 4 μl ultrapure water to a final volume of 5 μl. For deglycosylation reactions 2 μl of
each LC (1000 µM, 48.6 µg) were diluted with 13 μl ultrapure water to a final volume of 15 μl, and 5 μl
Fetuin were diluted with 10 μl ultrapure water to a final volume of 15 μl. For the deglycosylation
reaction 5 μl of 5x reaction buffer and 1.25 μl of denaturation solution were added to each sample.
Afterwards the samples were incubated at for 5 min 95°C in a dry heat bath. Samples were cooled down
to room temperature before 1.25 µl 15% TRITON® X-100 were added. A master mix (MM) of 7 µl of
each of the following enzymes was prepared: PNGase F (PF) form Elizabethkingia miricola, α(2→3,6,8,9)-Neuraminidase (α-N) from Arthrobacter ureafaciens, O-Glycosidase (O-G), β-(1→4)Galactosidase (β-G), β-N-Acetylglucosaminidase (β-N-A) all three from Streptococcus pneumonia.
From the master mix 2.5 µl were added to each reaction to a final reaction volume of 25 µl. Control and
deglycosylation samples were incubated for 3 h at 37°C in a dry heat block.

Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
62

3 Material & methods

b.

Sequential Deglycosylation Analysis of the κ-AL-1 sample

The sequential deglycosylation was performed with the EDEGLY kit. For controls in one tube each 2 μl
of κ-AL-1 protein (1000 µM, 48.6 µg) were dilute with 18 μl ultrapure water to a final volume of 20 μl,
and 1 μl Fetuin was diluted with 19 μl ultrapure water to a final volume of 20 μl. For ‘sequential’
deglycosylation reactions in five separate tubes each 2 μl of each κ-AL-1 (1000 µM, 48.6 µg) were
diluted with 13 μl ultrapure water to a final volume of 15 μl, and 5 μl Fetuin were diluted with 10 μl
ultrapure water to a final volume of 15 μl. For the deglycosylation reaction 5 μl of 5x reaction buffer
and 1.25 μl of denaturation solution were added to each sample. Afterwards the samples were incubated
at for 5 min 95°C in a dry heat bath. Samples were cooled to room temperature before 1.25 µl 15%
TRITON® X-100 were added. Five deglycosylation mixes of the enzymes PNGase F (PF), α(2→3,6,8,9)-Neuraminidase (α-N), O-Glycosidase (O-G), β-(1→4)-Galactosidase (β-G), and β-NAcetylglucosaminidase (β-N-A) were prepared as follows:
(1) 1.1 µl α-N ad 5.5 µl ultrapure water
(2) 1.1 µl α-N, 1.1 µl β-G ad 5.5 µl ultrapure water
(3) 1.1 µl α-N, 1.1 µl β-G, 1.1 µl β-N-A ad 5.5 µl ultrapure water
(4) 1.1 µl α-N, 1.1 µl β-G, 1.1 µl β-N-A, 1.1 µl O-G ad 5.5 µl ultrapure water
(5) 1.1 µl α-N, 1.1 µl β-G, 1.1 µl β-N-A, 1.1 µl O-G, 1.1 µl PF
From enzyme mixes (1) - (5) 2.5 µl were added to one reaction of κ-AL-1 and Fetuin to a final reaction
volume of 25 µl. Control and deglycosylation samples were incubated for 3 h at 37°C in a dry heat
block.

c.

Denaturing Deglycosylation for MS-based Sequencing (κ-AL-1)

The deglycosylation was performed with EDEGYLY kit, but with additional PNGase F from Sigma.
For controls 2 μl of each LC protein (1000 µM, 48.6 µg) were dilute with 18 μl ultrapure water to a final
volume of 20 μl, and 1 μl Fetuin was diluted with 4 μl ultrapure water to a final volume of 5 μl. For the
denaturing deglycosylation reactions in two separate tubes of 2 μl κ-AL-1 (1000 µM, 48.6 µg) were
diluted with 15.5 μl ultrapure water to a final volume of 17.5 μl, and in two separate tubes of 2.5 μl
Fetuin were diluted with 15 μl ultrapure water to a final volume of 17.5 μl. For deglycosylation reactions
5 μl of either (A) 5x reaction buffer supplied with the kit or (B) 250 mM NaP pH 7.2, and 1.25 μl of
denaturation solution were added to each sample. Afterwards the samples were incubated at 95°C for
5 min in a dry heat bath. Samples were cooled down to room temperature before 1.25 µl 15% TRITON®
X-100 were added. To denaturing deglycosylation reactions 0.5 µl PNGase F was added, control and
deglycosylation reactions were incubated for 3 h at 37°C and 200 rpm in a dry heat block.
Deglycosylated κ-AL-1 samples (21.75 µl) in reaction buffers (A) & (B) were diluted with 500 µl
50 mM NaP pH 7.2 and concentrated with Amicon Ultra-0.5 ml centrifugal filter units with Ultracel-10
membranes (Millipore, USA) to 50 µl. For buffer exchange the dilution and concentration was repeated
five times. In the last step the volume was adjusted to 28 µl. Both samples were frozen in liquid nitrogen
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and lyophilized over night. Samples were send at room temperature to the Mayo Clinic Rochester
proteomics core for MS-based sequencing (chapter 3.2.6.2a).

d.

Establishment of N-deglycosylation under native conditions (κ-AL-1)

The deglycosylation was performed with EDEGYLY kit, but with additional PNGase F from Sigma.
For controls 2 μl of each LC protein (1000 µM, 48.6 µg) were dilute with 18 μl ultrapure water to a final
volume of 20 μl, and 1 μl Fetuin was diluted with 4 μl ultrapure water to a final volume of 5 μl. For the
deglycosylation reactions under native conditions in two separate tubes each 2 μl of κ-AL-1 (1000 µM,
48.6 µg) were diluted with 13 μl ultrapure water to a final volume of 15 μl, and 2.5 μl Fetuin were
diluted with 12.5 μl ultrapure water to a final volume of 15 μl. For native deglycosylation 5 μl of either
5x reaction buffer supplied with the kit or 250 mM NaP pH 7.2, and 0.5 µl PNGase F were added, and
samples were incubated for 24, 48, or 72 h at 37°C and 200 rpm in a dry heat block.

e.

N-deglycosylation of k-AL-1 sample for further characterization

Control and a native deglycosylation reactions were performed with two protocols:
(1) 80 µM κ-AL-1 (28 nmol) were incubated with 2.36 µl PNGase F from Sigma in 50 mM NaP
pH 7.2 ad 350 µl ultrapure water. As control 80 µM κ-AL-1 sample were incubated in 50 mM
NaP pH 7.2 ad 150 µl ultrapure water. Samples were incubated for 3 h at 37°C and 200 rpm in
a dry heat block. For buffer exchange control (C, 146 µl) and deglycosylated sample (dg, 346
µl) (C,) were diluted with 500 µl 50 mM NaP pH 7.2 and concentrated to 50 µl with Amicon
Ultra-0.5 ml centrifugal filter units with a MWCO of 10k Da (Millipore, USA). The dilution
and concentration was repeated two times. In the last step the volume was adjusted to 146 µl
respectively 346 µl. Samples were aliquoted frozen in liquid nitrogen and stored at -80°C.
(2) 100 µM κ-AL-1 (200 nmol) were incubated with 20 µl PNGase F form Promega, in 50 mM
NaP pH 7.2 ad 2000 µl ultrapure water. As control 100µM κ-AL-1 were incubated in 50 mM
NaP pH 7.2 ad 2000 µl ultrapure water. Samples were incubated for 3 h at 37°C and 200 rpm
in a dry heat block. For buffer exchange 2000 µl of each control and deglycosylated sample
were concentrated to 50 µl in Amicon Ultra-0.5 ml centrifugal filter units with a MWCO of
10k Da (Millipore, USA). Samples were diluted with 500 µl 50 mM NaP pH 7.2 and
reconcentrated to 50 µl. This step was repeated four times. After the last step the volume was
adjusted to 200 µl. Samples were aliquoted frozen in liquid nitrogen and stored at -80°C.
The samples were analyzed with reducing, respectively non-reducing SDS-PAGE (3.2.3.9) and BCA
assay (3.2.3.1). Deglycosylated and non-deglycosylated κ-AL-1 samples were compared via CD
spectroscopy (Fig. 4.5.2-1), chemical denaturation (Fig. 4.5.3-1) and Tryptophan fluorescence
spectroscopy (chapter 4.5), and as well continuous (chapter 3.2.5.3) as discontinuous standard (chapter
3.2.5.4) ThT aggregation assays.
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3.2.4.
3.2.4.1

Biophysical characterization
CD spectroscopy

CD spectroscopy was performed in a JASCO J-810 CD spectrometer with a PTC 423 S Pelletier
temperature controller, a 163-900 nm detector and an Osram XBO 150W74 Xenon ARC lamp.
CD spectra were accumulated between 265-190 nm with a band width of 1 nm, response time 8 s,
standard sensitivity, data pitch 0.5 nm, scanning speed 50 nm/min, 0.1 cm cell length at 20°C, and
3 accumulations at a concentration of 10-20 µM LC in 50 mM NaP pH 7.2.
Thermal de- and renaturations were performed at a temperature slope of 0.5°C/min. (λ-AL-1
additionally 1.0°C/min, 2.0°C/min) at 200 nm, with a band width of 1 nm, response time 8 s, standard
sensitivity, data pitch 0.5°C, temperature slope 0.5°C/min, and 0.1 cm cell length at 5-10 µM LC in
50 mM NaP buffer pH 7.2. Spectra before and after denaturation and after renaturation were acquired
as described above.
For GdnHCl denaturations 3 CD spectra (3 accumulations each) were measured between 213-211 nm
using the spectrometers interval measurement mode with a band width of 1 nm, response time 16 s,
standard sensitivity, data pitch 0.1 nm, scanning speed 20 nm/min, and 0.1 cm cell length, at a
concentration of 10 µM at 20°C. Protein unfolding curves were determined at 211 nm. Spectra before
and after denaturation and after renaturation were acquired as described.

3.2.4.2

Tryptophan fluorescence spectroscopy

Trp fluorescence spectroscopy was performed in a custom-built spectrofluorimeter from Photon
Technology International (USA) with a PTI 814 photomultiplier, a PTI ASOC-10 computer
interface/electronic controller, a Quantum Northwest TC 425 rapid Peltier temperature controller with
a four-position sample holder, and the PTI FELIX GX software Ver. 4.3.2010.906. Trp fluorescence of
LC proteins was recorded between 300-470 nm at room temperature at 0.5 µM LC in NaP, excitation at
280 nm with a step size 1.0 nm and an integration time of 1 s.

3.2.4.3

Guanidine hydrochloride denaturations

Unless otherwise stated guanidine hydrochloride (GdnHCl) denaturations were performed by incubating
biological triplicate at 0.5 µM (Trp fluorescence) respectively 10 µM LC (CD) over night in in 50 mM
NaP, pH 7.2 at the respective concentrations of GdnHCl. Samples were measured via Tryptophan (Trp)
fluorescence, or CD spectroscopy the next day. For renaturations the protein was unfolded over night at
100 µM LC and 6 M GdnHCl, diluted into 0.5 µM respectively 10 µM LC in 0.025 M GdnHCl, and
incubated at least for about 8 h or over night before measurement. In order to avoid a leaching of
fluorescent molecules from plastic tubes, samples for Trp fluorescence measurements were prepared in
disposable borosilicate glass culture tubes 10 x 75 mm (Fisher Scientific, USA).
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3.2.4.4
a.

Evaluation of unfolding data
Estimation of unfolding energies from thermal denaturation data

In order to determine unfolding or refolding energies for the transition, an equilibrium state at each data
point, and a completely folded state (F) or unfolded state (U) at the beginning and the end GdnHCl
concentration, and a two-state transition were assumed. The unfolding rate constant follows from Equ.
3.2.4-2.
𝐹𝐹 ⇌ 𝑈𝑈
𝐾𝐾𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 =

Equ. 3.2.4-1
[𝑈𝑈]
[𝐹𝐹]

Equ. 3.2.4-2

In data normalized to the amount of unfolded protein the sum of unfolded and folded protein equals 1
(Equ. 3.2.4-3) and the amount of unfolded protein [F] can be substituted (Equ. 3.2.4-4).
[𝐹𝐹 ] + [𝑈𝑈] = 1 ⟹ [𝐹𝐹 ] = 1 − [𝑈𝑈]

Equ. 3.2.4-3

𝐾𝐾𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 =

Equ. 3.2.4-4

[𝑈𝑈]

1−[𝑈𝑈]

Fig. 3.2.4-1 Baseline correction and relationship of lnK, ∆𝑯𝑯 and ∆𝑺𝑺.
A., Sloping pre- and post-transition baseline B. unfolding curve with corrected baselines (mi, mii = 0). C.
Relationship lnK, T, ΔS, ΔH. D. Example data (λ-AL-1, 0.5°C/min)
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Thermal denaturation data have a sloping baseline, because the CD signal of the solvent rises with
increasing temperature (Fig. 3.2.4-1A). De- and renaturation curves were corrected for the solvent signal,
and the unfolding curve was determined as follows: In order to avoid fitting the pre- and post-transition
baseline for each data set of a triplicate separately, triplicate de- or renaturation curves were normalized
to yield overlapping pre- and post-transition baselines (Equ. 3.2.4-5). Next, pre- and post-transition
baselines were fitted to a linear equation (Equ. 3.2.4-6, Equ. 3.2.4-7), and the unfolding curve was
calculated by correction to non-sloping baselines (Equ. 3.2.4-8, Fig. 3.2.4-1B). Finally, Equ. 3.2.4-4 was
applied to determine the unfolding constant for the observed thermal denaturation.
normalized CD (𝑇𝑇) =

𝐶𝐶𝐶𝐶(𝑇𝑇)− ����
𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑇𝑇)
����𝑝𝑝𝑝𝑝𝑝𝑝 (𝑇𝑇)− ����
𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑇𝑇)

Equ. 3.2.4-5

𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝 (𝑇𝑇) = 𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑇𝑇 + 𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝

Equ. 3.2.4-6

𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑇𝑇) = 𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑇𝑇 + 𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

Equ. 3.2.4-7

% 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (𝐶𝐶𝐶𝐶) =
𝐾𝐾(𝑻𝑻)𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 =

𝐶𝐶𝐶𝐶(𝑇𝑇)−𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝 (𝑇𝑇)

𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑇𝑇)−𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝 (𝑇𝑇)

Equ. 3.2.4-8

% 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢(𝐶𝐶𝐶𝐶)

1−% 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢(𝐶𝐶𝐶𝐶)

Equ. 3.2.4-9

Next, the unfolding energy can be deducted, assuming all observations were made in equilibrium by
equating the molar standard enthalpy (Equ. 3.2.4-10) and the Gibbs-Helmholtz equation (Equ. 3.2.4-11)
and resolving to lnK (Equ. 3.2.4-12). The relationship between ΔS and –ΔH can be described as a linear
equation when plotting lnK over the reciprocal temperature (T) with �−

∆𝐻𝐻
𝑅𝑅

∆𝑆𝑆

� as the slope and � � as the
𝑅𝑅

y-intercept (Fig. 3.2.4-1C, and D) and the unfolding energy can be calculated by applying the GibbsHelmholtz equation (Equ. 3.2.4-13).
∆𝐺𝐺0 = −𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙𝑙𝑙

Equ. 3.2.4-10

∆𝐺𝐺0 = ∆𝐻𝐻 − 𝑇𝑇∆𝑆𝑆

Equ. 3.2.4-11

−𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙𝑙𝑙 = ∆𝐻𝐻 − 𝑇𝑇∆S ⇒ 𝑙𝑙𝑙𝑙𝑙𝑙 =

∆𝐻𝐻

−𝑅𝑅𝑅𝑅

+

−𝑇𝑇∆𝑆𝑆
−𝑅𝑅𝑅𝑅

⇒ 𝑙𝑙𝑙𝑙𝑙𝑙𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (T) = −

∆𝐺𝐺0 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = �𝑅𝑅 ∗ �−

∆𝐻𝐻
𝑅𝑅

∆𝐻𝐻

∆𝑆𝑆

�� − �T � � ∗ (−𝑅𝑅)�
𝑅𝑅

𝑅𝑅

1

∗ +
𝑇𝑇

∆𝑆𝑆
𝑅𝑅

Equ. 3.2.4-12

Equ. 3.2.4-13
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An example for the unfolding and refolding of the λ-AL-1 protein at a scan rate of 0.5°C/min is given
below.
∆𝐺𝐺0 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = �−39,090

𝐽𝐽

𝐽𝐽
𝐾𝐾∗𝑚𝑚𝑚𝑚𝑚𝑚

∗ 8.314

𝐽𝐽

𝐾𝐾∗𝑚𝑚𝑚𝑚𝑚𝑚

� − �298𝐾𝐾 ∗ 117,24

𝐽𝐽
𝐾𝐾
𝐽𝐽
𝐾𝐾∗𝑚𝑚𝑚𝑚𝑚𝑚

∗ �−8.314

𝐽𝐽
𝐾𝐾
𝐽𝐽
𝐾𝐾∗𝑚𝑚𝑚𝑚𝑚𝑚

∗ �−8.314

⇒ ∆𝐺𝐺0 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = −[39,090 ∗ 8.314] 𝐽𝐽 + [298 ∗ 117,24 ∗ 8.314] J
⇒ ∆𝐺𝐺0 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = −324.99 k𝐽𝐽 + 290,47 k 𝐽𝐽 = −34.52 𝑘𝑘𝑘𝑘

∆𝐺𝐺0 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = �−26,496

𝐽𝐽

𝐽𝐽
𝐾𝐾∗𝑚𝑚𝑚𝑚𝑚𝑚

∗ 8.314

𝐽𝐽

𝐾𝐾∗𝑚𝑚𝑚𝑚𝑚𝑚

� − �298𝐾𝐾 ∗ 79.945

⇒ ∆𝐺𝐺0 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = −[26,496 ∗ 8.314] 𝐽𝐽 + [298 ∗ 79.945 ∗ 8.314] J

𝐽𝐽

� ∗�

𝐽𝐽

� ∗�

𝐾𝐾∗𝑚𝑚𝑚𝑚𝑚𝑚

𝐾𝐾∗𝑚𝑚𝑚𝑚𝑚𝑚

⇒ ∆𝐺𝐺0 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = −220.29 k𝐽𝐽 + 198,07 k 𝐽𝐽 = −22.22 𝑘𝑘𝑘𝑘
⇒ ∆𝐺𝐺0 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = −∆𝐺𝐺0 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 22.22 𝑘𝑘𝑘𝑘

b.

Estimation of unfolding energies from GdnHCl denaturation data

Fig. 3.2.4-2 Baseline correction and relationship of lnK, ∆𝑯𝑯 and ∆𝑺𝑺.
A., Sloping pre- and post-transition baseline B. unfolding curve with corrected baselines (mi, mii = 0). C.
Relationship ln K, T, ΔS, ΔH. D. Example data (κ-AL-1, GdnHCl denaturation observed via CD)

To determine unfolding energies for LC proteins by CD and/or fluorescence spectroscopy, different
properties had to be evaluated for different samples due to their structural characteristics (see chapter
Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
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2.3.4): (1) the ellipticity at 211 nm for the fluorescence intensity, (2) the fluorescence intensity at 350
nm, and (3) the ratio between fluorescence intensities at the lowest and the highest wavelengths at the
peak maximum observed (Individual samples exhibited different shifts). Pre- and post-transition
baselines were linearly fitted, and the unfolding / refolding curve was calculated by correction to nonsloping baselines (Equ. 3.2.4-14, Equ. 3.2.4-8, Fig. 3.2.4-1A, and B). Finally, the unfolding rate constant
was determined (Equ. 3.2.4-15).
𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 /𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝 (𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 ) = 𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝

𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 /𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 ) = 𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
% 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (𝑇𝑇𝑇𝑇𝑇𝑇) =
% 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (𝐶𝐶𝐶𝐶) =

Equ. 3.2.4-14

𝑇𝑇𝑇𝑇𝑇𝑇(𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 )−𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 (𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 )

𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 )−𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 (𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 )

𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 )−𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝 (𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 )
𝐶𝐶𝐶𝐶(𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 )−𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝 (𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 )

Equ. 3.2.4-15

The Gibbs free energy (ΔG0) was determined via linear regression from chemical denaturation data,
assuming all observations were made in equilibrium by equating the molar standard enthalpy (Equ.
3.2.4-10) and the dependence of standard enthalpy on the denaturant concentration296 (Equ. 3.2.4-16),
and resolving to lnK (Equ. 3.2.4-17). The relationship between ΔG0 and the denaturant dependent
unfolding rate constant can be described as a linear equation from a plot of lnK over the reciprocal
temperature (Fig. 3.2.4-1C, and D) with �−

∆𝐻𝐻
𝑅𝑅

∆𝑆𝑆

� as slope and � � as y-intercept, and the unfolding
𝑅𝑅

energy can be calculated by applying Equ. 3.2.4-15.
∆𝐺𝐺0 = ∆𝐺𝐺0 + 𝑚𝑚 ∗ 𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 296
−𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙𝑙𝑙 = ∆𝐺𝐺0 + 𝑚𝑚 ∗ 𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 ⇒ 𝑙𝑙𝑙𝑙𝑙𝑙 =

Equ. 3.2.4-16
𝑚𝑚

−𝑅𝑅𝑅𝑅

∗ 𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 +

∆𝐺𝐺0

−𝑅𝑅𝑅𝑅

⇒ 𝑙𝑙𝑙𝑙𝑙𝑙𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 ) = −𝑚𝑚′ ∗ 𝑐𝑐𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 + �

∆𝐺𝐺0

−𝑅𝑅𝑅𝑅

�

Equ. 3.2.4-17

∆𝐺𝐺0 = −𝑅𝑅𝑅𝑅 ∗ �

c.

∆𝐺𝐺0

−𝑅𝑅𝑅𝑅

�

Equ. 3.2.4-18

Estimation of reversibility of thermal & chemical denaturations

Reversibility of thermal denaturations was determined from denaturation curve as follows:
𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒. 𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶 =

𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶200 𝑛𝑛𝑛𝑛 − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶200 𝑛𝑛𝑛𝑛

𝑝𝑝𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶200 𝑛𝑛𝑛𝑛 − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶200 𝑛𝑛𝑛𝑛

Equ. 3.2.4-19
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Reversibility of GdnHCl denaturations was determined from CD spectra before and after de- and
renaturation as follows:
𝑐𝑐ℎ𝑒𝑒𝑒𝑒. 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.𝐶𝐶𝐶𝐶 =

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑀𝑀𝑀𝑀𝑀𝑀221 𝑛𝑛𝑛𝑛 −𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑀𝑀𝑀𝑀𝑀𝑀221 𝑛𝑛𝑛𝑛
216 𝑛𝑛𝑛𝑛

216 𝑛𝑛𝑛𝑛

𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑀𝑀𝑀𝑀𝑀𝑀221 𝑛𝑛𝑛𝑛 −𝐶𝐶 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑀𝑀𝑀𝑀𝑀𝑀221 𝑛𝑛𝑚𝑚
216 𝑛𝑛𝑛𝑛

216 𝑛𝑛𝑛𝑛

Equ. 3.2.4-20

Reversibility of GdnHCl denaturations was determined from Trp fluorescence spectra before and after
de- and renaturation as follows, with exception of the λ-AL-2 sample for which Equ. 3.2.4-22 was used,
due to a too small wavelength shift:
𝑐𝑐ℎ𝑒𝑒𝑒𝑒. 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟. 𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑐𝑐ℎ𝑒𝑒𝑒𝑒. 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟. 𝑇𝑇𝑇𝑇𝑇𝑇 =

3.2.5.
3.2.5.1

𝜆𝜆 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 −𝜆𝜆 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝜆𝜆 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑦𝑦 − 𝜆𝜆 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 −𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑦𝑦 −𝐶𝐶 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

Equ. 3.2.4-21

Equ. 3.2.4-22

Aggregation assays & aggregate characterization
Establishment of monomerization conditions

In order to assess LC monomerization by DTT and TCEP, the κ-AL-10 sample was incubated (1.75
µg/µl LC, 20 mM TRIS/HCl, pH 7.5) in 1, 5, and 10 mM DTT as well as 20 mM TCEP, at room
temperature (RT), under permanent shaking at 400 rpm. To follow the progress of monomerization 1 µl
aliquots were saved immediately, then every 30 min for 2 h, and frozen at -20°C in 1x LSD sample
buffer (w/o reductant). Samples were boiled (unless otherwise stated), and about 2.5 µg LC were
subjected to non-reducing (semi-denaturing) SDS-PAGE as described above (chapters 3.2.3.1a,
3.2.3.2a).
For an evaluation of the pre-incubation protocol, the samples κ-AL-11, λ-AL-11, and λ-MM-11, were
incubated in the presence and absence of 25 mM DTT at 100 µM LC (2.4 µg/µl) in 1x NaP, pH 7.2 for
30 min at RT and under permanent shaking at 400 rpm. About 2 µg LC sample (not boiled) were
subjected to non-reducing (semi-denaturing) SDS-PAGE as described earlier (chapters 3.2.3.1a,
3.2.3.2a).
The samples κ-AL-11, κ-AL-21, λ-AL-11, λ-AL-12 and λ-MM-11, were analyzed by reducing and nonreducing blue native PAGE (chapters 3.2.3.1b, 3.2.3.2b). Samples were incubated with 188 mM DTT
for 10 min at room temperature.

3.2.5.2

Optimization of aggregation conditions

Unless otherwise stated, the following aggregation assays were measured in a Tecan infinite F200 filterbased plate reader, with a 436 / 10 nm excitation bandpass filter and a 482 / 25 nm emission filter, and
Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
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with 20 µM Thioflavin T (ThT). In the continuous set-up, 100 µl assay volume was used in non-binding
surface (NBS) 96-well plates, (Corning, #3991) and measurements were performed at 37°C after 5 s
linear shaking with a 2.5 mm amplitude in 10, 15 or 30 min cycles as indicated below. Discontinuous
aggregation assays were performed in 200 µl PCR strips (8-tube, Simport, Canada) with 50 µl assay
volume. Samples were incubated at 37°C under permanent shaking at 200 rpm (New Brunswick Excella
E24 Incubator Shaker). ThT fluorescence was measured in 50 µl LC as described above for the
continuous assay including prior shaking. Detailed conditions for optimizing ThT assays are
summarized in Tab. 3.2.5-1 below.

A
B
D

discontinuous
1 day

C

continuous
348-well plate

100

perma- 37°C
nent
200
rpm

Fig. 4.4.1-5

7.2 0.5x NaP, 120 mM NaCl, 0.05%
NaN3

25

λ-AL-1

10
0

10

37°C

7.2

1x NaP, 150 mM NaCl

25

λ-AL-1

1x NaP, 150 mM NaCl

36
36
36
7.5

κ-AL-11
λ-AL-11
λ-MM-11
HSA

all

Pre incub.
25 mM DTT
No pre incub.

10

10

37

7.2

all

Pre incub.
25 mM DTT
pH

10

10

37

9.0 20 mM Tris/HCl, 150 mM NaCl
8.0 20 mM Tris/HCl, 150 mM NaCl
7.5 20 mM Tris/HCl, 150 mM NaCl
7.4
PBS*1
2x NaP, 50 mM NaCl*1
7.2
1x NaP, 300 mM NaCl*1
7.2
2x NaP, 50 mM NaCl*1
5.5
1x AE, 150 mM NaCl*1
3.6
2x GE, 150 mM NaCl*1
2.8
*1
( 4 mM Tris/HCl from sample)

7.5

κ-AL-10

A

Temperature

10

15

RT
37

7.2
7.2
7.2
2.8

20

κ-AL-1
λ-AL-1
λ-MM-3
λ-AL-1

Fig. 4.4.1-4*1

Fig. 4.4.1-3*1

Fig. 4.4.1-1

Exp.

Tab. 3.2.5-1 Experiment conditions for optimization of aggregation conditions.
*1 Performed in Berlin with monochromator based Tecan infinite F200 plate reader with 440 / 9 nm excitation
wavelength and 485 / 9 nm emission wavelength.
#
extra
assay shake temp pH
buffers
protein
samples
DTT interval
conc.
[mM] [min]
[°C]
[µM]

1x NaP, 150 mM NaCl
1x NaP, 150 mM NaCl
1x NaP, 150 mM NaCl
2x GE, 150 mM NaCl
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#

extra

B

Shake interval

C

NaCl conc.
0 mM
50 mM
150 mM
300 mM

All

Pre incub.
25 mM DTT
HSA spiked
0 mol-% HSA
2 mol-%HSA
3 mol-% HSA
5 mol-% HSA
7 mol-% HSA
9 mol-% HSA
10 mol-% HSA

Fig. 4.4.1-6*1

Exp.
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3.2.5.3

assay shake temp pH
DTT interval
[mM] [min]
[°C]

buffers

protein
conc.
[µM]

samples

10

15
30

37

7.2
7.2
7.2
2.8

1x NaP, 150 mM NaCl
1x NaP, 150 mM NaCl
1x NaP, 150 mM NaCl
2x GE, 150 mM NaCl

20

κ-AL-1
λ-AL-1
λ-MM-3
λ-AL-1

10

15

37

7.2
7.2
7.2
2.8

1x NaP
1x NaP
1x NaP
2x GE

20

κ-AL-1
λ-AL-1
λ-MM-3
λ-AL-1

10

10

37

7.2

1x NaP, 150 mM NaCl

38

κ-AL-11
λ-MM-11
HSA

Continuous aggregation assays with sequential shaking

Standard continuous aggregation assays were performed in triplicates with following parameters:
5-100 µM LC, 50 mM sodium phosphate (1x NaP) pH 7.2, 150 mM NaCl, 100 mM DTT, 20 µM
Thioflavin T (ThT), 0.05% sodium azide, and 100 µl assay volume in Corning non-binding surface
(NBS) 96-well plates, (#3991, black with clear bottom). For measurements a Tecan infinite F200 filter
based plate reader was used. Measurements were performed at 37°C after 5 s linear shaking with a
2.5 mm amplitude in 15 min cycles. If measured, the OD was measured first without settle time with 25
flashes with a 560 nm, 10 nm band width absorption filter. ThT fluorescence was measured with 25
flashes, and an integration time of 20 µs with a 436 nm / 10 nm band width excitation filter and a 482 nm
/ 25 nm band width emission filter.
In concentration-dependent aggregation assays I ran background traces containing the respective
albumin concentration and subtracted the albumin signal before analyzing the data further.
Concentration-dependent aggregation data were fitted with a two-phase Boltzmann growth function
with a linear correction term (Eq. 2). Time constants of Boltzmann growth phases were plotted double
logarithmically as functions of initial LC concentration and data points fitted with linear regression.
𝑦𝑦 = 𝐴𝐴0 +

(𝐴𝐴1 −𝐴𝐴0 )

1 + exp(𝑡𝑡1 -x)⁄𝑑𝑑𝑑𝑑1

+

(𝐴𝐴2 −𝐴𝐴1 )

1 + exp (𝑡𝑡2 -x)⁄𝑑𝑑𝑑𝑑2

+ 𝑚𝑚 ∗ 𝑥𝑥

Equ. 3.2.5-1
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For aggregation assays in the presence of EGCG, a stock solution of 500 µM EGCG was prepared in
ultrapure water directly prior to every experiment. For continuous assays the final concentration of
EGCG was in five-times excess to the LC protein and/ or equimolar to it, unless otherwise stated.

3.2.5.4

Discontinuous aggregation assays with permanent shaking

Standard discontinuous aggregation assays were performed in 200 µl PCR strips (8-tube, Simport,
Canada) with the following parameters: 20 µM LC, 25 mM sodium phosphate buffer pH 7.2 (0.5x NaP),
120 mM NaCl, 8 mM DTT, 16 µM Thioflavin T (ThT), 0.05% sodium azide, and 50 µl assay volume.
Samples were incubated in quadruplicates for different time periods between 0 to 21 days at 37°C under
permanent shaking with 200 rpm in a New Brunswick Excella E24 Incubator Shaker (Eppendorf,
Germany). Quadruplicate samples were shock frozen in liquid nitrogen and stored at -80°C at each time
point; afterwards, 40 µl sample were pipetted in Corning non-binding surface (NBS) 348-well plates
(#3544, black with clear bottom) and the OD at 560 nm and/or ThT fluorescence was measured as
described for standard continuous measurements (chapter 3.2.5.3). Samples were recovered into the
aggregation tubes and used for further biochemical analysis.
For aggregation assays in the presence of EGCG, a stock solution of 500 µM EGCG was prepared in
ultrapure water directly prior to every experiment. For discontinuous assays a final EGCG concentration
of 40 µM was used, unless otherwise stated

3.2.5.5

Atomic force microscopy imaging

For AFM measurements samples were sonicated and 10 µl of 5 µM sample was applied to freshly
cleaved mica followed by 6 wash steps with 15 µl of ultrapure water. Samples were dried overnight
before AFM images were acquired

a.

AFM imaging (Berlin)

Samples were sonicated for 60 s (unless otherwise stated) before application to sheet mica (Nanoworld,
Switzerland), and measured on a Nanowizard II/Zeiss Axiovert setup (JPK) with FEBS cantilevers
(Veeco, USA). Scans were accumulated in the intermittent contact mode with 512 points per line for
10 x 10 or 3 x 3µm scan range, with a scan rate of 0.6 Hz.

b.

AFM imaging (St. Louis)

Samples were sonicated for 5 min and applied to Grade V-1 Mica (Cat#: 01792-AB, Structure Probe,
Inc., USA), and measured on a Veeco Dimension 3100 machine with Bruker FESP probes (cantilever
size: 2.75 x 225 x 28 µm, drive frequency 75 kHz, and feather constant 2.8 N/m). Scans were
accumulated in tapping mode with 512 points per line for 10 x 10 or 3 x 3µm scan range, and a 1:1
aspect ratio with a scan rate of about 1 Hz.
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3.2.5.6

Congo red staining and fluorescence imaging

Congo red (50 µM) was added to λ-AL-1 LC (20 µM) aggregated for one week under continuous
standard conditions (1xNaP, pH 7.2, 150 mM NaCl). The aggregate solution was applied to a cover slip
and imaged by fluorescence microscopy and by birefringence in a Zeiss Axio imager at 5x
magnification. Fluorescence was detected at 546 nm excitation and 575-640 nm emission. Birefringence
was measured under white light using two polarizers angled at 90°.

3.2.5.7

Electrophoretic-stability assays

The electrophoretic-stability of aggregated proteins was analyzed by semi-denaturing and denaturing
SDS-PAGE (chapter 3.2.3.1a), as well as by blue native PAGE (chapter 3.2.3.1b). Gels were stained
with EZBlue (chapter 3.2.3.2b) or the ProteoSilver silver staining kit from Sigma Aldrich (chapter
3.2.3.2e).

3.2.5.8

Ultracentrifugation / solubility assay

Solubility assays were performed in a Beckman TL-100 ultracentrifuge, with a TLA-100 fixed angle
rotor

in

thick

walled

polycarbonate

200-µl

tubes

(Beckman

Coulter)

at

75,000 rpm

(189,000-245,000 x g) and 4°C. The pellets were washed with 200 µl NaP buffer, again centrifuged for
30 min, and resuspended in SDS-PAGE LDS sample buffer, 187.5 mM DTT, and boiled for 5 min and
analyzed by SDS-PAGE.

3.2.6.
3.2.6.1
a.

MS-based protein sequencing
Development of a peptide mapping search database
Creation of IMGT-derived V-J-C transition sequences for the final search database

All human germline light chain variable (V), joining (J), and constant (C) domains were retrieved in
FASTA format from the International Immunogenetics Information system (IMGT)98, 101. The data were
imported into MS EXCEL and processed for the database using the implemented data and text
processing functions. First, the redundant LC domain sequences of the genes for all three domains were
removed. The remaining V domains were truncated to the substring starting at IMGT position D75 and
continuing to the end of the sequence (V’ domains). The remaining C domains were truncated to the
substring from the beginning of the sequence to the IMGT position A15 (C’ domains). The result was
several redundant V’ and C’ sequences, which were also removed from the data set. All V’, J and C’
domains were combinatorial linked in the order V’-J-C’ to resemble a complete light chain sequence.
The V’-J-C’ list was transferred into a test file along with the original V and C domains. Finally asterisks,
carriage returns and paragraph breaks were removed and the text file was saved with the file extension
“.fasta”.
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b.

Evaluation of IMGT-derived database – MaxQuant peptide mapping

LC-MS/ MS measurements were performed at the Proteomics Core Facility at the Max Delbrück Center
for Molecular Medicine Berlin by Dr. Gunnar Dittmar and his team. Samples from the first purification
batch (35µl, 20-50 µg/µl LC in 50 mM sodium phosphate pH 7.2) were digested in solution with 1 µg
trypsin (Promega, USA) for 10 h at room temperature.297 NanoLC-ESI-MS/MS measurements were
performed on a Q Exactive mass spectrometer coupled to a Proxeon nano-LC system (both from Thermo
Fisher Scientific, Germany) in its data-dependent acquisition mode. HCD fragmentation was performed
for the top 10 peaks. The separation was performed on a self-packed Reprosil C18 nanoLC column
(0.075 mm x 250 mm, 3 µm, Dr. Maisch GmbH, Germany) with solvent A 5 % acetonitrile / 0.1%
formic acid and solvent B 80% acetonitrile / 0.1% formic acid, at 40°C at a flow 250 nl/min with a 3-h
gradient from 4% to 76% solvent B. MS acquisition was performed with a resolution of 70,000 in a scan
range from 300 to 1700 m/z. with a 2.0 m/z isolation window. MS data were analyzed via MaxQuant
with peptide mapping298,

299

against the IMGT-derived database and the Uniprot database300,

301

.

Carbamidomethylation was defined as a fixed modification and N-terminal acetylation and methionine
oxidations as variable modifications.

3.2.6.2

LC-MS/MS measurement at the Mayo Clinic Rochester

Samples from the final purification batch (23.4 µg/µl in 20 µl 50 mM sodium phosphate pH 7.2) were
frozen in liquid nitrogen, lyophilized over night. The κ-AL-1 sample was additionally N-deglycosylated
with PNGase F (chapter 3.2.3.9c) and shipped in native and deglycosylated form. Samples were shipped
at room temperature to the Proteomics Core of the Mayo Clinic Rochester for MS-based sequencing.
Reconstituted samples were separately digested with trypsin (tryp), chymotrypsin (chymo) and
endoproteinase GluC (GluC). Sample preparation, nanoLC-ESI-MS/MS and peptide mapping using the
PEAKS Studio software were performed by personnel at the Mayo Clinic according to published
protocols71 as follows.

a.

Sample preparation for MS-analysis

The samples were prepared according to published protocols71 with small modifications: In short,
lyophilized protein samples were reconstituted with 20 µl ultrapure water, and 5µg from each protein
were incubated with reducing sample buffer (final 50mM DTT) and heated at 95°C for 10 min prior to
electrophoresis on a 4-20% Mini-PROTEAN TGX precast protein gel (Bio-Rad, USA). After gel
staining using the BioSafe coomassie stain (Bio-Rad, USA), the LC gel bands were excised and
destained with 100 µl 50% acetonitrile / 50 mM Tris, pH 8.2. Next, samples were reduced with 40 µl
50 mM TCEP / 50 mM Tris, pH 8.2 for 30 min at 55°C and alkylated with 20 mM iodoacetamide /
50mM Tris, pH 8.2 for 40 min at room temperature in the dark. Proteins were in-gel digested at 37°C
overnight with 0.025 µg/µl trypsin (Promega, USA), or 0.025 µg/µl chymotrypsin (bovine, Promega,
USA), in 20 mM Tris, pH 8.2 / 0.0002% Zwittergent 3-16, or were in-gel digested for 3 h at room
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temperature and for 3 h at 37°C with 0.025 µg/µl GluC (from Staphylococcus aureus Roche,
Switzerland) in 20 mM Tris, pH 8.2 / 0.0002% Zwittergent 3-16. [Trypsin cleaves polypeptides Cterminal of lysine (K) and asparagine (R)302, chymotrypsin cleaves C-terminal of tryptophan (W),
tyrosine (Y), and phenylalanine (F) and in some cases after leucine (L)302, and endoproteinase GluC
cleaves predominantly the C-terminal of glutamate (E)303.] Peptide extraction was performed in two
steps with 25 µl of 2% trifluoroacetic acid and 50 µl acetonitrile. Samples were dried in a SpeedVac
lyophilizer (Savant Instruments, USA) and stored at -80°C until the time of measurement.

b.

nanoLC-ESI-MS/MS measurements

The nanoLC-ESI-MS/MS measurements were performed by the staff of the proteomics core at the Mayo
Clinic according to published protocols71 with small modifications: In short, samples were diluted in
0.2% trifluoroacetic acid/ 0.0002% Zwittergent 3-16/ prior to nanoLC injection. Experiments were
performed in an Orbitrap-based mass spectrometer (Q Exactive or Orbitrap Elite, both Thermo Fisher
Scientiffic, Germany) coupled to an Eksigent nanoLC-2D HPLC system (Eksigent, Dublin)71. 3 µl
sample were loaded onto a custom-packed 250 nl OPTI-PAK trap (Optimize Technologies, USA) with
a Magic C18 solid phase (Michrom Bioresources, USA). The nano-scale liquid chromatography
(nanoLC) separation was performed on a Poroshell 120 EC-C18 column (32 cm x 75 µm, Agilent
Technologies, USA) with solvent A 2.5 % acetonitrile / 0.2% formic acid and solvent B 80% acetonitrile
/10% isopropanol / 0.2% formic acid71 at 40°C at a flow 350 nl/min. A gradient of solvent B was applied
as follows: 5% to 45% within 39 min, 45% to 90% within 2 min, 90% for 5 min, 90% to 5% within
2 min, 90% for 5 min. The proteolytic peptides were pre-separated by nano-scale liquid chromatography
(nanoLC), and fractions of the solution emerging from the LC were injected into the electrospray
ionization chamber (ESI)63, 66, where the proteolytic peptides were ionized. The peptide fraction was
injected into a quadrupole mass analyzer, where they were separated by mass. From the examined
fraction, the peptides contributing most to the total ion current (TIC) were transported into a higherresolution higher-energy C-trap dissociation chamber (HCD)304, 305. The mass spectrometer performed a
full-scan MS scan from 340-1500 m/z, with a resolution of 140. followed by MS/MS scans at a
resolution of 17,500. The Top20 or the Top12 [M+2H+]

2+

, [M+3H+]

3+

, and [M+4H+]

4+

ions were

analyzed in a 1.5 m/z isolation window.

c.

De novo sequencing-assisted peptide mapping

MS data were processed using PEAKS Studio software (full version, Bioinformatics Solutions, Canada)
by personnel of the proteomics core at the Mayo Clinic in Rochester. For peptide mapping, the IMGTderived database was combined with a human protein database. Peptide mapping and de novo
sequencing results were analyzed assuming cysteine carbamidomethylation as fixed modification, and
methionine oxidation and asparagine/ glutamine deamination as variable modifications. Additionally,
the PEAKS PTM and the SPIDER search algorithm were used to detect PTMs and mutations. A
precursor mass tolerance of 4.5-ppm and a fragment tolerance of 0.02-Da71 were selected.
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3.2.6.3

MS/MS data analysis with the PEAKS Studio software

LC-MS data and LC-MS/MS data processed in PEAKS Studio (Bioinformatics Solutions, Canada) was
analyzed in eight steps described below. I used with the base peak interrogation method71 (steps 1-3),
which I learned from Bob Bergen, 3rd at the Mayo Clinic in Rochester, refined these steps and added
steps 5-8 to the work flow:
1) Base peak chromatogram interrogation (XCalibur QualBrowser)
2) Identification of matching peptides (PEAKS Viewer)
3) Peptide data collection (PEAKS Viewer)
4) Peptide Scoring
5) IMGT alignment of peptides (IMGT DomainGapAlign tool)
6) IMGT alignment of partial domains to identify germline donor
7) Reverse data search for missing patches
8) Final sequence scoring

a.

Base peak chromatogram interrogation

Fig. 3.2.6-1 Example: base peak chromatogram of trypsin digest of λ-AL-1 sample.
Base peaks 1-29 (orange, intensity > 3.0E+7) were analyzed with base peak interrogation. The gray line shows the
initially used BPC peak intensity threshold of 5.0E7.

First, peaks in the base peak chromatogram (Fig. 3.2.6-1) that had intensities above a BPC peak intensity
threshold of 0.3e8 were identified and numbered in the Thermo XCalibur QualBrowser for each digest
of the λ-AL-1 sample. In the base peak chromatogram of each digest of the λ-AL-2, and the λ-MM-3
sample, the top 5 intensity base peaks were identified and labeled with numbers ranging from 1-5. For
each analyzed base peak the retention time (start and end point) was recorded in a peak table (Fig.
3.2.6-2A, and C). Next the MS scan of each peak (red) was examined for prominent peptide masses
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(Fig. 3.2.6-2B, and C). The example shows three corresponding peptide masses for which the
monoisotopic mass (green) was determined and noted in the peak table along with the corresponding
charge.

Fig. 3.2.6-2 Example: QualBrowser (BPC peak 1, chymotrypsin, λ-MM-3)
A. Base peak chromatogram and zoom for the peak of interest (RT 17.02, m/z 644.34) marked in red. B. MS scan
for base peak currents summarized in the respective base peak. The monoisotopic mass might not be displayed in
the full scan range of m/z 300-1,500 (blue). C. Recorded data for the base peak; all peaks might belong to the same
peptide.
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b.

Identification of matching peptides in the PEAKS Viewer

Fig. 3.2.6-3 Example: PEAKS ‘LC/MS’ tab (BPC peak 1, chymotrypsin, λ-MM-3).
Data collected from the base peak are used to identify corresponding peptides identified by peptide mapping (blue
squares) and de novo tags (orange squares).

The BPC peak data that were retrieved were used to identify corresponding peptides and de novo tags
in the LC-MS/MS run in the PEAKS Viewer (Fig. 3.2.6-3) Here only the total ion current (TIC) can be
plotted versus the mass charge ratio (m/z). The lines highlighted in red correspond to the dominant
masses in the analyzed base peak, and each tag (blue/ orange squares) corresponds to MS/MS spectra
for which sequences were determined. Details on a specific tag are retrieved by clicking on it (Fig.
3.2.6-4). From here corresponding scan numbers and the retention time of each scan number (red arrows)
were saved in the peak table.
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Fig. 3.2.6-4 Example: PEAKS ‘LC/MS’ tab, peptide inset (BPC peak 1, chymotrypsin, λ-MM-3)
Scans of mapped peptide (blue) and de novo tag (orange). Scan number and retention time are found in the window
header.
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c.

Peptide data collection in PEAKS Viewer

Fig. 3.2.6-5 Example: PEAKS ‘peptide’ tab (BPC peak 1, chymotrypsin, λ-MM-3)
Result and parameters for analyzed mapped peptide. Yellow highlighted amino acid pairs were in either in the bor y-ion direction not separately detected.
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Fig. 3.2.6-6 Example: PEAKS ‘De novo only’ tab (BPC peak 1, chymotrypsin, λ-MM-3).
Result and parameters for analyzed de novo sequenced peptide. Yellow highlighted amino acid (aa) pairs were in
either in the b- or y-ion direction not separately detected. Red highlighted aa sets were in neither direction
separately detected. In de novo tags each aa has its own ALC score, which is shown when pointing the cursor on
the sequence field, and aa with an ALC < 66% were labeled in the peak table with small letters. Format code:
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Amino acid sequences were noted in blue (mapped peptide) or in orange (de novo tags). Fragment ions detected
both b- and y-ion direction were written in bold letters, detected in one direction were written in italic letters. For
sets of amino acids detected as one mass and not resolved into single ions, the partial sequence was written in
brackets in gray with italic letters. Additionally, for de novo tags amino acids with an individual ALC probability
score below 66% were written in small letters.

Next, the highest quality result for each peptide from the selected scan was identified for peptide and de
novo tags, which were evaluated depending on the abundance of detected fragment ions: PEAKS
displays the amino acids detected in several ion series (b, b-H2O, b-NH3, b2+, y, y-H2O, y-NH3, y2+). They
might be identified in either the b- or y- direction, in both, or in neither. In order to conserve the fragment
ion detection and the peptide origin throughout the data analysis, I used a format code for the amino
acids (for details see Fig. 3.2.6-6). When searching for the scan number of a mapped peptide, the best
quality scan is highlighted in the results list instead (upper area in Fig. 3.2.6-5), but the lower area shows
the data for the actual peak number. By clicking on the highlighted line, the best data set is displayed.
The best quality scan of the de novo sequenced peptides must be determined by comparing the quality
of the sequence information (Fig. 3.2.6-6). For each peptide of interest, the following data were added
to the peak list: the probability score (-10logP or ALC), the mass, the mass difference (ppm), the
retention time (RT), mass/charge ratio (m/z), the charge and the number of spectra.

d.

Peptide scoring with BPC and PEAKS Viewer data

Fig. 3.2.6-7 Example: Collected peptides data and scoring (BPC peak 1, chymotrypsin, λ-MM-3).
Parameter used for peptide scoring: BPC peak intensity -10logP or ALC, the absolute ppm difference and the
number of detected spectra for the respective peptide species.
Tab. 3.2.6-1 Five-tier pre-scoring matrix
BPC peak
pre-score
intensity

#Spec

-10logP

ALC%

abs ppm

(worst)
0

< 0.5 e8

=1

< 30

< 60%

≥ 1.0

1

≥ 0.5 e8

≥2

≥ 30

≥ 60%

≥ 0.8

2

≥ 1.0 e8

≥4

≥ 50

≥ 70%

≥ 0.5

3

≥ 2.0 e8

≥6

≥ 70

≥ 80%

≥ 0.3

4

≥ 3.0 e8

≥8

≥ 90

≥ 90%

< 0.3

(best)
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Tab. 3.2.6-2 Three-tier scoring matrix for averaged pre-score
11
averaged pre-score
(worst)
1

0.0 ≤ x < 1.0

2

1.2 ≤ x < 2.0

3

2.0 ≤ x ≤ 3.5

(best)
The likelihood that the peptide sequences that were mapped were correct was evaluated by a
combination score from four different parameters of the mapped / de novo sequenced peptides: (1) The
base peak chromatogram (BPC) intensity, and (2) the number of identified spectra, (3) the -10logP
probability score for the correct mapped peptide or the ALC for the de novo sequenced peptide, and (4)
the ppm deviation between the measured mass and the theoretical mass of the peptide. First, every
parameter was fit into a five-tier scoring matrix with a score from 1 to 5 (Tab. 3.2.6-1). Secondly, the
four scores (-10logP or ALC) were averaged and fit into a three-tier scoring matrix with a score from 1
to 3 (Tab. 3.2.6-2).

e.

IMGT alignment of peptides

Fig. 3.2.6-8 Example: IMGT DomainGapAlign parameters (BPC peak 1, chymotrypsin, λ-MM-3).
Parameters used for IMGT DomainGapAlign tool. Domain, and species need to be selected.
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Fig. 3.2.6-9 Example: IMGT DomainGapAlign results (BPC peak 1, chymotrypsin, λ-MM-3).
Identified peptides were aligned to the IMGT numbering system to determine the peptide position in the LCs
sequence.

Peptides were aligned to the IMGT numbering system using the IMGT DomainGapAlign tool110. The
sequence was entered in FASTA format, and the domain (C or V) and the species homo sapiens were
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selected as parameters (Fig. 3.2.6-7, Fig. 3.2.6-8). The peptide's IMGT position was noted in the peak
list and the peptide was entered in the alignment table at the proper position (Fig. 3.2.6-9).

f.

IMGT alignment of partial domains to identify germline donor

Fig. 3.2.6-10 IMGT DomainGapAlign results (BPC-derived partial sequence of λ-AL-1 ).
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Alignment of partial sequence retrieved by BPC method to determined missing patches. The alignment of end of
the sequence is not performed correctly due to a missing amino acids followed by a point mutation, the correct
version is shown below. Nine mutations from the germline sequence were detected.

Once all peptides were determined and aligned in steps a-e, the partial protein sequence was again
aligned with the DomainGapAlign tool in order to identify the germline gene donor sequences for V
and C domain Fig. 3.2.6-10 ). As germline donor, the domain with the least mutations was assigned
under the assumption that most of the sequence would have been conserved during somatic
hypermutation.
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g.

Reverse data analysis for missing patches

Fig. 3.2.6-11 Example: PEAKS Viewer ‘Protein’ tab (IGLV1-44*01, trypsin, λ-AL-1)
The protein tab was used to identify peptides covering (e.g. red arrow / scan window) the region of interest only.
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In order to determine the sequence for the missing patches, the PEAKS Viewer ‘protein’ tab was
employed (Fig. 3.2.6-11): All proteins with similar sequences in the region of question were examined
and the detected peptides sequences and scan numbers were noted in the peak table with them. The
peptides that were found were aligned. Then peptides which did not contribute new information were
removed from both the peptide and alignment table. For the retained peptides, the parameters from
PEAKS described above were saved in the peak table together with the BPC peak intensity determined
in QualBrowser. All peptides were scored as described above. The peptides were marked with red
numbers or letters, if their intensity was < 3.0E+7.

h.

Final sequence scoring

Finally, each amino acid was scored for correctness by awarding it the score of best quality peptide
distribution it (from 1 to 3). An example for this is given in Fig. 3.2.6-12.

Fig. 3.2.6-12 Example: Assignment of final score (BPC-derived & reverse determined peptides, λ-AL-1)
Each amino acid was awarded the best score from the peptides supporting it.

3.2.6.4

Prediction of amyloidogenicity

Amyloidogenicity of LC sequence was predicted
(http://waltz.switchlab.org/) as described in306.

by

the

WALTZ

online

tool
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4

Results

4.1

LC purification

4.1.1.

Development of a purification strategy

For Bence Jones proteins (urinary monoclonal LC) – described by Henry Bence Jones in 1848307, and
main source for Ig LC protein sequence analysis – only a few articles on isolation from blood and urine
are available. Published purification protocols mostly employed dialysis and lyophilization52, 308-310,
ammonium sulfate precipitation and dialysis115, 311, 312, LC concentration in ultrafiltration units313, size
exclusion chromatography (SEC)52,

308-310, 312-314

, ion exchange chromatography (IEX)115,

119, 120, 311

51, 309, 310

albumin depletion with Cibracon blue-coupled affinity resin
315

, and / or immunoprecipitation

,

312,

. Unfortunately, proof of the purity of the isolated LC has rarely been provided51, 52 and the amount of

remaining albumin was difficult to estimate from published data 51, 309, 315. Most problematic during LC
purification is the separation from matrix proteins, while removal of small molecules and salt (chapter
2.1.2.1) is less challenging. Therefore, to develop a preferably universal purification strategy for LC
from blood or urine, I first performed a bioinformatics analyses of LC, and major matrix proteins serum
albumin (HSA) and intact immunoglobulins (Ig).
Tab. 4.1.1-1 Analysis of theoretical hydrophobicity, charge and size of Ig light chains compared to albumin.
#aa number of amino acids, GRAVY hydrophobicity index ranging from + 4.5 to - 4.5, pI isoelectric point, MW
molecular weight in kDa, 1min would be 129 aa when considering λ-V domain IGLV1-36*01, 2min would be
14 kDa when considering λ-V domain IGLV1-36*01 3HSA human serum albumin, Uniprot P02768
(ALBU_HUMAN)316
MW
MW
Bio-recognition
protein
pI
GRAVY
#aa
monomer
dimer
LC min

4.3

- 0.66

2071

21.72

43.4

LC median
LC max
HSA3

6.9
9.4

- 0.40
- 0.13

216
233

23.0
25.8

45.9
51.6

5.7

+ 0.40

585

66

133

-

-

~1327
~1327
~6600

150
150
750

300
300
-

IgG
IgA, IgD
IgM (pentamer)

(protein L)
Protein A / G
Cibracon blue
Protein A / G

I analyzed charge, hydrophobicity, size, and bio-recognition of LC, HSA and Ig, features commonly
used for protein separation. I estimated these properties by analysis of an IMGT-derived87, 91 V-J-C light
chain sequence database (Tab. 4.1.1-1) using established tools (chapter 3.2.2.1). The pI288-290 of HSA is
approximately 5.7, which lies within the estimated pI-range of LC of 4.3-9.4. The GRAVY
hydrophobicity index286, 287 of HSA is approximately +0.40, which lies outside the estimated GRAVYrange of LC of -0.13 to -0.66. Due to rather large variations hydrophobicity and charge (measured by
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pI), a purification step based on them would needed to be adapted for each individual LC protein,
rendering hydrophobicity or charge (pI) less than ideal as a separation parameter to purify a diverse set
of LC. LC are in urine / blood present as monomers (22-26 kDa) and dimers (44-52 kDa) and only trace
but not bulk separation of HSA (67 kDa) from LC is possible via size exclusion chromatography (SEC)
(appendix 8.1.3.1). However, it is applicable to the removal of intact immunoglobulins (>150 kDa).
Therefore, most promising were biorecognition-dependent purification techniques targeting either
albumin or LC.
I defined objectives for the different purification stages and selected for each stage purification
techniques (Tab. 4.1.1-1) likely to be applicable to the purification of monoclonal Ig light chains form
the urine of patients without and with kidney-impairment, which should be subsequently applicable for
serum, too: After urine clarification from particulate matter and debris (e.g. cells, kidney stone minerals,
bacteria), a simple diafiltration protocol should suffice to remove salts and salt molecules and to
concentrate the LC protein. Due to the heterogeneity of LC proteins, most promising for removal of
bulk protein impurities (e.g. albumin, immunoglobulins) were separation methods based on
biorecognition to avoid the need for individual purification optimizations.
(1) Sample preparation / clarification: removal of debris and particulate matter (e.g. by filtration,
or centrifugation)
(2) Capture purification: volume reduction and / or buffer exchange to remove salts and small
molecule (e.g. by dialysis, desalting low-resolution SEC or diafiltration, ammonium sulfate
precipitation)
(3) Intermediate purification: remove bulk impurities consisting of other proteins (e.g. affinity
depletion of serum albumin and Immunoglobulin G, affinity enrichment of κ- or λ-Ig light
chains)
(4) Polishing step: achieve final high-level purity by removing trace amounts of impurities closely
related to the target protein, and transfer into storage condition (e.g. removal of IgA, IgE, IgM
by high-resolution size exclusion).

Fig. 4.1.1-1 Strategy for purification protocol development.
In preparation the sample needed to be clarified from particulate matter abundant in urine and serum by
centrifugation and filtration. For the capture step diafiltration, dialysis und ultrafiltration, and ammonium sulfate
precipitation together with one of the former was applicable. In the intermediate affinity purification techniques
should be tested in the polishing step should consist of high-resolution size exclusion chromatography.
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While testing this strategy, I first successfully established a clarification and capture purification
protocol for purification of LC from urine of non-kidney impaired AL and MM patients, which I used
to purify nine LC proteins from non-kidney impaired patients from both LC-isotypes and as well AL as
MM patients (chapter 4.1.2). The protocol was also applicable as first purification step for LC from
urine of kidney-impaired patients (appendix 8.1.3 Fig. 8.1.3-1), and I tested whether the selected
techniques for intermediate and polishing purification steps (Tab. 4.1.1-1) were applicable to LC
separation from HSA (appendix 8.1.3). Unfortunately, my results suggest high-affinity binding between
HSA and LC: Under all tested non-denaturing conditions, LC was co-depleted with albumin and
albumin was co-enriched with LC. To develop a separation protocol for LC and HSA, it would have
been necessary to study their interaction in more detail. Therefore, I concentrated my subsequent
analysis on the nine suitable pure LC proteins that I had already isolated.

4.1.2.
4.1.2.1

Purification of LC from urine of non-kidney-impaired patients
Sample clarification and capture purification

Fig. 4.1.2-1 Clarification and capture purification scheme.
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Primary urine was centrifuged to remove debris and large particulate matter. Afterwards, the urine was
consecutively filtered through a 5 µm and a 0.2 µm membrane filter, resulting in a slightly reduced volume of
secondary urine. Secondary urine was diafiltrated in a Amicon ultra-filtration unit with a 10 kDa MWCO in 13 step to 0.5 ml, which resulted in concentration of macromolecules above 10 kDa, while the concentration of salts
and small molecules remained constant. In six sequential steps the protein solution is diluted with 15 ml
diafiltration buffer in the same ultra-filtration unit and the volume is again reduced. (modified from Andrich, et.
al., 2017317)

For buffer exchange and protein concentration, in previous studies ammonium sulfate precipitation and
/ or dialysis, followed by concentration mostly by lyophilization were used. When characterizing the
aggregation behavior and biophysical properties of proteins, possibly structure altering purification (e.g.
lyophilization) should be avoided. Therefore, I tested a combined diafiltration approach for buffer
exchange and protein concentration.
I designed and established the following clarification and capture purification protocol for LC from
urine: Debris was removed by low speed centrifugation of 20-40 ml urine for 15 min at 4500 x g at 4°C
in 50 ml falcon tubes (Fig. 4.1.2-1). Next, membrane filtration through a 5 µm and subsequently through
a 0.2 µm filter was applied. By diafiltration (molecular weight cut-off 10 kDa), small molecules and salt
ions were reduced and LC concentrated. After dilution the diafiltration step was repeated 5-6 times. I
used Nernst’s distribution law to estimated form a theoretical urine solution containing the most
abundant salt ions and small molecules41, 43, the amount of repetitions necessary to achieved a similar
degree of dilution of small molecules and salt ions as in dialysis: Repeating the dilution and
reconcentration steps five to six times after the initial concentration step would achieve comparable salt
and small molecule concentrations. The clarification and capture purification protocol is shown above.

4.1.2.2

Pilot clarification and capture purification

Fig. 4.1.2-2 Pilot experiment diafiltration (κ-AL-10).
Reducing (R) and non-reducing (N) SDS-PAGE and Western blot analysis of diafiltrated urine from patient
κ-AL-10. Coomassie stained gels or Western blots immunostained for κ- or λ-LC. The sample on the gel
corresponds to 0.5 µg protein from 9 µl urine, 0 purification batch zero).

This protocol (Fig. 4.1.2-1) was tested in a pilot experiment with 12.5 ml urine from the first AL patient
and five diafiltration steps in total with 5 mM Tris / HCl as diafiltration buffer (chapter 3.2.2.2b).
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Reducing and non-reducing SDS-PAGE and Western blot analysis revealed patient-produced
monoclonal κ-isotype light chains; from this point on this patient is designated κ-AL-1. Unexpectedly,
the sample was already rather pure after the capture purification step, demonstrating that the clarification
and capture purification protocol worked as intended.

4.1.2.3

Optimization diafiltration for capture purification step

Fig. 4.1.2-3 Optimization of diafiltration (κ-AL-a patient and healthy individual).
Non-reducing SDS-PAGE and Western blot analysis. Coomassie stained gels and Western blots stained for κ-LC
and λ-LC. κ-AL-a diafiltrated urine from patient κ-AL-a corresponding to 0.09 µl urine. H diafiltrated urine from
healthy control corresponding to 9 µl urine.

After this success in the pilot experiment, I tested the protocol with urine from another AL patient and
with urine from a healthy individual (H) with four different ‘buffers’: (A) ultrapure water, (B) 20 mM
sodium phosphate pH 7.2, (C) 5 mM Tris / HCl, and (D) 150 mM sodium chloride. The samples were
analyzed via SDS-PAGE and Western blot analysis (Fig. 4.1.2-3, chapter 3.2.2.2c). Consistently with
clinical isotype of this patient the monoclonal LC was determined as κ-LC (κ-AL-a). The LC content of
the κ-AL-a sample was very low, and this patient was excluded from further purification. As expected,
the healthy control contained mostly albumin and intact immunoglobulins. Therefore, the concentrated
urine of a healthy individual is a useful SDS-PAGE and Western blot control. The usage of ultrapure
water for diafiltration resulted in less protein recovery, but other than that the used diafiltration ‘buffer’
didn’t influence the results.

4.1.2.4

Final purified proteins

In my pilot experiment I purified a first sample batch of in total five light chain samples from patients
κ-AL-1, κ-AL-2, λ-AL-1, λ-AL-2, λ-MM-1 (appendix 8.1.2). For further analysis, I purified another
batch of these LC proteins and as a control four more light chains from multiple myeloma patients (κMM-1, κ-MM-2, λ-MM-2, λ-MM-3) with the established clarification and capture purification protocol
(3.2.2.2d). At the time point of the sample selection, I only knew the patients’ diagnosis, but no further
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clinical details. The purified undiluted light chains were stored in Germany at -80°C, and the cold chain
was maintained during transport to the USA. The total protein, HSA and LC concertation were
determined for all nine proteins, and the final HSA contents were less than 6 mass-% (chapter 4.2.2).
Afterwards, the samples were diluted to an LC concentration of 1000 µM, and were aliquoted one at a
time on ice in 200-µl-tubes ad 6.8 - 100 µl (160-350 aliquots), depending on the amount of purified
protein. The protein aliquots were immediately frozen in liquid nitrogen and stored at –80°C. The SDSPAGE and Western-blot analysis of these samples is shown in Fig. 4.1.2-4. LC proteins diafiltrated from
the urine of preselected non-kidney impaired patients contained only small amounts of background
albumin and were immediately suitable for biochemical and biophysical analysis after removal of nonprotein components from the urine.

Fig. 4.1.2-4 Finally purified proteins.
Reducing and non-reducing SDS-PAGE and Western blot analysis. t total protein silver or coomassie stain, a
immunostained for human serum albumin, κ immunostained for κ-isotype LC, λ immunostained for λ-isotype LC.
(modified from Andrich, et. al., 2017317)

4.1.2.5

Purification of LC from patient sequenced from bone marrow-derived DNA

Additionally, I purified LC from urine of patients selected for sequencing from bone marrow-derived
DNA in an independent study (κ-AL-a, κ-AL-c, λ-AL-b, λ-AL-c, and λ-AL-d) according to the
established purification protocol (chapter 3.2.2.2d) and analyzed the diafiltrated samples by SDS-PAGE
and Western blot analysis. In all of these patients’ urine samples the total LC content was too low to
allow a comprehensive biophysical and biochemical study. Two samples contained very high
proportions of albumin, and one of these samples contained equal amounts of κ- and λ-LC. These results
are consistent with retrospectively analyzed clinical data for these patients (Tab. 5.1-1).
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4.2
4.2.1.

Biochemical characterization
Sample storage conditions

LC samples from the first purification batch (appendix 8.1.2) were stored for 9 months under four
different conditions: (A) at 4°C, (B) at -20°C, and (C) at -80°C in solution, and (D) lyophilized at -80°C.
Afterwards, the samples were analyzed via ultracentrifugation and subsequent non-reducing SDS-PAGE
of the pellet and the supernatant fraction (chapter 3.2.5.8). Independent of the storage conditions, the
samples all contained only minor amounts of aggregated (pelleted) protein. The supernatant fractions
showed that the κ-AL-11 sample was slightly proteolyzed at 4°C and incompletely recovered from the
lyophilized sample stored at -80°C. Due to low amounts of total purified protein from the urine of patient
λ-AL-21, this sample was not analyzed after 4°C storage. Astonishingly, none of the other three samples
showed signs of additional degradation when stored for 9 months at 4°C.
In summary, as a precaution, light chain proteins should preferably be stored in solution at -80°C in
appropriate aliquots, to avoid cycles of freezing and thawing.

Fig. 4.2.1-1 SDS-PAGE analysis of ultracentrifuged LC form 1st purification batch stored for 9 month.
Coomassie stained non-reducing SDS-PAGE of ultra-centrifugation analysis. Samples were stored for nine months
at (A) 4°C, (B) -20°C, (C) -80°C in solution, and (D) lyophilized at -80°C. Supernatant fraction (upper panel) and
corresponding pellet fraction (lower panel). 1 first purification batch.
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4.2.2.

Human serum albumin content

The LC protein concentration was difficult to determine because most samples contained a substantial
amount of HSA. Due unknown LC protein sequences, the protein concentration could not be established
by residue-dependent quantification methods such as absorption at 280 nm318-320, or colorimetric
Lowry321 or Bradford assays322. Therefore, total protein concentrations had to be determined with the
non-residue sensitive bicinchoninic acid (BCA) assay323 and the HSA content needed to be subtracted
(chapter 3.2.3.5, Fig. 4.2.2-1). The HSA concentration was determined densitometrically form silver
stained SDS-PAGE. Finally, the LC concentration was calculated by subtracting the contained HSA
form the total protein concentration (Fig. 4.2.2-1A-C). The HSA concentration was below 6 mass-% of
the total protein (Fig. 4.2.2-1D, Tab. 4.2.7-1).

Fig. 4.2.2-1 Determination of HSA content of the isolated LC proteins.
A. Scheme for determination of LC concentration: Total protein was determined by BCA assay, HSA content was
determined densitometrically from HSA standard, and LC content was calculated by subtracting HSA content
from total protein. B. Silver stained SDS-PAGE with HSA standard. C. Plot of HSA standard signal over HSA
concentration, and exponential fitting function (y = 0.0526 + 4.43-10 * x1.7189). D. mass-percentage of HSA in LC
samples.
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4.2.3.

Apparent molecular weight

The apparent molecular weight of globular proteins can be determined from a molecular weight standard
(M) on SDS-PAGE324-326. Charged PTMs such as glycosylations lead to a lower distance a protein travels
electrophoretically from the gel pocket (electrophoretic mobility). I determined the apparent molecular
weight (MW) for the deglycosylated κ-AL-1 sample (chapter 4.2.6) and the remaining eight LC proteins
by comparing their electrophoretic mobility to the electrophoretic mobility of protein marker bands on
three independent SDS-PA gels (Fig. 4.2.3-1A, and B). The apparent MW of samples κ-AL-1, κ-AL-2,
λ-AL-1, κ-MM-1, κ-MM-2, and λ-MM-1 (Fig. 4.2.3-1C) lay within the expected theoretical range of
21.7 to 25.8 kDa (Tab. 4.1.1-1), while it was estimated above this range for samples λ-AL-2 (27.5 ±1.0),
λ-MM-2 (27.3 ±0.3), and λ-MM-3 (28.0 ±0.2). (Tab. 4.2.7-1). The original measurements and the results
can be found in appendix 8.3.1.

Fig. 4.2.3-1 Determination of apparent molecular weight of the isolated LC proteins.
A. Example for determination of electrophoretic mobility: on a printout the travel distance was determined in
centimeters. B. Plot of distance standard proteins traveled over the logarithm of their molecular weight and linear
fit used to estimate the apparent molecular weight MW (y = -8.9138x + 47.58, R² = 0.9997). C. For the κ-AL-1
sample deglycosylated protein bands were analyzed separately.

4.2.4.

Monomers & cross-linked dimers or higher order multimers

Under non-reducing conditions, full-length light chains form both dimers and monomers detectable in
SDS-PAGE (Fig. 4.2.4-1B). To address whether the amount of dimers in urine might be diagnostically
or mechanistically relevant, I analyzed the dimer-monomer-ratio of all light chain proteins
densitometrically (Fig. 4.2.4-1A). It was between 29 to 72 % (Tab. 4.2.7-1), with no significant
differences between isotypes or based on disease origins. Since monomers as well as dimers were
present in SDS-PAGE, but no aggregation was apparent in non-reduced samples (chapter 4.4.1.1), I
analyzed the purified LC samples via non-reducing blue native PAGE (chapter 3.2.3.7). Interestingly,
the samples did not show a separation into dimers and monomers but multimeric patterns with molecular
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weights ranging from about 40 kDa up to 600 kDa (Fig. 4.2.4-1C), and the same is true under reducing
conditions (compare to Fig. 4.4.1-2). The multimeric pattern varied strongly between different LC
proteins, but once again allowed no correlation to either isotype or the disease of origin.

Fig. 4.2.4-1 Ratio of cross-linked dimers to monomers and SDS- vs. blue native PAGE.
A. Densitometric analysis of dimer-monomer-ratio. Between 29-72% of the light chain monomers were crosslinked by disulfide bonds. There was no statistically significant relation to LC isotype or originating disease. B.
Silver stained non-denaturing SDS-PAGE of LC samples. C. EZBlue stained non-reducing blue native PAGE.

4.2.5.

Susceptibility to proteolysis at 37°C

Fig. 4.2.5-1 Susceptibility of LC proteins to proteolysis at 37°C.
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A. Comparison of proteolysis over 11 days in different purification batches of the κ-AL-1 and λ-MM-1 sample.
B. Comparison of proteolysis within 4 days in final purification batch. Proteolysis was inhibited with cOmplete
Ultra (Roche, Switzerland) and 0.5% sodium azide. Only the κ-AL-1 sample showed signs of degradation.

Since aggregation assays are usually performed under physiological conditions at 37°C, I analyzed the
stability of the isolated LC proteins against proteolysis. First, I incubated the κ-AL-1 sample and the
λ-MM-1 sample from the first (1) and final purification batches for 1, 4 and 11 days in 150 mM NaCl /
50 mM sodium phosphate pH 7.2, in absence and presence of different combinations of proteinase
inhibitors and sodium azide. Serine and cysteine proteases, aspartate and metallo protease were inhibited
with cOmplete Ultra (Roche, Switzerland), and bacterial growth was inhibited with 0.5% sodium azide,
and the samples were incubated at 37°C and shaking with 200 rpm (Fig. 4.2.5-1A). Astonishingly, both
batches of the λ-MM-1 LC showed no degradation at 11 days, while both batches of the κ-AL-1 sample
degraded within 2-4 days whether treated or not. As expected, when inhibiting only serine and cysteine
protease (cOmplete EDTA-free, Roche, Switzerland) or omitting the sodium azide, the degradation
pattern of the κ-AL-1 sample was comparable to the patterns in Fig. 4.2.5-1A (data not shown). Next,
all purified LC samples were incubated for 4 days under the same conditions (Fig. 4.2.5-1B).
Surprisingly once again, the κ-AL-1 sample remained the only LC sample out of nine that showed
degradation. Additional bands in the λ-AL-2 samples κ-MM-2 are background proteins.

4.2.6.

Glycosylation of light chain proteins

The nine isolated light chains were analyzed with parallel deglycosylation using α-Neuraminidase (αN), β(1→4)-Galactosidase (β-G), β-N-Acetylglucosaminidase (β-N-A), O-Glycosidase (O-G), PNGase
F (PF) form a kit for enzymatic deglycosylation (Sigma Aldrich) (Fig. 4.2.6-1). Only the fetuin control
and the κ-AL-1 sample showed a shift in electrophoretic mobility compared to the control protein
incubated in absence of additional enzymes. This suggests the other 8 LC proteins contained neither Nglycosylation nor common O-Glycosylation detectable with these enzymes (chapter 2.3.5).

Fig. 4.2.6-1 Parallel deglycosylation of all nine light chain proteins under denaturing conditions.
Denaturing SDS-PAGE analysis for parallel incubation of all light chain proteins with α-N, β-G, β-N-A, O-G and
PF. Only for the κ-AL-1 LC and the Fetuin control a shift of the electrophoretic mobility compared to the controls
(C) was observed.

Since the κ-AL-1 sample was glycosylated, the next logical step was to perform a sequential O- and
N-glycosylation analysis to discriminate between different types of glycans, as described above. The
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κ-AL-1 LC was deglycosylated in the following order (Tab. 2.3.5-1): first by α-N, second by α-N, and
β-G, third by α-N, β-G, and β-N-A, fourth by α-N, β-G, β-N-A, and O-G, and fifth by α-N, β-G, β-N-A,
O-G, and PF. Stepwise changes in electrophoretic mobility were observed using α-N, β-G, and β-N-A.
Adding O-G to this resulted in the same electrophoretic shift as the combination of α-N, β-G, and β-NA alone. Further adding PNGase F resulted in an additional change (Fig. 4.2.6-2A). These results
indicate the abundance of an N-glycosylation. A further O-glycosylation is unlikely due to the very
small shifts in electrophoretic mobility, but it cannot be excluded without a control sample incubated
only with PNGase. A retrospective comparison of the independent deglycosylation of the κ-AL-1 LC in
presence of all five enzymes and PNGase F only (Fig. 4.2.6-2B) shows equivalent electrophoretic shifts,
supporting that it contains only a N-glycosylation, but no common O-Glycosylation.

Fig. 4.2.6-2 Sequential deglycosylation of the κ-AL-1 light chain under denaturing conditions.
A. denaturing SDS-PAGE of sequential incubation of the κ-AL-1 proteins with 1st α-N, 2nd α-N, and β-G, 3rd α-N,
β-G, and β-N-A, 4th α-N, β-G, β-N-A, and O-G, and 5th α-N, β-G, β-N-A, O-G, and PF. The induced electrophoretic
mobility shifts indicate that the abundant glycan is an N-glycan. B. denaturing SDS-PAGEs: Comparison of the
electrophoretic mobility shifts induced by the sequential deglycosylation and deglycosylation with PNGase only.
(Note: The deglycosylation with PNGase only was performed and analyzed separately from the sequential
deglycosylation in A.)

4.2.7.

Summary

The κ-AL-1 sample was the only sample, where proteolysis could be observed within 4 days at 37°C.
Additionally, this sample had the lowest albumin content of all samples and was the only light chain for
which an N-glycosylation was detected, while simple O-glycosylation were not abundant in any of the
analyzed LC proteins. The estimated dimer-monomer-ratio showed no relation to apparent molecular
weight or HSA content.

Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
102

4 Results
Tab. 4.2.7-1 Summary of biochemical parameters of isolated LC proteins.
MWapp apparent molecular weight from SDS-PAGE, mass-% HSA densitometric from SDS-PAGE, mol-% HSA
under consideration of a MW of 66.5 kDa for HSA, % dimer dimer-monomer ratio of total LC, Y yes, N no.
(modified from Andrich, et. al., 2017317)
MWapp
proteolysis
Mass-% HSA
% dimer1
glycosylated
Mol-% HSA
[kDa]
observed
κ-AL-1
κ-AL-2
λ-AL-1
λ-AL-2

23.8 ±0.5
26.2 ±1.9
26.0 ±1.1
27.5 ±1.0

0.3 +0.1/-0.0
3.6 +3.1/-1.8
5.8 +5.0/-3.0
2.2 +1.8/-1.0

0.1 +0.0/-0.0
1.4 +1.2/-0.7
2.3 +1.9/-1.2
0.9 +0.7/-0.4

40 ±4
52 ±5
41 ±4
29 ±3

Y
N
N
N

Y
N
N
N

κ-MM-1
κ-MM-2
λ-MM-1
λ-MM-2
λ-MM-3

25.1 ±0.5
25.9 ±0.2
26.7 ±1.0
27.3 ±0.2
28.0 ±0.2

0.8 +0.3/-0.4
2.1 +1.6/-0.6
0.4 +0.0/-0.2
3.6 +3.0/-0.4
4.3 +3.4/-2.1

0.3 +0.1/-0.1
0.8 +0.6/-0.2
0.2 +0.0/-0.1
1.5 +1.2/-0.2
1.8 +1.4/-0.9

72 ±7
51 ±5
44 ±4
44 ±4
38 ±4

N
N
N
N
N

N
N
N
N
N

4.3
4.3.1.

Biophysical characterization
CD spectroscopy and thermal denaturations

In order to test whether LC samples from MM and AL samples exhibit structural alterations or different
stabilities, all nine isolated LC samples were analyzed via CD spectroscopy and thermal denaturations.
CD spectra before and after de- and renaturation as folding controls (Fig. 4.3.1-1A) and triplicate
unfolding and triplicate / single refolding curves were acquired (Fig. 4.3.1-1B). Single de- and
renaturation curves were normalized to their pre- and post-transition baselines, corrected for sloping
baselines and averaged (Fig. 4.3.1-1C to D). Normalized unfolding and refolding curves and the
unfolding and refolding rate constants (K) were determined (Fig. 4.3.1-1E), and melting points (Tm)
were estimated by Boltzmann fit. Next, lnK was plotted as a function of the reciprocal absolute
temperature, and apparent unfolding and refolding energies were calculated from the slope of the linear
fitted transition area. CD spectra and thermal denaturation data are summarized in Fig. 4.3.1-2, Tab.
4.3.1-1, and complete data sets for other samples / scan rates can be found in appendix 8.4.1.
As expected, CD spectra of the nine LC were dominated by the ß-sheet rich structure of Ig light chains
(Fig. 4.3.1-2A, B)327, 328. Additionally, spectra were comparable within κ-isotypes (Fig. 4.3.1-2A) and
λ-isotypes (Fig. 4.3.1-2B) LCs109, while no systemic differences between MM and AL patients were
found. When evaluating whether the thermal stability of LC correlated with MM or AL pathology, the
melting points (Tm) (Tab. 4.3.1-1) and melting curves (Fig. 4.3.1-2C, D) were mostly defined by the
LC-isotype as well (Tab. 4.3.1-1; κ-LC Tm = 48.6 - 51.6°C, λ-LC Tm = 55.3 - 61.5°C), with the
exception of the κ-MM-1 (Tm = 60.4°C, light green), whose stability resembled a λ-isotype chain, which
was confirmed by four independent measurements. These findings suggest that LC stability might be
more strongly influenced by LC isotypes than by LC variability329.
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Fig. 4.3.1-1 Example thermal denaturation data: λ-AL-1 (0.5 °C/min)
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A. CD spectra before and after thermal de- and renaturation. (temperatures: pre-denaturation baseline 40°C, postdenaturation baseline 68°C, post-renaturation 20°C). B. CD data for single de- and renaturations (200 nm). C., D.
CD signal for denaturations (C) and renaturations (D) normalized to the pre-and post-transition baseline. E.
Averaged de- and renaturation curves with corrections for sloping baselines and Boltzmann fit performed with
OriginPro (OriginLab, USA) E. Plot of lnK over 1/T and linear fit of transition area. (Data sets for other samples
can be found in appendix 8.4.1)

Fig. 4.3.1-2 CD spectra and thermal denaturation curves of LC samples.
A, B. CD spectra of purified κ-isotype and λ-isotype LC. C, D. Thermal denaturation curves (heating rate
0.5°C/min, wavelength 200 nm); apparent melting points (Tm) for κ-LCs of Tm = 48.6-51.6°C, (κ-MM-1: Tm =
60.4°C), and for λ-LCs of Tm = 55.3-61.5°C; see Tab. 4.3.1-1 for detailed data. (modified from Andrich, et. al.,
2017317)

For LC samples with at least partially reversible thermal denaturations, a hysteresis between
denaturation and renaturation curves of 2.6 - 7.7°C was observed (Tab. 4.3.1-1, appendix 8.4.1), as
previously described for recombinant V domains and full-length LC330. While no obvious differences in
thermal stability between AL and MM LC were observed during thermal denaturation, all λ-MM
proteins denatured irreversibly (97-93%), whereas the denaturation of all other LC proteins was at least
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partially (59-100%) reversible (Tab. 4.3.1-1), which may reflect a difference in aggregation pathways
between light chains in AL and MM patients.

Fig. 4.3.1-3 Scan rate-dependent hysteresis between thermal de- and renaturation of the λ-AL-1 sample.
A. De- and renaturation curves corrected for sloping baselines and Boltzmann fit performed with OriginPro
(OriginLab, USA) B. Plot melting temperature Tm over scan rate and determination of Tm* value (pink). C. ΔGapp
over scan rate. D. ΔHapp over scan rates. E. ΔSapp over scan rates.

Next I examined the hysteresis for the λ-AL-1 sample in more detail (Fig. 4.3.1-3) by comparing deand renaturations at different scan rates330. The hysteresis between re- and denaturation was increasing
with an accelerating scan rate (Fig. 4.3.1-3A) as previously described330. The Tm* value for this sample
was determined with 56.1 ± 0.2°C at a theoretical scan rate of -0.8°C/min (Fig. 4.3.1-3B). Apparent
thermodynamic parameters (ΔGapp, ΔHapp, ΔSapp) indicate, that ΔH and ΔS do not remain constant over
the observed temperature range (Fig. 4.3.1-3C to E, Tab. 4.3.1-1). Therefore, the Van’t-Hoff equation
is not applicable to determine the Gibbs free energy for thermal unfolding of full-length LC proteins.
However, apparent ΔG values (grey) are given in Tab. 4.3.1-1 as an orientation together with a summary
of the thermal denaturation data of all samples.
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Tab. 4.3.1-1 Summary parameters from thermal denaturation data of LC samples
Reversibility determined by a comparison of de- and renaturation curves. Tm melting points determined by the
Boltzmann fit of averaged melting curves. *1 incomplete melting curve determined, *2 ΔH and ΔS are not constant
over the temperature range (modified from Andrich, et. al., 2017317)
Tm [°C]
ΔGapp [kJ/mol] *2
scan rate refolding
ΔΔGapp
sample
ΔTm [°C]
[°C/min]
[%]
unfolding
refolding
unfolding
refolding [kJ/mol]
κ-AL-1

0.5

71

48.6

±0.2

κ-AL-2

0.5

>50*1

51.6

±0.0

λ-AL-2

0.5
1.0
2.0
0.5

87
100
97
59

58.3
59.2
60.9
55.3

±0.1
±0.1
±0.1
±0.1

55.2
55.2
54.3
52.7

±0.1
±0.1
±0.1
±0.2

κ-MM-1
κ-MM-2

0.5
0.5

75
66

60.4
50.5

±0.1
±0.1

54.9
42.8

λ-MM-1

0.5

3

59.3

λ-MM-2
λ-MM-3

0.5
0.5

7
7

60.2
61.5

λ-AL-1

4.3.2.

43.6

±0.5 5.0

±0.7

-11

6

5

n.d.

n.d.

-18

n.d.

n.d.

3.2
4.0
6.5
2.6

±0.1
±0.1
±0.2
±0.3

-35
-37
-41
-26

22
30
32
35

12
7
9
9

±0.3 5.4
±0.3 7.7

±0.3
±0.4

-30
-29

17
8

13
22

±0.1

n.a.

n.a.

-39

n.a.

n.a.

±0.1
±0.1

n.a.
n.a.

n.a.
n.a.

-30
-43

n.a.
n.a.

n.a.
n.a.

Chemical denaturations with guanidine hydrochloride

Before GdnHCl denaturations could be acquired suitable incubation times and measurement parameters
for Trp fluorescence measurements as well as for CD spectroscopy were determined. Next, I established
the reversibility of the denaturation by GdnHCl before I measured denaturation curves via tryptophan
(Trp) fluorescence and/ or CD spectroscopy.
LC exhibited rather slow refolding at room temperature (RT) and strongly delayed refolding at 4°C,
therefore samples were incubated overnight at RT (appendix 8.4.2.1). Due to the GdnHCl background
denaturation curves in CD could only be acquired as low as at 211 nm (appendix 8.4.2.1).
Based on CD data global refolding was 89-100% (Tab. 4.3.2-1, appendix 8.4.2.2), while local refolding
in the vicinity of Trp residues, lay for four samples outside this margins (λ-AL-2: 69%, λ-MM: 33-43%)
(Tab. 4.3.2-1, appendix 8.4.2.2).
In order to compare the stability of all nine LC samples, I determined the free energies of unfolding via
guanidine hydrochloride (GdnHCl) denaturation and monitored unfolding via Tryptophan (Trp)
fluorescence98, 105-107, 331, 332, or circular dichroism (CD)333-335. Samples were unfolded via GdnHCl by
incubating 0.5 µM (Trp) or 10 µM (CD) LC over night at GdnHCl concentrations between 0 to 6 M.
Biological triplicates were measured the next day via Trp fluorescence (Fig. 4.3.2-1, Fig. 4.3.2-2,
appendix 8.4.2.3) or CD spectroscopy (Fig. 4.3.2-2, appendix 8.4.2.4). Fluorescence spectra exhibited
both changes in intensity and shifts of the emission maximum on unfolding (Fig. 4.3.2-1). To establish
that LC denaturation had reached equilibrium denaturation and renaturation, data sets were acquired for
the λ-AL-1 light chain by Trp fluorescence (Fig. 4.3.2-2A, appendix Fig. 8.4.2-6). Unfolding energies
(Tab. 4.3.2-1, 9 ± 1 kJ/mol) and refolding energies (-11 ± 2 kJ/mol) measured by fluorescence were
Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
107

4 Results

identical within the range of experimental error. To evaluate whether changes in Trp fluorescence
represented an overall structural change, denaturation data sets (Fig. 4.3.2-2B, C, appendix 8.4.2.3) were
acquired for the λ-AL-1 and the κ-MM-1 light chain in addition to Trp fluorescence by CD spectroscopy
(appendix 8.4.2.4). Unfolding energies for both samples measured by Trp fluorescence (Tab. 4.3.2-1, λAL-1 9 ± 1 kJ/mol, κ-MM-1 15± 4 kJ/mol ) and by CD (λ-AL-1 12 ± 6 kJ/mol, κ-MM-1 14± 2 kJ/mol)
were identical within the range of experimental error, indicating that both methods could be used to
measure unfolding with similar accuracy.

Fig. 4.3.2-1 Example data GdnHCl denaturation – Trp fluorescence – λ-AL-1 sample – part 1.
Measurement of biological triplicates of A. Averaged background corrected absolute Trp fluorescence. B.
Averaged background corrected Trp fluorescence normalize to (local) peak maximum between 320-355 nm. C.
Trp fluorescence intensity at peak maximum, minimal or maximal wavelength of observed peak maximum over
GdnHCl concentration. D. Wavelength at peak maximum and fluorescence intensity ratio minimal peak maximum
wavelength to maximal peak maximum wavelength over GdnHCl concentration. (part 2 appendix 8.4.2.3 Fig.
8.4.2-5)
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Fig. 4.3.2-2 GdnHCl denaturations comparison CD and Trp fluorescence data.
A. Unfolding (red triangles) and refolding (blue circles)) of λ-AL-1 observed via Trp fluorescence. B.-D.
Denaturation observed via Trp fluorescence (red triangles) and CD spectroscopy (black squares). E., F. Unfolding
curves of all κ-LC (E) and all λ-LC (F). *1 derived from Trp fluorescence intensity ratios, *2 derived from CD
signals at 211 nm, *3 Curves derived from Trp fluorescence intensities.
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Since Trp fluorescence data for the κ-AL-1 sample lacked a pre-transition baseline, an additional CD
data set was acquired (Fig. 4.3.2-2D), in which a proper transition could be established. Due to the
absence of the pre-transition baseline, Trp fluorescence data led to a reduced unfolding energy
(5 ± 1 kJ/mol) compared to the CD data set (10 ± 1 kJ/mol). Unfolding data could not be acquired by
Trp fluorescence, but only by CD data for the κ-MM-2 sample due to an uncharacteristically small
change in the peak maximum of Trp fluorescence, which occurred only above 3 M GdnHCl. In contrast
CD data yielded a transition with a Cm value of 1.3 M GdnHCl, indicating that the change in the Trp
fluorescence did not reflect the unfolding of this sample.
Next, I compared unfolding data for all nine isolated LC proteins (Fig. 4.3.2-2 E, F), evaluating only
the data from the method which resulted in the lowest signal-to-noise ratio (Tab. 4.3.2-1). κ-MM light
chains exhibited stabilities (14 ± 2 kJ/mol, and 11 ± 2 kJ/mol) similar to the κ-AL samples
(10 ± 1 kJ/mol, and 12 ± 5 kJ/mol) and were slightly less stable than λ-MM light chains (λ-MM-1:
17 ± 2 kJ/mol, -2: 13 ± 3 kJ/mol, and -3: 16 ± 3 kJ/mol) and the λ-AL-2 light chain -2: 14 ± 4 kJ/mol).
With 9 ± 1 kJ/mol, the λ-AL-1 protein was the least stable light chain. λ-MM have to be viewed with
caution as these LC, unlike all other LC samples, did not refold into their native state after being fully
unfolded. This irreversible denaturation corresponded to our observations from thermal denaturation.
Tab. 4.3.2-1 Summary GdnHCl denaturations of Ig light chain proteins.
*1
See chapter 3.2.4.4c., x evaluated parameter, Cm = point 50% unfolding, n.d. not defined, n.a. not applicable,
*2
no pre-transition baseline observed, *3 Peak maximum only estimated, *4 no refolding, ΔGapp 17 ± 2, *5 no
refolding, ΔGapp 13 ± 3, *6 no refolding, ΔGapp 16 ± 3. (modified from Andrich, et. al., 2017317)
refolding [%] CD
Trp
peak [nm]
Cm [M]
ΔG0 [kJ7mol]
sample
ΔCm [M]
*1
*1
CD
Trp
ratio int min max unfolding refolding
unfolding refolding
κ-AL-1
κ-AL-2
λ-AL-1
λ-AL-2
κ-MM-1
κ-MM-2
λ-MM-1
λ-MM-2
λ-MM-3

100
100
94
96

x

±0,0
±0,0
±0,1

n.d.
n.d.
n.d.

n.d.
n.d.
n.d.

10 ± 1
5 ±1
12 ± 5

n.d.
n.d.
n.d.

88
69

x

89

x

338 350 1,2

±0,1 1,5

±0,0 -0,3

±0,1

x

n.a. 1,2
331 349 1,9

±0,0
±0,0

n.d.
n.d.

n.d.
n.d.

12 ± 6
14 ± 4

n.d.
n.d.

n.a. 1,5
350 1,9

±0,0
±0,0

n.d.
n.d.

n.d.
n.d.

14 ± 2
15 ± 4

n.d.
n.d.

x
x

100

89

x
88

96
89
93
90

n.a. 1,0
338 350 1,1
344 349 2,2
*2

x
x

338

*2

9 ± 1 -12 ± 2

89

x

n.a. 1,3
346 349

±0,1
n.a.

n.d.
n.a.

n.d.
n.a.

11 ± 1
n.a.

n.d.
n.a.

33
39
43

x
x
x

320*3 349 1,3
326*3 348 1,6
325*3 350 1,6

±0,1
±0,0
±0,0

n.a.
n.a.
n.a.

n.a.
n.a.
n.a.

*4

n.a.
n.a.
n.a.

*5
*6
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4.3.3.

Summary

In summary, CD spectra as well as thermal and chemical stabilities cannot sufficiently explain the
differences in LC deposition observed between MM patients and AL patients in this study. Thermal
unfolding was in general only partially reversible, while GdnHCl denaturation for all LC samples except
for λ-MM light chains was considerable reversible. Cm values do not correlate to unfolding energies.
The lower stability of the λ-AL-1 and the κ-AL-1 sample might explain why these samples form fibrils
faster under acidic conditions (chapter 4.4.1).
Tab. 4.3.3-1 Summary thermal and chemical denaturations of LC samples
Tm melting points determined from Boltzmann fit of averaged melting curves. *1 incomplete melting curve
determined, Y reversible, p partial refolding in, Cm = 50% unfolded, *2 insufficient refolding, ΔGapp 17 ± 2,
*3
insufficient refolding, ΔGapp 13 ± 3, *4 insufficient refolding, ΔGapp 16 ± 3. (modified from Andrich, et. al.,
2017317)
refolding [%]
ΔG°
sample thermal GdnHCl Tm [°C] Cm [M]
[kJ]
CD
CD Trp

4.4
4.4.1.

κ-AL-1
κ-AL-2

71
>50*1

100
100

88 49 ±0,2 1,0 ±0,0 10 ± 1
69 52 ±0,0 2,2 ±0,1 12 ± 5

λ-AL-1
λ-AL-2

87
59

94
96

89 58 ±0,1 1,2 ±0,1 9 ± 1
100 55 ±0,1 1,9 ±0,0 14 ± 4

κ-MM-1
κ-MM-2

75
66

89
93

88 60 ±0,1 1,5 ±0,0 14 ± 2
89 51 ±0,1 1,3 ±0,1 11 ± 1

λ-MM-1
λ-MM-2
λ-MM-3

3
7
7

83
93
90

33 59 ±0,1 1,3 ±0,1
39 60 ±0,1 1,6 ±0,0
43 61 ±0,1 1,6 ±0,0

*2
*3
*4

Aggregation behavior of Ig light chains
Establishment of aggregation assays

The amyloidogenicity of monoclonal Ig light chains could be determined (1) by the individual light
chain sequence, (2) by the elevated monoclonal LC concentration in blood, (3) by post-translational
modifications, (4) by release amyloidogenic fragments of the light chain, or by a combination of these
factors. Cleavage of the inter-molecular disulfide bonds in LC dimers could be one relevant PTM.
Previously, only few reports of ThT aggregation assays performed under various conditions have been
published52,

54, 214, 215, 219, 336-339

. Therefore, aggregation assays needed to be established before the

aggregation of authentic LC isolated from different patients could be compared and the effects of EGCG
on LC aggregation could be evaluated. To do so, I analyzed the impact of various parameters as
reduction, pH, temperature, agitation, and albumin and EGCG. Assay conditions for the following
aggregation experiments are summarized in chapter 3.2.5.2.
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4.4.1.1

Reduction as prerequisite for LC aggregation & pH-dependence

Since purified LC protein could be separated in monomers and dimers in non-reducing SDS-PAGE, I
wondered whether LC monomers and dimers would show different aggregation behavior. Because
monomers and dimers could not be separated by SEC (appendix 8.1.3.1), in my first aggregation assay
I compared the aggregation of reduced and non-reduced LC sample instead: Astonishingly I found that
LC only aggregated under reducing conditions, which I will show first in this chapter. In the following
chapter, I will discuss how I developed a reduction protocol, and finally, I will show that reduction
remained crucial for aggregation under various buffer conditions.

Fig. 4.4.1-1 Ig light chain λ-AL-1 aggregated under reducing conditions.
A. Blue native PAGE shows formation of large (>720 kDa) and high molecular weight aggregates incapable of
migrating into gel (arrows) after incubation of LC (20 µM) for 1 d at 37°C, in NaP2 buffer containing DTT (8 mM)
B. AFM imaging confirmed large amorphous aggregates. C. λ-AL-1 light chain aggregated for one week, stained
with Congo red and imaged by (1) fluorescence, (2) birefringence, (3) overlay. D. ThT-positive aggregates formed
only in the presence of DTT (10 mM) (modified from Andrich, et. al., 2017317)

Under physiological conditions LC samples formed amyloidophilic aggregates only in presence of DTT,
while neither aggregates nor ThT-positive species formed in its absence. This is exemplary shown for
the λ-AL-1 sample in Fig. 4.4.1-1. Light chains were aggregated under permanent shaking (25 mM
sodium phosphate, pH 7.2, 120 mM NaCl at 37°C) in presence and absence of DTT (8 mM). Only when
aggregated for 1 day in the presence of DTT, LC aggregates (> 720 kDa) and high molecular weight
(HMW) aggregates incapable of migrating into the gel (Fig. 4.4.1-1A) were observed in blue native
PAGE. This was confirmed by AFM imaging: Large aggregates formed in the presence of DTT, while
in its absence no aggregates were visible (Fig. 4.4.1-1B). In AL patients LC proteins are deposited into
amyloid aggregates which can be stained by amyloidophilic dyes, such as Congo red and Thioflavin T
(ThT), and conditions could be established under which the light chains would rapidly aggregate into
structures that bind both dyes in vitro: Aggregates induced a characteristic birefringence of Congo red340
(Fig. 4.4.1-1C), and in aggregation kinetics acquired in presence of ThT, LC samples developed a
characteristic red-shift in ThT fluorescence340 only when incubated in the presence of DTT (Fig.
4.4.1-1D). Aggregation kinetics followed a sigmoidal time course that is typical for amyloid formation
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(Fig. 4.4.1-1D). This means that light chains isolated from patients’ urine formed aggregates with
amyloid characteristics under reducing conditions.

Fig. 4.4.1-2 Reduction of LC-dimers by DTT and TCEP.
A. κ-AL-10 sample (80 µM) was incubated at RT for 0-2 h in 1, 5 and 10 mM DTT and 20 mM TCEP and analyzed
via non-reducing SDS-PAGE. Additionally, samples incubated in 10 mM DTT were applied to non-reducing SDSPAGE w/o boiling. B. Sample from the first sample batch (κ-AL-11, λ-AL-11, λ-MM-11; 100 µM) were incubated
for 30 min in absence and presence of 25 mM DTT at RT and analyzed with non-reducing SDS-PAGE w/o prior
boiling. C. Reducing and non-reducing blue native PAGE (final 188 mM DTT) of samples from first purification
batch (κ-AL-11, λ-AL-1, λ-MM-1; 90 µM).

Reducing agents such as dithiothreitol (DTT) and tris-(2-carboymyethyl) phosphine (TCEP) can be used
for a mild reduction of disulfide bonds in proteins at room temperature (RT). Monomers in reduced LC
can prove only reduction of inter-chain but not intra-domain disulfide bonds, so I won’t make
assumptions. In a pilot monomerization experiment with the κ-AL-10 sample (test batch) I compared the
effectiveness of DTT and TCEP in different concentrations (Fig. 4.4.1-2A) at 80 µM LC in 20 mM
Tris/HCl, pH 7.2. While a concentration of 5 mM DTT or higher led to nearly complete monomerized
LC within 2 h of incubation, neither 1 mM DTT nor 20 mM TCEP could achieve LC monomerization
(Fig. 4.4.1-2A). These samples were boiled prior to SDS-PAGE. When re-running the LC monomerized
with 10 mM DTT without boiling prior to SDS-PAGE (right panel), a ratio DTT:LC of 125:1 (10 mM
DTT) was insufficient to achieve complete monomerization at RT within 30 min of incubation.
Therefore, I next tested whether a ratio DTT:LC of 250:1 was sufficient for more efficient reduction of
samples κ-AL-11, λ-AL-11, and λ-MM-11 within 30 min (Fig. 4.4.1-2B). The non-reducing SDS-PAGE
of non-boiled reduced samples shows that this was indeed the case. Blue native PAGE of samples
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reduced with DTT for 5-10 min at a ratio of ~620:1 shows that the oligomers in samples κ-AL-11, κAL-21, λ-AL-11, λ-AL-21, and λ-MM-11 persisted in presence of DTT (Fig. 4.4.1-2C), which shows the
disruption of inter-chain disulfide bonds does not disrupt complexes formed by LC as well.
Afterwards, I compared the effects of the pre-incubation with DTT (25 mM, 30 min, RT) prior to the
aggregation assay (10 mM DTT) with in-assay reduction at 37°C in physiological buffer (1x NaP pH
7.2, 150 mM NaCl, 10 mM DTT, 20 µM ThT, 36 µM LC). In-assay reduction was preferable to the preincubation, because in some samples DTT led immediately to the formation of ThT-positive species
(Fig. 4.4.1-4). Additionally, human serum albumin (HSA) formed ThT-positive species (see chapter
4.4.1.3), which is consistent with previous results341.

Fig. 4.4.1-3 Comparison of pre-incubation and in-assay reduction of LC with DTT.
Samples κ-AL-11, λ-AL-11, and λ-MM-11 were aggregated in 1x NaP, pH 7.2, 150 mM NaCl, 10 mM DTT; and
either pre-reduced with 25 mM DTT (30 min, 600 rpm, RT) or only in-assay reduced.

To evaluate a range of promising aggregation conditions, in an initial assay the κ-AL-10 sample (test
batch) was aggregated with ten different buffer composition over a range of pH 2.8 – 9.0 (Fig. 4.4.1-4)
in the presence and absence of DTT. The sample formed ThT positive species only in the presence of
DTT, but it did so under all buffer conditions with rather different aggregation kinetics (Fig. 4.4.1-4A,
and B). The recorded aggregation kinetics were highly reproducible between independent experiments
(data not shown). Different salt concentrations and buffers (TRIS/ HCl or sodium phosphate) only
slightly modulated aggregation kinetics at neutral pH. Further, ThT-positive species correlated to protofibrillary aggregates at pH 7.4 and amyloid-like fibrils at low acidic pH in AFM imaging (Fig. 4.4.1-4C).
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In summary, pH and salt concentration modulated aggregation kinetics, but the reduction of intermolecular disulfide bonds appeared to be the most crucial parameter for LC aggregation.

Fig. 4.4.1-4 pH-dependence of κ-AL-10 LC aggregation kinetics and aggregate morphology.
Aggregation kinetics at different buffer conditions performed in triplicates with selected error bars. A. In absence
of DTT (& w/o pre-incubation) B. In presence of DTT (& with pre-incubation) C. AFM imaging of aggregates
formed by the κ-AL-10 at neutral and acidic pH. First panel of pH 2.8 was used for title picture [Note plate was
stored after aggregation assay for about a week at room temperature before AFM samples were prepared]

4.4.1.2

Temperature, agitation and salt concentration

Next I evaluated the influence of temperature, agitation, and salt concentration on LC aggregation (Fig.
4.4.1-5). Aggregation assays for samples κ-AL-1, λ-AL-1 and λ-MM-3 were performed under neutral
conditions (1x NaP, pH 7.2, 150 mM NaCl) and additionally for the λ-AL-1 sample at acidic pH (1x GE
pH 2.8, 150 mM NaCl) for 84 h. Comparisons of aggregation at RT and 37°C (Fig. 4.4.1-5A) revealed
that the formation of ThT-positive species was strongly delayed at RT, indicating that LC aggregation
depends heavily on temperature. While varying the shaking interval from 15 min to 30 min had no major
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influence on LC aggregation (Fig. 4.4.1-5B). Altering the salt concentration slightly modulated LC
aggregation under neutral conditions, while it strongly influenced aggregation kinetics of the λ-AL-1
sample under acidic conditions. (Fig. 4.4.1-5C).

Fig. 4.4.1-5 Influence of temperature, shaking interval and salt on LC aggregation.
A. Temperature-dependent aggregation at RT respectively 37°C. B. Shaking interval-dependent aggregation
(15 min, 30 min). C. Salt-dependent aggregation (0, 50, 150, and 300 mM NaCl).
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4.4.1.3

Albumin forms negligible amounts of ThT positive species

Fig. 4.4.1-6 Influence of small amounts of Albumin on light chain aggregation.
Middle row: Samples κ-AL-11 and λ-MM-11 were aggregated alone (control, red) and spiked with HSA (2 to 10
mol-%). The corresponding concentration of HSA were aggregated separately. Upper row: Traces of control
samples were subtracted from HSA-spiked sample traces (HSA residual). Lower panel: Traces of corresponding
HSA concentrations were subtracted from HSA-spiked sample traces (unspiked residual).

Since human serum albumin (HSA) forms ThT-positive species under aggregation conditions341 (Fig.
4.4.1-3), and purified samples contained minor amounts of up to 2 +2/-1 mol-% HSA (Tab. 4.2.7-1), I
evaluated the influence of small amounts of albumin within aggregation assays through spiking
experiments with HSA (Fig. 4.4.1-6): The samples κ-AL-11 and λ-MM-11 were aggregated at neutral
pH (38 µM LC, 1x NaP pH 7.2, 150 mM NaCl, 10 mM DTT) without HSA (red) and spiked with
2-10 mol-% albumin (grey). Additionally, corresponding curves of 2-10 mol-% HSA without LC were
acquired. The middle row shows the acquired aggregation kinetics, while the upper row shows the
sample signal after subtraction of the LC signal without HSA, and the lower row shows the sample
signal after subtraction of the HSA traces. HSA and unspiked LC residuals suggest that in the relevant
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concentration range (up to 5 mol-%), albumin adds to the aggregation signal only in a linear manner,
and its signal can be subtracted from the sample trace.

4.4.1.4

Summary

Light chains isolated from patients’ urine formed aggregates with amyloid characteristics under
reducing conditions, and a reduction of inter-molecular disulfide bonds occurred quickly at neutral pH
at room temperature. Aggregates formed under acidic (appendix 8.5.3.1a) and neutral conditions
exhibited several amyloidogenic properties: Acidic aggregates were ThT-positive, seeding-competent,
but non-susceptible to EGCG, while neutral aggregates were ThT-positive, seeding-incompetent (data
not shown) and susceptible to EGCG. Under neutral conditions EGCG was able to reduce the ThT
fluorescence amplitude of LC aggregation and to render aggregates less susceptible to semi-denaturing
SDS-PAGE for selected light chain samples.
This meant that neutral conditions were suitable for further evaluations of the effect of EGCG on LC
aggregation in vitro. Small amounts of albumin add to the ThT fluorescence of light chains in a linear
fashion, and it is easy to use HSA background traces to perform corrections where necessary. From
optimization experiments (see also appendix 8.5.3.1b), two aggregation protocols were derived for
further use: A continuous protocol with sequential shaking every 15 min in a 96-well format (50 mM
sodium phosphate pH 7.2, 100 mM NaCl at 37°C, 10 mM DTT, 10 mM ThT) and a discontinuous
protocol with permanent shaking at 200 rpm in an incubator in high quality 200-µl PCR tubes (25 mM
sodium phosphate pH 7.2, 120 mM NaCl at 37°C, 8 mM DTT, 8mM ThT).

4.4.2.

Analysis of LC aggregation behavior

Fig. 4.4.2-1 Native PAGE of LC aggregated for one day.
LC proteins formed large aggregates (> 720 kDa) and high molecular weight (HMW) aggregates that were unable
to migrate into native gels. AL light chains produced mainly large aggregates, MM samples produced mainly
HMW aggregates. (discontinuous) (modified from Andrich, et. al., 2017317)
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Fig. 4.4.2-2 LC forms rapidly high molecular weight aggregates.
ThT fluorescence normalized to maximal ThT signal shows an increase followed by a signal drop when large
aggregates begin to form. Semi-native SDS-PAGE (no DTT, no heat) of LC aggregates incubated for 21 days.
(discontinuous)

As I showed earlier for the λ-AL-1 sample (Fig. 4.4.1-1A), all nine LC proteins formed large aggregates
(> 720 kDa) within one day, when analyzed by blue native PAGE (Fig. 4.4.2-1). Here, I monitored LC
aggregation for longer periods of time under the same conditions (permanent shaking, 25 mM sodium
phosphate pH 7.2, 120 mM NaCl at 37°C, 8 mM DTT), to determine whether aggregates would become
resistant to denaturing SDS-PAGE, as has been observed for other amyloidogenic proteins230. Samples
were frozen after 0, 0.2, 1, 2, 5, 7, 14, and 21 days and stored at -80°C for further analysis. Even though
large aggregates were detectable in blue native PAGE after one day, they were still disaggregated to
monomers under semi-denaturing conditions (2% LDS, RT, Fig. 4.4.2-2). It was only after 5-7 days that
they formed aggregates resistant to SDS. All nine light chains exhibited similar aggregation kinetics in
ThT fluorescence as in resistance to SDS-PAGE under semi-denaturing conditions. But while most MM
light chains rapidly formed HMW aggregates that were unable to migrate into the gel, most LCs from
AL patients entered the gel in configurations ranging from dimers to HMW oligomers, which may reflect
differences in the mechanisms underlying aggregation. All samples exhibited a drastic drop in ThT
fluorescence after 5 to 21 days. Semi-denaturing SDS-PAGE and aggregation kinetics observed via
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turbidity (Fig. 4.4.2-3) suggest that this is a result of the formation of very large aggregates rather than
protein degradation.

Fig. 4.4.2-3 Aggregation kinetics of light chain proteins (ThT and turbidity).
Aggregation kinetics measured by ThT fluorescence and turbidity (560 nm) of selected LC samples.

When analyzed in denaturing SDS-PAGE (2% LDS, 187 mM DTT, 95°C) after 21 d of incubation, I
observed what seemed to be a dissociation of LC aggregates into discrete ladders of monomeric, dimeric,
and higher multimeric species (Fig. 4.4.2-4, upper panel). To examine whether these truly originated
from HMW aggregates, I carried out an ultracentrifugation experiment on the 21 d time-point
aggregates. Samples were ultracentrifuged for 30 min at 200,000 x g and the supernatant was recovered.
Afterwards the pellets were washed with buffer, centrifuged again, denatured by boiling in 2% LDS,
and analyzed by denaturing SDS-PAGE (Fig. 4.4.2-4). In all LC samples, this process pelleted the entire
protein without leaving any visible oligomers in the supernatant fraction. This suggests that the
oligomeric species that can be observed in denaturing SDS-PAGE likely represent partially denatured
HMW aggregates (Fig. 4.4.2-4).
Ig light chains formed ThT-positive aggregates that were turbidimetrically detectable also during
continuous aggregation at neutral pH under reducing conditions (Fig. 4.4.2-5A, appendix 8.5.2 Fig.
8.5.2-2). Two types of aggregation kinetics could be observed here. Most LCs exhibited biphasic ThT
aggregation kinetics with a very rapid initial increase in signal (e.g. κ AL-1 and λ-MM-1). The absence
of this rapid first phase in the corresponding light scattering kinetics suggests this rapid increase in ThT
fluorescence reflects the formation of small oligomeric species (Fig. 4.4.2-5A, appendix 8.5.2 Fig.
8.5.2-2). Since the second aggregation phase was observable in ThT fluorescence as well as in light
scattering, it most likely correlated to the development of large aggregates. However, not all light chains
displayed this biphasic behavior detectable only by ThT fluorescence. While the λ-MM-3 sample
showed biphasic behavior but with a slower first phase blending into the second phase, the λ-AL-1 and
κ-MM-1 sample lacked the first aggregation phase entirely.
Aggregation data for all of the light chains could be fitted by two sigmoid growth terms (Fig. 4.4.2-5B,
Equ. 3.2.5-1). To determine time constants for both aggregation phases, I performed concentrationdependent aggregation assays between 5 and 100 µM initial LC concentration with all nine light chain
samples (Fig. 4.4.2-5B, appendix 8.5.2 Fig. 8.5.2-1). While the first aggregation phase was mostly
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independent on the LC concentration, the second phase for most LC was dependent on it (Fig. 4.4.2-5C).
Therefore, a structural transition in LC monomers rather than an assembly step of monomers or
oligomers was rate-limiting in the first phase of the aggregation kinetics. This was mostly likely initiated
by the reduction of disulfide-bonds, since the first phase of aggregation accelerated with increasing DTT
concentration (appendix 8.5.2 Fig. 8.5.2-3).

Fig. 4.4.2-4 Ultracentrifugation experiment of 21 day aggregates
Aggregates from all LC samples dissociated into distinct ladder-like monomeric, dimeric and multimeric species,
and residual HMW aggregates (upper panel). These species are not soluble protein (middle panel), but insoluble
aggregates sensitive to denaturing conditions (lower panel). (modified from Andrich, et. al., 2017317)

To analyze the underlying aggregation mechanism, the time constants (t50) of the first and second
aggregation step were plotted logarithmically as a function of the initial LC concentrations (Fig.
4.4.2-5C, and D)207. In the concentration range probed in this experiment, the first aggregation phase
appeared not to be concentration dependent, while most light chain proteins showed similar
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concentration-dependencies with slopes m between -0.15 and -0.25 for the second aggregation phase.
While the concentration dependence of most AL LC curved from a flat slope at low concentrations to a
slope of ~-0.5 at higher protein concentrations, remarkably, MM LCs (λ-MM-3, κ-MM-2) presented
with a very flat concentration-dependence (m < 0.2).
In summary, both AL and MM light chain proteins formed ThT-positive aggregates with complex and
unique apparent aggregation kinetics. At low concentrations, similar concentration-dependencies for the
second phase of aggregation kinetics for all light chains suggest similar aggregation mechanisms
dominated by a structural conversion of the protein. Kinetic data acquired at high protein concentrations
suggest that LCs aggregate via different mechanisms in AL and MM patients, which may reflect
differences between the formation of these amyloids in vivo.

Fig. 4.4.2-5 Aggregation kinetics of light chain proteins.
A. Aggregation kinetics measured by ThT fluorescence and turbidity (560 nm) of selected LC samples. B. ThT
aggregation kinetics at different LC protein concentrations. Samples show biphasic aggregation kinetics that were
fitted with two Boltzmann growth terms (red). C. Concentration dependence of first (t1, dotted line) and second
(t2, solid line) Boltzmann time constant for all LC samples plotted on a logarithmic scale. (modified from Andrich,
et. al., 2017317)
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4.4.3.

The effect of epigallocatechin-3-gallate on light chain aggregation

After establishing the aggregation characteristics of the nine isolated light chain proteins, I analyzed the
influence of EGCG on aggregate formation. The light chains were aggregated under the above described
conditions in the presence of equimolar (1x) or five-fold excess (5x) of EGCG (Fig. 4.4.3-1A, B). While
EGCG did not affect the first step in ThT aggregation kinetics, it entirely prevented the second
aggregation step in all cases (Fig. 4.4.3-1A, B, Fig. 4.4.3-2A, appendix 8.5.3.2 Fig. 8.5.3-8 and Fig.
8.5.3-7). To assess the effect of EGCG on aggregate formation and morphology, aggregates retrieved
from the end points (10 d) of this assay were imaged via AFM (Fig. 4.4.3-1C). LC aggregates formed
both in the presence and absence of EGCG, with morphologies of light chains that varied between the
treated and untreated sample. Fibrils were observed neither in the presence nor absence of EGCG.

Fig. 4.4.3-1 LC aggregation in presence and absence of EGCG.
A. ThT kinetics (continuous) in absence (0x) of EGCG, with equimolar (1x) and five times molar excess of EGCG
(5x) in relation to LC concentration. EGCG prevented formation of ThT positive species in the second aggregation
phase. B. Magnification of the first 2.5 days of aggregation. C. AFM images of samples from endpoint of
aggregation with and without EGCG. (modified from Andrich, et. al., 2017317)

Even though EGCG prevented the second aggregation phase in ThT kinetics (Fig. 4.4.3-1A, Fig.
4.4.3-2A, appendix 8.5.3.2 Fig. 8.5.3-7), which corresponds to the formation of turbidimetrically
detectable (Fig. 4.4.3-2B) HMW aggregates (chapter 4.4.2), it did not prevent aggregate formation in
general. This led to the question of whether the properties of the aggregates had been altered, instead.
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In chapter 4.5.2 I demonstrated that in the absence of EGCG, LC proteins formed HWM aggregates that
were unable to migrate into blue native gels and SDS gels under semi-denaturing conditions, but were
not resistant to denaturation by LSD and heat (Fig. 4.4.2-2, upper panel). As indicated in the pilot
discontinuous aggregation assay (appendix 8.5.3.2 Fig. 8.5.3-5B, Fig. 8.5.3-4), EGCG had barely any
effect on the size of LC aggregates when analyzed by native PAGE (data not shown) and semidenaturing PAGE (appendix 8.5.3.2 Fig. 8.5.3-6) in a time-dependent manner. It induced however the
formation of SDS-stable aggregates which could not be dissolved by denaturing SDS-PAGE (DTT,
95°C, Fig. 4.4.3-3). In the presence of EGCG, LC formed high molecular weight aggregates after 21 d
rather than the discrete ladder-like monomeric and multimeric species observed in the absence of EGCG.
While the size of SDS-stable LC aggregates increased with prolonged incubation, they remained
susceptible to denaturation in the absence of EGCG.

Fig. 4.4.3-2 Aggregation kinetics of light chain proteins (ThT and turbidity, +/- EGCG).
A. Aggregation kinetics measured by ThT fluorescence of LC samples. B. Aggregation kinetics measured by
turbidity (560 nm) of selected LC samples. (discontinuous)

Since the data from denaturing SDS-PAGE suggested that EGCG induced the formation of insoluble
SDS-resistant aggregates, I tested this hypothesis by ultracentrifugation as described earlier (Fig.
4.4.2-4). Therefore, LC aggregates from the 21-day time point were pelleted by ultracentrifugation, and
analyzed by denaturing SDS-PAGE (Fig. 4.4.3-4A). As expected, the aggregates formed in presence of
EGCG were insoluble and pelleted nearly completely.
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Fig. 4.4.3-3 Denaturing SDS-PAGE of LC aggregated for 21 days in presence and absence of EGCG.
Denaturing SDS-PAGE (DTT, heating to 95°C) of 21-day aggregation time points in presence and absence of
equimolar EGCG. Aggregates of all LC samples were resistant to denaturation only when formed in presence of
EGCG. (modified from Andrich, et. al., 2017317)

Finally, following the procedure I had carried out for 10-day aggregates, I assessed the effects of EGCG
on aggregate formation and aggregate morphology for the 21-day aggregation endpoints using AFM
imaging (Fig. 4.4.3-4B). As before, LC aggregates formed in both the presence and absence of EGCG.
Light chains exhibited varying morphologies in the treated and untreated sample, and pronounced fibrils
were observed neither in the presence nor absence of EGCG.
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Fig. 4.4.3-4 Analysis of endpoints of 21-day aggregation assay.
Analysis of 21 d aggregation time point under neutral conditions in absence or presence of 2x equimolar EGCG.
A. Ultracentrifugation experiment: LC proteins became insoluble both in presence and absence of EGCG. Gels
show equivalent amounts of total protein before ultracentrifugation (upper panel), protein in the soluble fractions
(middle panel), and protein in the insoluble fractions (lower panel). B. AFM imaging. (modified from Andrich, et.
al., 2017317)
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To conclude, independently of the LC isotype and sequence and the originating disease, EGCG had
similar effects on all nine LC proteins that were examined. It did not generally prevent light chain
aggregation. Instead EGCG altered the ThT aggregation kinetics of Ig light chains isolated from patient
material and induced SDS-resistance in LC aggregates. The kinetics of the formation of HMW
aggregates in the absence of ECGC was mirrored by the kinetics of the formation of SDS-stable
aggregates in presence of EGCG: If an LC protein formed HMW aggregates more rapidly, it also formed
SDS-stable aggregates in the presence of EGCG more rapidly and vice versa.

4.4.4.

Summary

In summary, I found that full length light chains isolated from AL as well as MM patients formed
amyloid aggregates in vitro, but only if the inter-molecular disulfide bonds between cross-linked dimers
were reduced under aggregation conditions. Each LC exhibited unique aggregation kinetics that could
be fit in a general model, but kinetics correlated at best weakly with thermodynamic stability or AL /
MM pathology. All light chains formed typical amyloid fibrils when incubated at pH 2.8 (appendix
8.5.3.1a Fig. 8.5.3-2), displayed SDS-resistance (Fig. 4.4.2-1, Fig. 4.4.2-2) and bound ThT (Fig. 4.4.2-5,
appendix 8.5.2 Fig. 8.5.2-1) at pH 7.2. Therefore, under reducing conditions LC isolated from patients’
urine formed aggregates with amyloid characteristics. As expected from reviewing previous research on
its effect on amyloid formation (chapter 2.6), EGCG had a general effect on the second phase of LC
aggregation independently from thermodynamic stability or AL / MM pathology.

4.5
4.5.1.

Analysis of the influence of glycosylation on LC aggregation
Establishment of native deglycosylation

Fig. 4.5.1-1 Establishment of a N-deglycosylation protocol for κ-AL-1 under native conditions.
Denaturing SDS-PAGE analysis of N-deglycosylated κ-AL-1 protein and Fetuin: The proteins were
deglycosylated under native and as control under denaturing conditions (A) in the reaction buffer from the
EDEGLY kit or (B) in 50 mM NaP buffer, pH 7.2. Samples and controls (C) were incubated for the indicated time
periods at 37°C. Under native conditions N-glycan was released form κ-AL-1 within 24 h, while the digest of
Fetuin was still incomplete even after 72 h.

Since my initial data demonstrated that the κ-AL-1 light chain was N-glycosylated, (chapter 4.2.6), I
wanted to know whether glycosylation influenced the protein's stability and aggregation behavior. To
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be able to compare the original κ-AL-1 light chain to its deglycosylated version, I needed to test whether
the N-deglycosylation was possible under native conditions. To establish a native deglycosylation
protocol for the 50 mM NaP buffer in which the LC samples were stored, I performed the digest of the
κ-AL-1 sample under native conditions (A) in the reaction buffer supplied with the deglycosylation kit,
and (B) in 50 mM NaP buffer at pH 7.2 for 24, 48, and 72 h (Fig. 4.5.1-1). As controls fetuin was
deglycosylated under the same conditions, and κ-AL-1 and fetuin were deglycosylated under denaturing
conditions. I found that treatment with 2.5 U PNGase F deglycosylated 2.1 nmol of κ-AL-1 in less than
24 h, while PNGase F failed to completely N-deglycosylated the fetuin within 72 h. Therefore, I chose
these conditions to deglycosylate κ-AL-1 for experiments to test its secondary structure (chapter 4.5.2),
stability (chapter 4.3), aggregation behavior (chapter 4.4.2).

4.5.2.

Secondary structure of natively deglycosylated κ-AL-1

To evaluate whether the glycosylation of the κ-AL-1 sample influenced the light chain’s aggregation
behavior, I performed a pilot experiment with deglycosylated protein, where the κ-AL-1 sample was
incubated under native conditions for 3 h at 37°C (chapter 3.2.3.9e) in either presence and absence of
PNGase F (protein-PNGase F ratio 2 nmol to 1 U). Under these conditions, as shown by reducing and
non-reducing SDS-PAGE, the deglycosylation was nearly complete (Fig. 4.5.2-1A). Afterwards the
sample was diafiltrated three times with a MWCO of 5 kDa. The CD spectra of both samples revealed
no major impact of the deglycosylation of the κ-AL-1 sample on its secondary structures (Fig. 4.5.2-1B).
Finally, a protein-PNGase F ratio 2 nmol to 2 U was used (chapter 3.2.3.9e) to ensure complete
deglycosylation within 3 h, which denaturing was confirmed by SDS-PAGE (data not shown). As above
CD spectra of both samples showed no major impact of the glycosylation on the LCs structures (data
not shown).

Fig. 4.5.2-1 Native PNGase F digest of the κ-AL-1, CD spectra and pilot ThT assay.
A. Denaturing and semi-denaturing SDS-PAGE of the deglycosylated and non-deglycosylated k-AL-1 sample:
The deglycosylated sample shows a shift in electrophoretic mobility. B. Comparison of CD spectra from the
deglycosylated and a control sample.
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4.5.3.

Light chain stability

Next, I chemically denatured the deglycosylated κ-AL-1 sample (Fig. 4.5.2-1A) with GdnHCl. For
observation I chose Trp fluorescence over CD spectroscopy, despite the earlier described undefined pretransition baseline for the κ-AL-1, because it is more sensitive by a factor of about 20. The
deglycosylated κ-AL-1 sample was measured as described earlier (chapters 3.2.4, 4.3.2). The absolute
Trp fluorescence spectra at different GdnHCl concentrations are shown in Fig. 4.5.3-1A, and C, while
panel B and D show baseline corrected and normalized spectra. For clarity only selected GdnHCl
concentrations are shown in Fig. 4.5.3-1.

Fig. 4.5.3-1 Trp fluorescence spectra of GdnHCl denatured deglycosylated and glycosylated κ-AL-1 sample.
A, C. Absolute Trp fluorescence intensity spectra of κ-AL-1 control and deglycosylated sample. B, D. Trp
fluorescence spectra baseline corrected and normalized to the maximal intensity of each spectrum.

At low Guanidine concentrations the Trp peak was obscured by a local maximum at about 309 nm,
which could correspond to light scattering or to Tyrosine fluorescence342-348 (Fig. 4.5.3-2A). In order to
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compare the deglycosylated (green) and glycosylated κ-AL-1 sample (dark red), different parameters
were plotted as a function of the GdnHCl concentration: (1) the Trp fluorescence intensity at 349 nm
(peak maximum, denatured) (Fig. 4.5.3-2B); (2) the wavelength of the Trp fluorescence peak maximum
(Fig. 4.5.3-2C), and (3) the ratio between the Trp fluorescence intensities at 338 nm and 349 nm (Fig.
4.5.3-2D). Both samples exhibited comparable behavior in all analyses (Fig. 4.5.3-2D). Since there is
no suitable pre-transition baseline, a reliable unfolding energy could not be determined from these data,
but the apparent ΔG values are comparable (Tab. 4.5.3-1, both 5 ± 1 kJ/mol).

Fig. 4.5.3-2 Analysis of GdnHCl denaturations of deglycosylated and glycosylated κ-AL-1 sample.
A. Maximal Trp fluorescence shift from 338 nm to 349 nm. B.-D. plots as a function of the GdnHCl concentration.
B. averaged Trp fluorescence intensity C. averaged wavelength with the maximal Trp fluorescence intensity D.
averaged ratio of the Trp fluorescence intensities at minimum and maximum peak position
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Tab. 4.5.3-1 Summary GdnHCl denaturations of glycosylated and deglycosylated κ-AL-1 sample.
y refolding in CD, p partial refolding in CD, x evaluated parameter, Cm = point 50% unfolding, n.d. not defined,
n.a. not applicable, *1 No pre-transition baseline could be observed, *2 ΔGapp 5 ± 1, *3 ΔGapp 5 ± 1.
refolding [%] CD Trp
peak [nm]
Cm [M]
ΔG0 [kJ/mol]
sample
CD
Trp
ratio min
max
unfolding
unfolding
κ-AL-1

p

dg-κ-AL-1 n.d.

4.5.4.

x
90%
n.d.

x
x

n.a.
338*1 350
338*1 349

1,0
1,1
0,7

±0,0
±0,0
±0,0

10
5
5

±1
±1
±1

ThT aggregation assays

To further study the influence of glycosylation on aggregation, I designed another series of experiments
with a continuous and a discontinuous aggregation assay, for which our intern Svenja Bolz from the
University Potsdam performed the practical work under my supervision. I performed the data analysis,
having already returned to Germany.
Afterwards, we compared the samples with the established continuous and discontinuous aggregation
assays (3.2.5.3). Until about 3 days of continuous ThT kinetics of control and deglycosylated sample
follow a similar pattern; afterwards, the signal of the deglycosylated sample increases in a straight line,
which was most likely due to evaporation (Fig. 4.5.4-1A). In an additional discontinuous ThT
aggregation assay, both samples again exhibit similar behavior (Fig. 4.5.4-1B). Discontinuous kinetics
were accelerated compared to continuous kinetics.

Fig. 4.5.4-1 ThT aggregation assays of deglycosylated and glycosylated κ-AL-1.
A. Continuous aggregation assay of deglycosylated (green) and glycosylated (dark red) κ-AL-1 sample. B.
Discontinuous aggregation assay.

Finally, we analyzed the time points from the discontinuous aggregation assay by semi-denaturing SDSPAGE (Fig. 4.5.4-2). In both samples aggregates were formed, and the formation of dimers, higher
multimeric species and finally aggregates resistant to semi-denaturing conditions followed the same
time course. The formation of aggregates resistant to semi-denaturing conditions correlated with the
decrease in ThT fluorescence, which characterizes the end of the second aggregation phase.
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Fig. 4.5.4-2 Aggregation assay of deglycosylated and glycosylated κ-AL-1 sample.
Semi-denaturing SDS-PAGE of deglycosylated and glycosylated κ-AL-1 sample with corresponding bar plot of
the ThT fluorescence in the sample. The formation of aggregates resistant to semi-denaturing conditions correlates
with decreasing ThT fluorescence in a third aggregation phase.

4.5.5.

Summary

In summary, the glycosylation of the κ-AL-1 sample had neither a measurable impact on either protein
structure or stability (chemical denaturation), nor did it influence aggregation kinetics. This is in
agreement with the crucial observation presented in this study: that LC protein aggregation of all nine
proteins followed a common mechanism, including the glycosylated κ-AL-1 sample.

4.6

MS-based LC sequencing

Knowledge of the sequence of each patient-derived light chain would allow us to better understand the
differences in stability (Chapters 4.2 and 4.3) and in aggregation behavior (chapter 4.4). Towards this
goal, I have established a procedure for sequencing of LC by mass spectrometry. The MS-based
sequencing of LC proteins consisted of four main steps, which I will describe in the following chapters
in more detail.
(1) Development of a search database for peptide mapping
(2) nanoLC-ESI-MS/MS measurements in an Orbitrap mass spectrometer
(3) MS/MS data analysis with the PEAKS Studio software (de novo sequencing-assisted peptide
mapping, and PTM & mutations detection)
(4) LC sequencing by base peak interrogation of PEAKS search results71.
MS/ MS measurements (2) and data analysis via the PEAKS Studio software (3) were provided to me
as a service by the proteomics cores of the Max-Delbruck Center for Molecular Medicine and the Mayo
Clinic in Rochester. I did not perform any method development of these procedures. Therefore, I will
not discuss these here, but only the development of the search database (1) and the optimization of the
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base peak interrogation method (4) Further procedures for MS sequencing are discussed in appendix
8.6.1.

4.6.1.

Development of a search database for peptide mapping

In order to map peptides from immunoglobulin light chain proteins, I needed to find or define a suitable
search database first, a text file containing protein sequences in the FASTA format349. It was designed
in three steps:
1. Determination of sources for LC protein sequences
2. Creation of a database from separate V, J, and C domain sequences
3. Database evaluation via peptide mapping software
The standard database for peptide mapping, the Uniprot protein database300, 301 is in itself not ideal as a
search database for Ig light chain proteins because it contains too few LC sequences. The so called ALBASE contains only authentic LC sequences from patients suffering from monoclonal gammopathies350,
but more than half of the entries do not contain any reference, and for a large proportion of the entries
the reference that is provided did not contain any information about the given sequences. Insufficient
references render the AL-BASE from my point of view scientifically unfit as a protein sequence
reference. The Immunogenetics information system (IMGT) provides amongst other information and
tools germline consensus sequences for all human variable (V), joining (J), and constant (C) domains
(Tab. 4.6.1-1, compare to chapter 2.2)98, 101. The domain sequences can be retrieved in FASTA format
and contain all germline genes. Therefore, I built my sequencing database based on IMGT.
The speed of peptide mapping depends on the length and amount of redundancies of the search database.
The germline LC genes are in several cases duplicated, resulting in redundant germline protein
sequences. Therefore, identical protein sequence were removed from the retrieved sequences to achieve
a reduced pool of unique germline protein sequences (Tab. 4.6.1-1).
Tab. 4.6.1-1 Human genes for V, J, and C domains of Ig light chains
The number in brackets is the number of unique sequences due to gene duplications. *truncated V and C domains
V’: aa #D75 to last aa / C’: first aa to aa #A15 (chapter 3.2.6.1)
κ
λ
κ&λ
germline genes

J

C

V-J-C

V

J

108

9

5

4,860

91

10

15 13,650 18,510

216 aa

4.0e6

8

5

3,560

84

8

12

8,064

11,624

216 aa

2.5e6

8

1

440

63

8

5

2,520

2,960

70 aa

0.2e6

unique germline protein
89
sequences
unique partial protein
55
sequences*

C

V-J-C

V-J-C

~ length total aa

V

Next, transition peptides for the V-J-C domain connections had to be created: If one would only enter
the V, J, and C sequence separately into the search database, neither transition peptides between V and
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J, and J and C domain nor the entire J domain could be found by peptide mapping (Fig. 4.6.1-1A). Partial
theoretical peptides from one domain would be mapped to measured peptides that are part of two
domains, and would therefore contain a considerable amount of mismatches and reduce the mapping
score, leading to a rejection of the result. Therefore, the sequences needed to be linked in the search
database, but a combinatorial linkage of all unique V, J, and C protein sequences lead to an unnecessarily
high number of sequences and sequence redundancy (Tab. 4.6.1-1), which resulted in very prolonged
peptide mapping time of several days (data not shown).

Fig. 4.6.1-1 Theoretical V-J-C germline sequence cut by the enzyme trypsin.
A. Hidden peptides (red boxes) in case of database consisting of unlinked V, J, and C domains. B. Shortened V-J-C
linkage catches these hidden peptides. V domain (black), J domain (green) and C domain (grey) construct was
theoretically digested with trypsin using the ExPASy PeptideCutter tool. Trypsin cuts C-terminal from the red
marked positions288. The red boxes indicate the peptides, which would be missed by peptide mapping with the V,
J, and C domain sequences separated.

Therefore, I decided to link truncated variable and constant domains (V’, C’) to the J domain and to add
complete V and C domains separately to the new database. After V’ and C’ domains that were redundant
due to the high sequence identity within V and C domains, were removed (Fig. 4.6.1-1), the end segment
of the unique germline V domains (V’: aa #D75 to last aa) and the first amino acids of the C domains
(C’: first aa to aa #A15) were linked to J domains (Fig. 4.6.1-1B). Most truncated V’-J-C’ peptides had
cutting positions for trypsin, chymotrypsin, and GluC in front and after the J domain, or at least for two
of these enzymes. This reduced the search database by factor ten and reduced mapping times to several
hours.
Conventional peptide mapping is unable to detect mutated peptides which are very likely to occur in LC
sequences due to somatic hypermutations. The peptide mapping software MaxQuant (MPI for
Biochemistry, Germany) was used to evaluate the IMGT-derived database for the peptide mapping of
Ig light chain LC-MS/MS data. The five LC samples from the first purification batch were measured at
the MDCs proteomics core from direct tryptic digests in solution with nanoLC-ESI-MS/MS. LCMS/MS data were analyzed via automated peptide mapping with MaxQuant versus the short IMGTderived database and the Uniprot database (chapter 3.2.6.1). Conventional peptide mapping identified
κ- and λ-LC peptides (data not shown): As expected, due to low abundant non-monoclonal LC
background in all samples, several distinct overlapping peptides, but also distinct mismatching peptide
sequences were identified for several LC regions. MS/MS intensities cannot be considered quantitative,
since the total ion current intensity does not reflect on the abundance of the originating protein.
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Therefore, peptide abundance needs to be assessed in another way, as discussed later. The peptide
distribution in each sample indicated that the sample was of the expected LC-isotype, although peptides
belonging to κ- as well as λ-LC proteins were identified in all samples. The sequence coverage by at
least one detected peptides was between 12-48%, while it was with at least 2 detected peptides as low
as 0-38%.
In summary, I derived an LC protein sequence database for peptide mapping from V, J and C domain
sequences retrieved from the IMGT database, and tested its capability to identify LC peptides in samples
containing light chains. The developed database fulfilled its purpose to efficiently map LC peptides, but
as expected, peptide mapping itself was insufficient to deliver sequence information for LC proteins
isolated from patient material: Instead of only identifying peptides by conventional peptide mapping,
sequencing of somatically hypermutated LC peptides requires de novo sequencing-assisted peptide
mapping. Additionally, sequence information of the isolated monoclonal LC needs to be separated from
peptides sequences of low-abundant non-monoclonal light chains. For this purpose, I applied and
optimized the previously described base peak interrogation method to LC-MS/MS data analyzed with
PEAKS71.

4.6.2.

Advancement of base peak interrogation for LC sequencing

For LC sequencing I used the base peak interrogation method71 developed by H. Robert Bergen 3rd at
the proteomics core at the Mayo Clinic in Rochester, Minnesota. I optimized the base peak interrogation
(steps 1-3) and added several steps to refine (4-6) and to extend (7-8) the data evaluation. The applied
LC sequencing work flow consists of eight steps summarized in Tab. 4.6.2-1 and Tab. 4.6.2-2. While I
will talk about steps 6-8 in more detail here, the development of steps 1-5 will be only shortly
summarized in this section and more details can be found in the appendix (section 8.6.1).
The data analysis workflow in short: All extracted data were recorded in a peak table. (1) Relevant peaks
were identified in the base peak chromatogram (BPC) in the XCalibur QualBrowser (Thermo Fisher
Scientific, USA), and their prominent monoisotopic mass(es) together with the peptide ions charge were
determined71. (2) Peptides with matching data (retention time/ mass/ charge) were identified in the 2DLC-MS/MS chromatogram in the PEAKS Viewer and the scan numbers for mapped and / or de novo
sequenced peptides were noted. (3) The scan numbers were looked up in the peptide or de novo tags tab
of the PEAKS Viewer SPIDER result, which summarizes results from all four above discussed
algorithms. The result for the corresponding peptide with the best quality was identified and the peptide
data were collected. (4) A score was calculated from the peptide data, and (5) peptides were then aligned
to the IMGT numbering system by using the IMGT DomainGapAlign tool110. (6) The retrieved partial
LC sequence was aligned with the same tool to determine the germline donor sequence, and (7) missing
data were researched from the PEAKS Viewer ‘Proteins’ tab by reverse data analysis. (8) Finally, each
amino acid was scored for correctness by its best quality match.
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Tab. 4.6.2-1 Workflow for LC sequence analysis - part 1
1. Analysis of the base peak chromatogram (Thermo QualBrowser) 71
BPC/ BPC peak mass spectrum

Extracted data

• identify peaks with high intensities (e.g. λ-AL-1:
~160 peaks with BPC intensity > 0.3e8)
• determine most prominent monoisotopic mass(es)
in each BPC peaks mass spectrum

• BPC peak intensity
• BPC peak retention time
• BPC peak monoisotopic mass(es) (MM) & charge

2. Peptide identification in LC-MS/MS chromatogram (PEAKS Viewer: Spider > LC/MS) 71
BPC peak data

Extracted data

• search mapped and de novo sequenced peptides
with matching parameters

• scan number(s) for peptides

3. Peptide data collection (PEAKS Viewer: Spider > Peptides/ De novo only) 71
Mapped & de novo only peptides

Extracted data

• determine best quality scan for a peptides scan
series (mapped)
• retrieve best quality scan (by comparing sequence
quality of different hits)

• peptide sequence (incl. aa resolution in y- and bion series)
• number of spectra
• ppm
• -10logP or ALC probability score
• protein name from database (mapped peptides)
• calculated scores for correctness of sequence for
each peptide

4. Peptide scoring (MS EXCEL > peak list)
LC sequence

Extracted data

• Determine peptide with best score for each amino
acid and determine its score accordingly.

• Quality of sequence information

5. IMGT alignment of peptides (IMGT > DomainGapAlign) 110
Peak table
• align peptides to IMGT numbering system

Extracted data
• peptide positions
• overlapping peptides
• sequence information

6. Identification of germline donor LC sequence (IMGT > DomainGapAlign) 110
IMGT GapAlign tool
• align V-J and C domain sequences to germline
IMGT-entries

Extracted data
• germline LC sequences
• mutations
• hint for missing sequence patches
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Tab. 4.6.2-2 Workflow for LC sequence analysis - part 2
7. Reverse data interrogation for missing patches (PEAKS Viewer: Spider > Proteins)
Mapped & de novo only peptides

Extracted data

• Search for peptides from missing patches in protein • Overlapping peptides for missing sequence patches
view of all three digests
• Record peptide data
• Retrace corresponding peak in BPC and determine
peptide intensity for scoring
8. Final sequence scoring (MS EXCEL > peak list)
Mapped & de novo only peptides

Extracted data

• Search for flank sequences from missing patches in
peptide and de novo tags in all three digests
• Record peptide data
• Retrace corresponding peak in BPC and determine
peptide intensity

4.6.2.1

• Overlapping peptides for missing sequence patches

Optimization and refinement of base peak interrogation

In general, the base peak interrogation method (steps 1-3) rests on the assumption that high intensity
base peaks can only be found for the highly abundant monoclonal LC, but not for trace amounts of nonmonoclonal light chains. To test this assumption, in step 1 I systematically chose all base peaks above a
certain intensity threshold that I assumed could still to relate to high abundance for analysis (99 analyzed
BPC peaks in three digests). Besides developing a comprehensive search database for peptide mapping
(chapter 4.6.1), I optimized the method by strategically collecting and conserving all relevant
information from data provided by PEAKS in a peak table. Further, I refined it by establishing a scoring
system for the sequence quality of found peptides and by aligning them to the IGMT numbering system
(appendix 8.6.1). Next, I evaluated the method by applying it to MS data for the λ-AL-1 sample.

4.6.2.2

Method evaluation based on the sequencing of the λ-AL-1 sample

The majority of the 99 analyzed BPC peaks led to peptides that either belonged to the λ-AL-1 sample
(69%) or to the endoproteinase (16%) it was digested with, or to mixes of very short / long peptides
(10%). BPC peaks yielded neither mismatching λ-LC peptides nor κ-LC peptides from non-monoclonal
LC. This sufficiently supports the premise of the BPC peak interrogation method that high intensity base
peaks can only be found for the highly abundant monoclonal LC, but not for trace amounts of nonmonoclonal light chains. Further prove of concept provides the fact that only five foreign peptides (BPC
peak intensities 0.4e8 to 0.8e8) were selected by BPC peak interrogation, each of a different protein:
These were in particular an IgFc-binding protein (Q9Y6R7, 8 aa, score 1, ~570 kDa), the coagulation
factor V light chain (P00748, 9 aa, score 2, ~26 kDa), the coagulation factor XII activation peptide
(P12259, 10 aa, score 2, ~92 kDa), alpha-1-antitrypsin (P01009, 10 aa, score 2, ~44 kDa), and histonelysine N-methyltransferase ASH1L (Q9NR48, 11 aa, score 2, ~332 kDa). Additionally, only three high
intensity peaks (>3e8) were not sequenced by PEAKS; two of them contained a number of singly
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charged 3- to 4-aa peptides that generally cannot be sequenced. This leaves only one possibly relevant
peak, which was for unclear reasons not sequenced by PEAKS.
Finally, 58 peptide sequences were retrieved for alignment by BPC peak interrogation, 32 of which were
identified by the PEAKS’ peptide mapping algorithm, 5 by its de novo sequencing algorithm, 18 by its
PTM algorithm and 3 by the Spider algorithm. The latter two algorithms integrate peptide mapping and
de novo sequencing results. Therefore, only 55% of the relevant peptides would have been detectable
using only conventional peptide mapping, and 45% relied on the assisting de novo sequencing algorithm.
Because only a human database was used in addition to the IMGT-derived database, and chymotrypsin
(bovine) and GluC (Staph. Aureus V 8) were not included in the search. This meant GluC-derived
(16/16) and chymotrypsin-derived (6/7) peptides were nearly exclusively identified by de novo
sequencing, which could be considered evidence that the de novo algorithm itself works very reliable,
too.

Fig. 4.6.2-1 Partial sequence result from BPC peak interrogation of all three digest of the λ-AL-1
Dots with red boxes indicated positions with missing information, dashes indicate unfilled positions of the IMGT
numbering.

In summary, the BPC peak interrogation method together with de novo sequencing-assisted peptide
mapping implemented in the PEAKS software yielded in 88% sequence coverage for the V domain
sequence, 92% for the J domain, and 98% for the C domain (Fig. 4.6.2-1).
Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
138

4 Results

6. Identification of germline donor LC sequence for the λ-AL-1 sample
In order to yield 100% sequence coverage, first the germline donor domains of the λ-AL-1 sample were
determined by aligning its partial sequence with the DomainGapAlign tool. The V domain was identified
as IGLV1-44*01 with 8 mutations, and the C domain was identified as IGLC-3*03. The providing J
domain gene could only be pinpointed to three different genes (IGLJ-2*01, -3*01 or -3*02), because
the LC protein has a point mutation in first position of the J domain, and these three domains differs
only by this amino acid. The two next best IMGT alignment results for the variable domain would
contain 10 and 11 mutations (IGLV1-47*02 or IGLV1-47*02*03) and are therefore less likely its
germline donor. The germline donors of the LC's domains can be guessed, but an orthogonal DNAsequencing approach from clonal plasma cells could be valuable as confirmation, if bone marrow would
have been available.

4.6.2.3

Extension of base peak interrogation method

Unsatisfyingly, when applied in a systematically, the BPC peak interrogation yielded only 88%
sequence coverage for the variable domain (V-J-C: 88-92-98). I tested different methods to retrieve the
missing sequence information from the PEAKS analysis and found a reverse application of the BPC
peak interrogation method to be the most efficient one.

Fig. 4.6.2-2 Example for reverse data analysis of the λ-AL-1 sample.
A. Pink pairs of unresolved amino acids were used to retrieved the sequence information. B. Starting from a
detected amino acid and moving N- or C-terminal from one pair of unresolved amino acids reveals missing amino
acids. Peaks with red numbers were retrieved by reverse data analysis.
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7. Reverse data analysis for missing patches
I performed a reverse data search from the determined germline donor sequence for the following
regions: The amino acids A1-A3, B19-C27, F104-FG105 of the V domain; G125 of the J domain; and
A13/14 of the C domain. To find the missing sequence information, I evaluated data in the ‘Proteins’
tab in PEAKS for light chain proteins for which peptides covering the respective region were found.
From there I performed the base peak interrogation backwards to step 1 to retrieve all the data used to
score the peptides.
8. Final scoring
Finally all peptides form the BPC peak interrogation and the reverse analysis were combined in the
alignment table, and the amino acid at each occupied IMGT position was scored for correctness by its
best quality match (chapter 3.2.6.3h). An example is shown in Fig. 4.6.2-2A, scans with red numbers or
letters indicate BPC peak intensities below the 0.3e8 threshold. These peptides were solely selected by
reverse data analysis. Further, some amino acids were not separately detected, but retrieved by
consecutively overlapping pairs of non-resolved amino acids (Fig. 4.6.2-2B).

4.6.3.
4.6.3.1

The sequence of the λ-AL-1 light chain
Sequence quality, coverage and germline donor.

The sequence information determined for the λ-AL-1 light chain is summarized in Fig. 4.6.3-1 and Fig.
4.6.3-2. The entire peak table and the alignment table for the λ-AL-1 sample can be found in the
appendix 8.6.2.1. Most amino acids achieved at least a medium score of 2, with exception of four
passages that were retrieved by reverse data analysis: 1) ‘QSV’A1-A3, (2) ‘VTISCSGS’B19-BC26, (3)
‘CS’F104-FG105, and (4) ‘K’G125. The first three N-terminal amino acids ‘QSV’A1-A3, and amino acids
‘VTISC’B19-BC23 (FR1) were only retrieved by consecutively overlapping pairs of unresolved amino acids
(compare to Fig. 4.6.2-2B). Amino acids ‘SGS’B23-BC26, ‘CS’F104-FG105, and ‘K’G125 were detected in
peptides with BPC peak intensities between 0.0-0.2e8. The two further missing patches could be filled
by amino acids detected from peptides with a score of 2: ‘S’BC27 in the V domain, and ‘EL’A13/14 in the
C domain, both with BPC peak intensities below 0.0e8. The cysteine’s in positions BC23 and F104 are
highly conserved in Ig light chains, which increases the likelihood to be present. The serine in position
F105 was retrieved only as an N-terminal amino acid from a single de novo sequenced peptide; it was
only resolved in one ion series and is part of an unusual double mutation.
>lAL1
QSVLTQPPSASGAPGQRVTISCSGSSSNIGGNTVNWYQHLPGTAPKLLMYSNDQRLSGVPDRFSGSKSGTSASLAISGLQ
SEDEADYYCSTWDDSLSGPVFGGGTKLTVLGQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPV
KAGVETTTPSKQSNNKYAASSYLSLTPEQWKSHKSYSCQVTHEGSTVEKTVAPTECS
Fig. 4.6.3-1 λ-AL-1 sequence in FASTA format.
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Fig. 4.6.3-2 λ-AL-1 sequence with correctness score by amino acid.
Amino acids are colored by their correctness score (red = 1 worst, yellow = 2, green = 3 best). Mutations are
underlined. Dashes (mostly in loop regions) indicate unfilled positions, where amino acids could be found in other
light chain proteins from humans or other species, for whom the IMGT numbering system also applies. Leu and
Ile cannot be discriminated by their m/z ratio, chymotrypsin can cleave after Leu residues and not after Ile.
Tab. 4.6.3-1 Summary sequence coverage, identified germline donor genes and detected mutations.
sequence coverage [%] Germline donors Detected mutations
total
100
10
IGLV
100
1-44*01
9
IGLJ
100
2*01/ 3*01 / 3*02
1
IGLC
100
3*03
0

My sequence still contains some ambiguity with respect to Leucine (Leu) and isoleucine (Ile). Both
amino acids exhibit the same m/z and cannot be discriminated directly by standard LC-MS/MS
experiments, but only by specialized MS measurements351,

352

, which weren’t performed here.

Chymotrypsin can cleave peptides after Leu residues, but not after Ile residues and only with a reduced
probability. Five Leu residues could be confirmed by chymotrypsin-cleavage, while 12 Leu / Ile residues
(yellow highlighted) remain ambiguous and were therefore assigned the more probable germline derived
residue (Fig. 4.6.3-2).
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In summary, with the exceptions described above, the BPC peak interrogation together with reverse data
analysis yielded full sequence coverage for all domains of the λ-AL-1 light chain and allowed to identify
its germline donor genes (Tab. 4.6.3-1), but with a lower correctness for amino acids .

4.6.3.2

Mutations from germline sequence and influence on amyloidogenicity

In total 10 mutations were detected within the λ-AL-1 light chain, 9 within the V domain and 1 at the
first position of the J domain (Fig. 4.6.3-2 yellow circles). Fig. 4.6.3-2 depicts Collier de Perles
representations99, 100 of the λ-AL-1 light chain. Six mutation lie within CDRs 1 to 3 (S36G, N65D,
A105S, A106T, N112S, V118P) and four of them in FR1-4 (T14A, Q44H, I54M, P68L). For better
clarity, I connected the domains appropriately and removed the unfilled positions from the 2-layer view.
Amyloidogenicity of light chains may be determined by somatic hypermutations. For example,
mutations may result in amyloidogenic regions within the light chain, which can be predicted using the
WALTZ algorithm306. Alternatively, since disruption of the inter-molecular disulfide bond induces
aggregation (chapter 4.4), mutations in the dimer-interface of LC V domains may result in less stable
dimers that promote amyloidogenicity. To test these two hypotheses, I compared the sequences of three
IGLV1-44*01 containing light chains: (1) λ-AL-1, (2) its germline donor and (3) the Bence Jones
Protein Loc, which is derived from a MM patient353 (LocMM). The V domain of the LocMM light chain
was with 12 mutations best fitted by the IMGT DomainGapAlign tool110 as a IGLV1-44*01 sequence.
To estimate the influence of the mutation within the dimer interface, I analyzed three structures of the
Loc protein crystallized in different solutions (ammonium sulfate (3BJL)353, distilled water (4BJL)354,
in sodium / potassium sulfate (1BJM)355).
The WALTZ algorithm predicted amyloidogenicity for three fragments of the germline sequence (Fig.
4.6.3-4A, and C, Tab. 4.6.3-2): V-domain fragments BC38-C43 (light green box) and C’51-C’C‘’57 and
C-domain fragment B21-BC29 (light pink box). Each protein, λ-AL-1 and LocMM lost one
amyloidogenic fragment in the V domain by mutation, for Loc the amyloidogenicity of a second
fragment was slightly reduced by mutation. In the λ-AL-1 V domain 5/10 mutations and in the LocMM
V domain 7/12 mutations lie in the vicinity of the dimer interface (Fig. 4.6.3-4B, and C). These data
cannot resolve between both hypotheses, that mutations introduce amyloidogenicity by creating
amyloidogenic regions or that mutations disrupt the dimer-interface.
In summary this suggest that the relationship between somatic hypermutations and amyloidogenicity is
not trivial, and that single point mutations might not strongly determine amyloidogenicity. This is
consistent with the results from my aggregation assays with different light chain sequences (chapter
4.4). Therefore, other factors then amyloid-promoting mutations might determine amyloid formation in
vivo as well.
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Fig. 4.6.3-3 IMGT Collier de Perles schematic sequence representation of the λ-AL-1 light chain99, 100.
A. One-layer Collier de Perles representation. B. Two-layer Collier de Perles representation. The pictures for the
V-J, and C domain were created separately and combined in this figure for better visualization. Amino acids are
shown in one letter code. Hydrophobic amino acid and tryptophan are filled in blue if they are found at their
position in more than 50% of analyzed Ig sequences. All proline (P) are yellow. Squares indicate the CDR limits
and belong to the neighboring framework region. Hatched fields indicate non-present positions according to the
IMGT numbering system, and were erased in the two-layer representation for clarity. Amino acids with red letters
indicated crucial highly conserved position. Mutations from the germline parent domain are marked with orange
circles, and the germline amino acids are shown in the two-layer view. (modified from Andrich, et. al., 2017317)
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Fig. 4.6.3-4 Mutations of λ-AL-1 sequence in relation to amyloidogenic regions.
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A. The IGLV1-44*01 germline donor domain contains two amyloidogenic domains (green and pink). Through
mutations the λ-AL-1 as well as the LocMM sequence lost one of these regions (pink for λ-AL-1, green for LocMM).
Both constant domains contain the same amyloidogenic region (yellow). B. The mutation of LocMM and λ-AL-1
are modeled on the LocMM crystal structure 1BJM355. Mutations in the vicinity of the dimer interface are marked
in teal or purple by domain. All other mutations are shown in red and Cys residues in yellow. C. Alignment of the
three sequences. Red amino acids lie within or near the dimer interface, mutations from the germline sequence are
red labeled. Additionally, the amyloidogenic regions from A. are labeled. [The 3D structure of 1BJM was
visualized with the PyMolTM (Schrödinger, USA)]
Tab. 4.6.3-2 WALTZ amyloidogenicity prediction with ‘best overall performance’ setting.
position

fragment sequence

V: C’51-C’C‘‘57

V: BC38-C43

C:B21-BC29

4.6.4.
4.6.4.1

λ-AL-1:
1-44*01:
Loc:
λ-AL-1:
1-44*01:
Loc:
λ-AL-1:
1-44*01:
Loc:

KLLMYSN
KLLIYSN
KLLIYE
NTVNWYQ
NTVNWYQ
NSVTWYQ
LVCLISDF
Y
LVCLISDF
Y
LVCLISDF
Y

Average score per residue
λ-AL-1
none

1-44*01
98.0

LocMM

96.7

97.4
97.4

96.3

96.3

none

96.3

On increasing the efficiency of BPC peak interrogation
Could the number of analyzed digests be reduced?

To streamline future LC sequence analysis, I wanted to know whether it was necessary to analyze three
different digests to retrieve a complete LC sequence. I looked at the sequence coverage and quality of
each enzyme on its own and possible combinations of two enzymes each (Tab. 2.6.2-1). As might be
expected, reducing the pool of peptides by one or two digests reduced the score for different regions of
the λ-AL-1 sample (appendix 8.6.2.1 Fig. 8.6.2-1), and also led to lower sequence coverage.
Tab. 4.6.4-1 Comparison available sequence data and possible germline donor genes.
Tryp
Tryp
Tryp
Tryp
sequence
Chym
Chym
Chym
Chym
coverage [%]
GluC
GluC
GluC
IGLV
100
92
87
100
75
87
IGLJ
100
100
100
100
100
100
IGLC
100
96
97
94
72
67
total

100

94

91

97

75

76

GluC
29
0
70
45

In the most promising scenario, where only MS data of the trypsin and chymotrypsin digest would have
been analyzed (appendix 8.6.2.1 Fig. 8.6.2-1), 100% sequence coverage were achieved in the V domain,
and only 97% for the C domain (Fig. 4.6.4-1A). Mutations in this domain are assumed to be rare356, 357
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and the C domains of λ-LC differ only in 14 IMGT positions (blue / red boxes). Therefore, missing
amino acids could be deducted germline C domain sequences: The not identified eight amino acids
(black dots) consist of a single amino acid (B20) and a patch of 7 amino acids (F98-F104). Seven of
these amino acids are identical in all germline sequences, and could in principle be derived from the
germline consensus sequence, while position F100 (Fig. 4.6.4-1, red box) would remain ambiguous as
arginine or lysine, which are biochemically and biophysically considered to be very similar.

Fig. 4.6.4-1 LC constant domain derived only from data of the trypsin and chymotrypsin digest.
A. Names: t trypsin, c chymotrypsin. Amino acids are colored by their correctness score (yellow = 2 medium,
green = 3 best). Missing information is represented by black dots. Dashes (mostly in loop regions) indicate
positions, were amino acids could be found in other LCs from human or other species, for whom the IMGT
numbering system also applies. Amino acids in blue positions were defined by detected peptides, while only the
red position remains ambiguous (R or K). B. The red arrow marks this position.

4.6.4.2

Top 5 BPC peak analysis of samples λ-AL-1, λ-AL-2 and λ-MM-3

Due to the high number of BPC peaks that had to be evaluated for a single sequenced protein, it was
neither feasible nor necessary for this project to sequence all the LC proteins. To prove that the method
was in fact delivering distinct protein sequences for distinct proteins, I determined the sequence from
the top 5 intensity BPC peaks from all three digests for the λ-AL-1, the λ-AL-2 and the λ-MM-3 sample.
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The peak tables and alignment tables can be found in the appendix 0. As expected, 100% sequence
coverage was not achieved (Tab. 4.6.4-2). For both samples the majority of distinct peptides were found
in J and C domains, but distinct germline domains are in general too similar for a final determination
from an incomplete sequence.
Tab. 4.6.4-2 Comparison available sequence data and possible germline donor genes.

sequence
coverage [%]

Detected
mutations:

Germline
donors:

λ-AL-1all

λ-AL-1top 5

λ-AL-2top5

λ-MM-3top5

total
IGLV
IGLJ
IGLC
total

100
100
100
100
10

45
20
8
72
2

51
37
33
65
1

35
14
0
58
1

IGLV
IGLJ
IGLC
IGLV

9
1
0
IGLV1-44*01

IGLJ

IGLJ2*01
IGLJ3*01
IGLJ3*02

2
0
0
IGLV1-44*01
IGLV1-47*02
All possible

1
0
0
not IGLV1-44*01
11 probable IGLV2
All possible

IGLC

IGLC3*03

1
0
0
not IGLV1-44*01
7 probable IGLV2
IGLJ 2*01
IGLJ 3*01
IGLJ 3*02
IGLJ 7*01
4 possible

7 possible

7 possible

The entire sequence coverage for the top 5 BPC peaks λ-AL-1, λ-AL-2, and λ-MM-3 light chain is
shown in Tab. 4.6.4-2 along with the score for each amino acid. The few peaks that were analyzed in all
samples resulted not only in lower sequence coverage, but for the λ-AL-1. also in lower quality Only
peptides in the V domain permitted distinguishing the LC proteins from the λ-AL-1 sample in five or
two positions, but could not distinguish the λ-AL-2 and the λ-MM-3 sample from each other (Tab.
4.6.4-2). Possible mutations were identified in each of the three light chains.

Fig. 4.6.4-2 Sequence differences between the analyzed LC proteins.
Red boxes highlight the different non-mutated amino acid. With the determined information samples λ-AL-2 and
λ-MM-3 could clearly by differentiated from the λ-AL-1 sample but not from each other. Mutations are underlined
and missing information is represented by black dots. Dashes (mostly in loop regions) indicate unfilled positions,
were amino acids could be found in other LCs from human or other species, for whom the IMGT numbering
system also applies.
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Fig. 4.6.4-3 IMGT aligned sequence information for the λ-AL-1, λ-AL-2 and λ-MM-3 sample.
Amino acids are colored by their correctness score (red = 1 worst, yellow = 2, green = 3 best). Mutations are
underlined and missing information is represented by black dots. Dashes (mostly in loop regions) indicate
positions, were amino acids could be found in other LCs from human or other species, for whom the IMGT
numbering system also applies.

4.6.5.

Summary

In summary, a sequencing method based on an interrogation of high intensity peaks in the base peak
chromatogram appears to provide an entire unique LC sequence that is unaffected by trace amounts of
non-monoclonal light chains, which are detectable in high-resolution LC-MS/MS. The newly developed
IMGT-derived search database allowed to identify 4 mutations by conventional peptide mapping, while
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de novo-assisted peptide mapping as implemented in PEAKS could identify additional 6 mutations in
the λ-AL-1 LC when compared to its germline parent. Unfortunately, bone marrow was not available
for any of the patients that were examined and an orthogonal sequence from mRNA-sequencing cannot
be used to confirm the sequence.
My preliminary analysis of three more LC found that ensuring reliability and high sequence coverage
required evaluating a very high number of BPC peaks from at least the trypsin and chymotrypsin digests
for each protein, while the GluC digest was necessary to deliver complete C domain coverage of the
LC. This process was very time intensive, so that it was not feasible to sequence all nine light chain
proteins during my research.
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A promising possible treatment option in AL amyloidosis is the inhibition of amyloid deposition. The
formation of amyloids has been inhibited by compounds such as EGCG which have been shown to
prevent the misfolding of proteins in vitro and in animal models200. Preliminary studies suggest that
EGCG may counteract amyloid deposition in AL patients as well36, 38, 240. But in contrast to other
amyloidogenic proteins, Ig light chains differ from patient to patient, posing distinct challenges for the
study and treatment of AL amyloidosis. It is to be expected that aggregation kinetics, amyloid stability
and responses to treatment would differ from light chain to light chain because these processes might
be modulated by the LC’s sequence.
Several studies have addressed LC amyloid formation, focusing on the recombinant variable domains
(V) of five different LC proteins: Wil and Jto54, 213, AL-09 and AL-103214-218, and SMA58, 219. In these
experiments, amyloidogenicity roughly correlated with the thermodynamic stability of VL domains54, 358360

, but recent research sugggests that mutations may alter the dimer interface in AL-LC dimers and

thereby amyloid formation, without influencing the stability of V monomers330, 361.
Only recently, has the amyloidogenesis of full-length LC been the focus of literature studies52, 222-224.
These studies find that the interactions between C and V domains alter unfolding / folding pathways. In
my study, I have purified nine LC proteins from MM and AL patients (chapter 4.1), characterized their
structures and stabilities (chapters 4.2 and 4.3), and analyzed their aggregation behavior and the effect
of EGCG (chapter 4.5). Finally, I established a procedure for sequencing of LC on the protein level
(chapter 4.6). In the following, I will discuss each of these points.

5.1

LC purification

The LC purification protocol that I established set specific requirements in terms of the amounts of LC
and albumin in the patient urine, respectively (chapter 3.1.2). In my study, patient selection, sample
purification, and biophysical studies were performed blindly, meaning that I did not have details of the
clinical diagnoses prior to experiments. The decision to use of authentic LC from urine avoided potential
bias from a lack of natural post-translational modifications, but it also presented considerable practical
problems and may have introduced sampling bias itself.
This becomes clear when taking a closer look at the patients that were selected. To examine the extent
to which the selected patient group was representative, I retrospectively analyzed clinical data for the
19 AL patients (7x κ-AL, 6x λ-AL, 3x κ-MM, 3x λ-MM), whose light chain proteins I had purified from
urine using the clarification and capture purification protocols I established (Tab. 5.1-1). AL patients
present in 50% of cases cardiac pathology and LC amyloid deposition in the heart11. The heart
involvement of the patients was judged by the following diagnostic parameters: (1) left intraventricular
septum thickness (IVS, suspected 12-14 mm, apparent ≥ 15 mm284), (2) high-sensitivity troponin T (hsAuthentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
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TnT) (suspected 14-50 ng/l, apparent ≥ 50 ng/l284), and (3) N-terminal pro-brain natriuretic peptide type
B (NT-proBNP) (apparent ≥ 322ng/l284, 285).
Tab. 5.1-1 Summary of clinical parameters collected for AL and MM patients.
Sample ID – LC ID thesis, IFE immunofixation electrophoresis, HSA human serum albumin, H heart, K kidney,
L liver, ST soft tissue, GI gastro intestinal tract, P peripheral nerve, Cf Congo red staining fat tissue, Co CR staining
other tissue, IVS left intraventricular septum thickness (by echocardiography, increased 12-14 mm, indicative ≥
50 ng/l), NT NT-BNP in ng/l (indicative ≥ 322 ng/l), hs hs-TnT ng/l (increased 14-50 ng/l, indicative ≥ 15 mm),
+ positive, - negative, N normal, na not applicable, nd not determined. Patient ID – ID Amyloidosis Center
Heidelberg, nd not determined, 1Sample did not qualify for further purification. 2Patients selected for sequencing
from bone marrow. 3Parameters determined at the Amyloidosis Center Heidelberg within the GERAMY clinical
EGCG trail, not available for MM patients.

Patients were diagnosed with heart involvement if at least two of the parameters were apparently
increased (κ-AL-a, κ-AL-c, λ-AL-b, λ-AL-c, λ-AL-d). These patients excreted 2-180 mg/d LC with
urine, and their serum contained 102-1100 mg/l (0.5-5.5 mg/ 5 ml) LC of the target isotype LC (Tab.
5.1-1). From those patients whose LC proteins were further analyzed here, patients κ-AL-1 and λ-AL-2
had a relatively high risk for later heart involvement with NT-proBNP ≥ 322ng/l, and moderately
increased hs-TnT (14-50 ng/l); patient κ-AL-2 had a lower risk for later heart involvement with only
moderately increased hs-TnT. Kidney-impaired patients (λ-AL-a, λ-AL-c) presented with albumin of
more than 85% of total protein, while mildly kidney impaired patients (λ-AL-d) exhibited up to 66%
albumin content (Fig. 5.1-1).

Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
152

5 Discussion

Fig. 5.1-1 Clinical estimation of protein composition in patient urine.
Absolut and relative contents of κ-FLC (blue), λ-FLC (green), serum albumin (red) and total protein (black frame)
in urine of patients analyzed in this study. Samples of patients chosen for further characterization are labeled with
numbers 1-3, while not further characterized samples are labeled with numbers.

In the end, I characterized light chain proteins from 9 patients: 2x κ-AL, 3x λ-AL, 2x κ-MM, 3x λ-MM.
These patients presented with more than 265 mg monoclonal LC in 24-h urine and without general
albuminuria. By necessity, this selection eliminated patients with kidney involvement. My retroactive
analysis of clinical data revealed that these inclusion criteria also resulted in an involuntary bias in
patient selection. AL patients showed no or only slight heart involvement, which is typical for only 50%
of AL patients11. The diagnostic value of the NT-proBNP and the hs-TnT has only recently been
addressed284, 285.
Since light chains from MM patients became relevant as a control after my initial pilot experiments and
the collection of urine samples from MM patients was subsequently organized by the Amyloidosis
Center in Heidelberg as a courtesy. However, since MM patients are not included in the clinical trial in
Heidelberg, the clinical parameters for heart involvement are not available for MM patients. Conversely,
the clinical diagnosis of multiple myeloma is based on plasma levels of LC, so that does tissue biopsies
are not routinely performed. It is therefore difficult for me to judge how properly AL as a complication
of the multiple myeloma was excluded for MM patients. On one hand, patients diagnosed as MM may
have presented with mild undiagnosed AL. On the other hand, all AL patients included in my study also
met the clinical criteria of MM (expanded plasma cell population, lytic bone lesions). Therefore, both
patient populations present with similar, possibly overlapping pathologies, which may stem from
likewise similar biochemical and biophysical properties of the light chain proteins in these patients.
In summary, after unblinding the patient samples, I was surprised to find that a very high LC
concentration in urine and serum combined with a lack of albuminuria directed AL patient selection
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towards AL deposits in soft-tissue and the GI tract rather than deposits in the heart (Tab. 5.1-1). This
indicates that organ involvement might be directly linked to the aggregation propensity of the light
chains, and that the selected LC proteins may have lower aggregation propensities than the average
amyloidogenic light chain found in typical AL patients with heart and or kidney involvement. Perhaps
due to the absence of amyloids in the heart and kidney, the underlying plasma cell clone of all four AL
patients had expanded to become rather large, leading additionally to symptomatic MM with bone
lesions. Since my experimental approach selected for AL patients with a ‘weak’ amyloid deposition
phenotype, it may also account for the subtle degree of difference in the aggregation kinetics between
AL and MM patient samples. Based on observations from previous studies52, it is reasonable to assume
that LC proteins from AL patients with strong heart or kidney pathologies might display stronger
differences in aggregation kinetics than patients with MM LC. To avoid such bias in the future, it would
be necessary to put further work into a purification strategy for light chains from patients suffering from
AL, involving the separation of Ig light chains from albumin. Several purification and separation
strategies are outlined in appendix 8.1.3. Only three studies provided any data, that allowed to judge
whether albumin was successful removed from LC from patient urine or serum: In two studies fulllength LC was purified from patient urine by a combination of dialysis and lyophilization, albumin
depletion with cibracon blue, again dialysis and lyophilization und finally SEC51, 309, and small amounts
of albumin were successfully depleted. In both cases selected patients seemed not to have exhibited
albuminuria. In another study LC was enriched via immunoprecipitation from serum in a very small
scale under denaturing conditions and with large amount of antibody315. In none of these studies large
scale LC purification from high albumin matrices and / or conserving the biological activity of LC was
a concern, and my results (appendix 8.1.3) suggest that these methods are not applicable to batch
purification of LC.

5.2

Biochemical characterization

The presence of albumin, the aggregation state of LC in solution, proteolysis and posttranslational
modification could all influence LC amyloid formation362-365. The serum albumin (HSA) content in all
samples was below 6 mass% corresponding to 2 mol% HSA. Even though albumin has been shown to
aggregate into ThT-positive structures341, 366, 367. HSA concentrations in my purified samples were low
enough to contribute only marginally to the ThT signal in LC aggregation kinetics (compare to Suppl.
Fig. 3C of Andrich, et. al., 2017317)
The apparent molecular weight (MWapp) that was determined for most LC proteins was in the expected
range315, 363, while it was slightly overestimated for λ-AL-2, λ-MM-2, and λ-MM-3 sample, possibly due
to undetected post-translational modifications that reduced electrophoretic mobility, or due to an
underestimated error of the determination method.
There is uncertainty in which aggregation state LC exist natively in serum and in urine, since samples
are usually analyzed by SDS-PAGE315, 363. The diagnostic relevance of the dimer-monomer ratio in
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serum has been analyzed previously, where increased dimerization was observed as well in AL as in
MM patients368, but its relation to the ratio in urine is unclear. I found that aggregation occurred rapidly
only under reducing conditions (chapter 4.4.1.1). Therefore, the dimer-monomer ratio might have
implications for aggregation kinetics, especially for the first aggregation phase (4.4.2). Native PAGE
suggests that LC in solution are predominantly not a mixture of dimers / monomers, but consist of larger
LC complexes that dissociate in SDS (chapter 4.2.4). The diverse multimeric pattern observed in blue
native PAGE might be either related to a dissociation of a larger protein complexes, since coomassie
acts during the electrophoretic separation in a way that is comparable to SDS as a detergent293, or due to
the presence of oligomeric species, which is less likely. However, since DTT could not dissociate higher
multimeric LC species into monomers under non-denaturing conditions (Fig. 4.4.1-2), DTT might not
destabilize the entire LC complex, but rather locally affect light chain dimers sufficiently to induce
aggregation.
Light chains isolated from urine and tissue are repeatedly reported to contain not only full-length LC
but also LC fragments from both V and C domains56, 363, 369-372. Even though it is repeatedly stated in
literature that LC is often cleaved proteolytically in tissue deposits, so that only the V domain is present,
references do not support this view, if any are given at all56, 363, 369-372. Only one study analyzed the
presence of full-length and fragment LC in different tissue samples. In 15 tissue samples from 6 AL
patients only one sample might not have contained full-length LC but at least a C-terminal fragment of
the C domain363. In 7 samples but only for one patient no C-terminal fragment of the C domain was
detected363. It is therefore possible that proteolysis could influence LC aggregation. Only one of nine
LC proteins (κ-AL-1) was susceptible to proteolysis within 4 days, while several LC samples were still
intact even after 9-month storage at 4°C.
The samples were concentrated during purification by diafiltration from 24-h-urine and it was difficult
to estimate if any human or bacterial proteases were present. Protease inhibitors were not used during
the purification because they might influence protein aggregation in an undesirable manner; in fact,
aggregation kinetics were modulated differently by different mixtures of protease inhibitors
independently of a protein's general susceptibility to proteolysis (data not shown).
Even though light chain proteins isolated from tissue samples are often partially fragmented51, 363, my
results suggest that proteolysis of LC in urine is rare. Enqvist et al., and Röcken et. al. suggested
proteolytic cleavage in tissue occurs after fibril formation363,

364

. It remains to be seen whether

fragmentation by proteolysis is an artefact of the purification, or a necessary process for in vivo protein
deposition, or a post-fibrillary process.
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5.3

Aggregation behavior of Ig light chains

5.3.1.

Relation of LC stability and aggregation

It has been hypothesized that mutations that destabilize the folded LC structure could promote amyloid
deposition330, 358, 359, 361, 373-379. In my sample set, full-length LC differed slightly in stability without a
clear correlation to MM or AL pathology. For most LCs, denaturation was considerably reversible, while
λ-MM-LC was denatured irreversibly by thermal denaturation and only partially reversibly after
chemical denaturation. In agreement with previously reported data, thermal stability depended mostly
on the LC isotype (κ: Tm of 53 +/- 5°C, λ 59 +/- 2°C)222, 224, 330, 337. While no systematic differences were
detected between LC isolated from MM and AL patients, λ-MM-LC exhibited slightly higher melting
points then λ-AL-LCs in thermal denaturation, which would correspond to the results from isolated
recombinant variable light chain domains54. LC differed slightly in stability and in reversibility of
unfolding, and the propensity to form amyloid was unique to each LC, but it did not correlate strongly
with thermodynamic stability. Therefore thermodynamic instability of amyloidogenic LC seems to be
insufficient to explain the aggregation propensities of specific LC proteins52, 224. It should be noted that
stabilities of all λ-LC were very similar to each other, suggesting that none of the mutations present in
the LC lowered the thermodynamic stability. Therefore, kinetic factors might play a critical role in the
formation of amyloids by Ig light chains. and mutations in AL-LC might alter the folding / unfolding
pathway.

5.3.2.

LC aggregation under reducing conditions

Recent reports have highlighted the importance of LC dimer dissociation for amyloid formation193, 194.
It is plausible that the reducing conditions of my aggregation assay facilitate LC dimer dissociation. It
was previously reported that intra-molecular disulfide bonds were only cleaved under denaturing
conditions but stayed intact under native conditions380. Therefore, in a follow up experiment we
compared thermal denaturation of the λ-AL-1 light chain when unfolded under native conditions, in
presence of DTT as used in aggregation assays, and after reduction with DTT in presence GdnHCl381.
Our data suggest, that under the conditions used in aggregation assays DTT disrupts only intermolecular disulfide bonds but not the buried intra-domain ones (Fig. 2E)381). While disrupting intermolecular disulfide bonds as well as intra-molecular ones should most likely destabilize the global LC
structure (Fig. 5.3.2-1), disrupting only surface-exposed inter-molecular disulfide bonds in the constant
domain, might induce further structural changes in the C domain. Complex unfolding mechanisms were
reported for both the V and C domains of LC334, 335, and folding pathways of both domain might be
cooperative335. Therefore, disruption of the inter-molecular disulfide bonds in C domains in LC
complexes possibly cooperatively imposes partial disruption of the dimer-interface on V domains and
thus partially exposing it to the protein surface. Hence, the disruption of the dimer-interface might be
the prerequisite of amyloid formation and rather than a destabilization of the entire LC protein358, 382.
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Fig. 5.3.2-1 Intra- and inter-molecular disulfide bonds in LC dimers.
Disulfid bonds within Loc crystal structure 1BJM355. [The 3D structure of 1BJM was visualized with the PyMolTM
(Schrödinger, USA)]

My research suggests that at least partial LC dimer separation is a prerequisite of amyloid formation,
which is in agreement with data published for isolated V domains358, 382 and a recent drug screen193.
Under the experimental conditions I established, efficient amyloid formation only occurred after a
reduction of inter-molecular disulfide bonds. Instead of reduction, other aggregation studies have
employed temperatures near the melting point, low pH, and / or very long incubation times to achieve
amyloid formation of full-length LCs52,

224

. This indicates that amyloid formation by LC requires

compromising the stability of folded light chains. The degree of disulfide-linked dimers abundant in
patient serum could not be resolved via analysis by immunoaffinity LC-MS/MS312. Nevertheless, my
findings suggest that a reducing milieu may initiate amyloid formation in vivo as well as in vitro.

5.3.3.

Analysis of LC aggregation behavior

Previously, amyloid fibrils formation was reported for V domains when aggregated under acidic and
neutral conditions54, 383, while recombinant full-length LC formed mesh-like structures after prolonged
incubation at neutral pH under permanent shaking224. When aggregating patient derived LC for three
weeks of constant agitation, I found fibril-like clusters as well (Fig. 4.4.1-1, Fig. 8.5.3-2, Fig. 4.4.3-4).
Aggregates bound the amyloidophilic dyes ThT and Congo red. The latter showed a characteristic
birefringence. This suggests the abundance of cross-β-sheets, which are a hallmark of amyloid.
Previously, for recombinant V domains and LC sigmoid aggregation curves typical for nucleated
polymerization were reported, partially with very long lag phases of weeks. During my research I could
establish conditions that induced a rapid amyloid formation of authentic LC at physiological pH, salt
and temperature, with unique aggregation kinetics for individual light chain proteins. Although these
kinetics appeared to be distinct, the kinetics of most LC could be fit into a common two-phase
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aggregation model in which the first phase did not depend on the LC concentration. Two-phase
aggregation kinetics with oligomer formation have also been observed in the aggregation of Aβ384, 385,
and similar aggregation kinetics have been reported in non-amyloid aggregation processes386.
The reduction of inter-molecular disulfide bonds is most likely the rate-limiting factor in the initial
formation of aggregation-competent LC oligomers, since the first LC aggregation phase depended on
the DTT concentration but not on protein concentration. The reaction order of the second aggregation
phase was analyzed by log-log plot of lag time (t50%) as a function of LC concentration (Fig. 4.4.2-5),
For a nucleated polymerization mechanism the concentration-dependence of ln t50 scales with the
nucleus size n as m = -(n+1)/2387. In the limiting case when aggregation kinetics are dominated by
secondary nucleation, a slope of m = -0.5 would be expected for the concentration dependence207. My
data showed that concentration dependencies at low LC concentrations were too small to suggest a
nucleated polymerization mechanism for light chain proteins in this concentration range (Fig. 4.4.2-5).

Fig. 5.3.3-1 Possible energy landscape for LC aggregation.
In LC aggregation the structural transition of dimers into at least partially separated dimers in the first aggregation
phase is rate-limiting. At lower LC concentrations amorphous aggregates and proto-fibrils were observed, which
could shift towards fibril formation with the shift towards nucleation-dependent AL-LC aggregation at higher ALLC concentrations. Seeding may become relevant in this concentration range as well. [3D structures are merely
representative placeholders, as templates partial structures from PDB95-97 file 1BJM355 was used. The placeholders
were visualized with the PyMolTM (Schrödinger, USA)]

However, the analysis of concentration dependent aggregation revealed a systematic difference between
AL and MM LC. While at low to medium protein concentrations, no clear correlation could be
established between aggregation kinetics and the patient diagnoses of AL or MM; at high protein
concentrations, LC isolated from AL patients switched their aggregation mode: Instead of being
dominated by structural conversions, the profile of the kinetics became compatible with a nucleated
polymerization mechanism, which may correspond to patterns of amyloid deposition in vivo.
Under neutral conditions LC formed amorphous aggregates (a) and proto fibrillary structures, indicating
amorphous aggregates (a) may have similar stabilities than fibrils (f) and could therefore lie on-pathway
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at lower LC concentrations (Fig. 5.3.3-1). At higher concentrations, where AL-LC aggregation becomes
nucleation-dependent, it may shift towards fibril formation as well. At concentrations below 25 µM LC,
I could not observe a seeding effect under neutral conditions, but it could be present at higher
concentrations were AL-LC aggregation becomes nucleation-dependent.

5.3.4.
5.3.4.1

The effects of EGCG on amyloid formation
EGCG affects LC aggregation in a non-sequence-specific manner

The mechanism of the anti-amyloid compound EGCG has been studied for a wide range of
amyloidogenic proteins, but foremost in Aβ, and α-Syn aggregation. In these cases, EGCG has been
shown not only to prevent fibril formation157, 158, 267 but also to delay aggregation kinetics157, 158, 204, 254,
255, 257, 269

. EGCG also redirected misfolded proteins into SDS-stable aggregates157, 158, 254-256, and led

preformed amyloid fibrils toward fibril remodeling into large amorphous aggregates157,
157, 158, 233, 256, 266

reduced their seeding competence

256, 267

and

.

My study on nine authentic full-length LC proteins revealed a generic effect of EGCG on light chain
aggregation rather than the sequence-dependent effect we originally hypothesized.
EGCG had no effect on the reduction-dependent first aggregation phase of LC, but instead prevented
the second phase of ThT aggregation kinetics, during which the formation of SDS-stable aggregates is
induced. We could confirm this hypothesis by adding EGCG at the end of the first aggregation phase,
where it had a comparable effect as adding EGCG immediately to the aggregation assay381. When
considered alongside observations for Aβ, α-Syn and other amyloid precursors, my data suggest a
similar mode of action: EGCG preferentially interacts with aggregation intermediates of LC and
inactivates them via off-pathway aggregate formation. Recent data finding a stoichiometry of 1:1 and a
dissociation constant of ~75 µM for EGCG binding of recombinant VL domains of LC269 might appear
to contradict these findings. However, studies on EGCG-binding to Aβ have demonstrated EGCG’s
ability to interact with both the monomeric peptide276, 277 and with amyloid fibrils256, 266.

5.3.4.2

EGCG influence amyloidogenesis by a comprehensive binding mode

Overall, the experimental data on EGCG’s interactions with amyloids that is currently available suggest
that EGCG binds to the very hallmark of amyloidogenic aggregates: the cross-β-sheet motif present in
both cross-β-sheet oligomer species (xE) and in fibrils (fE) (Fig. 5.3.4-1). The cross-β-sheet motif
provides characteristic restraints for the fibril and oligomer structure, resulting in a common binding
motif that appears even in very diverse amyloid precursors (e.g. ThT388, CR, EGCG). It is likely that
EGCG causes a reduction of the ThT fluorescence amplitude by displacing ThT in virtually all 12
peptides and proteins for which this feature has been analyzed (chapter 0). Therefore, the reduction of
overall ThT fluorescence might be considered indirect proof that EGCG binds to the cross-β-sheet motif.
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However, the decrease of the overall ThT amplitude by EGCG is no indicator for how EGCG influences
aggregation kinetics.

Fig. 5.3.4-1 Amyloid aggregation cascade under influence of EGCG.
(Compare to Fig. 2.4.2-1) EGCG probably binds with the highest affinity to cross-β-sheet oligomers (xE) and
redirects the aggregate formation into amorphous aggregates (aE) by interrupting the highly ordered cross-β-sheets.
EGCG can also bind to the cross-β-sheets motif in fibrils (fE) and may disaggregate them into amorphous
aggregates(aE) without release of EGCG-bound cross-β-sheets oligomer (xE), depending on the relative stabilities
of the involved species. EGCG might dissociate once amorphous aggregates are formed (a) and could be recycled
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this way. [3D structures are merely representative placeholders, as templates structures or partial structures from
the PDB95-97 were used (2LP1196, 2LMN197, 1XQ8199) The EGCG structure is form the PubChem database226
(65064)228, the placeholders were visualized with the PyMolTM (Schrödinger, USA)] . (modified from Andrich &
Bieschke, 2015200)

At first glance, EGCG seems to affect amyloid formation of different proteins in multiple ways as
reviewed in Chapter 2.6. However, our analysis implies that this superficial impression is merely a result
of different rate-limiting steps dominating the aggregation cascade of specific amyloidogenic proteins.
Therefore, we developed a model to unify the mechanism of EGCG on amyloid formation. By binding
to species exhibiting the cross-β-sheet motif, EGCG interferes with the aggregation cascade of
precursors, thereby changing intermediate stabilities and transition rates (Fig. 5.3.4-1). Since these
parameters differ between various amyloid precursors, it is not really surprising that experimental data
have suggested different stabilities for EGCG-induced aggregates (xE, aE, fE) of different peptides and
proteins, too. In the next section, I will show how selected experimental observations on different
amyloidogenic peptides and proteins fit into this model.
The first astonishing effect described for EGCG was its capacity to redirect Aβ, α-Syn and Htt
aggregation into forming highly stable off-pathway aggregates (aE)8, 158. This could only be possible if
these species were more stable than EGCG-bound fibrils (fE). The second observation was that EGCG
could remodel preformed fibrils (f)157, 248, 256, 274 into amorphous aggregates (aE). Remodeling could occur
if EGCG-bound fibrils (fE) were less stable than amorphous aggregates (aE). Findings suggested that
EGCG could neither redirect the aggregation of fibrils formed by tauhep and Sup35 NM4, nor remodel
them204, which suggests that EGCG-bound fibrils (fE) of these polypeptides are more stable than the
EGCG-bound amorphous aggregates (aE).
In aggregation mechanisms with primary nucleation as a rate-limiting step, the formation of cross-βsheet intermediates (x) defines the kinetics of aggregation. If EGCG depleted the pool of cross-β-sheet
intermediates (x) by binding to them (xE), this would completely inhibit aggregation (substoichiometric
effect on taukk204, 252) if the newly formed EGCG-bound cross-β-sheet intermediates (xE) are more stable
than fibrils (fE). As already shown for Aβ, not the entire peptide or protein has to be incorporated into
the cross-β-sheet motif, which means that non-incorporated regions could compete for EGCG (PAP248251
286) .

Another potential explanation for a substoichiometric effect would be a release of EGCG from

amorphous aggregates (aE), resulting in even more stable amorphous aggregates (a) and allowing EGCG
to be recycled into the aggregation cascade. However, data from NMR and biochemical detection of
EGCG bound to Aβ do not support EGCG recycling157, 266
In aggregation mechanisms, in which secondary nucleation is rate-limiting, the formation of secondary
nuclei (s), or ‘seeds’, from fibrils (f) determines the aggregation rate. In such scenarios EGCG could
bind to the pool of secondary cross-β-sheet oligomers and fibril fragments (xE) and would thereby
deplete seeding nuclei. Here, the EGCG-bound cross-β-sheet intermediates (xE) or EGCG-bound
amorphous aggregates (aE) also have to be more stable than fibrils (fE). If EGCG remodeled the
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secondary nuclei into non-seeding-competent species, the acceleration of aggregation kinetics by
seeding would be reduced or lost (e.g. Aβ158, 256, 266, IAPP248, 268).
Where the initial formation of aggregation-competent species is the rate limiting step, the effect of
EGCG is naturally much less dominant in the aggregation kinetics, since EGCG only binds to species
formed after the rate-limiting step. Therefore, the observable effects are again determined by the relative
stabilities and therefore transition rates of EGCG-bound aggregates (xE, aE) and fibrils (fE). This is the
case for amyloid formation by TTR260. It is also the most plausible explanation for the results of my
study on LC aggregation.
Alternatively, β-sheet-rich proteins such as TTR and LC, could bind EGCG with a high affinity in their
natively folded form.
This would lead to monomer depletion, and the aggregation could be completely inhibited by EGCG if
EGCG-bound protein is more stable than the amyloid fibrils (tauhep 204). If the fibrils are the most stable
species, then EGCG has little effect on amyloid formation as is the case for TTR206.
However, my observation that EGCG did not affect the initial fast phase of LC aggregation would argue
against such a mechanism.
Because EGCG only binds with high-affinity to the cross-β-sheet motif (xE, aE) and amorphous
aggregates (aE), it does not interfere with the first phase of LC aggregation, where cross-linked dimers
(d) are transformed into at least partially separated dimers (d*) (Fig. 5.3.4-2). A non-interfering lowaffinity binding is less likely, but cannot be entirely excluded. By binding to the cross-β-sheet motif,
EGCG redirected LC aggregation into distinct more stable (SDS stability) amorphous aggregates (aE).
Seeding could be present at higher AL-LC concentrations were aggregation becomes nucleationdependent, which should be prevented by EGCG as well.

Fig. 5.3.4-2 Possible energy landscape for LC aggregation and influence of EGCG.
EGCG probably binds with the highest affinity to cross-β-sheet oligomers (xE) and redirects the second aggregation
phase towards formation of SDS-stable amorphous aggregates (aE) by interrupting the highly ordered cross-βsheets. If EGCG binds with lower affinity to earlier species in the aggregation cascade is unclear. [3D structures
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are merely representative placeholders, as templates partial structures from PDB95-97 file 1BJM355 was used. The
EGCG structure is form the PubChem database226 (65064) 228, the placeholders were visualized with the PyMolTM
(Schrödinger, USA)]

In our systematic review of EGCG mechanisms of action200 we showed that when EGCG binds to
aggregation intermediates it may be highly effective if these species are rate-limiting to amyloid
formation. In contrast, when EGCG binds to native proteins it may dominate aggregation kinetics, if
they are dominated by a structural transition or dissociation of the native protein200. In the case of LC, I
conclude EGCG binds to cross-β-sheet oligomers and subsequent aggregation intermediates, and
therefore only dominates the second aggregation phase.
In summary, the aggregation mechanism restricts the picture we see of the effects of EGCG binding to
the cross-β-sheet motif on the aggregation cascade. EGCG binds with the highest affinity to the common
cross-β-sheet motif in amyloid oligomers (xE) and fibrils (fE), and from there it affects the aggregation
cascade, which is defined by the amyloidogenic species. EGCG most likely stabilizes amorphous
aggregates (aE) by binding to them as well. EGCG effectively inhibits amyloid formation of a variety of
light chains in vitro, suggesting that treatment with anti-amyloid compounds which either stabilize the
native LC dimer or inhibit amyloid formation may be promising supplemental therapeutic strategies to
counteract amyloid pathology in AL patients.

5.4

Analysis of the influence of the glycosylation

In chapter 2.3.5 I established that LC proteins can be N-glycosylated51, 112, 114-122. Glycosylation of a
protein could change its aggregation behavior, as in the case of the prion protein389, 390. However, I found
that only one in nine isolated LC proteins was N-glycosylated (Fig. 4.2.6-1) and that the N-glycosylation
of the κ-AL-1 light chain did neither change structure or stability of the light chain nor its aggregation
behavior (chapter 4.5). In principle present O-Glycans with terminal α-N-acetylgalactoseamine and / or
α-fucose might not have been detected with the used deglycosylation enzymes, but I could not find any
reference of the presence of these kinds of O-Glycans in immunoglobulin light chains. Even though it
was presumed that LC glycosylation might influence LC deposition391, there are no reports in the
literature whether it actually had an influence on the LC aggregation. Hence, there is no evidence for an
effect of glycosylation in LC amyloid. Additionally, all nine light chain proteins presented in this thesis
followed a common aggregation mechanism that was independent of their light chain sequence and
glycosylation state. Therefore, the limited data gathered in the course of my study do not support the
hypothesis that differences in glycosylation play a major role in LC amyloid formation.

5.5

MS-based LC sequencing

The aim of this part of my work was to establish a procedure for determining the sequence of unknown,
or incompletely known LC proteins from mass spectrometry data. Mapping MS peptides to a LC
sequence database is straightforward and follows well-established published procedures298, 392, 393. To fill
Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
163

5 Discussion

in the unknown gaps in the sequence, it was necessary to evaluate the peaks of peptides from proteolytic
digestion of LC de novo. The main challenge of this approach is to determine which of the thousands of
peaks in the MS spectrogram are relevant to the LC protein and which are products of contaminants. To
solve this issue instead of the total ion current chromatogram the base peak chromatogram was analyzed
under following assumption: If a mixture with about 95% monoclonal LC, 5% albumin and trace
amounts of non-monoclonal κ- and λ-LCs is measured, peptides belonging to the monoclonal LC should
result in peaks with high intensities, while high intensity peaks do not necessarily have to belong to LC
peptides.

5.5.1.

Evaluation of the base peak interrogation method

The base peak chromatogram (BPC) interrogation method for relevant peaks in digests with trypsin,
chymotrypsin and GluC worked well to retrieve 93% (V-J-C: 88-92-98) of the λ-AL-1 LCs’ sequence,
and to identify the germline parent genes for its variable and constant region. Combining data from all
three digests permitted the determination of each amino acid by several overlapping peptides.
Additionally, small missing patches could be inferred by reverse data analysis but with reduced
reliability. The validity of the main assumption of the BPC peak interrogation for samples with trace
amounts of non-monoclonal LC is supported by the fact that the number of undesirable peptide
sequences from background non-monoclonal LCs and other proteins, apart from the endoproteinases
used for peptide digestion, was extremely low. From my point of view, the validity was still in question,
because previously, the method was not used for sequencing entire LC proteins, but to diagnose
recurring plasma cell populations after treatment: In this application, high intensity peaks were
interrogated empirically for LC sequences, which were then confirmed from an orthogonal bone marrow
derived sequence to belong to monoclonal LC71. It remains to be evaluated against which amounts of
background non-monoclonal LC the method can be applied robustly.
The main disadvantage of the BPC peak interrogation method is the number of BPC peaks to analyze
and the amount of time needed for this kind of data analysis. This makes the method only attractive in
cases like this, where no bone marrow for orthogonal DNA sequencing is available. This procedure
could be made much faster in PEAKS with cross-referenced base peaks intensities (incl. predominant
peptide masses) and filter functions for peptides belonging to base peaks. It was difficult to define a
proper base peak intensity threshold. I first used a threshold intensity of 0.5e8, which defined a
reasonably amount of BPC peaks for analysis. Afterwards, I lowered the threshold to 0.3e8, to find
missing sequence elements: The number of background peptides from non-LC proteins increased, while
the amount of LC peptides, sequence quality, and new sequence information decreased noticeably.
Additionally, below an intensity of 0.3e8 it became difficult to identify distinct base peaks.
Since germline parent V-J regions are somatically hypermutated, a high number of mutations is expected
therein. An interesting question was, whether peptide mapping against a comprehensive LC-sequence
database alone could have identified peptides containing somatic hypermutations, which would greatly
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reduce the bioinformatics effort in determining the LC sequence. To answer this question, I removed
any peptides retrieved from de novo sequencing or from de novo-assisted PTM and mutation analysis
from the alignment: Without these data I could have achieved 65% sequence coverage (V-J-C: 39-3392), including one of the ten mutations. This result emphasizes the importance of the three de novorelated algorithms implemented in PEAKS for LC sequencing.
Used together, the trypsin and the chymotrypsin digest delivered the entire V domain sequence of the
λ-AL-1 light chain, but only a part of the C domain sequence (chapter 4.6.4.1). These results suggest
that if one is only interested in the LC proteins' variable domains, it might suffice to only analyze these
two digests. Germline LCs’ constant domains are highly conserved101 and are usually considered to be
spared from mutations356, 357, although mutations in the C domain have been reported in humans and
mice394, 395. Only one critical position would not have been inferable from the germline sequence (R or
K), but these amino acids are very similar. One might argue that this difference could be ignored and
that the sequence information retrieved from the trypsin and the chymotrypsin might be in fact sufficient
to determine the LC's protein sequence, but it remains to be determined, if the same is true for the other
isolated LC proteins.
An additional technical challenge in MS-based sequencing is that leucine and isoleucine cannot be
discriminated by conventional MS/MS. The abundance of a leucine can be proven by cleavage of
chymotrypsin behind the amino acid, but no cleavage products could be detected for 9 of 16 leucine
residues (V domain: L45/P46, L52/L53, L94/Q95, L111/S112, J domain: L129/G1.8, C domain: L6/F7,
L24/I25, L91/T92). Therefore, a missing cleavage is no proof of the presence of an Ile instead of a Leu
residue. The four Ile will remain ambiguous unless specialized MS measurements are performed, which
can discriminate Leu and Ile residues351, 352.

5.5.2.

Implications of somatic mutations in λ-AL-1 light chain

The fact that immunoglobulins naturally undergo somatic hypermutation makes it rather difficult to
judge the effects of the mutations that were detected in the λ-AL-1 V domain. This is because by design
the process also introduces neutral mutations, which neither alter immunoglobulin affinity nor structure.
Therefore, no natural selection will occur against them. Hence, mutations within amyloidogenic LC
might have no effect on LC structure and / or stability and may not be relevant for amyloid formation.
These neutral mutations can be expected to be found within the framework rather than within the CDRs.
On the other hand, the mutations in CDRs 1-3 (S36G, N65D, A105S, A106T, N112S, or V118P) would
alter the antigen recognition site, which is an effect to be expected in somatic hypermutation and might
also not be related to the light chains’ altered propensity for aggregation. Non-neutral mutations in the
framework region might have a stronger impact on LC stability and aggregation behavior, as two of
these regions were determined amyloidogenic in the germline sequence. Likely candidates to destabilize
the V domain's β-sheet core are the charge-introducing Q44H mutation in FR2, and the kink-removing
P68L mutation in FR3, while the polarity-removing T14A mutation should have a less dramatic effect.
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Further, mutations in amyloidogenic regions (I54M) appeared to be removing amyloidogenicity from
the germline IGLV1-44*01 sequence rather than adding to it.

Fig. 5.5.2-1 Analysis of somatic hypermutations of published light chain V domains.
Amyloidogenicity as predicted with WALTZ (yellow boxes) is reduced in AL-LC rather than increased suggesting
the algorithm is not applicable to LC. Implications of some suspected restorative mutations on LC aggregation
were previously analyzed for the AL-09 V domain330 (blue boxes), the AL-103 V domain396 (pink boxes), and REI
and BRE V domains (green boxes)397. And AL-09 full-length LC was compared with a corresponding full-length
germline LC224. 1 No published data on aggregation behavior, 2 data from full-length LC, 3 data from V domains.

The WALTZ algorithm predicted amyloidogenicity for the regions BC38-C43 of the germline sequence
(Fig. 4.6.3-4A, green). The non-mutated region BC38-C43 in the λ-AL-1 is obviously also
amyloidogenic, while it was rendered non-amyloidogenic in LocMM protein by mutation (Tab. 4.6.3-2).
The opposite is true for the amyloidogenic region C’51-C’C‘’57 of the germline sequence (pink): Here
the λ-AL-1 sequence lost its amyloidogenicity by the I54M mutation, while the S56E mutation in the
LocMM sequence appeared to reduce it only slightly. If WALTZ would deliver meaningful results for
LC proteins, a reduction of amyloidogenicity would be only expected in LocMM, but not in λ-AL-1. A
last amyloidogenic region is predicted for the region B21-BC29 of the C domain (yellow), which is
identical in all three compared sequences (Fig. 4.6.3-4A). Therefore, I suggest the WALTZ algorithm is
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not applicable to LC proteins. This view is supported by previously published sequences of κ-isotype
light chains AL09, AL-12, AL-103, BRE and REI, which are all derived from the IGKV1-33*01
germline V domain330, 396, 397 (Fig. 5.5.2-1). As for the λ-LC WALTZ predicted amyloidogenicity (yellow
boxes) for the germline donor sequence and mutations rather reduced the prediction for AL V domains,
while the amyloidogenic region even shifted for the MM V domain REI. Alternatively, the
amyloidogenicity of a LC sequence may not be the determining factor whether a LC actually forms
amyloid, as I discuss in more detail below.
In conclusion, not a single mutation but a combination of mutations might be relevant for
amyloidogenicity of light chains, and mutations might remove rather than promote amyloid forming
propensity in germline LC.
Previous studies have attempted to analyze the impact of point mutation on LC amyloid formation.
When possibly restorative mutations I40N and H103Y were analyzed for the AL-09 V domain (Fig.
5.5.2-1, blue boxes), aggregation kinetics slowed down, but the possibly amyloidogenic N40I mutation
in IGKV1-33*01 slowed aggregation as well330. When possibly restorative mutations I40N, H108D,
P115Ins, and P120Q were analyzed for the AL-103 V domain (pink boxes), only removal of the inserted
Pro residue slowed down aggregation, while the other three mutations were non-restorative and even
accelerated aggregation396. When possibly restorative mutations N51K, E56D for the BRE V domain or
possibly amyloidogenic mutations K51N, D56E for the REI V domain were analyzed (green boxes), the
restorative BRE N51/D56 double mutant did not aggregate within 8 days, while aggregation was
decrease for the BRE N51 single mutant, but the BRE D56 mutation had no impact on aggregation.
Possibly amyloidogenic REI mutants K51, E56, K51/E56 led to REI aggregation, but the aggregation
was reduced compared to BRE397. The aggregation of a recombinant full-length AL-09 protein was
reduced compared to its recombinant germline donor224. In summary, a cooperative effect from different
mutations rather than single point mutations induces amyloidogenicity, while the C domain might have
major impact on aggregation as well.
An alternative hypothesis for the effect of mutations on LC amyloid formation postulates that
destabilizing LC dimers facilitates amyloid formation217, 358, 396, 398, 399. Therefore, mutations on the dimer
interface could alter amyloid formation. To test this hypothesis, I used the three crystal structures
published for Loc353-355 to visualize which mutation of Loc and λ-AL-1 fall into the vicinity of the
V domains dimer-interface (Shown for 1BJM in Fig. 4.6.3-4B). Interestingly, I found that about 50% of
the mutations in both λ-AL-1 and the Loc protein lie near this interface, and that the MM light chain
Loc, had even more mutations in the V domains dimer-interface than the λ-AL-1.
Both patient-derived light chains share mutations at positions C43 and FG116. The influence of the
FG116 domain is difficult to access since it lies within the J domain, which differs in both light chains
as well as their C domains differ.
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It was suggested that structural alterations in more dynamic regions of V domains promote changes in
dimer interaction, that the dimer interface in turn could affect the overall stability of LC proteins
promoting LC aggregation398. Interestingly, the interface between residues 40/103 of the AL-09 V
domain was destabilized by residues I40 and Y103330, and mutations I40N, H108D, P120Q lie in the
dimer interface of V domain AL-103330. Additionally, dissociation of dimers was found to promote
amyloid formation of the MM-LC Mcg193, 194.
Half of the mutations in the λ-AL-1 V domain lie within or in the vicinity of the dimer interface (CDR:
A105S, A106T, N112S, V118P; FR: Q44H). Additionally, out of the other five mutations (CDR: S36G,
N65D, FR: T14A, I54M, P68L) only the T14A mutations lies far away from the interface (next to
passage to the C-domain). Mutations in the λ-AL-1 light chain, which lie near the dimer interface lie
also in more dynamic CDRs. My data suggests, that a destabilization of interface between LC dimers
might play a crucial role for the aggregation of full-length LC as well. This destabilization is most likely
promoted by a combination of several mutations, and may lead only to a partial dissociation.
In summary, aggregation propensity does most-likely not depend only on single mutations, but is a
cooperative effect from different mutations influencing the dimer interface. My result, that reduction of
the inter-molecular disulfide bond in the C domain initiate aggregation of full-length LC, suggests that
even the distant C domain may play a crucial role in destabilizing the dimer interface in the V domain.
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8.1
8.1.1.
8.1.1.1

LC Purification
Experimental procedures
Chemicals, material and equipment

Tab. 8.1.1-1 Proteins, Antibodies, Enzymes
Substance
Aprotinin (Kit)
Carbonic anhydrase (Kit)
Conalbumin (Kit)
Dextran blue (Kit)
Fetuin (Kit)
Ribonuclease (Kit)

Cat. No.
28-4038-41
28-4038-41
28-4038-41
28-4038-41
EDEGLY
28-4038-41

Company
GE Healthcare, USA
GE Healthcare, USA
GE Healthcare, USA
GE Healthcare, USA
Sigma Aldrich, USA
GE Healthcare, USA

Tab. 8.1.1-2 Materials
Material
Albumin and IgG depletion SpinTraps
Aurum AffiGel Blue Mini spin columns
HiTrap LambdaFabSelect column
midi PD-10 desalting columns (Sephadex G-25)
Pierce® Protein A/G Magnetic Beads
Superose 12 10/ 300 GL column

Cat. No.
28-9480-20
732-6712
17-5482-11
28-9225-30
88802
17-5173-01

Company
GE Healthcare, USA
Biorad, USA
GE healthcare, USA
GE Healthcare, USA,
Pierce @ Thermo Fisher Scientific, USA
GE healthcare, USA

Tab. 8.1.1-3 Solutions and Buffers
Solution
HSE (High-salt elution buffer)
LSW (Low-salt wash buffer)
NB (Neutralization buffer)
Tab. 8.1.1-4 Equipment
Equipment
ÄKTA explorer 100
Custom-built dot-blot apparatus

8.1.1.2

Formulation

20 mM TRIS / HCl, pH 7.5, 1.4 M NaCl
20 mM TRIS / HCl, pH 7.5
1 M TRIS HCl pH 8.0

Part#
discontinued
-

Company
GE healthcare, USA
-

LC purification from high-albumin matrices

In addition to isolating LC from patients without proteinuria, I performed pilot experiments to assess
techniques to purify them from high-albumin matrices. These experiments were performed with protein
from the urine of non-kidney impaired patients (1st batch), from a strong (λ-AL-a) and a mild (λ-AL-d)
kidney-impaired AL patient and from a healthy individual. The proteins were isolated from patient urine
with the established clarification and capture purification protocol (chapter 3.2.2.2d), and analyzed by
SDS-PAGE (chapters 3.2.3.1a, 3.2.3.2a) and Western blot analysis (chapter 3.2.3.3, 3.2.3.3a).
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a.

Size exclusion chromatography

Light chain protein and albumin samples for size exclusion were diluted to 100 µM and filtered through
0.22 µm spin filters (Sostar Spin-X with 0.22 µm cellulose acetate, Corning, USA). The separation was
performed in 50 mM sodium phosphate, pH 7.2 on a Superose 12 10/ 300 GL column (GE healthcare,
USA) on a FPLC system (Amersham Pharmaceutical, Sweden, equivalent ÄKTAexplorer 100). After
column equilibration, 50 µl of 100 µM LC in 50 mM sodium phosphate, pH 7.2 was loaded to the
column from a 750-µl loop. The elution was performed isocratically with a flow of 0.5 ml/min (~40
cm/h) and fractions of 1 ml were collected. During the run the UV absorption was recorded at 280 nm.
The column was calibrated with an external standard mix of aprotinin (A, 6.5 kDa, 3 mg/ml),
ribonuclease A (R, 13.7 kDa, 3 mg/ml), carbonic anhydrase (CA, 29 kDa, 3 mg/ml) and conalbumin (C,
75 kDa, 3 mg/ml). The exclusion volume was determined with 1 mg/ml dextran blue (~2000 kDa). For
the molecular weight estimation, the distribution coefficient (Kav) was determined by following
equation:
(𝑉𝑉 −𝑉𝑉0 ) 400
𝑐𝑐 −𝑉𝑉0 )

𝐾𝐾𝑎𝑎𝑎𝑎 = (𝑉𝑉𝑒𝑒

with 𝑉𝑉𝑐𝑐 = volume of chromatography media in ml, 𝑉𝑉𝑒𝑒 = elution volume in ml, 𝑉𝑉0 = void volume (here

retention volume of dextran blue). The common logarithm of the molecular weight of the standards was
plotted as a function of their distribution coefficients. The molecular weight of the target proteins was
estimated by fitting of a linear model.

b.

Depletion of Albumin & Immunoglobulins

In a second strategy, I tested the purification of LC through the depletion of albumin and
immunoglobulins. To do so I used (1) albumin depletion with cibracon blue dye, (2) immunoglobulin
depletion with Protein A / G, and (3) parallel albumin and Ig depletion with protein G and recombinant
HSA binding protein.
For the albumin depletion with cibracon blue dye, Aurum AffiGel Blue Mini spin columns (Biorad,
USA) were used according to the manufacturer's protocol. First, the column was equilibrated four times
with 450 µl low salt wash buffer (LSW, 20 mM TRIS/HCl, pH 7.5) by centrifugation for 20 s at
10,000 x g and removal of the supernatant. The sample was applied to the column, and centrifuged for
20 s at 10,000 x g. The flow through (f) was saved. Afterwards, the column was washed two times with
450 µl LSW buffer and the wash fractions were saved. The depleted protein (d) was recovered with high
salt elution buffer (HSE, 20 mM TRIS HCl, pH 7.5, 1.4 M NaCl). The column was regenerated with
2 M guanidine hydrochloride in 20 mM Tris HCl, pH 7.5, and washed twice with ultrapure water before
it was stored in 0.02% sodium azide in ultrapure water. The flow through (unbound protein) and the
depleted protein were analyzed by non-reducing SDS-PAGE (chapters 3.2.3.1a, 3.2.3.2d) and Western
blot analysis (chapters 3.2.3.3, 3.2.3.3a).
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For immunoglobulin depletion with Pierce® Protein A/G Magnetic Beads (Thermo Fisher Scientific,
USA), the sample buffer was exchanged with binding and wash buffer (TBS-T: 25 mM TRIS HCl, 150
mM NaCl, pH 7.5, 0.05% Tween 20) using midi PD-10 desalting columns (GE Heathcare, USA).
According to the manufacturer's protocol, 100 µl of magnetic bead suspension were washed with first
300 µl and second 1.8 ml TBS-T. Afterwards 1 ml LC-sample was applied to the magnetic beads and
the column was incubated for 1 h at room temperature (RT) on a rocking shaker. Next, the unbound
sample (f) was saved und the depleted protein (d) was recovered from the magnetic beads by incubation
with 200 µl 100 mM glycine hydrochloride buffer pH 2.8 (2x GE buffer) for 10 min at room temperature
on a rocking shaker. The depleted protein was neutralized with 1 M TRIS HCl pH 8.0 (NB,
neutralization buffer). The unbound and the depleted protein were analyzed by non-reducing SDSPAGE (chapters 3.2.3.1a, 3.2.3.2d) and Western blot analysis (chapters 3.2.3.3, 3.2.3.3a).
The parallel albumin and IgG depletion was performed with Albumin and IgG depletion SpinTraps with
the recombinant protein G fragment and recombinant HSA binding protein as ligands (GE healthcare,
USA). The spin columns were used according to the manufacturers protocol. In short, the storage media
was removed by centrifuging for 30 s at 70 to 100 x g. Afterwards the column was equilibrated twice
with 400 µl binding and wash buffer (BW, 20 mM NaP, 150 mM NaCl, pH 7.4). First, 25 µl sample and
then 75 µl BW buffer were applied to the spin column and the column was incubated for 5 min without
mixing. Subsequently the column was centrifuged for 30 s at 800 x g and washed two times with 100 µl
BW buffer. The samples from which HSA and IgG were depleted and a non-depleted control sample
were analyzed via Dot-blot in a custom build 96-well dot blot apparatus in triplicates. The dot blots were
immunostained for κ- or λ-LC and HSA (chapter 3.2.3.3a). The blots were densitometrically analyzed
using the Image Studio Lite Software (LI-COR Biosciences, USA).

c.

Light chain protein enrichment by Non-Antibody affinity chromatography

I also tested direct enrichment of LC using affinity chromatography. LambdaFabSelect affinity
chromatography LambdaFabSelect media is supposed to bind to proteolytic antibody fab fragments via
interaction with lambda light chains. Chromatography was performed on a 1 ml HiTrap
LambdaFabSelect column (GE Healthcare, USA) on an ÄKTA purifier system (GE Healthcare, USA)
with a flow of 1 ml/min. The UV absorption was monitored at 280 nm and 215 nm. According to the
manufacturer’s protocol, phosphate buffered saline (PBS: 137 mM NaCl, 2.68 mM KCl, 11.8 mM
overall phosphate, pH 7.4) was used as equilibration and wash buffer, and 100 mM sodium acetate
buffer, pH 3.6 was used as elution buffer. For column cleaning and sanitation, with 2x GE buffer
followed by 20 mM TRIS HCl, pH 9.0 (CS) were used, and as neutralization buffer (NB) 1 M TRIS
HCl pH 8.0 was used. The sample was diluted ad 1 ml PBS (filtered through a 0.22 µm membrane filter).
The column was rinsed with 5 column volumes (CV) 20% ethanol and 5 CV ultrapure water, before it
was equilibrated with 10 CV PBS. The sample was applied via injection from a 1 ml loop, which was
emptied with 2 ml PBS. The column was washed with 10 CV PBS and fractions of 1 ml were collected.
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Afterwards elution was performed with 10 CV acetate buffer and fractions of 0.5 ml were collected.
Eluted fractions were neutralized with 50 µl NB. The column was washed with 10 CV of each GE
buffer, CS buffer, ultrapure water, and 20% ethanol. Selected fractions were analyzed by non-reducing
SDS-PAGE (chapters 3.2.3.1a, 3.2.3.2d) and Western blot analysis (chapters 3.2.3.3, 3.2.3.3a). For a
second analysis, fractions were pooled to a size of 2 ml and concentrated to 25 µl using Amicon® Ultra0.5 ml centrifugal filter units with a MWCO of 10 kDa by centrifugation for 7 min at 14,000 x g at 4°C.
Ten times the amount of protein from the initial SDS-PAGE and Western blot analysis was applied to
gels.

d.

Antibody design for immune affinity purification

The sequences of the germline constant domains of λ- and κ-LC obtained from the IMGT database101
were analyzed for suitable conserved peptides. I compared different published structures for LC dimers
and Fab fragments retrieved from the RSCB protein data bank (PDB95-97), and performed structural
alignments of the constant light chain domains using Pymol. Possible peptides were analyzed for their
suitablity for immunization using the Expasy ProtParam tool288. Relevant homologies to host species
were identified via the Expasy SIB BLAST+ Network Service Tool288.

8.1.2.

Purification of first sample batch

Fig. 8.1.2-1 First batch of LC proteins purified to establish aggregation and aggregate analysis protocols.
Non-reducing SDS-PAGE and Western blot analysis. t total protein coomassie stain, a immunostained for human
serum albumin, κ immunostained for κ-isotype LC, λ immunostained for λ-isotype LC,1 first purification batch.

In order to be able to start establishing protocols for light chain aggregation and aggregate analysis I
purified a first sample batch of in total five light chain samples from patients κ-AL-1, κ-AL-2, λ-AL-1,
λ-AL-2, λ-MM-1 from two urine vials (each approximately 8-10 ml) according to the established final
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clarification and capture purification protocol in 50 mM sodium phosphate (NaP) buffer pH 7.2 (chapter
3.2.2.2d). The samples were analyzed via SDS-PAGE and Western blot analysis (Fig. 8.1.2-1). All
purified light chain proteins contained small amounts of albumin (< 6%), but were otherwise very pure
and needed no further purification steps.

8.1.3.

Towards a purification strategy for Ig light chains from urine and serum
of kidney-impaired patients

Before I could attempt to develop an intermediate purification protocol to remove albumin and
immunoglobulin as bulk impurities, I needed to test whether the clarification and diafiltration protocol
would work also for urine samples from patients with albuminuria. I treated the urine of a strong (λ-ALa) and a mild kidney-impaired (λ-AL-d) patient as well as urine of a healthy individual (Fig. 8.1.3-1)
with the established clarification and capture purification protocol (chapter 3.2.2.2d) and carried out an
analysis by SDS-PAGE and Western blot analysis. During membrane filtration of both samples the
0.2 µm filter clogged rapidly and had to be exchanged several times. Also, diafiltration steps took 1.52x longer than was the case for samples with low albumin content. Therefore, the clarification and
capture purification protocol from urine of patients without proteinuria was applicable to the urine of
patients with proteinuria, but larger membrane filter diameters are recommended.

Fig. 8.1.3-1 Analysis of protein captured from urine of kidney impaired AL patients and a healthy person.
Non-reducing SDS-PAGE and Western blot analysis of protein from capture purification step of urine from a
strong kidney-impaired AL patient (λ-AL-a), an AL patient with beginning kidney-impairment (λ-AL-d) and urine
of a healthy individual (H). The most abundant matrix proteins are serum albumin and intact immunoglobulins
(Igs). t total protein coomassie stain, a immunostained for human serum albumin, κ immunostained for κ-isotype
LC, λ immunostained for λ-isotype LC.

Additionally, the analysis confirmed that serum albumin and intact immunoglobulins are the major
matrix impurities in the urine of kidney-impaired AL or MM patients; they need to be removed during
intermediate purification. I evaluated four strategies for this purpose:
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(1) separation of albumin and intact immunoglobulins by size exclusion chromatography
(2) affinity depletion of albumin (cibracon blue, HSA binding protein) and intact immunoglobulins
(protein A / G)
(3) enrichment of LC with non-antibody affinity chromatography
(4) enrichment of LC with antibody-based affinity chromatography

8.1.3.1

Strategy 1: Direct size exclusion chromatography.

Fig. 8.1.3-2 Size exclusion of different light chains from 1st purification batch .
A. Size exclusion chromatograms from Superose 12 separation of standard proteins (C Conalbumin, CA Carbonic
anhydrase, R Ribonuclease A, A Aprotinin), HSA (human serum albumin), and κ-AL-1, κ-AL-2, λ-AL-1, λ-AL2, λ-MM-1 with HSA overlay (light green). B. MW calibration to standard protein mix and estimated size for peak
maxima from A. C. Theoretic overlay of λ-AL-1 and HSA traces assuming 90%, 50% and 10% LC content. D.
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Comparison of separation capabilities of different size exclusion media from GE healthcare, assuming the same
length of column, and a logarithmic relationship between MW and diffusion coefficient kav.

Since the literature describes uses of size exclusion chromatography in Ig light chain purification52, 308310, 312-314

, I tested its potential to separate light chains from albumin. The proteins from the first

purification batch were run separately on a Superose 12 10/30 GL gel filtration column (GE healthcare,
USA) and the fluorescence at 280 nm was detected (Fig. 8.1.3-2A, and B). The different light chains
exhibited very different UV profiles, which did not relate to the separation into monomeric and dimeric
light chain species observed in SDS-PAGE. Panel C shows theoretical overlays of the serum albumin
trace (light green) and LC of different HSA-LC-ratios of 10/90, 50/50 and 90/10 HSA-LC based on the
example of the λ-AL-1 light chain (Fig. 8.1.3-2C). This reveals SEC does not have the potential to
separate large amounts of albumin from light chains, but may be used to separate trace amounts of
albumin from some LC proteins. When comparing the theoretical separation capacity of different size
exclusion media in a column with the same length (Fig. 8.1.3-2D), we see that the separation of albumin
and light chains should not improve much by selecting a different media, and the use of a column with
a greater plate number might be necessary. In summary, at higher albumin concentrations gel filtration
is not capable of separating it from light chain protein, and first, either albumin needs to be depleted or
light chains need to be enriched.

8.1.3.2

Strategy 2: Depletion of albumin and IgG

Fig. 8.1.3-3 Depletion of matrix proteins albumin and IgG.
A. / B. SDS-PAGE and Western blot analysis of flow through (f) and depleted protein (d). A. HSA depletion form
diafiltrated sample of patient λ-AL-d (mild kidney impaired) with cibracon blue dye coupled to affinity resin. As
well small amounts of albumin as FLC and intact immunoglobulins were depleted from the sample, but large
amounts of albumin remained together with the target protein in the flow through. B. IgG depletion form
diafiltrated sample of patient λ-AL-d (mild kidney impaired) with protein A/G coupled to magnetic beads. As well
intact immunoglobulins as small amounts of FLC were depleted from the sample, and Ig’s were depleted
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sufficiently. C. IgG and HSA depletion form diafiltrated sample of patients κ-AL-2, λ-MM-3 with protein G and
HSA antibody to affinity resin. Albumin was depleted from the sample but together with albumin LC was also
depleted. – input control, d protein depleted from sample, + depleted sample, M Marker.

In my attempts to deplete albumin and intact IgG form LC protein samples, I first tested the depletion
of albumin from the captured LC protein with the dye cibracon blue coupled to affinity media
(commercial available as Affigel Blue, Biorad, USA or as Blue HiTrap, GE healthcare, USA), which
has been previously used for albumin depletion from Ig light chains isolated from urine or blood85, 267,
268

. I performed a test purification with diafiltrated sample from the mildly kidney impaired patient

λ-AL-d and an healthy control (not shown) with Aurum Affigel Blue media (Biorad, USA) (Fig.
8.1.3-3A). Cibracon blue immobilized rather unspecifically albumin as well as intact immunoglobulins
and free light chains (FLCs) from the sample, which can be seen in the protein eluted from the media
under acidic conditions (lane d). When comparing the unbound albumin from the flow through to the
depleted albumin, we see that cibracon blue did not perform well enough to be considered for further
purification.
Next, I tested the depletion of IgG from the captured LC protein with protein A and protein G401, 402
coupled to magnetic beads (Pierce, USA) (Fig. 8.1.3-3B). Protein A/G efficiently depleted intact
immunoglobulins and also some lambda light chains and albumin from sample κ-AL-d. Albumin
binding was expected, since protein G contains an albumin binding domain403.
The depletion of light chain proteins together with albumin indicated that light chains might have been
co-depleted with albumin or immunoglobulins. Therefore, I selected two samples from non-kidney
impaired patients κ-AL-21 and λ-MM-3 with no detectable immunoglobulin (compare to Fig. 8.1.2-1)
for depletion of albumin with protein G / albumin binding protein coupled resin, because resin binding
only albumin was not available. Panel C of Fig. 8.1.3-3 shows the signal from dot-blots stained for
albumin κ- or λ-LC after depletion. Albumin was efficiently depleted from the sample, but about 40%
of light chain protein was also depleted, indicating that LC might bind to HSA with high affinity.
Unfortunately, I could not find any reference for the interaction of immunoglobulin light chains with
albumin that could verify these results.

8.1.3.3

Strategy 3: LC-enrichment non-antibody affinity chromatography

Since the pilot experiments for albumin depletion were not very promising, I went on to evaluate
whether lambda or kappa light chains could be enriched with a non-antibody based affinity media.
Unfortunately, protein L only binds to certain κ-isotype light chains (VκI, VκIII, VκIV)404 and was not
applicable to a universal purification strategy. LambdaFabSelect and KappaFabSelect media (GE
healthcare) were designed to bind Fab fragments containing λ-LC and κ-LC via the light chain constant
domain. Therefore, I decided to test whether the LambdaFabSelect media was also suitable for FLC
enrichment.
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Fig. 8.1.3-4 LambdaFabSelect affinity chromatography of diafiltrated sample λ-AL-d.
A. Chromatogram for LambdaFabSelect affinity chromatography of diafiltrated sample λ-AL-d. The
chromatogram shows the absorbance at 280 nm (blue) the absorbance at 215 nm (light green) and the collected
fractions over the column volumes (CV) of buffer. Only during the first 2-3 CV of wash buffer a change in
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absorption at 280 nm was observed B. Non-reducing SDS-PAGE and Western blot analysis. Unconcentrated
fraction show that HSA, intact κ-LC immunoglobulins, and other plasma proteins did not bind to the media. Wash
(i-iv) and elution (A-E) fractions concentrated by a factor of ten show, that λ-LC did not bind to the affinity media.

After column equilibration with PBS at pH 7.4, the diafiltrated sample of the mildly kidney impaired
patient λ-AL-d was applied to the column and washed with PBS pH 7.4 to remove unbound proteins
(Fig. 8.1.3-4A, and B). The unbound proteins (albumin and intact immunoglobulins containing κ-isotype
light chains) eluted within 2-3 column volumes of (CV) of PBS wash, but no λ-isotype light chains were
detected in the wash (1-11) fractions. As an elution buffer, the recommended 100 mM sodium acetate
at pH 3.6 was used, and bound protein should have been eluted, within 5 CV of elution buffer.
Neither the absorbance at 280 nm nor in SDS-PAGE and Western blot analysis indicated that λ-LC was
eluted from the column, while an increase in the absorption at 215 nm was due to a change to the acetate
buffer. In order to find the λ-LC, I pooled the wash (i-vi) and the elution (A-E) fractions and concentrated
them. When 10x the amount of protein was applied to a consecutive SDS-PAGE and Western blot
analysis, λ-LC was found in the wash fraction indicating that they did not bind sufficiently to the
LambdaFabSelect media. In summary, an affinity-enrichment strategy for light chains would have to be
rather antibody-based.

8.1.3.4

Strategy 4: Enrichment of LC via with Immune affinity chromatography

In order to purify a larger set of light chains form the urine of kidney-impaired patients or from serum
via immunoprecipitation in a sufficient amount to perform biophysical and biochemical studies, I would
need approximately 50 – 100 mg of antibody raised against κ-LC respectively λ-LC. This would not be
feasible with a commercial antibody. Production of 50 mg polyclonal antibody would afford the
immunization of two rabbits or one goat, and monoclonal antibody production in hybridoma cells would
lie in the same price range. Additionally, due to the differences between light chain protein sequences,
the best choice for immunization would be to synthesize peptides conserved in κ- respectively λ-isotype
light chains for immunization. Therefore, I first selected possible peptides for immunization, and then
estimated if the collected urine samples could contain suitable amounts of LC protein.
First, I identified conserved peptides in the germline-constant domains of λ- and κ-LC found in the
IMGT system101 via an examination of structural aligments of the 3D structures of LC dimers and Fab
fragments111, 355, 405-418 from the PDB database in PyMol Edu. Next, I analyzed the selected peptides for
their suitablity for immunization using the Expasy ProtParam tool288, and blasted them for homologies
in rabbit and goat as host species for immunization (Tab. 8.1.3-1). In short, the selected peptides might
be suitable for immunization but have weaknesses that could decrease their usefulness for immunization.
Both peptides contain slightly too many gel- prone residues, which could make them insoluble in the
aqueous solutions needed for immunization. Additionally, both peptide might be too short to result in
strong binding antibodies suitable for native immunoprecipitation.
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Fig. 8.1.3-5 Peptide selection for immunization against λ-LC and κ -LC.
A. Alignment of germline light chain constant domains101. (λ-LC red, κ-LC green) and the selected peptide
sequence. B. Location of the selected peptides within light chain dimers, structural alignments of different light
chain constant domains of LC dimers and Fab fragments, and structural alignment of peptides within constant
domains performed with PyMolTM (Schrödinger, USA). (1) λ-LC PDB95-97 entry 1A8J405 (2, 3) λ-LC constant
domains from PDB entries 1A8J405, 1BJM355, 1LIL406, 2OLD407, 1JVK408, 1LGV409, λ-LC fab fragments PDB
entries 2DD8410, 2G75410, 8FAB411, 7FAB412 , (I) κ-LC PDB entry 111 (II, III) κ-LC dimer PDB entries 1B6D111,
κ-LC fab fragments PDB entries 2F5A413, 1DFB414, 1RHH415, 1N0X (no recorded citation), 1BBJ416, 1FH5417, 418,
1RZ7418, 1RZG418.
Tab. 8.1.3-1 conditions regarding the target and regarding the immunization
λ: LTPEQWKSHRSY
Predicted half-life in mammals
about 5.5 h288, 419-423
part of the al κ-LC or λ-LC C domain
all but one (Fig. 8.1.3-5A,
red)101
424
exposed α-helix (Fig.
exposed on the surface of free light chain protein
8.1.3-5B, 1-3)
low hydrophobicity index
relatively low hydrophobicity424
(32.5288, 425)
should contain polar & charged residues
most aa charged or at
least polar
less than 75% of amino acids prone to gel formation
~ 75% gel prone aa
aqueous solution (Asp, Glu, His, Lys, Asn, Gln, Arg, Ser,
Thr, Tyr)426
1x Tyr, 1x Pro
contain the residues Asp, Tyr, Pro, and Phe424, to
enhance immune-reactivity
between 8-20 amino acids (aa) for native targets
12 aa
possibly 15-20 aa424
exhibit low sequence homology to proteins abundant in Goats: no relevant
the immunized species424 (Expasy SIB BLAST+ Network Rabbit: “LTPEQ” is found
in some heavy chain Igs
Service Tool427)

κ: TLSKADYEKH
half-life of 7.2 h288, 419-423
all (Fig. 8.1.3-5A, green)
101

exposed α-helix (Fig.
8.1.3-5B, I-II)
low hydrophobicity index
(32.5288, 425)
most aa charged or at
least polar
Slightly more than 75%
gel prone aa
1x Tyr, 1x Asp
10 aa
Goats: none
Rabbit: none

Considering that the custom peptide synthesis as well as the custom antibody expression are rather
expensive, the next step was to estimate whether it was possible to purify enough protein for the planned
biochemical and biophysical studies from the amount of patient urine or serum that had been collected.
It would have been interesting to compare whether LC purified from urine and serum of the same
patients would exhibit the same behavior in vivo. The Amyloidosis Center collected 40 ml 24-h urine
from AL and MM patients and 5 ml serum from selected AL patients. When looking at the clinically
determined LC production of the patients (Tab. 8.1.3-2), I found that 5 ml of serum could not possibly
contain enough monoclonal LC protein to expect a suitably high yield after a multistep purification
procedure, and that no serum samples were acquired for any of my nine patients in questions.
Additionally, the FLC production in kidney-impaired patients (λ-AL-a, λ-AL-d) and patients with heart
involvement suggested that the 40 ml of 24-h urine that had been collected could not support a
comprehensive biochemical and biophysical study.
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Tab. 8.1.3-2 Monoclonal LC concentrations in serum and urine of AL and MM patients.
Sample ID – ID in this thesis, 1 Estimated maximal yield from collected 5 ml of serum, 2 Estimated theoretical
yield from assumed 2000 ml urine per day and 40 ml total collected urine (modified from Andrich, et. al., 2017317)
Protein serum
Protein urine
LC from
Theor.
max.
target
Sample ID target
diafitr.
urine
max.
κ /λ
yield1
κ /λ
2
[mg]
yield
[mg/l]
[mg]
[mg/d]
[mg]
κ-AL-1
κ-AL-2
κ-AL-a
κ-AL-b
κ-AL-c
κ-AL-d
κ-AL-e

11,300
3,750
749
96
102
613
145

5,7
1,9
0.4
0.0
0.1
0.3
0.1

5,460
4,242
180
316
2
2,060
510

110
85
3,6
6,3
0,0
41
10

320
140

λ-AL-1
λ-Al-2
λ-AL-a
λ-AL-b
λ-AL-c
λ-AL-d

6,470
654
32
1,100
450
181

3.2
0.3
0.0
0.6
0.2
0.1

5,784
265
62
173
34
114

110
5,3
1,2
3,5
0,7
2,3

750
22

2,173
33,209
1,236
5,780
1,495
2,050

1.1
17
0.6
2.9
0.7
1.0

3,400
2,437
735
1,7368
9,016
2,100

68
49
15
350
180
42

220
400

κ-MM-1
κ-MM-2
κ-MM-a
λ-MM-1
λ-MM-2
λ-MM-3

8.1.3.5

570
80
600

Summary

In summary, there are many obstacles when purifying monoclonal immunoglobulin light chains from
the urine of kidney impaired patients on a scale sufficient to permit biochemical and biophysical
experiments. The ethically available amount of patient serum renders serum in general unsuitable as
source for light chains for the purification of larger amounts of LC protein. When purifying LC from
the urine of kidney-impaired patients or patients with heart involvement, much larger amounts of urine
would need to be collected. Therefore, with regard to time and project cost, and due to the fact that I had
already nine suitable pure diafiltrated LC proteins from non-kidney impaired patients from both LCisotypes and as well AL as MM patients, I had to decide to move on to analyze only these LC proteins
and to accept a possible bias due the selection criteria.

8.1.3.6

Discussion: LC purification from high albumin matrices

Ideally, one would want to study the aggregation behavior of a protein in as pure a state as possible. But
the practical problem of separating light chains from albumin was more challenging than expected:
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Since LC clearly bound to albumin, I would assume that albumin binds with relatively high affinity to
light chains, and it might bind to LC even covalently via one of its 35 cysteine residues. For example,
albumin can covalently bind to proteins such as homocysteine

428

, or IgA and IgG429 through the

formation of disulfide bonds. In contrast to these findings, the biochemical analysis presented here under
non-reducing conditions (SDS-PAGE) indicates a non-covalent binding mode between the albumin and
LC protein (Fig. 4.1.2-4). However, the strong interaction between albumin and LC made it impossible
to purify LC from the urine of patients with albuminuria under native conditions within a reasonable
time frame, which is the cause of the bias against patients with advanced kidney involvement of AL
amyloidosis that has been described above.
If as I suspect, albumin and light chains bind non-covalently, one could explore whether hydrophobic
interaction chromatography (HIC)430 might be employed to disrupt the LC-albumin interaction. In HIC
gradients of salt concentrations or chaotropic salts like GdnHCl are utilized, to separate proteins
according to their surface hydrophobicity. The theoretical differences in the average hydrophobicity
index (Tab. 4.1.1-1) between LC and albumin indicate differences in their surface hydrophobicity exist
as well. In addition to the surface hydrophobicity of the proteins of interest several other properties can
define the success of a separation by HIC, such as the influence of matrix material (e.g. agarose,
Sephadex) and its pore size, the separating ligand (e.g. butyl, phenyl, butyl-S, octyl), the type and
concentration of the salt used for the gradient (e.g. (NH4)2SO4, Na2SO4, NaCl, KCl and CH3COONH4),
temperature and pH, but these processes are not well understood. Therefore, using HIC, the separation
of LC from HSA would need to be established and optimized for each patient individually. In light of
the research presented here, neither purification under reducing conditions nor the denaturation with
chaotropic salts like guanidine hydrochloride would seem to yield viable purification options

8.1.3.7

Proposed purification strategy for urine of kidney impaired patients

For future attempts to purify light chain proteins from the urine of patients with kidney and / or heart
involvement in a yield high enough for biochemical and biophysical studies, I would recommend
purifying LC form about 500 ml 24-h patient urine as follows: (1) urine clarification with large vacuum
membrane filtration units, (2) Sample volume reduction and buffer exchange in large centrifugal filters.
(3) Depletion of intact immunoglobulins. (4) Light chain enrichment via Immunoprecipitation. (5) For
the removal of albumin, hydrophobic interaction chromatography might be an option. Unfortunately, it
is impossible to predict the whether the amount normal LC within the monoclonal LC will be sufficiently
small, due to the underlying biology of the clonal BMPC population and Ig light chain production by
plasma cells in general.
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Fig. 8.1.3-6 Proposed Strategy for LC purification from about 500 ml urine of kidney impaired patients.
(1) Clarification by centrifugation and stepwise membrane filtration in 500 ml vacuum filtration units. (2)
Capturing target protein in large scale by volume reduction and diafiltration in 10 kDa MWCO 70 ml ultrafiltration
units (e.g. Centricon®Plus-70). Two step intermediate purification with (3) depletion of intact immunoglobulins
by protein A/G affinity media, and (4) subsequent LC-immunoprecipitation with (possibly custom made) light
chain antibodies (5) Removal of albumin bound to light chains by non-denaturing hydrophobic interaction
chromatography (HIC).
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8.3
8.3.1.

Biochemical characterization
Data: Molecular weight determination

Fig. 8.3.1-1 Raw data apparent molecular weight determination.
Measurements of electrophoretic mobility’s of LC proteins and molecular weight markers.

Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
208

8 Appendix
Tab. 8.3.1-1 Raw data apparent molecular weight determination.
Measurements of electrophoretic mobility’s of LC proteins and molecular weight markers.
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8.4
8.4.1.

Biophysical characterization
Data: Thermal denaturations (CD)

Fig. 8.4.1-1 Thermal denaturation data: λ-AL-1 (1.0 °C/min)
B. CD data for single de- and renaturations (200 nm). C., D. CD signal for denaturations (C) and renaturations (D)
normalized to the pre-and post-transition baseline. E. Averaged de- and renaturation curves with corrections for
sloping baselines and Boltzmann fit performed with OriginPro (OriginLab, USA) E. Plot of lnK over 1/T and
linear fit of transition area.
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Fig. 8.4.1-2 Thermal denaturation data: λ-AL-1 (2.0 °C/min)
B. CD data for single de- and renaturations (200 nm). C., D. CD signal for denaturations (C) and renaturations (D)
normalized to the pre-and post-transition baseline. E. Averaged de- and renaturation curves with corrections for
sloping baselines and Boltzmann fit performed with OriginPro (OriginLab, USA) E. Plot of lnK over 1/T and
linear fit of transition area.
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Fig. 8.4.1-3 Thermal denaturation data: λ-AL-2 (0.5 °C/min)
A. CD spectra before and after thermal de- and renaturation. (temperatures: pre-denaturation baseline 45°C, postdenaturation baseline 68°C, post-renaturation 40°C). B. CD data for single de- and renaturations (200 nm). C., D.
CD signal for denaturations (C) and renaturations (D) normalized to the pre-and post-transition baseline. E.
Averaged de- and renaturation curves with corrections for sloping baselines and Boltzmann fit performed with
OriginPro (OriginLab, USA) E. Plot of lnK over 1/T and linear fit of transition area.
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Fig. 8.4.1-4 Thermal denaturation data: κ-AL-1 (0.5 °C/min)
A. CD spectra before and after thermal de- and renaturation. (temperatures: pre-denaturation baseline 35°C, postdenaturation baseline 75°C, post-renaturation 20°C). B. CD data for single de- and renaturations (200 nm). C., D.
CD signal for denaturations (C) and renaturations (D) normalized to the pre-and post-transition baseline. E.
Averaged de- and renaturation curves with corrections for sloping baselines and Boltzmann fit performed with
OriginPro (OriginLab, USA) E. Plot of lnK over 1/T and linear fit of transition area.
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Fig. 8.4.1-5 Thermal denaturation data: κ-AL-2 (0.5 °C/min)
A. CD spectra before and after thermal de- and renaturation. (temperatures: pre-denaturation baseline 35°C, postdenaturation baseline 65°C, post-renaturation 20°C). B. CD data for single de- and renaturations (200 nm). C., D.
CD signal for denaturations (C) and renaturations (D) normalized to the pre-and post-transition baseline. E.
Averaged de- and renaturation curves with corrections for sloping baselines and Boltzmann fit performed with
OriginPro (OriginLab, USA) E. Plot of lnK over 1/T and linear fit of transition area.
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Fig. 8.4.1-6 Thermal denaturation data: κ-MM-1 (0.5 °C/min)
A. CD spectra before and after thermal de- and renaturation. (temperatures: pre-denaturation baseline 40°C, postdenaturation baseline 75°C, post-renaturation 20°C). B. CD data for single de- and renaturations (200 nm). C., D.
CD signal for denaturations (C) and renaturations (D) normalized to the pre-and post-transition baseline. E.
Averaged de- and renaturation curves with corrections for sloping baselines and Boltzmann fit performed with
OriginPro (OriginLab, USA) E. Plot of lnK over 1/T and linear fit of transition area.
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Fig. 8.4.1-7 Thermal denaturation data: κ-MM-2 (0.5 °C/min)
A. CD spectra before and after thermal de- and renaturation. (temperatures: pre-denaturation baseline 37°C, postdenaturation baseline 65°C, post-renaturation 20°C). B. CD data for single de- and renaturations (200 nm). C., D.
CD signal for denaturations (C) and renaturations (D) normalized to the pre-and post-transition baseline. E.
Averaged de- and renaturation curves with corrections for sloping baselines and Boltzmann fit performed with
OriginPro (OriginLab, USA) E. Plot of lnK over 1/T and linear fit of transition area.
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Fig. 8.4.1-8 Thermal denaturation data: λ-MM-1 (0.5 °C/min)
A. CD spectra before and after thermal de- and renaturation. (temperatures: pre-denaturation baseline 45°C, postdenaturation baseline 65°C, post-renaturation 30°C). B. CD data for single de- and renaturations (200 nm). C., D.
CD signal for denaturations (C) and renaturations (D) normalized to the pre-and post-transition baseline. E.
Averaged de- and renaturation curves with corrections for sloping baselines and Boltzmann fit performed with
OriginPro (OriginLab, USA) E. Plot of lnK over 1/T and linear fit of transition area.
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Fig. 8.4.1-9 Thermal denaturation data: λ-MM-2 (0.5 °C/min)
A. CD spectra before and after thermal de- and renaturation. (temperatures: pre-denaturation baseline 35°C, postdenaturation baseline 70°C, post-renaturation 35°C). B. CD data for single de- and renaturations (200 nm). C., D.
CD signal for denaturations (C) and renaturations (D) normalized to the pre-and post-transition baseline. E.
Averaged de- and renaturation curves with corrections for sloping baselines and Boltzmann fit performed with
OriginPro (OriginLab, USA) E. Plot of lnK over 1/T and linear fit of transition area.
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.
Fig. 8.4.1-10 Thermal denaturation data: λ-MM-3 (0.5 °C/min)
A. CD spectra before and after thermal de- and renaturation. (temperatures: pre-denaturation baseline 50°C, postdenaturation baseline 70°C, post-renaturation 40°C). B. CD data for single de- and renaturations (200 nm). C., D.
CD signal for denaturations (C) and renaturations (D) normalized to the pre-and post-transition baseline. E.
Averaged de- and renaturation curves with corrections for sloping baselines and Boltzmann fit performed with
OriginPro (OriginLab, USA) E. Plot of lnK over 1/T and linear fit of transition area.
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8.4.2.
8.4.2.1

GdnHCl denaturations
Optimizations for GdnHCl-induced LC denaturations

In a pilot experiment in which LC proteins were denatured in 1 M steps with 0 to 6 M GdnHCl and
measured immediately after preparation, I noticed the unfolding of LC proteins was relatively slow. I
performed another experiment to determine the incubation time necessary to reach equilibrium for an
incubation of LC proteins in 6 M GdnHCl at room temperature and when pre-incubated at 4°C for
3 hours (Fig. 8.4.2-1). At room temperature the GdnHCl-induced unfolding of LC proteins reached
equilibrium at approximately 5.5 h and was strongly delayed at 4°C. Therefore, I decided to incubate
LC samples overnight at room temperature for further measurements.

Fig. 8.4.2-1 Incubation of λ-MM-1 sample at 6 M GdnHCl and observation of Trp fluorescence .
0.5 µM λ-MM-1 sample incubated in 6 M GdnHCl with Trp fluorescence measurements performed at RT every
3 min (ex. 280 nm, em. 300-470 nm). A. Selection of absolute Trp fluorescence spectra. B. Trp fluorescence
spectra normalized to the local maximum between 325-350 nm for A. C., D. Plots absolute Trp fluorescence (C.)
and peak maximum (D.) over incubation time. (black: measurement paused over night and resumed next day, blue:
sample incubated for 3 h at 4°C before measurement) Equilibrium was established at RT with a position of 349 nm
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for the peak maximum was reached after approximately 5.5 h (asymptotic fit, red), while incubation at 4°C strongly
delayed the establishment of an equilibrium state for unfolding.

Next, I establish an optimal wavelength to observe GdnHCl denaturations via CD spectroscopy (Fig.
8.4.2-2). The κ-AL-1 sample was incubated overnight at 10 µM LC in 0-2.5 M GdnHCl, and CD spectra
were acquired the next day between 190-265 nm. The CD spectra at GdnHCl concentrations above
0.83 M could only be measured reliably and with an acceptable background a wavelength of above
211 nm (Fig. 8.4.2-2A). The CD signal at different wavelengths (Fig. 8.4.2-2A: 211-213.5 nm, B: 214219 nm, C: 232-237 nm) was plotted over the GdnHCl concentration. The largest change of the CD
signal was observed at 211 nm and allowed for a two-state sigmoid fit. Therefore, this wavelength was
chosen for further GdnHCl denaturation experiments observed via CD spectroscopy.

Fig. 8.4.2-2 GdnHCl denaturation of the κ-AL-1 sample observed via CD spectroscopy.
GdnHCl concentration between 0-2.5 M. Samples were incubated over night before measurement. A. CD spectra
measured between 211-265 nm. B.-D. Plot of CD signal over GdnHCl concentrations between wavelengths B.
211-231.5 nm C. 214-219 nm, and D. 232-237 nm.
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8.4.2.2

Reversibility of GdnHCl denaturations

Fig. 8.4.2-3 Reversibility of GdnHCl denaturations observed via CD spectroscopy.
A. Incubation scheme for LC samples. Refolded (light blue) and unfolded (red) sample were incubated at 150 µM
LC 6 M GdnHCl overnight, diluted to 10 µM LC into 0.25 M or 6 M GdnHCl and incubated for an additional
night. A folding control (dark blue) and an unfolded control sample (dark red) were incubated at 10 µM LC and
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0.25 respectively 6 M GdnHCl for one nights. B. GdnHCl denaturations were at least partially reversible. Samples
were measured between 210 to 265 nm.

Fig. 8.4.2-4 Reversibility of GdnHCl denaturations – absolute Trp fluorescence
A. absolute Trp fluorescence B. normalized Trp fluorescence. GdnHCl Denaturations were at least partially
reversible. Refolded (light blue) and unfolded (red) sample were incubated at 150 µM LC 6 M GdnHCl overnight,
diluted to 0.5 µM LC into 0.25 M or 6 M GdnHCl and incubated for an additional night. A folding control (dark
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blue) and an unfolded control sample (dark red) were incubated at 0.5 µM LC and 0.25 respectively 6 M GdnHCl
for one nights. Emission spectra of samples excited at 280 nm were measured between 300 to 470 nm.

In order to address whether GdnHCl denaturations were reversible, the nine isolated LC samples were
refolded and observed via CD spectroscopy (Fig. 8.4.2-3B) and Trp fluorescence (Fig. 8.4.2-3) in
independent experiments. Samples were denatured by incubation overnight at 150 µM LC, 6 M GdnHCl
in NaP buffer pH 7.2 then diluted the next day to 0.25 µM (light blue) or 6 M GdnHCl (red) before
incubation for a further 8 h or overnight. Incubations were performed at room temperature (Fig.
8.4.2-3A).
To check for possible effects due to the long incubation at room control samples were diluted directly
to 0.25 µM (dark blue) or 6 M GdnHCl (dark red) before incubation for overnight. In CD spectroscopy
it appeared that all nine samples were at least partially refolding, but the spectra could only be analyzed
qualitatively since the β-characteristic CD peak at 200 nm could not be detected due the background
from 6 M GdnHCl (Fig. 8.4.2-4B). Trp fluorescence spectroscopy revealed more detail regarding the
refolding abilities of the nine LC samples (Fig. 8.4.2-4). While based on the recovery of position of the
initial peak maximum in κ-LC and λ-AL samples, sufficient refolding was abundant (83-100%); in λMM samples only 50-60% refolding could be observed, rendering the unfolding of the λ-MM samples
less reversible than that of the other LC samples. Since the reversibility is limited, the denaturation data
for these samples cannot be used to determined unfolding energies for a simple two-state model using
the Gibbs-Helmholtz equation, but merely as an orientation for these samples.

8.4.2.3

Data: Trp fluorescence

Fig. 8.4.2-5 GdnHCl denaturation – Trp fluorescence – λ-AL-1 sample – part 2.
E. Trp fluorescence intensity ratio (338 / 350 nm) over GdnHCl concentration for biological triplicates with linear
fit of pre- and post-transition baseline. F. Baseline corrected unfolding curve for biological triplicates. G. Plot lnK
over GdnHCl concentration and linear fits of transition area for biological triplicates.
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Fig. 8.4.2-6 GdnHCl denaturation – Trp fluorescence – λ-AL-1 refolding
Measurement of biological triplicates of A. Averaged background corrected absolute Trp fluorescence. B.
Averaged background corrected Trp fluorescence normalize to (local) peak maximum between 320-355 nm. C.
Trp fluorescence intensity at peak maximum, minimal or maximal wavelength of observed peak maximum over
GdnHCl concentration. D. Wavelength at peak maximum and fluorescence intensity ratio minimal peak maximum
wavelength to maximal peak maximum wavelength over GdnHCl concentration. E. Trp fluorescence intensity
ratio (338 / 350 nm) over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition
baseline. F. Baseline corrected unfolding curve for biological triplicates. E. Plot lnK over GdnHCl concentration
and linear fits of transition area for biological triplicates.
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Fig. 8.4.2-7 GdnHCl denaturation – Trp fluorescence – λ-AL-2
Measurement of biological triplicates of A. Averaged background corrected absolute Trp fluorescence. B.
Averaged background corrected Trp fluorescence normalize to (local) peak maximum between 320-355 nm. C.
Trp fluorescence intensity at peak maximum, minimal or maximal wavelength of observed peak maximum over
GdnHCl concentration. D. Wavelength at peak maximum and fluorescence intensity ratio minimal peak maximum
wavelength to maximal peak maximum wavelength over GdnHCl concentration. E. Trp fluorescence intensity
ratio (338 / 350 nm) over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition
baseline. F. Baseline corrected unfolding curve for biological triplicates. E. Plot lnK over GdnHCl concentration
and linear fits of transition area for biological triplicates.
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Fig. 8.4.2-8 GdnHCl denaturation – Trp fluorescence – κ-AL-2
Measurement of biological triplicates of A. Averaged background corrected absolute Trp fluorescence. B.
Averaged background corrected Trp fluorescence normalize to (local) peak maximum between 320-355 nm. C.
Trp fluorescence intensity at peak maximum, minimal or maximal wavelength of observed peak maximum over
GdnHCl concentration. D. Wavelength at peak maximum and fluorescence intensity ratio minimal peak maximum
wavelength to maximal peak maximum wavelength over GdnHCl concentration. E. Trp fluorescence intensity
ratio (338 / 350 nm) over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition
baseline. F. Baseline corrected unfolding curve for biological triplicates. E. Plot lnK over GdnHCl concentration
and linear fits of transition area for biological triplicates.
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Fig. 8.4.2-9 GdnHCl denaturation – Trp fluorescence – κ-MM-1
Measurement of biological triplicates of A. Averaged background corrected absolute Trp fluorescence. B.
Averaged background corrected Trp fluorescence normalize to (local) peak maximum between 320-355 nm. C.
Trp fluorescence intensity at peak maximum, minimal or maximal wavelength of observed peak maximum over
GdnHCl concentration. D. Wavelength at peak maximum and fluorescence intensity ratio minimal peak maximum
wavelength to maximal peak maximum wavelength over GdnHCl concentration. E. Trp fluorescence intensity
ratio (338 / 350 nm) over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition
baseline. F. Baseline corrected unfolding curve for biological triplicates. E. Plot lnK over GdnHCl concentration
and linear fits of transition area for biological triplicates.
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Fig. 8.4.2-10 GdnHCl denaturation – Trp fluorescence – κ-MM-2
Measurement of biological triplicates of A. Averaged background corrected absolute Trp fluorescence. B.
Averaged background corrected Trp fluorescence normalize to (local) peak maximum between 320-355 nm. C.
Trp fluorescence intensity at peak maximum, minimal or maximal wavelength of observed peak maximum over
GdnHCl concentration. D. Wavelength at peak maximum and fluorescence intensity ratio minimal peak maximum
wavelength to maximal peak maximum wavelength over GdnHCl concentration. E. Trp fluorescence intensity
ratio (338 / 350 nm) over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition
baseline. F. Baseline corrected unfolding curve for biological triplicates. E. Plot lnK over GdnHCl concentration
and linear fits of transition area for biological triplicates.
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Fig. 8.4.2-11 GdnHCl denaturation – Trp fluorescence – λ-MM-1
Measurement of biological triplicates of A. Averaged background corrected absolute Trp fluorescence. B.
Averaged background corrected Trp fluorescence normalize to (local) peak maximum between 320-355 nm. C.
Trp fluorescence intensity at peak maximum, minimal or maximal wavelength of observed peak maximum over
GdnHCl concentration. D. Wavelength at peak maximum and fluorescence intensity ratio minimal peak maximum
wavelength to maximal peak maximum wavelength over GdnHCl concentration. E. Trp fluorescence intensity
ratio (338 / 350 nm) over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition
baseline. F. Baseline corrected unfolding curve for biological triplicates. E. Plot lnK over GdnHCl concentration
and linear fits of transition area for biological triplicates.
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Fig. 8.4.2-12 GdnHCl denaturation – Trp fluorescence – λ-MM-2
Measurement of biological triplicates of A. Averaged background corrected absolute Trp fluorescence. B.
Averaged background corrected Trp fluorescence normalize to (local) peak maximum between 320-355 nm. C.
Trp fluorescence intensity at peak maximum, minimal or maximal wavelength of observed peak maximum over
GdnHCl concentration. D. Wavelength at peak maximum and fluorescence intensity ratio minimal peak maximum
wavelength to maximal peak maximum wavelength over GdnHCl concentration. E. Trp fluorescence intensity
ratio (338 / 350 nm) over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition
baseline. F. Baseline corrected unfolding curve for biological triplicates. E. Plot lnK over GdnHCl concentration
and linear fits of transition area for biological triplicates.
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Fig. 8.4.2-13 GdnHCl denaturation – Trp fluorescence – λ-MM-3
Measurement of biological triplicates of A. Averaged background corrected absolute Trp fluorescence. B.
Averaged background corrected Trp fluorescence normalize to (local) peak maximum between 320-355 nm. C.
Trp fluorescence intensity at peak maximum, minimal or maximal wavelength of observed peak maximum over
GdnHCl concentration. D. Wavelength at peak maximum and fluorescence intensity ratio minimal peak maximum
wavelength to maximal peak maximum wavelength over GdnHCl concentration. E. Trp fluorescence intensity
ratio (338 / 350 nm) over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition
baseline. F. Baseline corrected unfolding curve for biological triplicates. E. Plot lnK over GdnHCl concentration
and linear fits of transition area for biological triplicates.
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Fig. 8.4.2-14 GdnHCl denaturation – Trp fluorescence – κ-AL-1
Measurement of biological triplicates of A. Averaged background corrected absolute Trp fluorescence. B.
Averaged background corrected Trp fluorescence normalize to (local) peak maximum between 320-355 nm. C.
Trp fluorescence intensity at peak maximum, minimal or maximal wavelength of observed peak maximum over
GdnHCl concentration. D. Wavelength at peak maximum and fluorescence intensity ratio minimal peak maximum
wavelength to maximal peak maximum wavelength over GdnHCl concentration. E. Trp fluorescence intensity
ratio (338 / 350 nm) over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition
baseline. F. Baseline corrected unfolding curve for biological triplicates. E. Plot lnK over GdnHCl concentration
and linear fits of transition area for biological triplicates.
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Fig. 8.4.2-15 GdnHCl denaturation – Trp fluorescence – dg-κ-AL-1
Measurement of biological triplicates of A. Averaged background corrected absolute Trp fluorescence. B.
Averaged background corrected Trp fluorescence normalize to (local) peak maximum between 320-355 nm. C.
Trp fluorescence intensity at peak maximum, minimal or maximal wavelength of observed peak maximum over
GdnHCl concentration. D. Wavelength at peak maximum and fluorescence intensity ratio minimal peak maximum
wavelength to maximal peak maximum wavelength over GdnHCl concentration. E. Trp fluorescence intensity
ratio (338 / 350 nm) over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition
baseline. F. Baseline corrected unfolding curve for biological triplicates. E. Plot lnK over GdnHCl concentration
and linear fits of transition area for biological triplicates.
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8.4.2.4

Data: CD spectroscopy

Fig. 8.4.2-16 GdnHCl denaturation – CD spectroscopy – λ-AL-1 sample.
Measurement of biological triplicates of A. CD signal at 211 nm over GdnHCl concentration. B. CD signal at
211 nm over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition baseline. C.
Baseline corrected unfolding curve for biological triplicates. D. Plot lnK over GdnHCl concentration and linear
fits of transition area for biological triplicates.
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Fig. 8.4.2-17 GdnHCl denaturation – CD – κ-AL-1
Measurement of biological triplicates of A. CD signal at 211 nm over GdnHCl concentration. B. CD signal at
211 nm over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition baseline. C.
Baseline corrected unfolding curve for biological triplicates. D. Plot lnK over GdnHCl concentration and linear
fits of transition area for biological triplicates.
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Fig. 8.4.2-18 GdnHCl denaturation – CD – κ-MM-1
Measurement of biological triplicates of A. CD signal at 211 nm over GdnHCl concentration. B. CD signal at
211 nm over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition baseline. C.
Baseline corrected unfolding curve for biological triplicates. D. Plot lnK over GdnHCl concentration and linear
fits of transition area for biological triplicates.
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Fig. 8.4.2-19 GdnHCl denaturation – CD – κ-MM-2
Measurement of biological triplicates of A. CD signal at 211 nm over GdnHCl concentration. B. CD signal at
211 nm over GdnHCl concentration for biological triplicates with linear fit of pre- and post-transition baseline. C.
Baseline corrected unfolding curve for biological triplicates. D. Plot lnK over GdnHCl concentration and linear
fits of transition area for biological triplicates.

8.5

Aggregation behavior of Ig light chains

8.5.1.
8.5.1.1
a.

Experimental procedures
Aggregation assays & aggregate characterization
Dot and semi-denaturing filter retardation assay

Dot blots and filter retardation assays (FRA) were performed in a custom-built 96-well vacuum
microfiltration apparatus. Samples were applied to nitrocellulose (Protran® BA83, 0.2 µm pore size,
90 µg/cm² binding capacity) or filtered through pre-wetted cellulose acetate (2 µm, Schleicher &
Schuell, Germany) on top of two layers of filter paper (Whatman 3MM chromatography paper). Dot
blots, were washed twice with 1x NaP buffer, and 1 µg of sample at 0.1 µg/µl protein was applied to the
membrane, followed by two wash steps with 100 µl buffer. Semi-denaturing FRA, were washed twice
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with 1x 1% SDS, and 2 µg of sample denatured with 1% SDS without boiling at 0.02 µg/µl protein were
applied to the membrane, followed by two wash steps with 1% SDS. Dot blot and FRA membrane were
immunostained and imaged according to the protocol for Western blots (chapter 3.2.3.3b).

b.

Optimization of aggregation conditions

Exp.

Tab. 8.5.1-1 Experiment conditions for optimization of aggregation conditions.
#
extra
assay shake temp pH
buffers
DTT interval
[mM] [min]
[°C]

Fig. 8.5.3-1

A Acid. aggregat.

B

Seeding
+ 10% 24 d
seeds

C

Aggregation
+/- EGCG
0.0x EGCG
0.1x EGCG
1.0x EGCG

D

Seeding
+/- EGCG
seeds (22 h)
0x unseeded
0.0x EGCG
0.1x EGCG
1.0x EGCG

all ‘Discontinuous’

Fig. 8.5.3-3

+/- EGCG
0x EGCG
1x EGCG
5xEGCG

samples

100

10

37

2.8

1x GE, 150 mM NaCl

10

κ-AL-1
κ-AL-2
λ-AL-1
λ-AL-2
κ-MM-1
κ-MM-2
λ-MM-1
λ-MM-2
λ-MM-3

10

10

37

2.8

1x GE, 150 mM NaCl

25

λ-AL-1
+ 10% 24 d
seeds

10

10

37

2.8

1x GE, 150 mM NaCl

25

λ-AL-1

10

10

37

2.8

1x GE, 150 mM NaCl

25
20
20
20
20

λ-AL-1 seeds
unseeded
2.5 µM seeded
2.5 µM seeded
2.5 µM seeded

25

κ-AL-1
κ-AL-2
λ-AL-1
λ-AL-2
κ-MM-1
κ-MM-2
λ-MM-1
λ-MM-2
λ-MM-3

25

κ-AL-11
κ-AL-21
λ-MM-11

100

Fig. 8.5.3-2

24 days acidic

protein
conc.
[µM]

10

perma- 37°C
nent
200
rpm

10

37

2.8 1x GE, 150 mM NaCl, 0.05%

NaN3

7.2

1x NaP, 150 mM NaCl,
0.05% NaN3
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#

extra

Fig. 8.5.3-5, Fig.

All ‘Discontinuous’

8.5.2.

No EGCG
1x EGCG

assay shake temp pH
DTT interval
[mM] [min]
[°C]
100

every 37°C
15 min
for
1 min at
600
rpm

7.2

buffers

protein
conc.
[µM]

samples

1x NaP, 150 mM NaCl,
0.05% NaN3

1400 µl
50 µM

κ-AL-11
λ-AL-11

Data: LC aggregation kinetics

Fig. 8.5.2-1 Supplementary kinetics for Fig. 4.4.2-5B
ThT aggregation kinetics at different LC protein concentrations. Samples show biphasic aggregation kinetics.

Fig. 8.5.2-2 Supplementary kinetics for Fig. 4.4.2-5A.
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ThT fluorescence and turbidity (560 nm) aggregation kinetics for LC samples κ-AL-1, κ-MM-1, and κ-MM-2.

Fig. 8.5.2-3 DTT-dependent aggregation kinetics.
Aggregation kinetics performed under standard conditions, at DTT concentrations of 10, 50, 100, and 200 mM.
The first aggregation phase is accelerated by increasing DTT concentrations.

8.5.3.
8.5.3.1
a.

EGCG affects LC aggregation non-sequence-specific
Establishment of conditions to evaluate EGCGs influence on LC aggregation
Aggregation and seeding under acidic conditions

Fig. 8.5.3-1 LC aggregation, seeding and the effect of EGCG under acidic conditions (pH 2.8).
A. Acidic aggregation of final purified light chain samples. [Note the lack of formation of ThT positive species by
this batch of the κ-AL-1 sample] B. Seeding experiment with pre-formed fibril fragments (seeds) of the λ-AL-1.
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and AFM imaging of fibrils used as seeds. C. LC aggregation under acidic condition in absence and presence of
EGCG (equimolar to LC or 10% of equimolar LC concentration). D. Seeding experiment in absence and presence
of EGCG (equimolar to LC of 10% of equimolar).

Since in my first aggregation assay, the κ-AL-1 sample (test batch) formed very large fibrils (Fig.
4.4.1-4C) under acidic conditions (1x GE pH 2.8, 150 mM NaCl, 100 mM DTT), it was interesting to
test whether the same applied to the samples from the final purification batch. Additionally, since
seeding-competence is considered as a biophysical hallmark of amyloid212, 431-435, I tested whether the
LC aggregates that formed under acidic conditions were seeding-competent as well and whether EGCG
could prevent seeding and / or aggregation (Tab. 8.5.1-1).

Fig. 8.5.3-2 LC aggregates formed under acidic conditions (pH 2.8, 100 mM DTT)
form Fibrils and fibril-like aggregates (final batch) formed under acidic aggregation conditions(discontinuous).
(modified from Andrich, et. al., 2017317)

Interestingly, only two of nine LC samples rapidly formed ThT-positive aggregates under acidic
conditions. This was the case for the λ-AL-1 samples and the κ-MM-2 sample, while newer batches of
the κ-AL-1 sample were unable to form ThT-positive aggregates under acidic conditions (Fig. 8.5.3-1A).
The aggregation kinetics of the κ-MM-2 sample had a rather long lag-phase of 3 λ-AL-1 sample’s lagphase was only 4-5 hours. Therefore,λ-AL-1 sample(Fig. 8.5.3-1B to D): Fibrils that formed within
24 days under permanent shaking at acidic pH reduced the lag-phase of λ-AL-1 aggregation to about 23 hours and therefore exhibited seeding-competence (light blue) (Fig. 8.5.3-1B). In an independent
aggregation (Fig. 8.5.3-1C) and seeding (Fig. 8.5.3-1D) experiment with the λ-AL-1 light chain, EGCG
at equimolar quantities or at 10% of the LC concentration had neither an influence on aggregation
kinetics, nor could it reduce the seeding-competence of fibrils formed under the same conditions.
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However, when aggregated for 24 days with permanent shaking under acidic conditions, most purified
light chains formed fibril-like structures, even LC isolated from MM patients (Fig. 8.5.3-2).

b.

EGCG affects LC aggregation under neutral conditions

A main goal of this thesis was to evaluate the effect of EGCG on LC aggregation in vitro. Since EGCG
had no effect under acidic conditions, I next tested whether EGCG affected aggregation under neutral
conditions. When light chains κ-AL-11, κ-AL-21, and λ-MM-11 were aggregated in the absence or
presence of EGCG (at equimolar or 5x equimolar ratios), ThT amplitude was reduced in a concentrationdependent manner (Fig. 8.5.3-3A). EGCG had a comparable effect on 1 mol-% of HSA (Fig. 8.5.3-3B).

Fig. 8.5.3-3 EGCG affects LC aggregation under neutral conditions.
A. ThT aggregation kinetics of LC (25 µM) in absence and presence of EGCG (equimolar, 5x equimolar). B. ThT
aggregation kinetics of 1 mol-% HSA (2.5 µM) in absence and presence of EGCG (equimolar, 5x equimolar).

Since aggregates from shorter incubation times (3-5 days) had not formed fibrils at neutral pH (see Fig.
4.4.3-1), I decided to establish an additional aggregation protocol at neutral pH for incubation times up
to four weeks. In a pilot experiment, samples of κ-AL-11 and λ-AL-11 were aggregated at 50 µM LC in
the absence and presence of equimolar EGCG under sequential shaking every 15 min for 1 min at
600 rpm (1x NaP, 150 mM NaCl, 100 mM DTT, 20 µM ThT) (Fig. 8.5.3-5). Aliquots of 200 µl sample
were shock-frozen at different time points (0, 0.1, 0.2, 1, 2,5, 8 15, 23 and 29 days), and finally analyzed
via ThT fluorescence, semi-denaturing SDS-PAGE, dot blot, filter retardation assay (FRA), and blue
native PAGE. The ThT fluorescence of LC aggregated in the absence and presence of EGCG was
comparable for each LC protein (Fig. 8.5.3-5A), while EGCG rendered aggregates less susceptible to
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semi-denaturing SDS-PAGE (Fig. 8.5.3-5B): LC aggregates lost their ability to migrate into semidenaturing SDS-PA gels in absence of EGCG after 5-8 days; in the presence of EGCG this occurred
within only 0.1-2 days. LC proteins were undetectable in dot blots after 8 to 15 days, when
immunostained (Fig. 8.5.3-5B) or stained with NBT (not shown). Additionally, protein aggregates were
retained in FRA after 8 to 15 days, but became undetectable afterwards, while LC was still detectable
in semi-denaturing SDS-PAGE and blue native PAGE by silver staining. Additionally, LC aggregates
of the κ-AL-11 sample lost their electrophoretic mobility in blue native PAGE after 8 days independently
of the presence of EGCG (Fig. 8.5.3-4).

Fig. 8.5.3-4 Discontinuous aggregation assay and establishment of aggregate characterization – part 2.
Blue native PAGE of aggregation time points in presence and absence of equimolar EGCG.
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Fig. 8.5.3-5 Discontinuous aggregation assay and establishment of aggregate characterization – part 1.
A. ThT fluorescence of distinct aggregation time points between 0 to 29 days in presence and absence of equimolar
EGCG. B. Semi-denaturing SDS-PAGE aggregation time points in presence and absence of equimolar EGCG.
C. Dot blot and filter retardation assay of aggregation time points in presence and absence of equimolar EGCG.
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8.5.3.3

Data: Aggregation in presence of EGCG

Fig. 8.5.3-6 Semi-denaturing SDS-PAGE of LC aggregated for 21 days in presence and absence of EGCG.
Semi-denaturing SDS-PAGE (no DTT, no boiling) of time points from aggregation assay over 21 days in presence
and absence of 2x equimolar EGCG. Aggregates of all LC samples were resistant to denaturation only when
formed in presence of EGCG.
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Fig. 8.5.3-7 Supplementary kinetics for Fig. 4.4.3-2
Aggregation kinetics measured by ThT fluorescence of LC samples.

Fig. 8.5.3-8 Supplementary kinetics for Fig. 4.4.3-1.
ThT kinetics in absence (0x) of EGCG, with equimolar EGCG (1x) and five-fold excess EGCG (5x) in relation to
the LC concentration. EGCG prevented formation of ThT positive species in the second aggregation phase; full
kinetics & zoom of the first 2.5 days of aggregation.
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8.6
8.6.1.

MS-based sequencing
Optimization and refinement of base peak interrogation

1. Analysis of the base peak chromatogram
In the first step high intensity base peaks needed to be selected. I decided to systematically analyze all
base peaks with intensities above a certain threshold. This approach would show whether the main
assumption that monoclonal LC is selected over trace non-monoclonal LC is valid or not. Therefore,
peaks form the base peak chromatogram (BPC) above a certain BPC peak intensity threshold were
identified and their prominent monoisotopic mass(es) were determined in the XCalibur Qual Browser
(Thermo Fisher Scientific, USA)71. First, I tested a BPC peak intensity threshold of 0.5e8 for sequencing
of the λ-AL-1 sample, which resulted only in sequence coverages of 65% for the V domain, 83% for the
J domain, and 96% for the C domain. By lowering the threshold to 0.3e8, I could achieve an additional
23% coverage for the V domain (J: 8%, C:2%) (data not shown).
A documentation of all analyzed base peaks in form of peak tables and alignment tables containing all
data collected throughout the entire sequence analysis presented in this thesis can be found in appendix
0.
2. Peptide identification in Peaks 2D-LC-MS/MS chromatogram

Fig. 8.6.1-1 LC-MS/MS and BPC.
The base peak with m/z 428.3 was detected in the grey area, while the peak (red frame) in the LC-MS/MS showing
the total ion current and extends over a wider retention window. Blue squares represent mapped peptides; orange
squares represent de novo tags.

Next, peptides with matching data (retention time, mass(es), charges) were identified in the PEAKS 2DLC-MS/MS chromatogram (TIC) and the retrieved scan numbers for mapped peptides and / or de novo
tags were looked up in the respective peptide table71. The retention time of an analyzed MS/MS scan
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does not necessarily match the BPC peaks retention time exactly, because peptide peaks often eluted
over a longer retention span (Fig. 8.6.1-1), and peptide sequences were estimated only for selected
MS/MS spectra (peptide mass fingerprints). Each MS/MS spectrum has a unique scan number, and each
scan, for which a peptide sequence was determined, is represented by a square (blue/ orange) in the 2DLC-MS/MS chromatogram. In the example (Fig. 8.6.1-1), the five analyzed scans within the TIC peak
with m/z = 428.3 resulted in the same peptide sequence, from which the first and the last two peptides
are detected at retention times of a low TIC and therefore also BPC intensity. However, the scan
providing the best sequence quality not the scan with the highest BPC intensity should be determined
for sequencing purpose. In order to retrieve a 93% sequence coverage for sample λ-AL-1, 99 BPC peaks
from the three digests (tryp 29, chymo 38, and GluC 32) were screened for relevant scans.
3. Peptide data collection
To be able to identify for each BPC peak the scan, which provided the best sequence quality, I needed
to define suitable evaluation criteria: I used the abundance of detected fragment ions in the b- and y-ion
series as a main criteria (chapter 3.2.6.3c).
In general, amino acids of a peptide that are detected in both ions series (b, y) have the highest likelihood
to be truly present, but amino acids that are detected in only one ion series are still likely to be correctly
identified, and provided necessary information. Therefore, both cases were accepted as sequence
contributions. In contrast, if no intermediate b- and y-ions are detected for a set of amino acids, only the
total mass difference of these amino acids can be considered likely to be present. This means, the amino
acids could be either truly present (e.g. TV), present reversed (e.g. TV=VT), or represent different amino
acids (e.g. LS=TV) of that total mass. This information was very valuable to decide for the correct amino
acid, where certain amino acids differed in indecently detected peptides. Therefore, I established a
format code to conserved this information in my peak tables (chapter 3.2.6.3, Fig. 8.6.1-2)

Fig. 8.6.1-2 Example not separately detected amino acids (λ-AL-1, GluC digest, peaks 22, 25, 31 ).
Amino acids (aa) neither detected in b- or y-fragment ion direction are shown gray in brackets, in both directions
detected aa are in bold letters, in one direction detected aa are italic.
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Identifying the best quality peptide scan for mapped peptides (blue tags) is rather easy: When searching
in the peptide table for a peptides’ scan number the software identifies all peptides mapped to the same
sequence, highlights them, and displays the scan with the best sequence quality automatically first. In
contrast, the scan providing the best sequence quality for a de novo sequenced peptides cannot be
directly identified, but had to be evaluated by comparing the quality of the sequence information from
all peptides, which resulted in the same sequence. Only peptide scans with reasonable good sequence
quality were saved into the peak table and scored for sequencing.
4. Peptide scoring
Next, I refined the base peak interrogation method, by developing a scoring system to determine for
each found peptide sequence how likely it represented the true peptide sequence: Defining this scoring
system was challenging in terms of how to deal with peptide sequences which contained fractions that
were not detected in either one (partially resolved) or both (unresolved) fragment ion series. The partially
resolved fractions are more likely to be correctly sequenced if they share sequence fractions with other
overlapping peptides, which was mostly the case. Resolved fractions of partially unresolved peptides
had to be used as information source as well. To determine the how likely the found peptide sequences
were to be correct, I created a combination score from four different parameters of the mapped / de novo
sequenced peptides: (1) The base peak chromatogram (BPC) peak intensity, and (2) the number of
identified spectra, (3) the -10logP or the ALC probability scores, and (4) the ppm deviation of the
measured mass. The BPC peak intensity was used as a measurement for the abundance of the peptide,
while the number of identified spectra is a standard parameter for correctly identified proteins in MSbased proteomics: The more often a peptide fingerprint with the exact sequence is identified, the less
likely is it to be a false positive result. Probability scores are used in proteomics to judge whether a
determined result is correct. Usually a mass difference of below 0.5 ppm can be achieved with a modern
mass spectrometer; therefore, it can be used as a quality measure, too. Besides the BPC peak intensity
all these factors are tainted by the presence of unresolved amino acids and will reflect only an average
correctness, although parts of the sequence might be more likely to be correct than others.
I defined the following empirical scoring system: First, every parameter was fit into a five-tier prescoring matrix with a score from 1 to 5. Second, the four scores (-10logP / ALC) were averaged and fit
into a three-tier scoring matrix with a score from 1 to 3 for easier data summary (chapter 3.2.6.3d, Fig.
8.6.1-3)
5. IMGT alignment of peptides
Finally, I refined the base peak interrogation by introducing the alignment of each peptide to the IMGT
numbering system with help of the IMGT DomainGapAlign tool110. The peptide position was entered
in the original peak table. The aligned peptides were saved and sorted in an alignment table by their
position in the LC sequence. Fig. 8.6.1-3 shows an excerpt from the alignment table of the λ-AL-1
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sample. Now, I was able evaluate the developed method by applying it to the sequence analysis of the
λ-AL-1 sample.

Fig. 8.6.1-3 Excerpt alignment table of λ-AL-1 sample.
BPC peaks are highlighted by digest (green = tryp, yellow = chymo). LC domains are highlighted by domain.
Amino acids in grey brackets are non-resolved, italic amino acids are resolved in either b- or y-ion series.
Mutations from the mapped peptide are marked by superscript of the unmutated amino acid.
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8.6.2.
8.6.2.1

Peak tables and alignment tables
λ-AL-1 sample

Fig. 8.6.2-1IMGT aligned sequence information for the λ-AL-1 sample itemized by enzymes.
t trypsin, c chymotrypsin, g GluC endoproteinase. Amino acids are colored by their correctness score (red = 1
worst, yellow = 2, green = 3 best). Mutations are underlined and missing information is represented by black dots.
Dashes (mostly in loop regions) indicate positions, were amino acids could be found in other LCs from human or
other species, for whom the IMGT numbering system also applies.
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Tab. 8.6.2-1 Peptide alignment λ-AL-1 sample – part 1
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-2 Peptide alignment λ-AL-1 sample – part 2
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-3 Peptide alignment λ-AL-1 sample – part 3
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.

Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
256

8 Appendix
Tab. 8.6.2-4 Peptide alignment λ-AL-1 sample – part 4
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-5 Peptide alignment λ-AL-1 sample – part 5
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-6 Peptide alignment λ-AL-1 sample – part 6
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-7 Peptide alignment λ-AL-1 sample – part 7
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-8 Peptide alignment λ-AL-1 sample – part 8
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-9 Peak table λ-AL-1 sample – part 1.1
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.

Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
262

8 Appendix
Tab. 8.6.2-10 Peak table λ-AL-1 sample – part 1.2
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-11 Peak table λ-AL-1 sample – part 2.1
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-12 Peak table λ-AL-1 sample – part 2.2
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-13 Peak table λ-AL-1 sample – part 3.1
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-14 Peak table λ-AL-1 sample – part 3.2
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-15 Peak table λ-AL-1 sample – part 4.1
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-16 Peak table λ-AL-1 sample – part 4.2
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-17 Peak table λ-AL-1 sample – part 5.1
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-18 Peak table λ-AL-1 sample – part 5.2
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-19 Peak table λ-AL-1 sample – part 6.1
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-20 Peak table λ-AL-1 sample – part 6.2
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-21 Peak table λ-AL-1 sample – part 7.1
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-22 Peak table λ-AL-1 sample – part 7.2
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-23 Peak table λ-AL-1 sample – part 8.1
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-24 Peak table λ-AL-1 sample – part 8.2
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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8.6.2.2

λ-AL-2 & λ-MM-3 sample

Tab. 8.6.2-25 Peptide alignment λ-AL-2 & λ-MM-3 sample – part 1
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-26 Peptide alignment λ-AL-2 & λ-MM-3 sample – part 2
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-27 Peptide alignment λ-AL-2 & λ-MM-3 sample – part 3
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-28 Peptide alignment λ-AL-2 & λ-MM-3 sample – part 4
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-29 Peptide alignment λ-AL-2 & λ-MM-3 sample – part 5
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-30 Peptide alignment λ-AL-2 & λ-MM-3 sample – part 6
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-31 Peptide alignment λ-AL-2 & λ-MM-3 sample – part 7
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab . 8.6.2-32 Peptide alignment λ-AL-2 & λ-MM-3 sample – part 8
Peptides/ BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.

Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
285

8 Appendix
Tab. 8.6.2-33 Peak table λ-AL-2 sample – part 1
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-34 Peak table λ-AL-2 sample – part 2
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.

Authentic full-length immunoglobulin light chains: Characterization, aggregation behavior & drug intervention
287

8 Appendix
Tab. 8.6.2-35 Peak table λ-MM-3 sample – part 1
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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Tab. 8.6.2-36 Peak table λ-MM-3 sample – part 2
BPC peaks highlighted by digest: yellow: trypsin, green: chymotrypsin, red GluC.
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