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ABSTRACT

Light chain (AL) amyloidosis is a rare disease caused by an underlying plasma cell dyscrasia.
It is characterized by the extracellular deposition of insoluble amyloid fibrils derived from
antibody light chain (LC) truncations. Usually, multiple organs are involved and the amyloid
deposits gradually impair organ function. Symptoms vary widely, depending on the affected
organs. The experience of symptoms mostly indicates an advanced stage of disease and a
poor prognosis, stressing the importance of increasing the scientific knowledge about AL

amyloidosis

In most cases, fibril formation of LCs occurs upon a proteolytic cleavage event whereupon
destabilizing point mutations in the variable domain (V.) of the LC develop their pathogenic
effect. In the scope of this thesis, the aim was to determine the LC truncation causing AL
amyloidosis in one specific patient, to trace back the destabilization and amyloidogenicity to a
specific point mutation and to elucidate the molecular mechanism of pathogenicity. It was
found that in the V. fragment a valine at position 81 causes domain destabilization and
amyloidogenicity. The mutant exhibited surface hydrophobicity and enhanced the
conformational dynamics mainly affecting the C-terminal region. A back mutation to leucine
leads to retrieval of domain stability and prevents the domain from entering the pathogenic
pathway.

Different immunohistochemical studies revealed the co-aggregation of other proteins or
plasma factors in deposits of amyloid-related diseases. Therefore, the effect of some of these
proteins that potentially come into contact with the LCs during disease development upon fibril
formation was tested in vitro. The ER resident chaperone BiP and its co-chaperone ERdj3 are
involved in antibody folding and were found to inhibit fibril formation in a concentration-
dependent manner. Furthermore, ERdj3 was present in fibril deposits extracted from the
patient’'s abdominal fat tissue, indicating an involvement in disease as an extracellular
chaperone. Additionally, the extracellular chaperone Apolipoprotein E4 (ApoE4) that was
detected in amyloid deposits of different diseases, was found to in- or decrease fibril formation

of a pathogenic LC truncation in a concentration dependent way.

A lag phase precedes the formation of fibrils. The comparably long time of this phase and the
significantly different structural features of monomeric and fibrillar LCs indicate the occurrence
of important structural rearrangements. Here, the events taking place during the lag phase
were decrypted in detail. They include the formation of specific short-lived oligomers and the
further stabilization of these intermediates by the formation of fibrils. The ER co-chaperone

ERdj3 was identified as a stabilizing factor for intermediate species.



Further, it is unclear how exactly LCs are able to escape ER quality control and reach the
circulation without pairing with corresponding heavy chains (HC). In cell culture studies, the
expression, secretion, dimerization and aggregation of different patient-derived LCs was
tested. Different patterns of LC secretion could be identified that fit the LC concentration in
patient serum. Pathogenic LCs that are not severely compromised in their structural features
pass through the ER without being recognized by the ER quality control. Those that are
strongly destabilized are recognized, retained and degraded.

Together, the studies performed in the context of this thesis reveal novel insights into the

molecular events and mechanisms occuring during LC amyloidogenesis.



ZUSAMMENFASSUNG

Leichtketten (AL) Amyloidose ist eine seltene Erkrankung, die durch eine zugrunde liegende
Plasmazelldyskrasie verursacht wird. Sie ist durch die extrazellulare Ablagerung unldslicher
Amyloidfibrillen gekennzeichnet, die aus Verkirzungen der leichten Kette (LC) bestehen.
Normalerweise sind mehrere Organe betroffen, deren Funktion durch die
Amyloidablagerungen allmahlich beeintrachtigt wird. Die Symptome variieren stark, abhangig
von den betroffenen Organen. Deren Auftreten weist meist auf ein fortgeschrittenes
Krankheitsstadium und eine schlechte Prognose hin, was eine allgemeine Verbesserung der
wissenschaftlichen Kenntnisse Gber Leichtketten Amyloidose hervorhebt.

Die Fibrillenbildung der LCs tritt meist nach einer proteolytischen Spaltung auf, woraufhin
destabilisierende Punktmutationen in der variablen Doméne (VL) der LC ihre pathogene
Wirkung entwickeln. Im Rahmen dieser Doktorarbeit war es das Ziel, die LC Verklrzung, die
bei einem bestimmten Patienten krankheitsauslosend ist, zu bestimmen. Des Weiteren sollten
die Mutation(en) identifiziert werden, die fur die Destabilisierung und Amyloidogenitat
verantwortlich sind und der damit verbundene molekulare Mechanismus der Pathogenitat
aufgeklart werden. Es konnte gezeigt werden, dass ein Valin an Position 81 ausschlaggebend
fur die Destabilisierung und die Amyloidbildung der Domane, nach proteolytischer Spaltung,
ist. Bedingt ist der amyloidogene Effekt durch eine Erhéhung der Oberflachen-Hydrophobizitat
und die Verstarkung der Konformationsdynamik, die hauptsachlich den C-terminalen Bereich
der Domane betrifft. Eine Ruckmutation zu Leucin fuhrt zu einer Wiederherstellung der
Domanenstabilitdt und verhindert die Entwicklung der pathogenen Eigenschaften.
Verschiedene immunohistochemische Studien zeigten die Co-Aggregation mehrerer anderer
Proteine oder Plasmafaktoren in vielen Amyloid Krankheiten. Im Rahmen der Arbeit wurde die
Wirkung verschiedener Proteine, die moglicherweise wahrend der Krankheitsentwicklung mit
den LCs in Kontakt kommen getestet. Die ER Chaperone BiP und ERdj3 sind an der
Antikorperfaltung beteiligt. Hier wurde festgestellt, dass beide die Fibrillenbildung in
konzentrationsabhangiger Weise inhibieren. Des Weiteren wurde ERdj3 in
Amyloidablagerungen des abdominalen Fettgewebes des Patienten gefunden, was auf eine
Beteiligung des Co-Chaperons an der Krankheit hinweist. Zusatzlich wurde festgestellt, dass
das extrazellulare Chaperon Apolipoprotein E4 (ApoE4), das in Ablagerungen verschiedener
Krankheiten nachgewiesen wurde, die Fibrillenbildung einer pathogenen LC-Verkiirzung
konzentrationsabhangig verstarkt oder verringert.

Der Fibrillenbildung geht eine Lag-Phase voraus. Die vergleichsweise lange Dauer dieser
Phase und die signifikant unterschiedlichen Strukturmerkmale von monomeren und fibrillaren
LCs weisen auf wichtige strukturelle Umlagerungen hin. Im Rahmen dieser Arbeit wurden die
Ereignisse wahrend der Verzégerungsphase im Detail entschlisselt. Sie umfassen die

Ausbildung eines spezifischen kurzlebigen Oligomermusters und die darauffolgende



Stabilisierung dieser Zwischenform durch Fibrillenbildung. Das ER Co-Chaperon ERdj3
stabilisiert die intermediaren Spezies.

Es ist weiterhin unklar, wie LCs der Qualitdtskontrolle im ER entkommen und in den
Blutkreislauf gelangen kénnen ohne mit entsprechenden schweren Ketten (HC) zu
assemblieren. In Zellkulturstudien wurde die Expression, Sekretion, Dimerbildung und
Aggregation verschiedener Patienten LCs getestet. Es konnten verschiedene Muster
identifiziert werden, die moglicherweise mit der LC Konzentration im Patientenserum und mit
dem Schweregrad der Krankheit korrelieren. Pathogene LCs, die nicht mal3geblich in ihren
strukturellen Eigenschaften beeintrachtigt sind, passieren das ER ohne von der
Qualitatskontrolle erkannt zu werden. Solche LCs, die stark destabilisiert oder fehlgefaltet sind
werden erkennt, im ER zurickgehalten und abgebaut.

Zusammenfassend zeigen die Experimente, die in dieser Arbeit durchgeflhrt wurden,
neuartige Einblicke in molekulare Ereignisse und Mechanismen, die wahrend der

Amyloidbildung von LCs stattfinden.



1. INTRODUCTION

1.1. BIOSYNTHESIS OF SECRETORY PATHWAY PROTEINS — THE
ENDOPLASMIC RETICULUM

Proteins are among the most abundant organic molecules in cells. They are highly diverse and
carry out a wide variety of functions. Each of these macromolecules is composed of a unique
amino acid sequence. In order to obtain functionality, the formation of a specific three-
dimensional fold is indispensable (Dobson, 2003).

For folding of secretory pathway proteins, the endoplasmic reticulum (ER) plays an important
role. The ER is the largest membrane-bound organelle in the eukaryotic cell. It is a large,
dynamic structure and displays the major site of protein synthesis, protein folding, lipid and
steroid synthesis, carbohydrate metabolism and calcium storage (Schwarz and Blower, 2016).
Almost a third of all human proteins enter the ER and traverse the secretory pathway for
integration into the membrane or secretion into organelles or the extracellular space (Buck et
al., 2007). Newly synthesized polypeptide chains carrying an N-terminal ER signal sequence
are recognized by the signal recognition particle (SRP) which targets the complex of
ribosome:polypeptide:SRP to the SRP-receptor on the ER membrane. The growing peptide
chain is co-translationally transported across the ER membrane via the Sec61 translocon
(Jomaa et al., 2017). Proteins that do not carry N-terminal signal sequences and are thus not
detected by SRP can be posttranslationally translocated into the ER. Chaperones and co-
chaperones like Hsp70 and Hsp40 recognize the hydrophobic stretches on the unfolded
protein, keep it in an unfolded, translocation-competent state and direct it to the translocation
complex composed of Sec61 and the transmembrane proteins Sec62/Sec63 (Jung et al.,
2014; Shao and Hegde, 2011). Exact details about the translocation mechanism are still
unclear, but most likely they involve binding of the ER luminal chaperones and co-chaperons
(Nicchitta and Blobel, 1993). A nascent protein in the ER destined for secretion undergoes a
number of processing steps which may include cleavage of the signal sequence, disulfide bond
formation or N-linked glycosylation. Concomitantly, protein folding takes place (Bulleid, 2012;
Schwarz and Blower, 2016).

1.2. PRINCIPLES OF PROTEIN FOLDING

During the process of protein folding, polypeptide chains convert into a specific three-
dimensional fold. The correct fold is prerequisite to the biological function of any protein and is
therefore indispensable for organism integrity (Orengo et al., 1999). The concept of Anfinsen
states that the characteristic fold is already determined by the individual amino acid sequence

(Anfinsen et al., 1961). According to Ramachandran, this already restricts the field of possible
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conformations for a protein by the limited options of peptide bond arrangements due to
unfavorable steric conflicts between the B carbon of side chains and/or carbonyl oxygens
(Ramakrishnan and Ramachandran, 1964). However, this still leaves a large number of
possible conformations and a random sampling would take an astronomous amount of time
(Levinthal, 1969). Another force that reduces the complexity of folding pathways are the side
chain characteristics. They dictate protein folding by intramolecular non-covalent interactions
like hydrogen bonds, salt bridges and hydrophobic interactions (Stevens and Argon, 1999).
The latter display the major driving force in folding and assembly, overall known as the
hydrophobic effect (Camilloni et al., 2016). Due to the aqueous surrounding of proteins,
hydrophobic side chains pack to a tightly arranged core that is shielded from polar water
molecules. Hydrophobic interactions are driven by the entropy increase of water molecules
and lead to an energetically favored state of the protein (Levy and Onuchic, 2006; Privalov and
Makhatadze, 1993). Thus, folding guides the protein to adopt the most thermodynamically
stable conformation while at the same time ensuring the flexibility for fulfilling their biological
function. The folding funnel describes the energy landscape of the transition of a protein from
its unfolded state to the native state (Figure 1) (Bartlett and Radford, 2009; Bryngelson et al.,
1995; Neira and Fersht, 1999). According to this model, polypeptide chains in their unfolded
states are driven to select lower energy structures as interactions occur with the ultimate goal
to fold into the native state accomplishing minimal Gibbs free energy (Dobson, 2003). Folding
pathways include multiple routes with transient intermediates that are present as non-native
local minima in the funnel. These folds can act as kinetic traps along the route to the native
fold. The loss of entropy, depicted by the transition from a broad into a narrower funnel, is large
in early folding stages and becomes limited by the formation of native stabilizing side chain
interactions. Depending on the conditions modulating entropy and free energy, the folding
pathway is either stopped or paused at an intermediate state. Intermediates can be on- or off-
pathway and thus either lead to the native state or to partially unfolded intermediates,

aggregates or amyloid fibrils, respectively (see chapter 1.7) (Onuchic and Wolynes, 2004).
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Figure 1. Schematic representation of the folding funnel energy landscape (adapted with
permission from Hartl and Hayer-Hartl, 2009). The green surface shows unfolded high energy state
conformations “funneling” via intramolecular contacts towards the native state. The green surface shows
the conformations formed by intramolecular contacts directed towards the native state. The purple
surface shows the higher order conformations moving towards conformations formed by intermolecular

contacts.

Besides the amino acid sequence, known as the primary structure, proteins also adopt a
secondary, tertiary and potentially quaternary structure upon folding. Secondary structure
elements are made up from a-helices, 3-strands, loops and random coil elements. These folds
were already predicted in 1951 by Pauling and colleagues (Pauling et al., 1951). They result
from repetitive hydrogen bonds between protein backbone segments. The tertiary structure
evolves from the three-dimensional orientation of secondary structure elements. It is stabilized
by interactions between amino acid side chains. Quaternary structure involves two or more

individually folded polypeptide chains (Richardson, 1981).

1.3. PROTEIN FOLDING IN THE CELL — MOLECULAR CHAPERONES

While all the above aspects of protein folding are also valid in a cellular environment, the
environment in vivo is significantly different. With protein concentrations of 300-400 g/I"" in the
cytosol and 100-400 g/I'' in the ER, the intracellular space is extremely crowded and the
temperatures are high which both challenges folding (Araki and Nagata, 2012; Hartl et al.,
2011). Thus, the correct processing of a protein requires a myriad of other proteins to fold

efficiently and on a biologically relevant timescale. Most prominent components assisting de
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novo protein folding include molecular chaperones, defined as factors that help other proteins
to adopt their functional active fold by inhibiting unproductive interactions in the client. They
are widely known as heat-shock proteins (HSPs), as they were first discovered in correlation
with heat shock and are upregulated upon cell stress when aggregation-prone folding
intermediates accumulate (Richter et al., 2010). Nevertheless, many HSPs are constitutively
expressed, and are involved in a large number of proteome-maintenance functions like de
novo folding, proteins assembly, protein trafficking and protein degradation. Based on their
molecular weight, molecular chaperones are divided into several subclasses, i.e. HSP40,
HSP70, HSP90, small HSPs (sHSPs) (Buchner, 1996; Hartl et al., 2011). They often bind to
hydrophobic regions that are surface-exposed in unfolded or partially folded polypeptides
during early folding stages or upon protein misfolding (Walter and Buchner, 2002). The
mechanism of folding assistance varies between the subclasses. Often, ATP binding and
hydrolysis are involved as an energy source. In general, chaperone function is a complex
cellular interplay including many other factors like co-chaperones or nucleotide exchange
factors (NEFs) (Young et al., 2004).

1.4. PROTEIN FOLDING IN THE ER

1.4.1. ER QUALITY CONTROL

The ER milieu differs from that of the cytosol regarding ions, redox conditions and molecular
chaperones. As a result, it displays an optimized environment for folding and maturation of
proteins destined for membrane integration, transfer into other organelles or secretion. Such
proteins are important for i.e. gene regulation, extracellular carrier functions, transport or
receptor functions. Thus, unassembled or only partially folded proteins can be damaging and
toxic to the cell. As downstream organelles usually don’t support further protein folding, a strict
ER quality control (ERQC) system is essential (Ellgaard and Helenius, 2003). The term ERQC
covers all processes to monitor and control the maturation of nascent secretory proteins. In
this context, the ER possesses a number of molecular chaperones and folding factors including
the heavy chain binding protein BiP, the calnexin/calreticulin system coming along with a
number of co-chaperones, GRP94, oxidoreductases, and ERp57 (Braakman and Hebert,
2013). The ER chaperones and folding factors recognize basic structural and biophysical
characteristics in a protein to distinguish native from non-native proteins. These features are
hydrophobic regions, free SH groups of cysteines and the tendency to aggregate. A protein
possessing one or more of these features is bound and retained in the ER (Araki and Nagata,
2012).



1.4.2. MISFOLDING IN THE ER

1.4.2.1. ER-ASSOCIATED DEGRADATION (ERAD)

Despite numerous cellular factors for protein folding, some newly synthesized proteins fail to
attain their correct structure. Proteins that are unable to mature correctly and can’t be brought
into their native, functional state are recognized and either retained in the ER or retro-
translocated to the cytosol to enter the ER-associated degradation pathway (ERAD) and be
degraded (Nakatsukasa et al., 2014). ERAD involves the ubiquitine - 26S proteasome system.
Misfolded proteins subjected to ERAD are transported across the ER membrane via a channel
formed by the E3 ubiquitin ligase. On the cytosolic side of the ER, the substrate becomes
polyubiquitinated by the ligase. Thereupon, it is extracted from the membrane and ATP-
dependently released into the cytosol for degradation by the proteasome (Ruggiano et al.,
2014; Wu and Rapoport, 2018).

1.4.2.2. UNFOLDED PROTEIN RESPONSE (UPR)

The degree of misfolding varies and can have several reasons, i.e. mutations. In general, the
protein folding capacity in the ER is dictated by the capacity of ER chaperones and folding
factors. An imbalance of chaperones and the load of misfolded proteins leads to ER stress.
The cellular response is called the Unfolded Protein Response (UPR) (Figure 2). It initiates an
ER-to-nucleus signal transduction pathway aiming to globally halt further protein synthesis
while at the same time enhancing the folding and degradation capacities in the ER. UPR
comprises three steps, sensed by different transmembrane proteins: i) dsRNA-activated
protein kinase-like protein kinase (PERK), ii) inositol-requiring enzyme 1a (IRE1a) and iii)
activating transcription factor 6 (ATF6). BiP keeps the UPR sensors in a stable inactive
complex until the accumulation of un- and misfolded proteins in the ER sequester BiP, leading
the UPR activation (Bertolotti et al., 2000; Kopp et al., 2019; Walter and Ron, 2011) (Figure 3).
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Figure 2. Diagram of the core elements of the UPR signaling network (adapted with permission
from Walter and Ron, 2011). High misfolded protein load in the ER causes ER stress. This activates
the three UPR stress sensors ATF6, PERK and IRE1. All activated factors lead to the production of
transcription factors increasing protein folding capacity in the ER. PERK and IRE1 additionally decrease
the protein load in the ER via elF2a phosphorylation. Both pathways lead to a negative feedback loop

to cope with ER stress. If protein homeostasis can’t be restored, cell apoptosis is activated.

BiP dissociation leads to PERK activation by homodimerization and autophosphorylation.
Active PERK phosphorylates the eukaryotic translation initiation factor 2a (elF2a), which leads
to a global translation arrest and a reduction of the protein load in the ER (Liu and Kaufman,
2003).

IRE1 oligomerizes upon BiP dissociation and is thereupon activated by autophosphorylation
of its cytosolic domain. Active IRE1 cleaves XBP1 mRNA leading to an active XBP1 protein,
which regulates genes that encode for proteins enhancing ER folding capacity like chaperones,
co-chaperones or ERAD factors (Cox et al., 1993; Shamu and Walter, 1996; Walter and Ron,
2011).

ATF6 traffics to the Golgi upon UPR activation. There, it is activated by proteolytic cleavage
and mediates adaptive response of UPR by inducing genes coding for proteins that increase
the ER folding capacity. ATF6 also upregulates XBP1 mRNA leading to a feed-forward loop of
the UPR (Shoulders et al., 2013). UPR also stimulates autophagy as its activation factors also
aid in the regulation of autophagy related genes, which further lowers the load of misfolded
proteins in the ER (Kouroku et al., 2007; Wang et al., 2014).



By transcriptionally remodeling the ER proteostasis pathways and by this the secretion of
misfolded, aggregation-prone proteins during ER stress, the UPR also indirectly regulates
extracellular proteostasis. Deficiencies in proteostasis facilitate numerous protein aggregation

diseases (see chapter 1.6) (Genereux et al., 2015).
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Figure 3. Three branches of UPR mediated stress response by the stress sensors A) ATF6, B)
PERK and C) IRE1 (reprinted with permission from AAAS (Walter and Ron, 2011)). Sensor proteins
sense protein folding conditions in the ER. ATF6 transmits stress response by regulating proteolysis,

PERK by translational control and IRE1 by mRNA splicing. Additionally, PERK and IRE1 decrease the
protein load in the ER by suppressing translation and degrading mRNA.

1.4.2.3. HEAVY CHAIN BINDING PROTEIN BIP AND THE DNAJ-LIKE CO-FACTOR ERDJ3

During ER stress, most ER molecular chaperones are transcriptionally upregulated through
UPR pathways to alleviate the aggregation of misfolded proteins and to promote protein
refolding. One major ER resident chaperone is the Hsp70 family member BiP. It plays a role
in interacting with newly synthesized proteins and is responsible for maintaining the
permeability barrier of the ER during co-translational protein translocation and retro-
translocation of misfolded proteins. Besides, it senses ER stress conditions and activates the
unfolded protein response (UPR), as described in chapter 1.4.2.2 (Pobre et al., 2019). BiP
comprises an N-terminal binding domain (NBD) containing the ATPase site, a C-terminal
substrate binding domain (SBD) containing a B-sandwich domain that binds the substrate and
an a-helical lid (Figure 4). The chaperone can form dimers and higher oligomers. However,

only the monomeric form binds substrates. In the ATP state, BiP has a low protein binding
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affinity and high on and off rates for substrates, whereas in the ADP state it is vice-versa
(Kassenbrock and Kelly, 1989; Marcinowski et al., 2013).

Figure 4. Domain organization of the ER Hsp70 BiP. A) Crystal structure of human BiP (PDB: 5E84).
BiP comprises an N-terminal nucleotide binding domain (NBD), shown in red, and a C-terminal substrate
binding domain (SBD) separated in an a a 3 sub-domain, depicted in blue and green, respectively. B)

Schematic presentation of the BiP domains in the same colors as in A.

Under non-stress conditions, the functions of BiP are assisted by ER-localized DnaJ (also
called Hsp40) co-factors called ERdjs. To date, seven ER DnadJ family members are known.
Based on their domain structure, they can be divided into three sub-types: Type I-l1ll or DNAJA,
DNAJB and DNAJC (Figure 5A) (Cheetham and Caplan, 1998). All types share the common
feature of harboring a J domain. This domain comprises four a-helices with a highly conserved
His-Pro-Asp (HPD)- motif which is essential for the stimulation of ATPase activity in BiP (Figure
5B) (Kampinga and Craig, 2010; Tsai and Douglas, 1996). Type | J proteins further incorporate
a Gly/Phe rich region, that is thought to provide a flexible linker for the substrate binding
domain, a cysteine-rich zinc-binding domain and a C-terminal dimerization domain. Type Il
proteins possess the same domains as type | J proteins, except the cysteine-rich domain. Type
Il proteins only contain the J domain. Type | and type Il J proteins can directly bind to clients,
whereas only some proteins belonging to type Il share this feature. In the ER J proteins of all
sub-classes are present. They were numbered and named ERdj1-7, according to their

discovery (Pobre et al., 2019).
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Figure 5. Domain organization of Type I-lll J proteins (adapted from Tamadaddi and Sahi, 2016).
A) Schematic overview of J proteins. Type | J proteins comprise a J domain (grey), a Gly/Phe rich
domain (magenta), a Cys-rich zinc finger domain (purple) and a dimerization domain (yellow). Type Il J
proteins possess the same domains except the zinc finger domain. Type Ill J proteins comprise only the
typical J domain at a random position in the protein. B) J domain structure of the E. coli DnaJd with with
HPD motif depicted in blue (PDB: 1BQO).

1.4.2.4. ERDJ3 — THE LINK BETWEEN ER STRESS AND EXTRACELLULAR PROTEOSTASIS
ERdj3 is an ER resident type Il J protein that is present as a tetramer (Chen et al., 2017). Its
mRNA and protein levels were found to be significantly upregulated upon UPR activation. In
the ER it binds to misfolded or unfolded proteins and delivers them to BiP for ATP-dependent
chaperoning (Shen and Hendershot, 2005). Lacking the C-terminal KDEL ER-retention
sequence, as well as a transmembrane domain, ERdj3 is a secretion-potent ER co-chaperone
and is known to be involved in extracellular proteostasis. In response to ER stress, the J protein
can be secreted, alone or in a complex with its substrate, into the extracellular space to prevent
misfolding or aggregation of secreted proteins. The process is regulated by BiP availability.
Therefore, ERd]j3 can either function as an ATP-independent extracellular chaperone, or as an
“ATP-dependent” co-chaperone of BiP (Figure 6) (Genereux et al., 2015; Shen and
Hendershot, 2005).
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Figure 6. Cellular chaperone cycle of the ER chaperones BiP and ERdj3 under normal and stress
conditions. Under normal conditions (black arrows) ERdj3 transports mis- or unfolded protein
substrates to BiP and increases ATP hydrolysis which increases substrate affinity. The substrate is
folded and released by BiP. Under stress conditions (red arrows), when misfolded protein accumulates
in the ER lumen, ERdj3 and the misfolded protein can escape the ER either alone or in a complex and

reach the extracellular space. Also, native secreted protein can enter fibrillation pathway if unstable.

1.5. EXTRACELLULAR PROTEOSTASIS

Once, proteins are secreted into the extracellular space, the environment changes significantly
(Araki and Nagata, 2012). Proteins are surrounded by extracellular fluids like blood or
interstitial fluid that contain many other proteins, plasma factors and more. Additionally, pH
changes or, in the case of blood plasma, shear forces deriving from enforced circulation display
stress factors for the overall protein fold. As a consequence, protein stability is of major
importance in the extracellular space to prevent proteins from misfolding (Margineanu and
Ghetie, 1981). Aggrevating physical differences between the intra- and extracellular
environment hamper the possible existence of similar chaperone systems. One significant
variance is the low concentration of ATP outside of the cell (Farias et al., 2005). Also,
intracellular chaperones have only been found in trace amounts in extracellular fluids,
indicating the unlikeliness of them to play a substantial role in proteostasis upon secretion
(Genereux et al., 2015; Molvarec et al., 2006; Walsh et al., 2001). A number of specific
extracellular chaperones have been identified during recent years (Table 1). Most of them
possess similarities to the sHsp family and lack ATPase activity. Despite their inability to

actively refold proteins, they are able to stabilize misfolded proteins and thus inhibit their
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irreversible aggregation and prevent them from developing cytotoxic effects (Wyatt et al.,

2012). Numerous human diseases arise from the misfolding and aggregation of extracellular

proteins, stressing the need of a better understanding of the extracellular interplay.

Additionally, increasing evidence hints towards the high cytotoxicity of intermediate oligomeric

forms of disease-causing proteins. Thus, the interest towards the discovery of extracellular

chaperones as possible targets for intervention or as biomarkers rises (Thambisetty, 2010;

Wyatt et al., 2012). A list of abundant extracellular chaperones is given in table 1. Most of them

have been found and studied in the context of Alzheimer’s disease.

Table 1. Overview over some abundant extracellular chaperones. Data are summarized from (Wyatt

etal., 2012).

Apolipoprotein E4
(ApoE4)

Lipid and cholesterol

transportation

pg/ml for €4/e4
genotype
(Rezeli et al.,
2015)

Extracellular Plasma
Function . Role in disease
chaperone concentration
Regulation of 0.035-0.105
complement
Clusterin (apoJ) | Apoptosi ma/ml Alzheimer’s Disease
POPIOSIS (Wyatt et al,
Protease inhibition 2012)
Lipid transport
Sequestration of
Haptoglobin hemoglobin 0.3-2.0 mg/ml
(Hp1-1, Hp1-2, | Regulation Of | Wyatt et al., | Atherosclerosis
Hp1-3) cathepsin B activity 2012)
Angiogenesis
Immune system
1.5-2.0 mg/ml
(decline  with
Protease inhibition
o-Marcroglobulin . _ age) Alzheimer’s disease
Carrier protein
(Wyatt et al,
2012)
0.027 — 0.065

Alzheimer’'s disease, Down

syndrome, spongiform

encephalopathies, Diabetes
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1.6. PROTEIN MISFOLDING DISORDERS

Cellular processes like regulation of the cell cycle, translocation, secretion, trafficking or the
immune response directly depend on correct folding and unfolding events. Consequently,
aberrant folding often gives rise to disease (Radford and Dobson, 1999). Some misfolding
diseases, i.e. cystic fibrosis, result from the loss-of-function which is the inability of a misfolded
protein to fulfill its proper function. Others result from the toxic gain-of-function. In this case,
the misfolded and aggregation-prone protein escapes protective mechanisms and reaches into
the extracellular space. Such proteins are likely to aggregate in tissues and organs which is
accompanied by cell toxicity. A large number of diseases can directly be linked to deposited
protein aggregates, including Alzheimer’s or Parkinson’s disease, type |l diabetes, forms of
amyloidoses or some types of cancer (Dobson, 2003; Hartl, 2017). The majority of them occur
in an age-dependent manner and are facilitated by the decline of proteostasis capacity during
aging. Thus, the healthcare burden linked to these diseases is steadily increasing.

Protein misfolding often results in the formation of a rigid fibrillar structure, commonly known
as amyloid. Depending on the localization of amyloid deposits, protein aggregation diseases
can be divided into three subclasses: i) neurodegenerative diseases, ii) non-neuropathic
systemic amyloidoses, iii) non-neuropathic localized amyloidoses (Knowles et al., 2014). An
overview of the most common protein aggregation diseases including the underlying protein is

given in table 2.

Table 2. Human diseases associated with protein misfolding and amyloid formation (Chiti and
Dobson, 2017; Knowles et al., 2014).

Structure of | Number
. Affected . .
Disease Protein/Peptide precursor of
organ : .
protein residues
Neurodegenerative disease
. . . . ] Intrinsically
Alzheimer’s disease Brain Amyloid-3 peptide (AB) ) 40 or 42
disordered
. . . _ Intrinsically
Parkinson’s disease | Brain a-synuclein ) 140
disordered
Intrinsically
Creutzfeldt-Jakob .
. . . ] . disordered (1-
disease / Spongiform | Brain Prion protein (PrP) ] 208
102), a-helical
encephalopathy
(103-208)
Amyotrophic lateral . ) ] i
. Brain Superoxide dismutase 1 | B-sheet and Ig-like | 154
sclerosis (ALS)
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Structure of | Number
. Affected . .
Disease Protein/Peptide precursor of
organ . .
protein residues
. . Huntingtin fragments | Intrinsically
Huntington’s disease | Brain ) 103-187
(exon 1) disordered

Non-neuropathic disease

Systemic amyloidosis

Heart,
kidney, Fragments of Ig light )
AL amyloidosis ) ) B-sheet and Ig-like | ~100
liver, soft | chains
tissue etc.
Spleen,
kidney, Serum  amyloid A1 | o-helical, SAA-like
AA amyloidosis . ) 45-104
adrenal protein fragments four-helix bundle
glands, liver
Senile systemic | Mainly . B-sheet,
Transthyretin o 127
amyloidosis heart prealbumin-like
Bones,
Dialysis-related periarticular ) . )
o B2-microglobulin B-sheet and Ig-like | 99
amyloidosis structures,
viscera
Salivary
glands, a-helical and -
Lysozyme .
S gastrointest | Lyzozyme sheet, lysozyme | 130
amyloidosis .
inal  tract, fold
vasculature
Localized amyloidosis
Islet amyloid polypeptide | Intrinsicall
Type Il diabetes Pankreas YIoIT polypep i Y 37
(IAPP) disordered
Injection-localized Injection . a-helical, insulin-
. Insulin ) 21 and 30
amyloidosis site like
] B-sheet, Y -
Cataract Eye y -Crystallins 174

crystallins-like
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1.7. DESTABILIZATION OF THE NATIVE FoOLD: PROTEIN AGGREGATION AND

FIBRIL FORMATION

1.7.1. FORMATION OF AMYLOID FIBRILS

The native state of a protein is thermodynamically favored. As described in the preceding
chapters, cells have evolved highly complex mechanisms to ensure the conservation of a
protein’s native fold and prevent aggregation. Nevertheless, the stability under physiological
conditions is not always sufficient. As a consequence, misfolded states, off-pathway
intermediates and aggregates can occur. When these structures escape all protective
mechanisms, they can act as precursors to insoluble amyloid fibrils (Figure 7A). It was thought
that the ability to form fibrillar structures was a property of only a few proteins or polypeptide
chains. However, in 1998 it was shown that a protein, that was not associated to any disease,
was able to form fibrils at acidic pH (Guijarro et al., 1998). This finding resulted in the
conclusion that amyloid formation is a generic property of polypeptide chains and not a
characteristic of only a few disease associated sequences (Dobson, 2003; Fandrich and
Dobson, 2002; Stefani and Dobson, 2003; Uversky and Fink, 2004).

Several models for amyloid formation were suggested, depending on the precursor protein. In
general, amyloid structures have been reported to form by a nucleated polymerization
mechanism. The rate-limiting step, called lag phase, is the formation of an oligomeric nucleus
by partially folded or misfolded monomers. This phase is followed by a rapid growth phase
during which monomers add to the ends of the growing fibrils and a final plateau (Figure 7B)
(Harper and Lansbury, 1997). The formation of oligomers is much slower than of fibrils
suggesting a significant structural difference between these two forms. The oligomeric nucleus
possesses the highest Gibbs free energy along the aggregation pathway (Figure 7C) (Arosio
et al.,, 2015a). Thus, its concentration is low, while the monomeric form is the predominant
soluble species at all times. More and more evidence allocates major cellular toxicity to smaller
oligomeric intermediates but their transient behavior makes them hard to study. Monomers
and fibrils are comparably stable and thus easy detectable during amyloid formation kinetics
(Arosio et al., 2015a; Monsellier and Chiti, 2007). Another important factor regarding protein
solubility is supersaturation, happening when amyloidogenic proteins remain soluble above
their thermodynamic solubility because the energy barrier towards nucleation is too high. This
can result in spontaneous aggregation or seeding and was reported in the context of several
amyloid-related diseases (Muta et al., 2014).

Besides the intrinsic ability of a protein to form fibrillar structures, many factors can contribute
to a protein’s amyloid formation propensity. Destabilization of the native fold is often mediated
through mutations in the amyloid precursor protein (Baden et al., 2008b; Hurle et al., 1994;
Ramirez-Alvarado, 2012). In addition, proteolytic cleavage or other events like membrane

binding, the presence of seeds, molecular crowding or interaction with other proteins can affect
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the intrinsic stability. Also, as aggregation is a multimolecular process, its rate is highly

dependent on protein concentration. Age plays an important role, since quality control

mechanisms underlie progressive deterioration (Nuvolone and Merlini, 2016).
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Figure 7. Overview of different conformational states of a protein. A) Protein populations depend

on many factors like thermodynamic stability, synthesis rate, degradation, interactions with molecular
chaperones or other factors. Stable fibrils and aggregates usually form from unfolded monomers in an
off-pathway and are stable. The on-pathway leads to the native, functional state of a protein (adapted
with permission from Knowles et al., 2014). B) Fibril formation curve showing the lag phase, fast fibril
growth phase and final plateau phase. C) Free energy diagram of monomer, oligomers/nuclei and fibrils
The transient oligomeric nucleus is the state with the highest free energy. Monomers and fibrils have

low free energy and are stable (adapted with permission from Arosio et. al, 2015).
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1.7.2. AMYLOID STRUCTURE

The changes occuring during the lag phase of amyloid formation lead to a weakening of tertiary
structure elements while at the same time favoring highly conserved secondary structure
interactions in amyloid fibrils. X-ray analysis and EM studies showed that the amyloid fold is a
cross-f structure. It is composed of an iteration of tightly packed intermolecular B-strands that
are stabilized by interactions via hydrogen bonds. Due to the high number of these interactions
along the cross-f core, this fold warrants a high rigidity and stability (Chiti and Dobson, 2017).
Overall, amyloid structures are characterized by the appearance of straight, long and
unbranched fibrils of approximately 7-13 nm in width and an undefined length. They are
insoluble in aqueous solutions (Marshall and Serpell, 2009). X-ray fiber diffraction analysis
shows diffuse reflection at 4.7 A along the meridian which indicates that the p-sheets are
perpendicular to the fibril axis (Eanes and Glenner, 1968; Geddes et al., 1968). Diffuse
reflections at 10 A equatorial suggest B-sheets spaced 10 A apart (Figure 8) (Fandrich and
Dobson, 2002). This architecture underlies in vitro and in vivo formed fibrils and is common to
all amyloid proteins, regardless of the primary sequence (Jahn et al., 2008; Makin and Serpell,
2005; Rambaran and Serpell, 2008). However, the specific shape and morphology of the fibril
results from side chain interactions and is thus dependent on the primary sequence of the
precursor protein (Baldwin et al., 2011).

To detect amyloid, Congo Red and Thioflavin T are commonly used dyes. Congo Red was first
used in 1922 by Bennhold when clinicians were searching for ways to diagnose amyloidoses
(Bennhold, 1922). When stained with Congo Red and viewed between crossed polarizers,
fibrils exhibit birefringence which causes transmission of a characteristic bright green color
(Howie, 2019). The binding of Congo Red to fibrillar structures induces an increase and red
shift in absorption. As Congo Red gives many false positives, Thioflavin T (ThT) became the
dye of choice for amyloid detection in 1959 (Vassar and Culling, 1959). ThT selectively binds
to cross-p structures and shows an increase of fluorescence intensity at 480 nm upon binding,
when excited at 440 nm. Fluorescence intensity increases proportional to amyloid fibril mass

and can thus be transferred to fibril concentration (Yakupova et al., 2019).
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7-13 nm

Figure 8. Cryo EM image of an amyloid light chain fibril (adapted and modified with permission
from Schmidt et al., 2016). The hierarchically structured fibril is 7-13 nm in width. B-sheets pack
perpendicular to the fibril axis. Each strand is 4.7 A apart. The p-sheets are 10 A apart.

1.8. AL AMYLOIDOSIS

Systemic amyloidoses are a group of amyloid deposition diseases characterized by the
misfolding of a precursor protein and its deposition as insoluble amyloid fibrils in extracellular
compartments of different tissues and organs. Over time this leads to cell death, subversion of
tissue architecture, organ dysfunction and death. The forms of amyloidoses differ in their
amyloid precursor protein (Merlini et al., 2011; Merlini and Bellotti, 2003). The most common
type of systemic amyloidosis is immunoglobulin light chain (AL) amyloidosis with an incidence
range from 9.7 to 14 cases per million persons per year (Quock et al., 2018). The average age
of patients at diagnosis is 65 years. It is caused by an underlying clonal plasma cell dyscrasia.
Upon proliferation of the plasma cell clone in the bone marrow, the specific misfolding-prone
amyloidogenic light chains (LC) of either k or A subtype is overproduced (Desport et al., 2012).
LCs of A subtype are, with a ratio of approximately 3:1, more frequently disease-causing than
k LCs (Sanchorawala, 2006). Free HCs are aggregation prone and their free forms are toxic
to the cell. To ensure high rates of HC incorporation, plasma cells naturally express an excess
of LCs to ensure HC incorporation. In contrast to healthy plasma cells, these LCs deriving from
diseased plasma cells are not paired with heavy chains (HC) to form a functional antibody but
are secreted and circulate as free light chains (FLC) in the bloodstream of the patient. The
systemic presence of the FLCs enables a theoretical deposition of amyloid fibrils in almost any
organ except the brain and central nervous system. Consequently, patients often suffer from
multiple disrupted organs with a varying affection pattern. Most involved organs are kidney and
heart with an occurrence in patients of over 60 % and 50 %, respectively (Pepys, 2006;
Witteles and Liedtke, 2019). A renal manifestation is characterized by a proteinuria, with

nephrotic syndrome and impaired renal function in 50 % of the patients (Desport et al., 2012).
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Heart involvement leads to restrictive cardiopathy. Survival of AL patients depends on the
spectrum of organ involvement. Typically, affected patients die within two to three years after
diagnosis and within only a year if the affected organs involve the heart (Abraham et al., 2003;
Piehl et al., 2017). There are two other diseases arising from clonal plasma cell proliferation
that appear more frequently and often display comorbidity: monoclonal gammopathy of
undetermined significance (MGUS) and multiple myeloma (Merlini et al., 2011; Witteles and
Liedtke, 2019). It is perspicuous that deposition of amyloid fibrils causes stress to vital organs
and affects their function. However, soluble oligomeric intermediates are considered to largely
contribute to pathophysiology (Liao et al., 2001). Soluble LC oligomeric intermediates can be
taken up in cardiac fibroblasts and their presence can impair cardiomyocyte function (Brenner
et al., 2004; Trinkaus-Randall et al., 2005). Also, soluble amyloidogenic LCs were reported to
trigger programmed cell death via the p38a MAPK pathway (Shi et al., 2010).

Current therapeutic approaches aim to halt synthesis of amyloidogenic LCs to improve organ
dysfunction and increase survival. While in 1997 chemotherapy with melphalan-prednisone
was the only treatment method, the repertoire of effective treatments and the prognosis of AL
amyloidosis improved significantly during the past decades (Kyle et al., 1997). Therapy may
include chemotherapy using high-dose dexamethasone (immunosuppressive glucocorticoids)
medication combined with melphalan (cytostatic, alkylating guanines, causing plasma cell
death), thalidomide (immunomodulatory drug inhibiting cancer cell proliferation and
angiogenesis), cyclophosphamide-thalidomide (similar to thalidomide) and high-dose
melphalan treatment with a subsequent autologous stem cell transplantation. The most recent
medications include lenalidomide (similar to thalidomide) and bortezomib (proteasome
inhibitor blocking metabolic pathways in cancer cells) (Dispenzieri et al., 2004; Kastritis et al.,
2007; Palladini et al., 2005, 2004; Reece et al., 2011; Wechalekar et al., 2007). Daratumumab,
a monoclonal antibody to CD38 is successfully applied for multiple myeloma and is currently
in phase lll trials for treatment of AL amyloidosis (Sidigi and Gertz, 2019). The choice of
treatment is based on consideration of the balance between anticipated treatment efficacy and
tolerability. The primary reason of a plasma cell clone to cause AL amyloidosis is thought to
be the specific conformation induced by disease-specific mutations that differs with every clone
and thus with every patient. Patient biopsies revealed the predominant deposition of N-terminal
LC fragments mainly comprising the variable LC domain (Blancas-Mejia et al., 2015;
Buxbaum, 1986; Glenner et al., 1970; Hurle et al., 1994; Olsen et al., 1998). This domain
carries naturally occuring somatic mutations (see chapter 1.9) that are often destabilizing.
Thermodynamically destabilized LCs require less energy to transit from their native fold into
an intermediate state. (Baden et al., 2008a; Ramirez-Alvarado, 2012; Wall et al., 1999). To
decipher the molecular mechanism of AL amyloidosis, it is important to understand the

structural basis of immunoglobulin LCs.
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1.9. IMMUNOGLOBULINS

1.9.1. BIOLOGICAL DEVELOPMENT AND ASSEMBLY OF IMMUNOGLOBULINS

Immunoglobulins (Ig), also known as antibodies, play a major role in the adaptive immune
response. They serve as cell surface antigen receptors on B cells and are secreted as soluble
effector molecules upon antigen stimulation and plasma cell differentiation. In the bloodstream
and the lymphatic system they neutralize foreign pathogens, bacteria, viruses and microbial
toxins by recruiting molecular and cellular immune factors (Schroeder and Cavacini, 2010).
They are heterodimeric glycoprotein complexes composed of two identical heavy chains (HC)
and two identical light chains (LC) that are linked by disulfide bonds. These Y-shaped
molecules consist of three roughly equally sized structural elements connected by a flexible
hinge region (Figure 9). Fully assembled antibodies can be divided into two main parts: an
antigen binding fragment (Fab), responsible for antigen binding and a crystallizable fragment

(Fc), which can bind to cell-bound receptors and components of the complement system.

Fc fragment
(effector functions)

Figure 9. Structure of an IgG antibody. A) Crystal structure of an IgG antibody (PDB:1HZH). The HCs
are shown in grey, the LC VL domain is depicted in turquoise, the Cv in blue. B) Schematic domain
arrangement in an IgG antibody. The chains have the same color as in A. The HCs are connected by
two disulfide bonds in the flexible hinge region. HC and LC are linked by a disulfide bond between Cu1
and Ci, each. The Cn2 domains interact via oligosaccharides, pictured as orange stars. (Adapted and
modified with permission from Feige et al., 2010).

LCs are either of A or k subtype and can pair with all HC classes. Both chains comprise multiple
domains of approximately 100 amino acids each. Most higher vertebrates produce five
different classes of antibodies: IgM, 1gG, IgA, IgE and IgD. They differ in the HC constant
regions. In one cell only one HC and one LC allele are expressed. Consequently, the given
cell can only secrete a single specific antibody. HCs consist of four domains and the LCs

comprise two domains. IgM represents an exception as it includes two five-domain HCs (Feige

19



et al., 2010). The antigen binding ability is mediated by the N-terminal domain of each chain:
the variable light chains (VL) and the variable heavy chains (Vu). Each of the V domains
comprise three hypervariable complementarity determining regions (CDR) which enable the
specific antigen binding. The diversity of antibodies, the antigen specificity and thus the
variability of these regions is a result of the combination of a variable (V), a diversity (D) and a
joining (J) gene segment on the DNA level, called VDJ rearrangement (Bernard et al., 1978;
Hozumi and Tonegawa, 1976; Maki et al., 1980; Tonegawa, 1983). At later stages of B cell
maturation, directed somatic hypermutation of the V region exon further increases the natural
diversity of the variable domains (Feige et al., 2010; Jung and Alt, 2004; Wilson et al., 1998).
Thus, each variable region possesses a different set of somatic mutations. All other domains
are so-called constant domains (C. and Cu1-4) and specify effector functions. After co-
translational ER import, most IgGs assemble as HC dimers. Dimerization is mediated by the
Ch3 domains and stabilized by disulfide bonds in the hinge region. C42 domains interact via
co-translationally attached N-linked glycans (Bergman and Kuehl, 1978). The LCs are
subsequently linked to HCs via disulfide bonds between the C. and Cy domain (Baumal et al.,

1971). A detailed overview on the LC is given in chapter 1.9.3.

1.9.2. ANTIBODY STRUCTURE — THE IG FOLD

The Ig superfamily displays the largest superfamily in the human genome. Despite highly
variable primary sequences, all Ig domains share a conserved tertiary structure, called the Ig
fold (Bork et al., 1994). This structural module is also present in other proteins like cell surface
receptors, epidermal growth factor domains or muscle proteins (Clothia and Joney, 1997;
Holden et al., 1992). The basic feature of the Ig fold is the formation of a similar B-sandwich
structure in which two B-sheets pack face to face forming a greek-key p-barrel topology. The
variable domains of Igs comprise nine B-strands: A, B, C, C’, C”, D, E, F and G. Constant
domains comprise seven f-strands and lack the C’ and C” strands (Figure 10). Strand B and
F are connected by a conserved disulfide bond that significantly contributes to domain
stabilization (Bork et al., 1994; Goto and Hamaguchi, 1979; Huber et al., 1976). In close
proximity to the disulfide bond is a conserved Trp residue. The side chain indole ring packs
against the disulfide bond, forming part of the hydrophobic core of the Ig domain. In the native
fold, Trp fluorescence is quenched due to the adjacent disulfide bond. The fluorescence
intensity increase upon domain unfolding is commonly used for unfolding analysis of antibodies
(Goto and Hamaguchi, 1979).
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I

C-set Ig-fold V-set Ig-fold

Figure 10. Ig fold topologies. The schematic topology diagram of a C-set Ig fold for constant Ig
domains is shown on the left, the V-set Ig fold for variable Ig domains is depicted on the right. Strands
are labelled from A-G with two extra strands in the V-set: C’ and C”. Strand A in the V-set can take two
alternative positions as depicted by a face strand. Strands in the same color are part of one pB-sheet in

the B-sandwich structure.

1.9.3. THE ANTIBODY LIGHT CHAIN (LC)

1.9.3.1. STRUCTURE OF LCs

The antibody LC consists of two domains: an N-terminal variable (V.) and a C-terminal
constant (C.) domain. They are connected by a short unstructured linker (Figure 11) (Weber
et al., 2018). Each domain has an average mass of 11,000 — 13,000 Da which gives a typical
LC a mass of approximately 24,000 Da. The LC is either of k or A isotype, depending on the
encoding gene locus. The K locus is located on chromosome 2p11.2, whereas the A locus is
on chromosome 22q11.2. The isotypes exhibit distinct sequential and conformational
preferences (Schroeder and Cavacini, 2010). The V. domain comprises three CDRs that
exhibit a high sequence variability and mediate antigen binding. They form variable loops at
the top of each variable domain, creating the antigen binding site. The loops are supported by
a conserved scaffold of four framework regions (FR). As described before, the CDRs within
the V. obtain their variability by VDJ gene rearrangement followed by subsequent somatic
hypermutations. The high sequence variability requires a compensating tolerance to misfolding
and a potent quality control system in the ER (see chapter 1.4).

Kabat et. al introduced a standardized nomenclature system for variable regions in Igs. It is
widely adopted for numbering antibody residues and analyzing amino acid frequencies and
variabilities. For this purpose, antibody sequences were aligned and the most variable
positions (CDRs) were identified by taking into account the number of different amino acids at
a specific position. This numbering scheme also considers insertions (Johnson and Wu,
2000a; Wu and Kabat, 1970).
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Light chain

Figure 11. Structure of the Ig light chain (LC) (PDB:1HZH). The C. domain (blue) and the VL domain
(turquoise) are connected by a short flexible linker (yellow). The highly variable CDR loops in the VL

mediating antigen specificity are colored in pink.

1.9.3.2. LCS IN THE CONTEXT OF AL AMYLOIDOSIS

In AL amyloidosis, disease-causing LCs can be either of k or A subtype (see chapter 1.9.3.1.).
While the A:x ratio in non-diseased adults and multiple myeloma patients is 2:1, AL patients,
due to unknown reasons, often show a threefold higher concentration of A LCs (ratio 3:1),
suggesting a predisposition of A LCs to form amyloid structures (Gertz et al., 2002). Therefore,
calculation of the secreted subtype ratio can be a helpful tool to diagnose AL amyloidosis
(Perfetti et al., 1995). The LC subtypes can be further classified into several subgroups based
on mostly FR1 sequence homologies. The 33 V, germline genes are classified into V,, - Vi,
the 40 V, variants are grouped into V. - Vv (Ramirez-Alvarado, 2012; Solomon and Weiss,
1995). Especially genes of the Vv subgroup are disease-associated, but also Vy, Vairand Vi
and V,, are often found (Abraham et al., 2004; Poshusta et al., 2009; Ramirez-Alvarado, 2012;
Solomon et al.,, 1982). Mutations in the variable domain often lead to the reduction of
thermodynamic stability, enable misfolding and disease development (Baden et al., 2008b;
Blancas-Mejia et al., 2015; Hurle et al., 1994; Nokwe et al., 2016). The enormous diversity of
especially the V-region of LCs due to a high number of V. and V, genes and the naturally
occuring somatic mutations (see chapter 1.9.1) impede the determination of underlying
disease-causing characteristics. Nevertheless, some manifestations regarding germline gene
and amino acid substitutions were found to be preferentially associated with the destabilization
of the V. domain and the development of AL amyloidosis. Statistical analysis by Abraham et
al. (2004) of 27 AL patients revealed a DNA-based mutation rate of 16 % for A and 7 % for k
patients, whereby the CDR regions are especially prone to mutations. Effectively this mostly

leads to 1-9 amino acids substitutions in A and 3-7 substitutions in k patients. However, this
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number can be higher and the nature of the mutations varies individually (Abraham et al., 2004;
Connors et al., 2007). The destabilizing effect of mutations on the LC truncation can have
multiple molecular reasons i.e. change of B-sheet propensity, steric effect of side chain size,
modified charge of amino acid, loss of interaction to the heavy chain etc. (Abraham et al., 2004;
Ramirez-Alvarado, 2012; Street and Mayo, 1999; Weber et al., 2018). The mutational diversity
in patient-derived LCs awards a high complexity to the understanding of underlying molecular
mechanisms and the identification of amyloidogenic variants. Stevens et al. analyzed 121 of
V. LCs and identified mutations of Arg61, lle27 and general Pro substitutions in B-turn regions
as risk factors (Stevens, 2000). Also, the introduction of an additional N-glycosylation site by
asparagine residues (i.e. N70 or N20) or the change of basic to acidic residues (i.e. K45E or
K42E) were found in patient LCs (Connors et al., 2007). Analysis of amyloidogenic A and
LCs further lead to the assumption that not the total number or the specific nature of a mutation
but the location is causative for destabilization (Poshusta et al., 2009). So far, no clear
conclusion can be drawn from the identified and few characterized somatic mutations in
pathogenic LCs.

As mostly the N-terminal LC fragments were found in amyloid deposits, even though it’s the
full-length LC that circulates in the blood, it is important to understand the interplay of the V.
and C. domain. Most LCs do not form fibrils under physiological conditions, even if they contain
mutations in the V. domain, that render the individual domain amyloidogenic. This suggests
that the conformational stability does not necessarily correlate with fibril formation propensity
(Nokwe et al., 2016). The C. domain often showed a stabilizing effect in vitro and seems to
protect the LC from fibril formation. However, in vitro experiments showed a direct correlation
of fibril formation propensity of LC mutants and susceptibility to proteolysis (Morgan and Kelly,
2016a). Independent of thermodynamic factors, the V.-C. domain orientations and interactions
influence proteolytic cleavage and thus fibril formation propensity (Weber et al., 2018).
Referring to FLCs in the bloodstream, disrupted domain orientation can make LCs more
susceptible to endoproteolysis, which results in free circulating, aggregation-prone light chain
fragments. The same effect could be obtained by thermodynamically destabilized V. domains
that need less energy to misfold, which can lead to a structural opening and a linker more

susceptible to proteolysis (Baden et al., 2008b; Ramirez-Alvarado, 2012).
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1.10. OBJECTIVES OF THE THESIS

In the scope of this thesis, four different scientific questions in the context of the disease AL
amyloidosis were addressed. The work is based on patient data from the Amyloidosis Center
at the University Hospital in Heidelberg. The first three parts comprise investigations on one
patient-derived LC that was named Pat-1. Results predominantly originate from in vitro
experiments using recombinantly purified proteins. The fourth part was performed at St. Jude
Children’s Research Hospital in Memphis, TN, USA in the laboratory of Linda Hendershot,
PhD. Here novel attempts to analyze the fate of amyloidogenic LCs in the ER of mammalian

cells were made.

The first part addresses the specific point mutations that were found in the patient-derived and
disease-causing light chain truncation Pat-1. Amyloidogenicity is thought to be accompanied
by thermodynamic destabilization. Thus, the effect of single point mutations regarding both
features was investigated with the goal to disclose the sequence-based reason for
pathogenicity and further, the underlying molecular mechanism. Additionally, a proteolytic
cleavage step prior to fibril formation is thought to be necessary for most LCs (Buxbaum, 1986;
Hurle et al., 1994). Thus, the susceptibility towards proteolysis as a result of somatic mutations

was investigated.

The second goal was to investigate the effect of molecular chaperones and plasma factors
that potentially come into contact with the LC during disease development. The first critical
step in the biosynthesis of LCs is their folding in the ER. The two ER resident chaperones BiP
and ERdj3 play a major role in folding. They are also part of the ERQC that is responsible for
the detection of misfolded protein. Especially ERdj3 is an important factor, since it can be
secreted from the ER and was found to impact the fibril formation of AP in the context of
Alzheimer’'s disease (Genereux et al., 2015). Thus, the impact of these ER-resident
chaperones was tested. Further, LCs are exposed to a variety of proteins and plasma factors
upon secretion. The impact of such factors is only barely explored. As the extracellular
chaperone Apolipoprotein E4 is known to be a risk factor for Alzheimer’s disease (Huynh et
al., 2017; Liu CC, Kanekiyo T, Xu H, 2013), the effect of this plasma factor on fibril formation

was investigated here.

The third objective targeted the elucidation of events occuring prior to fibril formation. Amyloid
formation followed by ThT fluorescence usually displays a sigmoidal curve. The lag phase is
relatively long compared to the very rapid growth phase which indicates the occurrence of
major structural rearrangements during this time. Oligomers have been found in many of

amyloid-related disease and hypotheses attribute the major cytotoxic effects to these
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intermediate forms (Fandrich, 2012). Thus, the pathway from monomeric to fibrillar Pat-1 was

deciphered in this study.

The fourth aim of the thesis was the analysis of early in vivo events during the synthesis of
pathogenic LCs. Each patient possesses a unique LC sequence, yet the disease development
follows common features. Different LCs were investigated regarding their overall expression,
secretion, dimerization and aggregation behavior. This part of the thesis targeted the analysis
of pathogenic LC behavior and should serve as a scaffold for the classification of the cellular

processing of different LCs.
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2. MATERIAL AND METHODS

2.1. MATERIALS

2.1.1. DEVICES

Device

Supplier

Analytical Ultracentrifuge
XL-A with

fluorescence detection systems

equipped absorbance and
XL-I equipped with absorbance and interference
optics

Optima AUC equipped with absorbance and

interference optics

Beckman Coulter (Krefeld, Germany)
and AVIV biomedical (Lakewood, USA)

Beckman Coulter (Krefeld, Germany)

Beckman Coulter (Krefeld, Germany)

Centrifuges
Avanti J25 and J26 XP equipped with JA-10, JLA

16.250 and JA-25.50 rotors
Optima MAX-E ultracentrifuge
Rotina 420 R

Rotina 46R

Tabletop centrifuge 5418
Tabletop centrifuge Mikro R200

Beckman, Krefeld, Germany

Beckman, Krefeld, Germany
Hettich (Tuttlingen, Germany)
Hettich (Tuttlingen, Germany)
Eppendorf (Hamburg, Germany)
Hettich (Tuttlingen, Germany)

Chromatography systems
AKTA Pure

AKTA Purifier

AKTA Explorer

Shimadzu Prominence HPLC systems

Frac-900/950 fraction collectors
Superloops (150 mL, 10 mL)

GE Healthcare (Freiburg, Germany)
GE Healthcare (Freiburg, Germany)
GE Healthcare (Freiburg, Germany)
Shimadzu (Munich, Germany)

GE Healthcare (Freiburg, Germany)
GE Healthcare (Freiburg, Germany)

Circular dichroism spectropolarimeters
J710 (with PFD-350S Peltier device)
J715 (with PTC 348 WI Peltier device)
Chirascan™ (with CS/PCS Peltier device)

Jasco (Groflumstadt, Germany)
Jasco (Groflumstadt, Germany)
Applied Photophysics (Leatherhead,

UK)
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Device

Supplier

Fluorescence spectrophotometers
Jasco FP-6500
Jasco FP-8500 FDP spectrofluorimeter with

polarizers

Fluoromax-4

Jasco (Groflumstadt, Germany)

Jasco (Groflumstadt, Germany)

Horiba Jobin Yvon (Edison, USA)

Gel electrophoresis

Hoefer Mighty Small Il dual gel caster
Pharmacia EPS 3500, 301, 1001 power supply

GE Healthcare (Freiburg, Germany)
GE Healthcare (Freiburg, Germany)

Hydrogen/deuterium exchange instruments
ACQUITY M-Class UPLC

PAL RTC

Synapt G2-S ESI-TOF mass spectrometer

Waters (Milford, USA)
Leap technologies (Carrboro, USA)
Waters (Milford, USA)

Microplate readers
GENios

Infinite M Nano Microplate Reader

Tecan (Mannedorf, Schweiz)

Tecan (Mannedorf, Schweiz)

Microscopes
Transmission electron microscope JEM-1400

JOEL (Freising, Germany)

Plus

Scales

BP 121 S Sartorius (Goéttingen, Germany)
BL 310 Sartorius (Gottingen, Germany)

Thermal cycler
MJ Mini 48 well
Primus 25

Biorad (Munich, Germany)
MWG (Ebersberg, Germany)

Temperature controlled incubator
Digital heat block

Eppendorf-Thermomixer

VWR (Darmstadt, Germany)
Eppendorf (Hamburg, Germany)
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Device

Supplier

TB1 Thermoblock

Biometra (Goéttingen, Germany)

UV-Vis spectrophotometers
UltroSpec 1100 pro

Nanodrop ND-1000

Amersham Biosciences
(Buckinghamshire, UK)
Peglab (Erlangen, Germany)

Additional Equipment

Autoclave Varioclav EP-Z

Cell Disruption Apparatus Basic Z
Homgenizer Heidolph DIAX 900
Image Scanner lll

Incubator

pH meter 538 MultiCal

Vortex MS2

Water bath F6-K

LI-COR Odyssey CLx Imaging System

MALDI-TOF/TOF mass spectrometer Bruker
Ultraflex-2

H+P (Oberschleillheim, Germany)
Constant Systems (Warrick, USA)
Heidolph (Staufen, Germany)

GE Healthcare (Freiburg, Germany)
New Brunswick Scientific (Nurtingen,
Germany)

WTW (Weilheim, Germany)

IKA (Staufen, Germany)

Haake (Karlsruhe, Germany)
LI-COR Biotechnology (Lincoln,
USA)

Bruker Daltonics (Hamburg, Germany)

NE,

2.1.2. CHEMICALS

Chemical

Supplier

2-Mercaptoethanol

Merck (Darmstadt, Germany)

8-Anilino-1-naphtalenesulfonic acid (ANS)

Sigma (St. Louis, USA)

Acetic acid

Roth (Karlsruhe, Germany)

Acetonitrile

Merck (Darmstadt, Germany)

Acrylamide/Bisacrylamide solution 38:2 (40% w:v)

Serva (Heidelberg, Germany)

Agar Agar

Serva (Heidelberg, Germany)

Agarose

Serva (Heidelberg, Germany)

Ammonium chloride (NH4Cl)

Merck (Darmstadt, Germany)

Ammonium persulfate (APS)

Roth (Karlsruhe, Germany)
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Chemical

Supplier

Ampicillin sodium salt

Roth (Karlsruhe, Germany)

Bromphenol blue

Serva (Heidelberg, Germany)

cOmplete™, EDTA-free Protease Inhibitor Cocktail

Sigma (St. Louis, USA)

Coomassie Blue R

Serva (Heidelberg, Germany)

Coomassie Brilliant Blue R-250

Serva (Heidelberg, Germany)

Desoxynucleoside triphosphates (ANTPs)

NEB (Frankfurt, Germany)

Dimethyl sulfoxide (DMSO)

NEB (Frankfurt, Germany)

Dithiothreitol (DTT)

Roth (Karlsruhe, Germany)

EDTA Merck (Darmstadt, Germany)
Ethanol Merck (Darmstadt, Germany)
Formic acid Merck (Darmstadt, Germany)
GeneCellin Bulldog Bio, Inc., Portsmouth, NH
Glucose Merck (Darmstadt, Germany)

Glutaraldehyde solution (25 %)

Merck (Darmstadt, Germany)

Glutathione, oxidized (GSSG)

Merck (Darmstadt, Germany)

Glutathione, reduced (GSH)

Merck (Darmstadt, Germany)

Glycerol

Roth (Karlsruhe, Germany)

Glycine

Roth (Karlsruhe, Germany)

Guanidinium chloride (GdmCI)

Merck (Darmstadt, Germany)

HEPES

Merck (Darmstadt, Germany)

Hydrochloric acid (HCI) 32%

Merck (Darmstadt, Germany)

Imidazole

Sigma (St. Louis, USA)

Isopropanol

Merck (Darmstadt, Germany)

Isopropyl 3-d-1-thiogalactopyranoside (IPTG)

Serva (Heidelberg, Germany)

Kanamycin sulfate

Roth (Karlsruhe, Germany)

L-Arginine

Merck (Darmstadt, Germany)

LB medium

Serva (Heidelberg, Germany)

Lipofectamine® LTX

Thermo Fisher Scientific (Waltham,

USA)

Magnesium sulfate (MgSOQs4)

Merck (Darmstadt, Germany)
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Chemical

Supplier

Manganese (Il) chloride

Merck (Darmstadt, Germany)

Para-formaldehyde (EM Grade)

Electron Microscopy  Sciences

(Munich, Germany)

Potassium chloride (KCI)

Roth (Karlsruhe, Germany)

Potassium phosphate, monobasic (KH2PO4)

Merck (Darmstadt, Germany)

Protease inhibitor Mix G, HP

Serva (Heidelberg, Germany)

Sodium acetate anhydrous (NaOAc)

Merck (Darmstadt, Germany)

Sodium azide (NaNs)

Merck (Darmstadt, Germany)

Sodium chloride (NaCl)

Merck (Darmstadt, Germany)

Sodium dodecylsulfate (SDS)

Serva (Heidelberg, Germany)

Sodium hydroxide (NaOH)

Merck (Darmstadt, Germany)

Sodium phosphate, dibasic (Na;HPO4 * 2 H,0)

Merck (Darmstadt, Germany)

Sodium phosphate, monobasic (NaH2PO. * 2 H20)

Merck (Darmstadt, Germany)

Stain G

Serva (Heidelberg, Germany)

Tetraethylendiamin (TEMED)

Roth (Karlsruhe, Germany)

Thioflavin T (ThT)

Merck (Darmstadt, Germany)

Tris

Roth (Karlsruhe, Germany)

Tris(2-carboxyethyl)phosphine hydrochloride

Merck (Darmstadt, Germany)

(TCEP)
Triton X-100 Merck (Darmstadt, Germany)
Tween-20 Merck (Darmstadt, Germany)

Uranyl acetate

Science Services (Munich, Germany)

Urea

Merck (Darmstadt, Germany)

2.1.3. CONSUMABLES

Consumable

Supplier

200-mesh copper grids

Merck (Darmstadt, Germany)

Amicon-0.5 Centrifugal Filter Units

Millipore (Darmstadt, Germany)

Amicon-15 Centrifugal Filter Units

Millipore (Darmstadt, Germany)

Amicon-0.5 Centrifugal Filter Units

Millipore (Darmstadt, Germany)
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Consumable Supplier

HJ-Bioanalytk GmbH (Erkelenz,
Crystal Clear PP sealing foil

Germany)

Cuvettes, plastic, 1ml

Brand (Darmstadt, Germany)

Dialysis membranes Spectra/Por (MWCO: 6-8 kDa)

Spectrum Laboratories
USA)

(Houston,

Immuno-Blot PVDF Membrane

Bio-Rad (Hercules, USA)

MatTek dish, 35 mm

MatTek (Ashland, USA)

Membrane discs

Sartorius (Goéttingen, Germany)

Membrane filter 0.22 ym

Millipore (Darmstadt, Germany)

Microplates 96 well, black (#437112)

Nunc (Schwerte, Germany)

Millex — GS 0.22 um syringe filter units

Millipore (Darmstadt, Germany)

Millex — GV 0.22 ym syringe filter units

Millipore (Darmstadt, Germany)

Mini-PROTEAN® TGX™ Precast Protein Gels (4 -
20 %)

Bio-Rad (Munich, Germany)

. . Amersham Biosciences (Uppsala,
Nitrocellulose membrane, pore size 0.2 pl
Sweden)
BioRad Laboratories (Munich,
PCR tubes
Germany)

Pellet pestles

Sigma (St. Louis, USA)

PE tubes, 15 and 50 ml

Greiner & Soéhne (Frickenhausen,

Germany)

Petri dishes, PS, 94 mm

Greiner & Soéhne (Frickenhausen,

Germany)

Reaction tubes, various volumes

Sarstedt (NUmbrecht, Germany)
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2.1.4. BUFFERS

2.1.4.1. PROTEIN PURIFICATION AND ASSAY BUFFERS

Buffer name

Composition

Concentration

2-Mercapothanol, before use

5x Inclusion body preparation | Tris/HCI, pH 7.5 250 mM

buffer EDTA 50 mM
NaCl 50 mM
addition of protease inhibitor mix prior
to use

Q-Sepharose buffer A, low salt Tris/HCI, pH 8.0 50 mM
EDTA 10 mM
Urea 5M

Q-Sepharose buffer B, high salt Tris/HCI, pH 8.0 50 mM
EDTA 10 mM
Urea 5M
NaCl 1M

Inclusion body dissolving buffer Tris/HCI, pH 8.0 50 mM
EDTA 10 mM
Urea 8 M

0.1% (v/v)

Refolding buffer Tris/HCI, pH 8.0 250 mM
EDTA 10 mM
L-arginine 100 mM
GSH, before use 0.5 mM
GSSG, before use 1.0 mM
10x Phosphate buffered saline | Na;HPO4 x 2 H,O 100 mM
(PBS) KH2PO4 18 mM
KCI 27 mM
NaCl 1.37 M
pH 7.4
HKM HEPES, pH 7.5 50 mM
KCI 150 mM
10 mM

33




Buffer name

Composition

Concentration

MgCl.

HAKM HEPES, pH 7.5 50 mM
NH4CI 1M
KCI 150 mM
MgCl. 10 mM

J3-Buffer A, binding buffer HEPES, pH 7.5 50 mM
NaCl 400 mM
Imidazole 20 mM

J3-Buffer B, elution buffer HEPES, pH 7.5 50 mM
NaCl 400 mM
Imidazole 1M

2.1.4.2. BUFFERS FOR MOLECULAR BIOLOGY AND SDS-PAGE

Buffer name

Composition

Concentration

Fairbanks A (staining)

Isopropanol
Acetic acid

Coomassie Blue R

25 % (v/v)
10 % (V/v)
0.05 % (w/v)

Fairbanks D (destaining)

Acetic acid

10 % (vIv)

5x Laemmli buffer, reducing

Tris/HCI, pH 6.8
SDS

Glycerol
Bromphenol blue

2-Mercaptoethanol

0.3M
10 % (Wiv)
50 % (v/v)
0.05 % (w/v)
5%

5x Laemmli buffer, non-reducing

Tris/HCI, pH 6.8
SDS
Glycerol

Bromphenol blue

0.3M
10 % (W/iv)
50 % (v/v)
0.05 % (w/v)

10x SDS running buffer

Tris/HCI, pH 8.0
Glycine
SDS

0.25M
2M
1 % (w/v)
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Buffer name

Composition

4x Separation gel buffer

Tris/HCI, pH 8.8
SDS

1.5M
0.8 % (w/v)

2x Stacking gel buffer

Tris/HCI, pH 6.8
SDS

0.25M
0.4 % (wiv)

TAE

Tris/acetate, pH 8.0
EDTA

2M
50 mM

2.1.4.3. BUFFERS FOR FIBRIL FORMATION ASSAY

Buffer name

Composition

Concentration

Assay buffer 1x PBS,pH 7.4
SDS 0.5 mM
ThT 10 uM, final concentration
NaNs 0.05 % (w/v)
ThT stock solution 1x PBS,pH 7.4
ThT 500 pyM

Concentration

2.1.4.4. BUFFERS FOR CHEMICAL COMPETENT CELLS

Buffer name Composition Concentration Volume

Solution A NaOAc, pH 5.5 3M 13 ml
CaCl, 1M 100 mi
MnCl, 28 M 25 ml
H20 862 ml

Solution B Glycerol 87 % 69 ml
Solution A 331 ml

35



2.1.4.5. BUFFERS FOR HYDROGEN/DEUTERIUM EXCHANGE MASS SPECTROMETRY

EXPERIMENTS

Buffer name

Composition

Concentration

Quenching buffer

NazHPO4, pH 2.2

Naz:HPO4
Tris(2-carboxyethyl)phosphine
GdmCl

200 mM
200 mM
250 mM
3M

2.1.4.6. BUFFERS FOR TISSUE CULTURE

Buffer name

Composition

Concentration

Nonidet P40 substitute

Sodium deoxycholate

NP40 buffer Tris/HCI (pH 7.5) 50 mM
NaCl 150 mM
Nonidet P40 substitute 0.5%
Sodium deoxycholate 0.5 %
PMSF 0.1 mM
Roche complete protease | 1x
inhibitor tablets w/o EDTA

NP40 lysis buffer NP40 buffer 1x
2 M MgCl, 5 pl/ml
Glucose 6 mg/ml
5000 U/ml Hexokinase 10 pl/ml

NP40 washing buffer Tris/HCI (pH 7.5) 50 mM
NaCl 400 mM

0.5 % (v/v)
0.5 % (w/v)

Gelatin buffer

Gelatin

Tris/HCI (pH 7.5)
NaCl

EDTA

Triton X-100
NaN3

0.1 % (v/v)
15 mM
130 mM

1 mM

0.1 % (viv)

0.002 % (W/v)
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2.1.4.7. BUFFERS FOR FIBRIL EXTRACTION FROM PATIENT TISSUE

Buffer name

Composition

Concentration

Tris calcium buffer

Tris/HCI (pH 8.0)
NaCl
CaCl,
NaN3

20 mM
138 mM

2 mM

0.1 % (w/v)

Tris/EDTA buffer

Tris/HCI (pH 8.0)
NaCl

EDTA

NaN3

20 mM

140 mM

10 mM

0.1 % (w/v)

2.1.4.8. BUFFERS FOR LIMITED PROTEOLYSIS

Buffer name

Enzyme

Composition

Concentration

Ca® containing

assay buffer

Proteinase K
CaCl,

Tris/HCI (pH 7.5)

50 mM
5mM

1xPBS

Trypsin
Chymotrypsin

Plasma

1:200 (Enzyme:LC)
1:200 (Enzyme:LC)
1:50 (Enzyme:LC)

2.1.4.9. BUFFERS FOR IMMUNOFLUORESCENCE MICROSCOPY

Buffer name Composition Concentration

Blocking buffer BSA S % (w/v)
TX-100 0.1 % (v/v)
PBS 1Xx

Antibody Dilution Buffer BSA 1% (Wiv)
TX-100 0.1 % (v/v)
PBS 1Xx
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2.1.5. CELL STRAINS

Strain Genotype Origin
E. coli BL21-Codon+ | F- ompT hsdS(rB- mB- | Stratagene (LaJolla,
(DE3)-RIL ) dem+ Tetr gal endA | USA)
The (argU proL CamR)
E. coli XL1 blue recA1 endA1 gyrA96 | Stratagene (LadJolla,
thi-1 hsdR17 supE44 | USA)

relA1 lac

Bacterial strain

E. coli Shuffle

F' lac, pro, laclf /
A(ara-leu) 7697
araD139

lacZ::T7 genefl
A(phoA)Pvull  phoR
ahpC* gale (or U) galK
Aatt::pNEB3-r1-cDsbC

fhuA2

New England Biolabs
(Ipswich, USA)

(Spec®, laclh) AtrxB
rpsL150(Strf)  Agor
A(malF)3

COS-1 monkey

fibroblasts

CHO (Chinese

Hamster Ovary) WT

Cell culture strain

CHO

Hamster

(Chinese
Ovary)
ERdj3-knock-out

HEK293T

embryonic

human
kidney

cells

Kindly provided by Dr.
Linda
Memphis, TN, USA

Hendershot,
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2.1.6. MEDIA FOR BACTERIA

Medium Composition Concentration
Luria Bertani (LBo) LB medium 20 g/l
Agar agar plates 15 g/l

Super Optimal Broth (SOC) | Yeast extract
Tryptone
KCI

MgCl.
MgSO4

D-(+)-glucose

0.5 % (w/v)
1% (wW/v)
2.5 mM

10 mM

10 mM

20 mM

Antibiotics (1000x stock) Kanamycin

35 ug/l (in ddH20)

All media were sterilized usind an autoclave at 121 °C for 20 min. Antibiotic and IPTG stocks

were passed through a sterile 0.22 pm filter and stored at -20 °C.

2.1.7. MEDIA FOR TISSUE CULTURE

Medium Composition Concentration

DMEM (Celigro, USA) DMEM
FBS 10 % (v/iv)
L-Glutamine 2 mM
Penicillin-streptomycin 100 U/ml

F12 (Thermo Fisher, USA) | F-12 Nutrient mix + L-
Glutamine

2.1.8. ENZYMES, STANDARDS AND KITS
Reagent/Kit Manufacturer

Chameleon® Vue Pre-stained Protein Ladder

LI-COR Biotechnology (Lincoln, NE, USA)

Clostridium histolyticum collagenase

Sigma (Taufkirchen, Germany)

DNAsel Roche (Mannheim, Germany)
Dpnl New England Biolabs (Ipswich, USA)
Hexokinase Sigma (St. Louis, USA)
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Low Range molecular weight marker

Serva (Heidelberg, Germany)

Labeling Kit RED NHS 2" Generation

NanoTemper  Technologies  (Munich,

Germany)

NEBuffer 2.1

New England Biolabs (Ipswich, USA)

PeqGold 1kb ladder

PeglLab (Erlangen, Germany)

Phusion HF DNA polymerase

New England Biolabs (Ipswich, USA)

Polynucleotide kinase (PKA)

New England Biolabs (Ipswich, USA)

Prolong® Gold Antifade Reagent

Thermo Fisher Scientific (Waltham, USA)

Q5 HF DNA Polymerase

New England Biolabs (Ipswich, USA)

Q5 Site-Directed Mutagenesis Kit

New England Biolabs (Ipswich, USA)

Restriction enzymes

New England Biolabs (Ipswich, USA)

Serva Dual Color Proteinstandard Il

Serva (Heidelberg, Germany)

T4 DNA Ligase

New England Biolabs (Ipswich, USA)

T4 DNA Ligase Buffer (10x)

New England Biolabs (Ipswich, USA)

T4 DNA Polymerase

New England Biolabs (Ipswich, USA)

Ulp1 protease

Kindly provided by Christina Nickels

Wizard Plus SV Minipreps DNA Purification

System

Promega (Madison, USA)

Wizard SV Gel and PCR Clean-up System

Promega (Madison, USA)

2.1.9. ANTIBODIES

Antibody

Manufacturer

IRDye® 680 Donkey anti-Goat IgG (H + L)

LI-COR Biotechnology (Lincoln, NE, USA)

IRDye® 680 Goat anti-Mouse IgG (H + L)

LI-COR Biotechnology (Lincoln, NE, USA)

IRDye® 800 Goat anti-Rabbit IgG (H + L)

LI-COR Biotechnology (Lincoln, NE, USA)

IRDye® 800 Goat anti-Mouse IgG (H + L)

LI-COR Biotechnology (Lincoln, NE, USA)
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Antibody

Manufacturer

Goat Anti-Human Lambda-Alexa Fluor® 647

SouthernBiotech (Birmingham, AL, USA)

Mouse Anti-ERdj3 (C-7) — Alexa Fluor® 647

Santa Cruz Biotechnology (Heidelberg,

Germany)

Rabbit Anti-BiP

Kindly provided by Dr. Linda Hendershot

2.1.10. COLUMNS

Column

Manufacturer

HisTrap Fast Flow (5 ml)

GE Healthcare (Freiburg, Germany)

PD10 Desalting Columns

GE Healthcare (Freiburg, Germany)

Q Sepharose Fast Flow

GE Healthcare (Freiburg, Germany)

HiLoad Superdex 200 Prep Grade 16/60 or 26/60

GE Healthcare (Freiburg, Germany)

Superdex 75 10/300 GL

GE Healthcare (Freiburg, Germany)

HiLoad Superdex 75 Prep Grade 16/60 or 26/60

GE Healthcare (Freiburg, Germany)

2.1.11. PLASMIDS

Construct Vector Reference Origin
GeneArt  (Regensburg,
V. Pat-1 pET28b
Germany)
V. Pat-1 L15P pET28b This work
V. Pat-1 S26T pET28b This work
V. Pat-1 N28S pET28b Kazman et al., | This work
2020
V. Pat-1 F30V pET28b This work
V. Pat-1 D32G pET28b This work
V. Pat-1 D53E pET28b This work
V. Pat-1 D55S pET28b This work
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Construct Vector Reference Origin
V. Pat-1 V81L pET28b This work
V. Pat-1 V81l pET28b This work
V. Pat-1 L82Q pET28b This work
V. Pat-1 FOOY pET28b This work
V. Pat-1 S105T pET28b This work
V. Pat-1 L15P V81L pET28b This work
V. Pat-1 L15P L82Q pET28b This work
V. Pat-1 V81L L82Q pET28b This work
V. Pat-1 L15P V81L
L82Q pET28b This work
Vi WT-1 pET28b This work
VL WT-1 P15L pET28b This work
VL WT-1 T26S pET28b This work
VL WT-1 S28N pET28b This work
V. WT-1 V30F pET28b This work
VL WT-1 G32D pET28b This work
V. WT-1 E53D pET28b This work
V. WT-1 S55D pET28b This work
VL WT-1 L81V pET28b This work
VL WT-1 Q82L pET28b This work
VL WT-1 YOOF pET28b This work
VL WT-1 T105S pET28b This work
C. Pat-1 DET28b GeneArt  (Regensburg,
Germany)
CLPat-1 C105S pET28b This work
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Construct Vector Reference Origin
GeneArt  (Regensburg,
LC Pat-1 pET28b (Reg J
Germany)
Kazman et al.,
LC Pat-1 C216S pET28b Lioba Hunziger
2020
LC Pat-1 V81L C216S | pET28b Lioba Hunziger
GeneArt  (Regensburg,
LC WT-1 pET28b
Germany)
Kazman et al.,
LC WT-1 C216S pET28b Lioba Hunziger

2020

GeneArt  (Regensburg,
LC Pat-1 PCDNA3.1(+) G )
ermany

GeneArt Regensburg,

LC WT-1 pcDNA3.1(+) G ) res ’
ermany

GeneArt Regensburg,

LC Pat-2 pcDNA3.1(+) G )( ° ’
ermany

GeneArt  (Regensburg,
LC WT-2 pcDNA3.1(+) G )
ermany

GeneArt  (Regensburg,
LC Pat-3 PCDNA3.1(+) G )
ermany

GeneArt  (Regensburg,
LC WT-3 PCDNA3.1(+) G )
ermany

GeneArt  (Regensburg,

LC Pat-4 PCDNA3.1(+) G )( ° ’
ermany

GeneArt Regensburg,

LC WT-4 PCDNA3.1(+) G )( ° °
ermany

GeneArt  (Regensburg,
LC Pat-5 PCDNA3.1(+) G )
ermany

GeneArt  (Regensburg,
LC WT-5 PCDNA3.1(+) G )
ermany

GeneArt  (Regensburg,
LC Pat-6 PCDNA3.1(+) G )
ermany

GeneArt  (Regensburg,

LC WT-6 PCDNA3.1(+) G )( ° °
ermany

hERG;3

pSUMO

Christina Nickels
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Construct Vector

Reference Origin

Rosam et al.,

mBiP pProEx Christina Nickels
2018
Rosam et al, o .
mBiP-167C pProEx 2018 Christina Nickels

2.1.12. OLIGONUCLEOTIDES

Sequence (5’ to 3’)

TAGCGGTAGCCCGGGTCAGAGCATTA

ACGCTTGCAGGCTGGGTC

CTGTACCGGTACATCAAATGATTTTGGC

CTAATGGTAATGCTCTGAC

CTGTACCGGTAACTCAAATGATTTTG

CTAATGGTAATGCTCTGACC

CTCAAATGATGTTGGCGATTATAAC

CTACCGGTACAGCTAATG

TGATTTTGGCGGTTATAACTACG

TTTGAGCTACCGGTACAG

GATGATTTATGAGGTTGATAATCGTC

AGTTTCGGTGCTTTACCC

TTATGATGTTTCTAATCGTCCGAGCG

ATCATCAGTTTCGGTGCTTTAC

CATTAGCGGTTTGCTGGCAGAAG

GTCAGGCTTGCGGTATTA

TAGCGGTGTTCAGGCAGAAGATG

Template | Method | Name | Strand

Pat-1 | +
L15P
Pat-1 | +
S26T
Pat-1 | +
N28S
Pat-1 | +
F30V

Q5 Pat-1 | +

V. Pat-1

SDM D32G
Pat-1 | +
D53E
Pat-1 | +
D558
Pat-1 | +
V81L
Pat-1
L82Q

ATGGTCAGGCTTGCGGTA
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Template | Method | Name | Strand | Sequence (5’ to 3’)
Pat-1 | + AGCAGATTATTACTGTAGCAGCTATAC
FO0Y
; TCATCTTCTGCCAGAACAC
Pat-1
sros |t TGTTTTTGGTACCGGCACCAAAGTTAC
T ; TACAGGGTGCTGCTGCTG
E:‘;'; . CATTAGCGGTTTGCTGGCAGAAG
veiL | . GTCAGGCTTGCGGTATTA
Pat-1 1, TAGCGGTAGCCCGGGTCAGAGCATTA
L15P
182Q | . ACGCTTGCAGGCTGGGTC
Pat-1
' CATTAGCGGTCTTCAGGCAGAAG
V81L
182Q | . GTCAGGCTTGCGGTATTA
Pat-1
e | CATTAGCGGTCTTCAGGCAGAAGATGAAG
V81L
L82Q |- GTCAGGCTTGCGGTATTA
WT-1 | + CGTTAGCGGTAGTCTGGGTCAGAGCATTAC
P15L
; GTAATGCTCTGACCCAGACTACCGCTAACG
CATTAGCTGTACCGGCTCCAGCAGTGATGTT
WT-1 | + G
T26S CAACATCACTGCTGGAGCCGGTACAGCTAA
; TG
VOWT-1 | QURCh e | CGGCACCAGCAACGATGTTGGTG
ange
S28N | _ GTACAGCTAATGGTAATGC
CCGGCACCAGCAGTGATTTCGGTGGTTATA
+
WT-1 ACTATG
V30F CATAGTTATAACCACCGAAATCACTGCTGGT
GCCGG
WT-1 CAGCAGTGATGTTGGTGACTATAACTATG
+
G32D TTAGCTGG
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Template | Method | Name | Strand | Sequence (5’ to 3’)
CCAGCTAACATAGTTATAGTCACCAACATCA
) CTGCTG
GAAACTGATGATTTATGATGTTAGCAATCGT
WT-1 ' CCGAGC
E53D GCTCGGACGATTGCTAACATCATAAATCATC
) AGTTTC
GATGATTTATGAGGTTGACAATCGTCCGAGC
WT-1 ' GGTG
S55D CACCGCTCGGACGATTGTCAACCTCATAAAT
) CATC
CTGACCATTAGCGGTGTGCAGGCAGAAGAT
WT-1 | * G
L81V
- CATCTTCTGCCTGCACACCGCTAATGGTCAG
WT-1 | + CCATTAGCGGTCTGCTGGCAGAAGATGAAG
@82l - CTTCATCTTCTGCCAGCAGACCGCTAATGG
GAAGATGAAGCAGATTATTTCTGTAGCAGCT
WT-1 | + ATACCAGC
YO0F GCTGGTATAGCTGCTACAGAAATAATCTGCT
- TCATCTTC
CACCTTATATGTTTTTGGTTCAGGCACCAAA
W GTTACCG
: 05 CGGTAACTTTGGTGCCTGAACCAAAAACATA

TAAGGTG

2.2. SOFTWARE, DATABASE AND WEB-BASED TOOLS

Software

Name

Supplier

Adobe lllustrator CS5

Adobe Inc., San Jose, USA

Adobe Photoshop CS5

Adobe Inc., San Jose, USA

ASTRA 5.3.4

Wyatt Technology, Dernbach, Germany
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Name

Supplier

CDNN

Gerald B6hm, www.gerald-boehm.de

DynamX 3.0

Waters (Eschborn, Germany)

Epson TT8 Launch Silver Fast

Epson (Kiel, Germany)

Image J

NIH, www.imagej.nih.gox

Image Studio™

LI-COR Biosciences (Lincoln, USA)

Image Quant TL

GE Healthcare (Pittsburgh, USA).)

Mendeley Desktop

Mendeley Ltd., www.mendeley.com

Microsoft Office 2016 Microsoft (Redmond, USA)

NanoTemper Technologies (Munich,
NTAnalysis software

Germany)
Origin 8.6 OriginLab Corp. (Northhampton, USA)
Origin 2018b OriginLab Corp. (Northhampton, USA)
Prism8 GraphPad (San Diego, USA)

Protein Lyns Global Server PLGS 3.0.3

Waters (Eschborn, Germany)

PyMOL v1.3

Schrédinger (New York, USA)

Sedfit

Peter Schuck

Serial Cloner 2.5

Franck Perez

Databases
Name Website
abYsis https://www.abysis.org
ALBase https://www.albase.bumc.bu.edu/aldb

Clustal Omega alignment

https://www.ebi.ac.uk/Tools/msa/clustalo/

NCBI IgBLAST

https://www.ncbi.nlm.nih.gov/igblast/

PubMed

https://www.ncbi.nIm.nih.gov/pubmed/
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Name Website

Phyre2 http://www.sbg.bio.ic.ac.uk/phyre2
RCSB Protein Data Bank (PDB-ID) https://lwww.rcsb.org
UniProt https://www.uniprot.org

Web-based tools

Name Website

abYsis https://www.abysis.org

Clustal Omega alignment https://www.ebi.ac.uk/Tools/msa/clustalo/
ExPASy ProtParam https://web.expasy.org/protparam/

NCBI IgBLAST https://www.ncbi.nlm.nih.gov/igblast/
NEBaseChanger https://nebasechanger.neb.com
NEBuilder https://nebuilder.neb.com

Phyre2 http://www.sbg.bio.ic.ac.uk/phyre2
PrimerX https://www.bioinformatics.org/primerx/

2.3. MOLECULAR BIOLOGY METHODS

2.3.1. DNA ISOLATION AND STORAGE

Cloned plasmids were amplified in 5 ml liquid E. coli culture supplemented with the appropriate
antibiotic. Isolation were performed using the Wizard® SV Mini-Prep Kit according to the
manufacturer’'s manual. DNA concentration was determined using a Nanodrop
spectrophotometer. The sequence was verified by sequencing at GATC Biotech AG or
Eurofins Genomics GmbH using the T7 forward or T7 reverse primer. Isolated DNA was stored
in nuclease free ddH20 at -20 °C.

2.3.2. AGAROSE GEL ELECTROPHORESIS
DNA was separated using 1 % agarose gels (w/v) with 1:50000 DNA stain G in TAE buffer for
size determination of DNA fragments and PCR products. FastLoad 1kb DNA ladder was used

as a standard. Agarose gels were run at 120 V for 30 min.
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2.3.3. DNA AMPLIFICATION

Polymerase Chain Reaction (PCR) was used to amplify DNA and for site-directed
mutagenesis. Depending on the cloning strategy, different polymerases and protocols were
used for the PCR as described below. For the QuikChange® site-directed mutagenesis method
(Stratagene) the Phusion DNA Polymerase was used. Q5 site-directed mutagenesis was

performed using the Q5 DNA Polymerase.

QuikChange® site-directed mutagenesis

QuikChange® site-directed mutagenesis pipetting scheme
Template DNA 1.5 pl (~5 ng)
5x Phusion buffer 10 i

dNTP mix (10 mM) 2 ul

Primer forward (100 pmol/pl) 2 ul

Primer reverse (100 pmol/pl) 2 ul

DMSO 1.5l

Phusion DNA Polymerase 0.5yl

Nuclease free H,O ad 50 pl

QuikChange® PCR reaction

Initial denaturation 95 °C 2 min

Denaturation 95 °C 30 sec

Annealing 54 -70°C 1 min 25x
Elongation 72 °C 10 min

Final Elongation 72°C 2 min

Storage 4°C hold
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Q5 site-directed mutagenesis

Q5 site-directed mutagenesis pipetting scheme

Template DNA 1.5 pl (~5 ng)
5x Q5 reaction buffer 10 ul

dNTP mix (10 mM) 2 ul

Primer forward (100 pmol/pl) 2 ul

Primer reverse (100 pmol/pl) 2 ul

DMSO 1.5yl

Q5 DNA Polymerase 0.5 ul
Nuclease free H,O ad 50 pl

Q5 site-directed mutagenesis PCR reaction

Initial denaturation 95 °C 1 min
Denaturation 95 °C 15 sec
Annealing 54 -70°C 30 min 25 x
Elongation 72°C 4 min

Final Elongation 72°C 2 min
Storage 4°C hold

2.3.4. CLONING STRATEGIES

2.3.4.1. QUIKCHANGE® SITE-DIRECTED-MUTAGENESIS (SDM)

One method to generate single point mutations was to use an optimization of the QuikChange®
protocol by Stratagene (LaJolla, USA). Primers carrying the point mutation were designed
using the web-based QuikChange® Primer Design tool. The annealing temperature was
adjusted to the properties of the primer. The Template DNA was amplified as stated above
(see chapter 2.3.3). After amplification, the PCR product was digested using Dpnl for 1 h at
37 °C. Dpnl specifically cuts hemimethylated, parental DNA and thus separates the mutated
PCR product from the template. 10 ul of the digested PCR product was transformed into 100 pl
XL1 cells according to the transformation protocol (see chapter 2.3.7), plated on LBkan plates

and incubated at 37 °C overnight. DNA isolation and sequence verification were performed as

described in chapter 2.3.1.

50




2.3.4.2. Q5 SITE-DIRECTED-MUTAGENESIS (SDM)

An equivalent method to incorporate single point mutations was Q5 site-directed-mutagenesis
by NEB (Ipswich, USA). Primers were designed using the web-based NEBaseChanger tool.
In this approach, only the forward primer carried the desired mutation. Annealing temperatures
were given by the tool. The PCR reaction was carried out as stated above (see chapter 2.3.3).
After the reaction, 1 pl of the PCR product was subjected to a kinase, ligase, Dpnl (KLD),
0.5 uM each, treatment according to the manufacturer’s protocol. The reaction was allowed to
take place for 1 h. 10 ul of the digested prodict were transformed into 100 ul XL1 cells (see
chapter 2.3.7), plated on LBkan cells and incubated at 37 °C overnight. DNA isolation and

sequence verification were performed as described in chapter 2.3.1.

2.3.5. GROWTH AND STORAGE OF E. COLI CELLS

E. coli cells were grown in liquid LB medium or on LB plates at 37 °C. For selection of the cells
harboring plasmids, the respective antibiotics (Kanamycin, Chloramphenicol) were added to
the medium. Inoculation of liquid cultures was done using a single colony from a plate or in
1:100 dilution from an overnight culture. Cell growth was photometrically monitored at 600 nm,
whereby an OD of 1 equals approximately 5x10® to 1x10° cells per ml of medium (Sambrook
et al., 1989). For long-term storage of E. coli cells, glycerol stocks were prepared by mixing

600 pl of 87 % sterile glycerol with 300 ul of E. coli culture, snap-frozen and stored at -80 °C.

2.3.6. PREPARATION OF COMPETENT CELLS

Chemically competent E. coli cells were prepared following the protocol of Sambrook et al.,
1989. In brief, cells were grown over night in LBy medium without antibiotics at 37 °C under
continuous shaking. Reaching an ODego of 0.5 to 1.0, they were supplemented with 2 ml of 1 M
MgCl,, incubated for 10 min at 37 °C under agitation and cooled down on ice for 1 h. Cells
were harvested by centrifugation at 4500 rpm for 5 min. Pellets were resuspended in 20 ml
solution A and incubated on ice for 1 h. The cells were pelleted again and resuspended in 2 ml

of Solution B. Aliquots were snap-frozen and stored at -80 °C.

2.3.7. TRANSFORMATION OF E. coLI CELLS

100 yI of competent E. coli cells (XL1 blue for vector preparation, BL21-DE3 for
overexpression) were thawed on ice for 10 min. 1ul of plasmid DNA (50-100 ng) or 10 pl of
QuickChange®/Site Directed Mutagenesis reaction product was added, mixed and incubated
for 10 min on ice. Heat shock was performed for 45 s at 42 °C and put on ice for another 5 min.
900 ul of LBy medium was added and the cells were incubated at 37 °C at 500 rpm for 45 min.
Cells were spun down at 7000 rpm, resuspended in 200 ul LBy and plated on LB plates with

the appropriate antibiotic. Plates were incubated at 37 °C overnight.
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2.4. PROTEIN BIOCHEMISTRY

2.4.1. PROTEIN EXPRESSION AND CELL DISRUPTION

For expression of all IgG Vi, C. and LC domain variants, the plasmid carrying the gene of
interest was transformed into E. coli BL21 (DE3) cells. A starter culture was used to inoculate
LB media with Kanamycin to an ODeoo of 0.1. Cells were grown at 37 °C under agitation and
protein expression was induced with 1 mM IPTG at an ODeoo of 0.6-0.8. The cells were grown
over night at 37 °C under continuous shaking. For ERdj3 expression, the plasmid was
transformed in E. coli SHuffle cells. LB media with Kanamycin was inoculated with a starter
culture to an ODeoo of 0.1 and grown at 30 °C under agitation. Reaching an ODgoo of 0.6-0.8,
protein expression was induced with 0.5 mM IPTG and grown overnight at 30 °C. Cells were
harvested by centrifugation (10 min, 7,000 rpm, JA 10 rotor, 4 °C). For Ig domains, inclusion
bodies were prepared as previously described (Thies and Pirkl, 2000). Briefly, cell pellets were
resuspended in ~100 ml IB preparation buffer containing Protease Inhibitor Mix G. After
addition of DNAsel, cells were disrupted using a pressure-operated cell disruption apparatus
at 1.8 kbar and centrifuged (40 min, 10,000 rpm, JLA 16.250 rotor, 4 °C) for inclusion body
harvest. Inclusion bodies were washed with IB preparation buffer and stored until purification
at-20 °C. For ERdj3, cells were harvested and homogenized in J3-Buffer A supplemented with
Protease Inhibitor Mix HP and DNAsel. Cells were disrupted at 1.8 kbar and the cell debris
was removed by centrifugation (30 min, 20,000 rpm, JA 25.50 rotor, 4 °C). Cell lysate was

snap-frozen in liquid nitrogen and stored at -80 °C until purification.

2.4.2. PROTEIN PURIFICATION

Ig domains

All Ilg domains were purified as previously described (Nokwe et al., 2014). In short, inclusion
bodies were solubilized in the denaturing IB dissolving buffer containing -Mercaptoethanol
and loaded on a Q-Sepharose anion exchange column. The flow-through containing the Ig
domains was subjected to overnight dialysis refolding in refolding buffer at 4 °C (protein
solution to refolding buffer 1:20 (v/v)). Aggregates were removed by centrifugation (30 min,
20,000 rpm, JA 25.50 rotor, 4 °C) and the refolded soluble protein was further purified by a
Superdex 75 16/60 gel filtration column. Protein fractions and purity was determined by SDS-
PAGE.

ERdj3

For ERdj3 purification, protein lysate was applied on a 5 ml His-Trap column equilibrated in
J3-Buffer A and eluted with a 0-100 % J3-Buffer B gradient. Ulp1 protease was added to the
protein containing fractions and the mixture was dialyzed overnight against J3-Buffer A at4 °C

for SUMO tag cleavage. The cleaved product was again applied on a 5 ml His-Trap column,
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the flow-through collected, concentrated and applied on a Superdex 200 26/60 column
equilibrated in HAKM buffer. Protein fractions and purity was determined by SDS-PAGE.

2.5. CELL BioLOGY

2.5.1. CELL CULTURE AND TRANSFECTION

DNA constructs

All LC sequences were obtained by cDNA sequencing of CD138-enriched bone marrow
plasma cells of AL amyloidosis patients from the University Hospital in Heidelberg. The
sequencing was performed as described elsewhere(Annamalai et al., 2016). Corresponding
germline sequences were identified by database search. All Patient and germline LC
sequences were cloned in pcDNA3.1(+) vectors and an N-terminal ER-targeting signal
sequence was added. The pMT vector expressing BiP has been described previously (Gaut
and Hendershot, 1993).

Cos-1/ HEK293T

Cos-1/HEK293T cells were transfected using GeneCellin. The day prior to transfection, p60
dishes containing ~0.5 million cells/dish were prepared and incubated at 37 °C and 3 % CO..
For Immunofluorescence, p35 dished containing ~0.25 million cells/dish were used. 2 ug DNA,
200 pl serum free media and 12 yl GeneCellin were mixed and incubated at room temperature
for 15 min. Media on the p60/p35 dishes was changed to 5/2 ml fresh DMEM media. 200 ul of
the DNA mixture was added dropwise to the dish and the dished were returned to incubation
at 37 °C, 3 % CO..

CHO WT/CHO j3 KO

CHO cells were transfected using Lipofectamine® LTX according to the manufacturer's
protocol. In brief, p60 dishes containing ~1.1 million cells/dish were prepared the day prior to
tranfection and incubated at 37 °C and 5 % CO.. For transfection, 2.5 ul DNA was used per
dish.

2.5.2. METABOLIC LABELING AND PULSE-CHASE EXPERIMENTS

24 h after transfection, medium was aspirated and cells were washed twice with PBS. Cells
were starved by changing media to 1.5 ml cysteine/methionine-free DMEM labeling media
(Cellgro, USA) for 30 min and pulse-labeled with 100 puCi/p60 dish of EasyTag™
EXPRESS35S Protein Labeling Mix (Perkin EImer, USA) for 3 h. For anaylsis of secreted and
non-secreted proteins after labeling, the media and the lysate were subjected to

immunoprecipitation as described in chapter 2.5.4. To quantify metabolically labeled proteins,
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a Storm 860 phosphorimager scanner was used. Signals were analyzed using the ImageQuant

TL software.

2.5.3 CELL LysIs

24 h after transfection or 3 h after metabolic labeling, cells were washed twice with PBS and
lysed for 20 min in 1 ml of NP40 lysis buffer supplemented with 2 M MgCl; (5 pl/ml), Glucose
(6 mg/ml) and 5000 U/ml Hexokinase (10 pl/ml). Cells were scraped, transferred in a 1.5 ml
tube and the lysate was clearified by centrifugation (20,000 g, 15 min, 4 °C). The supernatant,
designated as NP40-soluble fraction, was used for SDS-PAGE and Western blot analysis. The
NP40-insoluble pellets were washed in NP40 lysis buffer and solubilized by adding 1x Laemmli
buffer with B-Mercaptoethanol, incubating at 95 °C for 10 min, sonicating for 10 min and

incubating again at 95 °C for 10 min.

2.5.4. IMMUNOPRECIPITATION

900-950 pl lysate or media samples were mixed with 2 ul anti-A antibody and rotated at 4 °C
overnight. Immune complexes were pulled down with CaptivA™ PriMAB Protein A agarose
slurry (RepliGen, USA) for 1 h, washed three times with 1 ml NP40 washing buffer and eluted
with 22 pl 2x Laemmli buffer for SDS-PAGE analysis, as described in chapter 2.6.1. Gels were
amplified by incubating in Amplify (GE Healthcare, Pittsburgh, USA) supplemented with 3 %
glycerol for 30 min and dried on filter paper covered with cellophane in a gel dryer at 80 °C for
2h.

2.6. PROTEIN ANALYSIS

2.6.1. SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS-PAGE)

SDS-PAGE was carried out to separate protein samples according to their molecular weight
(Berg et al., 2011) and thus examine the size and purity of the samples. The anionic detergent
forms complexes with proteins via hydrophobic interactions. Thus, proteins display a negative
charge correlating with their sizes. Upon disruption of the tertiary protein structure by boiling
the sample with SDS and B-Mercaptoethanol. Thus, the migration of the proteins in an electric
field is only dependent on their molecular weight. For in vitro protein purifications and in vivo
experiments with proteins from tissue culture, gels were selfmade and depending on the
expected size, the separating gels contained either 15 or 18 % (w/v) acrylamide/bisacrylamide
for bacterial and 13 % for cell culture experiments. The stacking gel contained 5 % (w/v)
acrylamide/bisacrylamide. SDS-PAGE gels were freshly prepared according to the following

protocols:
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Stacking gel Separating gel

5% 13 % 15 % 18 %
Acrylamide/bisacrylamide
(40 % wiv) 0.625 ml 325ml | 3.75ml |4.5ml
2x stacking gel buffer 25ml - -
4x separation gel buffer - 2.5 ml 2.5ml 2.5 ml
10 % (w/v) APS 65 pl 65 pl 65 pl 65 pl
TEMED 3.3 ul 3.3 ul 3.3 ul 3.3 ul
H.O 1.875 ml 4.0 ml 3.75ml | 3.0 ml

Protein samples were mixed with Laemmli buffer (1-5x, + B-Mercaptoethanol, depending on
the performed experiment), heated for 5 min at 95 °C and loaded on the gel. SDS running
buffer was poured into the gel chamber. For purification gels, electrophoresis was performed
at a constant current of 35 mA per gel for ~40 min. For estimation of protein size, a low
molecular weight marker was used. For in vivo experiments, electrophoresis was performed
at a constant voltage of 100 mV for ~60 min and a Chameleon® Vue Pre-stained Protein
Ladder. Gels were stained with Fairbanks A solution for staining (Fairbanks et al., 1971) and
incubated for ~15 min on a shaker. Destaining occurred in Fairbanks D solution until the protein

bands were clearly visible and background was removed.

2.6.2. IMMUNOBLOTTING (WESTERN BLOT)

Tissue culture lysates, pellets or media were separated with SDS-PAGE, subsequently
electrophoretically transferred to an Immuno-Blot® PVDF membrane (Bio-Rad) by blotting with
wet-transfer overnight at 35 V or for 2-4 h at 100 V at 4 °C. Proteins were detected by blotting
with the specific antibodies following the standard protocol using Gelatin Buffer for blocking.
The primary anti-A antibody was used in a 1:1000 dilution and the anti-BiP antibody in a 1:2500
dilution. Secondary antibodies were diluted 1:10,000. All used antibodies were fluorescently

tagged, detected with an LI-COR Odyssey CLx scanner and analyzed with Image Studio™.

2.6.3. MALDI-TOF
Purity and molecular weight analysis of purified proteins was performed on a MALDI-TOF/TOF

mass spectrometer. To remove potassium ions from PBS buffer, a Zip Tip preparation was
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performed according to the manufacturer’s instructions (Millipore). The HCCA matrix was
dissolved in 0.1 % TCA, 80 % acetonitrile and 20 % ddH.O. The full-length proteins were

spotted in the matrix solution and were analyzed after evaporation of the solvent.

2.6.4. GLUTARALDEHYDE CROSSLINKING

For analysis of oligomeric species, a fresh solution of 2.3 % Glutaraldehyde was prepared. 5 pl
of the solution were added to 100 ul of a 15 yM protein sample and incubated for 3 min at
37 °C. The reaction was quenched by the addition of 10 pl of 1 M Tris/HCI (pH 8.0).

2.6.5. ANALYTICAL ULTRACENTRIFUGATION

Analytical ultracentrifugation (AUC) allows the investigation of interactions, complex formation
or oligomerization of proteins by analyzing their sedimentation (Laue and Stafford, 1999). AUC
measurements were carried out using an Optima AUC or a ProteomLab XL-I (Beckman,
Krefeld, Germany) equipped with absorbance optics. Protein concentration for measurements
were 15-20 uM in a total volume of 350 ul PBS (+ SDS). Samples were loaded into assembled
cells with quartz windows and 12-mm-path-length charcoal filled epon double sector
centerpieces. Measurements were performed at 42,000 rpm in an eight-hole Beckman-Coulter
ANSO-ti rotor at 20 °C. Absorbance was measured at 280 nm and sedimentation was
continuously scanned with a radial resolution of 10 um. Data analysis was carried out with
SedFit using the continuous c¢(S) distribution mode (Brown and Schuck, 2006; Schuck, 2000).

2.6.6. MICROSCALE THERMOPHORESIS (MST)

MST measurements were applied to detect interactions between Ig domains and ERdj3 and
determine a Kp. The method is based on thermophoresis, which is the directed movement of
molecules upon a temperature gradient. It strongly depends on size, charge, hydration shell
and conformation and is thus very sensitive for changes of molecular properties (Jerabek-
Willemsen et al., 2014). During the experiment an infrared laser induces a temperature
gradient. The following movement of molecules is detected and quantified. Prior to the
measurement, the antibody domains were fluorescently labeled using the Monolith Protein
Labeling Kit RED NHS 2" Generation (Amine Reactive) according to the manufacturer’s
protocol. MST measurements were carried out at 25 °C on a NanoTemper Monolith NT.115
(NanoTemper Technologies) using MST Premium coated capillaries and the laser powers
suggested by the instrument. The resulting thermophoresis data were analyzed using the

NTAnalysis software (NanoTemper Technologies).
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2.7. SPECTROSCOPY

2.7.1. UV-VIS SPECTROSCOPY

UV-Vis spectroscopy was applied to determine protein concentration. The principal is based
on the UV-light absorbance of proteins and peptides at around 200-280 nm according to their
amino acid content (Layne, 1957; Stoscheck, 1990). Aromatic amino acid side chains
(tryptophan, tyrosine, phenylalanine) show a strong absorption of UV-light between 240-
300 nm. Peptide bonds absorb UV-light at 180-230 nm due to their carbonyl groups. The
strong UV-light absorption of the indole group of tryptophan at 280 nm allows the determination

of protein concentration according to the Lambert-Beer-law (Equation 1):

Aygo = €-c-d (Equation 1)
Equation 1. Lambert-Beer equation. Azso: absorbance at 280 nm; s: molar extinction coefficient (M

cm™; c: protein concentration (M); d: path length (cm).

UV absorption measurements were performed using a NanoDrop ND 1000 spectrophotometer
with baseline correction. Molar extinction coefficients were calculated based on the amino acid

sequence by the web-based tool ExPASy ProtParam.

2.7.2. CIRCULAR DICHROISM SPECTROSCOPY

Circular dichroism (CD) measurements in the far UV region were performed to analyze the
secondary structure fold of proteins (Kelly et al., 2005). This method was applied to confirm
the correct fold after the refolding step for antibody domains or to follow fold changes during
oligomerization and amyloid formation of V. domains. Furthermore, it was used to monitor
protein unfolding upon increasing temperature (thermal unfolding) as an indicator for protein
stability. CD spectroscopy monitors differential absorption of right and left linear polarized light.
Due to the chirality of the a-carbon atom and asymmetric polypeptide chain, proteins are
optically active. Peptide bonds with their characteristic binding angles in secondary structure
elements absorb polarized far-UV light (180-260 nm) in different quantities, leading to
characteristic far UV (FUV) CD spectra. The monochromator of the CD spectrometer polarizes
light at the wavelength A which is then further polarized right-handed or left-handed through a
modulator in a high frequency alternating field. A synchronous detector measures the light
intensities I/Ir. The chiral protein solution absorbs I./Ir differently at different wavelengths. The
measured ellipticity 6 quantitatively describes the circular dichroism. The molar ellipticity is

calculated as follows:
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6-100-M
d-c'Ngq

Omrw = (Equation 2)

Equation 2. Mean residue molar ellipticity. 0,,z,,: mean residue molar ellipticity (deg cm? dmol'); 0:
ellipticity (deg); M: Molecular mass (g/mol); d: path length (cm); c: concentration (M); Naa: number of

amino acids.

a-helical proteins show two characteristic minima at 222 and 208 nm and a maximum at
around 190 nm. B-sheets comprise one minimum at 218 nm and a maximum at 198 nm.
Random coiled structures have a maximum at 212 nm and a minimum at 195 nm. CD
measurements were performed using a J-720 spectropolarimeter (Jasco, GroRumstadt,
Germany) or a Chirascan-plus D spectrometer (Applied Photophysics, Leatherhead, UK)
equipped with a Peltier element for temperature control. FUV measurements were performed
in a 1 mm path length quartz cuvette using 10 or 15 pM protein solution. Spectra were recorded
between 200-260 nm with a 1 nm bandwidth at 20 °C. Spectra were buffer corrected and
accumulated 16 times for the Jasco CD spectrometer and 10 times for the Chirascan. Thermal
transitions were recorded at 205 nm with a heating rate of 30 °C/h for the Jasco instrument

and 60 °C/h for the Chirascan, respectively. Transitions were fitted using a Boltzmann function.

2.7.3. FLUORESCENCE SPECTROSCOPY

Fluorescence emission is generated by excitation of an aromatic system. A photon is absorbed
and transfers its energy to an electron whereby the electron excites from its ground state (So)
to a higher energy state (St and S;), depending on the amount of energy transferred. The
return from the S to the Sy state can either be driven by internal conversion, conversion to the
triplet state (intersystem crossing) or emission of a photon (Jablonski, 1933). The latter is
called fluorescence. Fluorescence is a widely used method in biochemistry, as the amino acids
tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe) contain natural fluorophores with the
following properties at neutral pH ordered from highest to lowest quantum yields at emission

wavelength:

Trp: Amax (€X) = 280 NnM, Amax(em) = 353 nm
Tyr: Amax (€X) = 275 nm, Amax(em) = 304 nm
Phe: Amax (€X) = 258 nm, Amax(em) = 282 nm

2.7.3.1 INTRINSIC TRYPTOPHAN FLUORESCENCE
Since the fluorescence emission and signal intensity depends strongly on the environment of
the amino acid and many proteins contain one or more Trp residues, intrinsic Trp fluorescence

is a suitable method to monitor conformational changes of a protein. This is well established
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for antibody domains due to their highly conserved Trp residue in close proximity to the
quenching disulfide bond in the hydrophobic core of the domain (Feige et al., 2010). Therefore,
intrinsic Trp fluorescence was used to investigate local structural changes of Ig domains during
chemical unfolding or during oligomer and fibril formation. Increasing concentrations of GdmCl
as a denaturant induced protein unfolding leading to solvent exposure of the Trp residue. This
displacement induces to a change in Trp fluorescence visible by increase in signal intensity.
For these measurements a protein concentration of 1 yM and GdmCI concentrations from 0-
4 M were used. For oligomer formation, antibody domains were incubated over time and the
occuring structural changes were followed by Trp fluorescence. For oligomer formation
analysis, a protein concentration of 15 yM was used. Measurements were performedina 1 cm
quartz cuvette at 20 °C for unfolding and at 37 °C for oligomer analysis using a FP-6500
spectrofluorometer and a FP-8500 spectrofluorometer, respectively. Spectra were recorded
between 300 and 400 nm with an excitation wavelength of 280 nm. Slit width were set to 5 nm

for both excitation and emission. All spectra were recorded three times and averaged.

2.7.3.2. EXTRINSIC FLUORESCENCE

8-Anilino-1-naphtalenesulfonic acid (ANS) fluorescence

ANS is hardly fluorescent in aqueous solutions. Interaction with hydrophobic binding sites
within proteins is accompanied by a blue shift and intensity increase of the emission peak
(Stryer, 1965). Thus, extrinsic fluorescence upon ANS binding was used for investigations of
protein surface hydrophobicity. For measurement of ANS binding, samples were incubated
with 150 uM ANS for 2 h. Spectra were recorded with an excitation at 380 nm and emission
from 400 to 650 nm on a FP-8500 spectrofluorometer (Jasco, GroRumstadt, Germany) at
20 °C for regular measurements and at 37 °C for oligomerization analysis with a protein
concentration of 1 uM in a 1-cm quartz cuvette. Excitation and emission slit widths were set to

5 nm each. All spectra were averaged from three individual measurements.

Thioflavin T (ThT) and fibril formation assay

ThT is an extrinsic fluorescent dye specific for amyloid fibril detection (Malmos et al., 2017). It
binds protein independently to the amyloid specific cross-B structure. ThT assays were
performed in triplicates in black 96 well microplates (#437112, Nunc, ThermoFisher Scientific,
Schwerte, Germany) and measured with a Genios microplate reader (Tecan, Mannerdorf,
Switzerland) or an Infinite M Nano® microplate reader (Tecan) at 440 and 480 excitation and
emission wavelength, respectively. To remove aggregates and oligomers from the protein
solution and prevent seed formation during the assay, monomer isolation was performed prior
to the experiment by ultracentrifugation in an Optima MAX-E ultracentrifuge (Beckman,
Krefeld, Germany). Assays were performed in a final volume of 250 ul per well with 15-20 yM
Protein, 10uM ThT and 0.05 % NaNs in PBS buffer (pH 7.4) containing 0.5 mM SDS to support
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fibril formation (Kihara et al., 2005; Nokwe et al., 2015; Yamamoto et al., 2004). Microplates
were covered with a Crystal Clear PP sealing foil (HJ-Bioanalytik GmbH, Erkelenz, Germany)
and kept in the plate reader at 37 °C under continuous orbital shaking at 180 rpm. For data
analysis the triplicates were averaged.

For oligomerization analysis the ThT assay was performed in 1.5 ml tubes in a thermoblock at
37 °C, 700 rpm to accelerate fibril formation. Kinetics were followed by measuring in a 1-cm
quartz cuvette using a FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon, Edison, USA) with

excitation at 440 nm and emission at 480 nm and slit widths of 3 nm and 4 nm, respectively.

2.8. TRANSMISSION ELECTRON MICROSCOPY (TEM)

TEM measurements were performed to confirm the presence or absence of fibrils after a ThT
assay and to analyze the size of oligomers formed prior to fibril formation. For TEM samples
preparation 10 pl of the microplate well or the oligomer solution were applied onto a 200-mesh
activated copper grid and incubated for 1 min. The grids were washed twice with 10 yl H.O
and negatively stained with 8 pl of a 1.5 % (w/v) uranyl acetate solution for 1 min. Excess
solutions were removed with filter paper. TEM micrographs were recorded on a JEOL JEM-
1400 Plus transmission electron microscope (JEOL Germany GmbH, Freising, Germany) at
120 kV.

2.9. IMMUNOFLUORESCENCE MICROSCOPY

For Immunofluorescence specimen preparation, Cos-1 cells were grown on MatTek dishes to
50-70 % confluency. The media was aspirated, rinsed twice with 1 ml PBS each. After that,
the cells were incubated in 0.5 ml 4 % formaldehyde (EM Grade) for 20 min. The fixative was
aspirated, the cells rinsed with 1 ml PBS and permeabilized with 0.3 % TX-100 in PBS for
10 min at RT. The cells were rinsed with 1 ml PBS and blocked in blocking buffer for 60 min.
The solution was aspirated and the plate rinsed with 1x antibody dilution buffer (1 ml). The
primary antibody was applied (1:1000 for anti human %; 1:100 for anti-calnexin) and incubated
for 1 h. The solution was aspirated and the cells rinsed with 1x antibody dilution body for 5 min.
The secondary antibody was applied (1:2000) for 45 min at 37 °C. The solution was aspirated
and the plate rinsed three times with PBS. 10 ul of Prolong® Gold Antifade Reagent was
applied on cover slides and put on the cells. The plates were allowed to cure for 72 h in the

dark at RT prior to microscopy.
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2.10. FIBRIL EXTRACTION FROM ABDOMINAL FAT TISSUE

To isolate fibril deposits from abdominal fat tissue of a patient, 25 mg tissue was diced with a
scalpel and washed 5 x with 0.5 ml Tris calcium buffer each. Prior to each washing step, the
sample was vortexed, centrifuges at 3.100 g for 1 min at 4 °C and the supernatant was
discarded. The pellet was dissolved in a solution of 5 mg/ml Clostridium histolyticum
collagenase in Tris calcium buffer. The mixture was incubated overnight at 37 °C under orbital
shaking in a thermoblock at 750 rpm and then centrifuged at 3.100 g for 30 min at 4 °C. The
pellet was resuspended in 0.25 ml Tris/EDTA buffer and homogenized using a Kontes pellet
pestle. The homogenate was centrifuged at 3.100 g for 5 min at 4 °C and the supernatant was
kept as wash fraction 1. The homogenization step was repeated twice resulting in wash fraction
2 and 3. The remaining pellet was again homogenized with the pestle in 0.1 ml ice-cold water
and centrifuged at 3.100 g for 5 min at 4 °C. The step was repeated 4 more times and the

supernatants were kept as water extracts 1-5.

2.11. LIMITED PROTEOLYSIS

Limited proteolysis experiments were used to investigate the susceptibility of full-length light
chains to different proteases. For proteolytic cleavage with proteinase K, 0.5 mg/ml LC Pat-1
C216S and LC WT-1 C216S were mixed in an enzyme:substrate ratio of 1:10 with the protease
in Ca?* containing assay buffer (50 mM Tris, 5 mM CaCl,, pH 7.5) and incubated at 37 °C and
300 rpm. For digestion with trypsin and chymotrypsin 1 mg/ml of the respective LC was
incubated in PBS (pH 7.4) with an enzyme:substrate ratio of 1:200 and for human plasma the
ratio of plasma:substrate was 1:50. Samples were taken at different timepoints and the
reaction was stopped by adding PMSF to 2 mM. All limited proteolysis samples were
immediately boiled in 5x reducing Laemmli buffer and stored at room temperature. For analysis
of the proteolytic cleavage progress, SDS-PAGE was applied. 4-20 % Mini-PROTEAN® TGX™
Precast Protein Gels were used. After the run, colloidal Coomassie staining was utilized for
visualization of the protein bands. Quantification of the respective digestion progress was

performed using the software ImageJ.

2.12. CRYSTALLOGRAPHY (PERFORMED BY MARIE-THERES VIELBERG AND
PROF. MICHAEL GROLL, DEPARTMENT CHEMIE, TUM)

For initial crystallization hits for the V. domains of WT-1 and Pat-1 the vapor diffusion method
at 20 °C was applied. 30 mg/ml protein in 20 mM Tris-HCI (pH 7.5) and 40 mM NaCl was mixed
with reservoir solution to set up 0.4 yl sitting drops. For WT-1, crystallization was successful
in 0.2 M CaClz, 0.1 M HEPES (pH 7.5), 28 % PEG400. Crystals were vitrified in liquid nitrogen

at 100 K. High-resolution data were measured at beam line ID30 at the European Synchrotron
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Radiation Facility (ESRF, Grenoble, France) with radiation of A = 0.98 A. Pat-1 crystallized in
2 pl hanging drops with 0.5 M (NH4)2SQOg4, 0.1 M tri-sodium-citrate (pH 5.6), 1.0 M Li.SO4 as
reservoir solution. Mother liquor with 40 % glycerin was used for cryo-protection. For
experimental phasing information, crystals were soaked in drops containing potassium
tetrachloroaureate-(ll1)-hydrate dissolved in mother liquor for 4 h. An anomalous data set was
measured at beam line X06SA at the peak wavelength of the Au (L-Ill) edge (A = 1.039 A,
f=-17.0, f'=10) at the Paul Scherrer Institute, Swiss Light Source (Villingen, Switzerland).
Additionally, a native data set was recorded at beam line ID30 at the ESFR. Initial Analysis,
data processing, scaling and reduction was performed using the XDS software package
(Kabsch, 1993). For structure determination, the ccp4i program suite was used (Winn et al.,
2011). The structure of WT-1 was solved to a resolution of 1.55 A using the Patterson search
calculation with PHASER (McCoy et al., 2007) and the atomic coordinates of PDB: 5NKI (Hao
et al., 2015). Using the experimental phase information from the Au-SAD data set of the Pat-
1 crystal, Crank2 (Skubak and Pannu, 2013) generated an initial 3.5 A model. With this, the
native Pat-1 data set could be solved to 2.5 A. Iterative round of model building and refinement
using Coot (Emsley et al., 2010) and Refmac5 (Vagin et al., 2004) followed by addition of water
molecules with the ARP/WARP software package (Perrakis et al., 1997) improved the structure
models for both Vis. This lead to final Rvaes Of Rwork = 14.2% and Rfee = 16.5% or
Rwork = 19.8% and Riee = 24.5%, respectively. Analysis with Molprobity (Chen et al., 2010)
revealed good stereochemistry for both models. Atomic coordinates and structure factors were
deposited in the RCSP Protein Data Bank under the PDB IDs 6SM1 and 6SM2.

2.13. HYDROGEN/DEUTERIUM EXCHANGE MASS SPECTROMETRY (H/DX-
MS)

H/DX-MS was used to analyze protein dynamics. In this method, accessible hydrogen atoms
are exchanged with deuterium upon incubation with a deuterium-containing buffer and
subsequent mass spectrometry to analyze the mass in the digested peptides. H/DX-MS
experiments were performed using a fully automated system equipped with a Leap robot (HTS
PAL; Leap Technologies, NC), a Waters ACQUITY M-Class UPLC, a H/DX manager (Waters
Corp., Milford, MA) and a Synapt G2-S mass spectrometer (Waters Corp., Milford, MA), as
described elsewhere (Zhang et al., 2014). Protein samples were diluted in a ratio of 1:20 with
deuterium oxide containing PBS buffer (pH 7.4) and incubated for 0's, 10 s, 1 min, 10 min,
30 min and 2 h. The exchange was stopped by dilution of the labeled protein 1:1 with
quenching buffer (200 mM Na;HPO4 x 2 H,O, 200 mM NaH:PO4 x 2H,0, 250 mM Tris (2-
carboxyethyl)phosphine, 3 M GdmCI, pH 2.2) at 1 °C. Digestion was performed on-line with an
immobilized Waters Enzymate BEH Pepsin Column (2.1 x 30 mm) at 20 °C. Peptides were
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trapped and separated on a Waters AQUITY UPLC BEH C18 column (1.7 ym, 1.0 x 100 mm)
by a H20 to acetonitrile gradient with both eluents containing 0.1% formic acid (v/v) at 0 °C.
Eluting peptides were subjected to the Synapt TOF mass spectrometer using electrospray
ionization. Samples were pipetted by a LEAP autosampler (HTS PAL; Leap Technologies,
NC). Data analysis was conducted with the Waters Protein Lynx Global Server PLGs (version

3.0.3) and DynamX (Version 3.0) software package.

2.14. MOLECULAR DYNAMICS SIMULATIONS (PERFORMED BY MARIA DANIELA
PuULIDO CENDALES AND PROF. MARTIN ZACHARIAS, DEPARTMENT PHYSIK,
TUM)

Molecular dynamics (MD) simulations were performed employing the Amber16 simulation
package (D.A. Case et al.,, 2016). To analyze the stability of the V. domain with specific
mutations, Umbrella sampling (US) simulations were carried out with the pmemd.cuda module
of the Amber16 package. The simulated variants were the wild type WT-1, the patient mutant
Pat-1, the single back mutation of the patient mutant Pat-1 V81L and the double back mutation
of the patient mutant Pat-1 V81L L15P. For this purpose, the Amber ff14SB force field and the
TIP3P solvent model (Jorgensen et al., 1983) were utilized. Each construct was solvated in
water in a periodic solvent octahedron box with a minimum distance of 10.0 A between each
atom in the protein and the edge of the periodic box. Except for that, a neutralization of the
solution was achieved by adding Na* and CI" ions. Relaxation of the structure was performed
with an energy minimization of maximum 1500 minimization cycles. Each system was then
heated up in steps of 100K, for 10ps each, until reaching a temperature of 300 K, whereby the
system was harmonically restraint to the start structure with a restraint force constant of 25.0
kcal/molA2. Then, the system was equilibrated by gradual reduction of the restraint force, in 5
steps of 10ps each, to a restraint force constant of 0.5 kcal/molA2. For the heating and
equilibration, MD-steps of 2 ps were applied. Subsequently, hydrogen mass repartitioning
(HMR) was performed to enable an increment in the simulation time step from 2 ps to 4 ps for
the production simulations (Hopkins et al., 2015).

The US method allows the system to overcome an energy barrier by implementing an
additional quadratic restraining potential guiding the system along a selected reaction
coordinate. Extraction of the free energy along the reaction coordinate of interest is possible
in which the configurations vary energetically and the system overcomes possible energy
barrier. To obtain information about the folding stability of the protein, the system was
simulated along a path in which the C-terminus dissociates from the protein. Therefore, the
dissociation path was divided in 19 umbrella windows, which vary in the used harmonic

restraining potentials, i.e. the restraining force constant (K) and the reference value around
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which the system is forced to stay close to (dref). These penalty potentials were then selected
so that the distribution of states was shifted along the reaction coordinate, the distribution of
states converged around the desired reference value for every umbrella window and allowing
for sufficient overlap between neighboring distributions. In this case, the reaction coordinate
was the distance between the center of mass of the C-terminal (residues 103 to 109) and the
remaining residues of the protein (1 to 102). The sets of umbrella windows generated were the
following: i) 11 consecutive simulations with dref varying between 12.0 A - 22.0 A with a step
of 1.0 A and a force constant of K = 2.5 kcal / A mol, ii) 8 consecutive simulations with dref
varying between 14.0 A - 17.5 A with a step of 0.5 A and a force constant of K = 4.0 kcal / A
mol. Here, positional restraints with a force constant of Kpos = 0.05 kcal / A% were applied to
the a a-carbons (Ca) of residues 1 to 102. Simulation time of each umbrella window was
100ns, but only for the last 50 ns of each window a trajectory was written and used to calculate
the free energy profile (or potential-of-mean-force: PMF) by means of the WHAM algorithm

(Kumar et al., 1992) along the reaction coordinate.
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3. FATAL AMYLOID FORMATION OF A PATIENT-DERIVED ANTIBODY
LIGHT CHAIN IS CAUSED BY A SINGLE MUTATION

While it is well established, that the disease AL amyloidosis can be caused by mutations in the
V. domain of a LC, only few mutations have been identified and investigated so far (Hurle et
al., 1994). Mechanisms rendering LCs amyloidogenic are ill-defined. In this part of the thesis,
an in-depth analysis of a patient-derived amyloidogenic LC of A subtype was performed with
respect to the factors and mutations that are responsible for the pathogenic transformation.

Maijor parts of this chapter were published in eLife (Kazman et al., 2020).

3.1. RESULTS

3.1.1. ORIGIN, SEQUENCE AND TRUNCATION OF THE PATIENT-DERIVED AMYLOIDOGENIC
LC

The analyzed A LC derived from a 50 years old, female patient diagnosed with a smoldering
myeloma and AL amyloidosis at the Amyloidosis Center of the University of Heidelberg. The
free LC level of A isotype in the serum was highly elevated with 7564 mg/ml. Free k LC levels
were normal with 8 mg/ml. Clonal plasma cell infiltration in the bone marrow was high and
reached 80 %. The patient suffered from multiple affected organs. Heart, kidney, lung and soft
tissue were positive for amyloid deposits and were clinically involved. The cardiac score was
IV (Kumar et al., 2012) or Il b (Wechalekar et al., 2013) indicating highly advanced cardiac
involvement. The kidney was also largely affected with a renal score of Ill (Palladini et al.,
2015). Both scores indicate an advanced course of disease with poor prognosis. 4 weeks after
initiation of chemotherapy treatment, the patient passed away form cardiac arrest. The amino
acid sequence of the disease-causing LC was obtained from cDNA sequencing of the affected
plasma cell clone. The corresponding germline sequence was determined by IgBLAST and
abYsis as the germline LC with the lowest amount of mutations compared to the patient-
derived LC. The underlying V. germline gene is IGLV2-14*01. The LCs were named Pat-1 and
WT-1 for the patient and germline sequences, respectively (Figure 12A). The two sequences
differ in eleven point mutations, all located in the V. domain. Five of these are in conserved
FRs, six in the hypervariable CDRs. Using the Kabat classification system, the relative amino
acid frequencies for the residues in the patient and germline V_ at the mutated position were
determined (Figure 12B). For nine of the eleven mutated positions, the amino acids present in
the germline were more abundant than the ones in the patient variant, indicating a potential
negative effect on antibody stability or structure. The other two positions are part of the CDR
loops.

To identify the exact LC truncation site and thus the disease-causing LC fragment, fibril

extraction from abdominal fat tissue derived from the patient followed by SDS-PAGE (Figure
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12C) and mass spectrometry were performed (Figure 12D). The analyses revealed the

predominant deposition of the complete V. domain and not the entire LC in the fibrils.
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Figure 12. LC sequence analysis and identification of the V. domain as the predominant
depositing LC truncation. A) Sequence of the patient-derived and corresponding germline LC. Patient
sequence derives from cDNA of the underlying plasma cell clone, the germline sequence was
determined by database search. VL. domains, that are found in deposits are in the red square, CLin the
grey square. Mutations in the VL are colored in blue. B) Frequency of the amino acids present in WT-1
and in Pat-1 at the mutated positions. The frequencies of the residues in WT-1 are shown in cyan, the
ones of Pat-1 in purple. C) SDS-Page analysis of the fibril extraction from the patient’'s abdominal fat
tissue. The predominantly deposited LC truncation runs at ~11 kDa. D) Mass spectrometry revealed
that the mainly deposited truncation has a mass of 11,740 Da which corresponds to the V. domain with
an N-terminal pyro-glutamate.

To analyze whether the proteolytic processing of the LC is necessary for its conversion into
amyloid, fibril formation assays monitored by thioflavin T (ThT) fluorescence were performed
with the full-length LC and the determined LC truncations of both, WT-1 and Pat-1 (Figure
13A). Under physiological conditions, fibril formation at 37 °C takes a long time. In this study,

low concentrations (0.5 mM) of SDS, that do not affect the native secondary structure, were
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used to accelerate the process (Kihara et al., 2005; Nokwe et al., 2015; Yamamoto et al.,
2004). Full length LCs and the WT-1 truncation stayed soluble during the time of the assay,
whereas the Pat-1 V. domain readily formed fibrils. The absence and presence of fibrillar
structures was confirmed with transmission electron microscopy (TEM) (Figure 13B-E). Thus,
proteolytic cleavage of the LC in the patient is required for fibril formation. As a consequence
of the exclusive amyloidogenic behavior of Pat-1 Vi, the further investigations were mostly
carried out with the V. domains. Whenever Pat-1 or WT-1 is named without further
specification about the construct length, the statement refers to the respective V. domain.
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Figure 13. Fibril formation of full-length LCs WT-1 and Pat-1 and the truncated V. variants. A)
ThT fluorescence intensity of the different variants monitored over time. Increase of fluorescence
intensity indicates fibril formation. The continuous lines show the mean of triplicates with SD as
transparent colored background. B) Transmission electron microscopy (TEM) confirmed the presence
of fibrils for Pat-1 VL and the absence of fibrils for C) WT-1 V., D) Pat-1 LC and E) WT-1 LC.

3.1.2. STRUCTURE OF THE PAT-1 AND WT-1 V. DOMAINS

To determine potential structural differences between the V. domains of Pat-1 and WT-1, they
were subjected to crystallization. For Pat-1, diffracting crystals belonging to the space group
P6+22 were obtained and the structure was solved to 2.5 A. WT-1 V_ crystals belonged to the
space group P6;22 and were solved to 1.55 A resolution in the group of Prof. Michael Groll
(see Table 3 for data collection and refinement statistics). Atomic coordinates and structure
factors have been deposited in the RCSB Protein Data Bank under the PDB IDs 6SM1 (WT-
1) and 6SM2 (Pat-1).

Both domains exhibit the typical Ig fold consisting of nine B-strands forming a greek-key [-
barrel topology (Figure 14A, B). The three CDR loops are in spatial proximity to form the
antigen binding site. The location of all eleven mutations did not reveal explanations about the
differences in fibril formation propensity. Six mutations are found in CDR loops (T26S, S28N,
V30F, G32D, E53D and S55D) and five in FRs (P15L, L81V, Q82L, Y90F and T105S). The
FR mutations Y90F and T105S flank the third CDR loop. P15L, V81L and L82Q are located
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opposite to the antigen binding site and in close proximity to the C-terminal truncation site
between V. and C. domain. The superposition of the two domains shows an additional small
a-helical region in the CDR2 loop of Pat-1 that is not present in the WT-1. It forms part of the
antigen binding site. However, judging from the superposition of both crystal structures, no
reasonable conclusion regarding the differences in fibril formation could be drawn (Figure
14C).

Table 3. Crystallographic data collection and refinement statistics.

WT-1 Pat-1
Crystal parameters
Space group P6322 P6122
Cell constants a=b=1045A a=b=1273A
c=552A c=81.8 A
Subunits / AU? 1 2
Data collection
Beam line ID-30, ESRF ID-30, ESRF
Wavelength (A) 0.976 0.976
Resolution range (A)° 50 — 1.55 (1.65 — 50-2.5(2.6-2.5)
1.55)
No. observed reflections 162247 115993
No. unique reflections® 26220 13924
Completeness (%)° 99.7 (99.8) 99.4 (100)
Rmerge (%) ¢ 4.3 (58.7) 5.5 (49.6)
l/o ()P 20.9 (3.2) 20.6 (4.2)
Refinement (REFMACS5)
Resolution range (A) 15 —-1.55 15-2.5
No. refl. working set 24867 13148
No. refl. test set 1309 692
No. non hydrogen 1025 1653
Solvent (H20, ions, PEG) 178 39
Rwork / Rree (%)° 14.2/16.5 16.2/22.7
r.m.s.d. bond (A) / (°)f 0.007/1.3 0.003/1.2
Average B-factor (A?) 25.4 83.6
Ramachandran Plot (%)° 954/46/0 95.3/4.7/0
PDB accession code 6SM1 6SM2

B Asymmetric unit

bl The values in parentheses for resolution range, completeness, Rmerge and /o (1) correspond to the highest resolution shell

' Data reduction was carried out with XDS and from a single crystal.

9 Rmerge(l) = ZnaZ; | I(nkI); - <I(hkl)> | / Zra Z;1(hK1);, where I(hkl); is the j" measurement of the intensity of reflection hkl and <I(hkl)> is
the average intensity

R = Tn | |Fobs| - |Feaie| |/Znk [Fobs|, where Riee is calculated without a sigma cut off for a randomly chosen 5% of reflections, which
were not used for structure refinement, and Rwork is calculated for the remaining reflections

M Deviations from ideal bond lengths/angles

W Percentage of residues in favored / allowed / outlier region
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superposition

P15

Figure 14. Comparison of the crystal structures of WT-1 and Pat-1 VL. domains. A) WT-1 is
highlighted in cyan, B) Pat-1 in purple. The CDR regions are colored in yellow and the amino acids at
the mutated positions are depicted as black sticks. C) The superposition of the two domains reveals

only minor differences.

3.1.3. BIOPHYSICAL CHARACTERIZATION OF PAT-1 AND WT-1

For further insights into the consequences of the mutations, the two domains were
biophysically characterized regarding quaternary structure and stability. One important issue
is whether the LC is in a monomeric or dimeric state, as LC dimerization was reported for some
LCs and LC fragments (Brumshtein et al., 2014; Rennella et al.,, 2019). Analytical
ultracentrifugation (AUC) analysis revealed that the Pat-1 and WT-1 V. domains both
exclusively formed monomers in solution with sedimentation coefficients of approximately
1.6 S (Figure 15A).

To investigate differences caused by the mutations, the thermal stabilities of both domains
were measured by monitoring the loss of secondary structure upon heating using far-Uv CD-
spectroscopy (Figure 15B). The melting temperature (Tm), defined as the point at which 50 %
of the protein is unfolded, were 48.9 °C for Pat-1 and 57.0 °C for WT-1. Chemical unfolding
was used as an orthogonal method for stability determination. Here, the tryptophan
fluorescence intensity in the presence of increasing concentrations of GdmCI was measured.
Both VL. domains showed sigmoidal unfolding curves and the cn - value, defined as the GdmCI
concentration at which 50 % of the protein is unfolded, was increased by 0.46 M GdmCl for
WT-1 compared to Pat-1 (Figure 15C). In summary, the stability results revealed that Pat-1 is

significantly less stable than the germline V..
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Figure 15. Biophysical characterization of Pat-1 and WT-1. A) Analytical ultracentrifugation
sedimentation velocity runs show monomeric organization with a Svedberg value 1.6 S for both
domains. The data were analyzed using the continuous c¢(S) distribution mode in SedFit. B) Stability
information were obtained by thermal unfolding transitions of Pat-1 and WT-1. The dots show the raw
data, the continuous lines show the Boltzmann fit. C) GdmCl-induced chemical unfolding monitored by
tryptophan fluorescence at 349 nm was used for chemical stability analysis. The measurements were
performed in triplicates. The continuous lines show the mean data fit to a two-state unfolding mechanism
with SD.

3.1.4. ANALYSIS OF THE EFFECT OF SINGLE MUTATIONS ON STABILITY AND FIBRIL
FORMATION

To determine the impact of the sequence variations and identify the mutation(s) decisive for
stability and amyloidogenicity of Pat-1, all point mutations in Pat-1 were substituted individually
with the respective residue present in WT-1. Thermal and chemical stabilities revealed that ten
out of the eleven mutations either had (i) minor effects on stability (S26T, N28S, S105T), (ii)
were even further destabilizing the domain (L15P, F30V, D53E), (iii) showed a negative effect
on thermal stability (D32G, D55S), or, (iv) showed a slight increase in chemical stability (L82Q,
FI0Y) (Figure 16A, B). In contrast, the mutation V81L resulted in a significant shift of Pat-1
towards the stability values of WT-1 with a Tw of 54.6 °C and a cw of 1.36 M (WT-1: Tu =
57.0 °C, cvw = 1.43 M). This trend could also be seen in the fibril formation assay, where all Pat-
1 point mutants except V81L formed amyloid structures (Figure 16C). The absence of fibrils
was confirmed by TEM micrographs (Figure 16D). Performing the experiments vice versa
showed that the replacement of leucine by valine (L81V) in WT-1 had the exact opposite effect
as V81L in Pat-1. Thermal stability of WT-1 L81V was decreased by 5.5 °C compared to WT-
1 (Figure 16E) and the cwm value was reduced by 0.42 M GdmCI (Figure 16F). Thus, the
introduction of valine at position 81 shifts the germline V. domain towards the stability of Pat-
1. Following ThT fluorescence upon incubation of the WT-1 L81V variant, an increase of
intensity indicating fibril formation could be observed (Figure 16G). The presence of fibrils was
confirmed by TEM micrographs (Figure 16H). Together, these results suggest that the
pathogenicity of the AL patient LC truncation can be traced back to only one amino acid change

in the wild-type V..
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Figure 16. Effect of point mutations on stability and fibril formation propensity of Pat-1 and WT-
1. A) Comparison of Tw and B) cm values of Pat-1, WT-1 and single point mutant of Pat-1. Tm values
were derived from fitting the thermal-induced unfolding transition data to a Boltzmann function. cm values
were obtained by fitting the chemical unfolding data according to a two-state unfolding model. C) Fibril
formation assay of single point variants followed by ThT fluorescence. D) TEM micrograph proving the
absence of fibrils for Pat-1 V81L. E) Comparison of Tw and F) cm values of Pat-1, WT-1 and the WT-1
single point mutant L81V. G) Fibril formation assay followed by ThT fluorescence. The ThT Assays were
performed in PBS buffer containing 0.5 mM SDS at 37 °C and shaking. The continuous lines show the
mean value of triplicates with SD as transparent colored areas. H) Detection of fibrils for WT-1 L81V

was confirmed by TEM.
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The identified sequence change concerns two closely related amino acids: leucine and valine.
Both residues exhibit hydrophobic characteristics and differ in only one methylene moiety. To
test if the effect of the V81L mutation in Pat-1 is specific to a substitution with leucine, V81 was
mutated to an isoleucine residue. Isoleucine is similar to leucine regarding the constituent
atoms and hydrophobic characteristics. The V81l variant did not significantly increase in
thermal stability compared to Pat-1 (Figure 17A). Furthermore, V81l, in contrast to V81L, did
not protect the antibody domain from forming amyloid fibrils (Figure 17B). Consequently, the

protective effect observed for V81L is highly specific to leucine.
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Figure 17. Impact of the V81l substitution in Pat-1 on the thermal stability and fibril formation
propensity of the V.. A) Substitution of V81 to Isoleucine did not result in an increase of thermal stability
compared to Pat-1. Tm values were derived from fitting the thermal unfolding data to a Boltzmann
function. B) Fibril formation kinetics of V811 showed an increase of ThT fluorescence indicating fibril

formation. The continuous lines show the mean value of triplicates with SD as transparent colored areas.

3.1.5. A SURFACE-EXPOSED HYDROPHOBIC SPOT HARBORING V81 IS CRUCIAL FOR
STABILITY AND FIBRIL FORMATION PROPENSITY

The location of V81 alone could not explain the accompanied effect. However, the close
proximity to the other mutations L15 and L82 was striking (see chapter 3.1.2). Investigating
the surface properties in this region with respect to hydrophobicity revealed the location of
these three amino acids in a surface-exposed hydrophobic patch that is not present in WT-1
(Figure 18A, B). Thus, the combined effect of these three residues was analyzed regarding
stability and fibril formation. For this, all possible combinations of the mutations were designed
as double and triple mutants. Thermal and chemical unfolding showed that the combination of
mutations at positions 81 and 82 (V81L L82Q) enhanced the increase in stability slightly
compared to V81L alone, whereas integrating the L15P substitution in combination with the
two others, alone or combined, led to a decrease in stability (Figure 18C,D). Fibril formation
kinetics showed a correlation of the stability data and amyloidogenicity. The protective effect
of V81L was preserved in combination with L82Q. The presence of L15P increased fibril

formation (Figure 18E). This gives rise to the conclusion that the hydrophobic surface area in
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Pat-1 plays a key role in pathogenesis. Minimizing the hydrophobic spot by the back-mutation
of L82 to glutamine supports the anti-amyloidogenic effect of V81L and L15P alone and in all
combinations had negative effects on stability and fibril formation.
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Figure 18. Impact of amino acid substitutions altering the hydrophobic surface area of Pat-1. A)
Surface view of the crystal structures of Pat-1 and WT-1 show the larger hydrophobic area of Pat-1 in
red. Hydrophilic residues are colored in blue. B) Sequence of Pat-1 and WT-1 with the residues located
in the hydrophobic spot highlighted in red. Stability comparison by C) Tm values derived from thermal
unfolding data and D) cwm values obtained by GdmCI unfolding of double and triple mutants. E) Fibril
formation followed by ThT fluorescence intensity. The continuous lines show the mean of triplicates with

SD. F) TEM micrographs of the VL variants confirm the presence or absence of fibrils.
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3.1.6. THE MUTATIONS AND TRUNCATION OF THE LC LEAD TO ENHANCED
CONFORMATIONAL DYNAMICS OF PAT-1

To gain insight into conformational dynamics of Pat-1 and WT-1, the Kkinetics of
hydrogen/deuterium exchange (H/DX) rate was followed by mass spectrometry (Bail and
Englander, 1996; Rand et al., 2014). Measurements were performed after 10 s, 1 min, 10 min,
30 min and 2 h of exchange. Complete sequence coverage for both LC truncations was
obtained. For visualization of the exchange rates at different timepoints, the values for each
residue were mapped on the corresponding X-ray structure (Figure 19). Pat-1 V. shows a
higher exchange rate from the very beginning and a faster and higher exchange over time.

This indicates higher conformational dynamics.

WT-1V,

10 min

0 % H/D X 70

Figure 19. H/DX rates mapped on the crystal structures of WT-1 (top) and Pat-1 (bottom).
Residues highlighted in blue show no exchange, residues in red show 70 % exchange of H to D at the
specific timepoint.
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As mentioned above, the analyses indicate that Pat-1 exhibits higher conformational dynamics
as indicated by an overall higher HD/X rate (Figure 20A). The most affected sequence segment
was the C-terminal end of Pat-1, where the cleavage between V. and C_took place (FR4,
residues 101-113). This region is in close proximity to the three identified residues located in
the hydrophobic surface spot in Pat-1. Also, a region in FR1 (residues 10-20) showed
enhanced HD/X rates. This stretch harbors residue 15, which is part of the surface-exposed
hydrophobic spot. To directly compare the conformational dynamics of WT-1 and Pat-1, the
differences in the exchange rate of Pat-1 and WT-1 were calculated for every residue and
mapped on the X-ray structure of Pat-1 (Figure 20B). It becomes obvious that the patient
domain shows a higher flexibility in most parts if the domain, compared to WT-1 and that the
C-terminal region is significantly more dynamic in the patient domain. To analyze how the
conformational dynamics change for the V. domain as part of the full length LC, the same
experiment was performed with LC Pat-1 and LC WT-1 (Figure 20C). For this experiment, the
LC with a C216S mutation was used to provide only monomeric LCs. The exchange rates of
both WT-1 and Pat-1 V. as part of the LC are lower than the V.s alone. Also, the differences
in exchange rates of the C-terminal region are not detectable anymore. The loop harboring
residue 15 still showed a higher flexibility in LC Pat-1 than in LC WT-1. To visualize the
differences in exchange rates between LC WT-1 and LC Pat-1, a full-length LC crystal
structure model of LC Pat-1 was generated using the web-based tool Phyre2 (Figure 20D).
215 out of 217 LC residues (99% of the sequence) could be modelled with 100 % confidence.
The linker including the FR4 region differed in H/D exchange rate between patient and
germline variant like it is the case for the isolated V. domain. Only a small part at the end of
the V. domain shows slightly enhanced H/DX values. Hence, the C. domain, that is the same
for both variants, compensates the differences between the two V. domains. When directly
comparing the differences in hydrogen to deuterium exchange between the V. domain alone
and the V. domain as part of the full-length LC, an overall reduction of the exchange can be
observed for almost the complete length of the sequence (Figure 20E). Consequently, the C.
domain has a protective effect and the enhanced conformational dynamics is a consequence

resulting from the proteolytic cleavage of the LC.
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Figure 20. Comparison of HD/X rates of Pat-1 and WT-1 as VL. domains and as part of the full-
length LC. A) The % exchange rate for Pat-1 V. is shown in purple, the one of WT-1 VL in cyan. Pat-1
shows an overall higher exchange rate. The most affected regions are colored in yellow. The FRs are
colored in blue. B) The relative change in fractional uptake between Pat-1 and WT-1 VL domains is
mapped on the Pat-1 crystal structure. Residues with higher or lower exchange in Pat-1 compared to
WT-1 are colored from red to blue, respectively. C) The % exchange rates for the full-length LC variants
LC Pat-1 (orange) and LC WT-1 (green). The VL domain is highlighted in green. D) The relative change
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3.1.7. ALTERED HYDROPHOBIC INTERACTIONS EXPLAIN THE DIFFERENCES IN DYNAMICS
AND STABILITY

The identified pathogenic residues in the hydrophobic surface area affect domain stability and
fibril formation propensity. Enhanced conformational dynamics show a highly flexible C-
terminal region where the truncation occurred. To bring these results together and determine
the underlying molecular reasons for the differences, the side chain interactions in the crystal
structures of both V. domains were analyzed using the BIOVA Discovery Studio software
(Table 4, Figure 21A, B). The results reveal that the mutations of the residues at position 15,
81 and 82 from the ones present in WT-1 to the amino acids of Pat-1 lead to a decrease of the
total number of hydrophobic interactions (Figure 21C, D, Table 4). P15 is part of FR1 that
shows a high HD/X rate. In WT-1 the proline is not involved in a hydrophobic network.
However, L15 in the patient domain interacts with three amino acids of FR3 via hydrophobic
interactions. These residues include the two other point mutations of the hydrophobic surface
spot. Additionally, the leucine at position 15 interacts with two more residues in the C-terminal
region (V111 and L112) through hydrophobic interactions. Consequently, the contact of L15 to
the highly dynamic C-terminal segment induces the enhanced conformational dynamics of the
respective loop in FR1. The valine residue that is present in Pat-1 forms six hydrophobic
interactions with residues in FR2 and FR3, including the residues of the hydrophobic surface
area: L15 and L82. With the mutation of residue 82, a hydrophilic amino acid is substituted by
a hydrophobic residue. Thus, the hydrophobic patch is decreased in WT-1. L82 forms five
hydrophobic interactions with FR2, FR3 and FR4. On the other hand, Q82 forms hydrophilic
interactions to four residues, all located in FR3. Thus, the interaction network affecting the C-
terminal region of Pat-1 is markedly changed by the mutations at position 15, 81 and 82 which

entails a highly dynamic C-terminal segment.

Table 4. Hydrophobic interaction pattern of the three mutated amino acids at positions 15, 81
and 82, located in the altered hydrophobic surface area of the V. variants Pat-1 and WT-1.

Hydrophobic interactions are shown in red, hydrophilic interactions in blue.

Pat-1 FR2 FR3 FR4/C-terminus
L15 | 119178 | Vv81 | L82 | A83 | V109 | V111 | L112
L15
V81
L82
WT-1 FR2 FR3 FR4/C-terminus
P15 | 119 ]178 | L81 A83 | V109 | V111 | L112
P15
L81
R64 | E84 | D85 | E86
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Figure 21. Hydrophobic interactions in WT-1 and Pat-1. Identified interactions in the V. sequence
using the software Discovery Studio of A) WT-1 and B) Pat-1. C) Hydrophobic network of L81 for WT-1
and V81 for Pat-1. D) Hydrophobic network of P15 for WT-1 and L15 for Pat-1. The residues included

in the hydrophobic network are shown as red sticks. The network area is highlighted in light red.

3.1.8. MODIFIED INTERACTION PATTERN FAVORS DISSOCIATION OF THE C-TERMINAL

REGION

To further investigate the protective effect of the V81L back mutation and the contrary effect
of the L15P mutation, molecular dynamics (MD) free energy simulations were performed by
Prof. Martin Zacharias and Daniela Pulido Cendales. Using Umbrella Sampling (US)
simulations, the dissociation of the C-terminal region (residues 102 onwards), was induced for
WT-1, Pat-1, Pat-1 V81L and the double mutant Pat-1 P15L V81L and the change in free
energy was calculated for each domain. For this, the free energy of dissociating the C-terminal

end of the domain from the otherwise folded protein serves as a relative estimate for the
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influence of the specific mutation on the stability of the protein fold. The C-terminal dissociation
was mapped on the crystal structures of Pat-1 and WT-1 (Figure 22). Calculated free energy
profiles of WT-1 and V81L exhibit similar dissociation free energies. Compared to Pat-1, the
values were higher by ~1 kcal mol™'. The double back mutation P15L V81L showed even lower
values as Pat-1 (Figure 22B). The results indicate an increased protein stability for WT-1 and
the V81L point mutant. The effect of the V81L substitution is mainly because of a small cavity
that is present for V81. Replacing this residue with a slightly larger one (L81), this cavity is
filled. The destabilizing effect of the double back mutation produces a significant reduction of
the dissociation free energy (~1 kcal mol™) relative to the patient mutant Pat-1. This can be
explained by a change in the local protein backbone due to the L15P substitution that leads to
a change in the local packing geometry and offsets the effect of V81L. RMSD values are shown
in Figure 22C.

>
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Pat-1
WT-1
vaiL
30 L15P V81L

w
o

Pat-1
——WT-1
v8iL
L15P V81L
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Free energy [kcal/mol] W
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Time [ns]

RMSD from average structure [A]

Figure 22. MD simulations of WT-1, Pat-1, V81L and L15P V81L. A) Snapshot of and B) Potential
mean force (PMF) for the dissociation of the C-terminal region. The free energy along the reaction
coordinate was calculated by means of umbrella sampling simulations. The reaction coordinate
corresponds to the distance between the center of mass of the o carbons of the rest of the protein (1-
102). C) Root mean square deviation (RMSD) from corresponding time-averaged structures during MD
Simulations. The coordinate RMSD was calculated over 1 period of 1 ps of free MD simulations at 300 K.

High stability of the structure is reflected by a RMSD <2.5 A for all conformations.
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3.1.9. FULL LENGTH LCs DIFFER IN LINKER ACCESSIBILITY AND SUSCEPTIBILITY TO
PROTEOLYTIC CLEAVAGE

It became clear that the difference between the patient and germline V. domains regarding
stability and fibril formation propensity is based on changes in hydrophobic interactions. These
concern the residue 15, located in a loop region of FR1, and residues 81 and 82, both located
in FR4 and the C-terminal region that evolves from proteolytic cleavage of the LCs in the
patient. The H/DX data for the LCs were already described in the context of the V. domains in
chapter 3.1.6. A detailed look on the crystal structure models of LC WT-1 and LC Pat-1 reveals
that the loop region harboring residue 15 is still significantly more dynamic in LC Pat-1 than in
WT-1 even though the high flexibility of the C-terminal segment is reduced (Figure 23). As
described before, residue L15 in Pat-1 forms hydrophobic interactions to the C-terminal end of
the V., which is the linker in the context of the full-length LC. These interactions can possibly
explain a higher susceptibility of the linker region due to the flexibility of the loop. The linker
between V. and C. domain in LC Pat-1 shows a higher H/D exchange rate over time compared

to LC WT-1, indicating that the two domains are more prone to move apart from each other.
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Figure 23. H/DX rates mapped on the crystal structures models of LC WT-1 (top) and LC Pat-1
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(bottom). Residues are colored according to their H to D exchange rates from blue for no exchange to
red for ~60 % exchange at the specific time point. The linker area and the loop region harboring residue

15 in close proximity to the truncation site are highlighted by a purple square.
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To analyze how the H/DX-MS data correlate with actual proteolysis, limited proteolysis
experiments using proteinase K were performed with the LC constructs. Proteolysis at a low
enzyme to substrate ratio constitutes a highly discriminating tool to compare very flexible and
solvent-exposed sites of native globular proteins and thus to monitor their focal stability in the
surface topology (Mangione et al., 2014). In the context of LCs, endoproteolysis is described
to be an approach to access LC kinetic stability based on the model, that an enzyme can
cleave LCs whenever they access an extended unfolded conformation (Morgan and Kelly,
2016b). The juxtaposition of susceptibility to cleavage by proteinase K revealed a clear
difference between the digestion kinetic of LC Pat-1 (Figure 24A) and LC WT-1 (Figure 24B).
Digestion of LC Pat-1 occurred rapidly with a t1 of only 0.5 min while LC WT-1 was digested

at lower rates, resulting in a t12 of 6.3 min.
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Figure 24. Susceptibility of full-length LCs to proteolysis by proteinase K. A) SDS-PAGE analysis
of 10 uM LC Pat-1 and B) LC WT-1 incubated with 100 nM proteinase K over a period of 1 h in PBS at
37 °C. C) Quantitation of SDS-PAGE bands was done by ImagedJ. Data were fit to an exponential decay

function.

Further experiments over a longer period of time were performed with the proteases trypsin
and chymotrypsin. The experiments confirmed the lower resistency and stability of LC Pat-1
(Figure 25A, C) to proteolysis by all enzymes compared to the germline. LC WT-1 was only
marginally degraded (Figure 25B, C). Even without any additional protease, LC Pat-1 showed
a higher degradation propensity than LC WT-1. After 160 h, only about 40 % of LC Pat-1 was
left without protease, whereas 60 % was left of LC WT-1. As the LCs in AL amyloidosis patients
are thought to undergo proteolytic cleavage in the blood, experiments in the presence of whole
plasma were used to monitor possible proteolysis by plasma factors. LC Pat-1 showed
enhanced degradation by plasma components, compared to PBS. This correlation is
consistent with the previous results that showed the predominant deposition of truncated Pat-

1 LCs in fibrils deriving from abdominal fat tissue of the patient (see chapter 3.1.1).
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Interestingly, LC WT-1 seems to be slightly stabilized by the addition of plasma which indicates
that the difference in flexibility, stability and linker accessibility represents a significant factor

for the LC processing in the patient’s blood.
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Figure 25. Susceptibility of the LCs to cleavage and degradation. Percentage of remaining full
length LC (start concentration: 10 uM) for A) LC Pat-1 and B) LC WT-1 after treatment with 100 nM of
the proteases Trypsin, Chymotrypsin, incubation in whole plasma or with no treatment. Bands from
SDS-PAGE (4-20 %) were quantified with Image J. Data points were fitted to a Boltzmann function. C)
Comparison of remaining LC after 160 h of different treatments.

3.1.10. V81L PROTECTS THE LC FROM PROTEASE TRIGGERED FIBRIL FORMATION

Based on the findings of the preceding sections, a specific endoproteolysis event is necessary
for Pat-1 to form fibrils. Incubation of the intact LC Pat-1 didn’t result in amyloid structure (see
chapter 3.1.1). Thus, proteases with different cleavage sites were screened for their ability to
trigger amyloid formation of LC Pat-1 (Figure 26A). This experiment was performed to identify
truncation sites regardless of the pathophysiological plausibility of the used proteases. While
ThT-assays revealed no fibril formation for LC Pat-1 in the presence of proteinase K,
chymotrypsin and plasma, the fluorescence intensity increased after ~60 h for the LC
incubated with trypsin, indicating the appearance of amyloid structures. To investigate if fibril
formation propensity is still specific for the patient mutant, the same experiment was performed
with LC WT-1. This variant did not show an increase of ThT fluorescence intensity and thus no
amyloid formation (Figure 26B). The back mutation V81L that was shown to protect the Pat-1
patient truncation from depositing as fibrils was tested in respect to a protective effect for the
full-length LC against proteolytic cleavage and fibril formation. As expected, also the V81L
containing Pat-1 LC did not yield fibrillary structures. This further emphasizes the importance
of the stabilizing interactions of this residue to the linker region between V. and C. regarding
domain flexibilities and protease susceptibility. The absence or presence of fibrils was
confirmed by TEM micrographs (Figure 26C). The sequence of LC Pat-1 shows 14 potential
cleavage sites for trypsin which cuts after arginine and lysine residues (Figure 26D). Two of

the truncation sites lie close to the authentic site between the V. and C. domains. A cleavage
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at these amino acids would lead to constructs that differ from patient variant only in five or

three residues, respectively.
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Figure 26. Impact of proteases and plasma on fibril formation. A) Fibril formation of LC Pat-1 in the

presence of proteinase K, chymotrypsin, trypsin or plasma followed by ThT fluorescence. B) ThT-assay
of LC Pat-1, LC WT-1 and the back-mutation LC Pat-1 V81L. LC to protease ratio was 50:1 (w/w). C)
Presence (LC Pat-1) and absence (LC WT-1, LC Pat-1 V81L) of amyloid structures was confirmed with

TEM micrographs. D) Trypsin cleavage sites in the sequence of LC Pat-1.
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3.2. DISCUSSION

Prior studies reported the predominant deposition of LC truncations comprising mainly the V.
domains and small segments of the C. domain. Mutations were found to entail thermodynamic
destabilization and consequently amyloid formation propensity. As somatic hypermutation
affects exclusively the V. domain, it appears reasonable that the V. domain is the main
component of amyloid deposits. For the patient LC studied in this chapter, amyloid deposits
contained mainly the V. domain and only the V. domain was able to transform into fibrils. The
role of the C_domain on the pathophysiology of AL amyloidosis is not well understood. Here,
it protected the LC from amyloid formation and the proteolytic cleavage in the linker region was
shown to be a prerequisite to release the amyloidogenic features. It was previously shown that
inter-domain contacts between the CLand V. domain are important for structural integrity and
a dense but flexible conformation. The linker was found to be a key factor for this (Weber et
al., 2018). This fits the present results showing that mutations in the V. domain of Pat-1 lead
to a more dynamic linker region and an overall higher susceptibility of the full length Pat-1 LC
to proteolytic cleavage, compared to WT-1. Different truncations of very similar sizes were
found in the fat aspirate, suggesting a complex picture concerning the proteases involved in
the generation of pathogenic LC truncations. This further leads to the hypothesis, that an exact
C-terminal truncation is not crucial. Similar assumptions can be drawn by convening recent
cryo-EM structures of AL fibrils that show a diffuse density for the C-terminal residues of the
V. domain indicating a highly flexible orientation (Radamaker et al., 2019; Swuec et al., 2019).
Solid state NMR studies of AL fibrils reveal different topologies of V. domains in amyloid
deposits. They either contain well-ordered and rigid C-terminal segments or a highly ordered
hydrophobic core domain (Hora et al., 2017; Piehl et al., 2017). Consequently, biopsy analyses
of AL amyloidosis patients are indispensable for the disclosure of the deposited LC truncations
and a better understanding of the disease and the disease-causing LC species (Annamalai et
al., 2016; Ramirez-Alvarado, 2012; Weber et al., 2018).

The mechanism of cellular toxicity is largely unknown and there are different hypotheses on
the nature of toxic species in amyloid disease that will be discussed in chapter 5. However, it
is obvious that a large amount of insoluble fibril deposits in organs interferes with their function.
As their presence can be directly linked to disease, the formation of amyloid structures was
considered as evidence for pathogenicity in this chapter.

In vitro fibril formation assays were in line with the predominant deposition of the Pat-1 V_
domain in the patient’'s abdominal fat tissue: Full length LC Pat-1 was resistant to fibril
formation, while Pat-1 V. readily formed fibrils. Both WT-1 V_and WT-1 LC didn’t result in the
formation of amyloid structures. Taken together, the findings suggest a strong effect of the LC
context on the Pat-1 V. domain. The mutations in the V| of Pat-1 render the LC susceptible to

proteolytic cleavage. Once the C. domain is removed, the point mutations present in the V.
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domain become active, destabilize the domain and lead to amyloid formation. The current view
describes an overall thermodynamic destabilization of the V. domain as a major indicator for
fibril formation propensity (Blancas-Mejia et al., 2015; Morgan and Kelly, 2016b; Nokwe et al.,
2014; Ramirez-Alvarado, 2012). Even though, this was shown to be not absolutely needed
and a global destabilization alone is not always sufficient to induce amyloid formation (Nokwe
et al.,, 2016), the patient truncation Pat-1 fits this general picture. For a mechanistic
understanding of AL amyloidosis, the causative sequence differences between patient mutant
and corresponding germline have to be identified and characterized. The V. domains of Pat-1
and WT-1 differ in eleven point mutations. Thus, they comprise ~90 % sequence identity. Serial
substitution of every single point mutation in Pat-1 with the respective residue present in WT-
1 enabled the identification of the valine to leucine mutation at position 81 as the key
modification responsible for enhancing the overall domain stability and reversing the amyloid
formation propensity of Pat-1. Thus, the mutation at position 81 confers pathogenicity to Pat-
1. Analyzing the amino acid frequencies in antibody sequences indicate a negative effect of a
valine residue at this position compared to leucine with 13 % and 77 % occurrence,
respectively (Johnson and Wu, 2000b; Wu and Kabat, 1970). Introducing a valine into the
germline sequence resulted in amyloid formation of WT-1 V. and confirmed the importance of
this substitution for pathogenicity. The stabilizing and amyloid-preventing effect was very
specific to L81. Substitution with the highly similar isoleucine at position 81 did not yield
comparable effects. Residue 81 was found to be part of a surface-exposed hydrophobic patch
in Pat-1, along with the two other point mutations L15 and L82. Surface hydrophobicity is
known to be energetically unfavorable and made these residues conspicuous (Eisenhaber and
Argos, 1996; Moelbert and Emberly, 2004; Young et al., 1994). The L82Q substitution was
particularly promising since this mutation leads to a change from a hydrophobic to a polar
amino acid and thus changes possible interactions. Besides, amino acid frequencies according
to the Kabat numbering scheme revealed a much higher probability for a glutamine at position
82 (68 %) than for the leucine (<1 %) in Pat-1, supporting the idea of a severe negative effect
on domain architecture (Wu and Kabat, 1970). Against expectation, a L82Q substitution alone
did not result in restored stability of Pat-1 or prevention of amyloid formation. However,
combining L82Q with V81L further increases the stabilizing and protective effect observed for
V81L alone. The double mutant of Pat-1 was able to remain soluble, stressing the important
role of the expanded hydrophobic surface area for amyloidogenesis of the patient mutant.

Surprisingly, the L15P back-mutation resulted in a lower thermodynamic stability than Pat-1
itself. Also, in combination with V81L and L82Q, this mutation exhibited negative effects. All
P15 containing VL mutants readily formed fibrils with an even earlier onset than Pat-1.

According to the Kabat numbering scheme, leucine at position 15 occurs in 12 % of the cases,
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whereas proline is present with a frequency of 61 %. Consequently, this substitution did not
comply with the expectations.

Despite the clear evidence for the link between stability changes and fibril formation propensity,
the results are not sufficient for mechanistic explanation and the structural consequences of
the mutations needs to be considered. In the Pat-1 V. crystal structure, V81 exhibits six
hydrophobic interactions to residues spread over FR2-4. Among others, the interaction
partners include the two other residues harbored by the hydrophobic surface area: L15 and
L82. Likewise, the residue L81 that is present in WT-1, exhibits six hydrophobic interactions.
However, the interactions of L81 reach three hydrophobic residues in the C-terminal segment
of the VL domain (V109, V111 and L112), whereas V81, due to its smaller side chain, only
interacts with one C-terminal amino acid (V111). These findings fit the H/DX analysis of Pat-1
and WT-1 V. that reveal a highly increased flexibility of the C-terminal region in Pat-1 as the
underlying reason for destabilization and amyloid formation. Conformational dynamics
investigations of the full-length LCs Pat-1 and WT-1 show that this linker stretch only becomes
flexible upon removal of the C. domain, stressing the importance of the proteolytic cleavage
event prior to fibril formation. MD simulations demonstrate that a leucine at position 81 leads
to a tighter domain packing than a valine residue, which leaves an open, cave-like region.
Therefore, neighboring amino acid residues are in closer proximity of L81 and can form more
hydrophobic interactions leading to a stabilization of the C-terminal segment of the V. domain.
The altered hydrophobic interactions can also explain the negative effect of P15 compared to
L15. A leucine at this position is tightly imbedded into a network of hydrophobic interactions as
it facilitates the formation of five hydrophobic contacts to V81, L82 and A83 in FR3 and to two
residues in the C-terminal region, V111 and L112. Despite the increase in conformational
dynamics of the loop region around residue 15 by the interaction, the contacts to the C-terminal
end of the domain positively affect the overall stabilization. A proline residue at this position
induces a local change of the protein backbone structure and packing geometry repealing
hydrophobic interaction. Thus, the results demonstrate a complex interplay of interactions and
dynamics that is responsible for the pathogenicity of the patient-derived LC truncation.
Furthermore, the results emphasize that small and seemingly unimportant changes like the
V81L mutation can lead to a fatal change of intramolecular interaction that, in case of Pat-1,
are of hydrophobic nature and lead to an impaired domain integrity.

It was clearly shown that a proteolysis event is indispensable for disease development of Pat-
1. The cleavage between the V. and C. domain entails the flexibility of the new C-terminal
region at the truncation site. However, the full-length LC of Pat-1 is already deprived by the
comprised point mutation that render the LC more susceptible to cleavage by different
proteases. The importance of residue 81 was further stressed, as the V81L mutation protects

LC truncations from fibril formation. The presence of different LC truncations in fibrillar deposits
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in patient tissue hints towards the involvement of different proteases in disease development.
So far, the truncation prior to amyloid formation is largely unknown but the cleavage event is
of high importance since it can drastically alter the biophysical properties of a polypeptide
chain, such as the isoelectric point, solubility, aggregation propensity and conformational
stability (Bellotti et al., 2000). Here, different proteases were tested and LC Pat-1 was in all
cases more susceptible to proteolytic cleavage. The LC possesses several trypsin cleavage
sites, that result in similar but not the same fragments as found in patient deposits. Upon trypsin
cleavage, the LC truncations formed fibrils. The involvement of trypsin in disease development
is unlikely due to its presence in the digestive system of humans and not in the plasma,
indicating the negligible importance of the exact cleavage site (Radamaker et al., 2019; Swuec
et al., 2019).

The in vitro fibril formation assay is performed under extremely simplified conditions compared
to the LC environment in the human body. Many other parameters including more detailed
proteolysis events, interactions with plasma factor or shear forces that possibly contribute to
fibril formation have to be considered and complicate the full understanding of pathogenicity.
Also, it was often shown that amyloid deposits in AL amyloidosis patients and patients with
other amyloid diseases consist not only of the disease-causing protein but also contain many
other factors like glycosaminoglycans, apolipoprotein E, lipids, plasma factors or other proteins
like extracellular chaperones. Many of these factors were already shown to influence fibril
formation in the context of amyloid diseases (Gellermann et al., 2005; Wyatt et al., 2012). The
mechanistic impact of such factors needs to be determined to generate a detailed molecular
understanding of disease progression and offer new perspectives for potential treatment
options. Some of these factors will be discussed in the following chapter.

In summary, this part of the study presents detailed analysis and a general strategy how to
investigate AL amyloidosis associated LCs. An important starting point is the determination of
the LC truncation deposited in the organ or tissue of the affected patient. Identification and
classification of the sequential substitutions require a corresponding non-pathogenic germline
sequence that comprises high sequence similarity. Biophysical investigations regarding
thermodynamic stability and fibril formation propensity enables to distinguish between active
and silent mutations. Further combinations of structural and dynamics analyses allow the

identification of the underlying molecular mechanism leading to fibril formation.
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4. THE EFFECT OF MOLECULAR CHAPERONES AND PLASMA
FACTORS ON AMYLOID FORMATION

Amyloid deposits consist not only of LCs and their truncations but also of i.e.
glycosaminoglycans, lipids, proteoglycans, apolipoprotein E, serum amyloid P as well as
secreted chaperones. The latter includes ERd]3, the co-chaperone of the ER Hsp70 BiP, that
was found to play a role in the UPR (Blancas-Mejia et al., 2015; Gellermann et al., 2005;
Genereux et al., 2015). Chaperones selectively bind to non-native regions in proteins to
prevent them from aggregation or assist in their folding process. Therefore, it is likely that they
play a role in the deposition of insoluble aggregates or fibrils and thus in disease development.
Since the amyloid formation pathway is thought to start in the extracellular space, the impact
of extracellular or secretion competent chaperones or plasma factors on maintaining
extracellular proteostasis is of particular interest. The identification of such factors is essential
for the determination of biomarkers and the development of therapies. Therefore, this chapter
deals with the influence of different factors with respect to amyloid formation. Since it was
found that the V. domain of Pat-1 is the predominant truncation in fibrils which probably
becomes amyloidogenic upon cleavage in the plasma, this truncation variant and the
corresponding germline V. were used for the following experiments. The V. domains are

referred to as Pat-1 and WT-1 unless otherwise stated.

4.1. RESULTS

4.1.1. INHIBITION OF FIBRIL FORMATION BY ER CHAPERONES

The ER chaperone system comprises the Hsp70 family member BiP and the J protein ERd;j3.
The co-chaperone ERdj3 binds to misfolded proteins, transports them to the ATP-bound BiP
and stimulates BiP’s ATPase activity via its J domain (Kampinga and Craig, 2010). ERdj3 was
already shown to be upregulated upon stress and to influence in vitro fibril formation in the
case of APso (Genereux et al., 2015). In the absence of stress, mice serum had an ERdj3
concentration of 23 £ 5 nM. Its expression and secretion are up to fourfold upregulated upon
activation of the UPR stress sensors ATF6 and XBP1 (Genereux et al., 2015). Consequently,
even under stress conditions the chaperones are present in significantly lower concentrations
than the LC of the patient (7564 mg/l of Pat-1 FLCs in the serum). Therefore, Pat-1 fibril
formation assays were performed in the presence of substochiometric amounts of BiP
(100 nM) and ERdj3 (800 nM). ATP (2 mM) was added to the assay buffer to ensure that BiP
can fulfill its ATPase activity. The Patient V. alone shows a conversion into fibrils after ~25 h,
while the mixture containing the chaperone system and ATP did not result in an increase of
ThT fluorescence intensity indicating no fibril formation during the time of the assay (Figure

27A). As a control reaction, just ATP was added to Pat-1 to confirm that only the chaperones
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are responsible for the inhibition of fibril formation. The presence and absence of fibrillar

structures was monitored by TEM (Figure 27B).
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Figure 27. Fibril formation of Pat-1 in the presence of the ER chaperone system consisting of
BiP, ERdj3 and ATP. A) Monitoring of the ThT fluorescence intensity increase during incubation of the
samples containing 15 uM Pat-1 (purple), Pat-1 and 2 mM ATP (grey) or Pat-1 with 100 nM BiP, 800 nM
ERdj3 and 2 mM ATP in HKM buffer containing 0.5 mM SDS. B) The presence (Pat-1, Pat-1+ATP) or

absence (Pat-1 + chaperone system) of amyloid structures was analyzed with TEM.

4.1.2. CONCENTRATION-DEPENDENT INHIBITION OF FIBRIL FORMATION BY BIP

Using the BiP binding site prediction BiPPred (Schneider et al., 2016), several potential binding
sites in the Pat-1 sequence could be found indicating that BiP is likely to bind the V. domain
(Figure 28A). The software gives prediction scores for peptide heptamers. Most of the binding
hotspots are located in the conserved framework regions of Pat-1 and only barely in the
hypervariable CDRs. Mapping the segments with the highest scores on the crystal structure of
LC Pat-1 did not provide an obvious correlation with the mutations of with the interaction of V.
and C_ (Figure 28B). However, the BiP binding site with the highest BiPPred scores overlaps
with the Vi/Vy interface which could be one reason that the LC does not bind to the
corresponding HC. To test if BiP alone is able to inhibit fibril formation, a ThT assay was
performed with increasing concentrations of BiP incubated with Pat-1 (Figure 28C). The
concentration ratios of Pat-1 to BiP ranged from 1:150 to 1:15. Already concentrations of
100 nM BIiP (1:100 ratio) were able to slightly delay fibril formation. This effect was enhanced
at higher BiP concentrations. At 200 nM, the lag phase was extended by almost four times. At
400 nM or above, no fluorescence intensity increase, and thus no fibril formation could be
observed anymore. This finding suggests that BiP binds to Pat-1 in a concentration-dependent

manner and inhibits fibril formation.
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Figure 28. Binding of BiP to Pat-1 and the impact on fibril formation. A) BiPPred prediction scores
for all peptide heptamers in Pat-1. Colored boxes under a specific residue implicate binding of BiP to
the heptapeptide of three residues left and right from the location of the box. Black underlined sequence
streches are framework regions, CDRs are underlined in purple. B) The segments in Pat-1 with the
highest scores for BiP binding were mapped on the LC Pat-1 crystal structure model and colored in red.
The mutated residues are depicted as black sticks. C) ThT assay of 15 yM Pat-1 with increasing
concentrations of BiP. The assay was performed in HKM buffer containing 0.5 mM SDS and 2 mM ATP.

4.1.3. CONCENTRATION-DEPENDENT INHIBITION OF FIBRIL FORMATION BY ERDJ3

Even though BiP showed a strong effect on fibril formation, it is not a promising candidate for
inhibiting amyloidogenesis in the patient as its secretion from the ER is unlikely (Jin et al.,
2017). Besides, the ATP that is needed as an energy source for the chaperone activity is
present in a much lower concentration in the extracellular space compared to the ER (Farias
et al., 2005; Wyatt et al., 2012). In contrast, ERdj3 lacks the KDEL ER retention signal, is thus
secretion-competent and could assist Pat-1 folding in the extracellular space. Fibril extracts
from the patient’s abdominal fat tissue and patient serum were analyzed by Western blot for
the presence of ERdj3 (Figure 29A). Recombinant ERdj3 served as a positive control. In the
lane of the dissolved fibrils derived from fat tissue deposits a faint band positive for the anti-
ERdj3 antibody became visible. Thus, very low concentrations of ERdj3 co-deposited with Pat-
1 truncations in the fibrils. The patient serum lane did not show an ERdj3 band which is
probably due to the high dilution in the patient serum. To test the individual impact of the co-
chaperone on fibril formation, different Pat-1 to ERdj3 ratios reaching from 1:300 to 1:18.75
were incubated in a ThT assay (Figure 29B). Without co-chaperone, the sample with only Pat-

1 showed an increase of ThT fluorescence after ~25 h. In the presence of only 50 nM ERd;j3,
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the lag phase was almost doubled (Figure 29C). Upon further increase of concentration, the
lag phase was prolonged more but the differences became smaller until at 700 nM Erdj3 and
higher no increase of ThT fluorescence could be detected anymore. Thus, the co-chaperone
functions highly substochiometrically. Since ERdj3 is not able to fold proteins and has no
ATPase activity, the inhibition is not based on the refolding of intermediate Pat-1 species but
rather on a holdase activity. As a consequence, it is surprising that these low amounts of co-
chaperone are sufficient to inhibit amyloid formation. To test if ERd]j3 only comes into play
during the events happening in the lag phase or intervenes from the beginning, it was added
during the lag phase, one and two hours after the start of incubation (Figure 29D). This
experiment showed that complete inhibition of Pat-1 fibrillization could only be obtained with
ERdj3 present from the beginning of the reaction. The addition at later timepoints lead to a
delay of the growth phase. This indicates that important rearrangement events happen very
early during the lag phase and that these rearranged molecules are already part of an off-
pathway reaction or that the presence of a high number of intermediates cannot be kept from
amyloid formation. The presence and absence of fibrils was confirmed with TEM micrographs
(Figure 29E).
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Figure 29. Impact of ERdj3 on fibril formation of Pat-1. A) Western blot analysis of solubilized fibrils
from abdominal fat tissue of the patient and serum using an anti-ERdj3 antibody. Recombinant ERd;j3
in was used as a positive control. B) Fibril formation assay of Pat-1 followed by ThT fluorescence in the
presence of increasing ERdj3 concentrations (50 — 800 nM). The assay was performed in PBS
containing 0.5 mM SDS. C) t1,2 values of fibril formation in the presence of ERd;j3 plotted against ERdj3
concentration. D) ThT assay with addition of 800 nM ERdj3 1 and 2 h after assay start. E) The absence
and presence of fibrils was analyzed with TEM.
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4.1.4. BINDING OF ERDJ3 TO DESTABILIZED V.. DOMAINS

To determine the binding affinity of ERdj3 to the Vs, MicroScale Thermophoresis (MST)
measurements were performed. For this experiment, Pat-1 and WT-1 were fluorescently
labelled at lysine residues with the Monolith Protein Labeling Kit RED-NHS. The change in
fluorescence intensity was monitored for the V. domains with increasing concentrations of
ERdj3 during a temperature gradient over time. For Pat-1 the difference in fluorescence
intensity between the lowest and the highest concentration of ERdj3 was higher than for WT-
1 (Figure 30A, B). Plotting the normalized fluorescence against the ERdj3 concentration results
in a dissociation constant Kq (Figure 30C). Ky and affinity correlate inversely. Thus, the higher
the Kq, the lower the affinity. The calculated dissociation constant K4 for WT-1 was more than
tenfold higher than the Ky for Pat-1 with 3.7 uM and 0.2 pM, respectively. Consequently, the
affinity of ERdj3 to Pat-1 is much higher than to WT-1.

Since chaperones usually bind to hydrophobic regions in a protein, ANS-binding of the
domains was measured. The apolar dye ANS specifically recognizes surface-exposed
hydrophobicity in proteins. Upon binding, the fluorescence intensity is enhanced and the peak
of emission at Amax is blue-shifted. In PBS buffer, Pat-1 and WT-1 did not bind ANS (Figure
30D). However, when using the assay buffer which contains 0.5 mM SDS to induce fibril
formation, a clear shit of Amax and an increase of fluorescence intensity becomes visible for
both V. domains (Figure 30E). The magnitude of the effect was bigger for Pat-1 than for WT-
1, explaining the higher binding affinity of ERdj3 to Pat-1. Indeed, when analyzing Pat-1 to
ERdj3 binding with MST in regular PBS buffer, no significant change in fluorescence in the
presence of low and high amounts of ERdj3 as binding partner and thus no interaction could
be detected (Figure 30F).
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Figure 30. Binding of ERdj3 to Pat-1 and WT-1. MicroScale Thermophoresis was used to measure
the change in fluorescence with a range of ERdj3 concentrations for A) Pat-1 and B) WT-1. C) Fitting of
the fluorescence data against ERdj3 concentration with the NanoTemper fitting software reveals a more
than 10-fold higher Kq for WT-1 compared to Pat-1. D) ANS-fluorescence analysis of Pat-1 and WT-1 in
PBS buffer and E) in PBS buffer with 0.5 mM SDS. F) Fitting of the fluorescence data in the absence

and presence of SDS against the ERd]3 concentration.

4.1.5. PLASMA FACTORS AND AMYLOID FORMATION

Besides stress-related protein secretion, many factors that are regularly found in the
bloodstream and thus come into close proximity to the LCs or LC truncations can possibly
interfere with their processing. One example is apolipoprotein E (ApoE) which is a major
cholesterol carrier protein that regulates lipid homeostasis. It is mainly produced by the liver
and macrophages (Mahley and Rall, 2000). The polymorphism of ApoE alleles is causative for
some diseases, whereby the presence of the ¢4 allele particularly increases the risk for
hyperlipidaemia, hypercholesterolemia but also Alzheimer's disease (Huang and Mahley,
2014; Liu CC, Kanekiyo T, Xu H, 2013). ApoE4 was also identified as an abundant component
of LC deposits in the context of AL amyloidosis (Nielsen et al., 2014). Thus, the effect of
different concentrations of ApoE4 on the fibril formation of Pat-1 and WT-1 was tested. Also
for this protein, a concentration-dependent impact of the substochiometrically added protein
could be observed (Figure 31A). However, in this case the fibril formation was not delayed or
inhibited but the maximal intensity of ThT fluorescence at the final plateau stage of fibril
formation changed. At ApoE4 concentrations of 10 nM and lower, Pat-1 showed an increase
of maximal intensity compared to Pat-1 alone. Higher concentrations resulted in a stepwise
decrease of endpoint fluorescence intensity. No concentration of ApoE4 induced fibril

formation of WT-1. Interestingly, the plasma factor also seems to affect the fibril morphology
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(Figure 31B). While at high concentrations well defined and long fibrils are visible, length and
cluster formation increase at lower ApoE4 concentrations. In the absence of ApoE4 fibrils
equal the ones at medium ApoE4 concentrations. Overall, the ThT fluorescence intensity
correlates with the amounts of fibrils.
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Figure 31. Impact of Apolipoprotein E4 on fibril formation of Pat-1 and WT-1. A) Change of maximal
fluorescence intensity at the final plateau phase of fibril formation upon addition of increasing
concentrations of ApoE4. The data show a mean of triplicates with SD. B) TEM analysis of Pat-1 fibrils

with increasing ApoE4 concentrations.
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4.2. DISCUSSION

Molecular chaperones are known to interact with client proteins in order to stabilize or assist
in folding and acquire their native conformations. In the ER, the chaperone system comprising
the ER Hsp70 BiP, the Hsp40 co-chaperone ERdj3, ATP as an energy source for BiPs ATPase
function and many other factors play an important role in antibody folding and quality control
(Hartl et al., 2011; Marcinowski et al., 2011; Shen and Hendershot, 2005). A transient
interaction of BiP with immunoglobulin LCs shortly after translation and a role in sensing LCs
for degradation was already shown in other studies (Knittler and Haas, 1992). BiP binds many
substrates with no obvious sequence similarities. Usually the binding sites comprise stretches
of 5-7 preferably hydrophobic amino acids (Feige et al., 2009; Flynn et al., 1991; Ridiger et
al., 1997). For Pat-1, multiple potential binding sites have been predicted that spread over the
whole sequence and possibly impair the V./Vy interaction face. Here, it was shown that BiP
binds to Pat-1 V. domains and that this binding has an effect on its aggregation behavior, as
it delays or even inhibits amyloid formation in a concentration dependent manner. In an ATP
bound state, BiP’s substrate binding domain is open and the monomeric chaperone has a low
substrate affinity with high on and off rates, which might be the reason for the delay or inhibition
of fibril formation of Pat-1 (Kassenbrock and Kelly, 1989; Pobre et al., 2019). Even though, BiP
clearly prevents Pat-1 V. aggregation in vitro, it is not a very likely candidate for influencing
pathogenicity in the human body upon LC secretion from the ER and proteolysis. BiP
possesses a C-terminal KDEL retrieval motif. Upon secretion or co-secretion of BiP from the
ER, KDEL receptors in the post-ER compartments recognize the motif and arrange the return
of BiP to the ER via COPI vesicular transport (Jin et al., 2017).

In contrast, ERd;j3 lacks the ER retention (KDEL ) signal and can be detected in the extracellular
space during ER stress. It was already shown to co-secrete with misfolding-prone clients
(Genereux et al., 2015). Indeed, traces of ERdj3 could be found in amyloid deposits of fat
aspirates of the affected AL amyloidosis patient, stressing the contribution of the co-chaperone
in disease development. The effect on in vitro fibril formation was, similar to BiP, concentration-
dependent and sub-stochiometric. ERd]j3 seems to affect early stages of amyloid formation,
since the delayed addition of ERdj3 to the fibrillization reaction resulted in retardation of the
onset but could not fully inhibit amyloid formation. This indicates either the occurrence of
important off-pathway intermediates in the absence of ERdj3 or that the co-chaperone has a
stabilizing effect on early folding intermediates. Thus, ERdj3 can only keep the LC from
amyloid formation, when it is co-secreted. An interaction between ERdj3 and destabilized Pat-
1 VL was clearly shown and the Kp was to be 10-fold higher than that for the corresponding
germline V.. The destabilization was a necessary requirement for the binding. Small amounts
of SDS were used to induce destabilization and increasing surface-exposed hydrophobicity

while at the same time maintaining the secondary structure fold. Based on the results, a model
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for the fibril formation pathway and the involvement of ERdj3 during ER stress is presented
(Figure 32). It describes the fibril formation pathway and possible ER exit strategies of ERdj3
alone or co-secreted bound to an intermediate fold of Pat-1 and the further reaction into

amyloid fibrils in the extracellular space.
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Figure 32. Model of basic LC and ERdj3 pathways during ER stress. ERdj3 can be secreted alone
or together with LCs. LC intermediates result in the formation of amyloid fibrils. ERdj3 can inhibit

aggregation if present at early stages of the pathway, otherwise it can delay the amyloid formation.

Besides the secretion-competent ERdj3, extracellular chaperones or plasma factors are very
likely to play a role in pathogenesis. The chaperone activity and impact on early events during
pathogenesis of i.e. clusterin has been studied in vitro. Many investigations were performed in
the context of Alzheimer’'s disease (AD) with ABs and ABs. peptides (Wyatt et al., 2009;
Yerbury et al., 2009, 2007; Yerbury and Wilson, 2010). Little is known about treatment
strategies using extracellular chaperones or plasma factors regarding extracellular
proteostasis or their utility as biomarkers (Wyatt et al., 2012). In this study, the effect of the

extracellular chaperone ApoE4 on fibril formation of Pat-1 was tested. ApoE, a constituent of
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certain plasma lipoprotein fraction which is important for transport of cholesterol and
triglycerides, exists in three isoforms. The allele for ApoE4 is a known risk factor for developing
AD. The exact mechanism of function is unknown (Hashimoto et al., 2012; Liu et al., 2017).
ApoE4 was earlier described as a pathological chaperone that reduces the stability and
mediates the formation of B-pleated amyloid formation (Wisniewski and Frangione, 1992).
Adding different substochiometric concentrations of ApoE4 to the fibril formation assay of Pat-
1 revealed a concentration-dependent impact on the reaction, whereby low concentrations
increase and high concentrations reduce the amount of fibrils. These results indicate that the
binding of ApoE4 to intermediates prior to fibrils prevent further reaction. Thus, when ApoE4
is present in high enough concentrations, the overall amount of Pat-1 reacting into fibrils is
reduced. Low concentrations of ApoE4 support amyloid formation, suggesting an incorporation
into insoluble Pat-1 fibrils by stabilizing an otherwise unstable intermediate conformation of
Pat-1 that acts like a nucleus for fibril formation. This hypothesis is strengthened by the fact
that ApoE4 is found as part of amyloid deposits in tissues of patients with different amyloid
related diseases (Furumoto et al., 1998; Navarro et al., 2003; Rocken et al., 1997). Similar
results were found by analyzing the effect of clusterin, ApoE and serum amyloid P component
(SAP) on different amyloid formatting proteins (Hamazaki, 1995; Hughes et al., 1998; Huynh
et al., 2017; Matsubara et al., 1996; Yerbury et al., 2007). Further, the different fibril
morphologies support the theory that the fibril formation pathways in the presence of different
concentrations of ApoE4 are different. A model is presented to summarize the results (Figure
33).

This chapter demonstrates the involvement of protein factors that come into contact with
disease-causing LCs during pathogenesis, starting from folding in the ER. Yet, it remains
unclear at which stages during pathogenesis especially the extracellular chaperones play a
role and to what extent they could serve as biomarkers or even as potential treatment options.
A further characterization of these and other promising plasma factors is indispensable and

promising in the future.
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Figure 33. Model of the biphasic interplay between amyloidogenic LCs and the extracellular
chaperone ApoE4 (adapted with permission from Wilson et al., 2007). Low concentrations of ApoE4
increase fibril formation by serving as a nucleus for a different fibril morphology. Without chaperone,
regular amyloid fibrils are formed. High levels of ApoE4 lead to a decrease of overall fibril amount by

keeping large amounts of the LC soluble.

99



100



5. DISSECTION OF THE AMYLOID FORMATION PATHWAY IN AL
AMYLOIDOSIS

The previous chapter gave rise to the assumption that important events shifting LCs
irreversibly towards amyloid formation occur during the lag phase. So far, little is known on the
structural events taking place during this period. As described in chapter 1.7, capturing
intermediate states, most likely oligomers, before eventually transforming into amyloid fibrils,
is difficult due to their transient appearance. Additionally, the high energy state makes
intermediates and oligomers hard to preserve. However, it is of great importance to understand
the molecular pathway of amyloid formation to identify opportunities for therapeutic intervention
at early stages of disease. The experiments in this chapter aimed at the elucidation of the
processes taking place during the amyloid formation pathway of the pathogenic LC truncation
Pat-1. Since fibril formation of Pat-1 in the standard ThT-assays takes between 10-25 h, it was
necessary to accelerate this process and with thus enable analysis in reasonable time period.
Therefore, the assays were performed in 1.5 ml Eppendorf tubes and the shaking rate was

increased to 700 rpm. The protein concentration was increased from 10 yM to 15 uM.

5.1. RESULTS

5.1.1. APPEARANCE OF INSOLUBLE FIBRILS FOLLOWS DISAPPEARANCE OF SOLUBLE PAT-
1

The benchmarks of the amyloid formation pathway of Pat-1 is the transformation of soluble
monomeric protein into insoluble fibril deposits. It is assumed that fibril formation happens in a
nucleation reaction (Arosio et al., 2015). Once the nucleus is formed, fibrils evolve very fast.
To confirm that Pat-1 exhibits the same behavior and the transition from soluble into insoluble
V. is a sudden event, samples of a fibril formation assay were taken at different timepoints,
separated into soluble and insoluble fractions by centrifugation and analyzed by denaturing
SDS-PAGE (Figure 34A). Quantification of the bands revealed a simultaneous decrease of
soluble Pat-1 and an increase of protein in the insoluble fraction (t12 of 1.79 h for the decrease
and 1.71 h for the increase) and a comparable slope for both fitting curves (0.438 and 0.530
for decrease and increase, respectively) (Figure 34B). The analysis of the increase in ThT
shows that fibrils emerge after the removal of soluble Pat-1 from the reaction with a ti» of
2.57 h.
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Figure 34. Transition of soluble Pat-1 into insoluble amyloid fibrils. A) Reducing SDS-PAGE (18 %)
of soluble and insoluble fraction of Pat-1 over time during fibril formation assay at 37 °C and 700 rpm.
B) Normalized quantification of soluble (cyan) and insoluble (black) fraction during the assay and
correlation with fibril formation followed by increase of ThT fluorescence (pink). The data show the mean
of triplicates with SD (shaded areas). Values were fit to a Boltzmann function to get t12 values. The

slopes of the curves derive from fitting to a linear function.

5.1.2. DIFFERENT OLIGOMERIC STATES FORM DURING THE LAG PHASE OF THE AMYLOID
PATHWAY

The abrupt appearance of fibrils on the one hand and the extremely different structural
characteristics of monomeric protein and fibrillary structure on the other hand suggest
significant domain rearrangements taking place in the lag phase. To identify the events, the
molecular size of sample components at different timepoints during the assay was
characterized using analytical ultracentrifugation (AUC). With this method, the sedimentation
of molecules is monitored by absorbance optics at 280 nm over time. At the start of the reaction
time, most of Pat-1 was present as monomers and small amounts were dimeric (Figure 35A,
C). Monomers decreased with a halftime of 1.27 h, while oligomers started to increase (Figure
35B, C). When still more than half of Pat-1 exists as monomers after 45 min, the amounts of
oligomers reaches their maximal appearance. After that, monomers and oligomers rapidly

decrease and are not detectable anymore after 2 h, when fibrils start to evolve. Four clear
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peaks for oligomeric species are visible that remain present until oligomers vanish completely
after 2 h. The concentration of oligomers is much smaller than the amounts of monomers at
all times, which becomes clear from the peak heights. The low amounts lead to a comparably
indistinct resolution of the oligomeric peaks which impedes with the exact elucidation of
species present. However, fitting the sedimentation profiles with the SedFit software predicts
molecular weights that might correspond to the initial monomers and dimers followed by
hexamers and a multiple of four to five hexamers until fibrils occur (Figure 35D). TEM
micrographs after 15, 30 and 60 minutes of reaction confirm the clear increase of non-
homogeneous oligomers (Figure 35E).
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Figure 35. Oligomeric species of Pat-1 during the lag phase of amyloid formation. A) Analytical
ultracentrifugation (AUC) data showing the change of monomeric species and B) of oligomeric species
over time. C) Normalized integration of monomeric (yellow) and joint oligomeric (purple) AUC peaks.
The data of monomeric peaks was fit to a Boltzmann function. Monomers decline with a t12 of 1.27.
Oligomer data were fit to a Gaussian function. D) Mean occuring oligomeric species with SD calculated

from the predicted molecular weights of oligomeric AUC peaks by SedFit.

103



To exclude the possibility that the formed oligomers that occur prior to fibril formation are
disulfide linked, SDS-PAGE analysis was performed (Figure 36). Samples at different
timepoints during the lag phase of the reaction were taken and treated under reducing and
non-reducing conditions, with and without 3-Mercaptoethanol, respectively. As expected, no
disulfide-links between oligomers were found and Pat-1 was only present as monomer under

denaturing, non-reducing conditions.
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Figure 36. Analysis of disulfide bond formation in oligomers occuring during the fibril formation
lag phase. Samples in reducing (left) and non-reducing (right) sample buffer were run on a 4-20 %

SDS-PAGE gel. Neither of the samples revealed intermolecular disulfide-bonds.

5.1.3. STRUCTURAL CHANGES IN PAT-1 DURING THE LAG PHASE

In the past, domain swapping was suspected to be causative for the rearrangement of the Ig
fold of monomeric LC truncations into the cross-p structure of fibrils, presuming the presence
of native like structure in the fibril core (Sonnen et al., 2010). However, more recent studies
based on NMR chemical shift analysis revealed that secondary chemical shifts of fibrils show
no correlation to the native precursor protein, suggesting that the mechanism of domain
swapping is unlikely (Hora et al., 2017). Consequently, considering the presence of anti-
parallel B-sheets in the native and parallel B-sheets in fibrils, major secondary structure
rearrangements have to take place during the lag phase of amyloid formation (Cordeiro et al.,
2006). The secondary structure changes were monitored over time by far UV circular dichroism
(CD) spectroscopy. The initial native Pat-1 at 0 h of incubation showed a clear minimum at
218 nm, as expected for an anti-parallel B-sheets rich Ilg domain (Figure 37A) (Goto and
Hamaguchi, 1979). After 0.5 h incubation, the signal intensity of the minimum at 218 nm
increases and the signal increase into the positive towards 197 nm decreases. Considering
the spectra of a folded (20 °C) and unfolded (90 °C) V. domain (Figure 37B), the changes in

intensity while the overall shape remains might be indications of an opening or unfolding of
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parts of the secondary structure elements. This trend continues in the samples taken during
the first 1.5 h of the fibril formation assay. After 1.75 h the signal abruptly changes and the
minimum shifts to 220 nm with an increased amplitude. Additionally, the signal rise towards
197 decreases significantly. The shift of minimum and the intersection of the wavelength x-
axis at Ourw = 0 towards higher wavelength was reported for parallel B-sheets. Consequently,
this timepoint marks the important rearrangement from anti-parallel to parallel B-sheets. The
effect is further enhanced after 1.9 h and a maximum in the lower wavelength region starts to
emerge. After 2 h the maximum shows another shift to 224 nm and a defined maximum at
204 nm, representing the characteristic far UV spectrum of supramolecular B-sheet rich
structures like amyloid (Sahoo et al., 2019). This correlates well with the increase in ThT

fluorescence and thus the appearance of fibrils after 2 h (Figure 37C).
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Figure 37. Secondary structure changes of Pat-1 during the lag phase of fibril formation. A)
Comparison of the secondary structure followed be far UV CD-spectroscopy. B) far UV CD-spectra of a
folded (20 °C) and unfolded (90 °C) VL domain. CD spectra show a mean of 10 individual
measurements. C) Normalized change in CD minima in comparison with the increase of ThT

fluorescence over time.

The buried Trp residue was used to probe the domain opening during rearrangement in the
lag phase, since the fluorescence emission is increased when the side chain moves away from
the quenching disulfide bridge. During oligomer formation a steady increase of fluorescence
emission could be observed indicating an opening of the V. structure (Figure 38A, C). The
increase reached its maximum after 2 h, at the same time when fibrils start to evolve. After
that, the emission intensity shows a slight decrease, suggesting a tighter packing in the fibrillar
structure. Not only the Trp in the hydrophobic core of the domain but also other hydrophobic
amino acids are likely to become accessible and solvent-exposed during a domain opening.
ANS binding experiments were used to confirm the hypothesis. The fluorescence of ANS
increases upon binding to hydrophobic regions in a protein. The results show a fast increase
of ANS fluorescence emission in the first hour of the assay, confirming the increased solvent
exposure of amino acids from the hydrophobic core of the antibody domain and thus hinting

towards a structural opening of the core (Figure 38B, C). After 1.5 h the fluorescence
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decreased again, suggesting that the domain rearrangements and/or inter-domain interactions
took place resulting in a changed environment of aromatic amino acids. Upon complete fibril
formation after 3 h, the ANS fluorescence was drastically decreased and the hydrophobic

amino acids seem to be buried in the fibril core.
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Figure 38. Conformational changes of Pat-1 during the lag phase of fibril formation. A) Change
of Trp and B) ANS fluorescence emission over time. The measurements show a mean of three individual
measurements. C) Comparison of Trp and ANS fluorescence emission intensities to fibril formation over

time.

5.1.4. CHANGES IN CONFORMATIONAL DYNAMICS DURING THE LAG PHASE

H/DX-MS measurements were used to follow the changes in conformational dynamics of
samples taken at different timepoints during the fibril formation reaction. Astonishingly, when
comparing the control V. domain in regular PBS buffer to the Pat-1 in the fibril inducing assay
buffer, decreased conformational dynamics of the C-terminal segment were found (Figure
39A). Also, the loop region harboring residue 15 was less dynamic during assay conditions.
This loop and the C-terminal stretch were earlier found as factors crucial for the stability
difference between Pat-1 and WT-1. Despite the less dynamic C-terminal segment compared
to the VL in regular PBS buffer, this stretch still comprised high conformational dynamics in the
context of the V. domain. In contrast to the control Vi, this dynamic C-terminal region was
extended under destabilizing conditions. It expanded over FR4 and spanned the full CDR3
loop reaching a few residues of FR3. Also, the CDR2 loop harboring the two point mutations
D53 and D55 and a segment in FR3 showed enhanced conformational dynamics under assay
conditions. Furthermore, no significant changes in dynamics occured during the first hour of
the lag phase (Figure 39A, B). After 1.5 h, the conformational dynamics highly increased over
most of the structure, indicating major structural changes. This is in line with the secondary
structure analysis by CD-spectroscopy that showed the starting point of major rearrangements
at approximately 1.5 h. It has to be noted, that the peptides detected by MS decreased at this

timepoint and no complete sequence coverage could be obtained.
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Figure 39. Changes in conformational dynamics at different timepoints during the lag phase of
fibril formation followed by H/DX-MS. A) B-values showing the relative fractional uptake of deuterium
per residue were visualized on the Pat-1 VL crystal structure and colored according to the % uptake from
blue (no exchange) to red (highest exchange). B) H/D exchange for the single amino acids in the Pat-1

primary sequence colored from blue (no exchange) to red (highest exchange).

5.1.5. ERDJ3 ALLOWS THE FORMATION OF STABLE OLIGOMERS

In chapter 4.1.3 and 4.1.4, the influence of ERd]3 on fibril formation was elucidated. It was
shown, that ERdj3 can inhibit fibril formation completely if present in high enough
concentrations, but only delays the reaction if the concentrations are lower. To investigate how
ERdj3 prevents Pat-1 monomers from entering the amyloid formation pathway, the
oligomerization of the patient antibody domain was studied by AUC measurements in the
presence of 800 nM ERdj3. The ERdj3 concentration was low enough to not interfere with the
absorption during the AUC runs. The sedimentation profiles showed that the monomer peaks
do not comprise the same drastic decrease as without the chaperone, indicating a stabilization
(Figure 40A, C). Nevertheless, the same oligomer pattern appeared after a short time of
incubation already (Figure 40B). However, the level remained similar and did not decrease as
it did in the absence of the chaperone (Figure 40C). The findings suggest that ERdj3 does not
prevent Pat-1 monomers from entering the off-pathway, but it stabilizes the intermediates and

prevents them from further reactions if the ratios are sufficient.
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Figure 40. Analysis of oligomeric species formed by Pat-1 in the presence of ERdj3.
Sedimentation profiles show the development over time of A) monomer and dimer peaks and B)
oligomeric species of Pat-1 appearing over time during incubation. AUC raw data were analyzed with
SedFit. C) Comparison of the amounts of monomers and oligomers formed in the absence (grey and
red lines, respectively) and in the presence (turquoise and yellow lines) of ERdj3. The data points show
the integrated and normalized peak area of the specific monomeric and oligomeric fractions.

Oligomers exhibit high Gibbs free energy and are very transient. Crosslinking with
glutaraldehyde was performed as an attempt to stabilize the oligomers, make them durable
and determine the oligomeric states over time. The crosslink is formed by an interaction of one
glutaraldehyde molecule with two lysine side chains of proteins. However, depending on the
location of lysines the crosslinks may vary in different oligomeric states, the crosslinking
reaction features a relatively low specificity. Thus, this experiment was not suitable for giving
information about the real oligomeric species in the sample. However, it allowed a comparison
of the oligomer patterns in the presence and absence of ERd}3 by performing SDS-PAGE
analysis. Besides the monomer band, a clear dimer band was visible from the very start of the
reaction and this remained present for both the sample preparations (Figure 41). The ERdj3
band at ~35 kDa became smeary in the presence of Pat-1, but did not show a big shift,
indicating binding to the Pat-1 monomer (~11 kDa). During the assay a smeer over a range of
higher oligomeric sizes appeared after 15 min already. After 1 h of incubation, a clear band at
~60 kDa became visible that could correspond to a hexamer of Pat-1. As expected from the
AUC sedimentation profiles, the pattern of oligomers observed by glutaraldehyde crosslinking
didn’t show a significant difference between absence and presence of ERdj3. While Pat-1
became completely insoluble after 2 h, the oligomeric pattern with the chaperone was still the

same, clearly indicating the stabilizing effect of ERdj3 on all forms of Pat-1.
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Figure 41. Glutaraldehyde crosslinking of Pat-1 in the presence and absence of ERdj3 at different
timepoints during incubation. For crosslinking, samples were incubated with 0.1 % Glutaraldehyde

for 3 min at 37 °C. Controls show samples without Glutaraldehyde treatment. A precast gradient gel with
4-20 % acrylamide was used.
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5.2. DIScUSSION

Insoluble amyloid fibrils are widely believed to be a pathogenic species during disease
development of various amyloid-related diseases like Alzheimer’s or Parkinson’s disease and
different kinds of amyloidoses. It is perspicuous that the deposition of insoluble fibrillar
aggregates on organs and in tissues interferes with the biological functions and causes organ
impairment (Pepys, 2006). However, the presence of oligomers during fibril formation attracts
increasing interest, as many hypotheses allocate the most cytotoxic effects to these
intermediate states and point out the importance of a characterization of early events during
the amyloid formation pathway (Arosio et al., 2015; Perfetti et al., 2012). This chapter aimed
to elucidate the events happening in the lag phase before fibrils occur and which role the
secretion-competent ER co-chaperone ERdj3 could play.

The VL domain of Pat-1 follows the overall known kinetics of fibril formation including a lag
phase, where no increase in ThT fluorescence can be observed, a fast growth phase where
fibrils elongate as observed by an increase of ThT signal and a final plateau phase, where the
monomer concentration is at equilibrium (Arosio et al., 2015). These kinetics are sigmoidal
indicating a nucleated polymerization process causing fibril formation (Serrano et al., 2017).
The transition phase happens very fast and is accompanied by the disappearance of soluble
V. domain from the reaction and its integration in insoluble fibrils. The reaction is initiated from
a solution containing exclusively monomeric Pat-1. The significantly slower lag phase
compared to the growth phase hints towards the occurrence of major structural changes
including of large energy barriers separating intermediates (Arosio et al., 2015; Serrano et al.,
2017). Here, the presence of a specific oligomer pattern in the lag phase prior to fibrillization
of the disease-causing LC truncation Pat-1 was discovered. The initial amounts of monomers
decrease over time, while the oligomer concentration increases first and then decreases again
until complete disappearance of oligomers upon fibril formation. This hints toward the formation
of pre-fibrillar oligomeric species that act as nuclei for fibril elongation (Chatani and Yamamoto,
2018; Crespo et al., 2012). In line with energetic expectations, monomers are the predominant
soluble species at all timepoints until insoluble fibrils are present. This is in agreement with the
notion that oligomers exhibit the highest Gibbs free energy and are thus always lower in
concentration than soluble monomers or insoluble fibrils (Arosio et al., 2015; Buell et al., 2012).
Considering that antibody domains are folded into a compact two-layer sandwich structure
composed of antiparallel B-strands and that amyloid fibrils in AL amyloidosis patients are
assembled from a repetitive parallel B-sheet topology, an overall mandatory structural
rearrangement has to occur prior to fibril formation (Feige et al., 2010; Guo et al., 2004; Huber
et al., 1976; Radamaker et al., 2019; Swuec et al., 2019). FUV spectra clearly show the
characteristic spectra of the anti-parallel B-sheet Ig fold for the first species present in the early

phase of the lag phase, oligomers assemble from this fold, giving rise for the assumption that
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after initial dimer formation from folded monomers, a subsequent addition of further dimers
occurs to stabilize part of the V. domain and prevent the complete unfolding. This fits the H/DX
data that show an overall stabilization of the otherwise very dynamic C-terminal region under
assay conditions and no change of the overall conformational dynamics during the
oligomerization that happens by retaining the Ig fold of Pat-1. Directly before fibrils are formed,
a shift of the FUV spectra minima can be observed, which is thought to display the
rearrangement of B-sheets, whereupon the typical fold of the cross-p supramolecular structure
becomes apparent in the spectra (Sahoo et al., 2019). Since this rearrangement takes place
instantaneously before fibril formation, the arising species is thought to display the nucleus for
the addition of monomers and consequent fibril elongation.

While the overall secondary structure of the early oligomeric species does not change, ANS
binding and Trp fluorescence measurements clearly show partial unfolding and opening of the
V. domain during the lag phase. ANS binding is used as an indicator for surface exposed
hydrophobicity that is in general energetically unfavored (Moelbert and Emberly, 2004; Young
et al., 1994). Therefore, the binding of ANS and the consequent increase of ANS fluorescence
intensity informs about intramolecular structural changes that influence the position of
hydrophobic amino acids (Horowitz and Criscimagna, 1985). The increase in surface
hydrophobicity and thus the solvent-exposure of hydrophobic residues during the lag phase
lead to the conclusion that oligomer formation includes conformational transformation that
potentially change the globular protein fold. As a logical energetic consequence of the solvent-
exposed hydrophobicity, oligomers assemble to bury these hydrophobic groups during the
event of a hydrophobic collapse followed by structural rearrangements (Eisenhaber and Argos,
1996; Moelbert and Emberly, 2004; Young et al., 1994). Intrinsic Trp fluorescence intensity
changes over time confirm these findings. The microenvironment of the buried Trp the
fluorescence of which is quenched by the close proximity to the intramolecular disulfide bond
(Feige et al., 2010), changes over time indicating similar conformational opening events that
were suggested by the results of ANS binding experiments.

Putting the results of FUV CD-spectroscopy, ANS binding, intrinsic Trp fluorescence and
H/DX-MS measurements together gives rise to the hypothesis that despite the retaining of the
overall secondary structure of the Pat-1 monomer during oligomerization, an intermediate state
arises in the lag phase of fibril formation that is accompanied by an opening of the tight
structural packing of the V. domain and the solvent-exposure of hydrophobic residues. The
naturally highly dynamic C-terminal region and the energetically unfavored surface
hydrophobicity is stabilized and covered in the oligomers. The molecular weight prediction for
the different oligomeric species hint towards a dimerization that goes along with a structural
domain opening, followed by the assembly of dimers to hexamers and the consequent

appearance of multiples of the latter.

111



The ER-resident co-chaperone ERdj3 was identified as a potent inhibitor of fibril formation.
The existence of a potential off-pathway that leads to fibril formation was tested by including
ERGdj3 in the oligomerization assay and analyzing the occuring oligomeric species. The same
oligomers that were found in the absence of ERd]j3 were also found in the presence of the co-
chaperone, indicating that the intermediate forms don’t necessarily display off-pathway
products, but rather ERdj3 stabilizes the misfolding-prone Pat-1 V. domain. This however,
contradicts with prior descriptions of on- and off-pathways for the Ap peptide (Bieschke et al.,
2012; Chimon et al., 2007; Mastrangelo et al., 2006). The results obtained in the scope of this

thesis indicate that ERdj3 has a transient stabilizing effect on the monomeric and oligomeric
forms of Pat-1. However, only an initial stabilization of the earliest Pat-1 species results in the
inhibition of fibril formation. Since the appearance of oligomers is transient and the further
reaction happens very fast, ERd]3 is not able to keep Pat-1 completely soluble. Based on the

results, the model of the ERdj3 involvement in fibril formation was expanded (Figure 42).
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Figure 42. Model of the secretion of ERdj3 and amyloidogenic LCs. ER stress leads to the increased
secretion of misfolding-prone LCs and ERdj3 either alone or as a complex. The individually secreted LC
can misfold in the extracellular space and react into fibrils. ERdj3 can possibly inhibit the further reaction

of the misfolded species. Once to many oligomers are present, ERdj3 can only delay the fibril formation.
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6. ANTIBODY LIGHT CHAIN INTEGRITY IN AL AMYLOIDOSIS

The preceding chapters mainly described the processing and behavior of LCs upon secretion.
However, to obtain a comprehensive image about AL amyloidosis, it is important to also
consider the initial events occuring during disease development. ERQC dictates the balance
between secretion and degradation of proteins in the ER and depends on ER homeostasis, a
network comprising folding, secretion and degradation pathways. The goal is to prevent
misfolded and non-functional proteins from secretion into the extracellular space (Wiseman et
al., 2007). In AL amyloidosis aggregation-prone LCs are predominantly secreted
independently of HCs, either as monomers or as homodimers (Bence-Jones proteins) (Zolle
et al., 1970). The subsequent chapter aims at elucidating the behavior of different LCs in living
cells regarding expression, folding, secretion and aggregation. The experiments described in
this section were performed in the group of Linda Hendershot at St. Jude Children’s Research
Hospital in Memphis, TN, USA. Most experiments were performed with Pat-1-3 and WT LCs,
since these showed the most interesting features that differed between each other. All SDS-
PAGE gels used were 13 %.

6.1. RESULTS

6.1.1. PATIENT INFORMATION AND SEQUENCES OF LCs

The pathogenic LC sequences used for cell culture experiments derived from AL amyloidosis
patients (Pat-1 — Pat-6) treated in the Amyloidosis Center in Heidelberg, Germany. Primary
structures were deduced from cDNA of the disease-causing plasma cell clone. The
corresponding germline sequences (WT-1 — WT-6) were determined using the web-based
tools IgBLAST and abYsis. All sequences were of A-subtype. The patients differed in organ
involvement, disease severity, underlying germline V gene, the number of mutations and free

LC level in the plasma (Table 4).
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Table 4. Patient and LC information. The patient LCs were named Pat-1-6, the corresponding
germline sequences WT-1-6. They differ in the number of mutations, the underlying germline V gene,
the free LC level at diagnosis (x and A). The affected organs and cardiac and renal scores indicating

disease severity are listed.

Nomination Organ involvement Scores
Thesis ID| Heidelberg ID Mutations Germline V gene | FLC at Diagnosis [mg/l]| Number ] Heart l Kidney I Liver | Cardiac Mayol Renal
Pat-1 p3807a 1 7564 4 yes yes no \% 1]
IGLV
WT-1 wit3807a cLv2
Pat-2 p3706 5 318 1 yes no no | v ]
IGLV
WT-2 wt3706 GLv3
Pat-3 p2597a 10 IGLVA 64 2 yes yes no | 1l 1] |
WT-3 wit2597a
- 1
Pat-4 p3931b 9 1GLVA 36 4 no yes yes | 1l |
WT-4 wt3931b
Pat- 1
at-5 p3891a 8 6LV 114 3 yes yes ves | i m |
WT-5 wit3891a
Pat-
at-6 p3142 10 IGLVA 137 1 yes no no | 1] | |
WT-6 wt3142
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Table 5 shows the sequences of the patient LCs and their germline sequences. The patient
LC sequences show no visible pattern of the mutated amino acid characteristics or the affected
CDRs or FRs. Overall, the CDRs comprise more mutations than FRs. However, this was
expected due to the fact that CDRs are naturally hypervariable. For expression of the LC in
living cells, the sequences were cloned into pcDNA 3.1(+) vectors.

Table 5. Sequences of patient LCs (Pat-1-6) and their corresponding germline LCs (WT-1-6). The
CDRs of the V. domains are depicted in black, the FRs in blue. Mutations are highlighted in red. C.

domains are shown in green.

Pat-l  QSALTQPASVSGSLGQSITISCTGSSNDFGDYNYVSWYQQHPGKAPKLMIYDVDNRPSGVSNRFSGSKSGNTASLTISGVLAED
WT-1  QSALTQPASVSGSPGQSITISCTGTSSDVGGYNYVSWYQQHPGKAPKLMIYEVSNRPSGVSNRFSGSKSGNTASLTISGLQAED

Pat-1 EADYFCSSYTSSSTLYVFGSGTKVTVLGQPKANPTVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADGSPVKAGVETTKP
WT-1 EADYYCSSYTSSSTLYVFGTGTKVTVLGQPKANPTVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADGSPVKAGVETTKP

Pat-1 SKQSNNKYAASSYLSLTPEQWKSHRSYSCQVTHEGSTVEKTVAPTECS
WT-1 SKQSNNKYAASSYLSLTPEQWKSHRSYSCQVTHEGSTVEKTVAPTECS

Pat-2 SSELTQDPAVSVALGQTVRITCQGDSLRSYSASWYQQKPGQAPVLVIFRKSNRPSGIPDRFSGSSSGNTASLTITGAQAED
WT-2  SSELTQDPAVSVALGQTVRITCQGDSLRSYYASWYQQKPGQAPVLVIYGKNNRPSGIPDRFSGSSSGNTASLTITGAQAE

Pat-2 EADYYCNSRDSSANHQVFGGGTKLTVLGQPKAAPSVTLFPPSSEELQANKATLGCLISDFYPGAVTVAWKADSSPVKAGVETTTP
Wt-2 EADYYCNSRDSSGNHQVFGGGTKLTVLGQPKAAPSVTLFPPSSEELQANKATLGCLISDFYPGAVTVAWKADSSPVKAGVETTTP

Pat-2 SKQSNNKYAASSYLSLTPEQWKSHRSYSCQVTHEGSTVEKTVAPTECS
wr-2 SKQSNNKYAASSYLSLTPEQWKSHRSYSCQVTHEGSTVEKTVAPTECS

Pat-3  OSVLTQPPSVSGAPGQRVTISCTGSSSNIGAGYVVHWYQQLPGTAPKLLIYGNSNRPSGVPDQFSGSKSGTSASLAITGLQSED
WT-3  QSVLTQPPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQLPGTAPKLLIYGNSNRPSGVPDRFSGSKSGTSASLAITGLQAED

Pat-3 EADYYCKAWDNSLNAPWVFGGGTKLTVLGQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTP
Wr-3 EADYYCQSYDSSLSGYWVFGGGTKLTVLGQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTP

Pat-3 SKQSNNKYAASSYLSLTPEQWKSHKSYSCQVTHEGSTVEKTVAPTECS
WT-3 SKQSNNKYAASSYLSLTPEQWKSHKSYSCQVTHEGSTVEKTVAPTECS

Pat-4  QSVLTQPPSASGTPGQRVTISCSGSSSNIGGHPVNWYQQLPGTAPKLLIYSNDERPSGVSDRFSGSKSGTSASLAISGLQSDD
WT-4  QSVLTQPPSASGTPGQRVTISCSGSSSNIGSNTVNWYQQLPGTAPKLLIYSNNQRPSGVPDRFSGSKSGTSASLAISGLQSED

Pat-4 EAYYYCAASDDNLNGPVFGGGTKLTVLGQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPVKVGVETTTP
WT-4  EADYYCAAWDDSLNGPVFGGGTKLTVLGQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPVKVGVETTTP

Pat-4 SKQSNNKYAASSYLSLTPEQWKSHKSYSCQVTHEGSTVEKTVAPTECS
WT-4 SKQSNNKYAASSYLSLTPEQWKSHKSYSCQVTHEGSTVEKTVAPTECS

Pat-5 QSVLTQPPSVSAAPGQKVTISCSGSSSNIGNNYVSWYQQLPGTAPKFLLYDNNQRPSGIPDRFSGSKSGTSATLGITGLQAGD
WT-5  QSVLTQPPSVSAAPGQKVTISCSGSSSNIGNNYVSWYQQLPGTAPKLLIYDNNKRPSGIPDRFSGSKSGTSATLGITGLQTGD

Pat-5 EADYYCGTWDTSLDSWVFGGGTKLTVLSQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTP
WT-5 EADYYCGTWDSSLSAWVFGGGTKLTVLGQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTP

Pat5  SKQSNNKYAASSYLSLTPEQWKSHKSYSCQVTHEGSTVEKTVAPTECS
WT-5  SKQSNNKYAASSYLSLTPEQWKSHKSYSCQVTHEGSTVEKTVAPTECS

Pat-6 QSVLTQPPSASGTPGQRVTISCSGRSSNIGRNLVKWYQQFPGTAPKLLIYSNDQRPSGVPDRFSGSKSGTSASLAVSGLQSED
WT-6  QSVLTQPPSASGTPGQRVTISCSGSSSNIGSNTVNWYQQLPGTAPKLLIYSNNQRPSGVPDRFSGSKSGTSASLAISGLQSED

Pat-6 EADYYCAAWDATLNAWVFGGGTKLTVLSQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTP
WT-6  EADYYCAAWDDSLNAWVFGGGTKLTVLGOPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTP

Pat-6  SKQSNNKYAASSYLSLTPEQWKSHRSYSCQVTHEGSTVEKTVAPTECS
WT-6  SKQSNNKYAASSYLSLTPEQWKSHRSYSCQVTHEGSTVEKTVAPTECS
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6.1.2. EXPRESSION OF LCs IN HEK 293T AND C0s-1 CELLS

To decide which cell line to use for the experiments, a transfection and expression test in the
human cell line HEK 293T (Figure 43A) and in the monkey cell line Cos-1 (Figure 43B) was
performed. For both transfections, the GeneCellin DNA transfection reagent was used.
Further, it was tested if the co-expression of BiP influences the expression level of the LCs.
For the initial test, Pat-1, Pat-2 and Pat-3 with corresponding WT LCs were used. All LCs were
successfully transfected and expressed from both cell lines. 293T cells showed an overall
slightly higher expression level and BiP co-transfection did not significantly change the amount
of expressed LC. Pat-3 and WT-3 show an unusual difference in gel migration due to unknown
reasons that are further described in chapter 6.1.7. Interestingly, the trend of amount of patient
LCs produced is in line with the FLC concentrations in the patient: Pat-1 showed the highest
and Pat-3 the lowest FLC level in the blood (see Table 4).

A 293T NP40 soluble lysate
UT Pat-1 WT-1 Pat-2 WT-2 Pat-3 WT-3
BP - + -+ - + - + - + - + - +
80 kDa — S— — — — _— — i 15113
25 kDa — —— — — hA
B Cos-1 NP40 soluble lysate
UT Pat-1 WT-1 Pat-2 WT-2 Pat-3 WT-3
BiP - + -+ - 4+ - + - + - 4+ - +
80 kDa —f — — — — — | BiP
25 kDa — D — = |

Figure 43. Transfection and expression test of LCs Pat-1-3 and WT-1-3 with and without BiP co-
transfection. Transfection and expression in A) 293T and B) Cos-1 cells. Pat-1 and WT-1 expression

levels were highest, Pat-3 and WT-3 lowest.

6.1.3. SECRETION OF LCSs

The high serum FLC concentrations (see Table 4) facilitate proteotoxic aggregation in organs
and tissue of AL patients and point out the ability of the patient-derived LCs to escape ERQC.
To investigate the secretion efficiency of cells transfected with the specific LCs, 293T cells
were starved for 30 min and metabolically labelled with *°S as a radioactive marker for 3 h.
SDS-PAGE of the NP40-soluble lysate as well as medium after immunoprecipitation with an
anti-human A antibody and consequent visualization using phospho-imaging showed a band
for every protein that was pulled down with the LCs (Figure 44A). The pcDNA3.1(+) vectors

that were used for protein expression in the cell lines contain a strong promoter for high-level
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expression in mammalian cells. This leads to a possible realistic expression level for patient-
derived LCs, however, not for the germlines. In this case, germline LCs serve as controls and
give information about the influence of the underlying primary sequence differences. As
expected, all LCs were expressed and found in the NP40 soluble lysates migrating at ~25 kDa.
Interestingly, Pat-3 was not secreted at all while WT-3 is regularly secreted and Pat-2 showed
a clearly thinner band for secretion compared to WT-2. Pat-1 and WT-1 obtained the highest
visible secretion. Another band at ~80 kDa that was pulled down with Pat-2 was striking that
was even more pronounced for Pat-3 but not with their corresponding germline LCs. The
migration height of the band could correspond to BiP. For LCs 4-6 no peculiarities were
observed. The experiment was performed in doublicates and quantification of the secreted LC
bands showed no significant difference in secretion between patient and germline LC with the
exception of LC 3 (Figure 44B).
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Figure 44. Comparison of LC expression and secretion in HEK 293T cells. A) Phospho-imaging of
SDS-PAGE gels showing NP40 soluble lysates and media of cells. After transfection with patient and
germline LC constructs, cells were metabolically labeled and the media and cell lysate treated with an
anti-human A antibody for immunoprecipitation. B) Quantification of the intracellular and media LCs for
detection of % secretion. Secretion of patient and germline LCs are shown in grey and green,
respectively. The BiP/LC ratio was determined by dividing quantified BiP bands by the corresponding
LC band. BiP/LC ratios for patient and germline LCs are shown in purple and orange, respectively. Two
sets of experiments were used for quantification.
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However, a difference between Pat-2 and WT-2 was visible. These two patient LCs are the
ones that show the additional presumptive BiP band. Quantification and calculation of the
BiP/LC ratio showed a highly significant change in pull-down of BiP for Pat-2 and Pat-3
compared to their corresponding WT LCs. Taking together the impaired secretion and the
binding by BiP, could indicate a recognition of the patient LCs by ERQC.

LCs 2 and 3 showed the most striking behavior regarding secretion and BiP pull-down in 293T
cells. To confirm that this is not a cell-specific effect, the same experiment was performed in
Cos-1 cells for Pat-2, Pat-3 and the WT LCs. As expected, all LCs were expressed and found
in the NP40 soluble lysates (Figure 45A). The pull-down of other proteins seemed to be more
pronounced in Cos-1 than in 293T cells. However, also the LC bands were stronger. The
specific BiP pull-down by the patient LCs could be observed in Cos-1 cells, too. Additionally,
the secretion impairment for Pat-2 compared to WT-2 was more distinct. Pat-3 did not show
any secretion in Cos-1 cells, as well. Quantification of the LC and presumptive BiP bands
resulted in the same trend like in 293T cells, but the difference between secretion of Pat-2 and
WT-2 and thus the relation between secretion and BiP binding was clearly observable (Figure
45B).

NP40 soluble lysate media
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Figure 45. Comparison of LC expression and secretion in Cos-1 cells. A) Phospho-imaging of SDS-

PAGE gels showing NP40 soluble lysates and media of cells transfected with LCs 1 and 2. After
transfection with patient and germline LC constructs, cells were metabolically labeled and the media
and cell lysates treated with an anti-human A antibody for immunoprecipitation. B) Quantification of the
intracellular and media LCs for detection of secretion. Secretion of patient and germline LCs are shown
in grey and green, respectively. The BiP/LC ratio was determined by dividing quantified BiP bands by
the corresponding LC band. BiP/LC ratios for patient and germline LCs are shown in purple and orange,

respectively. Two sets of experiments were used for quantification.

So far, the band at 80 kDa was only presumed to correspond to BiP. To confirm the binding
and co-immunoprecipitation of BiP with the LCs Pat-2 and Pat-3, cells were transfected with

LCs and BiP. 24 h after transfection, an immunoprecipitation of NP40 soluble lysate with anti-
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human A antibody followed by Western blot analysis with an anti-human A antibody and anti-
BiP antiserum was performed (Figure 46A). While the highly enhanced expression of Pat-1
and WT-1 was observable again, enhanced binding and pull-down of BiP was clearly
confirmed for Pat-2 and Pat-3 in 293T cells. Cos-1 cells showed the same trends. However,
when co-expressing BiP, all other LCs pulled down small amounts of BiP, too. Quantification
showed the increased BiP binding of Pat-2 and Pat-3 compared to their corresponding
germline LCs (Figure 46B). The difference between Pat-3 and WT-3 was a multiple of Pat-2
compared to WT-2. Comparing Pat-1 to WT-1 revealed no visible differences in BiP binding,

as it did not for secretion levels.
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Figure 46. Binding of BiP to LC variants. A) Western blot of 293T and Cos-1 NP40 soluble lysate
after immunoprecipitation with anti-human X\ antibody. Cells were lysed 24 h after co-transfection of LC
variants and BiP. The PVDF membrane was cut, the upper part blotted against BiP and the lower part

against human A. B) BiP/LC ratios were calculated by quantification of BiP and LC bands.

6.1.4. DIMERIZATION OF LCs
Since Pat-1-3 showed the most striking differences between each other but also between
patient and germline LCs, these three pairs were used for further analysis. The LCs showed
similar behavior in Cos-1 and 293T. Due to the easier handling, all further experiments were
only performed in Cos-1 cells.
One possible explanation for the BiP binding and the impaired secretion could be the inability

of the LCs to form dimers. In their monomeric form, LCs possess a free cysteine residue at the
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C-terminal end of the C. domain. Free cysteines, like exposed hydrophobic surfaces, are
features of un- or misfolded proteins and serve as a recognition site for ER chaperones and
ER quality control (Araki and Nagata, 2012). To determine the formation of monomers and
covalently bound dimers, SDS-PAGE and Western blotting was performed under non-reducing
conditions (Figure 47A). Every LC variant except Pat-3 exhibited a dimer band migrating at
~40 kDa. Quantification of monomer and dimer bands from four experiment sets revealed a
significant difference of dimers between Pat-2 and WT-2 and between Pat-3 and WT-3, where
~50 % less were formed by the patient LC, respectively. Pat-1 and WT-1 did not feature a
significant difference in dimerization. Both LCs were present as dimers to ~50 %. However,
comparing the dimer/monomer ratios for each patient and its corresponding germline LC
revealed a significant difference for all three pairs, also for Pat-1 and WT-1. In contrast to the
other two pairs and against expectations, Pat-1 more preferentially formed dimers than WT-1.
Besides the dimerization behavior, the non-reducing gels revealed a migration difference

between Pat-1 and WT-1. This will be further analyzed in chapter 6.1.7.
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Figure 47. Monomer and dimer formation of LCs in Cos-1 cells. A) Non-reducing SDS-PAGE of
NP40 soluble lysate of cells transfected with the specific LCs followed by Western blot against human
A shows LC dimer bands at ~40 kDa and monomer bands at ~25 kDa. B) Band quantification and

calculation of the monomer and dimer percentage.
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The LC dimerization results in cells fit the secretion impairment, whereby less dimerization
entails less secretion and no dimerization leads to no secretion. To investigate this hypothesis,
secreted LCs were immunoprecipitated from the media and analyzed under non-reducing
conditions. Since BiP binding is thought to cause LC retention in the ER, the experiment was
additionally performed with co-transfected BiP. For this reason, the media were
immunoprecipitated with anti-human A antibody and 100 % of the protein was subjected to
non-reducing SDS-PAGE with subsequent Western blot with anti-human A antibody (Figure
48A). The additional band above the respective LC dimer band belongs to the precipitating
antibody and was visible for all samples including the control (UT). An additional Western blot
was performed under reducing conditions, to confirm that the additional band is the LC of the
precipitating antibody. For quantification of the monomer bands, the precipitating antibody
band of the untreated sample was subtracted. There was no visible difference between co-
transfection of BiP with LCs and only LCs. Against expectations, the percentage of monomer
and dimer after secretion did not change significantly compared to the percentage inside the
cell, indicating that monomeric LCs can be secreted (Figure 48B). Interestingly, the secreted
dimers were visible as a double band that could correspond to different intramolecular disulfide

bond formations.
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Figure 48. Secretion of monomeric and dimeric LCs from Cos-1 cells. A) Non-reducing SDS-PAGE
gel after immunoprecipitation of NP40-soluble lysate of cells transfected with the specific LC alone and
co-transfected with BiP. The membrane was blotted against human \. Reducing conditions served as
controls for showing the precipitating antibody. B) Quantification of monomer and dimer bands from the
media and comparison with the percentage inside the cells. Dark red and light red bars show secreted
monomers and dimers, respectively. Dark grey bars show monomers and light grey bars show dimers

formed inside the cell.
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6.1.5. AGGREGATION OF LCs IN CELLS

Stability and aggregation are major issues for amyloidogenic LCs and the strong promoter of
the pcDNA3.1(+) vector causes high expression and a folding load in the ER for folding. To
gain insight in the aggregation behavior of the LCs in cells, NP40 soluble lysate and the
insoluble pellet fractions were analyzed and compared by Western blot (Figure 49A). The
bands were quantified and the aggregation in the cells was calculated (Figure 49B).
Interestingly, the patient LC exhibiting the highest expression level in the cells, Pat-1, showed
the lowest aggregation (5 %), indicating that this LC not only escapes ER quality control but is
protected against aggregation and thereby degradation before leaving the cell. The
aggregation level of Pat-1 was even 2-fold lower than that of its corresponding germline LC
WT-1 (10 %). Pat-2 was 3 % and Pat-3 9 % more aggregation prone than their corresponding
germline LCs WT-2 and WT-3. With 19 % Pat-2 showed the overall highest aggregation rate
but also WT-2 and Pat-3 were aggregating with 16 %. Immunofluorescence (IF) microscopy
showed that Pat-1 co-localized homogeneously with the ER marker calnexin throughout the
ER network (Figure 49C). Cells transfected with the LCs Pat-2 and WT-2 displayed localized

puncta indicating the formation of aggregates inside the ER.
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Figure 49. Aggregation of LCs in the cells in Cos-1 cells. A) Western blot of 2 % NP40 soluble lysate
and 20 % insoluble pellet with anti-human A antibodies. B) Quantification of the bands for soluble and
insoluble LCs and calculation of the percentage of insoluble LC. The bars represent the mean of two
experiments with SD. C) Immunofluorescence microscopy images in Cos-1 cells of Pat-1 on the top with
DAPI stain in blue, anti-human A antibody in red, anti-calnexin antibody in green and the merged picture.
In the bottom, microscopy picture show Cos-1 cells with Pat-2 (left) and WT-2 (right) stained with anti-

human A antibody in red.
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6.1.6. ERDJ3 KNOCK-OUT STRAIN

In chapter 5.1.5, the ER co-chaperone ERdj3 was identified as a stabilizing factor for Pat-1
during the amyloid formation pathway. Further, it was found to co-deposit with Pat-1 fibrils in
abdominal patient tissue and thus potentially plays a role in pathogenicity. To investigate the
role of ERdj3 on intracellular LC integrity, Chinese hamster ovary (CHO) and CHO ERdj3
knock-out (CHO j3 KO) cell lines were used to compare LC aggregation in the cell and LC
secretion into the media. CHO cell lysates were separated into NP40 soluble lysate and
insoluble pellet fractions for LCs 1-3 and analyzed by Western blot against human A (Figure
50A). As expected from the experiments with Cos-1 cells, most of LCs Pat-1 and WT-1 were
found in the soluble fraction. Quantification of the bands and calculation of the percentage of
insoluble LCs revealed no difference between CHO WT and CHO j3 KO cells for these two LC
variants (Figure 50B). The LCs for Pat-2 and WT-2 both showed strong aggregation bands.
While the aggregation did not change between CHO WT and CHO j3 KO cells for WT-2 (~20 %
insoluble, both), the percentage of Pat-2 in the insoluble fraction was 5 % higher in CHO WT
cells. Besides that, Pat-2 and WT-2 showed similar aggregation behavior. WT-3 remained
mostly soluble in both CHO cell lines, while for Pat-3 the same trend as for Pat-2 could be
observed: the percentage of insoluble LC was higher in CHO WT cells (~20 %) than in CHO
i3 KO cells (~10 %).

For LC secretion analyses, 30 % of the respective media were subjected to
immunoprecipitation with anti-human A antibody and subsequent Western blot with the same
antibody (Figure 50C). The secretion bands were quantified to compare differences between
CHO WT and CHO j3 KO cells. As seen in prior experiments, Pat-2 showed decreased and
Pat-3 no secretion in both, CHO WT and CHO j3 KO cells (Figure 50D). The corresponding
WT LCs were secreted by both cell lines. Pat-1 and WT-1 showed the highest secretion levels.
For all LC variants, the secretion was slightly lower in CHO j3 KO cells than in CHO WT cells.
However, this experiment was only performed once and the significance of this decrease in

secretion caused by ERdj3 KO was not confirmed further.
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Figure 50. Aggregation and secretion of LCs in CHO WT and CHO j3 KO cells. A) Western blots of
NP40 soluble lysates and insoluble pellet fractions of CHO WT and CHO j3 KO cells transfected with
the respective LCS. B) Quantification and calculation of the insoluble LC in CHO WT and CHO j3 KO
cells. Dark grey bars correspond to insolubility of LCs in CHO WT cells, light grey bars to CHO j3 KO
cells. C) Western blot against human A of the media immunoprecipitation from CHO WT and CHO j3
KO cells. D) Quantification of the secretion bands from the Western blot. Dark grey bars correspond to
the band intensity of LCs in CHO WT media, light grey bars to CHO j3 KO media.
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6.1.7. LC PAT-3 1S UNABLE TO FORM BOTH INTRAMOLECULAR DISULFIDE-BONDS
Besides the prior analyzed LC behavior regarding aggregation, secretion and dimerization, two
conspicuous features concerning the LC migration in SDS-PAGE gels became visible during
the experiments. The first is the difference in migration of Pat-1 and WT-1 under non-reducing
conditions. Regardless of the monomeric or dimeric state, Pat-1 migrates slightly faster than
WT-1. Under reducing conditions, they migrate at the same height (Figure 51A). A step-wise
reduction was performed that showed a smeary dissolving of the disulfide bonds for both Pat-
1 and WT-1. Pat- 1 possesses 17 negatively and 16 positively charged amino acids and thus
a netto charge of -1. WT-1 however has a netto charge of +1 with 15 negatively and 16
positively charged residues. The change of migration could potentially be assigned to the
difference slightly more negative charge of Pat-1, that is more representative in a tighter
domain packing due to the intact disulfide bond under non-reducing conditions.

The other peculiarity was the difference in migration between Pat-3 and WT-3 under reducing
conditions, while migrating on the same height under non-reducing conditions. Performing a
step by step reduction of the intramolecular disulfide bonds by progressively reducing the
amount of B-Mercaptoethanol in the sample buffer, revealed that Pat-3 lacks one disulfide
bond, as the stepwise reduction only showed two bands of Pat-3 (Figure 51C). WT-3 however
showed three clear bands indicating the presence of three different states of the LC: two, one
and no disulfide bond. These results and the fact that mostly V. domains are responsible for
amyloid deposition, lead to the conclusion that the V. domain of Pat-3 is unable to form the
native disulfide bond. However, this does not explain the difference in migration of the fully
reduced Pat-1 and WT-1 samples. For completeness, the stepwise reduction was also
performed for Pat-2 and resulted in three resolved bands for the three oxidation states of the
LC (Figure 51B).

A LC1 B LCc2 c Lc3
Reducing conditions Reducing conditions Reducing conditions
Pat WT Pat WT Pat WT Pat WT  Pat WT Pat WT Pat WT Pat WT Pat WT Pat WT Pat WT Pat WT
—— [o24 ox 2
- 'Y T - ” - 4 =" OXg —w - Ead . ox 1
| 9 - . . ox ~ . = |—0x0

Figure 51. Stepwise reduction of LCs 1-3 dissolves the oxidative states for A) LC 1, B) LC 2 and
C) LC 3. For decreasing the reducing conditions, 5x Laemmli buffer containing -Mercaptoethanol
was mixed 1:10 with non-reducing 5x Laemmli buffer and concentrations were continuously
reduced 1:1 with non-reducing buffer. The ox2 band corresponds to the LC with two intramolecular

disulfide bonds, ox1 state has one disulfide bond and ox0 none.
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6.2. DISCUSSION

AL amyloidosis is characterized by a multiorgan deposition of amyloid fibrils that derive from
free LCs (FLCs) (Gertz, 2016). Among patients, the levels of circulating FLCs are often
increased (Witteles and Liedtke, 2019). Noteworthy, free monoclonal LCs are not only a
feature of AL amyloidosis patients but are also common in urine and serum of mostly older
humans and don’t necessarily result in the formation of fibrils (Blancas-Mejia and Ramirez-
Alvarado, 2013). These FLCs are called Bence-Jones proteins and can be found in the urine
of patients affected with malignancy of B lymphocytes. They are often secreted either as
covalent or non-covalent homodimers that mask the hydrophobic surfaces on each domain
(Reddy et al., 1996; Ribatti, 2018). In AL amyloidosis, changes in thermodynamic stability and
mutations are the basis for amyloid formation, independent of monomer or dimer formation of
FLCs (Ramirez-Alvarado, 2012). Both forms can be found for this disease. However, the
ERQC machinery controls the formation of disulfide bonds within the cell and the dimerization
prior to secretion might be an exit strategy of FLCs. In the cell culture experiments performed
here, the patient-derived LCs showed significantly different dimerization and secretion
behavior. In addition to the fact that monomers and dimers were both present (except for Pat-
3), both species were also found to be secreted. Interestingly, Pat-1, that showed the highest
secretion as well as dimerization propensity, also comprised the highest FLC level in the
patient’s serum. Pat-3 that had the lowest FLC level in the patient serum, did not dimerize but
also did not show any secretion. Pat-2 was a cross between Pat-1 and Pat-3. In comparison
with the corresponding germlines, the trend also followed from WT-1 that was secreted and
formed dimers comparable to Pat-1, over WT-2 that differed from Pat-2 by dimerizing and
secreting more, to WT-3, that behaved completely different from Pat-3 by being secreted and
forming dimers. Consequently, the specific formation of dimers or monomers is not a
prerequisite for disease development but it probably influences severity, as secretion
propensity was in line with dimerization propensity.

Consistent with impaired secretion and decreased dimer formation, the LCs Pat-2 and Pat-3
bound to BiP in the ER. This indicates that ERQC recognizes these two LCs as defective (Araki
and Nagata, 2012). Interestingly, Pat-1 that was highly secretion-competent prone did not
show BiP binding. This might explain the high secretion level in the experiments, as well as in
the patient serum and consequently the disease severity that goes along with the FLC level in
patient’s serum (Bochtler et al., 2008). It is not clear which feature of Pat-2 and Pat-3 marks
the LCs for BiP recognition, since also Pat-1 and the WT LCs partially form monomers and do
not result in any long-term BiP binding. For Pat-3, in vitro experiments investigating the
recombinant V. domain of Pat-3 revealed the inability of this domain to fold correctly into the
Ig fold, which is likely the reason for recognition by ERQC and ER detention (Feige et al.,
2010). This LC yielded striking results and the integrity of WT-3 compared to Pat-3 affirms the
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importance of few differences in the primary sequence on the structure of LCs, despite the
overall high variability. The folding deficiency of Pat-3 was confirmed by performing a step-
wise reduction of the disulfide bonds. For Pat-3, the results showed only two oxidized forms:
one disulfide bond and no disulfide bond, whereas for all other investigated LCs, three oxidized
states could be observed. The migration difference between patient LC 3 and corresponding
germline could indicate an early interference of the ERQC.

The ability of Pat-1 to maintain integrity in the presence in high concentrations, could also be
shown by the analysis of intracellular LC aggregation. Here, Pat-1 even resulted in less
aggregation than all germline LCs. This could be an explanation for the high disease severity
in this patient, since this LC shows excellent performance in the ER and Golgi which leads to
very high amounts of initially intact LCs that can spread their pathogenic potential upon
extracellular cleavage (Kazman et al., 2020; Weber et al., 2018). The successful secretion and
ERQC escape of disease-causing proteins that comprise a native-like fold was also observed
previously for transthyretin mutants (Sérgjerd et al., 2006).

The involvement of the ER resident co-chaperone ERdj3 was discussed in the previous
chapters. The analysis of LCs in respective WT and ERdj3 knock-out cell strains did not reveal
any conspicuities for any of the LCs regarding their aggregation propensity. However, these
experiments have to be expanded in the future to obtain insights in i.e. a difference of secretion
or co-secretion behavior in these cell lines and the influence of other J proteins or other
differences upon ERdj3 deletion.

In summary, the three disease-causing LCs investigated, together with their corresponding
germline LCs, all showed different behavior in terms of expression, secretion, dimerization and
aggregation. However, these LCs also showed different FLC levels in the patient’s serum,
varying affected organ patterns and disease severities. The cell culture studies described were
the first experiments directed towards the start instead of the endpoint of the disease. They
display the potential of prospective experiments with a specific choice of LCs. In the future this
can lead to the exploration of different patterns of disease initiation and potential early stage

contact points for the identification of therapeutic targets.
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7. CONCLUSION AND PERSPECTIVES

This thesis provides investigations on molecular determinants and mechanisms of antibody
light chains in the context of the disease AL amyloidosis. Disease-causing mutations were
discovered and the mechanism effects leading to amyloid fibril deposition in patients were
deciphered.

In the first part of the study the amyloid forming LC truncation, Pat-1, was determined and used
for investigations towards identification of the primary sequence change leading to
pathogenicity. A valine at position 81 was found to be decisive for domain stability. Further,
changes in domain stability was found to go along with fibril formation propensity. The V81L
back mutation leads to a change of hydrophobic surface area in Pat-1 and an increase of
hydrophobic interactions to the C-terminal region. The additional interactions stabilize the C-
terminal segment of the LC truncation preventing it from high conformational dynamics and
thus from fibril formation. Further, it was found that the pathogenic mutations only become
effective upon proteolytic cleavage and removal of the C. domain. However, the mutations
already lead to a more accessible linker region and thus a higher susceptibility for cleavage.
Further investigations are needed to determine if this molecular mechanism can be transferred
to other patient-derived LC truncations and possibly also to other amyloid forming proteins.
The studied V. domain of Pat-1 was used for identification of factors influencing fibril formation.
The ER chaperone BiP comes into contact with LCs directly upon translation into the ER. It is
an important folding factor for antibody domains. The interaction with BiP resulted in a
concentration-dependent inhibition of Pat-1 fibril formation. However, BiP is not a likely factor
for impacting pathogenicity in the human body, as it is not secretion competent. The co-
chaperone ERdj3 however lacks the ER retention motif and was found to be readily secreted
upon ER stress. It was found as co-aggregated protein in fibril extracts from patient-derived
abdominal fat tissue. Similar to BiP, the ER Hsp40 ERdj3 was found to specifically interact with
Pat-1 and inhibit its amyloid formation in a concentration-dependent manner. Further
investigations on possible co-secretion of ERdj3 with pathogenic LCs from the ER in vivo and
the impact of ERdj3 on other LC truncations are needed for more detailed information on the
role of the co-chaperone in disease development. Also, immunohistochemical studies on the
co-aggregation of ERdj3 are required to identify the scope of involvement.

The plasma factor ApoE4 that is known to act as an extracellular chaperone in other amyloid
related diseases like Alzheimer’s Disease. In the case of Pat-1, ApoE4 was found to enhance
fibril formation if it is added in low concentrations and to decrease fibril formation propensity it
if present in high concentrations. The correlation of different alleles of ApoE and AL
amyloidosis needs to be investigated to allow the evaluation of ApoE4 as a potential risk factor

for the development of amyloid diseases and early diagnosis.
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The investigations on the LC truncations of Pat-1 were extended towards the rearrangements
taking place in the lag phase preceding fibril formation. Currently, a high cytotoxic effect is
attributed to oligomeric intermediates of amyloid-forming proteins and peptides. Thus, the
identification and characterization of oligomeric species is important to obtain possibilities for
early stage treatments. A specific pattern of oligomers was found for Pat-1, whereby oligomers
were always present in lower concentrations than the comparably stable monomers and fibrils.
It was found that the assembly to oligomers was a result of destabilization and exposure of
hydrophobic residues of Pat-1 monomers. Thus, oligomers served to decrease hydrophobic
surfaces and stabilize the highly dynamic C-terminal region of Pat-1. Nevertheless, the high
Gibbs free energy of oligomers leads to structural rearrangements affecting secondary
structure that leads to Pat-1 stabilization in the form of fibrils. To gain deeper structural insights
in the rearrangements and the basics of monomer assembly, further studies with other LCs
have to be performed and sophisticated methods like NMR need to be included. The high
energy state of oligomers complicates capturing the intermediates at a fixed timepoint due to
the short lifetime. Improvements on cross-linking reactions could enable the stabilization of
oligomeric species.

The last study in this thesis comprised the investigations of different patient-derived LCs
regarding their behavior in living cells. As the ERQC escape is still largely enigmatic and the
LCs display sequence variability, the early events differentiating between diseased and healthy
LC are important. The analysis of mainly three different pathogenic LCs and their
corresponding germlines resulted in three different patterns of LC behavior affecting
expression, secretion, dimerization and aggregation. A link to disease severity could be drawn.
The analysis of further LCs is necessary to confirm these patterns and allow conclusions based
on sequence differences and disease severity or affected organs.

In summary, this work provides new insights into the molecular mechanism of disease
development for one LC reaching from the earliest events to the final deposition of amyloid
structures. At the same time the studies present a general strategy how to investigate LCs
associated with AL amyloidosis. Furthermore, detailed information on potent factors inhibiting
or influencing amyloid formation are given. These information can contribute to better and

earlier diagnosis and treatment options in the long run.
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8. ABBREVIATIONS

AL

AB
ANS
APS
AUC
B-cell
CD
CDR
Cu1
Cu2
Cu3
Cud
CL

Cm
Cryo-EM
DNA
dNTP
E. coli
EM
ER
Fab
Fc
FLC
FR
FUV
GdmCl
H/DX

antibody light chain

Amyloid-beta peptide
1-anilinonaphtalene-8-sulfonate
Ammonium Persulfate

Analytical Ultracentrifugation
Bone marrow derived lymphocyte
Circular Dichroism
Complementarity determining region
Constant heavy chain domain 1
Constant heavy chain domain 2
Constant heavy chain domain 3
Constant heavy chain domain 4
Constant light chain

GdmClI concentration at which 50 % of the protein is unfolded
Cryo electron microscopy
Deoxyribonucleic acid
Deoxynucleotide

Escherichia Coli

Electron microscopy
Endoplasmic reticulum

Fragment antigen binding
Fragment crystallizable

Free light chain

Framework region

Far ultraviolet

Guanidinium chloride
Hydrogen/deuterium exchange
Heavy chain

Inclusion bodies

Immunoglobulin

International ImMMunoGeneTics information system
Kilo dalton

Luria-Bertani medium

Light chain
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MD
MS
NMR
oD
Pat
PBS
PCR
PDB
RDC
RMSD
Rpm
RT

SD

Tso
TEM
ThT

Tm

Us
UV-Vis
viv

VH

WT
wiv

wiw

Molecular dynamics

Mass spectrometry

Nuclear magnetic resonance
Optical density

Patient-derived LC (truncation)
Phosphate buffered saline
Polymerase Chain Reaction

The Protein Database

Residual dipolar couplings
Root-mean-square deviation
Rounds per minute

Room temperature

Svedberg

Standard deviation

Timepoint with 50 % maximal ThT signal intensity
Transmission electron microscopy
Thioflavin T

Melting temperature (°C)
Umbrella sampling

Ultraviolet and visible light wavelengths
Volume per volume

Variable heavy chain

Variable light chain

Wild type

Weight per volume

Weight per weight

132



Amino acids, one and three letter codes

Amino acid Three letter code  One letter code
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartate Asp D
Cysteine Cys C
Glutamine GIn Q
Glutamic acid  Glu E
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine  Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val \%
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