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Summary

Plasma cell disorders such as multiple myeloma and light chain amyloidosis are characterized by the
production of monoclonal immunoglobulin free light chains (FLCs), which can contribute to organ
injury, most commonly affecting the kidneys. Although the risk of organ involvement increases with
rising serum FLC concentrations, patients with comparable FLC levels can present with markedly
different patterns and severity of organ damage. This indicates that pathogenicity is determined not
only by clonal burden but also by intrinsic, sequence-dependent physicochemical properties of the
FLCs and by local tissue microenvironments that influence destabilization and self-association.
Pathological FLCs display pronounced molecular heterogeneity and exist as mixtures of monomers,
covalent and non-covalent dimers, higher-order oligomers, and fragments, with relative abundances
that depend on environmental conditions. Resolving these dynamic distributions under defined
conditions is therefore essential for linking molecular behavior to disease-relevant mechanisms.

In this thesis, sedimentation velocity analytical ultracentrifugation (SV-AUC) was employed to
quantify FLC species distributions and to monitor their redistribution under controlled destabilizing
conditions. Urinary FLCs from nine multiple myeloma patients exhibited substantial molecular
heterogeneity and sample-specific responses to disulfide bond destabilization. Reduction induced
redistribution of molecular species with variable extent and kinetics. Dimeric species typically
declined at early time points without generating stable monomers, resulting instead in transient,
aggregation-prone intermediates. In several samples, persisting dimers were observed, suggesting
sequence-dependent disulfide protection or additional non-covalent stabilization. Aggregation
behavior varied widely among samples and showed no association with clinical parameters,
underscoring the multifactorial nature of organ involvement. To relate these findings to structural
stability, SV-AUC was complemented by differential scanning fluorimetry and circular dichroism
spectroscopy. Disulfide reduction decreased thermal stability as a function of oligomerization and
ionic strength. Prolonged reducing conditions were accompanied by gradual changes in secondary-
structure and reproducible fragmentation in FLCs of shared genetic origin, which could not be
attributed to a single underlying mechanism.

To enable mechanistic investigations under defined redox and folding conditions, recombinant
expression systems were established. Full-length patient-derived FLCs were produced in Escherichia
coli using cytoplasmic inclusion body expression followed by in vitro refolding, as well as periplasmic
secretion to promote oxidative folding in vivo. Minor alterations in redox balance markedly affected
species distributions, yielding soluble but non-native conformations with altered molecular profiles.
To approximate the eukaryotic folding environment more closely, FLCs were additionally expressed
in Pichia pastoris. Recombinant FLCs obtained from this system displayed native-like secondary
structure and hydrodynamic properties comparable to the patient-derived counterpart, including
sedimentation coefficients for monomeric species, with minor differences in dimeric and higher-order
oligomeric species.

Overall, pathological FLCs behave as redox- and environment-dependent conformational
ensembles. Disulfide chemistry and folding context shape species distributions and modulate, under
destabilized conditions, both redistribution toward higher-order assemblies and fragmentation of

FLCs. By integrating analyses of patient-derived samples with recombinant material, this work

XV



provides a biophysical basis for investigating redox-response signatures and species distributions of

FLCs in the context of multiple myeloma and other light chain disorders.
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Zusammenfassung

Plasmazellerkrankungen wie das multiple Myelom und die Leichtketten-Amyloidose sind durch die
Produktion monoklonaler freier Immunglobulin-Leichtketten (FLCs) gekennzeichnet, die zu
Organschiddigungen fithren kénnen, wobei die Nieren am héufigsten betroffen sind. Wihrend héhere
Serum-FLC-Konzentrationen das Risiko einer Organbeteiligung steigern, konnen Patienten mit
vergleichbaren Konzentrationen deutlich unterschiedliche Muster und Schweregrade von Organ-
schiadigungen zeigen. Dies verdeutlicht, dass die Pathogenitat nicht allein durch die klonale Belastung
bestimmt wird, sondern =zusdtzlich durch intrinsische, sequenzabhingige physikochemische
Eigenschaften der FLCs sowie durch lokale Gewebemilieus, die Destabilisierung und Selbstassoziation
beeinflussen. Pathologische FLCs weisen eine ausgepriagte molekulare Heterogenitat auf und liegen
als Gemische aus Monomeren, kovalenten und nicht-kovalenten Dimeren, hohergeordneten
Oligomeren sowie Fragmenten vor, deren relative Anteile von den jeweiligen Umgebungs-
bedingungen abhidngen. Die Charakterisierung dieser dynamischen Verteilung unter definierten
Bedingungen ist daher entscheidend, um molekulares Verhalten mit krankheitsrelevanten
Mechanismen zu verkniipfen.

In dieser Arbeit wurde die analytischer Ultrazentrifugation in Sedimentationsgeschwindigkeits-
experimenten (SV-AUC) eingesetzt, um die Speziesverteilungen der FLCs zu quantifizieren und deren
Umverteilung unter kontrollierten destabilisierenden Bedingungen zu untersuchen. Die aus dem Urin
isolierten FLCs von neun Patienten mit multiplem Myelom zeigten jeweils eine ausgeprigte
molekulare Heterogenitit sowie probenspezifische Reaktionen auf die Destabilisierung von
Disulfidbriicken. Die Reduktion fithrte zu einer Umverteilung der molekularen Spezies mit variabler
Auspriagung und Kinetik. Dimere nahmen typischerweise bereits zu frithen Zeitpunkten ab, ohne
stabile Monomere freizusetzen, sondern bildeten stattdessen transiente, aggregationsanfillige
Intermediate. In mehreren Proben blieben dimere Spezies erhalten, was auf eine sequenzabhingige
Stabilisierung der Disulfidbriicken oder zusitzliche nicht-kovalente Wechselwirkungen hinweist. Das
Aggregationsverhalten variierte deutlich zwischen den Proben und zeigte keine Korrelation mit
klinischen Parametern, was die multifaktorielle Natur der Organbeteiligung weiter verdeutlicht. Zur
Einordnung dieser Beobachtungen im Hinblick auf die strukturelle Stabilitit wurden erginzende
Analysen mittels Differential Scanning Fluorimetry und Circulardichroism Spectroscopy durchgefiihrt.
Die Reduktion von Disulfidbriicken fithrte zu einer Abnahme der thermischen Stabilitat in
Abhiangigkeit vom Oligomerisierungsgrad und der Ionenstirke. Unter verlangerten reduzierenden
Bedingungen traten graduelle Verdnderungen der Sekundirstruktur sowie reproduzierbare
Fragmentierung bei FLCs gemeinsamen genetischen Ursprungs auf, ohne dass ein einzelner zugrunde
liegender Mechanismus identifiziert werden konnte.

Fir mechanistischer Untersuchungen unter definierten Redox- und Faltungsbedingungen wurden
rekombinante Expressionssysteme etabliert. Basierend auf sequenzierten Patientenproben wurden
FLCs voller Linge in Escherichia coli sowohl durch zytoplasmatische Expression in Einschluss-
korperchen mit anschlieflender Riickfaltung in wvitro als auch durch periplasmatische Sekretion zur
Forderung oxidativer Faltung in vivo hergestellt. Bereits geringe Verdnderungen im
Redoxgleichgewicht fithrten zu deutlichen Verschiebungen der Speziesverteilungen und resultierten

in loslichen, jedoch nicht-nativen Konformationen mit verdnderten molekularen Profilen. Zur
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Annidherung an die eukaryotische Faltungsumgebung wurden FLCs zusatzlich in Pichia pastoris
exprimiert. Die dort gewonnenen rekombinanten FLCs zeigten eine nativ-dhnliche Sekundarstruktur
und hydrodynamische Eigenschaften, die mit der entsprechenden Patientenprobe vergleichbar waren,
einschliefflich tibereinstimmender Sedimentationskoeffizienten fiir monomere Spezies, jedoch mit
geringfiigigen Unterschieden bei dimeren und héhergeordneten Oligomeren.

Insgesamt verhalten sich pathologische FLCs als redox- und umgebungsabhingige
konformationelle Ensembles. Disulfidchemie und Faltungskontext priagen die Speziesverteilungen und
modulieren unter destabilisierenden Bedingungen sowohl die Umverteilung hin zu héhergeordneten
Spezies als auch die Fragmentierung der FLCs. Durch die Kombination von Patientenproben und
rekombinantem Material liefert diese Arbeit eine biophysikalische Grundlage zur Untersuchung von
Redoxreaktionsmustern und Speziesverteilungen von FLCs im Kontext von multiplem Myelom und

anderen Leichtkettenerkrankungen.
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Clinical background and motivation

General introduction

1.1 Clinical background and motivation

1.1.1 Multiple myeloma within the spectrum of plasma cell disorders

Multiple myeloma (MM) is a malignant plasma cell disorder (PCD) characterized by clonal expansion
of terminally differentiated plasma cells within the bone marrow and secretion of a monoclonal
immunoglobulin, commonly referred to as M-protein or paraprotein (Kumar et al. 2017; Van De Donk
et al. 2021; Cowan et al. 2022; Neumeister et al. 2022; Malard et al. 2024; Tasbihi and Bruns 2025). As a
post-germinal center B-lineage malignancy, MM develops within a spectrum of PCDs (Fig. 1.1) in
which monoclonal gammopathy of undetermined significance (MGUS) and smoldering multiple
myeloma (SMM) represent asymptomatic precursor states (Furukawa and Kikuchi 2015; Kumar et al.
2017; Van De Donk et al. 2021; Neumeister et al. 2022; Petrilla et al. 2023; Plano et al. 2023; Malard et
al. 2024). MGUS is characterized by a low plasma cell burden and M-protein production without end-
organ damage, whereas SMM reflects increased clonal expansion in the absence of myeloma-defining
events (Kumar et al. 2017; Gamez and Edwards 2018; Petrilla et al. 2023; Plano et al. 2023). MM is a
chronically progressive and ultimately incurable hematologic malignancy (Neumeister et al. 2022;
Tasbihi and Bruns 2025) that predominantly affects older adults (median age ~65 years), although
diagnoses in younger patients are increasingly observed (Pinto et al. 2020; Muylaert et al. 2022). The
etiology remains unclear, but age, sex, ethnicity, genetic predisposition, lifestyle, and environmental
factors are recognized contributors to disease risk (Kumar et al. 2017; Plano et al. 2023).
Epidemiological observations further implicate environmental exposures, exemplified by increased
MGUS prevalence and earlier MM onset in firefighter and 9/11 first responder cohorts, particularly for
light chain-associated gammopathies (LeMasters et al. 2006; Landgren et al. 2018; Van De Donk et al.
2021; Cowan et al. 2022).

At a mechanistic level, environmental stressors and reactive oxygen species (ROS) can contribute
to genomic instability, while malignant plasma cells exhibit elevated mutational burdens driven by
replication stress, oncogene activation, and altered DNA damage responses (Petrilla et al. 2023).
Symptomatic MM is defined by significant clonal plasma cell infiltration together with myeloma-
defining events, which are summarized by the CRAB criteria (hypercalcemia, renal dysfunction,
anemia, and bone lesions) or by biomarkers of imminent organ damage (Rajkumar et al. 2014; Cowan
et al. 2022). Clinical presentation is heterogeneous and ranges from asymptomatic disease to

hematopoietic insufficiency and organ damage, including anemia-associated fatigue, renal injury,
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osteolytic bone destruction with fractures, hypercalcemia, and increased susceptibility to infection
(Petrilla et al. 2023; Plano et al. 2023; Tasbihi and Bruns 2025). While many patients secrete intact
immunoglobulins, a substantial subgroup produces only monoclonal free light chains (FLCs), which is
also referred to as light chain multiple myeloma (LCMM; Malard et al. 2024).
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Figure 1.1: Multistep development of PCDs. Schematic overview of MM evolution from a post-germinal center
B lymphocyte (B cell; blue) through the precursor states MGUS and SMM to overt MM with end-organ damage. The figure
illustrates the progressive increase in clonal pre-malignant (yellow) and malignant (red) plasma cell burden and circulating
M-protein levels, the emergence of early primary genetic lesions with subsequent accumulation of secondary genetic and
epigenetic alterations, and progressive remodeling of the bone marrow microenvironment. Early disease stages remain
dependent on stromal interactions within the bone marrow niche, whereas advanced disease acquires relative stromal
independence, facilitating extramedullary dissemination and, in late stages, peripheral blood involvement which leads to
secondary plasma cell leukemia (sPCL). Figure adapted from Furukawa and Kikuchi 2015; Kumar et al. 2017; Gamez and
Edwards 2018; Neumeister et al. 2022; Petrilla et al. 2023; Plano et al. 2023; Tasbihi and Bruns 2025.

Across the spectrum of PCDs, the physicochemical properties of the monoclonal protein,
particularly FLCs, critically influence organ involvement, as exemplified by monoclonal gammopathy
of renal significance (MGRS) and light chain (AL) amyloidosis (Bridoux et al. 2025). MM is biologically
and genetically heterogeneous and develops through multiple stages. Primary genomic events,
including hyperdiploidy and immunoglobulin heavy-chain translocations, can be detected at early
disease stages, whereas secondary genetic and epigenetic alterations, such as copy-number
abnormalities and somatic mutations, accumulate during progression from MGUS to SMM and MM
and drive subclonal expansion and therapeutic resistance (Bergsagel et al. 2005; Kumar et al. 2017;
Ramakrishnan and Kumar 2018; Petrilla et al. 2023; Plano et al. 2023; Tasbihi and Bruns 2025). A
defining hallmark of MM is the dysregulation of DNA damage responses and DNA repair pathways,

which facilitates tumor evolution and resistance to therapy (Petrilla et al. 2023). In parallel, reciprocal
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interactions between malignant plasma cells and the bone marrow microenvironment play a central
role in disease initiation, progression, and relapse (Neumeister et al. 2022; Plano et al. 2023; Tasbihi
and Bruns 2025). Early disease stages are characterized by strong dependence on stromal support and
soluble factors, including interleukin-6 (IL-6), whereas advanced MM can acquire relative stromal
independence, enabling extramedullary dissemination and aggressive clinical behavior (Furukawa and
Kikuchi 2015). Expansion of clonal plasma cells into peripheral blood following previously diagnosed
MM defines sPCL, representing a late and particularly aggressive disease manifestation (Furukawa
and Kikuchi 2015; Kumar et al. 2017; Tasbihi and Bruns 2025). Despite substantial improvements in
outcome achieved through advances in disease understanding, risk stratification, autologous stem cell
transplantation, and novel therapeutic agents, MM remains incurable, with frequent relapse and
development of multidrug-refractory disease (Pinto et al. 2020; Van De Donk et al. 2021; Cowan et al.
2022; Petrilla et al. 2023; Malard et al. 2024; Tasbihi and Bruns 2025).

1.1.2 Renal involvement in PCD

Renal impairment is one of the most frequent and clinically consequential complications of MM,
contributing markedly to morbidity and early mortality (Van De Donk et al. 2021; Cowan et al. 2022;
Malard et al. 2024). At diagnosis, 16-31% of patients present with acute kidney injury (AKI), and 36-
45% show reduced renal function (estimated glomerular filtration rate (eGFR) <60 mL/min/1.73 m?),
with 12-17% presenting with severe impairment (eGFR <30 ml/min/1.73 m?), and 6-13% ultimately
requiring dialysis (Leung and Rajkumar 2023; Bridoux et al. 2025). Light chain cast nephropathy
(LCCN) is classified as myeloma-defining event and the predominant cause of MM-associated AKL
Excessively filtered monoclonal FLCs can interact with uromodulin (UMOD) also known as Tamm-
Horsfall protein (THP) in the distal nephron, forming obstructive casts that induce tubular rupture,
inflammation, oxidative stress, and tubulointerstitial fibrosis (Leung and Rajkumar 2023; Malard et al.
2024). AKI risk correlates with serum FLC concentration and is rare below ~50 mg/L but increases
sharply above 80-200 mg/L, particularly with high urinary FLC excretion. Rapid FLC reduction is the
key determinant of renal recovery and a =50-60% decline within 1-2 weeks significantly improves
outcomes (Yadav et al. 2020). Early therapeutic intervention, together with supportive measures and,
in selected cases, extracorporeal FLC removal, is therefore essential (Bridoux et al. 2025). Diagnostic
classification of renal injury remains crucial. While biopsy is the diagnostic standard, it may be
omitted when clinical features suggest LCCN, such as predominant light chain proteinuria combined
with markedly elevated serum FLC levels above 150 mg/L (Leung and Rajkumar 2023).

Beyond their pathogenic role, FLCs serve as indispensable biomarkers. Serum FLC analysis show
near-complete sensitivity for diagnosing LCMM and detect AL amyloidosis and LCDD with
sensitivities above 80-90% (Siegel et al. 2009). Baseline FLC levels provide prognostic information
across PCDs, while abnormalities in FLC ratio identify MGUS patients at increased risk of progression
and serial FLC monitoring is essential for evaluating treatment response (Siegel et al. 2009). FLCs thus
serve as both biomarkers of clonal activity and direct mediators of tissue injury. Their

physicochemical and structural properties govern organ involvement, renal toxicity, and clinical
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outcome. Defining the molecular determinants that control FLC stability, misfolding, and aggregation

is thus essential for understanding organ damage in MM and related PCDs.

1.2 Structural and molecular basis of FLC pathology

1.2.1 Molecular architecture of immunoglobulin light chains

Immunoglobulins are central effectors of the humoral adaptive immune response and are secreted by
terminally differentiated plasma cells. Structurally, antibodies adopt a conserved H.L, quaternary
architecture composed of two identical heavy chains (HCs) and two identical light chains (LCs)
covalently linked by disulfide bonds, resulting in a Y-shaped molecule, as schematically illustrated for
immunoglobulin G (IgG) in Figure 1.2 (Edelman et al. 1968; Janeway 2001; Nakano et al. 2011;
Gudowska-Sawczuk and Mroczko 2023). LCs are ~22 kDa polypeptides consisting of an N-terminal
variable (V1) domain and a C-terminal constant (Cr) domain, connected by a short joining segment
(Ju). Both domains adopt the immunoglobulin B-sandwich fold stabilized by a conserved intradomain
disulfide bond (Schroeder and Cavacini 2010; Feige et al. 2010; Nakano et al. 2011; Andrich et al. 2017;
Ezawa et al. 2025). One LC associates with the N-terminal portion of an HC to form the fragment
antigen-binding (Fab) domain, which contains the paratope responsible for antigen recognition and
determines antigen specificity and affinity. The remaining C-terminal regions of the two HCs
constitute the fragment crystallizable (Fc) domain, which mediates effector functions through
interactions with Fc receptors, complement proteins, as well as immune effector cells (Janeway 2001;
Feige et al. 2010).

Two LC isotypes exist: Kappa (k) and Lambda (A), which are encoded on distinct chromosomal loci.
Each mature B cell expresses only one LC isotype, a phenomenon termed isotype exclusion, although
the regulatory mechanisms remain incompletely understood (Neuberger et al. 1989; Schroeder and
Cavacini 2010; Nakano et al. 2011; Gudowska-Sawczuk and Mroczko 2023). The Vi domain displays
extensive sequence heterogeneity generated by V-] recombination and somatic hypermutations,
particularly within the complementarity-determining regions (CDRs), which form solvent-exposed
loops defining antigen recognition and specificity. In contrast, the Ci. domain is highly conserved
within and across individuals (Feige et al. 2010; Roth 2014). During immunoglobulin biosynthesis, HCs
and LCs are synthesized asynchronously on separate ribosomes and are co-translationally
translocated into the endoplasmic reticulum (ER), where folding, disulfide bond formation, and
assembly occur (Feige et al. 2010). LCs are physiologically produced in excess, typically by 10-40%
relative to HCs, ensuring efficient HoL, assembly and preventing intracellular aggregation of unpaired
HCs (Bradwell et al. 2002; Nakano et al. 2011). Excess LCs are secretion-competent and are released
into the circulation as FLCs (Solomon et al. 1964). In healthy individuals, polyclonal FLC serum
concentrations are approximately 1000-fold lower than intact immunoglobulins due to rapid renal
clearance, with a physiological /A ratio close to 2:1 (Bradwell et al. 2002; Bradwell 2005; Nakano et al.
2011; Gudowska-Sawczuk and Mroczko 2023).
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Figure 1.2: FLC structure and assembly states. (A) Schematic representation of an IgG antibody, showing its Y-shaped
HzL2 architecture. HCs are shown in grey, and LCs are highlighted in color, with the C. domain in blue and framework
regions (FRs) of the Vi domain in yellow, as well as CDRs in red. Inter- and intrachain disulfide bonds (black bars) and the N-
and C-termini are indicated. (B) Association states of FLCs in solution. k-FLCs predominantly occur as monomers, whereas
A-FLCs preferentially form covalently linked dimers via intermolecular disulfide bonds. (C) Predicted structures of the
patient-derived x-FLC P017 and A-FLC P001, generated with AlphaFold 3 (Jumper et al. 2021). Highlighted are CL regions
(blue) and Vi regions with FRs (yellow) and CDRs (red). Structural visualization was performed using PyMOL version 2.5.8
(Schrodinger, LLC 2015). Figure adapted from Dispenzieri et al. 2009; Mirsky et al. 2015; Gudowska-Sawczuk and Mroczko
2023.

1.2.2 Conformational heterogeneity and quaternary assembly of FLCs

FLCs exist as monomers, dimers, and higher-order assemblies. While k-FLCs predominantly occur as
monomers or non-covalently associated dimers, A-FLCs preferentially form covalent homodimers via
an intermolecular disulfide bond involving the conserved C-terminal cysteine within the C; domain
(Klein et al. 1977; Roussel et al. 1999; Andrich et al. 2017; DZupponova and Zoldak 2023). These
structural differences influence hydrodynamic behavior, renal handling, and clearance kinetics. At
elevated concentrations, as encountered in PCDs, mass action favors the formation of higher-order
assemblies (Dzupponova and Zolddk 2023). Early studies also described non-covalently associated
tetramers composed of two dimers in patients with MM, and subsequent work identified a broad
spectrum of circulating disulfide-linked FLC species in AL amyloidosis, including assemblies between
full-length molecules and proteolytic fragments (Grey and Kohler 1968; Kaplan et al. 2009). Such
structural heterogeneity may interfere with physiological clearance mechanisms and further promote
tissue deposition beyond the effect of elevated FLC concentrations alone. At molecular level, this
complexity is reflected in the relationship between dimerization and aggregation propensity. Covalent
dimerization can increase kinetic stability and suppress unfolding, yet it may also favor the formation
of aggregation-prone intermediates under pathological conditions or upon destabilization (Kaplan et
al. 2011; Morgan and Kelly 2016; Andrich et al. 2017). Disruption of stabilizing disulfide bonds in FLCs
has been shown to alter folding pathways, promote misfolded off-pathway species, and drive the

formation of large, branched aggregates via monomer-addition mechanisms, suggesting quaternary
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structure and disulfide chemistry as key determinants of FLC behavior in vivo (Andrich et al. 2017;
Dzupponova and Zoldak 2023; Ezawa et al. 2025).

1.2.3 Sequence variability, redox regulation, and aggregation pathways

The extraordinary diversity of FLC sequences is a defining feature of their biology and a major
determinant of pathological behavior. Patient-specific mutations within the Vi domain can modulate
thermodynamic stability, conformational dynamics, dimer interfaces, susceptibility to proteolysis, and
reduction-oxidation (redox) sensitivity, which influences the aggregation propensity of FLCs (Andrich
et al. 2017; Ezawa et al. 2025). In AL amyloidosis, monoclonal FLCs assemble into highly ordered
amyloid fibrils characterized by cross-f-sheet architecture. High-resolution structural studies have
revealed that fibril cores are frequently deriving from the Vi domain, which retain their conserved
intradomain disulfide bond, yet adopt conformations fundamentally distinct from their native fold,
indicating extensive unfolding and structural rearrangements during fibrillogenesis (Andrich et al.
2017; Ezawa et al. 2025). In contrast, amyloid fibril formation is rarely observed in MM, despite
similarly high circulating FLC levels, further highlighting that pathology is not solely concentration-
driven but is modulated by intrinsic sequence features, post-translational modifications (PTMs),
fragmentation, and redox state (Andrich et al. 2017). Disulfide bonds are a key structural determinant
in this context. Intradomain disulfides stabilize the native fold and suppress alternative conformations,
whereas perturbation or reduction of these bonds destabilizes the protein and promotes aggregation.
Reduced and oxidized FLCs can adopt immunoglobulin-like folds under native conditions, however,
reduced forms preferentially form misfolded off-pathway intermediates, emphasizing the importance
of the redox environment in controlling FLC folding and aggregation (Andrich et al. 2017,
Dzupponova and Zoldak 2023; Ezawa et al. 2025).

1.2.4 Renal clearance and structural consequences

The kidney is the principal site of FLC catabolism. Under physiological conditions, FLCs are freely
filtered through the glomerular barrier and are efficiently reabsorbed by proximal tubular epithelial
cells, where they bind low-affinity, high-capacity receptors at the brush border, undergo endocytosis,
and are degraded within lysosomes. The renal system can process up to 10-30 g of FLCs per day,
explaining the low concentrations observed in healthy serum und urine. Glomerular filtration is size-
dependent, with progressive restriction above ~30 kDa and near-complete exclusion above ~60 kDa.
As a result, monomeric FLCs are cleared more rapidly than dimeric FLC species, contributing to
isotype-specific differences in serum persistence and k/A ratios (Waldmann et al. 1972; Bradwell et al.
2002; Bradwell 2005; Nakano et al. 2011). As FLC production increases, serum concentrations rise
while urinary excretion remains limited until proximal tubular reabsorptive capacity is exceeded.
Beyond this threshold, urinary overflow occurs and FLCs enter the distal nephron, where interaction
with UMOD promotes cast formation and tubular injury (Huang and Sanders 1997). Progressive

nephron loss further amplifies serum FLC accumulation, creating a nonlinear feedback loop between



Sedimenting light chains

FLC concentration, oligomeric state, renal clearance, and tissue toxicity (Bradwell et al. 2002; Bradwell
2005; Dzupponovéa and Zoldak 2023; Ezawa et al. 2025).

1.2.5 FLCs as biomarkers and pathogenic mediators

FLCs were historically regarded as inert by-products of antibody synthesis, however, their presence in
urine, historically termed Bence Jones protein (BJP), has served as a diagnostic hallmark of MM and
represents the earliest cancer biomarker in clinical medicine (Bradwell et al. 2002; Bradwell 2005).
Analogous to the transition from urine to blood glucose testing in diabetes mellitus, serum FLC
measurements provide a more direct and reliable readout of production dynamics than urine analyses,
which are influenced by renal handling (Bradwell et al. 2002; Bradwell 2005). Serum FLC
concentrations reflect the balance between synthesis by B-linage cells and renal clearance. In
polyclonal immune activation or renal impairment, both x- and A-FLCs may increase in parallel,
preserving the x/A ratio. In contrast, PCDs produce a monoclonal excess of a single LC with
suppression of the alternative isotype, resulting in highly abnormal x/A ratios that serve as robust
indicators of clonality (Katzmann et al. 2002).

Beyond PCDs, elevated FLC levels and altered k/A ratios have been documented in a wide range of
inflammatory and immune-mediated conditions, including autoimmune diseases, infections, multiple
sclerosis, diabetes, cardiovascular disorders, and other malignancies (Nakano et al. 2011). In these
contexts, FLC concentrations correlate with disease activity, prognosis, and risk of progression,
reflecting heightened B cell activation rather than clonal malignancy (Konen et al. 2021). FLCs have
also been shown to interact directly with immune cells, modulating mast cell activation and
neutrophil apoptosis, supporting a role as active mediators of inflammation (Nakano et al. 2011;
Gudowska-Sawczuk and Mroczko 2023).

Collectively, literature established FLCs as structurally diverse and redox-sensitive proteins whose
folding state, oligomerization behavior, and renal handling are closely linked to both their pathogenic
potential and their utility as clinical biomarkers. Patient-specific sequence variation, disulfide
chemistry, quaternary assembly, and clearance mechanisms together influence whether FLCs remain

soluble, form non-native aggregates, or deposit as amyloid.

1.3 Sedimenting light chains
1.3.1 Resolving FLC heterogeneity in solution

The molecular features underlying FLC pathogenicity also contribute to pronounced molecular
heterogeneity in solution. Patient-derived FLC preparations rarely exist as a single, well-defined
species but rather as a mixture of monomers, covalent and non-covalent dimers, higher-order
oligomers, and proteolytic fragments (Absmeier et al. 2023; Klimtchuk et al. 2024). The relative
abundance of these components can change dynamically depending on concentration, redox potential,

and solvent conditions. This reflects intrinsic aspects of FLC biology: oligomeric state, conformational
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flexibility, and assembly behavior are directly linked to renal handling, aggregation propensity, and
tissue deposition. Consequently, pathological FLCs require analysis as heterogeneous ensembles
rather than as discrete molecular species. Methods that can resolve coexisting molecular species
directly in solution while preserving disease-relevant distributions and interconversion behavior are
therefore required for the characterization of pathological FLCs. Quantifying species distributions,
monitoring condition-dependent changes, and detecting weak, transient, or partially irreversible
assemblies are central to linking molecular properties to pathological outcomes. Solution-based
hydrodynamic approaches are particularly well suited for this investigation, as they analyze
macromolecules under defined physicochemical conditions, without separation or surface
immobilization that could further alter disease-related distributions (Scott et al. 2007; Schuck and
Zhao 2017).

1.3.2 Sedimentation velocity analytical ultracentrifugation

Analytical ultracentrifugation (AUC) remains a fundamental method for quantifying the size, shape,
and self-association of macromolecules in solution or dispersion, providing a rigorous technique for
analyzing heterogeneous and interacting systems (Ralston 1993; Scott et al. 2007; C6lfen 2010; Schuck
et al. 2016; Schuck and Zhao 2017). Developed by Theodor Svedberg (Svedberg and Nichols 1923;
Svedberg and Rinde 1924; Svedberg and Fahraeus 1926) and refined through advances in rotor design,
optical detection, and numerical analysis, AUC monitors the redistribution of solutes in a defined
centrifugal field as a function of time and radial position. This provides direct insights into
macromolecular transport without labeling, immobilization, or external calibration standards (Ralston
1993; Scott et al. 2007; Schuck et al. 2016).

Sedimentation velocity (SV) experiments follow the time-dependent migration of sedimentation
boundaries under high centrifugal fields, whereas sedimentation equilibrium (SE) experiments exploit
concentration gradients at lower rotor speeds to determine buoyant molar masses and association
equilibria (Ralston 1993; Scott et al. 2007; Schuck et al. 2016). Because SV directly reports on transport
behavior and particle distributions in heterogeneous systems, the present work focuses exclusively on
SV-AUC (Ralston 1993; Scott et al. 2007; Schuck et al. 2016; Schuck and Zhao 2017). In SV-AUC,
macromolecules migrate through the solvent under the influence of a centrifugal field whose

magnitude increases with radial distance from the axis of rotation (Fig. 1.3).
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Figure 1.3: Principle of SV-AUC. Schematic representation of an SV experiment in a sector-shaped cell. Under a
centrifugal field, a particle at radial position r is subjected to sedimentation (Fs), buoyancy (F»), and frictional (Fy) forces and
the resulting migration velocity v is set by their balance. Field strength increases with angular rotor speed w and radial
distance from the axis of rotation. The sector geometry favors radial transport and suppresses convection. Grey shading
indicates changes in sample concentration over the course of the experiment. Time-resolved radial concentration profiles
show sedimentation boundaries whose migration reports on macromolecular transport, while boundary broadening reflects
diffusion and radial dilution. c(s) distributions are obtained by fitting the full time- and radius-dependent profiles using

numerical solutions of the Lamm sedimentation-diffusion equation (Ralston 1993; Van Holde et al. 2006).

Sedimentation is driven by the balance of three forces acting on each particle. The centrifugal
driving force F; is given by
F, = mw?r (1.1

where m is the particle mass, o the angular velocity of the rotor, and r the radial distance from the
axis of rotation. Opposing sedimentation acts the buoyant force Fj, which arises from displacement of
solvent according to Archimedes’ principle,

F, = —mUpw?r (1.2)

where v is the partial-specific volume of the solute and p the solvent density. Migration through the

solvent is further opposed by the frictional force Fy

with f denoting the translational friction coefficient and v the migration velocity (Ralston 1993; Scott
et al. 2007; Schuck et al. 2016).
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Under experimental conditions, these forces rapidly reach steady-state balance, resulting in a
constant migration velocity. This balance defines the sedimentation coefficient s (s-value) as the

velocity per unit of centrifugal acceleration,
§=— (1.4)

which constitutes an intrinsic descriptor of macromolecular transport behavior (Ralston 1993; Scott et
al. 2007; Schuck et al. 2016). In molecular terms, the s-value reflects the combined contributions of

buoyant molar mass and hydrodynamic friction,

M(1—7vp)
P S

Nif (1.5)

where M is the molar mass and Na Avogadro’s number (Ralston 1993; Scott et al. 2007; Schuck et al.
2016). Sedimentation and diffusion are intrinsically coupled transport processes that share the same

translational friction coefficient. Their relationship is expressed by the Svedberg equation,

s M(1—vp)
D RT (16)

where D is the diffusion coefficient, R the gas constant, and T the absolute temperature (Scott et al.
2007; Schuck et al. 2016).

Together, these relationships establish a direct physical link between experimentally accessible
transport properties and molecular parameters by relating sedimentation and diffusion behavior to
molar mass, hydrodynamic friction, and consequently to molecular size, shape, and hydration (Scott et
al. 2007; Schuck et al. 2016). The s-values are reported in Svedberg units (1S = 107*s) and are
conventionally corrected to standard conditions of water at 20°C and infinite dilution, resulting in szg.w
values, which are suitable for comparison across experiments (Scott et al. 2007; Schuck et al. 2016).
The translational friction coefficient can be related to solvent viscosity n and the Stokes radius Rs

through Stokes’ law,
f = 6mnRs (1.7)

Comparison with the frictional coefficient f; of an equivalent smooth, compact sphere of identical
mass and density defines the frictional ratio f/f, or f, which is commonly used as a low-resolution
parameter of molecular shape and hydration. However, in heterogeneous or dynamically associating
systems, fitted frictional ratios represent population-averaged quantities rather than unique molecular
species. Consequently, their quantitative interpretability is limited for samples such as FLCs, and f/fs
values are therefore not used for quantitative analysis in this thesis (Schuck et al. 2016; Schuck and
Zhao 2017).

10
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A rigorous descriptor of SV experiments is provided by the Lamm equation, which captures the
time evolution of concentration profiles in the sector-shaped solution column under the combined

influence of sedimentation and diffusion,

% = %{% [Dr% — sw?r?c(r, t)]} (1.8)
where c(r,t) denotes the solute concentration as a function of radial position r and time ¢ (Scott et al.
2007; Schuck et al. 2016). Modern numerical solutions of the Lamm equation enable extraction of
continuous s-value distributions, c(s), without prior assumptions about the number or discreteness of
species. The experimentally observed signal is modeled as a superposition of Lamm equation solutions
over a defined range of s-values, with diffusion included in each solution rather than represented by
an empirical boundary-broadening term. The resulting diffusion-deconvoluted, population-based «(s)
distributions are scaled such that the integral over a given s-interval reports the signal-proportional
concentration of material sedimenting in that range. This ensemble-based analysis is particularly
powerful for heterogeneous and interacting systems, in which stable species coexist with assemblies
that may interconvert on the experimental timescale, without requiring global thermodynamic
equilibrium (Scott et al. 2007; Schuck and Zhao 2017). Consequently, o(s) distributions are used as
primary observables for quantifying macromolecular heterogeneity and assembly behavior of

pathological FLCs under different solvent conditions.
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Project background

Preliminary studies

2.1 Project background

The work presented in this thesis builds on preliminary studies initiated during my Master’s thesis,
"Characterization of the aggregation potential of disease-associated human free light chains", supervised
by Dr. Luitgard Nagel-Steger and Prof. Dr. Alexander K. Buell at the Institut fiir Physikalische
Biologie of Heinrich Heine University Diisseldorf. A subset of SV-AUC data of the patient-derived
FLC samples presented in Chapter 3 was acquired during this period and reported in part previously
(Sternke-Hoffmann et al. 2023). Further analyses of this subset and additional experimental work were
performed during the doctoral studies and contributed to the results presented in Chapter 3 and in
Tucholski et al. (2025).

This thesis further builds on a collaborative research project on pathological FLCs in MM and AL
amyloidosis, established by Dr. Rebecca Sternke-Hoffmann, Prof. Dr. Alexander K. Buell, and Prof. Dr.
Rainer Haas, together with Prof. Dr. Roland Fenk, and Dr. Amelie Boquoi, as a joint effort between the
Institut fir Physikalische Biologie and the Department of Hematology, Oncology, and Clinical
Immunology at University Hospital Diisseldorf. Within this collaboration, a MM patient cohort was
assembled and corresponding FLC samples were collected, purification workflows were established,
and initial biophysical characterization was performed. Further, all FLC samples were sequenced by
mass spectrometry as reported previously (Dupré et al. 2021). Expanded clinical metadata (Tab. 8.1),
FLC sequences (Tab. 8.2) and intrinsic physicochemical FLC parameters (Tab. 8.3) are provided in the
Supplementary information.

Together, these prior studies provided the experimental and conceptual context for the SV-AUC
analyses presented in Chapter 3 and the subsequent investigations described in this thesis, with

citations provided throughout.

13






Article information

Tracking reduction-induced molecular changes in
pathological free light chains by SV-AUC

This chapter contains a peer-reviewed research article. The original structure of the article has been

preserved to maintain the integrity of the manuscript and to ensure readability. Any overlap with

other chapters is limited to essential background information.

3.1 Article information

Title:

Journal:
Status:

Authors:

Affiliation:

Tracking reduction-induced molecular changes in pathological free light chains
by SV-AUC

European Biophysics Journal

Received: 20.12.24 / Revised: 21.07.25 / Accepted: 27.07.25 / Published: 05.08.25

Florian T. Tucholski!, Rebecca Sternke-Hoffmann?, Thomas Pauly!?, Rasmus K.
Norrild*, Amelie Boquoi®*®, Roland Fenk®, Luitgard Nagel'?, Alexander K. Buell*,
Rainer Haas®, Dieter Willbold!?

nstitut fiir Physikalische Biologie, Heinrich Heine University Dusseldorf, Germany
2PSI Center for Life Sciences, 5232 Villigen PSI, Switzerland

SInstitute of Biological Information Processing (IBI-7: Structural Biochemistry),
Research Center Jiilich, Julich, Germany

“Protein Biophysics Group, Department of Biotechnology and Biomedicine, Technical
University of Denmark, Seltofts Plads, Building 227, Kgs. Lyngby, Denmark
*Department of Hematology, Oncology and Clinical Oncology, Heinrich Heine
University Diisseldorf, Germany

’Department of Hematology and Stem Cell Transplantation, West German Cancer
Center and German Cancer Consortium, University Hospital Essen, University of

Duisburg-Essen, Essen, Germany

15



Declaration of contributions

3.2 Declaration of contributions

D.W, RH, AKB, LN, RF, AB.: Conceptualization; F.T.T., RS.-H., T.P., RK.N.: Methodology,
Investigation, Formal analysis; F.T.T., R.S.-H., T.P. RK.N.: Validation; F.T.T., T.P.: Visualization; D.W.,
RH., AKB.,, L.N.: Supervision, Resources, Project administration; F.T.T., R.S.-H., A.K.B., LN.: Writing
original draft; All authors: Writing, review, and editing; All authors read and approved the final

manuscript.

3.3 Abstract

Multiple myeloma is a blood cancer characterized by plasma cell proliferation and excessive
production of monoclonal proteins, often leading to renal complications and other forms of organ
damage. A set of nine immunoglobulin free light chains (FLC) samples purified from urine of multiple
myeloma patients was subjected to sedimentation velocity analysis. Aim of the study was to track
changes of the oligomerization state of each FLC while triggering reduction-induced aggregation into
larger structures. Sedimentation velocity experiments, combined with further techniques sensitive to
structural changes, were performed to determine the degree of FLC oligomerization in each patient
sample under different experimental conditions. Structurally, the FLC monomers are stabilized by two
intramolecular disulfide bonds, while covalent dimerization occurs through an unpaired C-terminal
cysteine residue. Incubation with the reducing agent TCEP cleaves intra- and intermolecular disulfide
bonds, destabilizing both monomers and dimers. Remarkably, different incubation times revealed that
destabilized dimers do not dissociate into stable monomers but instead accumulate directly into
oligomers and higher-order aggregates. In addition to larger aggregates, fragments with sizes around
1 S were detected with increasing TCEP incubation time. This fragmentation behavior was consistent
among FLCs originating from the immunoglobulin kappa variable 1-33 gene (IGKV1-33).
Sedimentation velocity-based characterization of FLCs can provide insights into the relationship
between their stability and aggregation capacity. An understanding of this relationship is crucial for
the development of therapeutic strategies to prevent renal complications associated with monoclonal

gammopathies such as multiple myeloma.

Keywords: Analytical ultracentrifugation, Patient-derived immunoglobulin free light chains, Multiple

myeloma, Monomer-dimer distribution, Aggregation
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3.4 Introduction

Immunoglobulins form the humoral component of the adaptive immune system and are secreted by
plasma cells in the bone marrow after their terminal differentiation from B lymphocytes. They consist
of paired heavy and light polypeptide chains that are covalently linked via disulfide bonds, resulting
in a Y-shaped structure (Fleischman et al. 1963; Edelman et al. 1968; Amzel and Poljak 1979). When
LCs are released into the serum unbound to their HC counterpart, they are referred to as FLCs.
Excessive production of monoclonal protein is a key pathological feature of a heterogeneous group of
diseases known as monoclonal gammopathies (Rios-Tamayo et al. 2023). As a result of malignant
transformation, clonal expansion of a single neoplastic plasma cell can lead to the continuous
overproduction of monoclonal FLCs. Under these pathological conditions, elevated FLC levels can be
detected in the serum, cerebrospinal and synovial fluid and urine, where they are also referred to as
BJP (Jones 1848; Kyle 2000). In AL amyloidosis, these elevated levels of circulating FLCs lead to the
formation and deposition of highly ordered amyloid fibrils, which progressively disrupt the function
of multiple organ systems (Kaplan et al. 2014; Merlini et al. 2018). In MM, the clinical focus often
centers on renal damage caused by the accumulation of insoluble FLC deposits in the renal tubules
(Sathick et al. 2019). These deposits also manifest as geometrically shaped crystalline casts or
amorphous and granular aggregates often lacking a defined high-order structure (Zanetti and Capra
1999; Bliznyukov et al. 2005; Sun et al. 2021; Sternke-Hoffmann et al. 2023). Each form is
distinguishable by its morphology and clinical relevance and the microenvironment has been shown
to play a critical role in determining whether and how those different types of aggregates form
(Bliznyukov et al. 2005).

Due to the structural diversity of FLCs and the variety of clinical manifestations, the underlying
aggregation mechanism remains largely unclear. It is assumed that the severity of this damage is often
linked to the structural properties of FLCs and their ability to interact with different tissue types (Del
Pozo-Yauner et al. 2022; Gudowska-Sawczuk and Mroczko 2023). Structurally, LCs are divided into the
isotypes x and A, each consisting of a Ci. and a Vi, domain, adopting a f-sandwich structure. A set of
different gene segments encodes the Cr. and Vi domains of both k- and A-LCs. The immunoglobulin
kappa variable 1-33 (IGKV1-33) gene segment is the most frequently expressed k-Vi domain gene in
AL amyloidosis and is associated with both higher dFLC levels (defined as the difference between
involved and uninvolved FLC concentrations) and an increased incidence of hepatic involvement
(Kourelis et al. 2017). Three of the nine FLC samples analysed in this study (P006, P016, and P017)
originated from IGKV1-33 (Sternke-Hoffmann et al. 2023). LCs encoded by this gene exhibit a greater
number of somatic mutations (Morgan et al. 2024), a feature that may underlie the distinct
fragmentation behavior reported here. Both isotypes contain around 214 amino acids each with a
molecular weight of approximately 25 kDa. They typically include five cysteine residues forming
disulfide bonds; two intramolecular bonds stabilizing the monomeric conformation, while a third C-
terminal cysteine is associated with covalent dimerization (Janeway 2001; Thio et al. 2008; Liu and
May 2012). While x-FLCs are mostly present as monomers, A-FLCs form dimers, with dimerization
generally occurring through both covalent and non-covalent interactions (Klein et al. 1977; Roussel et
al. 1999). Although dimers are typically kinetically stable and resistant to endoproteolysis, unstable

forms have been identified that unfold more rapidly, increasing their susceptibility to proteolytic
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digestion and resulting in fragmentation (Morgan and Kelly 2016; Morgan et al. 2019). In particular,
fragments of the N-terminal Vi domain have demonstrated a high aggregation potential and have
been identified as the primary component of amyloid fibrils (Glenner et al. 1970). The mechanisms
regulating the formation of disulfide-bonded dimers remain largely unknown, but it is believed that
they are catalyzed by oxidoreductases, whose activity depends on the redox potential of the cell
compartment (Migrino et al. 2010). This redox potential can be altered by pathological conditions that
include oxidative stress, thereby affecting the dithiol-disulfide state of FLCs. In various diseases, an
abnormal increase in FLC dimerization has been observed, suggesting its pathological relevance
(Kaplan et al. 2011). It is known that the disruption of disulfide bonds can trigger the aggregation of
FLCs (Andrich et al. 2017). A variety of reducing agents can be utilized for this purpose in vitro, and
studies have demonstrated that the choice of reducing agent significantly impacts both the kinetics of
aggregation and the morphology of the resulting aggregates (Dzupponova and Zoldak 2023).

This study investigates the impact of reducing conditions on the molecular species of FLCs during
the aggregation process, aiming to explore a potential correlation between their propensity to
aggregate and the extend of tissue damage. Therefore, nine pathological FLC samples purified from
the urine of patients with MM were characterized using AUC (Krayukhina and Uchiyama 2016). Size
and shape distributions of the FLC samples were determined under different conditions by SV
analysis. Measurements were repeated after different incubation periods in the presence of the
reducing agent tris(2-carboxyethyl)phosphine (TCEP) to investigate the role of intra- and
intermolecular disulfide bonds in stabilizing FLCs and mitigating their aggregation. As an absolute
technique based on fundamental physical principles, SV centrifugation provides a direct measurement
without the need for reference standards or calibration (Schuck et al. 2016). A defined sample volume
is subjected to high-speed centrifugation, which facilitates the separation of species based on their
hydrodynamic properties and the determination of their respective s-values. This method allows the
quantification of monomeric and dimeric FLC fractions, while also allowing the identification of
higher order oligomeric species over a range of experimental conditions. In this study, we distinguish
between physiologically occurring oligomeric forms - including both reversible (non-covalent) and
irreversible (covalent) interactions — and pathologically relevant aggregates. In this context,
‘aggregation’ refers to the formation of irreversible, misfolded assemblies that arise from structural
destabilization and are implicated in the pathogenicity of FLCs in MM and AL amyloidosis.

In search for prognostic markers capable of providing insights into the expected course of disease,
this study builds upon prior research conducted using the same set of patient samples (Sternke-
Hoffmann et al. 2020, 2023; Dupré et al. 2021). Understanding the molecular changes in sample
composition during aggregation and amyloid fibril formation may lead to valuable insights into the

nephrotoxicity of FLCs.
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3.5 Methods

3.5.1 Sample collection and purification

All samples analyzed in this work were obtained from a 24-hour urine collection of both inpatients
and outpatients at the University Hospital Diisseldorf. Prior to sample collection, all patients provided
written informed consent, and the study was approved by the ethics committee of the University
Hospital Diisseldorf (study number 5926R and registration ID 201706). Patient samples were prepared
as described previously (Sternke-Hoffmann et al. 2020). Briefly, FLCs were isolated from collected
urine of patients with multiple myeloma through ammonium sulphate precipitation. The precipitation
reaction involved the saturation of collected urine with 70% (w/v) ammonium sulphate following
incubation at 4°C for 2 h with stirring on the day of collection. The solution containing precipitated
protein fractions was then centrifuged at 6000 x g and 4°C for 25 min. To remove residual ammonium
sulphate and other impurities, precipitate resuspended in 30 mM Tris-HCI buffer at pH 7.4 was
dialysed against the same buffer for 72 h at 4°C with gentle stirring. To maintain the concentration
gradient, a buffer change was carried out every 24 h. The samples were fractionated using size-
exclusion chromatography (SEC) with an AKTA pure chromatography system from GE Healthcare
(Ilinois, USA) and a Superdex 75 10/300 GL Tricorn column with a separation range of 3 to 70 kDa.
Elution was performed using 30 mM Tris-HCl buffer at pH 7.4. Prior to SEC, samples were
concentrated using Sartorius Vivaspin 2 centrifugal concentrators with polyethersulfone membrane
and 10 kDa molecular weight cut-off (MWCO). Individual SEC fractions were measured in a V-650
spectrophotometer from Jasco (Pfungstadt, Germany). Based on the individual amino acid
compositions of the FLC samples (Dupré et al. 2021), the respective extinction coefficient was
calculated by the Edelhoch method (Edelhoch 1967) implemented in ProtParam (Expasy). Individual
SEC fractions were combined according to their concentration, snap-frozen with liquid nitrogen and
stored at —80°C until further use.

3.5.2 Quantification of species distribution with SV-AUC

SV experiments were performed in Proteomelab XL-A and Optima XL-A ultracentrifuges from
Beckman Coulter (California, USA) equipped with UV/Vis absorption optics. Standard double-sector
measuring cells with quartz glass windows and aluminum centerpieces with 12 mm optical path
length were used, along with an An-60Ti 4-hole rotor (Beckman Coulter). A reference volume of
400 pL and a sample volume of 390 uL were used for all measurements. Unless stated otherwise, all
AUC experiments were performed with sample concentrations of 35 pM in 30 mM Tris-HCI buffer at
pH 7.4. To promote disulfide bond reduction, the samples were incubated with 7 mM TCEP adjusted
to pH 7.4 for 1.25h, 5h or 15 h at 37°C with shaking at 600 rpm, prior to loading samples into the
AUC cells. Alternatively, 0.1 M and 1 M NaCl were added to the samples following 24 h incubation at
room temperature to evaluate how changes in ionic strength affect the species distribution of FLCs.
As different samples were measured together per run, the wavelength for sample detection was

individually set for optimal resolution (between 260 and 270 nm) based on wavelength scans taken at
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3000 rpm before each measurement. The SV experiments were carried out at a rotor speed of
60,000 rpm and a temperature of 20°C. After loading, samples were equilibrated in the rotor at 20°C for
approximately 60 minutes prior to the start of sedimentation. This equilibration period included
vacuum establishment, temperature stabilization, and low-speed wavelength scans at 3000 rpm,
ensuring thermal and hydrodynamic equilibrium before high-speed centrifugation. SV experiments
were carried out at the maximum rotor speed of 60,000 rpm, which was sufficient to achieve complete
sedimentation of monomeric, dimeric, higher-order oligomeric species, and aggregates within
approximately 5 hours. Theoretical estimates indicate that monomers sediment in about 4.5 hours and
dimers in approximately 3.5 hours under these conditions. Low molecular weight fragments were not

considered here, as their sedimentation is minimal over the course of the experiment.

3.5.3 Calculations and data analysis

For the analysis of sedimentation data, the partial-specific volume, as well as solvent density and
viscosity of all FLC samples were calculated individually using the software SEDNTERP version 2.0
Beta (Laue 1992). Details of all fit parameters used for analysis are provided in the Supplementary
information (Tab. 8.4). The sedimentation data analysis was carried out with the software SEDFIT
version 16.1c using the o(s) model (Schuck 2000; Schuck et al. 2002). A resolution of 0.1 S was applied
for curve fitting, and the root mean square deviation (RMSD) was less than 1% of the total signal for
all sedimentation data, except for sample P020 after 5 and 15 hours of incubation with TCEP. Both
time-invariant (TI) and radial-invariant (RI) noise parameters were fitted in SEDFIT. Trial fits with the
RI parameter disabled produced identical low-S and high-S regions, confirming that Rl-noise
modelling did not introduce artifacts. Significant aggregation and sedimentation of aggregates during
the acceleration of the rotor to the final speed of 60,000 rpm resulted in a notable loss of signal,
thereby affecting the signal-to-noise ratio. For these measurements, the achieved RMSD values were
approximately 2% of the total signal. Sample loss was calculated by comparing the absorption signal
from wavelength scans at the respective detection wavelength before measurement with the plateau
heights recorded in early sedimentation profiles for each sample. Despite the low ionic strength of the
buffer (30 mM Tris-HCl, pH 7.4), no significant primary-charge effect was observed in the
sedimentation behavior of the FLCs. The measured s-values for monomeric and dimeric FLCs closely
match values reported in the literature under different buffer conditions, as well as values obtained in
this study under higher ionic strength, supporting the robustness of our sedimentation analysis. For
further analysis and graphical representation fitted sedimentation data were exported to the software
GUSSI (Brautigam 2015) and DataGraph version 5.3p, copyright 2020 (North Carolina, USA). The (s)
distributions obtained show the number and s-values of the molecular species modelled as constitutes
of the analysed samples. The s-values obtained from c(s) analysis were corrected to standard
conditions (20°C in water) and are reported as sz values. Default subtraction of TT and RI noise was
applied in GUSSIL Integration limits including all detected peaks of the distribution were used to
determine the weight-average s-values of a sample. This approach does not require baseline resolved

signals of single species in the distribution and provides a mean value reflecting the overall
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oligomerization state of the FLC samples. Within these global integration limits, individual ranges for

fragments, monomers, dimers, and tetramers were selected for each sample, as far as possible.

3.5.4 Circular dichroism spectroscopy

The extent of secondary structure changes in FLCs upon TCEP treatment over various incubation
times was determined by circular dichroism (CD) spectroscopy. FLC samples, prepared at an initial
concentration of 35 puM in 10 mM sodium phosphate buffer at pH 7.4, were incubated with 7 mM
TCEP at 37°C. To minimize aggregation, samples were not agitated, which allowed a more controlled
analysis of structural changes. Aliquots were taken at 1.25 h, 5 h and 24 h and subsequently diluted to
a final FLC concentration of 9.23 uM for CD spectroscopy. Since the final concentration of each
sample was calculated and achieved through dilution, potential variations due to aggregation cannot
be ruled out. Therefore, ellipticity values were not normalized to molar ellipticity to account for any
inconsistencies that might arise from such aggregation effects. Far-UV CD spectra were measured
using a Jasco (Hachioji, Tokyo, Japan) J-810 spectropolarimeter at room temperature across the
wavelength range of 190 nm to 260 nm. Measurements were performed in quartz glass cuvettes with
1 mm optical path length, a scanning speed of 50 nm/min, 1 nm bandwidth, a digital integration time
of 2 seconds and a resolution of 0.5 nm. Each spectrum was baseline corrected and represents the

average of 15 accumulations.

3.5.5 Differential scanning fluorimetry

Differential scanning fluorimetry (DSF) can be used to assess the thermal stability of a sample across
various conditions, enabling the detection of shifts in melting temperature that indicate structural
unfolding. For analysis of the thermal stability of the FLCs a CFX Opus 96 Real-Time PCR System
(Bio-Rad, California, USA) was used. All assays were performed at a sample concentration of 35 pM in
a 30 mM Tris-HCI buffer at pH 7.4. To destabilize the disulfide bonds of FLCs, 7 mM TCEP was added
to each preparation. For stability assessment at high ionic strength, the experiments were repeated
with 0.1 M and 1 M NaCl. All measurements were performed in triplicate (n = 3), with a total reaction
volume of 25 pL per well. Real-time unfolding of FLCs was monitored using the SYPRO Orange
fluorescent dye (Sigma-Aldrich, S5692). A 10 mM stock solution was diluted 1:1,000 in the reaction
mixture, resulting in a final working concentration of 10 uM. Samples were pipetted into low-profile,
thin-walled Hard-Shell 96-well PCR plates (#HSP9601) and sealed with Microseal ‘B’ adhesive PCR
plate sealing film (#MSB-1001). Melting curves were measured from 10°C to 95°C, with a temperature

increment of 0.5°C per cycle every 15 seconds.
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3.6 Results

3.6.1 SV-analysis of the size distribution of FLC samples

Purified FLC samples were subjected to SV analysis to determine their oligomeric state, expressed as
s-value distribution. As described before, FLCs showed significant differences in size distributions
under neutral buffer conditions (Sternke-Hoffmann et al. 2023). Briefly, determined s-values could be
assigned predominantly to monomeric and dimeric FLC species in agreement with literature values,
ie., ~2.4 S for monomers and ~3.65 S for dimers (Klein et al. 1977). As also illustrated in Figure 3.1
(distributions without TCEP; black), FLC samples showed distinct species distributions, with A-FLC
P001 being particularly notable as the only sample with no detectable monomeric species, consisting
almost entirely of dimers. Other samples showed either a higher proportion of monomers or dimers
or, in the case of sample P005, an almost even distribution. In samples P007, P013, and to a lesser
extent P016, the signals for monomers and dimers could not be distinctly resolved, resulting in one
asymmetric peak with a left-skewed distribution and a variably pronounced shoulder. This suggests
that the s-values of monomers and dimers in these samples are sufficiently close to hinder clear
separation or that a dynamic, non-covalent equilibrium exists between species, preventing distinct
detection over the several-hour measurement. In all distributions, additional signals of varying
intensity were detected around ~0.1 S. These signals could potentially be artifacts resulting from the
calculation of ¢(s) distributions using maximum entropy regularization (Schuck 2016). Alternatively,
they may reflect the presence of non- or slowly sedimenting solvent components or proteolytic
fragments present in the samples. Additionally, samples P004 and P020 exhibit signals around ~5 S,
which may correspond to impurities such as human serum albumin (HSA) or potentially represent
trimeric or tetrameric FLC species, as described in the literature (Sakai et al. 2023). While this signal
was weakly pronounced in sample P004, it was most prominent in sample P020, where it accounted
for 8.8% of the total sample.

3.6.2 Changes in FLC size distribution after disulfide bond reduction

Building on previous SV experiments, 7 mM TCEP was added to the buffer (30 mM Tris-HCI, pH 7.4)
to disrupt the disulfide bonds of FLCs. Given that this process reduces both intra- and intermolecular
disulfide bonds, it is to be expected that both the tertiary and quaternary structures will be impaired.
As demonstrated, these conditions are sufficient to destabilize the FLC structure to a degree that
initiates self-assembly (Dzupponova and Zoldak 2023). Since TCEP is acidic when dissolved in water,
stock solutions were adjusted to pH 7.4 to maintain neutral pH conditions in samples after TCEP
addition. The samples were incubated for 1.25 h, 5 h, and 15 h under reducing conditions at 37°C with
shaking at 600 rpm. The size-distribution analysis captures changes induced by the onset of
aggregation, regardless of the specific type of aggregation involved. Figure 3.1 presents selected (s)
distributions, chosen based on their distinct species composition or individual response to the
reducing conditions. The remaining distributions are included in the Supplementary information

(Fig. 8.1), along with the corresponding raw data (Fig. 8.2A+B).
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Figure 3.1: Influence of disulfide bond reduction on the monomer-dimer distribution of FLCs. The c(s)
distributions of purified patient samples (A) P017, (B) P001, (C) P005, (D) P020 and (E) P013 are shown. Samples were
prepared at a concentration of 35 uM in 30 mM Tris-HCI, pH 7.4 (black). To induce disulfide bond reduction, 7 mM pH-
adjusted TCEP was added, followed by incubation at 37°C with shaking at 600 rpm for periods of 1.25 h (blue), 5 h (green),
and 15 h (red). After incubation, 390 pL of each sample was transferred to the sample sector of standard aluminum double-

sector cells, and sedimentation analysis was performed at 60,000 rpm and 20°C.

By comparing the ¢(s) distributions across different incubation times, the changes in molecular
species in FLCs can be tracked throughout the aggregation process. After 1.25 h of incubation, the
dimeric species in samples P017 (Fig. 3.1A) and P005 (Fig.3.1C) almost completely dissociate. In
samples with a higher initial dimer content, such as P001 (Fig. 3.1B), P020 (Fig. 3.1D) and P013
(Fig. 3.1E), a continuous decrease in dimer levels is observed with increasing incubation time. In
sample P020, dimers exhibit substantial dissociation after 15 hours of incubation. Similarly, sample
P013 shows a shift in the s-values towards monomeric species with increasing incubation time,
indicating that dimeric components progressively dissociate over time. Notably, only sample P001
retains a significant proportion of dimers after 15 hours of incubation. This observation suggests that

the remaining dimeric species in sample P001 are likely not covalently linked but instead stabilized by
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non-covalent interactions, which remain unaffected by the reduction of disulfide bonds. Over time,
the proportion of monomeric species also decreases, accompanied by a decline in s-value by an
average of 0.2 S. This change could indicate structural changes, possibly due to the unfolding of
monomers after the reduction of intramolecular disulfide bonds, which could explain the observed
variations in sedimentation behavior. Unexpectedly, no increase in monomeric species was observed
following the dissociation of dimers, particularly noticeable in sample P001. The exception was
sample P005, where the proportion of monomers increased from ~39% to 59% after an incubation time
of 1.25 h. These findings suggest that most monomers dissociating from reduced dimers exhibit
distinct stability characteristics compared to free monomers, directing them immediately into the
aggregation pathway. In addition to the redistribution of monomeric and dimeric species, an increase
in signal at approximately 0.1 S is observed with prolonged incubation times. To confirm that the low-
S signals represent genuine sample components rather than artifacts of maximum-entropy
regularization, sedimentation data was re-analyzed with several minimum s-value limits (smin) both
with and without Bayesian modification to suppress baseline correlation. As shown in Supplementary
information (Fig. 8.3), half-peaks appear only when smin exceeds 0 S, whereas setting smin to 0 S and
applying Bayesian modification recovers the complete peak at ~0.1S, indicating that these low
molecular weight species are intrinsic to the samples and not mathematical artifacts (Schuck 2016).
Since all measurements were performed under identical buffer conditions, the observed increase in
signal cannot be attributed to solvent components. Instead, it may be associated with the degradation
of monomeric FLCs, as indicated by their decreasing s-values, resulting in the formation of low
molecular weight fragments. Additionally, the formation of a new species with an s-value of
approximately 1S was observed in samples P017 (Fig. 3.1A), P006 and P016 (Fig. 8.1B+D), and to a
lesser extend in sample P005 (Fig. 3.1C), with increasing TCEP incubation time. In contrast to the
previously identified low molecular weight fragments, this signal may indicate an alternative

degradation mechanism occurring at a specific site within the protein sequence of FLCs.
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Figure 3.2: Shifts in monomeric and dimeric weight-average s-values and in time-dependent size distributions
during TCEP incubation. (A) llustration of the changes in weight-average s-values for all patient samples, derived from
the analysis of sedimentation data. To track changes in monomeric and dimeric species over the incubation period, the
sedimentation range from 1.6 to 4.7 S was integrated to calculate the weight-average s-values for both species combined.
Dashed lines indicate s-values for individually identified monomers and dimers, with 'M' and 'D' above representing their
average s-value range across samples. (B) Percentage of all species over the entire s-value range. A distinction was made
between fragments (0 to 1.6 S), monomers and dimers (1.6 to 4.7 S) as well as oligomers and aggregates (4.7 S to end of
distributions). In addition to the proportions of aggregates determined by integration, the previously calculated loss of

sample during sedimentation was also incorporated into analysis.

The redistribution of molecular species in all samples triggered by the reduction of disulfide bonds
is shown in Figure 3.2B. By integrating respective single peaks of the c(s) distribution, the mass
fractions of the corresponding molecular species present can be determined. For this, identical
integration ranges were applied to all samples: 0 S to 1.6 S for fragments, 1.6 S to 4.7 S for monomers
and dimers, and 4.7 S till the end of distribution range for oligomers and aggregates. The time-
dependent shifts in the weight-average s-values of monomers and dimers during TCEP incubation are
summarized in Figure 3.2A. To provide a unified representation of the changes in sample
compositions, monomeric and dimeric species were evaluated with common integration boundaries
between 1.6 and 4.7 S. Additionally, Figure 3.3 visualizes the time-dependent increase in TCEP-

induced aggregation of the FLCs over the course of experiments, based on the calculated fractions.
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Figure 3.3: Time-dependent progression of TCEP-induced aggregation. Signal percentage of oligomers and larger
aggregates (4.7 S — 60 S) out of the total signal, calculated from the (s) distributions for each patient sample. The progression
of TCEP-induced aggregation is shown as a function of incubation time. Data points represent aggregate content of the
samples without TCEP (black), and after 1.25h (blue), 5h (green) and 15h (red) of incubation. An exponential growth

function (Y = A(1-e"*x) was applied to illustrate differences in aggregation trends among samples over incubation time.

Incubation with TCEP revealed that patient samples P006, P016 and P017 exhibited a pronounced
fragmentation pattern that intensified with increased incubation time. Notably, all three patient
samples originate from the IGKV1-33 germline sequence, as previously identified (Sternke-Hoffmann
et al. 2023). Figure 3.4 shows all three IGKV1-33 FLCs in comparison, both without TCEP and after
15 hours of TCEP incubation. Along with the non-specific low molecular weight fragments observed
across all patient samples, a defined fragment appeared at approximately 1 S. Prior to TCEP treatment,
the monomer peak of sample P006 shows a left shoulder between 1 and 2 S, suggesting a potential
fragmentation state after purification. However, this fragment does not remain consistent throughout
the incubation series, likely undergoing further degradation until stabilizing as a fragment around 1 S,
similar to those observed in samples P016 and P017. Fragmentation of FLCs may have been induced
by a range of factors. Current knowledge suggests that kinetically unstable and partially unfolded
dimers exhibit a higher susceptibility to proteolytic digestion, leading to the cleavage of FLC domains
into individual fragments that may possess amyloidogenic properties (Glenner et al. 1970; Morgan and
Kelly 2016). As detected by mass spectrometry (MS) analysis of the nine samples, various cathepsins
were co-purified during FLC extraction from patients urine (Dupré et al. 2021; Sternke-Hoffmann et
al. 2023). However, without the addition of TCEP, the FLC samples appeared to be stable over time,
consistent with previous studies using the same set of FLCs (Sternke-Hoffmann et al. 2020, 2023).
Given that the fragments at ~1 S are undetectable under non-reducing conditions, it can be assumed
that the corresponding cleavage sites are exposed by the addition of TCEP. Furthermore, TCEP-
induced fragmentation has been observed in other proteins, where TCEP facilitated non-specific

cleavage near cysteine residues over longer incubation times (Liu et al. 2010). Whether this
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fragmentation behavior is caused by TCEP or arises from proteolytic activity, and whether it

represents a characteristic feature across all IGKV1-33-derived LCs requires further investigation.

& IGKV1-33 No TCEP by IGKV1-33 15 h TCEP

e+ POOB
— PO16

Normalized ¢(s)

Figure 3.4: Fragmentation of IGKV1-33-derived FLCs after incubation with TCEP. Fragmentation patterns of FLCs
derived from the IGKV1-33 germline sequence. The c(s) distributions of samples P006 (dotted line), P016 (solid line) and P017
(dashed line) are shown before TCEP addition (black) and after 15 h incubation with TCEP (red). To provide a more detailed

comparison, only the range between 1 S and 5 S is displayed.

3.6.3 TCEP-induced changes in secondary structure of FLCs

To investigate possible changes within the secondary structure of FLCs caused by disulfide bond
reduction through TCEP treatment, FLC samples were analyzed by CD spectroscopy. Figure 3.5
presents CD spectra for the nine FLC samples, both untreated and following incubation with TCEP at
intervals of 1.25 h (blue), 5 h (green) and 24 h (red). In general, all FLC samples exhibit distinct B-sheet
secondary structure motifs characteristic of LCs and other immunoglobulin domains (Brahms et al.
1977; Bork et al. 1994; Poshusta et al. 2013; Andrich et al. 2017). To monitor TCEP-induced changes
across incubation periods, the zero-crossing of ellipticity in the range of ~200 — 210 nm was selected
as a reference point. This point lies between the characteristic positive (~195 nm) and negative
(~218 nm) bands typically observed in B-sheet-rich proteins such as FLCs (Greenfield 2006), and
consistently appeared across all samples and time points. While not a structure-specific feature, the
zero-crossing reflects the spectral balance of overlapping secondary structure contributions.
Importantly, it remained robust despite minor differences in protein concentration or aggregation,
making it a reliable and structurally meaningful marker for comparative analysis. Each sample
exhibited varying levels of structural deviation from their initial structure after TCEP-induced
disulfide bond reduction. Samples P001, P004 and P006 demonstrated minimal shifts at the zero-
crossing point after 1.25h incubation time, indicating an isosbestic point and limited structural
disruption. In contrast, samples P005, P007, P017 and P020 displayed deviations from their initial
structure, with zero-crossing shifts reaching up to 5 nm within the first 1.25 h of incubation, most
notably in samples P005 and P020. These two samples also exhibited the highest aggregation levels
after 15 h of incubation (Fig. 3.2B), suggesting a correlation between early structural loss and an
increased aggregation propensity. Aside from sample P017 after 15h incubation, post-incubation
spectra across samples were generally similar in shape, with changes primarily attributable to

aggregate formation and corresponding variations in effective sample concentration. Quantitative
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deconvolution was not attempted because reliable interpretation requires a high tension (HT) voltage
below 700 V for wavelengths under 200 nm (Fig. 8.4), as well as a homogeneous, non-scattering
sample. These criteria were not met by several spectra in this heterogeneous sample set. The zero

crossings determined for all spectra are summarized in the Supplementary information (Tab. 8.5).
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Figure 3.5: Secondary structure shifts after TCEP-induced reduction of disulfide bonds. Shown are the CD spectra
of all nine FLCs before TCEP treatment (black), as well as after 1.25 h (blue), 5 h (green) and 24 h (red) incubation time. A
sample concentration of 35 pM was incubated in 10 mM sodium phosphate buffer, pH 7.4 at 37°C. Aliquots were taken after
specified time points and diluted to a final concentration of 9.23 uM for CD measurements. Corresponding HT voltage

records are provided in the Supplementary information (Fig. 8.4).

3.6.4 Modulating effects of the molecular species distribution of FLCs

Distinct salt concentrations across renal compartments are crucial for maintaining normal kidney
function by enabling water and electrolyte homeostasis through active and passive transport
mechanisms (Gallardo and Vio 2022). Ionic strength is known to significantly influence protein
stability by modulating secondary and tertiary structures through both hydrophobic interactions (Von
Hippel and Wong 1965; Damodaran and Kinsella 1981) and electrostatic forces, including charge
repulsion and ion pairing, which are key determinants of folding energetics (Dill 1990). As a result,

the dynamic osmotic gradient in the kidney may play a key role in the formation of nephrotoxic FLC
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aggregates. Previous studies have shown that varying salt concentrations can either promote or
inhibit aggregate formation, depending on the specific FLC involved (Baden et al. 2009). To evaluate
the relationship between ionic strength and FLC stability, patient samples were incubated with 0.1 M
and 1M sodium chloride (NaCl), and SV experiments were repeated under these conditions.
Figure 3.6A displays the c(s) distributions of samples P006, P007, P017 and P020, illustrating the effects
of ionic strength on FLC species distribution. Individual ¢(s) distributions with additional labeling are
provided in the Supplementary information (Fig. 8.5), along with a summary plot illustrating changes
in weight-average s-values as a function of ionic strength (Fig. 8.6). For samples P006, P017 and P020,
an increase in ionic strength correlates with a higher degree of oligomerization. While this
observation applies only to the proportion of dimers in sample P017, the addition of NaCl also results
in an increase in tetrameric species around 5S in samples P006 and P020, with the effect being
particularly pronounced in P020. Based on the observed signal increase, it can be assumed that the
signal at ~5 S in sample P020 is unlikely linked to an HSA impurity, as previously hypothesized, but is
more likely attributable to tetrameric FLC species. The most significant increase is observed at 0.1 M
NaCl, whereas this signal decreases partly at 1 M NaCl. The addition of NaCl also results in sharper
peaks, which is at least partly due to the reduced diffusion in the increasingly viscous salt solutions.
For sample P007, the addition of NaCl facilitates the separation of the main signal, suggesting that a
dynamic equilibrium between monomeric and dimeric species becomes kinetically stabilized. The
increased ionic strength likely slows the interconversion between these states on the timescale of the
experiment, allowing for clearer resolution of distinct species in the o(s) distribution. Nevertheless, the

s-values for monomers and dimers remain relatively close to each other, preventing complete signal

separation.
A P006 P007 P017 P020
15 2.0 15
oMNacl| 1.5 0M NaCl 0 M NaGl 0M NaCl
0.1 M NaCl 0.1 M NaCl 0.1 M NaCl 0.1 M NaCl
@ 1M NaCl 1MNacl | 157 1M NaCl 1 1M NaCl
2 1.0 1.0 1.0
5 X
= 101
< 0.5 0.5 0.5
0.54 /
\ NS
0 S e 0 T T 0 T T T T 0 T JI L L |
0123 4567 0123 456 7 0123 4567 0123 456 7
S20,w[S] Sz0,w [S] S20,w [S] S20,w [S]
B P07 5 P013 P016
35 uM ) 35 uM
% 1.0 12.5 uM 12.5 uM
2 1.0
o
X
E 0.5+ 2918 3.04S
£ / 2.78S 0.5+ / 2948
A L
0 T T T T T T 0 T T T T T T
0123 456 7 0123 456 7 0123 456 7
S20,w [S] S20,w [S] S20,w [S]

Figure 3.6: Modulation of the molecular species distribution of FLCs. (A) Effect of varying salt concentrations on the
molecular species present in patient samples. The o(s) distributions of samples P006, P007, P017 and P020 are shown. A
30 mM Tris-HCI buffer at pH 7.4 was prepared without NaCl (0 M, black) and with the addition of 0.1 M (orange) or 1 M
NaCl (red). To reach equilibrium, the samples were incubated for 24 h at 25°C prior to measurement. (B) Concentration-
dependent dynamic equilibrium between monomers and dimers. The (s) distributions of samples P007, P013 and P016 at a
concentration of 12.5 uM (purple) are compared with those obtained at 35 uM (black). Corresponding raw data of the c(s)
distributions are included in the Supplementary information (Fig. 8.7 & 8.8).
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Depending on the type of FLC dimerization, a similar effect can be achieved by decreasing the
sample concentration (Fig. 3.6B). At a concentration of 35 pM, samples P007, P013 and P016 showed
no distinct separation between monomeric and dimeric signals (Fig. 3.1E, Fig. 8.1C, D). However,
measurements repeated at FLC concentrations of 12.5 pM demonstrated varying degrees of dynamic
equilibrium between monomers and dimers, further supporting the presence of non-covalent
dimerization. While for samples P007 and P013 the peak shoulder of the monomer became more
defined, sample P016 showed an almost complete shift to monomeric s-values. This is also reflected in
the respective s-value, which decreased by ~0.1 S for samples P007 and P013 and by ~0.6 S for sample
P016 at a concentration of 12.5 uM. Notably, after dilution, sample P016 displays a single dominant
peak at 2.40S, which corresponds to the s-value range of FLC monomers. This supports the
hypothesis that samples P007, P013 and P016 exhibit, at least partially, a dynamic monomer-dimer
equilibrium indicative of non-covalent dimerization. The results suggest that at a concentration of
35 uM, signals within the distribution of samples P007, P013 and P016 likely do not correspond to
distinct FLC species. Instead, these signals reflect a reaction boundary formed by the rapidly reversible
interaction between monomers and dimers during sedimentation, resulting in an averaged mixed state
of FLC monomers and dimers (Schuck 2010). Nonetheless, the reduction of intramolecular disulfide
bonds during the TCEP experiment appears to contribute to the dissociation of non-covalently bound
dimers, as indicated by the observed continuous decline in dimer content with increasing incubation

time as shown in Figure 3.1E and Figure 8.1C, D.

3.6.5 Thermal stability of FLCs under reducing conditions

In order to evaluate the stability of FLCs under reducing conditions, thermal shift assays were
conducted utilizing DSF (Fig. 3.7). This technique allows the detection of changes in stability by
monitoring shifts in the melting temperature (Tm) of proteins. The melting temperatures of the FLC
samples were initially determined under neutral buffer conditions with 30 mM Tris-HCI, pH 7.4. The
measurement was then repeated with the addition of 7 mM pH-adjusted TCEP to destabilize intra-
and intermolecular disulfide bonds. The influence of TCEP-induced aggregation was considered
negligible in the DSF measurements, as the samples were not pre-incubated, and the thermal scans
began immediately after TCEP addition. This minimized the time available for aggregation to occur
before reaching the unfolding transition. This assumption is supported by our SV-AUC and CD results
(Fig. 3.3 and 3.5), which show that significant aggregation requires extended incubation under

reducing conditions.
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Figure 3.7: Influence of intra- and intermolecular disulfide bonds on melting temperatures of FLCs. The negative
derivative fluorescence-temperature plots (-dF/dT) for all nine patient samples are shown. Samples were prepared at a
concentration of 35 uM in 30 mM Tris-HCI, pH 7.4 (blue), with corresponding buffer control (black). To induce disulfide bond
destabilization, 7 mM pH-adjusted TCEP (red) was added. Thermal denaturation was monitored using 10 pM SYPRO Orange
in a total volume of 25 pL per well, measured in triplicate (n = 3). All replicates are shown individually, and consistent curve

shapes and Tm values were observed across replicates.

The results indicate that observed differences in melting temperature induced by the reduction of
disulfide bonds correlate with the propensity of FLCs to form dimers and higher oligomers. As
expected for a x-FLC, sample P006 shows the lowest degree of oligomerization, with 78.3% monomer
and 9.7% dimer. After the addition of TCEP, no change was observed in the previously determined
melting temperature of 51°C. In contrast, sample P004, consisting of 6.3% monomers and 84.7% dimers,
showed a melting temperature shift of 4.5°C. Similarly, sample P020, consisting of 7.5% monomers,
72.9% dimers, and 8.8% tetramers, exhibited a 5.5°C difference between its two determined melting
temperatures. Notably, both samples show an unusual high degree of dimerization for x-type FLCs,
which may already indicate a pathological deviation (Kaplan et al. 2011). As typical for A-FLCs,
sample P001 predominantly exists as a dimer (94.2%) and show no detectable monomeric signal. A
temperature difference of 9.5°C was observed for P001, representing the largest deviation among the
patient samples before and after disulfide bond reduction. This could be explained by the fact that,
while k-FLC dimerization often involves non-covalent interactions, A-FLCs favors dimerization over
covalent disulfide bonds (Solling 1976). Although baseline separation of monomers and dimers was
not achieved for samples P007, P013, and P016, their o(s) distributions nevertheless reveal dimeric
species, as illustrated by their weight-average s-values (Fig. 3.2A). These findings suggest a dynamic

monomer-dimer equilibrium driven by non-covalent interactions. Thermal shift data (Fig. 3.7) further
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support this interpretation: despite measurable dimer fractions, only minimal AT, values were
observed in samples P006 (0°C), P017 (0.5°C), P013 (1°C), as well as P005 and P016 (1.5°C). Such minor
shifts may indicate that these dimers are stabilized primarily by non-covalent interactions rather than
by covalent bonds. Notably, sample P016 retains a relatively high melting temperature of 57.5°C after
TCEP treatment, implying that some structural stabilization mechanisms remain active despite the
reducing conditions. Since non-covalent dimerization would likely persist in the presence of TCEP, it
is conceivable that this form of dimerization contributes to the thermal stability observed in P016.
Alternatively, sequence-specific features or mutations unique to P016 may account for its above-
average thermostability, even in the reduced state. In some measurements, particularly in sample
P001, a distinct pre-transition fluorescence signal was observed. As no precipitation or signal loss was
detected by SV-AUC, this signal was attributed to interactions with the fluorescent dye with native
LCs, partially unfolded species, or other components such as LC fragments. Notably, this pattern was

not consistent across all FLC samples and replicates confirmed a high degree of reproducibility.
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Figure 3.8: Correlation between oligomerization and the TCEP-induced melting-temperature shift (ATm). (A)
Oligomerization as a function of ATm, obtained by integrating each (s) distribution from 2.93 S to 60.976 S, representing all
species larger than monomer and low molecular weight fragments. The calculation is independent of that in Figure 3.2,
although both analyses draw on the same dataset. Due to monomer and dimer peak overlap in samples P007, P013 and P016,
the same limits were applied for consistency. These data points (grey) were excluded from the fit analysis. (B) Relationship
between ATm and weight-average s-values calculated by integration of the full ¢(s) distribution range from 0 S to 60.976 S,
including all detected species, such as fragments, monomers, and oligomers. DSF measurements were conducted without
pre-incubation following TCEP addition, to isolate the effect of inter- and intramolecular disulfide bond reduction on
thermal stability. Because DSF scans began immediately after TCEP addition and lasted only ~1 h, additional aggregation or
fragmentation during the measurement is negligible. Fragment peaks in the ¢(s) distribution profiles therefore reflect the
samples’ initial heterogeneity, not TCEP-induced degradation. Consequently, the full «(s) range was used for calculation of

weight-average s-values to capture the complete molecular composition and its relation to thermal stability.

Figure 3.8A presents the relationship between melting temperature shifts and oligomerization,
demonstrating the correlation between both variables. As oligomerization increases across FLC
samples, shifts in melting temperature before and after TCEP treatment become more pronounced,
reaching a maximum shift of approximately 10°C for sample P001, which consists entirely of dimers.
In Figure 3.8B, shifts in melting temperature are presented as a function of the weight-average s-
values of FLCs. This value, averaged over the total distribution, provides an additional measure of the

oligomerization states, allowing an inclusion of samples P007, P013 and P016. It remains uncertain
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whether oligomerization beyond dimers would confer greater thermostability, with melting
temperature shifts exceeding the highest detected shift of 10°C. The findings demonstrate that
oligomerization significantly enhances the thermostability of FLCs. Samples with a high monomer
content display only minor shifts in melting temperature after TCEP treatment, further suggesting
that the stabilizing effects of the intramolecular disulfide bonds are minimal. Instead, stability appears
to be predominantly driven by covalent dimerization or oligomerization rather than solely through
disulfide bonds.

Table 3.1: Melting temperatures of FLCs at different buffer conditions.

+ 0.1 M NaCl + 1M NaCl
Sample Tm T TCEP ATm Tm Tin TCEP ATm Tm T TCEP ATm
ID (0 (C) (0 (C) (C) (C) (0 (C) (C)
P001 64.0 54.5 9.5 61.0 53.0 8 61.0 51.5 9.5
P004 56.5 52.0 4.5 55.5 50.5 5 51.0 47.5 3.5
P005 51.0 49.5 1.5 49.5 48.0 1.5 47.5 46.5 1
P006 51.0 51.0 0 51.0 50.5 0.5 51.0 51.0 0
P007 54.0 51.5 2.5 53.0 50.5 2.5 51.5 50.0 1.5
P013 52.0 51.0 1.0 50.0 49.0 1.0 48.0 48.0 0
P016 59.0 57.5 1.5 59.0 57.0 2 60.0 59.0 1
P017 50.0 49.5 0.5 50.0 49.5 0.5 51.0 50.0 1
P020 53.5 48.0 5.5 51.5 46.5 5 51.0 45.5 5.5

A= T~ T TCEP

The SV experiments indicate that sample P001 is unique among the samples in retaining dimeric
structures after 15 hours of incubation. This dimerization may result from non-covalent interactions,
which could also influence the thermostability of the sample as assumed for samples P007, P013 and
P016. Given that the lowest melting temperature measured after TCEP addition was 48°C (in sample
P020), it remains possible that the melting point of sample P001 could similarly decrease if complete
loss of dimeric structure occurs. Consequently, the persistence of dimerization, even in reducing
conditions, could play a critical role in maintaining the higher thermal stability observed in sample
P001. Obtained melting temperatures and their respective shifts after disulfide bond reduction are
summarized in Table 3.1. Corresponding thermal denaturation profiles for all patient samples are
provided in the Supplementary information (Fig.8.9). In addition to measuring the melting
temperatures under standard conditions, the impact of ionic strength on the thermal stability of FLCs
was evaluated by adding 0.1 M and 1 M NaCl. DSF measurements were repeated under otherwise
identical conditions. Thermal denaturation profiles and corresponding negative derivative
fluorescence-temperature plots for all measurements are provided in the Supplementary information
(Fig. 8.10 and 8.11). All melting temperatures, including those from the NaCl conditions, are compiled
in Table 3.1. For most FLC samples, the addition of NaCl resulted in a concentration-dependent
decrease in Tm, both before and after TCEP treatment, suggesting that higher ionic strength may
generally destabilizes these structures. However, this effect was not uniform across all samples. FLCs

with more monomeric distributions, such as P006 and P017, showed minimal changes in Ty, while
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more oligomeric samples, including P001, P004, and P020, exhibited more pronounced Tn reductions.
This suggests that oligomeric FLCs may be more sensitive to changes in electrostatic interactions.
Notably, samples derived from the IGKV1-33 germline again showed consistent behavior across

different conditions.

3.7 Discussion

The biophysical characterization of FLCs purified from the urine of multiple myeloma patients aims to
provide deeper insight into the relationship between their structural stability and aggregation
propensity. Despite ongoing research, their behavior remains largely unpredictable, with tissue
damage often detected only at advanced disease stages. It is estimated that between 25% to 75% of
patients with multiple myeloma will develop kidney failure over the course of the disease (Yadav et al.
2015; Kundu et al. 2022). Moreover, approximately 25% of patients already show advanced kidney
injury at the time of initial diagnosis (Bladé et al. 1998). To date, no confirmed correlation exists
between the severity of tissue damage and the molecular properties of FLCs. However, pathogenesis is
assumed to be influenced by protein-dependent factors intrinsic to monoclonal FLCs that predispose
them to misfolding and aggregation (Basnayake et al. 2011). These factors may be determined by the
individual amino acid sequence or may arise later through post-translational modifications (PTMs)
and mutations that compromise structural integrity. Once initiated, the microenvironment — including
the biochemical and physiological characteristics of the tissue, as well as the presence of specific
interaction partners — may further promote aggregation (Bliznyukov et al. 2005). This complexity
must be carefully considered when analysing FLCs.

To examine the effects of disulfide bond reduction on FLC species distribution and aggregation
dynamics, nine purified FLC samples were incubated under reducing conditions for different periods
of time. TCEP, which selectively and irreversibly reduces both inter- and intramolecular disulfide
bonds within minutes (Burns et al. 1991), was used to induce destabilization. The reduction of
disulfide bonds with TCEP is an established, but deliberately harsh, in vitro stress protocol for probing
protein stability and triggering aggregation (Li et al. 2018; Sequeira et al. 2019; Melnikova et al. 2019;
Dzupponova and Zoldak 2023). Because this condition does not reproduce the complexity of
physiological environments, the size, morphology, and surface chemistry of the resulting aggregates
may differ from those that form naturally. Accordingly, the present data define one mechanistic limit
- rapid aggregation after loss of disulfide bond stabilization — rather than a direct replica of in vivo
aggregation pathway. The progression of changes in FLC species distribution following disulfide bond
destabilization was monitored in a series of SV experiments. This approach enabled an analysis of
structural stability and aggregation behavior as a function of incubation time in the presence of TCEP.
Although the aggregates observed in this study were generated experimentally using reducing
conditions, our use of the term ‘aggregation’ is not restricted to this specific pathway. Rather, it refers
more generally to irreversible, misfolding-driven assemblies of potential pathological relevance. TCEP
addition resulted in a time-dependent redistribution of molecular species in all samples, with disulfide
bond reduction acting as a trigger for the observed aggregation process. Significant differences were

observed among the samples in both the proportions of aggregates formed and the rates at which
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these species developed. In conclusion, after 15 hours of incubation sample P001 exhibited the lowest
aggregate proportion (~7%), while sample P020 demonstrated the highest level of aggregation (~73%).
The remaining samples showed an average aggregate content of approximately 55% after the same
incubation period. These findings indicate that the A-FLC P001 demonstrates the highest stability,
whereas P020 is the most susceptible to aggregation among «-FLCs. However, this apparent
relationship between aggregation stability and propensity does not correlate with patient clinical data
(Tab. 8.1), nor with the documented degree of renal damage at the time of sample collection (Sternke-
Hoffmann et al. 2020). The KDIGO (Kidney Disease: Improving Global Outcomes) nomenclature of
chronic kidney disease (CKD) categorizes patients into five stages based on their glomerular filtration
rate (GFR), ranging from normal kidney function (stage G1) to renal failure (Levey et al. 2020). Patient
characteristics reveal that P020 shows only a mild decline in kidney function (G2), while patient P001
has progressed to moderate impairment (G3A). Similarly, patients P006 and P017 display distinct
levels of kidney function despite comparable aggregation levels after 15 hours of TCEP incubation.
While patient P017 presents normal kidney function (G1), patient P006 show an advanced renal
impairment (G4). Therefore, it must be assumed that the specific type of aggregate, rather than the
overall quantity, may play an important role in tissue damage. Since protein concentration is a well-
established factor in driving self-assembly, it is likely that distinct FLCs exhibit unique concentration
thresholds where they achieve peak aggregation levels. Additionally, factors beyond the structural
destabilization of FLCs — such as the microenvironment — likely contribute to the formation of
nephrotoxic aggregates as the disease progresses (Bliznyukov et al. 2005).

The SV experiments demonstrated different levels of resistance to reducing conditions among the
dimeric FLC species. In most samples, a substantial loss of dimer was observed within 1.25 hours of
TCEP incubation. However, samples P001, P004 and P020 showed greater resistance, with a
pronounced dimer signal still present after 1.25 hours of incubation. Notably, sample P001 maintained
a dimer signal of approximately 64% of total sample even after 15 hours of incubation. This suggests
that TCEP-resistant dimers may exhibit sequence-specific features that contribute to a buried disulfide
bond within the three-dimensional structure, limiting solvent accessibility and thereby preventing
dissociation. Another possibility is that non-covalent interactions could stabilize the dimeric structure
following disulfide bond reduction. However, this would be unexpected for sample P001, as covalent
disulfide bonds are typically the primary stabilizing interactions facilitating dimer formation in A-
FLCs (Kaplan et al. 2011). No direct correlation was identified between the degree of dimerization and
aggregation tendency. However, findings indicated that monomers dissociating from dimers lack
stability in isolation and immediately transition into the aggregation pathway. It has been
demonstrated that dimers formed under specific stress conditions exhibit structural differences from
their native counterparts (Knight et al. 2022). Monomeric units within stress-induced dimers showed
an increasingly non-native structural profile compared to native dimers. Consequently, it can be
assumed that monomers resulting from forced dimer dissociation may also structurally differ from
native monomers, potentially explaining the observed variation in stability. Given that the FLC
samples analyzed are pathological, it should be considered that some dimers may inherently be stress-
induced, having formed due to disease-associated alterations within the patients.

Previous studies on Vi, and Cr. domain fragments of FLCs have demonstrated that the reduction of
disulfide bonds does not affect the secondary structure or folding state of the domains (Goto and
Hamaguchi 1979; Frisch et al. 1996). However, after extended incubation with TCEP, a decrease of
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approximately 0.2 S in the s-value of the monomeric signal was detected in the c(s) distribution,
suggesting an altered sedimentation behavior. This shift could reflect partial unfolding of the
monomer upon the reduction with TCEP, as both the Vi and Ci domains of FLCs contain
intramolecular disulfide bonds. Supporting this interpretation, CD spectra obtained before and after
TCEP treatment revealed secondary structure changes, further implying structural differences. A
possible connection between TCEP-induced secondary structure changes and FLC aggregation was
observed by comparing sedimentation and CD spectroscopy data. The results indicate that an early
loss of secondary structure following TCEP reduction may be associated with an increased
aggregation tendency of FLCs. Prolonged TCEP incubation also resulted in the formation of low
molecular weight fragments, with an increase in the corresponding signal at approximately 0.1 S
observed following the addition of reducing agent. This increase tends to correlate with the duration
of incubation. Therefore, it must be considered that the observed decrease in monomeric s-value may
also be associated with a loss in molecular mass.

Although disulfide bonds have been shown to have only a minor influence on the overall structure
of FLCs, they remain essential for their stability (Goto and Hamaguchi 1979). Studies using a Vi,
domain fragment have demonstrated that the intramolecular disulfide bond contributes to folding
stability by lowering the entropy of the unfolded state (Frisch et al. 1996). It is assumed that this
decrease in entropy limits the conformational freedom of the unfolded state, thereby favouring the
native folding of the domain. Consequently, while the disulfide bond is not strictly required for
correct folding, it enhances stability and facilitates faster achievement of the native folding state
(Frisch et al. 1996). The effect of disulfide bonds on the stability of the nine FLCs examined in this
study was assessed through DSF. Measured melting temperatures of FLCs without TCEP addition
aligned with previously determined values obtained using differential scanning calorimetry (DSC) and
nanoDSF (Sternke-Hoffmann et al. 2023). Sample P006, which exhibited the lowest dimer proportion
at approximately 10%, showed no change in melting temperature following disulfide bond reduction.
In contrast, sample P001, consisting entirely of dimers, displayed a substantial decrease in melting
temperature of nearly 10°C upon disulfide bond reduction. The remaining samples also showed a
correlation between the reduction-induced decrease in melting temperature and the degree of
oligomerization, which was also expressed by the sz of the total c(s) distribution. This trend is
further supported by the response of FLCs to changes in ionic strength. Samples with a higher degree
of oligomerization, such as P001, P004, and P020, exhibited more pronounced decreases in melting
temperature upon addition of NaCl, both with and without TCEP. In contrast, monomeric or less
oligomeric samples, including P006 and P017, remained largely unaffected, showing minimal or no
changes in Tm. These findings suggest that intermolecular interactions stabilizing oligomeric
assemblies are particularly sensitive to electrostatic screening effects at higher ionic strength. The
resulting destabilization likely lowers the energy barrier for thermal unfolding. This observation
further reinforces the link between quaternary structural organization and thermal stability and
supports the broader conclusion that FLC oligomerization modulates sensitivity to environmental
stressors.

In addition to an increase in low molecular weight fragments with a s-value of approximately 0.1 S
during TCEP incubation, another signal at around 1S was detected in the samples P006, P016 and
P017, suggesting further fragmentation. Notably, these three samples share the genetic origin from

the germline sequence IGKV1-33, potentially indicating a sequence-specific predisposition to
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fragmentation (Sternke-Hoffmann et al. 2023). For the other FLCs, however, no correlation between
germline sequence and species distribution was found. The underlying cause of the observed release
of low molecular weight fragments as well as fragments associated with IGKV1-33 FLCs remains
inconclusive. However, FLCs remain stable over extended incubation times in the absence of TCEP,
with no fragmentation detected. Physiologically, fragment formation is often the result of proteolytic
cleavage by endoproteases. Endoproteolysis, in turn, is influenced by the kinetic stability of dimeric
structures, as the dimeric state protects FLCs from proteolytic cleavage (Morgan and Kelly 2016).
While fragments from the Vi, domain usually predominate in pathological aggregates (Glenner et al.
1970), aggregates consisting primarily Ci, domain fragments have also been documented (Olsen et al.
1998). Unlike the Vi domain, the Ci domain appears to be able to resist further endoproteolytic
cleavage (Solomon et al. 1998). MS analysis identified traces of various cathepsins across all nine
patient samples (Dupré et al. 2021). These enzymes co-purified with FLCs from patients urine samples
due to their similar molecular weight of 20 to 35 kDa (Turk 2001; Yuzhalin et al. 2018). However, as
cathepsin levels were often near the detection threshold, their concentrations were insufficient for
visualization in ¢(s) distributions or on sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE). Given that samples are stable without TCEP addition, it can be assumed that disulfide
bond reduction exposes previously inaccessible regions that are susceptible to cathepsin cleavage.
Cathepsins show the highest activity in a reducing environment at a low pH of around 5 (Turk et al.
2012; Yadati et al. 2020). Whether cathepsins remain active under the experimental conditions used in
this work and contribute to observed fragmentation is currently under further investigation. Breaks
within the peptide backbone may occur in patients but only become apparent during experimental
destabilization. Studies have shown that in addition to reducing disulfide bonds, TCEP itself can
induce peptide bond cleavage (Liu et al. 2010). Under certain conditions, an unspecific side reaction
can lead to the cleavage at cysteine residues, potentially causing TCEP-induced protein
fragmentation, particularly during extended incubation periods. Given that fragmentation observed in
the IGKV1-33 samples occur after prolonged TCEP incubation, this mechanism cannot be ruled out.
This raises questions about specific characteristics in IGKV1-33 sequences that could underlie this
distinctive fragmentation pattern. However, the evidence for two distinct fragmentation mechanisms

suggests that identified fragments may result from an interplay between these processes.

3.8 Conclusion

The purification of FLCs from patient urine represents a non-invasive sampling method, yielding high
FLC concentrations with sufficient purity for detailed biophysical and biochemical analyses. In search
for prognostic markers to predict renal complications in monoclonal gammopathies, such as MM, this
study emphasizes the critical role of disulfide bonds in preserving the structural integrity of FLCs and
mitigating their tendency to form nephrotoxic aggregates. In summary, loss of disulfide bonds caused
a redistribution of molecular species and aggregation as observed by SV-AUC after different TCEP-
incubation periods. FLC dimers were differently resistant to dissociation, possibly due to non-covalent
interactions or variations in cysteine accessibility to the reducing agent. Varying incubation times

revealed that, in most cases, dimers do not dissociate into stable monomers but instead accumulate
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directly into higher-order oligomers and aggregates. Prolonged reducing conditions led to FLC
degradation, as evidenced by an increase in low molecular weight fragments that were detectable at
approximately 0.1S but did not sediment adequately at 60,000 rpm. A simultaneous decrease in
monomeric s-value with increasing TCEP incubation times suggested potential unfolding, further
supported by CD spectroscopy, which revealed secondary structure changes. Notably, FLCs derived
from the IGKV1-33 gene exhibited unique fragmentation behavior under reducing conditions, while
FLCs from other germline sequences did not demonstrate a connection between germline origin and
molecular properties. A correlation between the oligomerization state and the melting temperature
shift upon TCEP treatment further highlights the critical role of disulfide bonds in stabilizing FLCs,
particularly in promoting dimerization through covalent bonding. While the in vitro behavior of
purified FLCs offers valuable insights, its correlation with in vivo behavior across diverse patient
tissue environments remains uncertain, as no direct correlation to patient-specific clinical data was
observed. It is important to acknowledge that the clinical data available in this study represent only a
single time point corresponding to sample collection at initial diagnosis, leaving both the pathological
changes preceding diagnosis and the subsequent disease progression unexamined. To address these
limitations, future studies should prioritize longitudinal monitoring of FLC levels in both serum and
urine over the course of disease progression, with particular attention to their changes in relation to
renal damage. Numerous additional factors likely influence the pathological behavior of disease
associated FLCs, potentially evolving alongside disease progression. Tracking changes in patient
characteristics over time may improve the interpretability of biophysically determined FLC properties
and their pathological roles within the clinical context. Rather than expanding the sample size, future
studies could focus on a selected cohort of patients with periodic sampling throughout disease
progression. This approach would enhance the precision and relevance of the findings, supporting

validation of the in vitro characteristics of FLCs described here as potential prognostic markers.
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Abstract

Reduction-associated fragmentation of FLCs

4.1 Abstract

Fragmentation of immunoglobulin free light chains (FLCs), particularly the release of isolated variable
domain fragments, is associated with diseases such as light chain amyloidosis and multiple myeloma,
where it can promote aggregation and amyloid formation. The underlying cause of fragmentation
observed in patient-derived FLCs under reducing conditions during sedimentation velocity analysis
remained unresolved. Preliminary mass spectrometry data revealed trace amounts of several
cathepsin species in all FLC preparations. To investigate whether this fragmentation could arise from
co-purified cathepsins, intrinsic protease activity was quantified using a fluorescence-based
cathepsin D/E substrate assay, and proteolytic susceptibility was tested by controlled digestion with
human liver-purified cathepsin D. All FLC samples exhibited detectable cathepsin activity under
acidic conditions, whereas activity at physiological pH was markedly reduced and developed slowly
over prolonged incubation time. Cathepsin activity persisted under reducing conditions, as indicated
by substrate turnover in the presence of TCEP. Controlled digestion revealed pronounced sample-
dependent responses. In sample P016, cathepsin D induced extensive formation of a defined fragment,
whereas in sample P001, fragmentation occurred primarily after disulfide bond reduction and
independently of cathepsin D addition. Fragmentation detected by SDS-PAGE was more extensive
than that observed during sedimentation velocity experiments under comparable conditions. Overall,
the results do not identify a single unifying mechanism of FLC fragmentation but instead provide a

foundation for future investigations of the molecular basis of this process.

Keywords: Patient-derived immunoglobulin free light chains (FLCs), Fragmentation, Cathepsins,

Proteolysis, Substrate specific fluorescence assay, Tris-Tricin SDS-PAGE

39



Introduction

4.2 Introduction

Fragmentation of FLCs is of particular relevance in diseases such as AL amyloidosis and MM, where
VL domain fragments are associated with increased amyloidogenicity and aggregation propensity,
indicating that fragmentation can alter the pathological behavior of FLCs and contribute to disease
progression (Glenner et al. 1970; Morgan and Kelly 2016; Rennella et al. 2019; Lavatelli et al. 2024). In
Chapter 3, fragmentation was detected under reducing conditions during SV-AUC analysis. However,
the molecular cause of this fragmentation could not be determined. Despite its clinical relevance, the
mechanisms underlying FLC fragmentation remain incompletely understood but may involve
enzymatic proteolysis of destabilized FLC species (Morgan and Kelly 2016). In the context of the
experimental setup, studies have shown that the reducing agent TCEP can promote peptide backbone
cleavage at cysteine residues as a side reaction, resulting in chemical fragmentation (Liu et al. 2010).
Discriminating between these possibilities therefore requires experimental approaches that
investigate whether proteolytic activity is present in FLC preparations, remains active under relevant
conditions, and is capable of generating fragmentation patterns comparable to those observed
experimentally.

Proteases of the cathepsin family represent a plausible class of candidate enzymes in this context.
Cathepsins are lysosomal proteases involved in intracellular protein turnover and antigen processing,
with activity typically favored by acidic environments (Sun et al. 2013; Yadati et al. 2020). Although
primarily localized within endo-lysosomal compartments, several cathepsins retain activity at neutral
pH and have been implicated in pathological protein degradation processes beyond their intracellular
environment (Yadati et al. 2020). Given that FLCs are filtered and processed by the kidneys and may
encounter lysosomal compartments during tubular reabsorption, cathepsins exposure is likely (Sun et
al. 2013; Fox et al. 2016). Consistent with this, prior MS analysis detected trace amounts of different
cathepsin species in patient-derived FLC preparations (Tab. 4.1), suggesting co-purification during
isolation from patients urine (Sternke-Hoffmann et al. 2023). Cathepsin D and L (CtsD, CtsL) can
generate defined ~12 kDa fragments from LCs, with cleavage constrained by disulfide bonding
patterns and local structural accessibility (Caval et al. 2021). Other studies reported that certain
pathogenic FLCs display substantial resistance to proteolytic degradation and fail to release Vi,
domain fragments (Sirac et al. 2021), underscoring that susceptibility to proteolysis is highly clone-
dependent and that cathepsin-mediated cleavage is not a universal outcome. Beyond their
intracellular roles, altered cathepsin expression and activity has been linked to CKD and fibrotic
remodeling, and inhibition of CtsD with pepstatin A has been shown to attenuate kidney fibrosis in
experimental models (Fox et al. 2016).

The experiments presented in this chapter aim to assess whether cathepsin activity is detectable in
patient-derived FLC preparations, whether it remains enzymatically active under relevant
experimental conditions, and whether it is sufficient to reproduce fragmentation patterns observed

under reducing conditions.
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4.3 Methods

4.3.1 Cathepsin D and E activity assay

To investigate whether proteolytic activity contributes to the formation of low-S FLC fragments after
reduction, patient-derived FLC preparations were examined for intrinsic cathepsin activity potentially
resulting from co-purification during extraction from patient urine. Preliminary MS analysis identified
varying traces of different cathepsin species in all purified FLC samples (Tab. 4.1). To determine
whether these co-purified proteases retain their enzymatic activity under the experimental conditions,
cathepsin activity was quantified using a fluorescence-based assay. Measurements were performed
using a CLARIOstar multi-mode plate reader (BMG Labtech, Ortenberg, Germany) and flat-bottom,
half-area 96-well microplates with a high-binding surface (#3601, Corning, NY, USA), sealed with
SealPlate film (#Z2369667, Sigma-Aldrich). Assays were conducted in either 0.1 M sodium acetate
buffer (pH 4.5) or 30 mM Tris-HCL buffer (pH 7.4) with FLC concentrations of 35 uM. A fluorogenic
cathepsin D and E (CtsD/E) substrate (BML-P145-0001, Enzo Life Sciences, Farmingdale, NY, USA;
Lot-Nr.: 01202304) was added to a final concentration of 20 pM. Negative control reactions contained
substrate and buffer only. As a positive control, CtsD purified from human liver (BML-SE199-0025,
Enzo Life Sciences, Farmingdale, NY, USA; Lot-Nr.: 06242118 & M43FZ59) was assayed under identical
buffer and substrate conditions at a final concentration of 6 ng/pL. Further reactions included the
addition of the aspartic proteinase inhibitor pepstatin A at final concentrations of 20 pyM or pH-
adjusted TCEP at a final concentration of 7 mM. All reactions were performed in a final volume of
100 uL and set up in triplicate (n = 3). Fluorescence measurements were conducted at 37°C with
continuous shaking at 600 rpm in double-orbital mode prior to each measurement cycle. Fluorescence
intensity was recorded from the bottom of the plate every 80 s for a duration of 4.5 h or 18 h using an

excitation wavelength of 330 nm and an emission wavelength of 410 nm.

Table 4.1: Traces of cathepsins identified by MS analysis. MS/MS count denotes the number of spectra assigned to each
protein. Entries shown in grey indicate proteins detected by only a single peptide and are therefore not considered validated.
Data adapted from Sternke-Hoffmann et al. 2023.

Protease P001 P004 P005 P006 PO16 P017 P020
Cathepsin Z 7 6 10 12 9 9 7
Cathepsin D 3 2 11 6 2 13 8
Cathepsin B 7 3 5 7 8
Cathepsin L2 4
Pro-Cathepsin H 8 7

Pro-Cathepsin L

Cathepsin S
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4.4.2 Analysis of CtsD-mediated fragmentation

To test whether proteolytic activity is sufficient to induce fragmentation patterns comparable to those
observed after reduction in Chapter 3, patient-derived FLC samples were subjected to controlled
proteolytic digestion using CtsD as a representative lysosomal protease. CtsD purified from human
liver was added to FLC samples to amplify proteolytic activity beyond intrinsic levels. Fragmentation
experiments were conducted in either 30 mM Tris-HCL buffer (pH 7.4) or 0.1 M sodium acetate buffer
(pH 4.5). To evaluate whether cathepsin activity is retained under reducing conditions and to further
investigate the protective role of FLC disulfide bonds against proteolysis, 3 mM TCEP adjusted to the
corresponding buffer pH was added where indicated. In contrast to the reduction conditions used in
Chapter 3, the TCEP concentration was deliberately lowered to minimize possible TCEP-induced
fragmentation effects. All reactions were performed at an FLC concentration of 35uM in a total
reaction volume of 100 pL, resulting in a CtsD concentration of 6 ng/uL, in addition to any intrinsic
proteolytic activity present in the samples. Preparations were then incubated for 1 h at 37°C with
continuous shaking at 600 rpm. Subsequently, proteolytic fragmentation was analyzed by Tris-Tricine
SDS-PAGE. Gel preparation and electrophoretic separation were performed using Mini-PROTEAN
Tetra handcast systems and vertical electrophoresis chambers equipped with PowerPac Basic power
supplies (Bio-Rad Laboratories, California, USA). Prior to electrophoresis, either reducing or non-
reducing Laemmli sample buffer was added (Laemmli 1970), and samples were heated at 95°C for
5min. A Spectra Multicolor Low Range Protein Ladder (1.7 to 40 kDa; #26628, Thermo Fisher
Scientific, Waltham, MA, USA) was used as a molecular-weight standard. Electrophoresis was carried
out at a constant voltage of 40 mA per gel for approximately 1 to 1.5 h. Following separation, gels
were stained either with Coomassie brilliant blue followed by destaining or with the single-step gel
dye Der Blaue Jonas (#GRP1, German Research Products, Haag, Germany), which does not require a
destaining step. Gel images were acquired using a ChemiDoc MP imaging system (Universal Hood III;

Bio-Rad Laboratories) and analyzed with Image Lab software version 5.1.
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4.4 Results

4.4.1 Cathepsin D and E activity assay

To test whether patient-derived FLC preparations contain enzymatically active proteases co-purified
during urine extraction, intrinsic cathepsin activity was quantified using a fluorogenic CtsD/E
substrate assay as described in Section 4.3.1. Given the acidic pH optimum of cathepsins, initial
measurements were performed in 0.1 M sodium acetate buffer at pH 4.5.

As shown in Figure 4.1, all FLC samples displayed a pronounced increase in fluorescence signal
within the first hour of measurement, reaching plateau levels of ~700 arbitrary units after ~30 min.
This signal increase was absent in buffer controls and is indicative of proteolytic activity under acidic
conditions. While minor differences in kinetic profiles and plateau intensities were observed between
samples, replicates showed a high level of consistency, suggesting sample-specific but reproducible
protease activity, in agreement with prior MS findings (Sternke-Hoffmann et al. 2023). In the positive
control containing purified human liver CtsD, fluorescence saturation was already present at the

earliest time points, consistent with rapid substrate turnover occurring prior to data acquisition.
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Figure 4.1: CtsD/E activity in patient-derived FLC samples at pH 4.5. Samples were prepared with FLC concentrations
of 35 uM in 0.1 M sodium acetate buffer at pH 4.5 (red), with corresponding buffer-only controls (black). A fluorogenic
CtsD/E substrate was added to a final concentration of 20 uM in a total reaction volume of 100 uL per well. Assays were
performed in triplicate (n = 3) at 37°C with continuous shaking at 600 rpm. Human liver-purified CtsD at a concentration of
6 ng/pL served as positive control. Fluorescence intensity was detected at an excitation wavelength of 330 nm and an

emission wavelength of 410 nm. Fluorescence was monitored over 4.5 h.

To assess cathepsin activity under physiological pH conditions, measurements were repeated in
30 mM Tris-HCI buffer at pH 7.4 (Fig. 4.2). Under these conditions, fluorescence signals were
substantially reduced for most FLC samples and developed more slowly over an extended
measurement period of 18 h. Samples P001, P007, P013, and P017 displayed only minimal signal
increases without reaching a plateau. In contrast, sample P016 displayed slower but otherwise

comparable kinetics to those observed at acidic conditions, reaching a plateau after ~3 h and showing
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increased variability between replicates. Samples P004, P005, P006, and P020 showed sustained
fluorescence increases throughout the measurement, similar to the CtsD control, with signals

approaching plateau after 18 h.
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Figure 4.2: CtsD/E activity in patient-derived FLC samples at pH 7.4. Samples were prepared with FLC concentrations
of 35uM in 30 mM Tris-HCI buffer at pH 7.4 (blue), with corresponding buffer controls (black). A fluorogenic CtsD/E
substrate was added to a final concentration of 20 uM in a total reaction volume of 100 pL per well. Assays were performed
in triplicate (n = 3) at 37°C with continuous shaking at 600 rpm. Human liver-purified CtsD at a concentration of 6 ng/uL
served as positive control. Fluorescence intensity was detected at an excitation wavelength of 330 nm and an emission

wavelength of 410 nm. Fluorescence was monitored over 18 h.

To confirm that the observed fluorescence signals were attributable to protease activity,
measurements at pH 4.5 were repeated in the presence of the proteinase inhibitor pepstatin A
(Fig. 4.3). The addition of papstatin A resulted in a pronounced reduction of fluorescence signals for
nearly all FLC samples, bringing signal intensities close to buffer control levels. The CtsD positive
control was likewise inhibited, displaying only a minor fluorescence increase after ~4.5 h. Exceptions
were samples P016 and P020, which retained activity, suggesting incomplete inhibition or alternative
substrate interactions. Replicates remained highly consistent, supporting that the detected activity
predominantly originated from co-purified cathepsins such as CtsD and CtsE, in accordance with the

substrate specificity of the assay.
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Figure 4.3: CtsD/E activity in patient-derived FLC samples at pH 4.5 in the presence of pepstatin A. Samples were
prepared with FLC concentrations of 35 uM with the addition of 20 pM pepstatin A in 0.1 M sodium acetate buffer at pH 4.5
(purple), with corresponding buffer controls (black). A fluorogenic CtsD/E substrate was added to a final concentration of
20 pM in a total reaction volume of 100 uL per well. Assays were performed in triplicate (n = 3) at 37°C with continuous
shaking at 600 rpm. Human liver-purified CtsD at a concentration of 6 ng/uL served as positive control. Fluorescence
intensity was detected at an excitation wavelength of 330 nm and an emission wavelength of 410 nm. Fluorescence was

monitored over 4.5 h.

To evaluate whether cathepsin activity persisted under reducing conditions relevant to the
fragmentation behavior observed in Chapter 3, assays were repeated at pH 4.5 in the presence of
7mM TCEP (Fig. 4.4). Samples P001 and P005, analyzed alongside a CtsD control, displayed
fluorescence kinetics comparable to those observed at pH 4.5 in the absence of reducing agent. These
results demonstrate that CtsD retains proteolytic activity under reducing conditions, confirmed by

hydrolysis of the CtsD/E-specific fluorogenic substrate.
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Figure 4.4: CtsD/E activity at pH 4.5 in the presence of TCEP. Samples were prepared with FLC concentrations of
35 uM with the addition of 7 mM TCEP in 0.1 M sodium acetate buffer at pH 4.5 (orange), with corresponding buffer controls
(black). A fluorogenic CtsD/E substrate was added to a final concentration of 20 uM in a total reaction volume of 100 pL per
well. Assays were performed in triplicate (n = 3) at 37°C with continuous shaking at 600 rpm. Human liver-purified CtsD at a
concentration of 6 ng/pL served as positive control. Fluorescence intensity was detected at an excitation wavelength of

330 nm and an emission wavelength of 410 nm. Fluorescence was monitored over 4.5 h.
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4.4.2 Analysis of CtsD-mediated fragmentation

To further examine whether enhanced proteolytic activity is sufficient to induce the fragmentation of
patient-derived FLCs, samples were subjected to controlled digestion with CtsD and analyzed by Tris-
Tricine SDS-PAGE, as described in Section 4.3.2. Representative results for samples P001 and P016 are

shown in Figure 4.5.
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Figure 4.5: CtsD-mediated fragmentation of FLC samples P001 and P016. Proteolytic fragmentation was analyzed by
Tris-Tricine SDS-PAGE using non-reducing (A, C) or reducing (B, D) sample buffer. FLCs were incubated at concentrations
of 35 uM in either 30 mM Tris-HCI buffer at pH 7.4 or 0.1 M sodium acetate buffer at pH 4.5 in a total reaction volume of
100 pL. Where indicated, CtsD purified from human liver was added to a final concentration of 6 ng/pL. For destabilization of
disulfide bonds, 3 mM TCEP was added. Samples were incubated for 1h at 37°C with shaking at 600 rpm prior to

electrophoretic analysis.

Following incubation under indicated buffer conditions, samples were prepared for SDS-PAGE using
either non-reducing (Fig. 4.5A, C) or reducing (Fig. 4.5B, D) Laemmli sample buffer. Under non-
reducing sample preparation conditions and across both buffers, samples P001 and P016 displayed
dominant bands corresponding to monomeric and dimeric FLC species. Only faint additional bands in
the range of approximately 10-15 kDa were detected (Fig. 4.5A, C). Upon preparation with reducing
sample buffer, dimeric species collapsed into a dominant band at approximately 25 kDa (Fig. 4.5B, D),

likely corresponding to reduced monomeric FLC species.
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In sample P016, incubation with CtsD resulted in pronounced fragmentation (~10-15kDa),
characterized by complete loss of bands corresponding to intact monomeric and dimeric FLC species.
This effect was observed at both pH values and remained reproducible when TCEP was present
during incubation. In contrast, incubation with TCEP alone did not result in fragmentation in P016,
and banding patterns remained comparable to those observed in samples incubated without reducing
agent. Sample P001 demonstrated a distinct behavior. Incubation with CtsD alone did not result in
detectable fragmentation. However, extensive fragmentation was observed following incubation with
TCEP, both in the presence and absence of exogenous CtsD. Under these conditions, multiple bands in
the molecular range of 10-25kDa were detected. Because similar fragmentation patterns were
observed in the absence of CtsD, these results do not support a dominant role for CtsD in the
fragmentation of sample P001 under the applied conditions. Notably, fragmentation of P001 observed
following reduction was less prominent in the corresponding SV-AUC experiments. This discrepancy
suggests that the combination of disulfide bond reduction and denaturing conditions during SDS-
PAGE, including sample heating to 95°C during preparation, promotes fragmentation as a
consequence of FLC destabilization. Taken together, these experiments demonstrate pronounced
sample-specific susceptibility to reduction and proteolysis but do not allow a clear attribution of

fragment formation to CtsD-mediated proteolysis.

4.5 Discussion

The experiments presented in this chapter investigated whether proteolytic activity from cathepsins
co-purified with patient-derived FLCs could account for the fragmentation observed under reducing
conditions during SV-AUC analysis in Chapter 3. It is important to mention, that outside of reducing
conditions, no evidence of proteolytic degradation was detected in any of the FLC samples. Based on
long-term experience, all FLCs remained stable across a wide range of storage and handling
conditions, including prolonged storage at 4°C and extended exposure at RT, without signs of
spontaneous fragmentation or progressive degradation (Sternke-Hoffmann et al. 2020; Sternke-
Hoffmann 2021; Sternke-Hoffmann et al. 2023; Tucholski et al. 2025).

Fluorescence-based CtsD/E substrate assays confirmed proteolytic activity in all FLC preparations
under acidic conditions, consistent with prior MS detection of different cathepsin species (Tab. 4.1;
Sternke-Hoffmann et al. 2023) and with the known lysosomal pH optimum of cathepsins around
pH 4-5 (Yadati et al. 2020; Caval et al. 2021). Inhibition with papstatin A markedly reduced substrate
turnover in most samples, including CtsD controls, supporting the specificity of the detected signals.
Residual activity observed in samples P016 and P020 may reflect incomplete inhibition or alternative
substrate interactions. At physiological pH, enzymatic activity was substantially reduced and
developed slowly over extended measurement periods, consistent with previous reports (Yadati et al.
2020). Proteolytic activity persisted under reducing conditions, indicating that TCEP does not
eliminate cathepsin catalysis, in line with the reducing environment of lysosomal compartments
(Hafner Cesen et al. 2016).
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Controlled digestion experiments with purified human liver CtsD produced distinct, sample-
dependent outcomes. In sample P016, CtsD exposure resulted in the formation of a defined fragment
species, whereas in sample P001, fragmentation occurred predominantly following disulfide bond
reduction and independently of CtsD addition. Overall, fragmentation detected by Tris-Tricine SDS-
PAGE was more pronounced than that observed by SV-AUC under comparable conditions,
highlighting the influence of analytical context. Denaturing steps in electrophoretic analysis,
including SDS exposure and heat treatment, likely further destabilize reduced FLC species and
promote additional fragmentation of otherwise intact molecules, consistent with prior observations
(Miekka 1983).

Based on these data, FLC fragmentation observed after disulfide bond destabilization cannot be
attributed to a single mechanism, such as proteolysis caused by residual cathepsins (Morgan and Kelly
2016) or TCEP-induced chemical cleavage (Liu et al. 2010). Although CtsD/E specific proteolytic
activity was detectable in all samples, the degree and intensity of fragmentation were highly sample
dependent and variably influenced by CtsD addition or reducing conditions alone. The discrepancy
between fragmentation patterns observed by SDS-PAGE and SV-AUC further highlights the impact of
analytical context and sample handling on fragmentation outcomes. Importantly, these experiments
demonstrated that cathepsins retain proteolytic activity beyond their acidic pH optimum and under
reducing conditions, which was substantially inhibited by pepstatin A. However, because intrinsic
cathepsin contributions under TCEP-only conditions cannot be excluded, future studies should
incorporate protease inhibition strategies to better distinguish between proteolytic and reduction-

induced fragmentation.
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Abstract

Recombinant expression of a patient-derived FLC

in E. coli: a folding pathway analysis

5.1 Abstract

The recombinant expression of patient-derived proteins is an essential tool for investigating their
structure, function, and in wvitro behavior under defined and reproducible conditions. This is
particularly valuable when working with clinical samples, where both sample scarcity and biological
variability often complicate analysis. In this chapter, Escherichia coli was evaluated as a host system
for recombinant production of the patient-derived monoclonal free light chain (FLC) P006, with the
aim of generating structurally native-like material. Initial inclusion-body expression and redox-
mediated in vitro refolding yielded tag-free, sequence-authentic recombinant light chains (rLCs) in
high quantity but with non-native, disordered secondary structures, as revealed by circular dichroism
(CD) spectroscopy, along with SV-AUC profiles showing the corresponding effects of non-native
conformations on molecular species distribution. Neither optimization of the initial literature-adapted
refolding protocol nor systematic evaluation of additional literature-based strategies succeeded in the
recovery of a native-like conformation. To address these limitations, a periplasmic expression
approach was tested to utilize the oxidizing folding environment and the assistance of periplasmic
chaperones. Additionally, the co-expression of Skp facilitated disulfide bond formation and secondary-
structure recovery, resulting in CD spectra closely resembling the patient-derived sample. However,
low yields, likely influenced by incomplete periplasmic export, limited oxidative folding capacity, and
partial inclusion-body formation, limited further biophysical characterization. Collectively, these
findings demonstrate that folding environment and redox balance are principal determinants of
structural integrity, solubility, and molecular heterogeneity in FLC folding, underscoring the value of
periplasmic expression as a foundation for future optimization through improved chaperone support,

leader-sequence engineering, and refined redox-folding strategies.

Keywords: Monoclonal light chains, Recombinant protein expression, redox-mediated refolding,

Periplasmic folding, Secondary structure recovery, Molecular species distribution

49



Introduction

5.2 Introduction

5.2.1 Recombinant model systems for structural and mechanistic studies

The advent of recombinant DNA technology in the 1970s (Jackson et al. 1972; Cohen et al. 1973)
revolutionized biomedical and industrial biotechnology by enabling the efficient and reproducible
synthesis of biologically active proteins in engineered host systems (Tripathi and Shrivastava 2019;
Ojima-Kato 2024). This innovation formed the basis for modern drug development, structural biology,
and mechanistic studies. Today, recombinant expression is essential for the large-scale production of
biopharmaceuticals such as monoclonal antibodies, hormones, coagulation factors, and vaccines using
diverse expression platforms, including bacteria, yeast, filamentous fungi, insect and mammalian cells,
as well as transgenic plants (Rosano and Ceccarelli 2014; Tripathi and Shrivastava 2019; Schiitz et al.
2023). Choosing an appropriate expression system requires consideration of the target protein’s
properties, including its native cellular localization, size and molecular weight, domain structure, and
potential dependence of PTMs or co-factors required for proper folding and structural stabilization
(Rosano and Ceccarelli 2014; Schiitz et al. 2023). Among available hosts, Escherichia coli (E. coli)
remains the most commonly used due to its rapid growth rate, low cultivation costs, genetic
manipulability, and availability of genetically engineered strains and plasmid systems (Schiitz et al.
2023; Ojima-Kato 2024; Rosano and Ceccarelli 2014). Widely used expression platforms such as the
T7-based pET system in E. coli BL21 (DE3) allow high cell densities and efficient, high-throughput
production of recombinant proteins (Ojima-Kato 2024). Continuous improvements in vector design,
host engineering, and fermentation strategies have further increased recombinant yield and
scalability. However, challenges persist when expressing eukaryotic proteins that rely on complex
folding pathways or PTMs (including disulfide bonds), which often leads to misfolding, the formation
of inclusion bodies (IBs), or low overall protein yields (Structural Genomics Consortium et al. 2008;
Rosano and Ceccarelli 2014). These challenges often reflect fundamental differences in redox states,
pH, folding pathways, and cofactor availability between microbial hosts and the native
microenvironment of the target protein (Bhatwa et al. 2021). For FLCs, where patient-derived material
is heterogeneous and limited, recombinant expression provides a crucial model system for
investigating how sequence variations and structural features influence toxicity and aggregation
behavior. Such systems enable controlled experiments that link the molecular properties of FLCs to
their disease-related mechanisms and allow for both mechanistic and structural analyses (e.g., Stevens
et al. 1995; Wall et al. 1999; Khurana et al. 2001; Mclaughlin et al. 2006; Martin and Ramirez-Alvarado
2010; Poshusta et al. 2013). In this context, the recombinant production of patient-derived FLCs in
E. coli requires an understanding of how the distinct folding compartments, with their respective
redox conditions, influence structure formation and how they can be utilized for the recovery of
native-like FLCs.
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5.2.2 The E. coli expression environment

Protein folding in E. coli occurs in two spatially and chemically distinct compartments, with a highly
reducing cytoplasm and a periplasmic space that promotes oxidation and disulfide bond formation
(Castillo-Corujo et al. 2024). This redox contrast shapes the folding landscape of recombinant proteins
and determines whether cysteine-rich or structurally complex molecules can achieve their native
conformation in vivo. A schematic overview of the major folding routes, quality-control systems, and
disulfide bond pathways is shown in Figure 5.1. In the cytoplasm, disulfide formation is actively
prevented by the thioredoxin (Trx) and glutaredoxin (Grx) reductase systems, which maintain
cysteine residues in a reduced state (Bessette et al. 1999; Baneyx and Mujacic 2004; Castillo-Corujo et
al. 2024). The macromolecular concentration in this compartment can exceed 300-400 mg/mL, and
new polypeptide chains are released from the ribosome approximately every 20-40 seconds (Baneyx
and Mujacic 2004; Uversky 2014; Gomes and Faisca 2019; Matamouros et al. 2023). This high degree of
molecular crowding increases intermolecular encounters, which can promote aggregation when
folding intermediates fail to mature efficiently (Sabate et al. 2010; Hartl et al. 2011). Under these
conditions, recombinant proteins, particularly those with multiple cysteines or complex topologies,
often fail to achieve their native conformation and instead accumulate as IBs. IBs represent dense
cytoplasmic or periplasmic aggregates mainly composed of misfolded or partially folded proteins and
reflect a disruption of protein homeostasis, through saturation of the folding and quality-control
capacity (Baneyx and Mujacic 2004; Bhatwa et al. 2021). Although commonly associated with bacterial
expression, similar aggregates occur across eukaryotic systems as part of conserved stress responses
(Bhatwa et al. 2021). In E. coli, IB formation is typically triggered when recombinant expression
outpaces the cell’s folding capacity (e.g., DnaK-DnaJ-GrpE) and quality-control machinery (e.g., ClpB
disaggregase), causing newly synthesized polypeptide chains to expose hydrophobic segments that
drive self-association and aggregation (Baneyx and Mujacic 2004; Bhatwa et al. 2021). The lack of
eukaryotic PTM pathways, including glycosylation or regulated disulfide bond formation, further
increases the misfolding tendency of complex proteins (Bhatwa et al. 2021). While IBs can streamline
purification by concentrating the target protein into an easily isolated fraction, the recovery of native,
functional protein depends on successful in vitro refolding to recreate native intermolecular
interactions and disulfide bonding patterns, which remains technically challenging (Atroshenko et al.
2024).

In contrast, the E. coli periplasm provides an oxidizing environment that supports disulfide bond
formation through the disulfide bond protein (Dsb) oxidoreductase network (Walker and Gilbert 1994;
Denoncin and Collet 2013). Additional periplasmic folding mediators such as the seventeen-kilodalton
protein (Skp, OmpH), survival protein A (SurA), and FK506-binding protein A (FkpA), which are part
of the outer membrane protein (OMP) biogenesis network, assist in folding and prevent the off-
pathway aggregation of translocated polypeptides (Schifer et al. 1999; Schiffrin et al. 2017;
Karyolaimos and De Gier 2021). Expression in the periplasm therefore enables folding in an oxidative

environment which often improves solubility and structural integrity.
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Figure 5.1: Schematic overview of cytoplasmic and periplasmic de novo folding pathways in E. coli. Grey arrows
indicate potential reaction products, blue arrows the electron flow, and the green arrow the translocation pathway from
cytoplasmic to periplasmic environments. (1) Plasmid-derived DNA is transcribed into mRNA, (2) which is translated into
nascent polypeptide chains. (3) Cytoplasmic proteins that do not require disulfide bonds, fold with assistance from the
DnaK-DnaJ-GrpE system. (4) In contrast, proteins that depend on disulfide bonds for stability and native conformation, such
as most periplasmic or secreted proteins, cannot fold correctly in the reducing cytoplasm, often leading to the accumulation
of non-native intermediates, aggregation, IB formation, or degradation. (5) Aggregated species are resolubilized by ClpB in
cooperation with DnaK-DnaJ-GrpE. (6) Iterative chaperone cycles of binding and release can drive substrates toward the
native conformation. (7) The reducing cytoplasmic environment is maintained by thioredoxin 1 (TrxA). (8) Proteins with an
N-terminal signal sequence (e.g., pelB) are exported to the periplasm through the Sec translocon. (9) After post-translational
secretion, Lep/Lsp peptidases remove the signal sequence. (10) In the oxidizing periplasm, non-native chains may fold
spontaneously, (11) or fold with assistance from periplasmic chaperones such as Skp, SurA, and FkpA. (12) Disulfide bond
formation is mediated by the Dsb system: DsbA introduces disulfides via its highly reactive Cys30 residue, while (13) DsbB
reoxidizes DsbA through sequential thiol-disulfide exchange reactions using its two periplasmic cysteine pairs and (14)
transfers electrons to membrane quinones (ubiquinone (UQ) in aerobic conditions and menaquinone (MQ) in anaerobic
conditions), which subsequently enter the corresponding respiratory chain (under aerobic conditions via cytochromes,
where Oz serves as the terminal electron acceptor and is reduced to H20). (15) Incorrect disulfide pairing is corrected by the
isomerase DsbC, which reshuffles disulfides via mixed-disulfide intermediates. (16) DsbC is maintained in a reduced, active
form by DsbD, which relays electrons from cytoplasmic NADPH via TrxA. (17) Periplasmic stress (heat, oxidative imbalance,
incorrect S-S pairing) can generate misfolded or aggregated species, which are counteracted by DegP (chaperone/protease
switching temperature-dependently) and Prc. (18) Misfolded or terminally damaged proteins are degraded to prevent
accumulation and enable amino-acid recycling. Figure adapted from Sevier and Kaiser 2002; Miot and Betton 2004; Choi and
Lee 2004; Baneyx and Mujacic 2004; Messens and Collet 2006; Dutton et al. 2008; Kolaj et al. 2009; Berkmen 2012; De Geyter
et al. 2016; Saez et al. 2017; Mamipour et al. 2017; Liu and Huang 2018; Sandomenico et al. 2020.
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However, secretion efficiency remains limited by protein size, folding complexity, and the capacity
of the bacterial export machinery, frequently resulting in low yields due to inefficient translocation to
the periplasm, degradation, or unintended extracellular secretion (Baneyx and Mujacic 2004;
Karyolaimos and De Gier 2021). These differences between the cytoplasmic and periplasmic
compartments illustrate how the cellular redox landscape regulates folding efficiency and structural
fidelity of recombinant proteins in E. coli. This is an important consideration for recombinant FLC
production, where correct disulfide bond formation determines whether FLCs fold properly in vivo or

require in vitro refolding approaches to restore their native structure.

5.2.3 Principles of protein folding and secondary structure formation

Protein folding is a cooperative and hierarchical process in which newly synthesized, linear
polypeptide chains acquire their functional, three-dimensional conformation. This occurs through the
ordered development of secondary and tertiary structures, followed by quaternary assembly through
intermolecular interactions, ultimately resulting in a bioactive native state (Hartl et al. 2011; Iram and
Naeem 2014; Adamcik and Mezzenga 2018; Gomes and Faisca 2019). The amino acid sequence
intrinsically contains the information needed for self-assembly, directing the formation of a-helices
and P-sheets that define early folding intermediates (Anfinsen 1973). These motifs subsequently
organize into compact tertiary structures and, for multimeric proteins such as hemoglobin, into
higher-order quaternary complexes (Gomes and Faisca 2019). This folding process is often
conceptualized as a progressive descent down a funnel-shaped free-energy landscape (Fig. 5.2A), in
which unfolded, high-entropy polypeptides form native intramolecular contacts as Gibbs free energy
(AG) decreases (Hartl et al. 2011; Liu et al. 2012; Iram and Naeem 2014; Adamcik and Mezzenga 2018;
Gomes and Faisca 2019).

Folding is driven by the balance of non-covalent interactions, including hydrophobic effects, van
der Waals contacts, hydrogen bonds, and electrostatic forces (Iram and Naeem 2014; Gomes and
Faisca 2019). Although individually weak (Fig.5.2B), these interactions collectively determine the
thermodynamic stability of the folded state and shape the free-energy landscape that governs
productive folding. The rapid burial of non-polar residues away from the solvent, known as
hydrophobic collapse, is considered a principal driving force that promotes compaction and the
formation of stable secondary-structure motifs (Hartl et al. 2011; Gomes and Faisca 2019). This
collapse is modulated by the balance of order- and disorder-promoting residues within the
polypeptide sequence (Fig. 5.2C), which influences how efficiently secondary-structure elements can
form and stabilize (Gomes and Faisca 2019). The resulting native state is further maintained by the
cooperative interplay of the non-covalent forces together with covalent stabilizers such as disulfide
bonds in oxidizing environments (Nick Pace et al. 2014). Small single-domain proteins typically
exhibit cooperative two-state folding with a defined transition midpoint, whereas larger or multi-
domain proteins often form partially folded molten-globule intermediates (Jackson 1998; Iram and
Naeem 2014; Gomes and Faisca 2019). While the structure-function paradigm assumes that biological
activity depends on a defined conformation, intrinsically disordered proteins (IDPs) lack sufficient

hydrophobic residues to stabilize a fixed fold and instead remain flexible, adopting structure only
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upon binding with interaction partners, which is described as disorder-function paradigm (Uversky
2014; Theillet et al. 2014; Gomes and Faisca 2019). Under suboptimal conditions, folding intermediates
may accumulate and expose hydrophobic surfaces that promote self-association and aggregation (Fink
1998; Hartl et al. 2011). These aggregation-prone species can cause loss of function, mistrafficking,
degradation, or conversion into amyloid and amorphous assemblies, processes underlying many
protein folding disorders, including neurodegenerative and systemic amyloidosis (Gomes and Faisca
2019; Willbold et al. 2021). Maintaining a balanced physicochemical environment and an efficient
network of molecular chaperones, disulfide isomerases, and quality-control systems is therefore

essential for productive folding and cellular proteostasis.
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Figure 5.2: Competing pathways and determinants of protein folding. (A) Schematic representation of the protein-
folding energy landscape. Unfolded polypeptides descend the funnel as AG decreases and native intramolecular contacts
form. On-pathway intermediates fold cooperatively towards the native state, whereas off-pathway intermediates become
kinetically trapped, leading to amorphous aggregates, or ordered amyloid fibrils. Folding speed and efficiency depend on the
ruggedness of the energy surface, kinetic barriers, and the physicochemical environment, including redox conditions and
chaperone activity. (B) Relative energy contributions of stabilizing interactions during protein folding. Protein stability arises
from numerous weak, cooperative interactions that guide compaction and structure formation. (C) Order-promoting residues
(e.g., Ile, Val, Leu, Phe, Cys, Trp, Tyr, Asn) support hydrophobic-core formation, whereas disorder-promoting residues (e.g.,
Arg, Lys, Glu, Pro, Ser, Gln, Gly, Ala) enhance flexibility and solvent exposure (Gomes and Faisca 2019). Figure adapted from
Hartl et al. 2011; Liu et al. 2012; Iram and Naeem 2014; Adamcik and Mezzenga 2018; Gomes and Faisca 2019.
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5.2.4 Disulfide bonds and redox-controlled folding

Cysteine residues play essential roles in protein chemistry, including catalytic activity, metal
coordination, redox regulation, and structural stabilization through the formation of disulfide bonds
(Bechtel and Weerapana 2017). Disulfide bonds arise post-translationally through the oxidation of two
thiol groups (-SH), linking cysteine residues via a covalent bond that often influences protein
stability, function, and redox responsiveness (Berkmen 2012). The processes of disulfide bond
formation (oxidation), breaking (reduction), and reshuffling (isomerization) are illustrated in
Figure 5.3 and represent central redox-controlled mechanisms that shape protein folding pathways
(Fabianek et al. 2000; Berkmen 2012; Denoncin and Collet 2013). Depending on their molecular
context, disulfide bonds can stabilize tertiary structure, regulate conformational changes in response
to redox signals, or mediate electron transfer during catalysis. Structural disulfides decrease
conformational entropy and enhance stability, whereas regulatory and catalytic disulfides participate
dynamically in electron-exchange reactions that modulate protein activity (Berkmen 2012; Bechtel
and Weerapana 2017). An accurate pairing of cysteines during protein folding is critical because
incorrect oxidation or crosslinking leads to off-pathway intermediates that accumulate or aggregate
(Zhang et al. 2011; Bhatwa et al. 2021).
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Figure 5.3: Disulfide bond oxidation, reduction, and isomerization. Schematic representation of thiol-disulfide
exchange reactions in which active-site cysteines of oxidoreductases form a transient mixed-disulfide with a substrate
protein, resulting in oxidation (blue; e.g., DsbA), reduction (red; e.g., TrxA), and isomerization (green; e.g., DsbC) of disulfide
bonds. A deprotonated cysteine thiolate acts as the nucleophile, first attacking a disulfide to generate a mixed-disulfide
intermediate and then resolving it in a second step, thereby transferring a disulfide to the substrate, removing it, or
reshuffling non-native linkages within or between polypeptide chains. Electron flow is indicated by grey arrows and mixed-

disulfide states by grey areas. Figure adapted from Sevier and Kaiser 2002b; Berkmen 2012; Fujimoto et al. 2019.

The significance of correct disulfide pairing for protein structure was demonstrated in the seminal
work of Anfinsen and colleagues (Haber and Anfinsen 1961; Anfinsen 1973). In this experiments, fully

unfolded and reduced ribonuclease A (RNaseA) regained its native conformation and enzymatic
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activity when exposed to air. This demonstrated that all information required for native folding is
contained in the amino acid sequence itself and that the presence of a simple electron acceptor such as
molecular oxygen is sufficient to promote spontaneous disulfide bond formation in vivo (Haber and
Anfinsen 1961; Berkmen 2012). In biological systems, disulfide bond formation is catalyzed by
oxidoreductases that mediate electron exchange between cysteine residues of the substrate and their
own active-site Cys-Xa-Xp-Cys motifs (Frand et al. 2000; Berkmen 2012; Bechtel and Weerapana
2017). During catalysis, a transient mixed-disulfide forms between enzyme and substrate, enabling
controlled oxidation, reduction, or isomerization depending on the redox potential of the enzyme and
its environment (Frand et al. 2000; Berkmen 2012). The redox activity of an oxidoreductase depends
on the relative stability of its oxidized and reduced state, the chemistry of its active-site cysteines, and
the redox conditions of its compartment. Consequently, a single enzyme can switch roles, as seen
with Trx, which acts as a reductase in the cytoplasm but functions as an oxidase in the periplasm once
it is no longer maintained in a reduced state by cytoplasmic reductase systems (Fabianek et al. 2000;
Berkmen 2012; Denoncin and Collet 2013). The stability and reactivity of disulfide bonds are
determined by their redox potential, which is influenced by thiol pKa,, solvent exposure, the entropic
cost of constraining the backbone, and deviations from ideal bound geometry. Within a given
environment, disulfide redox potentials span a broad range from roughly -95 mV to -470 mV, and
even small deviations from the preferred dihedral angle (+ 90°) can shift the potential by 10-100 mV
and thereby alter disulfide stability (Bechtel and Weerapana 2017). Intramolecular disulfides within
preorganized tertiary structures are entropically favored and stable (Creighton and Goldenberg 1984),
whereas intermolecular disulfides between unstructured chains often promote aggregation (Mitra and
Sarkar 2022). Structural disulfides are particularly important for extracellular proteins, which function
in a more oxidizing environment (approximately +140 mV) than intracellular compartments (Jones et
al. 2000).

In eukaryotes, disulfide formation occurs mainly in the ER, where it is tightly regulated to prevent
non-specific oxidation and ensure correct folding before secretion (Feige and Hendershot 2011).
During oxidative folding, members of the protein disulfide isomerase (PDI) family transfer disulfides
to substrate proteins and are reoxidized by ER oxidoreductin 1 (Erol), which transfers electrons to
molecular oxygen, producing hydrogen peroxide (H»O;) as a by-product. This enzymatic relay
maintains an oxidizing but flexible ER redox potential between -150 mV and -180 mV, with a
glutathione ratio of ~1:1 to 3:1, allowing both disulfide formation and isomerization of mispaired
cysteines (Bechtel and Weerapana 2017). Analogous oxidoreductase systems, such as MIA40/Erv1 in
the mitochondrial intermembrane space (Deponte and Hell 2009) and DsbA/DsbB in the bacterial
periplasm (Dutton et al. 2008) reflect the evolutionary conservation of oxidative folding pathways.

Maintaining accurate disulfide pairing is essential for protein homeostasis, as both excessive
oxidation and reduction can lead to misfolding and aggregation, including aberrant modifications
such as cysteinylation or glutathionylation that alter native disulfide patterns (Grek et al. 2013;
Musaogullari and Chai 2020). Such dysregulation is implicated in diseases including Creutzfeldt-Jakob
disease (CJD), amyotrophic lateral sclerosis (ALS), and various cancers. In the prion protein (PrP),
reduction of its single disulfide destabilizes the a-helical fold and promotes p-sheet-rich aggregation.
In superoxide dismutase 1 (SOD1), loss of the stabilizing disulfide accelerates fibrillation, while PDI
upregulation in tumors supports increased folding demand and confers resistance to apoptosis

(Bechtel and Weerapana 2017). In immunoglobulins and FLCs, precise disulfide pairing ensures
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structural stability, HC linkage (Liu and May 2012) or covalent dimerization via the conserved C-
terminal cysteine (Kaplan et al. 2011). Oxidative stress in MM or AL amyloidosis (Shi et al. 2010; Pick
et al. 2023; Kul and Ozturk Kurt 2024) can disrupt these bonds, leading to destabilization, aggregation,
and proteolytic cleavage into amyloidogenic fragments (Tucholski et al. 2025). A detailed
understanding of redox-controlled folding is therefore essential not only for reproducing native-like
FLCs in recombinant systems but also for elucidating how redox imbalance drives misfolding,

aggregation, and structural heterogeneity in disease.

5.2.5 Aims and scope

The objective of this work was to establish a recombinant E. coli-based system for producing patient-
derived FLCs in a native-like conformation that reproduces their secondary structure, disulfide
connectivity, and molecular species distribution. Such systems enable controlled studies of folding and
aggregation under defined and reproducible conditions while preserving the molecular authenticity of
FLCs, including intra- and intermolecular disulfide bonding patterns. On a biomedical level,
understanding how sequence-dependent differences affect folding efficiency, redox sensitivity, and
aggregation tendency is key to identify molecular factors that influence FLC pathogenicity and
clinical outcome in disorders such as MM and AL amyloidosis. Most recombinant FLC models have
focused on the isolated Vi domain, which has frequently been identified as the predominant
component in amyloid deposits and can be expressed in E. coli either in the cytoplasm or periplasm
(Stevens et al. 1995; Khurana et al. 2001; Sikkink and Ramirez-Alvarado 2008; Blancas-Mejia et al.
2009; Martin and Ramirez-Alvarado 2010; Poshusta et al. 2013; Piehl et al. 2017; Hand et al. 2018; Misra
et al. 2019; Misra and Ramirez-Alvarado 2021; Rottenaicher et al. 2021). To extend this approach
towards a more physiologically complete model, the full-length sequence of the patient-derived FLC
P006 was selected for recombinant expression. Previous studies have shown that full-length FLCs can
also be produced in E. coli as cytoplasmic IBs, requiring subsequent in vitro refolding under controlled
redox conditions to recover their native structure (Buchner and Rudolph 1991; Rognoni et al. 2013;
Kazman et al. 2020; Nikolaou et al. 2022; Sakai et al. 2023). However, refolding full-length FLCs is
generally more demanding than V1. fragments due to their higher number of cysteine residues and the
need for correct intramolecular pairing across both domains. To systematically evaluate these folding

environments for full-length FLC expression, two strategies were implemented:

i.  Cytoplasmic expression followed by in vitro refolding of IBs under different redox conditions

to investigate disulfide bond formation and redox-dependent folding.

ii.  Periplasmic expression using a chaperone-assisted system that exploits the oxidizing

periplasmic compartment to promote native disulfide bond formation in vivo.
These strategies provided a framework to evaluate how redox potential, chaperone assistance, and

refolding conditions influence yield, solubility, and structural authenticity of recombinant light chains

(rLCs). The resulting rLC species were characterized using CD spectroscopy and SV-AUC. CD
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spectroscopy revealed the secondary structure composition and folding quality of rLCs, whereas SV-
AUC quantified their oligomeric state, hydrodynamic properties, and conformational heterogeneity.
Comparing these datasets across different folding environments enabled direct evaluation of how
oxidative and reductive conditions shape FLC conformation, stability, and aggregation propensity.
This study aimed to identify experimental conditions that best reproduce native-like FLCs and to
further investigate the relationship between redox balance, disulfide chemistry, and structural
stability. The biochemical and biophysical insights obtained here provided the foundation for
subsequent studies using Pichia pastoris, a eukaryotic host that more closely recapitulates the folding
environment of human plasma cells and enables direct comparison of redox-controlled folding

mechanisms relevant to FLC-associated disease (Chapter 6).

5.3 Methods

The Methods in this chapter focus on the recombinant expression of the patient-derived FLC sample
P006 in the E. coli host system. Detailed protocols for the biophysical techniques applied during
downstream characterization of rLC6, including CD spectroscopy and AUC, are described in other

chapters, and are cross-referenced where applicable.

5.3.1 Expression strategy and vector design

The aim of this study was to establish an expression system capable of producing rLCs in a native-like
conformation comparable to their patient-derived counterparts. For this purpose, the full-length
sequence of patient sample P006, comprising both the Vi and Ci. domains, was expressed in E. coli.
However, as commonly observed for disulfide-bonded eukaryotic proteins, high level cytoplasmic
expression in E. coli often leads to the formation of IBs containing unfolded or misfolded protein
species. The recovery of native protein therefore requires complete denaturation and reduction of the
IBs, followed by refolding of the recombinant proteins under carefully controlled redox conditions to
allow native secondary structure formation and disulfide bond assembly. In the case of FLCs, this
process may also involve covalent dimerization through the C-terminal cysteine residue. To achieve
this, the codon-optimized P006 gene was synthesized (Thermo Fisher Scientific, Waltham, MA, USA)
and cloned into the pET-16b expression vector. The nucleotide sequences of the optimized gene insert
and the final expression construct are provided in the Supplementary information (Tab. 8.6 and 8.7).

Additionally, a schematic representation is shown in Results Figure 5.4A.
5.3.2 PCR amplification and vector linearization
The P006 gene insert was amplified by polymerase chain reaction (PCR) using primers designed to

provide complementary overlaps for subsequent assembly into the linearized pET-16b expression

vector. A complete list of all primers used is provided in Table 5.1. PCR amplification and vector
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linearization were performed using the CloneAmp HiFi PCR Premix (Lot-Nr. 2202799A; #639298;
Takara Bio, Kusatsu, Japan). Each reaction had a final volume of 50 puL, consisting of 25 pL 2x
CloneAmp HiFi PCR Premix, 2.5 pL of each primer (10 pM working solution; final concentration
0.5 uM each), 1 ng of template plasmid DNA (pET-16b, 5,597 bp; reactions tested with 1 ng and 0.5 ng),
and nuclease-free dH,O. PCR was carried out on a T100 Thermal Cycler (#1861096; Bio-Rad, Hercules,
CA, USA) using the following program: initial denaturation at 98°C for 30 s; 35 cycles of 98°C for 30 s,
56°C for 30 s, and 72°C for 3:30 min; followed by a final extension at 72°C for 10 min and hold at 4°C.
For amplification of the P006 gene insert, annealing temperatures of 56°C, 58°C, and 60°C were tested,
with optimal amplification of the expected 669 bp product observed at 60°C (Fig. 5.4B). Linearization
of the pET-16b vector was performed at an annealing temperature of 56°C (Fig. 5.4C). PCR products
(insert and vector) were analyzed by agarose gel electrophoresis. 1% (w/v) agarose gels were prepared
by dissolving 0.55 g agarose in 55 mL 1x Tris-Acetate-EDTA (TAE) buffer by heating in a microwave
until fully dissolved. After cooling to ~60°C, 5 uL of 10,000x GelRed Nucleic Acid Gel Stain (#41003;
Biotium, Fremont, CA, USA) was added before casting the gel in a Sub-Cell GT Gel Caster (#1704412;
Bio-Rad, Hercules, CA, USA). Samples were mixed with 6x Gel Loading Dye, Purple (Lot-Nr.
10250207; #B7024S; New England Biolabs, Ipswich, MA, USA) and electrophoresed in 1x TAE buffer at
120 V for ~1 h using the Sub-Cell GT system (Bio-Rad, Hercules, CA, USA). For size estimation, a
GeneRuler 100 bp Plus DNA Ladder (Thermo Fisher Scientific, Waltham, MA, USA) was used for the
gene insert (Fig. 5.4B), and a GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific, Waltham, MA,
USA) was used for the vector (Fig. 5.4C). DNA bands were visualized using a G:Box gel documentation
system (Syngene International Ltd, Cambridge, UK). Selected bands were excised and purified using
the NucleoSpin Gel and PCR Clean-up Mini Kit (#740609.50; Macherey-Nagel, Diiren, Germany) and

stored at —20°C until further use.

Table 5.1: Primer sets used for the assembly of the pET-16b-P006 fusion construct for the expression of rLC6 in
E. coli

Primer Sequence (5’ to 3’)
pET-16b Forward TAACTAGCATAACCCCTTGG
pET-16b Reverse CATGGTATATCTCCTTCTTAAAG

P006+pET-16b Forward AGGAGATATACCATGGATCTGCAAATGACCCAGAGTCC
P006+pET-16b Reverse GGGTTATGCTAGTTAACATTCACCACGATTAAAGCTTTTG

5.3.3 Vector assembly, transformation, and verification

Final assembly of the linearized pET-16b vector and the P006 gene insert was performed with the In-
Fusion Snap Assembly Master Mix (Lot-Nr. 2211576A and 2211579A; #638947; Takara Bio, Kusatsu,
Japan) according to the manufacturer’s instructions. Briefly, insert and vector DNA were combined at
a molar ratio of 2:1, with the insert ranging between 10-200 ng and the linearized vector between 50-
200 ng. To this mixture, 4 pL of 5x In-Fusion Master Mix and 4.5 pL of nuclease-free dH,O were

added, resulting in a final reaction volume of 20 pL. The assembly reaction was incubated for 15 min
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at 50°C in an Eppendorf ThermoMixer Model C. The assembled constructs were then transformed
either into chemically competent E. Coli Stellar cells (#636763; Takara Bio, Kusatsu, Japan) or into
laboratory-prepared E. coli BL21 (DE3) competent cells using a standard heat-shock transformation
protocol. Briefly, 50 pL of frozen competent cells were thawed on ice, after which 1-2.5 pL of the
assembly mix was added. The mixture was incubated on ice for 30 min, heat-shocked at 42°C for 45 s
and incubated on ice for additional 2 min. Afterwards, 450 pL of pre-warmed (37°C) 2xYT medium
(prepared according to the manufacturer's instructions) was added, and the cultures were incubated at
37°C with shaking at 800 rpm for 1 h. Aliquots of 100 uL were plated on 2xYT agar plates containing
100 pg/mL ampicillin (1:1,000 dilution from a 100 mg/mL stock solution) and incubated overnight at
37°C. On the following day, three single colonies were picked and inoculated into 2xYT medium
supplemented with 100 pg/mL ampicillin. Cultures were grown overnight at 37°C with shaking at
160 rpm. Glycerol stocks were prepared by mixing 500 pL of culture with 500 pL of sterile 50% (v/v)
glycerol solution and stored at —80°C. The remaining culture was used for plasmid isolation using the
NucleoSpin Plasmid Mini Kit (#740588.50; Macherey-Nagel, Diiren, Germany). Purified plasmid DNA
was verified by Sanger sequencing (Microsynth Seqlab, Gottingen, Germany) to confirm correct

construct assembly.

5.3.4 Recombinant expression of rLC6 in E. coli

For large-scale expression, preculture was prepared in 2xYT medium and supplemented with
100 pg/mL ampicillin. A glycerol stock of the verified construct was used to inoculate the preculture,
which was incubated overnight at 37°C with shaking at 160 rpm. The following day, large-scale
expression was carried out in sterile 2 L baffled shaking flasks containing a maximum volume of
500 mL 2xYT medium supplemented with ampicillin (100 pg/mL). Cultures were inoculated at a 1:100
(v/v) ratio from the preculture and grown at 37°C with shaking at 160 rpm until an ODgg of 0.8 was
reached. Expression of rLC6 was induced by adding isopropyl B-D-1-thiogalactopyranoside (IPTG)
to a final concentration of 1 mM (1:1,000 dilution from a 1 M stock) and incubation continued for 4 h
under the same conditions. Alternatively, after induction the expression temperature was reduced to
20°C and incubation was continued overnight for 16-20 h. Cells were harvested by centrifugation at
5,000 x g for 15 min at 4°C, washed once with 30 mM Tris-HCI (pH 7.4), and stored at -20°C until

further use.

5.3.5 Protocol 1: Isolation of IBs and redox-mediated renaturation of rLCs
Adapted from Buchner and Rudolph (1991)

The initial purification and refolding procedure was performed using a method — adapted with minor
modifications — from Buchner and Rudolph (Nat. Biotechnol., 1991). Originally developed for a murine
Fab fragment, Buchner and Rudolph’s strategy is broadly applicable to disulfide-bonded proteins
expressed as IBs in E. coli. Briefly, harvested cells were resuspended on ice in a pre-cooled lysis buffer
containing 30 mM Tris-HCI (pH 7.4), 20 mM EDTA, and one tablet of cOmplete Mini EDTA-free
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protease inhibitor cocktail (#11836170001, Merck Millipore, Darmstadt, Germany). Cell disruption was
performed using a high-pressure homogenizer (Constant Systems Ldt., Daventry, UK) operated at
2.9 kbar pressure. The lysate was centrifuged for 60 min at 25,000 x g and 4°C. The supernatant was
discarded and the pellet, containing the protein in form of insoluble IBs, was washed twice by
resuspension in 50 mM Tris-HCI (pH 7.4) containing 20 mM EDTA, followed by centrifugation under
the same conditions. The washed pellets were stored at —20°C until further use. IBs were solubilized
by resuspension in 0.1 M Tris-HCI (pH 8.5) containing 6 M guanidine hydrochloride (GdnHCI), 2 mM
EDTA, and 0.3 M dithiothreitol (DTT), and incubated for 1 or alternatively 2 h on a tube roller at room
temperature. The solubilization volume was kept between 2 and 5 mL to allow subsequent 100-fold
dilution in renaturation buffer. After solubilization, the suspension was centrifuged for 60 min at
25,000 x g and 4°C, and the pellet was discarded, since the solubilized IB proteins were present in the
supernatant. Renaturation was initiated by slowly diluting the solubilized protein solution 100-fold
into renaturation buffer containing 0.1 M Tris-HCI (pH 8.5), 6 M GdnHCl, 2 mM EDTA, and 0.2 M
oxidized glutathione (GSSG). Residual DTT (final concentration 3 mM after dilution) was not removed
prior to renaturation, as it was utilized to reduce GSSG to reduced glutathione (GSH), thereby
establishing the GSH/GSSG redox equilibrium as described by Buchner and Rudolph. The addition of
0.4 M L-arginine to suppress aggregation was also tested. The reaction was incubated for 2 or 3 h at
room temperature with gentle mixing. Following renaturation, the sample was dialyzed overnight at
4°C against 0.1 M Tris-HCI (pH 8.5) containing 2 mM EDTA to remove GSSG, GSH, DTT, and
GdnHCI, using 35 mm SnakeSkin Dialysis Tubing with a 10 kDa MWCO (#88245, Thermo Fisher
Scientific, Waltham, MA, USA). To maintain the concentration gradient and dialysis efficiency, the
dialysis buffer was replaced twice with fresh buffer during this period. Aggregates arising from
covalent side reactions were removed by centrifugation at 10,000 rpm for 1 h at 4°C, followed by
sterile filtration using a Filtropur S polyethersulfone syringe filter with a pore size of 0.2 pm
(#83.1826.001, Sarstedt, Niimbrecht, Germany). The state of purification was monitored after each step
by SDS-PAGE, with detailed protocols for sample preparation and gel electrophoresis provided in the
Methods of Chapter 6.5. To remove the redox buffer and concentrate the rLCs before final SEC
purification, the solution was subjected to buffer exchange into 50 mM Tris-HCl (pH 8.5) using
Amicon Ultra-15 centrifugal filter units with PLGC Ultracel-PL membrane and a NMWL of 10 kDa
(#UFC901024; MilliporeSigma, Burlington, MA, USA). As a final purification step, samples were
fractionated by SEC using an AKTA pure protein purification system (GE Healthcare, IL, USA)
operated with Unicorn software (v6.3). Separation was performed on either a Superdex 75 10/300 GL
Tricorn column (#17517401; Cytiva, Marlborough, MA, USA), or a HiLoad 16/600 Superdex 75 pg
column (#28989333; Cytiva, Marlborough, MA, USA), both operated at a flow rate of 0.5-1 mL/min.
Both columns provide a separation range of 3-70 kDa. Prior to loading, protein solutions were
concentrated by ultrafiltration as described previously. Elution was carried out with 30 mM Tris-HCl
(pH 7.4) and collected fractions were analyzed by SDS-PAGE to assess sample composition and purity.
Fractions with comparable purity and molecular composition were pooled, aliquoted, snap-frozen in
liquid nitrogen, and stored at —-80°C until further use. Alternatively, samples were lyophilized prior to
storage using an RVC 2-18 Rotary Vacuum Concentrator (Martin Christ Freeze Dryers, Osterode am

Harz, Germany).
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5.3.6 Protocol 2: Dropwise dilution refolding of rLCs in GSH/GSSG redox-shuffle buffer
Adapted from Rognoni et al. (2013)

A refolding protocol for full-length FLCs expressed without protein tags was described by Rognoni et
al. (2013) which was adapted with minor modifications. The protocol follows the same general
strategy as described by Buchner and Rudolph (1991), but differs in several steps, including extended
solubilization time, a dropwise dilution into redox-shuffle buffer, and an additional purification step
via anion-exchange chromatography (AEC). Briefly, cells from 1L of expression culture were
harvested by centrifugation at 7,000 x g for 10 min, and the resulting cell pellet was resuspended in
70 mL of ice-cold 50 mM Tris-HCl buffer (pH 8.0) containing 1mM EDTA and 1mM
phenylmethylsulfonyl fluoride (PMSF). Cell disruption was performed as described previously using a
high-pressure homogenizer. The lysate was centrifuged for 15 min at 30,000 x g and 4°C and the pellet
was washed twice with 50 mM Tris-HCI (pH 8.0) containing 1 mM EDTA and 1 mM PMSF. IBs were
then solubilized in 15 mL of 50 mM Tris-HCI (pH 8.0) supplemented with 1 mM EDTA, 1 mM PMSF,
6 M GdnHCl, and 5 mM f-mercaptoethanol, followed by incubation at 4°C for 5h with gentle
agitation. Samples were centrifuged at 30,000 x g for 15 min at 4°C, and the supernatant containing
the solubilized rLCs was collected. Refolding was initiated by adding the protein solution dropwise
into 300 mL of refolding redox shuffle buffer composed of 50 mM Tris-HCI (pH 8.0), 1 mM EDTA,
1 mM PMSF, 5 mM GSH, and 0.5 mM GSSG, resulting in a 20-fold dilution. The mixture was incubated
overnight at 4°C with gentle agitation. Subsequently, the sample was centrifuged for 15 min at
30,000 x g and 4°C. The supernatant was dialyzed overnight at 4°C against 50 mM Tris-HCI (pH 8.0),
as described previously. After refolding and dialysis, the sample was further purified by AEC. For this
purpose, a self-packed column containing Q Sepharose Fast Flow resin (#17051004; Cytiva,
Marlborough, MA, USA) was used. Elution was performed with 50 mM Tris-HCI (pH 8.0), 1 mM
EDTA, 1 mM PMSF, and 1 M NaCl, applying a linear gradient from 0-100% over 30 min with the same
buffer lacking NaCl. The flow rate during loading and elution was maintained at 2 mL/min. Final
purification was carried out by SEC as described in Section 5.3.5, except that 50 mM Tris-HCI (pH 8.0)
was used as elution buffer instead of 30 mM Tris-HCIl (pH 7.4). An additional Protein L affinity
chromatography step was tested to selectively isolate correctly folded rLCs, as described in Section
5.3.8. Samples were either snap-frozen in liquid nitrogen and stored at —80°C for long time storage or

kept at 4°C for further analysis.

5.3.7 Protocol 3: Urea based solubilization and spontaneous refolding of rLCs
Adapted from Poshusta et al. (2013)

A mechanistically different approach for the purification and refolding of rLCs from IBs was described
by Poshusta et al. (2013). In contrast to the GdnHCI solubilization and redox-shuffle methods, this
strategy relied on a milder solubilization using urea and the spontaneous refolding during dialysis,
without additional redox agents. Although only the Vi, domains of FLCs were expressed and refolded
in that study, the protocol was adapted and tested for full-length rLCs. A stepwise optimization

strategy was applied, with each iteration incorporating minor modifications aimed at improving the
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recovery of native rLCs. Briefly, harvested cell pellets were resuspended in 6 mL of lysis buffer
containing 10 mM Tris-HCI (pH 7.4), 20 mM EDTA and one tablet of cOmplete Mini EDTA-free
protease inhibitor cocktail (#11836170001, Merck Millipore, Darmstadt, Germany). Cell disruption was
performed as described previously using a high-pressure homogenizer. The lysate was centrifuged at
8,000 x g for 20 min at 4°C, and the pellet containing the IBs was washed three times with 10 mM
Tris-HCI (pH 7.4), 1% (v/v) Triton-X 100, and 0.5 M urea, followed by centrifugation at the same
conditions. To solubilize the IB-associated rLCs, the washed pellet was resuspended in solubilization
buffer composed of 10 mM Tris-HCI (pH 7.4) and 6 M urea and incubated on ice for 30 min. After
solubilization, the sample was centrifuged at 20,000 x g for 1 h at 4°C, and the supernatant containing
solubilized rLCs was collected. The sample was dialyzed overnight at 4°C against 10 mM Tris-HCI (pH
7.4). This dialysis step was reported to provide a suitable environment for the formation of
intramolecular disulfide bonds without the need for additional redox agents. The following day, the
dialyzed sample was sterile-filtered through a Filtropur S polyethersulfone syringe filter with a pore
size of 0.2 um (#83.1826.001, Sarstedt, Niimbrecht, Germany) and subsequently subjected to SEC for
final purification as described previously but with the use of 10 mM Tris-HCI (pH 7.4) as elution
buffer. An additional Protein L affinity chromatography step was tested to selectively isolate correctly
folded rLCs, as described in Section 5.3.8. Samples were either snap-frozen in liquid nitrogen and

stored at —80°C for long time storage or kept at 4°C for further analysis.

5.3.8 Protein L affinity chromatography

Protein L affinity chromatography was performed using Pierce Protein L Agarose resin (#20510,
Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Briefly,
2 mL of slurry (corresponding to 1 mL of settled resin) was equilibrated to room temperature and
loaded onto an Econo-Pac chromatography column (#7321010, Bio-Rad Laboratories, California, USA)
for gravity flow purification. The column was equilibrated with 10 mL of binding buffer (0.1 M sodium
phosphate, 0.15M sodium chloride, pH 7.2). Recombinant and patient-derived LC samples were
prediluted 1:1 in binding buffer prior to affinity chromatography to maintain ionic strength and pH
for optimal binding. After sample application, the flow-through was collected for subsequent analysis.
In some cases, the flow-through was reapplied to the column to maximize potential binding. The
column was then washed with 10 mL binding buffer, and bound LCs were eluted with 5-10 mL of
elution buffer (0.1 M glycine, pH 2.5). Eluted fractions (1 mL) were immediately neutralized with
100 uL of 1 M sodium phosphate (pH 8.5). Fractions were screened for LC content by SDS-PAGE.
After use, the column was regenerated with 10-15 mL of elution buffer, followed by washing with
dH20 containing 0.02% sodium azide and approximately 5 mL were left in the sealed column for

storage at 4°C.
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5.3.9 Protocol 4: Chaperone-assisted expression of rLCs in the periplasmic space of E. coli

Developed in collaboration with Dr. Hamed Shaykhalishahi

Since recovery from IBs did not yield a native-like secondary structure for rLC6, an alternative
strategy was applied. To avoid cytoplasmic IB formation, the expression was directed to the
periplasm, which provides an oxidizing folding environment that facilitates native disulfide bond
formation. Therefore, the rLC6 gene insert was linked to an N-terminal signal peptide (pelB leader
sequence) to enable periplasmic export. In addition, the construct contained a second T7 expression
cassette encoding the periplasmic chaperone Skp to support folding in the periplasm. A C-terminal
hexahistidine (6xHis) tag was included to allow purification by Ni-NTA affinity chromatography. The
plasmid carried a chloramphenicol resistance marker, and cultures were maintained under
chloramphenicol selection (1:1,000 dilution from a 34 mg/mL stock solution). The expression vector

pCHAP (pET-derived, chaperone-assisted periplasmic expression) was generated as described in

Section 5.3.2 and 5.3.3. Briefly, the codon-optimized gene insert for patient sample P006 was cloned
into the linearized pCHAP vector using primers providing complementary overlaps. All primers used
for cloning are listed in Table 5.2, and the nucleotide sequence of the final construct is provided in the
Supplementary information (Tab. 8.8), with a schematic representation of the expression construct
shown in Figure 5.19. For purification, a standard cold osmotic shock protocol was applied to
selectively release periplasmic proteins while minimizing cytoplasmic contamination. Cell pellets
were resuspended in 100 mL of cold TES buffer containing 200 mM Tris-HCI (pH 8.0), 5 mM EDTA
and 200 g/L (w/v) sucrose. After incubation on ice for 30 min with gentle inversions every 5 min to
prevent sedimentation, the sample was centrifuged at 8,000 x g for 10 min at 4°C. The supernatant
was discarded, and the pellet fraction was rapidly resuspended in Milli-Q H>O (35 mL per liter of
initial culture) at 4°C supplemented with a protease inhibitor tablet. After a further 30 min incubation
on ice, centrifugation at 23,000 x g for 30 min at 4°C was performed to remove cellular debris. The
resulting supernatant contained the soluble periplasmic fraction, including rLC6, which was sterile-
filtered through a Filtropur S polyethersulfone syringe filter with a pore size of 0.2 um (#83.1826.001,
Sarstedt, Nimbrecht, Germany). Affinity purification via immobilized metal affinity chromatography
(IMAC) was carried out on a HisTrap HP 5 mL Ni-NTA column (Cytiva, Marlborough, MA, USA). The
column was equilibrated and loaded using a flowrate of 2 mL/min. Elution was performed with 50 mM
Tris-HCI (pH 8.0) containing 250 mM imidazole. After overnight dialysis at 4°C against 50 mM Tris-
HCI (pH 8.0), SEC was carried out as described previously in Section 5.3.5 but with 50 mM Tris-HCl
(pH 8.0) as elution buffer. After SEC, fractions were pooled according to their molecular composition
which was further analyzed by SDS-PAGE and samples were either snap-frozen in liquid nitrogen and
stored at -80°C for long time storage or kept at 4°C for further analysis. Since final sample
concentrations were too low for analysis, the samples were concentrated and buffer-exchanged by

ultrafiltration, before characterized by CD spectroscopy.
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Table 5.2: Primer set used for cloning of the pCHAP-P006 fusion construct for the periplasmic expression of
rLC6 in E. coli

Primer Sequence (5’ to 3’)
pCHAP Forward TTGTACACGGCCGCATAATC
pCHAP Reverse CGCCAGCAGAAATGCGATATTCTTCTTCATGGTATATCTCCT

pCHAP+P006 Forward ~ ATATCGCATTTCTGCTGGCGAGCATGTTTGTTTTTAGCATTGCA
ACCAATGCATATGCCAGCGATCTGCAAATGACCCAGAGTCCGA

pCHAP+P006 Reverse ATGCGGCCGCAAGCTTTATCAATGGTGATGGTGATGGTGATGG
TGACATTCACCACGATTAAAGCTTTTGGT

5.4 Results

5.4.1 Construction and validation of the pET-16b-P006 expression vector

The recombinant construct pET-16b-P006 was designed for the expression of the patient-derived FLC
P006 in E. coli. As expression strategy, the well-established approach of IB purification was selected.
Although IB formation is frequently exploited to obtain large amounts of recombinant protein, this
strategy remains challenging for proteins that are difficult to refold, and the recovery of correctly
folded material is often inefficient. The accumulation of proteins in insoluble aggregates can arise
from different factors, including high expression rates, intrinsic folding kinetics of the protein, or, in
the case of FLCs, the inability to form disulfide bonds in the reducing cytoplasmic environment
(Baneyx and Mujacic 2004; De Marco 2009). In IBs, proteins are typically present in unfolded or
misfolded states. Nevertheless, through carefully controlled solubilization and refolding steps during
purification, rLCs can be recovered in their native conformation, including the correct formation of
both intra- and intermolecular disulfide bonds (Buchner and Rudolph 1991; Rognoni et al. 2013;
Poshusta et al. 2013). A schematic representation of the expression vector is shown in Figure 5.4A.
Assembly of the vector was carried out as described in Section 5.3.2 and 5.3.3. PCR amplification of
the codon-optimized gene insert yielded the expected 669 bp product (Fig. 5.4B), and the pET-16b

vector was successfully linearized to its expected size of 5.6 kb (Fig. 5.4C).
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Figure 5.4: Vector design and assembly of pET-16b-P006 for the recombinant expression of rLC6 in E. coli. (A)
Schematic representation of the pET-16b-P006 expression construct showing its key features: the P006 FLC gene insert (red),
the T7 promoter and terminator enabling IPTG-inducible expression (blue), and the ampicillin resistance gene (AmpR;
yellow) with its corresponding promoter (orange). The total length of the construct is 6,236 bp. (B) Agarose gel analysis of
P006 gene amplification using primers containing vector-overlap sequences (Tab. 5.1: P006+pET-16b Forward & Reverse).
PCR reactions were performed at annealing temperatures of 60°C, 58°C, and 56°C; optimal amplification was obtained at
60°C. The expected product size including primer overhangs was 669 bp. A GeneRuler 100 bp Plus DNA Ladder was used as
molecular size marker. (C) Linearization of the pET-16b vector prior to gene insert assembly, yielding the expected 5,597 bp
product. A GeneRuler 1 kb DNA Ladder was used as a size marker. After gel purification, the linearized vector and the
amplified P006 insert were assembled using the In-Fusion Cloning Kit to generate the final pET-16b-P006 construct for

expression of rLC6 in E. coli.

Following assembly, the pET-16b-P006 expression construct was transformed into either BL21
(DE3) or Stellar competent E. coli cells. Colonies were grown in 2xYT medium supplemented with
ampicillin, and glycerol stocks were prepared for storage at —80°C. Plasmid DNA isolated from these
cultures was verified by Sanger sequencing to confirm correct construct assembly. To verify construct
functionality, a small-scale expression test was performed as described in Section 5.3.4. SDS-PAGE
analysis revealed a distinct band at ~25 kDa after IPTG induction, corresponding to the predicted
molecular weight of rLC6 (Fig. 5.5). No comparable band was observed in the non-induced control,
confirming successful expression of rLC6, and thereby verifying construct functionality. The glycerol
stocks generated from this test expression were subsequently used for expression and purification

according to the protocols described in Section 5.3.5, 5.3.6, and 5.3.7.

66



Results

kDa s x

180 =

55 —

— — -—
70— -
——
——
35 — -

-

25 — g% W € 23.47kDa
b
o

- .

181

k

reducing

Figure 5.5: Expression test of pET-16b-P006 in E. coli. SDS-PAGE analysis of 2xYT cultures before (-IPTG) and after
(+IPTG) induction with IPTG. The -IPTG sample was collected immediately prior to induction at an ODsoo of 0.8. Expression
was induced with 1 mM IPTG, and the +IPTG sample was taken 4 h post-induction, immediately before cell harvest. To
ensure comparability, sample volumes were normalized to cell density (-IPTG: 121.95 pL; +IPTG: 70.42 pL). All samples were
prepared in reducing Laemmli loading buffer. The predicted molecular weight of rLC6 is 23.47 kDa, as indicated by the arrow

next to the corresponding band, which is consistent with the expected size.

5.4.2 Protocol 1: Isolation of IBs and redox-mediated renaturation of rLCs
Adapted from Buchner and Rudolph (1991)

In order to recover rLC6 in its native form from IBs, a classical refolding protocol described by
Buchner and Rudolph (1991) was applied with minor modifications, as described in Section 5.3.5. In
this approach, IBs were solubilized under denaturing conditions, and the unfolded protein was
subsequently refolded by controlled dilution into a redox buffer establishing the GSH/GSSG
equilibrium required for productive disulfide bond formation. The progression of purification and
refolding was monitored by SDS-PAGE at each step as shown in Figure 5.6. After cell lysis by high-
pressure homogenization, the total lysate displayed a distinct band at ~25 kDa, corresponding to the
theoretical molecular weight of the LC monomer (Fig. 5.6A). Following centrifugation, the majority of
rLC6 was detected in the pellet fraction, while only minor traces were present in the supernatant. This
distribution is consistent with the accumulation of rLC6 in insoluble IBs, which remain in the pellet
fraction after cell disruption. Compared with the total cell lysate before centrifugation, the pellet
fraction already displayed a high degree of purity after the initial separation step. After IB
preparation, stepwise solubilization was performed as described in Section 5.3.5 (Fig.5.6B). The
washed pellet fraction is shown under non-reducing (lane 1) and reducing (lane 2) conditions.
Following solubilization, rLC6 was recovered in the supernatant fraction (lane 3), while insoluble
impurities were removed by centrifugation and remained in the pellet fraction (lane 4). Lanes 5 and 6
show the undiluted supernatant and pellet fractions, respectively. The smeared and distorted
appearance of the band in lane 5 likely results from high GdnHCI concentration (6 M) present in the
undiluted sample, which interferes with the integrity of the SDS-PAGE matrix.
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Figure 5.6: Protocol 1. Recovery of rLC6 from IBs. SDS-PAGE analysis of the samples collected during stepwise
recovery of rLC6 from IBs after recombinant expression in E. coli. (A) After cell lysis by high-pressure homogenization and
centrifugation for 60 min at 25,000 x g and 4°C, total cell lysate (L), supernatant (S), and pellet (P) fractions were collected.
Each fraction is shown undiluted and at 1:2 dilution. All samples were prepared in reducing Laemmli loading buffer. The
majority of overexpressed rLC6 (~25 kDa band) was detected in the pellet fraction containing the IBs. (B) Samples collected
during IB solubilization and subsequent refolding were analyzed under reducing and non-reducing conditions, as indicated
by the dotted line. (1, 2) Pellet after washing (non-reducing and reducing), (3) solubilized sample, 1:10 dilution, (4) pellet after
solubilization, 1:10 dilution, (5) solubilized sample, undiluted, (6) pellet after solubilization, undiluted. Dilution for lanes 3 and
4 was performed in 0.1 M Tris-HCl (pH 8.5). The prominent band at ~25kDa corresponds to rLC6, observed in both
solubilized and refolded states. (C, D) Samples collected following renaturation and dialysis were analyzed under (C) non-
reducing and (D) reducing conditions. (1) refolded protein after dialysis overnight at 4°C, (2) flow-through after centrifugal
ultrafiltration, (3) concentrated sample (reduced from 200 mL to 1 mL total volume), (4) sample after centrifugation at
10,000 rpm for 1 h at 4°C and sterile filtration (0.2 um), (5) pellet after centrifugation. The major band at ~25 kDa corresponds
to rLCé6. The clarified sample reached a concentration of 2.58 mg/mL.

After successful solubilization, rLC6 was present in a soluble but denatured state. Figures 5.6C and
5.6D show the SDS-PAGE analysis of rLC6 after refolding under non-reducing and reducing
conditions. Due to 100-fold dilution of the solubilized protein into renaturation buffer, no detectable
band was observed in the diluted refolded sample (lane 1) or in the flow-through after centrifugal
ultrafiltration (lane 2). Following ultrafiltration, which reduced the total volume to 1 mL and yielded a
final concentration of 2.58 mg/mL, a clear band at ~25 kDa was detected in both non-reducing and
reducing gels. In the non-reducing SDS-PAGE (Fig. 5.6C), several closely spaced bands were observed
around ~25kDa, likely corresponding to rLC6 monomers with heterogeneous disulfide-bonding

patterns or partially oxidized species. Such band heterogeneity under non-reducing conditions can
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arise from disulfide scrambling or incomplete denaturation during sample preparation (Zhang et al.
2019). Similar migration patterns were observed for patient-derived FLCs previously and were
therefore expected as well for the recombinant sample under non-reducing conditions. Upon
reduction (Fig. 5.6D), these multiple bands collapsed into a single species at ~25 kDa, consistent with
the fully reduced monomer. This supports the conclusion, that the observed band heterogeneity under
non-reducing conditions likely originated from disulfide rearrangements rather than the presence of
distinct structural isoforms. In addition, faint bands at ~50 kDa were observed in lanes 3 and 4,
particularly under non-reducing conditions, consistent with rLC6 dimers formed through disulfide-
linked C-terminal cysteines. Lane 4 shows the clarified sample after the final centrifugation and sterile
filtration step, while lane 5 represents the pellet fraction of aggregated material removed during
centrifugation. The aggregation of rLC6 during the refolding step becomes evident when compared
with Figure 5.6A. In Figure 5.6C and 5.6D, residual material remained in the gel pockets (lanes 3-5),
most likely representing high molecular weight species too large to enter the gel matrix during
electrophoresis. Under reducing conditions (Fig. 5.6D, lane 5), the pocket band appeared only faint,
while a clear band at ~25 kDa was observed, corresponding to monomeric rLC6 that was released

from aggregates upon reduction.
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Figure 5.7: Protocol 1. SEC fractionation of rLC6 after renaturation. Following renaturation, rLC6 was concentrated to
a final volume of 1 mL (2.58 mg/mL) by ultrafiltration and applied to a Superdex 75 10/300 GL Tricorn column in two 500 puL
injections (A, B). Eluted fractions were analyzed by SDS-PAGE under reducing conditions to identify rLC6 (C). Fractions
with comparable molecular composition were pooled and stored at 4°C for short term use or at -80°C for long-term storage.
(D) Pooled SEC fractions 11-13 analyzed under non-reducing conditions. (E) Respective patient-derived FLC sample P006

shown for comparison.
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A final purification step by SEC was performed as described in Section 5.3.5, using a Superdex 75
10/300 GL Tricorn column. The refolded sample, concentrated to a total volume of 1 mL after
ultrafiltration, centrifugation, and sterile filtration, was applied to the column in two 500 pL
injections. Both chromatograms are shown in Figures 5.7A and 5.7B, and collected fractions were
analyzed by reducing SDS-PAGE (Fig. 5.7C). rLC6 was detected primarily in fractions 11-13, with
fraction 12 containing the highest concentration of protein, as indicated by the prominent band at
~25 kDa. The second peak in the chromatogram (fractions 17-19) did not contain detectable rLC6 and
most likely corresponded to buffer components and salts eluting at the column’s total volume (V).
Fractions 11-13 were pooled according to their molecular composition. The pooled sample is shown in
Figure 5.7D, where the band at ~25kDa corresponds to monomeric rLC6, and the faint band at
~50 kDa likely represents dimeric species. For comparison, Figure 5.7E shows the corresponding
patient-derived FLC P006, which also exhibited a faint band consistent with a FLC dimer, while the
monomer band appeared at a comparatively lower molecular weight range. This difference may
reflect an alternative folding state in the patient-derived FLC that influences electrophoretic
migration. In addition, a band between 10-15 kDa was observed in the patient sample, which may
represent a lower molecular weight fragment likely generated by proteolytic digestion due to the
presence of cathepsins in the patient samples, as discussed in Chapter 3 and 4.

After purification, rLC6 was subjected to biophysical characterization. As a first step, the refolding
efficiency of Protocol 1 was assessed by analyzing the secondary structure of rLC6 using CD
spectroscopy in comparison with the corresponding patient-derived sample P006. CD spectroscopy
was performed as described in Section 3.4.4, with a sample concentration of 8 uM in 10 mM Tris-HCl
(pH 7.4). Figure 5.8A and 5.8B presents the secondary structure analysis of rLC6 obtained using
Protocol 1. The HT signals of rLC6 and P006 overlapped across the far-UV range (Fig. 5.8A), indicating
comparable optical transmission, and allowing for a reliable direct comparison of their CD spectra.
However, as shown in Figure 5.8B, significant differences in the secondary structure were observed
between rLC6 and P006. While P006 and the other patient-derived FLC samples (e.g., Fig. 3.5)
exhibited secondary structures dominated by distinct [-sheet motifs, with a minimum at
approximately 217 nm, typical for immunoglobulin domains (Brahms et al. 1977; Bork et al. 1994;
Poshusta et al. 2013; Andrich et al. 2017), rLC6 showed a minimum around 200 nm, which is
consistent with a largely unstructured or disordered, random coil conformation (Greenfield 2006;
Zerfaf} et al. 2017). These results suggest that the refolding conditions applied in Protocol 1 did not
succeed in restoring the native conformation of the patient-derived FLC. To rule out potential
experimental errors and to test possible improvements in rLC6 recovery, the refolding protocol was
repeated four additional times, resulting in five independent rLC6 preparations in total. While the
second preparation strictly followed the initial protocol, subsequent preparations included minor
modifications to enhance the recovery of native secondary structure. In preparation 3, the
solubilization step was extended to 2 h, and the solubilized sample volume was reduced to 2 mL before
dilution into the renaturation buffer. In preparation 4, the renaturation step was prolonged to 3 h. In
preparation 5, 0.4 M L-arginine was added to the renaturation buffer to suppress aggregation of
unstable off-pathway intermediates. Additionally, preparations 3 and 4 were lyophilized instead of

being snap-frozen in liquid nitrogen before long-term storage at —-80°C.
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Figure 5.8: Protocol 1. CD spectroscopy analysis of rLC6. The refolding efficiency of rLC6 using Protocol 1 was assessed
by CD spectroscopic secondary structure analysis. (A, B) First preparation of rLC6 (red) compared with the patient-derived
sample P006 (black). (A) HT voltage signals, and (B) CD spectra. (C, D) Four additional rLC6 preparations (blue, red, green,
yellow) compared with P006 (black). (C) HT voltage signals, and (D) CD spectra. All measurements were performed at a
sample concentration of 8 uM in 10 mM Tris-HCI buffer (pH 7.4). All data was baseline corrected and 15 accumulations per
sample were recorded. CD spectra are shown as molar ellipticity, calculated from raw ellipticity (millidegrees) normalized to

protein concentration and path length.

As shown in Figure 5.8D, none of the additional attempts produced a native-like secondary
structure, and all rLC6 preparations exhibited spectra comparable to the initial refolding experiment.
Notably, the two lyophilized rLC6 preparations showed a pronounced drop in the HT voltage signal
between 190 and 200 nm. This effect was absent in non-lyophilized samples and is therefore most
likely caused by lyophilization-induced aggregation or buffer changes upon reconstitution. This shift
in the HT voltage was also reflected in a reduced signal-to-noise ratio of the corresponding CD
spectra (Fig. 5.8D, rLC6 (3) and (4)), although the overall spectral features remained consistent with
those of the non-lyophilized preparations.

To further characterize the molecular composition of rLCé6 after refolding, the first preparation was
analyzed by SV-AUC as previously described in Chapter 3. The resulting ¢(s) distribution under native
conditions is shown in Figure 5.9A. The corresponding sedimentation profiles are provided in the

Supplementary information (Fig. 8.12).
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Figure 5.9: Protocol 1. SV-AUC analysis of rLC6 and the effect of disulfide bond reduction by TCEP. The c(s)
distributions obtained from SV-AUC experiments are shown. (A) rLC6 under native conditions. (B) rLC6 after addition of
7 mM pH-adjusted TCEP and incubation for 1.25 h at 37°C with shaking at 600 rpm. (C) Overlay of the ¢(s) distributions of
rLC6 and rLC6 after TCEP treatment. All samples were prepared at a concentration of 35 pM in 30 mM Tris-HCI (pH 7.4). For
each measurement, 390 pL of sample were loaded into the sample sector of standard aluminum double-sector centerpieces,
and SV analysis was carried out at 60,000 rpm and 20°C.

Approximately half of the sample corresponded to a species consistent with the LC monomer
(2.21S). In addition, a second species was detected at 0.74 S, reminiscent of FLC fragments previously
observed during the analysis of the patient samples (e.g., Fig. 3.4). This signal converged with a sharp
peak at ~0.1 S, which had also been observed in reduction experiments, where it increased with longer
TCEP incubation time and was interpreted as a low molecular weight fragment. To assess the stability
of the molecular species distribution as a function of disulfide bonding, rLC6 was analyzed after
incubation with 7 mM TCEP for 1.25 h (Fig. 5.9B) as described in Chapter 3. After TCEP-treatment,
the sample displayed a peak at 0.85 S accounting for 46% and a peak at 2.08 S, accounting for 5.2% of
the total sample. Compared to rLC6 under native conditions (Fig. 5.9C), the overall signal distribution
shifted towards lower s-values, consistent with the observations made for patient-derived FLC
samples.

Measured o(s) distributions of rLC6 were then compared with those of the corresponding patient-
derived sample P006, presented in the Supplementary material in Section 8.1.2. Figure 5.10A shows
the overlay of rLC6 and P006 under native conditions. Compared to rLC6, P006 displayed a slightly
higher s-value for the monomer (2.35S vs. 2.21 S) together with a sharper overall peak, consistent
with a more homogeneous molecular species. In addition, P006 exhibited a distinct signal at 1.36 S,
likely corresponding to a fragmented species, as well as a dimeric species at 3.65 S that accounted for
~10% of the sample. In contrast, rLC6 showed no dimeric signal and instead displayed a broader
monomer peak together with a fragment-like signal at a lower s-value (0.74 S), indicating a different
fragmented species compared to P006. After incubation of P006 with TCEP for 1.25 h, the differences
between reduced P006 and native rLC6 became less pronounced (Fig. 5.10B). The monomeric peak of
reduced P006 shifted to 2.27 S, closely matching the 2.21 S monomer peak of rLC6. At the same time,
the fragment distribution of P006 shifted toward a lower s-value (~0.7 S), resembling the fragment-like
signal already observed in rLCé6. Importantly, the dimeric species present in native P006 decreased
after TCEP treatment, further aligning the molecular species distribution of reduced P006 with that of
native rLC6.
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Figure 5.10: Protocol 1. SV-AUC comparison of rLC6 and P006. The (s) distributions of rLC6 and P006 obtained from
SV-AUC experiments are shown. The c(s) data for P006 are reproduced from Chapter 3. (A) Comparison of rLC6 and P006 in
their native states. (B) Comparison of native rLC6 with P006 after 1.25 h of incubation with TCEP. (C) P006 after 15 h of
TCEP incubation. (D) Comparison of rLC6 after 1.25 h of TCEP incubation with P006 after 15 h of TCEP incubation. All
samples were prepared at a concentration of 35 pM in 30 mM Tris-HCI (pH 7.4). For each measurement, 390 uL of sample
were loaded into the sample sector of standard aluminum double-sector centerpieces, and SV analysis was carried out at
60,000 rpm and 20°C.

This trend became even more apparent when comparing both samples in a reduced state (rLC6
after 1.25h and P006 after 15h of TCEP incubation), as shown in Figure 5.10C and 5.10D. Both
distributions showed a shift of the monomer to lower s-values (P006: 2.16 S vs. rLC6: 2.08 S), an
increase in fragment species (P006: 1.05 S vs. rLC6: 0.85 S), and a pronounced rise of low molecular
weight signals around 0.1 S compared with their respective native states. Taken together, these results
indicate that rLC6 is already destabilized under native conditions, resembling the partially reduced
profile of P006 after short-term TCEP incubation. The absence of a stable dimer fraction, the broader
and less defined signal of the monomeric species, and the altered fragment distribution collectively
indicate that the refolding conditions were insufficient to re-establish the stabilizing disulfide bond
pattern of the patient-derived FLC. Consequently, rLCé6 likely represents a pre-reduced-like state in
which native disulfide pairing is disrupted, leading to structural stabilization. While the CD data
(Fig. 5.8) support this interpretation, it should be noted that disulfide reduction alone, as shown in
Chapter 3 (Fig. 3.5), does not necessarily cause complete loss of -sheet structure but rather decreases
its stability and cooperativity. The observed random-coil-like profile of rLC6 therefore suggests
additional misfolding.
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5.4.3 Protocol 2: Dropwise dilution refolding of rLCs in GSH/GSSG redox-shuffle buffer
Adapted from Rognoni et al. (2013)

To further explore redox-mediated refolding strategies beyond the protocol of Buchner and Rudolph
(1991), a method described by Rognoni et al. (2013) was tested for the recovery of full-length rLCs in
E. coli. This protocol follows the same refolding concept but differs in several steps, including
extended solubilization time, dropwise dilution into a redox-shuffle buffer, and an additional AEC
step. Since these adjustments were expected to enhance folding efficiency and purity, the protocol
was selected for evaluation. Protocol 2 was performed as described in Section 5.3.6 and samples were
collected throughout the preparation for SDS-PAGE analysis to monitor purification efficiency
(Fig. 5.11B), including the supernatant after the first centrifugation, the resuspended pellet before

washing, and the supernatant after both washing steps.
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Figure 5.11: Protocol 2. AEC and SEC purification of rLC6 after renaturation. Shown are the AEC and SEC
chromatograms, together with the SDS-PAGE analysis of collected fractions. (A) AEC chromatogram after rLC6
renaturation. Elution via NaCl gradient indicated in blue (started at 0% at ~202 mL to 100% (1 M NaCl final concentration) at
~262 mL, 2 mL/min). (B) Reducing SDS-PAGE analysis of (1) centrifugation step 1; (2) resuspended pellet before washing; (3,4
) supernatant after first and second washing step; (5) AEC flow-through; (6) AEC fractions 16-22 (peak 1); (7) AEC fractions
36-43 (peak 2); (8) AEC fractions 59-80 (peak 3). Fractions 16-22 and 36-43 were pooled for further purification, as indicated
by the dotted line. (C) SEC chromatogram of pooled AEC fractions 16-22 and 36-43 and (D) SDS-PAGE analysis of collected
SEC fractions. Fractions 20-23 and 24-27 were pooled for further characterization, as indicated by the dotted lines.
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IB-associated rLC6 was primarily detected in the pellet fraction after cell lysis, consistent with
previous observations, and the washing steps only led to minor sample loss. After IB preparation,
refolding, and dialysis, rLC6 was purified by AEC (Fig. 5.11A). Three elution peaks were observed, the
first peak appeared at ~250 mM NaCl, the second between 600-700 mM, and the third at 1 M NaCl.
SDS-PAGE analysis revealed only minor traces of rLC6 in the AEC flow-through, while the majority
of rLC6 eluted in the first two peaks (Fig. 5.11B). Following AEC, the first two elution peaks (fractions
16-22 and 36-43) containing rLC6 were pooled and subjected to final purification by SEC. The SEC
chromatogram (Fig. 5.11C) and the corresponding SDS-PAGE analysis of the eluted fractions
(Fig. 5.11D) are shown. The chromatogram displayed a main peak eluting at approximately 9 mL,
accompanied by a pronounced right-skewed shoulder. rLC6 was primarily detected in fractions 20-27,
covering both main peak and its shoulder. Whether the right-skewed shoulder and the second AEC
peak reflected the presence of rLC6 dimers could not be determined, as SDS-PAGE analysis was
performed under reducing conditions. Based on molecular composition and band intensity, fractions
20-23 and 24-27 were pooled separately. The pooled samples were either snap-frozen in liquid

nitrogen for long-term storage at —80°C or kept at 4°C for further analysis.
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Figure 5.12: Protocol 2. Second preparation of rLC6. Shown are the AEC and SEC chromatograms, as well as SDS-PAGE
analysis of collected fractions. (A) AEC chromatogram after rLC6 renaturation. Elution via NaCl gradient indicated in blue
(started at 0% at ~0 mL to 100% (1 M NaCl final concentration) at ~60 mL, 2 mL/min). (B) SEC chromatogram of pooled AEC
fractions 41-85 and (C) SDS-PAGE analysis of collected SEC fractions. Fractions 20-24 and 25-27 were pooled for further

characterization, as indicated by the dotted lines.

A second rLC6 purification using Protocol 2 is shown in Figure 5.12. In contrast to the first
preparation, AEC yielded a single broad elution peak between 300-600 mM NaCl (Fig. 5.12A). The

broadening of the peak compared to the first preparation may indicate increased sample
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heterogeneity. The entire peak (fractions 41-85) was pooled and subjected to SEC fractionation. Since
rLC6 was not detectable in the late-eluting peak at 1 M NaCl during the first preparation, this region
was not considered for further analysis. The SEC chromatogram (Fig. 5.12B) displayed a major peak at
~9 mL with a right-skewed shoulder, similar to the first preparation but less pronounced. SDS-PAGE
analysis of the eluted fractions (Fig.5.12C) confirmed rLC6 as the dominant species, primarily
detected in fractions 20-27. Based on molecular composition and band intensities, fractions 20-24 and
25-27 were pooled separately. The overall yield of rLC6 was comparable to that of the first
preparation, and pooled fractions were either snap-frozen in liquid nitrogen for storage at —-80°C or
kept at 4°C for further analysis. Despite differences in the AEC elution profile and minor variations in
the SEC peak shape, both preparations yielded a consistent distribution of rLC6 across fractions. In
the first preparation, pooled fractions 20-23 (rLC6 (1)) yielded a concentration of 1.04 mg/mL, while in
the second preparation, pooled fractions 20-24 (rLC6 (2)) and 25-27 (rLCé6 (3)) yielded 1.02 mg/mL and
0.88 mg/mL, respectively. In contrast to Protocol 1, the concentrations obtained with Protocol 2 were
sufficiently high to allow further analysis without the need for additional concentration by
ultrafiltration.

Following SEC, purified rLC6 samples were analyzed by CD spectroscopy to assess their secondary
structure (Fig. 5.13). The folding efficiency of Protocol 2 was evaluated by comparing the spectra of
rLC6 with those of the patient-derived sample P006, as well as with rLC6 obtained using Protocol 1.
From the first preparation, the pooled SEC fractions 20-23 (green), and from the second preparation,
both pooled fractions 20-24 (blue) and 25-27 (red) were analyzed. Figure 5.13A shows the HT voltage
signals of all measurements. All three rLC6 preparations were analyzed in 10 mM sodium phosphate
buffer, whereas P006 was measured in 10 mM Tris-HCI buffer, both at pH 7.4. Accordingly, all rLC6
samples displayed consistently lower HT voltage values across the far-UV wavelength range
compared to sample P006, consistent with the lower far-UV absorbance of sodium phosphate relative
to Tris-HCI (Pain 2004). While sodium phosphate buffers are generally preferred because they remain
optically transparent down to ~185 nm, Tris-HCI exhibits stronger absorbance below 200 nm, which
increases HT voltage and reduce spectral accuracy, particularly at higher buffer concentrations or pH
values (Greenfield 2006). Nevertheless, low concentration Tris-HCI buffers (e.g., 10 mM) used with a
1 mm pathlength cuvette are widely considered acceptable. Figure 5.13B shows the CD spectra for all
rLC6 preparations in comparison with P006. The spectra of the three rLC6 preparations closely
overlapped, with minima around 205-208 nm and a tendency towards a signal around 217 nm. This
high degree of consistency across preparations indicates that Protocol 2 reproducibly yielded rLC6
with comparable secondary structure content. Nevertheless, all rLC6 samples remained clearly distinct
from P006. Thus, rLC6 obtained with Protocol 2 retained a largely disordered or partially folded

character. For subsequent AUC analysis, the sample rLC6 (1) from the first preparation was selected.
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Figure 5.13: Protocol 2. CD spectroscopy analysis of rLC6. Refolding efficiency of rLC6 using Protocol 2, adapted from
Rognoni et al. (2013), was assessed by secondary structure analysis via CD spectroscopy. From the first preparation (rLC (1)),
the pooled SEC fractions 20-23 (green) were analyzed. From the second preparation (rLC (2)), pooled SEC fractions 20-24
(blue) and 25-27 (red) were analyzed. (A) HT voltage signals of the analyzed rLC6 samples compared with the patient-
derived sample P006 (black). (B) Corresponding CD spectra of rLC6 samples in comparison with P006 (black). All
measurements were performed at a protein concentration of 8 pM in 10 mM sodium phosphate buffer (pH 7.4). All data was
baseline corrected and 15 accumulations per sample were recorded. CD spectra are shown as molar ellipticity, calculated

from raw ellipticity (millidegrees) normalized to protein concentration and path length.

The hydrodynamic properties and molecular composition of rLCé, obtained using Protocol 2, were
further analyzed by SV-AUC. Measurements were performed at a sample concentration of 35 uM in
30 mM Tris-HCl (pH 7.4). The sedimentation profile and the corresponding c(s) distribution of
rLC6 (1) are shown in Figure 5.14A and 5.14B. Under native conditions, the c(s) distribution of rLC6 (1)
showed a dominant peak at 3.17 S (~36% of the total signal) together with a well-resolved shoulder at
4.61 S (~20% of the total signal). Additionally, a broad, right-skewed tail extended up to ~30 S indicated
the presence of higher-order oligomeric species. When compared directly to the patient-derived
sample P006 (Fig. 5.14B), the sedimentation behavior of rLC6 showed pronounced differences. The
main peak at 3.17 S was too large to correspond to the P006 monomer (2.35S) yet too small to
represent its dimer (3.65 S), while the second peak at 4.61 S exceeded the expected range for the dimer
by approximately 1S. Whether these signals represent dimers and tetramers of rLC6 in a partially
folded or misfolded state remains unclear. Only a faint, left-skewed shoulder around 2.2 S hinted at
the possible presence of monomers. Compared to the first rLC6 preparation using Protocol 1
(Fig. 5.9A), which predominantly yielded monomeric species and low molecular weight fragments
resembling those in the destabilized patient sample P006, Protocol 2 resulted in a sample with a high
degree of oligomerization. The nature of these oligomers remains unresolved, but they differ
significantly from both P006 and rLC6 obtained using Protocol 1. These findings suggest that the
refolding conditions used in Protocol 2 likely promote self-association rather than native folding,

consistent with the results from CD spectroscopy.
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Figure 5.14: Protocol 2. SV-AUC analysis of rLC6. The c(s) distributions obtained from SV-AUC experiments are shown.
(A) Sedimentation profile of rLC6 obtained using Protocol 2, with (B) the corresponding c(s) distribution and comparison
with patient-derived sample P006. (C) Sedimentation profile of rLC6 after 15 h of incubation with 7 mM TCEP, with (D) the
corresponding ¢(s) distribution and comparison with P006 after 15 h TCEP-incubation. SV experiments were performed in
30 mM Tris-HCI buffer (pH 7.4) at a protein concentration of 35 pM. For each measurement, 390 pL of sample were loaded
into the sample sector of standard aluminum double-sector centerpieces, and measurements were carried out at 60,000 rpm
and 20°C.

To further analyze the stability of these species, rLC6 obtained using Protocol 2 was treated with
7 mM TCEP for 15 hours and analyzed by SV-AUC in comparison with P006. The sedimentation
profile and the corresponding c(s) distribution of the reduced sample are shown in Figure 5.14C and
5.14D. Both the sedimentation profile and the c(s) distribution showed a pronounced loss of
sedimenting material, with the ¢(s) distribution dominated by a single sharp peak at 0.16 S (~94% of
the total sample), consistent with the low molecular weight fragments previously observed during
extended TCEP incubation of patient samples (e.g., Fig. 3.1). A minor peak at 0.72 S was also detected,
likely reflecting a larger fragment. In contrast to P006, which forms aggregates under the same
reducing conditions (Fig. 8.1B), rLC6 showed no signs of aggregation. Instead, the majority of the
sample shifted toward smaller species, suggesting that degradation, rather than aggregation, was the
dominant outcome of reduction. Since a minor drop in sedimentation plateau was only mildly
noticeable after 15 h of TCEP treatment (Fig. 5.14C), this indicates that no substantial material was
lost to rapidly sedimenting aggregates. Taken together, these results support the conclusion that rLC6
obtained using Protocol 2 adopts a non-native, unstable conformation that is highly sensitive to

reduction, ultimately leading primarily to fragmentation and degradation.
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5.4.4 Protocol 3: Urea based solubilization and spontaneous refolding of rLCs
Adapted from Poshusta et al. (2013)

To evaluate an alternative strategy for the recovery of native rLCs from IBs, a protocol described by
Poshusta et al. (2013) was adapted. Unlike Protocol 1 and 2, which relied on solubilization using
GdnHCI and refolding via controlled dilution into a redox buffer, this method used urea-based
solubilization followed by the spontaneous refolding during dialysis into a physiological buffer,
without the addition of redox agents. While GdnHCl is a strong ionic chaotrope that fully denatures
proteins while shielding electrostatic interactions and thereby minimizing charge-charge effects
during refolding, urea is a neutral denaturant that primarily disrupts hydrogen bonds and
hydrophobic interactions but leaves electrostatics intact. These mechanistic differences result in
distinct folding landscapes and stability profiles (Monera et al. 1994). Thus, while the GdnHCl-based
protocol ensured complete unfolding but required controlled redox dilution for refolding, the urea-
based protocol allowed gentler unfolding and enabled spontaneous refolding during dialysis.

After cell lysis and centrifugation, the pellet fraction containing the IBs was washed extensively to
reduce impurities, solubilized in 6 M urea, and then dialyzed into physiological buffer, as described in
Section 5.3.6. After dialysis, the refolded samples were clarified by sterile filtration and subjected to
SEC. During purification, samples were collected after cell lysis, during the washing steps, and from
the refolded sample before SEC (Fig. 5.15B, lanes 1-4). The chromatogram shown in Figure 5.15A
represents a preparation obtained after all additional modifications of the protocol were implemented.
Following SEC, eluted fractions were analyzed by SDS-PAGE to assess rLC6 content. The overall rLC6
concentrations were sufficiently high to allow the analysis of individual fractions, rather than
combining them. Fraction 22, with a concentration of 1.33 mg/mL in a total volume of 2 mL, was
selected for subsequent characterization by CD and AUC analysis. Remaining fractions were snap-

frozen in liquid nitrogen and stored at —80°C until further use.

SEC fractions
A 22 BkDa 1 2 3 4 17 18 19 20 21 22 23 24 25 26

5004

400~

Abs [mAU]
W
[=]
o
1

100

6 8 10 12 14
Volume [ml]

reducing

Figure 5.15: Protocol 3. SEC fractionation of rLC6 after renaturation. Following renaturation, rLC6 was concentrated
by ultrafiltration, sterile-filtered, and applied to a Superdex 75 10/300 GL Tricorn column for SEC fractionation. (A) SEC
chromatogram of rLC6 showing the main elution peak. Fraction 22 was used for subsequent analysis (green). (B) SDS-PAGE
analysis under reducing conditions of samples collected prior to SEC (lane 1: supernatant after cell lysis; lane 2: pellet after
initial washing step; lane 3: pellet after final washing step; lane 4: undiluted sample after refolding) and SEC fractions 17-26.
rLC6 was primarily detected in fractions 19-24, with fraction 22 used for subsequent characterization by CD and AUC

analysis.
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Figure 5.16 shows the secondary structure analysis of three different rLC6 preparations obtained
using Protocol 3. The individually pooled SEC fraction 22 is labelled rLC6 (2) and highlighted in green.
All three rLC6 preparations were analyzed in 10 mM Tris-HCI buffer, pH 7.4. The HT voltage signals
of the rLC6 preparations (Fig. 5.16A) were slightly elevated compared to those of the patient-derived
sample P006, but overall indicated sufficient optical transmission to enable a reliable comparison of
the CD spectra (Fig. 5.16B). All three preparations of rLC6 displayed spectra similar to those obtained
with Protocol 1, but with the minimum shifted from ~200 nm to ~205-208 nm, as also observed in
Protocol 2. This shift may indicate that Protocol 2 and 3 yielded rLC6 in a more partially folded state
compared to Protocol 1, yet still distinct from the characteristic p-sheet signature of FLCs. While the
overall spectral profile suggested a predominantly disordered conformation, the subtle differences
observed also raised the possibility that the samples obtained with Protocol 2 and 3 contained a
mixture of folding states, with only a fraction of rLCé adopting a native-like conformation.
Nevertheless, the dominant signal remained consistent with a largely disordered state, demonstrating
that the dialysis-based refolding of Protocol 3 was insufficient to restore a native-like secondary

structure.

30
800 — P006 — P006
— rLC6 (1) 20 — rLC6 (1)
7004 — rLC6 (2) ‘Y — rLC6 (2)
00 — (LCB (3) T~ — 1LCB (3)
E_'E 10
= 600 ;_g
= Eo 0 A
E = E
500 :9_ &
28 -0
400+ <
)
300
T T T -30-1 T T T T T T
200 220 240 260 190 200 210 220 230 240 250 260
Wavelength [nm] Wavelength [nm]

Figure 5.16: Protocol 3. CD spectroscopy analysis of rLC6. The refolding efficiency using the protocol adapted from
Poshusta et al. (2013) was evaluated by secondary structure analysis via CD spectroscopy. Shown are (A) high-tension (HT)
voltage signals, and (B) CD spectra of three independent rLC6 preparations (green, blue, red) compared with the patient-
derived sample P006 (black). Fraction 22 from the preparation shown in Figure 5.15 is shown in blue (rLC6 (2)).
Measurements were performed at a protein concentration of 8 pM in 10 mM Tris-HCI buffer (pH 7.4). Data were baseline
corrected, and 15 accumulations per sample were recorded. CD spectra are shown as molar ellipticity, calculated from raw

ellipticity (millidegrees) normalized to protein concentration and path length.

To analyze the molecular composition of rLC6 obtained using Protocol 3, the samples were
subjected to SV-AUC. Figure 5.17 shows the sedimentation profiles (Fig.5.17A, C,E) and the
corresponding c(s) distributions (Fig. 5.17B, D, F) for the three analyzed preparations. Sample rLC6 (2)
corresponds to SEC fraction 22 shown in Figure 5.15. All preparations displayed similar sedimentation
profiles, with reproducible s-values that could be assigned to different molecular species. On average,
the monomer sedimented at 2.09 £ 0.10 S, the dimer at 3.19 £ 0.07 S, and a third species, which most
likely reflects a tetramer, at 4.64 + 0.14 S. The consistency of these values across preparations
indicated comparable conformational states, in agreement with the CD spectroscopic analysis
(Fig. 5.16). Notably, the tetrameric species showed the highest variability in terms of s-value,

suggesting a broader structural heterogeneity. In addition, all samples showed a right-skewed
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shoulder in the 6-7 S range, consistent with higher-order oligomers beyond the tetramer. A similar
signal broadening was also observed for the monomer of rLC6 (1) in the range of 1-1.5 S (Fig. 5.17B),
which most likely reflects fragmentation, as described previously. Also, rLC6 (2) displayed an
additional, baseline-resolved peak around 0.62 S, which also indicates the presence of a fragment
species. In the third preparation, no fragment species was observed. Compared to the patient-derived
sample P006, rLC6 samples consistently exhibited lower s-values, with average decreases of 0.26 S for
the monomer and 0.46 S for the dimer. Moreover, a tetrameric species reproducibly observed in rLC6
preparations across different protocols (i.e., Fig. 5.17D, F and Fig. 5.14B) was absent in P006. In context
of the CD data, these differences support the conclusion that rLCé obtained using Protocol 3 adopts a
non-native conformation largely dominated by unstructured random coil motifs, resulting in a distinct

distribution of molecular species.
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Figure 5.17: Protocol 3. SV-AUC analysis of rLC6. SV experiments were performed under native conditions in 30 mM
Tris-HCI buffer (pH 7.4) at a protein concentration of 35 uM. (A, C, E) Sedimentation profiles of three independent rLC6
preparations obtained using Protocol 3, and (B, D, F) the corresponding s) distributions with additional comparison with
patient-derived sample P006. For each measurement, 390 uL. of sample were loaded into the sample sector of standard

aluminum double-sector centerpieces, and measurements were carried out at 60,000 rpm and 20°C.
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In summary, the adapted Protocol 3, based on urea solubilization and spontaneous refolding of
rLC6 during dialysis without additional redox agents, yielded consistent results across independent
preparations and provided sufficient material for downstream analyses. CD spectroscopy confirmed
that rLC6 did not adopt a native-like secondary structure but instead adopted a conformation
dominated by random coil motifs, closely resembling rLC6 from Protocol 1 and 2. Notably, both
Protocols 2 and 3 yielded rLC6 preparations with a CD spectral minimum around 205-208 nm,
suggesting a shared, partially ordered conformation distinct from the completely unfolded-like
spectrum observed in Protocol 1, which displayed a minimum at ~200 nm. This shift may reflect the
formation of residual secondary structure elements or intermediate folding states of rLCé6.
Importantly, unlike Protocol 2, which led to broad, heterogeneous oligomerization and lacked a
clearly defined monomer peak, Protocol 3 consistently produced distinct, stable peaks corresponding
to monomeric, dimeric, and tetrameric species. This suggests that the refolding conditions in
Protocol 3 allowed for at least partially folded, stable monomers to form, representing a key difference
from the loss of monomer observed in Protocol 2. Although the oligomeric distribution generated by
Protocol 3 was more defined than in Protocol 2, it still diverged from the native sedimentation profile
of the patient-derived sample P006. These differences likely arise from persistent deviations in folding,
intermolecular interactions, or the nature of stabilizing forces (e.g., covalent versus non-covalent),

which continue to prevent the formation of native-like assemblies.

5.4.5 Evaluation of Protein L as a tool for selective purification of rLC6

Since rLC6 obtained using Protocol 2 and 3 exhibited CD spectral features suggestive of mixed folding
states, it was tested whether correctly folded species could be selectively isolated using Protein L
affinity chromatography. Originally isolated from the cell wall of Peptostreptococcus magnus, Protein L
binds with high affinity to the folded framework region of x-type LC Vi, domains (Akerstrom and
Bjorck 1989). While strong binding has been reported for the VI, VkIII and VkIV subgroups, only
weak or no affinity was observed for VkII and A-type LCs (Nilson et al. 1993). Unlike Protein A and G,
which exclusively interact with IgG HCs (Akerstréom and Bjorck 1989; Zheng et al. 2012), Protein L
directly binds to the Vi, domain of k-type LCs and is therefore also applicable to single-chain antibody
fragments (scFv). This makes it a potential tool for selectively isolating native or partially folded FLC
and rLC species from heterogeneous samples. To evaluate the potential of Protein L for this purpose,
gravity flow chromatography was performed as described in Section 5.3.8. Figure 5.18 summarizes the
results of three Protein L binding experiments performed with rLC6 obtained with Protocol 2
(Fig. 5.18A), rLC6 obtained with Protocol 3 (Fig. 518B), and the patient-derived sample P006 (Fig.
5.18C). SDS-PAGE was performed under reducing conditions and only the first elution fractions are

shown, as no significant protein was detected beyond.
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Figure 5.18: Protocol 2 & 3. Protein L affinity chromatography of rLC6 and P006. The SDS-PAGE analysis of three
Protein L binding experiments is shown. (A) rLC6 obtained with Protocol 2, showing flow-through (FT) and elution fractions
(E1-E3). (B) rLC6 obtained with Protocol 3, showing the sample before loading (L), the flow-through (FT) and the elution
fractions (E1, E2). (C) Patient-derived sample P006, showing the flow-through (FT), reloaded flow-through (FT2), and elution
fractions (E1-E3). Only the first elution fractions are shown as example, no significant amounts of rLC6 or P006 were

detected. SDS-PAGE was performed under reducing conditions.

The experiments revealed little to no affinity of rLC6 obtained using Protocol 2 and 3 for Protein L
(Fig. 5.18A, B). The majority of rLC6 was found in the flow-through, and comparison with the loaded
sample (Fig. 5.18B) showed nearly identical SDS-PAGE profiles, confirming that rLCé did not bind to
the Protein L column. Only minor traces of rLC6 were observed in the elution fractions, which were
insufficient for meaningful concentration or further analysis. To determine whether the absence of
binding was caused by misfolding or epitope disruption in rLC6, a control experiment was performed
with the patient-derived sample P006 (Fig. 5.18C). Surprisingly, P006 also exhibited minimal Protein L
binding, with the majority of material recovered in the flow-through. Reloading of the sample showed
no improvement, and the elution fractions again showed only faint traces of P006, likely due to non-
specific retention rather than affinity. P006 was classified as a k-type LC of the VI subgroup using
the ANARCI web tool (Dunbar and Deane 2016) and was therefore expected to demonstrate a high
binding affinity to Protein L. While structural epitope disruption caused by somatic mutations or
partial unfolding within the framework region of the Vi, domain could explain the absence of binding
in rLC6, as at least partially expected, this result was unexpected for P006. Previous studies have
reported that Protein L can show reduced binding to free x-type LCs compared to intact IgG or scFv
constructs, likely explained by HC pairing contributions to a more accessible conformation of the VL
domain for Protein L interaction (Akerstrém and Bj6rck 1989). However, it has also been reported that
isolated VI fragments can retain comparable binding affinities to those of intact IgG molecule (Nilson
et al. 1992, 1993), suggesting that additional structural or conformational factors may influence the

interaction of FLCs with Protein L.
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5.4.6 Protocol 4: Chaperone-assisted expression of rLCs in the periplasmic space of E. coli
Developed in collaboration with Dr. Hamed Shaykhalishahi

To establish an oxidative in vivo folding system, the P006 gene was cloned into the pCHAP vector
kindly provided by Dr. Hamed Shaykhalishahi. This construct directs rLC6 into the periplasm via an
N-terminal pelB leader sequence, where the oxidizing environment facilitates folding and disulfide
bond formation. In addition, the vector encodes the periplasmic chaperone Skp to further promote
proper folding, and a C-terminal 6xHis tag to enable downstream purification by IMAC. A schematic
representation of the construct is shown in Figure 5.19A. Assembly of the construct was performed as
described in Section 5.3.2 and 5.3.3. Linearization of the pCHAP vector yielded the expected band at
~4.3 kb when using 1 ng of template DNA, accompanied by minor PCR by-products. In contrast, the
reaction with 0.5 ng template did not produce the expected product but instead resulted in a smear
and prominent primer-dimer formation (Fig. 5.19B). PCR amplification of the codon-optimized gene
insert with primers providing overlaps for the assembly into the pCHAP vector (Table 5.2) produced
the expected 753 bp fragment (Fig. 5.19C). Amplification was successful at both tested annealing
temperatures (58°C and 60°C), producing very strong and distinct bands. Final assembly of the
linearized pCHAP vector with the P006 gene insert was carried out using the In-Fusion Snap

Assembly Kit according to the manufacturer’s instructions.
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Figure 5.19: Protocol 4. Vector design, assembly, and validation of pCHAP-P006 for periplasmic expression of
rLC6 in E. coli. (A) Schematic representation of the pCHAP-P006 construct, highlighting key vector features: the P006 gene
insert (red), the N-terminal pelB leader sequence for periplasmic export (light blue), the co-expressed periplasmic chaperone
Skp (blue), and the C-terminal 6xHis tag (yellow). The plasmid also carries a chloramphenicol resistance marker (purple)
with its Cat promoter (dark purple). The total construct length comprises 5,029 bp. (B) Agarose gel of the linearized pCHAP
vector (expected size 4,390 bp). GeneRuler 1 kb DNA Ladder was used as a marker. (C) PCR amplification of the codon-
optimized P006 insert with primers containing vector-overlap sequences (Tab. 5.2). PCR reactions at 58°C and 60°C both
yielded the expected 753 bp fragment. GeneRuler 100 bp Plus DNA Ladder was used as a marker. Linearized vector and P006
insert were purified and assembled using the In-Fusion Cloning Kit. (D) Test expression of pCHAP-P006 in E. coli. SDS-
PAGE analysis of cultures before (-IPTG) and after (+IPTG) induction. The -IPTG sample was collected at an ODso0 of 0.8;
expression was induced with 1 mM IPTG, and the +IPTG sample was taken 4 h after expression. Sample volumes were
normalized to cell density as described before. A distinct band at ~25 kDa (arrow) corresponds to rLC6, consistent with its
predicted molecular weight (24.57 kDa).
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The resulting constructs were transformed into E. coli BL21 (DE3) competent cells via heat-shock
transformation, plated on 2xYT agar containing 34 ug/mL chloramphenicol, and incubated overnight
at 37°C. The next day, single colonies were picked from the plate, inoculated in 2xYT medium, and
grown overnight. Glycerol stocks were prepared, and plasmid DNA was purified and verified by
Sanger sequencing to confirm correct construct assembly. To validate construct functionality, a small-
scale expression test was performed as described in Section 5.3.4. Following IPTG induction, SDS-
PAGE analysis revealed a distinct band at ~25kDa (Fig. 5.19D), consistent with the predicted
molecular weight of rLC6 including the 6xHis tag (24.57 kDa, 221 aa). This band was absent in the
non-induced control, confirming successful expression of rLC6.

After large-scale expression, cells were harvested by centrifugation and subjected to cold osmotic
shock as described in Section 5.3.9, allowing the release of rLC6 from the periplasm while minimizing
cytoplasmic contamination. Since a C-terminal 6xHis tag was included in this strategy, the
supernatant following osmotic shock, which contained soluble, folded rLC6, was purified by IMAC.
The Ni-NTA chromatogram (Fig. 5.20A) showed a single distinct elution peak, and the corresponding
fractions (11-23) were pooled for subsequent SEC. The SEC chromatogram (Fig. 5.20B) displayed one
major peak at ~9 mL with a right-skewed shoulder at ~11 mL, and a minor peak at ~14 mL. To confirm
the presence of rLC6, fractions 18-30 covering all three peaks were analyzed by non-reducing SDS-
PAGE (Fig. 5.20C). Distinct bands at ~25 kDa were detected in fractions 18-21, consistent with the
expected molecular weight of rLC6 including the 6xHis tag (24.57 kDa). Additional bands at ~50 kDa
were also observed, likely representing disulfide-linked rLC6 dimers, as disulfide bond formation is

expected during periplasmic folding.
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Figure 5.20: Protocol 4. Purification of periplasmic rLC6. The purification combining IMAC and SEC is shown. (A) Ni-
NTA chromatogram of 6xHis-tagged rLCé6. Fractions 11-23 (green area) were pooled for SEC. (B) SEC chromatogram of the
IMAC-purified sample, showing a main peak at ~9 mL with a right-skewed shoulder. Fractions 19-20 (green area) were
selected for downstream characterization based on SDS-PAGE analysis. Dotted lines indicate all collected fractions analyzed
by SDS-PAGE. (D) Non-reducing SDS-PAGE of SEC fractions 18-30. Prominent rLC6 bands were observed in early fractions

comprising the main peak, while later fractions showed bands at ~15 kDa.

While fractions 22 and 23 still contained minor amounts of rLCé, fractions 24-30 predominantly
displayed bands at ~15 kDa. Because these species were recovered following IMAC purification, they
are most consistently explained as His tag containing rLC6 fragments. Co-expressed Skp (~17 kDa) or
other periplasmic E. coli proteins are unlikely contributors, as they do not carry a 6xHis tag and

therefore would not be expected to bind efficiently to the IMAC resin. Based on these results,
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fractions 19 and 20, which contained the most prominent monomeric and dimeric rLC6 signals, were
pooled, buffer-exchanged into 10 mM Tris-HCl (pH 7.4) by ultrafiltration, and subsequently
concentrated. The initial preparation of rLC6 using Protocol 4 yielded low protein recovery, resulting
in a final concentration of approximately 0.1 mg/mL (~0.02 mg total), corresponding to ~2.5 uM rLC6
in a volume of ~200 pL, which was used for CD spectroscopic analysis to evaluate the refolding
efficiency of Protocol 4. This preparation was performed before implementing the cold osmotic shock
step, which was introduced subsequently to reduce cytoplasmic contamination and improved
purification efficiency. In the final preparation, the concentration reached 0.942 mg/mL (0.188 mg
total) in a comparable volume (~200 pL), corresponding to 38.35 pM rLCé.

Despite using 4 L of expression culture per preparation, the overall yield of periplasmic expression
remained low in comparison with IB-based protocols. To address this limitation, a series of
optimization experiments was performed in which parameters such as expression temperature and
duration, IPTG concentration, and pre-induction cold shock were systematically varied (data not
shown; available upon request). None of these approaches increased the proportion of soluble rLCé.
Figure 5.21 illustrates how the solubility of rLC6 after expression was evaluated. Following
expression, the harvested cells were lysed using a high-pressure homogenizer, as described for
Protocols 1-3, to ensure efficient cell disruption. The lysate was centrifuged for 15 min at 20,000 x g
and 4°C, and the resulting supernatant and pellet fractions were analyzed by SDS-PAGE to determine
the subcellular distribution of rLC6. In this context, rLC6 detected in the supernatant corresponds to
soluble, periplasmically folded protein, whereas rLC6 in the pellet indicates IB formation. As shown in
Figure 5.21, the majority of rLC6 was located in the pellet fraction, while only faint bands were
detected in the supernatant. This suggests that most of the protein remained accumulated in
cytoplasmic or periplasmic IBs, and only a small fraction of rLC6 was present in a soluble,
periplasmically folded form. While this observation could explain the low yields obtained in
Protocol 4, none of the tested modifications of the expression parameters increased the proportion of

soluble rLC6 or improved the overall recovery.
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Figure 5.21: Protocol 4. SDS-PAGE analysis of rLC6 solubility after periplasmic expression. After expression, cells
were lysed using a high-pressure homogenizer and the lysate was centrifuged for 15 min at 20,000 x g and 4°C, and the
resulting supernatant and pellet fractions were analyzed to assess the solubility and subcellular distribution of rLCé.
Together with the 6xHis tag, rLC6 has a predicted molecular weight of 24.57 kDa, indicated by the arrow next to the

corresponding band, consistent with the expected size. All samples were prepared in reducing Laemmli loading buffer.
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After each preparation using Protocol 4, the purified rLC6 samples were analyzed by CD
spectroscopy at the available concentrations. The spectra were compared with the concentration-
matched patient-derived sample P006 to evaluate the efficiency of Protocol 4 in recovering rLC6 in a
native-like folding state. In the first preparation, the low protein yield (~0.1 mg/mL) limited the
quality of the spectra; nevertheless, the data were sufficient to assess overall folding trends.
Subsequent preparations yielded higher protein concentrations, which enabled more reliable
secondary structure analysis. The results of the CD spectroscopic analysis of rLC6 obtained with

Protocol 4 are shown in Figure 5.22.
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Figure 5.22: Protocol 4. CD spectroscopic analysis of rLC6. The refolding efficiency of rLC6 obtained using Protocol 4
was evaluated by CD spectroscopic analysis. CD spectra and corresponding HT voltage signals are shown. (A, B) First rLC6
preparation (red), recovered from the E. coli periplasm prior to implementation of the cold osmotic shock protocol, in
comparison with the patient-derived sample P006. (A) HT voltage signals; (B) CD spectra. Due to the low yield, rLC6 (1) was
analyzed at a concentration of approximately 2.5 uM. (C-F) Two independent rLC6 preparations obtained after implementing
the cold osmotic shock step in Protocol 4, which enhanced purification efficiency and enabled higher sample concentrations.
(C, D) CD analysis performed at 4 uM rLC6. (E, F) Final preparation measured at 8 pM. All measurements were performed in
10 mM Tris-HCI buffer (pH 7.4), with matched concentrations of the patient-derived reference sample P006, respectively.
Measurements were baseline corrected and 15 accumulations per sample were recorded. CD spectra are shown as molar

ellipticity, calculated from raw ellipticity (millidegrees), normalized to protein concentration and path length.
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The figure displays the CD spectra (Fig. 5.22B, D, F) together with the corresponding HT voltage
signals (Fig. 5.22A, C,E). In the first preparation (Fig.5.22A, B), measured at a concentration of
~2.5 uM, the HT signal showed an unusual signal around 210 nm while reaching high voltage levels
(~800 V around 190 nm), suggesting an unstable transmission. This artifact is most likely related to
residual purification components (e.g., imidazole, EDTA) or other trace impurities. The CD spectrum
displayed a comparatively low signal-to-noise ratio, which can be explained primarily by the low
protein concentration but possibly also have been influenced by instrument re-adjustments performed
between measurements. Nevertheless, the overall secondary structure trend was consistent with P006,
which highlighted the potential of periplasmic expression. To improve purification and increase rLC6
yield, an additional osmotic shock step was subsequently included into Protocol 4. The second
preparation of rLCé6 (Fig. 5.22C, D), measured at a concentration of 4 uM, showed the closest overlap
in HT signal with P006. The corresponding CD spectra also matched closely, suggesting a comparable
overall secondary structure, which confirmed the results obtained at lower concentration.

Minor deviations were observed around 235 nm and 217 nm. As the signal region around 217 nm is
a characteristic feature of the secondary structure of LCs, these differences may reflect slight
concentration mismatches or subtle variations in local folding or structural dynamics. Despite these
differences, the spectral profile of rLC6 remained highly consistent with P006, supporting the
conclusion that Protocol 4 enabled the recovery of a largely native-like conformation. The third
preparation (Fig. 5.22E, F) yielded sufficient material to perform CD analysis at 8 pM, matching the
concentration used for rLCs produced with Protocol 1-3. Compared with concentration-matched
sample P006, rLC6 showed a reduced HT signal, potentially reflecting improved optical conditions
after instrument re-adjustments. The CD spectrum showed a modestly reduced signal intensity in the
210-220 nm range. Since this decrease appeared evenly distributed in the main signal are of ~210-
220 nm, it is most likely attributable to a slight concentration mismatch rather than structural
differences. Nonetheless, the overall spectral profile remained consistent with that of P006,
reinforcing the findings of previous preparations and further supporting the successful recovery of a
largely native-like conformation.

Taken together, the CD spectra of rLC6 at concentrations of ~2.5 uM (Fig. 5.22B), 4 pM (Fig. 5.22D)
and 8 puM (Fig. 5.22E) closely resembled those of the patient-derived sample P006. This demonstrates
that the periplasmic expression strategy of Protocol 4 effectively reproduced the secondary structure
of the respective patient-derived sample. In contrast, rLC6 samples obtained using IB-based protocols
consistently yielded random coil-dominated conformations that deviated significantly from P006. This
suggests that only a fraction of the protein, if any, may have adopted a native-like fold, which
motivated the Protein L binding experiments (Fig. 5.18). Protocol 4 provided the first clear evidence
that rLC6 adopted a native-like secondary structure, highlighting the importance of the folding
environment, chaperone assistance, and correct disulfide bond formation. Despite this structural
consistency, Protocol 4’s major limitation was its low yield, which prevented further biophysical

characterization beyond CD spectroscopy.
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5.5 Discussion

This chapter investigated different strategies for the recombinant expression and purification of
patient-derived FLCs in the E. coli host system. The primary objective was to obtain rLCs in a native-
like folding state comparable to their patient-derived counterparts. Establishing such a recombinant
model system provides a homogeneous and reproducible source of FLCs suitable for detailed
structural and biophysical analyses, which typically require high purity and concentration. E. coli was
selected as a cost- and time-efficient platform suitable for testing different expression and refolding
strategies. Several protocols for IB isolation and in vitro refolding, described in the literature (Buchner
and Rudolph 1991; Rognoni et al. 2013; Poshusta et al. 2013), were adapted and evaluated, alongside a
periplasmic secretion approach designed to allow in vivo folding under oxidizing conditions. Together,
these complementary strategies enabled a comparative assessment of how the folding environment

influences structural recovery, redox state, and conformational stability of rLCs.

5.5.1 Comparative analysis of rLC6 refolding pathways

Two mechanistically distinct expression routes were investigated. In cytoplasmic expression
(Protocol 1-3), rLC6 accumulated in IBs and required solubilization under denaturing and reducing
conditions, followed by in wvitro refolding under defined redox conditions. In contrast, periplasmic
expression (Protocol 4) directed rLC6 to the oxidizing periplasm via an N-terminal signal peptide,
facilitating in vivo folding with assistance from the co-expressed chaperone Skp. Across the IB
protocols, CD spectroscopy showed that rLC6 remained soluble but structurally non-native after
refolding. Protocol 1 (adapted from Buchner and Rudolph 1991) produced a random-coil spectrum
with a minimum near 200 nm (Fig. 5.8B), inconsistent with the p-sheet-rich profile typical of native
LCs (Brahms et al. 1977; Bork et al. 1994; Poshusta et al. 2013; Andrich et al. 2017). Adjustments of
solubilization and renaturation parameters, including the addition of L-arginine, did not improve
folding efficiency, suggesting that redox balance was a dominant factor under the tested conditions
rather than the specific procedural variations evaluated. Protocols 2 and 3 (adapted from Rognoni et
al. 2013 and Poshusta et al. 2013) altered the refolding chemistry through different solubilization and
redox-shuffle conditions. The resulting spectra shifted to ~205-208 nm (e.g., Fig.5.13B, 5.16B),
consistent with a partial recovery of secondary structure and intermediate-like conformations. In
contrast, the periplasmic strategy (Protocol 4) produced CD spectra closely matching the patient-
derived sample P006, indicating productive disulfide bond formation in vivo supported by Skp and the
Dsb network (Schéfer et al. 1999; Berkmen 2012; Denoncin and Collet 2013). Although yields were
low, these data indicate that native-like secondary structure was achieved under an oxidizing folding
environment with chaperone support. The observed differences in refolding efficiency between FLC
preparations likely arise from patient-specific sequence variations (Tab. 8.2) that modulate folding
kinetics and the redox sensitivity of individual LCs (Welker et al. 2001; Poshusta et al. 2009).
Establishing the IB workflow nevertheless provided a reproducible foundation for subsequent redox-

folding experiments.
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5.5.2 Redox-driven species distribution analyzed by SV-AUC

SV-AUC analysis provided quantitative insights into how the redox conditions applied during
refolding influenced the molecular species distribution of rLCé. Clear differences in the relative
abundance of monomeric, dimeric, and oligomeric species highlighted the sensitivity of cysteine
reactivity and disulfide bond formation to small changes in redox balance. With Protocol 1, rLC6
sedimented predominantly as a monomer (2.21S), accompanied by a minor fragmented species
(0.74S), in contrast to the patient-derived P006 monomer at 2.35S (Fig. 5.9A). This difference in
monomeric s-value, accompanied by noticeable peak broadening, reflects altered hydrodynamic
properties and conformational heterogeneity, consistent with a less compact, destabilized structure as
indicated by the random-coil CD spectrum. Short-term incubation with TCEP (1.25 h) was associated
with rapid fragmentation of rLC6, whereas P006 remained largely intact under identical conditions
(e.g., Fig. 5.10B). This difference is consistent with the absence of stabilizing intramolecular disulfide
bonds and/or an increased susceptibility to reductant-associated cleavage near cysteine residues, as
discussed previously (Liu et al. 2010). The lack of dimeric or higher-order species suggests that the
GSH/GSSG-based refolding buffer shifted too far toward reduction. Under these conditions, free
thiols, especially the reactive C-terminal Cys213, likely formed mixed disulfides with low molecular
weight thiols, consistent with thiol capping that would prevent both intermolecular linkage and
native intradomain pairing (Hochgrife et al. 2007; Prade et al. 2021). Such capping would further
hinder structural stabilization, yielding monomeric species resembling the partially reduced and
destabilized monomers observed after short-term TCEP incubation in Chapter 3, which similarly
displayed lower s-value, reduced B-sheet content, and an increased tendency toward fragmentation.
Given that cysteinylation has been detected in patient-derived FLCs (Dupré et al. 2021), these findings
provide a plausible in vitro analogue for redox-modified species that may also arise in vivo under
oxidative stress (Lim et al. 2001; Migrino et al. 2010; Lu et al. 2017).

In Protocol 2, applying a more oxidizing redox environment during refolding produced the
opposite outcome. SV-AUC revealed major peaks likely corresponding to disulfide-linked dimers
(~3.17 S) and higher oligomers up to s-values of 30 S (Fig. 5.14B). Under these conditions, the C-
terminal cysteine may have undergone premature oxidation, forming intermolecular disulfides before
native intradomain pairing. The non-native spectral profile (Fig.5.13B) is consistent with this
interpretation, suggesting that native [-sheet structure was not restored and that mis-oxidized
intramolecular disulfides may have contributed to structural heterogeneity and non-native assemblies.
Protocol 3 yielded an improved but still non-native outcome, showing a more balanced monomer-
dimer distribution and sharper sedimentation peaks, implying partial equilibration between oxidation
and reduction (e.g., Fig. 5.17D, F). Nevertheless, all measured s-values remained below those of P006
(i-e., 2.35 S and 3.65 S for the native monomer and dimer), indicating that rLCé6 retained a less compact
conformation than the native FLC. This agrees with CD analysis (Fig. 5.16B) and is consistent with
incomplete folding.

Taken together, these findings show that subtle deviations in the redox potential during refolding
critically influence whether rLC6 adopts native-like or aberrant configurations. It remains uncertain
whether non-covalent intermolecular interactions, such as electrostatic or hydrophobic contacts,
contributed to the stabilization or association of these redox-defined species. As shown in Chapter 3,

non-covalent dimerization can provide structural stabilization even in the absence of covalent

90



Discussion

disulfide linkages. A disruption or imbalance of such interactions under overly reducing or overly
oxidizing conditions may therefore further destabilize rLC6 and contribute to the structural
heterogeneity observed across the refolding protocols. The absence of a native-like monomer-dimer
distribution and the persistent redox-dependent heterogeneity of rLC6 further underscores the
intrinsic sensitivity of LCs to cysteine chemistry. In contrast, periplasmic expression yielded soluble
rLC6 with CD spectra closely matching P006, suggesting that the oxidizing periplasm provided the
balanced redox milieu required for proper folding and disulfide bond formation. Here, Skp maintained
folding intermediates in a soluble, competent state and prevented premature aggregation during
oxidative folding (Schéfer et al. 1999). However, incomplete export of rLC6 to the periplasm (Fig. 5.21)
and the limited oxidative folding capacity of E. coli (De Marco 2009; Schiitz et al. 2023) likely resulted
in low overall yield, restricting biophysical analysis to CD spectroscopy. Consequently, further
characterization by SV-AUC could not be performed, leaving the precise molecular species

distribution unresolved.

5.5.3 Redox-dependent folding imbalance and implications for FLC heterogeneity

The collective results emphasize that redox balance is a major determinant of structural outcome and
species distribution in rLC6. The opposing outcomes of cytoplasmic and periplasmic expression
highlight how the strongly reducing cytoplasm of E. coli is inherently unsuitable for correct disulfide
bond formation, frequently resulting in IB accumulation of rLC6 (Bhatwa et al. 2021). In overly
reducing environments, cysteine residues remain either reactive or become protected by the
formation of mixed disulfides with small thiols, whereas excessive oxidation promotes uncontrolled
intermolecular cross-linking and non-native disulfide pairing that drive aggregation (De Marco 2009;
Hatahet and Ruddock 2009). Both extremes disturb the sensitive equilibrium required for efficient
disulfide exchange and domain stabilization. These in vitro observations are consistent with aspects of
the molecular heterogeneity observed in patient-derived FLCs, which typically contains mixtures of
cysteinylated monomers and disulfide-linked dimers (Connors et al. 2007; Dupré et al. 2021). The
refolding outcomes of rLC6 therefore provide a mechanistic model for how modest redox imbalances
can generate structurally distinct, coexisting FLC populations in vitro, and potentially contribute to
heterogeneity in vivo. Protocol 1 represents an over-reduced, monomeric state, while Protocol 2
reproduces an over-oxidized population characterized by excessive cross-linking. This redox-driven
diversity may contribute to variable stability and aggregation behavior of monoclonal FLCs under
pathological oxidative-stress conditions, particularly in tissues such as the kidney or heart during MM
or AL amyloidosis (Kul and Ozturk Kurt 2024; Krata et al. 2018; Gyuraszova et al. 2020).

Beyond being shaped by their redox environment, FLCs themselves can actively disrupt their local
redox homeostasis (Shi et al. 2010; Basnayake et al. 2010; Migrino et al. 2010). Some monoclonal FLCs
have been shown to generate ROS, particularly H,O,, through intrinsic physicochemical properties of
their Vi domains (Wang and Sanders 2007; Migrino et al. 2010; Ying et al. 2019). In renal proximal-
tubule cells, endocytosed FLCs activate the redox-sensitive JAK2/STAT1 pathway, inducing the
expression of proinflammatory cytokines such as interleukin-1 beta (IL-1B) and profibrotic mediators

including transforming growth factor-beta (TGF-f), which promotes inflammation and fibrosis
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(Basnayake et al. 2010; Ying et al. 2019). In microvascular and cardiac models, amyloidogenic FLCs
cause mitochondrial dysfunction, apoptosis, and enhanced superoxide (O.'") generation, which impair
vascular relaxation and cellular integrity (Shi et al. 2010; Migrino et al. 2010; Ying et al. 2012).
Clinically, patients with AL amyloidosis show increased systemic protein carbonylation (Migrino et
al. 2010), which is an established marker for oxidative stress and underscores the link between
circulating FLCs and systemic redox imbalance. Together, these findings support a self-perpetuating
feedback loop in which FLCs both respond to and amplify oxidative stress, reinforcing tissue injury
and potentially favouring pathogenic self-association pathways.

By contrast, periplasmic expression in E. coli provided an oxidizing folding environment sustained
by the Dsb oxidoreductase network, in which the DsbA/DsbB pathway catalyzes disulfide bond
formation and the DsbC/DsbD system mediates their reduction and isomerization (Denoncin and
Collet 2013; Ke and Berkmen 2014). Alongside periplasmic chaperones such as Skp, which stabilize
folding intermediates and prevent aggregation (Schéfer et al. 1999), these factors collectively recreate
an oxidative folding pathway analogous to the eukaryotic PDI system (Tu and Weissman 2004). This
environment enabled native disulfide assembly and secondary-structure formation of rLC6; however,
further biophysical characterization was hindered by the low overall yield. Most of rLC6 still
accumulated as IBs (Fig. 5.21), either in the cytoplasm, reflecting incomplete translocation to the
periplasm, or within the periplasm itself, likely due to overloading of the folding machinery. Another
possibility is the misdirected extracellular secretion of rLC6 into the culture medium (Walker and
Gilbert 1994; Karyolaimos and De Gier 2021), which was not systematically analyzed and requires
further investigations. Overall, these results indicate that the folding environment is a major
determinant of both structural integrity and biochemical heterogeneity of rLCs. The parallels between
bacterial redox-dependent folding behavior and oxidative modifications observed in vivo provide a
mechanistic link between recombinant and patient-derived FLCs, suggesting that the redox imbalance
in E. coli may, on a smaller scale, recapitulate aspects of oxidative processes that shape FLC variability
in MM and AL amyloidosis.

5.5.4 Limitations and outlook

While periplasmic expression successfully produced rLC6 in a native-like conformation, the main
limitation of Protocol 4 was the low protein yield, which restricted biophysical analysis to CD
spectroscopy. Several factors potentially contribute to this low recovery: (i) the limited oxidative
folding capacity of E. coli (Ke and Berkmen 2014; Rettenbacher and Von Der Haar 2022), (ii)
incomplete export of rLC6 to the periplasm (Mergulhéo et al. 2005; Hsu et al. 2016), (iii) periplasmic IB
formation caused by overloading of the folding machinery (Baneyx and Mujacic 2004; Bhatwa et al.
2021), (iv) possible misdirection of rLC6 into the extracellular medium (Walker and Gilbert 1994;
Karyolaimos and De Gier 2021), and (v) proteolytic degradation within the periplasm (Baneyx and
Mujacic 2004; Mergulhéo et al. 2005). Since FLCs are known to induce oxidative stress (Wang and
Sanders 2007; Shi et al. 2010; Basnayake et al. 2010; Migrino et al. 2010; Ying et al. 2012, 2019), it
remains unclear whether intracellular expression, degradation, or accumulation of FLCs affects the

vitality or protein folding capacity of the bacterial host. It is plausible that FLC variants with higher
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redox activity or aggregation propensity impose elevated stress levels on the cellular redox
environment of the host system, thereby potentially limiting recombinant yield. As a result,
recombinant models described in the literature may disproportionately represent FLCs with moderate
reactivity or lower pathogenic potential, while highly redox-active species could be underrepresented
due to unsuccessful expression. Moreover, information regarding FLC expression or refolding
attempts that fail to yield the native conformation is rarely published (Atroshenko et al. 2024), which
potentially obscure the actual frequency and underlying cause of such complications and thereby
hindering efforts to correlate these outcomes with intrinsic physicochemical properties of FLCs.
Further studies are therefore needed to determine whether the intrinsic redox activity of FLCs
influences host metabolism, oxidative balance, or folding capability during recombinant production.
In addition, the periplasmic space provides only a narrow and highly crowded environment, which
can further hinder efficient folding and promote aggregation (Castillo-Corujo et al. 2024).

Future optimization should aim to enhance periplasmic folding efficiency and protein recovery.
While attempts were made to slow the expression rate by reducing inducer concentration and cooling
the cells on ice for different periods prior to induction, the extracellular secretion of rLC6 into the
medium was not investigated. Additional strategies may include co-expression of extra disulfide
isomerases, modulation of general periplasmic chaperone levels, or the use of alternative leader
sequences to improve translocation efficiency (Bessette et al. 1999; Zhang et al. 2002; Berkmen 2012;
De Marco 2009). Engineered E. coli strains offer an alternative approach to overcome the limitations of
wild-type expression platforms by enabling oxidative folding directly within the cytoplasm (Bessette
et al. 1999; Ponniah et al. 2010; Lobstein et al. 2012). Strains such as Origami (Novagen) feature
mutations in trxB and gor genes, which disrupt the thioredoxin and glutathione reductase pathways
responsible for keeping cysteines in a reduced state (Ponniah et al. 2010). More advanced systems,
such as SHuffle, combine these mutations with cytoplasmic expression of DsbC, thereby providing
both oxidative folding capacity and disulfide isomerase activity essential for native-like disulfide
pairing (Lobstein et al. 2012). However, initial attempts to express rLC6 using the SHuffle strain
resulted in IB formation at levels comparable to those observed during periplasmic expression (data
not shown; available upon request). Further, the potential influence of the C-terminal 6xHis tag on
covalent dimer formation remains uncertain, and relocation of the tag to the N-terminus could
facilitate native dimer association and improve folding yield.

Despite these limitations, the E. coli expression studies provided valuable mechanistic insight into
how redox potential influences FLC folding pathways and species heterogeneity. These findings
established the experimental and conceptual foundation for Chapter 6, which investigates the
recombinant FLC production in Pichia pastoris. As a eukaryotic host, Pichia pastoris offers an oxidizing
ER and an efficient secretory pathway that support native disulfide bond formation, as well as other
PTMs (if present in the FLC sample of interest), and higher overall yields than bacterial systems.
Comparative analysis of rLC6 expressed in E. coli and Pichia pastoris will therefore help to further
clarify how host-specific redox environments and folding machineries influence the expression and
stability of challenging FLC variants, and how these parameters relate to self-association behavior,
redox imbalance, and the formation of potentially nephrotoxic intermediates relevant to FLC-

associated organ involvement during disease progression.
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6.3 Abstract

Immunoglobulin free light chains (FLCs) are unbound antibody components associated with disorders
such as multiple myeloma and light chain amyloidosis, where they can contribute to progressive
organ damage. Due to their unpredictable aggregation behavior, detailed biophysical and biochemical
in vitro characterization of patient-derived FLCs, typically isolated from serum or urine, remains
essential for understanding their pathogenicity. In addition, the recombinant expression of full-length
FLCs and individual domains offer a valuable model system for investigating structural and functional
properties under defined conditions. Compared to bacterial expression systems that often require
refolding, the eukaryotic host Pichia pastoris provides distinct advantages for secretory expression and
native-like disulfide formation. Leveraging this capability, we successfully expressed a full-length,
patient-derived FLC in Pichia pastoris. The recombinant protein adopted a native-like secondary
structure and exhibited biophysical properties closely resembling its urinary counterpart. Post-
translational modification analysis confirmed the absence of detectable phosphorylation or
glycosylation, supporting its fidelity as a clinically relevant model. Sedimentation velocity analysis
confirmed identical monomeric species but revealed differences in higher-order oligomers, suggesting
altered covalent and non-covalent interactions. Differential scanning fluorimetry detected variations
in thermal stability upon disulfide bond reduction, further supporting these conclusions. Together,
these findings establish Pichia pastoris as a reliable and valuable system for producing patient-derived
FLCs, offering a clinically relevant platform for mechanistic investigations on how structural features

and molecular interactions drive FLC stability and pathological aggregation.
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6.4 Introduction

FLCs are antibody components unbound to their HC counterparts, and their overproduction by
plasma cells in the bone marrow is a hallmark of various pathological conditions, including MM and
AL amyloidosis (Merlini et al. 2018; Malard et al. 2024). Due to their derivation from a single
neoplastic plasma cell, the resulting cell clones continuously produce large quantities of monoclonal
FLCs with unique, patient-specific amino acid sequences (Morgan et al. 2019). When FLC production
exceeds the kidneys’ reabsorption capacity, elevated circulating FLC levels can promote aggregation,
ultimately leading to organ damage, with the heart and kidneys being most commonly affected (Falk
et al. 2016). Due to their structural heterogeneity and high aggregation propensity, FLCs pose
significant diagnostic challenges, and the mechanisms underlying FLC aggregation remain an active
area of research, both in the context of LCs and amyloidogenic proteins more broadly (Willbold et al.
2021).

In addition to studying FLCs directly isolated from patient samples, the recombinant expression of
full-length FLCs and their individual domains, such as the Vi or Ci. regions, has become an essential
strategy for investigating their structural and pathological properties (Khurana et al. 2001; Blancas-
Mejia et al. 2009; Martin and Ramirez-Alvarado 2010; Rognoni et al. 2013; Misra et al. 2019; Sakai et al.
2023). By developing recombinant model systems, researchers can increase the availability of well-
characterized patient-derived samples, while enabling precise manipulation of structural properties,
such as the role of disulfide bonds in monomer stability or their influence on oligomerization.
Importantly, these recombinant systems not only provide access to highly patient-specific material
but also support mechanistic studies crucial for understanding disease-related aggregation and FLC
pathology. To achieve this, FLCs have been expressed in various host systems, with Escherichia coli (E.
coli) being the most widely used. A key advantage of E. coli is its accessibility, enabling in some cases
the efficient production of large quantities of FLCs with high purity in a time- and cost-efficient
manner.

A major challenge, however, lies in the correct formation of both secondary and tertiary
structures, the latter being stabilized by intra- and intermolecular disulfide bonds, during the refolding
of recombinant FLCs. To circumvent this, researchers often focus on expressing and analyzing only
fragments of the full-length FLC (V1. or Ci. regions), as these are more amenable to proper refolding.
The expression of FLCs in E. coli is frequently associated with the formation of IBs, which result from
the aggregation of misfolded or partially folded proteins (Palmer and Wingfield 2012). This occurs due
to the reducing conditions of the cytoplasm and the absence of significant levels of PTMs, both of
which prevent the proper formation of intra- and intermolecular disulfide bonds that are crucial for
stabilizing the FLC structure (Singh et al. 2015). A potential key advantage of IBs is that they enable
efficient purification of the expressed protein to a high level of purity without requiring additional
affinity tags for downstream processing. Nevertheless, protein recovery through solubilization and
subsequent refolding into the native structure remains challenging, particularly for proteins with
complex disulfide bonding patterns. Although oxido-shuffling systems can facilitate this process
(Wang et al. 2006), complete recovery of the native protein is often not achieved. Consequently,
recombinant FLCs may exhibit structural deviations from patient-derived samples, potentially

affecting their biophysical and biochemical properties. An alternative approach is to direct protein
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expression to the E. coli periplasm, where the oxidizing environment due to the presence of different
oxidoreductases promotes the formation and isomerization of disulfide bonds (Berkmen 2012;
Denoncin and Collet 2013). However, this method typically results in lower yields, as a significant
portion of the expression product often remains in the cytoplasm (Schiitz et al. 2023). Therefore,
periplasmatic expression requires extensive optimization and fine-tuning depending on the protein of
interest.

Human embryonic kidney cells (HEK293) provide human-like PTMs and are widely used for
producing monoclonal antibodies (Chin et al. 2019). However, expression is usually limited to small-
scale assays, as yields are low, production costs are high, and transient transfection requires large
amounts of plasmid DNA (Tan et al. 2021; Veber et al. 2025). Although well established for
biotherapeutics, successful expression of full-length, patient-derived, and aggregation-prone FLCs is
limited, and the system is not routinely used for this purpose. Compared to E. coli, the eukaryotic
expression system Pichia pastoris (P. pastoris), also known as Komagataella phaffii, offers several
advantages. As a methylotrophic yeast, P. pastoris efficiently metabolizes methanol as a carbon source,
enabling exceptionally high cell densities while supporting high-yield heterologous protein
expression. This is primarily driven by the tightly regulated alcohol oxidase 1 (AOX1) promoter,
which ensures strong transcriptional control in response to methanol availability (Daly and Hearn
2005; Ahmad et al. 2014). As a eukaryotic system, P. pastoris is also capable of performing PTMs,
making it an ideal host for the production of proteins with complex disulfide bonding patterns in a
correctly folded, soluble, and functional form (Daly and Hearn 2005). Furthermore, secretion signal
sequences, such as the prepro-alpha mating factor (o-MF), direct the expressed protein into the
culture medium, facilitating proper folding, promoting disulfide bond formation, and simplifying
downstream purification (Zou et al. 2022). These features provide distinct advantages over bacterial
systems and eliminate the need for complex refolding strategies. In this study, we produced a
recombinant FLC based on sample P004, originally purified from the urine of a patient with MM. This
sample is part of a set of FLCs that have undergone extensive characterization in prior studies by our
laboratories (Sternke-Hoffmann et al. 2020; Dupré et al. 2021; Sternke-Hoffmann et al. 2023; Tucholski
et al. 2025). Following expression and purification of the recombinant light chain P004 (rLC4), we
conducted a series of experiments to assess whether rL.C4 adopted the correct secondary structure and
exhibited biophysical and biochemical properties comparable to the patient-derived sample. By
demonstrating that P. pastoris enables the recombinant production of clinically relevant, patient-
derived FLCs in their native conformation, this work provides a technical advance and a foundation

for future mechanistic studies of pathogenic FLC aggregation.
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6.5 Methods

6.5.1 Expression strategy for patient-derived FLCs

The x-FLC P004, previously purified from the urine of a multiple myeloma patient, was part of an
extensive characterization by MS (Dupré et al. 2021), and biochemical and biophysical analyses
(Sternke-Hoffmann et al. 2020, 2023). The study was approved by the institutional ethics committee,
and written informed consent was obtained from all patients whose samples were used. The study
was conducted in accordance with the Declaration of Helsinki and is registered under study number
5926R (registration ID 20170664320). Based on these findings, P004 was selected for recombinant
expression in P. pastoris. Its 698 bp nucleotide sequence was codon-optimized to enhance expression
efficiency in the P. pastoris host system. Recombinant expression in P. pastoris was carried out using
the pPICZa expression vector with A-version reading frame. The vector features an AOX1 promoter,
enabling methanol-inducible expression of the gene of interest. An N-terminal a-MF secretion signal
facilitates the secretion of the expression products into the surrounding medium, eliminating the need
for additional cell lysis steps during purification. To further simplify the downstream purification
process, a C-terminal 6xHis tag was incorporated into the construct, enabling efficient purification via
IMAC. Notably, aside from the 6xHis tag, the fusion construct was designed to exclude extraneous
amino acids, ensuring that no additional residues remain at the N- or C-terminus of the mature
protein following cleavage of the a-MF secretion signal (Tab. 8.10). Gene synthesis including codon

optimization was carried out by BioCat GmbH (Heidelberg, Germany).

6.5.2 Vector amplification in E. coli

For vector amplification, the pPICZaA vector containing the k-FLC P004 gene insert was transformed
into E. coli DH5a competent cells (#18265017, Thermo Fisher Scientific, Waltham, MA, USA). Briefly,
500 ng of the vector was gently mixed with DH5a cells to a total volume of 50 pL, followed by a 30-
min incubation on ice. Heat shock was applied at 42°C for 45 s, after which the cells were cooled on
ice for 2 min. Subsequently, 200 pL of pre-warmed super optimal broth with catabolic repression
(SOC) medium (2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl,,
10 mM MgSOs4, 20 mM glucose) was added. The cells were incubated for 1 h at 37°C with shaking at
600 rpm. After incubation, either 50 pL or 150 puL of the transformed cells were plated onto low-salt
LB agar plates (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl, 1.5% (w/v) agar)
containing 50 pg/mL Gibco Zeocin Selection Antibiotic (#R25001, Thermo Fisher Scientific, Waltham,
MA, USA). On the following day, isolated single colonies were selected and inoculated into 5 mL low-
salt LB medium supplemented with 50 pg/mL Zeocin (1:2,000 dilution). The cultures were incubated at
37°C with agitation at 250 rpm overnight. Subsequently, 2 mL of the overnight culture were
transferred to 100 mL of fresh low-salt LB medium containing Zeocin and incubated at 30°C with
agitation at 160 rpm. The next day, cells were harvested by centrifugation at 4,600 x g for 20 min at
4°C. Plasmid DNA was then isolated from the cells using the GeneJET Plasmid Miniprep Kit (#K0502;
Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer’s protocol. The
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concentration of the purified vector totaled 120.7 ng/puL with an Azeo/Azso ratio of ~1.8, indicating
high-purity DNA.

6.5.3 Vector linearization and transformation into P. pastoris

For transformation into P. pastoris, the vector was linearized using the Mssl (Pmel) restriction enzyme
(#ER1341; Thermo Fisher Scientific, Waltham, MA, USA), which cleaves the vector at the
GTTT"AAAC recognition site. Efficiency of linearization was confirmed by agarose gel
electrophoresis using a gel with an agarose concentration of 1.5% (w/v). A GeneRuler 1 kb DNA
Ladder (#SM0313; Thermo Fisher Scientific, Waltham, MA, USA), spanning 250 bp to 10,000 bp, was
used as a molecular weight standard. To further concentrate the linearized vector, ethanol
precipitation was performed. Sodium acetate (3 M, pH 5.2) was added to achieve a final concentration
of 0.3 M, followed by the addition of three volumes of ice-cold 100% ethanol. Precipitation was carried
out overnight at —20°C to maximize recovery. After centrifugation at 13,000 rpm for 30 min at 4°C, the
precipitate was washed twice with 0.5 mL of ice-cold 75% (v/v) ethanol, air dried, and resuspended in
100 uL of competent P. pastoris X-33 cells (#C18000; Thermo Fisher Scientific, Waltham, MA, USA).
The linearized vector was transformed using the Pichia EasyComp Transformation Kit (#K173001;
Thermo Fisher Scientific, Waltham, MA, USA), and transformation was carried out according to the
manufacturer’s protocol. Following transformation, P. pastoris X-33 cells containing the expression
vector were plated onto yeast extract peptone dextrose sorbitol (YPDS) agar plates (1% (w/v) yeast
extract, 2% (w/v) peptone, 2% (w/v) D-glucose, 1 M sorbitol, 2% (w/v) agar) containing 100 pg/mL
Zeocin, according to the protocol of the Pichia EasyComp Transformation Kit (#K173001; Thermo
Fisher Scientific, Waltham, MA, USA). The plates were incubated at 30°C for 72 h, allowing colonies to

grow to a sufficient size for selection (Fig. 8.13).

6.5.4 Colony selection and expression of rLC4

Following a three-day incubation period, nine isolated single colonies were selected for test
expression. Each colony was individually inoculated into 5 mL of yeast extract peptone dextrose
(YPD) medium supplemented with 100 pg/mL Zeocin and incubated for 16 h at 30°C with 160 rpm
agitation. The following day, the overnight cultures were transferred to buffered glycerol-complex
medium (BMGY; 1% (w/v) yeast extract, 2% (w/v) peptone, 100 mM potassium phosphate (pH 6.0),
1.34% (w/v) yeast nitrogen base (YNB), 4 x 107°% (w/v) biotin and 1% (v/v) glycerol) and incubated at
30°C with agitation at 160 rpm. Cell growth was monitored via optical density (ODsoo) measurements,
and cells were harvested by centrifugation (3,000 x g for 5 min at room temperature). BMGY medium
was replaced with buffered methanol-complex medium (BMMY; 1% (w/v) yeast extract, 2% (w/v)
peptone, 100 mM potassium phosphate (pH 6.0), 1.34% (w/v) YNB, 4 x 10°% (w/v) biotin and 0.5%
(v/v) methanol), inducing protein expression at 26°C with shaking at 160 rpm. To maintain expression,
0.5% (v/v) methanol was added daily over a period of three days. Following expression, cells were

removed by centrifugation at 3,000 x g for 10 min at room temperature. The supernatant was
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supplemented with stock solutions of Tris-HCI (1.0 M, pH 8.0), NaCl (5.0 M), and imidazole (5.0 M) to
final concentrations of 30 mM, 300 mM, and 20 mM, respectively. The mixture was then filtered
through a Nalgene Rapid-Flow Sterile Disposable Filter Unit with 0.45 pm pore size (#567-0020;
Thermo Fisher Scientific, Waltham, MA, USA) and incubated with Ni-IMAC MagBeads (#A50589,
Thermo Fisher Scientific, Waltham, MA, USA) pre-equilibrated in Tris-buffered saline (TBS) buffer
containing 30 mM Tris-HCI (pH 8.0), 300 mM NaCl, and 20 mM imidazole. Incubation was performed
at room temperature with shaking at 160 rpm for 1h. The beads were then washed twice with
equilibration buffer, and bound protein was eluted using TBS buffer containing 30 mM Tris-HCl
(pH 8.0), 300 mM NaCl, and 500 mM imidazole. Subsequently, all nine test expressions were analyzed
for the presence of rLC4 by Tris-Glycine SDS-PAGE. The analysis was performed using Mini-
PROTEAN TGX Precast Gels, with samples prepared in premixed 4x Laemmli protein sample buffer
(#456-1093, #1610747; Bio-Rad Laboratories, Hercules, CA, USA) and 10x Bolt Sample Reducing Agent
(#B0009, Thermo Fisher Scientific, Waltham, MA, USA). A Prestained Protein Marker, ranging from
10-180 kDa (#PL00001; Proteintech, Rosemont, IL, USA) was used as a molecular weight standard. For
large-scale expression, the cryo-stock derived from the test expression of single colony #3 - identified
as the highest yield clone — was used. The same protocol was followed, beginning with initial cell
growth in YPD, followed by transition to BMGY at 30°C with agitation at 160 rpm. After further
overnight growth in BMGY, the medium was replaced with BMMY to initiate protein expression at
26°C, with daily supplementation of 0.5% (v/v) methanol for three days. Additionally, 50 mL of fresh
BMMY medium was added to each flask after two days. A total culture volume of 6 x 500 mL was

prepared for large-scale expression.

6.5.5 Purification of rLC4

Purification was initiated by separation of the cells from the culture medium containing the
expression product via centrifugation at 3,000 x g for 20 min at room temperature. To optimize the
binding conditions for affinity purification utilizing the 6xHis tag, Tris-HCI, NaCl and imidazole were
added to the culture medium to achieve a final concentration of 30 mM Tris-HCI (pH 7.4), 300 mM
NaCl, and 20 mM imidazole, followed by another centrifugation step at 17,000 x g for 30 min at room
temperature. Buffered medium was then filtered with Nalgene Rapid-Flow Sterile Disposable Filter
Unit with 0.45 pm pore size (#567-0020; Thermo Fisher Scientific). Affinity purification was performed
using either Pierce High Capacity Ni-IMAC MagBeads, EDTA compatible (#A50589; Thermo Fisher
Scientific, Waltham, MA, USA), or HisPur Ni-NTA Resin (#88221; Thermo Fisher Scientific, Waltham,
MA, USA) loaded onto a chromatography column compatible with peristaltic pump system. After
binding of the target protein via the 6xHis tag, three washing steps were performed using TBS buffer
containing 30 mM Tris-HCl (pH 7.4), 300 mM NaCl, and 20 mM imidazole to reduce non-specific
binding to the column material. To elute the immobilized expression products, imidazole was
increased to a concentration of 500 mM. Following IMAC, the collected flow-through, wash fraction
and eluate were analyzed for the presence of rLC4 using SDS-PAGE, employing the same gel system,
sample preparation and molecular weight marker as described above. To remove imidazole and

concentrate rLC4, the eluate was subjected to buffer exchange using Amicon Ultra-15 centrifugal filter
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units with PLGC Ultracel-PL membrane and a nominal molecular weight limit (NMWL) of 10 kDa
(#UFC901024; MilliporeSigma, Burlington, MA, USA). The initial protein concentration of the eluate
was determined using a NanoDrop Microvolume Spectro-photometer. The recombinant protein was
concentrated in different batches to approximately 4.0 mg/mL and 5.7 mg/mL before undergoing final
purification via SEC. An Akta pure protein purification system (GE Healthcare, IL, USA) equipped
with Unicorn software version 6.3 was used for SEC. Separation was performed using a Superdex 75
10/300 GL Tricorn column (GE Healthcare, IL, USA), suitable for resolving molecules ranging from
3 to 70 kDa. Following fraction collection, samples were analyzed by SDS-PAGE using self-cast Tris-
Glycine or Tris-Tricine SDS-PAGE gels together with either a PageRuler Prestained Protein Ladder
(10 to 180 kDa; #26616, Thermo Fisher Scientific, Waltham, MA, USA) or a Spectra Multicolor Low
Range Protein Ladder (#26628; Thermo Fisher Scientific, Waltham, MA, USA) to assess purity.
Fractions with similar molecular composition (fractions 19-25 and 26-30) were combined,
reconcentrated using Amicon Ultra-15 centrifugal filter units, aliquoted and stored at —-80°C until

further use.

6.5.6 Immunodetection via Western blot

Following purification, immunological verification via Western blot analysis with an anti-6xHis tag
antibody was performed to confirm the presence of rLC4. Aliquots of the pooled SEC fractions (19-25
and 26-30) were diluted in 30 mM Tris-HCl, pH 7.4, to a concentration of 35puM (monomer
equivalents). Protein concentration was calculated from the molar extinction coefficient of the full-
length, 6xHis-tagged LC, obtained with ExPASy ProtParam (Gasteiger et al. 2005); the same
calculation provided the theoretical molecular weight used for reference. Either self-cast Tris-Glycine
or Tris-Tricine SDS-PAGE gels were used, employing the same protein ladders as previously
described. A reducing sample buffer (Laemmli 1970) or a non-reducing sample buffer — to preserve
intermolecular disulfide bonds — was added at a 1x working concentration, and samples were heated
at 95°C for 5 min before loading a volume of 10 uL onto the gels. After electrophoretic separation,
electrotransfer was performed using a Trans-Blot Turbo Transfer System (Bio-Rad Laboratories,
Hercules, CA, USA). A standard Western blot sandwich was assembled with three sheets of Whatman
cellulose blotting paper (pre-soaked in 1x Towbin buffer), a 0.2 um Immun-Blot polyvinylidene
fluoride (PVDF) membrane (activated in 100% ethanol), the SDS gel, and a final layer of three sheets of
Whatman paper. Electrotransfer from SDS gel to membrane was carried out at 25V and 1.0 A for a
duration of 30 min. The transfer efficiency was verified using Ponceau S staining solution
(#A40000279; Thermo Fisher Scientific, Waltham, MA, USA). After washing with distilled water, the
membrane was blocked for 1 hour at room temperature with gentle agitation on a tube roller using
5mL of 5% (v/v) skimmed milk in 1x Tris-buffered saline with Tween 20 (TBST; 20 mM
Tris(hydroxymethyl)-aminomethane, 150 mM NaCl, 0.1% (v/v) Tween 20) to prevent non-specific
antibody binding. The blocked membrane was incubated overnight at 4°C with gentle agitation on a
tube roller with a mouse monoclonal anti-6xHis epitope tag antibody (HIS.H8; #MA1-21315, Thermo
Fisher Scientific, Waltham, MA, USA), at a 1:1,000 dilution in 5 mL of 1x TBST buffer containing 5%

(v/v) skimmed milk. The next day, the membrane was washed three times for 10 min with 1x TBST
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buffer before incubation with an HRP-conjugated goat anti-mouse IgG (H+L) secondary antibody
(#31430; Thermo Fisher Scientific, Waltham, MA, USA), diluted 1:10,000 in 5 mL of 1x TBST buffer
containing 5% (v/v) skimmed milk for 1 hour at room temperature. After washing multiple times with
1x TBST buffer, the membrane was treated with SuperSignal West Pico PLUS chemiluminescent HRP
substrate (#34577; Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
protocol for enhanced signal detection. Imaging was performed using a Universal Hood III ChemiDoc

MP Imaging System (Bio-Rad Laboratories, Hercules, CA, USA) with Image Lab version 5.1 software.

6.5.7 PTM analysis

To evaluate whether the P. pastoris expression system introduces host-specific PTMs, both rLC4 and
P004 were examined for phosphorylation and glycosylation. Phosphorylation screening was carried
out via Western blot, following the previously described protocol with the exception that 3% (w/v)
bovine serum albumin (BSA) was used for membrane blocking and antibody incubation instead of 5%
(v/v) skimmed milk. As milk contains the phosphoprotein casein, BSA was used in 1x TBST buffer as
a blocking solution to prevent cross-reaction with the phospho-specific antibody (Yang and Mahmood
2012). SDS-PAGE analysis was performed with both LC samples alongside a phosphoprotein standard
bearing a well-defined phosphorylation pattern, serving as a positive control. To increase detection
sensitivity, the highest possible protein concentrations were loaded. After electrotransfer, the
corresponding SDS gel was stained with a Coomassie-based solution to visualize total protein content
for direct comparison with the Western blot results. Detection was performed using a rabbit phospho-
Serine/Threonine/Tyrosine-specific primary antibody (#61-8300; Thermo Fisher Scientific, Waltham,
MA, USA) diluted 1:250 in 5 mL of 1x TBST buffer containing 3% (w/v) BSA resulting in a final
concentration of 1 pg/mL, followed by incubation with a goat anti-rabbit IgG (H+L) HRP-conjugated
secondary antibody (#31460; Thermo Fisher Scientific, Waltham, MA, USA) diluted 1:1,000 to a final
concentration of 0.8 ug/mL in the same buffer. In addition to phosphorylation, both samples were
analyzed for glycosylation patterns using the Protein Deglycosylation Mix II Kit (#P6044S; New
England Biolabs, Ipswich, MA, USA), which enzymatically removes N- and O-linked glycans without
causing protein degradation. The enzyme pre-mix includes PNGase F, O-Glycosidase, ®2-3,6,8,9
Neuraminidase A, f1-4 Galactosidase S and B-N-acetylhexosaminidaser. The deglycosylation reaction
was performed under denaturing conditions for optimal enzymatic glycan removal following
manufacturer’s protocol. Briefly, up to 100 pug of protein was diluted with dH;O to a total volume of
40 pL. After adding 5 pL of Deglycosylation Mix Buffer 2, the samples were reduced at 75°C for
10 min. After cooling down at room temperature, 5 pL of the enzyme mix (Protein Deglycosylation
Mix IT) was added and the samples were incubated for 25 min at room temperature, followed by a final
incubation step at 37°C for 1 h. The glycoprotein fetuin from bovine serum, which contains sialylated
N- and O-linked glycans, was included as a positive control. Upon completion of the reaction,

deglycosylation products were analyzed via SDS-PAGE as previously described.
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6.5.8 Circular dichroism spectroscopy

The secondary structure of rLC4 was analyzed using CD spectroscopy. To assess structural
similarities and folding state, the results were compared with CD spectra of patient-derived FLC P004.
Far-UV CD spectra were recorded over a wavelength range of 190 nm to 260 nm at room temperature
using a J-810 spectropolarimeter (Jasco, Hachioji, Tokyo, Japan) equipped with the associated Spectra
Manager software (version 2.15.01). All samples were diluted to a concentration of 12 uM in 10 mM
Tris-HCI buffer (pH 7.4). The measurements were performed in quartz glass cuvettes with a 1 mm
optical path length, employing a scanning speed of 50 nm/min, a bandwidth of 1nm, a digital
integration time of 2 s and a resolution of 0.5 nm. Baseline correction was performed by automatically
subtracting the buffer spectrum, with a total of 15 accumulations recorded per sample. CD data were
recorded as raw ellipticity values in millidegrees and converted to molar ellipticity by normalizing for
sample concentration and path length. The secondary structures of rLC4 and P004 were further
analyzed using the BeStSel algorithm (Micsonai et al. 2022). Graphical visualization was prepared
using DataGraph version5.3f, copyright 2020 (Visual Data Tools, NC, USA).

6.5.9 Analytical ultracentrifugation

The distribution of molecular species, including monomeric and oligomeric forms, of rLC4 was
analyzed by AUC to allow comparison with the patient-derived sample P004, as characterized in
previous studies (Sternke-Hoffmann et al. 2020, 2023; Dupré et al. 2021; Tucholski et al. 2025). SV
experiments were performed using a Beckman Optima XL-A ultracentrifuge (Beckman Coulter, Brea,
CA, USA) equipped with UV/Vis absorbance optics. An An-60Ti 4-hole rotor (Beckman Coulter, Brea,
CA, USA) was used, along with standard double-sector measuring cells featuring quartz glass
windows and aluminum centerpieces with a 12 mm optical path length. All experiments were
conducted using a sample concentration of 35 uM in 30 mM Tris-HCI (pH 7.4). Measurements with
varying salt concentrations between 0.1 and 1M showed no significant effect on the s-value
(Tucholski et al. 2025), indicating that charge-charge interactions did not influence the data. For all SV
experiments, the measuring cells were loaded with a reference volume of 400 pL and a sample volume
of 390 pL. Sedimentation was carried out at a speed of 60,000 rpm and a temperature of 20°C in
continuous mode, with a radial resolution of 0.003 cm, until all sample components were fully
sedimented. The recorded sedimentation data were analyzed using the o(s) model implemented in the
software SEDFIT version 16.1c (Schuck 2000; Schuck et al. 2002). For curve fitting, a resolution of 0.1 S
and a confidence level (F-ratio) of 0.95 were selected. The partial-specific volume of rLC4 (v =
0.724306 cm® g!), as well as solvent density (p = 1.0004 g cm™3) and viscosity (= 0.0101244 P) were
calculated using the software SEDNTERP version 2.0 Beta (Laue 1992). The quality of the fits was
assessed based on the RMSD values, all of which were below 1% of the total signal. To obtain sz the
s-values were standardized to water at 20°C using the software GUSSI (Brautigam 2015) and graphical
visualizations were prepared using DataGraph version5.3f, copyright 2020 (Visual Data Tools, NC,
USA).
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6.5.10 Differential scanning fluorimetry

To assess differences in thermal stability of rLC4 and P004, DSF was used to enable the detection of
shifts in melting temperature indicating structural unfolding. Analysis of thermal stability was
performed using a CFX Opus 96 Real-Time PCR System (Bio-Rad, CA, USA). Thermal shift assays
were performed at sample concentrations of 35 uM in 30 mM Tris-HCI buffer (pH 7.4). In order to
analyze the stability of the LCs without the influence of the inter- and intramolecular disulfide bonds,
the samples were additionally treated with 7 mM TCEP. Samples were transferred into low-profile,
thin-walled Hard-Shell 96-well PCR plates (#HSP9601), sealed with Microseal 'B' adhesive PCR plate
sealing film (#MSB-1001). Real-time unfolding of the samples was monitored using the SYPRO Orange
fluorescent dye (Sigma-Aldrich, S5692). A 10 mM stock solution was diluted 1:1,000 in the reaction
mixture, resulting in a final working concentration of 10 uM. All measurements were performed in
triplicate (n = 3), with a total reaction volume of 25 puL per well. Thermal unfolding was performed in

a temperature range between 10°C to 95°C, with a temperature increment of 0.5°C per cycle every 15 s.

6.6 Results

6.6.1 Expression and purification of rLC4

In order to enable the recombinant expression of k-FLC P004 — previously purified from the urine of a
multiple myeloma patient (Sternke-Hoffmann et al. 2020, 2023) - in P. pastoris, the corresponding
gene was codon-optimized and cloned into the pPICZaA vector. A graphical representation of the
vector map is provided in Figure 6.1A, with the complete nucleotide sequence of the construct

available in the supporting information (Tab. 8.9).
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Figure 6.1: Vector design and expression strategy for patient-derived sample P004 in P. pastoris. (A) Schematic
representation of the pPICZaA expression vector, with gene insert of patient sample P004 (red). The AOX1 promoter (blue)
facilitates methanol-induced expression, while the a-MF secretion signal (green) directs the recombinant protein into the
culture medium. A C-terminal 6xHis tag (yellow) was added for downstream purification. (B) Agarose gel analysis of the
purified pPICZaA-P004 construct before (BL) and after (AL) linearization for transformation into P. pastoris X-33 competent
cells. (C) Colony selection for recombinant production of P004. Nine TEs were performed, with seven showing varying levels

of target protein expression. TE 3 was selected for large-scale production.
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Following amplification of the pPICZaA vector carrying the k-FLC P004 gene insert in E. coli DH5a
competent cells, the vector was linearized using the Mssl (Pmel) restriction enzyme for transformation
into P. pastoris X-33 cells (Fig. 6.1B). After three days of growth on Zeocin-selective plates, individual
colonies were screened for protein expression. Among nine test expressions (TE), seven showed
detectable secretion of the desired recombinant protein. TE 3 exhibited the highest protein yield and
was therefore selected for large-scale expression (Fig. 6.1C).

Following methanol-induced expression in P. pastoris, rLC4 was purified directly from the culture
medium using IMAC via the 6xHis tag. SDS-PAGE analysis of the IMAC fractions confirmed the
presence of expression products in the eluate, with minimal protein loss detected in flow-through and
wash fractions (Fig. 6.2A). Further purification by SEC (Fig. 6.2B) resulted in an improved sample
purity. To assess the distribution of molecular FLC species of rLC4, all collected SEC fractions (17-30)
were analyzed by non-reducing SDS-PAGE (Fig. 6.2C), revealing the presence of monomers, dimers,

and lower-molecular-weight fragments.
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Figure 6.2: Purification workflow of rLC4: IMAC, SEC, and fraction analysis. Sequential purification steps for
isolating rLC4 from BMMY culture medium post-expression. (A) SDS-PAGE analysis of the initial IMAC purification step,
showing the flow-through (FT), wash step (WS) fraction, and eluate (E). As reference, the respective patient sample P004 was
also loaded onto the gel alongside rLC4. (B) Representative SEC chromatogram, showing the collected fractions (dotted
lines), with highlighted fractions 19-25 (green) and 26-30 (blue). (C) Non-reducing SDS-PAGE analysis of all collected
fractions (17-30) to determine species distribution (e.g., monomers, dimers, and fragments), guiding the selection of fractions

for pooling or exclusion.

Based on this distribution, fractions were pooled into two final samples (19-25 and 26-30) for
subsequent characterization of rLC4, which were again analyzed via non-reducing Tris-Tricine SDS-

PAGE to maintain intermolecular interactions (Fig. 6.3).
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Figure 6.3: SDS-PAGE analysis of fully purified rLC4. A non-reducing SDS-PAGE gel displaying the two final pooled
fractions (19-25 and 26-30) following SEC. The gel shows multiple bands, likely corresponding to different oligomeric states
of rLC4, including monomers, dimers, and lower-molecular-weight fragments derived from the C-terminal CL region,
including the 6xHis tag. Additionally, an unidentified species appears below the putative dimer band, potentially

representing an imperfect dimer formed by a full-length monomer and a low-molecular-weight fragment.

6.6.2 Immunodetection of rLC4 via Western blot analysis

To validate the purification state and assess the molecular species distribution of rLC4, Western blot
analysis was performed on the final pooled SEC fractions 19-25 and 26-30. Samples were
electrophoretically separated using both Tris-Tricine and Tris-Glycine SDS-PAGE, followed by
immunodetection with an anti-6xHis monoclonal antibody in combination with an HRP-conjugated
secondary antibody. Figure 6.4A presents the Western blot results from reducing Tris-Tricine SDS-
PAGE, while Figure 6.4B displays results from Tris-Glycine SDS-PAGE under both reducing and non-
reducing conditions. Under reducing conditions, both blots predominantly show a band at ~25 kDa,
corresponding to monomeric rLC4 in both pooled fractions. Additionally, a band below 15 kDa is
visible, likely representing lower-molecular-weight fragments. Since these fragments were detected
via the 6xHis tag, they must originate from the Ci. region at the C-terminus of the LC and therefore
most likely reflect proteolytic degradation rather than incomplete expression. Western blot analysis
under non-reducing conditions reveals dimeric rLC4 species at ~55 kDa (Fig. 6.4B). Interestingly, a
faint dimer band persists even under reducing conditions. This could reflect oxidation during
electrophoresis, as residual ammonium persulfate creates a pro-oxidative environment that common
reducing agents cannot fully counteract, a phenomenon previously observed for cysteine-rich
proteins (Achilli et al. 2018). However, it may also indicate that dimer formation in rLC4 is not solely
dependent on disulfide bonds, as earlier studies on FLCs have suggested that additional non-covalent
interactions, such as hydrophobic or electrostatic forces, can contribute to dimerization (Klein et al.
1977; Roussel et al. 1999). Notably, in the later SEC fractions (26-30) the band migrating near 25 kDa
appears at a slightly lower apparent molecular weight than the corresponding band in the earlier
fractions (19-25) under both reducing and non-reducing conditions (Fig. 6.4B). Because this band is
recognized by the anti-6xHis antibody, it must contain the C-terminal 6xHis tag. Its lower mobility
therefore likely represents a different species — such as a dimer of smaller Cr. fragments — rather than

a full-length monomer. This species also shows a faint band under reducing conditions. Additionally,
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a distinct band around 40 kDa is observed, which does not correspond to the expected monomeric or
dimeric species. This species may represent an imperfect dimer between a full-length monomer and a
lower-molecular-weight fragment, although this interpretation remains speculative until further

investigation, for example by MS analysis.
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Figure 6.4: Western blot analysis of the pooled SEC fractions 19-25 and 26-30. Samples were prepared at a
concentration of 35 uM in 30 mM Tris-HCI buffer (pH 7.4), and electrophoretic separation was performed using both Tris-
Tricine and Tris-Glycine SDS-PAGE. Detection was carried out using an anti-6xHis monoclonal antibody in combination
with an HRP-conjugated secondary antibody. (A) Tris-Tricine SDS-PAGE under reducing conditions. Monomeric rLC4
appears at approximately 25 kDa in both fraction collections, while lower-molecular-weight fragments are visible below
15 kDa. (B) Tris-Glycine SDS-PAGE under both reducing and non-reducing conditions. Under non-reducing conditions,
dimeric species are observed at approximately 55 kDa. A faded dimer band is still detectable under reducing conditions. (C)
Proposed distribution of rLC4 species following expression and purification from P. pastoris. Fragments of the Vi domain
could correspond to the band between 10 and 15 kDa in the flow-through fraction from IMAC purification in Figure 6.2A, as

these fragments lack the 6xHis tag and were not retained during purification.

6.6.3 Validation of PTM consistency

To further assess the suitability of rLC4 as a representative model for human FLCs, the recombinant
LC was analyzed for potential PTMs that could be introduced by the P. pastoris expression system.
Such unintended modifications may lead to structural alterations, thereby influencing the biophysical
and biochemical properties of the protein and compromising comparability with the patient-derived
sample. To investigate whether P. pastoris introduces phosphorylation, Western blot analysis was
performed on both rLC4 and P004 using a phosphor-Serine/Threonine/Tyrosine-specific antibody
(Fig. 8.18). No phosphorylation signals were detected in either sample under reducing or non-reducing
conditions. Additionally, possible glycosylation of rLC4 and P004 was assessed using enzymatic
deglycosylation of N- and O-linked glycans, followed by SDS-PAGE analysis (Fig. 8.19). No changes in
band mobility were observed, indicating the absence of detectable glycosylation in both the
recombinant and patient-derived LCs. These results suggest that rLC4 is free of expression system-

specific PTMs and is structurally consistent with the native patient-derived protein.
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6.6.4 Evaluation of rLC4 folding and structural similarity to P004

To further characterize rLC4 and compare it with the corresponding patient sample P004, their
secondary structures were analyzed using CD spectroscopy. Figure 6.5A presents the CD spectra of
rLC4 and P004. Measurements were performed at a concentration of 12 pM in 10 mM Tris-HCI buffer
(pH 7.4), with baseline correction applied and 15 accumulations measured per sample. CD data were
initially measured as ellipticity in millidegrees and subsequently normalized to calculate molar
ellipticity values. Corresponding HT voltage records are provided in the Supplementary information
(Fig. 8.14). Both rLC4 and P004 exhibit characteristic B-sheet secondary structure motifs, which are
typical of LCs and immunoglobulin domains (Brahms et al. 1977; Bork et al. 1994; Poshusta et al. 2013;
Andrich et al. 2017). The identical positions of the CD spectra minima, maxima and zero-crossing
points indicate that the recombinant and the patient-derived LCs are structurally equivalent with
respect to their secondary structure. This observation is further supported by the absence of
detectable differences in PTMs between rLC4 and P004, confirming that expression in P. pastoris does

not introduce structural artifacts that could alter secondary structure.
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Figure 6.5: Characterization of rLC4 in comparison with the corresponding patient sample P004. (A) CD
spectroscopic analysis of the secondary structure of rLC4 (red) and P004 (black). Measurements were conducted at a sample
concentration of 12 puM in 10 mM Tris-HCI buffer (pH 7.4). Measurements were baseline corrected and a total of 15
accumulations per sample were recorded. (B) Sedimentation velocity analysis comparing the molecular species distribution
of rLC4 and P004. Samples were prepared at a concentration of 35 pM in 30 mM Tris-HCI buffer (pH 7.4), and 390 pL of each
sample was loaded into the sample sector of standard double-sector cells. Sedimentation velocity experiments were

performed at 60,000 rpm and 20°C.

CD spectra of rLC4 and P004 were deconvoluted using the BeStSel web server to gain further
insights into their secondary structure. The calculated compositions, shown in Table 6.1, confirm that
both samples adopt a P-sheet-rich architecture, consistent with the established structure of
immunoglobulin LCs (Brahms et al. 1977; Bork et al. 1994; Poshusta et al. 2013; Andrich et al. 2017).
While antiparallel B-sheets dominate in both rLC4 and P004, the patient-derived sample exhibits a
slightly higher proportion (68.4% vs. 62.0%). Conversely, rLC4 contains a greater fraction of parallel -
sheets (11.4% vs. 3.3%). The proportion of other secondary structure motives like unstructured regions
and loops remains comparable between the two (28.3% in P004, 26.6% in rLC4), suggesting a similar

degree of structural flexibility. No helical content was detected in either sample.
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Table 6.1: Analysis of secondary structure motifs of rLC4 and P004 using the BeStSel web server. The secondary
structure compositions of rLC4 and P004 are listed. CD spectra were uploaded as normalized molar ellipticity values for
deconvolution and analysis. A graphical representation of the BeStSel analysis is provided in the Supplementary information
(Fig. 8.15).

Secondary structure [%] rLC4 [%] P004 [%]
Helix 0.0 0.0
Antiparallel B-sheet 62.0 68.4
Parallel B-sheet 11.4 3.3

Turn 0.0 0.0
Others* 26.6 28.3

*Unstructured regions, loops, etc.

Despite these minor variations in P-sheet subtypes suggested by the BeStSel analysis, the CD
experiments confirm that the overall fold of rLC4 closely resembles that of the patient-derived LC,
supporting its structural conservation. These subtle deviations may arise from variations in species
distribution, particularly due to the presence of a truncated lower-molecular-weight fragment of the
Cr. region present in the recombinant sample. Since truncation could affect intramolecular disulfide
bond formation, depending on the conservation of the relevant cysteine residue, structural
perturbations in this region are expected. Whether these differences influence the aggregation
propensity of rLC4 in comparison to P004 remains to be further investigated.

After confirming that rLC4 adopts a near-identical secondary structure to the patient-derived
sample P004, its hydrodynamic properties were analyzed by SV analysis via AUC. Figure 6.5B shows
the s-value distributions of rLC4 (red) and P004 (black). The corresponding sedimentation profiles for
both measurements are provided in the supporting information (Fig. 8.16), along with individual plots
of the respective c(s) distributions (Fig. 8.17). Total sedimentation of the samples was performed at
60,000 rpm at 20°C for approximately 5 hours. Based on their s-values, observed signals in the (s)
distribution could be reliably assigned to different FLC species, in agreement with reported literature
values (i.e., monomer: ~2.4 S, dimer: ~3.65 S) (Klein et al. 1977). Both rLC4 and P004 share an identical
s-value for their monomeric species (2.29 S), which supports the CD data that rLC4 has folded
correctly and is highly similar to the patient sample (Fig. 6.5A). However, notable differences were
observed in the sedimentation behavior of higher-order oligomers. The s-values for dimeric and
tetrameric species in rLC4 were systematically higher than those in P004, with an average deviation of
0.35 S. This shift could reflect differences in intermolecular covalent or non-covalent interactions,
potentially related to differences in folding environment, although other explanations cannot be
excluded. Further analyses, such as MS, could provide additional insights. Additionally, rLC4
displayed an oligomeric species at 7.48 S, which was not detected in P004. As the glomerular filtration
threshold in the kidneys typically ranges between 30 and 50 kDa (Graham and Karnovsky 1966), it is
expected that — under normal kidney function — monomeric FLC species are freely filtered into the
urine, while dimeric and higher-order oligomeric species may experience restricted filtration.
However, as kidney damage advances, this threshold becomes less selective, allowing larger molecular

species to pass into the urine (Roksnoer et al. 2016). Consequently, oligomeric FLC species are likely
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excreted in urine only during advanced disease stages, when significant impairment of the filtration
barrier has occurred. This could explain the absence of equivalent oligomers in the sample P004, a

finding consistent with that patient’s preserved renal function (Sternke-Hoffmann et al. 2020).
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Figure 6.6: Comparison of melting temperatures of rLC4 and corresponding patient sample P004. Thermal
denaturation was monitored using DSF with SYPRO Orange fluorescent dye at a 10 puM working concentration. Samples
were prepared at 35 pM in 30 mM Tris-HCI buffer (pH 7.4), and measurements were performed in triplicate (n = 3). The
patient sample P004 (black), rLC4 (red) and the buffer control (dotted black line) are shown. (A) Thermal denaturation
profiles of rLC4 and P004 with (B) corresponding negative-derivative fluorescence-temperature plots (-dF/dT). (C) Thermal
denaturation profiles of rLC4 and P004 in the presence of 7mM TCEP with (D) corresponding negative-derivative
fluorescence-temperature plots (-dF/dT).

Furthermore, Tn-values of rLC4 and P004 were analyzed under both neutral and reducing
conditions using DSF. A series of thermal shift assays were performed to monitor structural unfolding
in real time via fluorescence of the SYPRO Orange fluorescent dye. Figure 6.6 shows the thermal
denaturation profiles of rLC4 and P004, along with the corresponding negative-derivative
fluorescence-temperature plots (-dF/dT) to facilitate determination of the unfolding temperature.
Thermal unfolding under neutral buffer conditions (30 mM Tris-HCI, pH 7.4) is shown in Figure 6.6A
and 6.6B, while measurements in the presence of the reducing agent TCEP are shown in Figure 6.6C
and 6.6D. Since measurements in the presence of TCEP did not require pre-incubation and were
completed within approximately 1.5 hours, potential sample aggregation due to intra- and
intermolecular disulfide bond reduction was considered negligible. Under neutral conditions, P004

shows a melting temperature of 56.5°C, while rLC4 has a slightly lower melting temperature of 54.0°C
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(Fig. 6.6B). This temperature difference of 2.5°C may reflect structural differences in oligomerization
and folding state, resulting in a higher thermostability of P004 compared to the recombinant LC.
However, when disulfide bonds (both intra- and intermolecular) are disrupted, the melting
temperatures of both samples become identical (Fig. 6.6C and 6.6D), suggesting that the observed
difference under neutral conditions is primarily due to covalent disulfide bonding. These results align
with the CD and AUC data, supporting the conclusion that rLC4 has adopted the correct secondary
structure, with structural differences arising primarily from altered covalent and non-covalent
interactions that govern oligomerization. SV analysis revealed that rLC4 exhibits a higher proportion
of oligomeric species compared to P004, particularly species with increased s-values (5.45S and
7.48 S). The DSF data further indicate that a significant fraction of these oligomers in rLC4 consists of
non-covalently associated species. In addition to differences in melting temperature, the fluorescence
signal intensity during thermal unfolding differed noticeably between the two samples. P004 exhibited
a higher fluorescence signal upon unfolding, along with a lower pre-transition baseline. This may
suggest a more compact folding state and greater hydrophobic surface exposure during denaturation.
In contrast, rLC4 displayed lower overall fluorescence and an elevated pre-transition signal,
signatures that may arise from partially exposed hydrophobic surfaces or greater conformational
flexibility. These features could in part reflect contributions from truncated fragments, which present
more hydrophobic surface area than the intact protein. Together, the data suggest that P004 species
may be stabilized by intra- and intermolecular disulfide bonds, whereas rLC4 appears to form more
dynamic, predominantly non-covalent oligomers. While P004 already displayed an unusually high
dimer content for a x-FLC (Kaplan et al. 2011), the exact factors influencing the formation of these
higher-order species remain unclear and further investigations will be required to confirm the

predominant stabilization mechanisms.

6.7 Discussion

In this study, a recombinant full-length LC, based on a FLC purified from the urine of a patient with
MM, was successfully produced using the P. pastoris expression system. Compared to prokaryotic
hosts such as E. coli, P. pastoris offers distinct advantages. Its intracellular folding environment
supports the formation of native-like secondary structures and both intra- and intermolecular
disulfide bonds, which are essential for achieving proper tertiary folding and maintaining the
structural integrity. This eliminates the need for refolding strategies, such as oxido-shuffling or
oxidative regeneration (Wingfield 1995), which often yield low amounts of correctly folded proteins
and suffer from significant aggregation-related losses. Consequently, E. coli is frequently unsuitable
for the expression of proteins that depend on disulfide bonding for their native folding (Daly and
Hearn 2005). Moreover, P. pastoris secrets the expressed proteins directly into the culture medium,
eliminating the need for cell lysis and thus simplifying downstream purification. This study highlights
P. pastoris as a suitable and efficient platform for the expression of full-length FLCs, preserving their
native structural and biophysical properties.

After expression and purification of rLC4 from the P. pastoris culture medium via IMAC and SEC,

the final SEC fractions were analyzed by Western blot to validate their species composition utilizing
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antibodies against the 6xHis tag. The analysis revealed a range of molecular species, including
unexpected variants likely resulting from interactions with lower-molecular-weight fragments,
primarily derived from the C-terminal Ci region. To assess whether P. pastoris introduced host-
specific PTMs, both rLC4 and the patient-derived FLC P004 were screened for phosphorylation and
glycosylation. No detectable modifications were found in either sample. This structural equivalence
was further supported by CD spectroscopy, which confirmed that rLC4 adopted a native-like
secondary structure with only minor deviations from the patient-derived sample P004, likely
attributable to the presence of truncated Ci fragments. Subsequent SV analysis revealed identical
monomeric s-values for both rLC4 and P004, but differences emerged in the distribution of higher-
order oligomers. Specifically, the dimeric and tetrameric forms of rLC4 showed increased s-values by
0.32S and 0.38 S, respectively, compared to those of P004. These differences may reflect subtle
variations in intermolecular interactions, with the higher s-value of rLC4 suggesting an alternative
non-covalent packing within its oligomeric assemblies. Both k- and A-FLCs can exist as monomers or
dimers, with dimerization stabilized through covalent and non-covalent interactions (Klein et al. 1977;
Roussel et al. 1999). A-FLCs tend to form covalent dimers more readily, mediated by a conserved
cysteine residue at the C-terminus. In contrast, k-FLCs predominantly assemble through non-covalent
interactions, often resulting in a heterogeneous mixture of monomers, and both covalently and non-
covalently linked dimers (Caponi et al. 2018; Gudowska-Sawczuk and Mroczko 2019; Sarto et al. 2021).
Higher-order assemblies such as tetramers have also been reported (S6lling 1976; DZupponova and
Zoldak 2023; Sakai et al. 2023).

Both P004 and rLC4 contain five cysteine residues (Tab. 8.10). In P004, four of these participate in
two conserved intramolecular disulfide bonds involving Cys23-Cys89 and Cys135-Cys195 (Dupré et
al. 2021). The remaining unpaired cysteine at the C-terminus, Cys215, may either be cysteinylated or
available for intermolecular disulfide bonding. Cysteinylation, also known as S-thiolation, is a
reversible, non-enzymatic PTM involving a disulfide bond between an unpaired cysteine residue of a
protein and a low molecular weight thiol (Thomas et al. 1994; Loi et al. 2015; Nakashima et al. 2018).
While commonly associated with cellular redox regulation and protection from oxidative stress,
cysteinylation can also interfere with disulfide-mediated dimerization, the formation of native
disulfide bonds (Liu et al. 2009). Whether changes in intermolecular interactions contribute to the
higher proportions of oligomeric species observed in rLC4 (i.e., 5.45 S and 7.48 S) remains uncertain.
This could also be influenced by the progressive increase in glomerular filtration threshold due to
renal damage (Graham and Karnovsky 1966; Roksnoer et al. 2016), where higher-order oligomeric FLC
species are only released into the urine during advanced disease stages. This may explain their
absence in sample P004 but does not exclude their presence in patient serum, cerebrospinal fluid, or
synovial fluid. Finally, rLC4 and P004 were analyzed by DSF, and their melting temperatures were
determined using a series of thermal shift assays. Under native conditions, rLC4 exhibited a melting
temperature of 54.0°C, while P004 showed a slightly higher value of 56.5°C. This difference of 2.5°C
may reflect subtle variations in molecular interactions between the species. Upon reduction of intra-
and intermolecular disulfide bonds with TCEP, both samples displayed an identical melting
temperature of 52.0°C, suggesting that disulfide bonding contributes to the observed thermal
stabilization. Previous studies have demonstrated that intermolecular disulfide bonds, which mediate
covalent oligomerization, contribute more significantly to the thermal stability of FLCs than

intramolecular disulfide bonds, which primarily stabilize the monomeric structure (Tucholski et al.
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2025). These observations are consistent with SV analysis, which revealed that rLC4 exhibits a higher
proportion of oligomeric species compared to P004, particularly at increased s-values (i.e., 5.45 S and
7.48 S). In this context, the DSF data are consistent with the idea that a proportion of the rLC4
oligomers may be stabilized predominantly by non-covalent interactions, although confirmation will
require further investigation. One possible factor that could influence this behavior is the presence of
the C-terminal 6xHis tag, located near Cys215, which is involved in covalent dimer formation.
However, this effect appears unlikely to arise from the expression vector or host system alone, as the
patient-derived sample P004 already displays an unusually high proportion of dimers and higher-
order species for a k-FLC, which in itself may indicate a pathological alteration (Kaplan et al. 2011).
The mechanisms regulating disulfide-linked dimer and oligomer formation remain incompletely
understood but are thought to involve oxidoreductases whose activity depends on the redox potential
of the surrounding microenvironment (Elkabetz et al. 2008; Feige et al. 2010). Oxidative stress, often
elevated under pathological conditions, may alter redox homeostasis, and thus influence the dithiol-
disulfide equilibrium of FLCs. Previous studies have reported elevated oxidative stress markers in
affected patients (Brenner et al. 2004; Migrino et al. 2010; Cavallone et al. 2024), suggesting a potential
connection between redox balance and FLC dimerization (Kaplan et al. 2014). However, whether shifts
in FLC species distribution track with disease stage or clinical severity remains to be determined.

This study highlights that the balance between covalent and non-covalent oligomerization is an
important consideration when establishing a reliable model system for investigating the pathology of
patient-derived FLCs in vitro. Given that the cellular microenvironment, particularly oxidative stress
and shifts in redox potential often caused by pathological changes, strongly influence the formation of
distinct FLC species, it remains unclear whether conventional expression systems can fully replicate
the molecular characteristics observed in patient samples. Even when the correct secondary structure
is achieved, FLC behavior appears to be shaped by multiple additional factors that are often
underexplored. Furthermore, this study raises the question of whether FLCs purified from patient
urine fully capture the molecular heterogeneity of the pathological state in vivo. Our comparison
between a recombinant LC and its urinary counterpart suggests that the distribution of molecular FLC
species may vary across physiological compartments beyond the kidneys. For example, the FLC
profile in serum may differ from that in urine, particularly as disease progression alter tissue
environments and glomerular filtration dynamics. This underscores the need for longitudinal studies
that not only quantify FLC concentrations in serum and urine, but also track the molecular
composition and structural heterogeneity of FLC species over time and in close relation to disease
progression. While this study did not employ MS, the structural and biophysical analyses presented
here provide a robust foundation for future MS-based investigations. High-resolution MS could enable
detailed mapping of disulfide bonding patterns, oxidative modifications, or subtle PTM differences
that may influence FLC oligomerization and aggregation. In this context, rLC4 offers a validated
platform to support mechanistic studies into how redox shifts, cysteinylation, or other covalent
modifications contribute to disease progression. The findings presented here highlight the importance
of selecting an appropriate expression system and conducting detailed biophysical characterization of
full-length FLCs. A deeper understanding of the mechanisms driving both covalent and non-covalent
oligomerization, and how these evolve during disease progression, could offer important insights into
the structural transitions that promote aggregation and tissue damage in disorders such as MM and

AL amyloidosis.
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General discussion

7.1 Pathological heterogeneity of FLCs

PCDs such as MM and AL amyloidosis are characterized by pronounced clinical heterogeneity,
ranging from asymptomatic disease to severe end-organ damage (Merlini et al. 2013; Cowan et al.
2022; Malard et al. 2024; Rajkumar 2024). This variability complicates clinical risk stratification at
diagnosis and limits the ability to predict organ involvement over the course of disease (Van De Donk
et al. 2021; Zorlu et al. 2025). In the patient cohort from which the FLC samples investigated in this
thesis were derived, clinical metadata captured at diagnosis revealed a wide spectrum of serum FLC
concentrations and renal function parameters (Tab. 8.1), reflecting substantial variation in both clonal
burden and renal presentation (Sternke-Hoffmann et al. 2020). Given the small cohort size (n = 9) and
the single diagnostic time point, these metadata are interpreted only descriptively and are not used to
infer statistical associations within this thesis. Nevertheless, this heterogeneity is consistent with the
understanding that renal impairment reflects an interplay of FLC burden, their intrinsic properties,
and patient-specific factors (Leboulleux et al. 1995; Basnayake et al. 2011; Yadav et al. 2018; Taylor and
Ryan 2019; Sternke-Hoffmann et al. 2020).

Renal impairment is among the most prevalent and severe complications of MM and is closely
associated with morbidity and early mortality (Heher et al. 2013; Yadav et al. 2015; Leung and
Rajkumar 2023). In FLC-mediated renal disease, elevated levels of monoclonal FLCs in the urine can
promote cast formation and tubular injury, accompanied by inflammation, oxidative stress, and
progressive fibrotic remodeling (Huang and Sanders 1997; Basnayake et al. 2010, 2011; Sirac et al.
2021; Malard et al. 2024). Clinically, monoclonal FLCs are routinely quantified to assess clonal burden
and monitor treatment response (Katzmann et al. 2002; Bradwell et al. 2002; Siegel et al. 2009).
However, patients with comparable FLC concentrations can present with markedly different degrees
of renal impairment, consistent with prior observations that concentration alone does not capture the
pathogenic potential of individual FLCs (Leboulleux et al. 1995; Basnayake et al. 2011; Andrich et al.
2017; Yadav et al. 2020; Sternke-Hoffmann et al. 2020).

At the molecular level, FLC pathogenicity is likely modulated by sequence-driven physicochemical
and conformational properties, including disulfide connectivity, cysteine reactivity, and stability of
molecular species, as well as by local environmental conditions that influence destabilization, self-
assembly, fragmentation, and tissue deposition (Huang and Sanders 1997; Lim et al. 2001; Basnayake
et al. 2011; Morgan and Kelly 2016; DZzupponova and Zoldak 2023). Interactions with renal proteins
such as UMOD further contribute to the complexity of cast nephropathy and tubular injury (Huang
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and Sanders 1997; Lim et al. 2001; Basnayake et al. 2011). Previous studies of this set of samples
support this interpretation by demonstrating substantial variability in biochemical and biophysical
properties across samples, while reporting only inconsistent correlations between individual
parameters and renal impairment (Sternke-Hoffmann et al. 2020; Dupré et al. 2021; Sternke-Hoffmann
2021; Sternke-Hoffmann et al. 2023).

Against this background, this thesis investigates pathological FLCs using complementary
biophysical approaches that combine patient-derived samples with recombinant model systems.
Analysis of urinary FLCs from MM patients captures native molecular heterogeneity and clinically
relevant species distributions, while defined perturbations provide a tool for investigating stability
and self-assembly pathways. In parallel, recombinant expression systems were established to
reproduce patient-specific FLC sequences under controlled folding and redox environments, enabling
systematic evaluation of how intrinsic sequence features together with environmental conditions
shape molecular behavior. Within this framework, reductive perturbation was employed as one
experimentally tractable tool to interrogate the sensitivity of FLC species to disulfide chemistry and
cysteine reactivity (Bechtel and Weerapana 2017). Across patient-derived and recombinant systems,
the results show that aggregation and fragmentation behavior cannot be attributed to a single
determinant such as concentration, sequence family, or oligomeric state alone, but instead arise from

the interplay between intrinsic molecular properties and environmental context.

7.2 Redox effects in patient-derived FLCs

Across all FLC samples examined, disulfide bond reduction was associated with the redistribution of
molecular species. The direction and kinetics of these shifts differed substantially between patients,
indicating that redox perturbation interacts with sample-specific molecular determinants. Notably,
reduction of dimeric species did not result in detectable accumulation of reduced monomers as a
stable population. Instead, the observations are consistent with the formation of highly unstable
monomeric intermediates that, within the sensitivity and time resolution of the SV-AUC readout, do
not manifest as a sustained increase in monomer signal and instead rapidly convert into non-native
assemblies and higher-order species, indicating only transient monomer release before entry into
aggregation-prone states.

Quaternary structure was not sufficient to predict behavior under reducing conditions. In a subset
of samples, dimeric signals persisted under identical reducing conditions, consistent with sequence-
dependent stabilization of dimeric species (Andrich et al. 2017; Zhao et al. 2018; Rennella et al. 2019).
This may reflect limited solvent accessibility of intermolecular disulfide bonds (Natesan et al. 2023),
rendering them more resistant to reduction, and/or persistent non-covalent interdomain interactions
that stabilize dimeric species even when covalent linkage is perturbed. While disulfide-linked
dimerization can increase the kinetic stability and proteolytic resistance of FLCs, it can also promote
aggregation under destabilizing conditions, emphasizing that stabilization and pathogenic assembly
are not mutually exclusive outcomes (Morgan and Kelly 2016; Morgan et al. 2019). In contrast,

monomeric species detectable prior to reduction remained detectable over extended incubation,
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suggesting that reduced monomers may form different conformational states with varying
aggregation competence.

Redox perturbation of disulfide bonds primarily affects tertiary and quaternary structure and can
alter hydrodynamic behavior even when substantial secondary structure remains intact (McAuley et
al. 2008). Consistent with this, CD measurements indicated that reduction does not necessarily abolish
native-like secondary structure, whereas SV-AUC revealed time-dependent changes in sedimentation
behavior and the formation of higher-order species under prolonged reducing conditions. Prolonged
reduction also appears to induce gradual changes within monomeric species, such as altered
compactness or partial unfolding, resulting in progressive shifts in sedimentation behavior rather than
abrupt dissociation events. Together, these observations support a model in which reduction
transiently exposes partially destabilized intermediates that enter oligomerization and aggregation
pathways rather than persisting as discrete monomeric species.

Reduction-associated fragmentation was consistently observed in a subset of FLCs sharing a
common genetic origin, which increased over incubation time. In disease context, fragmentation,
particularly the generation of Vi-domain-containing fragments, has been associated with AL
amyloidosis and may increase amyloidogenic propensity by removing stabilizing interactions
contributed by the Cr domain (Glenner et al. 1970; Morgan and Kelly 2016; Rennella et al. 2019;
Kazman et al. 2021; Mazzini et al. 2022; Lavatelli et al. 2024).

Fragmentation observed under reducing conditions was further investigated, and intrinsic
proteolytic activity, likely corresponding to co-purified cathepsins, was detected in all FLC
preparations. Cathepsin activity persisted under acidic and reducing conditions, consistent with their
native lysosomal environment (Yadati et al. 2020). At the same time, controlled digestion experiments
revealed pronounced, sample-specific responses and demonstrated that fragmentation could occur in
the presence of TCEP alone, without addition of CtsD, which supports the possibility of chemically
induced cleavage associated with exposure to strong reductants (Liu et al. 2010). Moreover,
denaturation and thermal stress introduced during sample preparation may have further contributed
to backbone instability (Miekka 1983). Because pronounced fragmentation occurred only in a subset of
samples under otherwise identical incubation conditions, intrinsic sample-specific properties likely
modulate susceptibility. However, a reagent-associated contribution cannot be excluded on the basis
of present data. Accordingly, fragmentation is treated as a reproducible reduction-linked process,

while its precise molecular origin remains unresolved and will require additional investigations.

7.3 Patient material and model systems

Patient-derived samples capture the physiological complexity of disease, including sequence diversity,
native PTMs, including cysteine-based modification patterns, and fragment formation. They also
capture mixtures of covalent and non-covalent assemblies that may arise in vivo within the context of
disease (Kaplan et al. 2011). This complexity strengthens biological relevance, but also limits
mechanistic attribution. The ability to link specific molecular features to clinically relevant FLC
behavior is constrained by co-purified proteases, compartment-specific selection effects between

serum und urine, and clinical metadata that are restricted to a single time point at diagnosis. These
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limitations are particularly relevant for MM-associated renal disease, where clinical risk is likely
shaped by the interplay of systemic FLC burden, renal handling, and local microenvironmental
conditions (Leboulleux et al. 1995; Basnayake et al. 2011; Yadav et al. 2018; Taylor and Ryan 2019;
Sternke-Hoffmann et al. 2020).

Previous work on the same set of patient samples highlights this challenge. Across samples, most
individual biochemical or biophysical parameters did not show consistent correlations with renal
impairment, highlighting the multifactorial nature of disease progression. A potentially relevant
observation is that FLCs from patients with the most severe renal impairment were among the least
susceptible to trypsin digestion in vitro (Sternke-Hoffmann 2021). While trypsin digestibility is an
indirect measure influenced by cleavage-site availability and structural accessibility, this observation
is consistent with the hypothesis that proteolytic resistance could modulate persistence and tissue
exposure, and it motivates further investigation with physiologically relevant proteases and defined
model systems.

Accordingly, this thesis adopts a complementary strategy. Patient-derived material provides
biological relevance and captures disease-associated heterogeneity, while controlled recombinant
systems enable systematic manipulation of redox balance, folding environment, and molecular
composition in order to test mechanistic hypotheses under defined conditions. Recombinant
expression and refolding experiments emphasized the importance of redox balance in determining
FLC species distributions. Even for identical primary sequences, varying redox conditions during
expression, secretion, and refolding were associated with distinct molecular assemblies, consistent
with altered cysteine reactivity and disulfide pairing. Deviations toward overly reducing or overly
oxidizing environments disrupted productive disulfide pairing and increased structural heterogeneity,
in line with established principles of oxidative protein folding and disulfide exchange. These findings
mirror observations from patient-derived material, in which cysteine-modified monomeric variants
coexist alongside covalently disulfide-linked dimers and non-covalent assemblies (Dupré et al. 2021;
Sternke-Hoffmann et al. 2023; Tucholski et al. 2025). In proteomic terms, these coexisting species
could be described as distinct proteoforms, or proteoform-like states, emphasizing that pathological
FLC preparations behave as mixtures, whose composition depends on redox conditions and, in turn,

influences the accessibility of self-assembly pathways.

7.4 Conclusions and outlook

Based on a small cohort sampled at diagnosis and analyses performed under controlled redox-stress
conditions, the results indicate that pathological FLC preparations exist as redox-dependent mixtures
of dynamically interconverting species. These include cysteine-modified monomeric variants,
covalent dimers stabilized by intermolecular disulfide bonds, non-covalent assemblies maintained
through electrostatic and hydrophobic interactions, and, under certain conditions, fragmented species.
In this context, reduction does not merely induce a transition between dimers and monomers. Instead,
it reshapes the accessible conformational assembly landscape by generating transient, destabilized
intermediates that redistribute into oligomeric and higher-order species and, in a subset of samples,

give rise to reproducible fragmentation patterns.
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From a translational perspective, these findings motivate the concept that variant-resolved redox-
responses could, in principle, complement concentration-based diagnostics. If reproducible redox-
linked behaviors, such as susceptibility to destabilization-linked redistribution, oligomerization, or
distinct fragmentation patterns under standardized conditions, are shown to associate with organ
involvement in larger, longitudinal cohorts, they could contribute to improved risk stratification at
diagnosis. Although clinical association cannot be established within the present cohort, the work
identifies potential parameters for validation in larger and longitudinal studies.

Future investigations should prioritize time- and compartment-resolved sampling to track not only
FLC concentrations but also molecular species distributions and cysteine-based modification patterns
alongside clinical course. Combining SV analysis with MS-based approaches that are capable of
resolving fragments, cysteine modifications, and disulfide connectivity would enable direct linkage of
hydrodynamic signatures to molecular identities. In addition, controlled experiments designed to
distinguish reductant-associated chemical cleavage from protease-dependent fragmentation will be
essential to interpret fragmentation as a biologically meaningful consequence of destabilization rather
than an experimental artefact.

Overall, the findings indicate that reductive perturbation is associated with the redistribution of
FLC species in a sample-dependent manner, which is coupled to destabilization, assembly into higher-
order species and, under certain conditions, fragmentation. Across both patient-derived and
recombinant samples, the results indicate that redox conditions are a major determinant of FLC
species distributions. By influencing the balance between cysteine-modified monomers, covalent
dimers, and non-covalent assemblies, different redox conditions influence which self-assembly
pathways become accessible under destabilizing conditions. These findings support the idea that
organ involvement cannot be predicted based on concentration or oligomeric state alone. Instead,
future work could follow an approach which combines sequence context, redox sensitivity, and
variant-resolved species distributions to test whether such measures add value to risk assessment,

particularly when connected to longitudinal, compartment-aware clinical sampling.
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Supplementary information

8.1 General supplementary information

Table 8.1: Clinical characteristics of patient-derived FLC samples analyzed in this thesis. Patients were grouped
according to CKD stage at the time of examination (Group I (CKD stage 1-2), Group II (CKD stage 3), and Group III (CKD
stage 4-5). Data adapted from Sternke-Hoffmann et al. 2020.

Patient Age Sex Ig LC S;ﬁ;m [:L“ée eGFR CKD

1D (years) subtype isotype (mg/L) (mg/L) (mL/min/1.73 m?2) stage
Poo1 47 male IgG A 3.75 1.06 50 3
Poo4 72 male IgG K 5.28 7.65 90 1
P005 65 female IgG K 1.25 6.14 48 3
Poo6 66 female IgG K 2.46 6.88 27 4
Poo7 54 male IgG K 0.90 — 83 2
Po13 65 male - K 11.0 — 50 3
Po16 59 male - K 1.15 17.5 45 3
P017 72 female IgG K 1.38 - 90 1
P020 64 female - K 4.12 - 74 2

All patients were diagnosed with MM, and samples were collected at the time of diagnosis.

Table 8.2: Amino acid sequences of all patient-derived samples analyzed in this study. Data adapted from Dupré et
al. 2021; Sternke-Hoffmann et al. 2023.

P001
GPDLTQPRSVSGSPGQSVTLSCTGTSSDVGGYNYVSWYQQHPGKAPKLMLYDVTKRPSGVPDREFSGSKSGTTASLTLSGLQAEDE
ADYYCCSYAGLDLEFVLFGGGTKLTVLGQPKAAPSVTLFPPSSEELQANKATLVCLLSDEYPQVTVAWKADSSPVKAGVETTTPSK
QSNNKYAASSYLSLTPEQWKSHRSYSCQVTHEGSTVEKTVAPTECS

P004
EIVLTOSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGQAPRLLIYDASTRATGIPDREFSGSGSGADFLLTISSLEPEDFA
MYYCQQYGRSPYTFGPGTKVDIKRTVAAPSVEFIFPPSDEQLKSGTASVVCLLNNFYPREAKVOWKVDNALQSGNSQESVTEQDSK
DSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

120



General supplementary information

P005
DLOMTQSPSSLSASVGDRVSLTCRASESLSSYVNWYQOKPGKAPKLLLYTASSLOSGVPPREFSGSASGTDFTLTLSSLQPEDFAT
YYCQQOSYSTPLTFGQGTRLELKRTVAAPSVFLEFPPSDEQLKSGTASVVCLLNNEYPREAKVQWKVDNALQSGNSQESVTEQDSKD
STYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSENRGEC

Po006
DLOMTQSPSSLSASVGDRVTLTCQASQDLAKYLNWYQOKPGKPPKLLLYDTSNLETGVPSRESNGGGTDFTFTLNSLOQPEDLATY
YCQQYDDFPLTFGPGTKVDLKRTVAAPSVFLFPPSDEQLKSGTASVVCLLNNEYPREAKVQWKVDNALQSGNSQESVTEQDSKDS
TYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSEFNRGEC

Poo7
DLOMTQSPSTLSASVGDRVTLTCRASQSLSSSLAWYQOKPGKAPKLLLYDASSLETGVPSRESGSGSGTEFTLSLSSLOQPDDFAT
YYCQHYNSYSLTFGQGTKVELKRTVAAPSVFLEFPPSDEQLKSGTASVVCLLNNEFYPREAKVQWKVDNALQSGNSQESVTEQDSKD
STYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSENRGEC

Po13
DLOMTQSPSTLSASVGDAVTLTCRASQSLNVWLAWYQOKPGKPPKLLLYEASNLESGVPSREFSGSGSGTEFTLTLSSLQPDDFAT
YYCQQYNSYPYTFGQGAKLELKRTVAAPSVFLEFPPSDEQLKSGTASVVCLLNNEYPREAKVQWKVDNALQSGNSQESVTEQDSKD
STYSLSSTLTLSKADYEKHKLYACEVTHQGLSSPVTKSENRGEC

Po16
DLOMTQSPSSLSASVGDRVTLTCQASRDLSNYLNWYQOKPGKAPMLLLYAASNLQTGVPSRESGSGSGTDFTFTLSSLQPEDLAT
YYCQQYGNLPLTFGGGTKVELKGTVAAPSVFLEFPPSDEQLKSGTASVVCLLNNEYPREAKVQWKVDNALQSGNSQESVTEQDSKD
STYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSENRGEC

Po17
DLOMTQSPSSLSASVGDRVTLTCQASQDLGNYLNWYQOKPGKAPRLLLYDASDLEEGVPSRESGSGSGTDFTFTLSSLOQPEDFAT
YYCQOQYHTLPPLTFGGGTKVDVKRSLAAPSVFLEFPPSDEQLKSGTASVVCLLNNEFYPREAKVOWKVDNALQSGNSQESVTEQDSK
DSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

Po20
DLOMTQSPSTLSTSVGDRVTLTCRASQSLRTWLAWYQOKPGKAPKLLLYKASTLETGVPSRESGSGSGTDFTLTLSSLQPEDFAT
YYCQQYNDYSGTFGQGTKLELKRTLAAPSVFLEFPPSDEQLKSGTASVVCLLNNEFYPREAKVQWKVDNALQSGNSQESVTEQDSKD
STYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSENRGEC
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Table 8.3: Intrinsic physicochemical parameters derived from the primary sequences of patient-derived FLCs.
Parameters were calculated from amino acid sequence using ProtParam (Walker 2005). CamSol represents the intrinsic

solubility score. Data adapted from Sternke-Hoffmann 2021.

Patient ID Isotype Length MwW theor. €280 Instability  Aliphatic = CamSol
(aa) (kDa) pI M -1ecm™1) index index
P001 A 216 22,93 6.34 33,265 59.99 64.07 0.15
P004 K 215 23,44 6.12 27,640 52.65 68.05 0.43
P005 K 214 23,35 6.91 26,150 56.03 66.96 0.27
P006 K 213 23,47 5.20 26,150 50.03 66.34 0.40
P007 K 214 23,31 6.35 26,150 53.95 66.96 0.27
Po13 K 214 23,48 5.73 33,140 50.69 67.90 0.13
Po16 K 214 23,22 5.70 26,150 50.00 68.79 0.07
Po17 K 215 23,53 5.19 26,150 56.18 66.19 0.30
P020 K 214 23,55 7.75 31,650 49.83 65.61 0.39

8.2 Tracking reduction-induced molecular changes in
pathological free light chains by SV-AUC

8.2.1 Supplementary methods
Calculation and data analysis

Table 8.4: Fit parameters used to analyse SV-AUC sedimentation data.

Sample ID v[cm3 g1] Buffer solution Density [g/cm3] Viscosity [P]
Po01 0.726160 30 mM Tris-HCI, pH 7.4 1.0004 0.010124
P004 0.726223 + 0.1 M NaCl 1.0045 0.010224
P005 0.725521 +1MNaCl 1.0407 0.011091
P006 0.726200
Po07 0.725071
P013 0.726996
Po16 0.726208
Po17 0.724235
P020 0.726701
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8.2.2 Supplementary results

Changes in FLC size distribution after disulfide bond reduction
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Figure 8.1: Influence of disulfide bond reduction on the monomer-dimer distribution of FLCs. The c(s)
distributions of purified patient samples (A) P004, (B) P006, (C) P007, and (D) P016 are shown. Samples were prepared at a
concentration of 35 uM in 30 mM Tris-HCI, pH 7.4 (black). To reduce disulfide bonds, 7 mM pH-adjusted TCEP was added,
followed by incubation at 37°C with shaking at 600 rpm for periods of 1.25h (blue), 5h (green), and 15h (red). After
incubation, 390 uL of each sample was transferred to the sample sector of standard aluminum double-sector cells, and

sedimentation analysis was performed at 60,000 rpm and 20°C.
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Figure 8.2A: Sedimentation profiles of FLC samples. Shown are the sedimentation profiles of patient samples (A) P001,
(B) P004, (C) P005, (D) P006 and (E) P007, before and after TCEP treatment. A FLC concentration of 35 uM was measured in
30 mM Tris-HCI, pH 7.4. Disulfide bond destabilization was induced by the addition of 7 mM pH-adjusted TCEP, followed by
incubation at 37°C and 600 rpm shaking for 1.25h, 5 h and 15 h. A total of 70 scans were measured per sample, with every

third scan displayed for clarity.
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Figure 8.2B: Sedimentation profiles of FLC samples. Shown are the sedimentation profiles of patient samples (F) P013,
(G) Po16, (H) P017 and (I) P020, before and after TCEP treatment. A FLC concentration of 35 uM was measured in 30 mM
Tris-HCI, pH 7.4. Disulfide bond destabilization was induced by the addition of 7 mM pH-adjusted TCEP, followed by
incubation at 37°C and 600 rpm shaking for 1.25h, 5 h and 15 h. A total of 70 scans were measured per sample, with every

third scan displayed for clarity.
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Figure 8.5: Effect of varying the minimum s-value limit (smin) and of applying Bayesian modification on the
detection of low-S species in sample P001. Plain maximum-entropy regularization was performed with smin = 0 S (red),
0.05 S (black) and 0.1 S (blue); the same data were re-analyzed with Bayesian modification at smin = 0 S (green). Half-peaks at
smin indicate that the lower boundary is constraining the fit, as described by Schuck (Schuck 2016): they grow taller as smin
is lowered when baseline correlation is not suppressed. Setting smin = 0 S and applying Bayesian modification removes this
artifact and recovers the full peak that represents genuine low-S species (e.g., fragments or buffer components). The

fragment peak at ~0.1 S is therefore a real, reproducible signal rather than a fitting artifact.

TCEP-induced changes in secondary structure of FLCs
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Figure 8.4: HT voltage records for the CD spectra of all nine FLC samples before and after TCEP treatment. For
each sample, HT records are shown for the untreated state (black) and after incubation with 7 mM TCEP for 1.25 h (blue), 5 h
(green) and 24 h (red) incubation time. Incubation was carried out with a sample concentration of 35 pM in 10 mM sodium
phosphate buffer, pH 7.4 at 37°C. Aliquots were taken after specified time points and diluted to a final concentration of
9.23 uM for CD measurements.
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Table 8.5: Position of zero-crossing of ellipticity (~200-210 nm) as function of TCEP incubation time.

Zero-crossing

Zero-crossing

Zero-crossing

Zero-crossing

Patient sample without TCEP after 1.25 h after 5h after 15 h
[nm] [nm] [nm] [nm]
Poo01 207.00 206.90 206.40 204.50
Poo4 207.00 206.70 198.00 199.70*
P005 205.10 200.20 196.00 197.70
Poo6 204.40 203.30 195.00 195.00
Poo7 206.00 199.40 198.90 200.00
Po13 207.00 205.40 200.90 198.00*
Po16 205.70 202.20 203.90 195.80*
Po17 206.00 198.70 196.60* 200.00
P020 206.50 201.50 197.40 201.90
*HT values above 700 V at wavelength below 200 nm render the data unreliable
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Figure 8.5: Effect of varying salt concentrations on the molecular species distribution of FLCs. Shown are the (s)
distributions for samples (A) P006, (B) P007, (C) P017, and (D) P020 with the addition of 0.1 M (orange) or 1 M (red) NaCl. A
30 mM Tris-HCI buffer at pH 7.4 and a FLC concentration of 35 pM was used. To reach equilibrium, the samples were

incubated for 24 h at 25°C prior to measurement. After incubation, 390 uL of each sample was transferred to the sample

sector of standard aluminum double-sector cells, and sedimentation analysis was performed at 60,000 rpm and 20°C.
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Figure 8.6: Salt-induced shifts in weight-average s-values of FLCs. Illustration of changes in weight-average s-values
for samples P006, P007, P017, and P020, caused by the addition of 0.1 M (orange) or 1 M (red) NaCl. Corresponding weight-
average s-values without NaCl addition are shown in black. The sedimentation range from 0 to 7S was integrated to
calculate the weight-average s-value, capturing the combined contribution of all species in this region and reflecting the
overall distribution trend for each sample. Dashed lines labelled with 'M' and 'D' indicate s-values for individually identified

monomers and dimers, representing their average s-value range across samples.
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Figure 8.7: Sedimentation profiles of FLC samples with addition of 0.1 M and 1M NaCl. The (s) distributions of
samples (A) P006, (B) P007, (C) P017 and (D) P020 are shown. A FLC concentration of 35 pM was measured prepared in
30 mM Tris-HCI buffer at pH 7.4, with the addition of 0.1 M or 1 M NaCl. To reach equilibrium, the samples were incubated
for 24 h at 25°C prior to measurement. A total of 70 scans were measured per sample, with every third scan displayed for

clarity.
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Figure 8.8: Sedimentation profiles of FLC samples at a concentration of 12.5 pM. The (s) distributions of samples (A)
P007, (B) P013 and (C) P016 are shown. All FLC samples were prepared at a concentration of 12.5 uM to investigate the
presence of a dynamic monomer-dimer equilibrium. Samples were measured in 30 mM Tris-HCI buffer at pH 7.4. A total of

70 scans were measured per sample, with every third scan displayed for clarity.

Thermal stability of FLCs under reducing conditions
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Figure 8.9: DSF data of all patient-derived FLCs. A sample concentration of 35 pM was prepared in 30 mM Tris-HCl, pH
7.4 (blue). To induce disulfide bond destabilization, 7 mM TCEP (red) were added in addition. Thermal denaturation was
monitored using 10 uM SYPRO Orange in a total volume of 25 pL per well, measured in triplicate (n = 3). Presented are the
thermal denaturation profiles for all nine FLC samples. Elevated pre-transition fluorescence suggests that SYPRO Orange

binds to native LCs, unfolded species, or other sample components, such as LC fragments.
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Figure 8.10: DSF data of all patient-derived FLCs with the addition of 0.1 M NaCl. A sample concentration of 35 uM
was prepared in 30 mM Tris-HCl, pH 7.4 with the addition of 0.1 M NaCl (blue). To induce disulfide bond destabilization,
7 mM TCEP (orange) were added in addition. Thermal denaturation was monitored using 10 pM SYPRO Orange in a total
volume of 25 pL per well, measured in triplicate (n = 3). The thermal denaturation profiles are presented alongside the
corresponding negative derivative fluorescence-temperature plots (-dF/dT) for patient samples P001 (A), P004 (B), P005 (C),
P006 (D), P007 (E), P013 (F), P016 (G), P017 (H) and P020 (I). Elevated pre-transition fluorescence suggests that SYPRO

+0.1 M NaCl

Orange binds to native LCs, unfolded species, or other sample components, such as LC fragments.
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Figure 8.11: DSF data of all patient-derived FLCs with the addition of 1 M NaCl. A sample concentration of 35 uM
was prepared in 30 mM Tris-HCl, pH 7.4 with the addition of 1 M NaCl (dark blue). To induce disulfide bond destabilization,
7 mM TCEP (dark red) were added in addition. Thermal denaturation was monitored using 10 pM SYPRO Orange in a total

volume of 25 pL per well, measured in triplicate (n = 3). The thermal denaturation profiles are presented alongside the

corresponding negative derivative fluorescence-temperature plots (-dF/dT) for patient samples P001 (A), P004 (B), P005 (C),
P006 (D), P007 (E), P013 (F), P016 (G), P017 (H) and P020 (I). Elevated pre-transition fluorescence suggests that SYPRO

Orange binds to native LCs, unfolded species, or other sample components, such as LC fragments.
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8.3 Recombinant expression of a patient-derived FLC in

E. coli: a folding pathway analysis

8.3.1 Supplementary methods

Table 8.6: Codon-optimized nucleotide sequence of the P006 gene insert. The sequence (639 bp) represents the coding
region of the patient-derived FLC P006, optimized for expression of rLC6 in E. coli. The corresponding amino acid sequence

is provided in the general Supplementary information (Tab. 8.2, P006).

GATCTGCAAATGACCCAGAGTCCGAGCAGCCTGAGCGCAAGCGTTGGTGATCGTGTTACCCTGACCTGTCAGGCAAGCCAGGATC
TGGCAAAATATCTGAATTGGTATCAGCAGAAACCGGGTAAACCGCCTAAACTGCTGCTGTATGATACCAGCAATCTGGAAACCGG
TGTTCCGAGCCGTTTTAGCAATGGTGGTGGCACCGATTTTACCTTTACACTGAATAGCCTGCAGCCGGAAGATCTGGCCACCTAT
TATTGTCAGCAGTATGATGATTTTCCGCTGACCTTTGGTCCGGGTACAAAAGTTGATCTGAAACGTACCGTTGCAGCACCGAGCG
TTTTTCTGTTTCCGCCTAGTGATGAACAGCTGAAAAGCGGCACCGCCAGCGTTGTTTGTCTGCTGAATAACTTTTATCCGCGTGA
AGCAAAAGTTCAGTGGAAAGTTGATAATGCACTGCAGAGCGGTAATAGCCAAGAAAGCGTTACCGAACAGGATAGCAAAGATAGC
ACCTATAGCCTGAGCAGCACCCTGACACTGAGCAAAGCAGATTATGAAAAACACAAAGTGTATGCCTGCGAAGTTACCCATCAGG
GTCTGAGCAGTCCGGTTACCAAAAGCTTTAATCGTGGTGAATGT

Table 8.7: Nucleotide sequence of the pET16-b-P006 expression construct. The construct was assembled for the
recombinant expression of rLC6 in E. coli. The total vector length is 6,236 bp, and a schematic representation of the construct

is shown in Figure 6.1A.

TTCTTGAAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGC
ACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAAC
CCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGC
ATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTAC
ATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTC
TGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGT
TGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGAT
AACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAA
CTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGCAGCAATGGCAAC
AACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTT
GCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTA
TCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACG
AAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATT
GATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGT
TTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTT
GCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTC
AGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACAT
ACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTT
ACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGA
TACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAA
CAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCG
TCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGC
TGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCG
CTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCA
TCTGTGCGGTATTTCACACCGCATATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCC
GCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCG
GCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGC
AGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTC
CAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAA
GGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCC
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GGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCG
CTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCT
GACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGC
AGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGA
CAGGAGCACGATCATGCGCACCCGTGGCCAGGACCCAACGCTGCCCGAGATGCGCCGCGTGCGGCTGCTGGAGATGGCGGACGLCG
ATGGATATGTTCTGCCAAGGGTTGGTTTGCGCATTCACAGTTCTCCGCAAGAATTGATTGGCTCCAATTCTTGGAGTGGTGAATC
CGTTAGCGAGGTGCCGCCGGCTTCCATTCAGGTCGAGGTGGCCCGGCTCCATGCACCGCGACGCAACGCGGGGAGGCAGACAAGG
TATAGGGCGGCGCCTACAATCCATGCCAACCCGTTCCATGTGCTCGCCGAGGCGGCATAAATCGCCGTGACGATCAGCGGTCCAG
TGATCGAAGTTAGGCTGGTAAGAGCCGCGAGCGATCCTTGAAGCTGTCCCTGATGGTCGTCATCTACCTGCCTGGACAGCATGGC
CTGCAACGCGGGCATCCCGATGCCGCCGGAAGCGAGAAGAATCATAATGGGGAAGGCCATCCAGCCTCGCGTCGCGAACGCCAGC
AAGACGTAGCCCAGCGCGTCGGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGA
AGGCTTGAGCGAGGGCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCC
GAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATG
CCCCGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAAC
TTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGC
GGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGC
CTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGG
ATATAACATGAGCTGTAACTAGCATAACCCTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGG
ACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCAT
TTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATAT
TTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGA
CCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAA
TAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACG
CGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCA
GTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAA
CGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTT
TTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACG
TTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGAT
GGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGC
CGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAA
GCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGC
CGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTG
TGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGATCTGCAAATGACCCAGAGT
CCGAGCAGCCTGAGCGCAAGCGTTGGTGATCGTGTTACCCTGACCTGTCAGGCAAGCCAGGATCTGGCAAAATATCTGAATTGGT
ATCAGCAGAAACCGGGTAAACCGCCTAAACTGCTGCTGTATGATACCAGCAATCTGGAAACCGGTGTTCCGAGCCGTTTTAGCAA
TGGTGGTGGCACCGATTTTACCTTTACACTGAATAGCCTGCAGCCGGAAGATCTGGCCACCTATTATTGTCAGCAGTATGATGAT
TTTCCGCTGACCTTTGGTCCGGGTACAAAAGTTGATCTGAAACGTACCGTTGCAGCACCGAGCGTTTTTCTGTTTCCGCCTAGTG
ATGAACAGCTGAAAAGCGGCACCGCCAGCGTTGTTTGTCTGCTGAATAACTTTTATCCGCGTGAAGCAAAAGTTCAGTGGAAAGT
TGATAATGCACTGCAGAGCGGTAATAGCCAAGAAAGCGTTACCGAACAGGATAGCAAAGATAGCACCTATAGCCTGAGCAGCACC
CTGACACTGAGCAAAGCAGATTATGAAAAACACAAAGTGTATGCCTGCGAAGTTACCCATCAGGGTCTGAGCAGTCCGGTTACCA
AAAGCTTTAATCGTGGTGAATGTTAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGG
AACTATATCCGGATATCCCGCAAGAGGCCCGGCAGTACCGGCATAACCAAGCCTATGCCTACAGCATCCAGGGTGACGGTGCCGA
GGATGACGATGAGCGCATTGTTAGATTTCATACACGGTGCCTGACTGCGTTAGCAATTTAACTGTGATAAACTACCGCATTAAAG
CTTATCGATGATAAGCTGTCAAACATGAGAA

133



Recombinant expression of a patient-derived FLC in E. coli: a folding pathway analysis

o
(2]
1
o
[=>]
1

o
-y
L
o
'
1

0.24

o
n
1

Absorbance [AU]
Absorbance [AU]

0- 0-

w w
T 0.05 — - T 0.05 N
b= o]__ =3 g b= oﬂpm
&'0‘05 LI L L &'o'osl T T T T T
62 64 66 68 70 62 64 66 68 7.0
Radius [cm] Radius [cm]

Figure 8.12: Protocol 1: Sedimentation profiles of rLC6. Shown are the sedimentation profiles of rLC6 obtained using
Protocol 1. (A) rLC6 under native conditions and (B) rLC6 after 1.25h of TCEP treatment. Samples were measured at a
concentration of 35 uM in 30 mM Tris-HCI (pH 7.4). Disulfide bond reduction was induced by adding of 7 mM pH-adjusted
TCEP, followed by incubation of the sample at 37°C and 600 rpm shaking for 1.25 h. A total of 70 scans were measured per

sample, with every third scan displayed for clarity.

Table 8.8: Nucleotide sequence of the pCHAP-P006 expression construct. The construct was assembled for the
recombinant expression of rLC6 in the periplasmic space of E. coli. The total vector length is 5,029 bp, and a schematic

representation of the construct is shown in Figure 5.19A.

GGGGAATTGTGAGCGGATAACAATTCCCCTGTAGAAATAATTTTGTTTAACTTTAATAAGGAGATATACCATGAAGAAGAATATC
GCATTTCTGCTGGCGAGCATGTTTGTTTTTAGCATTGCAACCAATGCATATGCCAGCGATCTGCAAATGACCCAGAGTCCGAGCA
GCCTGAGCGCAAGCGTTGGTGATCGTGTTACCCTGACCTGTCAGGCAAGCCAGGATCTGGCAAAATATCTGAATTGGTATCAGCA
GAAACCGGGTAAACCGCCTAAACTGCTGCTGTATGATACCAGCAATCTGGAAACCGGTGTTCCGAGCCGTTTTAGCAATGGTGGT
GGCACCGATTTTACCTTTACACTGAATAGCCTGCAGCCGGAAGATCTGGCCACCTATTATTGTCAGCAGTATGATGATTTTCCGC
TGACCTTTGGTCCGGGTACAAAAGTTGATCTGAAACGTACCGTTGCAGCACCGAGCGTTTTTCTGTTTCCGCCTAGTGATGAACA
GCTGAAAAGCGGCACCGCCAGCGTTGTTTGTCTGCTGAATAACTTTTATCCGCGTGAAGCAAAAGTTCAGTGGAAAGTTGATAAT
GCACTGCAGAGCGGTAATAGCCAAGAAAGCGTTACCGAACAGGATAGCAAAGATAGCACCTATAGCCTGAGCAGCACCCTGACAC
TGAGCAAAGCAGATTATGAAAAACACAAAGTGTATGCCTGCGAAGTTACCCATCAGGGTCTGAGCAGTCCGGTTACCAAAAGCTT
TAATCGTGGTGAATGTCACCATCACCATCACCATCACCATTGATAAAGCTTGCGGCCGCATAATGCTTAAGTCGAACAGAAAGTA
ATCGTATTGTACACGGCCGCATAATCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCATCTTAGT
ATATTAGTTAAGTATAAGAAGGAGATATACATATGAAAAAATGGCTGCTGGCAGCAGGTCTGGGTTTAGCACTGGCAACCAGCGC
ACAGGCAGCAGATAAAATTGCCATTGTTAATATGGGTAGCCTGTTTCAGCAGGTTGCACAGAAAACCGGTGTTAGCAATACCCTG
GAAAATGAATTTAAAGGTCGTGCAAGCGAACTGCAGCGTATGGAAACCGATCTGCAGGCAAAAATGAAAAAACTGCAGAGCATGA
AAGCAGGTAGCGATCGTACCAAACTGGAAAAAGATGTTATGGCACAGCGTCAGACCTTTGCGCAGAAAGCACAGGCATTTGAACA
GGATCGTGCACGTCGTAGCAATGAAGAACGTGGTAAACTGGTTACCCGTATTCAGACCGCAGTTAAAAGCGTTGCAAATAGCCAG
GATATTGATCTGGTTGTTGATGCAAATGCCGTTGCCTATAATAGCAGTGATGTGAAAGATATTACCGCAGACGTTCTGAAGCAGG
TCAAATAACCTAGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG
CTGAAACCTCAGGCATTTGAGAAGCACACGGTCACACTGCTTCCGGTAGTCAATAAACCGGTAAACCAGCAATAGACATAAGCGG
CTATTTAACGACCCTGCCCTGAACCGACGACCGGGTCGAATTTGCTTTCGAATTTCTGCCATTCATCCGCTTATTATCACTTATT
CAGGCGTAGCACCAGGCGTTTAAGGGCACCAATAACTGCCTTAAAAAAATTACGCCCCGCCCTGCCACTCATCGCAGTACTGTTG
TAATTCATTAAGCATTCTGCCGACATGGAAGCCATCACAGACGGCATGATGAACCTGAATCGCCAGCGGCATCAGCACCTTGTCG
CCTTGCGTATAATATTTGCCCATAGTGAAAACGGGGGCGAAGAAGTTGTCCATATTGGCCACGTTTAAATCAAAACTGGTGAAAC
TCACCCAGGGATTGGCTGAGACGAAAAACATATTCTCAATAAACCCTTTAGGGAAATAGGCCAGGTTTTCACCGTAACACGCCAC
ATCTTGCGAATATATGTGTAGAAACTGCCGGAAATCGTCGTGGTATTCACTCCAGAGCGATGAAAACGTTTCAGTTTGCTCATGG
AAAACGGTGTAACAAGGGTGAACACTATCCCATATCACCAGCTCACCGTCTTTCATTGCCATACGGAACTCCGGATGAGCATTCA
TCAGGCGGGCAAGAATGTGAATAAAGGCCGGATAAAACTTGTGCTTATTTTTCTTTACGGTCTTTAAAAAGGCCGTAATATCCAG
CTGAACGGTCTGGTTATAGGTACATTGAGCAACTGACTGAAATGCCTCAAAATGTTCTTTACGATGCCATTGGGATATATCAACG
GTGGTATATCCAGTGATTTTTTTCTCCATTTTAGCTTCCTTAGCTCCTGAAAATCTCGATAACTCAAAAAATACGCCCGGTAGTG
ATCTTATTTCATTATGGTGAAAGTTGGAACCTCTTACGTGCCGATCAACGTCTCATTTTCGCCAAAAGTTGGCCCAGGGCTTCCC
GGTATCAACAGGGACACCAGGATTTATTTATTCTGCGAAGTGATCTTCCGTCACAGGTATTTATTCGGCGCAAAGTGCGTCGGGT
GATGCTGCCAACTTACTGATTTAGTGTATGATGGTGTTTTTGAGGTGCTCCAGTGGCTTCTGTTTCTATCAGCTGTCCCTCCTGT
TCAGCTACTGACGGGGTGGTGCGTAACGGCAAAAGCACCGCCGGACATCAGCGCTAGCGGAGTGTATACTGGCTTACTATGTTGG
CACTGATGAGGGTGTCAGTGAAGTGCTTCATGTGGCAGGAGAAAAAAGGCTGCACCGGTGCGTCAGCAGAATATGTGATACAGGA
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TATATTCCGCTTCCTCGCTCACTGACTCGCTACGCTCGGTCGTTCGACTGCGGCGAGCGGAAATGGCTTACGAACGGGGCGGAGA
TTTCCTGGAAGATGCCAGGAAGATACTTAACAGGGAAGTGAGAGGGCCGCGGCAAAGCCGTTTTTCCATAGGCTCCGCCCCCCTG
ACAAGCATCACGAAATCTGACGCTCAAATCAGTGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCTGGCGGL
TCCCTCGTGCGCTCTCCTGTTCCTGCCTTTCGGTTTACCGGTGTCATTCCGCTGTTATGGCCGCGTTTGTCTCATTCCACGCCTG
ACACTCAGTTCCGGGTAGGCAGTTCGCTCCAAGCTGGACTGTATGCACGAACCCCCCGTTCAGTCCGACCGCTGCGCCTTATCCG
GTAACTATCGTCTTGAGTCCAACCCGGAAAGACATGCAAAAGCACCACTGGCAGCAGCCACTGGTAATTGATTTAGAGGAGTTAG
TCTTGAAGTCATGCGCCGGTTAAGGCTAAACTGAAAGGACAAGTTTTGGTGACTGCGCTCCTCCAAGCCAGTTACCTCGGTTCAA
AGAGTTGGTAGCTCAGAGAACCTTCGAAAAACCGCCCTGCAAGGCGGTTTTTTCGTTTTCAGAGCAAGAGATTACGCGCAGACCA
AAACGATCTCAAGAAGATCATCTTATTAATCAGATAAAATATTTCTAGATTTCAGTGCAATTTATCTCTTCAAATGTAGCACCTG
AAGTCAGCCCCATACGATATAAGTTGTAATTCTCATGTTAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCT
CTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGT
CGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTT
TTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGT
TTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACT
ACCGAGATGTCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCA
TCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGC
TATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCT
AACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGT
TGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATC
CAGCGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGT
TCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGG
CCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTC
CGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAG
ACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATG
CCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAATTAA
TACGACTCACTATA
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Pichia pastoris

8.4 Recombinant expression and structural validation of a
pathogenic patient-derived free light chain in Pichia

pastoris

8.4.1 Supplementary methods

Table 8.9: Nucleotide sequence of the expression vector pPICZaA containing the P004 gene insert. The coding
sequence of P004 (698 bp) was codon-optimized for efficient expression in P. pastoris. The complete expression construct

comprises a total length of 4210 bp.

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCCGACATCCACAGGTCCATTCTCACACATAAGTGCCAA
ACGCAACAGGAGGGGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTTCTCCTCAACACCCACTTTTGCCA
TCGAAAAACCAGCCCAGTTATTGGGCTTGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCATGACTTTAT
TAGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGTTTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCA
CTCCAGATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGGCCCAAAACTGACAGTTTAAACGCTGTCTT
GGAACCTAATATGACAAAAGCGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACGGCCAGTTGGTCAAAAA
GAAACTTCCAAAAGTCGGCATACCGTTTGTCTTGTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAGCGC
AGTCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGCAAATGGGGAAACACCCGCTTTTTGGATGATTATGCATTG
TCTCCACATTGTATGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATGATCAAAATTTAACTGTTCTAACCC
CTACTTGACAGCAATATATAAACAGAAGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTACTTTCATAA
TTGCGACTGGTTCCAATTGACAAGCTTTTGATTTTAACGACTTTTAACGACAACTTGAGAAGATCAAAAAACAACTAATTATTCG
AAACGATGAGATTTCCTTCAATTTTTACTGCTGTTTTATTCGCAGCATCCTCCGCATTAGCTGCTCCAGTCAACACTACAACAGA
AGATGAAACGGCACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGCTGTTTTGCCATTT
TCCAACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGGTATCTCTCGAGA
AAAGAGAGGCTGAAGCTGAAATCGTTCTTACTCAATCTCCTGGTACTCTTAGTCTTAGTCCTGGTGAAAGAGCTACTCTTAGTTG
TAGAGCTTCTCAATCTGTTAGTTCTTCTTACTTGGCTTGGTATCAACAAAAACCAGGTCAAGCTCCAAGATTGTTGATCTATGAT
GCTTCTACTAGAGCTACTGGTATTCCAGATAGATTCTCTGGTTCTGGTTCTGGAGCTGACTTCTTGTTGACTATTAGTTCTCTTG
AACCAGAAGACTTCGCTATGTACTATTGTCAACAATATGGTAGATCTCCATACACCTTCGGTCCAGGTACTAAGGTTGATATTAA
AAGAACTGTTGCTGCTCCTTCTGTCTTCATCTTCCCACCATCTGATGAACAATTGAAATCTGGTACTGCTTCTGTTGTCTGTCTT
CTTAACAACTTCTATCCAAGAGAAGCTAAGGTTCAATGGAAAGTTGATAACGCTCTTCAATCTGGTAATTCTCAAGAATCTGTTA
CTGAACAAGATTCTAAGGATTCTACTTATTCTCTTAGTTCTACTCTTACTCTTAGTAAGGCTGATTATGAAAAGCATAAAGTCTA
TGCTTGTGAAGTTACTCATCAAGGTCTTAGTTCTCCAGTTACTAAATCCTTCAATAGAGGTGAATGTCATCATCATCATCATCAT
TGAGCGGCCGCCAGCTTTCTAGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATT
GAGTTTGTAGCCTTAGACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGAAGACCGGTCTTGCTAGATTCTAATCAAGAG
GATGTCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCATTTTTGATACTTTTTTATTTGTAACCTATATAGTATAGGATTTTTT
TTGTCATTTTGTTTCTTCTCGTACGAGCTTGCTCCTGATCAGCCTATCTCGCAGCTGATGAATATCTTGTGGTAGGGGTTTGGGA
AAATCATTCGAGTTTGATGTTTTTCTTGGTATTTCCCACTCCTCTTCAGAGTACAGAAGATTAAGTGAGACCTTCGTTTGTGCGG
ATCCCCCACACACCATAGCTTCAAAATGTTTCTACTCCTTTTTTACTCTTCCAGATTTTCTCGGACTCCGCGCATCGCCGTACCA
CTTCAAAACACCCAAGCACAGCATACTAAATTTTCCCTCTTTCTTCCTCTAGGGTGTCGTTAATTACCCGTACTAAAGGTTTGGA
AAAGAAAAAAGAGACCGCCTCGTTTCTTTTTCTTCGTCGAAAAAGGCAATAAAAATTTTTATCACGTTTCTTTTTCTTGAAATTT
TTTTTTTTAGTTTTTTTCTCTTTCAGTGACCTCCATTGATATTTAAGTTAATAAACGGTCTTCAATTTCTCAAGTTTCAGTTTCA
TTTTTCTTGTTCTATTACAACTTTTTTTACTTCTTGTTCATTAGAAAGAAAGCATAGCAATCTAATCTAAGGGGCGGTGTTGACA
ATTAATCATCGGCATAGTATATCGGCATAGTATAATACGACAAGGTGAGGAACTAAACCATGGCCAAGTTGACCAGTGCCGTTCC
GGTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGGTTCTCCCGGGACTTCGTGGAGGACGAC
TTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCAGCGCGGTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCTGGG
TGTGGGTGCGCGGCCTGGACGAGCTGTACGCCGAGTGGTCGGAGGTCGTGTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCAT
GACCGAGATCGGCGAGCAGCCGTGGGGGCGGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAG
CAGGACTGACACGTCCGACGGCGGCCCACGGGTCCCAGGCCTCGGAGATCCGTCCCCCTTTTCCTTTGTCGATATCATGTAATTA
GTTATGTCACGCTTACATTCACGCCCTCCCCCCACATCCGCTCTAACCGAAAAGGAAGGAGTTAGACAACCTGAAGTCTAGGTCC
CTATTTATTTTTTTATAGTTATGTTAGTATTAAGAACGTTATTTATATTTCAAATTTTTCTTTTTTTTCTGTACAGACGCGTGTA
CGCATGTAACATTATACTGAAAACCTTGCTTGAGAAGGTTTTGGGACGCTCGAAGGCTTTAATTTGCAAGCTGGAGACCAACATG
TGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGC
ATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCT
CGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGC
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TCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCT
GCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGAT
TAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGT
ATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTG
GTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGC
TCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATC

Table 8.10: Amino acid sequences of P004 and rLC4. Shown are the amino acid sequences of the patient-derived FLC
P004 and the recombinant expression product rLC4. P004 consists of 215 amino acids, whereas rLC4 contains 310 amino
acids, including an N-terminal 89-amino-acid a-MF secretion signal (shown in red), which is enzymatically cleaved after

expression, and a C-terminal 6-amino-acid 6xHis tag (shown in yellow). The final rLC4 sequence comprises 221 amino acids.

Poo4
EIVLTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGQAPRLLIYDASTRATGIPDRFSGSGSGADFLLTISSLEPEDFA
MYYCQQYGRSPYTFGPGTKVDIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSK
DSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSEFNRGEC

rLC4
MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYSDLEGDFDVAVLPFSNSTNNGLLFINTTIASIAAKEEGVSLEKR
EAEAEIVLTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGQAPRLLIYDASTRATGI PDRFSGSGSGADFLLTISSLEP
EDFAMYYCQQYGRSPYTFGPGTKVDIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTE
ODSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

0

pPICZaA-P004 in PPICZaA-P004 in pPICZaA-P004 in pPICZaA-P004 in
E. coli DH5a (50 pL) E. coli DH5a (150 pL) P. pastoris X-33 (50 yL)  P. pastoris X-33 (150 pL)

Figure 8.13: Selection of E. coli DH5a and P. pastoris X-33 transformants containing the pPICZaA expression
construct carrying the P004 gene insert. Representative selection plates are shown for (A) E. coli DH5a and (B) P. pastoris
X-33 transformed with the pPICZaA vector carrying the P004 gene insert. E. coli transformants were plated on low-salt LB
agar supplemented with 50 ug/uL Zeocin and incubated overnight at 37°C. P. pastoris transformants were plated on YPDS
agar supplemented with 100 pg/uL Zeocin and incubated at 30°C for three days. For each condition, either 50 pL or 150 pL of

transformation culture was plated.
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8.4.2 Supplementary results

— P0O04 — rLC4
800

600

400

High Tension [V]

200

—T r T 11T 1T 17
190 200 210 220 230 240 250 260
Wavelength [nm]

Figure 8.14: HT voltage records corresponding to the CD spectra of P004 and rLC4. HT voltage records are shown for
rLC4 (red) and the patient-derived FLC P004 (black). Measurements were conducted at a sample concentration of 12 uM in
10 mM Tris-HCI buffer (pH 7.4).

P004 rLC4
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Figure 8.15: Secondary structure analysis of rLC4 and patient-derived sample P004 using the BeStSel web server.
Secondary structure compositions of (A) P004 and (B) rLC4 were determined by deconvolution of CD spectra using the
BeStSel web server. Distinct secondary structure elements are highlighted: antiparallel B-sheets (blue), parallel B-sheets
(yellow) and other structural components including unstructured regions and loops (red). CD spectra were uploaded as

normalized molar ellipticity values for computational analysis.
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Figure 8.16: Sedimentation profiles from SV analysis of rLC4 and patient-derived sample P004. Shown are the
sedimentation profiles of (A) rLC4 and (B) P004 determined by SV-AUC. SV experiments were performed at 60,000 rpm and
20°C. Complete sedimentation of the samples was achieved after approximately 5h of centrifugation. A total of 70 scans

were measured per sample, with every third scan displayed for clarity.
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Figure 8.17: SV-AUC data of rLC4 and patient-derived sample P004. Shown are the c(s) distributions of (A) rLC4 and
(B) P004 determined by SV-AUC. SV experiments were performed at 60,000 rpm and 20°C. Complete sedimentation of the
samples was achieved after approximately 5 h of centrifugation.
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Figure 8.18: Analysis of phosphorylation state of rLC4 and P004 by Western blot analysis. To evaluate whether the
P. pastoris expression system introduces post-translational phosphorylation, rLC4 and patient-derived sample P004 were
analyzed via Western blot using a phospho-Serine/Threonine/Tyrosine-specific primary antibody (rabbit) and an HRP-
conjugated goat anti-rabbit IgG (H+L) secondary antibody. (A) Western blot analysis of rLC4 and P004 under reducing and
non-reducing conditions. A phosphoprotein standard with a well-defined phosphorylation pattern was included as positive
control (ctrl). (B) Corresponding SDS-PAGE of the gel used for Western blotting. After electrotransfer, the gel was stained
with a Coomassie-based staining solution to visualize total protein content. To enhance detection sensitivity, all samples

were loaded at the highest possible concentrations.
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Figure 8.19: Analysis of glycosylation state of rLC4 and P004. To assess potential glycosylation introduced by the P.
pastoris expression system, rLC4 and the corresponding patient-derived sample P004 were subjected to enzymatic
deglycosylation using the Protein Deglycosylation Mix II Kit (New England Biolabs, #P6044S). The glycoprotein fetuin from
bovine serum was included as a positive ctrl. Lane 1: untreated P004; lane 2: deglycosylated P004; lane 3: untreated rLC4;
lane 4: deglycosylated rLC4; lane 5: untreated fetuin; lane 6: deglycosylated fetuin. The individual glycosidases used for the
removal of N- and O-linked glycans are visible in the deglycosylated lanes and are annotated accordingly. Deglycosylation

reactions were performed under reducing conditions.
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