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Summary 

Antibodies and their fragments, e.g. Fab, Fv and single domains, are widely used as diagnostics 

and therapeutics. However, the principles governing antibody domain integrity are still not 

understood in sufficient detail. In this context, various factors causing amyloid fibril formation 

of antibody fragments, particularly the light chain (LC) and its N-terminal variable domain (VL) 

still remain unclear. Thus, the underlying molecular basis of antibody stability is of major 

importance. This thesis describes the investigation of two different IgG-derived antibody 

fragments, the LC and the CH2 domain, with a focus on their conformational stability and 

structural integrity.  

In AL amyloidosis, the most common systemic amyloidosis, the full-length LC and its N-

terminal fragments undergo conformational transitions from the natively folded state to 

amyloid fibrils. These fibrils are distributed by the blood stream and deposited as amyloid 

plaques in organs, causing toxic effects ultimately leading to organ failure and death. Several 

amyloidosis-associated mutations within the VL domain have been reported in the literature. 

Here, the goal was to determine the impact of the LC linker and the presence of the CL domain 

on the structural integrity of VL in the context of the full-length LC. It was found that the CL 

domain renders certain LC variants resistant against fibril formation. Moreover, the LC linker 

is of key importance to regulate the relative orientation of the two constituent LC domains to 

each other. Particularly, the linker residue R108 maintains important salt bridges within the 

antibody LC. However, some LC variants are shown to be still able to form amyloid fibrils under 

physiological conditions in vitro. Interestingly, for LC I2E and LC R61A the kinetics for the full-

length LC variants were even accelerated compared to their corresponding VL variants. Most 

likely this is due to an altered interaction network within the VL domain and non-native 

interactions between VL and CL.  

The CH2 domain has been reported to be untypically instable compared to other 

immunoglobulin domains. Together with the CH3 domain, it is responsible for receptor binding 

and effector functions such as triggering immune response. To test the impact of C-terminal 

residues on the conformational stability of the CH2 domain, it was systematically extended by 

naturally occurring residues connecting it to CH3. Interestingly, the presence of the C-terminal 

Lys101 increases the conformational stability of the domain by ~ 14 °C. This is achieved by the 

formation of two important secondary structure elements, a very C-terminal β-strand and an 
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adjacent α-helix, which are connected by a dipole interaction between Lys101 and the α-helix. 

Both, the important structure elements and the dipole interaction protect the hydrophobic 

core leading to a substantial overall increase of conformational stability. As the C-terminal 

lysine and its interactions are a conserved features of constant antibody domains, it is 

proposed to reconsider antibody domain boundaries based on biophysical and structural 

parameters rather than genetic organization.  
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Zusammenfassung 

Antikörper und deren Fragmente, z. B. Fab, Fv und Einzeldomänen, werden häufig als 

Diagnostika und Therapeutika verwendet. Allerdings sind die exakten Grundlagen der 

Antikörperdomänenintegrität noch nicht zufriedenstellend aufgeklärt. In diesem 

Zusammenhang gibt es ungeklärte Faktoren, die zur Amyloidfibrillenbildung von 

Antikörperfragmenten, vor allem von der leichte Kette (LC) und ihrer N-terminalen variablen 

Domäne (VL), beitragen. Folglich ist das Verständnis der molekularen Basis der 

Antikörperstabilität von sehr hoher Bedeutung. Diese Arbeit stellt die Untersuchung zweier 

unterschiedlicher IgG Antikörperfragmente, LC und CH2 Domäne, mit Fokus auf die 

konformationelle Stabilität und die strukturelle Integrität, dar. 

Bei AL Amyloidose, der meistverbreiteten systemischen Amyloidoseerkrankung, kommt es bei 

der Volllänge-LC und ihren N-terminalen Fragmenten zu einem Übergang vom nativ gefalteten 

Zustand zu amyloiden Fibrillen. Diese Fibrillen werden über den Blutstrom im Organismus 

verteilt und als amyloide Plaques in Organen abgelagert, was zu toxischen Effekten und 

schließlich zu Organversagen und Tod führt. In der Literatur gibt es Hinweise auf einige AL 

Amyloidose assoziierte Mutationen innerhalb der VL Domäne. In dieser Arbeit lag der Fokus 

auf der Bestimmung des Einflusses des „LC Linkers“ und der CL Domäne auf die strukturelle 

Integrität der VL Domäne im Kontext der Volllänge-LC. Die Ergebnisse zeigen, dass die 

Gegenwart der CL Domäne bestimmte LC Varianten resistent gegen Fibrillenbildung macht. 

Zudem hat der „LC Linker“ eine Schlüsselfunktion in der Regulierung der relativen 

Orientierung der beiden LC Domänen, VL und CL, zueinander. Besonders der „LC Linker“-Rest 

R108 bildet dabei wichtige Salzbrücken innerhalb der LC. Im Gegensatz dazu gibt es LC 

Varianten, die weiterhin in vitro unter physiologischen Bedingungen Fibrillen bilden. Zudem 

wurde gezeigt, dass die beiden Varianten LC I2E und LC R61A beschleunigte Fibrillenkinetiken 

aufweisen, als deren jeweilige VL Varianten. Dieser Effekt beruht höchstwahrscheinlich auf 

Änderungen im Interaktionsnetzwerk innerhalb der VL Domäne, sowie nicht-nativen 

Interaktionen zwischen VL und CL. 

Die CH2 Domäne ist im Vergleich zu anderen Antikörperdomänen bemerkenswert instabil. 

Zusammen mit der CH3 Domäne ist sie verantwortlich für Rezeptorbindung und 

Effektorfunktionen wie das Auslösen einer Immunreaktion. Um den Einfluss von C-terminalen 

Resten der CH2 Domäne zu untersuchen, wurde diese systematisch mit natürlich 
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vorkommenden Resten verlängert. Interessanterweise erhöht das C-terminale Lys101 die 

strukturelle Stabilität der CH2 Domäne um ~ 14 °C. Das wird erreicht durch die Bildung zweier 

wichtiger Sekundärstrukturelemente, einem C-terminalen β-Faltblatt, sowie einer 

benachbarten α-Helix, ausgelöst in Gegenwart von Lys101. Beide Sekundärstrukturelemente 

sind verbunden durch Dipolinteraktionen. Die Sekundärstrukturelemente, sowie die 

Dipolinteraktion schützen den hydrophoben Proteinkern und führen daher zu einem starken 

Stabilitätsgewinn. Da das C-terminale Lysin und seine Interaktionen in konstanten 

Antikörperdomänen konserviert sind, sollten Antikörperdomänengrenzen biophysikalisch und 

strukturell statt genetisch definiert werden. 
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1. Introduction  

1.1. Protein folding 

Proteins are highly abundant polypeptides, which accomplish a wide variety of tasks in living 

organisms, e.g. cell differentiation, immunity, signaling, catalysis and countless more 

functions. Naturally occurring polypeptides are assembled of 20 proteinogenic amino acids by 

establishing covalent peptide bonds between the single residues. Genes, which are the RNA 

and thereby protein encoding parts of the DNA, contain all the information necessary to 

initiate transcription and translation of the primary protein structure, i.e. the amino acid 

sequence. After or already during protein biosynthesis by the ribosomes, the nascent linear 

polypeptide chain of most proteins rapidly adopts the native conformation (Gething and 

Sambrook, 1992; Kleizen and Braakman, 2004). Protein folding is of major importance since 

the function of a given protein is a direct consequence of its unique three-dimensional 

structure (Orengo et al., 1999). In contrast, intrinsically disordered proteins (IDP) like the tau 

protein and α-synuclein, comprise long inherently unfolded stretches (Luo et al., 2014; 

Uversky, 2003; Wright and Dyson, 1999). Furthermore, some proteins are prone to misfolding 

or aggregation, especially in the highly crowded cell environment, which is described in more 

detail in chapter 1.3. (van den Berg et al., 1999; Munishkina et al., 2004). Protein folding is 

generally dictated by intramolecular non-covalent interactions, i.e. hydrogen bonds, salt 

bridges and hydrophobic interactions, which are mainly van der Waals interactions (Dill, 1990; 

Dobson, 2003). The latter ones are mainly driven by the aqueous surrounding of a protein 

leading to polar interactions between amino acids and water molecules and intramolecular 

hydrophobic interactions between non-polar residues (Pace et al., 2011). Thus, hydrophobic 

patches form the core of a protein with little surface exposure. This leads to an energetically 

favored state, particularly by increasing the entropy of the water molecules (Privalov and 

Makhatadze, 1993a). Consequently, folding guides the protein to adopt the most 

thermodynamically stable conformation called the native state (Makhatadze and Privalov, 

1993a). A combination of several structural elements such as α-helices, β-strands, loops and 

randomly folded coil make up the secondary structure of a protein (Kabsch and Sander, 1983). 

Intramolecular hydrogen bonds between the polypeptide backbone amides and carbonyls as 

well as interactions involving the amino acid side chains drive secondary structure formation. 

The ensemble of all secondary structure elements of a protein is called the tertiary structure, 

which describes the three-dimensional conformation (Richardson, 1981). A complex of two or 
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more individual polypeptides make up a proteins quaternary structure. In general, protein 

folding from an unfolded to the native state represents a first order reaction as the reaction 

rate is dependent on the protein concentration.  

In vivo, protein folding is actively managed by many regulatory elements such as molecular 

chaperones, enzymes like peptidylprolyl cis-trans isomerases (PPIase) and protein disulfide 

isomerases (PDI), efficient intracellular protein transport and many more (Gething and 

Sambrook, 1992). However, a variety of proteins is able to adopt the native fold in vitro 

without assistance of the cell (Dill and MacCallum, 2012; Rudolph and Lilie, 1996). Thus, it was 

suggested that the amino acid sequence of the polypeptide chain represents the entire 

information needed for protein to fold correctly into the native state (Anfinsen, 1973). As 

amino acids in a polypeptide chain can randomly adopt numerous relative orientations to each 

other, a protein composed of 101 amino acids can theoretically explore 5 x 1047 

conformations. Consequently, following a trial and error approach to find the native state 

would take 1027 years considering a conformation exploring rate of 1013 per second (Levinthal, 

1969; Zwanzig et al., 1992). In contrast, the majority of the proteins adopt the stable native 

three-dimensional structure within milliseconds to a few minutes. Therefore, Levinthal’s 

paradox describes that protein folding is a multi-step process with defined conformational 

constraints leading and underlying pathways, which allow to efficiently adopt an energetically 

favored and therefore stable native conformation (Dill and Chan, 1997a; Levinthal, 1968). 

However, the mechanism of how a protein natively folds depending on its primary structure 

still remains largely unknown. Based on the increasing availability of structural data correlated 

with the amino acid sequence, applications like secondary structure prediction and homology 

modelling have been created, which are dependent on the underlying dataset (Drozdetskiy et 

al., 2015; McGuffin et al., 2000; Pirovano and Heringa, 2010). Several protein folding models 

have been proposed. Thus, the applicability of each model depends on the protein type or 

class. The hydrophobic collapse model describes protein folding initiated by a so-called 

hydrophobic collapse as a result of repulsive interactions between patches of hydrophobic 

residues and the surrounding water molecules (Pace et al., 2011). This drives the formation of 

a hydrophobic protein core and subsequently the interactions of surface-exposed polar side 

chains with the aqueous buffer. Water increases its entropy while the free energy of the 

protein folding state is minimized, which is supported by the favorable polar interactions 

resulting in a low total energy state for the natively folded protein. The diffusion collision 
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model explains protein folding initialized by partially folded fluctuating short secondary 

structure elements, so called microdomains, which rapidly adopt various conformations 

(Karplus and Weaver, 1994). Finally, a distinct tertiary structure is formed, implemented by 

numerous microdomain-microdomain interactions and other possibly rate-limiting events like 

enzymatic isomerization. A third proposed model is the nucleation condensation theory 

(Fersht, 1995, 1997). In this concept, a folding nucleus initiates parallel folding of secondary 

and tertiary structure indicating a supporting character of the tertiary structure to maintain 

the secondary structure and vice versa.  

The underlying goal of the proposed protein folding models is to accomplish minimal Gibbs 

free energy, reflecting a favorable and stable conformational state (Dobson, 2003). The energy 

landscape of the folding funnel is a model for protein folding incorporating enthalpy and 

entropy as the main folding-driving forces (Figure 1) (Bartlett and Radford, 2009a; Dill and 

Chan, 1997b; Neira and Fersht, 1999). The model describes the folding process for proteins 

adopting a distinct conformation starting from the unfolded to the native state, which often 

occurs via one or more intermediate states. A two-state folding pathway without 

intermediates represents the simplest way of protein folding (Plaxco et al., 2000). The surface 

of the funnel depicts the lowest energy state for a given protein with fixed conformational 

constraints and entropy. The model shows that a protein can reach the native state on several 

pathways as indicated by the two dimensions. However, some pathways exhibit local energy 

minima leading to intermediate states, which are kinetically trapped. Depending on the 

conditions, which modulate entropy and free energy, protein folding is either stopped or 

paused at an intermediate state. In general, intermediates can be on- or off-pathway either 

leading to the native state or partially folded intermediates, aggregates or amyloid fibrils, 

respectively.  
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Figure 1. Folding funnel energy landscape. Unfolded conformations occur in the opening of the funnel 

characterized by high, unfavorable energy states. Fewer conformations exist at lower energy states 

represented by a narrower funnel. Proteins located in hollows represent intermediate folding states 

trapped in local energy minima. Proteins, which successfully adopted the native fold, adopt a unique 

low energy state. Adapted with permission from Bartlett and Radford, 2009.  

Some intermediate states have been described in detail, e.g. the alternatively folded state 

(AFS) and the molten globule state (Buchner et al., 1991; Kuwajima, 1989; Lilie and Buchner, 

1995; Ohgushi and Wada, 1983). The AFS is adopted at low pH and exhibits a substantial 

secondary structure content, which is markedly different from the native state as shown for 

individual immunoglobulin (Ig) domains. Cytochrome c and other proteins can adopt the 

molten globule state, which is characterized by a maintained native-like secondary structure, 

but a looser tertiary structure compared to the native fold (Goto and Nishikiori, 1991). The 

state transition to a molten globule conformation is driven by a low pH as well as high salt 

concentrations. In contrast to the AFS, proteins in the molten globule state exhibit a lower 

conformational stability than their natively folded counterparts. Amyloid fibrils represent 

another important folding state, which has significant impact in various diseases as described 

in chapter 1.3.1. 
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1.2. Protein stability, unfolding and aggregation 

Proteins are only marginally stable, which is needed to successfully perform their functions 

and maintain flexibility and protein dynamics. In this context, it has been shown that there is 

a trade-off between protein stability and function such as catalytic activity (Shoichet et al., 

1995; Tokuriki et al., 2008). As indicated by the folding funnel, protein folding is a complex 

chemical reaction, based on equilibria between two or more distinct states (Dobson, 2003; 

Englander and Mayne, 2014). Ideally, the structural equilibrium of a protein shifts towards the 

native conformation during protein folding. However, depending on the protein and the 

conditions (free energy and entropy), the equilibrium can be highly sensitive and shift towards 

unfolded or intermediate states. This process is called (partial) unfolding of a protein. Thus, 

the native conformation is for many proteins a weighted equilibrium between at least two 

states (Baldwin, 1995; Bryngelson et al., 1995; Lattman and Rose, 1993). In general, small one 

domain proteins share the intrinsic ability to reversibly fold and unfold. To unfold a protein 

from its native state, energy needs to be applied to the system, represented by an energy 

barrier as observed for exothermic chemical reactions (Makhatadze and Privalov, 1993b; 

Privalov and Makhatadze, 1993b). This barrier varies from protein to protein depending on its 

stability, which is energetically described by the Gibbs free energy changes (Equation 1): 

𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆 

Equation 1. Gibbs free energy. G: Gibbs energy; H: enthalpy; T: absolute temperature; S: entropy.  

In protein folding, the entropy increase is driven by hydrophobic interactions, which result 

from a higher order of the surrounding water molecules upon protein folding. Enthalpy 

depends on the solvation of the protein, which is represented by polar interactions. The larger 

ΔG is between the native and the unfolded states, the more stable is the native fold of the 

protein. In general, there are two ways to induce protein unfolding (i) applying external energy 

or (ii) modulate the conditions, which determine the ΔG between the native and the unfolded 

states. External energy can be applied by increasing the temperature (Myers et al., 1995; Xia 

et al., 2013). ΔG can be minimized by changing the pH or adding a chemical denaturant like 

urea or guanidinium chloride (GdmCl) (Makhatadze and Privalov, 1992; Wetlaufer et al., 

1964). Unfolding studies are routinely performed to assess the stability of a protein, which is 

of major importance for understanding the folding, unfolding and particularly misfolding of a 

given protein.  
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Protein stability is significantly linked to a high amount of favorable, stabilizing interactions 

making up secondary and tertiary structure elements (Goto and Hamaguchi, 1979; Pace et al., 

2011; Politi and Harries, 2010). Among these are covalent and transient non-covalent 

interactions like disulfide bonds and electrostatic bonds (hydrogen bonds, ionic bonds), van 

der Waals forces and hydrophobic effects, respectively. Disulfide bonds emerge from the 

oxidization of two cysteine residues. This covalent link is known to significantly stabilize 

proteins, especially if found within the hydrophobic core, e.g. highly conserved for Ig domains 

(Feige et al., 2010). In general, a favorable distance between two cysteine residues in the 

polypeptide chain is important for the stabilizing effect (Pornillos et al., 2010; Shimaoka et al., 

2002). Electrostatic bonds majorly occur as ionic interactions between charged amino acid 

side chains or as hydrogen bonds, which is a polar interaction between a hydrogen and a more 

electronegative atom like an oxygen of polypeptide backbone carbonyl (Vogt et al., 1997). 

Interestingly, the stabilizing effect of electrostatic forces is strongly protein-dependent, i.e. 

the unique polypeptide chain, fold and the given conditions (Joh et al., 2008; Takano et al., 

2003). In fact, it was shown that hydrogen bonds can even destabilize the native fold (Campos 

et al., 2005). Van der Waals forces and the hydrophobic interactions largely maintain the 

hydrophobic core of a protein (Pace et al., 2011; Tych et al., 2016). However, a generally 

applicable theory of the impact of different interaction types on the overall protein stability is 

still a subject of research. 

Under unfavorable conditions, e.g. destabilizing buffer, stress, extreme concentrations, non-

native interactions or mutations, the mentioned interactions are the driving forces towards 

protein aggregation (Chi et al., 2003; Fink, 1998). Protein aggregation is typically a second 

order reaction as it is dependent on the interaction between the protein molecules. This 

occurs frequently during protein folding starting from an (partially) unfolded state. These 

aggregates represent off-pathway intermediates, of which some have a high intrinsic 

tendency to from aggregates. Besides, aggregation can take place during storage of natively 

folded proteins likely due to an unfavorable storage buffer or other destabilizing conditions. 

These induce a certain proportion of partially unfolded content, which is prone to aggregation. 

This phenomenon is especially important for the shelf life of biopharmaceuticals since 

aggregates result in immune reactions and the available amount of the active compound is 

decreased (Wang, 2005). The aggregation pathway is like folding and unfolding an equilibrium 

process, which can be manipulated by adjusting the conditions such as temperature, buffer, 
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UV radiation or concentration. However, in a living organism, many other factors are 

correlated with aggregation. Specific mutations can alter the stability and aggregation 

tendency of a protein. Moreover, failure in complex mechanisms like ER protein quality 

control, the ubiquitin-proteasome system or aberrant protein biosynthesis might lead to an 

accumulation of aggregated proteins in the cell (Ellgaard and Helenius, 2003; McNaught et al., 

2001; Tyedmers et al., 2010).  

 

1.3. Protein misfolding disorders and amyloidosis 

Misfolding of proteins in the organism is the underlying reason of a variety of different 

diseases called protein misfolding disorders (Vendruscolo et al., 2011). Depending on the 

localization of the emerging aggregates or amyloids the diseases can be categorized in at least 

three distinct groups (i) neurodegenerative disorders, (ii) non-neuropathic systemic 

amyloidosis and (iii) non-neuropathic local amyloidosis (Knowles et al., 2014). An overview of 

the most common disorders of these groups is given in Table 1. Among these are prominent 

and wide-spread diseases like Alzheimer’s disease, Parkinson’s disease and type II diabetes, 

which have significant impact on today’s social lives, healthcare systems and economies. 

Interestingly, most amyloidosis-associated precursor proteins are only susceptible for amyloid 

formation under specific conditions such as mutations, fragmentation, unfavorable 

environment, overexpression, stress etc. (Chiti et al., 1999; Fink, 1998). Therefore, intense 

research efforts are undergone during the last decades to improve early diagnosis and find 

curative treatments. However, the molecular mechanisms of most protein misfolding diseases 

remain unclear. 

In vivo, protein folding is guided by many factors such as chaperones (Hartl and Hayer-Hartl, 

2002). In case of failure, misfolded proteins are directed to the proteasome for degradation 

(Figure 2) (Bence et al., 2001; Glickman and Ciechanover, 2002). Thus, in a well-functioning 

cell, misfolded proteins are disarmed before any damage is caused. Generally, amyloid 

precursor proteins experience a transition from a (partially) unfolded state or an intrinsically 

disordered state to amyloid fibrils. The amyloid state is represented by generic precursor-

independent, stable, insoluble, highly ordered and β-strand-rich fibrillar protein assemblies, 

which are primarily extracellularly deposited (Chiti and Dobson, 2017) (cf. chapter 1.3.1.). 

Despite numerous studies on the native, misfolded, disordered and amyloid states, the exact 
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molecular reasons for entering the amyloid folding pathway are enigmatic, particularly 

regarding the structural diversity of the precursor proteins (Table 1). Recent studies suggest 

that soluble prefibrillar species cause cell toxicity rather than the mature amyloid fibrils 

(Demuro et al., 2005; Ferreira et al., 2007).  

Disorder Precursor protein or 

peptide 

Affected organs Structure of 

precursor 

Neurodegenerative disorders 

Alzheimer’s disease  Amyloid-beta (Aβ) peptide Brain Intrinsically 

disordered 

Amyotrophic lateral 

sclerosis 

Superoxide dismutase 1 Brain β-sheet and Ig-like 

Familial amyloidotic 

polyneuropathy 

Transthyretin mutants Brain β-sheet 

Huntington's disease Huntingtin fragments Brain Mostly intrinsically 

disordered 

Parkinson's disease α-Synuclein Brain Intrinsically 

disordered 

Non-neuropathic systemic amyloidosis 

Amyloid A amyloidosis Serum amyloid A1 protein 

fragments 

Spleen, kidney, 

adrenal glands, 

liver 

α-helical  

Antibody light chain 

(AL) amyloidosis 

Immunoglobulin (Ig) light 

chains or fragments 

Heart, kidney, liver, 

and more 

β-sheet and Ig-like 

Senile systemic 

amyloidosis 

Transthyretin Mainly heart β-sheet 

Non-neuropathic local amyloidosis 

Type II diabetes Islet amyloid polypeptide 

(IAPP) 

Pankreas Intrinsically 

disordered 

Cataract γ-Crystallins Eye All-β, γ-crystallin 

like 

Table 1. Human protein misfolding disorders. Data summarized from Chiti and Dobson, 2017; Gillmore 

et al., 2001; Knowles et al., 2014; Lu et al., 2014 and Wechalekar et al., 2016. 
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Figure 2. Scheme representing different conformational states of a protein including off-pathway 

aggregates and amyloid fibrils. A variety of factors determines the equilibrium between the different 

states such as protein stability, synthesis, degradation, chaperone interaction and post translational 

modifications. In contrast to (partially) unfolded states, amyloid fibrils are highly ordered structures, 

which proliferate fast once a seed has formed by self-replication mechanisms. Interestingly, the 

molecular conformation of the amyloid state is generic, thus independent from the precursor protein. 

Adapted with permission from Knowles et al., 2014.  

 

1.3.1. Amyloid fibril formation and structure 

Amyloid fibrils represent a distinct, generic, highly ordered β-strand-rich conformational state, 

which derives from structurally heterogeneous precursor proteins. It is characterized by a high 

thermodynamic and kinetic stability, insolubility and a common fibril architecture (Baldwin et 

al., 2011; Chiti and Dobson, 2017). Fibril formation typically initiates from unfolded or 

intermediate states, however in some cases also directly from the native state (Figure 2), 

which is for approximately half of the known amyloidogenic precursor proteins an intrinsically 

disordered conformation (Knowles et al., 2014). Amyloid fibril formation experiences three 

distinct kinetic phases, i.e. (i) the lag phase, (ii) the elongation phase and (iii) the plateau 
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phase, described by a sigmoidal kinetic curve (Figure 3A) (Collins et al., 2004; Morris et al., 

2009). Three models fibril formation models are generally accepted, depending on the 

properties of the amyloidogenic precursor protein (Figure 3B) (Kumar and Udgaonkar, 2009). 

The most commonly applied model is the nucleated polymerization model (Chen et al., 2002). 

A folded or disordered protein undergoes a thermodynamically non-preferred transition to a 

structurally fibril-like polymerization nucleus, represented by the lag phase. Recruitment of 

protein monomers by the fibril nuclei lead to rapid fibril assembly (elongation phase), which 

is stalled (plateau phase) when no more monomers are available or the specific polymer-

monomer equilibrium is reached. The nucleated conformational conversion model deviates 

from this by the conversion of early aggregates derived from the precursor proteins to growth-

competent nuclei, representing the rate-limiting step (Lee et al., 2011). Both models require 

either IDPs or partially unfolded proteins prone to aggregation or nucleus formation, 

respectively. Compact, stable globular proteins are intrinsically more aggregation-resistant, 

thereby excluding a major precondition of the two described fibril formation models (Chiti and 

Dobson, 2009). However, it was shown that globular proteins are able to adopt native-like 

conformations under specific conditions, exposing a small proportion of usually buried 

aggregation-prone regions. This leads to native-like aggregation, followed by the assembly of 

polymerization nuclei, resulting in fibril formation. Once a fibril is formed, secondary 

processes such as secondary nucleation or fragmentation can occur (Chiti and Dobson, 2017). 

The lag phase of the fibril formation kinetic can be overcome by seeding with fragmented fibril 

material or polymerization nuclei (Jucker and Walker, 2011). Therefore, the rate-limiting steps 

are skipped and the elongation phase is immediately entered. Interestingly, studies exhibited 

that cross-seeding, i.e. fragments of mature amyloid fibrils recruit monomers of other 

precursor proteins, is a wide-spread phenomenon in vivo (Lundmark et al., 2005; Morales et 

al., 2013; Ono et al., 2012). 
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Figure 3. Amyloid fibril formation. A) Characteristic sigmoidal fibril growth curve showing the three 

kinetic phases: lag phase, elongation phase and plateau phase. The red line depicts the maximal slope 

of the transition. B) Mechanisms of amyloid fibril formation including three different models: nucleated 

polymerization (brown), nucleated conformational conversion (blue) and native-like aggregation 

(green) starting with either globular or IDPs. Fibril formation processes are categorized in primary and 

secondary pathways. Adapted an modified with permission from Chiti and Dobson, 2017 and Knowles 

et al., 2009. 

Although amyloid fibrils reveal differing morphologies, the molecular structure is highly 

conserved among all amyloid filaments. Amyloid fibrils are composed of β-sheets assembled 

by hydrogen bonds to a characteristic cross-β fibril core running along the fibrils length (Figure 

4) (Fitzpatrick et al., 2013, 2017; Gremer et al., 2017; Schmidt et al., 2016). The common cross-

β-sheet core provides high stability and is maintained and elongated by polypeptide backbone 

hydrogen bonds. The specific shape of a β-sheet incorporated in the fibril core originates from 

side chain interactions and is thus dependent on the amino acid sequence of the precursor 

protein (Baldwin et al., 2011). Therefore, due to the differing β-sheets of the cross-β-sheet 

core, cross-seeding is assumed to be still amino acid sequence-dependent to some extent 

(Krebs et al., 2004).  
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Figure 4. The generic amyloid fibril structure. Despite diverse morphologies (upper panel), amyloid 

fibrils comprise a common characteristic molecular core structure (lower panel). A) Cryo-EM structure 

of amyloid-β(1-42). B) Combined MAS NMR and cryo-EM structure of an eleven-residue fragment of 

transthyretin (TTR). C) Cryo-EM structure of tau protein. D) Cryo-EM structure of an antibody λ light 

chain. Adapted and modified with permission from Fitzpatrick et al., 2013, 2017; Gremer et al., 2017 

and Schmidt et al., 2016. 

Noteworthy, there is increasing evidence that specific functional amyloids undertake 

important biological tasks, particularly in bacteria. Bacterial fimbriae of some E.coli and 

Salmonella strains are composed of functional amyloids (Dueholm et al., 2010; Fowler et al., 

2007). Moreover, some amyloid peptides like amyloid-β(1-42) exhibit antimicrobial properties 

even in the state of mature amyloid fibrils by targeting and dismantle the cell membrane (Last 

and Miranker, 2013; Soscia et al., 2010).  
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1.3.2. Systemic antibody light chain (AL) Amyloidosis  

Antibody light chain (AL) amyloidosis is the most common non-neuropathic systemic 

amyloidosis with an incidence of three to fourteen cases per million human beings per year 

(Kyle et al., 1992; Pinney et al., 2013). Due to its systemic appearance, various organs are 

involved during the progress of the disease, e.g. heart, kidney, liver, most commonly leading 

to death by heart failure (Baden et al., 2009; Pepys, 2006). AL Amyloidosis is caused by a 

proliferating monoclonal plasma cell clone, which overexpresses high quantities of aberrant 

antibody light chains (LC). Interestingly, particularly the N-terminal fragment, i.e. the variable 

light chain (VL) was reported to form amyloid fibrils. Unlike immunoglobulin production in 

healthy plasma cells, in AL amyloidosis LCs are secreted into the blood stream without being 

assembled with a heavy chain (HC). The disorder is typically secondary to a benign monoclonal 

gammopathy, frequently found as a comorbidity to multiple myeloma or other plasma cell 

dyscrasia (Merlini et al., 2011). Circulating LCs and their fragments form amyloid fibrils, which 

are extracellularly deposited as plaques, interfering with organ function. Recent data suggest 

that in amyloid disorders, low molecular weight aggregates of the precursor protein cause 

toxic effects after being incorporated into the cell (Kayed et al., 2003). A major drawback is 

often the late diagnosis due to unspecific symptoms, such as weight loss, fatigue, dyspnea 

(shortness of breath), edemata (accumulation of serous fluids) of extremities depending on 

which organs are involved (Grogan et al., 2017; Sanchorawala, 2006). Moreover, patients with 

a monoclonal gammopathy of undetermined significance (MGUS) diagnosis are typically solely 

monitored for the development of multiple myeloma or lymphoma since both diseases have 

a much higher incidence (Gertz, 2018). This interferes with a curative disease treatment due 

to already irreversible organ damage by the time of late diagnosis. Current treatments include 

chemotherapy using Melphalan (cytostatic which alkylates guanines, causing plasma cell 

death) together with Dexamethasone or Prednisone (both immunosuppressive 

glucocorticoids), Bortezomib (proteasome inhibitor which block metabolic pathways in cancer 

cells) plus Dexamethasone, Thalidomide (immunomodulatory drug inhibiting cancer cell 

proliferation and angiogenesis) plus Dexamethasone or Lenalidomide (similar to Thalidomide) 

plus Dexamethasone depending on the distinct development of the disease as well as 

autologous stem cell transplantation, which is similar to multiple myeloma treatment (Gertz, 

2018). Daratumumab, a therapeutic monoclonal antibody directed against CD38, is currently 

subject of clinical trials in order to achieve approval by health authorities to be indicated for 
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AL amyloidosis patients (de Weers et al., 2011). The exact mechanisms and reasons why (i) 

the monoclonal plasma cells release aberrant LCs into the blood and why (ii) some LCs are 

dramatically more amyloidogenic than others as well as (iii) the impact of proteolytic cleavage 

of the LCs in the bloods are largely unknown and subjects of current research.  

 

1.4. Immunoglobulins  

Immunoglobulins (Igs) or antibodies are an important part of the adaptive immune system of 

higher vertebrates (Kindt et al., 2003; Schroeder and Cavacini, 2010). They occur as cell bound 

B cell receptors and as secreted macromolecules upon antigen binding and B cell 

differentiation to a mature plasma cell.  They are part of the Ig superfamily together with other 

receptors like T cell receptors, MHC I and II (involved in antigen presentation), CD4 and CD8 

(co-receptors), etc. (Bateman et al., 1996).  

 

Figure 5. Structure of immunoglobulin G (IgG) and the antibody light chain (LC). A) Schematic 

structure of an IgG antibody. Each oval area represents an individual Ig domain. Antibodies are 

composed of two heavy chains (HC) (green) and two light chains (LC) (blue and red), which are 

connected by disulfide bonds (S-S). The IgG CH2 domain is glycosylated (grey hexagon). B) Crystal 

structure of the MAK33 antibody light chain (PDB: 1FH5, chain L) (Augustine et al., 2001). The variable 

light chain (VL) and the constant light chain (CL) are connected by an unstructured linker (light green) 

comprising Arg108 (orange). Adapted and modified with permission from Feige et al., 2010.  

Antibodies share a characteristic Y-shape and are composed of two identical heavy chains (HC) 

and two identical light chains (LC), which are connected by disulfide bonds (Figure 5A). The 

paratopes of antibodies are located in the Fv (fragment variable) region, part of the Fab 
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(fragment antigen binding) region, and have the inherent ability to specifically bind antigens, 

which are typically foreign pathogens. This is facilitated by the variable light chain (VL) and the 

variable heavy chain (VH) domain, which each comprise three hypervariable complementarity 

determining regions (CDRs), defined by V(D)J recombination and somatic hypermutation 

during B cell maturation (French et al., 1989). In general, only these segments within the 

variable domains exhibit a high sequence variation, whereas all other antibody domains are 

sequentially conserved. Higher vertebrates comprise five antibody classes, IgA, IgD, IgE, IgG 

and IgM, which are defined by the HC. Mediated by the Fc (fragment crystallizable) region, 

certain immunoglobulins can activate the complement system leading to local inflammation 

and lysis of the foreign cell (Ravetch and Bolland, 2001; Rus et al., 2005). Other physiological 

modes of action are (i) neutralization by sterically blocking distinct surface areas of pathogens, 

(ii) agglutination of pathogens, and (iii) precipitation of pathogens. Sophisticated non-

physiological mechanisms have been developed for therapeutic antibodies, such as binding 

radioactive agents to the antibody (Sharkey and Goldenberg, 2005; Weiner et al., 2010). The 

antibody light chain is composed of the VL domain and the constant light chain (CL) domain, 

which are connected by an unstructured linker (Figure 5B). There are two types of LCs, λ and 

κ, which share the same structure, but exhibit differences in the sequence. Both LC types can 

assemble with each HC class. More information on the immunoglobulin LC is provided in 

chapter 1.4.2. 

 

1.4.1. The Immunoglobulin (Ig) fold 

Although Ig domains, particularly VL and VH, vary in their amino acid sequence, they share a 

highly conserved tertiary structure, called the Ig fold, which features two β-sheets forming a 

sandwich-like greek-key β-barrel topology (Figure 6) (Bork et al., 1994; Feige et al., 2010). The 

topology of variable and constant Ig domains varies in the number of defined β-strands 

(Williams and Barclay, 1988). Variable domains, i.e. VL and VH, comprise nine β-strands 

(ABCC’C’’DEFG), whereas constant domains contain seven strands (ABCDEFG), lacking the 

additional C’ and C’’’ strands.  
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Figure 6. Topology of the Ig fold. Constant (left) and variable (right) antibody domains contain seven 

and nine β-strands, respectively. β-strand a is known to have two alternative locations (dotted line). 

The red strands define the hydrophobic core. Thin and thick arrows represent β-strands at separate 

locations on the Z-axis, i.e. either in the front or in the back. Note that the length of the strands does 

not match reality. Adapted and modified with permission from Bork et al., 1994. 

For both types, the same strands make up the hydrophobic core. Within the core, antibody 

domains comprise a conserved disulfide bond in close proximity to a tryptophan residue (Lesk 

and Chothia, 1982). The disulfide bond does significantly contribute to the overall stability of 

an Ig domain and is orientated perpendicular to the β-sheets (Glockshuber and Schmidt, 

1992). Moreover, it is able to quench the intrinsic fluorescence of the nearby, highly conserved 

tryptophan residue. Upon unfolding of the domain, the disulfide bond and the tryptophan 

move apart from each other, leading to an increased fluorescence intensity (Feige et al., 2004; 

Goto and Hamaguchi, 1979). Therefore, intrinsic tryptophan fluorescence is commonly used 

to probe protein unfolding of antibodies (Ghisaidoobe and Chung, 2014; Phillips et al., 1986).  

 

1.4.2. The antibody light chain (LC) 

The antibody light chain consists of a variable (VL) and a constant (CL) domain, connected by a 

short unstructured linker. The VL domain comprises the CDRs which are responsible for 

antigen binding. The sequence of the CDRs is hypervariable due to V(D)J rearrangement 

followed by subsequent somatic hypermutation (French et al., 1989; Schroeder and Cavacini, 

2010). To buffer adverse effects of the sequence variability, the LC must exhibit an intrinsic 

high tolerance against misfolding by destabilizing residues as well as a sophisticated quality 

control mechanism (Ellgaard and Helenius, 2003). However, in some cases, compensation and 

quality control fail and in consequence mutations in the light chain sequence results in 

systemic antibody light chain (AL) amyloidosis (cf. chapter 1.3.2.). In the past, primarily the VL 

fragment was found in fibril samples extracted from human tissues (Buxbaum, 1986; Buxbaum 

et al., 1990; Glenner et al., 1970, 1971). However, more recent data provide evidence for the 



21 

presence of both, the full-length LC and the VL in amyloid deposits, along with other proteins 

like apolipoprotein E (Dasari et al., 2015; Klimtchuk et al., 2010; Lavatelli et al., 2008). In this 

context, a key role of proteolytic cleavage accompanied with protein dynamics and transient 

unfolding of LCs triggering fibril formation and a severe pathogenesis of AL patients has been 

suggested (Buxbaum, 1986; Linke et al., 1973; Morgan and Kelly, 2016; Morgan et al., 2017; 

Oberti et al., 2017). The folding of the individual VL domain occurs relative slowly compared 

to other Ig domains, e.g. CL and CH2. There are two distinct folding pathways for the VL domain 

to adopt the native conformation (Simpson et al., 2009). Both pathways contain a common 

first intermediate state characterized by a widely undefined tertiary structure similar to the 

molten globule state (cf. chapter 1.1.). Starting from this first intermediate, the folding 

pathway exhibits two branches either directly adopting the native state or forming a second 

native-like intermediate. It was suggested that the first intermediate is prone to initiate an off-

pathway transition to the fibrillary state due to its exposed hydrophobic patches. In contrast 

to constant antibody domains, it is known for the VL domain that the loops comprising the 

CDRs impact the folding pathway, the maintenance of the native conformation and its stability 

(Helms and Wetzel, 1995; Jung and Pluckthun, 1997; Kurchan et al., 2005). In comparison to 

VL, the CL domain folds relatively fast, while exhibiting an intermediate state. In detail, the first 

transition from the unfolded to the intermediate state is slower than the second transition 

from the intermediate to the native state (Goto and Hamaguchi, 1981, 1982). The slow-folding 

first step of the folding pathway is prolyl isomerization-dependent, which is a common feature 

of the folding pathway of most Ig domains (Feige et al., 2010). It was shown that the CL domain 

can adopt a native-like conformation without the oxidization of the intramolecular disulfide 

bond, which is however, more aggregation-prone and less stable than the fully oxidized CL 

(Feige et al., 2007; Goto and Hamaguchi, 1979). Recent results indicate that the two α-helices, 

which are featured by constant antibody domains, are responsible for rapid folding initiation 

by properly orientating the two characteristic β-sheets resulting in favorable interactions 

making up the hydrophobic core (Feige et al., 2008). As a result, less amyloidogenic 

intermediates occur during protein folding reducing the overall amyloidogenicity of CL. 

Besides aggregation-inducing and destabilizing mutations, previous studies identified the LC 

linker residue Arg108 to be important for the integrity and stability of both, the individual VL 

and CL, domains (Nokwe et al., 2014, 2015, 2016). However, little is known about how the LC 

modulates the properties of its individual domains and how the LC linker is involved in the 
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development of AL amyloidosis. In this context, Klimtchuk et al. found a destabilizing effect of 

an amyloidogenic VL domain on a CLλ domain, whereas Blancas-Meija et al. showed that a CLλ 

and a CLκ domain do not impact the stability of a full-length LC (Blancas-Mejía et al., 2015; 

Klimtchuk et al., 2010). Thus, the role of the LC linker and the CL for amyloid fibril formation 

remains still enigmatic.  

 

1.4.3. The constant heavy domain 2 (CH2) 

The Fc region of immunoglobulins is a dimer each part consisting of two linked constant heavy 

chain domains, namely CH2 and CH3 (Bengtén et al., 2000). Both domains have been shown to 

play a key role in mediating effector functions and preserving antibody stability (M H Tao, S M 

Canfield, 1991; Morgan et al., 1995). Understanding the elements that govern the stability, 

integrity and effector function of the Fc domains is of key interest. The CH2 domain is a typical 

antibody domain, which exhibits the highly conserved Ig fold (Feige et al., 2009a). In mature 

full-length antibodies, the CH2 domain is glycosylated at the conserved Asn297 residue (Arnold 

et al., 2007). This glycosylation provides stability for the domain by protecting the inner 

hydrophobic core from the aqueous solvent. The unglycosylated murine MAK33 CH2 domain 

is an untypically instable and aggregation-prone monomer, the unfolding of which already 

starts at physiological temperatures (Feige et al., 2004). In the full-length antibody context, a 

non-glycosylated CH2 domain lowers the stability and integrity of the entire protein (Mimura 

et al., 2001). The isolated CH2 domain can adopt the native state via three distinct folding 

pathways (Feige et al., 2004). It was shown that the human IgG CH2 domain, which shares 64 

% homology with the MAK33 IgG CH2, is significantly more stable when seven residues at the 

N-terminus were deleted (Gong et al., 2013a). It was further stabilized by a second engineered 

intramolecular disulfide bond (Gong et al., 2009). However, the factors governing the stability 

of the CH2 domain and other Ig domains are still incompletely understood. The human CH2 

domain has been suggested to serve as a scaffold, which easily penetrates into tissues and 

mediates effector functions in parallel (Gehlsen et al., 2012). Antigen binding can be achieved 

by engineering target recognizing surface-exposed loops (Li et al., 2017). 
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1.5. Objectives 

This thesis aims to address two different research objectives, which focus on the integrity of 

antibody domains or their assembly to amyloid fibrils. 

The first goal was to continue work on amyloidogenic VL domains (Nokwe et al., 2014, 2015, 

2016) and expand it to the full-length LC. The impact of the LC linker was of special interest 

since it has been suggested that the LC linker is particularly susceptible for proteolytic cleavage 

leading to LC fragments (Nokwe et al., 2015), which represent the major proportion of amyloid 

plaques (cf. chapter 1.4.2.). In this context, another important aim was to determine the role 

of the CL domain in the full-length LC context, as there is increasing evidence that the LC, not 

only the VL-containing fragments, plays a significant role in amyloid fibril formation (cf. 

chapter1.4.2.). Thus, MAK33 LCκ and amyloidogenic variants were investigated regarding 

stability, fold and fibril formation propensity. 

The second objective was to investigate the impact of the C-terminus of the MAK33 IgG1 CH2 

domain on the domain integrity. In the past, the stability of antibody domains was primarily 

assigned to the intramolecular disulfide bonds, the hydrophobic core and the presence or 

absence of elements interfering with the Ig fold, e.g. mutations, which disrupt an important 

β-strand. Surprisingly, Gong et al. found that shortening the N-terminus of a human IgG1 CH2 

domain by seven unstructured residues leads to a substantial stability increase (Gong et al., 

2013a) (cf. chapter 1.4.3.). As the IgG1 CH2 domain represents a typical and well-characterized 

antibody domain scaffold, which is N- and C-terminally extended by the CH1 and CH3 domains, 

respectively, it serves as an excellent framework to investigate the influence of the C-terminal 

region on the Ig framework.  
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2. Material and Methods 

2.1. Materials 

2.1.1. Devices 

Device         Supplier 

Autoclave Varioclav EP-Z     EP‐Z 
Cell Disruption Apparatus Basic Z     Constant Systems 

Centrifuges 
Avanti J25 and J26 XP      Beckman Coulter 
Rotina 420R       Hettich 
Rotina 46R       Hettich 
Tabletop centrifuge 5418     Eppendorf 
Tabletop centrifuge Mikro R200    Hettich 
Universal 320R      Hettich    
 
Chromatography systems 
ÄKTA Prime       GE Healthcare 
ÄKTA Purifier       GE Healthcare 
Dawn Heleos II MALS detector    Wyatt 
Frac‐900/950 fraction collectors    GE Healthcare 
HPLC System       Shimdazu 
Superloops (150 mL, 10 mL)     GE Healthcare 
 
Circular dichroism spectropolarimeters   
J710 (with PFD‐350S Peltier device)    Jasco 
J715 (with PTC 348 WI Peltier device)   Jasco 
 
Fluorescence spectrophotometers 
Jasco FP-6500       Jasco 
FluoroMax‐4       Horiba Jobin Yvon 
 
Gel electrophoresis devices     Hoefer 
 
Hydrogen/deuterium exchange instruments  
ACQUITY M-Class UPLC     Waters 
PAL RTC       LEAP 
Synapt G2-S ESI-TOF mass spectrometer   Waters 
 
Ice maker        Zieger 
Image Scanner III      GE Healthcare 
Incubator       New Brunswick Scientific 
JEM-1400 Plus       JOEL 
 
Magnetic stirrer      
MR2000       Heidolph 
MR3001       Heidolph 
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MR80        Heidolph 
 
MARKII refractometer     Leica 
Membrane vacuum pump     Sartorius 
 
Microplate readers 
GENios        Tecan 
Infinite M Nano Microplate Reader    Tecan 
 
Mixer Homogenizer SilentCrusher M   Heidolph 
 
NMR spectrometer 
Bruker AVIII 500 MHZ spectrometer    Bruker 
Bruker AVIII 600 MHZ spectrometer    Bruker 
 
pH meter       WTW 
Power amplifiers EPS 3500, 3501, 1001   GE Healthcare 
 
Scales 
BP 121 S       Sartorius 
BL 310        Sartorius 
 
Thermal cycler MJ Mini 48 well     Biorad 
Thermal cycler Primus 25     MWG 
 
Thermoblocks 
Digital heat block      VWR 
Eppendorf‐Thermomixer     Eppendorf 
TB1 Thermoblock      Biometra 
 
Ultraflex II MALDI ToF/ToF      Bruker Daltonics 
 
UV‐Vis spectrophotometers 
UltroSpec 1100 pro      Amersham Biosciences 
Nanodrop       Peqlab 
 
Vortex MS2       IKA 
Water bath F6-K      Haake 
 

2.1.2. Chemicals 

Chemical       Supplier 

13C-Glucose        Cambridge Isotope Laboratories 
15NH4Cl (ammonium chloride, nitrogen 15 isotope)  Cambridge Isotope Laboratories 
2‐Mercaptoethanol       Merck 
5,5’‐Dithiobis(2‐nitrobenzoic acid) (DTNB)    Merck 
Acetic acid        Roth 
Acetonitrile       Merck 
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Acrylamid/Bisacrylamide solution 38:2 (40% w:v)   Serva  
Agar Agar        Serva  
Agarose        Serva  
Ammonium chloride (NH4Cl)     Merck 
Ammonium persulfate (APS)      Roth 
Ampicillin sodium salt     Roth 
Biotin        Merck 
Boric acid (H3BO3)      Merck 
Bromphenol blue       Serva  
Calcium chloride (CaCl2)     Merck 
Cobalt (II) chloride (CoCl2)     Merck 
Coomassie Blue R       Serva  
Coomassie Brilliant Blue R‐250     Serva  
Copper (II) chloride (CuCl2)     Merck 
Deoxynucleoside triphosphates (dNTPs)    NEB 
Deuterium oxide (D2O)     Merck 
Dimethyl sulfoxide (DMSO)      NEB 
Dithiothreitol (DTT)       Roth 
EDTA         Merck 
Ethanol        Merck 
Formic acid       Merck 
Glucose       Merck 
Glutathione, oxidized (GSSG)     Merck 
Glutathione, reduced (GSH)      Merck 
Glycerol        Roth 
Glycine       Roth 
Guanidinium chloride (GdmCl)    Merck 
HEPES        Merck 
Hydrochloric acid (HCl) 32%      Merck 
Iron (III) chloride (FeCl3)     Merck 
Isopropanol        Merck 
Isopropyl β‐d‐1‐thiogalaktopyranoside (IPTG)   Serva  
Kanamycin sulfate       Roth 
L‐Arginine        Merck 
LB medium        Serva  
Magnesium sulfate (MgSO4)     Merck 
Manganese (II) chloride     Merck 
Potassium chloride (KCl)     Roth 
Potassium phosphate, monobasic (KH2PO4)   Merck 
Protease inhibitor Mix G, HP      Serva  
Sodium acetate anhydrous (NaOAc)    Merck 
Sodium azide (NaN3)      Merck 
Sodium chloride (NaCl)     Merck 
Sodium dodecylsulfate (SDS)     Serva  
Sodium hydroxide (NaOH)     Merck 
Sodium phosphate, dibasic (Na2HPO4 * 2 H2O)  Merck 
Sodium phosphate, monobasic (NaH2PO4 * 2 H2O)  Merck 
Stain G         Merck 
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Tetraethylethylendiamin (TEMED)     Roth 
Thiamin-HCl       Merck 
Thioflavin T (ThT)      Merck 
Tris         Roth 
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) Merck 

Triton X‐100        Merck 
Uranyl acetate      Science Services 
Urea         Merck 
Zinc chloride (ZnCl2)      Merck 
Deionized water produced by Millipore Direct Q5-System 

 

2.1.3. Consumables 

Consumable       Supplier 

200-mesh copper grids     Merck 
Amicon Ultra‐0.5 Centrifugal Filter Units    Millipore 
Amicon Ultra‐15 Centrifugal Filter Units    Millipore 
Amicon Ultra‐4 Centrifugal Filter Units    Millipore 
Biacore Sensor Chip CM5      GE Healthcare 
Crystal Clear PP sealing foil     HJ-Bioanalytik GmbH 
Cuvettes, plastic, 1 mL      Brand 
Dialysis membranes Spectra/Por (6-8 kDa)   Spectrum Laboratories 
Immobilon-P membrane (PVDF)    Roth 
Membrane discs      Sartorius 
Membrane filter 0.22 µm      Millipore 
Microplates 96 well, black, COC, #655809   Greiner Bio-One 
Microplates 96 well, black, PS, #437112   Nunc  

Millex - GS 0.22 µm syringe filter units     Millipore 
Nitrocellulose membrane, pore size 0.2 µl   Amersham Biosciences 
PCR tubes        BioRad Laboratories 
PE tubes, 15 and 50 mL      Greiner & Söhne 
Petri dishes, PS, 94 mm      Greiner & Söhne 
pH indicator        Merck 
Reaction tubes, various volumes     Sarstedt 
Sterile filter 0.2 μm      Zefa 

 

2.1.4. Enzymes, Standards and Kits 

Product       Supplier 

DNAseI       AppliChem Pancreac 
FastLoad 1 kb DNA ladder      Serva 
Gel loading dye, purple     NEB 
GoTaq DNA Polymerase     Promega 
Low-Range SDS-PAGE Standard    Biorad 
NEBuffer 2.1       NEB 
Pf1 phage       ASLA biotech 
Phusion HF DNA polymerase     NEB 
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Precision Plus Protein Dual Color Standard   Biorad 
Q5 HF DNA Polymerase     NEB 
Q5 Site-Directed Mutagenesis Kit    NEB 
Restriction enzymes       NEB and Promega 
T4 DNA Polymerase      NEB 
Wizard Plus SV Minipreps DNA Purification System  Promega 
Wizard SV Gel and PCR clean‐up system   Promega 

 

2.1.5. Buffers and solutions 

2.1.5.1. Buffers for protein purification 

Type      Composition 

5x Inclusion body preparation buffer 250 mM Tris / HCl pH 7.5 

      50 mM EDTA 

      50 mM NaCl 

      add protease inhibitor mix before use  

Q-Sepharose buffer A, low salt  50 mM Tris / HCl pH 8.0 

      10 mM EDTA 

      5 M Urea 

Q-Sepharose buffer B, high salt  50 mM Tris / HCl pH 8.0 

      10 mM EDTA 

      5 M Urea 

      1 M NaCl  

Inclusion body dissolving buffer  50 mM Tris / HCl pH 8.0 

      10 mM EDTA 

      8 M Urea 

      0.1 % (v/v) 2-Mercaptoethanol, before use 

Refolding buffer    250 mM Tris / HCl pH 8.0 

      10 mM EDTA 

      100 mM L-arginine 

      0.5 mM GSH, add freshly before use 

      1.0 mM GSSG, add freshly before use 

10x Phosphate buffered saline (PBS)  100 mM Na2HPO4 x 2 H2O 

      18 mM KH2PO4 / pH 7.4 

      27 mM KCl 

      1.37 M NaCl 
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2.1.5.2. Buffers for SDS-PAGE 

Fairbanks A (staining)    25 % (v/v) Isopropanol 

      10 % (v/v) Acetic acid 

      0.05 % (w/v) Coomassie Blue R 

Fairbanks D (destaining)   10 % (v/v) Acetic acid 

5x Laemmli buffer, reducing   0.3 M Tris / HCl pH 6.8 

      10 % (w/v) SDS 

      50 % (v/v) Glycerol 

      5 % (v/v) 2-Mercaptoethanol 

      0.05 % (w/v) Bromophenol blue 

5x Laemmli buffer, non-reducing  0.3 M Tris / HCl pH 6.8 

      10 % (w/v) SDS 

      50 % (v/v) Glycerol 

      0.05 % (w/v) Bromophenol blue 

 

10 x SDS running buffer  0.25 M Tris / HCl pH 8.0   

2 M Glycine    

1 % (w/v) SDS    

4x Separation gel buffer  1.5 M Tris / HCl pH 8.8  

0.8 % (w/v) SDS    

2x Stacking gel buffer   0.25 M Tris / HCl pH 6.8  

0.4 % (w/v) SDS   

  

2.1.5.3. Buffers for Molecular Biology 

50x TAE     2 M Tris / Acetate pH 8.0  
50 mM EDTA  
 

2.1.5.4. Buffers for fibril formation assay 

Assay buffer     1x PBS pH 7.4 

      0.05 % (w/v) NaN3 

      10 µM ThT, final concentration 

500 µM ThT stock solution   1x PBS pH 7.4 

      500 µM ThT 

 

 



30 

2.1.5.5. Buffers for chemical competent cells 

Solution A     13 ml  3 M NaOAc, pH 5.5 

      100 ml  1 M CaCl2 

      25 ml  2.8 M MnCl2 

      862 ml  H2O 

Solution B     69ml  Glycerol (87%) 

      331ml  Solution A  

 

2.1.5.6. Buffers for hydrogen/deuterium exchange experiments  

Quenching buffer    200 mM Na2HPO4, pH 2.2 

      200 mM NaH2PO4  

      250 mM  Tris(2-carboxyethyl)phosphine 

      3 M   GdmCl 

 

2.1.6. Chromatography materials and columns 

Type      Supplier 

ACQUITY UPLC BEH C18   Waters 

Enzymate BEH Pepsin    Waters 
Q Sepharose Fast Flow    GE Healthcare 
Superdex 200 10/300 GL    GE Healthcare 
Superdex 200 16/60     GE Healthcare 
Superdex 75 10/300 GL    GE Healthcare 
Superdex 75 16/60     GE Healthcare 

 

2.1.7. Bacteria strains and plasmids 

Strain Genotype Origin 

E.coli BL21 
(DE3) 

codon plus F– ompT hsdS(rB– mB–) dcm+ Tetr gal endA Hte 
(argU proL Camr) 

Stratagene 

E.coli Mach1 
  

ΔrecA1398 endA1 tonA Φ80ΔlacM15 ΔlacX74 hsdR (rk ‐ mk 
+) 

Invitrogen 

 

2.1.8. Media for Bacteria 

Medium      Composition 

Luria Bertani (LB0), Serva    20 g/l for medium 

       15 g/l agar agar to LB medium for plates 

Terrific broth (TB) for competent cells  10 mM HEPES / HCl pH 6.7 

       15 mM CaCl2 

       250 mM KCl 

       55 mM MnCl2 
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1x M9 medium     100 ml  10x M9 solution 

       10 ml  100x trace elements  

       1 ml  1 M MgSO4  

       0.3 ml  1 M CaCl2  

       1 ml  1 mg/ml thiamin-HCl 

       1 ml  1 mg/ml biotin 

       20 ml  20 % (w/v) glucose 

       867 ml  H2O, sterile 

10 x M9 solution     33.7 mM Na2HPO4 / NaOH pH 7.2 

       22.0 mM KH2PO4 

       8.55 mM NaCl 

       9.35 mM NH4Cl 

100x trace elements     13.4 mM EDTA 

       3.1 mM FeCl3 

       0.62 mM ZnCl2 

       76 µM CuCl2 

       42 µM CoCl2 

       162 µM H3BO3 

       8.1 µM MnCl2 

1000x Kanamycin     35 mg/ml (in H2O) 

Media were autoclaved at 121 °C for 20 min. When autoclaving was not possible (antibiotics, 

thiamin-HCl, biotin, labeled 13C-glucose, 15NH4Cl, IPTG) due to heat-instable chemicals, sterile 

filters (0.22 µm) were utilized. Antibiotic and IPTG stocks were stored at ‐20°C. 

 

2.1.9. Plasmids  

Plasmid   Vector   Origin   Reference 

MAK VL wt   pET28b  Cardine Nokwe (Nokwe et al., 2014) 
MAK VL I2E   pET28b  Cardine Nokwe (Nokwe et al., 2014) 
MAK VL S20N   pET28b  Cardine Nokwe (Nokwe et al., 2016) 
MAK VL R61A   pET28b  Cardine Nokwe  (Nokwe et al., 2016) 
MAK VL ΔR108   pET28b  Cardine Nokwe (Nokwe et al., 2015) 
MAK CL wt   pET28b  Cardine Nokwe (Nokwe et al., 2015) 
MAK CL ΔR108   pET28b  Cardine Nokwe (Nokwe et al., 2015) 
MAK LC wt   pET28b  Eva Seedig  N/A 
MAK CH2 wt   pET28b  Christine John  (John, 2017) 
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2.1.10. Oligonucleotides 

Template Name   sequence (5’ to 3’) 

MAK VL (QuikChange) 
  R108A fw  caagctggagctgaaagcataatagaagcttgcgg 
  R108A rv  ccgcaagcttctattatgctttcagctccagcttg 
  R108E fw  ccaagctggagctgaaagaataatagaagcttgcgg 
  R108E rv  ccgcaagcttctattattctttcagctccagcttgg 
MAK CL wt (QuikChange) 

R108A fw  gggtgctgcgtctgctgccatggtatatctcctt 
R108A rv  aaggagatataccatggcagcagacgcagcaccc 
R108E fw  cagtggtgctgcgtctgcctccatggtatatctccttctt 
R108E rv  aagaaggagatataccatggaggcagacgcagcacccactg 

MAK LC (QuikChange) 
  I2E fw   gctggagactgagttagcacctcatccatggtatatctccttcttaaag 
  I2E rv   ctttaagaaggagatataccatggatgaggtgctaactcagtctccagc 
  S20N fw  ccctgcaagaaagattgacgctatctcctggag 
  S20N rv  ctccaggagatagcgtcaatctttcttgcaggg 
  R61A fw  cactgccactgaacgcggaggggatcccag 
  R61A rv  ctgggatcccctccgcgttcagtggcagtg 
  R108A fw  cagcatcagccgctttcagctccagcttggtccc 
  R108A rv  gggaccaagctggagctgaaagcggctgatgctg 
  R108E fw  cagcatcagcctctttcagctccagcttggtccc 
  R108E rv  gggaccaagctggagctgaaagaggctgatgctg 
MAK LC (Q5 mutagenesis) 
  link+G fw  ggggctgatgctgcaccaact 
  link+G rv  ccgtttcagctccagctt 
  link+GAGAG fw agcaggggctgatgctgcaccaact  

link+GAGAG fw ccagccccccgtttcagctccagctt 
Δlink fw  actgtatccatcttcccacc 
Δlink rv  cagctccagcttggtccc 
R61A S40P fw  tcaacaaaaaccacatgagtctc 
R61A S40P rv  taccagtgtaggttgttg 
R61A T80A fw  aatacattccaaaatcttcagcctccacactgttgatactgag 
R61A T80A rv  ctcagtatcaacagtgtggaggctgaagattttggaatgtatt 
R61A S168A fw ctgtaggtgctgtctttggcgtcctgatcagtccaact 
R61A S168A rv agttggactgatcaggacgccaaagacagcacctacag 
R61A K169A fw tcaggacagcgcagacagcacct 
R61A K169A rv tcagtccaactgttcagg 

MAK CH2 (QuikChange) 
MAK CH2 (Q5 mutagenesis) 
  CH2-S fw  tcctaatagcccaagcttgcg 
  CH2-S rv  gatggttttctcgatggg 
  CH2-SK fw  tccaaataatagcccaagcttgcg 
  CH2-SK rv  gatggttttctcgatggg 
  CH2-SKTK fw  acaaaataatagcccaagcttgcg 
  CH2-SKTK rv  tttggagatggttttctcgatggg 
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2.2. Software, databases and web-based tools  

Software 

Name       Supplier 
Adobe Illustrator CS5      Adobe Inc. 
Adobe Photoshop CS5     Adobe Inc. 
ASTRA 5.3.4      Wyatt 
CcpNmr      CCPN 
DynamX 3.0      Waters 
Epson TT8 Launch Silver Fast    Epson 
GIMP 2      GIMP team    
GROMACS 2016     (Abraham et al., 2015) 
ISDB PLUMED      (Bonomi and Camilloni, 2017) 
Mendeley Desktop     Mendeley Ltd. 
Microsoft Office 2010 and 2016   Microsoft  
Origin 7      OriginLab Corp. 
OriginPro 2015     OriginLab Corp. 
PLUMED 2      (Tribello et al., 2014) 
Protein Lynx Global Server PLGS 3.0.3   Waters 
PyMOL v1.3       Schrödinger 
Serial Cloner 2.5     Franck Perez 
TopSpin      Bruker 

 
Databases 

Name    Website 
Abysis     http://www.bioinf.org.uk/abysis2.7 
ALBase    http://albase.bumc.bu.edu/aldb 
Google Scholar   http://scholar.google.de/ 
IMGT     http://www.imgt.org 
PDB     http://www.rcsb.org/ 
PubMed    http://www.ncbi.nlm.nih.gov/pubmed 
UniProt    http://www.uniprot.org 
 

 

Web-based tools 

Name    Website 
Abysis    http://www.bioinf.org.uk/abysis2.7 
Clustal Omega alignment http://www.ebi.ac.uk/Tools/msa/clustalo/ 
Denaturant Calculator http://sosnick.uchicago.edu/gdmcl.html 
ExPASy ProtParam  http://web.expasy.org/protparam/ 
NCBI Blast   http://blast.ncbi.nlm.nih.gov/ 
NCBI IgBlast   http://www.ncbi.nlm.nih.gov/igblast/ 
NEBaseChanger  http://nebasechanger.neb.com/ 
NEBioCalculator  http://nebiocalculator.neb.com/#!/main 
NEBuilder   http://nebuilder.neb.com/ 
OligoAnalyzer 3.1  http://eu.idtdna.com/analyzer/applications/oligoanalyz 

http://www.imgt.org/
http://www.uniprot.org/
http://www.bioinf.org.uk/abysis2.7
http://sosnick.uchicago.edu/gdmcl.html
http://web.expasy.org/protparam/
http://blast.ncbi.nlm.nih.gov/
http://nebuilder.neb.com/
http://eu.idtdna.com/analyzer/applications/oligoanalyz
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Phyre2    http://www.sbg.bio.ic.ac.uk/phyre2 
PrimerX   http://bioinformatics.org/primerx/ 
QuikChange Primer Design http://www.genomics.agilent.com/primerDesignProgram.jsp 
T-COFFEE alignment  http://tcoffee.crg.cat/ 
 

2.3. Molecular biology methods 

All solutions applied were autoclaved or sterile filtered. If not otherwise stated, all 

experiments were performed at room temperature. 

 

2.3.1. Preparation of chemical competent E. coli cells 

Chemical competent E. coli cells were prepared according to the protocol by Sambrook et al., 

1989. In brief, an aliquot of frozen E. coli cells was thawed, transferred to 100 ml LB0 medium 

and incubated at 37°C under continuous shaking. Bacterial growth was monitored by 

measuring the optical density at 600 nm (OD600) in plastic cuvettes with 1 mm path length 

using a UV-Vis spectrophotometer. 2 ml 1 M MgCl2 were added when an OD600 of 0.6 to 1.0 

was reached. The cells were subsequently incubated at 37°C under continuous shaking.  After 

10 min cells were put on ice for 1 h. Cells were harvested by centrifugation at 5000 rpm for 5 

min and resuspended in solution A. The cell suspension incubated on ice for 1 h. Then, the 

cells were again harvested by centrifugation and resuspended in 2 ml of Solution B. Aliquots 

were prepared, snap-frozen and stored at -80°C. 

 

2.3.2. Transformation of E.coli cells 

100 µl chemical competent E.coli were thawed and kept on ice for ~ 10 minutes. Next, 1 μl (50 

- 100 ng) of plasmid DNA was added to the cells, mixed and incubated on ice for 5 minutes. 

The mixture was heat-shocked at 42 °C for 45 sec, followed by a 2 min incubation on ice. 900 

µl LB0 medium were added and the cells were incubated at 37°C for 1 h under agitation. The 

cells were harvested by centrifugation at 14000 rpm for 1 min, resuspended in ~ 200 µl LB0 

medium and plated on the LBKan plates (35 µg/ml final concentration). Plates were incubated 

at 37 °C overnight.  

 

http://bioinformatics.org/primerx/
http://tcoffee.crg.cat/
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2.3.3. DNA isolation and storage 

DNA plasmids were isolated from 4 ml E.coli cultures the Wizard® Plus SV Mini‐Prep Kit 

according to the manufacturer’s protocol (Promega). PCR products and restriction-digested 

DNA were purified using the Wizard® SV Gel and PCR Clean‐Up System according to the 

manufacturer’s protocol (Promega). The isolated DNA was stored in sterilized nuclease free 

H2O at ‐20 °C. For DNA sequencing, plasmid DNA samples with a concentration of 50 to 100 

ng/μl were sent to GATC Biotech AG or Eurofins Genomics GmbH for sequencing using the T7 

forward or T7 reverse primer. 

 

2.3.4. Cloning strategies 

2.3.4.1. QuikChange site-directed mutagenesis 

Single point substitutions were generated using QuikChange site-directed mutagenesis 

(Agilent). Both, forward and reverse primers, carry the desired mutation. Primers were 

designed using the web-based QuikChange Primer Design tool and the annealing temperature 

was adjusted to the properties of the primers. After the PCR reaction, DpnI digest was 

performed for 2 h. 10 µl of the digested product were transformed with 100 µl E.coli Mach1 

cells, plated on LBKan plates and incubated at 37 °C overnight. DNA isolation and sequencing 

were performed as described above.  

 

2.3.4.2. Q5 site-directed mutagenesis 

Double and triple point substitutions, insertions and deletions were generated using Q5 site-

directed mutagenesis (NEB). In this approach, only the forward primer, carries the desired 

mutation. Primers were designed using the web-based NEBaseChanger tool and the annealing 

temperature was adjusted to the properties of the primers. After the PCR reaction, 1 µl PCR 

product was transferred in a reaction tube and assembled for kinase, ligase and DpnI (KLD) 

treatment according to the manufacturer’s protocol. 10 µl of the digested product were 

transformed with 100 µl E.coli Mach1 cells, plated on LBKan plates and incubated at 37 °C 

overnight. DNA isolation and sequencing were performed as described above.  
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2.3.4.3. Sequence- and ligation-independent cloning (SLIC) 

Sequence- and ligation-independent cloning (SLIC) (Li and Elledge, 2012) utilizes the 

exonuclease function of the T4 DNA polymerase to generate single-stranded 5’ overhangs for 

vector and insert DNA. These fragments assemble in a site-directed manner by homologous 

recombination after transformation into E.coli Mach1 cells. To enable homologous 

recombination, insert and vector share at least 15 bp homology at the regions which should 

be assembled. Insert and vector were amplified by standard PCR. The vector was linearized by 

NcoI and HindIII restriction enzymes. Insert and digested vector were purified from an agarose 

gel. 100 ng vector, 2-fold excess of insert and 0.4 µl T4 DNA polymerase were incubated in 1 

µl 10x NEBuffer 2.1 (NEB), filled up with nuclease free H2O to 10 µl volume (= assembly mix), 

for 2.5 min and subsequently stored on ice for 10 min. The whole assembly mix was 

transformed with E.coli Mach1 cells, plated on an LBKan agar plate and incubated overnight at 

37 °C. DNA isolation and sequencing were performed as described above. 

 

2.3.4.4. Standard PCR 

Standard PCR DNA amplification was used to subclone a gene of interest (GOI) into the 

SUMOpro Kan vector (LifeSensors). The SUMOpro vector enables SUMO fusion constructs, 

which keep their native N-terminus after cleavage of the SUMO-tag using Sumo protease by 

not modifying the amino acid sequence of the N-terminus. Subcloning of the GOI into the 

SUMOpro vector was performed according to the manufacturer’s protocol.  

 

2.3.5. Polymerase Chain Reaction (PCR) 

DNA amplification and site-directed mutagenesis, i.e. QuikChange (Agilent) and Q5 site-

directed mutagenesis (NEB) were performed by PCR. Since QuikChange and Q5 mutagensis 

require different DNA polymerases, two different protocols were used as described below. 

QuikChange and Q5 mutagensis were performed using Phusion DNA Polymerase (NEB) and 

Q5 DNA Polymerase (NEB), respectively. 
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QuikChange site-directed mutagenesis:  

The following pipetting scheme was used for setting up QuikChange PCR reactions: 

0.5 µl  Phusion DNA Polymerase 
10 µl  5x Phusion buffer 
2 µl  10 mM dNTPs 
2 µl 10 µM forward primer  
2 µl 10 µM reverse primer 
1.5 µl DMSO 
2 µl Template DNA (~ 5 ng) 
29 µl nuclease free H2O 
 

The following thermocycler program was used for QuikChange PCR reactions: 

Step Temperature Duration Repeats 

Initial denaturation 95 °C 2 min - 
Denaturation 95 °C 30 sec 

25x Annealing 54 – 70 °C 1 min 

Elongation 72 °C 10 min 
Storage 4 °C hold - 

  

Q5 site-directed mutagenesis: 

The following pipetting scheme was used for setting up Q5 mutagenesis PCR reactions: 

12.5 µl Q5 Hot Start HF 2x Master Mix 
1.25 µl 10 µM forward primer  
1.25 µl 10 µM reverse primer 
1 µl Template DNA (~ 10 ng) 
9 µl nuclease free H2O 
 

The following thermocycler program was used for Q5 mutagenesis PCR reactions: 

Step Temperature Duration Repeats 

Initial denaturation 98 °C 30 sec - 
Denaturation 98 °C 10 sec 

25x Annealing 54 – 70 °C 30 sec 

Elongation 72 °C 1min/kb 
Final extension 72 °C 2 min - 
Storage 4 °C hold - 
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Standard and SLIC PCR: 

The following pipetting scheme was used for setting up standard and SLIC PCR reactions: 

20 µl 5x GoTaq Polymerase buffer 
2 µl 10 mM dNTPs 
1 µl 10 µM forward primer 
1 µl 10 µM reverse primer 
2 µl Template DNA (100 - 200 ng) 
73 µl nuclease free H2O 
The following thermocycler program was used for standard and SLIC PCR reactions: 

Step Temperature Duration Repeats 

Initial denaturation 95 °C 2 min - 
Denaturation 95 °C 30 sec 

35x Annealing 54 – 70 °C 1 min 

Elongation 72 °C 1min 
Final extension 72 °C 10 min - 
Storage 4 °C hold - 

 

2.3.6. Agarose gel electrophoresis 

For isolation and size determination of DNA fragments and PCR products, agarose gel 

electrophoresis was utilized. By standard, 1 % agarose gels were prepared in TAE buffer with 

Stain G (Serva) according to the manufacturer’s protocol. Stain G enables DNA visualization 

under UV radiation. The FastLoad 1 kb DNA ladder (Serva) was applied to the gels to determine 

the size of DNA fragments of interest. Agarose gels were run at 120 mV for 20 min.  

 

2.4. Protein chemistry methods 

2.4.1. Protein expression and purification 

All VL, CL, LC, CH2, IgM domain and IgA domain variants were expressed and purified as 

previously described for antibody VL domains (Nokwe et al., 2014; Simpson et al., 2009). 

Briefly, the plasmid was transformed into E.coli BL21 (DE3) cells and grew in a 50 ml LBKan 

medium starter culture at 37 °C overnight. Protein overexpression was performed by 

inoculating 2 l LBKan medium with the starter culture and grow the cells to an OD600 of 0.6 – 

1.0 at 37 °C. Overnight protein expression was induced by the addition of 1 mM IPTG. For NMR 

experiments, expression of 15N-labelled or 13C-15N-labelled proteins was performed in M9 

minimal medium containing 15NH4Cl and glucose or 13C-glucose, respectively. Cells were 

harvested the next day and inclusion bodies were prepared as previously described (Thies and 
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Pirkl, 2000). Briefly, the cell pellet was resuspended in ~ 150 ml IB preparation buffer 

containing Protease Inhibitor Mix G or HP and DNAseI. Cells were disrupted using a mechanical 

cell cracker and inclusion bodies were harvested by centrifugation. Finally, inclusion bodies 

were washed twice with IB preparation buffer and stored until purification at -20 °C. For 

protein purification, inclusion bodies were solubilized and denatured in IB dissolving buffer 

and subsequently purified using a Q-Sepharose column, followed by a Superdex 75 16/60 gel 

filtration column. Between of the two purification steps the proteins were refolded overnight 

by dialysis against the refolding buffer (ratio protein solution to refolding buffer 1:20) at 4 °C. 

Fractions containing the protein of interest were determined by SDS-PAGE. Finally, protein 

purity and identity were verified by SDS-PAGE. 

 

2.4.2. SDS polyacrylamide gel electrophoresis 

SDS polyacrylamide gel electrophoresis (SDS-PAGE) gels were generally freshly prepared 

before use. The separation gels contained either 15 or 18 % (w/v) acrylamide/bisacrylamide 

(19:1). The stacking gel had a fixed concentration of 5 % (w/v) acrylamide/bisacrylamide. SDS-

PAGE gels were prepared according to the following protocols:  

Stacking gel 5 %  0.625 ml acrylamide/bisacrylamide (40 % w/v) 
    2.5 ml  2x stacking gel buffer 
    65 µl  10 % (w/v) APS 
    3.3 µl   TEMED 
    1.875 ml H2O 

Separation gel 15 %  3.75 ml acrylamide/bisacrylamide (40 % w/v) 
    2.5 ml  4x separation gel buffer 
    65 µl  10 % (w/v) APS 
    3.3 µl   TEMED 
    3.75 ml H2O 

Separation gel 18 %  4.5 ml  acrylamide/bisacrylamide (40 % w/v) 
    2.5 ml  4x separation gel buffer 
    65 µl  10 % (w/v) APS 
    3.3 µl   TEMED 
    4.25 ml H2O 

Protein samples were mixed with 5x Laemmli buffer, heated for 2 min at 95 °C and 

subsequently loaded on the gel. SDS running buffer was poured in the gel chamber and the 

gel electrophoresis was performed at a constant current of 35 mA per gel for 40 – 60 min 

depending on the concentration of the separation gel. Gels were stained using Fairbanks A 
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solution (Coomassie stain) by heat incubation. Heat-activated destaining was performed using 

Fairbanks D solution (Coomassie destain). A protein marker was applied to determine the 

molecular mass of the proteins of interest.  

 

2.5. 2.5 Spectroscopy 

2.5.1. UV-Vis spectroscopy 

UV-Vis spectroscopy was mainly utilized to determine the concentration of a protein. As some 

amino acids comprise chromophores most proteins are able to absorb light of specific 

wavelengths depending on the nature of the chromophores (Pace et al., 1995; Stoscheck, 

1990). Chromophores are conjugated pi-bond systems with excitable electrons. Amino acids 

which contain chromophores are tryptophan, tyrosine and phenylalanine, which absorb light 

at 280, 275 and 257 nm wavelength (UV range), respectively. Disulfide bonds between two 

covalently connected cysteine residues contribute to the total UV light absorption of a protein. 

Particularly the indole group of a tryptophan is known to absorb high quantities of UV light at 

280 nm. This enables the determination of the protein concentration based on the absorbance 

at 280 nm according to the Lambert-Beer law (Equation 2): 

𝐴𝜆 =  𝜀 ∗ 𝑐 ∗ 𝑑 

Equation 2. Lambert-Beer equation. Aλ: absorbance at wavelength λ; ε: molar extinction coefficient 

(M-1 cm-1); c: protein concentration (M); d: path length (cm). 

UV absorbance at 280 nm was measured using an Ultrospec 1100 UV/Vis spectrophotometer 

(Fisher scientific) or a NanoDrop spectrophotometer (Thermo scientific) at room temperature 

and baseline corrected. For the Ultrospec 1100 UV a quartz cuvette was used. Theoretical 

extinction coefficients were calculated on the basis of the amino acids sequence by the web-

based ExPASy ProtParam tool. 

  

2.5.2. Circular Dichroism spectroscopy 

Circular dichroism (CD) measurements were performed to verify the correct folding, i.e. 

secondary and tertiary structure of proteins. Moreover, this technique was utilized to monitor 

protein unfolding upon increasing heat stress (thermal unfolding). CD spectroscopy monitors 

the differential absorption of right and left polarized light (Greenfield, 2006; Kelly et al., 2005). 

Proteins are chiral biomolecules due to the chirality of the α-carbon atom and the presence 
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of the asymmetric residue side chains, thus resulting in the optical ability to polarize light. The 

periodically repeated peptide bonds with their characteristic binding angles in secondary 

structure elements (e.g. α-helix, β-strand) absorb polarized far-UV light (180 – 260 nm) in 

different quantities. Hence, secondary structure elements lead to characteristic far-UV CD 

spectra, particularly for α-helices, β-strands and random coil. A CD spectrum, however, 

averages all secondary structure element, which a given proteins comprises. For the near-UV 

region (260 – 320 nm) aromatic side chains and disulfide bonds contribute for specific 

wavelength to the CD signal in the spectrum. Thus, near-UV CD spectra result in individual 

tertiary structure finger print of a polypeptide. The lambert-beer law is applicable for CD 

spectroscopy (Equation 3) (Kelly et al., 2005): 

𝛥𝐴(𝜆) = 𝐴𝐿(𝜆) − 𝐴𝑅(𝜆) = [𝜀𝐿(𝜆) − 𝜀𝑅(𝜆)]𝑑𝑐 = 𝛥𝜀𝑑𝑐 

Equation 3. Absorption of left- and right-handed polarized light. A: absorption at wavelength λ for 

either left L or right R handed polarized light; ε: molar extinction coefficient (M-1 cm-1); c: protein 

concentration (M); d: path length (cm). 

CD spectropolarimeter measure the ellipticity of a given protein depending on the path length, 

concentration, molecular mass and the number of amino acids. Therefore, the CD signal is 

normalized to the mean residue molar ellipticity (Equation 4) (Kelly et al., 2005): 

θMRW =
θ ∗ 100 ∗ M

d ∗ c ∗ Naa
 

Equation 4. Mean residue molar ellipticity. θMRW: mean residue molar ellipticity (deg cm2 dmol‐1), θ: 

ellipticity (deg), M: Molecular mass (g/mol), d: path length (cm), c: concentration (M), Naa: number 

amino acids. 

CD measurements were performed using a J-720 and J-715 spectropolarimeter (Jasco) 

equipped with a Peltier element for temperature control. Far-UV CD spectra were measured 

in a 1 mm path length quartz cuvette using 10 μM protein between 260 and 200 nm 

wavelengths at 20 °C.  Near-UV CD spectra were measured in a 2 mm path length quartz 

cuvette using 50 μM protein between 320 and 260 nm wavelengths at 20 °C. Spectra were 

accumulated 16 times, averaged, buffer corrected and normalized for mean residue molar 

ellipticity as described above. Thermal transitions were recorded using 10 μM protein in a 1 

mm path length quartz cuvette at 205 (for CL, VL, LC and IgM/IgA variants) or 215 nm (for CH2 

variants) wavelength with a heating rate of 30 °C/h. Transitions were fitted using a Boltzmann 

function. 
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The ellipticity for the arithmetically (cal) determined CD thermal unfolding transitions were 

calculated based on the experimental (exp) CD unfolding transition data depending on the 

scaffold (LC, VL or CL) as (Equations 5 - 7): 

θ𝑐𝑎𝑙(𝐿𝐶) = θ𝑒𝑥𝑝(𝑉𝐿) + θ𝑒𝑥𝑝(𝐶𝐿) 

θ𝑐𝑎𝑙(𝑉𝐿) = θ𝑒𝑥𝑝(𝐿𝐶) − θ𝑒𝑥𝑝(𝐶𝐿) 

θ𝑐𝑎𝑙(𝐶𝐿) = θ𝑒𝑥𝑝(𝐿𝐶) − θ𝑒𝑥𝑝(𝑉𝐿) 

Equations 5-7. Ellipticity for arithmetically derived CD thermal unfolding transitions. θ: ellipticity 

(deg).  

The analysis of the arithmetical CD thermal unfolding transitions was performed in the same 

way as described for the experimental data described above. 

 

2.5.3. Fluorescence spectroscopy 

Fluorescence emission is produced by the excitation of a fluorophore, i.e. an aromatic system, 

which is able to absorb photons and thereby exciting its ground state (S0) to a higher energy 

state (S1 and S2) (Schmid, 2005). Photons in the excited S1 and S2 state can rapidly return to 

lowest accessible vibrational S0 state, resulting in the emission of light with longer 

wavelengths (less energy) than the excitation light. This emission of light is called 

fluorescence, which is widely applied in the biochemistry field since some amino acids contain 

natural fluorophores. These amino acids are phenylalanine, tyrosine and tryptophan, of which 

tryptophan reveals the highest quantum yields at the emission wavelength, when excited at 

the maximal excitation wavelength, 280 nm. 

 

2.5.3.1. Intrinsic tryptophan fluorescence spectroscopy 

Since many proteins contain one or more tryptophanes, this residue can be used to probe 

conformational changes by exciting the intrinsic tryptophan fluorescence and monitor the 

emission signal (Schmid, 2005). This is particularly applied for antibody domains due to their 

highly conserved tryptophan residue in close proximity to the disulfide bond in the 

hydrophobic core (Feige et al., 2010). Thus, intrinsic tryptophan fluorescence was used to 

determine local structural changes and to assess the compactness of the investigated 

proteins. Native intrinsic tryptophan fluorescence spectra were measured with 7 µM protein 
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in a 1 cm quartz cuvette at 22°C using a FP-6500 spectrofluorometer (Jasco). Spectra were 

recorded between 300 and 400 nm with an excitation wavelength of 280 nm. Slits were set to 

5 nm for both excitation and emission. All spectra were recorded two times, averaged and 

normalized.  

 

2.5.3.2. Equilibrium chemical unfolding transitions 

 Chemical equilibrium unfolding transitions were executed as a complementary approach to 

assess and compare the conformational of the protein samples. For chemical equilibrium 

unfolding transitions, 5 µM protein samples were incubated with increasing concentrations of 

guanidium chloride (GdmCl) for at least 12 h in black COC 96 well microplates (#655809, 

Greiner Bio-One). A 6 M GdmCl stock solution was prepared in PBS pH 7.4 and the exact 

concentration refractrometrically determined. Intrinsic tryptophan fluorescence spectra of 

protein samples incubated with either 0 M GdmCl or 4 M GdmCl were recorded the next day 

as described above. By subtracting the two spectra, the maximal differential emission 

wavelength was determined, which was set constant for measuring the fluorescence emission 

intensity of all samples at 22 °C. Fixed wavelength measurements were performed using an 

Infinite M Nano microplate reader (Tecan). Equilibrium unfolding transitions were analyzed 

and fit assuming a two-state model as previously described (Equation 8) (Pace, 1986; Santoro 

and Bolen, 1988): 

𝑦(𝐷) = 𝑦𝑁
0 + 𝑚𝑁 ∗ [𝐷] −

(𝑦𝑁
0 + 𝑚𝑁 ∗ [𝐷]) − (𝑦𝑈

0 + 𝑚𝑈 ∗ 𝑇)

1 + exp (−
𝛥𝐺𝑠𝑡𝑎𝑏 + 𝑚𝑐 ∗ [𝐷]

𝑅 ∗ 𝑇 )
 

Equation 8. Two‐state model with the assumption of linear dependency of emission from native and 

unfolded protein. y(D): fluorescence signal; y: y‐intercepts; N: native protein; U: unfolded protein; m: 

slope of the best fit straight line; mc: cooperativity; [D]: denaturant concentration (mol/l); T: 

temperature (K); ΔGstab: free enthalpy of denaturant induced unfolding (kcal/mol); R: universal gas 

constant (8.314 J mol-1 K-1) 

 

2.5.3.3. Acrylamide fluorescence quenching 

Quenching of the above described intrinsic tryptophan fluorescence allows the evaluation of 

the protein dynamics and solvent-exposure of local protein environments containing 

tryptophan residues (Phillips et al., 1986; Tallmadge et al., 1989). For acrylamide quenching, 
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increasing concentrations of acrylamide were added to 5 µM protein samples and incubated 

overnight to assure quenching equilibrium. Spectra were measured as described above. Fixed 

wavelength measurements were carried out utilizing an Infinite M Nano microplate reader 

(Tecan) using 280 nm and 338 nm for excitation and emission, respectively. F0 represents the 

fluorescence emission intensity without acrylamide. The calculated Stern-Volmer quotient 

F0/F, where F is the fluorescence intensity at the respective acrylamide concentration, shows 

the accessibility of a given protein for acrylamide. 

 

2.5.3.4. Thioflavin T and fibril formation assay 

Thioflavin T (ThT) is an extrinsic fluorescent dye to probe for amyloid fibril formation (Gade 

Malmos et al., 2017). ThT is able to bind to amyloid fibril independent of the predecessor 

protein and is therefore commonly used to monitor amyloid fibril formation. ThT assays were 

performed in triplicates in black PS 96 well microplates (#437112, Nunc, ThermoFisher 

Scientific) and measured with a Genios microplate reader (Tecan) at 440 and 480 nm 

excitation and emission wavelengths, respectively. To start the assay with defined samples 

and prevent seed contamination, monomer isolation was performed prior to the ThT assay by 

loading highly concentrated protein on a Superdex 75 10/300 GL and collecting the monomer 

peak fraction. Other peaks fraction, dimers as well as higher molecular weight species were 

discarded. Assays were conducted with 20 µM monomeric protein, 10 µM ThT in PBS buffer 

pH 7.4 with 0.05 % NaN3 with a final volume of 200 µl per well. Microplates were covered 

with a Crystal Clear PP sealing foil. Each well was measured every 30 min for 10 to 30 days. 

Between the measurements, the 96 well microplates were incubated at 37 °C under 

continuous orbital shaking at 225 rpm within the plate reader. For data analysis, means of the 

replicates were calculated and individually normalized for better comparison. The kinetic 

parameter t1/2 was determined by ascertain the time (d) when 50 % of the maximal ThT signal 

amplitude was reached.  

 

2.6. Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was performed to assure the presence of amyloid 

fibrils in case of positive ThT assays and vice versa. TEM is among others, one of the 

complementary techniques of choice to verify fibril formation since the ThT binding assay is 
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prone to false positive results (Gade Malmos et al., 2017). For TEM sample preparation, 10 µl 

samples were taken from the ThT assay wells and placed on a 200-mesh activated copper grid 

and incubated for 1 min. The samples were washed twice with 10 µl H2O to prevent phosphate 

artifacts and negatively stained with 8 µl of a 1.5 % (w/v) uranyl acetate solution for 1 min. 

Excess solutions on the grid were removed with a filter paper. Micrographs were recorded 

with a JEM-1400 Plus transmission electron microscope (JEOL) at 120 kV. 

 

2.7. Size Exclusion Chromatography HPLC 

Analytical size exclusion chromatography (SEC) was used to determine oligomerization 

kinetics of IgM, IgA and fusion variants. For oligomerization kinetics, protein samples at 

defined time points were load on a Superdex 200 10/300 GL column run by a Shimadzu HPLC 

system at a flow rate of 0.5 ml/min equipped with a SPD-20A UV detector. Prior to the 

measurement, the column was equilibrated with the elution buffer, PBS pH 7.4 with 0.05 % 

NaN3 to prevent bacterial contamination at room temperature. Various concentrations and 

volumes as indicated were loaded. Oligomerization was monitored by analyzing peak shifts in 

the time-course chromatograms. Molecular mass of the protein peaks was determined by 

SEC-MALS as described in chapter 2.7.1. 

 

2.7.1. Size Exclusion Chromatography coupled with Multi-Angle Light Scattering 

The equipment of the HPLC system described above with a multi-angle light scattering (MALS) 

detector enables to determine absolute molar mass moments for protein species at any 

elution volume of a given chromatogram (Folta-Stogniew, 2005a; Wen et al., 1996). Static light 

scattering provides information about the hydrodynamic radius of a given protein at a specific 

elution volume. In parallel, the concentration for the same protein species is determined by 

either UV absorbance or differential light refraction. Further theoretical considerations and 

the exact calculation of the absolute molar mass is previously described (Folta-Stogniew, 

2005b). A Superdex 75 10/300 GL column connected to a Shimadzu HPLC system equipped 

with a Dawn Helios II multi-angle light scattering detector, a RID-20A detector and a SPD-20A 

detector were employed for the determination of the absolute mass of VL, CL, LC and CH2 

variants. The column was equilibrated for at least 24 h to obtain stable light scattering baseline 

signals before data collection. Determination of inter-detector delay volumes, band 
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broadening correction and light-scattering detector normalization were performed using a 

standard 1 mg/ml BSA solution run, according to the manufacturer’s protocol. 50 µM protein 

samples (50 µl) were loaded on the column. All experiments were performed at room 

temperature at a flow rate of 0.45 ml/min in PBS buffer containing 0.05 % NaN3. Data analysis 

was performed using the ASTRA 5.3.4.20 software according to the manufacturer’s protocol. 

 

2.8. Hydrogen/Deuterium Exchange Mass Spectrometry 

Hydrogen/Deuterium exchange mass spectrometry (H/DX-MS) is a combined biochemical 

method which allows to gain information on protein dynamics, structure and interactions (Ahn 

et al., 2013; Engen et al., 2011). Therefore, accessible hydrogen atoms are exchanged by 

deuterium upon incubation in a deuterium containing buffer followed by a quantitative 

averaging mass spectrometry analysis to monitor the peptide fragments of a protein in which 

H/D exchange was possible. Hydrogen/deuterium exchange mass spectrometry experiments 

were performed using a fully automated system equipped with a Leap PAL RTC, a Waters 

ACQUITY M-Class UPLC, a HDX manager, and the Synapt G2-S ESI-TOF mass spectrometer, as 

described elsewhere (Zhang et al., 2014). Protein samples with a concentration of 30 µM were 

diluted in a ratio of 1:20 with deuterium oxide containing PBS pH 7.4 and incubated at 20 °C 

for 10 s, 1 min, 10 min, 30 min and 2 h. To stop the labeling reaction and denature the sample, 

the labeled protein was diluted 1:1 in H/DX quenching buffer at 1 °C. Digestion was performed 

on a Waters Enzymate BEH Pepsin Column (2.1 x 30 mm) at 20 °C. Peptides were trapped and 

subsequently separated on a Waters ACQUITY UPLC BEH C18 column (1.7 μm, 1.0 × 100 mm) 

with acetonitrile plus 0.1% formic acid (v/v) and H2O plus 0.1% formic acid (v/v) gradient. 

Trapping and chromatographic separation were carried out at 0 °C to minimize back-

exchange. Eluting peptides were directly subjected to the time-of-flight mass spectrometer by 

electrospray ionization. Before fragmentation by MSE and mass detection in resolution mode, 

the peptide ions were additionally separated by drift time within the mobility cell. Data 

processing was performed using the Waters Protein Lynx Global Server PLGS and DynamX. 
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2.9. Nuclear Magnetic Resonance Spectroscopy (performed by Dr. Manuel Hora, 

Matthias Brandl. Tejaswini Pradhan and Prof. Bernd Reif, Department Chemie, TUM) 

Nuclear magnetic resonance (NMR) is structural biology method, which relies on the quantum 

mechanical properties of the nuclei of atoms depending on their microenvironment. In the 

protein chemistry field, it is used to obtain information about the protein structure and 

dynamics. NMR experiments in this work were performed in collaboration with the group of 

Prof. Bernd Reif (TUM). Measurements were performed by Dr. Manuel Hora, Tejaswini 

Pradhan (CL, VL and LC) and Matthias Brandl (CH2).  

1H, 13C, 15N triple resonance spectra were acquired on an AVIII 600 MHZ spectrometer with a 

cryogenic triple resonance gradient probe. 1H, 15N-HSQC NMR spectra were acquired on a 

Bruker AVIII 500 MHz or 600 MHz spectrometer. Both spectrometer were equipped with a 

cryogenic triple resonance gradient probe. The respective 15N- or 13C, 15N-labeled proteins 

were dissolved in PBS buffer supplemented with 10% D2O. Backbone assignments were based 

on three-dimensional HNCA (Grzesiek and Bax, 1992; Kay et al., 1994; Schleucher et al., 1993), 

HNCACB (Muhandiram and Kay, 1994a; Wittekind and Mueller, 1993) and HN(CO)CACB 

(Grzesiek and Bax, 1993; Muhandiram and Kay, 1994b) spectra. All spectra were processed 

using Bruker TopSpin, and analyzed using CcpNmr (Vranken et al., 2005). The protein 

concentrations were in the range of 60 - 1200 µM for two-dimensional experiments and in the 

range of 600 - 1200 µM for three-dimensional experiments. 

1H-15N chemical shift perturbations (CSPs) for the CH2 study were calculated using equation 9 

(Williamson, 2013): 

∆𝛿1𝐻,15𝑁  =  √
1

2
(∆𝛿1𝐻

2 + (0.14∆𝛿15𝑁)2) 

with ∆𝛿𝑁𝑢𝑐 =  𝛿𝑉𝑎𝑟𝑖𝑎𝑛𝑡 1 − 𝛿𝑉𝑎𝑟𝑖𝑎𝑛𝑡 2 

Equation 9. Calculation of chemical shift perturbations used for the CH2 study. ∆δ1H,15N: chemical shift 

perturbation; ∆δ1H: chemical shift differences in ppm for the 1H dimension; ∆δ15N
: chemical shift 

differences in ppm for the 15N dimension.  

13C chemical shift perturbations relative to a random coil peptide (secondary chemical shifts) 

were calculated using the difference between the observed chemical shift and the random 

coil chemical shift for the respective residue type (Wishart and Sykes, 1994).  
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Chemical shift changes for VL, CL and LC variants were calculated using equation 10:  

∆δres =  √(∆δ H 1
)2  +  

1

25
 (∆δ N 15

)2 

Equation 10. Chemical shift changes for the light chain studies. ∆𝛿𝑟𝑒𝑠: chemical shift chnages; ∆δ1H: 

chemical shift differences in ppm for the 1H dimension; ∆δ15N: chemical shift differences in ppm for the 
15N dimension. 

For measurement of residual dipolar couplings (RDCs), we employed 320 µM protein solutions 

in a buffer containing 10 mM NaH2PO4, 50 mM NaCl, 0.5 mM EDTA and 10 % D2O at pH 6.5. A 

first IPAP-type 1H,15N-HSQC experiment was conducted to determine isotropic J couplings, 

then Pf1 phage (ASLA Biotech, Riga) was added to a final concentration of ~ 8 mg/ml, 

producing a D2O splitting of 6.0 Hz for LC wt and 11.9 Hz for LC R108A. Experiments were 

recorded and processed using TopSpin 3.2 (Bruker BioSpin) and analyzed with CcpNmr 

analysis 2.4 (Vranken et al., 2005). 

 

2.10. RDC-based ensembles (performed by Prof. Carlo Camilloni, Università degli studi 

di Milano)  

RDCs based ensembles were modelled for LC wt and LC R108A variants making use of 

Metadynamic Metainference (M&M) (Bonomi et al., 2016a) and the theta-method (Camilloni 

and Vendruscolo, 2015). M&M enables introducing experimental information into Molecular 

Dynamics (MD) simulations optimally balancing their information content by means of 

Bayesian Inference. This allows taking into account at the same time force field inaccuracies 

as well as the possible sources of error affecting experimental data like random noise, 

systematic errors etc., leading, at least in principle, to structural ensembles that do not depend 

on the initial choice of the MD force field and that are in agreement with some given 

experimental evidence (Löhr et al., 2017).  

In M&M multiple molecular dynamics (MD) simulations (replicas) are run in parallel coupled 

together by a potential that, by using Bayesian inference, optimally balance the information 

content of the experimental data with that of the MD force field (Bonomi et al., 2016b) while 

at the same time the overall sampling of the conformational space is enhanced by 

Metadynamics (Laio and Parrinello, 2002).  
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MD simulations were performed for LC wt and LC R108A using GROMACS 2016 (Abraham et 

al., 2015), PLUMED 2 (Tribello et al., 2014) and the ISDB PLUMED module (Bonomi and 

Camilloni, 2017). The two systems were prepared from the PDB 1FH5 (chain L) (Augustine et 

al., 2001) applying the following mutations using SCWRL4 (Krivov et al., 2009) (E17D and Y87F 

in both cases and R108A for the second system). The systems were solvated with ~ 25000 

TIP4P 2005 (Abascal and Vega, 2005) water molecules and 2 or 3 Na+ ions in a dodecahedron 

box of ~ 765 nm3. The force field employed was the Amber03W (Best and Mittal, 2010). After 

an energy minimization followed by a NVT and NPT thermalization at 298 K and 1 atm the 

systems were simulated in the NPT ensemble (using velocity rescaling (Bussi et al., 2007) and 

Parrinello-Rahman (Parrinello and Rahman, 1981)) for 16 ns and 16 conformations were 

extracted as the starting point for the 16 replicas employed in the M&M simulations. 

M&M simulations with RDCs were run as described previously (Löhr et al., 2017). A complete 

setup to reproduce the simulations, including starting conformations, topologies, GROMACS 

parameters file and PLUMED input files, can be downloaded from GitHub 

(https://github.com/carlocamilloni/papers-data). Shortly, a preliminary optimization of the 

relative orientation of the 16 replicas with respect to the Z-axis was obtained by maximizing 

the correlation between calculated and measured RDCs. The Metainference potential was 

then turned on making use of a Gaussian noise per data point (Bonomi et al., 2016b) and a 

scaling factor sampled from a prior uniform distribution (Löhr et al., 2017).  The sampling of 

the conformational space was boost by Metadynamics using Parallel Bias and sharing the bias 

among the replicas (Bonomi et al., 2016a; Pfaendtner and Bonomi, 2015) using a BIASFACTOR 

of 20 and an initial energy deposition rate of 2.5 kJ/mol/ps. In particular because the aim is 

that of sampling the inter-domain dynamics, we selected the following collective variables 

(CVs) as defined in PLUMED: the 1) ALPHABETA and 2) DIHCOR defined over the psi angles of 

the linker residues; 3) the DISTANCE between the center of masses of the two domains defined 

using the Cα atoms; 4) the TORSION angle between the major axis of the two domains; and 5) 

the DHENERGY (Debye-Hückel energy) between the two domains calculated using the 

changed side-chains (Do et al., 2013). The width of the Metadynamics bias for the above CVs 

was set to 0.1, 0.1, 0.05 nm, 0.1, and 0.2 kJ/mol, respectively. For both systems each replica 

was evolved for 200 ns, for a total nominal time of 3.2 µs of simulation per system studied. 
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The collected sampling was eventually reweighted taking into account the final bias in the 

quasi-static regime (Branduardi et al., 2012) so to obtain a statistical ensemble of 

conformations with each conformer associated to a specific statistical weight. 

 

2.11. Molecular Dynamics Simulations (performed by Maria Daniela Pulido Cendales 

and Prof. Martin Zacharias, Department Physik, TUM) 

Molecular dynamics (MD) simulations were carried out and analyzed by means of the 

Amber16 simulation package (Case et al., 2016). Free unrestrained MD simulations and 

umbrella sampling (US) simulations were performed to analyze the stability of the CH2 

antibody domain employing the pmemd.cuda module of Amber16 (Götz et al., 2012). 

Simulations were performed on the wild type CH2 as well as the variants CH2-S and CH2-SK (all 

based on the crystal structure PDB: 3HKF). Each protein was solvated in TIP3P water 

(Jorgensen et al., 1983) in a periodic octahedron box with a minimum distance of protein 

atoms to the box boundary of 10 Å. The ff14SB force field was employed and Na+ and Cl- ions 

were added to neutralize the system and reach an ion concentration of 0.15 M. Energy 

minimization of each system was performed with the sander module of Amber16 (1500 

minimization cycles). The systems were heated in steps of 100 K (10 ps per step) to a final 

temperature of 300 K with the solute non-hydrogen atoms harmonically restraint to the start 

structure. All bonds involving hydrogen atoms were kept at optimal length. In additional 6 

steps the harmonic restraints were removed stepwise. For the production simulations 

hydrogen mass repartitioning (HMR) was employed allowing a time step of 4fs (instead of 2 fs 

used during heating and equilibration). Unrestrained production simulations were extended 

to 1 µs for each system. Coordinates were saved every 2 ps. The root-mean-square deviation 

(RMSD) from the experimental structure and solvent accessible surface area per residue 

(SASA), using the LCPO algorithm, (Weiser et al., 1999) were calculated using the Amber 

cpptraj module. The change in mean SASA per residue was calculated as difference of average 

SASA (per residue) of each variant vs. wild type. It was smoothed by averaging the results over 

a window of 10 consecutive residues along the whole sequence.  

By using the US method, it is possible to efficiently extract free energy changes along a 

coordinate of interest by forcing it to overcome possible energy barriers. In order to estimate 

the influence of the C-terminal β-strand segment (residues 94-98) on the folding stability of 
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the protein we defined the reaction coordinate as the distance d between the centers of mass 

of the C-terminus (delimited by residues 94 to 98) and the rest of the protein (delimited by 

residues 1 to 91). The C-terminus of the protein can be dissociated gradually by applying a 

harmonic penalty potential with the force constant K around a reference distance dref. A total 

of 25 umbrella windows with different values for K and dref were simulated for each 

biomolecule to obtain overlapping histograms in d for reliable calculation of the potential of 

mean force (PMF: free energy change along d). The three sets of generated umbrella windows 

were: i) 11 consecutive simulations with dref varying between 10.0 Å and 20.0 Å with a step 

of 1.0 Å and a force constant of K = 2.5 kcal / Å2 mol, ii) 11 consecutive simulations with dref 

varying between 12.0 Å and 17.0 Å with a step of 0.5 Å and a force constant of K = 3.5 kcal / 

Å2 mol, iii) 3 consecutive simulations with dref varying between 12.5 Å and 13.5 Å with a step 

of 0.5 Å and a force constant of K = 5.0 kcal / Å2 mol. In each umbrella window simulations of 

50 ns at 300 K were performed (time step 2 fs), whereby positional restraints with a force 

constant of Kpos = 0.02 kcal / Å2 mol were applied to non-hydrogen atoms in residues 1 to 91. 

A PMF was along the reaction coordinate d was calculated using the WHAM algorithm (Kumar 

et al., 1992).  
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3. The antibody light chain linker is an important regulator for the 

orientation and stability of the two constituent domains 

As described in the introduction, it is largely unknown how the CL domain and the LC linker 

affect the amyloid fibril formation propensity of amyloidogenic VL variants in the context of 

the full-length LC. To address this question, the linker connecting the two individual domains 

of the MAK33 kappa LC was the main subject of this study. Since the presence of the LC linker 

residue R108 is important for both, VL and CL integrity (Nokwe et al., 2015), Arg108 was 

substituted by either alanine (LC R108A) or glutamate (LC R108E) to test the impact of this 

residue in the context of the LC. In addition, variants with an additional glycine (LC link+G) or 

a glycine-alanine spacer (LC link+GAGAG) between Arg108 and Ala109 were created to allow 

a higher degree of LC linker flexibility and assess the importance of the conservation of the 

kappa LC linker. It was not possible to completely delete the linker as this variant aggregated 

quantitatively during refolding and purification (variant LC Δlink). The aligned sequences of 

MAK33 VL, LC and CL, and the crystal structure of the MAK33 kappa LC (PDB: 1FH5, chain L) 

are provided in Figure 7 (Augustine et al., 2001). Noteworthy, the LC structure derived from 

the structure of the entire Fab fragment, which comprises the LC complexed with the heavy 

chain domains VH and CH1 (PDB: 1FH5, chain H). Major parts of this chapter were published in 

parallel to the preparation and acceptance of this thesis in the Journal of Molecular Biology 

(Weber et al., 2018a). 

 

Figure 7. Sequence alignment and crystal structure of the MAK33 kappa LC. Alignment of the amino 

acid sequences of VL wt, LC wt and CL wt and the crystal structure of the MAK33 light chain (PDB: 1FH5, 

chain L) indicating the VL domain (blue), the light chain linker (green), the CL domain (red) and residue 

R108 (orange). Arg108 was mutated to alanine or glutamate. Additional linker residues (LC link+G, LC 

link+GAGAG) were introduced between Arg108 and Ala109 (arrow) to assess the importance of the LC 

linker. 
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3.1. Results 

Far-UV and near-UV CD spectroscopy was performed to characterize the secondary and 

tertiary structures of the VL, LC and CL variants. Far-UV CD measurements (Figure 8A) revealed 

a characteristic β-strand-rich secondary structure for all variants indicated by a minimum at 

218 nm. The recorded CD spectra match the respective wild type spectra. Near-UV CD 

experiments (Figure 8B) were used to assess the tertiary structure. All spectra showed similar 

ellipticity characterized by a minimum at ~ 275 nm. Only minor signal changes between the 

variants were observed, indicating a similar tertiary structure. Thus, the introduced mutations 

did not alter the typical Ig fold, confirming a generally non-disruptive character of the variants, 

which was the basis to perform further analysis.  

 
Figure 8. Secondary and tertiary structure analysis. Far-UV (A) and near-UV (B) CD spectra of VL (top), 

LC (middle) and CL (bottom) variants. The introduced mutations did not significantly alter the secondary 

or tertiary structure of the variants with respect to their wild type protein.  
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SEC-MALS allows the determination of absolute molar masses for isolated protein species. In 

this study, the technique was used to assess the oligomeric state, i.e. the quaternary structure 

of the variants (Figure 9). All VL, LC and CL variants were monomeric (Table 2). For VL wt, a 

minor fraction of larger species, most likely dimers as judged from the elution volume, was 

detected. This fraction is represented by a shoulder of the main peak. Due to a very low 

concentration of this species and the poor separation from the main peak, it was not possible 

to determine the exact molecular mass of the shoulder peak.  

In summary, the quaternary structure of VL, LC and CL is not affected by mutating R108 or 

extending the LC linker. Consequently, the data show that the introduced mutations did not 

alter the native structure of the variants. 

 

Figure 9. Quaternary structure analysis. SEC-MALS chromatograms of all VL (top left), LC (bottom) and 

CL (top right) variants show the monomer as the predominant species. Only VL wt shows a minor fraction 

of higher molecular weight species represented by a small shoulder of the main peak. 50 µl of 50 µM 

samples were injected. 
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Variant 
Molecular mass (kDa) 

VL LC CL 

wt 11.7  20.9 11.2 

R108A 11.9 22.9 11.5 

R108E 12.6 23.4 12.6 

ΔR108 11.5 N/A 10.6 

link+G N/A 21.2 N/A 

link+GAGAG N/A 21.3 N/A 

Table 2. SEC-MALS-derived molecular masses. Molecular masses in kDa of the predominant peaks of 

the size-exclusion chromatograms as determined by SEC-MALS. The calculated molecular masses using 

the ProtParam tool are 11.8 kDa for VL wt, 23.4 kDa for LC wt and 11.8 kDa for CL wt. All variants were 

monomeric. N/A: construct does not exist. 

To assess the impact of the LC linker and the presence of the CL domain in the full-length LC 

context, the conformational stability of the VL, LC and CL variants was determined by CD 

thermal unfolding transitions (Figure 10 and Table 3). VL wt and VL R108E are the most stable 

VL variants exhibiting melting temperatures (Tms) of 51.8 ± 0.3 °C and 51.9 ± 0.8 °C, 

respectively. VL R108A (Tm 50.8 ± 0.6 °C) revealed a slightly decreased conformational stability 

by ~ 1 °C. The Arg108 deletion variant VL ΔR108 (Tm 48.2 ± 0.6 °C) showed the lowest Tm among 

the VL variants, which is in agreement with the literature (Nokwe et al., 2015). CL wt (Tm 53.8 

± 0.5 °C) and CL R108A (Tm 53.7 ± 0.2 °C) are the most stable variants among the investigated 

proteins. The R108E (Tm 51.5 ± 0.3 °C) mutation in CL decreased the stability by ~ 2 °C, which 

is more pronounced than the impact of the destabilizing R108A mutation in VL (decrease of ~ 

1 °C). Similar to the effect on the VL variant, the deletion of Arg108 in CL (Tm 50.2 ± 0.4 °C) 

results in a ~ 3 °C lower conformational stability. Thus, for both individual domains, the R108 

deletion variants, VL ΔR108 and CL ΔR108, reveal the highest decrease in conformational 

stability. This is in agreement with a study by Nokwe et al. showing that Arg108 is important 

for the integrity of both, VL and CL (Nokwe et al., 2015).  
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Figure 10. Conformational stability. Thermal unfolding transitions followed by CD spectroscopy reveal 

a distinct impact of certain mutations on VL (top left), LC (bottom) and CL (top right). The heating rate 

was 0.5 °C/min at a constant wavelength of 205 nm. Solid lines represent the Boltzmann fit of the 

monitored data to determine the melting temperature (Tm).  

 

Variant 

Melting temperature (°C) 

VL LC CL 

wt 51.8 ± 0.3 50.8 ± 0.7 53.8 ± 0.5 

R108A 50.8 ± 0.6 49.7 ± 0.9 53.7 ± 0.2 

R108E 51.9 ± 0.8 47.6 ± 0.4 51.5 ± 0.3 

ΔR108 48.2 ± 0.6 N/A 50.2 ± 0.4 

link+G N/A 49.2 ± 0.7 N/A 

link+GAGAG N/A 48.5 ± 0.4 N/A 

Table 3. Conformational stability. Melting temperatures (Tm) of all VL, LC and CL variants as determined 

by thermal unfolding transitions. The heating rate was 0.5 °C/min. The error is the standard deviation 

of three technical replicates. N/A: construct does not exist. 
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For the full-length LC variants, comparable results were obtained. Like for the VL and CL 

domains, LC wt (Tm 50.8 ± 0.7 °C) showed the highest stability among the LC variants. LC R108A 

(Tm 49.7 ± 0.9 °C) as well as the extension variants LC link+G (Tm 49.2 ± 0.7 °C) and LC 

link+GAGAG (Tm 48.5 ± 0.4 °C) are slightly less stable than the wild type, but more stable than 

LC R108E (Tm 47.6 ± 0.4 °C). Interestingly, this suggests that the dislocation of Arg108 relative 

to the CL domain by introducing a glycine (LC link+G) or a glycine-alanine spacer (LC 

link+GAGAG) has the same impact as the substitution of Arg108 by alanine (LC R108A). This is 

to be expected as the additional residues were introduced between Arg108 and Ala109, 

resulting in a spatial separation of R108 and the CL domain. It was not possible to purify the 

LC linker deletion variant (LC Δlink) due to quantitative protein aggregation during protein 

refolding. As the residues next in sequence to Arg108 are Ala109, Asp110, Ala111 and Ala112, 

a LC ΔR108 variant would possibly result in the same degree of destabilization as LC R108A 

since the LC linker comprises an alanine-rich cluster. The data show that mutating the 

important linker residue Arg108 to alanine has no significant impact on protein stability, 

neither for the individual domains VL and CL, nor for the full-length LC. The decrease of Tm is 

comparably low for VL and LC (both decreased by ~ 1 °C), suggesting that the R108A mutation 

is causing a conformational destabilization within VL, but is not affecting CL. Interestingly, the 

substitution of Arg108 by glutamate resulted in a Tm decrease of ~ 2.5 to 3 °C for both, LC 

R108E (Tm 47.6 ± 0.4 °C) and the CL R108E variant (Tm 51.5 ± 0.3 °C). In contrast, VL R108E (Tm 

51.9 ± 0.8 °C) is completely unaffected by this mutation. Thus, deleting the positive charge of 

Arg108 (R108A) affects exclusively VL, whereas the introduction of a negative charge (R108E) 

affects the CL domain. Changes in the length of the LC linker (LC link+G, LC link+GAGAG) slightly 

decreased the stability of the LC, similar to the R108A mutation. Arg108 substitutions by 

alanine or glutamate (LC R108A, LC R108E), however, did not uniformly impact the 

conformational stability of the LC. Interestingly, the data show that the stability of the LC is 

generally lower than the stability of the individual VL and CL or the average Tm of both domains 

(Table 3). This is true for the wild type proteins as well as for the variants. For LC R108E, the 

decrease in conformational stability can be attributed to the individual CL domain, whereas 

the slightly decreased stability of LC R108A is likely caused by the VL domain.   
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The fluorescent dye thioflavin T (ThT), was utilized as a probe to monitor amyloid fibril 

formation (Figure 11A). Samples showing a positive ThT signal were further analyzed by 

transmission electron microscopy (TEM) (Figure 11B). This procedure is necessary as ThT is 

known to be prone to false positive results, however, it is still the gold standard among 

amyloid dyes (Gade Malmos et al., 2017). For all variants with a positive ThT signal, the TEM 

analysis revealed fibrillar structures. For comparison of the kinetic profiles, the time point 

when 50 % of the maximal ThT signal (t50) was determined after normalization of the ThT 

fluorescence intensity (Table 4). After 15 days of incubation under gentle shaking in PBS pH 

7.4 buffer at 37°C, all VL variants formed fibrils albeit with different lag times (Figure 11A). 

Both, VL R108A (t50 6.99 ± 0.08 d) and VL R108E (t50 6.85 ± 0.20 d) exhibited comparable t50 

values and the fastest fibril formation kinetics. Surprisingly, the Arg108 deletion variant VL 

ΔR108 (t50 7.52 ± 0.45 d) formed fibrils only slightly slower than the R108 substitution variants 

VL R108A and VL R108E, although VL ΔR108 exhibited a significantly lower conformational 

stability. Fibril formation of VL wt (t50 9.58 ± 0.47 d) was ~ 2.5 to 2 d slower than that of the 

Arg108 substitution and the deletion variants, respectively. All VL variants revealed different 

fibril morphologies and degrees of fragmentation as observed by TEM. Particularly, TEM 

micrographs of VL ΔR108 fibrils showed strongly fragmented fibrillar clusters. In contrast, no 

fibril formation was observed for the CL variants, including CL wt, CL R108A and CL R108E 

(Figure 11A), which was confirmed by TEM analysis (not shown). Even the destabilized variant 

CL ΔR108 was resistant to amyloid formation under the given conditions. This indicates that CL 

wt is intrinsically resistant against fibril formation, which is in agreement with the literature 

(Feige et al., 2008). To test how the presence of the CL domain affects mutations shown to 

enhance VL amyloidogenicity, ThT assays with the full-length LC variants carrying the 

respective mutations (R108A, R108E) were performed (Figure 11A). Interestingly, none of the 

LC variants showed ThT binding or fibrils in the TEM analysis. In contrast to the VL wt, the LC 

wt is resilient against fibril formation under the experimental conditions. Although the 

mutation R108E decreases the Tm of the LC, it did not render the LC amyloidogenic, 

comparable to the respective CL variants. LC variants with an extended LC linker, LC link+G and 

LC link+GAGAG, did not form fibrils. Moreover, destabilizing mutations in the linker did not 

have a negative impact on the integrity of CL and LC. In the full-length LC context, the CL domain 

retains its resistance against amyloid fibril formation and expands it to VL via the LC linker even 

in the presence of unfavorable, destabilizing mutations. Moreover, extending the LC linker by 
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up to five non-polar amino acids, does not decrease the integrity of the LC, although the 

conformational stability is slightly affected. 

 

Figure 11. Amyloid fibril formation propensity. A) ThT fibril formation kinetic plot of the VL (top), LC 

(middle) and CL (bottom) variants. All exhibited altered fibril formation propensity upon mutating 

Arg108. “Shadows” indicate standard deviation of at least two technical replicates. For better kinetic 

comparison, the fibril formation curves were individually normalized. B) TEM micrographs of ThT-

positive samples. TEM micrographs of VL wt, VL R108A and VL R108E were obtained using 50,000 x 

magnification, while VL ΔR108 was observed at 30,000 x magnification. The bar represents 200 nm.  
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Variant 
t50 (days) 

VL LC CL 

wt 9.58 ± 0.47 no fibrils no fibrils 

R108A 6.99 ± 0.08 no fibrils no fibrils 

R108E 6.85 ± 0.20 no fibrils no fibrils 

ΔR108 7.52 ± 0.45  N/A no fibrils 

link+G N/A no fibrils N/A 

link+GAGAG N/A no fibrils N/A 

Table 4. Fibril formation kinetics. t50 values represent the time point when 50 % of the total fibril 

formation was reached. Data was taken from ThT fibril formation kinetics. The error is the standard 

deviation of two technical replicates. N/A: construct does not exist. 

In order to gain a structural understanding of the results, NMR experiments were conducted 

by Dr. Manuel Hora in the group of Prof. Bernd Reif, TUM. All variants produced spectra 

indicative of folded proteins. Despite some minor chemical shift changes, all spectra were 

similar enough to confirm that the variants adopt the characteristic Ig fold (Figure 12). The 

largest chemical shift differences between the VL wt and LC wt NMR spectra were observed 

for Thr80 and Gly84 (Figure 13A). These residues also displayed considerable chemical shift 

changes in the mutants LC R108A and LC R108E. Comparison of CL wt and LC wt showed a 

prominent shift difference for Thr172. In a previous study, Nokwe et al. found two distinct 

conformations for CL wt, which resulted in two sets of NMR resonances (Nokwe et al., 2015). 

It was shown that the R108 deletion variant CL ∆R108 caused a shift to the weakly populated 

CL wt conformer (also present in Figure 13). In LC wt, T172 yields a significant chemical shift 

difference in comparison to the CL wt major peak. Still, the shift was much closer to the major 

population peak than to the minor population. This is supported by the LC wt Asn138 peak 

being very close to the main conformation of CL wt. Similar observations were made for LC 

R108A. While two weak signals for Asn138 were observed in this case, the position of the 

Thr172 peak indicates a conformation closer to the major state of CL wt. In contrast, LC R108E 

exhibits chemical shifts for Asn138 and Thr172, which are in good agreement with the weakly 

populated conformation of CL wt (Figure 14). 
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Figure 12. 1H,15N-HSQC spectra. Spectra of VL wt (red), LC wt (black) and CL wt (blue) reveal similar 

chemical shifts for the residues of the individual domains, VL and CL, compared with the full-length LC. 

The assignment of the residues to the respective peak signals was previously performed and utilized for 

the analysis of variants in this study (Nokwe et al., 2015). Data recorded and processed by Dr. Manuel 

Hora (group of Prof. Bernd Reif, TUM). 

In summary, the conformations of LC wt and LC R108A are more similar to the major 

population, albeit with some differences, while the R108E mutation caused a similar 

conformational change as the CL deletion ∆R108. Due to their close structural proximity, R108 

likely interacts with Thr172 or Asp170 in LC wt, providing stabilizing contacts (Figure 13C). 

However, the latter residue (Asp170) was not assigned in the NMR spectra. In the case of LC 

R108A, these favorable interactions are absent. This would result in an increased flexibility of 

the Asp170 loop and a relaxation of the rigid orientation between both domains. In LC R108E, 

the attractive interactions might be replaced by repelling forces, thereby pushing the two 

individual domains apart.  
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Figure 13. NMR spectra and chemical shift changes. A) Top: Chemical shift differences between LC wt 

(black) and VL wt (blue). Bottom: Chemical shifts differences between LC wt (black), LC R108A (purple), 

LC R108E (green) and CL wt (red). Nokwe et al. observed previously that CL wt undergoes slow chemical 

exchange between two conformations. In the spectra, this exchange is shown for residues Asn138 and 

Thr172, with a major and a minor population. LC wt Asn138 and Thr172 displayed similar chemical 

shifts as the major population of CL wt. For Asn138 of LC R108A, two weak peaks were visible, however 

they were close to the noise. Residue Thr172 of LC R108A indicated this variant to adopt a conformation 

similar to the major population of CL wt. In contrast, LC R108E produced chemical shifts close to those 

of the minor population of CL wt. B) Chemical shift differences between VL, CL and LC constructs. For CL 

wt, the major populations for residues Asn138 and Thr172 were used to calculate chemical shift 

differences. C) Structural representation of the LC domain interface. In addition to the LC linker residue 

Arg108 (orange, other linker residues in green), important residues in VL (Thr80) and CL (Asn138, 

Asp170, Thr172) are highlighted. Data recorded and processed by Dr. Manuel Hora (group of Prof. 

Bernd Reif, TUM). 
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Figure 14. Chemical shift differences between VL (left) and CL (right) variants and the respective wild 

type. While the R108A and R108E mutations in VL cause comparable chemical shifts differences, the 

deletion of R108 (VL ΔR108) leads to more significant chemical shift changes in the C-terminus of VL. In 

contrast, substitution and deletion of Arg108 cause similar chemical shift changes in CL particularly 

impacting Asn138, Asp170 and Thr172. For the CL variants, the major populations for residues asn138 

and Thr172 were used to calculate chemical shift differences. Data recorded and processed by Dr. 

Manuel Hora (group of Prof. Bernd Reif, TUM). 

In order to confirm the hypotheses about different domain orientations affected by the linker 

residues, residual dipolar couplings (RDCs) were measured. These NMR parameters report on 

relative orientations of nuclear spins to an alignment medium (Chen and Tjandra, 2012). In 

total, 67 RDCs for LC wt and 63 RDCs for LC R108A could be determined (Figure 15 and Table 

5). The experiments yield different RDC values for LC wt and LC R108A. Since chemical shift 

differences between these variants were rather small, it was considered unlikely that the 

different RDCs result from changes in the domain structures. Instead, the RDCs report most 

likely on different relative orientations of CL and VL with respect to each other. 
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Figure 15. Residual dipolar couplings spectra for LC wt and LC R108A. The size of the doublet splitting 

of the cross peak is dependent on the sum of J (scalar coupling, ~ 92 Hz for 1JHN) and D (dipolar coupling, 

dependent on orientation). Subtraction of 15N chemical shift differences measured with and without 

alignment medium yields the RDC values. RDCs were measured for residues along the whole sequence, 

yielding information about the relative orientation of the VL and CL domain. Data recorded and 

processed by Dr. Manuel Hora (group of Prof. Bernd Reif, TUM). 
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LC wt LC R108A 

 
LC wt LC R108A 

 
LC wt LC R108A 

residue D (Hz) residue D (Hz) residue D (Hz) 

10 6.4 
 

70 6.3 11.0 159 0.9 3.9 

13 
 

11.1 74 26.7 
 

160 2.5 5.4 

14 6.6 
 

75 
 

5.5 172 
 

0.4 

16 23.6 
 

77 
 

3.8 173 
 

-0.6 

17 -1.6 
 

80 -19.2 
 

178 3.7 2.4 

18 10.4 
 

82 7.0 3.8 179 2.1 
 

19 12.8 8.4 83 -15.0 -14.9 180 
 

-2.6 

22 14.0 12.6 84 -0.7 11.6 183 
 

2.3 

24 
 

7.5 85 -3.7 3.8 184 8.1 8.3 

25 
 

-5.8 87 -0.3 
 

187 0.1 -3.7 

26 -11.2 
 

99 2.6 
 

188 1.6 
 

27 -17.4 
 

104 13.9 
 

189 11.4 13.0 

28 -10.6 
 

116 10.0 5.9 190 1.7 6.2 

32 -19.5 
 

124 -3.9 -11.3 191 -0.9 9.2 

49 
 

-4.1 125 -3.5 -2.7 194 2.7 
 

51 
 

14.2 126 -6.5 -2.9 196 
 

5.4 

52 20.5 
 

127 -13.4 -15.7 197 2.4 
 

53 
 

-12.8 128 7.4 2.1 198 -2.0 -2.0 

54 -8.1 -11.6 129 -2.1 5.6 199 15.4 8.1 

57 
 

-9.9 131 -3.7 3.5 200 1.8 -18.6 

58 15.5 
 

133 3.9 
 

201 0.7 -1.8 

61 -20.0 
 

134 6.3 6.6 205 6.0 13.4 

62 5.8 24.4 143 -12.2 -19.4 206 3.1 0.9 

63 
 

15.2 144 3.3 -3.7 207 1.3 -0.3 

64 17.2 
 

145 
 

-0.7 208 2.5 -0.8 

65 10.6 10.4 146 11.5 6.1 209 -0.8 1.8 

66 0.4 7.4 149 
 

8.2 211 
 

1.5 

68 11.4 7.5 151 -0.2 11.6 212 
 

-3.3 

69 -3.2 
 

153 -8.0 -11.5 213 
 

2.0 

Table 5. Residual dipolar couplings values for LC wt and LC R108A for the respective residue. RDCs 

were measured for residues along the whole sequence, yielding information about the relative 

orientation of the VL and CL domain. Data recorded and processed by Dr. Manuel Hora (group of Prof. 

Bernd Reif, TUM). 
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To obtain a structural interpretation of the effect of the R108A mutation on the dynamics of 

the two LC domains, Metadynamic Metainference (M&M) simulations and the theta-method 

for the interpretation of the experimentally derived RDCs were utilized and performed by Prof. 

Carlo Camilloni, University of Milano. Two M&M simulations were performed to compare the 

conformational space accessible for LC wt and LC R108A. The two resulting conformational 

ensembles show that the single domains maintain a stable fold (in both cases we have average 

RMSDs of ~ 1.4 and ~ 1.8 Å for the backbone with respect to the crystal structure of VL and CL, 

respectively), while showing marked differences in the global dynamics (Figure 16). The free 

energy surfaces are represented as a function of the relative orientation of the two domains 

defined by the two angles phi and psi as shown in the cartoon representation Figure 16 

bottom). Remarkably, while in LC wt and LC R108A the two domains can fully rotate around 

the linker (phi angle), the R108A mutation allows the two domains to adopt more open 

orientations to each other (psi angle), however with a preference for relative close orientation 

(psi 1.5 - 2.5 rad). For the phi angle, both systems prefer angles between -2 and 0 rad, as well 

as around 1 rad for LC wt. Of notice, the X-ray structure falls into the low free-energy region, 

adopting psi and phi angles of ~ 1.7 and -1, respectively (Figure 16, yellow square). From a 

structural perspective, R108 is able to form a salt-bridge with Asp170 (absent in the crystal 

structure) that is 75 % populated in the ensemble, while the R108A substitution increases the 

average distance between the residues Ala108 and Asp170 from 5 Å to 8 Å. Consequently, a 

contact between these two residues is only 20 % populated in LC R108A. In contrast, the salt-

bridge Lys103 - Asp165 formed in the crystal structure is only weakly populated in the solution 

ensembles (2 % and 8 % for LC wt and LC R108A, respectively).  
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Figure 16. RDC-based ensembles. Top: Free energy surfaces as a function of the domains relative 

orientation for LC wt (left) and LC R108A (right). The populations and average distance of two salt-

bridges is also reported. In particular the salt-bridge Arg108 - Asp170 (not formed in the crystal) is 

strongly populated in the wild type and abolished by the mutation. The Lys103 - Asp165 salt-bridge 

that is formed in the crystal is instead only marginally populated in both ensembles. Bottom: 

Comparison of the conformational ensembles for LC wt (left) and LC R108A (right) based on RDCs. The 

ensembles (grey) are represented below and compared with the crystal structure (PDB: 1FH5, chain L) 

in yellow. On average the effect of the R108A mutation is that of increasing the accessible 

conformational space towards more open conformations. RDC data recorded by Dr. Manuel Hora 

(group of Prof. Bernd Reif, TUM) and processed by Prof. Carlo Camilloni, University of Milano. 

 

The analysis of the contact probabilities shows a remarkable similarity between the contacts 

within the two domains (VL and CL) for both, LC wt and LC R108A, confirming the common 

interactions maintaining the Ig fold (Figure 17). In the case of LC R108A, a number of inter-

domain contacts are lost, which is in agreement with the more open conformations accessible 

upon mutating R108 to A108. Noteworthy, the overall amount of inter-domain contacts in 

both LC variants is relatively low, highlighting the importance of the LC linker to covalently 

connect VL and CL. 
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Figure 17. Probability contact maps for LC wt (bottom right) and LC R108A (top left). The overall effect 

of the R108A mutation is that of decreasing the populations of all contacts between the VL and CL 

domains. Highlighted are clusters of contacts formed between the two domains with a population > 

5%. RDC data recorded by Dr. Manuel Hora (group of Prof. Bernd Reif, TUM) and processed by Prof. 

Carlo Camilloni, University of Milano. 
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3.2. Discussion 

Since the individual VL domain and full-length LC, have been found deposited in amyloid 

plaques, it is important to determine the amyloidogenic properties of VL, LC and CL in 

comparison (Buxbaum et al., 1990; Dasari et al., 2015; Glenner et al., 1970; Klimtchuk et al., 

2010; Lavatelli et al., 2008). In this study, the impact of the CL domain on the VL domain was 

analyzed in the LC framework with a particular focus on the importance of the LC linker in this 

context.  

Based on previous work on the isolated VL and CL domains, the presence of Arg108 in the linker 

between the two domains was suspected to be of crucial importance for the full-length LC 

(Nokwe et al., 2015). Substituting the linker residue Arg108 by alanine, however, does not 

substantially affect the stability of VL or LC. Since the positively charged side chain of R108 

does not undergo distinct intramolecular interactions in VL as judged from the crystal structure 

(PDB: 1FH5, L chain), it was expected that its replacement by alanine does not affect the 

domain structure. Moreover, missing electrostatic interactions could also be compensated by 

Lys107, resulting in similar structural properties of the VL variants as determined for LC wt and 

LC R108A. For LC R108A, however, the decrease of polar interactions between Arg108 and its 

potential interaction partners Tyr140, Asp165, Asp170 and Thr172 in the CL domain of the LC 

most likely results in a less rigid orientation of the VL and CL domains. RDC-based simulations 

revealed that there are less transient inter-domain contacts between CL and VL for LC R108A 

than for LC wt. As a result, the structure of LC R108A exhibits increased flexibility, shifting 

towards opened conformations compared to LC wt. In general, the overall amount of inter-

domain contacts in LC wt and LC R108A is relatively low and transient, highlighting the 

importance of the LC linker to covalently connect VL and CL. 

Substituting Arg108 by a negatively charged residue, here glutamate, reduces the stabilities 

of CL and LC, but not that of VL. In contrast to VL, there are likely intramolecular interactions 

of Arg108 with the CL domain, i.e. polar interactions with Tyr140, Asp165, Asp170 and Thr172, 

which anchor the exposed “bc” and “de” loops of CL to the LC linker, thereby keeping VL and 

CL in close proximity. Interestingly, the deletion of R108 or its substitution by glutamate (CL 

ΔR108, CL R108E) result in a more pronounced decrease in stability than the substitution of 

R108 by alanine (CL R108A). Thus, structurally necessary polar interactions of Arg108 can be 

maintained by the backbone carbonyl oxygen of Ala108 as implied by the RDC-based 
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simulations. The introduction of a negative charge (Glu108), however, leads to a repulsive 

effect. This is still present in the full-length LC as indicated by a similar decrease in Tm and NMR 

chemical shifts observed for Asn138 and Thr172 in LC R108E, which are similar to those of the 

destabilized variant CL ΔR108 (Nokwe et al., 2015). In contrast, for LC R108A and LC wt the 

chemical shifts for these residues were found to be close to the major and more stable CL 

conformer. Hence, a conformational shift of the CL domain and an open orientation of VL and 

CL upon introducing Glu108 are likely. In that context, Nokwe et al. found the deletion of 

Arg108 in VL to result in a partially solvent-exposed hydrophobic core (Nokwe et al., 2015). 

The NMR and RDC data indicate that this is not the case for the full-length LC as there are no 

substantial chemical shift changes or loss of signals for the core residues of any LC variant 

studied. Surprisingly, the conformational stability of the LC is generally lower than the average 

of the stabilities of its individual domains suggesting a negative influence of the observed 

transient inter-domain contacts and the connection via the linker. Linker extensions by one or 

five non-polar residues (LC link+G, LC link+GAGAG) resulted in a further decrease in stability 

consistent with the idea that in these variants Arg108 is sterically separated from its potential 

interactions partners (Tyr140, Asp165, Asp170 and Thr172), similar to the missing Arg108 in 

the variant LC R108A.  

Although some mutations destabilized and locally altered the conformation of the LC as well 

as the relative orientation of its domains, no LC variant tested formed fibrils even after 20 days 

of incubation. This supports the view that the conformational stability does not necessarily 

correlate with the fibril formation propensity of a given protein (Blancas-Mejía et al., 2015; 

Camilloni et al., 2016; Marin-Argany et al., 2015; Nokwe et al., 2016). In contrast, all VL variants 

studied readily fibrillated: VL R108A, VL R108E and VL ΔR108 revealed comparable fibril 

formation kinetics, although only VL ΔR108 exhibits a decreased conformational stability. This 

emphasizes the importance of Arg108 in particular for the structural integrity, not necessarily 

for the stability, of the VL domain. Its presence in VL seems to inhibit structural transitions that 

lead to fibril formation. It could well be that Arg108 helps stabilizing a specific folding 

intermediate as VL can pursue two distinct folding pathways, each comprising an intermediate, 

which folds to the native state (Simpson et al., 2009). It was suggested that specific folding 

intermediates shift towards amyloid formation (Kelly, 1998; Simpson et al., 2009; Uversky and 

Fink, 2004). The finding that a CL domain protecting VL from fibrillation in the context of a 

kappa LC is consistent with results on a lambda LC (Klimtchuk et al., 2010). For other LCs no 
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pronounced effect was described (Blancas-Mejía et al., 2015). Hence, the underlying 

mechanism is more complex and additional aspects have to be factored in, such as kinetically 

or thermodynamically controlled fibril reactions (Blancas-Mejía et al., 2014, 2015; Marin-

Argany et al., 2015; Saelices et al., 2015) as well as proteolysis (Morgan and Kelly, 2016). 

CL did not form any fibrils, neither the wild type protein nor the comparably instable CL ΔR108 

variant, which is in agreement with the literature (Feige et al., 2008). A major difference 

between the two domains is the presence of helical elements in CL, which are missing in the 

VL domain. These helices rapidly initialize folding of the CL domain by orientating the β-sheets 

correctly (Feige et al., 2008; Qin et al., 2007; Simpson et al., 2009). This seems to make CL 

intrinsically more resistant against misfolding and amyloid formation than VL. The data show 

that in the LC context, CL protects VL from fibril formation even in the presence of 

amyloidogenic linker mutations. Therefore, CL possibly modulates the folding pathway of VL 

to maintain the native fold. This might be achieved by stabilizing the local fold of the C-

terminal segment of VL, which forms β-strands in amyloid fibrils derived from VL domains as 

demonstrated by MAS solid-state NMR (Hora et al., 2017; Piehl et al., 2017). The fact that the 

full-length LC does not form fibrils suggests that an unrestrained C-terminus is a key 

requirement for the transition from natively folded monomers to amyloid fibrils. Supporting 

this notion, an important role of the C-terminus in fibrillation initiation was shown for the Aβ 

peptide (Misra et al., 2016). Thus, the LC is optimized for preventing off-pathway reactions 

while maintaining the conformational flexibility required for antigen binding and the 

interaction with the heavy chain. 
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4. The presence of the CL domain modulates the amyloidogenicity of 

the full-length light chain in a mutation-dependent manner 

The fibril formation mechanisms of the VL variants, VL I2E, VL S20N and VL R61A have been 

investigated earlier (Nokwe et al., 2014, 2016). Noteworthy, the mutations S20N and R61A 

have been associated with AL amyloidosis as reported elsewhere (Connors et al., 2007; 

Stevens et al., 1995). In VL kappa, but not in VL lambda domains, an Ile residue at position 2 is 

highly conserved. It is crucial for assuring the thermodynamic stability of the entire domain as 

well as its amyloid fibril formation propensity (Nokwe et al., 2014). Upon the substitution of 

Ile2 by glutamate, the hydrophobic core of the protein was found to be more solvent-exposed 

resulting in an overall decrease in conformational stability. Another mechanism was identified 

for VL R61A, which revealed a substantially decreased conformational stability (Nokwe et al., 

2016). The substitution of Arg61 leads to the accumulation of non-native intermediates, which 

are highly susceptible for amyloid fibril formation. Interestingly, Nokwe et al. identified a 

different mechanism for the wild type-like stable variant VL S20N (Nokwe et al., 2016). The 

asparagine establishes non-native intramolecular interactions particularly with serine and 

threonine residues in its proximity. In contrast to VL I2E and VL R61A, the native fold is thereby 

not destabilized, but the interactions induced by S20N stabilize fibrillar structures, 

consequently shifting the equilibrium towards fibril formation. 

In this study, variants of the full-length LC containing the described known amyloidogenic 

mutations (I2E, S20N and R61A) were employed to investigate the impact of these residues in 

the LC framework, which comprises both, the CL and the VL domain, covalently linked by the 

LC linker. As shown in chapter three, the CL kappa domain can prevent the VL kappa domain 

from fibril formation in the context of the full-length LC. The data obtained in this study 

suggest that this is not necessarily applicable for all full-length LCs as an opposite effect of the 

presence of CL could be observed for I2E and particularly for R61A compared to other LC 

variants (cf. chapter 3).  
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4.1. Results 

To assess the impact of the introduced mutations on the secondary and tertiary structure of 

the VL and LC variants, far-UV (Figure 18, top) and near-UV (Figure 18, bottom) CD 

spectroscopy was performed. For the VL variants, no impact of the introduced mutations I2E, 

S20N and R61A on the secondary structure was found. All proteins revealed wild type-like far-

UV CD spectra. The same was true for the corresponding LC variants, which all exhibited the 

characteristic Ig fold, represented by a single minimum at approx. 218 nm indicative for β-

strand-rich proteins. In contrast, the near-UV CD spectra revealed a decreased signal for VL 

R61A and less pronounced for LC R61A compared to the corresponding wild type and the other 

variants. For the R61A VL and LC variants, the altered signal was monitored between 270 and 

285 nm wavelengths, which indicates changes in the tertiary structure, particularly for 

aromatic residues such as tryptophan. In conclusion, all VL and LC variants as well as CL wt 

were properly folded and exhibited the characteristic Ig fold. Thus, the introduced mutations 

do not substantially change the conformation of the LC. However, for VL R61A and LC R61A, a 

slight difference in the tertiary structure was observed. 

 
Figure 18. Secondary and tertiary structure analysis. Far-UV (top) and near-UV (bottom) CD spectra 

of VL variants and CL wt (left) as well as LC variants (right). The introduced mutations did not 

significantly alter the secondary structure of the variants with respect to their wild type protein. 

Interestingly, upon the introduction of the R61A mutation in VL, the ellipticity is decreased between 265 

and 290 nm. For LC R61A this effect was less pronounced. 
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To assure a homogenous oligomeric state of all variants, SEC-MALS was performed to assess 

the molecular mass of the variants and thereby characterize the quaternary structure (Figure 

19). All investigated VL variants as well as CL wt were predominantly monomeric as judged by 

the molecular mass of the major species (Table 6). For VL wt and VL S20N, a minor proportion 

of a higher molecular weight species was observed in the SEC-MALS chromatograms 

represented by a shoulder of the main peak. Due to the low concentration of that minor 

fractions, it was not possible to determine their molecular masses. For the LC variants, the 

determined molecular masses correspond to monomers. In summary, the introduced 

mutations did not alter the oligomeric state of the VL and LC variants. 

 

Figure 19. Quaternary structure analysis. SEC-MALS chromatograms of VL variants and CL wt (left) as 

well as LC variants (right) reveal the monomer as the predominant species. VL wt and VL S20N show a 

minor fraction of higher molecular weight species represented by a small shoulder of the main peak. Of 

notice, the monomer peak for VL I2E is shifted towards lower elution volumes although the calculated 

mass corresponds to a monomer. A similar shift was observed for LC I2E, however, less pronounced. 50 

µl of 50 µM samples were injected. 

 

Variant 
Molecular mass (kDa) 

VL LC CL 

wt 11.7  20.9 11.2 

I2E 12.1 22.9 N/A 

S20N 11.7 22.7 N/A 

R61A 12.3 23.4 N/A 

Table 6. SEC-MALS-derived molecular masses. Molecular masses in kDa of the predominant peaks of 

the size-exclusion chromatograms as determined by SEC-MALS. The calculated molecular masses using 

the ProtParam tool are 11.8 kDa for VL wt, 23.4 kDa for LC wt and 11.8 kDa for CL wt. All variants were 

monomeric. N/A: construct does not exist. 
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As many amyloid precursor proteins reveal a low conformational stability (Blancas-Mejía et 

al., 2014; Nokwe et al., 2014), an important part of the characterization of aggregation-prone 

proteins is the analysis of the conformational stability. Here, thermal unfolding transitions 

monitored by CD spectroscopy were performed (Figure 20 and Table 7). All VL variants showed 

a decreased conformational stability compared to VL wt. VL R61A revealed the lowest Tm (31.9 

°C) of all variants, followed by VL I2E (Tm 42.5 °C). VL S20N (Tm 50.3 °C) was found to be similarly 

stable as VL wt (Tm 51.8 °C). These results are consistent with the literature (Nokwe et al., 2014, 

2016). CL wt (Tm 53.8 °C) revealed the highest stability of all investigated proteins. For the full-

length LC variants, LC R61A (Tm 43.2 °C) and LC I2E (Tm 48.7 °C) exhibited the lowest stabilities. 

Like for VL, LC wt (Tm 50.8 °C) and LC S20N (Tm 52.4 °C) revealed similar melting temperatures. 

 

Figure 20. Conformational stability. Thermal unfolding transitions followed by CD spectroscopy reveal 

a distinct impact of specific mutations on the VL (left) and LC (right) variants. The CD signal was recorded 

at a constant wavelength of 205 nm during heating with a rate of 0.5 °C/min. Solid lines represent the 

Boltzmann fit of the monitored data to determine the melting temperature (Tm). 

 

Variant 
Melting temperature (°C) 

VL LC CL 

wt 51.8 ± 0.3 50.8 ± 0.7 53.8 ± 0.5 

I2E 42.5 48.7 N/A 

S20N 50.3 52.4 N/A 

R61A 31.9 43.2 N/A 

Table 7. Conformational stability. Melting temperatures (Tm) of VL and LC variants as well as CL wt as 

determined by CD thermal unfolding transitions in °C. The heating rate was 0.5 °C/min. The Error 

indicates the standard deviation of three technical replicates. N/A: construct does not exist. 
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Interestingly, the presence of the CL domain increased the Tms of VL I2E and VL R61A in the 

context of the full-length LC, however to a different extent. Moreover, it was observed that 

the slope of LC I2E and LC R61A variants was less steep than for their corresponding VL 

variants, VL I2E and VL R61A. This suggests that the two domains, VL and CL, unfold individually 

rather than cooperatively, although they are covalently bonded by the LC linker. This is 

supported by the thermal unfolding of LC R61A, which shows two distinct transitions (Figure 

20, right). The two transition midpoints are at approx. 35 °C and 50 °C corresponding to the 

melting temperatures of the individual VL and CL domains. In summary, the I2E and R61A 

mutations decrease the conformational stability of the VL domain. This effect is still present, 

but less substantial in the full-length LC variants. 

As CD thermal unfolding transitions cannot precisely monitor the individual unfolding of the 

two constituent LC domains, VL and CL, it is possible that the slope, which reflects the unfolding 

cooperativity, is altered by the introduced mutations. Therefore, a theoretical approach was 

utilized to arithmetically determine the unfolding transition curves of the individual domains 

derived from the recorded data of the full-length LC variants (Figure 21). The comparison of 

experimental and arithmetical thermal unfolding transitions allows to detect interactions 

between the two LC domains, VL and CL, or stability changes upon covalent linkage of both 

domains. This method can be applied with the assumption that in the absence of interactions 

between CL and VL, the sum of the experimental thermal unfolding transitions of the two 

constituent LC domains represents the transition curve of the full-length LC. Thus, not only 

the Tms, but also the transition slope of the LC should be represented by the sum of VL and CL. 

For VL wt and VL I2E a high degree of similarity was observed for arithmetically and 

experimentally determined unfolding transitions. Both, the Tms (Tm
cal and Tm

exp) as well as the 

slope (i.e. cooperativity) of the VL, LC and CL variants match well for wild type and I2E (Table 

8). For variants comprising the S20N mutation, the transitions curves revealed different 

slopes, particularly for VL S20N and CL, not for LC S20N. The most substantial differences 

between the experimental and calculated unfolding transitions were observed for VL R61A 

and LC R61A. The theoretical slope of VL R61A, derived from LC R61A and CL wt, was steeper 

than the experimental transition of VL R61A. The R61A mutation is similarly impacting the 

unfolding cooperativity of the VL domain for VL R61A and LC R61A. However, the Tm
cal (49.4 

°C) of LC R61A is approx. 6 °C higher than Tm
exp (43.2 °C) indicating a rather destabilized VL 

R61A domain in the full-length LC framework. In summary, by arithmetically determining the 
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theoretical transition curves, it was possible to detect alterations for VL R61A and LC R61A, 

showing a substantial destabilizing effect upon the presence of the CL domain. Thus, 

destabilizing inter-domain interactions between VL R61A and the CL domain or a strong effect 

of the covalent binding are likely.  

 

Figure 21. Experimental (exp) and arithmetical (cal) conformational stabilities of LC wt (top left), I2E 

(top right), S20N (bottom left) and R61A (bottom right) and the constituent domains, VL and CL. 

Experimental (exp) thermal unfolding transitions were observed using CD spectroscopy. A summary of 

all experimental CD thermal unfolding transitions is provided in Figure 20 and Table 7. Calculated (cal) 

thermal transitions are derived from subtraction of the corresponding constituent domains as described 

in the results section.  
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Variant 

Melting temperature (°C) 

VL LC CL 

Tm
exp Tm

cal Tm
exp Tm

cal Tm
exp Tm

cal 

wt 52.2 51.7 51.4 53.0 53.6 50.1  

I2E 42.5 42.2 48.7 48.9 N/A 53.3 (wt) 

S20N 50.3 50.9 52.4 52.3 N/A 53.7 (wt) 

R61A 31.9 29.6 43.2 49.4 N/A 49.6 (wt) 

Table 8. Experimental (exp) and calculated (cal) conformational stability. Experimental melting 

temperatures (Tm
exp) of all VL and LC variants as well as CL wt as determined by CD thermal unfolding 

transitions in °C. Calculated melting temperatures (Tm
cal) were arithmetically determined as described 

in the methods chapter. N/A: construct does not exist. 

To assess how the introduced mutations affect the amyloid fibril formation propensity, ThT 

assays were performed. As already shown for other protein, MAK33 VL wt is able to form 

amyloid fibrils on different time scales dependent on the experimental conditions (Feige et 

al., 2008; Nokwe et al., 2014). Here, the same effect was found for the other VL variants, VL 

I2E, VL S20N and VL R61A, when comparing the t50 with the literature (Nokwe et al., 2014, 

2016). All VL variants readily formed amyloid fibrils as detected by the ThT assays and verified 

by TEM analysis (Figure 22). VL I2E exhibited the fastest fibril formation kinetic (t50 3.40 ± 0.22 

d), followed by VL R61A (t50 3.97 ± 0.53 d) (Table 9). VL wt (t50 9.58 ± 0.47 d) and VL S20N (t50 

13.17 ± 0.02 d) were significantly slower in amyloid formation. In contrast, CL wt did not form 

any fibrils, which is consistent with the literature (Feige et al., 2008). For the corresponding LC 

variants, significantly altered fibril formation propensities were monitored. LC wt and LC S20N 

did not form any amyloid fibrils, even if incubated for 20 d (data not shown). In contrast, LC 

I2E and LC R61A revealed a significantly faster t50 than the corresponding VL variants. LC R61A 

revealed the fastest kinetic (t50 0.19 ± 0.03 d), more than 3 days faster than VL R61A (t50 3.97 

± 0.53 d). LC I2E (t50 1.99 ± 0.21 d) formed fibril approx. 1.5 d faster than VL I2E (t50 3.40 ± 0.22 

d). Noteworthy, the fibril morphology of the VL and LC proteins was altered upon the extension 

by the CL domain. Additionally, the ThT fluorescence intensity of the raw data was lower for 

VL R61A and LC I2E, indicating a lower fibril concentration for these two proteins compared to 

the other variants studied (data not shown). 
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Figure 22. Amyloid fibril formation propensity. Top: fibril formation kinetics of VL variants and CL wt 

(left) as well as LC variants (right) followed by ThT fluorescence. “Shadows” indicate standard deviation 

of at least two technical replicates. For better kinetic comparison, the fibril formation curves were 

individually normalized. Bottom: TEM micrographs of ThT-positive samples. TEM micrographs were 

obtained using 50,000 x magnification. The bar represents 200 nm.  

 

Variant 
t50 (days) 

VL LC CL 

wt 9.58 ± 0.47 no fibrils no fibrils 

I2E 3.40 ± 0.22 1.99 ± 0.21 N/A 

S20N 13.17 ± 0.02 no fibrils N/A 

R61A  3.97 ± 0.53 0.19 ± 0.03 N/A 

Table 9. Fibril formation kinetics. t50 values represent the time point when 50 % of the total fibril 

formation was reached. Data was taken from ThT fibril formation kinetics. The error represents the 

standard deviation of at least two technical replicates. N/A: construct does not exist. 
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To understand the impact of the introduced mutations and the presence of CL on the VL 

domain in the full-length LC framework from a structural point of view, NMR experiments 

were performed by Dr. Manuel Hora and Tejaswini Pradhan (group of Prof. Bernd Reif, TUM). 

Chemical shifts changes derived from HSQC experiments revealed substantial changes within 

the VL domain between VL wt and LC wt (Figure 23 and Figure 24). Since the conformational 

stabilities of VL R61A and LC R61A are untypically low (Table 7), the measured HSQCs revealed 

significantly altered signals at the measurement temperatures of 25 °C and 30 °C (data not 

shown). This is most likely due to a partially or fully unfolded VL R61A domain, in both, the 

individual VL protein or in the corresponding full-length LC. As this is rather artificial, the 

experimental conditions need to be further optimized for these variants since lower 

temperatures result in decreased HSQC peaks. By analyzing the chemical shift changes 

between VL wt and its corresponding LC variants, it is possible to determine the relative impact 

of the CL domain and the introduced mutations on the VL domain (Figure 23). Interestingly, 

many residues experienced chemical shift changes for the wild type proteins. Most substantial 

changes were observed for the residues 10 - 11, 79 - 87 and 103 - 105. Compared to LC wt, 

the VL domain within the LC I2E and LC S20N variants exhibited less chemical shift changes. 

Interestingly, among the regions showing changes in all variants, are the above-mentioned 

residues representing a part of two β-strands (10 - 11 and 103 - 105) and an α-helix (79-87). 

These secondary structure elements are structurally close to each other and interact by polar 

contacts as judged from the crystal structure (PDB: 1FH5, chain L). In the folded state, the β-

strand comprising the C-terminal residues 103 - 105 are in the center of these three secondary 

structure elements. In the full-length LC, the C-terminal residues are extended by the LC linker 

and the CL domain. Moreover, among the residues exhibiting pronounced chemical shift 

changes in all variants are Glu80, Thr81 und Glu82, which form a conserved salt bridge to 

Arg61 (Nokwe et al., 2016).  
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Figure 23. Chemical shift differences of corresponding LC and VL variants. NMR identified regions 

showing similar chemical shift differences upon the presence of the CL domain. In general, more 

pronounced differences were observed for VL wt than for its variants. Data recorded and processed by 

Dr. Manuel Hora and Tejaswini Pradhan (group of Prof. Bernd Reif, TUM). 

To test the impact of the introduced mutations on the full-length LC, chemical shift changes 

between LC wt and the LC variants were analyzed by Dr. Manuel Hora (group of Prof. Bernd 

Reif, TUM) (Figure 24). Substantial changes were observed within the VL domain. Interestingly, 

only minor chemical shift changes were observed within CL domain, which does not contain 

any of the introduced mutations. Two main regions of chemical shift changes were identified 

for both, LC I2E and LC S20N. The first set of signals is distributed around residue 20, which is 

a β-strand and two loops. The other region is distributed around residue 70, containing two 

more β-strands, which are in close proximity to the first defined region. For LC S20N, intense 

chemical shifts changes compared to LC wt were additionally observed for the C-terminal 

region of the CL domain. 
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Figure 24. Chemical shift differences between LC wt and LC variants. NMR analysis revealed more 

pronounced chemical shift differences within the VL domain (residue 1-108), less within the CL domain 

(residue 109-213). Moreover, the LC variants exhibited altered chemical shift changes compared to LC 

wt. For LC I2E, more chemical shift changes were observed than for LC S20N. Interestingly, for LC S20N 

changes in the C-terminal region of CL were observed.  Data recorded and processed by Dr. Manuel Hora 

and Tejaswini Pradhan (group of Prof. Bernd Reif, TUM). 

To analyze substantially faster fibril formation kinetics of LC I2E and particularly LC R61A in 

detail and gain deeper structural information, homology modelling was performed using the 

Phyre2 web server (Kelley et al., 2015) (Figure 25). For comparison, the crystal structure of 

MAK33 LC wt (PDB: 1FH5, chain L) was employed, which was crystalized in the context of the 

assembled Fab fragment (Augustine et al., 2001). In the LC wt, the side chain of Arg61 is 

involved in polar interactions with Glu81 and Asp82 (yellow dashed lines in Figure 25). Both, 

Glu81 and Asp82 are part of a short α-helix, which is located structurally close to the CL 

domain. However, as judged from the crystal structure of the LC wt, there are no interactions 

between this α-helix of VL with the CL domain. The homology modelled structure of LC R61A 

indicates minor conformational shifts induced by the absence of the arginine side chain. As a 

result of the structural rearrangements, the interactions between Ala61 and Glu81 as well as 

Asp82 are extinguished, which leads to an altered orientation of the Glu81-containing α-helix 

towards a closer proximity to CL. As a result of that, polar interactions between Ser40 and 

Asp165 as well as Thr80 and Ser168 are possible (Figure 25). As the conformational stability 

and structural integrity are substantially decreased by the R61A substitution (Table 7 and 

Table 9), it is reasonable that these effects are caused by the missing interaction between 
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residue 61 and the α-helix containing Glu81 and Asp82. Moreover, the newly acquired likely 

polar interactions between VL and CL (Ser40 - Asp165 and Tht80 - Ser168) might interfere with 

the structural integrity of the VL domain. Thus, as a result of the structural analysis and 

comparison of LC wt and the homology modelling derived LC R61A, four LC R61A double 

mutation variants were created and characterized: LC R61A S40P, LC R61A T80A, LC R61A 

S168A and LC R61A K169A (Figure 26). Thr80, Ser168 and Lys169 were substituted by alanine 

to erase polar interactions. The S40P substitution was introduced because proline is the most 

frequent residue at position 40 as indicated by the abYsis database tool for identification of 

unusual residues (data not shown) (Swindells et al., 2017).  

 

Figure 25. Structural comparison of LC wt and the homology modelled LC R61A as well as likely polar 

interactions between VL and CL induced by the R61A mutation. Homology modelling was employed to 

gain structural understanding of the impact of the R61A mutation on the conformation of the MAK33 

LC. The crystal structure of LC wt (PDB: 1FH5, chain L) was employed for comparison. Homology 

modelling was performed using the Phyre2 web server (Kelley et al., 2015). Yellow dotted lines indicate 

polar interactions between atoms of the respective residues. There are likely polar interactions between 

Thr80 (VL) and Ser168 (CL) as well as between Ser40 (VL) and Asp165 (CL).  
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Figure 26. LC R61A double mutant variants. The structure shows the homology modelling derived LC 

R61A with the highlighted residues additionally mutated in this study, i.e. LC R61A double mutants: 

Ser40 (turquoise), Thr80 (magenta), Ser168 (yellow) and Lys169 (brown). 

 

The LC R61A double mutation variants were characterized according to the other protein 

employed in this study and compared to LC R61A. The variants except LC R61A S40P revealed 

similar secondary structure as judged from far-UV CD spectra (Figure 27). For LC R61A S40P 

the far-UV CD spectrum showed a more pronounced minimum at approx. 218 nm wavelength. 

By comparing near-UV CD spectra to assess the tertiary structure of the variants, a substantial 

difference between LC R61A S40P and all other variants was observed (Figure 27). Like 

monitored for the far-UV spectrum, the near-UV spectrum revealed alterations of the 

structure for LC R61A S40P, particularly between 265 and 290 nm, indicating minor changes 

in the secondary structures and more pronounced alteration in the tertiary structures.   

 
Figure 27. Secondary and tertiary structure analysis. Far-UV (left) and near-UV (right) CD spectra of 

LC R61A double mutation variants.  
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SEC-MALS analysis of the LC R61A double mutation variants revealed similar elution volumes 

for all variants (Figure 28), matching the elution volume of LC R61A, which was shown to be 

monomeric (Figure 19). Interestingly, for all LC R61A double mutation variants, a minor 

fraction of high molecular weight species at approx. 8 ml elution volume was observed. 

Although the concentration of this fraction was too low to determine its molecular mass, it is 

most likely that this fraction corresponds to aggregates indicated by an intense light scattering 

signal, characteristic for very large molecules, e.g. aggregates or fibrils (light scattering traces 

not shown). This indicates that all LC R61A variants aggregate as the fraction at approx. 8 ml 

is not present in the SEC chromatograms of LC wt, LC I2E and LC S20N. The calculated molar 

masses for all LC R61A variants except for LC R61A K169A correspond to monomers (Table 10). 

SEC-MALS analysis revealed a molecular mass of 49.5 kDa for LC R61A K169A, which suggests 

this variant to be dimeric at the given concentration. 

 

 
Figure 28. Quaternary structure analysis. SEC-MALS chromatograms of LC R61A double mutation 

variants reveal all proteins to have the same elution volumes. The calculated molecular masses for all 

variants indicate monomers. The only exception of that is LC R61A K169A, which main peak exhibited 

a calculated molecular mass of 49.5 kDa, corresponding to a dimer. However, elution profile and 

calculated mass of this variant clearly mismatch. 50 µl of 50 µM samples were injected. 
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Variant 
Molecular mass (kDa) 

VL LC CL 

wt 11.7  20.9 11.2 

R61A 12.3 23.4 N/A 

R61A S40P N/A 20.9 N/A 

R61A T80A N/A 21.3 N/A 

R61A S168A N/A 23.2 N/A 

R61A K169A N/A 49.5 N/A 

Table 10. SEC-MALS-derived molecular masses. Molecular masses in kDa of the predominant peaks of 

the size-exclusion chromatograms as determined by SEC-MALS. The calculated molecular masses using 

the ProtParam tool are 11.8 kDa for VL wt, 23.4 kDa for LC wt and 11.8 kDa for CL wt. All variants were 

monomeric. Of notice, the SEC-MALS chromatogram for LC R61A K169A revealed an identical elution 

time as the other investigated LC variants, although the calculated molecular mass is indicative for a 

dimer. N/A: construct does not exist. 

The conformational stability of the LC R61A double mutation variants was investigated by 

thermal unfolding transitions followed by CD spectroscopy (Figure 29). Surprisingly, LC R61A 

S40P (Tm 38.0 °C) exhibited a further decreased conformational stability compared to LC R61A 

(Tm 43.2 °C) (Table 11). All other R61A variants revealed similar Tms and unfolding 

cooperativities. Thus, the substitution of Ser40 by proline negatively affected the 

conformational stability, while the other additional mutations did not show substantial 

effects. 

 
Figure 29. Conformational stability. Thermal unfolding transitions followed by CD spectroscopy of LC 

R61A double mutation variants. The CD signal was recorded at a constant wavelength of 205 nm during 

heating using a rate of 0.5 °C/min. Solid lines represent the Boltzmann fit of the monitored data to 

determine the melting temperature (Tm). 
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Variant 
Melting temperature (°C) 

VL LC CL 

wt 51.8 ± 0.3 50.8 ± 0.7 53.8 ± 0.5 

R61A 31.9 43.2 N/A 

R61A S40P N/A 38.0 N/A 

R61A T80A N/A 41.7 N/A 

R61A S168A N/A 42.7 N/A 

R61A K169A N/A 42.3 N/A 

Table 11. Conformational stability. Melting temperatures (Tm) of the LC R61A double variants 

compared to VL, LC and CL wt as determined by thermal unfolding transitions followed by CD 

spectroscopy. The heating rate was 0.5 °C/min. The error indicates the standard deviation of three 

technical replicates. N/A: construct does not exist. 

Like for LC wt, LC I2E, LC S20N and LC R61A, ThT fibril formation experiments were performed 

to investigate the structural integrity and fibril formation propensity of the LC R61A variants 

(Figure 30). All variants formed amyloid fibrils after less than 5 days of incubation at 37 °C in 

PBS pH 7.4 under gentle shaking. Interestingly, the kinetics were affected by the introduction 

of the double mutations (Table 12). LC R61A S40P (t50 0.09 ± 0.01 d) formed fibrils even faster 

than LC R61A (t50 0.19 ± 0.03 d) and any other protein in this study. LC R61A S168A (t50 0.39 ± 

0.01 d) and LC R61A K169A (t50 0.41 ± 0.01 d) showed similar kinetics, which formed fibrils 

approx. 2-fold slower than LC R61A. LC R61A T80A (t50 0.51 ± 0.02 d) revealed the highest t50 

of all LC R61A variants. Noteworthy, LC R61A K169A exhibited the longest time to reach the 

maximal ThT signal, suggesting a comparable fast fibril formation initiation for all variants, but 

altered recruitment of monomers to prolong the fibrils (Figure 30).  
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Figure 30. Amyloid fibril formation propensity. Fibril formation kinetics of LC R61A double mutation 

variants followed by ThT fluorescence revealed altered fibril formation kinetics dependent on the 

specific mutation. “Shadows” indicate standard deviation of at least two technical replicates. For better 

kinetic comparison, the fibril formation curves were individually normalized. 

 

Variant 
t50 (days) 

VL LC CL 

wt 9.58 ± 0.47 no fibrils no fibrils 

R61A  3.97 ± 0.53 0.19 ± 0.03 N/A 

R61A S40P N/A 0.09 ± 0.01 N/A 

R61A T80A N/A 0.51 ± 0.02 N/A 

R61A S168A N/A 0.39 ± 0.01 N/A 

R61A K169A N/A 0.41 ± 0.01 N/A 

Table 12. Fibril formation kinetics. t50 values represent the time point when 50 % of the total fibril 

formation was reached. Data was taken from ThT fibril formation kinetics. The error represents the 

standard deviation of at least two technical replicates. N/A: construct does not exist. 
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4.2. Discussion 

In early amyloid research, a decreased conformational stability of the native precursor 

protein, e.g. by mutations, was invariably correlated with a higher fibril formation propensity 

(Chiti, 2000; Hurle et al., 1994; Ramirez-Alvarado et al., 2000; Safar et al., 1993). However, 

there is growing evidence that conformational stability is only one of many factors giving rise 

to amyloid fibril formation and therefore the stability of a given protein does not necessarily 

correlate with its amyloid formation propensity (Chiti and Dobson, 2017; Marin-Argany et al., 

2015; Nokwe et al., 2016). Moreover, recently more full-length LCs, not only VL fragments, 

have been found deposited in amyloid plaques (Buxbaum et al., 1990; Dasari et al., 2015; 

Glenner et al., 1970; Klimtchuk et al., 2010; Lavatelli et al., 2008). As a consequence of both, 

it is important to determine the amyloidogenic properties of VL and LC and how this is affected 

by the presence of the CL domain. 

The amyloidogenic mutations I2E, S20N and R61A employed in this study were earlier 

characterized, however, exclusively in the VL framework, but not in the context of the full-

length LC (Helms and Wetzel, 1996; Nokwe et al., 2014, 2016). Therefore, the fibril formation 

mechanism for the VL I2E, VL S20N and VL R61A variants are known (discussed at the beginning 

of chapter 4). However, for LC I2E and LC R61A the proposed mechanism by Nokwe et al. do 

not explain the surprisingly faster fibril formation of the full-length LC variants compared to 

the corresponding VL proteins, which is not reflected by other biophysical properties such as 

secondary, tertiary, quaternary structure or conformational stability. Using a simple 

arithmetical approach, it was possible to calculate Tms, which can be expected if the LC 

variants experience no major inter-domain interactions between CL and VL. If this was the case, 

the thermal unfolding transition of LC should be the sum of the corresponding VL and CL 

proteins. Particularly LC R61A exhibited alterations between the experimentally and 

arithmetically derived unfolding curves indicating interactions within the protein, which affect 

the conformational stability. Interestingly, for LC I2E both curves, experimental and calculated, 

matched well for VL, LC and CL. A well-known prerequisite for proteins to enter the amyloid 

formation pathway is the conversion to partially unfolded intermediate states (Chiti, 2000; 

Chiti and Dobson, 2017; Ramirez-Alvarado et al., 2000). As many reported mechanisms differ 

in the detailed molecular pathway leading to partially unfolded species susceptible for fibril 

formation, even minor structural changes are able to interrupt the structural integrity of a 

protein (Blancas-Mejía and Ramirez-Alvarado, 2016; Blancas-Mejía et al., 2014; Marin-Argany 
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et al., 2015; Nokwe et al., 2014, 2016). This study reports that the CL domain is able to 

structurally stabilize VL variants, which are able to form fibrils (VL wt, VL S20N and cf. chapter 

3). In contrast, for specific variants (VL I2E and VL R61A), an opposite effect was observed 

leading to accelerated fibril formation upon the presence of the covalently linked CL domain. 

As suggested by the analysis of experimental and arithmetical unfolding transitions, the 

opposite effect is likely due to inter-domain interactions between CL and VL, facilitating the 

conversion of the native state to partially unfolded intermediates. This is supported by the 

decelerated fibril formation resulted from substituting a second residue besides R61A for the 

variants LC R61A T80A, LC R61A S168A and LC R61A K169A. However, all LC R61A variants still 

readily formed fibrils faster than VL R61A implying that the additionally investigated residues 

on their own are not key. Most likely, as the exposed CL loop containing Asp165, Ser168 and 

Lys169 is rich in polar and charged residues, the unfavorable interactions leading to 

accelerated fibril formation are maintained by other nearby residues. Since the data did not 

imply inter-domain interactions for LC I2E, but for LC R61A, it is likely that there are two 

different modes of interaction. Including the molecular fibril formation mechanism of VL I2E 

and VL R61A, and the assumption that for LC I2E and LC R61A the probability for the occurrence 

of partially unfolded states is increased, it might be that primarily the VL domain is involved in 

fibril formation, even in the LC context. This is supported by the fact that CL is intrinsically 

resistant to fibril formation (Feige et al., 2008). The data suggest that non-native CL - VL 

interactions increase partial unfolding of VL. In parallel, CL is potentially not substantially 

involved in fibril formation, leading to shorter fibrils and lower fibril concentrations for LC 

compared to VL. For LC R61A S40P it can be concluded that the loss of structural integrity 

compared to LC R61A and LC wt resulted in a decreased conformational stability and 

accelerated fibril formation, most likely by reinforcing the underlying molecular mechanism 

found for VL R61A.  

In summary, potential interactions between VL and CL in the full-length LC are responsible for 

an increased fibril formation propensity of LC I2E and LC R61A. The facilitating residues in VL 

are in the α-helix containing Glu81 and Asp82 as well as the loop comprising S40. The interface 

of CL is formed by a loop including Asp165, Ser168, Lys169A and other potential polar 

interacting residues. Thus, further structural studies are necessary to determine the impact of 

each single residue on the structural integrity of the LC and the fibril formation propensity. 
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This study reveals new insights in the interplay of VL and CL as another key factor to understand 

the emergence of fibrils and the progress of AL amyloidosis.  

  



92 

5. The role of C-terminal residues for the stability of a murine IgG1 

CH2 domain 

The structural elements determining antibody domain stability are not sufficiently 

understood. For the VL domain, Nokwe et al. showed that the nature of the terminal residues 

is of importance for its stability and integrity (Nokwe et al., 2014, 2015). To test the impact of 

C-terminal residues on an antibody domain that is followed by a linker and another Ig domain, 

the MAK33 IgG1 CH2 domain was utilized. CH2 variants in this study were extended by amino 

acids naturally occurring C-terminally of the MAK33 CH2 domain, i.e. they connect it to the CH3 

domain (Buckel et al., 1987; Feige et al., 2009a) (Figure 31). In total, four variants were 

investigated, CH2 wild type (henceforth referred to as “CH2”) and variants extended by one to 

four residues: CH2-S, CH2-SK and CH2-SKTK. Major parts of this chapter were published in 

parallel to the preparation and acceptance of this thesis in the Journal of Biological Chemistry 

(Weber et al., 2018b). 

 

Figure 31. Scheme and crystal structure of CH2 variants. Top: Scheme of the used CH2 variants. Bottom: 

Crystal structure (PDB: 3HKF) derived from the entire Fc fragment (comprising CH2 and CH3) with 

highlighted important features of the CH2 domain: Trp40 and Trp76 (orange), intramolecular disulfide 

bond (yellow), Ser100 (red), Lys101 (green), Thr102 and Lys103 (blue). The N-terminus is in mature 

antibodies connected to the CH1 domain, while the C-terminus is extended by the CH3 domain.  
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5.1. Results 

To test whether the CH2 variants are properly folded, far- and near-UV CD spectra were 

recorded (Figure 32). The far-UV spectra of all CH2 variants exhibit two minima at 

approximately 210 nm and 230 nm and are highly similar, indicating identical secondary 

structures for all variants studied. Thus, up to four additional residues at the C-terminus do 

not lead to changes in the secondary structure of CH2. However, near-UV CD spectra show a 

significant change in ellipticity, particularly between 275 nm and 295 nm compared to the wild 

type protein. These wavelengths are indicative of changes in the environment of aromatic 

residues, particularly Tyr and Trp (Boxer et al., 2004; Kelly et al., 2005). Since there are no Tyr 

residues in CH2, the change in ellipticity at around 280 nm suggests differences in the 

microenvironment of the Trp residues. There are two Trp residues present in CH2, Trp40 and 

Trp76 (Figure 31). Trp40 is part of a β-strand in close proximity to the intramolecular disulfide 

bond between Cys24 and Cys84. Its side chain is buried in the hydrophobic core of CH2. Trp76 

is located in a solvent-exposed α-helix structurally close to the C-terminus (Feige et al., 2009a). 

Trp40 is highly conserved in all antibody domains, whereas Trp76 is exclusively conserved in 

Ig domains which are part of the Fc fragment (Feige et al., 2010). 

 

Figure 32. Far-UV and near-UV CD spectra. Far (left) and near (right) UV CD spectra of CH2 variants. 

All variants share the same wild-type like secondary structure. The tertiary structure, however, exhibits 

significant differences between the CH2 variants with maximal distinction between 275 and 295 nm, 

which indicates changes in the tertiary structure especially for Trp residues. 

Taken together, all CH2 variants exhibit wild type-like secondary structure, but differences in 

the tertiary structure compared to the wild type. The data indicate a change in the 

environment of the Trp residues, suggesting that either one or both Trp residues are located 

differently in the CH2 extension variants. 
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CH2 wild type is known to be almost exclusively monomeric (Feige et al., 2004). Upon 

characterization of the variants, it was tested by SEC-MALS whether the CH2 variants were 

affected in their oligomeric state. All investigated variants shared a similar elution profile with 

one major and one minor peak (Figure 33). SEC-MALS proved all variants to be more than 93 

% monomeric with a calculated molecular mass between 11.1 and 12.0 kDa for the monomers 

(Table 13). Since the oligomer concentration was too low, it was not possible to determine the 

molecular mass of the minor peak. A monomer / oligomer ratio for the CH2 variants between 

100 % / 0 % and 94 % / 6 % was found. There was no correlation of the C-terminal extension 

and the oligomeric state; only CH2 and CH2-SKTK, the shortest and the longest variants tested, 

respectively, exhibited a small fraction of oligomers. 

 
Figure 33. SEC-MALS chromatograms. SEC-MALS experiments exhibit monomers as the prevalent 

species for all CH2 variants. Only a small dimer fraction (< 7 %) was found. Hence, terminal extensions 

of the CH2 domains do not alter the quaternary structure. 50 µl of 50 µM samples were injected. 

 

Variant Molecular mass of 
prevalent species (kDa) 

Relative distribution 
monomer :  oligomer (%) 

CH2 wt 11.1 ± 0.3 95 : 5 

CH2-S 11.1 ± 0.2 100 : 0 

CH2-SK 12.0 ± 1.4 99 : 1 

CH2-SKTK 11.3 ± 0.3 94 : 6 

Table 13. Oligomeric state of the CH2 variants. The molecular masses and relative oligomer distribution 

was determined by SEC-MALS in duplicates using 50 µM protein samples. Representative SEC-MALS 

chromatograms are shown in Figure 33. The error indicate the standard deviation of three technical 

replicates. 
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To determine the conformational stability of the variants, thermal and chemical equilibrium 

unfolding transitions were performed (Figure 34). CH2 wt starts to unfold already at ~ 20 °C 

with a melting temperature (Tm) of 44.4 ± 0.7 °C (Table 14). CH2-S is similarly stable, revealing 

a Tm of 43.6 ± 0.4 °C. Surprisingly, CH2-SK exhibits a significantly higher Tm of 58.6 ± 0.2 °C. 

Hence, CH2-SK is ~ 14 °C more stable than CH2 and CH2-S. Thus, this strong increase in stability 

is accomplished by adding a single Lys residue (Lys101) which is part of the native linker 

connecting CH2 with CH3 in the full-length antibody. CH2-SKTK, comprising two more linker 

residues, showed a Tm of 60.1 ± 0.2 °C, which represents an additional stabilization of ~ 1.5 °C 

compared to CH2-SK. All spectra showed similar unfolding cooperativity. To complement the 

thermal transitions, chemical equilibrium unfolding was measured by probing intrinsic 

tryptophan fluorescence intensity in the presence of increasing concentrations of guanidinium 

chloride (GdmCl). Disulfide bonds are known to quench the intrinsic fluorescence of adjacent 

Trp residues (here Trp40, Figure 31) in ‘Ig fold’ proteins (Goto and Hamaguchi, 1979). Thus, 

unfolding results in an increase in fluorescence intensity. In agreement with the literature, CH2 

fluorescence emission increased upon denaturation (Feige et al., 2004). The experiments 

revealed a low stability (transition midpoint (D1/2) 1.14 ± 0.03 M) for CH2, whereas CH2-SK and 

CH2-SKTK were similarly stable with a D1/2 of 1.62 ± 0.04 M and 1.65 ± 0.03 M, respectively 

(Figure 34 and Table 14). In contrast to thermal transitions, CH2-S was less stable against 

chemical unfolding (D1/2 0.92 ± 0.92 M) than CH2. For all variants, the order of stability is the 

same as observed in thermal unfolding experiments. However, chemical unfolding revealed a 

more pronounced difference between CH2 and CH2-S. Also, the chemical unfolding transitions 

feature similar cooperativities. Among all tested CH2 variants, CH2-SKTK showed the highest 

stability followed by CH2-SK. As observed in the thermal unfolding transitions, the presence of 

Lys101 resulted in a strong increase in conformational stability, proving that Lys101 makes a 

strong contribution to the integrity of the CH2 domain. Additional residues of the CH2 - CH3 

linker (Thr102 and Lys103) increase thermal and chemical resilience slightly further. In 

contrast, Ser100 without Lys101 seems to slightly decrease the conformational stability.  

 



96 

 

Figure 34. Stability of CH2 variants. Thermal (left) and chemical equilibrium (right) unfolding transitions 

of CH2 variants. Thermal unfolding transitions were followed by CD spectroscopy. For chemical 

denaturation, aliquots of the CH2 variants were incubated for at least 12 hours with increasing 

concentrations of GdmCl and monitored by intrinsic tryptophan fluorescence. Solid lines in thermal 

unfolding transitions represent the Boltzmann fit of the monitored data to determine the melting 

temperature (Tm), while chemical unfolding transitions were analyzed employing a two-state-model as 

described in the methods chapter. 

 

Variant Tm (°C) D1/2 (M) 

CH2 wt 44.4 ± 0.7 1.14 ± 0.03 

CH2-S 43.6 ± 0.4 0.92 ± 0.02 

CH2-SK 58.6 ± 0.2 1.62 ± 0.04 

CH2-SKTK 60.1 ± 0.2 1.65 ± 0.03 

Table 14. Stability of the CH2 variants. Melting temperatures (Tm) were determined by CD thermal 

unfolding. Chemical unfolding midpoints (D1/2) derived from GdmCl equilibrium unfolding experiments, 

using intrinsic Trp fluorescence as a probe. Tm and D1/2 represent the mean of three and two technical 

replicates, respectively. Representative thermal and chemical transitions are shown in Figure 34. 

To study the local environment of the Trp residues in more detail, intrinsic tryptophan 

fluorescence emission spectra were recorded. Different emission intensities as well as shifted 

wavelengths of the maximum signal between the natively folded CH2 variants were detected 

(Figure 35 left, solid lines). CH2-S and CH2-SKTK display the highest intensities, followed by CH2-

SK and CH2. Since the fluorescence intensity is correlated to intrinsic quenching and exposure 

of the Trp residues, variations most likely reveal differences in the local environment. CH2 and 

CH2-S (both 338 nm) as well as CH2-SK and CH2-SKTK (both 331 nm) share the same maximum 

of the emission peak wavelength, respectively. Variants containing Lys101 (CH2-SK and CH2-

SKTK) exhibit a pronounced blue shift of ~ 8 nm which is characteristic for a more hydrophobic 

surrounding of Trp (Vivian and Callis, 2001). Blue shifts and altered fluorescence intensities 
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indicate different microenvironments of one or both Trp residues for CH2 variants. Since the 

two Trp residues are probes for the hydrophobic core (Trp40) and for a solvent-exposed α-

helix close to the C-terminus (Trp76) (Figure 31), the structural changes can be assigned to the 

inner protein core and the α-helix. However, using this technique it is not possible to 

discriminate between the effects of the two Trp residues. After equilibrium unfolding in the 

presence of GdmCl, all CH2 variants exhibit the same Trp spectra including intensities (Figure 

35 left, dotted lines). 

 
Figure 35. Conformational differences of CH2 variants. Left: Intrinsic tryptophan fluorescence of both, 

Trp40 and Trp76, probes conformational changes. All folded CH2 variants (solid lines) display different 

Trp fluorescence intensities at the same concentration (7µM). For comparison, all variants show 

identical spectra when unfolded using 3.8 M GdmCl (dotted lines). Right: Stern-Volmer plots show 

different acrylamide quenching profiles for CH2 variants. Data were analyzed using an exponential fit.  

To gain further insight in conformational changes within the CH2 variants, the intrinsic Trp 

fluorescence was quenched using acrylamide (Figure 35 right). This allowed to evaluate the 

accessibility of both Trp residues and therefore of the hydrophobic core and the α-helix close 

to the C-terminus. CH2 and CH2-S featured a strong exponential relation between fluorescence 

signal and acrylamide concentration. An acrylamide concentration of 0.1 M caused a ~ 2.2-

fold Trp fluorescence quenching. For 1 M acrylamide, 37-fold and 40-fold lower Trp emission 

intensities for CH2 and CH2-S, respectively, were observed. Accordingly, CH2-SK and CH2-SKTK 

exhibit Stern-Volmer plots, which are flatter and less exponential than for the variants without 

Lys101. Interestingly, the presence of Lys101 at the C-terminus significantly changed the 

quenching intensity, indicating an altered accessibility for both Trp residues. Exponential 

Stern-Volmer correlations suggest distinct accessibility of the quencher for two fluorophores 

within one protein (Phillips et al., 1986; Tallmadge et al., 1989). In contrast, linear plots 

indicate equal accessibility of acrylamide for two tryptophanes. Thus, the less pronounced the 
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exponential character, the more similar are the dynamics for both Trp residues. The Trp 

residues of CH2 variants containing Lys101 feature ~ 2-fold less quenching than CH2 variants 

without Lys101, proving their lower accessibility for acrylamide. Most likely, this alteration is 

due to a more compact microenvironment of the Trp residues in the presence of Lys101. 

However, it is not possible to discriminate between the impact of Trp40 and Trp76 on the 

fluorescence emission. In summary, CH2-SK and CH2-SKTK experience locally distinct structural 

differences compared to wild type and CH2-S, which is attributed to the presence of Lys101. 

To reveal differences in protein dynamics and structure, hydrogen/deuterium-exchange 

(H/DX) experiments were performed followed by mass spectrometric analysis of CH2 and CH2-

SKTK (Figure 36, Figure 37 and Figure 38). Along the entire primary structure, CH2 showed 

higher deuterium uptake than CH2-SKTK for all time points. To focus on the H/DX level 

alterations between CH2 and CH2-SKTK, the relative uptake ratio (CH2/CH2-SKTK) was 

calculated and plotted against the residue number of the CH2 sequence (Figure 38 left). For 

distinct regions, particularly the α-helix and its extension (residues 70 - 81) pronounced 

differences in the relative uptake level were observed (Figure 38 region (3)). These differences 

are mainly localized in structural vicinity of the C-terminal region of CH2 (Figure 38 right). In 

contrast, no substantial effects for the N-terminal part were observed, but a slightly decreased 

H/D-exchange for the adjacent helix from residue 8 - 15 (Figure 38, region (1)). Particularly 

two regions, from Pro70 to Glu81 and surprisingly Trp40 revealed strongly decreased H/D-

exchange levels for CH2-SKTK compared to wild type (Figure 38, region (2) and (3)). The 

affected α-helix (Met72 - Asn78) in proximity to the C-terminus is sequentially located 

between the two Ig fold-characteristic β-strands e and f, which are both defining among others 

(β-strands B and C) the hydrophobic core (Bork et al., 1994; Wang, 2013). Thus, both β-sheets 

making up the β-sandwich-like Ig fold in constant domains (CFG and ABED) experience 

decreased dynamics due to the presence of Lys101. Moreover, the very C-terminus (Figure 38, 

region (4)) exhibits a decreased H/D-exchange slightly more pronounced than the first helix 

(residues 8 - 15). Among the residues which experienced altered H/D-exchange are Trp40 and 

Trp76. In summary, the presence of SKTK at the C-terminus impacts the dynamics and local 

structure of a number of secondary structure elements. By correlating the H/DX data with 

unfolding transitions (Figure 34), it is possible to map the effect to Lys101 since this residue is 

responsible for the strong increase in conformational stability. Important Ig fold-structures, 
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which are part of the hydrophobic core and connected by an α-helix, are affected by the C-

terminal presence of Lys101, indicating a more compact and protected protein core.  

 

Figure 36. H/DX-derived relative fractional uptakes. Relative fractional uptake of CH2 (black) and CH2-

SKTK (blue) for the indicated time points of hydrogen/deuterium-exchange quenching. 
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Figure 37. H/DX-derived butterfly plot for CH2 wt and CH2-SKTK. The butterfly plot shows the absolute 

difference in molecular mass after H/D-exchange compared for CH2 wt and CH2-SKTK. Positive and 

negative values indicate higher uptake for CH2 wt and CH2-SKTK, respectively. Colors indicate the time 

of H/D-exchange quenching for 10 sec (orange), 1 min (red), 10 min (cyan), 30 min (blue) and 120 min 

(black). The grey area represents the error for mass spectrometry analysis.  

 

 
Figure 38. H/DX experiments to probe protein dynamics. Left: Relative fractional uptake ratio for 

CH2/CH2-SKTK. The colored and numbered areas indicate protein regions with substantial H/D-

exchange. Data represent the mean of two technical replicates for each variant; black “shadows” 

indicate standard deviation. Right: Relative uptake ratio for CH2/CH2-SKTK displayed on the crystal 

structure of CH2 (PDB: 3HKF). Color gradient from blue (no difference) to red (2.3-fold decrease in 

exchange relative to CH2) indicates structural and dynamical alteration between CH2 and CH2-SKTK. 

Black: no H/DX data available for these residues. H/DX experiments for the shown data were quenched 

after 10 s of exchange. 
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1H, 15N HSQC NMR experiments as well as 1H, 13C, 15N triple resonance experiments were 

performed and processed by Matthias Brandl (group of Prof. Bernd Reif, TUM) using wild type 

CH2 and the variant EV-CH2-SK. For the NMR analysis, the variant EV-CH2-SK was employed, 

since the variant CH2-SK shows peaks doubling for some residues, which is most likely due to 

insufficient oxidization of the intramolecular disulfide bond (data not shown). However, the 

N-terminal extension of the protein by two residues (Glu-Val) was found to have no impact on 

the overall conformation of the CH2 domain (Figure 39, Figure 40, Figure 41 and Figure 42) 

Additionally, the conformational stability of EV-CH2-SK is not substantially changed by the 

introduction of two N-terminal residues (Figure 43). Of notice, Glu and Val occur naturally N-

terminal of CH2 connecting it to CH1 in a mature full-length antibody heavy chain. 

 

 

Figure 39. 1H, 15N HSQC spectra of CH2 (black) and CH2-S (red). Resonance assignments for CH2. It can 

be seen that the introduction of a C-terminal serine only induces minor changes in the spectrum. 

Residue numbering according to CH2 wt. Data recorded and processed by Matthias Brandl (group of 

Prof. Bernd Reif, TUM). 
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Figure 40. 1H, 15N HSQC spectra of EV-CH2-SK (dark green) and CH2-S (red). Resonance assignments for 

EV-CH2-SK. Marked changes can be observed upon the introduction of a C-terminal lysine. EV-CH2-SK 

has been employed for NMR analysis since CH2-SK shows peak doubling for some residues. Residue 

numbering according to CH2 wt. Data recorded and processed by Matthias Brandl (group of Prof. Bernd 

Reif, TUM). 

 

Figure 41. 1H, 15N HSQC spectra of EV-CH2-SK (dark green) and CH2-SK (light green). Resonance 

assignments for EV-CH2-SK. Apart from the removal of doubled peaks, the N-terminal extension does 

not induce major spectral changes. Residue numbering according to CH2 wt. Data recorded and 

processed by Matthias Brandl (group of Prof. Bernd Reif, TUM). 



103 

 

 
Figure 42. 1H, 15N HSQC spectra of CH2-SK (light green) and CH2-SKTK (blue). As for Figure 41, the 

spectrum of CH2-SK shows peak doubling and was therefore not further employed for NMR chemical 

shift analysis, but instead the variant EV-CH2-SK. Residue numbering according to CH2 wt. Data recorded 

and processed by Matthias Brandl (group of Prof. Bernd Reif, TUM). 

 
Figure 43. Thermal unfolding transitions of CH2-SK (light green) and EV-CH2-SK (dark green). Thermal 

unfolding transitions were followed by CD spectroscopy. Both variants show a similar conformational 

stability, which is decreased for EV-CH2-SK by ~ 2°C. Solid lines in thermal unfolding transitions represent 

the Boltzmann fit of the monitored data to determine the melting temperature (Tm). 
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Differences in backbone amide 1H and 15N chemical shifts for the two proteins CH2 and the 

variant EV-CH2-SK are indicative for conformational differences (Figure 44). In addition to 

residues in the C-terminal region (residues 95 - 99), we observe no assignable resonances for 

most residues located in the α-helices (residues 10 - 14 and 72 - 78) in CH2 wt. The appearance 

of assignable resonances for these residues in the extended variant indicates changes in 

dynamics. This suggests that these three regions change their mode of interaction upon the 

presence of the Lys101. Consistent with that, H/DX experiments identified all three regions to 

be impacted by Lys101 (Figure 38). Moreover, intense chemical shift changes for residues 15 

and 16 close to the second α-helix were found (Figure 38, region (1)), which showed less 

intense H/D-exchange. 

 
Figure 44. 1H, 15N chemical shift differences observed for CH2 and EV-CH2-SK. Most substantial changes 

in chemical shifts occur in the very C-terminal part of the protein, while most residues of the two α-

helices (10 - 14 and 72 - 78) could not be assigned for CH2 wt. Residue numbering according to the CH2 

wt sequence. Asterisks indicate unassigned residues. Data recorded and processed by Matthias Brandl 

(group of Prof. Bernd Reif, TUM). 

Analysis of the 13Cα chemical shift of the two proteins yields information on changes in the 

local secondary structure propensity (Spera and Bax, 1991; Wishart and Sykes, 1994). Positive 

Δ13Cα chemical shift differences [δ(experimental) - δ(random coil)] are indicative for formation 

of helical structure, while negative shift differences suggest the population of -sheet 

structure. Comparing the two CH2 variants, helical propensity for residues 10 - 13 and 73 - 80 

in EV-CH2-SK was determined, while respective residues could not be assigned in the wild type 

(Figure 45). This supports the finding that H/D-exchange is substantially decreased for these 

regions of CH2-SKTK (Figure 38) and suggests that the α-helix visible in these regions in the 
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crystal structure (PDB: 3HKF) only form in presence of Lys101. Of notice, the crystal structure 

of the CH2 domain derived from the entire Fc fragment, which includes Lys101 and CH3. In 

addition, the negative secondary chemical shifts observed for the C-terminal region (residues 

95 - 99) suggest the formation of a β-strand structure in EV-CH2-SK that is not present in the 

wild type. These additional secondary structural elements, α-helices and β-strand contribute 

to the overall stabilization of the protein observed after the addition of Lys101 (Figure 34). 

 

Figure 45. 13Cα chemical shift differences δ(13C, experimental) - δ(13C, random coil). Random coil 

chemical shifts were taken from Wishart and Sykes, 1994. Positive values indicate propensity for an α-

helix, negative values for a β-strand. The top panel shows the chemical shift differences for wild type 

CH2, the bottom panel for EV-CH2-SK. Blue and red bars at the bottom of the lower panel show the 

secondary structure elements as indicated in the crystal structure (PDB: 3HKF), shaded areas highlight 

the major changes in secondary structure propensity. The changes in secondary chemical shifts for 

residues 11 - 14 and 73 - 80 indicate the formation of two α-helices in the extended variant which were 

not present in the wild type. In addition, the C-terminal region of EV-CH2-SK shows propensity to form 

a β-strand, while the same region in the wild type appears more likely to occupy a random coil 

conformation. Asterisks indicate unassigned residues. Data recorded and processed by Matthias Brandl 

(group of Prof. Bernd Reif, TUM). 

To understand the effect of Lys101 in further structural detail, molecular dynamics (MD)-

simulations were performed by María Daniela Pulido Cendales (group of Prof. Martin 

Zacharias, TUM) on the CH2 wild type, and the extended variants CH2-S and CH2-SK in explicit 

solvent. On a time scale of 1 µs the structures stayed close to the X-ray structure starting 

geometry with a root mean square deviation (RMSD) of the protein backbone of < 2.5 Å (Figure 

46) and no signs of unfolding. However, in the case of the CH2 wild type and CH2-S slight shifts 

in conformation and increased fluctuations were observed compared to CH2-SK. 
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Figure 46. Root mean square deviation (RMSD) from corresponding starting structures during MD-

Simulations. The coordinate RMSD was calculated over a simulation period of 1 µs at 300 K with respect 

to the starting structure of each of the variants. A RMSD < 2.5 Å indicates a high stability of the 

conformations during the performed MD-Simulations. Data recorded and processed by María Daniela 

Pulido Cendales (group of Prof. Martin Zacharias, TUM). 

In order to correlate the simulations to experimentally observed differences in H/DX (Figure 

38), the mean solvent accessibility of each residue was calculated during the whole production 

simulations (Figure 47). Since the H/D-exchange probability is expected to depend on the 

solvent accessibility, this quantity is well suited for a comparison to the experiment. Indeed, 

the simulations predict an increased mean solvent accessibility of the region between residues 

65 - 80 which corresponds to the short α-helical segment in the vicinity of the C-terminal 

Lys101 residue. The absence of this stabilizing interaction with the helix dipole in case of the 

CH2 wild type and CH2-S likely influences also the conformation and flexibility of the helical 

segment and in turn causes an increased H/D-exchange for CH2 and CH2-S. Interestingly, the 

simulations indicate that this is mostly due to a conformational shift and not necessarily due 

to increased mobility (fluctuations of residues are similar for all CH2 variants, Figure 46). 

To explain the reduced stability of the CH2 wild type and CH2-S compared to the CH2-SK variant, 

umbrella sampling (US) free energy simulations along a reaction coordinate that results in 

dissociation of the C-terminal segment from the folded β-strand to form fully solvated 

conformation was performed. Such a transition indicates the free energy contribution of the 
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C-terminal fragment to stabilize the folded structure (compared to an unfolded solvated 

form). The difference between the calculated free energy for the variants vs. the wild-type is 

a measure of the loss in stabilization due to the presence of the folded C-terminal strand. 

 

Figure 47. Mean solvent accessibility during MD simulations. The ratio in mean solvent accessibility 

(SASA) of residues in CH2 wild type relative to CH2-SK (green) and relative to CH2-SKTK (blue) was 

calculated for each residue over a simulation period of 1 µs at 300 K. A SASA ratio > 1 indicates increased 

mean accessibility relative to CH2-SK or relative to CH2-SKTK, respectively (obtained as sliding window 

average over 10 consecutive residues). María Daniela Pulido Cendales (group of Prof. Martin Zacharias, 

TUM). 

The simulations predict a similar reduced stabilization of CH2 and CH2-S relative to CH2-SK and  

CH2-SKTK, respectively, by ~4 kcal·mol-1 (compare the difference in plateau free energy values 

reached in case of CH2 and CH2-S vs. CH2-SK and CH2-SKTK variants upon dissociation of the C-

terminal strand in Figure 48). The significant free energy difference in favor of the CH2-SK and 

CH2-SKTK variants agrees qualitatively well with the observed differences in melting 

temperature of the two variants vs. wild type. Inspection of snapshots from different US 

windows indicates that the origin of the free energy difference seems to be indeed the 

interaction of the Lys101 side chain at the C-terminus with the adjacent helical segment 

(residues 72 - 81). This interaction is still visible in the intermediate US windows that result in 

the largest free energy increase (Figure 48). At the same US intervals the C-terminus of the 

wild type or the CH2-S variant are already dissociated. Hence, the presence of the Lys101-helix 

dipole interaction results in an increase of the PMF and stabilizes the folded form significantly. 
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Figure 48. Calculated free energy change upon dissociation of the C-terminal β-strand from its 

placement in the folded structure to a solvated unfolded state. The free energy change (potential-of-

mean force) was calculated along a reaction coordinate that corresponds to the center of mass distance 

of backbone atoms of the C-terminal segment (delimited by residues 94 - 98) and the backbone atoms 

of the protein (delimited by residues 1 - 91). Representative snapshots taken in the folded, intermediate 

and dissociated states of the C-terminal segment are indicated color-code of the cartoon representation 

corresponds to the line color in the plot). The C-terminal Lys residue in CH2-SK is indicated as van der 

Waals (vdW) sphere representation and still interacts with the helical segment (residues 72 - 81) in the 

intermediate state (at which the C-terminus of the CH2 wild-type is already fully dissociated). María 

Daniela Pulido Cendales (group of Prof. Martin Zacharias, TUM). 
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5.2. Discussion 

In this study, the impact of C-terminal residues of a murine IgG1 CH2 domain on its 

conformational stability and protein dynamics was determined. Importantly, the investigated 

terminal residues (Ser-Lys-Thr-Lys) are not part of any defined secondary structure elements 

as shown in the crystal structure (Figure 31, PDB: 3HKF). The addition of these naturally 

occurring residues resulted in a stability increase of ~ 15 °C. By assessing serially extended CH2 

variants from one to four residues, it was possible to attribute this strong improvement of 

conformational stability to a single residue: Lys101. All CH2 extension variants are properly 

folded, revealing a slightly changed tertiary structure, which was attributed to a different 

microenvironment of the two Trp residues. H/DX experiments exhibited significantly 

decreased dynamics for the α-helix connecting β-strands E and F. This α-helix links both β-

sheets, which make up the characteristic Ig fold β-barrel (Feige et al., 2010). This suggests a 

more constrictive and compact hydrophobic core resulting in an overall higher protein 

integrity as indicated by acrylamide quenching. Therefore, the interaction between Lys101 

and the nearby α-helix seems to shield the core from the solvent by spatially blocking cavities. 

In this context, the NMR experiments revealed that the important interacting α-helix is most 

likely not formed in the absence of Lys101. Thus, the polar interaction between the 

polypeptide backbone of Leu77 and Lys101 is required to initiate and maintain the folding of 

the α-helix (Figure 49). Moreover, for CH2-SK the secondary structure propensity analysis 

indicates the formation of a C-terminal β-strand in the presence of Lys101. Therefore, the two 

secondary structure elements show a reciprocal dependence on Lys101, resulting in an 

increase of the overall conformational stability. In agreement with the experimental 

observation, the MD simulations predict a higher solvent accessibility especially in the α-helix 

region in the absence of Lys101 in line with the experimental H/DX and NMR results. 

Furthermore, free energy simulations indicate that the Lys101 interaction with the nearby α-

helix makes a significant free energy contribution in favor of the folded state. Feige et al. 

showed that the conserved α-helical structures fold rapidly in CL. This orientates the two β-

sheets in a favorable way, inducing a higher degree of compactness (Feige et al., 2008). In this 

context, the interaction of Lys101 with the α-helix initiates the native folding pathway by 

assuring the proper orientation of the residues forming the hydrophobic core and the β-

sheets, specifically β-strands E and F. Since CL and CH2 share a similar folding pathway, the 

conserved polar interaction between Lys101 and the polypeptide backbone of Leu77 indicates 
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a general stabilizing effect of Lys101 on the Ig fold, mediated by the α-helix residue Leu77 

between β-strands E and F (Feige et al., 2010). Thus, not only the intramolecular disulfide bond 

is an important connection of both β-sheets, but the α-helix between strands E and F, 

stabilized by Lys101, contributes to the overall structural stability.  

 

Figure 49. Polar interaction between Leu77 and Lys101. As judged from the crystal structure (PDB: 

3HKF, black), there are polar interactions (yellow dotted lines) between Lys101 (green) and the 

polypeptide backbone carbonyl of Leu77 (cyan). Important residues are highlighted: Trp76 (orange), 

Ser100 (red), Thr102 and Lys103 (blue).  

Sequential and structural alignment of other antibody domains showed that Lys101, or 

alternatively another positively charged residue like arginine at this position, and its 

interaction with the adjacent α-helix is conserved among all constant Ig domains (Figure 50), 

except CH1 which is natively unfolded (Feige et al., 2009b). Interestingly, C-terminal charged 

residues of CH1 interact with an α-helix of CL when associated in the Fab fragment (PDB: 2QSC, 

3OZ9). Thus, this structural feature seems to be evolutionarily favored to assure the proper 

initiation of folding and conformational stability. Traditionally, the formation of a hydrophobic 

core is seen as the main stabilizing interaction that determines the folding and stability of a 

globular protein. However, the conserved polar interaction between a positively charged side 

chain and an α-helix (dipole) at the surface of the CH2 domain can also make a significant 

contribution to stability as shown by the present free energy simulations and stability studies. 

Consequently, the findings are most likely transferable to other constant Ig domains. A 

solvent-protected core, optimally oriented β-sheets and the presence of secondary structure 

elements like the interacting α-helix and a C-terminal β-strand contribute to a higher degree 

of integrity and explain the strong increase in conformational stability.  
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Figure 50. Sequential and structural alignment. Alignment of nine different constant Ig domains 

derived from human, mouse and shark. Lysine or alternatively another large, charged residue is highly 

conserved at the C-terminus of constant Ig domains except CH1. Black: C-terminal Lys in close proximity 

to the structurally important helix.  

The results raise the question how to determine immunoglobulin domain boundaries 

correctly. When the first Ig domain sequences were described, various individual domains 

were aligned, e.g. murine CH1, CH2, CH3 and CH4, derived from different Ig isoforms (IgM, IgD, 

IgG, etc.) (Kehry et al., 1979; Shimizu et al., 1981). This method revealed significant homology 

between the different domains such as conserved cysteines and tryptophanes along with 

other residues (Dayhoff, 1978). In parallel, it was found that every constant domain is encoded 

by an individual exon, which suggested a separation of the domains already on the genetic 

level (Sakano et al., 1979). Hence, the first and last residues of constant domains are 

determined by RNA splicing (Rabbitts et al., 1981). This strategy of defining Ig domain 

boundaries was supported by structural data (Poljak et al., 1973). In contrast to the constant 

domains, the structures of the VH and VL domains have been studied in detail to systematically 

assign framework regions (FR) and complementary determining regions (CDR), of which the 

latter ones bind antigens (Chothia et al., 1998; Kabat et al., 1984). As antibody folding and 

stability were primarily attributed to the hydrophobic core, the conserved disulfide bond and 

the characteristic β-strands, antibody fragment boundaries lost relevance (Bork et al., 1994; 

Feige et al., 2010; Goto and Hamaguchi, 1979, 1981; Liu and May, 2012). However, Nokwe et 

al. showed for a murine VLκ that the N- and C-terminal residues, i.e. Ile2 and Arg108 play a 

major role for the integrity of the domain (Nokwe et al., 2014, 2015). The use of antibody 

fragments as diagnostics and therapeutics together with the data of this study and other 

recent literature revives the question of domain boundaries (Gong et al., 2013b). During the 

early development of single chain variable fragments (scFv), the boundaries of VL, VH, Fc and 

CH3 were randomly set by optimizing the position of the linker between both domains with 
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respect to the orientation of the two domains within the heterodimer (Alt et al., 1999; Bird et 

al., 1988). Biophysically optimized rather than genetically determined N- and C-termini might 

serve as a complementary method to increase the conformational stability of antibody 

fragments resulting in lower aggregation propensity, pharmacokinetic half-life and longer 

shelf life. This approach might contribute to more stable and reliable therapeutics and 

diagnostics. Therefore, for defining Ig domain boundaries, the impact of N- and C-terminal 

linker residues needs to be considered. Particularly large, charged residues are prone to 

facilitate ionic interactions. Thus, the Ig fold is not only maintained by intramolecular disulfides 

and the packing of the hydrophobic core. Ionic interactions of surface-exposed residues play 

an important role to facilitate and maintain proper folding of the conserved α-helix and the 

adjacent β-sheets as well as other secondary structure elements like the C-terminal β-strand, 

thereby protecting the hydrophobic core and assuring conformational stability.  
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6. Conclusions and perspectives 

This study focused on the structural integrity of different antibody domains, relevant for 

gaining deeper understanding of the antibody domain architecture and expanding our 

knowledge of the life-threatening disease AL amyloidosis. The results might contribute to the 

development of stable and aggregation-resistant antibody therapeutics and diagnostics.  

The first study (Chapter 3) employing the MAK33 full-length LC framework, yielded valuable 

information on the importance of the LC linker for the conformational stability of the entire 

protein as well as for the regulation of the relative orientation of the two constituent domains, 

VL and CL. It was found that the CL domain is able to protect the VL domain from amyloid fibril 

formation in the context of the full-length LC. As already shown for the individual CL and VL 

domains (Nokwe et al., 2015), the LC linker residue Arg108 is key to maintain conformational 

stability and integrity by facilitating salt bridges with CL residues as well as managing the inter-

domain contact between CL and VL. The latter interactions are responsible for the relative 

orientation of the two LC domains to each other, making the LC linker in the presence of 

Arg108 likely less accessible for proteolytic cleavage. Further investigation is needed to 

determine the role of the LC linker in the proteolytic cleavage of the LC in AL amyloidosis 

patients. Moreover, in vivo and in cellulo experiments to quantify the toxicity of amyloidogenic 

full-length LCs and their truncated fragments would be informative to determine the relative 

importance.  

The study was extended to investigate known amyloidogenic mutations, namely I2E, S20N and 

R61A, in the context of the full-length LC framework (Nokwe et al., 2014, 2016), summarized 

in chapter 4. It was validated that CL is able to suppress fibril formation of some full-length 

LCs. In contrast to that, two LC variants, LC I2E and LC R61A, revealed accelerated fibril 

formation compared to the corresponding VL proteins. Thus, the presence of CL can either 

inhibit or accelerate amyloid fibril formation of LC variants in a mutation-dependent manner. 

The latter one was is likely due to inter-domain interactions between CL and VL leading to a 

further destabilized VL domain. Particularly the residues Ser40, Thr80, Ser168 and Lys169 are 

involved in these interactions, however their substitution did not entirely recover the lower 

amyloidogenic potential of VL R61A. Most likely, other polar residues located nearby the 

aforementioned amino acids maintain the unfavorable inter-domain interactions. To gain 

deeper structural insight in the underlying mechanism and mode of interaction, further NMR 
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experiments employing the LC R61A double mutation variants are necessary. Moreover, MD 

simulation might reveal the role of the mentioned residues in this context. LC R61A variants 

containing more than one additional mutation might additionally provide valuable 

information. Differential scanning calorimetry (DSC) is an applicable technique to determine 

the stability of the individual domains within the full-length LC.  

The third study focused on the constant heavy chain domain 2 (CH2) and its substantial 

stabilization by the presence of naturally occurring C-terminal residues (Chapter 5). It was 

found that Lys101 is of major importance for the conformational stability of the domain. 

Interestingly, lysine residues or alternatively other large, charged residues are highly 

conserved at the C-terminus of antibody domains. The effect of the presence of Lys101 is the 

facilitation of two secondary structure elements, a C-terminal β-strand and a nearby α-helix, 

by introducing a dipole interaction with the α-helix. Both secondary structures are highly 

conserved in the Ig fold and affect the stability of the entire Ig domain. Thus, the results are 

most likely generally applicable for constant Ig domains and other proteins of the Ig 

superfamily, which all share a common fold. The results provide new insight in the architecture 

of Ig domains and support the importance of correctly defined domain borders as well as the 

key effect of terminal residues. 

Taken together this work provides new mechanistical understanding of the immunoglobulin 

framework, particularly its stability and integrity. This might contribute to the future 

development of antibody-based therapeutics and diagnostics as well as defining properties of 

anti-amyloidosis drugs.  
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7. Abbreviations 

For amino acids, the one and three letter code was used 

AFS  Alternatively folded state 
AL  antibody light chain 
Aβ  Amyloid-beta peptide 
CD  Circular dichroism 
CDR  Complementarity determining region 
CH1  constant heavy chain domain 1  
CH2  constant heavy chain domain 2 
CH3  constant heavy chain domain 3 
CL   constant light chain  
Cryo-EM Cryo electron microscopy 
DNA  Deoxyribonucleic acid 
dNTP  Deoxynucleotide 
E.coli  Escherichia Coli 
ER  Endoplasmic reticulum 
Fab  fragment antigen binding 
Fc  fragment crystallizable 
FUV  Far-UV 
Fv  Fragment variable 
GdmCl  Guanidinium chloride 
GOI  Gene of interest 
H/DX  Hydrogen/deuterium exchange 
HC  Heavy chain 
HPLC  High pressure liquid chromatography 
IDP  Intrinsically disordered proteins 
Ig  Immunoglobulin 
LB0  Luria-Bertani medium 
LC  Light chain   
M&M  Metadynamic Metainference 
MAK33 Monoklonaler Antikörper 33 (engl.: monoclonal antibody 33) 
MALS  Multi angle light scattering 
MD  molecular dynamics 
MGUS  Monoclonal gammopathy of undetermined significance 
MS  Mass spectrometry 
NMR  Nuclear magnetic resonance 
NUV  Near-UV 
OD600  Optical density at 600 nm wavelength 
PBS  phosphate buffered saline 
PDB  The protein database 
PDB  The protein database 
PPIase  Peptidylprolyl cis-trans isomerases 
RDC  Residual dipolar couplings 
RMSD  Root-mean-square deviation  
rpm  Rounds per minute 
SEC  Size exclusion column 
SLIC  Sequence- and ligation-independent cloning  
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t50  Time point when 50% of the maximal ThT signal was reached (d) 
TEM  Transmission electron microscopy 
TEM  Transmission electron microscopy 
ThT  Thioflavin T 
Tm  Melting temperature (°C) 
US  Umbrella sampling 
UV-Vis  Ultraviolet and visible light wavelengths 
VH  variable heavy chain 
VL  variable light chain 
wt  wild type  
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