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Summary

Summary

Immunoglobulins (Ig) are the key players of the adaptive immune response. They directly
neutralise pathogens and pathogen-derived products and recruit molecular and cellular
immune effectors to eradicate infections and tumour cells. Immunoglobulins either exist in a
membrane-bound form (B-cell receptors) or as secreted effector molecules (antibodies). In
higher vertebrates five different classes, so-called isotypes, of immunoglobulins exist (IgA,
IgD, IgE, 1gG and IgM). I1gGs form the most abundant isotype family. Antibodies and their
derivatives play an important role in therapeutic applications and in diagnostics. However,
there is often a need to improve certain properties, such as stability, specificity or
immunogenicity. Engineering of single qualities often influences others in a negative
manner. Therefore the more we know about the relationship of the different attributes the
more successful we will be in modifying them. This thesis focuses on the folding and stability
but also on association of and functionality the variable domains.

Antibodies are ideal model system for folding analysis. They consist of variable and constant
domains which share a common structural motif, the immunoglobulin fold. As single
domains and various fragments are stable in isolation, the complexity of the system can be
varied. One special property of antibodies, fragments and some isolated domains is their
ability to adopt a stable structural state with defined secondary and non-defined tertiary
interactions at acidic pH conditions. As this state depicts non-native secondary structure it
was termed alternatively folded state (AFS). In some aspects it is similar to the well-
described molten globule state but differs due to its high thermodynamic stability and
oligomer formation. In this thesis the abilities to gain an AFS for the isolated Fab domains
and the second constant domain of the heavy chain (C42), which is glycosylated in intact
antibodies, were characterised. Although they share the same Ig fold under physiological
conditions surprising differences between the domains could be observed at acidic pH. All
isolated domains except the constant domain of the light chain (C.) were able to adopt an
AFS at acidic conditions and moderate ionic strength. The ability to form oligomers seemed
to correlate with hydrophobic intermolecular interactions for Fab (fragment, antigen
binding) domains but not for Cy2. The thermodynamic stability differed between the
domains, too. Interestingly, particularly those domains which were quite unstable in the
native state or even intrinsically disordered, adopted very stable structures at pH 2.0.
Furthermore, the AFS is a reversible state, although for some domains only in a limited
concentration range. The glycan of Cy2 lost the stabilising effects observed in physiological
conditions when the AFS is adopted. The pathway to the AFS is comparable for all domains.
The rearrangements on the secondary structure level are enabled by a proceeding partially
of completely unfolded intermediate. In addition, we were able to gain first insight in the
structure of the AFS of C42 by NMR revealing a dynamic system instead of a fixed state with
partially unstructured regions.




Summary

The analysis of the folding behaviour of isolated antibody domains had shown that they
differ. One domain which was not yet analysed is the variable domain of the heavy chain
(VR). In general, this domain is less stable than its counterpart, the variable domain of the
light chain (V.), and often tends to aggregate in isolation. V4 of MAK33, an IgG1 antibody
which is well characterised, is very unstable. An R44A mutation can stabilise the domain and
grants reversibility of unfolding. It was not possible to elucidate a complete folding pathway
within this work. However, some insights in the differences between Vy and other antibody
domains as well as between different V3 domains could be gained. The folding of Vy is a
complex process with multiexponential phases within the observed kinetic traces. Some of
the apparent rate constants showed no dependency on the concentration of denaturant
indicating slow isomerisation processes. Prolyl isomerisation plays an important role for all
antibody domains characterised so far. Yet, it could not definitely be shown that this process
appears in the pathway of V. In addition, Vi domains of different antibodies were examined
and interesting differences could be observed in the complexity of their folding behaviour.

Another field of interest within this thesis was the interaction mechanism between the two
variable domains. Previous covariation analysis identified conserved amino acids at or
adjacent to the interface but their functions remained unclear. These residues were
exchanged in V_ and Vy against alanine and the mutants analysed. Here, for the first time
isolated domains were addressed and not mutations in Fab or scFv constructs. The focus was
set on the influence of amino acid exchange on structure, stability and interaction between
Vy and V| as well as on functionality (i.e., antigen recognition). In terms of structure and
stability, Vy was much more sensitive compared to V|, when conserved amino acids were
exchanged. The often presumed correlation between antigen binding and interaction
between Vy and V| could not be confirmed on the single domain level. Therefore the studies
on the interaction based on scFvs or Fab fragments should be reconsidered. The third
complementarity determining region of Vi (CDR-H3) is most flexible in sequence and length.
Introduction of single charged positive residues in this loop had positive effects on the
stability and did not disturb the interaction or functionality. However, combinations were
non-favourable. Hence, a single point mutation can be sufficient to improve the properties
of V.

In summary, in this thesis new insights on the folding behaviour of single antibody domains
were gained as well as on the interaction mechanism between the variable domains. These
findings will be helpful for antibody engineering and are a thought-provoking impulse to
rethink interaction analysis performed so far. However, if the effects observed on the level
of isolated domains of MAK33 are also present in other antibodies or if they can be
compensated within Fab of scFv fragments needs to be tested.
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Zusammenfassung

Immunoglobuline nehmen eine Schlisselrolle in der adaptiven Immunantwort ein. lhre
Aufgabe besteht darin, Pathogene und deren schadliche Produkte zu neutralisieren um
Infektionen sowie Tumorzellen zu beseitigen. Immunoglobuline treten in zwei verschiedenen
Formen auf. Zum einen kdnnen sie an die Zellmembran gebunden werden (B-Zellen
Rezeptor), zum anderen konnen sie als Effektormolekiile sekretiert werden (Antikorper).
Hohere W.irbeltiere besitzen finf verschiedene Immunoglobulin Typen (sogenannte
Isotypen): IgA, IgD, IgE, 1gG und IgM. IgGs machen den grofRten Teil aller Immunglobuline
aus. Antikorper und deren Derivate spielen auch eine wichtige Rolle in der therapeutischen
Anwendung und Diagnostik. Es missen jedoch immer wieder bestimmte Eigenschaften fur
die gewilinschte Anwendung verbessert werden. Solche Verdnderungen betreffen zumeist
Stabilitat, Spezifitit oder die immunogene Aktivitdt. Eine Herausforderung bei der
Optimierung einer bestimmten Eigenschaft ist die komplexe Beziehung dieser
untereinander, welche haufig dazu flhrt, dass sie sich gegenseitig negativ beeinflussen.
Aufgrund dessen ist es wichtig, das Verstandnis dieser komplexen Beziehungen auszuweiten
und damit erfolgreichere Strategien entwickeln zu kénnen. Der Schwerpunkt dieser Arbeit
liegt auf der Analyse der wichtigsten Eigenschaften fiir den Einsatz von Antikérpern: Faltung,
Stabilitdt, wechselseitige Beziehungen zwischen variablen Domédnen und deren
Funktionalitat.

Antikorper stellen hervorragende Modellsysteme dar, weil sie aus verschiedenen Domanen
bestehen. Es gibt variable und konstante Domanen welche ein gemeinsames Faltungsmotiv
teilen, den sogenannten immunoglobulin fold. Sowohl die einzelnen Domanen, als auch
verschiedene Antikorperfragmente sind stabil und erlauben das komplexe System
Antikorper stufenweise zu vereinfachen. Eine besondere Eigenschaft von Antikorpern, deren
Fragmente und einiger isolierter Domanen ist die Féhigkeit bei sauren pH Bedingungen einen
stabilen Zustand einzunehmen. Dieser zeichnet sich durch einen definierten
Sekundarstrukturanteil aus, wohingegen die Tertidrstruktur meist nicht definiert ist. Da die
Sekundarstruktur gewohnlich von der nativen Struktur abweicht, wurde dieser ,alternativer
Faltungszustand” (alternatively folded state, AFS) benannt. Dieser Faltungszustand ahnelt in
einigen Eigenschaften dem bereits charakterisierten molten-globule-Zustand. Deutliche
Unterschiede zwischen den beiden Zustinden bestehen in deren Stabilitditen und ihrer
Fahigkeit hohere Molekiilstrukturen zu bilden. Der AFS ist ein sehr stabiler Zustand und flihrt
haufig zur Bildung von Oligomeren. In dieser Arbeit wurde der AFS von den Domanen des
Fab Fragmentes sowie der Cy2-Domadne (zweite konstante Domaéane der schweren Kette)
untersucht. Cy2 ist eine besondere Domane, da sie in Antikorpern glykosyliert vorliegt.
Obwohl alle Domadnen im nativen Zustand dasselbe Faltungsmuster aufweisen, unterschied
sich deren Verhalten bei saurem pH. Alle Domanen, mit Ausnahme der konstanten Domdne
der leichten Kette (C.), waren in der Lage, einen AFS bei sauren Bedingungen und moderater
lonenstarke zu bilden. Bei den Fab Domanen schien die Fahigkeit, Oligomere zu bilden, mit
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der Moglichkeit hydrophobe Wechselwirkungen auszubilden, zusammenzuhangen. Im Fall
von Cy2 liel sich diese Beobachtung nicht bestatigen. Zudem gab es Unterschiede in den
Stabilitdten der einzelnen Domadnen. Interessanterweise waren solche Domadnen im AFS
besonders stabil, welche im nativen Zustand instabil oder sogar ungefaltet sind. Der AFS ist
ein reversibler Zustand, jedoch gilt das fir manche Domé&nen nur in einem eingeschrankten
Konzentrationsbereich. Die gebundenen Zucker im Fall von C42 hatten einen positiven
Einfluss auf die Stabilitit der Domanen. Anderten sich allerdings die Bedingungen von
physiologischem zu saurem pH, so ging dieser Effekt verloren. Der Mechanismus der AFS-
Bildung ist fur alle Domanen vergleichbar. Um die Umstrukturierung der Sekundarstruktur zu
ermoglichen, passieren die Domanen ein teilweise oder vollstédndig entfaltetes Intermediat.
Bisher sind keine Strukturdetails Gber den AFS bekannt. In dieser Arbeit konnte zum ersten
Mal mittels NMR ein Einblick in den AFS gewonnen werden. Der Zustand zeichnet sich durch
eine hohe Flexibilitat aus, da einige Bereiche unstrukturiert bleiben und ist allgemein sehr
dynamisch.

Durch die Untersuchungen der Faltungsmechanismen von isolierten Antikérperdomanen
weill man heute, dass sich diese trotz des identischen Faltungsmotivs unterscheiden. Die
variable Domédne der schweren Kette (Vy) wurde bisher nicht in die Untersuchungen
eingeschlossen. Vy-Domanen zeichnen sich zumeist durch eine geringere Stabilitat als die
variable Domane der leichten Kette (V) sowie durch ihre Aggregationsanfalligkeit aus. In
dieser Arbeit ist es zwar nicht gelungen, den vollstandigen Faltungsweg aufzuklaren, jedoch
konnten einige Unterschiede sowohl zu den Faltungswegen der anderen Domanen als auch
zwischen verschiedenen Vy-Doméanen beobachtet werden. Der Faltungsmechanismus der
Vy-Domanen ist komplex und es lassen sich mehrere Geschwindigkeitskonstanten fir
Entfaltung und Rickfaltung beobachten. Einige langsame Geschwindigkeitskonstanten
zeigen keine Abhangigkeit von der Konzentration des Denaturierungsmittels. Dies ist haufig
ein Indiz flr langsame Isomerisierungsprozesse. Am haufigsten wurde cis-trans
Isomerisierung von Prolinen beobachtet, welche in allen Antikdrperdomanen eine wichtige
Stellung einnimmt. Es konnte im Fall von V4 jedoch nicht eindeutig gezeigt werden, dass
auch diese Domane davon beeinflusst wird. Zusatzlich hat die Untersuchung an
verschiedenen Vy-Domanen gezeigt, dass sie sich in ihren Faltungswegen unterscheiden.

Ein weiterer Fokus dieser Arbeit lag auf der Interaktion zwischen den variablen Domanen.
Mittels bioinformatischer Analysen konnten konservierte Aminosauren im Bereich im und in
der Nahe der Interaktionsflachen identifiziert werden. Deren tatsachliche Funktion ist jedoch
noch nicht bekannt. Die konservierten Reste wurden vereinzelt gegen Alanin ausgetauscht
und die Folgen auf Struktur, Stabilitdit, Wechselwirkung und Funktionalitdt (Antigen-
erkennung) untersucht. Die vorliegende Arbeit unterscheidet sich von friiheren Studien, da
hier die variablen Domanen einzeln und nicht in einem Fab oder scFv Fragment analysiert
wurden. Die Struktur und Stabilitat von Vy wurde haufiger durch den Alaninaustausch
beeinflusst als V.. In friiheren Studien wurde von einer Korrelation zwischen der Fahigkeit
der variablen Domanen miteinander zu interagieren und der Antigenbindung ausgegangen.
Diese Annahme konnte auf Ebene der isolierten Doméanen nicht bestatigt werden. Aufgrund
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dessen sollte man den Ansatz dieser Studien tberdenken. Der dritte variable Bereich in Vy,
welcher unter anderem flr Antigenerkennung verantwortlich ist (complementarity
determining region; CDR-H3), weist die hochste Diversitat auf. Durch eine Punktmutation,
welche eine zusatzliche positive Ladung in CDR-H3 einbrachten, konnte die Stabilitdt von Vy
verbessert werden, ohne die anderen Eigenschaften zu beeintrachtigen. Kombinationen
dieser Mutationen fiihrten hingegen zu einem gegenteiligen Effekt.

Diese Arbeit ermoglichte neue Einblicke in das Faltungsverhalten einzelner Antikorper-
domanen. Zudem konnte das Verstdandnis von Wechselwirkungen zwischen Vy und V.
erweitert werden. Die Beobachtungen koénnen dabei helfen, die Optimierung von
Antikorpern effizienter zu gestalten. Es sollte zudem Uberdacht werden, ob Aussagen uber
die Interaktion zwischen den variablen Domanen wirklich zutreffend sind, wenn diese nur
indirekt Gber Antigenbindung bestimmt wurden. Es muss aber noch gezeigt werden, ob die
Beobachtungen fir MAK33 auch fir andere Antikorper gelten. Zudem besteht die
Moglichkeit, dass die Effekte, welche bei den isolierten Domanen beobachtet wurden, in
komplexeren Gefligen kompensiert werden kdonnen.
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Chapter 1

1. Introduction

1.1 Proteins in general

Proteins are multifunctional molecules and abundant in all forms of life. There are key
players in nearly all biological processes. With an increasing understanding of cellular
processes hundreds of thousands of different proteins could be identified. They play a role
as catalysts, in transport and storage of other molecules, and they provide immunity. They
can also enable movements, transfer nerve impulses and control growth and differentiation.
Although the functions of proteins are manifold, proteins consist of just 20 naturally
occurring amino acids. In order to be able to perform all their tasks correctly, proteins must
fold into their native structures [1].

The cellular environment is extraordinarily crowded and proteins as well as other
macromolecules can be present in concentrations of up to 300-400 mg/ml [2]. These
conditions can cause misfolding of proteins [1]. To cope with this situation, mechanisms
were developed during evolution to assist correct protein folding. Molecular chaperones
play an important role in vivo in this process as they can protect unfolded or partially folded
intermediates from non-productive interactions and correct mistakes [3, 4]. Chaperones
increase the efficiency of folding but not the specificity of the fold itself [3]. In addition,
folding catalysts are present, for example protein disulphide isomerases (PDI) and peptidyl-
prolyl cis trans isomerases (PPlase) [5] which promote the formation of the correct structure
as well. For the case that a protein cannot be reconstituted into its native structure it will be
removed before it might cause harm to the cell by proteasome-dependent degradation
pathway or by autophagy [6, 7].

During the past few years, considerable progress has been made in our quest for a better
understanding of the relationship between amino acid sequence and structure. For this
knowledge of the structure of proteins is essential. Nuclear magnetic resonance (NMR) and
X-ray crystallography enable protein structure determination in great detail [8-11]. Although
proteins vary in their amino acid sequences, many homologous structures have been
identified and categorised into protein families [12]. Large proteins are often organised in
domain structures. Therefore many different proteins can be ensembled by a smaller set of
folding motifs (i.e. domains). Protein structural domains are contiguous stretches of the
polypeptide chain that fold independently into compact globular structures and comprise
the building blocks of a protein’s overall structure. The ordered series of these domains is
called a protein’s multi-domain architecture [13, 14].
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Understanding the relationship between protein structure and sequence would permit to
predict the three dimensional structure adapted by the primary amino acid sequence or the
de novo design of new proteins. As many human diseases have been discovered which are
caused by protein misfolding, the topic of protein folding mechanisms has recently gained
more and more importance [15]. Additionally, the advent of protein engineering and the
ability to produce any protein, often in an insoluble and inactive form, granted the topic of
folding great practical importance [16]. Knowing the mechanisms enables the development
of new therapeutics [17]. The first model systems to study folding in vitro were small
proteins which did not need assistance of chaperones for adopting their native structure [18,
19] simplifying the analysis. By now many elements of protein structure are largely
understood and seem to be related to function [20, 21]. However, it is still not yet possible
to make reliable predictions of protein structure starting from the amino acid sequence for
all proteins [22]. Additionally, a general mechanism of protein folding could not be identified
up to date [23]. However, there is an on-going discussion that at least small proteins share a
hierarchic folding mechanism [24, 25] including of an ensemble of different states [26].

In the last 50 years of research on the folding pathways of proteins, experimental data and
computer simulations complemented one another. Consequently, our understanding of
protein folding and structure increased although it is not yet completed. We have learned
that proteins fold rapidly due to random thermal motions that cause conformational
changes which lead energetically downhill toward the native structure. This principle is
captured in funnel-shaped energy landscapes [27]. Additionally, the large set of known
structures in the Protein Data Bank (www.pdb.org) played an important role for predicting
protein structures. Nowadays the prediction is far more successful than it was thought
possible in the early days [27].

1.2 The protein folding problem

The genetic information of proteins contains only the primary structure of a protein, the
amino acid sequence. This information is sufficient for the protein to adopt its defined three-
dimensional, tertiary structure. Many proteins refold spontaneously into their native
structure what was first shown by Anfinsen and co-workers in 1961 [28, 29]. It was also
Anfinsen who distilled in 1973 the two main considerations: I) How is secondary and tertiary
structure of a protein encoded within the primary sequence and Il) what is the mechanism
by which the polypeptide chain is able to reversibly resemble into its three dimensional
native structure [30].

If a linear protein of 100 amino acids would fold in a random manner, it would take more
than a billion years to adopt the native structure throughout more than 10% possible
conformations [31]. Protein folding occurs in a much faster timescale in the range of
milliseconds to minutes [32] depending on the complexity of the molecule. Levinthal
proposed in 1968 that proteins cannot fold in a random manner sampling all the
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conformational space. Protein folding follows rather kinetic pathways that restrict the
conformational search and allow the polypeptide chain to fold rapidly and consistently to
the same low energy structure. This became known as “Levinthal’s paradox”. It indicates
that the time for a protein to randomly find the most energetically stable structure is not
sufficient and therefore proteins must fold by a directed process [30, 33].

Significant progress has been made for the prediction of the structure of small proteins or
domains of databases from known structural elements, however it is still not possible to
predict structures of all proteins de novo and the prediction of folding pathways is even
more limited [30]. The nature of the folding landscape was determined to be rugged for
many proteins. Besides, there is experimental evidence that related proteins from the same
family can fold via apparently different mechanisms [34]. The same can be observed for
representatives of the same protein domain as shown for example for antibody domains
[35]. On the other hand, the elucidation of folding principles has enabled the de novo design
of ideal protein structures [36].

1.3 Protein folding vs. misfolding

Understanding the mechanisms underlying protein misfolding and aggregation has become a
central issue in biology and medicine. There is evidence that amyloid aggregate formation
has a negative impact in cell function and that it causes the most prevalent human
degenerative disorders: Alzheimer’s, Huntington's and Parkinson's diseases [37] as well as
spongiform encephalopathies such as Creutzfeldt-Jakob disease [38] and amyotrophic lateral
sclerosis [39]. Less frequent but fatal are light chain amyloidosis and the even more rarely
heavy chain amyloidosis [40].

All amyloid diseases are highly heterogeneous but have one thing in common. They are all in
general based on a specific soluble protein that can under certain circumstances misfold and
aggregate as insoluble amyloids. The latter form deposits predominantly in the extracellular
or intracellular space or in both forms [40]. Up to date 27 proteins are characterised which
have the propensity to cause human amyloid diseases [41].

Table 1 gives an overview of some amyloid diseases. Besides the main protein the final
deposits can contain additional components like other proteins and carbohydrates [42].
Clinically two different forms of amyloidosis are differentiated. In the systemic forms
different organs are affected, in local amyloidosis one specific organ (which is in general the
organ or tissue where the precursor protein is synthesised) [40].
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Table 1: A selection of human amyloid diseases and their precursor proteins*

Disease Precursor protein Organs affected Systemic / Local
Light chain Immunoglobulin light Heart, kidney, liver systemic
amyloidosis (AL) chain
Heavy chain Immunoglobulin heavy  Kidney, liver systemic
amyloidosis (AH) chain
Alzheimer's disease Amyloid B-peptide tau  Brain local
Parkinson’s disease A-synuclein Brain local
Creutzfeldt-Jakob Prion protein Brain and others local and
disease systemic
Huntington's disease  Huntingtin Brain local
Amyotrophic lateral Superoxide dismutase  Spinal motor local
sclerosis (dominant) neurons and motor

cortex

*Adopted from [39, 40, 42]

In vitro studies of amyloid formation indicate that the process of amyloid fibril formation is a
nucleated self-assembly process. Fibril formation is favoured under destabilising conditions
that promote formation or accumulation of non-native folding intermediates or both [40].
Three phases of fibril formation describe the self-polymerization process. The process starts
with a lag or nucleation phase. The formation of the amyloid fibril nucleus is slow and starts
with the oligomerisation of non-native protein. After a critical concentration is exceeded, the
elongation phase starts where either native protein or more non-native conformation is
incorporated. At some point a steady-state (or plateau phase) is reached and no further
polymerisation will occur [40, 43, 44]. The final amyloid structure was found to be similar for
several proteins despite different sequences and structures of the precursors [45, 46].

The fibrillar structures are long and unbranched, and typically exhibit a twisted shape a few
nm in diameter. They share a characteristic cross-p X-ray fibre diffraction pattern and a core
structure composed of B-sheets with strands perpendicular to the fibril axis [42]. In vitro
experiments of purified aggregation-prone proteins resulted in the same fibril
characteristics. Therefore self-assembly is possible without the need of other components
[42]. There is an on-going discussion about the toxicity of fibrils. It is now considered that
some intermediates formed on the way from the disease protein to the plaques are
probably the toxic species and that the deposits might even have a protective function [39].
Figure 1 shows a model of fibril formation and structure.
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Figure 1: Model for fibril formation and structure
Left side: In the normal state quality control mechanisms are active that avoid misfolding of proteins. Middle: In

the disease state misfolded proteins are able to form oligomers, protofibrils and amyloid aggregates or mature
fibrils; adopted from [47]. Right side: Model for the fibrillar structure of a human islet polypeptide [48].

Why do some proteins misfold? In different diseases several mechanisms were observed.

Here, just three will be emphasised. In prion diseases, for example, conformational changes

are propagated that promote amyloid aggregation. As neither overproduction nor
degradation could be observed, these new conformations have to serve as a molecular
template and influence the native state to change their conformations, too [49]. In
Alzheimer’s disease a failure or dysregulation of proteolytic processes of unfolded or
misfolded proteins is the reason for the accumulation of aggregation-prone proteins. In this
case also no overproduction of the precursor is observed but often supporting mutations,
which can either destabilise the precursor protein or influence protein degradation
components [50]. A third example is light chain amyloidosis. Here, the overproduction of the
amyloid protein results in high levels of circulating protein that can overcome extracellular

protein quality control and degradation systems [43, 51].

The increasing knowledge of the mechanisms of these diseases enables to determine
sequences with high amyloidogenic potential [52, 53]. For both directions of design — on the
one hand induction of fibrillisation and on the other hand preventing fibril formation-
successful examples are published. Induction was shown for designed peptides with the
ability to fibrilise [54] and the induction of fibrilogenic propensity into non-fibrilogenic
proteins by introduction of small sequences [55]. Amyloidogenisity could be reduced by
either substitution of a few residues [55] or insertion of small loop regions [56]. The ability to
change the propensity of amyloid and non-amyloid forming proteins indicates that the
formation of amyloid structures might be a common part of the folding pathway with most
proteins evolved not to follow the pathway of amyloids [6]. Drug development is the next
challenge after we gained a good understanding —although by no means complete- in fibril
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formation. In some cases amyloid formation could already be inhibited or at least reduced
[44, 57, 58].

1.4 Driving forces of protein folding

Protein folding is influenced by two different kinds of interactions. First, so called weak
interactions and second, auxiliary factors such as electrostatic interactions.

1.4.1 Weak interactions in protein folding

Weak interactions include hydrophobic free energy, van der Waals interactions, peptide
hydrogen bonds and peptide solvation. The term “weak interactions” is misleading as the
single contributions are indeed small but there are so many interactions within a protein or
peptide that they are considered to be the main force of protein folding [59].

Van der Waals attractions results from interactions amongst fixed or induced dipoles and
hydrogen bonds are formed when a hydrogen atom is shared between generally two
electronegative dipoles. Peptide solvation describes the interaction between peptides and
water and it has an electrostatic character. Hydrogen bonds and peptide solvation depend
on each other. Peptide hydrogen bonds and peptide solvation are closely connected because
hydrogen bonds between water and the peptide N-H and C=0 groups must be broken before
peptide hydrogen bonds can be formed [60]. In the past they were discussed to be the
driving forces of folding but they cannot fulfil the requirements to be so. The dominant
driving force must be able to explain why the folded state is favoured compared to the
denatured state [61]. In the case of hydrogen bonds this criterion is not fulfilled as intra-
chain hydrogen bonds in the folded state have the same energy compared to those in the
unfolded chain to water [61]. Nevertheless, hydrogen bonds play an important role in
protein folding and stability (for example for secondary structure formation) as well as van
der Waals interactions.

For a few years the general agreement has been that hydrophobic free energy is the major
driving force of protein folding, although a dispute over its proper definition earlier made
this issue controversial [60, 62]. Hydrophobic free energy is described as the transfer free
energy which occurs when a hydrocarbon solute is transferred from water to a non-aqueous
solvent, or when a nonpolar side chain is buried in its hydrophobic core (i.e., the burial of
non-polar surface area) [62]. The denatured protein has many options to interact with
water, but the hydrophobic side chains prefer to be in a nonpolar environment. Hence,
burying these residues into the core of the protein is favourable. In addition, the entropy of
surrounding water molecules increases. Walter Kauzmann already predicted in 1959 that the
hydrophobic free energy is the main factor in protein folding. Back then, he termed them
hydrophobic bonds [63]. Recent studies and models confirm the dominant role of the
hydrophobic effect for protein folding [64].
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Folding is not only an exclusively favourable enthalpic effect. During the folding process the
entropy from conformational movements of the backbone is decreased. As both effects are
in a comparable dimension of app. 200 ki mol™ they can mostly cancel each other out. In the
end the majority of proteins are marginally stable in a range of app. 50 kJ mol™ [61, 65]. The
low stability of proteins is discussed to be crucial for protein’s turnover and function [66].

The discussion about the driving forces of protein folding can be summarised as the
following: hydrophobic interactions are the driving force for protein folding, but there are
many other auxiliary interactions that stabilise the native state of a protein [59].

1.4.2 Auxiliary interactions

Besides the influence of the van der Waals interactions and hydrogen bonds (see 1.4.1)
additional factors are influencing protein stability. Electrostatic interactions between
ionised/charged side-chains play an important role in folding and stabilisation, as well as a-
helix and B-sheet formation [60, 61]. Secondary structure formation depends strongly on
hydrogen bond formation. Specific pairwise interactions between side chains are not only a
result of hydrogen bonds; salt bridges and cation-pi interactions influence pairing as well
[60]. Furthermore, disulphide bonds are covalent bonds between two cysteine residues
which influence folding by restricting entropy [61].

In the resolved structures of proteins nonpolar amino acid side chains are predominantly
directed into the interior of the protein whereas polar and charged amino acids are exposed
to the surface. Some polar groups are located in the core of the protein and can be stabilised
by hydrogen bonds and support secondary structure formation. These residues can interact
with the solvent upon exposure. Hence, hydrophobic interactions exist in general in the
protein core, hydrogen bonds in the core and at the surface and electrostatic interactions
predominantly on the surface.

Coulombic interactions and salt bridges are long-range, whereas hydrophobic and van der
Waals interactions are short-range interactions concerning the distance of the interacting
side chains. Charge-charge interactions are able to influence folding in an early stage of the
process [67] what makes them interesting to study. Acidic (aspartic acid, and glutamic acid)
and basic amino acids (lysine, arginine, and histidine) can be partly or fully exposed to the
surface and can react according to Coulomb’s law. Whether the charge-charge interaction
energy becomes unfavourable (means large and positive) depends on the pH value. A low as
well as a high pH have a disadvantageous influence and disfavour these interactions [60].
Coulombic interactions can increase in some cases the stability of proteins e.g. via
introduction of salt bridges as shown by mutational experiments [68, 69]. On the other hand
the stability is in some cases just little affected or not affected at all. This case was observed
for example in studies on barnase [70] or T4 lysozyme [71]. Removal of a native salt bridge
or hydrogen bonds within a protein in general decreases stability [61].

13
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1.4.3 The activation barrier

An activation barrier separates the native and the unfolded state from each other.
Whenever a protein wants to change between both states it has to overcome this barrier.
The barrier is influenced by entropic and enthalpic contributions. The activation barrier can
also be described as Gibbs free energy of activation (AG"= AH” - TAS™; AH” is the enthalpy and
AS” the entropy term) [72]. Nowadays examples are known where the activation barrier is so
small that folding is possible without any barriers. These proteins follow the downhill folding
principle and fold in general ultrafast with folding rates in the range of 10°-10*s™* [73].

The increasing order of the protein backbone decreases the entropy as chain configurations
are restricted. Enthalpic contributions have often been attributed to desolvation effects [74].
The activation barrier and folding rates seems to be connected to each other. Fast folding
proteins can form few local contacts early in the folding process and are influenced by their
native state topology [75]. Plaxco and co-workers introduced a relative contact order
parameter to be able to determine the average distance between residues that interact with
each other within a sequence. Their findings are that mainly long-range interactions result in
high contact order and slow folding rates, whereas more local interactions lead to a low
contact order and fast folding rates [75].

1.5 Protein folding mechanisms

As protein folding is a complex process in which several interactions and forces participate, it
is an on-going search to find a simple model to explain all folding processes observed in
experimental studies.

1.5.1 “Two-dimensional” models of protein folding

The first model proposed was the “nucleation-growth” mechanism. This model assumes that
a folding nucleus consisting of secondary structure is slowly formed and afterwards the
processes accelerates and the remaining structure is rapidly formed [76]. A drawback of this
model is that folding intermediates cannot be explained. Therefore this model is not suitable
for all proteins.

Subsequently, hierarchic models were introduced. Here, folding starts from the primary
amino acid sequence and the degree of complexity increases during the process from
secondary to tertiary structure formation [30]. The “framework” model is an alternative to
the “nucleation growth” model as protein folding starts with the formation of an
intermediate which is rich in secondary structure. In the next step the tertiary structure is
formed [77]. Related but still different to the “framework” is the “diffusion-collision” model.
Here, also secondary structure is accumulated before tertiary interactions but the secondary
structure is unstable and just transiently formed. The collision between these “micro-
domains” provokes folding [78, 79]. This model can describe very fast folding proteins where
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intermediates are within the dead time of the experimental setup as no stable intermediates
are formed.

Beside a hierarchic point of view, models were proposed that differ from the previous
mechanisms. In the “hydrophobic collapse” model, collapsed hydrophobic regions and
tertiary structure are formed. The formation is favourable as the compaction of the
polypeptide chain increases the efficiency of conformational search for native-like
interactions [80]. This model can describe the formation of molten globule (or collapsed)
states [81, 82]. Some of these states can be formed very fast even in a range within
submilliseconds [83]. A more recent model is the “nucleation-condensation” mechanism.
This model is efficient for folding of small proteins that consist of a single domain and
combines some features of the models described so far [84, 85]. As a first step a nucleus is
formed. From this state secondary and tertiary structure formation are propagated in
parallel. Thus, inherently unstable and short-range interactions from secondary structure
formation can be stabilised by native-like tertiary interactions within the folding nucleus,
which act as long-range interactions. This model fits well for small two-state folding proteins
[86]. Figure 2 shows an overview of three of these folding models.

formation of Figure 2: Different two-
elements . . .
of secondary framework dimensional mechanisms of

w‘ protein folding
Key differences in the assembly of

coalescence of

secondary structure the native state are shown
\ between three selected folding
= hydrophobic collapse models: framework, hydrophobic
§ growth of collapse and nucleation-
E CS saconaaty structu.re condensation model. The entropy
% e decreases with the increase of
I sicisation- native state  structural complexity (from left to
condensation right). Figure taken from [30].
hierarchical
assembly

foldmg nucleus

1.5.2 The protein folding landscape

None of the two-dimensional models can cope with the complex behaviour of some
proteins. Hence, an alternative view on protein folding mechanisms was developed. In a new
approach, folding is considered as a three-dimensional energy landscape. This concept was
developed as a statistical approach and includes the energetics of protein conformation. It
accounts for diverse folding pathways and the observed unique behaviour of some proteins
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[87] in contrast to the previously discussed models. Nevertheless, this approach has some
limitations, too.

Proteins are predicted to fold downwards in a folding funnel thereby reaching their
energetic minimum and consequently the most stable state (i.e., in general the native state).
The funnel surface is best described as a complex rugged structure as there are many
possible routes on the way from the denatured to the native state [30]. Figure 3 shows an
overview of the development of protein folding models from Levinthal to rugged folding
funnels.

A

Figure 3: Development of protein folding models

2

From left to right the different point of views on protein folding are shown: A) Levinthal's “golf-course”

landscape with N as the native state; the search for N is random B) “pathway” solution of folding; starting from
A (denatured state) is the native state N the result from a direct conformational search what increases the
speed of folding C) In the new view the energy landscape is rugged and contains kinetic traps, energy barriers,
and some narrow paths to the native state; folding can be a multi-state process. Adapted from [88].

Within this funnelled and rugged landscape fast-folding pathways can be present to avoid
the formation of trapped-species or bottlenecks [30]. The funnelled shape suggests that the
folding process is robust if mutations appear as long as the stability is maintained [89]. Single
point mutations have confirmed that they can influence the profile of the folding landscape
and in some cases they even changed the folding route [89-91]. Nevertheless, the native
state will be adopted, as long as the overall stability is not influenced [89]. One challenge of
the folding model is the denatured state — the origin of folding. In the first attempts to
analyse protein folding it was assumed that the denatured state is completely unstructured
and will explore the conformational space in a random manner [92]. More recent results
indicate that the denatured state is not completely unstructured [93, 94] and contains
residual, fluctuating structure what can be analysed by combining NMR and computational
modelling [95].

1.6 Structural states of proteins

Protein folding studies start with denatured proteins independent of the complexity of the
folding mechanism. As mentioned in 1.5.2 the denatured state is more complex than a true
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random-coil structure. Different methods can be used to disrupt the noncovalent
interactions that stabilise the native state and to denature a protein. Frequently, chemical
denaturants such as chaotropic agents like urea or guanidinium chloride (GdmCl) are used
[96]. Thermal, pressure or pH dependent denaturation is possible as well [97]. In folding
studies mostly the native state is considered, but this is only half the truth. To be able to
determine the mechanism properly one has to consider besides the native state all other
structures and stabilities adopted during folding: the denatured state, intermediate(s), the
transition state and native state [98].

1.6.1 The native state of a protein

The native state was always seen as the most stable and best defined state. It is possible to
gain detailed structural information about the native structure of a protein using X-ray
crystallography or NMR-spectroscopy. Structures can be resolved with resolution values as
low as app. 1 A what might confirm the idea of the native state as one specific conformation.
However, new methods are beginning to prove what has already been assumed for several
years [99, 100]: the native state is dynamic and flexibility is often crucial for the functionality
of the protein [101, 102]. Additionally, a protein class was discovered that shows hardly any
defined tertiary structure called “intrinsically disordered” proteins. Although this protein
class was not paid attention to for years, it was recently assumed to make up about 40% of
the human proteome and to play an important role in signalling and regulatory processes
[103, 104]. Many representatives of this class can undergo conformational changes upon
ligand binding and increase their structural order [105].

1.6.2 The denatured state(s) of a protein

The terms “denatured state” and “unfolded state” are often used as synonyms. If one wants
to be precise, both terms specify not exactly the same. The idea behind “denatured state”
was an operational definition. It should describe a noncovalent, cooperative and reversible
major change from the original native structure [106]. The “unfolded state” on the contrary
describes a specific subset of denatured states; this means highly open and solvent-exposed
conformations with little or no residual structure (usually obtained under strongly
denaturing conditions) [28]. The unfolded state implies the state of a protein most similar to
a random coil as possible. In an ideal random coil the rotation angles of all backbone bonds
and side chains are independent of the angles of distant bonds and therefore all
conformations share a comparable free energy [107]. Limitations are steric repulsion
between atoms close in the covalent structure and the excluded volume effect (i.e., spatial
overlap between atoms distant in the covalent structure) [107].

The denatured state of a protein is a less considered object for study than the native state.
On the one hand, the denatured state possess less structure than the native state or stable
intermediates, on the other hand this state is also more challenging to study [94]. However,
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the importance of this topic was recognised and explored. After all, at least three important
phenomena are influenced by the denatured state: I) Protein folding and stability, Il)
Transport across membranes and Ill) Proteolysis and protein turnover [106].

In some publications the denatured state is also called “denatured state ensemble” to
demonstrate that it is not one specific conformation [108]. There is evidence that every
molecule of a population in the unfolded state of a protein is likely to have a unique
conformation at each instant of time [109]. One has to consider that not all methods for
denaturation result in the same denatured state, too. Comparison of thermally and
chemically denatured ribonuclease A showed that in the first case still residual structure can
be detected, whereas after chemical denaturation this is not the case [97]. In addition, the
properties of denatured states depend on the solvent conditions [106].

While the exact mechanism of chaotropic agents is still discussed it is clear that urea and
GdmCl are more effective to disrupted noncovalent interactions which define native
conformations than acidic or thermal unfolding [97]. Chaotropic agents and the degree of
denaturation are concentration dependent. In general, denaturants are considered to
weaken hydrophobic interactions and to improve the solvation of nonpolar residues in water
[106, 110]. Two main models try to explain the denaturing effect in more detail. The transfer
model includes a correlation between the effect of denaturants on protein stability and free
energies of transfer of the polypeptide chain from water to denaturant solutions [111, 112].
The solubility of most parts of a protein is increased in GAmC| or urea compared to water
and hence the unfolded state, which is more solvent-exposed than the native state, is
stabilised. The second model is based upon the assumption that denaturants bind weakly to
the polypeptide chain. The unfolded state has more binding sites than the native state and
thus will be favoured in denaturing solvents [113, 114]. Both models can explain the
empirically determined linear dependency between the free energy of unfolding and
denaturant concentration within the region of the unfolding transition [115].

Many methods which are commonly used in protein folding analysis cannot handle the
flexibility and dynamic character of the denatured state. Additionally, many of these
methods are only applicable for soluble samples what is not always the case for denatured
proteins [94]. Spectroscopic methods like intrinsic tryptophan fluorescence or circular
dichroism spectroscopy cannot resolve these structures. In contrast, small-angle X-ray
scattering is a suitable method to gain at least quantitative information on global features
such as size and shape, whereas high-resolution NMR can be applied to detect and
characterise local structure. One drawback of NMR-spectroscopy is that the state must be
monomeric and soluble [94] and the data is often difficult to interpret. However, these
studies could show that besides random coil characteristics weak local interactions and
some tendencies to form a-helical structures exist [109].



Introduction

1.6.3 Transition state and intermediates

1.6.3.1 Transition state and folding intermediates

The transition states share the same primary amino acid sequence as the native and
denatured state because during folding no covalent bonds are formed or broken [24]
(exceptions are covalent disulphide bonds). Only indirect observation of the transition state
is possible, as it appears only in low amounts. The analysis of the rates of folding and
unfolding in the presence of various concentrations of denaturant can be used to determine
the apparent free energies and therefore enables conclusions on the transition state of the
observed reaction [109]. The free energy of the transition state depends linearly on
temperature or denaturant concentration although some minor deviations are possible.
Thus, the nature of the transition state is not varying substantially [32, 116]. Studies of the
transition state have shown that its nature is very similar to the native state but some parts
of the protein may be distorted [85, 117].

In folding reactions, the transition state is not exactly the same as in ordinary chemical
processes. In a folding reaction, an ensemble of different species can appear. In addition, the
rate of product formation in chemical reactions is dependent upon the frequency of
vibration of a critical bond what is not true for folding [24]. Nevertheless, the transition state
theory is an approximation which is valid for protein folding [24].

Hence, a model for the role of transition states can be determined from ordinary chemical
reactions as a basis (see Figure 4). The model assumes that under refolding conditions the
unfolded state U can rapidly fold in parts or undergoes compaction. This rapidly appearing
intermediate can be a denatured state or an early intermediate depending on the structural
amount formed (D). If other intermediates appear they will exhibit energy between D and N
(i.e., native state). For the case that the free-energy barrier between D and I” (i.e., transition
state) is large enough, D and I” equilibrate before N is formed. This assumption leads to the
conclusion that the formation of N is proportional to [I*] and that folding kinetics behaviour
is exponential.

Figure 4: Free-energy diagram of folding
I+ modelled on an ordinary chemical
reaction

The free energy of folding is plotted against
the reaction coordinate. U is the unfolded

DG state, D the denatured state or early
U intermediate, I” is the transition state and N
| the native state; figure taken from [24].
D
N
Folding
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Folding intermediates have different characteristics. They can often be populated for a
significant amount of time [118-120] long enough to be studied. Early folding intermediates
can adopt some secondary and tertiary structures and have free energies comparable to or
even more stable than the unfolded state [97]. Early intermediates are very rapidly formed
(within first few milliseconds) and often magnitudes faster than the subsequent processes,
thus a burst phase can be observed. The amplitude of the burst phase and the population of
intermediates are directly proportional [97]. The structure and properties of these
intermediates appear rather common and could be observed for several examples like a-
lactalbumin [121], hen lysozyme [121] and dihydropholate reductase [122]. Nevertheless, at
least two different types of early intermediates differing in their responses seem to exist. In
class | the dependence of the burst-phase amplitude for the far-UV ellipticity signal is in a
sigmoidal manner dependent on the final denaturant concentration. In class Il the decrease
in the burst phase signal is similar to a saturation curve behaviour as the final denaturant
concentration is increased [97].

1.6.3.2 Intermediates in extreme solvent conditions

Extreme solvent conditions can be useful to study intermediates. Under conditions in which
the native state is not stable, residual structures can be present long enough to be studied in
detail. Low pH or high temperatures were frequently used and lead to the detection of
intermediates which represent minima on the conformational energy hypersurface including
the molten globule state, the alternatively folded state (AFS), and amyloid structures (see
1.3).

One of the best described intermediates is the molten globule state. The term “molten
globule state” [123, 124] was introduced to describe partially folded proteins that showed a
significant amount of secondary structure (often already native-like), but only very few
nonnative or native-like tertiary interactions. Since the secondary structure elements are
only weakly packed against each other (i.e., the tertiary interactions are molten), the
hydrodynamic radius of the protein is usually 10-20% larger than in the native state [123,
125] but smaller compared to the unfolded state (i.e., still a compact state and thus globule).
The stability of a molten globule is often only marginal, and its uncooperative unfolding
reflects its structural characteristics [124]. Under appropriate solvent conditions (often acidic
pH), this state could be populated for a large variety of proteins at equilibrium and, hence,
conveniently studied [123, 124]. This was of particular interest as its structural similarity to
intermediates formed on many protein folding pathways could be shown [126-128]. Thus,
analysis of the equilibrium molten globule state allowed the intrinsic problem of studying
transiently populated kinetic species to be circumvented and helped to approach the
guestion about how proteins fold to their native state (admittedly its significance has been
guestioned [129]). In general, two different types of molten globules are distinguished. Wet
molten globules feature a hydrated core and considerably decreased packing compared to
the native state [130]. Otherwise, dry molten globules are slightly expanded forms of the
native state and show increased conformational flexibility, native-like main-chain hydrogen
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bonding and dry interiors [130]. More recently, a distinction between the molten globule
state and the pre-molten globule state has been made, where the latter does not display a
globular structure but contains considerable secondary structure and a compacted
polypeptide chain, but both to a lesser extent than is typically associated with a molten
globule [126, 131].

In many respects similar to but nevertheless distinct from the molten globule state is the so-
called alternatively folded state (AFS) formed at low pH for some proteins [132]. Similar to
the molten globule state, is its richness in secondary structure, but often, as its name
implies, the structure adopted is clearly distinct from the one found in the native state or in
folding intermediates. Furthermore, the AFS often possesses a defined quaternary structure
and, strikingly, it usually shows a rather high stability and cooperative unfolding transitions
[132-134].

A species in between the molten globule and the AFS structure is the so-called “acid state”
or A-state. It has been reported for a large number of proteins and is thought to form under
acidic conditions for the case that the charge repulsion of the protonated side chains is
compensated for by the presence of anions [135-137]. It differs from the AFS as its structure
is often native like but only marginally stable [138, 139] and it does not adopt the globular
shape that is a prerequisite for molten globule structures [123].

An IgG antibody was one of the first proteins shown to form an AFS [132]. Not only the
whole antibody also its antigen binding fragment (Fab), adopt a stable conformation at low
pH and low ionic strength, clearly distinct from the native state [134]. Importantly, this
structure is stabilised by quaternary interactions conveyed by the disulphide bridge between
the light chain and the Fd fragment present in the Fab fragment [134] (Fd and Fab fragments
will be described in the next section). The notion that significant conformational changes
have to take place for the formation of the AFS was strengthened by the fact that reduction
of intradomain disulphide bridges facilitated its formation [140]. In other monoclonal
antibodies an AFS was also observed [141, 142], as well as in smaller isolated domains such
as the 1gG Cy3 fragment (i.e., the third constant domain of the antibody heavy chain) [133].
Lately, AFS formation of human IgG Fc fragments induced by thermal treatment instead of
acidic conditions was described [143].

1.7 Immunoglobulins and their role as model substrates

1.7.1 Immunoglobulins in vivo

Immunoglobulins belong to the eponymous immunoglobulin superfamily [144, 145] and are
the key players of the adaptive immune system. The immunoglobulin superfamily is a large
group of functionally diverse proteins that share the immunoglobulin fold as a common
structural feature [144]. Immunoglobulins directly neutralise pathogens and pathogen-
derived products and recruit molecular and cellular immune effectors to eradicate infections
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and tumour cells [146]. They can exist in a membrane bound form (i.e., cell surface bound B-
cell receptors) or as secreted effector molecules (antibodies). In higher vertebrates five
different classes, so called isotypes, of immunoglobulins exist: IgA, 1gD, IgE, I1gG and IgM. The
main difference lies within their heavy chains (a, §, €, y, and u chain) although two different
types of light chains exist as well (A and k) which can be combined with all types of heavy
chains. 1gG is the predominant isotype with the longest serum half-life. In humans four IgG
subclasses (1gG1-1gG4) are distinguished according to differences in structure, antigens and
function [147] of which IgG1 is the most frequently appearing class.

An organism can generate a huge set of antibodies. Although the number of gene loci
encoding for single antibody domains is limited, several mechanisms developed to increase
the amount of possible immunoglobulin sequences. Somatic hypermutation within the
hypervariable regions, combinatorial rearrangement between different gene segments (VD)
gene segments, i.e., variable, diversity and joining), and combinatorial association between
different heavy and light chains create a preimmune antibody repertoire of more than 10"
different immunoglobulins [147] and enable a response to the various environmental
influences. There is a high risk for the formation of antibodies deficient in folding, assembly,
transport or interaction with signalling molecules. Mechanisms have evolved to control
antibody development and to select functional combinations. Heavy and light chains of
antibodies are co-translationally translocated into the endoplasmic reticulum (ER), coupled
with an intricate system to examine and test their fitness [148]. Typically, those HCs and LCs
that do not find a suitable partner will be retained in the ER and can be degraded (see light
chain amyloidosis for exceptions). Thus, B-cells will express functional antigen receptors and
upon antigen binding induce differentiation into plasma cells, which produce a tremendous
amount of effector antibodies. The actual antigen repertoire is smaller than the preimmune
antibody repertoire, within 10’-10° different Ig molecules [148].

Besides assembly of HCs and LCs other posttranslational modifications are performed in the
ER. Disulphide bonds are formed and at the conserved motifs glycosylation is induced.
Afterwards, the glycosylation process is completed in the Golgi apparatus. The extension of
the glycosylation pattern of an immunoglobulin depends on the isotype [149]. A conserved
Asn-297 residue in the second constant domain of the heavy chain (Cy2) is the glycosylation
site for 1gGs (i.e., N-linked glycosylation). A heptasaccharide consisting of N-
acetylglucosamine and mannose form the core of the biantennary sugar complexes.
Variations of glycosylation between IgG molecules as well as within different sites in the
same molecule result in more than 30 different possible glycosylation patterns [147].

Glycans have a strong influence on immunoglobulins in nearly all fields; they are important
for structure, binding, maintaining solubility and conformation as well as for subcellular
transport, secretion, clearance and effector functions [149]. In Figure 5 the influence of
sugar moieties on the structure of the Fc fragment is shown as well as a selection of typical
glycosylation patterns in human organisms. For IgG, it was observed that in case the
glycosylation site is mutated and glycosylation is no longer possible there is only a reduced
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or no binding to the Fcy receptor (FcyR) [150]. Besides FcyR binding, the antibody-dependent
cellular cytotoxicity (ADCC) is influenced by the glycan composition, too. In the ADCC
antibody-coated antigens activate effector cells (i.e., natural killer cells or monocytes) to
destroy the antibody-coated target by binding the complex to the FcyR. Glycoengineering
experiments have shown, that a reduction of the fucose content increases the ADCC activity
[151, 152]. Another important defence mechanism, the complement-dependent
cytotoxicity, is also glycan dependent as there is no Clq binding in the absence of glycans
[147, 153]. Besides immune defense, false glycosylation patterns can cause autoimmune
diseases. Reasons for the induced inflammation are abnormal sugars at the N- termini when
sialic acid or galactose is absent.
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Figure 5: The influence of glycans on the Fc structure
In (A) a comparison between an unglycosylated murine Fc fragment with its glycosylated human counterpart is

shown. Glycosylation influences mostly the structure Cy2 domains. The conserved asparagine residues are
highlighted and the sugar moiety of the glycosylated Fc is depicted in a ball-and-stick representation; figure
taken from [154]. In (B) a selection of typical glycosylation patterns of human organisms is shown. They all have
two N-acetylglucosamines and three mannose sugars in common; figure adopted from [155]

The resulting N-acetylglucosamine at the termini can activate the complement cascade
when binding to mannose-binding lectin [156]. In addition to the Fc region, the variable
domains of antibodies can also be glycosylated thereby modulating antigen binding [149].

1.7.2 Immunoglobulins as model substrates

Antibodies are perfect model systems for studying protein folding, dynmamics and association
due to the presence of homo- and heterodimeric interactions, conserved proline residues,
disulphide bonds and population of intermediate states. The most common antibodies, IgGs,
are comprised of two light chains (LCs, consisting of the V|, and C, domains) and two heavy
chains (HCs, with the Vi and Cy1-3 domains). The complete 1gG can be subdivided in an Fc
fragment (i.e., fragment crystallisable) composed of the homo-dimer of the C42-C43 domains
and two Fab fragments (i.e., fragment antigen binding) composed of the heterodimer of the
LC and the Vy and Cy1 domains of the HC (see Figure 6). The Fab, Fc and Fv fragments can be
expressed, purified and are stable in isolation. The same holds true for the isolated domains.
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Therefore it is possible to reduce the level of complexity subdividing the molecule into
fragments or single domains.
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Figure 6: Domain arrangement of an IgG antibody molecule and structure of the single domains

LCs are depicted in green, HCs in blue. (A) Domain organisation of an IgG antibody; S-S indicates a disulphide
bridge and the grey hexagons represent oligosaccharides. Functional elements of the antibody are indicated;
figure adapted from [35]. (B) Cartoon of the Fab fragment to demonstrate that all domains share the Ig fold and
a conserved internal disulphide bridge (yellow sticks); the variable domains have additionally hypervariable
regions (long loops) highlighted in dark green and dark blue for V, and V,, respectively. The structure is based
on PDB ID 1FH5 and CDR-H3 is indicated as a dashed line as it is not resolved in the structure. (C) Two-
dimensional diagrams of observed hydrogen bonding patterns; Immunoglobulin constant domains have seven
strands in general in c-type topology, variable domains have in total nine strands in general in v-type topology,
respectively; figure taken from [157].

The variable domains, Vy and V|, together constitute the antigen binding site which is crucial
for antibody specificity and antigen binding. Within each variable domain, three
hypervariable regions (i.e., complementarity determining regions or CDRs) constitute the
residues interacting with antigens. The association of the two variable domains is important
for the specificity and activity of antibodies [158]. The framework region of the interface is
formed by the packing of two B-sheets [159] and this geometry is preserved in Fv fragments
consisting of the two variable domains only [160, 161]. Interestingly, the most conserved
residues in the framework of the Fv fragment turned out to be those positioned in the
interface between the two domains [162, 163]. Computational approaches, such as
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covariation analysis [160, 164-167] identified correlated amino acid changes [164].
Covariation analysis has been the most frequently used method and determines if there is a
correlation between single amino acids within a sequence by analysing whether the
presence (or absence) of a particular amino acid at one position correlates with the presence
(or absence) of a particular amino acid at a second position within a multiple sequence
alignment [160, 164-167]. The covariation analysis of Wang and co-workers (published 2009)
[164] is the largest analysis of variable domain sequences that was performed up to date. In
their study, 2432 naturally occurring individual sequences of various species were analysed.
With this approach, they aimed to identify naturally occurring amino acid networks that are
generally important for antibody structure and function. In Figure 7 the conserved residues
within the interface identified by Wang and co-workers are shown. Computational methods
alone are not sufficient to determine important residues. Experimental studies addressed
the influence of the exchange of particular amino acids on Fv stability [168-172]. While these
studies lay the groundwork for deciphering this important aspect of antibody structure, we
are still far from a detailed and comprehensive picture of the organization of the Fv
interface.

Figure 7: Conserved amino acids of the interface between V,, and V,

In (A) a ribbon diagram of the Fv region of an antibody is shown. A V (blue) and a V, (red) domain form the Fv
fragment. The complementarity determining regions (CDRs) are highlighted in green and orange for V,, and V,,
respectively, and comprise the antigen binding site. In (B) those residues within the interface of Vy (green,
residues in yellow) and V, (blue, residues in orange) are shown as sticks which were determined to be highly
conserved. Figure is adopted from [164].

Despite diverse amino acid sequences, the antibody domain structure is highly conserved.
This so-called immunoglobulin (Ig) fold, is a B-barrel structure of approximately 110 amino
acids in which the two halves of the barrel are linked by a conserved disulphide bond [173]
(see Figure 6). Dissecting antibodies into individual domains or fragments allowed the
detection of differences in the folding of these structurally highly similar domains.
Pioneering studies from Goto and co-workers on immunoglobulin folding focused on
denaturing and refolding LCs [174]. The first isolated domains examined have been C_ [175,
176] and Cy3 [177] domains. Their analysis revealed that the domains can fold autonomously
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and that peptidyl-prolyl bond cis-trans isomerisation plays an important and rate-
determining role [176]. This reaction can be catalysed and accelerated by peptidyl-prolyl cis-
trans isomerases (PPlases) [178, 179]. For the Cy3 domain, it could be shown that prolyl
isomerisation has to take place before the association to the homo-dimer [180]. In the
folding pathway of the C, domain, a small helix connecting two strands is the first element
that adopts its native structure upon refolding and seems to guide the orientation of the rest
of the protein [56]. Despite their structural similarity, recent results showed that the folding
pathways of the individual domains can be quite different. One special observation was
made for the Cy1 domain, which is in the native antibody the partner of C,. C41 cannot fold
autonomously but only in the context of the C_. domain [181].

The V. domain of the murine monoclonal antibody MAK33 shows a triangular folding
pathway in contrast to other antibody domains studied so far with two intermediates in two
different pathways [119]. The first intermediate identified is obligatory for folding and shows
early molten globule-like characteristics. Two possible pathways were determined from this
intermediate to the native state. One pathway is directly leading to the native structure,
whereas an alternative pathway includes a more native-like intermediate [119]. It is known
that some V| variants are associated with misfolding diseases and can form pathological
fibrillar structures [182, 183]. V. of MAK33 was not previously known to be linked to
fibrillation but it was demonstrated that this domain is able to form fibrils under certain
conditions [119]. This finding leads to the assumption that one of these folding pathways
could be the junction to fibril formation in agreement with previous observation that
amyloid formation starts at partially folded or intermediate states [184-186]. In this fatal
protein deposition disease, antibody LCs with mutated V, domains are produced in large
amounts and form fibrillar structures in the organs of patients [182] (see also 1.3). A
comparison of amyloidogenic with non-amyloidogenic V, variants from patients has
identified residues that occur with a higher frequency in the former [184, 187-190]. Some of
the potential amyloidogenic residues have been identified within the framework region of
the B-barrel fold. However, it is not clear how these mutations affect folding and why of all
antibody domains specifically the V. domain is most susceptible to amyloidosis.

1.8 Objective
Within this thesis three objectives are addressed:

) The alternatively folded state formation of isolated antibody domains.
1)) The mechanism of the interaction between Vy and V,.
) The folding behaviour of Vy domains.

The murine monoclonal antibody MAK33 which is directed against human creatine kinase
was chosen as the main model system. It is a well characterised antibody [56, 119, 132, 140,
191, 192] (see also 1.7.2). It is a representative of the 1gG1 k type and therefore of one of the
most frequently appearing antibody types. Another advantage of this antibody is that crystal
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structures of its Fab and Fc part as well as of the Cy3 dimer are available in the PDB (entry
numbers 1FH5, 3HKF and 1CQK).

It was previously shown that besides intact antibodies, the Fab fragment and the isolated
Cu3 domain are also able to adopt an alternatively folded state at acidic pH conditions (see
1.7.2). Within this thesis the view of the AFS formation of isolated domains should be
expanded focusing on the Fab domains and Cy2. All immunoglobulin domains share the
same folding motif under physiological condition. Thus, it is interesting to see whether the
domains behave the same at acidic conditions as well. As differences in the folding pathways
from the unfolded to the native state between the isolated domains were observed [35], it is
possible to observe variations also at acidic pH. Cy2 is of special interest because this domain
has a conserved glycosylation site (see 1.7.1). As glycosylation influences the stability of
proteins, the influence of glycans in an acidic environment should be addressed.

Antibodies as therapeutics are a promising and profitable market [193]. Antibody
engineering often faces the problem that binding and stability are mutually exclusive. Up to
date some conserved residues within the otherwise variable Vy and V|, domains are known.
Most results are based on computational studies. Thus, within this thesis the influence of
these residues on folding, stability and interaction between both domains should be
elucidated experimentally. The role of CDR-H3 was also included as it is the most flexible
hypervariable region. This study should help to understand the mechanism of interaction
between V4 and V, and should improve antibody engineering approaches.

Nowadays a lot is known about the folding behaviour of the isolated antibody domains. The
folding pathways of C, Cy2 and Cy3 could be resolved in great detail [35]. The folding
pathway of MAK33 V| was of special interest and could be elucidated in 2009 [119]. Some V,
domains are associated with diseases (see 1.3) and their ability to misfold might be
explained due to their folding mechanism. V, was shown to be able to form fibrils at certain
buffer conditions and shows a triangular mechanism of which one might be the entry point
to misfolding disease. The variable domains of LC and of HC have different biophysical
properties. Isolated V. domains are usually not prone to aggregate [194, 195], except for
those variants that can form fibrils [196] whereas many Vy domains are not stable in
isolation. The comparison of the two pathways will allow to determine differences between
V. and V4 domains and to correlate sequence and structural features with biophysical
properties. Besides insight into basic aspects of protein structure, these results may also be
useful for diagnostic and therapeutic applications of antibodies [197] and allow insights into
the mechanisms leading to amyloid formation when compared to the folding pathway of
amyloidogenic V| domains. Vy domains of different species -for example between mice and
humans- can be clustered according to their CDR and framework sequences into different
germline families [198]. Besides differences on sequence level also variations in the
properties between germline families were observed [199]. Hence, if one wants to
determine the folding pathway of Vy domains more than one germline family member
should be addressed for a complete study.
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Chapter 2

Materials and Methods

2. Materials and Methods

2.1 Materials

2.1.1 Devices

Autoclave Varioclav EP-Z
Biacore X100
Cell Disruption Apparatus Basic Z

Centrifuges
Avanti J25 and J26 XP

Optima XL-A (equipped with FDS)
Optima XL-I

Rotina 46R

Rotina 420R

Universal 320R

Tabletop centrifuge 5418
Tabletop centrifuge Mikro R200

Chromatography systems

AKTA Prime

AKTA Purifier + REC 112

FPLC + REC 112

Frac-900/950 fraction collectors
Superloops (various volumes)

Circular dichroism spectropolarimeters
J710 (with PFD-350S Peltier device)
J715 (with PTC 348 WI Peltier device)

Thermoblocks

Digital heat block
Eppendorf-Thermomixer
TB1 Thermoblock

Fluorescence spectrophotometers
FluoroMax-2
FluoroMax-4

Gel documentation system
Biodoc Il

ImageQuant 300

Image Scanner Il

Gel electrophoresis and blotting devices
Homogeniser Ultra Turrax DIAX900
HPLC systems

H+P
GE Healthcare

Constant Systems

Beckman Coulter

Beckman Coulter (Aviv)

Beckman Coulter
Hettich

Hettich

Hettich
Eppendorf
Hettich

GE Healthcare
GE Healthcare
GE Amersham
GE Healthcare
GE Healthcare

Jasco
Jasco

VWR
Eppendorf
Biometra

Jobin Yvon Spex
Horiba Jobin Yvon

Biometra
GE Healthcare
GE Healthcare

Hoefer
Heidolph

Jasco
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Ice maker
Incubator

Magnetic stirrer
MR2000
MR3001

MR80

Ultraflex Il MALDI ToF/ToF

Microscopes
Atomic force microscope

Transmission electron microscope JEM100CX
Axiolab re
DM IL HC

Membrane vacuum pump

pH meter

Power amplifiers EPS 3500, 3501 and 1001
MARKII (refractometer)

Scales

BP121S

BL 310

Thermal cycler Primus 25

SX18-MV stopped-flow apparatus with pdp spectra
kinetic monochromator and fluorescence detector

GENios plate reader

Thermal cycler MJ Mini 48 well
Typhoon 9400

Ultra filtration cell 8050

UV-Vis spectrophotometers
Helios y

UltroSpec 1100 pro
Nanodrop

Vortex MS2
Water bath F6-K

X-ray film processor Optimax TR

2.1.2 Chemicals

PNH,CI
13

C-glucose
2-Mercaptoethanol
5,5’-Dithiobis(2-nitrobenzoic acid) (DTNB)
8-Anilino-1-naphthalenesulfonic acid (ANS)
ABTS tablets

Zieger

New Brunswick Scientific

Heidolph
Heidolph
Heidolph

Bruker Daltonics

Veeco
Joel
Zeiss
Leica

Sartorius
WTW
GE Healthcare

Leica

Sartorius
Sartorius
MWG

Applied Photophysics

Tecan
Biorad
GE Healthcare

Amicon

Thermo Fisher
Amersham Biosciences
Peqlab

IKA
Haake

MS Laborgerate

Cambridge Isotope Laboratories
Cambridge Isotope Laboratories

Sigma
Sigma
Sigma
Roche



Acetic acid

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

Agar Agar

Agarose

Ammonium persulphate (APS)
Ampicillin sodium salt
Bacto-pepton

Bacto-trypton

Blocking reagent

Bromphenol blue

Coomassie Blue R

Coomassie Brilliant Blue R-250
Deoxynucleoside triphosphates (dNTPs)
Dimethyl sulfoxide (DMSO)
Dithiothreitol (DTT)

EDC

EDTA

EMCH

Ethanol

Ethidium bromide

Glucose

Glutathione, oxidized (GSSG)
Glutathione, reduced (GSH)
Glycerol

Guanidinium chloride (GdmCl)
HCI 32%

Imidazole

Isopropyl B-d-1-thiogalaktopyranoside (IPTG)
Kanamycin sulphate

KCl

KH,PO4

L-Arginine

LB medium

Milk powder

NacCl

Na,HPO,*2 H,0

NaH,PO4* H,0

NHS

Protease inhibitor Mix G, HP
Sodium dodecylsulphate (SDS)
Stain G

TCEP
Tetraethylethylendiamin (TEMED)
Tris

Materials and Methods

Roth

Serva Electrophoresis
Serva Electrophoresis
Serva Electrophoresis
Roth

Roth

BD Biosciences

BD Biosciences
Roche

Serva Electrophoresis
Serva Electrophoresis
Serva Electrophoresis
Roche

Sigma

Roth

Biacore

Merck

Thermo scientific
Merck

Sigma

Merck

Sigma

Sigma

Roth

Sigma

Merck

Sigma

Serva Electrophoresis
Roth

Carl Roth

Merck

Sigma-Aldrich

Serva Electrophoresis
Roth

Merck

Merck

Merck

Biacore

Serva Electrophoresis
Serva Electrophoresis
Sigma

Pierce

Roth

Roth
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Triton X-100
Tween-20
Urea

2.1.3 Consumables

Amicon Ultra-15 Centrifugal Filter Units
Amicon Ultra-4 Centrifugal Filter Units
Biacore Sensor Chip CM5

Blotting paper

Cuvettes, plastic, 1 mL

Dialysis membranes Spectra/Por (various MWCOs)

Immobilon-P membrane (PVDF)

Membrane discs

PCR tubes

PE tubes, 15 and 50 mL

Petri dishes, PS, 94 mm

pH indicator

Reaction tubes, various volumes
Streptawell, streptavidin-coated microplate
X-ray film X-OMAT AR

Zip Tip

2.1.4 Enzymes, Standards and Kits

Antarctic phosphatase

Cellfectin Reagent Il

ECL plus Western Blotting Detection System
Endoglycosidases

SDS-PAGE Standard Low Range

peqGold 1 kb ladder Orange G

Pfu DNA polymerase

Phusion HF DNA polymerase

Pro-Q Emerald 488 Glycoprotein Stain Kit
Restriction enzymes

T4 ligase

Wizard Plus SV Minipreps DNA Purification System

Protocol

Wizard SV Gel and PCR clean-up system

Merck
Merck
Merck

Millipore

Millipore

GE Healthcare
Whatman

Brand

Spectrum Laboratories
Roth

Sartorius

BioRad Laboratories
Greiner & Séhne
Greiner & S6hne
Merck

Sarstedt

Roche Diagnostics
Kodak

Millipore

NEB
Invitrogen

GE Healthcare
NEB

Biorad

Peqlab
Promega

NEB
Invitrogen
NEB and Promega
Promega

Promega

Promega



2.1.5 Biacore Kits

Biacore HBS-P+ Buffer 10x

Biacore Immobilization Reagents
Biacore Maintenance Kit, type 2

Biacore Regeneration Scouting Kit

2.1.6 Oligonucleotides

Materials and Methods

GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare

QC-PCR Name Sequence (5°-3°)

MAK33 V, Y36A_f AACAACCTACACTGGGCGCAACAAAAATCACATG
Y36A_r CATGTGATTTTTGTTGCGCCCAGTGTAGGTTGTT
Q37A_f CAACCTACACTGGTATGCGCAAAAATCACATGAGTCTCC
Q37A_r GGAGACTCATGTGATTTTTGCGCATACCAGTGTAGGTTG
S43A_f CAAAAATCACATGAGGCGCCAAGGCTTCTCATC
S43A_r GATGAGAAGCCTTGGCGCCTCATGTGATTTTTG
P44A_f CAAAAATCACATGAGTCTGCGAGGCTTCTCATCAAATATGCTTCC
P44A_r GGAAGCATATTTGATGAGAAGCCTCGCAGACTCATGTGATTTITG
L46A_f CTCCAAGGGCGCTCATCAAATATG
LA6A_r CATATTTGATGAGCGCCCTTGGAG
FO8A_f AGCTGGCCTCTCACGGCGGGTGCTGGGACC
F98A_r GGTCCCAGCACCCGCCGTGAGAGGCCAGCT

MAK33 Vy V37A_f TATTACATGTATTGGGCGCGCCAGACTCCGG
V37A_r CCGGAGTCTGGCGCGCCCAATACATGTAATA
R38A_f GTATTGGGTTGCGCAGACTCCG
R38A_r CGGAGTCTGCGCAACCCAATAC
R44A_f CAGACTCCGGAAAAGGCGCTGGAGTGGGTCGC
R44A r GCGACCCACTCCAGCGCCTTTTCCGGAGTCTG
L4A5A_f ACTCCGGAAAAGAGGGCGGAGTGGGTCGCAACC
L45A_r GGTTGCGACCCACTCCGCCCTCTTTTCCGGAGT
E46A_f CCGGAAAAGAGGCTGGCGTGGGTCGCAACCATTAG
E46A_r CTAATGGTTGCGACCCACGCCAGCCTCTTTTCCGG
WA47A_f AAGAGGCTGGAGGCGGTCGCAACCATTAG
WAT7A_r CTAATGGTTGCGACCGCCTCCAGCCTCTT
W103A_f GATGCTATGGACTACGCGGGTCAAGGAACCTC
W103A_r GAGGTTCCTTGACCCGCGTAGTCCATAGCATC

33



34

Materials and Methods

VH_W103Y_f GCTATGGACTACTATGGTCAAGGAACC
VH_W103Y_r GGTTCCTTGACCATAGTACATAGC
CDR/ FW Name Sequence (5°-3")
MAK_MAK CATGCCATGGAAGTTCAAGGTGTGGAGTCTGGGGGA
FW1 begin
(FW)
MAK_MAK GCATAAAAACCATCACCACCCCATCTTGCACAGTAATACATGGC
FW3 begin/
CDR3
DHU_MAK(RV)
DHU_MAK TGGGGTGGTGATGGTTTTTATGCTATGGATTATTGGGG
CDR3 begin
(FW)
DHU_MAK CCCAAGCTTGGGTTATTAGGTAACGCTGGTGCCCTG
FW4 end (RV)
QC-PCR MAK VH WT CTGTGCAAGAGATAAGGAATACTATGGTAACTACGGC
A103E_FW
MAK VH WT GCCGTAGTTACCATAGTATTCCTTATCTCTTGCACAG
A103E_RV
MAK VH WT GAGATAAGGACTACTATCGTAACTACGGCGATGC
A106R_FW
MAK VH WT GCATCGCCGTAGTTACGATAGTAGTCCTTATCTC
A106R_RV
MAK_DHU WT GTGCACGTGATAAAGAATATTATGGCAACTATGG
A103E_FW
MAK_DHU WT CCATAGTTGCCATAATATTCTTTATCACGTGCAC
A103E_RV
MAK_DHU WT CGTGATAAAGCCTATTATCGCAACTATGGTGATGC
A106R_FW
MAK_DHU WT GCATCACCATAGTTGCGATAATAGGCTTTATCACG
A106R_RV
ELISA and
Biacore Name Sequence (5°-37)
MAK V, VL ctermFLAG_f CATGCCATGGATATTGTGCTAACT
VL_ctermFLAG_r CCCAAGCTTGGGCTATTACTTGTCATCGTCGTCCTTGTAGTCT
CTTTTCAGCTCCAGCTTG
MAK Vy VH_ctermFLAG_f CATGCCATGGATATTGTGCTAACT
VH_ctermFLAG_r CCCAAGCTTGGGCTATTACTTGTCATCGTCGTCCTTGTAGTCT
CTTTTCAGCTCCAGCTTG
MAK V, VL_Nterm_Cys_f CATGCCATGGGTTGCTCTGGTGATATTGTGCTAACTCAG

VL_Nterm_Cys_r

CTGAGTTAGCACAATATCACCAGAGCAACCCATGGCATG
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MAK Vy VH_Nterm_Cys_f CATGCCATGGGTTGCTCTGGTGAAGTTCAAGGTGTGGAG
VH_Nterm_Cys_r CTCCACACCTTGAACTTCACCAGAGCAACCCATGGCATG
VL_Nterm_Hind_r CCCAAGCTTGGGTTATTATCTTTTCAG
VH_Nterm_Hind_r CCCAAGCTTGGGTTATTAGGCTGAGGA

Cy2 Name Sequence (5°-37)
pSVL-Fc- MAK_Fc_BamHI_for GCGGGATCCGCGTCATCTGTCTTC
TEV-Hisg
MAK_CH3-His-linker_rev  GCTGCCACTACCGTGATGGTGATG
His-linker_for CATCACCATCACGGTAGTGGCAGC
TEV-His_Ncol_rev TATACCATGGTTATTAGTGATGGT
pSVL-C,2- CH2-linker_rev GCTGCCACTACCTTTGGAGATGGT
TEV-Hisg
CH2-linker_for ACCATCTCCAAAGGTAGTGGCAGC
CH2_TEV_His_rev_Ncol TATACCATGGTTATTAGTGATGGTGATGGTGATGATCG
TAATCGCCCTGAAAATACAGGTTTTCGCTGCCACTACCT
TTGGAGATGGTTTTCTCG
Fc_TEV_His_rev_Ncol TATACCATGGTTATTAGTGATGGTGATGGTGATGATCG
TAATCGCCCTGAAAATACAGGTTTTCGCTGCCACTACCG
TGATGGTGATGGTGATG
pAcGP67- MAK_Fc_BamHI_for GCGGGATCCGCGTCATCTGTCTTC
Fc-TEV-Hisg
MAK_CH3-His-linker_rev  GCTGCCACTACCGTGATGGTGATG
His-linker_for CATCACCATCACGGTAGTGGCAGC
TEV-His_Ncol_rev TATACCATGGTTATTAGTGATGGT
pAcGP67- CH2-linker_rev GCTGCCACTACCTTTGGAGATGGT
Cy2-TEV-
H iSG
CH2-linker_for ACCATCTCCAAAGGTAGTGGCAGC
Ci2 WT CH2_pET Xba_f GCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGAT
pET28 ATACCATGTCATCTGTCTTCATC

CH2_pET_Hind_r

CCCAAGCTTGGGCTATTAGATGGTTTTCTC

All primers were purchased from Eurofins MWG Operon.

2.1.7 Bacterial strains, insect cells and Plasmids

All constructs for expression in Escherichia coli were cloned into pET28-b (Novagen), for Spodoptera

frugiperda Sf9 insect cell expression into pAcGP67-B (BD Biosciences).
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Strain Genotype Origin

E. coli BL21 (DE3) codon plus F— ompT hsdS(rB— mB—) dcm+ Tetr gal Stratagene
endA Hte (argU prolL Camr)

E. coli BL21 star (DE3) F-ompT hsdSg(remg) gal dcm rnel31 Invitrogen
(DE3)
E.coli Mach1 ArecA1398 endAl tonA Invitrogen

®80AlacM15 AlacX74 hsdR (ry m )

Sf9 Invitrogen
(Cat.no. B825-01)

2.1.8 Media for expression in E. coli and Sf9 insect cells

LB, LB medium 20 g/
for plates: Agar Agar 15 g/l
SOB yeast extract 0.5%
tryptone 2%
NacCl 10 mM
KCl 2.5 mM
MgCI2 10 Mm
MgS04 10 mM
TB solution (for HEPES 10 mM
supercompetent cells) CaCl, 15 mM
KCl 250 mM
pH 6.7 with KOH or HCI
MnCl, 55 mM
M9 Na,HPO, 6g/L
KH,PO, 3g/L
NacCl 0.5g/L

pH 7.3 (NaOH)
add before use:

D-(+)-glucose (**C or **C) 0.2g/mL;10mL/L
BNH,Cl 0.1 g/L; 10 ml/L
MgSO, 1M; 1 mL/L
CaCl, 1M; 0.3 mL/L
Thiamine HCI 1 mg/mL; 1 mL/L
100x trace elements

Insect-XPRESS™ Protein-free Sf9 medium n.d.

Insect Cell Medium (Lonza

Ltd.)

Antibiotics (1000x stocks) Ampicillin 100-200 pg/l (in ddH,0)
Kanamycin 35-50 pg/l (in ddH,0)

100x trace elements contain per 1L: 5 g EDTA, 0.83 g FeCl,*6 H,0, 84 mg ZnCl,, 10.25 g CuCl,*2 H,0,
10 mg CoCl,*6H,0, 10 mg H3BOs, and 1.35 mg MnCl,*4H,0. Solution was sterile filtered before use.
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All media except Insect-XPRESS™ Protein-free Insect Cell Medium and TB solution were sterilised

using an autoclave at 121°C for 20 min. Antibiotic stocks were passed through a sterile filter (0.22

pum) and stored at -20°C.

2.1.9 Antibodies

Anti-Hisg-Peroxidase

Anti-FLAG M2-peroxidase (HRP)

2.1.10 Chromatography materials and columns

Superdex 75 Prep Grade
HisTrap Fast Flow

Q Sepharose Fast Flow
SP Sepharose Fast Flow
Concanavalin A column

2.1.11 Buffers

2.1.11.1 Protein Purification

Inclusion Body preparation buffer

Low salt buffer

High salt buffer

IB dissolving buffer

Refolding buffer V|, C, Cy2

Tris/HClpH 7.5
EDTA
NaCl

Tris/HCl pH 7.8-8.0
EDTA
urea

Tris/HCl pH 7.8-8.0
EDTA
Urea
NaCl

Tris/HCl pH 7.8-8.0
EDTA

urea
B-mercaptoethanol

Tris/HCl pH 8.0
EDTA
L-Arginine

GSH

GSSG

Roche

Sigma-Aldrich

GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare

50 mM
5mM
5mM

25 mM
5mM
5M

25 mM
5mM
5M
1M

25 mM
5mM
8M

10 mM

250 mM
5mM
100 mM
0.5 mM
1mM
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Refolding buffer Cy1

Refolding buffer Vy

Phosphate-buffered saline (PBS)

C. Ni-NTA buffer A (load)

C, Ni-NTA buffer B (elution)

HisTrap FF binding / wash buffer

HisTrap FF elution buffer

TEV restriction buffer

Concanavalin A binding / wash
buffer

Concanavalin A elution buffer

Concanavalin A regeneration buffer

Concanavalin A storage buffer

Tris/HCl pH 8.2
EDTA
L-Arginine
GSH

GSSG

Tris/HCl pH 8.0
EDTA
L-Arginine

GSH

GSSG

NacCl

KCl

Na,HPO, - H,0
KH,PO,4

pH 7.4

Na,HPO,
GdmcCl

pH 7.5 (o-phosphoric acid)

NazHPO4
Gdmcl

pH 3 (o-phosphoric acid)

NaH,P0O,
NaCl
Imidazol
pH 8.0

NaH,PO,
NacCl
Imidazol
pH 8.0

NaH2PO4
NaCl
Imidazol
pH 8.0

Tris / HCl pH 7.4
NaCl
CaC|2

Tris / HCl pH 7.4
NaCl
D-glucose

Tris / HCl pH 8.5
NaCl

Acetate buffer
NacCl

CaCl,

MnCl,

MgCl,

Ethanol

250 mM
5mM
100 mM
0.5 mM
1mM

250 mM
5mM
400 mM
0.5 mM
1mM

137 mM
2.7 mM
10 mM

2.0 mM

100 mM
25M

100 mM
25M

50 mM
150 mM
10 mM

50 mM
150 mM
300 mM

50 mM
70 mM
10 mM

20 mM
0.5M
2 mM

20 mM
0.5M
0.5M

20 mM
0.5M

0.1M
1M
1mM
1mM
1mM
20%



2.1.11.2 Buffers for SDS Polyacrylamide Gelelectrophoresis

Fairbanks A (Coomassie staining)

Fairbanks D (destaining solution)

Laemmli sample buffer (5x)

SDS running buffer (10x)

Separation gel buffer (2x)

Stacking gel buffer (4x)

2-Propanol
Acetic acid
Coomassie Blue R

Acetic acid

Tris/HCIl, pH 6.8
SDS

Glycerol
2-Mercaptoethanol
Bromophenol blue

Tris/HCIl, pH 8
Glycine
SDS

Tris/HCI, pH8.8
SDS

Tris/HCI, pH 6.8
SDS

2.1.11.3 Buffers for Western Blotting

Transfer buffer

PBS-T

Tris/HCl, pH 7.5
Glycine

SDS

Methanol

1x PBS
Tween

2.1.11.4 Buffers for Glycostaining

Fix solution

Wash solution

Methanol
Glacial acetic acid

Glacial acetic acid

2.1.11.5 Buffers for Molecular Biology

TAE (50x)

Loading buffer (10x)

Tris/Acetate pH 8.0
EDTA

Glycerol
Tris/HCl pH 8.0
Orange G
Xylencyanol

Materials and Methods

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

10% (v/v)

0.3 M

10% (w/v)
50% (v/v)
5% (v/v)
0.05% (w/v)
0.25M

2M
1% (w/v)

1.5M
0.8% (w/v)

0.25M
0.4% (w/v)

50 mM

40 mM
0.04% (w/v)
20% (v/v)

0.1% (w/v)

50% (v/v)
5% (v/v)

3% (v/v)

2M
50 mM

50% (v/v)
10 mM
0.2% (w/v)
0.2% (w/v)
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2.1.11.6 Buffers for Biacore X100

HBS-P+ (10 x) HEPES 0.1 M
NaCl 1.5M
Surfactant P20 1.5% (v/v)
pH7.4

2.1.11.7 Buffers for ELISA

Reaction Mix | human creatine kinase 25 pg pre-dissolved in
(biotinylated) 2 ml H,0
blocking reagent 5%
in H,O
Reaction Mix Il Na,HPO, / NaH,PO,pH 7.5 100 mM
NacCl 50 mM
EDTA 0.5 mM
Tween-20 0.1%
Blocking Reagent 0.5 g/50 ml
Reaction Mix Ill ABTS-Pufferin 0.835 g/50 ml
APTS 1 tablet

Blocking reagent for ELISA, ABTS Tablets, ABTS Buffer Powder, as well as the Streptavidine-coated
microwell plates were purchased from Roche Diagnostics.

2.1.11.8 Buffers for AFS formation

pH 2.0, NaCl NaH,PO, 50 mM
NacCl 100 mM
pH 2.0 (o-phosphoric acid)

pH 7.5, NaCl Na,HPO, 50 mM
NaCl 100 mM

pH 7.5 (o-phosphoric acid)

2.2 Software, Databases and Web-based Tools

Software

Adobe lllustrator CS5 Adobe Inc.
Adobe Photoshop CS5 Adobe Inc.
BioEdit Ibis Biosciences
DynaFit BioKin Ltd.
EndNote X6 Thomson Reuters
Epson TT8 Launch Silver Fast Epson

ImageQuant GE Healthcare



Microsoft Office 2010
MMass V2.4.0
OriginPro 8.6

Pymol V1.3

SedFit

Databases
PDB
PubMed
UniProt

Web-based Tools
Denaturant Calculator
Kabat numbering
NCBI Blast

NEBcutter V 2.0
OligoAnalyzer 3.1
ProtParam

Reverse complement

Materials and Methods

Microsoft
Open Source
OriginLab Corp.
Schrodinger
Peter Schuck

www.rcsb.org/pdb
www.ncbi.nlm.nih.gov/pubmed
wWww.uniprot.org

http://mcb.berkeley.edu/labs/krantz/tools/gdmcl.html
http://www.bioinf.org.uk/abs/
http://blast.ncbi.nlm.nih.gov/
http://tools.neb.com/NEBcutter2/
http://eu.idtdna.com/analyzer/applications/oligoanalyzer/
http://web.expasy.org/protparam/
http://www.bioinformatics.org/sms/rev_comp.html

2.3 Molecular Biological Methods

All solutions were autoclaved or sterile filtered. If not otherwise stated all experiments were
performed at room temperature. Polymerase chain reaction (PCR), DNA electrophoreses,
restriction digestion, cultivation and E. coli transformation were conducted according to
standard protocols described elsewhere (see Sambrook and Russell, Molecular Cloning,
2001). In the following the most frequently used methods are briefly described.

2.3.1 E. coli cultivation

Cultivation on LB plates or in liquid medium of E. coli was performed in an incubator at 37°C.
Antibiotics addition depended on the plasmid transformed. Liquid cultures were inoculated
1:60 from fresh overnight cultures or with a single colony from plates. Bacterial growth was
controlled by Vis spectroscopy at 600 nm. For cryo-stocks 1 ml of fresh overnight culture was
mixed with 500 ul undiluted glycerol and snap-frozen. Cultures were stored at -80°C.

2.3.2 Supercompetent E. coli cell preparation

10-12 large colonies were transferred from a fresh overnight cultured plate into 250 mL SOB
medium and incubated at 19°C with vigorous shaking to an ODggg of 0.5 (approx. 24 h). After
a cold shock of 10 minutes on ice, cells were spinned down at 4000 rpm for 10 min at 4°C.
Cells were gently resuspended in 80 ml ice-cold TB solution and stored on ice for 10 min.
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After spinning the cells down, the pellet was resuspended in 20 ml ice-cold TB solution
containing 1.4 ml DMSO. Afterwards, cells were aliquoted to 100 pL, frozen in liquid nitrogen
and stored at -80 °C.

2.3.3 Agarose gel electrophoresis

The method was used for isolation of PCR products or digested fragments by gel extraction.
Depending on fragment size, gels between 0.8 and 1.5% agarose in TAE were prepared. For
size determination was a 1 kb DNA ladder (Peglab) additionally loaded. Gel runs were done
with 120 mV voltage. For staining of the DNA was either ethidium bromide or Stain G (Serva
Electrophoresis) used and DNA detected at UV light.

2.3.4 PCR

Quick Change mutagenesis or target amplification was done with PCR. Pfu polymerase
(Promega) or Phusion Polymerase (NEB) was used depending on the template. Primers were
designed by hand and controlled with the OligoAnalyzer. Primers were ordered from
Eurofins MWG.

For Pfu Polymerase are approximately two minutes/1000 bp recommended and for the
Phusion polymerase 15-30 seconds per kb. Two typical cycler programs for most PCRs are:

time time

Pfu cycles T(°C) (min) Phusion cycles T(°C) (min)
Initial 1 95 0.5 1 98 0.5
Denaturation
Melting 95 0.5 98 10 sec
Annealing x 29 50-65 0.5 x 29 50-65 20 sec
Amplification 72 2-8 72 1-6

30 72 5-15 30 72 4-12
Pipetting schema Pipetting schema
1 pL template DNA (50 ng/ulL) 1 plL template (50 ng/uL)
1 plL primer_f (10 pmol/uL) 2.5 plprimer_f (10 pmol/uL)
1 pL primer_r (10 pmol/uL) 2.5 plL primer_r (10 pmol/pL)
1 uL dNTPs (10 mM per dNTP) 1 uL dNTPs (10 mM per dNTP)
5 uL 10x Pfu-Polymerase Puffer 10 pL 5x Phusion HF Buffer
1 L Pfu-Polymerase 1.5 uL DMSO (3%)
40 pl nuclease free ddH,0 0.5 pL Phusion HF DNA-Polymerase
250 plL 31 pL Nuclease free ddH,0

250 puL
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2.3.5 Cloning strategies

2.3.5.1 Quick Change PCR

For the insertion of single point mutations forward and reverse primers carrying the target
mutation were designed. Wild type or single point mutant inserts within the target plasmid
(usually pET28-b) were used as a PCR template. Template DNA was afterward digested with
Dpnl (NEB) for 1 hour at 37°C. After heat inactivation for 20 minutes at 65°C the PCR product
was transformed into supercompetent Mach 1 E. coli cells (heat dependent transformation).
Cells were plated onto LB plates with appropriate antibiotics and incubated overnight at
37°C. Single colonies were picked, incubated in liquid LB with antibiotic overnight at 37°C
and the plasmid DNA isolated with the Wizard Plus SV Miniprep kit. Selected samples were
sent for sequencing to Eurofins MWG Operon or GATC to verify the desired mutation using
the T7 forward or pET-RP sequencing primer.

2.3.5.2  Overlapping PCR

For introduction of sequences in between a template sequence overlapping PCR strategies
were used. For this method three PCR reactions were performed: amplification of insert part
1 with template DNA, amplification of insert part 2 with same template and a third PCR using
the overlaps between insert 1 and 2 and forward primer of PCR 1 and reverse primer of PCR
2 to combine both parts. PCR product formation was controlled by agarose gel
electrophoresis and the correct band purified out of the gel (Wizard DNA gel purification kit).
Insert and vector were digested with the appropriate restriction enzymes for usually 2 hours
at 37°C. After heat inactivation was the vector DNA dephosphorylated with Antarctic
phosphatase (NEB). Insert and target were again purified and in a 1:1 or 1:2 ratio ligated in a
total volume of 10 pl. As a standard ligase the T4 DNA ligase from Promega was used and
samples were either incubated overnight at 4°C in a water bath or for 30 minutes at room
temperature (Quick Ligation). Half of the reaction was transformed into supercompetent
Mach 1 E. coli cells and selected on LB plates with antibiotics. Sequences were verified by
sequencing. This strategy was successful for Fc-linker-TEV-Hisg cloning and some CDR
mutants of V.

2.3.5.3 Standard PCR

For cases where new restriction sites or additional sequence information at the 5'or 3'ends
had to be introduced standard PCRs were performed. Primers containing the additional
sequences were designed and PCR with target template conducted. PCR product control
protocol, digest and ligation were same as in 2.3.5.2. Sequences were finally confirmed by
sequencing. The strategy was successful for subcloning applications with new restriction
enzymes, Cy2ctr and Cy2-linker-TEV-Hisg as well as additional cysteine and FLAG-tagged Vy
and V|, mutants.
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2.3.5.4  Subcloning strategies

For the transfer of an insert between two plasmids the target was digested with suitable
restriction enzymes and ligated (see 2.3.5.2 for details).

2.4 Protein chemical methods

2.4.1 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

General procedure was according to Laemmli [200]. Polyacrylamide gels were cast to final
concentrations of 5% (w/v) acrylamide/bisacrylamide 19:1 (40% w/v) for stacking and 15-
18% (w/v) acrylamide/bisacrylamide 19:1 (40% w/v) for separation gels. Polymerization of
the solution was induced by adding ammonium persulfate (APS, 10% w/v in H,0) and
tetramethylethylendiamin (TEMED). All samples were mixed with 5x Laemmli (+5% p-
mercaptoethanol) sample buffer and incubated at 95°C for 5 min before loading.
Electrophoresis was carried out at a constant conductant currant of 30 mA/gel for 45-60
minutes. Gels were stained with Coomassie according to a modified protocol of Fairbanks
and co-workers [201].

2.4.2 Protein Expression and Purification

2.4.2.1 Proteins refolded from inclusion bodies (E. coli)

Purification of wild type C,, Cyl, and V. was already published by Feige and Simpson [119,
191, 202]. Wild type V4 was purified according to Feige et al. [192] with the exception that
besides a Q-sepharose column also a SP-sepharose was applied for pre-purification. C42 was
subloned from the pAkF-T5/CH2 plasmid which was provided by Michael J. W. Thies [203]
into pET 28b for expression in E. coli BL21 star. Expression and purification was according to
VL.

Proteins were expressed in 5 L flasks with LB medium and antibiotic. Inoculation occurred
with a 1:60 dilution of overnight culture and incubated at 37°C. At an ODgg= 0.6-0.8 cells
were induced with 1 mM IPTG (final concentration) and incubated overnight at 37°C. After
cell harvest and disruption in IB preparation buffer with Protease inhibitor Mix G (or HP for
His-Tag labelled C) and DNase | the lysate was incubated with 1% Triton X-100 at 4°C for at
least 2 hours. Inclusion bodies were harvested (20.000 rpm, 20 min, JA 25.50) and washed
twice IB preparation buffer.

Inclusion bodies were dissolved in IB dissolving buffer with 10 mM B-mercaptoethanol for 2
hours at room temperature. After centrifugation (20.000 rpm, 25 min, JA 25.50) supernatant
was loaded on a Q-sepharose FF (or Q- and SP-sepharose in parallel) column (GE). Flow
through, as well as eluate, were collected separately and the fraction containing the target
protein refolded in an appropriate refolding buffer overnight at 4°C. For Cy2ctr the pH of the
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refolding buffer was adjusted at room temperature to pH 7.5 and refolded for 48 hours at
4°C. pH of Tris buffer is temperature dependent, thus after 48 hours at 4°C the pH will
change from pH 7.5 to pH 8.0.

After refolding, proteins were concentrated to 10 mL and size exclusion chromatography
with High Load Superdex 26/69 75 pg column (GE Healthcare) was performed. Protein purity
was confirmed by SDS-PAGE and the correct mass by Matrix-assisted laser desorption
ionization time-of-flight (MALDI-ToF) mass spectrometry.

His-tagged labelled C, was pre-purified under denaturing conditions with a self-packed
HisTrap column (Ni-NTA from GE Healthcare). Elution of the target protein was done by pH
shift. Afterwards the procedure was the same as for the untagged single domains.

Expression of *°N- and *C-"°N-labelled Cy2 was performed in E. coli BL21 star in M9 minimal
medium containing NH,Cl and glucose or NH4Cl and 13C—glucose (Cambridge Isotope
Laboratories), respectively. Before inoculation of the main culture, the overnight pre-culture
in LB was harvested and washed once in PBS to remove LB traces. Purification protocol is
according to unlabelled domains.

2.4.2.2 Glycosylated Cy2 from Sf9 expression

For the expression of glycosylated Chy2 Sf9 cells were used. C42 was subcloned into a
pAcGP67-B vector (BD Bioscience) with a C-terminal Gly-Ser-Gly-Ser linker and a TEV
restriction site as well as a Hisg-tag. For Baculo virus transfection 9.0*10° cells were
transfected with 2 pug Cy2-pAcGP67-B plasmid and 0.5 pl linearized DNA (BD Bioscience) with
Cellfectin Reagent Il (Invitrogen) according to the manufacturer’s protocol.

5f9 cells were transfected with active virus (1:75 ratio) and incubated for 72 h at 27°C in
Insect-XPRESS™ Protein-free Insect Cell Medium with L-glutamine (Lonza Ltd). Protein
purification was subsequently performed at 8°C. The medium was dialysed after cell harvest
(5.000 rpm, 15 min, JA 10) twice against 50 mM NaH,P0O4, 150 mM NaCl, 10 mM imidazole,
pH 8.0 for each 2 h. Afterwards Cy2-Hisg was bound to a HisTrap Fast Flow column (GE
Healthcare) and after washing eluted with 300 mM imidazole in the presence of protease-
inhibitor Mix HP (Serva Electrophoresis). Then, the protein was dialysed over night against
50 mM NaH,P0O,4, 70 mM NaCl, 10 mM imidazol, pH 8.0 and the Hisg-tag was cleaved with
TEV-protease in the presence of 3 mM GSSG and 0.3 mM GSH overnight. Free His-tag and
uncleaved protein was removed by Ni-NTA (GE Healthcare). For the separation of
glycosylated from nonglycosylated Cy2 a HiTrap Con A 4B column (GE Healthcare) was used
according to the manufacturer’'s recommendations. Finally, the both variants of C42 were
purified by gel filtration chromatography with a High Load Superdex 26/69 75 pg (GE
Healthcare) in phosphate buffer.
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2.4.3 Western Blotting for His-tagged domains

The blotting of proteins from SDS-PAGE gels onto PVDF membranes (BioRad) was carried out
using a FastBlots system (Biometra). For blotting, the following components were stacked
from bottom to top and placed between the plate electrodes: three layers of blotting paper
(Whatman), PVDF membrane, gel and three layers of blotting paper (Whatman). Prior to
blotting, the membrane was activated by rinsing with methanol. The activated membrane,
the blotting paper and the gel were incubated for 5 min in western blot transfer buffer. The
blotting was performed applying 72 mA per gel for 60 min. After blotting, the membrane
was incubated in blocking buffer (PBS-T with 5% milk powder) for 60 min or overnight at 4°C.
The Anti-Hise-HRP antibody (horse reddish peroxidase coupled) was 1:10.000 diluted in 10
mL PBS-T/blot and 1 hour incubated at room temperature. After three washing steps for
each 15 minutes the blot was analysed by chemiluminescent detection using ECL Western
Blotting Detection Regents (GE Healthcare) and photographic film (Kodak), which was
developed after exposure using an Optimax TR (MS-Laborgerate).

2.5 Glycobiology

2.5.1 Staining of Glycoproteins

Staining of glycosylated C,2 was performed with the Pro-Q Emerald 488 Glycoprotein Stain
Kit (Invitrogen) according to the manufacturer’'s recommendations.

2.5.2 PNGase F and Endo H digest

PNGase F and Endo H (both NEB) are endoglycosidases. The recognition sites of PNGase F
and Endo H are shown in Figure 8. Both enzymes were used to test the glycosylation pattern
of Cy2. Protocols according to manufacturer’s recommendations were used.

PNGase F B ' EndoH
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2.6 Spectroscopy

2.6.1 UV-Vis spectroscopy

Absorption of a molecule is possible when it contains a chromophore (i.e., a system of
conjugated double bonds with excitable electrons). When an incoming photon with a
defined energy is absorbed electrons are excited from the ground to an excited state.
Protein concentrations can be determined by absorption in the near-UV range (280 nm). In
proteins the aromatic amino acids tryptophan and tyrosine are mainly responsible for
absorption, to a small amount also phenylalanine and disulphide bonds. Calculation of the
protein concentration from UV absorbance was carried out according to the Beer-Lambert
law (Equation 1).

A= d =
e
£c c —d

Equation 1: Beer-Lambert law.
A = Absorbance, € = molar extinction coefficient (M cm™), ¢ = molar protein concentration (M), path length
(cm)

Theoretical molar extinction coefficients were determined using the ProtParam tool. All UV
spectra were recorded with a Helios y (Thermo Fischer) or Ultrospec 1100 (Amersham
Biosciences) UV/Vis spectrophotometer at room temperature and baseline corrected for
buffer absorbance.

2.6.2 Circular Dichroism (CD) Spectroscopy

Circular dichroism is a powerful method for studying chiral molecules in solution as it is
uniquely sensitive to the asymmetry of the system. Proteins are chemically asymmetric
structures and exhibit optical activity. Thus, CD spectroscopy is an attractive method to
study protein structure. The optical activity of proteins can have two reasons: one lies within
the difference of the refractive index the second within the difference of the absorption of
the two types of circularly polarised light. The latter phenomenon is called circular
dichroism. Beer-Lambert law is also valid for CD spectroscopy and applies to both right- and
left-handed circularly polarised light. CD is defined as the difference in extinction coefficients
for each:

AA) = AL (A) — ArQ) = [e,(1) — eg(D]lc = Acelc

Equation 2: Absorption between left and right handed circularly polarised light
A= absorption, A= wavelength, €= extinction coefficient, I= path length, c= concentration, R and L subscripts
describe left- and right-handed circular polarised

CD spectroscopy can be used in the far-UV range to determine secondary structure of a
protein. The far UV region lies within a range between 260 and 170 nm. Distinctive signals
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are caused predominantly due to the differential absorption of backbone amide groups in
asymmetric secondary structures. Typical secondary structure motifs like a-helices or B-
sheets can be identified according to their characteristic shape. a-helical structures exhibit a
negative band at about 222 nm and a negative and positive couplet at about 208 nm and
190 nm. The CD for B-sheet structures has a negative band at about 217 nm and a positive
band at about 198 nm [204]. Random coil structures show one characteristic minimum at
200 nm.

CD is measured as ellipticity (©) in degrees. The conversion of the measurement signal to
mean residue ellipticity is carried out by:

0 6-100-M
MRW = "o Nog
Equation 3: Determination of the mean residue ellipticity

Owmrw = mean residue ellipticity (deg cm® dmol™), ©= ellipticity (deg), M= molecular mass (g/mol), d= path length
(cm), ¢ = concentration (M), N,,= number of amino acid residues

Besides secondary structure formation CD spectroscopy is a tool to determine a
characteristic fingerprint of defined tertiary structure within a protein. In the near UV-range
(320-260 nm) aromatic amino acids and to a small amount disulphide bonds are responsible
for the observable CD bands. Aromatic amino acids have planar chromophores and are
intrinsically symmetric. The signal in the near UV range is zero when the aromatic amino
acids are mobile. In an ordered structure the environment of aromatic amino acids becomes
asymmetric and therefore CD bands can be observed [205].

2.6.2.1 AFS of Fab domains

Unless otherwise stated, all experiments for the AFS analysis were carried out at 25°C.
Measurements were performed in 50 mM sodium phosphate buffer at pH 7.5 or pH 2.0, in
the presence or in the absence of sodium chloride. Urea concentrations were determined
refractrometrically. Except for kinetic experiments, where proteins were diluted, proteins
were dialysed against the appropriate buffer overnight or for 3 days, where indicated.

CD measurements were performed in a J-720 spectropolarimeter (Jasco) equipped with a
Peltier element. FUV-CD spectra were recorded from 194 nm to 250 nm at a protein
concentration of 50 uM in 0.2-mm quartz cuvettes; for NUV-CD spectra, a protein
concentration of 50 uM in 5-mm quartz cuvettes was used. Spectra were accumulated 16
times and buffer corrected. Temperature-induced equilibrium unfolding transitions were
monitored by recording the change in ellipticity at 205 nm in the case of C41 and C, and at
215 nm in the case of V4 and V,. For urea-induced equilibrium unfolding transitions,
structural changes in Cy1 and C, were monitored at 220 nm, and structural changes in V4 and
V. were monitored at 215 nm. The only exception was V|, under physiological conditions,
where unfolding was observed at 212 nm. All measurements were performed at protein
concentrations of 20 uM for temperature-induced unfolding transitions and 10 uM for urea-
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induced unfolding transitions using a 1-mm quartz cuvette. In temperature-induced
unfolding transitions, heating and cooling rates were set to 20°C h™*. For denaturant-induced
unfolding transitions, samples were incubated overnight at 25°C at the different urea
concentrations prior to measurements. Kinetics of AFS formation were measured at 25°C in
1-mm quartz cuvettes with a final protein concentration of 10 uM. Kinetics for Vy and V.
were followed at 220 nm; kinetics for Cyl at 205 nm. Formation of the AFS after kinetic
experiments was verified by measurement of an FUV-CD spectrum for each domain.

Data were evaluated with Origin (OriginLab); for urea-induced unfolding transitions, a two-
state model was applied [206].

(yy + my - [D]) — (yg + my - T)
AGsap + M [D])
R-T

y(D) = yy +my - [D] -

1+ exp <—

Equation 4: Two-state model with the assumption of linear dependency of emission from native
and unfolded protein

y(D) = fluorescence or CD signal; y = y-intercepts; N = data of native protein; U = data of unfolded protein; m =
slope of the best fit straight line; m. = cooperativity; [D] = denaturant concentration; T = temperature in Kelvin
(20 C1 (RZ') ~293.1 K); AGg,, = free enthalpy of denaturant induced unfolding; R = universal gas constant (8.314
Jmol” K7)

2.6.2.2 AFSof Cy2

Unless otherwise stated, all experiments for the AFS analysis were carried out at 25°C.
Measurements were performed in 50 mM sodium phosphate buffer at pH 7.5 or pH 2.0, in
the presence or in the absence of sodium chloride. Sample preparation was done as denoted
above.

CD measurements were carried out using a Jasco J-720 spectropolarimeter (Jasco) equipped
with a Peltier element. Far-UV CD spectra were measured using 20 uM protein in 0.5-mm
quartz cuvettes between 260 nm and 195 nm and near-UV CD spectra between 320 nm and
260 nm using 50 uM protein in 5-mm quartz cuvettes. The spectra were accumulated 16
times and buffer-corrected. Temperature-induced equilibrium unfolding transitions were
monitored by recording the change in ellipticity at 205 nm. All measurements were
performed at protein concentrations of 20 uM in 0.5-mm quartz cuvettes. Heating and
cooling rates were set to 20°C h™.

2.6.2.3 Folding of Vy and Interaction between Vyand V,

Unless otherwise stated, all experiments for the interaction study were carried out at 20°C.
Measurements were all performed in PBS. GdmCI stock solution in PBS was pH-corrected (as
GdmCl is acidic) and concentrations were determined refractrometrically.

CD measurements were performed in a J-720 or J-715 spectropolarimeter (Jasco) equipped
with a Peltier element. FUV-CD spectra were recorded from 195 nm to 250 nm at a protein
concentration of 20 uM in 0.5-mm quartz cuvettes; for NUV-CD spectra, a protein
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concentration of 50 uM in 5-mm quartz cuvettes was used. Domains where only very low
concentrations could be obtained where measured in a 1-cm quartz cuvette with 10 uM
concentration. Spectra were accumulated 16 times and buffer-corrected. Temperature
induced equilibrium unfolding transitions were monitored by recording the change in
ellipticity at 215 nm for V4 and V. mutants. For GdmCl-induced equilibrium unfolding
transitions, structural changes in V4 domains were monitored at 215 nm. For GdmCl-induced
equilibrium refolding were Vi domains in 1.5 M GdmCI denatured and refolded by dilution in
PBS. All measurements were performed at protein concentrations of 20 puM for
temperature-induced unfolding transitions and 10 uM or 7.5 uM (V,_ and Vy, respectively) for
GdmCl-induced unfolding transitions using a 1-mm quartz cuvette. In temperature-induced
unfolding transitions, heating and cooling rates were set to 20°C h™*. For denaturant-induced
unfolding transitions, samples were incubated overnight at 20°C at the different GdmCI
concentrations prior to measurements. For 1HEZ Vy a two-state unfolding model for dimeric
proteins was additionally used (adopted from [154]).

N, =2U
Sobs:YN(l_FU)+quU

F = — =
v Cp 4cp
[U]? AGy (AGy20—m [GdmCl])
KU = ——=¢ RT = ¢ RT
[N.]

Equation 5: Two-state model for dimeric proteins.

Adopted from [154]. N denotes to the native state and U to the unfolded state; S, is the observed fluorescence
or CD signal at a certain GdmCI| concentration, yy is the signal of native protein and y, of the unfolded protein
(both assumed to be linearly dependent on the GdmCl concentration); F, denotes the fraction of unfolded
protein and c, the total concentration of protein; AG describes the protein stability and was assumed to be
linearly dependent with the cooperativity parameter m. R is the universal gas constant and T the absolute
temperature.

2.6.3 Fluorescence spectroscopy

After excitation a molecule can emit fluorescence when an electron returns from the first
excited state (S;) back to the ground state (Sp). The lifetime of the excited state is long
compared to the time for excitation and an excited molecule has ample time to relax into
the lowest accessible vibrational and rotational states of S; before it returns to the ground
state. Consequently, the energy of emitted light is always smaller than the one from the
absorbed light.

Following excitation, a molecule loses energy as heat by cascading through the vibronic
levels of all excited singlet states (i.e., internal conversion). From the S; the molecule returns
to So by different mechanisms. The return can either be driven by internal conversion,
conversion to the triplet state (intersystem crossing) or emission of a photon (fluorescence).
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Fluorescence of proteins originates from phenylalanine, tyrosine, and tryptophan residues.
The fluorescence intensity of a particular chromophore depends on both, its absorption at
the excitation wavelength and its quantum vyield at the emission wavelength. Tryptophan
has the highest quantum vyield and is able to quench tyrosine fluorescence by resonance
energy transfer (FRET). Fluorescence of tryptophan is often dominant in proteins [205].

All antibody domains have at least one conserved tryptophan residue. In the folded state
this residue is buried beside the conserved disulphide bond and quenched. Upon unfolding
this residue is exposed and the fluorescence signal increases. This conserved residue is a well
suited probe to determine protein folding and unfolding.

Besides intrinsic tryptophan fluorescence numerous extrinsic fluorescence probes can be
used. To determine the hydrophobicity at the surface of a protein or to observe folding the
environment-sensitive fluorescent dye 1-anilinonaphthalene-8-sulfonic acid (ANS, Sigma-
Aldrich) can be used. The fluorescence of ANS is increased when the environment becomes
more hydrophobic and less exposed to water. Therefore structural changes within a protein
can be determined as the native state is in general polar at the surface and hydrophobic
residues are exposed during unfolding. Molten globule intermediates or partially unfolded
regions can be characterised due to their high ANS fluorescence intensities caused by the
exposure of hydrophobic regions.

2.6.3.1 AFS of Fab domains

Fluorescence measurements were carried out in a Spex FluoroMax Il fluorimeter (Horiba-
Yvon) or a Spex FluoroMax IV fluorimeter (Horiba Jobin-Yvon). Intrinsic tryptophan
fluorescence spectra were recorded from 300 nm to 450 nm, exciting the samples at 280 nm
with excitation and emission slit widths set to 3 nm and 5 nm, respectively. All
measurements were performed at 25°C using a protein concentration of 10 uM in 1-cm
quartz cuvettes. Spectra were accumulated three times and buffer-corrected. ANS binding
was measured by fluorescence emission recorded from 400 nm to 650 nm, with excitation at
380 nm (slits as denoted above). Experiments were performed at a protein concentration of
10 uM and an ANS concentration of 100 puM in 1-cm quartz cuvettes. All spectra were
accumulated three times and buffer-corrected.

2.6.3.2 AFSofCy2

Fluorescence measurements were carried out in a Spex FluoroMax IV fluorimeter (Horiba
Jobin-Yvon). Intrinsic tryptophan fluorescence spectra were recorded as in 2.6.3.1 with
excitation and emission slit widths set to 2 nm and 5 nm, respectively. All measurements
were performed at 25°C using a protein concentration of 1 uM. ANS binding was measured
as denoted above.

For urea-induced equilibrium unfolding transitions, structural changes in C42 samples were
excited with 280 nm and signal was monitored at 350 nm (pH 7.5) or 370 nm (pH 2.0) with
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excitation and emission slits set to 2 nm and 5 nm, respectively. All measurements were
performed at protein concentrations of 1 uM using a 1-cm quartz cuvette. In denaturant-
induced unfolding transitions, samples were incubated overnight at 25°C at the different
urea concentrations prior to measurements. Data analysis was according to 2.6.2.1.

2.6.3.3 Folding of Vy and Interaction between Vyand V,

Fluorescence measurements were carried out in a Spex FluoroMax IV fluorimeter (Horiba
Jobin-Yvon). All experiments were performed at 20°C if not otherwise stated. Intrinsic
tryptophan fluorescence spectra were recorded as in 2.6.3.1 with excitation and emission slit
widths set to 2 nm and 5 nm for V. and 1 nm and 3 nm for V4 domains, respectively. ANS
binding was measured as denoted above.

For GdmCl-induced equilibrium unfolding transitions, structural changes in V. and Vy
samples were excited with 280 nm and signal was monitored at the wavelength with the
largest signal difference (in general 355 nm, determined via spectra of native and unfolded
state) with excitation and emission slits as denoted above. For refolding transitions of V| and
Vu were proteins denatures in 2.5 M and 1.5 M GdmCl, respectively. Unfolding was induced
by dilution with PBS. All measurements were performed at protein concentrations of 1 uM
using a 1-cm quartz cuvette. In denaturant-induced unfolding transitions, samples were
incubated overnight at 20°C at the different urea concentrations prior to measurements.
Data analysis was according to 2.6.2.1.

2.7 Kinetic experiments

2.7.1 Manual mixing experiments for Vyfolding

For refolding experiments, either 10 or 50 uM protein was denatured in 1.5 M or 2.0 M
GdmCl (MAK and 10PG, respectively) overnight and then diluted into a refolding buffer in a
1-cm quartz cuvette. For unfolding kinetics, native protein was diluted 25-fold or 50-fold into
an unfolding buffer. The final protein concentration was 1 uM or 5 uM. The change in
fluorescence intensity over time was monitored at the unfolded maximum of 355 nm, after
excitation at 280 nm (excitation and emission slits set to 1 nm and 3 nm).

In order to assess the effect of prolyl isomerases, Cpr6 (kindly provided by Priyanka
Sahasrabudhe and Oliver Lorenz) was added to the refolding buffer to a final concentration
of 0—200 nM and the kinetics were observed at 355 nm for 600 seconds. Tree traces were
averaged.

2.7.2 Stopped-flow fluorescence spectroscopy

Stopped-flow is a spectroscopic technique used for studying fast reaction mechanisms in
solution over timescales of about 1 ms up to a few 100 seconds. In general, two reagents are
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rapidly mixed together and then ‘stopped’ in an observation cell. Proceeding of the reaction
can be visualised as the change in the recorded signal as a function of time observable when
the sample cell is irradiated with monochromatic light. Besides fluorescence also absorption
or circular dichroism can be detected (dependent on instrument set-up). Analysis of the
resulting kinetic transient can determine reaction rates, complexity of the reaction
mechanism, information on short-lived reaction intermediates etc. A series of stopped-flow
experiments can be used to show the effect of parameters such as temperature, pH and
reagent concentration on the kinetics of the reaction.

2.7.2.1 AFS formation of Cy2

Rapid mixing experiments were carried out using an SX18-MV stopped-flow apparatus
(Applied Photophysics) in single mixing mode with a mixing ratio of 1:10 at 25°C. 10 uM
protein in NaP buffer pH 7.5 (+NaCl) was mixed with NaP buffer pH 1.92 (+NaCl) to observe
AFS formation. To determine if AFS formation is reversible, 10 uM protein in NaP buffer pH
2.0 (+NaCl) were mixed with NaP buffer pH 10.76 (+NaCl). Excitation and emission slits were
set to 0.34 mm and 0.44 mm, respectively. Data were evaluated with Origin (OriginLab)
using single, double and triple exponential equations to describe the traces. Rate constants
were determined from t (sec).

2.7.2.2 Unfolding and refolding of Vy domains

Rapid mixing experiments were carried out using an SX18-MV stopped-flow apparatus
(Applied Photophysics) in single mixing mode with a mixing ratio of 1:10 at 20°C. Protein (5
MM, 10 uM or 50 uM) was diluted in various concentrations of refolding or unfolding buffer.
Final protein concentrations were in the range between 0.5 uM and 5 uM. Fluorescence was
excited at 280 nm, and a cut-off filter at 305 nm was used. Excitation and emission slits were
set to 0.4 mm each. Five traces were averaged in each case.

2.7.3 Double jump experiments for Vy folding

Native protein of MAK33 Vy and 10PG Vy was diluted into 1.5 M GdmCl or 2.0 M Gdm(cl,
respectively, to initiate unfolding. After an aging time between 5 and 600 s, the sample was
further diluted 30 or 40 times into 0.05 M GdmCl, resulting in a final protein concentration
of 1 uM. Fluorescence changes in the second step were monitored under the conditions
described for manual mixing experiments.

2.7.4 Interrupted refolding experiments for Vy folding

The Vy domain was fully unfolded overnight in 1.5 M GdmCI. The experiment was initiated
by diluting the protein 25 times in 0.06 M GdmCI. After an aging time varying between 5 and
600 s, the protein was further diluted in 1.0 M GdmCI to interrupt the refolding process.

53



54

Materials and Methods

Fluorescence changes in this step were monitored under the conditions described above.
The final protein concentration was 1 uM.

2.7.5 Data analysis of kinetic data

Exponential changes in fluorescence were fitted using Origin (OriginLab). Different
exponential functions (single, double and triple exponential) were tested and the residual
compared. The fit with the best residual was chosen. More complex unfolding or refolding
kinetics were fitted to more complex exponential functions created in Origin. Global fitting
was performed with DynaFit.

2.8 Quaternary structure analysis

2.8.1 Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) is a versatile and powerful method for the quantitative
analysis of macromolecules in solution. AUC has broad applications for the study of
biomacromolecules in a wide range of solvents and over a wide range of solute
concentrations. Three optical systems are available for the analytical ultracentrifuge
(absorbance, interference, and fluorescence) that permit precise and selective observation
of sedimentation in real time [207].

AUC makes use of the application of centrifugal force together with the simultaneous real-
time observation of the sedimentation of macromolecules in the centrifugal field. A benefit
of AUC experiments is that proteins can be studied in solution and their hydrodynamic and
thermodynamic characterisation is not influenced by any interaction with a matrix or a
surface. There are two basic types of ultracentrifugation experiments for the
characterisation of proteins: sedimentation velocity (SV) and sedimentation equilibrium (SE)
methods, which are described in the following sections.

In SV experiments, a sufficiently large centrifugal force field is applied that leads to a
movement of molecules toward the bottom of the centrifuge cell. The sedimentation
process is determined by three factors: the gravitational force, the buoyancy and the
hydrodynamic friction. The gravitational force is proportional to the square of the rotor
speed, thus adjustment of the rotor speed allows to study of a wide range of particle sizes,
ranging from kDa to GDa molecular weights. The Svedberg equation accounts for the
balance of all three forces:
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v MD(1-Vp)
w?r RT

S =

Equation 6: Svedberg equation.

s= sedimentation coefficient (s), v= observed radial velocity (m/s), w= angular velocity of the rotor (m/s’), w’r=
centrifugal field, M= molar mass (g/mol), V= partial specific volume (cmg/g), p= density of the solvent (g/cmg),
D= diffusion coefficient (mz/s), R= gas constant (8.314472 J/K mol), T= absolute temperature (K)

The sedimentation coefficient describes the sedimentation velocity v in relation to the
centrifugal field w’r. The s-values are commonly reported in Svedberg (S) units, which
correspond to 105,

In sedimentation equilibrium experiments, the centrifugal force is adjusted sufficiently small
so that the process of diffusion significantly opposes the process of sedimentation, and an
equilibrium concentration distribution of macromolecules is obtained throughout the cell.
For an ideal non-interacting single component system, the equilibrium distribution is an

exponential function of the buoyant mass of the molecule, M (1-Vp), as described by:

MA-Vp)w?(@?-18)
c(r)=cy-e 2RT

Equation 7: Equilibrium within an ideal non-interacting single component system.
c(r)= sample concentration at radial position r, c,= sample concentration at reference radial distance ry,
V= partial specific volume, w= angular velocity of the rotor, R= gas constant, T= absolute temperature

2.8.1.1 AFS of Fab domains and Cy2

For the determination of the quaternary structure of the Fab domains and Cy2 variants
under physiological and AFS conditions sedimentation velocity experiments were performed
at 25°C. AUC was carried out with a ProteomLab XL-I (Beckman) equipped with absorbance
and interference optics. 400 pl of the 10 uM samples and 410 ul of the phosphate buffer
were loaded into assembled cells with quartz windows and 12 mm pathlength charcoal-filled
epon double-sector centrepieces and centrifuged at 42.000 rpm in an eight-hole Beckman-
Coulter AN50-Ti rotor. Sedimentation was monitored at 280 nm or 230 and continuously
scanned with a radial resolution of 30 um, and three replicates were taken. Data analysis
was carried out with SEDFIT using the continuous c(S) distribution mode of SEDFIT (Peter
Schuck, University of Maryland). For interference scans, the cells were assembled with
sapphire windows, and data were analysed with Ultrascan and the USLIMS platform (Borries
Demeler, Department of Health Sciences, University of Texas). In brief, after two-
dimensional grid analysis and Monte Carlo simulation (50 iterations), the data fit was further
refined by a genetic algorithm and finally tested for robustness by another Monte Carlo
simulation (50 iterations).

Additionally, AUC was used to determine the quaternary structure of the Vy and V|, mutants.
One challenge to determine the complex formation between V, and V4 by AUC is their
similar size (11.9 kDa and 13.9 kDa, respectively). Thus, a prerequisite for the binding studies
is the monomeric state of both interaction partners to be sure to observe exclusively the
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heterodimeric complex which could not be distinguished from the homo-dimer complex by
size differences. Therefore all domains were tested for their ability to be monomeric within
the applied concentration range (0.5 uM to 7.5 uM). As a standard method AUV
sedimentation velocity experiments were performed, for some cases additionally
sedimentation equilibrium experiments to confirm the observations of the standard
experiments fitted to an ideal non-interacting single component system.

2.8.1.2 Folding of Vy and Interaction between Vi and Vy

AUC was performed using a Beckman ProteomLab XL-A centrifuge (Beckman-Coulter). 500 pl
of the protein samples and 510 pl of PBS were loaded into assembled cells with quartz
windows of 12-mm pathlength and were centrifuged at 42.000 rpm in a three- or eight-hole
Beckman AN5O0-Ti rotor. Sedimentation was monitored at 230 nm or 280 nm to reach an
absorption signal between 0.1 and 0.8. Data analysis was done with SEDFIT (Peter Schuck),
using a non-model based continuous Svedberg distribution methods (c(S)) with time and
radial invariant noise.

2.8.2 Transmission Electron Microscopy and Atomic Force Microscopy

The transmission electron microscope (TEM) operates on the same basic principles as the
light microscope but uses electrons instead of light. Light microscopes have a limited
resolution due to the wavelength character of light. As TEMs use electrons as a "light source"
and their much lower wavelength it is possible to get a resolution a thousand times better
than with a light microscope (resolution limit is approximately 10" m). The possibility for
high magnifications has made the TEM a valuable tool in both medical, biological and
materials research.

Atomic force microscopy (AFM) is a high-resolution imaging technique that can resolve
features on molecular and atomic level. AFM works by bringing a cantilever tip in contact
with the surface to be imaged. An ionic repulsive force from the surface applied to the tip
bends the cantilever upwards and the amount of bending, which is measured by a laser spot
reflected on to a split photo detector, can be used to calculate the force. By keeping the
force constant while scanning the tip across the surface, the vertical movement of the tip
follows the surface profile and is recorded as the surface topography by the AFM. The
method can be used for imaging any conducting or non-conducting surface.

To determine if the Fab domains can form fibril under AFS condition two independent
microscopic techniques were chosen. For fibrillisation experiments, 10 uM protein samples
were incubated at 25°C for 20 days. Afterwards, samples for TEM measurements were fixed
on a 200-mesh copper grid. 10 pl of the samples were loaded on the activated grid and
incubated for 1 minute. After a washing step with 10 pl H,O, the samples can be stained with
10 wl of a 1.5% uranyl-acetate solution. Samples were recorded with 100 kV voltage and with
a 33.000x magnification. Bettina Richter performed all TEM measurements.
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For AFM samples with a protein concentration of 10 uM were incubated at 25°C, with mild
agitation. After 20 days, 20 ul of each sample was transferred to a freshly cleaved mica disc.
The disc was washed three times with water and allowed to dry. AFM measurements were
carried out with a Digital Instruments multimode scanning probe microscope (Veeco) in
contact mode using DNP-S20 tips. Experimental setup was as published previously [56].

2.8.3 Nuclear Magnetic Resonance

NMR experiments were performed in collaboration with Professor Bernd Reif (TUM). Elke
Prade performed all measurements. All samples were recorded in a NMR- spectrometer
from Bruker at 25°C if not stated otherwise.

For assignments, 750 MHz were applied; titration experiments of Cy2 were measured with
750 MHz or 500 MHz. For the spectrum at pH 2.0 with NaCl, HNCA, HNCACB and HCNCO (all
best versions; according to [208]) as well as (H)CC(CO)NH were assigned. In (H)CC(CO)NH
measurements, in which water signals had to be suppressed, watergate was applied. All *H-
>N 2D spectra are SOFAST-HMQC [209].

2.9 Interaction analysis

2.9.1 Sedimentation equilibrium experiments

Samples of Vy or V| wild type together with the binding partner were prepared in a 1:1 and
for some additionally in a 1:2 ratio within a concentration range of 0.5 uM- 7.5 uM and
incubated on ice during AUC cell preparation. Afterwards samples were loaded into six
channel epon centrepieces (12 mm window) and equilibrium at three different velocities
(25.000, 30.000 and 35.000 rpm) measured. Scans were performed at 280 nm, 250 nm or
230 nm to be in absorption range within 0.1-0.8. 25 replicates were recorded. According to
the results of the AUV sedimentation velocity experiments the domains are monomeric and
observed complexes a result of hetero-association. Data was globally fitted to determine the
association constant with a heterogeneous interaction model (1:1 complex) which is based
on the mass action law Cy5 = K,c4cp (Equation 8) with the programme Origin 8.6. Three
different velocities and concentrations were included in the fit.

w? w?
a (r) = C4(rg)e,d exp My 4 2RT (7"2 - 7”02) + Cp(ry)epd exp [Mb,B 2RT (7”2 - 7"02)]
+ K, Ca(19)Cp (1) (€4 + €5)d exp I(MbA + My, B) ZRT -1 )l

Equation 8: Model for heterogeneous interaction between two components.

c(A)/c(B)= sample concentration of interaction partner A and partner B, ro= reference radius, Mya/Mps=
buoyant masses of component A and B, w= angular velocity of the rotor, R= gas constant, T= absolute
temperature, d= optical path length, K,= association constant
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The Kp values can be determined from the K, values with Equation 9.

K—l

Equation 9: K, determination.
Kp = dissociation constant, K, = association constant

2.9.2 Surface Plasmon Resonance

Surface Plasmon Resonance (SPR) is a suitable method to determine protein interactions.
On- and off-rates, as well as binding strength and specificity, can be characterised. In the
experimental setup the ligand is immobilised on a sensor chip and the analyte is constantly
flushed through the sample cell. The SPR phenomenon occurs when polarised light strikes an
electrically conducting gold layer under conditions of total internal reflection at the interface
between media of different refractive index: the glass of a sensor surface (high refractive
index) and a buffer (low refractive index). A wedge of polarised light, covering a range of
incident angles, is directed toward the glass face of the sensor surface. Reflected light is
detected within the system. Electric field intensity (i.e., the evanescent wave) is generated
when the light strikes the glass. This evanescent wave interacts with, and is absorbed by,
free electron clouds in the gold layer. This consequently generates electron charge density
waves called plasmons and causes a reduction in the intensity of the reflected light. The
resonance angle at which this intensity minimum occurs is a function of the refractive index
of the solution close to the gold layer on the opposing face of the sensor surface.

The ligand (V. or Vy wild type with N-terminal Gly-Ser-Cys) was immobilized through the
thiol group of the additional cysteine residue on the carboxymethylated dextran (CM)
surface of a Biacore Sensor Chip CM5 using a Biacore X100 instrument. In an immobilisation
pH-scouting experiment, the ideal buffer conditions (acetate buffer pH 4.0/4.5/5.0) with a
protein concentration of 40 pg/ml were determined. Afterwards, the protein had to be
coupled on the chip using the maleimide coupling protocol from the Biacore control
software. The N-terminal cysteine must be a free reduced thiol group for a successful
coupling reaction thus the protein was incubated with 1 mM TCEP for 15 min at RT.
Afterwards the immobilisation protocol from the Biacore X100 software was started.
Therefore the surface was activated with EDC/NHS. Then, EMCH was injected to introduce
maleimide groups on the chip surface. To deactivate excess reactive groups Ethanolamine
(pH 7.0) was added. The N-terminal free thiol group on the injected V| or Vy (40 pg/ ml)
domain in 10 mM acetate buffer with pH 4.5 then reacted with the maleimide group to form
a stable thioether linkage. Deactivation of excess maleimide groups was done by injecting a
cysteine/NaCl solution. The final immobilisation RU was set to 500.

For the actual SRP measurements, different Vy or V. domains were added as analytes. HBS-
P+ buffer was used as running buffer for measurements at 20°C with a flow rate of 10
uL/min. Multi-cycle kinetic assays were performed ranging from 0.2 uM to 25 uM of analyte
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concentrations. Regeneration was done with 1 M NaCl. The experimental data were
analysed with the Biacore X100 Evaluation Software.

2.10 Enzyme-linked Immunosorbent Assay (ELISA)

To test the functionality of the mutated Vy and V|, domains an ELISA assay with isolated
variable domains was established. The experimental setup is depicted in Figure 9.

Detection of substrate Figure 9: ELISA set-up to test
conversion binding affinities of isolated
domaiins

Anti-FLAG-tag Biotinylated human  creatine
antibody coupled with kinase is coupled to a

&g HRP ! streptavidine coated microwell

plate; V,and V, wild type with C-

a, terminal Flag-tag domains and

“ the mutant interaction partner

are incubate and detection is

\ ) enabled via a Horseradish

Kt SV o) perosidase (HRF) coupled Ant-
¢ }‘y\ : "‘é\\ Flag-tag antibody.

Streptavidine coated
plate

:ii::isr:!ylated creatine A A A L CO% A A A A
0
@

Assay components and microwell plates were purchased from Roche. Assay was performed
according to the manufacturer’s recommendations. Shortly, samples were prepared in 10 pl
volume. Different mutants were tested within a concentration range of 100 nM up to 25 uM
against wild type V_ or Vy with a C-terminal Flag-tag for detection. After the addition of 90 pl
reaction mix | the sample was incubated on a streptavidine coated microwell plate to
immobilise human biotinylated creatine kinase. Incubation was performed for 45 minutes
with constant agitation at 20°C or 10°C for V. and Vy mutants, respectively. 100 pl/well of
reaction mix Il were prepared in between and the detection antibody against Flag-tagged
antibody in a 1:15.000 dilution added. Before reaction mix Il and the Anti-Flag-tag antibody
were added and the samples for 45 minutes at room temperature incubated, the samples
were washed with sterile pure water for three times. Afterwards, the samples were washed
three times with water for a second time and then 100 ul of reaction mix Ill was added and
the measurement in the GENios plate reader (Tecan) started. Absorption was measured at
405 nm without active pre-mix setup (i.e., agitation of the sample for 8 seconds before
start). Measurement time was 0.5-3 hours with data intervals of 1-3 minutes until a plateau
was reached.

59



60

Materials and Methods

2.11 MALDI-ToF MS

The molecular weight analysis of purified proteins was performed on a Bruker Ultraflex-2
MALDI-TOF/TOF mass spectrometer.

To remove potassium ions (from PBS buffer) a Zip Tip preparation was performed for all
samples following the instructions of the manufacturer (Millipore). The HCCA matrix was
dissolved in 0.1% TCA, 80% acetonitrile and 20% ddH20. The full-length proteins and
peptides were spotted in the matrix solution and analysed after the evaporation of the
solvent. For each spectrum, the MS analysis at different points of the preparation was
averaged and the evaluation was done with the program m/z (Moverz).
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Chapter 3

3. Results and Discussion

3.1 The alternatively folded state of antibody domains

3.1.1 Dissecting the AFS of Fab domains!

3.1.1.1 Different propensities of individual Fab fragment domains to form an AFS

In previous studies, MAK33 [210] had been shown to adopt an AFS at low pH [132]. Later on,
the concept was extended to the Fab fragment, the isolated light chain and Cy3 [133, 134,
140]. To assess the propensity of the individual Fab fragment domains (Vy and Cyl of the
heavy chain, and V_and C, of the light chain) (Figure 10 A) to form an AFS, we expressed and
purified each of the isolated domains. As previously described [119, 191], all these domains,
except for Cyl, which is intrinsically disordered [181], show a predominantly B-sheet
structure under physiological conditions (100 mM NaCl, pH 7.5) (Figure 10 B; in green).
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Figure 10: Structure of the Fab fragment and secondary structure of its constituting domains under
physiological and AFS conditions

(A) The structure of an IgG Fab fragment (PDB code 12E8). The two N-terminal heavy chain domains, Vy and
Cu1, are shown in blue. The light chain is composed of V, and C, (depicted in green). In (B) the FUV CD spectra of
the single domains measured under physiological conditions [50 mM sodium phosphate (pH 7.5) and 100 mM

! published in 192. Feige, M.])., et al., Dissecting the alternatively folded state of the antibody Fab
fragment. ) Mol Biol, 2010. 399(5): p. 719-30.
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NaCl] (in green), as well as under AFS conditions [50 mM sodium phosphate ( pH 2.0) and 100 mM NaCl] (in red)
are shown. All measurements were performed at a protein concentration of 50 uM at 25°C

This type of secondary structure is characterised by a minimum around 218 nm and a
maximum around 200 nm in far-UV (FUV) CD spectra (Figure 10 A). As the variable domains
(Vi and V|) possess a significant amount of unstructured amino acids in their antigen binding
regions [complementarity-determining regions (CDRs)], the B-sheet characteristics of the
FUV-CD spectra for these domains are less pronounced than for the C, domain (Figure 10 B).
To induce the formation of an AFS in individual domains, we applied conditions established
for the 1gG C43 domain [133] (100 mM NaCl, pH 2; in red; denoted as AFS conditions in the
following). It is evident from Figure 10 B that all domains, except for C., which globally

unfolds under the chosen solvent conditions, form a significant amount of secondary
structure at pH 2.0.
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Figure 11: AFS formation for different variable 1IgG domains.

To analyse if the AFS can be generally adopted by isolated variable IgG domains and to assess a potential
influence of the complementarity determining regions, three variable domains of different antibodies were
examined: The V, domain of an anti-HIV1 antibody (pdb code: 2FX7) (A) and an anti-IL18 antibody (pdb code:
2KH2) (B) as well as a V; domain of an anti-Her2 antibody (pdb code: 1FVC) (C). FUV-CD spectra were recorded
under native conditions (50 mM sodium phosphate, pH 7.5, 100 mM NaCl) (open circles) and AFS conditions (50
mM sodium phosphate, pH 2.0, 100 mM NaCl) (closed circles). Additionally, spectra were recorded under low

salt conditions (50 mM sodium phosphate, pH 2.0) (light grey circles). The protein concentration was 50 uM and
the spectra were recorded at 25°C

The formation of an AFS is not restricted to the MAK33 Fab domains, as we could observe
this effect also for another murine anti-IL1B V. domain [211] and a humanised anti-Her2 Vy
domain [212] (Figure 11). In contrast, a human V_ domain directed against human
immunodeficiency virus-1 (HIV-1) [213] did not form an AFS under the tested conditions
(Figure 11 A). In general, a minimum in FUV-CD spectra around 215 nm (Figure 10 B; Figure
11) seems to be typical of this alternative structure at low pH. Notably, the spectra are

different in shape and intensity from those of the native and unfolded states (Figure 10 B;
Figure 11; Figure 12).
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Figure 12: Influence of a reducing agent (TCEP) and salt concentrations on AFS formation.

To study potential effects of a reducing agent on the formation of the AFS, FUV-CD spectra of Vi, (A), V, (B), Cy1
(C) and C, (D) (upper panels) were recorded under AFS conditions (50 mM sodium phosphate, pH 2.0, 100 mM
NaCl) in the presence (closed circles) and absence (open circles) of 1 mM TCEP. In addition, all four domains of
the Fab fragment were analysed under acidic low salt conditions (50 mM sodium phosphate, pH 2.0) in the
presence (closed triangles) and absence (open triangles) of 1 mM TCEP. The effects of higher salt concentrations
(> 100 mM) on AFS formation are shown in the lower panels. Three different salt concentrations were used: 150
mM (closed circles), 175 mM (open circles) and 200 mM (open triangles). FUV-CD spectra were recorded at
protein concentrations of 50 uM at 25°C

The ionic strength of the solvent and the internal disulphide bridge in immunoglobulin
domains and fragments had been reported to influence the formation of the AFS [132-134,
140]. Indeed, for C41 and V,, the FUV-CD spectra at low pH and low ionic strength (0 mM
NaCl) were typical for globally unfolded proteins (Figure 12). For V4, in contrast, identical
FUV-CD spectra were obtained in the absence and in the presence of NaCl at pH 2 (Figure
12). At higher ionic strengths up to 200 mM NaCl, no significant additional changes in the
FUV-CD spectra of the AFS of Vy, Vi, and Cyl could be observed (Figure 12). In contrast, for
C,, formation of secondary structure above 175 mM NaCl was detectable (Figure 12). The
presence of a reducing agent [1 mM tris(2-carboxyethyl)phosphine (TCEP)] did not have an
effect on the formation of the AFS for any of the domains; only for Vy slightly higher signal
intensities were observed under reducing conditions (Figure 12). Taken together, the
individual Fab fragment domains exhibit strikingly different propensities to form secondary
structures distinct from the native state under conditions known to induce the AFS. C_ seems
to be completely unfolded under conditions that induce an AFS in all other domains and only
gains structure with increasing ionic strength. V, even forms the AFS in the absence of salt.
For all domains forming an AFS, the structural changes induced at low pH were found to be
almost completely reversible at low protein concentrations (10 uM, Figure 13), with some
aggregation occurring at higher protein concentrations (70 M, not shown).
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Figure 13: The AFS for the Fab domains is

2 L T reversible at low concentrations.
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shown.

3.1.1.2  Structural characterisation of the AFS

To obtain a more detailed picture of structural changes that the Fab domains undergo upon
formation of their AFS, we used near-UV (NUV) CD and fluorescence spectroscopy. These
spectroscopic techniques allow tertiary structural changes around the aromatic amino acids
Phe, Tyr, and predominantly Trp to be monitored. Under physiological conditions, all
domains, except for C41, show well-defined NUV-CD spectra indicative of a defined structure
around the aromatic reporter groups (Figure 14, top, in green). Under AFS conditions, V|
completely loses its NUV-CD signal, giving rise to the typical featureless spectra of an
unfolded protein comparable to the spectra of C,, which does not adopt an alternative
structure under the applied conditions (Figure 10 B and Figure 14 B and D, top). In contrast,
Vy shows a well-defined NUV-CD spectrum under AFS conditions that is strikingly different
from that of the native protein (Figure 14 A, top). C4l does not exhibit a defined NUV-CD
spectrum at pH 7.5 or pH 2.0 (Figure 14 C, top).

The fluorescence spectra of the different domains corroborate the findings from the NUV-CD
measurements. For Vy, the maximum of the fluorescence spectra is at 342 nm in the native
state and in the AFS, indicative of Trp residues being partially shielded from the solvent in
both states (Figure 14 A, bottom). For all other domains, a small shift of the emission
maximum is observed upon transfer to low pH. For C,, which unfolds under AFS conditions, a
redshift from 350 nm to 355 nm appears, whereas for the AFS-forming domains V_ and Cy1,
a blueshift from 355 nm to 350 nm is observed (Figure 14 B-D, bottom). Hence, if an AFS is
formed, Trp residues are not completely solvent-exposed in this state. As the Trp
fluorescence is usually quenched in the native state of folded antibody domains due to the
local proximity of the buried intrinsic disulphide bridge to an adjacent buried Trp residue of
the hydrophobic core (Figure 10 A), changes in the fluorescence intensity provide another
means to follow underlying structural changes.
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Figure 14: Tertiary structure of individual Fab fragment domains under physiological and AFS
conditions.

NUV-CD spectra (top) and fluorescence spectra (bottom) of V, (a), V. (b), C41 (c), and C, (d) were measured.
Spectra were obtained under physiological conditions [50 mM sodium phosphate (pH 7.5) and 100 mM NacCl]
(green), as well as under AFS conditions [S0 mM sodium phosphate (pH 2.0) and 100 mM NaCl] (red). For NUV-
CD measurements, a protein concentration of 50 uM was used; for fluorescence measurements, a protein
concentration of 10 uM was used. Protein fluorescence was excited at 280 nm. All measurements were
performed at 25°C.
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For Vi and Vy, the fluorescence intensity of the AFS is significantly higher than in the native
state (Figure 14 A and B, bottom). This argues for structural rearrangements moving Trp
residues away from the internal disulphide bridge. A decrease in fluorescence intensity upon
AFS formation is observed for Cyl (Figure 14 C, bottom). As Cyl is not folded under
physiological conditions, an interpretation is less straightforward in this case. For C,
surprisingly, a slight decrease in fluorescence intensity is observed upon unfolding, which
might argue for other quenching reactions (e.g., due to solvent exposure) in the unfolded
state or in a misfolded state at low pH (Figure 14 D, bottom).

Formation of exposed hydrophobic patches can be monitored by the fluorescence increase
of the hydrophobic dye 8-anilino-1-naphthalene sulfonic acid (ANS) upon binding to these
patches [214, 215]. For all proteins populating an AFS (i.e., Vi, Vi, and Cy1), but not for C,
under the applied conditions, a significant increase in exposed hydrophobic surface was
observed upon AFS formation, as assessed by ANS binding (Figure 15). This was particularly
pronounced for the variable domains (Figure 15 A and B).
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Figure 15: Exposure of hydrophobic surface upon AFS formation.

To analyse whether AFS formation leads to an increase of exposed hydrophobic surface, ANS binding assays
were performed. ANS fluorescence spectra of the four Fab domains - Vy (A), V, (B), C41 (C) and C, (D) - under
physiological conditions (50 mM sodium phosphate, pH 7.5, 100 mM NaCl) (green) and AFS conditions (50 mM
sodium phosphate, pH 2.0, 100 mM NaCl) (red) in the presence of 100 uM ANS were measured. Protein
concentrations were 10 uM for each domain. Excitation was set to 380 nm. Measurements were performed at
25°C
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A typical feature of the AFS is the formation of higher-order protein assemblies [133, 140].
Fibril formation at low pH, a state some antibody domains can adopt [216, 217], could not
be detected for any of the proteins by atomic force microscopy or transmission electron
microscopy under the conditions tested (data not shown). Sedimentation velocity analytical
ultracentrifugation analysis of the Fab domains revealed that they were monomeric at pH
7.5 (Table 2). Under AFS conditions, however, different oligomeric states were observed
(Table 2; Figure 16). Vy and V| predominantly formed oligomers in the range from 200 kDa to
500 kDa, corresponding to roughly 14-36 and 17-42 monomers, respectively. Additionally,
for both domains, oligomers in the ranges between 50-200 kDa and 500-1000 kDa were
detected. Cy1 populated a mixture of monomers and predominantly smaller oligomers (50—
200 kDa, corresponding to 5-20 monomers), and C_. remained monomeric. Thus, the
differences observed in tertiary structural changes and ANS binding of the individual Fab
domains also partially transfer to quaternary structural changes.

Table 2: Quaternary structure of individual Fab domains.

Oligomers [%]

. Buffer 50-200 200-500 500-1000
Domain . Monomer [%]

condition kDa kDa kDa

Y pH 7.5, NaCl ~ 100 - - -
. pH 2.0, NaCl - ~ 25 ~55 ~20

v pH 7.5, NaCl ~100 - - -
" pH 2.0, NaCl - ~5 ~70 ~25

c pH 7.5, NaCl ~ 100 - - -

. pH 2.0, NaCl - ~70 ~ 30 -

pH 7.5, NaCl ~ 100 - - -

Cul
pH 2.0, NaCl ~100 - - -

Sedimentation velocity analytical ultracentrifugation was used to determine the oligomeric state of the Fab
domains under physiological conditions [50 mM sodium phosphate (pH 7.5) and 100 mM NaCl] and AFS
conditions [50 mM sodium phosphate (pH 2.0) and 100 mM NaCl]. The observed quaternary structure was
grouped into four categories.

g - — Figure 16: Analysis of the higher order protein
.3 Zz E‘\j: o assemblies for the different Fab domains that
' C_JCH1 form an AFS.

% 50 i Sedimentation AUC velocity analysis was performed to
w40 dissect the higher order oligomers under AFS
§ 30} conditions. The fractions of total species in % for AFS
g 20! conditions (50 mM sodium phosphate, pH 2.0, 100
:g 10! mM NaCl) are blotted for V, (black), V\, (dark grey) and
S Vy (without NaCl) (light grey) and C,1 (white). The
= 50-200 200-500 500-1000 >1000 protein  concentration was 10 uM and the

molecular mass (kDa) measurements were performed at 25°C.
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3.1.1.3  Stability of the AFS of Fab domains

One defining characteristic of the AFS in comparison to molten globule states, which are also
characterised by spectroscopic signatures different from the native state [218], is its high
stability against thermal and chemical unfolding [132, 133, 140].

Thus, to further characterise the AFS, its stability against elevated temperatures and the
chemical denaturant urea in comparison to the native state were analysed. Structural
changes were monitored by FUV-CD spectroscopy. As under AFS conditions none of the
transitions was found to be reversible, thermodynamic stabilities could not be determined.
At pH 7.5, no data were obtained for the intrinsically disordered Cy1 domain. V, and C, show
a similar transition midpoint of ~50°C in temperature-induced unfolding experiments (Figure
17 B and D, top; Table 3). Vy is the least stable of the structured domains and unfolds
uncooperatively, with significant aggregation occurring already slightly above 30°C (Figure 17
A, top; Table 3). Therefore its transitions could not be evaluated. Under AFS conditions, all
domains populating the AFS show a transition midpoint higher than that under physiological
conditions (Figure 17, top; Table 3). In particular, Vy is highly stable against elevated
temperatures in its AFS, with a melting temperature of ~77 °C (Figure 17 A, top; Table 3).
For V. and Cyl, the transitions are quite uncooperative. No changes in stability were
observed when proteins were incubated under AFS conditions for extended times (3 days)
prior to thermal unfolding. In contrast, an increase in the thermal midpoint was observed
with increasing protein concentrations (data not shown). An overall similar trend is observed
in urea-induced unfolding experiments under AFS conditions. V, and C41 unfold at rather low
urea concentrations (Figure 17 B and C, bottom; Table 3), whereas Vy, even though
unfolding is not very cooperative, shows residual structure up to ~6 M urea (Figure 17 A,
bottom). C,, being unfolded under AFS conditions, does not show any defined transitions
(data not shown). Taken together, all domains of the Fab fragment that adopts an AFS show
significant thermodynamic stability in this state. In particular, Vy is more stable in the AFS
than in the native state.



——pH 7.5, NaCl
——pH 2.0, wo NaCl
——pH 2.0, NaCl

) L

20 40

60 80

temperature (°C)

10f
08}
~ 06
2
N
04}
02}
® pH 2.0woNaCl
00 o thzonaa
0 1 2 3 4 5 6
urea (M)
C 1,25 ' : :
C.1 x
1,00 " | IH“‘“”
‘ 'l\ ‘l‘ V}
\
075 L |ﬂ, ] ﬁ
S os0f H"“ 1
0,25 l Jil 1
” l \ | \ ——pH 2.0, NaCl |
|\ \| ” “ ”r] H
6‘0 8‘0

temperature (°C)

0,00 -

® pH 20, NaCl+

3 4 5 6
urea (M)

1,25

Results and Discussion

1,00

0,75

0,50

——pH 7.5, NaCl
——pH2.0, NaCl

20 40 60 80

temperature (°C)

100

0,75 |-

025

‘al,}.'.'.-o"'" °

® pH 2.0, NaCl
® pH 7.5 NaCl
h )

I L

L
1 2

o

1,25 T

3 4 5 6
urea (M)

1,00 -

o

0,75 -

[

0,50 -

[T

025 M‘Illlhl\\llll\IIIUI“W?IIM IHM

\HHN H N
“( ‘ Il
!“

‘ ——pH7.5 Nacl |
1 ]”q

temperature (°C)

60 80

®
1,00 | @ L
075
3 0,50 |
—
025
(]
0,00 | 4
@® pH 7.5 NaCl
L L L L L L L
0 1 2 3 4 5 6

urea (M)

Figure 17: Stability of individual Fab domains in their native state and in the AFS.

To assess the stability of the different Fab domains under physiological and AFS solvent conditions,
temperature-induced (top) and urea-induced (bottom) unfolding experiments were performed. Data for Vy (A),
V, (B), Cu1 (C), and C, (D) are shown. Temperature-induced unfolding transitions are shown in green/ green lines
for physiological conditions and in red/red lines for AFS conditions. For urea melts, green lines/green circles
denote data under physiological conditions [50 mM sodium phosphate (pH7.5) and 100 mM NaCl], and red
lines/red circles denote data under AFS conditions [50 mM sodium phosphate (pH 2.0) and 100 mM NacCl]. For
Vy, additionally the thermal and urea-induced transitions in orange lines/orange circles are shown.
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Temperature-induced unfolding was monitored by FUV-CD spectroscopy at a fixed wavelength with a heating
rate of 20°C h™’. Data were fitted to a Boltzmann function to obtain transition midpoints. Chemical denaturation
of the proteins was induced by urea, and structural changes were monitored by FUV-CD spectroscopy at a fixed
wavelength. Data were evaluated according to a two-state unfolding model to obtain midpoints and
cooperativity parameters of the transitions. Measurements were performed at 25°C at a protein concentration
of 20 uM (temperature-induced transitions) or 10 uM (urea-induced transitions). As Cyl is intrinsically
disordered under physiological conditions and as C, does not populate an AFS, no data could be obtained for
these domains under the respective conditions.

Table 3: Thermal and chemical stabilities of different Fab domains.

pH 7.5, 100 mM NacCl pH 2.0, 100 mM NacCl
. . m [kJ) mol™ . m [kJ) mol™

Domain Tmelt [ C] D1/2 [M] -1 Tmelt [ C] D1/2 [M] -1
M™] M™]

C. 52.1+0.4 2.4+0.3 45+0.5 NA NA NA

V, 52.3+0.2 39+34 6.0+2.0 53.9+0.3 1.5+0.02 6.1+0.4

Cul NA NA NA 57.8+0.9 ~1.0 NA

Vy 76.5+0.3 33121 20+04

NA 0.6 £0.08 13.8+4.5

(52.0+0.3) (2.2+0.7) (1.9+0.4)

Stabilities against the thermal and chemical denaturation (urea) of the Fab domains under physiological
conditions [50 mM sodium phosphate (pH 7.5) and 100 mM NaCl] and AFS conditions [50 mM sodium
phosphate (pH 2.0) and 100 mM NaCl] are shown. Midpoints of thermal transitions are shown as T, Even
though none of the urea-induced unfolding transitions was reversible, data were evaluated according to a two-
state equilibrium unfolding model to derive the midpoint of transitions (D;;,), as well as the cooperativity
parameter (m), for a qualitative comparison of the data. When aggregation occurred or when proteins were not
structured under a particular solvent condition, data were not evaluated (NA). Values in brackets are for low
salt conditions [50 mM sodium phosphate (pH 2.0)]

3.1.1.4 The Pathway to the AFS

Different mechanistic scenarios are conceivable for how the AFS is reached. The proteins
could either directly reorganise their structure upon changes under the solvent conditions,
completely unfold before the AFS is established, or populate other states en route to the
AFS. To discriminate between these alternatives, kinetic FUV-CD experiments for the Fab
domains that populate an AFS were performed.

For V4, two kinetic phases were observed; one fast phase with an observable rate of kops1=
1.0 £+ 0.2x107° s™* and one slow phase with an observable rate of kops2= 1.1 + 0.2x10™* s™* at
25°C (Figure 18 A, right). As FUV-CD spectra could only be measured after the fast phase had
already been completed (Figure 18 A, left), no unambiguous statement can be made as to
how V4 forms its AFS. In the absence of salt, however, formation of the AFS was much
slower for Vi (Kops= 4.0 £ 0.1x107° s %), proceeding through the unfolded state of the domain
(Figure 19). For V|, upon changing solvent conditions from pH 7.5 to pH 2, fast global
unfolding was observed (Figure 18 B, left). Only subsequently in a slow process (kobs= 3.9 *
0.1x107 s™* at 25°C) the AFS was formed (Figure 18 B, right). As Cul is intrinsically
disordered, formation of the AFS has to start from an unfolded state (Figure 18 C, left). The
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AFS forms with an observable rate of kops= 5.2 + 0.5x10 s * at 25°C for Cy1, very similar to the
value obtained for V| and Vy in the absence of salt. Thus, surprisingly small differences in the
overall slow rates of conversion were observed for the Fab domains populating an AFS. The
only exception is Vy, which quite rapidly establishes an AFS in the presence of salt. The
underlying mechanism seems to be the same for all domains where spectra could be
obtained: the proteins first unfold partially or completely and then establish the AFS.

©
=
—A -5 7
°
S —_
o© (&)
o4 b}
5 g
o) = 10
o o
° O
<
Ag -0 ® pH 7.5, NaCl
@ ® pH 2.0, NaCl
® pH75=>pH20
15 1 1 1 1 I .15 L | 1 1 1 1
200 210 220 230 240 250 0 5 10 15 20 25
wavelength (nm) time (hours)
10 T T T T T -5 :
B % LV,
=)
‘_>\ 5k -
(- [ ]
o L
£ . o
2 o 2
[ L T o0l 4
) o0 =
[@)) 5 S
3 K O
% Loy &
= 10F ® pH7.5 NaCl
w ® pH2.0,NaCl
® pH7.5=>pH 20
-15 1 1 1 1 L 15 L L L L 1 L
200 210 220 230 240 250 0 10 20 30 40 50
wavelength (nm) time (hours)
C 10 T T T T T 0 -
" C.1
o
= st i
g
5
o of® [e))
~ o}
= S o
o ) = /k
o) 5. b=l
) % a)
R A @
z  |%
A% -10 '. ® pH 7.5, NaCl
@ . ® pH 2.0, NaCl
® pH7.5=>pH 20
15 L 1 . 1 " 1 " 1 " 1 N .15 L L L 1 1 1
200 210 220 230 240 250 0 10 20 30 40 50
wavelength (nm) time (hours)

Figure 18: The pathway to the AFS for individual Fab domains.

To obtain structural insights into the pathway leading to the AFS, kinetic FUV-CD experiments for all domains
that are able to form an AFS were performed: Vy (A), V, (B), and C.1 (C). Left: The FUV-CD spectra of the
domains directly after a single jump from physiological conditions [50 mM sodium phosphate (pH 7.5) and 100
mM NacCl] to AFS conditions [50 mM sodium phosphate (pH 2.0) and 100 mM NacCl] are shown (black circles).
The jumps were recorded with 20 nm s™ scanning speed (1 accumulation), repeated 12 times and averaged. For
comparison, the FUV-CD spectra under physiological conditions (green circles) and AFS conditions (red circles)
are shown. Right: Changes in ellipticity observed at a constant wavelength (C41 at 205 nm; V, and V,; at 220 nm)
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after the transfer of the protein from physiological conditions to AFS conditions are shown. All measurements
were performed in a 1-mm quartz cuvette at 25°C at a protein concentration of 10 uM.

The AFS formation of Vy was slower when only low ionic strength is present. One phase
could be observed (kops= 1.5 * 6.8x10° s™ at 25°C; Figure 19, right) whereas for Vy in
presence of 100 mM NaCl two phases were determined (Figure 18 A, right). However, the
FUV-CD spectra after the pH jump indicate that the pathway is similar to Vy under AFS
conditions sharing the presence of an unstructured intermediate on the way from the native
state to the AFS (Figure 18 A and Figure 19, left).
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Figure 19: The pathway to the AFS for V, under low salt conditions.

Left: The FUV-CD spectra of Vy directly after a single jump from physiological conditions [50 mM sodium
phosphate (pH 7.5) and 100 mM NacCl] to low salt conditions [50 mM sodium phosphate (pH 2.0)] are shown
(black circles). The jumps were repeated 12 times and averaged. For comparison, the FUV-CD spectra under
physiological conditions (green circles) and low salt conditions (orange circles) are shown. Right: Changes in
ellipticity observed at 220 nm after the transfer of the protein from physiological conditions to low salt
conditions are shown. Measurements were performed in a 1-mm quartz cuvette at 25°C at a protein
concentration of 10 uM.

3.1.1.5 Discussion

The structures adopted by antibodies at low pH are set apart from those of many other
proteins [219-221] in that they are remarkably stable against unfolding and that they are
oligomeric. In the original experiments performed with a complete IgG antibody [132], it was
not clear whether all domains of the antibody contribute to this structural state. Subsequent
studies on the Fab fragment revealed that this part of the antibody is capable of forming the
AFS on its own [134]. Furthermore, the AFS could be induced also in the isolated light chain
[140], a single chain fragment variable [222], and the C43 domain [133]. However, in these
cases, slightly different conditions, such as pH values below pH 2 in the case of the light
chain [140] or a certain ionic strength in the case of C43 [133], were necessary. Despite these
variations in solvent conditions required to induce the AFS, the properties of the AFS seemed
to be quite consistent for the different domains or fragments studied. However, the insights
for individual domains were limited [133]. To expand our view of the AFS, we embarked on
studying all four domains of the MAK33 IgG Fab fragment. The picture emerging from these
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studies is that the domains show significantly different propensities to form the AFS. Three
of the four domains adopt the AFS under low pH and intermediate ionic strength conditions,
albeit with different characteristics. In contrast, the C, domain unfolds at low pH and does
not exhibit any detectable structure up to 175 mM NaCl. Only at higher ionic strength could
C. be poised to form secondary structure at pH 2. For Cy1, paradoxically, the isolated domain
is completely unfolded at physiological pH [181], but forms a stable structure at pH 2. The
variable domains both form an AFS, but with strikingly different characteristics. For Vy,
which is unstable at pH 7.5, the most stable AFS of the Fab domains was observed, and
spectroscopic evidence suggests that even defined tertiary structures exist in this case.
Together with the data for the C41 domain, these results demonstrate that the stability of
the native state is not directly correlated to the formation of an AFS. At present, it is not
clear what sets C apart from the other domains in terms of its propensity to form an AFS. It
should be noted, however, that C_ under acidic conditions and low ionic strength exposes
hardly any hydrophobic surface (Figure 15). C41, which only forms smaller oligomers under
AFS conditions (Figure 16), exposes only a small amount of hydrophobic surface (Figure 15),
yet the variable domains, which form large oligomers under AFS conditions, expose
significant hydrophobic surfaces (Figure 15). Formation and, in particular, stability of the AFS
might thus partially depend on higher order assemblies induced by hydrophobic
interactions. In this context, it should be noted that the AFS of the C41 domain is also the
least stable against urea denaturation and that we observed a higher stability of the AFS
against thermal denaturation with increasing protein concentrations. With higher
concentrations the ratio between the different oligomeric species shifted but it did not
change for three days (data not shown). This observation might explain the increase of the
thermal stabilities with higher concentrations. Being diverse in sequence, the CDRs of the
variable domains might play a role in AFS formation. A human V|, domain directed against
HIV-1 [213] did not form an AFS under typical conditions (Figure 11), whereas we observed
AFS formation for another murine anti-IL18 V. domain [211] and a humanised anti-Her2 Vy
domain [212]. The AFS formed of all variable domains investigated so far show very similar
characteristics (Figure 10; Figure 11). Thus, the propensity to form an AFS and key structural
features seem to be conserved for different variable domains, but might be tuned by the
nature of the CDRs. It was speculated that the interactions in the oligomer(s) are required
for the formation of a stably folded AFS [133, 134]. For the Cy1 domain, these interactions
must be less pronounced than for the other domains. Thus, our results show that larger
oligomers are not required per se for the formation and maintenance of an AFS, but domain
interactions, which are still observed for the Cyl domain, might nevertheless be a
prerequisite for AFS formation.
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Figure 20: Comparison of the Fab fragment AFS to the sum of the single Fab domaiins.

To address the question whether the AFS adopted by the Fab fragment under acidic conditions can be
described as the mere sum of the AFS of the single domains, FUV-CD (A} and NUV-CD (B) spectra were
recorded. Closed circles represent the Fab; open circles the sum of the individual spectra of the single domains
of the Fab fragment. For a better comparison the spectra were normalised to values between 0 and -1. The
protein concentration was 50 uM for NUV and FUV-CD measurements. Spectra were recorded at 25°C

In this context, it is interesting to note that the NUV-CD spectrum of the AFS of the entire
Fab fragment shows an identical shape to the sum of the spectra of the individual domains
(Figure 20). It is thus dominated by the tertiary structure of Vg, the only domain found to
form a defined tertiary structure under AFS conditions. Small differences, however, are
observed for the FUV-CD spectrum. A slightly smaller random coil content is observed in the
Fab fragment AFS spectrum in comparison to the sum of the individual domain spectra
(Figure 20). This either might argue for rigidification of the AFS secondary structure in the
context of the Fab fragment or the C, domain, which is unfolded at low pH and a similar ionic
strength that has been used to induce Fab or IgG AFS formation [132, 140], might gain some
structure due to the induced proximity to other domains in the context of the Fab fragment.

The FUV-CD spectra of the AFS of all domains and fragments studied so far exhibit larger
amplitudes than in the native state and a different shape of the spectra. This suggests that
significant structural rearrangements take place upon its formation in comparison to the
native state. A major cause for the observed alterations in the FUV-CD spectra are most
likely secondary structure changes in the Fab domains under AFS conditions. Additionally, in
particular for B-sheet proteins, a pronounced influence of aromatic residues on the FUV-CD
spectra has been reported in several cases [131, 223, 224]. Changes in the molecular
environment of the aromatic residues, as observed by altered NUV-CD spectra under AFS
conditions, thus likely also contribute to the differences in the FUV-CD spectra. Our kinetic
studies reveal that, generally, the protein has to pass through a partially or completely
unfolded state to reach the AFS. This implies that the AFS may represent not just a
rearranged native-like topology but a completely remodelled structure. Propensities to form
an AFS and its biophysical features are therefore most likely encoded in the sequence and
not in the structure of the individual domains. The theoretical pl of the individual domains
ranges from 5.3 for Vy, via 5.9 for C_ and 6.7 for V|, to 7.8 for C41 (Table 4). Furthermore, the
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number and distribution of acidic and basic amino acids are very similar for the individual
Fab domains (e.g., for V4 and C), which behave completely differently in terms of AFS
formation. The number of hydrophobic amino acids, though, is slightly lower in C_ than in the
other Fab domains, which might partially account for the differences in AFS formation.
Conclusive evidence about the defining features of the AFS, however, cannot be deduced
from the present spectroscopic analysis. NMR techniques, including solid-state NMR, could
shed further light on this issue.

Table 4: Theoretical pls of the Fab domains.

Vi C Vy Cyl

theoretical pl 6.7 5.9 5.3 7.8

Theoretical pls were calculated from the amino acid sequences determined using ProtParam.

Taken together, our studies on the Fab domains expand our view on the AFS. The common
theme is the remarkable stability of this low-pH structure possibly due to hydrophobic
intermolecular interactions. Consistent with a complete rearrangement of the secondary
structure elements, the antibody domains have to pass through a partially or completely
unfolded state to reach the AFS. It will be interesting to identify which sequence elements
support the formation of the AFS, whether it is restricted to antibodies or whether it can be
found in other members of the immunoglobulin superfamily and maybe even beyond.

3.1.2 AFS formation of Cyx2

Cy2 is the last domain of MAK33 to be analysed for the ability to adopt an AFS. As this
domain contains a conserved glycosylation motif (Asn-Xaa-Ser/Thr) [153] the influence of
the glycan should be included within this study. Four different C42 variants will be
considered: refolded C42 wild type from E. coli, glycosylated Cy2 from Sf9 expression,
nonglycosylated Cy2 from Sf9 and a Cy2 control construct (refolded from E. coli expressed
inclusion bodies). The control construct contains the additional amino acids resulting from
Sf9 expression system (signal peptide for secretion into the medium and TEV restriction site
to remove the His¢-tag;, see Figure 21) and is refolded from inclusion bodies (E. coli
expression).
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Figure 21: C42 constructs to analyse the ability of AFS formation.

MAK33 wild type Cy2 consists of 99 amino acids and was cloned in pET28-b (black) for expression in E. coli (top).
For the expression in Sf9 cell lines C,2 was cloned into pAcGP67-B (blue, bottom). The plasmid contains a gp67
signal sequence for secretion of the target protein (light blue) which is cleaved during secretion leaving ADLGSA
at the N-terminus of the target. For purification a short SGSG-linker (light green), a TEV-restriction site (purple),
and a Hisg-tag (red) were introduced at the C-terminus. Asterisks indicate stop-codons. After TEV cleavage
GSGSENLYFQ remains at the C- terminus. A control for expression in E. coli was designed containing the
additional amino acids at the N- and C-terminus to be able to determine the effects of those additional residues
(middle).

3.1.2.1 Glycan analysis of glycosylated Cn2

PNGase F can remove almost all types of Asn-linked (N-linked) glycosylation: high mannose,
hybrid, bi-, tri- and tetra-antennary. The enzyme is suitable to remove all N-linked
carbohydrates. Endo H is more specific and removes only high mannose and some hybrid
types of N-linked carbohydrates. It is used to define more closely the type of N-linked
glycosylation. To determine the amount of glycosylation within Cy2, Sf9 expressed protein
(before the Concanavalin A column) and E. coli expressed protein (wild type, refolded) were
treated with Endo H and PNGase F according to the manufacturer’s protocol.

S5f9 expressed Cy2 shows three different bands which result from glycosylated and
unglycosylated protein. Endo H treatment shows no influence on Cy2 wild type or Sf9
expressed Cy2 (Figure 22, bottom). However, PNGase F cleaves the upper band from Sf9
expressed Cy2, thus this band contains N-linked carbohydrates (Figure 22, top). Therefore
with the expression of Cy2 in 5f9 cells in one approach unglycosylated and glycosylated
protein can be obtained. Glycosylated and nonglycosylated Chy2 could successfully be
separated from each other by a Concanavalin A column (GE Healthcare; not shown).

A second approach to control glycosylation is a glycol-staining approach. Attempts to stain
glycosylated Cy2 with the Pro-Q Emerald 488 Glycoprotein Stain Kit (Invitrogen) failed, as the
dye did not only stain the glycosylated Cy2 band but also Cy2 wild type from E. coli
expression used as a control. Posttranslational modifications, such as glycosylation, are not
possible in E. coli BL21 thus binding to the control must be unspecific and prevents any
conclusion.
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Figure 22: Test for glycosylation of C,;2 with endoglycosides.

Sf9 (before the Concanavalin A column) and E. coli expressed C,2 was treated with PNGase F and Endo H to
control the amount of glycosylated protein. Three different concentrations of protein (10 uM, 25 uM, 50 uM)
were tested. The E. coli expressed C,2 construct is not affected by any of the enzymes (top and bottom). For Sf9
expressed Cy2 treated with PNGase F, the upper band disappears which is present in the untreated control (red
circle highlights the band which is not present after PNGase F treatment). For Endo H treatment no differences
between control and treated samples could be observed (all 18% SDS-gels, Sf9 protein bands are enlarged at the
bottom of each gel).

Mass spectrometry (MALDI-ToF) of the purified glycosylated C42 domain has shown that the
mass difference between Cy2 glyco and Cy2 nonglyco is ~1040 Da indicating that the sugar
part of Cy2 glyco consists of two N-acetylglycosamines and three mannoses.

3.1.2.2  Glycosylation does not influence the ability to adopt an AFS

In antibodies the Fc part is glycosylated (see 1.7.1) and numerous well-defined sugar-
protein, protein-protein, and also sugar-sugar interactions determine the final complex
structure. Under physiological conditions, C42 can adopt an immunoglobulin fold
independent of glycosylation [154, 203]. Dimerization of the Fc part is mainly driven by C43,
which also forms homo-dimers in isolation [133]. On the contrary, both C42 domains have no
direct contact with each other and the oligosaccharides are positioned at the inner face of
the dimer. The crystal structure of the unglycosylated Fc part of MAK33 has shown that a
lack of oligosaccharides has no influence on the C43 conformation but some changes for Cy2
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have been observed [154]. First, the distance between both C42 domains is decreased
(“closed” conformation) and second, the C'E loop as well as the BC and FG loops show more
mobility, although they are still well defined [154]. The thermodynamic stability of the
unglycosylated Fc fragment was slightly decreased compared to the glycosylated
counterpart and behaved less cooperative (in thermal- and GdmCl-induced transitions)
[154].

Figure 23 A shows an alignment of the unglycosylated Fc fragment of MAK33 with a human
glycosylated counterpart (PDB ID 1H3X). The overall structures of the two C42 and two Cy3
domains fit quite well. All four tested C2 variants (wild type, glycosylated, nonglycosylated
and control) show defined FUV-CD spectra under physiological conditions [50 mM sodium
phosphate (pH 7.5) and 100 mM NaCl] with two minima at 230 nm and 210 nm and two
maxima at 222 nm and 200 nm which differ from the classical B-sheet FUV-CD spectrum with
a minimum at 218 nm and a maximum at 200 nm. The observed FUV-CD spectra are typical
for isolated Cy2 and indicate a well-defined secondary structure [225] (Figure 23 B-E; green).
Under conditions that have been shown to induce AFS formation of antibody domains [133,
192] [50 mM sodium phosphate (pH 2.0) and 100 mM NacCl] all variants show defined
secondary structure (Figure 23 B-EC; red). Wild type Cy2 shows a minimum at 212 nm
characteristic for Fab domains (app. 215 nm minimum, see 3.1.1.1) [192]. The minima of Cy2
glycosylated, nonglycosylated and the control are further in the FUV range at ~208 nm
(Figure 23 C-E, red). The control construct and the unglycosylated Cy2 behave similar and
confirm that the refolding of inclusion bodies worked. The spectra differ clearly from
chemically denatured proteins which show typical random coil characteristics with a
minimum at 200 nm (data not shown).
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Figure 23: Structure of the different C4,2 domain constructs and secondary structure of the domains
under physiological and AFS conditions.

In (A), an alignment of the structure of the unglycosylated Fc (PDB ID 3HKF, C,2 in blue, C,3 in pale blue) with its
human glycosylated counterpart (PDB ID 1H3X, Cy2 in yellow, C,3 in pale yellow) is shown. The conserved
asparagine residues are highlighted as spheres, the internal disulphide bridges in raspberry. Oligosaccharides
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are depicted as sticks (orange). (B-E) shows the FUV-CD spectra of the Cy2 variants - Cy2 wild type (B), Cy2
control (C) C42 glyco (D),and Cy2 nonglyco (E) - measured under physiological conditions [50 mM sodium
phosphate (pH 7.5) and 100 mM NaCl] (green) and under AFS conditions [50 mM sodium phosphate (pH 2.0)
and 100 mM NadCl] (red). All measurements were performed at a protein concentration of 20 uM at 25°C.

The ionic strength of the solvent and the internal disulphide bridge in immunoglobulin
domains and fragments had been reported to influence the formation of the AFS [132-134,
140]. Additionally, for the Fab domains it could be shown that some are able to adopt the
AFS under acidic low salt conditions (Vy; Figure 12 and [192]) whereas AFS formation of V|,
Cul and C_ was not possible in the presence of low ionic strength (Figure 12 and [192]). AFS
formation of all Cy2 variants is dependent on the presence of salt, too, as all show random
coil characteristics with a typical minimum at 200 nm in acidic buffer conditions without salt
addition [50 mM sodium phosphate (pH 2.0)] (Figure 24).

Figure 24: All C42 variants cannot adopt
secondary structure at acidic pH in the
absence of salt.

-2000 Under acidic conditions without the presence of
salt [50 mM sodium phosphate (pH 2.0)] all four
-4000 C,2 variants show FUV-CD spectra typical for
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On the other hand, an increase of the salt concentration up to 200 mM had no remarkable
effect on those Fab domains that were already able to adopt an AFS in the presence of 100
mM NaCl. However, C, was able to adopt secondary structure in the presence of higher ionic
strength what was not observed for lower salt concentrations (Figure 12 and [192]). An
increase of the salt concentration up to 200 mM NaCl had only minor effects on the
secondary structure formation of the four C42 variants under AFS conditions (Figure 25).

Cy2 wild type (black circles), C42 control (red circles), Cy2 glyco (orange circles) and Cy2
nonglyco (blue circles) show still the typical minimum at 210-208 nm observed for AFS
conditions under acidic conditions with up to 200 mM salt (Figure 25 A and B). However, the
signal intensity is increased compared to AFS conditions what might be a hind for a higher
degree of secondary structure formation. As no chemical or thermal stability increase could
be observed for C42 wild type in the presence of 200 mM NaCl (data not shown) it can be
assumed that the changes are only small.

79



80

Results and Discussion

A T T T T T T B T T T T T T
™ 0 - 0
o) o
£ =
ko) ©
o o~
€ €
O 5000} © 5000
(@)} (@)}
[0) [0}
ke e
= 2
- -
z z
= CH2 ctr = O CH2ectr
@ -10000 CH2 nonglyco @ -10000 - O CH2nonglyco |
CH2 glyco CH2 glyco
CH2 wt O cH2wt
| . . . L . . L L | L 1
200 210 220 230 240 250 260 200 210 220 230 240 250 260

wavelength (nm) wavelength (nm)

Figure 25: Higher ionic strength at acidic conditions has only slight effects on secondary structure
formation.

To test the salt dependence, all four Cy2 variants were analysed under AFS conditions [50 mM sodium
phosphate (pH 2.0) and 100 mM NaCl] or in the presence of 200 mM NaCl. In (A) the FUV-CD spectra for C,2
wild type (black circles), C42 nonglyco (blue circles), C,2 glyco (orange circles) and C,2 control (red circles) under
AFS conditions with 200 mM NaCl are shown. For a better comparison in (B) the same domains under our

standard AFS conditions are depicted. Colour code is same as in (A). Protein concentrations used were 20 uM
(25°C).

Disulphide bridges have been shown to influence AFS formation of the MAK33 Fab fragment
and light chain [134, 140]. On single domains level (Fab domains) no influence of the
presence of TCEP on either the native nor the AFS state could be observed (Figure 12 and
[192]). To test the influence of the conserved internal disulphide bond within Cy2 FUV-CD
spectra under physiological and AFS conditions for the four variants were recorded. Figure
26 shows the spectra under physiological (A) and AFS (B) conditions. For all variants no
influence of the internal disulphide bridge neither on the native nor the AFS could be
detected. Under AFS conditions (Figure 26 B) a slight increase of the signal intensity
compared to the oxidised proteins for Cy2 glyco and Cu2 nonglyco is observable. However,

the signal difference is very small and slight differences in the protein concentration
determination could have influenced the result.
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Figure 26: The presence of the internal disulphide bridge has no influence on secondary structure
formation.

To analyse the effects of the internal disulphide bridge on the secondary structure formation of the four C,2
variants, FUV-CD spectra under physiological conditions [50 mM sodium phosphate (pH 7.5) and 100 mM NaCl]
(A) and AFS conditions [50 mM sodium phosphate (pH 2.0) and 100 mM NaCl] (B) in presence of 1ImM TCEP
were recorded. Cy2 wild type (black circles), C,2 nonglyco (blue circles), C,2 glyco (orange circles) and C,2
control (red circles) are shown. Measurements were performed at a protein concentration of 20 uM at 25°C.

For most domains an important ability of the AFS is the reversibility of its formation when
the buffer conditions change. For a low concentration (10 uM) all Fab domains adopted an
AFS reversibly (Vy, VL. and Cyl; see Figure 13 and [192]). Indeed, the AFS formation was also
reversible for all C42 variants within 10 uM protein concentration (Figure 27). Cy2 wild type

was reversible even at higher concentrations, up to 100 uM without observable aggregation
(data not shown).

; : ; ; ; Figure 27: For all C,2 variants the AFS is
10000 ® CH2ctr a1
@ CH2 nonglyco reversible.
LN CH2 glyco
= 8000 ® cH2wt . To test reversibility, all C42 variants were
_g 6000 dialysed overnight against 50 mM sodium
“c phosphate (pH 2.0) and 100 mM NaCl and
% 4000 afterwards transferred into 50 mM sodium
L 2000 phosphate (pH 7.5) and 100 mM NaCl and
% 5 dialysed overnight. The FUV-CD spectra for
= Cy2 wild type (black circles), C42 nonglyco
-2000 (blue circles), C,2 glyco (orange circles) and
4000 Cw2 control (red circles) are shown. Protein

1 1 1 1 1
200 210 220 230 240 250 260
wavelength (nm)

concentration was 20 uM (25°).

3.1.2.3  Structural characterisation of the AFS

To obtain a more detailed picture of structural changes that the C42 variants undergo upon
formation of their AFS, NUV-CD spectroscopy and fluorescence spectroscopy were the
methods of choice to monitor tertiary structural changes around the aromatic amino acids
Phe, Tyr, and predominantly Trp.
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Under physiological conditions, all domains, except for C,2 control, show well-defined NUV-
CD spectra indicative of a defined structure around the aromatic reporter groups with the
typical minimum at 290 nm (Figure 28, top). The shape is similar to V_ and C, NUV-CD spectra
under physiological conditions (see Figure 14 and [192]) with the exception that C42 shows a
small redshift from 280 nm to 290 nm within the minimum. The NUV-CD spectrum of Cy2
control is also indicating a well-defined tertiary structure but differs from the other Cy2
variants with a minimum at 290 nm but a signal increase in the range between 285 nm and
260 nm (Figure 28 B, top). This finding indicates that the environment around the aromatic
amino acids is not exactly the same compared to C42 wild type, Cy2 glyco and Cy2 nonglyco.
The difference between the control and wild type Cy2 can be explained through the
additional amino acids which also include a phenylalanine (see Figure 21). However, this is
no explanation for the differences compared to Cy2 glyco and C42 nonglyco as they have the
same additional residues in common. The oligosaccharides bound to C42 glyco can have an
influence on the conformation and thus influence the NUV-CD spectrum but Cy2 control and
Cu2 nonglyco would be expected to behave the same. However, small changes in the
environment of aromatic amino acids can have clear effects onto the NUV-CD fingerprint.
This is probably the case here as there are no differences within the FUV-CD spectra visible
(see Figure 23 B). The NUV-CD spectra at AFS conditions show a signal loss for C42 wild type
and Cu2 control (Figure 28 A and B, top). Hence, there seems to be no defined tertiary
structure present in these two variants. In contrast, for C42 glyco and C42 nonglyco a weak
signal around 300 nm can be observed indicating that there might be a low amount of
defined tertiary interactions (Figure 28 C and D, top). These structural arrangements are
different compared to the native state. The fluorescence spectra of the different Cy2
variants demonstrate differences between the native and AFS state (Figure 28, bottom). Cy2
wild type shows a signal increase and a slight red-shift from 342 nm to 350 nm when the
buffer conditions are changed from physiologic to AFS formation (Figure 28 A, bottom). The
signal maximum at 342 nm indicates that the tryptophan residues are partially shielded from
solvent. An increase in fluorescence was also observed for Vy and V|, when they adopt an AFS
(Figure 14 A and B). C42 glyco and Cu2 nonglyco show similar behaviour with only a very
small signal increase and a red-shift from 340 nm to 350 nm (Figure 28 C and D, bottom). For
Ch2 control the same red-shift was observed as for Cy2 glyco and Cy2 nonglyco but the signal
intensity decreases slightly (Figure 28 B, C, and D, bottom). The results indicate that the
tryptophan residues are not completely solvent-exposed in the AFS state. Cy2 has, like the
other antibody domains, a conserved tryptophan residue which is quenched in the native
state by the internal disulphide bridge (Figure 23 A) within the hydrophobic core. The signal
increase observed for Cy2 wild type and to a lesser extent for Cy2 glyco and C42 nonglyco
(Figure 28 A, C, and D; bottom) argues for structural rearrangements moving the conserved
tryptophan residue away from the internal disulphide bridge. The slight decrease in
fluorescence intensity observed for C42 control might argue for other quenching reactions
(e.g., due to solvent exposure) in the AFS (Figure 28 B; bottom).
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Figure 28: Tertiary structure of the different C42 variants under physiological and AFS conditions.

NUV-CD spectra (top) and fluorescence spectra (bottom) of C,2 wild type (A), control (B), glyco (C), and
nonglyco (D) were measured. Spectra were obtained under physiological conditions [50 mM sodium phosphate
(pH 7.5) and 100 mM NaCl] (green), as well as under AFS conditions [50 mM sodium phosphate (pH 2.0) and
100 mM Nadl] (red). For NUV-CD measurements, a protein concentration of 50 uM was used; for fluorescence
measurements, a protein concentration of 1 uM was applied. Protein fluorescence was excited at 280 nm. All
measurements were performed at 25°C.
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To gain some information about the hydrophobicity at the protein surface, ANS binding was
determined. Under physiological conditions for none of the Cy2 variants an ANS signal could
be observed, thus no hydrophobic patches were exposed (Figure 29 A-D). The fluorescence
signal clearly increases for all four C42 variants under AFS conditions (Figure 29 A-D), which
indicates a significant increase in the exposed hydrophobic surface. The amount of signal
increase is comparable between C42 wild type, C42 nonglyco and Cy2 control (maximum at
450 nm is in the range of 3.7 x107; Figure 29 A, B, and D). The signal increase for C42 glyco is
lower than for the other three variants with a maximum at 450 nm of 3.1 x10’ (Figure 29 C).
The magnitude order for all four variants is within the range of ANS binding observed for C41
(Figure 15 C).

A 5x10° r T T B 5x10°
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C 2ctr ® pH 7.5 NaCl
® pH 2.0, NaCl

410" - 410"

3x10° 3x10°
2x10° 2x10°

1x107 1x10°

fluorescence intensity (a.u.)
fluorescence intensity (a.u.)

L L L L L L L L
400 450 500 550 600 650 400 450 500 550 600 650

wavelength (nm) wavelength (nm)
C 5x10° T T T T D 5x107 T T T T
C 2 glyco ® pH 7.5, NaCl C_2 nonglyco ® pH 7.5 NaCl
@ pH 2.0, NaCl

® pH 2.0, NaCl

4x10" + 4x10" | E

3x10° 3x10° |
2x10° 2x10°

1x10° 1x107

fluorescence intensity (a.u.)
fluorescence intensity (a.u.)

400 450 500 550 600 650 400 450 500 550 600 650
wavelength (nm) wavelength (nm)

Figure 29: Exposure of hydrophobic surface upon AFS formation.

To analyse whether AFS formation leads to an increase of exposed hydrophobic surface, ANS binding assays
were performed. ANS fluorescence spectra of the different C,2 variants — wild type (A), control (B), glyco (C) and
nonglyco (D) - under physiological conditions (50 mM sodium phosphate, pH 7.5, 100 mM NacCl) (green) and AFS
conditions (50 mM sodium phosphate, pH 2.0, 100 mM NaCl) (red) in the presence of 100 uM ANS were
measured. Protein concentrations were 10 uM for each domain. Excitation was set to 380 nm. Measurements
were performed at 25°C.

Higher-order protein assemblies within the AFS were observed for Cy3 [133], V4, VL and Cyl
(Table 2 and [192]). Therefore sedimentation velocity analytical ultracentrifugation analysis
of the different C42 variants was performed and revealed that all variants are monomeric
under physiological conditions (Table 5). Under AFS conditions no higher-order oligomers
were observed for C42 wild type and Cy2 nonglyco (Table 5). C42 glyco shows, besides ~40%
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monomeric species, also ~60% species within a range of 25-60 kDa (Table 5). This size
corresponds roughly to 2-4 monomers. Cy2 control is the second domain which forms higher
oligomeric species. The main species at AFS conditions is the monomer (~53%) but
dimers/tetramers are also formed (~35%). Furthermore, Cy2 control is the only domain
which forms to a small amount even larger oligomers in a range of 60-80 kDa corresponding
to 5-6 monomers (~12%) Interestingly, C42 glyco was the domain with the smallest signal
increase upon ANS binding (Figure 29 C). Thus this interaction is probably not driven by
hydrophobic interactions. This assumption is confirmed by the different behaviour between
Cu2 nonglyco and Cy2 control which showed the same signal increase in the ANS binding
assay but differ in their ability to adopt higher order oligomers. For the Fab domains a
correlation between hydrophobicity at the surface and oligomerisation seemed to exist (see
Figure 15 and Table 2). The only difference between Cy2 glyco and C42 nonglyco lies within
the glycan, thus the interaction might be driven by oligosaccharides. On the contrary, Cy2
control is also able to form oligomers. In conclusion sugar moieties cannot be the only
driving force for oligomerisation.

Table 5: Quaternary structure of the different C,;2 variants.

Domain Buffer conditions Monomer [%] 25-60 kDa [%] 60-80 kDa [%]
pH 7.5, 100 mM
100 -
. NaCl
HEwldtee  HH 2.0, 100 MM
100 -
NacCl
pH 7.5, 100 mM
100 -
. NacCl
e pH 2.0, 100 mM
~53 ~ 35 ~12
NaCl
pH 7.5, 100 mM
100 -
c2 NacCl
HEBV  BH 2.0, 100 mM
~ 40 ~ 60
NacCl
pH 7.5, 100 mM
100 -
o NacCl
Henonelvee HH 2.0, 100 MM
100 -
NacCl

Sedimentation velocity analytical ultracentrifugation was used to determine the oligomeric state of the
different C,2 variants under physiological conditions [50 mM sodium phosphate (pH 7.5) and 100 mM NaCl] and
AFS conditions [50 mM sodium phosphate (pH 2.0) and 100 mM NacCl]. The observed quaternary structure was
grouped into three categories.
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3.1.2.4  Stability of the AFS of the Cy2 variants

The main difference between the AFS and molten globule state is the high stability against
temperature and denaturants and the often observed cooperative behaviour (see 1.6.3.2).
To characterise the stabilities of the four Cy2 variants, thermal and urea-induced unfolding
transitions were performed. Thermal-induced unfolding was monitored by FUV-CD
spectroscopy; in contrast, urea-induced unfolding was monitored by fluorescence
spectroscopy as the signal-to-noise ratio was too low for the domains in AFS conditions to be
determined by CD measurements. Therefore for the urea-induced transitions no secondary
structure changes but rearrangements within the environment of the aromatic amino acids
are observable. Due to the low signal intensity, triplicates were measured and averaged to
improve the signal quality. Reversibility of the transitions was not tested and thus
thermodynamic stabilities could not be determined.

In Figure 30 A the thermal transitions of C42 wild type (in black), C42 control (in red), Cy2
glyco (in orange) and C42 nonglyco (in blue) are shown. C42 wild type is the least stable
variant with a Tper= 42.5 + 0.2°C. C42 nonglyco and C42 control have comparable melting
temperatures with Ther= 64.5 + 0.2°C and Ter= 65.6 + 0.2°C, respectively. For C42 glyco the
melting temperature is even higher with a Tper= 68.4 = 0.3°C (Figure 30 A and Table 6).
Glycosylation is known to influence protein stability [149], thus the stabilising effect of
approximately 3.5°C is probably a result of the influence of the oligosaccharides. The strong
thermal stability increase of ~20°C between Cy2 wild type and Cy2 nonglyco (Figure 30 A and
Table 6) must be caused by the additional amino acids at the N- and C-terminus of Cy2
nonglyco and is not a refolding artefact as C42 control has the same stability compared to
Cn2 nonglyco (Figure 30 A and Table 6).



Results and Discussion

A T T T L T | B 1,5 T T T T T T T T B T Terd s, f  sah
CH2 ctr c . i -+ CH2ctr PR
- CH2 nonglyco e, . CH2 nonglyéo i
CH2 glyco o
1.0 . cHowt . . g:g ﬂm
s 1,0 :
5 05 = 05
“— -
0,0
0,0
L 1o I 1 I 1 L 1 05 et 2t 1. 1 I 1 I
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
temperature (°C) temperature (°C)
C T T T T T T T T D T T T T T T T
[
1,0 - ® -
10F i
35 0°r 1 S o5t -
N N
[r. [r.
® CH2ctr : CH2 ctr
= @ CH2 nonglyco | CH2 nonglyco
08 ‘. e CH2 glyco 0,0 CH2 glyco
® ® CH2wt ® cH2wt
1 " 1 n i § Fy 1 " 1 n 1 " 1 n 1 1 1 1 " 1 " 1 " 1 n 1 n 1
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6
urea (M) urea (M)

Figure 30: Stability of the four C,;2 variants in their native state and in the AFS.

To assess the stability of the Cy2 variants under physiological and AFS solvent conditions, temperature-induced
(top) and urea-induced (bottom) unfolding experiments were performed. Data for thermal-induced (A and B)
and urea-induced transitions (C and D) are shown. In (A) temperature-induced unfolding transitions for
physiological conditions [50 mM sodium phosphate (pH 7.5) and 100 mM NaCl] for C.2 wild type (black line and
circles), Cy2 glyco (orange line and circles), Cy2 nonglyco (blue line and circles), and Cy2 control (red line and
circles) are depicted and in (B) the same samples for AFS conditions [50 mM sodium phosphate (pH 2.0) and 100
mM NaCl]. For urea melts, the transitions for the C,2 variants under physiological conditions (C) and for AFS
conditions (D) are shown. Colour code is the same as for (A) and (B). Temperature-induced unfolding was
monitored by FUV-CD spectroscopy at a fixed wavelength (210 nm at pH 7.5 and 205 nm at pH 2.0) with a
heating rate of 20°C h™’. Data were fitted to a Boltzmann function to obtain transition midpoints. Chemical
denaturation of the proteins was induced by urea, and structural changes were monitored by fluorescence
spectroscopy at a fixed wavelength. Three measurements were averaged to improve the signal quality. Data
were evaluated according to a two-state unfolding model to obtain midpoints and cooperativity parameters of
the transitions. Measurements were performed at 25°C at a protein concentration of 20 uM (temperature-
induced transitions) or 1 uM (urea-induced transitions).
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Table 6: Thermal and chemical stabilities of different C,2 variants.

pH 7.5, 100 mM NaCl pH 2.0, 100 mM NaCl

m [kJ mol™ m [kJ mol™

Domain Tmeit [°C D1 [M i Tmeit [°C D1 [M i
1 it [°C] 1/2[ ] Ml] it [°C] 1/2[ ] Ml]

Ciwigype 425+02  23+0.2  48+08 379%07 25+12  6.1+20
Ci2control  65.6+0.2  50+13  22+03 50.6+1.8 13+03  4.2+0.7
Ci2gyo  684+03 55+30  46+1.8 412+18 NA NA

ChZnongyco 64.5+02  46+19  7.6+22 486+28 09+03 14532

Stabilities against the thermal and chemical denaturation (urea) of the Cy2 variants under physiological
conditions [50 mM sodium phosphate (pH 7.5) and 100 mM NaCl] and AFS conditions [50 mM sodium
phosphate (pH 2.0) and 100 mM NaCl] are shown. Midpoints of thermal transitions are shown as Tpe; Even
though none of the urea-induced unfolding transitions was reversible, data were evaluated according to a two-
state equilibrium unfolding model to derive the midpoint of transitions (D;;,), as well as the cooperativity
parameter (m), for a qualitative comparison of the data. The data for C,2 glyco under AFS conditions were not
evaluated (NA) as they could not be fitted with a two-state equilibrium unfolding model.

Considering the results for urea-induced transitions, under physiological conditions C42 wild
type is still the least stable domain (Figure 30 C and Table 6). The stability distribution
matches quite well with the observations from the thermal-induced transitions with the
stability of C2 wild type < Cy2 nonglyco < Cy2 control < Cy2 glyco for urea-induced transition
(Figure 30 A and C; Table 6). The folding behaviour is cooperative, even though less
pronounced for Cy2 control (Figure 30 C). Urea-induced unfolding transitions show also
some differences in the stability within the variants: according to thermal-induced unfolding
under AFS conditions the order of stabilities is C42 wild type < Cy2 glyco < C42 nonglyco < Cy2
control (Figure 30 B; Table 6). According to urea-induced unfolding transitions under AFS
conditions the order of stabilities is different with C42 nonglyco < Cy2 glyco < Cy2 control <
Ch2 wild type (Figure 30 D; Table 6).

Although the C42 domains are in their AFSs not as stable as under physiological conditions,
no differences in the melting temperatures could be observed when the samples were
incubated overnight under AFS conditions or within four days (kept at 8°C until sample
analysis, data not shown). Within a concentration between 10 and 50 uM also no obvious
differences in the melting temperatures could be observed (as far as tested) what fits to the
AUC experiments were the domains were always monomeric (Table 5), except C42 glyco and
Cu2 control under AFS conditions (data not shown).

3.1.2.5 The pathway to the AFS and reverse

From the three different putative mechanistic scenarios (direct reorganisation of the
structure upon changes of solvent conditions, partially or completely unfolding before
establishing an AFS, or population of other states en route to the AFS) one was determined
for the Fab domains. V_ and Vy were first (partially) unfolding and then adopting the AFS, C41
which is intrinsically unfolded under physiological conditions started the formation with an
unfolded state as well (3.1.1.4, [192]).
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To determine the mechanism for the Cy2 variants, kinetic experiments were performed. As
the formation of the AFS was very fast, especially Cy2 wild type was too fast for manual
mixing approaches, stopped-flow measurements with fluorescence detection were
employed. The proteins were dialysed against the physiological buffer and mixed with an
acidic buffer to reach AFS conditions. For secondary structure information FUV-CD spectra
were recorded directly after the pH jump. For Cy2 wild type the kinetic trace could be
described best by a single exponential function. The kinetic could be represented by a single
rate constant (Kops= 5.34 + 1.2x10™ s™) (Figure 31 A, right). The reaction was concentration-
independent, as measurements with 5 uM final protein concentration resulted in the same
kobs (data not shown). The AFS formation for Cy2 wild type is consequently much faster
compared to the Fab domains which formed their AFS within minutes to hours (see Figure
18 and Figure 19, right). Yet, the C;;3 domain adopts its AFS still faster than Cy2 with a keps in
the range of the dead time of the instrument (>2000 s™') [133]. FUV-CD spectra of Cy2 wild
type recorded directly after pH change indicate that the AFS is indeed formed within the
manual mixing time of a few seconds (Figure 31 A, left). However, it cannot be excluded,
that there is an intermediate formed within the dead-time of the instrument.

For C42 glyco and C42 nonglyco two rate constants could be observed, kops1=0.14 + 5.6x10™
s and kops2= 0.025 # 3.3x10™ s, and kops1= 0.14 + 6.6x10™* s and kops2= 0.018 + 2.5x107*s ™7,
respectively (Figure 31 C and D; right), indicating the presence of at least one intermediate
state. Hence, the AFS formation is besides more complex also slower compared to Cy2 wild
type. The FUV-CD spectra after the single jumps indicate that this intermediate has random
coil characteristics (Figure 31 C and D, left). As the observable rate constants are of the same
magnitude, it seems that the oligisaccharide has no influence on the mechanism of AFS
fomation. The FUV-CD spectra indicate the presence of a more random coil like structure
directly after the pH conditions change (Figure 31 C and D; left) as the minimum is more
shifted to 200 nm. This observation supports the assumption that the mechanism of AFS
formation observed for Fab domains (Figure 18 and [192]) is also true for Cy2.

For C42 control two rate constants for the AFS formation could be observed (kops1= 0.31 +
4.0x10° s and kops2= 0.026 + 1.4x10° s?) (Figure 31 B, right). Consequently, the AFS
formation for Cy2 control is slightly faster compared to Cy2 glyco and Cy2 nonglyco but
slower than Cy2 wild type (Figure 31). The mechanism seems to be similar to C42 glyco and
Cu2 nonglyco with at least one intermediate (Figure 31 B, left). The additional amino acids
have hence an influence on AFS fomation but not the oligosaccharide (Figure 31). The FUV-
CD spectrum after the pH jump shares more similarities with Cy2 wild type than Cy2
nonglyco as the signal minimum is more in the direction of 208-210 nm typical for the AFS
(Figure 31; left). As Cuy2 control shows the fastest rate constants, the manual mixing
approach is too slow to be abe to observe the intermediate (Figure 31; right).

As AFS formation of Cy2 is also in higher concentrations reversible, the mechanism from the
AFS back to the native state was addressed, too. Here, the Cy2 variants were dialysed against
AFS conditions and mixed with a buffer to end up in physiological conditions. Kinetics were
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measured using a stopped-flow device with fluorescence detector and spectra after mixing
were recorded in the FUV-CD. AFS formation is a reversible process but the mechanisms of
AFS formation and refolding differ from each other. For Cy2 wild type for the reverse
reaction three different rate constants were observed (kops1= 6.6 1.2x107 s kope2= 1.5 +
2.1x107 s’l, and kep3= 0.05 + 3.0x10™ s’l) indicating the presence of at least two
intermediates (Figure 32 A, right). The formation of the native state starting from the AFS
state is slower than AFS formation (Figure 31 A, right and Figure 32 A, right). The FUV-CD
spectra after the pH jump cannot shed light on the structure of these intermediates, as the
spectrum after mixing looks already similar to the native state. Considering the maxima and
minima distribution one can assume that putative intermediates are probably native-like
(Figure 32 A, left).

For Cy2 glyco and Cu2 nonglyco three rate constants were observed as well. For C42 glyco
rate constants of kypsl= 2.4 + 1.7x107> s'l, kops2= 0.099 + 6.3x10™ s'l, and kops3= 3.17x107° +
3.2x10” s™ and for Cy2 nonglyco keps1= 0.17 + 2.2x107 s, kops2= 0.022 + 1.7x10™* s, and
kobs3= 2.2x107 + 1.9x10™ s™ were determined (Figure 32 C and D, right). In comparison to
Cu2 wild type the reaction for both variants is slower. The FUV-CD spectra indicate that the
intermediates might be native-like, especially for C42 nonglyco, as the spectra show aready
some characteristics of the native state (Figure 32 C and D, left). For Cy2 glyco the native-like
structure elements are less pronounced but the reaction is faster compared to C42 nonglyco
which indicates that the oligosaccharide accelerates the formation of the native state (Figure
32 Cand D).

Ch2 control refolds also with three observable rate constants (kops1= 1.33+4.7x107% s}, kops2=
0.05+8.8x10% s, and kops3= 2.80x10°+4.5x10™ s'l) and lies in between the rates for C42 glyco
and Cy2 nonglyco (Figure 32 B, C and D, right). The FUV-CD spectra directly after a pH jump
from AFS to physiological conditions show already all characteristic minima and maxima
observable for the native structure although less intense compared to the native state
(Figure 32 B, left).
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Figure 31: The pathway to the AFS the different C,2 variants.

To obtain structural insights in the pathway leading to the AFS, kinetic stopped-flow fluorescence and FUV-CD
experiments for all C42 variants were performed: Cp2 wild type (A), C42 control (B), C,2 nonglyco (C), and C,2
glyco (D). Left: The FUV-CD spectra of the domains directly after a single jump from physiological conditions [50
mM sodium phosphate (pH 7.5) and 100 mM NaCl] to AFS conditions [50 mM sodium phosphate (pH 2.0) and
100 mM NaCl] are shown (black circles). The jumps were repeated 12 times and averaged. As comparison, the
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FUV-CD spectra under physiological (green circles) and AFS conditions (red circles) are shown. Right: Changes in
fluorescence signal observed with a 305 nm cut-off filter and 280 nm excitation after the transfer of the protein
from physiological conditions to AFS conditions are shown. The single exponential fit is marked in orange,
double exponential in blue and triple exponential in cyan. All CD measurements were performed in a 1-mm
quartz cuvette at 25°C at a protein concentration of 10 uM; stopped-flow experiments were performed with 1
UM final protein concentration at 25°C.

Spectroscopic techniques enable only limited insights into the structure of a protein. To gain
a more detailed view for the AFS of Cy2, attempts to solve this state at an atomic level have
been made in cooperation with the group of Professor Bernd Reif (TU Miinchen). The study
focussed on Cy2 wild type as it can be easily and in high yield expressed in E. coli as *>N- and
N-"*C-labelled protein.

Figure 33 shows the HSQC-spectra of *>N-labelled C42 wild type under physiological [50 mM
sodium phosphate (pH 7.5) and 100 mM NaCl] and AFS conditions [50 mM sodium
phosphate (pH 2.0) and 100 mM NaCl] at 25°C. HSQC-spectra detect the NMR “fingerprint”
of a protein, in which each peak represents an amino acid (i.e., the cross-peak between the
nitrogen of the amide in the backbone and the amide proton). Under physiological
conditions C42 wild type is well defined and most of the 99 amino acids can be distinguished
(Figure 33 A). The well-defined pattern is lost when the domain is transferred to AFS
conditions (Figure 33 B). The signals are in a range of flexible residues (8.0 ppm) indicating
that the AFS is not one fixed state. This assumption is confirmed due the lost resolution of
many residues that were visible in the native state (Figure 33 A and B).



2 -1
O, ry (deg cm”dmol™)

2 -1
O,ry (d€g cm” dmol™)

2 -1
Oy (deg cm”dmol )

O

2 A
Ory (deg cm”dmol )

4000 T T T T T T
c2wt
2000 —’
o1
(]
-2000
4

-4000 n.%

6000 | pH 7.5, NaCl |
® pH2.0,NaCl
® pH jumpto pH 7.5, NaCl

-8000 1 1 1 1 1 L

200 210 220 230 240 250 260
wavelength (nm)

4000
2000
0
-2000
-4000
-6000
@ pH 7.5 NaCl
® pH 2.0, NaCl
-8000 - @ pHjumptopH 7.5,NaCl
200 210 220 230 240 250 260
wavelength (nm)
T T
5000 C,2 nonglyco
2500
0
-2500
-5000 ‘ pH 7.5, NaCl
® pH 2.0, NaCl
® pH jump to pH 7.5, NaCl
-7500 1 L L

200 210 220 230 240 250 260

wavelength (nm)
5000 T
C,2 glyco
2500
0

-2500

-5000

-7500 ® pH7.5 NaCl i
® pH 2.0, NaCl
® pH jump topH 7.5, NaCl

-10000 L L L L

200 210 220 230 240 250 260
wavelength (nm)

fluorescence signal (a.u.)

fluorescence intensity (a.u.)

fluorescence intensity (a.u.)

fluorescence intensity (a.u.)

50

45

6,7

66

6,5

64

63

75

7,0

6,5

6,0

55

8,0

75

7,0

6,5

6,0

55

Results and Discussion

T T T
@ pH 2.0, NaCl -> pH 7.5, NaCl |
ExpDec1
ExpDec2
—— ExpDec3

20 30 40 50

time (sec)

T T T T
e pH 2.0, NaCl -> pH 7.5, NaCl
ExpDec1 T
ExpDec2
ExpDec3

B

200

400

600 800 1000

time (sec)

1200

T T T
e 0H 2.0, NaCl -> pH 7.5, NaCl
ExpDec1
ExpDec2
ExpDec3 4

200

400

L I
600 800 1000 1200

time (sec)

T T T T
e pH 2.0, NaCl -> pH 7.5, NaCl
ExpDec1
ExpDec2
—— ExpDec3

200

400

600 800 1000 1200
time (sec)

Figure 32: The pathway from the AFS to the native state of the different C,;2 variants.

To obtain structural insights into the reverse pathway leading back to the native state, kinetic stopped-flow

fluorescence and FUV-CD experiments for all C,2 variants were performed: C,2 wild type (A), Cs2 control (B),
Cu2 nonglyco (C), and Cn2 glyco (D). Left: The FUV-CD spectra of the domains directly after a single jump from

AFS conditions [50 mM sodium phosphate (pH 2.0) and 100 mM NaCl] to physiological conditions [50 mM
sodium phosphate (pH 7.5) and 100 mM NaCl] are shown (black circles). The jumps were repeated 12 times and

averaged. As comparison, the FUV-CD spectra under physiological (green circles) and AFS conditions (red circles)
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are shown. Right: Changes in fluorescence signal observed with a 305 nm cut-off filter and 280 nm excitation
after the transfer of the protein from AFS conditions to physiological conditions are shown. The single
exponential fit is marked in orange, double exponential in blue and triple exponential in cyan. All CD
measurements were performed in a 1-mm quartz cuvette at 25°C at a protein concentration of 10 uM, stopped-
flow experiments were performed with 1 uM final protein concentration at 25°C
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Figure 33: HSQC-spectra of *’N-labelled C,2 wild type at pH 7.5 and pH 2.0.

500 uM of > N-labelled C,2 wild type in physiological [50 mM sodium phosphate (pH 7.5) and 100 mM NaCl] (A)
and AFS conditions [50 mM sodium phosphate (pH 2.0) and 100 mM NaCl] (B) were prepared and HSQC-spectra
recorded. Spectra were recorded at 25°C.

As double labelled *>N-*3C-Cy2 wild type enabled an assignment of those residues that can
still be detected in the AFS, we tried to identify them. To be able to assign residues, the
information from nitrogen of the amides and nitrogen protons are not sufficient and a third
dimension must be recorded to be able to detect the carbon atoms (HNCaCB and HNCa —
spectra). Ten residues could reliably be determined. They are positioned at the N- and C-
terminus of the domain (Figure 34 A). Blotting these residues onto the native structure of
Ch2 wild type (from PDB ID 3HKF) shows that they are located at B-strand A and strand G
within the immunoglobulin fold (Figure 34 B and Figure 6 C). The signal range indicates
flexibility of these residues and consequently these two B-strands are no longer present
under AFS conditions. The remaining residues are too dynamic to be resolved by this NMR
approach. Interestingly, several proline residues at the N- and C-terminus are present (Figure
34 B, orange sticks) and they might increase the flexibility.
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Figure 34: Assignment of residues in the AFS.

Ten residues from the BN-Bc-labelled C,2 wild type in AFS conditions [50 mM sodium phosphate (pH 2.0) and
100 mM NacCl] could be reliably assigned. Five of the ten residues are located at the N-terminus, the other five
at the C-terminus. The signal range indicates that these residues are flexible (A). HNCaC8- and HNCa -spectra
were recorded at 25°C. The combination of the information of HSQC- and HNCaC8- and HNCa —spectra enables
a reliable assignment of amino acids. In (B) the assigned residues are plotted onto the native structure of Cy2
wild type. Proline residues are labelled in orange, the internal disulphide bridge in yellow and the assigned
residues in dark green (modification from PDB ID 3HKF).

The NMR results indicate that the AFS of Chy2 wild type is a mixture of at least two
conformations which are in equilibrium. Hence, if one could shift the equilibrium to one of
these states it should be possible to determine more residues. Different approaches are
possible, for example the addition of higher salt concentrations and different kind of salts
(shown for Cy3 to influence its AFS [133]), common stabilising reagents or pH variations
[132, 133]. A buffer screen was carried out in which the influence of different types of salt
and salt concentrations (NaCl, KCl, KCIO4; 25 mM-200 mM) as well as different additives (L-
histidine, L-arginine, glycine, betaine) on the AFS of Cy2 wild type was examined. L-arginine
and L-histidine are often used for refolding of proteins and have a stabilising effect [226].
Betaine is an osmolyte which is well known to influence protein stability and conformational
exchanges [227]. In Table 7 all buffer compositions tested are summarised. To determine the
most promising conditions for NMR measurements, FUV-CD spectra and thermal-induced
unfolding transitions were recorded. Those conditions resulting in a FUV-CD spectrum
indicating high secondary structure content and elevated thermal stability were selected as
new NMR samples. In the end, three conditions were selected and NMR HSQC-spectra with
>N-labelled Cy2 recorded. However, no new signals appeared (see Figure 35).
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Figure 35: HSQC-spectra of *>N-C,2 wild type in different buffer conditions.
Three different buffer conditions were tested to be able to shift the equilibrium of the AFS conformations. In (A)
the HSQC-spectra for 50 mM sodium phosphate (pH 2.0), 20 mM KCIO, and 100 mM NaCl (red) and 50 mM
sodium phosphate (pH2.0) and 200 mM NaCl (green) are shown. As a reference the black signals represent the
AFS of Cy2 wild type under AFS conditions (50 mM sodium phosphate (pH 2.0) and 100 mM Nacl). In (B) the
HSQC-spectra for the reference (black) and in presence of 500 mM betaine are shown (both in AFS buffer
conditions). All spectra were recorded at 25°C.

Table 7: Screening buffer conditions for stabilisation of the AFS of C,2 wild type.

Secondary structure

Buffer Minimum (nm)  Signal intensity Tmett (°C)
50 mM Na;HPO,4, 100 mM NacCl pH 7.5 210 and 195 - 42.510.2
50 mM NaH,P0,4, 100 mM NaCl pH 2.0 210 - 37.9+0.7
50 mM NaH,P0,4, 200 mM NaCl pH 2.0 210 J 449+1.1
50 mM NaH,P0y4, 25 mM KCIQ4, pH 2.0 208 N) NA

50 mM NaH,P0O4, 100 mM NaCl, 100 210 - 45510.4
mM KCl, pH 2.0

50 mM NaH,PO, ,100 mM NaCl, 20 217 NV 61314
mM KCIO,4, pH 2.0

50 mM NaH,P0O4,100 mM NaCl, 1 mM 210 - 40.8+0.8
L-His, pH 2.0

50 mM NaH,P0O4,100 mM NaCl, 1 mM 210 Np 39.7+0.6
L-Arg, pH 2.0

50 mM NaH,PO4 ,100 mM NaCl, 100 210 NN NA

mM Glycine, pH 2.0
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50 mM NaH;P04,100 mM NaCl, 1 mM 210 N 40.8+0.5
L-His, 1 mM L-Arg, pH 2.0

50 mM NaH,PO,;, 100 mM NacCl, 100 NA NA NA
mM betaine pH 2.0

50 mM NaH,P04,200 mM NaCl, 1 mM 210 - 439+0.6
L-His, pH 2.0

50 mM NaH;P04,200 mM NaCl, 1 mM 210 N 44.2 £ 0.5
L-Arg, pH 2.0

To test the influence of different buffer conditions, samples were dialysed overnight against the different
buffers. To pre-screen the samples FUV-CD spectra were recorded and the influence on the thermal stability was
determined. CD measurements were performed at 25°C and the thermal transitions were performed with a
heating rate of 20°C h™ at 205 nm. Those conditions in which secondary structure could be observed and the
thermal stability was increased compared to the AFS conditions [50 mM sodium phosphate (pH 2.0) and 100
mM NaCl] were used for NMR measurements. Physiological conditions are highlighted in green, the AFS
conditions in red. Bold are the variants that were tested by HSQC-NMR.

In a second approach the influence of the pH on the AFS of C42 wild type was tested. The
buffer compositions were identical to the AFS buffer [50 mM sodium phosphate (pH 2.0) and
100 mM NacCl] but the pH range was set from pH 5 to pH 2.0 with an interval of 0.5 pH units.
Due to the fact that Cy2 wild type aggregated in the pH 4.5 buffer, this sample was excluded
from the study (data not shown). The calculated pl is at pH 5.0 (ProtParam) but according to
this observation the actual pl is probably in the range of pH 4.5. For a read-out of the
influence FUV-CD spectra were again recorded as well as thermal-induced unfolding
transitions. C42 wild type at pH 5.0 still exhibited characteristics of the native state (Figure
36 green and light green traces). At pH 4.0 the secondary structure of the protein changes
and the characteristic minimum at 210 nm appears but with a much lower intensity
compared to the AFS (Figure 36 light yellow and red traces). Within the range between pH
4.0 and 2.5 the intensity increases just slightly but in a continuous manner (Figure 36). The
thermal-induced unfolding transitions were not cooperative within a pH range of 4.0 and 2.5
(data not shown) indicating that these states are not as well organised as under AFS
conditions and even more dynamic. On the contrary, for pH 5.0 a Trer= 40.8 + 0.5°C could be
determined and the transition was cooperative (data not shown).
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In the end, additional HSQC-spectra with *>N-labelled Cy2 wild type were recorded for pH
5.0, pH 4.0, and pH 3.0 at 25°C and 4°C to be able to cover the whole pH range from pH 7.5
to pH 2.0 (Figure 37 A). Additionally, the residues for Cy2 wild type under physiological
conditions were assigned (Figure 37 B) to be able to determine those residues changing and
to obtain information about the order of events.

CH2pH7 | < 2 : .7 Figure 37: HSQC-spectra of ®N-c,2 wild
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Not all residues could be assigned at pH 7.5. Most of them were located in B-strands A, B
and F as well as in the loop between A-B (Figure 38). When the pH is changed from pH 7.5 to
pH 5.0 shifts mainly within the loop regions between strands C-D, D-E, E-F and F-G appear. At
pH 4.0 only two residues could be determined, Val45 and Asn78. The signals of the amino
acids in the B-strands C, D, E and G are lost. For pH 2.0 more signals are observed in the
HSQC-spectrum (Figure 37). However, within the assigned regions is the state comparable to
pH 4.0 (Figure 38). We knew already from previous experiments for the AFS at pH 2.0 that
the B-strands A and G are unstructured (Figure 34). Thus, the combination of the analysis of
the native as well as the AFS by NMR could expand the structural insights in the AFS.
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Figure 38: Assigned residues plotted on the native C,;2 structure dependent on pH
In order to gain insights in the structural changes upon different pH conditions, those residues which could be

assigned successfully at pH 7.5 were plotted on the native structure of non-glycosylated C,2 (modified from PDB
ID 3HKF). The parts for which the residues could not be identified are labelled in pale cyan. The assigned
residues which were present under certain pH conditions are dark blue and the ones which disappeared upon
changing the pH are coloured in red (pH 5), orange (pH 4) and yellow (pH 2). The internal disulphide bridge is
highlighted in green. For pH 7.5 the single 8-strands of an Ig fold are labelled.

3.1.2.6 Discussion

The formation of an alternatively folded state is a particularity of antibodies and was first
shown by Buchner and co-workers for MAK33 [132]. Not only intact antibodies, but also the
Fab fragment [134], the light chain [140] and several isolated domains, such as C43 [133], V,
Cul, C. and Vy [192] can adopt a stable secondary structure at acidic conditions with an
appropriate ionic strength. C42 is the last domain which was not yet analysed for its ability to
form an AFS. This domain has a conserved glycosylation site (Asn-297) and N-linked
oligosaccharides in C42 are characteristic for intact antibodies [147]. It is already known that
the glycan is not necessary for adopting the immunoglobulin fold [202] but some differences
were observed when the crystal structure of the unglycosylated Fc of MAK33 was solved and
compared to the glycosylated human counterpart [154]. The expression of glycosylated
isolated Cy2 was challenging as our attempts to express them in mammalian cell culture
(fibroblast from apes) failed due to an insufficient expression level. Therefore we changed
the expression system to Sf9 cells and transfected them with a Baculo virus system. On has
to keep in mind that the glycosylation pattern of insect cells differs from mammalian cells
and that the Cy2 glyco domain in this study has no oligosaccharides typical for mammalian
antibodies (see Figure 39). According to the mass deviation between glycosylated and
nonglycosylated Cy2 we consider the glycosylation pattern to consist of two N-
acetylglycosamines and three mannoses. We assume that the glycosylation pattern is
consistent with the first pattern in Figure 39 A. Mass spectrometry gave no hints for the
presence of other types of glycosylation. Hence, we suppose that the sample is
homogenous. In contrast, variations of glycosylation between I1gG molecules as well as
within different sites in the same molecule are not unusual in intact antibodies and result in
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heterogenous mixtures of 1gGs [147]. Consequently, the glycosylation pattern in our Cy2
glyco domain is very similar to the simplest pattern observed in human cells with one N-
acetlyglucosamine difference (Figure 39 A and B).
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Figure 39: Glycosylation patterns differ between insect and mammalian cells.

The glycosylation patterns between the two systems are not identical. In (A) typical glycosylation patterns for
insect cell lines are shown. A typical feature is the high content of mannose. Figure is taken from [228]. In (B)
typical glycosylation patterns of human cells are shown. They also contain mannose but mostly to a different
extend and contain at least one N-acetylglucosamine. Figure is taken from [155].

The predominant differences between the AFS and molten globule states are the high
thermodynamic stabilities in the AFS [132, 192]. The thermal stability in the native state is
influenced by the changes between the E. coli and S5f9 constructs as Cy2 wild type has a Trert
of ~43°C and all other variants which include the additional amino acids have TmeiS in a
range between ~65°C (Cy2 control/C42 nonglyco) to ~68.5°C (Cy2 glyco). Glycosylation is
known to influence protein stability [229-231]. In our case, the actual stability increase due
to the glycan is in the range of 3.5°C considering the errors (Table 6). This finding is
consistent with the differences observed for other N-glycosylated proteins when their
glycosylated and deglycosylated forms were compared [230]. Stability differences were in a
range from equal up to 3.5°C higher stabilities for the glycosylated proteins [230]. In
addition, the observation that the first transition midpoint of MAK33 which is considered to
be the result of C42 unfolding shifts when the antibody is deglycosylated [232] suggests that
the stability of C42 is influenced by the glycan. A much larger stabilising effect of ~22.5°C is
caused by the additional amino acids at the N- and C-terminus of Cy2. 16 amino acids
(ADLGSA at the N-terminus and GSGSENLYFQ at the C-terminus in a 99 amino acid long
domain) are the consequence of the Sf9 transfection vector pAcGP-67 B with its secretion
signal and the linker with a His-Tag added for purification (see Figure 21). Attempts to design
the construct in a way that only one additional amino acid will be left after purification failed
because transfection was not possible so far. Similar effects were observed for the chemical
stabilities of the four C42 variants. C42 wild type was clearly less stable (D1,=2.3 £ 0.2 M
urea) compared to the other constructs (D;,~ 5.0 M urea) (see Table 6). On the other hand,
no clear improvement due to the glycan could be observed if the errors are taken into
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account. As a consequence one should be careful with immunoglobulin domains in which
amino acids were added to the termini.

Interestingly, all C42 variants tested had similar thermal stabilities in the AFS with Tyers of
~38°C (Cy2 wild type) to ~51°C (Cy2 control) compared to their native states with Tpes of
~43°C (Cy2 wild type) to ~68°C (Cy2 glyco) (see Figure 30 and Table 6). C42 wild type is the
least stable domain in the native state as well as in the AFS. Thus, the additional amino acids
have still some influence on the thermal stability in the AFS, although not as pronounced as
for the native structure (differences of 13°C in AFS vs. 22.5°C in the native state without
glycosylation). Interestingly, the additional stabilising effect of the glycan is lost at acidic
conditions, as the thermal stability of C42 glyco is even slightly lower compared to Cy2
nonglyco. For those Fab domains which adopted an AFS the stability in the AFS was
comparable or even higher than in the native state (see Table 3; [192]). This is not the case
for any of the tested Cy2 variants. Yet, the variants showed no difference after overnight or
3-4 days incubation concerning FUV-CD spectra and thermal stability and in conclusion the
AFS of Cy2 is a stable state. The urea-induced transitions affirm the observation that the
stabilising effect of the glycan at physiological conditions is lost in the AFS and that there is
still some influence of the additional amino acids (Figure 30).

The second characteristic feature for most antibody domains was the formation of oligomers
in their AFS [132, 133] which was correlated to hydrophobicity of the surface. Vy and V,
formed the largest oligomers and showed the highest signal increase upon ANS binding
whereas Cyl which formed smaller oligomers could bind ANS less effective (see Table 2,
Figure 15 and [192]). This correlation is not valid for C2. C42 glyo and Cy2 control were the
only variants that formed some dimeric/tetrameric species besides the monomers (Table 5)
although all variants showed similar ANS binding (Figure 29). The signal increase was
comparable to C41 which can form oligomers of predominantly 5-20 subunits in the AFS
(Table 2, Figure 15). C42 glyco binds slightly less ANS compared to the other variants
indicating that sugar-sugar or sugar-protein interactions might enable the formation of
dimers or tetramers. Glycans have several contacts in the Fc part of antibodies and influence
Cy2 orientation [154]. On the other hand, C42 control could also adopt oligomeric states.
This finding is surprising as C42 nonglyco is not able to self-associate although both variants
share the same sequence (Table 5). C42 control was included to prove that some of the
observed effects are really caused by the additional amino acids and not a consequence due
to changes caused by expression in Sf9 instead of refolding from inclusion bodies. Both
variants showed the same behaviour in regard of secondary structure (Figure 23 C and E),
thermal stability (Figure 30 A and B), and ANS binding (Figure 29 B and D). However, small
differences were observed regarding tertiary structure. The NUV-CD spectra do not
completely correspond to each other as well as the fluorescence behaviour at physiological
and AFS conditions (Figure 28 B and D). We gather that C,;2 control and Cy2 nonglyco are not
exactly the same from these observations and that they have small differences in their
tertiary structure conformation.

101



102

Results and Discussion

The folding to the AFS of C43 was completed within the dead-time of the stopped-flow
device but assumed to pass an unfolded state before the AFS is established [133]. For the
Fab domains which adopt an AFS a general pathway via a (partially) unfolded state could be
shown but the process was much slower compared to Cy3 (see Figure 18 and [192]). All four
Cy2 variants seem to share this pathway. However, it is difficult to prove that an unfolded
state precedes AFS formation as for the kinetic traces fluorescence detection (i.e., tertiary
structure changes) and for the control spectra FUV-CD (i.e., secondary structure changes)
were used. This was necessary as the FUV-CD signals at 205 nm were not sufficient to
observe the structural changes properly. The time to adopt an AFS was clearly the fastest for
Cy2 wild type (relaxation time ~1 s), followed by Cy2 control (~25 s), Cy2 glyco (~70 s) and
Ch2 nonglyco (~100 s). The kinetic traces could be best described by a single or double
exponential function for Cy2 wild type and the other domains, respectively, indicating the
presence of one intermediate for the latter (Figure 31). The presence of an intermediate
within the dead-time of the stopped-flow device cannot be excluded and the FUV-CD spectra
after the pH jump of Chy2 wild type might indicate that a more unfolded intermediate
precedes AFS formation as the minimum is slightly shifted to the FUV (Figure 31 A, left). As
the only common difference between C42 wild type and the other species are the additional
amino acids, these residues might influence the folding process (single vs. double
exponential). Yet, one must be careful with these assumptions.

A striking feature of Cy2 is the reversibility in a high concentration range from 1 uM to 100
UM (Figure 27). The complete MAK33 (glycosylated) and C43 were also described to be able
to get back the native state starting from the AFS [132, 133]. In contrast, the Fab domains
could only adopt the native state in low concentrations (< 10 uM) otherwise aggregation
occurred (Figure 13 and [192]). Hence, we were interested in the pathway from the AFS back
to the native state. In general the process is slower compared to AFS formation, but C42 wild
type is still the fastest domain (relaxation time ~50 s). C;2 nonglyco and Cy2 control behave
similar what is to be expected as they share the same sequence (~800 s). Cy2 glyco is
interesting as it can adopt the native structure clearly faster compared to Cy2 nonglyco and
Cu2 control (~200 s). As the glycan enhanced the stability in the native state, it can be
assumed that it accelerates the native state formation due to its favourable effect. However,
refolding of C42 glyco is slower compared to C42 wild type and consequently the additional
amino acids are disadvantageous. The mechanism is more complex compared to AFS
formation with at least two intermediates (traces were best described by a triple
exponential function; see Figure 32). The FUV-CD spectra indicate that at least one
intermediate is native-like.

One of the best characterised non-native states is the molten globule state. NMR is a
powerful tool to determine structural details of this often dynamic state. For a-lactalbumin
the molten globule state was analysed in great detail [233, 234]. In return, no structural
details are known up to date about the AFS. Spectroscopic techniques, based on
fluorescence or CD, have a very limited resolution. Attempts to resolve the AFS of Cy2 wild
type at atomic resolution failed, as our data indicate the presence of at least two structural



Results and Discussion

states in the AFS which are in a dynamic equilibrium. We could just identify five residues at
the C- and five residues at the N-terminus which are for sure not part of a defined structure
(Figure 34). In these areas there are also several proline residues which might facilitate
flexibility under AFS conditions. It was not possible to shift the equilibrium to one structure
neither by buffer variations nor additives such as betaine, arginine or histidine which have
been shown to influence protein stability [226, 227]. However, the pH has a strong influence
on the structure. HSQC-spectra of >N-C42 wild type in different pH conditions show that the
unfolding of the structure is a step-wise process (Figure 37). Together with the assigned
residues at pH 7.5 the residues changing with differing pH values can be plotted on the
structure. This will result in a map of the different regions changing during the pH gradient. It
was not yet possible to reliably assign all residues at pH 7.5. However, we could expand our
view on AFS formation. When the buffer conditions shift to acidic pH, rearrangements within
some of the flexible loop regions appear first (pH 5; Figure 38). In a more acidic environment
the outer B-strands (C, D, E and G) lose their contacts. The disulphide bridge between
strands B and F might protect this area. However, the residues within these two strands
could not yet be assigned at pH 7.5 but some additional ones in strand A in the AFS (Figure
34). The residues within B-strand A were also flexible. For the Fab and light chain of MAK33
Buchner and co-workers have shown, that the internal disulphide bridge impede the
formation of an AFS [140]. This seems to be not the case for Cy2 as the domain is able to
adopt an AFS in presence of TCEP (Figure 26). The same was observed for the Fab domains,
which were able to form an AFS in the presence of a reducing agent (Figure 12; [192]).

Taken together, the Cy2 domain can adopt an AFS independent of its glycan. Not all
characteristics of an AFS are fulfilled but the protein is stable for several days at pH 2. The
AFS is dynamic and not one fixed conformation. Noteworthy, it is reversible even at high
concentration and this property sets Cy2 apart from other domains able to adopt an AFS.
The glycan had only a positive effect on the stability at physiological conditions and not in
the AFS. It was not possible to resolve the structure of the AFS as it is dynamic. However, we
could gain insights in the formation of an AFS.

3.2 Interaction mechanism between Vg and V.

Antigen recognition is an important task of the humoral immune response mediated by
immunoglobulins. The Fv fragment is responsible for specificity and antigen binding and
consists of the variable domain of the light chain (V.) and the variable domain of the heavy
chain (V). These two domains share each three hypervariable regions (i.e., long and flexible
loops, so called complementarity determining regions, CDRs) which represent the binding
sites for the antigen and account for approximately 25% of the domains [160]. CDR-H3 (i.e.,
the third CDR of V) is the most flexible of these six regions concerning length and amino
acid sequence [235]. The structure of the Fv fragment of MAK33 and the positions of the
CDRs are shown in Figure 40. Due to the fact that CDR-H3 is highly flexible, this region could
not be resolved by X-ray crystallography. Hence, CDR-H3 is indicated as a grey line.
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Figure 40: Structure of the Fv fragment of
MAK33.

The Fv fragment of MAK33 consists of V, (light green)
and Vy (light blue). Both domains have three
hypervariable regions (complementary determining
regions, CDRs) each which are crucial for antigen
recognition and binding. The CDRs of V, are depicted
in dark green, the ones from V. in dark blue
(according to  http://www.bioinf.org.uk/). The
conserved internal disulphide bridges are highlighted
in yellow. Figure is modified from PDB ID 1FH5. As
CDR-H3 is not resolved in this crystal structure, it is
indicated as a grey loop.

Antibodies play an important role for therapeutic and diagnostic applications due to their
high selectivity and specificity. Engineering of antibody sequences is often required to
modify antigen recognition, stability, solubility, affinity, penetration abilities, and
immunogenicity or effector functions. The Fv fragment is besides antigen binding properties
also responsible for pharmacokinetics, pharmaceutical properties and immunogenicity
(besides Fc) [236]. Unfortunately, an increase in affinity is often accompanied by a decrease
in stability and vice versa especially when changes within the CDRs are made and
consequences are difficult to predict [237]. Hence, for several years it has been tried to
understand the relationship between structure, stability and binding affinity of V, and V,.

3.2.1 Conserved amino acids within the interface of Vy and Vi,

One important approach to understand the mechanism of Vy and V, interaction was
covariation analysis to determine conserved amino acid clusters. The idea behind is that
amino acids which are conserved within different species and germlines must play a
functional role as they would otherwise not have an evolutionary pressure to be unchanged.
One of the first to address conserved amino acids were Chothia and co-workers in 1985
[160]. They could already show that the residues at the positions 98, 44 and 36 (V,) and 103,
47, 45 and 37 (V4) might be conserved. Back then their data set was very small containing
only three structures and thus they could only draw conclusions regarding the position of
the amino acid and not of their type. In 1998 Chothia and co-worker published a new
covariation analysis with a larger data set and their results fit quite well to previous selected
positions [166]. The covariation analysis of Wang and co-workers in 2009 [164] was the most
elaborate analysis of variable domain sequences that was performed up to date and to our
knowledge. With this approach they aimed to identify naturally occurring amino acid
networks that are generally important for antibody structure and function. Other studies to
identify defining positions within different germlines were also performed. Altschuh and co-
workers for example investigated the differences between murine and human germline Vy
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and V| domains [165, 171]. The majority of the most strongly conserved amino acids
identified in the study of Wang were positioned at/or adjacent to the V-V, interface [164].
For the V4 domain additionally some conserved residues at the Vy-Cyl interface could be
identified being probably important for framework orientation. Interestingly, the same
network, yet not the same amino acids, for the interactions with V, and with Cy1 are found
in camelid Vyy domains. Vyy domains are functioning in the absence of a V|, domain [162,
163]. This finding indicates that these particular amino acids might influence the interaction
between Vy and V..

V. and Vy of the model antibody MAK33 fit the findings from covariation analysis with all
amino acids on conserved positions. In Figure 41, the conserved amino acids within/adjacent
to the interface of the variable domains are shown and the important residues highlighted.
For V. and Vy six and seven residues were considered, respectively. The only residue in
MAK33 that does not match the covariation analysis from Wang and co-workers is the serine
at position 43 in V.. From the analysis an alanine would be expected and therefore the
exchange to alanine might increase the interaction ability between Vy and V. Taken all data
from covariation analysis together, it is justified to assume that these residues play a crucial
role for the interaction between the variable domains.

The aim of this study will be to mutate those hits against alanine and to characterise the
influence on structure, stability and interaction between both domains. As a model system
the murine monoclonal antibody MAK33 (k/IgG1 subclass) was used. Here, we focus on the
analysis of isolated variable domains and not on Fab or scFv fragments as in previous studies
[158, 170, 172]. These approaches draw conclusions from the binding ability of the
antibodies or antibody fragments to their antigens onto the interaction abilities between
both domains. In contrast, this study will consider the influence of isolated domains.
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Figure 41: Conserved residues within the interface between V,  and V.

Covariation analysis of the variable domains revealed the presence of conserved amino acid residues in V, and
V,. The residues with the highest scores are predominantly located in the interface between the variable
domains. To determine their role for structure, function and interaction an alanine exchange study was set-up.
In (A) the Fv fragment of MAK33 is shown. The V, domain is depicted in light green with the three CDRs
highlighted in dark green. Vy is shown in light blue and the CDRs are highlighted in dark blue. Conserved
residues within the interface are illustrated as spheres and colour-coded. On the right the region within the
rectangle is enlarged. For a better orientation CDR-H2 is indicated. The labelled residues were selected for an
alanine-exchange mutational analysis. In (B) the top views of the interacting residues of the V, (left) and Vy
(right) domain are shown. Six residues were selected for V, (Y36, Q37, S43, P44, L46, and F98) and seven for V,,
(V37, R38, R44, L45, E46, W47, and W103). Structures are modified from PDB ID 1FH5.

3.2.1.1 The role of conserved residues for protein structure

The FUV-CD spectrum of V, indicates the presence of B-sheets and random coil
characteristics as two minima at 218 nm and 200 nm are visible (Figure 42 A; open circles).
The result fits to the crystal structure, where besides the immunoglobulin fold, three long
and flexible loop regions, the CDRs, are present (Figure 40). The characteristic shape is
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observable for all tested alanine exchange mutants (F98A, Y36A, S43A, Q37A, P44A, and
L45A, as well as the double mutants Y36AP44A and Y36AS43A; Figure 42 A). Small deviations
in the intensity of the spectra are yet visible. For F98A (black circles) the minimum at 200 nm
is more pronounced compared to the wild type and other mutants suggesting a higher
flexibility due to the mutated area. For S43A (blue circles), the minimum at 218 nm is the
least pronounced and more shifted to 212 nm. The FUV-CD indicates the presence of
structural rearrangements but cannot give evidence of the nature of the structural changes.
The same holds true for P44A (yellow circles), and Y36A (red circles). They show a signal
increase of the maximum at 205 nm. Interestingly, the signal increase of both double
mutants (Y36AP44A in pink circles and Y36AS43A in orange circles) is equal (Figure 42 A).
One might have expected a higher increase for Y36AP44A as the single point mutants show
each an increase but the effects do not seem additive. In general, the V. domain is able to
tolerate single point mutations of the conserved residues quite well and the B-sheet
structure seems unaffected.

The FUV-CD spectrum of Vy, wild type also shows characteristics of a B-sheet protein as it has
a typical minimum at 218 nm (Figure 42 B; open circles). The signal intensity is lower
compared to C_ (see Figure 10 B) but similar to V| (Figure 42 A). As Vy also has three CDRs,
their random coil characteristics diminish the B-sheet influence (see Figure 40). In general
more severe effects for Vy point mutants were observable concerning the secondary
structure formation than for V| mutants (Figure 42 A and B). R38A (red circles) and W103A
(pink circles) show a minimum shifted to ~205 nm (see Figure 42 B). Consequently, these
domains are clearly different compared to the wild type and must have undergone structural
rearrangements or might even be misfolded. Moreover, W47A (purple circles) shows a broad
distributed minimum from 218 nm to 205 nm and indicates even higher random coil content
like Vi wild type. For the mutants L45A (dark cyan circles) and E46A (yellow circles) the FUV-
CD spectra are most similar to wild type Vy (Figure 42 B). A remarkable mutation is R44A
(blue circles) which shows a more distinct minimum at 218 nm referring to a more
pronounced B-sheet structure. V4 domains are in most cases less stable than their V,
counterparts [199] and hence it is not surprising that they are less tolerant against point
mutations within the conserved residues.

107



108

Results and Discussion

A B o+
© MO
o —
- =
= — 5
< o)
o) =
I o
b o] o~
P £ o
€ s}
O Q37A o))
(o)) * e S43A o)
[0} s P44A RS
TS 53 ® L46A . > 5
= '% ® FosA Z
z 8 rSd ® Y36A P4dA =
@5 r - Y36A S43A 7 @
o WT
-10 1 L 1 L 1 1 -10 1 1 1 1 1 1
200 210 220 230 240 250 260 200 210 220 230 240 250 260
wavelength (nm) wavelength (nm)
C : : : : : D o : : : :
50 . V374
200 ® R38A o
— 0 _ * R44A
— — e Leasa ]
6] 6] 150
% -50 £ % 100
s s
o -100 N ~F 6 0 b
o2 o g .-.,1: J L] o] 0 :'m»”””"»"')‘)”’m\»»\»»--».\»»3;
\-8/ -150 5 :' s QA §
. : X . %0 -
(% -200 . ® Ld46A 7 é
@E 2 * Foga o -100 1
250 | ® Y36A P44A |
Y36A S43A -150 .
o WT
. |

300 1 1 1 1
260 270 280 290 300

310 320

200
260

280 290 300 310 320

wavelength (nm) wavelength (nm)

Figure 42: Secondary and tertiary structure of V_and V, alanine-exchange mutants.

In (A) and (B), FUV-CD spectra of V, point mutants (A) and V,, point mutants (B) are shown. Colour code for V,:
Y36A is red, Q37A dark cyan, S43A blue, P44A yellow, L45A purple, F98A black, Y36AS43A orange, Y36AP44A
pink (all closed circles/lines) and V, wild type is royal blue (open circles/line). Colour code for V,: V37A is black,
R38A red, R44A blue, L45A dark cyan, E46A yellow, W47A purple, W103A pink (all closed circles/lines) and V,
wild type royal blue (open circles/line). In (C) and (D) the NUV-CD spectra of the V, (C) and V (D) point mutants
are shown. Colour code for (C) and (D) is analogue to (A) and (B), respectively. For the spectra 16 accumulations
each were recorded and buffer-corrected (PBS). All measurements were performed at a protein concentration of
20 uM (FUV-CD) and 50 uM (NUV-CD) in 0.5-mm (FUV) or 5-mm (NUV) quartz cuvette at 20°C.

NUV-CD spectra can provide an indication of structural rearrangements in the environment
of aromatic amino acids. V, wild type (Figure 42 C; open circles) confirms a well-defined
structure with a minimum at ~275 nm, typical for antibody domains [132, 134]. The most
obvious difference between the NUV-CD spectra of wild type and mutants was observed for
FI98A (black circles) as it shows a ~2-fold signal increase in the range of 275 nm. As
phenylalanine is, besides tryptophan and tyrosine, responsible for the NUV-CD signals,
mutating one of the signal centres will influence the fingerprint. However, the shape is not
affected. Thus, the overall structure seems uninfluenced (Figure 42 C). Besides F98A, slight
differences were observed for S43A (blue circles) and Y36AP44A (pink circles) in the range
between 270 and 260 nm (Figure 42 C). However, the overall shape is also not affected.
Therefore NUV-CD spectra confirm the conclusions drawn from the FUV-CD that the V,
domain is quite tolerant against an exchange of conserved amino acids.
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The Vi domain shows a well-defined NUV-CD spectrum, too. However, the NUV-CD signal is
strikingly different from V|, wild type (Figure 42 C and D) and exhibits only a positive signal.
The MAK33 Vy domain amino acid sequence includes three Trp, three Phe and 13 Tyr
residues. In contrast, MAK33 V| has only two Trp, five Phe and three Tyr residues. Vy is the
domain with the highest content of aromatic amino acids in MAK33. The R44A exchange
(blue circles) effects only slightly the tertiary structure, as the minima and maxima
distribution is comparable to the wild type although the signal intensity between 290 nm
and 260 nm is lower. This observation matches with the one from the FUV-CD analysis
(Figure 42 B and D). Obviously different from the wild type fingerprint are the NUV-CD
spectra of V37A (black circles) and L45A (dark cyan circles). They share a maximum at ~295
nm and a minimum at ~280 nm. As both mutants show the same differences the changes of
the environments of the aromatic amino acids must be similar (Figure 42 D). As FUV-CD
spectra of these mutations indicate B-sheet structure one can assume that rearrangements
are not within the secondary structure level (Figure 42 B). The NUV-CD spectrum of E46A
(yellow circles) is completely different as it shows a minimum at ~295 nm and a maximum at
270 nm (Figure 42 D). For this mutant also no differences in secondary structure were
observed (Figure 42 B). The NUV-CD spectrum of R38A (red circles) is less pronounced
compared to the other mutants. The signal is negative and of low intensity. Low signal
intensity holds also true for W47A (purple circles) (Figure 42 D). Consequently, both mutants
seem to be less defined on their tertiary structure level. The NUV-CD spectrum of W103A
(magenta circles) is similar to the wild type domain with a less pronounced signal in the
range between 280 nm and 260 nm. However, the domain seems to adopt defined tertiary
interactions similar to the wild type, although the FUV-CD spectrum indicates differences on
the secondary structure level (Figure 42 B and D). The NUV-CD spectra support the notion
that Vy is less tolerant against changes within the conserved residues compared to V.

3.2.1.2 Conserved residues influence protein stability

Conserved residues can have different functions. Besides influencing the domain structure,
stability might be affected by mutation. To address this point, thermal- and denaturant-
induced (GdmClIl) unfolding transitions were measured. In Figure 43, the results for V. (A and
C) and V4 (B and D) are shown. None of the thermal-induced transitions were reversible
(data not shown); hence just information about the melting temperatures (Tmer) could be
obtained. Most of the denaturant-induced transitions of Vy mutants were found to be
irreversible, and the same holds true for some V, mutants (data not shown). Nevertheless,
all transitions were fitted to a two-state model to compare the results more easily.

The chemical stability of V| is sensitive to the exchange of conserved residues within the
interface to V4 as most mutations lead to a decrease in the concentration needed for half-
maximum unfolding (Dy/,;Figure 43 A). The stability decline is in particular pronounced for
Y36AP44A (pink circles), Y36A (red circles), Y36AS43A (orange circles) and L46A (purple
circles). The findings fit well with the observations of the thermal-induced unfolding
transitions (Figure 43 C). The Ters of Y36AP44A (pink circles), Y36A (red circles), Y36AS43A
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(orange circles) and L46A (purple circles) are the lowest of the tested mutants. However,
S43A (blue circles) is even more stable against GdmCl than the wild type and has a similar
Tmelt (Figure 43 A and C). As P44A (yellow circles) shows just a slight decrease in chemical and
thermal stability and S43A (blue circles) is even more stable regarding denaturant-induced
unfolding, the stability decrease must mainly be driven by the Y36A exchange (Figure 43 A
and C). Therefore one can conclude that the residues Y36 and L46 are important for V,
stability. The cooperativity of GdmCl-induced unfolding transitions for all domains is in a
comparable range when the errors are taken into account (Figure 43 A, Table 8). As the
cooperativity parameter “m” correlates with the solvent-exposed hydrophobic surface upon
unfolding and is comparable, one can assume that the structures of the mutants are still well
folded. This assumption is supported by the FUV-CD and NUV-CD spectra (Figure 42 A and C).
Regarding the thermal-induced unfolding transitions it is obvious that the cooperativity of
Y36A (red circles/line) and P44A (yellow circles/line) is reduced compared to the wild type
and the other mutants (Figure 42 C). A more detailed conclusion is not possible as the
transitions were not reversible.
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Figure 43: Influence of conserved residues onto protein stability

To assess the stability of the Vi, and V, alanine point mutants GdmCl-induced (top) and temperature-induced
(bottom) unfolding experiments were performed. Data for denaturant-induced (A and B) and thermal-induced
transitions (C and D) are shown. In (A) GdmCl-induced unfolding transitions for the V, mutants are illustrated.
Y36A is red, Q37A dark cyan, S43A blue, P44A yellow, L45A purple, F98A black, Y36AS43A orange, Y36AP44A
pink (all closed circles/lines) and the wild type is royal blue (open circles/line). In (B) the denaturant-induced
samples for the V,; mutants are shown. V37A is black, R38A red, R44A blue, L45A dark cyan, E46A yellow, W47A
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purple, W103A pink (all closed circles/lines) and the wild type royal blue (open circles/broken line). In (C) and (D)
the thermal-induced unfolding transitions for V, mutants (C) and V., mutants (D) are depicted. Colour code is the
same for (C) and (A) and for (D) and (B). Temperature-induced unfolding was monitored by FUV-CD
spectroscopy at 215 nm with a heating rate of 20°C h™.. Data were fitted to a Boltzmann function to obtain
transition midpoints. Chemical denaturation of the proteins was induced by GdmCl, and structural changes
were monitored by fluorescence spectroscopy at a fixed wavelength (mainly 355 nm emission; 280 nm
excitation). Data were evaluated according to a two-state unfolding model to obtain midpoints and
cooperativity parameters of the transitions. Measurements were performed at 20°C at a protein concentration
of 20 uM (temperature-induced) or 1 uM (GdmCl-induced).

Vy wild type (open circles) is much less stable than V. independent of the transition type
(Figure 42). It is conspicuous that all mutants besides R38A (red circles) start directly to
unfold in the presence of GdmCIl indicating a very low stability against denaturants (Figure 42
B). The cooperativity m is higher compared to the V. mutants but must be considered
carefully as the missing plateau of the native protein distort the two-state folding fit. The
thermal stability is in general also decreased compared to V,. V4 wild type and W47A show
the same uncooperative behaviour and unfold in the range of 30°C (Figure 42 D). Both
proteins aggregate at temperatures > 30°C. The low cooperativity of V37A (black
circles/line), W103A (pink circles/line), and E46A (yellow circles/line) is noticeable (Figure 42
D). Stability analysis confirms the observations made in the structural analysis that Vy is very
sensitive to manipulations within the conserved residues. Reliable beneficial effects
regarding stability could only be made for R44A, which is reversible in GdmCI, and R38A,
which shows the most explicit stability increase for thermal- and chemical-induced unfolding
transitions (Figure 42 B and D). The observation for R38A is in contrast to the low signal
intensity in the NUV-CD spectrum (Figure 42 D).
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Table 8: Thermal and chemical stability of V, and V, alanine exchange mutants.

Domain Mutation Tmeit [°C] D12 [M] m [k) mol™* M™]
wild type 52.3+0.2 1.17 £ 0.68 20.1+8.2
Y36A 37.1+1.7 0.30 £ 0.06 16.1+2.3
Q37A 47.3+0.3 0.94 +0.46 16.0+£5.2
S43A 52.1+04 1.38+1.04 15.8+8.6

A P44A 44,5 +0.5 0.95+19.02 17.8+25.0
L46A 448 +0.4 0.71+0.16 21.2+35
FO8A 48.1+0.3 0.96 £ 0.20 19.0+2.8
Y36A P44A 33.81£0.2 0.52 £0.43 33.7+18.6
Y36A S43A 39.1+0.3 0.23+0.17 17.1+6.0
wild type ~30 0.21+0.10 68.6 +23.3
V37A 14.2+6.8 0.15+0.04 35.3+6.7
R38A 42.2+0.8 0.90 £ 0.69 30.8 £16.7
R44A 32.6+0.3 0.20 £ 0.03 343+3.7

Vi L45A 23.2+0.7 0.17+0.14 21.5+85
E46A 348+11.1 0.32+0.79 75.2+15.4
WA47A ~30 0.09 £ 0.03 75.2£19.4
W103A 25.2+3.7 0.11+0.03 37.1+6.3

Stabilities against the thermal and chemical denaturation (GdmCl) of the V, and Vy mutants in PBS are shown.
Midpoints of thermal transitions are shown as T,.:. Even though most of the GdmCl-induced unfolding
transitions were not reversible, data were evaluated according to a two-state equilibrium unfolding model to
derive the midpoint of transitions (Ds), as well as the cooperativity parameter (m), for a qualitative
comparison of the data.

3.2.1.3 Interaction between Vy and V, is influenced by conserved residues

In contrast to previous studies on the Fv and Fab level, in this work isolated domains are
considered. To be able to characterise the interaction between V4 and V. sedimentation
equilibrium AUC and SPR experiments were performed. In the AUC set-up both interaction
partner are in solution and have the maximum degree of freedom. For SPR binding a ligand
is immobilised and the analyte is added with continuous flow.

For sedimentation equilibrium experiments three samples with different concentrations (in
general 7.5 uM, 5.0 uM and 2.5 uM; for low Kps down to 500 nM) in a 1:1 ratio were
prepared. The samples were loaded in six channel epon centrepieces. Three different
velocities were observed until the samples reached their equilibrium. In Figure 44 an
example for the interaction of V| Y36AS43A vs. Vi wild type is shown. In the best case more
than six traces could be included in the fit model, in the worst case just three. The fit errors
were in a range between 6% and 25%.
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08 - - . . | - Figure 44: Example of an AUC sedimentation
equilibrium experiment.
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Analysis of the interaction behaviour of Vi mutants shows a decrease of the binding affinity.
According to the Kp values determined by AUC, V37A, R38A, L45A and W103A are those
domains with the worst binding behaviour. W47A, R44A and E46A also have a larger Kp
compared to the wild type but to a lesser extent. An extremely poor binding behaviour was
observed for L45A and indicates a loss of the interaction with V,. Yet one has to keep in mind
that the equilibration equilibrium experiments take several days and some of the Vy mutants
are only marginally stable. Consequently, some might not be stable enough for the long
measuring time. For E46A, for example, in some experiments degradation was observed. The
Kp values are summarised in Table 9.

Table 9: K, determination by AUC SE experiments and SPR

AUC SPR AUC SPR
Vi Ko [uM] Ko [uM] Vy Kp [uM] Ko [uM]
wild type 0.2 13 wild type 0.2 13
Y36A 0.4 ND V37A 33.0* 4.4
Q37A 0.4 ND R38A 17.3* 2.3
S43A 0.5 ND R44A 1.8 2.1
P44A 15.2 ND LA5A 292.0* 50.0
L46A 0.6 ND E46A 2.0* 1.3
FO8A 0.6 ND WA47A 1.2%* 5.7
Y36AS43A 0.4 ND W103A 26.4* 6.9
Y36AP44A 6.8 ND

Kp values were determined by AUC sedimentation equilibrium experiments. Three concentrations in the range
between 0.5 uM and 7.5 uM with V, and V,in a 1:1 ratio were measured at three velocities and globally fitted
to a model heterogeneous interaction between two components. All mutants were tested with the wild type Vy
or V, domain. Experiments were performed at 20°C; asterisks indicate that samples were measured at 15°C.
Errors of the fits for AUC data were in a range between 6%-25%. SPR experiments were performed with a
Biacore X100. Ligand was immobilised via an introduced cysteine at the N-terminus. ND indicates that the
samples could not be analysed.
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The Biacore data confirm the poor binding behaviour of L45A. V37A, W47A and W103A
share also higher Kp values. However, their increase is not as pronounced as for L45A. In
general, the same effects were observed as in the AUC experiments although not the same
Kp values were obtained. The only exception is E46A, which shows poor binding abilities in
the AUC experiments, whereas it binds V, wild type with the same affinity when analysed by
SPR.

Due to problems with the stability of Vy with an N-terminal cysteine immobilised to a CM5
chip the Kp values of the V|, mutants could not be determined. V, wild type was the only
sample which could be measured before the performance of the chip decreased. The Kp of
the wild type Vi domain with the Vi N-terminal cysteine domain and V| was the same as for
Vy wild type and V|, with an N-terminal cysteine (Kp= 1.3 uM) (see Table 9).

In Figure 45 the results for the AUC and SPR experiments are summarised. For V|, conserved
residues are labelled according to the AUC data as no SPR measurements were possible. For
Vu, both methods could be used. P44A (highlighted in red) was the only mutation which
strongly decreased the interaction between V| and Vy. The other residues had only minor
effects (orange; Figure 45 B). In the case of Vy, different results were observed for E46A and
R38A when analysed by AUC or SPR (Figure 45 bottom). W103A, V37A and L45A showed the
strongest effects on association.
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Figure 45: Critical residues for V,-V, interaction.

In (A) the heterodimer of V, and V,, is shown. The conserved residues from the interaction study are shown as
sticks. Yellow sticks represent the internal disulphide bridge. Residues highlighted in orange had only minor
effects on the K, of V, and V,; when mutated to alanine, whereas in red labelled residues showed a strong effect
on the interaction. Residues without a clear influence are dark green (V) or dark blue (V). In (B) the top-views
for V, and Vy are shown. For some residues AUC and SPR experiments resulted in different observations. For a
comparison both results for the V., domain are shown. The grey dotted line indicates CDR-H3 which is not
resolved in PDB ID 1FH5.

3.2.1.4  Functionality of Vy and V, is influenced by conserved residues

Besides structure, stability and association conserved amino acids might also influence
antigen recognition. Consequently, the functionality of the Fv fragment can be disturbed. To
address this question an ELISA with isolated variable domains was established. MAK33 is
directed against human creatine kinase. The biotinylated antigen was immobilised to a
streptavidine coated 96-microwell plate. For detection the wild type domain was labelled
with a FLAG-tag at the C-terminus. The tag does not influence the interaction between the
wild type variable domains (determined by AUC, data not shown). An anti-FLAG antibody
coupled to a horseradish peroxidase allows detection of the bound wild type domains. For
the case that the mutants interact with the wild type domains and are functional, the read-
out should fit to the wild type domains. As this assay is complex due to several Kp values
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(tagged domain to antigen, mutant to antigen, mutant to tagged domain) only qualitative
and no quantitative conclusions are possible. Figure 46 shows representatives for inactive,
mediate-active and wild-type like mutants.

The binding ability of V -Flag is strongly decreased compared to wild type Vy when W47 is
exchanged to an alanine as no binding could be observed at all. L45A and R38A show a
weaker interaction, however, stronger compared to V37A and W103A (see Table 10). The
low activity of W47A and L45A fit well with the high Kp determined by AUC and SPR (see
Table 9). Interestingly, R38A cannot bind to the antigen as efficient as the wild type
indicating that the Kp from the AUC experiment might not be abnormal although the Kp
determined by SPR clearly differs. E46A, which had a similar Kp in SPR and a higher Kp in AUC
as the wild type (see Table 9), is able to bind to human creatine kinase as efficient as the wild
type (Table 10). The same holds true for R44A. To sum up the observations, functionality is
not always correlated with association.
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Figure 46: ELISA with isolated variable domains to determine the influence of conserved amino

acids on antigen binding.

To determine the functionality of the single mutants an ELISA with isolated domains was performed.
Biotinylated human creatine kinase was coupled to a streptavidine-coated microwell plate. Wild type V,; and V,
were labelled with a FLAG-tag at the C-terminus and could be detected with an anti-FLAG antibody coupled to
horseradish peroxidase. For V, (left side) and Vy (right side) the wild type, a representative of an inactive, a low
active and a mutant with similar activity as the wild type is shown, respectively. The absorption at 405 nm at
the signal maximum (after 15 minutes) was corrected for the signal of the variable labelled domains alone.
Experiments were performed at 20°C.

The V4-FLAG domain is less efficient in interacting with the antigen when V| with a L46A or
F98A mutation is the binding partner. Y36A, P44A and the double mutants Y36AS43A, as well
as Y36AP44A, also have a negative influence on the functionality but to a lesser extent. On
the contrary, Q37A and S43A do not influence antigen binding. The only domain with a
clearly reduced Kp (AUC, Table 9) was P44A. However, this domain shows only a slight
decrease in its ability to bind the antigen. On the contrary, L46A and F98A could bind the V4
domain with a Kp similar to the wild type but they are not able to interact with the antigen
any more (Table 9 and Table 9). Consequently, the analysis of V. mutants enhances the
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assumption that interaction between Vy and V, is not necessarily correlated with the ability
to bind the antigen.

Table 10: Functionality is influenced by mutations of conserved residues.

Vy mutant relative signal V. mutant relative signal

wild type wt wild type wt

V37A - Y36A -

R38A -- Q37A wt

R44A wt S43A wt

V- V-
L45A -- P44A -
FLAG FLAG

E46A wt L46A ---

WA47A --- FO8A ---

W103A - Y36AS43A -
Y36AP44A -

To determine the functionality of the mutants a qualitative analysis of ELISA with isolated variable domains was
performed. Detection of Vi, and V, wild type domains was possible via an introduced FLAG-tag at the C-termini.
As a reference the signal of the wild type domains vs. FLAG-tagged domains after 15 minutes of incubation were
chosen. Samples were corrected with the signal from the single FLAG-tagged variable domains. One minus up to
three was chosen to group the different active mutants (from slightly lower [-] binding to no binding [---]).
Experiments were performed at 20°C.

3.2.2 The influence of the framework and CDRs

In terms of structure, amino acid sequence diversity and germline usage seven Vyand seven
V. (four Vi and three V,) germline families can be distinguished in the human antibody
repertoire. They cover more than 95% of the human antibody diversity [238]. A systematic
evaluation of these human variable domain germline families as isolated domains was
performed by Ewert and co-workers in 2003 [199]. They found differences between the
representatives of Vy and V, germline families regarding stability, oligomeric state and
expression behaviour. The domain with the highest thermodynamic stability and yield of
soluble protein was the Vy3 family (modelled structure PDB ID 1DHU) and V,3 (modelled
structure PDB ID 1DH5) [199].

As the stability of isolated MAK33 V, and especially V4 is lower compared to these two
consensus sequences a sequence alignment (framework and CDRs) was performed to
determine differences on the amino acid sequence level. Interestingly, MAK V_ and 1DH5
share 65% identity and 83% homology. For MAK33 Vy and 1DHU even 74% sequence identity
and 82% positive hits were identified (Figure 47). The results of these alighments are shown
in Figure 47 A and B. Interestingly, CDR-L1, CDR-H1 and CDR-H2 are similar between MAK33
and the consensus sequences.
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Figure 47: Structural and sequence
alignment between MAK33 variable
domains and human consensus
sequences.

In (A) the structural alignment between
MAK33 V, and 1DH5 (left) and MAK33
Vy; and 1DHU (right) is shown. MAK33 V,
is depicted in light green with the three
CDRs highlighted in green. The most
stable human V, consensus sequence is
yellow-orange  with orange CDRs.
MAK33 Vy is illustrated in light blue with
blue CDRs and the human V, consensus
sequence in yellow-orange with orange
CDRs. Structures are based on PDB IDs
1FH5, 1DHU and 1DH5. (B) depicts the

MAKVL PSRFSGSGSGTDFTLS INSVETEDFGMYFCOQSNSWPLTFGAGTKLELKR sequence a/ignment between the
1DH5 PARFSGSGSGTDFTLTISSLEPEDFAVYYCQQHYTTPPTFGQGTKVEIKR i X i .
Ko kkkkhdkkkkkkk gk hak kkk, skgkkdk g ok hkk kg kg ki varlable domalns O_f the llght chaln (top)

and of the heavy chain (bottom) shown.

MAK_VH EVQGVESGGGLVKPGGSLKLSCAASGF MYWVRQTPEKRLEWVATISDGGSYTYY
1DHU EVQLVESGGGLVQPGGSLRLSCAASGF" SWVRQAPGKGLEWVSAIS . . .
*********** BEALE 8 et CDRs are highlighted in green and red
MAK VH DS SREFTISRDNAKNNLYLOMSSLKSEDTAMYYCARDKAY MDYWGQGTSVT H H
i i eeree  (assignment according to
http.//www.bioinf.org.uk/abs/).
MAK_VH VSs
1DHU Vss

For an analysis of the influence of framework and CDR regions, grafting mutants between
MAK33 V|, and 1DH5 as well as MAK33 Vy and 1DHU were designed. The constructs used for
this study are shown in Figure 48.

v, Vi

MAK33 CDR1 CDR2 CDR3 MAK33 CDR1 CDR2 CDR3

1DHS c CDR3 why | W M W

v s [ T ) o s |

Figure 48: CDR grafting mutants.

To determine the influence of the framework (FW) residues and CDR regions on the structure and function of
the variable domains, CDR grafting mutants were designed. The candidate for V, grafting mutants (left side)
was 1DH5, which is the most stable human consensus sequence for V, domains (from HuCAL [238]).
Consequently, four constructs will be compared: MAK33 wild type, 1DH5 wild type, MAK33_1DH5 and
1DH5_MAK33. For the MAK33 V, domain (right side) 1DHU, which is the most stable human consensus
sequence for Vy domains, was selected. Four V; constructs will be analysed: MAK33 wild type, 1DHU wild type,
MAK33_1DHU and 1DHU_MAK33. (Nomenclature: FW_CDR).




Results and Discussion

3.2.2.1 Structure of grafting and CDR mutants

In Figure 49 A the FUV-CD spectra for MAK33 V_ and 1DH5 V, as well as the grafting mutants
are shown. MAK33 V| (black, open circles) is a B-sheet with random coil characteristics (see
3.2.1.1). The FUV-CD spectrum of 1DH5 V, (green, closed circles) shows a minimum at 218
nm typical for B-sheet proteins. The signal intensity at 200 nm is positive, another typical
feature for B-sheet proteins. Hence, one can assume that the influence of the flexible CDRs is
less pronounced in 1DH5 compared to MAK33 V_ (Figure 49 A). The grafting mutant based on
the 1DH5 framework (1DH5_MAK V;; blue circles) has a similar spectrum as 1DH5 V|,
encouraging the assumption that the framework is less influenced by the CDRs (Figure 49 A).
However, the grafting mutant based on the MAK33 V, framework shows a clearly different
FUV-CD spectrum (Figure 49 A, red circles). Besides the minimum at 218 nm and the
maximum at 200 nm there is a second minimum at ~230 nm. In conclusion, the framework
of MAK33 V_ is more sensitive to CDR changes than 1DH5 V,.

The FUV-CD spectrum of MAK33 V indicates a protein with B-sheet structure (Figure 49 B,
black, open circles; see also 3.2.1.1). The 1DHU Vy domain is characterised by a minimum at
218 nm and a positive signal at 200 nm typical for antiparallel B-sheet proteins (Figure 49 B,
green circles). The minimum is less pronounced compared to MAK33 Vy or the grafted
mutants which might be an influence of the consensus CDRs. Both grafting mutants,
MAK_1DHU (red circles) and 1DHU_MAK Vy (blue circles) show a similar FUV-CD spectrum
with a minimum at 218 nm and a maximum at 200 nm (Figure 49 B). The maximum intensity
at 200 nm is higher for 1IDHU_MAK compared to MAK_1DHU V4. One might conclude that
the influence of the CDRs from MAK33 is smaller than the one of the CDRs from 1DHU and
consequently the FUV-CD spectrum shows less random coil characteristics. In contrast, the
observation of the wild type domains cannot support this assumption (Figure 49 B).

The NUV-CD spectrum of MAK33 V, indicates a well-defined structure with the typical
minimum at ~275 nm (Figure 49 C, black, open circles; see also 3.2.1.1). The spectrum of
1DH5 (green circles) corresponds to a defined structure as well. Small differences seem to
exist within the environment of the aromatic amino acids as the minimum is shifted to ~280
nm. Sequence alignment of MAK33 and 1DH5 V| demonstrates differences in amino acids
including aromatic ones (see Figure 47). This might explain the differences. The grafting
mutants are well defined and the 1DH5_MAK V_ (blue circles) is more similar to 1DH5; in
contrast, MAK_1DH5 (red circles) is more like MAK V|, (see Figure 49 C). The framework
residues have a stronger influence on the NUV-CD spectrum compared to the CDRs, which
account for ~¥25% of the variable domain sequence.

The NUV-CD spectra of the V4 domains of the heavy chain gave further insights in the
structure of the variants. The NUV-CD of MAK33 V (see Figure 49 D, black, open circles; see
also 3.2.1.1) and 1DHU Vy (green circles) are clearly different (Figure 49 D). The spectrum of
MAK_1DHU Vy (red circles) is quite similar to MAK33, whereas the 1DHU_MAK Vy (blue
circles) differs strongly from the spectrum of 1DHU (Figure 49 D). The role of the CDRs seems
to be more crucial for the tertiary structure of Vi than for V, (Figure 49 C and D).
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Figure 49: The influence of CDR grafting on the secondary and tertiary structure of V_  and V.

In (A) and (B), FUV-CD spectra of V, (A) and V (B) CDR grafting mutants are shown. Colour code for V, (A) is:
MAK_1DH5 in red, 1DH5_MAK in blue (closed circles); wild type 1DH5 is shown in green (closed circles) and
MAK33in black (open circles). Colour code for Vy (B) is: MAK_1DHU in red, 1DHU_MAK in blue (closed circles)
and the wild type 1DHU in green (closed circles) and MAK33 in black (open circles). In (C) and (D) NUV-CD
spectra of the V, (C) and V (D) point mutants are shown. Colour code for (C) and (D) is analogous to (A) and (B),
respectively. For all spectra were 16 accumulations each recorded and buffer-corrected (PBS). All measurements

were performed at a protein concentration of 20 uM (FUV-CD) and 50 uM (NUV-CD) in 0.5-mm (FUV) or 5-mm
(NUV) quartz cuvette at 20°C.

3.2.2.2  Protein stability can be influenced by framework sequences and CDRs

An interesting observation is that the human consensus variable domains are quite stable
[199] against chemical and thermal denaturation whereas the MAK33 V, and Vy are less
stable (especially V) [192], although, the sequence identity between MAK33 and the
appropriate consensus sequences is quite high (see Figure 47 B). To determine the influence
of the framework and CDR sequences on protein stability, GdmCl-induced and thermal
induced unfolding transitions were performed. Thermal transitions were observed by FUV-
CD at 215 nm; GdmCl-induced transitions were followed by fluorescence changes of the
internal tryptophan residues at 355 nm emission (excitation at 280 nm).
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Figure 50: CDRs and framework influence protein stability

To assess the stability of the Vy and V, grafting mutants GdmCl-induced (top) and temperature-induced
(bottom) unfolding experiments were performed. Data for denaturant-induced (A and B) and thermal-induced
transitions (C and D) are shown. In (A) GdmCl-induced unfolding transitions for the V, mutants are illustrated.
MAK33 wild type is shown in black, 1DH5 wild type in green, MAK_1DHS5 in red and 1DH5_MAK in blue (in each
case circles and line). In (B) the denaturant-induced samples for the Vi, mutants are shown. MAK33 wild type is
coloured in black, 1DHU wild type in green, MAK_1DHU in red and 1DHU_MAK in blue. In (C) and (D) the
thermal-induced unfolding transitions for V;, mutants (C) and V,; mutants (D) are depicted. Colour code is for (C)
the same as for (A) and for (D) the same as for (B). Temperature-induced unfolding was monitored by FUV-CD
spectroscopy at 215 nm with a heating rate of 20°C h™.. Data were fitted to a Boltzmann function to obtain
transition midpoints. Chemical denaturation of the proteins was induced by GdmCl, and structural changes
were monitored by fluorescence spectroscopy at a fixed wavelength (mainly 355 nm emission; 280 nm
excitation). Data were evaluated according to a two-state unfolding model to obtain midpoints and
cooperativity parameters of the transitions. Measurements were performed at 20°C at a protein concentration
of 20 uM (temperature-induced transitions) or 1 uM (GdmCl-induced transitions).

GdmCl-induced transitions show that MAK33 V|, is the least stable domain against chemical
denaturation (Figure 50 A, black circles/line; Table 11). The most stable domain is 1DH5 V|
(green circles/line) with a Dy, of ~2.4 M (Figure 50 A, Table 11). The grafted mutants have
stabilities in between MAK33 V. and 1DHS5 (Figure 50 A). Consequently, the CDRs of MAK33
decrease the stability of the 1DH5 framework as 1DH5_MAK (blue circles) is roughly as half
as stable as 1DH5 (green circles/line) (Figure 50 A). In contrast, the stability of the MAK33 V,
framework is increased when the CDRs are exchanged against the consensus CDRs of 1DH5.
MAK_1DHS5 (red circles/line) is about 20% more stable than MAK33 V, (black circles/line)
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(Figure 50 A, Table 11). The m-values of all domains are similar if one takes the errors of the
fit into account (Table 11).

MAK33 Vy is obviously the least stable domain in the presence of GdmCI (black circles/line,
Figure 50 B and Table 11). The most stable domain is the consensus sequence of Vy, 1DHU
(green circles/line). The grafting mutants are more stable than MAK33 V4 but less stable
compared to 1DHU (Figure 50 B and Table 11). When the CDRs of MAK33 Vy are exchanged
against the CDRs of 1DHU, the thermal stability increases on the one hand but on the other
hand the transition is clearly less cooperative compared to MAK33 Vy (Figure 50 B, Table 11).
The exchange of the CDRs of 1DHU against MAK33 CDRs decreases the stability compared to
1DHU, yet the cooperativity change is less pronounced compared to MAK33 (Figure 50 B and
Table 11). The analysis of the chemical stability allows the same conclusion for V_ and Vy: the
CDRs influence the stability of the variable domains but the effects can be positive as well as
negative.

MAK33 V. is a stable domain against thermal-induced denaturation with a Tper= 52.3 + 0.2°C
(black line; Figure 50 C and Table 11). However, 1DH5 is clearly more stable with a Tper= 69.0
1 0.6°C (green line; Figure 50 C and Table 11). The grafting mutants were in between those
two domains. The thermal transition of MAK_1DH5 was determined in the NUV-CD as the
transition in the FUV-CD was too noisy to be analysed. It has to be kept in mind, that for this
domain tertiary structure changes and not changes on the secondary structure level were
observed. The cooperativity is lower for 1DHU compared to MAK33 V,. Interestingly,
1DH5_MAK V, seems more cooperative than MAK_1DH5 (Figure 50 C). These observations
lead to the conclusion that the CDRs can have an effect on the stability and also on the
cooperativity of unfolding.

In Figure 50 D, the thermal-induced transitions for the Vy domains are shown. MAK33 Vy is
the least stable domain and unfolds non-cooperative (black circles). At temperatures > 30°C
the protein aggregates. However, 1DHU is a very stable domain with a Tyer= 64.4 + 0.8°C. An
exchange of the 1DHU CDRs against the MAK33 CDRs leads to a decrease in stability, on the
other hand is the stability for MAK33 increased if the CDRs of 1DHU are grafted onto the
framework (Figure 50 D and Table 11). In principle the observations for Vi match the finding
for the V, domains.
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Table 11: Thermal and chemical stability of V, and V, grafting mutants

Domain Mutation Tmeit [°C] D12 [M] m [kJ mol™* M™]
wild type 52.3+0.2 1.17 £ 0.68 20.1+8.2

v, MAK_1DH5 55.5.+0.2* 1.44 +0.66 15.6+4.8
1DH5_MAK 60.4+0.1 1.32+0.21 16.5+1.8
1DH5_1DH5 69.0+0.6 2.39+1.21 17.1+6.1
wild type ~30 0.21 +0.07 67.3+17.5

Vi MAK_1DHU 57.0+0.3 0.52 +0.56 45+0.4
1DHU_MAK 55.2+0.1 1.26£0.16 10.7+0.9
1DHU_1DHU 64.4+0.8 248+1.91 6.3+3.6

Stabilities against the thermal and chemical denaturation (GdmCl) of the V, and V,, mutants in PBS are shown.
Midpoints of thermal transitions are given as T,.: Even though most of the GdmCl-induced unfolding
transitions were not reversible, data were evaluated according to a two-state equilibrium unfolding model to
derive the midpoint of transitions (Dis), as well as the cooperativity parameter (m), for a qualitative
comparison of the data. Asterisks indicate that the thermal transition was determined by NUV-CD.

3.2.2.3 Interaction between Vy and V,,

Although 1DHU and 1DH5 are consensus sequences and no naturally occurring variable
domains, the Kps for their association were determined using AUC sedimentation
equilibrium approach and SPR. For AUC experiments all domains were tested against MAK33
V. or Vy, for SPR measurements MAK33 V|, or Vy with an N-terminal cysteine immobilised
and tested against the different mutants.

CDR grafting has an influence on the binding between V, and V4. AUC experiments had
shown that MAK33 V4 binds MAK33 V| with a Kp of 0.2 uM (Table 9). A similar Kp could be
determined for 1IDHU_MAK and MAK33 V. with 0.4 uM, whereas MAK_1DHU binds less
efficient to MAK33 V, with a Kp of 1.0 uM (see Table 12). This observation lead to the
conclusion that the CDRs have a strong influence on the interaction between MAK33 V, and
Vy as MAK33 Vy and 1DHU_MAK can bind with a similar efficiency whereas MAK_1DHU is a
worse binding partner. The consensus sequence 1DHU is an insufficient binding partner for
MAK33 V,, yet its abilities for interaction can be improved by CDR grafts (Table 12).

Binding experiments between V| and Vi mutants with SPR cannot confirm all observations
made with the AUC experimental set-up. The Kp between MAK V_ and Vy is slightly higher
compared to the AUC experiments (1.5 uM SPR; 0.2 uM AUC). While AUC experiments can
be performed with both interaction partners in solution, for SPR one partner needs to be
immobilised and consequently the degrees of freedom are restricted. Additionally, the
immobilisation can be disadvantageous for the accessibility of the biding site. Nevertheless,
the Kps for MAK33 Vy and 1DHU_MAK are comparable and binding for MAK_1DHU is less
efficient (Table 12). While these findings match well with the observations of the AUC
experiments, the binding efficiency of 1DHU Vy according to the SPR experiments is better
than observed by AUC.
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Table 12: Kp determination by AUC SE experiments and SPR.

AUC SPR AUC SPR

Domain  Mutation Kp[uM] Kp[puM] Domain  Mutation Kp[uM] Kp[uM]

wild type 0.2 1.5 wild type 0.2 1.5

MAK_1D 0.3 ND MAK_1D 1.0 2.8

H5 HU
Vi 1DH5_M 3.5 ND Vy 1DHU_M 0.4 14

AK AK

1DH5_1D 3.8 ND 1DHU_1 8.8 0.5

H5 DHU

Kp values were determined by AUC sedimentation equilibrium experiments. Three concentrations in the range
between 0.5 uM and 7.5 uM with V; and V,in a 1:1 ratio were measured at three velocities and globally fitted
to a model for heterogeneous interaction between two components. Experiments were performed at 20°C. SPR
experiments were performed with a Biacore X100. The ligand was immobilised via an introduced cysteine at the
N-terminus. Errors of the fits for AUC data were in a range between 17%-25%. ND indicates that the samples
could not be analysed.

As mentioned in 3.2.1.3, the stability of V4 coupled to a CM5 chip was unsatisfactory.
Therefore no analysis of the V| grafting mutants by SPR was possible.

3.2.2.4  Functionality of grafted variable domains

1DHU and 1DH5 are consensus sequences from a large set of variable domains and
published in the HUCAL (human combinatorial library, see [238]). Consequently, their CDRs
are not directed against a specific antigen. Nevertheless, the influence of the framework and
CDR grafts between MAK33 and the consensus sequences on antigen binding was tested.
None of the Vy grafting mutants (1DHU, MAK_1DHU and 1DHU_MAK) could recognise
human creatine kinase, even in presence of MAK33 CDRs (data not shown). On the other
hand, 1DH5 with MAK33 CDRs could recognise and bind the antigen, however, to a lower
extend compared to MAK33 wild type V.. 1DH5 and MAK33_1DH5 showed no binding at all
(data not shown). This observations lead to the conclusion that the framework orientation
between 1DH5 and MAK33 V|, must be similar and thus the grafted CDRs can adopt a
conformation still able to recognise and bind human creatine kinase. On the Vy side, the
framework conformations are probably different as no binding for 1DHU even with MAK33
CDRs could be observed.

3.2.3 The influence of the CDR-H3

CDR-H3 is known to be the most variable in sequence length and structure of all CDRs [235].
The study of Ewert and co-workers on the biophysical properties of human antibody
domains comes to the conclusion that CDR-H3 might also be important for protein solubility
as a long CDR is able to cover the hydrophobic interface of Vy which is the task of the V,
domain in the heterodimer [199]. The authors tested the seven Vy and seven V| consensus
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sequences from the HuCAL additionally with an 11 residue long CDR-H3 of 1FVC V (PDB ID;
[239]) and a 17 amino acid long CDR-H3 from one of the selected V43 domains which had
CDR-H3s with more than 15 amino acids (in the following termed as CDR-H3 of V43). They
observed that CDR-H3s with more than 15 amino acids were favourable for Vy stabilities
[199]. Additionally, a multiple sequence alignments of the CDR-H3 loops had shown, that in
the consensus sequences many charged amino acids are present. In the sequence of 1DHU
with the long CDR-H3 (from selected Vy3; YNHEADMLIRNWLYSDV) the same can be
observed. This is one starting-point to modify the sequence of the MAK33 CDR-H3
(DKAYYGNYGDAMDY). To get a general idea if additional charged residues can influence the
V-Vy interaction, single (A103E/D, G106R) and double (A103DG106R) point mutants in the
CDR-H3 were generated. Additionally, double mutants between R44A (conserved residue of
the interface) and charged CDR-H3 residues were combined. R44A had favourable effects on
Vy stability but decreased the association of the variable domains (see section 3.2.1). In this
approach should be tested if the effects of conserved interface and CDR-H3 residues will be
additive. The effect of an extended CDR-H3 on the V,-Vy complex formation was addressed
with two constructs with a 17 amino acid long CDR-H3 in MAK33 V4 and the grafted domain
MAK_DHU Vy.

3.2.3.1 Role of CDR-H3 for structure

In a first step structural changes due to point mutations and CDR-H3 exchanges were
addressed (Figure 51). The FUV-CD spectrum of MAK Vy wild type indicates secondary
structure of a B-sheet with random coil characteristics due to the low minimum at 218 nm
and the low maximum at 200 nm (Figure 51 A and B; open circles in black and 3.2.1.1). All
CDR-H3 point mutants show a minimum at 218 nm, except the MAK33 double mutants
R44AA103E (purple circles) where the minimum is shifted into the FUV range to ~215 nm
(Figure 51 A). All CDR-H3 point mutants share a positive signal at 200 nm which is most
intense for MAK_1DHU A103E (blue circles). The signal intensities at 200 nm of MAK_1DHU
G106R (light blue circles), MAK_MAK A103E (red circles), MAK_MAK G106R (yellow circles),
and MAK_MAK A103DG106R (orange circles) are in between the MAK33 V, and MAK_DHU
A103E signal (Figure 51 A). The two double mutants of conserved residues and CDR-H3 have
similar signal intensities at 200 nm as the MAK33 Vy domain. In general, all point mutants
are well-defined B-sheet structured proteins.

An exchange of CDR-H3 of MAK33 (red circles, Figure 51 B) had no influence on the FUV-CD
spectrum of MAK33 V4. However, changes can be observed when the long CDR-H3 of Vi3 is
introduced. The FUV-CD spectra between MAK_MAK CDR3 Vu3 (blue circles) and
MAK_1DHU CDR Vg3 (green circles) are comparable with a clear minimum at 218 nm and a
pronounced positive signal at 200 nm. Summing up, none of the CDR-H3 manipulations had
any effects onto B-sheet formation of V4 (Figure 51 A and B). However, there might be an
influence on the random coil characteristics and consequently on CDR flexibility.
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NUV-CD spectra were recorded to determine a fingerprint of the three-dimensional
structure of the single mutants. In Figure 51 C the results for the point mutants in the CDR-
H3 are shown. The smallest effects on the environment of aromatic amino acids could be
observed for MAK33 A103E (red circles), MAK33 R44AA103E (purple circles), and MAK33
R44AG106R (green circles) indicating a tertiary structure quite similar to MAK Vy wild type
(black, open circles). MAK_1DHU point mutants (A103E in blue circles; G106R in light blue
circles) show two stronger pronounced maxima at ~293 nm and ~285 nm which were
characteristic for MAK_1DHU (Figure 51 C and Figure 49 D). The NUV-CD spectrum of MAK
G106R (yellow circles) is interesting as it shows a minimum at 300 nm and a clear maximum

at ~282 nm (Figure 51 C). However, for all point mutants “fingerprints” could be obtained
indicating the presence of defined tertiary structure.
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Figure 51: Mutations of CDR-H3 have only marginal effects on V,, secondary and tertiary structure.

The FUV-CD spectra of V, (A) and Vy (B) CDR grafting mutants are shown. For V, (A) MAK_MAK A103E (red
circles), MAK_MAK G106R (yellow circles), MAK_1DHU A103E (blue circles) MAK_1DHU G106R (pale cyan
circles), MAK_MAK A103D G106R (orange circles), MAK_MAK R44A G106R (green circles) and MAK_MAK R44A
A103E (purple circles) were analysed. Wild type V, is shown in black (open circles). The colour code for V; CDR-
H3 exchange mutants (B) is: MAK_MAK CDR3 from 1DHU in red circles, MAK_MAK CDR3 from V43 in blue
circles, MAK_1DHU with CDR3 from V3 in green circles and MAK wild type in black (open circles). In (C) and (D)
the NUV-CD spectra of the V, (C) and Vy (D) CDR-H3 mutants are shown. Colour code for (C) and (D) is analogue
to (A) and (B), respectively. For the spectra each 16 accumulations were recorded and buffer-corrected (PBS). All

measurements were performed at a protein concentration of 20 uM (FUV-CD) and 50 uM (NUV-CD) in 0.5-mm
(FUV) or 5-mm (NUV) quartz cuvette at 20°C.
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NUV-CD spectra of Vi domains with exchanged CDR-H3 also show a well-defined tertiary
structure for all constructs (Figure 51 D). MAK_MAK CDR3 V43 (blue circles) is most similar to
MAK33 Vy (black; open circles) although the sequences between the CDR-H3s differ in the
amount of aromatic amino acids (see 3.2.3). The introduction of CDR-H3 of 1DHU into
MAK33 has more effect on the NUV-CD behaviour (red circles). MAK_1DHU CDR-H3 V43
(green circles) shows a strong signal increase due to the CDR-H3 modification (Figure 51 D
and Figure 49 D).

3.2.3.2  Protein stability can be influenced by CDR-H3 modifications

Chemical stability was tested by GdmCl-induced unfolding transitions. Although not all
transitions were reversible, data were fitted to a two-state model to be able to compare the
stabilities more easily (data not shown). In Figure 52 A the transitions for the CDR-H3 point
mutants are shown. MAK33 Vy is a very unstable domain with a Dy/;= 0.2 £ 0.1 M and a
highly cooperative transition behaviour (Figure 52 A, black circles/line and Table 13). The
introduction of charges residues within CDR-H3 had only a marginal effect on the stability of
MAK33 Vi (MAK_MAK A103E in red circles/line and MAK_MAK G106E in light green
circles/line, Figure 52 A). However, the cooperativity is decreased compared to MAK33 Vy
(Table 13). MAK_MAK G106E cannot be described properly with the two-state transition
model and the fit results in a negative D;/,. This result is obviously not a realistic value. The
double mutation of charged residues in CDR-H3 resulted in a yet higher stability with a Dy/»=
0.75 £ 0.39 M and an even lower cooperativity (cyan circles/line; Figure 52 A and Table 13).

A graft of the three CDRs of 1DHU on the MAK33 V4 framework increased the stability, but
decreased the cooperativity (m= 4.5 + 0.4 k) mol™* M; see Table 11 and Figure 50 B). In this
case, the introduction of a single charged residue in CDR-H3 leads to a further stabilisation
and an increase in the cooperative behaviour (MAK_1DHU A103E in blue circles/line and
MAK_1DHU G106R in pale cyan circles/line; Figure 52 A and Table 13). Hence, the influence
of charged residues on stability and cooperative unfolding behaviour can differ depending
on the overall CDR composition.
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Figure 52: Changes in CDR-H3 influence protein stability

To assess the stability of the Vi, CDR-H3 point mutants as well as CDR-H3 exchange mutants, GdmCl-induced
(top) and temperature-induced (bottom) unfolding experiments were performed. Data for denaturant-induced
(A and B) and thermal-induced transitions (C and D) are shown. In (A) GdmCl-induced unfolding transitions for
the Vi, CDR-H3 point mutants are illustrated. MAK_MAK A103E (red circles), MAK_MAK G106R (yellow circles),
MAK_1DHU A103E (blue circles), MAK_1DHU G106R (pale cyan circles), MAK_MAK A103D G106R (orange
circles), MAK_MAK R44A G106R (green circles) and MAK_MAK R44A A103E (purple circles) were analysed. In (B)
the denaturant-induced samples for the V, CDR-H3 exchange mutants are shown. Samples are labelled the
following: MAK_MAK CDR3 from 1DHU in red circles, MAK_MAK CDR1 from V,;3 in blue circles, MAK_1DHU with
CDR3 from V3 in green circles and MAK wild type in black (open circles). In (C) and (D) the thermal-induced
unfolding transitions for Vy, CDR-H3 point mutants (C) and V. CDR-H3 exchange mutants (D) are depicted.
Colour code for (C) is the same as for (A) and for (D) the same as for (B). Temperature-induced unfolding was
monitored by FUV-CD spectroscopy at 215 nm with a heating rate of 20°C h™’. Data were fitted to a Boltzmann
function to obtain transition midpoints. Chemical denaturation of the proteins was induced by GdmCl, and
structural changes were monitored by fluorescence spectroscopy at a fixed wavelength (mainly 355 nm
emission; 280 nm excitation). Data were evaluated according to a two-state unfolding model to obtain
midpoints and cooperativity parameters of the transitions. Measurements were performed at 20°C at a protein
concentration of 20 uM (temperature-induced transitions) or 1 uM (GdmCl-induced transitions).

The combination of single charged residues in CDR-H3 and the R44A point mutation (see
3.2.1.2) was tested to analyse if synergistic effects might be observed. However, no further
stabilisation could be observed when the double mutants are compared to the single
charged point mutants. This hold true either for MAK_MAK R44AA103E (purple circles/line)
or for MAK_MAK R44AG106R (green circles/line) as shown in Figure 52 A and Table 13.
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In Figure 52 B the effects of CDR-H3 exchanges on protein stability are shown. When CDR-H3
of MAK33 Vy is exchanged against CDR-H3 of 1DHU (red circles/line) or against the long CDR-
H3 of Vy3 (blue circles/line), the chemical stability is marginally increased and unfolding is
less cooperative compared to MAK33 Vy wild type (Figure 52 B and Table 13). Yet, the
chemical stability of MAK33 with CDR-H1 and CDR-H2 of 1DHU in combination with CDR-H3
of V43 Vy is increased. In contrast, the cooperativity is only little affected (see Figure 52 B,
Table 13 and Table 11, Figure 50 B). In general, the CDR-H3 has an influence on stability and
unfolding behaviour of V,; domains.

Table 13: Thermal and chemical stability of V; CDR-H3 mutants

Domain Mutation Tmeit [°C] D1/2[M] m [kJ mol* M)
wild type ~30 0.21+£0.10 68.6 + 23.3
MAK_MAK A103E ~30 0.23 £0.07 17.2+2.4
MAK_MAK G106R 54.7+£0.8 -0.07£0.21 12.1+£3.2
MAK_MAK A103DG106R ~25 0.75+0.39 6.3+3.2
MAK_MAK R44AA103E 36.1+0.1 0.30+£0.14 22.4+6.1

VH MAK_MAK R44AG106R 25.2+04 0.25+£0.08 30.4+6.8
MAK_1DHU A103E 53.4+0.4 1.52 +0.85 16.1+6.4
MAK_1DHU G106R 55.3+1.5 1.21 +£0.09 7.7+0.4
MAK_MAK_CDR3 1DHU 46.2 £ 0.8 0.46 £ 0.09 11.7+1.4
MAK_MAK_CDR3 Vy3 ~25 0224008  10.8+13
MAK_1DHU_CDR3 V43 ND 1.87 +0.35 59+0.8

Stabilities against the thermal and chemical denaturation (GdmCl) of the V, and V; mutants in PBS are shown.
Midpoints of thermal transitions are shown as T, Even though most of the GdmCl-induced unfolding
transitions were not reversible, data were evaluated according to a two-state equilibrium unfolding model to
derive the midpoint of transitions (D,;), as well as the cooperativity parameter (m), for a qualitative
comparison of the data. ND indicates that the data quality was not sufficient for T,,.;; determination.

3.2.3.3 Interaction between Vg and V,

CDR-H3 is the most flexible region regarding length and sequence [235]. To test the
influence of charged residues and combinations between conserved amino acids and CDR-
H3 residues single and double mutants were analysed for their interaction abilities. Kps were
determined using AUC sedimentation equilibrium approach and SPR. For AUC experiments
all domains were tested against MAK33 V| or Vg, for SPR measurements MAK33 V, with an
N-terminal cysteine immobilised was tested against the different mutants.

The results from the AUC show a clear increase of the Kp for MAK_MAK Vy R44AA103A and
MAK_MAK Vy R44AG106R compared to the wild type (Table 14). However, MAK_MAK Vy
A103E and MAK_MAK Vy A103DG106R show a binding behaviour similar to the wild type.
Consequently, the unfavourable influence of R44A is not compensated. MAK33 with CDRs of
1DHU binds V| wild type slightly less efficient compared to MAK_MAK Vy A103E but very
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similar compared to MAK_DHU (see Table 14 and Table 12). This finding enhances the
assumption that A103E has no crucial effect on the binding of V,; and V,.

The SPR results do not always corresponded to the AUC experiments. MAK_MAK V, A103E
behaves like a poor interaction partner in contrast to the AUC experiments. It is possible that
the different buffer conditions (AUC: PBS and SPR: HBS-P+) might lead to a different
behaviour.

Table 14: Kp determination by AUC SE experiments and SPR.

Domain Mutation AUC Kp [uM] SPR Kp [uM]
wild type 0.2 13
MAK_MAK V4 A103E 0.4 4.3
MAK_MAK V, G106R ND 1.3
MAK_MAK Vy R44AA103E 3.5 4.1
MAK_MAK V4 R44AG106R 7.1 3.4

Vy MAK_MAK V, A103DG106R ND 2.3
MAK_1DHU V4 A103E 0.9 29
MAK_1DHU V4 G106R ND 2.0
MAK_MAK V, CDR3 1DHU ND 1.6
MAK_MAK V, CDR3 Vi3 ND NB
MAK_1DHU V4 CDR3 V43 ND NB

Kp values were determined by AUC sedimentation equilibrium experiments. Three concentrations in the range
between 0.5 uM and 7.5 uM with V; and V,in a 1:1 ratio were measured at three velocities and globally fitted
to a model for heterogeneous interaction between two components. The errors ranged from 9%-20%
Experiments were performed at 20°C. SPR experiments were performed with a Biacore X100. Ligand was
immobilised via an introduced cysteine at the N-terminus. NB indicates that no binding could be observed. ND
indicates that the sample was excluded due to homo-dimerization.

3.2.3.4 CDR-H3 is important for functionality

To determine if single point mutations within CDR-H3 influence the recognition and binding
of the antigen, an ELISA with isolated domains was performed.

A single point mutation in MAK33 CDR-H3 at residue A103 to glutamic acid has no effect on
antigen binding (see Figure 53 and Table 15). The same could be observed in combination
with the mutation R44A, which does not influence antigen binding (Table 15 and Table 10).
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Figure 53: ELISA with isolated variable
domains to determine the influence of
CDR-H3 on antigen binding.

To determine the functionality of the single
mutants an ELISA with isolated domains was
performed. Biotinylated human creatine
kinase was coupled to a streptavidine-coated
microwell plate. Wild type V, was labelled
with a FLAG-tag at the C-terminus and could
be detected with an Anti-FLAG-tag antibody
coupled to a horseradish peroxidase. A
representative of an inactive and a mutant
with similar activity as the wild type are
shown. The absorption at 405 nm at the
signal maximum (after 15 minutes) was
corrected for the signal of the variable
labelled domains alone and compared.
Experiments were performed at 20°C.

The exchange of G106 to an arginine is tolerated as the binding was comparable to Vy wild

type. However, this mutation leads to a loss of antigen binding when combined with R44A or

A103D (Table 15). That is an interesting observation, as all mutations alone do not abolish
the interaction with the antigen (see Table 15, Figure 46 and Table 10). The CDR-H3
exchanges of MAK_MAK and MAK_1DHU resulted in a complete loss of the binding to
human creatine kinase what leads to the assumption that CDR-H3 is a very important region

for antigen binding and changes in CDR-H3 can be enough to prevent antigen recognition

(Table 15).

The results confirm the observation which was made for the point mutants of conserved

amino acid residues. Antigen recognition and affinity between the variable domains are not

necessarily correlated.
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Table 15: CDR-H3 is important for antigen binding.

Vi mutant relative signal Vi mutant relative signal
wild type wt wild type wt
MAK_MAK Vy ) MAK_MAK Vy
W ——
A103E CDR3 1DHU
MAK_MAK Vy ; MAK_MAK Vy
W —_——
G106R CDR3 Vy3
MAK_MAK Vy MAK_1DHU Vy
wt ND
R44AA103E CDR3 Vy3
V- V-
MAK_MAK Vy
FLAG - FLAG
R44AG106R
MAK_MAK Vy
A103DG106R
MAK_1DHU Vy
A103E
MAK_1DHU Vj
G106R

To determine the functionality of the mutants a qualitative analysis of ELISA with isolated variable domains was
performed. Detection of Vy and V, wild type domains was possible via an introduced FLAG-tag at the C-
terminus. As a reference the signal of the wild type domains vs. FLAG-tagged domains after 15 minutes of
incubation were chosen. Samples were corrected with the signal from the single FLAG-tagged variable domains.
One minus up to three was chosen to group the different active mutants (from slightly lower [-] binding to no
binding [---]). ND indicates that the sample was not included in the study. Experiments were performed at 20°C.

3.2.4 Discussion

Antibodies and antibody derivatives are important for therapeutically and diagnostically
applications. Their high target specificity qualifies them for the treatment of cancer,
autoimmune and inflammatory diseases. However, engineering of stability, affinity or
humanisation are often adverse to other properties. During CDR grafting, for example,
frequently a conflict occurs between stability and antigen specificity [169]. Besides an
exchange of CDRs or just the specificity determining regions (SDRs), single point mutations in
the hypervariable regions, at the interfaces between the variable and constant domains or in
the framework can also influence the stability in a positive as well as a negative manner
[197, 240-243]. Changes in the residues H6, H7 and H9 of the framework region have
experimentally been shown to influence affinity, stability and folding yield [244]. Covariation
analysis has demonstrated that not only amino acid clusters but also particular residues are
conserved within the variable domains [160, 164-166]. This is predominantly the case
at/adjacent to the interface between Vy and V| [164]. Different reasons for the presence of
conserved residues are possible. |) these residues can be crucial for the immunoglobulin fold
2) they might be important for stability or 3) they are necessary for the interaction between
both domains and 4) influence the functionality. However, covariation analysis cannot prove
the importance of the single residues nor depict the functions. Hence, we performed an
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alanine exchange mutational study of the conserved residues with the highest scores in the
covariation study. The influence of conserved residues on the structure of the isolated
domains was analysed by CD spectroscopic methods. Interestingly, the exchange of any of
the conserved residues in the V. domain to alanine had no considerable influence on the
secondary or tertiary structure (Figure 42 A and C). Results of in silico analysis suppose that
only very few residues (< 10) are sufficient to adopt an immunoglobulin fold [245]. In the
case of V|, none of the interface conserved residues seemed to be crucial for folding as the
single alanine mutations had no clear effects on the structure. On the other hand, V is very
sensitive to exchanges of the conserved residues in the interface as clear differences in the
FUV-CD and NUV-CD spectra were observed (Figure 42 B and D). The exchange of the
conserved tryptophans had in particular a negative influence on the secondary and tertiary
structure formation. R38A was also not well tolerated. One residue with a positive influence
on the structure of Vy could also be determined: the exchange of R44 to alanine. The
biophysical properties of isolated Vy domains are in general compromised compared to V,
[199]. As none of the mutations lead to the formation of a random coil structure, one can
assume that the tryptophans and R38 are important for a proper Ig fold but not essential for
folding. For a detailed correlation between these residues and the Ig fold more sophisticated
methods such as NMR or X-ray crystallography are necessary to determine the influence on
the atomic level.

A critical parameter for proteins used for biomedical or biotechnological applications is their
stability. Simulations of scFvs have shown that the stability of the interface between the two
variable domains plays a critical role for the overall stability of an antibody (or fragment) as
dissociation precedes unfolding [246]. Hence, the influence of the conserved residues on
domain stability should be addressed. In terms of stability, mutations of conserved residues
for V_ were predominantly rather non-favourable except of S43A which behaved similar to
the wild type (Figure 43 A and C, Table 8). In contrast, for Vi, which is in isolation a very
unstable domain, not only further destabilising but also a few slightly stabilising mutations
(Tmeits of R38A, R44A and E46A; Figure 43 B and D, Table 8) could be identified. In the case of
R38A this finding is surprising due to the variation within the changes in the FUV-CD and
NUV-CD (Figure 42 B and D). The mutations of the conserved tryptophans had a negative
effect on stability. W47 was already previously mutated for improved solubility and stability
but none of the mutations were favourable (W47L, W47R [247]). In summary, the effects on
the stability were in most cases for V. as well as for Vy disadvantageous and lead to the
assumption that the conserved residues indeed influence protein stability. However, a
clearly visible influence of the mutations on isolated domains does not necessarily mean that
it will lead to the same results in the context of Fab fragments or even complete antibodies.
Here, more favourable interactions are present which might be able to compensate these
effects. In the study of Ewert and co-workers was shown that the stability of the human
consensus sequences was higher in the context of scFvs compared to the isolated domains
[199].
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Of special interest was the influence of the alanine exchange on the interaction between the
variable domains as it is expected to have consequences for antigen recognition, too.
However, the results could not prove a direct correlation between interaction of the variable
domains and antigen binding. In the case of V. only the mutation P44A resulted in a
decreased Vy binding affinity. The result fits to the study of Chailyan and co-worker [248].
They analysed the mode of interaction between Vy and V. in scFvs and could identify two
mechanisms which are correlated to the presence of particular residues. In one of the two
clusters, P44 plays a crucial role for the interaction due to its influence on a 7:7-type hairpin
between L38 and L44 [248]. On the other hand, this mutation had only a slightly non-
favourable effect on antigen binding indicating that the domain had not lost all functionality
(Table 9 and Table 10). Vice versa, L46A and F98A exhibited Kp values similar to the wild type
domain but were clearly disturbed in antigen binding. The same holds true for V4. No clear
correlation between interaction and antigen binding could be observed. SPR and AUC data
fit in most cases well, although the absolute Kp values differ (Table 9). For example, E46A
binds less efficient to V|, according to AUC but with a similar efficiency according to SPR. The
latter would be expected to be more reliable as antigen binding is comparable to V4 wild
type. Yet, the correlation is not supported by the other mutant and hence it is not possible
to determine which method is more precise. It is to mention that E46A tends to aggregate
during longer incubation times (in some samples degradation was observed as well) and it
cannot be excluded that some protein is lost during the long measuring time in the AUC
sedimentation equilibrium experiments. In addition, the buffer composition between AUC
and SPR differs (phosphate- and HEPES-based buffer, respectively) and this may influence
interaction as well. These results lead to the assumption that a strong interaction between
Vy and V| might disturb antigen recognition as flexibility between the two domains might be
necessary to bind the antigen. Further analysis will be necessary to prove this idea. However,
these results challenge studies on the influence of mutations on the interaction between Vy
and V. where the conclusions that were drawn based on an indirect approach using Fabs or
scFvs and antigen recognition as a read-out [168-172]. Conserved residues in Vy are very
important for the interaction with V| but not automatically also for antigen recognition. In
V., most mutations were tolerated concerning domain interaction. In contrast, strong effects
were observed on antigen binding.

It is difficult to make reliable assumptions for the reasons why some residues disturb the
interaction quite strongly from the known X-ray structure of the variable domains. There is
only one resolved X-ray structure of a MAK33 Fab available (PDB ID 1FH5) which has not the
optimal resolution. In addition, drawbacks are the unresolved CDR-H3 and some
disagreement on the sequence level (see Figure 54 E). However, for a few selected mutants
of Vy possible effects can be discussed. To prove these assumptions a high-resolved NMR or
X-ray structure of each mutant will be crucial. Attempts to crystallise Vy variants in the
presence of V| wild type (with and without human creatine kinase) failed so far. As the CDRs
are quite flexible, NMR might be the more promising approach as crystallisation can be



Results and Discussion

inhibited by too dynamic structures. It was for example possible to solve the structure of
molten globule state of a-lactalbumin by NMR which is a very dynamic state [233, 234].

R38 and E46 are close enough to interact with each other either due to the formation of a
salt bridge or hydrogen bond formation (this depends on the charge in this environment)
according to the crystal structure of MAK33 (Figure 54 A). If this interaction is real and
important for a stable B-sheet formation (R38 is in strand C and E46 in strand F) one would
expect the same consequences when either of these two residues is changed. An alanine
exchange at positions R38 and E46 resulted in a clearly higher Kp for R38A (17.3 uM)
compared to the wild type (0.2 uM) and a less pronounced increase for E46A (2.0 uM).
Moreover, the binding affinities were the same for E46A and wild type in the SPR
experiments (see Table 9). In addition, the functionalities differed as E46A was able to bind
the antigen with a similar efficiency as the wild type. In conclusion, the theory of a salt
bridge or hydrogen bonds between the two residues cannot be confirmed. In case of the two
hydrophobic residues V37A and L45A, an obvious decrease of the interaction between Vy
and V_ as well as a decrease in the functionality could be determined (Table 9 and Table 10).
No peculiar hydrophobic clusters were observed around V37 and L45 (Figure 54 B). It is
discussed that the balance between hydrophobic and polar residues is crucial for a stable
interface formation [246]. Yet, an exchange to alanine should not shift the ratio between
polar and hydrophobic residues. The only difference is the size of the residues; they might
play a role for the orientation of V| to V. For the conserved tryptophans W103 (Figure 54 C)
and W47 (Figure 54 D) also no specific interactions are noticeable. Tryptophan is the bulkiest
of the 20 naturally occurring amino acids and for W103 the size might be important for the
conformation of CDR-H3 which is adjacent. Rotations of this residue are found in Vyuy
domains and thus play a role for association [249, 250]. Vyy domains cannot form dimers
with V| [251]. For W47 the environment is more complex. It is near enough to influence a
proline residue which probably influences the conformation of CDR-H2 as it can introduce a
kink. Jespers and co-workers discuss that the orientation of W47 is important [252]. They
observed that in conventional V-V, antibody pairs W47 lies flat on the V4 surface such that
its hydrophobic phenyl ring engages with the V|, domain. However, this hypothesis needs to
be further tested.

CDR grafting is frequently performed to decrease the immunogenicity or to improve the
stability of the scFvs or Fabs but this step often impairs other favourable characteristics.
Ewert and co-workers characterised the propensities of the identified human consensus
sequences (from HuCAL [238] and identified V3 (PDB ID 1DHU) and V3 (PDB ID 1DHS5) as
the most stable domains [199]. Indeed, it was possible to improve the biophysical stabilities
of MAK33 V4 and V| by CDR grafting with the stable consensus sequences as well as their
folding behaviour. On the other hand, the stability of the consensus sequences was
decreased when MAK33 CDRs were grafted (see Figure 50 and Table 11). The border
sequences between framework and CDR regions (according to
http://www.bioinf.org.uk/abs/) are highly similar between MAK33 and the consensus

sequences (Figure 47 B); therefore no fine tuning was performed. However, one has to keep
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in mind that some of the framework residues can be necessary for antigen binding [253,
254].

E CLUSTAL 2.1 multiple sequence alignment
MAK VH_Buchner EVQGVESGGGLVKPGGSLKLSCAASGFTFSDYYMYWVRQTPEKRLEWVATISDGGSYTYY
MAK VH_1FHS = —=————- SGGGLVKPAGSLKLSCAASGFTFSSYYMYWVRQTPBKRLEWVATISDGGSYTYY
FKidedek dede K - e ekt e e etk e ek ek e . deide e e e dede e e de [l Kk g K de ok ke ke ke dedk ek ik ek
MAK VH_Buchner PDSVKGRFTISRDNAKNNLYLOMSSLKSEDTAMY YCARDKAY YGNYGDAMDYWGQGTSVT
MAK VH 1FHS PDSVKGRFTISRDNAKNNLYLOMSSLKSEDTAMY YCAR-———————— DAMDYWGQGTLVT
R kTR E ek *k
MAK VH Buchner Vs
MAK VH 1FH5 VSA-
* %

Figure 54: The environment of conserved residues of V, and sequence alighment of V,,.

Based on the crystal structure of MAK33 (PDB ID 1FH5) the environment of important conserved residues of Vi,
was analysed. In A) R38 of B8-strand C and E46 of strand F are shown. They are close enough to interact with
each other. In B) the two hydrophobic residues V37 and L45 are highlighted. No important interaction partner
could be identified but mutations to alanine had severe effects on stability and interaction. W103 C) might
influence the orientation of CDR-H3 because the bulky residue is adjacent to the loop. D) W47 would be close
enough to influence the proline residue nearby CDR-H2 and might influence its conformation. V is depicted in
light blue and the CDRs in blue. In D) CDR-H3 is indicated as a grey dashed line. For V, the domain is coloured in
light green and the CDRs in green. Disulphide bonds are indicated as yellow sticks and distances < 3 A as a dark
green dashed line. The residues of interest are shown as grey sticks with nitrogen atoms labelled in red and
oxygen atoms in blue. In E) a sequence alignment of MAK33 Vy from the crystal structure (PDB ID 1FH5) and
MAK33 Vy used in the Buchner’s lab is shown. Alignment was performed with CLUSTALW (version 1.83).
Residues are highlighted according to CLUSTAW output.
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It is not surprising that the interaction between the MAK33 wild type domains and their
consensus sequence partners was not as efficient as for the MAK33 V, and V, domain. The
consensus sequences result from a large alignment and do not occur naturally [238].
However, two grafting constructs were almost as efficient in binding as the MAK33 wild type
domains: 1DHU_MAK33 Vy and MAK33 1DH5 V.. CDR-L1, L2 and to some part L3 are highly
similar between V,_ and 1DH5 (Figure 47 B). This indicates that for V, the framework and CDR
orientation in the MAK33_1DH5 graft is not much different from MAK33 V,. Yet, both
grafting mutants were different in the FUV-CD and NUV-CD. In conclusion, the structure
must somehow differ.

The same holds true for the Vy mutants which behaved more similar in the FUV-CD but were
clearly distinct on the tertiary structure level. Antigen binding was not detected for the CDR
grafting mutants between MAK33 and the consensus sequences, 1DH5 or 1DHU. This is not
surprising as consensus CDRs are not naturally occurring sequences directed against a
specific antigen. Additionally, no fine-tuning of the MAK33 CDR grafted mutants was
performed. Interestingly, 1DH5_MAK33 V, showed some antigen binding although to a lower
extent than MAK33 V| (3.2.2.4). This supports the conclusion from the mutational analysis of
the conserved interface residues: there is no correlation between domain interaction and
antigen binding. A stable framework had a positive influence on the marginally stable Vy
domain and also for the quite stable V|, domain clearly stabilising effects were observed. The
CDRs have an influence on stability that should not be underestimated. Hence, it is a good
approach to perform SDR instead of CDR grafting [254]. It was not foreseen that any of the
grafting mutants will be able to bind the human creatine kinase as no fine-tuning was
performed. However, 1DH5 MAK, although it is a poor interaction partner for MAK33 Vy,
can improve antigen binding compared to Vy alone. From this experiment it cannot be
predicted if the framework or CDRs are more important for the interaction between the
variable domains as on the one hand the framework of the actual domain (MAK33_1DH5 V)
and on the other hand the consensus framework (1DHU_MAK33 V4) had been the better
interaction partner.

In a third step, the role of CDR-H3 was further analysed. It is known that this region is the
most flexible CDR concerning sequence and length [235]. The sequence length can vary
between three and 25 amino acids. Additionally, CDR-H3 can influence Vy stability as long
CDR-H3s are assumed to be able to cover the hydrophobic surface which would interact with
V if present [199]. Charged residues within CDR-H3 are also considered to be favourable in
terms of stability [199] but they might have severe effects on the interaction between Vy
and V_ or antigen binding. Indeed, all domains showed better biophysical stabilities
(especially in terms of chemical denaturation, see Figure 52 and Table 13). Interestingly,
several mutants gained the ability to form homo-dimers at low concentrations (< 10 uM).
This is disadvantageous for the AUC analysis as homo- and heterodimers have a comparable
size and cannot be distinguished. MAK33 MAK33 A103E and G106R, as well as MAK_MAK
with CDR-H3 of 1DHU or V43 and MAK_DHU with CDR3 of V43 were composed of mixtures
of monomeric and dimeric protein. On the contrary, all single point mutants of the
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conserved residues in the interface were still monomeric in low protein concentrations like
MAK33 Vy and V| wild type (data not shown). Introduction of a charged residue at position
A103 was favourable in terms of stability (Table 13 and Figure 52 A and C) as well as for
affinity to V_ in the case of MAK_MAK and MAK_DHU Vy (Table 14). Antigen binding was also
not diminished for MAK_MAK by this mutation, whereas MAK_DHU cannot bind (Table 15).
This was already observed for MAK_DHU without the mutation (3.2.2.4). Introduction of a
charged residue at position G106 also had a positive influence on stability and did not
diminish the binding to V_ although NUV-CD indicates some structural rearrangements
(Figure 51 B). Two types of double mutants were tested. On the one hand the combination
between charged residues and on the other hand R44A with charged residues. The double
mutants of MAK_MAK showed all a less efficient binding to V., compared to MAK33 wild type
(Table 14) and a diminished antigen recognition except for R44AA103E (Table 15). A103E
cannot compensate the negative binding abilities of R44A. Interestingly, the combination of
A103E and G106R is also non-favourable for the interaction between the domains and the
antigen although the single mutations did not disturb binding. An exchange of the complete
CDR-H3 improved the stability against denaturants (Table 13 and Figure 52 B) but abolished
the interaction with V| for MAK_MAK and MAK_1DHU with CDR-H3 of V43. The CDR of V43
(17 amino acids) is even 3 amino acids longer than CDR-H3 of MAK33 and might partially
shield the interface. For none of the CDR-H3 exchange mutants a sufficient antigen binding
was observed (Table 15). Due to the fact that none of the MAK33 grafted mutants was able
to recognise human creatine kinase anymore (3.2.2.4), it is clear that mutations of this CDR
are sufficient to abolish binding. In the crystal structure of the MAK33 Fab domain (PDB ID
1FH5) the CDR-H3 is not resolved. That indicates a high flexibility of this region. However,
the insufficient resolution does not allow making any predictions of the precise structural
influences of the particular singe point mutants within the CDR-H3.

In conclusion, stability of the variable domains depends on the presence of conserved amino
acids within the interface of the variable domains. This is especially pronounced for V. On
the other hand, these residues are not crucial for folding but they can influence the structure
of Vy. Several of these residues were crucial for the interaction between Vy and V,. For V,
residue P44 had a strong influence. Its stability was lower than the wild type and the
recognition of the antigen decreased. On the Vy side V37, R38, L45, and W104 were the
worst interaction partner. V37A, L45A and W103A had a decreased stability and could
recognise the antigen less efficient. In contrast, R38A was more stable than the wild type
and disturbed antigen binding. In addition, R44A had a stabilising effect but interacted less
efficient than the wild type with V| whereas the antigen recognition was not disturbed. AUC
and SPR data are in most cases concordant although the Kps differ in their absolute values.
Exceptions were in particular E46A, MAK_MAK Vy A103E and 1DHU_1DHU. In summary,
stability, interaction and functionality showed no clear correlation. However, a tendency can
be observed that less stable mutants interact less efficiently although there are exceptions.
The limited correlation between interaction of the variable domains and antigen binding
should be emphasised because many earlier studies are based on the assumption that they
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are correlated. In terms of CDR grafting CDR-H3 should be highlighted. Introduction of single
charged residues can have a positive influence on all properties addressed in this study but
combinations can be disadvantageous. In total small changes can have already severe effects
concerning, structure, stability, specificity and interaction. Yet, one must prove first that the
observations for MAK33 are valid in general and whether these effects are compensated in
antibodies, scFvs or Fabs by other interactions.

3.3 The folding behaviour of Vy domains

Antibodies are ideal model systems for studying protein folding, dynamics and association
due to the presence of homo- and heterodimeric interactions, conserved proline residues,
disulphide bonds and population of intermediate states. These features increase the
complexity of folding of antibody domains compared to the classical two-state folding
mechanism observed for many small proteins [255]. All antibody domains share a common
structural motif, the immunoglobulin fold. This fold consists of two B-sheets which form a -
sandwich. Variable and constant domains belong to different subclasses and differ in their B-
strand composition. Variable domains depict a 4+5 orientation (ABED/CC'C'FG) whereas
constant domains are characterised by 4+3 strands (ABED/CFG) (see Figure 6 and [157]).
Another important difference between variable and constant domains are the
complementarity determining regions in Vy and V| which form the antigen binding site. This
regions are flexible loops which differ in length and sequence. Isolated V. and V4 domains
differ in their biophysical properties whith the latter being less stable and more prone to
aggregate [194, 195].

The folding behaviour of Cy3 [180], Cy2 [202] and C, [191], as well as V, [119] of MAK33
could already be studied in great detail. Differences between the folding of V_ and Vy is of
special interest as some V_ domains are associated with misfolding diseases [196] whereas
the latter are less often pathogenic. The comparison of the two pathways will help to
determine differences between V| and V4 domains and to correlate sequence and structural
features with biophysical properties. Besides insight into basic aspects of protein structure,
these results may also be useful for diagnostic and therapeutic applications of antibodies
[197] and allow insights into the mechanisms leading to amyloid formation when compared
to the folding pathway of amyloidogenic V. domains. Another aspect to focus on is to extend
the experiments from the murine MAK33 V4 domain to human Vy domains. Murine and
human V4 domains differ in their CDRs but also in their framework sequences [169] and can
be clustered according to sequence homology analysis in different germline families [198].
Not only sequences but also the properties between germline families can differ [199].
Therefore it will be interesting to see if and how the folding behaviour will vary.

Five V4 domains were selected and are shown in Figure 55. V4 of the murine monoclonal
antibody MAK33 and a stabilising mutant R44A which was developed for the interaction
study between Vy and V| were selected. 10PG is also a murine antibody which is highly
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similar to MAK33 on the structural level. It recognises the gpllb/llla receptor [256]. 1FVC s a
humanised 1gG1 k antibody directed against p185HER2 [212]. The last candidate is a human
IgM antibody (1HEZ) directed against Peptostreptococcus magnus protein L [257]. They all
have three tryptophan residues in common; two are exposed and one is near to the
conserved internal disulphide bridge which can be used to probe folding by tryptophan
fluorescence. 1FVC Vy has an additional exposed tryptophan.

MAK33 V,, MAK33 V,,
R44A

2

N\

Figure 55: An overview of the different variable domains analysed for the folding study of V,,.
Different Vi, domains were analysed for their abilities to unfold and refold. MAK33 V,; and its stabilising mutant
R44A (light green stick) are murine monoclonal antibodies with three Trp residues (purple sticks). Trp36 is
located near a conserved internal disulphide bridge (indicated in yellow) and can be used as a probe for folding
and unfolding. The structure was modified from PDB ID 1FH5. 1FVC V, (PDB ID) is the variable domain from a
humanised IgG1 k antibody and has one additional Trp residues. The antigen of 1FVC is p185HER2 [212]. 1HEZ
(PDB ID) V is from a human IgM antibody directed against Peptostreptococcus magnus protein L [257]. The last
domain considered, is 10PG V. It is from a murine monoclonal antibody which binds to the gplib/Illa receptor
[256] and has a similar sequence compared to MAK33 V.

3.3.1 Structural characterisation of Vy domains

Crystal structures of the different antibodies have shown the characteristic B-sheet structure
for all V4 domains. In isolation, the five selected Vi domains share a minimum at ~218 nm in
FUV-CD and a different pronounced maximum at 200 nm (Figure 56, top, closed circles)
which are typical for B-sheet proteins. The minimum at 218 nm is not as pronounced as for
example for C_ [192], which is probably caused by the CDRs which form a more random coil
structure. In the presence of GdmCI the signal changes to a minimum at ~200 nm indicating
the formation of a random coil structure (Figure 56, top, open circles). This effect is the least
pronounced for 1FVC Vy. Near-UV CD spectra of the different Vy domains support the
observations from the FUV-CD measurements. All domains show a characteristic fingerprint,
which differs from the spectra typically observed for antibody domains [132, 134], but are
well defined. MAK33 wild type and R44A, as well as 1FVC Vy, are similar with an exclusively
positive signal and three maxima peaks at ~295 nm, 285 nm and 265 nm (Figure 56, middle,
closed circles). 1HEZ and 10PG Vy differ and share the presence of a negative minimum. In
summary, the spectra were all well-defined and indicate the presence of defined tertiary



Results and Discussion

structure around the aromatic amino acids. All domains have in common that they lose their
tertiary structure in the presence of GdmCI (Figure 56, middle, open circles).

As all antibody domains they share the presence of a conserved tryptophan near the internal
disulphide bridge. Hence, intrinsic tryptophan fluorescence spectra were recorded in the
absence (closed circles) and presence of GAmCI (open circles) (Figure 56, bottom). The
fluorescence signal in the native state is higher compared to V. [119, 192] due to the
presence of the additional tryptophans. W103 and W47 are always solvent-exposed,
whereas W36 is influenced by the internal disulphide bridge (see Figure 55; numbering
according to Kabat [258]). 1FVC V4 has an additional exposed tryptophan at position 95 and
shows consequently the highest fluorescence signal in the native state. The presence of
GdmCl increases the fluorescence signal for all domains and is accompanied by a small red
shift (Figure 56, bottom, open circles). The effect was the least pronounced for 1FVC Vy
which shows only a slight signal increase. The small signal increase makes the domain
difficult to study by fluorescence.
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Figure 56: Spectroscopic characterisation of different V., domains.

FUV-CD spectra (top), NUV-CD spectra (middle), and intrinsic tryptophan fluorescence spectra (bottom) of
native (closed circles) and denatured (opened circles; MAK Vy in 1.2 M GdmCl, R44A in 1.5 M GdmCl, 1FVC in 4
M GdmCl, 1HEZ in 2.5 M GdmCl, and 10PG in 2.5 M GdmCl) Vy, domains in PBS buffer at 20°C. V,, wild type and
Vi, R44A are from MAK33. Proteins were denatured in GdmCI over night to ensure that the samples were in
equilibrium.

3.3.2 Thermodynamic stability of Vy domains

The thermal stability of the Vy domains included in this study varies strongly. MAK33 Vy wild
type unfolds in an uncooperative manner and aggregates at temperatures above ~30°C
(Figure 57, top and Table 16). The mutation of the arginine at position 44 to alanine
improves the stability, with a more cooperative folding behaviour in a temperature range
between 10-50°C. At higher temperatures the domain aggregates like the wild type. 10PG
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Vy, which has the highest sequence similarity to MAK33 Vy, unfolds less cooperatively
compared to the humanised 1FVC or the 1HEZ V4 domain but more like MAK33 wild type
and has a Tper= 30.4 + 1.3°C (Figure 57, top and Table 16). Consequently, the stabilities
between MAK33 and 10PG Vy are comparable but 10PG Vy is less prone to aggregation.
1HEZ Vy has a Ther= 51.6 £ 0.3°C and its stability is comparable to V, or C. of MAK33 [192].
1FVC Vy, the humanised domain is even more stable with a Tyer=60.0 £ 0.2°C (Figure 57, top
and Table 16). At high temperatures all domains showed aggregation and consequently none
of the transitions were reversible (data not shown).

Equilibrium unfolding and refolding experiments were carried out to determine the chemical
stability of the different V4 domains. The transitions were observed by intrinsic tryptophan
fluorescence at the wavelength where the signal difference between the native and
unfolded protein has its maximum (355 nm and 360 nm for MAK33 and the others,
respectively). These experiments allow the observation of changes on the tertiary structure
level. Additionally, the transitions were observed in FUV-CD at 215 nm to determine changes
on the secondary structure level. For all domains a concentration range between 1 uM and
10 uM (for some 7.5 uM) was tested. No differences could be observed, indicating that
second-order or higher order processes do not influence the equilibrium unfolding process
(data not shown). The only exception is 10PG V4 which tends to aggregate during refolding
at concentrations > 1 uM (data not shown) and MAK33 wild type. The results of the
transitions at 20°C are shown in Figure 57 (middle).
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Figure 57: Biophysical stability of different Vy domains varies.

The top panels show the thermal-induced unfolding transitions for the different V,, domains. Temperature-
induced unfolding was monitored by FUV-CD spectroscopy at 212 nm with a heating rate of 20°C h™’. Data were
fitted to a Boltzmann function to obtain transition midpoints. None of the transitions were reversible due to
aggregation (not shown). The middle panels show chemical denaturation of the proteins induced by GdmCI.
Triangles represents CD-data (measured at 215 nm). Circles represent fluorescence data. Closed circles indicate
unfolding of the protein and opened circles refolding. Structural changes were monitored by fluorescence at a
fixed wavelength (355 nm emission for V, wt and R44A, 360 nm for 1FVC, 1HEZ, and 10PG; excitation
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wavelength was 280 nm). Data were evaluated according to a two-state unfolding model to obtain midpoints
and cooperativity parameters of the transitions (fits are shown as continuous lines). Measurements were
performed at 20°C at a protein concentration of 10 uM (for some 7.5 uM; temperature-induced transitions) or
10 (7.5) uM/1 uM (GdmCl-induced transitions). 10PG is only reversible at low concentrations (< 1 uM). The
transition observed with fluorescence is shown here for 1 uM concentration. The panel at the bottom shows the
GdmCl-induced transition of Vi, wild type at 1 uM concentration and 8°C.

Assuming a two-state transition, the data were fitted using linear extrapolation [96],
resulting in different stabilities for the tested domains. The results of the transitions
observed by fluorescence (circles) and FUV-CD (triangles) are shown in Figure 57 (middle
panels). MAK33 Vy wild type and R44A are the least stable domains with a Dy/; of ~¥0.25 M
GdmCl (considering the error; see Table 16). The wild type is not reversible at 20°C (data not
shown), but at 1 uM and 8°C at least a fraction can refold and the Dy, is slightly higher with
~0.37 £ 1.0 M GdmCl (Figure 57, bottom). The domain is not suited for further folding
analysis as non-reversible proteins cannot be analysed quantitatively. The stability was not
higher when urea was used as a denaturant (data not shown). The similar 10PG Vy is,
considering the errors, slightly more stable compared to MAK33, not only in terms of its
thermal stability, with a D;/,= 0.71 £ 0.30 M GdmCl. 1HEZ Vy is quite stable with a Dy/,= 1.09
+ 0.18 M GdmCl and has a well-defined plateau for the native state in low GdmCl
concentrations (Figure 57, middle and Table 16). The most stable domain is 1FVC Vy, with a
Dy,= 1.57 £ 0.45 M GdmCl. However, due to the poor signal difference between the native
and unfolded state, the transition could only be observed in NUV-CD (see Figure 56,
bottom). When the Dy/,- values from the FUV-CD measurements are considered, most Vy
domains seem to be slightly more stable (MAK33 Vy wild type, 1FVC V4, and 1HEZ Vy; see
Table 16). When the errors are taken into account the differences annihilate. The m-values
ranged from ~11.0 kJ mol™* M™ for 1FVC Vg to ~24.4 kI mol* M* for 10PG V. V,, for
example, had an m-value of 16.0 + 1.9 kJ mol™*M™ [119] and lies in between the stable and
unstable V4 domains. In general, the m-values were higher for the less stable domains and
vice versa. The m-values from the FUV-CD measurements are larger compared to the
fluorescence results for MAK33 Vy wild type and R44A, for 10PG Vy in contrast the
cooperativity decreases when the transition is observed on the secondary structure level
(Table 16). For the other domains the values are comparable considering the errors. AGy.y
could not be determined for MAK33 V, wild type as unfolding is not reversible. However, the
other domains are able to refold under certain conditions. MAK Vy R44A is a very unstable
domain with a AGy.y of 5.5 + 1.4 kJ mol™. vV, and C, of MAK33 are clearly more stable with
AGy.y values of 17.4 k) mol*and 14.6 kJ mol™, respectively [119]. 1FVC and 1HEZ Vy have
AGy.y values in a comparable order to V| (17.3 + 3.6 kJ mol™® and 19.1 + 2.1 kJ mol?,
respectively).
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Table 16: Biophysical stabilities of different V; domains.

AGN-U m

Domain  Method Temett [°C] D1/ [M] [k) mol™] [k) mol™* M}

FL 0.23 +0.06 (5.1+1.0) 22.2+4.0
MAK33
Vowt FL (10°C) 0.37£0.10 (3.8+0.8) 10.2+1.5

" CD ~30 0.31+0.08 (14.3 + 2.4) 45.7+7.8

MAK33 FL 0.30 £ 0.09 55+1.4 18.7+3.2
Vi R44A  CD 32.3+0.2 0.21 +0.05 11.7+1.9 55.7+9.1

NUV-CD 1.57 + 0.45 17.3+3.6 11.0+2.4
1FVC Vy

CD 60.0 +0.2 1.76 + 0.46 247 +4.5 14.0+ 2.6

FL 1.09 +0.18 19.1+2.1 17.5+2.2
1HEZ Vy

CD 51.6+0.3 1.18 + 0.83 36.2+18.0 30.6 +15.4

FL 0.71+0.30 17.3+5.4 24.4+7.0
10PG Vy

CD 304+1.3 0.71+0.33 7.2+26 10.2+2.9

Stabilities against thermal- and chemical-induced (GdmCl) denaturation of the different Vi, domains in PBS are
shown. Midpoints of thermal transitions are shown as T,,... The GdmCl-induced unfolding transitions of MAK V
were not reversible. Nevertheless; the data were evaluated according to a two-state equilibrium unfolding
model to derive the midpoint of transitions (D;/,), as well as the cooperativity parameter (m). The other Vy
domains were reversible at least in a low concentration range (< 1 uM). AGy., values for MAK33 wild type are
given in brackets to indicate that the values were determined from a protein which unfolds irreversibly.

The FUV-CD results differ from the analysis by intrinsic tryptophan fluorescence (Figure 57,
middle, triangles). For most domains tested, the D;/;-values seem higher when the samples
were analysed by FUV-CD, except for MAK33 V R44A and 10PG V4 (Table 16). However, the
difference observed for 1FVC, 1HEZ and MAK33 Vy wild type are only marginal when the
errors are taken into account and the transition behaviour is quite noisy for the domains in
the FUV-CD due to the already high absorption of GdmCI at 215 nm. Hence, the results
should not be overrated. Yet, the transition behaviour of these three domains suggests that
an equilibrium molten globule state [81, 259] might be formed. A molten globule is
characterised by high secondary structure content and only few defined tertiary interactions
[123, 124]. Thus, the transition midpoint appears earlier when the samples are analysed by
fluorescence (tertiary structure information) compared to FUV-CD (secondary structure
information).

The reversibility of the transitions was confirmed by measuring spectra of the native,
denatured, refolded and the native protein in the remaining GdmCI concentration. This is
necessary as 10PG and MAK33 V, do not reach a well-defined plateau for the native state in
the presence of GAMmCI due to their low stability. Intrinsic tryptophan fluorescence and FUV-
CD spectra show the same observations and confirm the reversible transition behaviour
observed in the equilibrium unfolding and refolding experiments (Figure 58). MAK Vy wild
type is not completely reversible even at low concentrations such as 1 uM and 8°C, but to a
higher extend compared to higher concentrations (Figure 58, top and bottom). 10PG Vy is
also only reversible at concentrations < 1 uM. The fluorescence spectra at 1 puM
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concentration indicate reversibility, whereas the FUV-CD spectra cannot confirm this result
(7.5 uM). Interestingly, aggregation was not only observed for the refolded protein at 7.5
UM concentration but also for the control (native protein in the low remaining GdmcCl
concentration; Figure 58). On the contrary, MAK33 Vy R44A and 1HEZ Vy are reversible in a
range between 1 uM and 10 pM, although R44A cannot reach the native state at 0 M GdmCl
due to the missing plateau for the native state (Figure 58 and Figure 57). In the case of 1FVC
Vy reversibility was just tested by FUV-CD as the fluorescence signal difference is very low
(Figure 56, bottom). The FUV-CD spectra prove the reversibility observed in equilibrium
unfolding and refolding experiments (Figure 58 and Figure 57).
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Figure 58: For most Vy domains unfolding is reversible at low concentrations.

To prove that the unfolding process is reversible, intrinsic tryptophan fluorescence (top panels) and FUV-CD
(bottom panels) spectra were recorded. The samples were denatured overnight in 1.2-4 M GdmCi and refolded
by dilution in PBS (grey circles). As some of the domains show no plateau for the native state (MAK33 V and
MAK33 V; R44A) native protein was incubated in the GAmCI which is remaining after dilution (light grey circles).
For a better comparison the spectra of the native (black circles) and unfolded (black open circles) proteins are
included. FUV-CD experiments were performed with 7.5 uM — 10 uM protein, fluorescence experiments with 1
uM. Temperature was 20°C. Asterisk indicates that the samples were treated at 8°C. ND indicates that the
spectra were not determined.

We could observe for some of our Vi domains that they have the ability to form homo-
dimers under certain conditions. Interestingly, 1HEZ Vy forms exclusively homo-dimers at
high (10 uM) and low concentrations (1 puM) in AUC sedimentation velocity experiments.
Dimerization increases the complexity of the folding analysis as association and dissociation
reactions will appear in parallel to folding and unfolding events. Hence, the folding pathway
will probably be more complex compared to Vi domains which cannot self-associate in this
concentration range. As a consequence this domain is not suited for this folding analysis as
the main domain of interest is MAK33 Vy. 1FVC Vy is monomeric at low concentrations (1
UM) but can also self-associate at higher concentrations. At 10 uM protein concentration
already ~10% of the protein is existent as a dimer (Table 17).
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Table 17: Some V,; domains can form homo-dimers.

Domain Monomer [%] Dimer [%]
MAK33 Vy 100 -
MAK33 Vy R44A 100 -
1FVC Vy* 100 -
1FVC Vy 90 10
1HEZ V4 - 100
10PG Vy 100 -

Sedimentation velocity analytical ultracentrifugation was used to determine the ability of the different Vy
domains to form homo-dimers. The protein concentration tested was 10 uM to 1 uM. Experiments were
performed in PBS at 20°C. For all cases where no differences between 10 uM and 1 uM could be observed, the
results for 10 uM are shown. 1FVC V, was the only domain differing in the concentration range tested. The
asterisk indicates the species formed at 1 uM concentration.

To account for the dimeric state of 1HEZ V4, the equilibrium unfolding and refolding
transitions were fitted with a model including dimerization (adopted from [154]). As the
errors of the fit for the FUV-CD were too large, just the fluorescence data were considered.
According to the model the stability is more than twice as determined by the monomer
model (AGn.u, dimer = 54.5 % 6.0 kJ mol™ compared t0 AGy.y. monomer = 19.1 = 6.0 kJ mol™). In
case of dimeric Cy3 the calculated intrinsic stability was 66.5 + 1.5 kJ mol™ [180]. Both
domains are in a range of 42 kJ mol™ to 113 kJ mol™ described for dimeric proteins [260]. In
contrast, the cooperativity values are comparable (Mgimer= 24.0 + 5.3 kJ mol*M™ and
Mmonomer = 17.5 * 2.2 kJ mol*M™ for monomer model; see Table 16).

Figure 59: Dimer model for transition of

1HEZ V.

Due to the observation that 1HEZ V, forms
dimers also at concentrations of 1 uM, the
GdmCl-induced transitions for unfolding and
refolding were fitted to a model including dimer
formation [154]. Triangles represent CD-data
(measured at 215 nm). Circles represent
fluorescence data (measured at 360 nm). Closed
symbols indicate unfolding of the protein and
opened symbols refolding. Straight lines indicate

the fit (dark grey for fluorescence and cyan for
CD).
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3.3.3 Refolding and unfolding Kinetics

In order to describe the folding mechanism of a protein, it is necessary to look at the folding
kinetics [261]. Protein folding is a first order, unimolecular reaction, as long as no
aggregation/oligomerisation (second order process) occurs. Hence, the kinetics of unfolding
and refolding of the different Vy domains at different GdAmCl concentrations was determined
at different protein concentrations. The proteins were denatured in a sufficient amount of
GdmCl to ensure that the proteins were fully denatured (1.2 M-4 M GdmCl; see Figure 57).
To guarantee that the equilibrium was reached, the samples were incubated overnight.
Afterwards, the samples were diluted manually or by a stopped-flow device into PBS to
induce refolding and the changes in tryptophan fluorescence were monitored. For 1FVC Vy
the reaction was followed by FUV-CD because the fluorescence signal difference is too small
for a good signal-to-noise ratio.
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Figure 60: Representative kinetic traces for unfolding and refolding single jump experiments.

For all domains which unfold reversibly, single jump experiments to observe unfolding and refolding behaviour
were performed. As most of the domains unfold (top panels) and refold (bottom panels) including a fast phase,
stopped-flow measurements were preferred. All samples were measured using intrinsic tryptophan fluorescence
as a probe except 1FVC V,; which was measured by FUV-CD. Wavelengths were the same as for the equilibrium
unfolding and refolding experiments. Residual for the single, double or triple exponential fits are shown as
insets to demonstrate the fit quality. R44A: unfolding at 0.7 M GdmCl; refolding at 0.06 M GdmCl. 1FVC:
unfolding at 2.5 M GdmCl; refolding at 0.5 M GdmCI. 1HEZ: unfolding at 2.4 M GdmCl; refolding at 0.1 M
GdmCl. 10PG: unfolding at 0.8 M GdmCl; refolding at 0.04 M GdmCl

Examples for kinetic traces of unfolding (upper panels) and refolding (lower panels) which
could be observed for MAK33 Vy R44A, 1FVC Vy, 1HEZ V4 and 10PG V4 are shown in Figure
60. These examples denote already that MAK33 Vy R44A unfolds and refolds the fasted.
1HEZ Vy and 10PG Vy show a complex refolding behaviour with a signal decrease which is
followed by an increase (Figure 60). As 1HEZ Vy forms homo-dimers also at low
concentrations (Table 17), association might occur after refolding and explain some signal
change. On the contrary, 10PG Vy is a monomer and behaves reversible at the applied
concentration. However, it refolds in a complex manner similar to 1HEZ V4. The FUV-CD
signal of 1FVC Vy is very noisy although the traces are averages of at least five repeats. One
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challenge is the absorption of GdAmCI at 215 nm. In conclusion, the fits have high errors and
are not reliable. Residual of the fits are shown as inlets to prove the qualities of the fits
(Figure 60).
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Figure 61: Chevron plots for the different V,, domains from single jump experiments.

Chevron plots showing the variation in the observed rate constants obtained from exponential fits of refolding
and unfolding kinetics with GdmCl concentration for MAK33 R44A V., 1HEZ V,;and 10PG V. The V,; domains in
0 or 1.5 M or 2.5 M GdmCl were diluted into an unfolding or refolding buffer (PBS) with varying GdmCl
concentrations, respectively, and the change in fluorescence intensity was monitored. All apparent rate
constants (A) were determined by stopped-flow and manual mixing measurements. Cyan (A1), dark cyan (A2),
blue (A3), purple (A4), violet (A5) and light magenta (A6) circles represent the apparent rate constants of
refolding experiments. Black (A1), red (A2), orange (A3), dark yellow (A4) and brown (A5) circles represent the
apparent rate constants of unfolding experiments. For V; R44A all apparent rate constants could be determined
by stopped-flow experiments. In the case of 10PG V, A3 (blue) and A6 (light magenta) for refolding were only
observed by manual mixing experiments. A2 (red) for unfolding was observed in all measurements (stopped-
flow and manual mixing). For 1HEZ V, A4 (unfolding) and A6 (refolding) are a result of manual mixing and the
other As were from stopped-flow measurements.

Due to the poor quality of the kinetic traces for 1FVC Vy no reliable statement about its
unfolding and refolding behaviour is possible (see Figure 60). Two unfolding rates were
observed in the case of 1HEZ V, which were slow. A4 (dark yellow circles) was observed in
manual mixing and A5 (brown circles) stopped-flow experiments. For the unfolding of 10PG
Vu a similar rate constant could be observed (A5; brown circles) and one faster one (A2; red
circles) which was also observed for MAK33 Vy R44A (A2; red circles) (Figure 61, top panels).
Interestingly, one very fast phase (A1; black circles) which behaves GdmC| independent at
20°C could be observed. When the kinetic traces were measured at 8°C this phase was not
visible (Figure 61, top panel and bottom panel). However, the source of this rate could not
yet be identified. For R44A, 10PG and 1HEZ Vy a concentration range from 0.5 uM to 5 uM
was tested and no changes within this concentration range were detected for R44A and
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1HEZ V4 (data not shown). 10PG Vy differs in the apparent rate constants due to aggregation
observed at concentrations > 1 uM.

Refolding of three domains (MAK33 Vy R44A, 1HEZ Vy and 10PG V) is a complex process
with at least three observable rate constants (A; Figure 61, top panels). 1FVC Vy cannot be
included due to the low signal quality. R44A Vy is the fastest refolding domain with one very
fast refolding phase which was not observed for the other domains (A1; cyan circles). The
phase A2 (dark cyan circles) is detectable for all three domains, A3 (blue circles) besides for
R44A just for 10PG Vy. 1HEZ and 10PG Vy share two apparent rate constants (A4; purple
circles and A6; light magenta circles; Figure 61, top panels, right). When the complete kinetic
traces for 10PG Vy were analysed refolding was even more complex with one more
observable rate constants (A5; violet circles; Figure 61, top panel and Figure 60 bottom
panel).

3.3.4 Contribution of proline isomerisation to the refolding process

All V4 domains show multiple phases in both refolding and unfolding kinetics suggesting that
the folding pathway of all V4 domains is more complicated than a simple two-state process.
10PG Vy aggregates during refolding at concentrations > 1 uM and 1HEZ Vy forms homo-
dimers during unfolding and refolding even at low concentrations (1 uM). On the contrary,
for MAK33 V4 R44A a contribution of aggregation/oligomerisation reactions during refolding
could be excluded by performing the experiments over a 10-fold concentration range (final
protein concentration, 0.5 uM-5 uM). Within this range no differences in the observed rate
constant were detected (data not shown). In the following just MAK33 Vy R44A will be
addressed.

For several antibody domains it was observed that one source of slow refolding is cis-trans
isomerisation of peptidyl-prolyl peptide bonds [35, 119, 191, 202]. Peptide bonds have a
partial double bond character which enables a cis or trans conformation. Most peptide
bonds are more stable in trans conformation independent if the protein is in its native or
unfolded state [262]. When a peptide bond precedes a proline residue both conformations
exist as the two states are in this case almost isoenergetic [263]. Yet, the trans conformation
is more prevalent in native proteins [264] and the activation barrier to interconversion is
quite high. Hence, populations of isomerisation-limited slow folding molecules can appear
[263, 264]. The X-ray structure of MAK33 Fab (PDB ID 1FH5) was inspected for the presence
of Xaa-Pro in cis conformation. None of the three proline residues in this structure give any
hints for the presence of a cis conformation. However, to confirm this observation refolding
in the presence of a peptidyl prolyl cis-trans isomerase (PPlase) Cpr6 was observed. Cpr6 is a
cyclophilin from yeast [265] and could successfully accelerate the cis-trans isomerisation
reaction in V| [119]. Cpr6 had no effect on any of the three observed refolding phases which
corresponded to A1, A2 and A3 (of refolding) as no dependency on the presence of PPlase
could be observed (Figure 62 A). It was surprising that not even A3 (blue circles) was affected
as it seemed independent of the GdAmCI concentration (i.e., a marker for isomerisation
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reaction) and was the slowest phase observed. However, it is possible that Cpr6 is not
specific for Vy although it can recognise V,. To confirm this observation other PPlases should
be tested.
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Figure 62: Proline isomerisation does not influence the refolding process.

(A) Effects on refolding rate constants of MAK33 R44A V. upon addition of Cpr6. Cyan, dark cyan and blue
circles denote the refolding rates of A1, 2 and A3, respectively, in 0.05 M GdmCl in the presence of increasing
amounts of Cpr6. (B) Double-jump experiment of MAK33 R44A V. The native protein was unfolded in 1.5 M
GdmCl for various aging times before being refolded in 0.05 M GdmCl. Two refolding phases were observed at
all aging times. The increase in amplitude of each of the refolding phases corresponding to A2 (dark cyan) and
A3 (blue circles)

Other slow equilibration processes can be detected by double-jump experiments [263]. For
this experiment MAK33 Vy R44A was unfolded in 1.5 M GdmCl for varying aging times. A
high denaturant concentration ensures that unfolding is faster than putative isomerisation
phases. Afterward, the protein was transferred to renaturing conditions (0.05 M GdmCl). The
refolding process was monitored by intrinsic tryptophan fluorescence. Long aging times
enable the unfolded state to equilibrate and to observe all processes. On the other hand, at
short aging times only directly unfolded proteins will be present to refold. As a consequence,
phases occurring due to refolding and due to slow equilibration processes in the unfolded
state can be distinguished. This experiment was performed to rule out other slow
equilibration processes besides proline isomerisation which were observed for some
proteins [266]. Although non-prolyl peptide bonds appear in their cis conformation in
populations < 0.15% in unfolded proteins, the large number of peptide bonds in a protein
can generate a significant fraction of slow-folding molecules and consequently
heterogeneous populations in an unfolded protein can induce complex folding kinetics on
various time scales [266]. For MAK33 Vi R44A two kinetic phases were observed at all aging
times. The amplitudes correspond to the two slower apparent rate constants of refolding (A2
and A3; Figure 62 B). The amplitude for the fastest phase could not be detected at any aging
time. This reaction is probably too fast to be determined by a manual mixing approach and
might be observed if the experiment is repeated with a stopped-flow device. The result
indicates that the slower phases might not be a consequence of slow equilibration processes
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in the unfolded state. Otherwise the appearance of an isomerisation phase would be
expected. One of the observed amplitudes increases in an exponential manner (A2) and
corresponds to the refolding phase in the Chevron plot A2 (refolding; see Figure 62 B and
Figure 61). The second amplitude was more difficult to describe but corresponds to A3
(refolding) in the Chevron plot. In the case of 10PG Vj just three different amplitudes could
be observed at all aging times. Only one of the observed amplitudes increased with longer
aging times. However, except for this one none of them could be clearly assigned to the
refolding phases observed for 10PG Vy in the Chevron plot (data not shown). They referred
probably to A2 and A4/A5. PPlase and double-jump experiments give only hints for the
absence of cis-trans isomerisation of proline or non-proline residues. These observations are
in accordance with the information of the X-ray structure. However, it cannot be excluded
yet that a cis-trans isomerisation takes place. To confirm the observations interrupted
refolding experiments [267] are crucial.

3.3.5 Discussion

Since the first folding studies on immunoglobulins, fragments and single domains [174-176,
268-270], insight in the folding mechanisms could be improved for the folding of C43 [180],
Cu2 [202], C. [191] and V| [119] of MAK33. Cy1, which is intrinsically disordered in isolation,
cannot be analysed as folding depends on the presence of C, [181]. All domains studied so
far show complex folding behaviour with multiple folding phases [35, 119]. Vy is the only
domain without a known folding mechanism. The domain is highly flexible especially in the
CDR-H3 [235, 271] but also in the framework region within different germline
representatives [198]. Besides differences on the sequence level also variations in the
properties between germline families were observed [199]. As a consequence different
behaviour between various Vy domains cannot be excluded. Two murine IgG1 domains
(MAK33 and 10PG) which share ~80% sequence identity and one stabilising point mutant
(MAK33 R44A) which was identified in the interaction analysis of V_  and Vy (see 3.2.1) were
selected for analysis of the folding process. In addition, a humanised 1gG1 domain (1FVC)
and one IgM domain (1HEZ) were included in the folding analysis.

On the structural level, the five domains showed similar secondary structures in the FUV-CD
but 1HEZ and 10PG Vy differ in some aspects of their NUV-CD spectra. However, all domains
depict a characteristic fingerprint which is influenced by the different contents of aromatic
amino acids (Phe, Tyr, and Trp) in the different domains. In the presence of high
concentrations of GdmCI the domains unfold and adopt random coil characteristic (Figure
56, top and middle). In tryptophan fluorescence spectra all share a signal increase in the
presence of GdmCI| due to the exposure of two conserved tryptophans near the internal
disulphide bond (Trp36; Figure 55). This was already observed for the V. domain [119].
However, the signal difference is lower for 1FVC Vy due to a second exposed tryptophan,
Trp95, which is not present in the other domains and increases the background signal in the
native state. The biophysical stabilities vary clearly between the different domains. MAK33
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Vu wild type is the least stable domain in terms of temperature- and GdmCl-induced
equilibrium unfolding (Tmer= 30°C, D1/2= 0.2 M GdmCl), whereas 10PG V, which shares ~80%
sequence identity has a slightly better stability (Tmer= 30.4°C; Dy/2= 0.7 M GdmCI; Table 16
and Figure 57). C42, which was already considered as a relatively instable antibody domain
compared to the previous described (Tmer= 41°C; [202]), is more stable than 10PG V4. 1FVC
and 1HEZ Vy are the most stable domains in this study. The thermal stability of the optimised
1FVC Vy (Tmerr= 60°C) domain is comparable to the most stable Vi consensus sequence 1DHU
(Tmeir= 64.4°C; Table 16 and [199]). 1HEZ V4 is less stable (Tmer= 51.6°C) compared to 1FVC Vy
and behaves more like V| (Tmer= 50.6°C, [119]) or C_ (Tmer= 51°C, [191]). A special feature of
1FVC and 1HEZ Vy is their ability to self-associate even at low concentrations. This was not
observed for MAK33 or 10PG Vy (Table 17). This homo-dimerization may stabilise the
exposed hydrophobic interface covered by V. when present [199]. For Vy domains it was
assumed that long CDR-H3s might shield to some extent the hydrophobic surface and
therefore stabilise the domain [199]. Their assumption does not fit with the results for the
four Vy domains selected here. 10PG and MAK33 Vy are the least stable domains but their
CDR-H3s are longer compared to 1HEZ and 1FVC V4. The domains differ also in their ability
to refold reversibly. MAK33 Vy cannot completely refold even at low concentrations and low
temperature (Figure 58) and consequently no quantitative evaluation was possible.
Interestingly, the mutation of R44 to alanine increases the refolding ability. Due to the single
point mutation, the domain refolds even at 20°C and up to concentrations of 10 uM (higher
concentrations were not tested), whereas the similar 10PG Vy domain is only reversible at
low concentrations < 1 uM at 20°C (Figure 58). This leads to the conclusion that already
small changes within the domain can have severe effects on the biophysical properties and
on the folding behaviour hence, it will be unlikely to find a common folding mechanism valid
for all V4 domains. The two stable domains, 1FVC and 1HEZ V4, had both the ability to
completely refold. Interestingly, the transitions for MAK33 wild type, 1FVC and 1HEZ Vy
indicate the presence of a molten globule intermediate. The transition midpoints of FUV-CD
transition appear at higher GdmCl concentrations compared to the fluorescence traces.
Consequently, an intermediate might be formed which has still some secondary structure
whereas the tertiary contacts are already lost — a typical feature of molten globules [81,
123]. Yet, one must be careful with these assumptions as the transitions are the mean values
of three experiments and the data quality in the FUV-CD is noisy < 215 nm due to GdmCl
absorption. Triplicates were necessary to improve the signal-to-noise ratio.

Besides equilibrium unfolding and refolding transitions, kinetic experiments were performed
to address the question of folding intermediates. Unfolding for 1HEZ Vy could be best
described by a single exponential function. However, for stopped-flow and manual mixing
experiments different apparent rate constants were observed (A4 and A5; unfolding; Figure
61). The difference might at least to some extend be explained by the very slow unfolding
reaction. The traces in the stopped-flow experiments were not monitored as long as for the
manual mixing experiments. Thus, the fit could not describe the traces well because the
plateau of the reaction was not reached. As 1HEZ Vy forms homo-dimers in the native state,
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the denaturation process is expected to comprise dissociation and unfolding reactions. In a
concentration range between 1 uM and 5 uM no differences between the kinetic traces
could be observed. Therefore, at least in the tested range, folding is not concentration-
dependent. However, this is not surprising as in this concentration range still only dimers are
present. C43 showed also no concentration-dependence and can also still form dimers at
very low concentrations [202] (as low as 10° M [177]). The refolding traces for 1HEZ and
10PG V4 were complex with a signal decrease followed by an increase (Figure 60) and could
be described only with complex exponential functions. For 1HEZ V} it would be expected
that association of the refolded domains leads to a signal change as it forms dimers even at
low concentrations. In addition, two tryptophans are located near the interface to V. (Trp47
and Trp103) which is assumed to be the interaction site for self-association, too. Due to
several hydrophobic residues in the interface dimerization is probably driven by hydrophobic
interactions. However, one would expect a signal decrease if one of these residues or even
both would be covered due to association. The intrinsic tryptophan fluorescence spectra
indicate no such effect as their intensity is comparable to monomeric MAK33 Vy at the same
concentration (Figure 56, bottom). Another aspect against this assumption is the
observation that also for refolding no differences at various concentrations appeared (data
not shown). If dimerization would be a rate-limiting step during refolding and cause a change
in the signal, an influence on the rate constants should be observable. In the case of dimeric
Cy3, also no effects of concentration on refolding were detected but the domain has no
tryptophan in the interaction site and hence association might not influence the signal
intensity [180]. These observations raise the question whether homo-dimerization does not
appear in the interface area or if dimerization is not a rate-limiting step. For 10PG Vj the
effects are even more challenging to describe. As aggregation was observed during refolding
at concentration > 1 uM it might be possible that the complex kinetic is a result of the
formation of some unspecific assemblies before the native structure is adopted (at low
protein concentrations such as 1 uM). Another reason for the differences between Vy
domains in general might be the influence of the CDRs which differ between the different
domains. There has not yet been a systematic study of the CDR influence on stability but V,
domains have been shown to differ in stability in isolation [272]. For V4 predominantly the
effects of CDR-H3 were addressed in terms of the influence of the CDRs on antigen binding
but less the consequences for stability (especially in isolated domains) [271, 273]. The
preferred model systems for CDR exchanges have been scFvs and Fabs [168-172]. The loop
regions are considered to influence the initial stages of protein folding as they can bring
different regions of the protein into close proximity [274] and might hence influence the
folding mechanism.

The Chevron plots obtained from single jump experiments are complex and exclude a simple
two-state folding process as a possible mechanism. At the current state, no clear assumption
of the characteristics of the intermediates or a reliable number of them can be made. With
the current data set no global analysis was possible so far because a proper model could not
yet be identified (global fitting with Dynafit; data not shown). However, some peculiarities of
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the plots are worth to mention. Most obvious for MAK33 R44A V,, at 20°C a fast and GdmCl-
independent apparent rate constant for unfolding is observable which is not detected at 8°C
(A1; black circles in Figure 61, top and bottom). Different reasons are possible why this
apparent rate constant disappears at lower temperatures. One explanation might be a
higher energy barrier for this pathway compared to the other two observed, which cannot
be overcome at low temperatures. The consequence would be that there is a clear change
within the energy landscape. It might also be caused by a similar conformation between the
sensors thus no signal of the denatured fast phase at 8°C could be observed. However, this
would presume that a temperature-dependent pronounced conformational change takes
place. Without further experiments it will not be possible to differentiate between these
possibilities. The Chevron plot of a two-state folding protein will have only two limbs, one for
refolding and one for unfolding. The intercept of the fit of both arms will result in the
denaturation midpoint (Cy,). This value should be concordant with D;/, determined in the
equilibrium unfolding experiment [72]. In the case of MAK R44A and 10PG Vy the values
obtained for C,, and Dy, are consistent within the error range when A2 (cyan circles) and A2
(red circles) are analysed accordingly. However, for 1HEZ Vy C,, and Dy, are concordant
when A4 (purple circles; refolding) and A4 (dark yellow circles; unfolding) or A6 (light
magenta circles, refolding) and A5 (brown circles; unfolding) are combined (see Figure 61). In
both cases apparent rate constants of a stopped-flow and manual mixing experiment were
combined. This might be a hint that indeed all observed apparent rate constants are real and
not an artefact. In conclusion, MAK33 and 10PG Vy probably share some common process
during unfolding and refolding and these two processes are dominant in the equilibrium
unfolding and refolding mechanism. As long as aggregation could be excluded a rollover in
the refolding arm of the Chevron plot is a good hint for the presence of an intermediate
[275]. For MAK R44A, aggregation was not observed between 0.5-5 uM (data not shown),
whereas 10PG Vy aggregated at concentrations > 1 puM. Within the limited range where
refolding could be observed for MAK33 R44A Vy (0- ~0.25 M GdmCl), there is no hint for the
presence of a rollover in any of the three phases (Figure 61). The refolding arms of the
Chevron plot of 10PG Vy at 1 uM might indicate the presence of a rollover in A3 (blue circles)
and A6 (light magenta circles) though some of the values near the transition point scatter.
Due to the complex refolding kinetics and the limited GdmCI concentration range in which
refolding can be observed one must be careful with the interpretation at the current state.
Some intermediates form too rapidly to be directly detected in stopped-flow experiments
[129, 276]. Besides rollover at low GdmCl concentrations the presence of a burst phase in
the amplitude data can be a hint for an intermediate [276]. R44A Vy is challenging as no
plateau for the native state could be gained. On the one hand, the limited range in which
refolding can be observed is probably not sufficient to elucidate all events. On the other
hand, a normalisation of the amplitudes is more challenging. In addition, the Chevron plot
should be measured as close to 0 M GdmCI as possible to show that there is no deviation
from the kinetics in pure aqueous solution [72]. This is difficult for many Vy domains as they
tend to aggregate in high concentrations and this restricts the dilution range.



Results and Discussion

For all antibody domains of MAK33 analysed so far, proline isomerisation was an important
step within the different folding pathways [119, 180, 191, 202]. This slow process can either
be detected directly through the addition of a PPlase which catalyses the cis-trans
isomerisation of proline bonds or, more indirectly, by double jump experiments [263].
According to the crystal structure of MAK33 all three proline residues of Vy are in a trans
conformation in the native state (PDB ID 1FH5). This does not exclude the presence of one or
more cis conformations in the unfolded state. However, none of the three observed
refolding phases (A1, A2 and A3) of R44A Vy showed acceleration in the presence of Cpr6. In
the case of V|, one observed phase demonstrated a linear dependency on the Cyclophilin B
(CypB) concentration as well as on Cpr6 [119]. For a control, a second PPlase, for example
also CypB [179] should be tested to exclude that the enzyme simply cannot recognise V4 as a
substrate. It is known that different PPlases can have different substrate specificities [277,
278]. Double jump experiments can be used to determine the presence of different slow
isomerisation processes which can appear besides peptidyl-prolyl isomerisation [266]. For
MAK33 R44A V4 two refolding phases were observed at all aging times during the double
jump experiment corresponding to A2 and A3 of the refolding limp. As the experiments were
so far only performed by manual mixing, A1 might not be observed because it is too fast for
the ~8 seconds dead-time of mixing. For this refolding phase, repeating the experiment with
a stopped-flow device (dead-time within a few ms) will be useful. The current results suggest
that the two observed phases are not a result of slow isomerisation processes although they
show no strong dependence on the concentration of GdmCI (Figure 61). If slow equilibration
processes would take place a delay in the appearance of the affected phase would be
observable [119]. In addition, the rate of refolding would be independent of the
denaturation time [119]. In contrast, the amplitudes of the two observed rate constants
changed in an exponential manner with an increasing aging time as observed for V_ [119]. So
far the results suggest that A2 and A3 are indeed folding phases although A3 shows no
obvious GdmCI| dependence and that the refolding process is not related to cis-trans
isomerisation. According to Feige and co-workers an increase of amplitudes with longer
aging times (especially observed A2) can be a hint for isomerisation [202]. To affirm this
assumption, it would be important to control if the amplitude of the fastest phase (A1)
decreases in a similar manner as the amplitude of the slow phase increases. This effect was
observed for Cy2 and lead to the assumption that isomerisation plays a role for the folding of
Ch2 [202].

The properties of the intermediates could not yet be determined. This will require more
experiments, for example an interrupted refolding experiment (N-test) to determine the
nature of the intermediates [267]. This experiment can also shed light on isomerisation
processes. Not till then, reliable assumptions on the differences between the folding
mechanism of V4 and V|, and their different propensity to form fibrillar structure can be
made.
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Conclusion

Within this thesis several important topics in the field of antibody research were addressed.
New insights in the folding and association behaviour of antibody domains could be gained,
on the one hand for V| and Vj association and Vy folding and on the other hand for several
antibody domains in extreme solvent conditions. In addition, the role of the conserved
amino acids in the interface of the variable domains could for the first time be determined
on the single domain level.

The analysis of the single domains of the Fab fragment of MAK33 and Cy2 in acidic
conditions had demonstrated surprising differences between the single domains. Despite
the common folding motif in the native state, differences in their requirements for an AFS
formation as well as in their stabilities were observed. The mechanism of AFS formation
seems to be common for all observed domains so far. For a complete rearrangement on the
secondary structure level, the antibody domains pass a partially or completely unfolded
state. NMR analysis of C42 had enabled deeper insight on the AFS structure. Surprising, the
AFS is a highly dynamic system contrary to its high thermodynamic stability. It will be
interesting to see if these findings can be transferred to other immunoglobulin superfamily
members. The folding behaviour of Vy differs from the other domains characterised do far.
For MAK33 V4 there was no clear hint for the presence of slow isomerisation processes. This
finding was surprising, as cis-trans proline isomerisation was important for the refolding of
all other domains of MAK33. However, the comparison of different Vy domains has shown
that they differ in their abilities to refold and their folding behaviour. In conclusion, also their
rate-limiting steps may differ. Vy is also more sensitive to changes in the conserved amino
acids than V,. Structure and stability were strongly influenced as well as the interaction
ability with V.. For V_ just one proline was identified to be important for stability and
interaction. However, antigen binding was not correlated with the interaction between the
variable domains, although for some residues the binding affinities were influenced in the
same way. Several mutations could not confirm this assumption.

The variable domains often behaved different compared to the constant domains. In the AFS
they exposed the most hydrophobic surface and formed the largest oligomers. The folding
pathway of V. was demonstrated to differ from the constant domains [119]. V4 differed
already between different Vy domains. Besides differences in the B-strand organisation of
the immunoglobulin fold [157] between variable and constant domains, the variety within
the CDRs is most obvious. They could also explain the variations observed between the Vy
domains analysed in this study. Single point mutations in CDR-H3 could be shown to
influence structure and stability without disturbing interaction or functionality. It would be
interesting to see if they have also a beneficial influence on the folding of Vy as the R44A
mutation in MAK33 which granted reversibility. Thus, for engineering of basic properties the
CDRs should also be considered. However, it is important to consider that antigen
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recognition and binding is not impeded. These new findings of a well-studied class of
proteins will provide novel guidelines for future antibody engineering.
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Abbreviations

ADCC
AFS
AL
AH
ER

g

Fc
FcyR
Fd
Fab
Fv
scFv
Vi
Vhn
Vi
Cul
Cu2
Cu3
CDR
CDR-H3
SDR
FW
HuCAL
wt
ELISA
SEC
EM
TEM
NMR
SAXS
CcD
E)MRW
AUC
SE
SV
PPlase
Cpr6
CypB
PDI

antibody-dependent cellular cytotoxicity
alternatively folded state

light chain amyloidosis

heavy chain amyloidosis

endoplasmic reticulum

immunoglobulin

fragment, crystallisable

Fcy receptor

fragment Vy+Cyl

fragment, antigen binding

fragment of variable domains

single chain variable fragment

variable domain of heavy chain

variable domain of heavy chain of heavy chain antibodies
variable domain of light chain

first constant domain of heavy chain
second constant domain of heavy chain
third constant domain of heavy chain
complementarity determining region
CDR-3 of the heavy chain variable domain
specificity determining region
framework

human combinatorial library

wild type

enzyme linked immunosorbent assay
size exclusion chromatography

electron microscope

transmission electron microscope
nuclear magnetic resonance

small-angle X-ray scattering

circular dichroism

mean residue ellipticity

analytical ultracentrifugation
sedimentation equilibrium
sedimentation velocity
peptidyl-prolyl-cis-trans isomerase
Cyclosporin-sensitive Proline Rotamase 6
Cyclophilin B

protein disulphide isomerase
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Abbreviations

HRP
PDB ID
RT
Gdmc(l
ANS
APS
TCEP
TEMED
Tris
DTT
CM5
EDC
EMCH
GSH
GSSG
IPTG
NHS
PBS
PCR
SDS
SDS-PAGE
EDTA
LB
SOB

horse reddish peroxidase

protein data bank identification

room temperature

Guanidinium chloride
1-anilinonaphtalene-8-sulfonate

ammonium persulfate

tris(2-carboxyethyl) phosphine hydrochloride
N,N,N',N'-Tetramethylethylendiamin
tris(hydroxymethyl)-aminomethan

di-thiothreitol

carboxymethylated dextran
N,N’-1-ethyl-3-(3-dimethylaminopropyl)-carbodiimid
3,3’-N-(e-maleimidocaproic acid) hydrazide, trifluoroacetic acid salt
L-Glutathione reduced

L-Glutathione oxidized
isopropyl-B-D-thiogalactopyranoside
N-Hydroxysuccinimid

phosphate buffered saline

polymerase chain reaction

sodium dodecyl sulphate

sodium dodecylsulfate polyacrylamide gel electrophoresis
ethylenedinitrilotetraacetic acid

Lysogeny Broth

Super Optimal Broth
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