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1. Abstract

1. Abstract

The soluble blood protein beta2-glycoprotein I (beta2GPI; 326 aa, MW: 48 kDa,
5 domains) is one of the most abundant proteins in human serum and exhibits two
main conformational states: the circular or closed conformation, where the first domain
(DI) is bound to the last domain (DV) of the protein, and the linear or open conforma-
tion. The defined physiological function of beta2GPI is still unknown, though several
roles in pro- and anticoagulation as well as oxidative stress protection were discovered.
The open form is considered to play a crucial role in the systemic autoimmune disease
antiphospholipid syndrome (APS), which is an acquired thrombophilia characterized by
recurring thrombotic events and pregnancy morbidity. Beta2GPI constitutes the main
antigen for APS autoantibodies which are supposed to bind a cryptic epitope within DI
after a conformational change from closed to open form. However, the pathophysiological
mechanism of APS is poorly understood. Therefore, investigating the structural dynamics
of this protein in relation to its antigenicity is of high interest.

Post-translational modifications (PTM) of a target protein often show an impact on
the formation of neoantigens, for instance in the autoimmune-mediated diseases type 1
diabetes mellitus, rheumatoid arthritis, or multiple sclerosis. Such modified antigens
may lead to immune tolerance breakdown as they are unknown to the immune system,
which therefore could mistakes self for non-self proteins. In this thesis, two frequently
occurring PTM were introduced to beta2GPI and their impact on the protein confor-
mation was studied by biophysical tools (i.e. atomic force microscopy (AFM) imaging,
transmission electron microscopy (TEM) imaging, dynamic light scattering (DLS), and
circular dichroism (CD) spectroscopy). In order to examine immunopathophysiological
relevance of these PTM, additional insights were gained from ELISA which was used to
examine binding of anti-DI autoantibodies purified from the blood of APS patients to
the modified beta2GPI species.

A characteristic feature of beta2GPI is the high content of lysine residues. Previously,
opening of beta2GPI was found to be triggered by a drastic shift in pH and salt
concentration (pH 11.5 and 1.15 M NaCl), which results in reversible uncharging of the
lysine residues. The aim of this study was to investigate the beta2GPI conformation
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1. Abstract

after lysine acetylation as a model system, to elucidate the role of lysine residues on the
conformational dynamics of this protein, and to examine anti-DI autoantibody binding
to both the untreated as well as acetylated species.

A strategy to permanently open up the closed form under physiological conditions by
chemical acetylation of lysine residues utilizing the sensitive acetylation agent acetic acid
N -hydroxysuccinimide ester (NHS-Ac) was established. Complete and specific lysine
acetylation was verified by quantification of primary amines exerting a fluoraldehyde
o-phthaldialdehyde (OPA) reagent assay, as well as by native PAGE and western blot
analysis with an anti-acetylated lysine antibody. Beta2GPI acetylation revealed a partial
opening of beta2GPI molecules. Compared to untreated, i.e. native beta2GPI which
exhibited 93% of the molecules in closed and 7% in open form, complete lysine residue
acetylation generated 39% of beta2GPI in closed and 61% in open conformation as shown
by AFM high-resolution imaging. pH 11.5-treated beta2GPI was used as a reference
in the applied methods and revealed 38% of the protein in closed and 62% in open
conformation. Thus, a significant shift in beta2GPI conformation occurred upon lysine
residue acetylation as well as basic pH-treatment. The data indicate that lysine residue
acetylation destabilizes the closed form, leading to a facilitated opening of the structure.
The closed conformation might be predominantly stabilized by electrostatic interactions of
lysine residues, which potentially control the conformational dynamics of this glycoprotein.
ELISA confirmed that anti-DI autoantibodies do not bind to untreated (closed) beta2GPI.
Although acetylated beta2GPI was shown to have a substantial portion of open proteins,
no binding of anti-DI autoantibodies to the acetylated species was found either. Hence,
acetylated lysine residues may disrupt the immunorelevant epitope in DI which prevents
antibody binding. This finding reveals a new hint for epitope organization. However,
further detailed epitope mapping has to be performed.

Beta2GPI carries two structural disulfide bonds per domain, whereas an additional
disulfide bond Cys288/Cys326 is located at the C-terminus of DV near the putative
contact interface of DI and DV in the closed conformation. It was previously shown that
beta2GPI is a substrate of thiol oxidoreductases, including human thioredoxin-1 (Trx-1)
generating different redox states of disulfide bond Cys288/Cys326, which might serve as
a scavenger in oxidative stress protection in the blood stream. In APS patients, anti-DI
antibody titers as well as an enhanced risk for thrombotic events are associated with
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1. Abstract

an increase in the oxidized state of the protein. Hitherto, no structural study has been
performed in order to prove a correlation of the redox state and the conformation of
beta2GPI. Therefore, investigations of beta2GPI conformation in different redox states
of disulfide bond Cys288/Cys326 were carried out. In addition, binding of anti-DI
autoantibodies to the untreated (native) as well as reduced protein should be explored.

At first, cysteine residues of untreated, i.e. native beta2GPI were confirmed to be
completely in oxidized state using Ellman’s reagent assay and the absence of binding of a
thiol-specific agent. Statistical analyses of AFM images revealed that untreated beta2GPI
was mainly in closed conformation (80% in closed and 20% in open conformation) in
the respective system. In this study, an optimized protocol for enzymatic reduction of
disulfide bond Cys288/Cys326 was established. The agent TCEP was used to reduce
human Trx-1, which in turn enzymatically reduced beta2GPI. To block reoxidation of
free thiols and to facilitate product analysis, cysteine residues of reduced beta2GPI
were subsequently labeled with the sensitive and thiol-specific reagent 3-(N-maleimido-
propionyl)biocytin (MPB), which carries a biotin function. During protocol establishment,
complete and specific reduction of disulfide bond Cys288/Cys326 was confirmed utilizing
SDS-PAGE, streptavidin western blot, mass spectrometry (MS) analyses, and a biotin
quantification assay. Protocol improvements constituted a homogenous system with
remarkable decrease of unspecifically reduced beta2GPI. Upon beta2GPI reduction, AFM
imaging revealed no significant shift in protein conformation (75% in closed and 25%
in open conformation). These results were qualitatively confirmed by TEM imaging.
Therefore, reduction of beta2GPI disulfide bond Cys288/Cys326 did not result in a
major conformational change of the protein. Upon in vitro reduction, the closed form
is still the main conformation and a direct correlation of beta2GPI redox state and
conformation must be refused. Furthermore, beta2GPI reduction led to a strong and
statistically highly significant increase in anti-DI autoantibody binding compared to
untreated beta2GPI. Thus, the reduced form might be the antigenic form of the protein.
In contrast to previous knowledge, these findings suggest that anti-DI autoantibodies may
also bind to the closed conformation under certain conditions. Hypothetically, reduction
of beta2GPI could induce a minor structural change in DV that might facilitate the
binding of APS autoantibodies.
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1. Abstract

Overall, this study reveals that PTM of beta2GPI may lead to a critical level of destabi-
lization of the closed conformation (as in the case of acetylated beta2GPI) or significantly
increase the binding of APS autoantibodies (as in the case of reduced beta2GPI), both
of which could have a large impact on APS disease. However, further investigations are
necessary to put these new findings in the context of APS immunopathophysiology.
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2. Zusammenfassung

2. Zusammenfassung

Das lösliche Blutprotein beta2-Glykoprotein I (beta2GPI; 326 Aminosäuren, MW: 48 kDa,
5 Domänen) ist eines der am häufigsten im menschlichen Serum vorkommende Protein
und weist zwei Hauptkonformationszustände auf: Die zirkuläre oder geschlossene Kon-
formation, bei welcher die erste Domäne (DI) an die letzte Domäne (DV) des Proteins
gebunden ist, und die lineare oder offene Konformation. Die genaue physiologische Funk-
tion des beta2GPI ist noch unbekannt, obgleich bereits verschiedene Aufgaben in der
Pro- und Antikoagulation sowie beim Schutz vor oxidativem Stress entdeckt wurden. Der
offenen Form wird eine entscheidende Rolle in der systemischen Autoimmunerkrankung
Antiphospholipid-Syndrom (APS) zugeschrieben, einer erworbenen Thrombophilie, welche
durch wiederkehrende Thrombosen und Schwangerschaftsmorbidität gekennzeichnet ist.
Beta2GPI stellt das zentrale Antigen für APS-Autoantikörper dar, welche vermutlich nach
einem Konformationswechsel von der geschlossenen zur offenen Form an ein kryptisches
Epitop innerhalb der DI binden. Der pathophysiologische Mechanismus des APS ist
jedoch nur unzureichend verstanden, sodass Untersuchungen der strukturellen Dynamik
des beta2GPI in Verbindung mit seiner Antigenität von hohem Interesse sind.

Post-translationale Modifikationen (PTM) eines Zielproteins haben oft großen Einfluss
auf die Bildung von Neoantigenen, wie zum Beispiel bei den autoimmunvermittelten
Erkrankungen Diabetes mellitus Typ 1, Rheumatoide Arthritis oder Multiple Sklerose.
Modifizierte Antigene können zu einem Zusammenbruch der Immuntoleranz führen, da
sie dem Immunsystem unbekannt sind und dieses daher fälschlicherweise körpereigene für
körperfremde Proteine halten kann. In dieser Arbeit wurde beta2GPI mit zwei der am häu-
figsten vorkommenden PTM modifiziert und deren Einfluss auf die Proteinkonformation
mit biophysikalischen Methoden untersucht (Rasterkraftmikroskopie (AFM), Trans-
missionselektronenmikroskopie (TEM), dynamische Lichtstreuung (DLS) und Zirku-
lardichroismus (CD) Spektroskopie). Um die immunpathophysiologische Relevanz dieser
PTM zu untersuchen, wurden zusätzliche Erkenntnisse aus einem ELISA gewonnen, mit
dem die Bindung von aus dem Blut von APS-Patienten gereinigten anti-DI-Autoanti-
körpern an die modifizierten beta2GPI-Spezies getestet wurde.
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2. Zusammenfassung

Ein charakteristisches Merkmal von beta2GPI ist ein hoher Anteil der Aminosäure Lysin.
Zuvor wurde festgestellt, dass eine Öffnung der beta2GPI-Konformation durch eine
drastische Verschiebung des pH-Wertes und der Salzkonzentration (pH 11,5 und 1,15 M
NaCl) ausgelöst wird, was zu einer reversiblen Neutralisierung der unter physiologischen
Bedingungen positiv geladenen Lysinseitenketten führt. Ziel dieser Studie war es, die
beta2GPI-Konformation nach Acetylierung der Lysinreste als Modellsystem zu unter-
suchen, die Rolle der Lysinreste in der Konformationsdynamik dieses Proteins aufzuklären
und die Bindung von anti-DI-Autoantikörpern sowohl an unmodifiziertes als auch an
acetyliertes beta2GPI zu untersuchen.

Es wurde eine Strategie zur dauerhaften Öffnung der geschlossenen Proteinkonformation
unter physiologischen Bedingungen durch chemische Acetylierung der Lysinreste unter
Verwendung des sensitiven Acetylierungsmittels Essigsäure-N -hydroxysuccinimidester
(NHS-Ac) etabliert. Die spezifische und vollständige Acetylierung wurde anhand der
Quantifizierung der primären Aminogruppen mit dem Fluoraldehyd-haltigen Reagenz
o-Phthaldialdehyd (OPA), nativer PAGE sowie durch Western Blot-Analyse mit einem
anti-acetylierten Lysin-Antikörper nachgewiesen. Nach Acetylierung des beta2GPI lag
ein Großteil der Proteine in der offenen Konformation vor. Im Vergleich zu unbehan-
deltem, d.h. nativem beta2GPI, welches zu 93 % in geschlossener und 7 % in offener
Form abgebildet wurde, erzeugte die vollständige Lysinacetylierung 39 % beta2GPI
in geschlossener und 61 % in offener Konformation, wie anhand von hochauflösenden
AFM-Bildern gezeigt wurde. pH 11,5-behandeltes beta2GPI wurde als Referenz in den
angewandten Methoden gebraucht und ergab 38 % des Proteins in geschlossener und 62 %
in offener Konformation. Somit kam es sowohl bei der Acetylierung der Lysinreste als
auch unter Behandlung mit einem basischen pH zu einer signifikanten Veränderung der
beta2GPI-Konformation. Die Daten deuten darauf hin, dass die Acetylierung der Lysin-
reste die geschlossene Form destabilisiert, was zu einer erleichterten Öffnung der Struktur
führt. Somit könnte die geschlossene Konformation vorwiegend durch elektrostatische
Wechselwirkungen der Lysinreste stabilisiert sein, welche die Konformationsdynamik
dieses Glykoproteins steuern. Anhand eines ELISA wurde bestätigt, dass anti-DI-
Autoantikörper nicht an unbehandeltes (geschlossenes) beta2GPI binden. Obwohl in
dieser Studie gezeigt wurde, dass Lysin-acetyliertes beta2GPI einen beträchtlichen Anteil
an offenen Proteinen aufweist, wurde auch an die acetylierte Species keine Bindung der
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2. Zusammenfassung

anti-DI-Autoantikörper beobachtet. Möglicherweise unterbricht die Acetylierung der
Lysinreste das immunorelevante Epitop in DI, sodass eine Antikörperbindung trotz offener
Konformation verhindert wird. Diese Erkenntnisse liefern einen neuen Hinweis auf die
Epitoporganisation, wobei jedoch eine weitere detaillierte Epitopkartierung durchgeführt
werden muss.

Beta2GPI besitzt in jeder seiner fünf Domänen zwei strukturelle Disulfidbindungen,
wobei sich am C-Terminus von DV eine zusätzliche Disulfidbindung Cys288/Cys326
in der Nähe der putativen Kontaktstelle von DI und DV in der geschlossenen Kon-
formation befindet. Zuvor konnte gezeigt werden, dass beta2GPI ein Substrat von
Thiol-Oxidoreduktasen, wie dem humanen Thioredoxin-1 (Trx-1), darstellt. Somit wer-
den verschiedene Redox-Zustände der Disulfidbindung Cys288/Cys326 erzeugt, was
vermutlich dem Schutz vor oxidativem Stress im Blutstrom dient. Bei APS-Patienten
stehen anti-DI-Antikörpertiter sowie ein verstärktes Risiko für thrombotische Ereignisse
in Zusammenhang mit einer erhöhten Konzentration des oxidierten Proteins. Bisher
wurde jedoch keine Proteinstrukturstudie durchgeführt, um eine Korrelation zwischen
dem Redox-Zustand und der Konformation des beta2GPI nachzuweisen. Somit wurden
in dieser Studie die verschiedenen Redox-Zuständen der Disulfidbindung Cys288/Cys326
im Hinblick auf die Konformation des beta2GPI untersucht. Darüber hinaus wurde die
Bindung von anti-DI-Autoantikörper an das unmodifizierte (native) sowie das reduzierte
Protein geprüft.

Zunächst konnte in dieser Studie unter Verwendung des Ellman’schen Reagenzienassays
und durch die fehlende Bindung eines thiolspezifischen Liganden bestätigt werden, dass
die Cysteinreste des unbehandelten, d.h. nativen beta2GPI vollständig im oxidierten
Zustand vorliegen. Statistische Analysen von AFM-Bildern zeigten, dass unbehandeltes
beta2GPI auch in diesem System hauptsächlich in geschlossener Konformation (80 %
in geschlossener und 20 % in offener Konformation) vorlag. Es wurde ein optimiertes
Protokoll für die enzymatische Reduktion der Disulfidbindung Cys288/Cys326 etabliert.
TCEP wurde zur Reduktion von humanem Trx-1 verwendet, welches wiederum beta2GPI
enzymatisch reduzierte. Um die Reoxidation freier Thiole zu blockieren und die Produkt-
analyse zu erleichtern, wurden die Cysteinreste des reduzierten beta2GPI anschließend mit
dem sensitiven, thiolspezifischen und Biotin-funktionalisierten Reagenz 3-(N-Maleimido-
propionyl)Biozytin (MPB) markiert. Während der Etablierung des Protokolls wurde
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2. Zusammenfassung

die vollständige und spezifische Reduktion der Disulfidbindung Cys288/Cys326 anhand
von SDS-PAGE, Streptavidin-Western Blot, Massenspektrometrie (MS)-Analysen und
eines Biotin-Quantifizierungsassays bestätigt. Die Optimierung des Protokolls resul-
tierte in einem homogenen System mit einer deutlichen Verringerung an unspezifisch
reduziertem beta2GPI. Nach der Reduktion des Proteins zeigte die AFM-Bildgebung
keine signifikante Veränderung der Proteinkonformation (75 % in geschlossener und
25 % in offener Konformation). Diese Ergebnisse wurden anhand von TEM-Bildern
qualitativ bestätigt. Somit führte die Reduktion der Disulfidbindung Cys288/Cys326
des beta2GPI nicht zu einer wesentlichen Konformationsänderung des Proteins. Nach in
vitro-Reduktion ist die geschlossene Form immer noch die hauptsächlich vorliegende Kon-
formation, sodass keine direkte Korrelation des Redoxzustands und der Konformation von
beta2GPI besteht. Darüber hinaus führte die Reduktion des beta2GPI zu einem starken
und statistisch hochsignifikanten Anstieg der Bindung von anti-DI-Autoantikörpern im
Vergleich zu unbehandeltem beta2GPI. Somit könnte die reduzierte Form die antigene
Form des Proteins darstellen. Im Gegensatz zu den bisherigen Erkenntnissen deuten die
Ergebnisse darauf hin, dass anti-DI-Autoantikörper unter bestimmten Bedingungen auch
an die geschlossene Konformation binden können. Hypothetisch könnte eine Reduktion
von beta2GPI eine geringfügige strukturelle Veränderung in DV induzieren, welche die
Bindung von APS-Autoantikörpern möglicherweise erleichtert.

Insgesamt zeigt diese Studie, dass PTM von beta2GPI zu einem kritischen Ausmaß
der Destabilisierung der geschlossenen Konformation führen können (wie im Fall von
Lysin-acetyliertem beta2GPI) oder die Bindung von APS-Autoantikörpern signifikant
erhöhen (wie im Fall von reduziertem beta2GPI), was beides eine große Bedeutung für
die Erkrankung APS haben könnte. Es sind jedoch weitere Untersuchungen notwendig,
um diese neuen Erkenntnisse in den Kontext der Immunpathophysiologie des APS
zu stellen.
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3. Introduction

Proteins are regarded as the “key of life” for all living beings. These macromolecules
form complex 3D-structures. They are built of the variation of 20 different proteinogenic
amino acids, each carrying a characteristic residue. During protein synthesis, amino acids
are connected via amide bonds (peptide bonds), which constitute the primary structure
of a protein. The primary structure is folded into secondary structure elements, such as
alpha-helix, parallel or anti-parallel beta-sheet, beta-turn, and random coil through a
number of covalent (e.g. disulfide bonding) and non-covalent interactions (e.g. hydrogen
bonding, electrostatic interaction, or hydrophobic packing). Several elements of this
secondary structure are further organized to the tertiary structure of a protein. Some
proteins even consist of a quaternary structure, in which two or more tertiary structured
polypeptide chains are associated. As fundamental parts, proteins fulfill various functions,
such as structure-lending, regulatory, and enzymatic tasks. Further, the proteome consists
of polypeptides responsible for storage or transport, and transformation of information
(i.e. transcription and translation) [2]. The function of a protein depends on its 3D-
structure. Therefore, investigations of the protein structure improve the understanding of
its physiological role. Although it would be possible for a protein to adopt a vast variety
of structural conformations based on its primary structure, proteins typically fold into
a single, energetic favorable state (native state) stable under physiological conditions.
However, proteins are no static objects and external factors can reversibly or irreversibly
convert the structure of a protein into another conformation. A conformational change is
frequently found for activated proteins to enable their function, but could also result in a
pathogenic states of a protein. Thus, imbalances in protein conformational dynamics
might trigger diseases and should be examined in detail.

Antibodies are soluble blood proteins that serve as a defense component for the specific
binding of antigens in the humoral immune system. Antigens are foreign substances of
pathogens that may harm the organism. Amongst others, antibodies mark the antigen
for endocytosis and degradation. Immunoglobulin G (IgG antibodies) are Y-shaped
tetramers produced by B lymphocytes and constitute the major part of human serum
antibodies. An IgG antibody recognizes an antigen through the fragment antigen-binding
(Fab) variable region, which is located at each tip of the Y. This highly specific antigen
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binding site interacts with a particular epitope (i.e. antigenic determinant) on an antigen.
An antigen can have several epitopes on its surface. Further, IgG antibodies are able to
cross-link antigens through agglutination via their two identical antigen binding sites.
The variable region differs between antibodies and provides a variety of individual primary
sequences produced by genetic recombination that are directed against epitopes of all
kinds of antigens. The antibody binding of antigens has an extraordinarily high binding
affinity, which leads to an increased sensitivity of the complex formation [2].

3.1. Mechanism of autoimmune diseases

An autoimmune disease is characterized by the pathological immune response towards
endogenous, healthy components of the body, which is based on a disturbed tolerance of
the immune system leading to the formation of autoantibodies. The immune system can
mistake self for non-self proteins, which results in an attack on the body’s own cells or
tissues. Nowadays, more then 80 autoimmune disorders are known and new autoimmune
diseases are being discovered. In 2012, about 22 million people (7%) living in the United
States were estimated to be affected by an autoimmune disease [3;4]. Hence, autoimmune
disorders constitute a major health problem.

Prominent examples that are generally considered autoimmune include type 1 diabetes
mellitus, rheumatoid arthritis and multiple sclerosis. In type 1 diabetes mellitus autoanti-
bodies are produced, which attack and destroy insulin-producing cells of the pancreas [5;6].
Approximately 0.4% of the German population suffer from this autoimmune disease [7].
Rheumatoid arthritis is characterized by the immune system attack of the synovial mem-
brane of joints and has a prevalence of 0.5%−1.0% in Europe and Northern America [8].
The disease is progressive and leads to the destruction of the joints, which might result
in serious disabilities. In multiple sclerosis, the brain and the spinal cord of a patient are
damaged as the aggression of autoantibodies is directed against the myelin sheath, the
protective coating that surrounds nerve cells, which decelerates the transfer of nervous
signals [9]. Multiple sclerosis is one of the most common inflammatory diseases of the
central nervous system.
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Autoimmune diseases are often chronic and incurable and significantly decrease the quality
of life of a patient [3]. A number of autoimmune disorders further generate life-threatening
episodes, while available treatment options only reduce disease-specific symptoms. In
contrast to the autoimmune diseases mentioned above, the majority constitutes rare
disorders. Patients might spend a long time seeking for a proper diagnosis followed by
suffering from the limitations of the therapy. Although a wide variety of autoimmune
diseases is known, they might share common mechanistic features, so-called autoimmune
tautology, of what could make an endogenous protein immunogenic [10]. The detailed
elucidation of the mechanism of autoimmune diseases is therefore urgently required and
serves as the basis for the development of new drugs and therapeutic strategies.

Autoimmune disorders might be provoked by familial (genetic) predisposition, stress,
pathogens, other concomitant diseases, xenobiotics, or hormonal imbalance, but on the
protein level little is known about the initialization and progression of such diseases.
Bolon [11] summarized the most likely mechanisms for self-tolerance breakdown in auto-
immune diseases. Besides lymphocyte-related dysfunction, which also leads to a deficient
protection of endogenous proteins caused by autoreactive T and B lymphocytes, the author
further emphasized the appearance of “fresh foes”. Altered antigens might develop by the
modification of endogenous proteins, or by unmasking, i.e. exposure of a cryptic epitope
to generate neoantigens. A native protein might be modified by gene mutation or post-
translational modification (PTM) and therefore, it is recognized by the immune system.
Possible modifications of the protein are described in more detail below. Furthermore,
the molecular mimicry theory describes the possibility of a structural similarity of foreign
(external) antigens with epitopes of endogenous components (self-antigens) that might
induce the autoimmune response.

3.1.1. Ligand binding to the target protein

Platelet factor 4 (PF4) is a tetrameric protein (MW: 32 kDa) which functions as a small
cytokine during cell signaling after release from platelets and neutralizes heparin-like
molecules on the endothelial surface of blood vessels. Heparin is a polyanionic glycos-
aminoglycan, which is given to patients after a surgery as anticoagulation prophylaxis.
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Heparin can form complexes with PF4 and may induce a conformational change of
this protein. Up to 3% of patients on heparin treatment will progress to develop the
autoimmune disease heparin-induced thrombocytopenia (HIT), which is an example of a
ligand-mediated autoimmune response. HIT autoantibodies recognize the heparin/PF4
complexes and subsequently active platelets, which leads to platelet aggregation and
thrombus formation. Clinical manifestations include a decrease in platelet count (throm-
bocytopenia), deep vein thrombosis, pulmonary embolism (venous thrombosis) as well as
stroke and heart attack (arterial thrombosis). A mortality rate of 20%−30% occurs if
HIT remains untreated [12].

HIT serves as a model system for autoimmune diseases interfering with thrombosis
and haemostasis as it is well characterized on the molecular level by biophysical meth-
ods. Antigenic PF4/heparin complexes reveal a significant increase in antiparallel beta-
sheet content detected by circular dichroism (CD) spectroscopy, while enzyme-linked
immunosorbent assay (ELISA) results show high antigenicity of the respective complex.
Thus, a direct correlation of the change in secondary structure of PF4 in complex with
heparin and the increased antigenicity of the complex resulting in the binding of HIT
autoantibodies was found [13;14;15;16]. Furthermore, from this point in time it was possible
to use CD spectroscopy to predict the antigenicity of established as well as new drugs
in HIT. Taken together with other findings, the antigenicity was proven to depend on
the chain length of the heparin molecule. Heparins with a chain length below 10 sugar
units are “safe”, because they do not initiate a conformational change of PF4. Therefore,
treatment with unfractionated (high-molecular weight) heparin offers the risk of HIT
but not with low-molecular weight heparins (LMWH), both of which are used in clinical
practice. Finally, this new understanding had influence on the clinical treatment of HIT
patients [17]. However, the reason remains unclear for which a proportion of persons
treated with high-molecular weight heparins will progress to HIT.

3.1.2. Gene mutations of the target protein

A mutated variant of the target protein might result in an autoimmune response. Gene
mutation can lead to an altered structure of a protein, which might be recognized
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as a self-antigen by autoantibody binding. Such mechanism might be the basis of
autoimmune pancreatitis (AIP). Serine protease inhibitor, Kazal type 1 (SPINK1) acts
as the inhibitor for cationic trypsin in the pancreas. Chronic pancreatitis is strongly
associated with the SPINK1 variant N34S, but not with its wild type [18;19;20]. In the
autoimmune-mediated form of this disease autoantibodies directed against N34S are
considered to clear SPINK1. Hence, without inhibition trypsin undergoes uncontrolled
activation which causes autodigestion of the pancreas (pancreatitis). However, to date
this autoimmune disease offers many open questions as an additional trigger must exist,
since the N34S mutation is a known genetic predisposition, but not every subject which
carries this mutation develops AIP.

3.1.3. Post-translational modifications (PTM) of the target protein

Post-translational modifications (PTM) result in a proteome which is at least two orders
of magnitude larger than the genome and are frequently linked to protein function. Such
modifications of a protein are mostly catalyzed by specified enzymes and require rigorous
regulation to avoid malfunction. In general, PTM are categorized to three basic types [21].
(1) More than 40 covalent modifications of amino acid residues have been identified [22].
A statistical analysis of proteome-wide PTM revealed that phosphorylation, acetylation
(especially lysine acetylation), N-linked glycosylation, and methylation were found most
frequently [21;23]. (2) Hydrolytic cleavage of the peptide bond by proteases is irreversible
under physiological conditions. Further, isomerization of the cis-trans configuration of
a peptide bond, especially of proline, plays a role in structuring of a polypeptide [21].
(3) Reductive cleavage of disulfide bonds as well as linkage of free thiols refer to different
redox states of a protein, respectively [21].

Upon PTM, proteins frequently show an impact on human diseases [24]. Moreover, PTM
are an additional option for the formation of neoantigens (autoantigenesis). PTM
of a protein can trigger an autoimmune response by generating new self-antigens for
which no immune tolerance has been developed, such as those modified proteins asso-
ciated with type 1 diabetes mellitus (oxidation), rheumatoid arthritis (citrullination
and carbamylation) or multiple sclerosis (phosphorylation, citrullination, acetylation,
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and malondialdehyde addition) [25]. Autoimmune disorders rarely exhibit a single target
protein as antigen and therefore, a mixture of autoantibodies directed against several
PTM proteins was found in these patients.

3.1.4. Environmental stress conditions

Certain environmental stress conditions, like shifts in pH, a temperature shift, or changes
in the ion concentration might also alter the structure of a protein, which could be
subsequently recognized as a foreign antigen. As shown for SPINK1, the structure of the
N34S mutant is more prone to physiological changes in pH compared to SPINK1 wild
type, which might enable autoantibody binding after pH shift [26].

It was frequently recognized that not all individuals affected by a modified target protein
which is associated with autoimmunogenicity develop autoantibodies or disease specific
symptoms. An environmental trigger or stressor is supposed to be needed as a second hit
to initiate the autoimmune response. Possible offenders might be drugs, toxicants, dietary
components, infections, or physical and psychological stress resulting in dysfunction
of immune homeostasis [27;28]. Therefore, in autoimmune diseases an intrinsic factor
(e.g. genetic predisposition or PTM) and an external trigger (e.g. environmental stress
or ligand binding) may have to occur in combination [27]. However, a PTM can also
be induced by an external factor. Both triggers and target proteins are among the
determinants of autoimmune diseases. In vivo relevance of such a trigger for a second
or even multiple hit is yet difficult to verify, because it might be a subclinical event.
Nevertheless, discovery of a common immunopathophysiological pattern would increase
the therapeutic options of a certain autoimmune disease.

3.2. Antiphospholipid syndrome (APS)

This work focuses on an autoimmune disease which interferes with thrombosis and
haemostasis. In the early 1980s, the disorder antiphospholipid syndrome (APS), which is
also named Hughes syndrome, was first described as discrete clinical picture [29]. This
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autoantibody-mediated thrombophilia is characterized by recurrent vascular thrombosis
and pregnancy complications. As a rare disease, APS is still one of the most common
systemic autoimmune diseases and it is considered the leading cause (> 15% of cases) of
strokes in people under the age of 50 years [30]. In addition, up to 10% of women with
recurrent miscarriage are diagnosed with APS [31;32]. According to an US population
based study, current prevalence and annual incidence of this autoimmune disease are
estimated to approx. 50 and 2 cases per 100,000 persons, respectively [33], with women
being significantly more affected [34].

APS causes venous, arterial, and microvascular thrombosis, e.g. deep venous thrombosis,
stroke, pulmonary embolism, or heart attack. The disease provokes recurring miscarriage,
usually in mid to late phase, or other obstetric morbidities, such as pre-term delivery due to
pre-eclampsia or placental insufficiency [35]. Furthermore, APS constitutes a heterogeneous
disorder with various other clinical manifestations including cardiac valvular disease,
(renal) thrombotic microangiopathy, thrombocytopenia, hemolytic anemia, cognitive
dysfunction (e.g. migraine), and cutaneous impairments (e.g. livedo reticularis or
purpura) [34;35;36]. In some patients APS appears in association with systemic lupus
erythematosus (SLE) or another autoimmune disorder. Further, up to 1% of patients
are affected by microangiopathic APS or catastrophic APS (CAPS), which represents
a particularly severe form, manifesting in multi-organ failure due to thrombosis and
massively increased mortality [37;38].

Besides thrombotic and obstetric morbidity, APS is characterized by the presence of
anti-phospholipid antibodies in the blood of patients. Nevertheless, the term “anti-
phospholipid antibody” is misleading because later on, these autoantibodies were found
to be directed against phospholipid-binding plasma proteins [39;40;41]. For instance, antigens
include beta2-glycoprotein I (beta2GPI), prothrombin, annexin V, protein C, protein S,
or thrombomodulin [42;43]. Beta2GPI comprises the major antigen for autoantibodies
involved in APS [40;44]. Among other APS antibodies, anti-beta2GPI appears in 1% to
5% of healthy controls [45;46;47;48] and may occur as transient antibodies after an external
trigger such as an infection. Hence, a substantial proportion of the general population
carries anti-beta2GPI antibodies but will not develop APS.
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Table 3.1 Clinical and laboratory criteria of APS as defined by the “Sydney criteria” [49].

Clinical criteria Laboratory criteria
(1) Venous, arterial or microvascular
thrombosis in any tissue or organ
(2) Pregnancy morbidity

a) Unexplained death of a morphologi-
cally normal fetus at ≥ 10 weeks

b) Premature birth of a morphologi-
cally normal neonate at < 34 weeks due
to (i) eclampsia or severe pre-eclampsia or
(ii) severe placental insufficiency
c) ≥ 3 unexplained, consecutive, spon-

taneous abortions at < 10 weeks

Medium to high titer at least two times
12 weeks apart
a) Anti-cardiolipin IgG or IgM
b) Anti-beta2GPI IgG or IgM
c) Lupus anticoagulants (LA) test

In 2006, revised criteria for diagnosis of APS were published in an international consensus
statement, the “Sydney criteria for APS” (Table 3.1) [49]. At least one clinical and one
laboratory criterion must be present for an APS patient to be diagnosed. Besides the
clinical picture including the occurrence of thrombotic events or obstetric complications,
the laboratory criteria play a major role in APS diagnosis. The serum concentrations (i.e.
titers) of anti-cardiolipin (aCL) and anti-beta2GPI IgG or IgM antibodies are determined
by ELISA. aCL antibodies also need beta2GPI as a co-factor for cardiolipin binding [39].

Furthermore, testing for lupus anticoagulants (LA) might be involved in APS diagnosis.
Similar to APS antibodies, LA consists of autoantibodies with heterogeneous specificities
directed against plasma coagulation proteins bound to phospholipids [41;43]. Thus, LA is
also sensitive for beta2GPI/phospholipid complexes. While LA is prothrombotic in vivo,
the presence of these pathogenic antibodies prolongs the clotting time of phospholipid-
dependent coagulation assays in vitro. This interference with the blood clotting process is
determined as the LA effect [50;51] and supports diagnosis of APS. Although ELISA is the
more sensitive technique for detection of APS autoantibodies, LA testing is more specific,
because it monitors a broad range of antibodies targeting plasma proteins involved in
coagulation. Hence, LA positivity was found to be a strong predictor of thrombosis [51].

Current therapies for APS are very limited and mostly based on long-term anticoagulation,
which constitutes the only evidence-based treatment [52;53]. Usually, treatment with
warfarin or similar vitamin K antagonists is given to a patient, while in special cases
heparin injections (in case a patient doesn’t respond to warfarin) or aspirin therapy (in
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case a patient has APS antibodies but no clots) are used. For APS in obstetric conditions,
precaution and special guidelines are required [35;36]. Despite anticoagulation therapy,
relapses of thrombotic events are common and occur in 17% of APS patients within
5 years [54]. Additional medications are of potential use, such as the anti-malaria drug
hydroxychloroquine (in obstetric APS and APS associated with another autoimmune
disease), statins, novel oral anticoagulants (NOACs) like rivaroxaban, or B cell depletion
by the therapeutic antibody rituximab. However, broad efficacy of those medications
has to be proven [35;52].

A massive reduction in health-related quality of life (HQoL) of APS patients compared to
the general population was reported a number of times [55;56]. APS constitutes a chronic
and potentially life-threatening disorder with significant morbidity [54]. In addition to the
disease characteristics mentioned, unspecific initial symptoms frequently impede an early
diagnosis. After APS is identified, anticoagulation treatment is lifelong, but with the
risk of relapses despite therapy. Thus, APS patients suffer from a high burden of disease
in general. In order to improve the life of patients, the development of better treatment
options on the basis of targeted therapeutics is desperately needed [52]. This requires the
detailed understanding of the pathophysiological mechanism of APS.

3.3. Beta2-glycoprotein I (beta2GPI)

The soluble blood protein beta2-glycoprotein I (beta2GPI, or previously named apolipo-
protein H) was first described by Schultze et al. [57] in 1961. Beta2GPI circulates in blood
with an average concentration of 200 µg/mL, ranging from 50 to 500 µg/mL (1−10 µM) [58].
It is therefore one of the most abundant proteins in human serum. Beta2GPI is encoded
by the APOH gene and the biosynthesis mainly occurs in hepatocytes, while this
glycoprotein is found in all mammals as well as birds, fish and reptiles. After cleavage
of a 19 amino acids signal peptide, beta2GPI is secreted into the blood stream with a
molecular weight of approximately 50 kDa, including 326 amino acids [59]. The primary
sequence of beta2GPI is illustrated in SI Figure A.1. Beta2GPI has an experimentally
determined isoelectric point (pI) of 5.0−6.5 [60;61].
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As shown in Figure 3.1A and B, this glycoprotein is a single chain polypeptide and
comprises five domains. Domain I to IV (DI to DIV) are built of complement control
protein (CCP) modules or so-called Sushi domains [62;63], that describe a consensus
sequence characteristic for polypeptides involved in the binding of complement factors or
pathogenic proteins [64]. The complement system is a system of plasma proteins, which
takes part in the humoral immune response. DI to DIV, each containing 60 amino
acid residues, reveal a repeating primary amino acid sequence with consistent domain
folding [62;65]. As typical for CCP modules, the domains are composed of antiparallel
beta-sandwich structures and carry two conserved, self-connecting disulfide bonds in a
1−3, 2−4 pattern. The domains of beta2GPI are separated by short, but flexible random
coil regions. In addition, DIII and DIV are highly glycosylated carrying long branched
sugar chains.

In contrast to DI to DIV, the fifth domain (DV) of beta2GPI possesses two additional
amino acid sequences. A section of six amino acids (Lys282−Lys287) is inserted into
a beta-hairpin and generates a lysine-rich positively charged patch (lysine-rich loop)
in DV. This loop region plays an important role in the binding of negatively charged
macromolecules. Amongst others, DV of beta2GPI interacts with anionic phospho-
lipids, such as cardiolipin in the cell membrane of endothelial cells, monocytes, or
platelets [52;66;67;68;69]. Moreover, a C-terminal extension of 20 amino acids leads to a
flexible loop (Phe307−Cys326) including two short alpha-helices. The loop is fixed by an
additional disulfide bond formed by Cys288 and Cys326 [62;65]. Within this second func-
tional loop, the amino acid residues Leu313−Trp316 constitute a hydrophobic section that
anchors to the membrane, supporting phospholipid binding (hydrophobic loop) [62;70].

Beta2GPI total molecular mass has a portion of covalently bound carbohydrate groups
of almost 20% w/w [59;71]. A comprehensive review of what is known about glycosy-
lations of beta2GPI was published by Clerc et al. [72] in 2016. As confirmed by X-ray
crystallography, four N-glycosylation sites at Asn143, Asn164, Asn174 and Asn234 and
an O-glycosylation site at Thr130 were reported [59;62;65]. Each site putatively consists of
a long and branched carbohydrate chain. More precisely, mass spectrometry analysis
revealed that 9 to 14 sugar residues, such as N-acetylglucosamine, mannose, galactose,
and N-acetylneuraminic acid are organized as di- (two-branched) or triantennary (three-
branched) arms. Minor amounts of fucosylation were also detected. Further, glycosylation
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Figure 3.1 Protein structure and conformations of beta2GPI. (A) Surface model and (B) cartoon
model of beta2GPI X-ray crystallography structure (pdb-ID: 1C1Z) [62]. The different secondary
structure elements alpha-helix (green), beta-sheet (cyan) as well as random coil and turn regions
(black) are shown. The asterisks mark the positions of glycosylation sites. Phospholipid binding
involves the lysine-rich loop (black) and the hydrophobic loop (red). PyMOL 2.0 software was
used to create this figure. (C) Schematic representation of beta2GPI closed (black), S-shaped
(dark blue), and open conformation (cyan). The open conformation of beta2GPI may bind to
phospholipid membranes via DV and enables APS autoantibody binding due to the exposure of a
cryptic epitope within DI.
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of beta2GPI is heterogeneous in human serum of healthy subjects, because at least four
carbohydrate variants of Asn143 and Asn174 have been identified that mostly differ in
their branching and sialylation levels [73].

Several genetic variants of beta2GPI have been described in serum of healthy subjects,
including the single-nucleotide polymorphisms S88N (DII), V247L (DV), C306G (DV) and
W316S (DV) [74;75;76]. Of these, the most common gene mutations are located at positions
306 and 316 in DV and result in a reduction of phospholipid binding ability as well as
altered protein levels in serum [58;76]. Sanghera et al. [77] evolved the theory of genetically
driven structural variants of beta2GPI which might induce autoantibody generation.
However, a mutation located in DI of beta2GPI is unknown to date and a change in the
DI structure of the established genetic variants has not yet been pointed out.

3.3.1. Functions of beta2GPI

The defined physiological functions of beta2GPI are currently unknown. However,
beta2GPI has a wide range of proposed roles in the body including the interference with
agglutination mechanisms showing both pro- and anticoagulant properties, complement
regulation and dispose of negatively charged molecules as well as scavenging oxidative
stress. However, investigations were partially performed in vitro without clear evidence
in vivo.

A comprehensive overview of what is known about the oppositional roles of beta2GPI
in pro- and anticoagulation is given by McDonnell et al. [52], while key aspects of its
regulatory properties in haemostasis are mentioned below. In the intrinsic coagulation
pathway, beta2GPI interacts with factor XI which inhibits its activation to factor XIa and
progression of the coagulation cascade (anticoagulation) [78;79]. Further, beta2GPI plays
an importation regulatory role in the fibrinolytic system. On the one hand, beta2GPI can
activate plasminogen cleavage to plasmin as a co-factor of tissue plasminogen activator
(tPA) (profibrinolytic) [52;80]. On the other hand, plasmin is able to cleave beta2GPI at
Lys317/Thr318 in DV which constitutes a negative feedback, because cleaved beta2GPI
is no longer able to stimulate plasmin generation as it inhibits tPA which down-regulates
fibrinolysis (antifibrinolytic) [81]. Beta2GPI also inhibits activated protein C (APC)
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which results in less inhibition of the coagulation cascade (procoagulation). Additionally,
beta2GPI shows interference with adenosine diphosphate (ADP) mediated platelet
aggregation and interaction with other factors of the coagulation cascade [52;79].

Due to its CCP modules, beta2GPI is involved in the regulation of the complement
system. Beta2GPI was shown to bind the complement protein C3 which increases the
binding of complement factor H (CFH) followed by degradation of C3 [52;82]. Furthermore,
a function of beta2GPI is thought to be the disposal of negatively charged compounds
such as heparins, DNA, sialylated glycoproteins, or phospholipids as a wide variety of
substrates for DV in order to prevent the induction of uncontrolled coagulation and
platelet aggregation [83]. Beta2GPI is also supposed to act as a scavenger for the protection
against oxidative stress caused by reactive oxygen species (ROS) [84;85].

3.3.2. Conformations of beta2GPI

Beta2GPI is known to exhibit structural dynamics [86;87] and adopts two major confor-
mational states (Figure 3.1C). A circular or donut-shaped (closed) conformation,
most probably the inactive form of the protein circulating in blood, is specified by
the interaction of DI and DV. It was first visualized by transmission electron microscopy
(TEM) by Agar et al. [88], who ascertained that more than 90% of beta2GPI isolated
from human blood is in closed conformation. Moreover, a linear and fishhook-like (open)
conformation was obtained by X-ray crystallography structure analysis and later also by
TEM [62;65;88]. Furthermore, an S-shaped conformation, potentially being an intermediate
form, was determined based on modulation of small-angle X-ray scattering (SAXS)
data [89]. Beta2GPI physiological function may strongly depend on the conformation of
this protein [58;90].

As stated above, beta2GPI is the major antigen for autoantibodies present in the
antiphospholipid syndrome (APS). Although a mixture of antibodies directed against
several domains of beta2GPI is found in APS patients, the immunodominant epitope
is located in DI [91;92;93]. The open conformation may expose a cryptic epitope located
within Gly40−Arg43, Asp8−Asp9 and the DI−II linker region, which is suggested from
antibody epitope mapping and mutational studies [58;93]. Antibodies directed against this
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epitope strongly correlate with thrombosis [92;94;95;96;97;98]. The antibody binding site is
hypothesized to be hidden in the closed conformation and thus, APS antibodies may
only interact with beta2GPI after a conformational change, resulting in the open and
potentially antigenic form [92]. Hitherto, no molecular structure of the closed conformation
is available and the location of the interaction surface of DI and DV as well as the position
of carbohydrate chains, the lysine-rich loop, and the hydrophobic loop are unknown in
the closed conformation.

3.4. Mechanism of anti-beta2GPI pathophysiology in APS

The pathophysiological mechanisms involved in APS are only partially understood. As
beta2GPI is the major antigen for APS antibodies, the following description focuses on
the processes which are mediated by anti-beta2GPI antibodies, although APS antibodies
directed against other phospholipid-binding plasma proteins (prothrombin, annexin V,
protein C, protein S, or thrombomodulin [42;43]) also contribute to the complete patho-
physiology of APS.

For the formation of beta2GPI/antibody complexes, three basic pathways are under
debate at the moment [52]: (1) The closed conformation of beta2GPI binds to the
phospholipid membrane which initiates opening of the protein and antibodies then
bind to open beta2GPI in the solid phase. (2) Antibody binding occurs to the closed
conformation of beta2GPI in the liquid phase, resulting in opening of the protein
and binding of the open beta2GPI/antibody complex to the phospholipid membrane.
(3) The closed conformation of beta2GPI opens up due to environmental factors followed
by antibody binding and association of the complex to the phospholipid membrane.
Furthermore, two beta2GPI molecules are supposed to dimerize due to bivalent binding
of the antibody, which strongly increases antibody affinity [99]. Beta2GPI/antibody
complexes interact with several receptors on the cell surface of platelets, monocytes,
and endothelial cells [100]. On platelets glycoprotein-Ib alpha (GPIbα) receptor or LDL
receptor-related protein 8 (LRP8), which is also called apolipoprotein E receptor 2
(ApoER2) are addressed. On monocytes and endothelial cells complexes bind to annexin
A2 or various toll-like receptors (TLR) [45;101].
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In a way, beta2GPI mediates the binding of APS autoantibodies to certain cell types
and interaction of beta2GPI/antibody complexes with cell receptors will lead to cell
activation. Stimulation of platelets initiates p38 mitogen-activated protein (MAP) kinase
phosphorylation which results in thromboxane A2 release and GPIIb/IIIa receptor
expression and hence, increased platelet adhesion. Further, the up-regulation of tissue
factor expression through p38 MAP kinase phosphorylation and subsequent activation of
nuclear factor kappa B (NFκB) in monocytes and endothelial cells enhances the extrinsic
pathway of the coagulation cascade. Monocytes induce the production of tumor necrosis
factor alpha (TNFα) and endothelial cells increase the expression of other adhesion
molecules and interleukins [35;100;101]. The interaction of beta2GPI/antibody complexes
with these cell types results in proinflammatory and prothrombotic conditions which
induce a hypercoagulable state in the body [79;100]. In addition, APS antibodies activate
the complement system. These complex processes finally lead to the manifestations of
APS disease.

Nevertheless, binding to anionic phospholipids is believed to alter the conformation of
beta2GPI from closed to open form as a physiological process in healthy subjects to
enable interaction of DV with the cell membrane, which in most cases does not come
along with APS autoantibody generation and binding. For APS, a “second trigger
theory” or so-called “two hit hypothesis“ is proposed [45;101;102].Thus, one of the most
important questions is what potential conditions could further influence the equilibrium
of beta2GPI conformations, or what could trigger or facilitate opening of the protein,
e.g. by destabilization of the closed form to induce the pathophysiology of APS. To date,
no enzyme or co-factor protein is known to change the structure of this glycoprotein [52].
Post-translational modifications of this blood protein came to the focus of interest as the
molecular trigger of APS autoantibody generation and binding [103], which is explained in
the next chapters in more detail.

23



4. Acetylation of beta2GPI lysine residues

4. Acetylation of beta2GPI lysine residues

4.1. Previous knowledge

It was previously shown by Agar et al. [88] that beta2GPI opens up in vitro by shifting
from physiological conditions to high pH and salt concentration resulting in a population
of 97% fishhook-like particles. Experimentally, the protein is dialyzed several days against
a buffer system containing pH 11.5 and 1.15 M NaCl, followed by rapid buffer change
to physiological conditions before analysis. Nevertheless, this model of open beta2GPI
is reversible by time, because the protein converts back to its closed conformation at
physiological pH.

pH-sensitivity of beta2GPI conformation suggests a hydrophilic interaction between
charged amino acids of DI and DV in the closed form. More than 9% (30 residues) of
the total 326 amino acids of beta2GPI are lysine residues, which are predominantly
exposed to the protein surface. Half of these lysine residues are located within the loop
regions of DV [62], so that this region has a high positive overall charge. In addition,
Lys305 and Lys317 (both DV) were found to be only accessible to enzymatic cleavage
by trypsin in the open form of the protein [88]. Various lysine residues in DV might
be involved in opening of the protein and binding of phospholipid membranes. This
hints that lysines may contribute to the control of protein conformational dynamics by
electrostatic interactions, e.g. between DI and DV.

4.2. Objectives

The aim of this study is to investigate beta2GPI conformation after lysine acetylation
and to elucidate the role of lysine residues on the conformational dynamics of this protein.
The development of a buffer and salt independent model system for the open form
should be achieved by chemical modification of the protein, leading to an irreversible
neutralization of lysine residue positive charges at physiological pH.
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4. Acetylation of beta2GPI lysine residues

The pKa of lysine ε-amino groups is around 10.5. This implies that lysine residues
of beta2GPI should be uncharged at pH 11.5, preventing electrostatic interactions
e.g. between DV and DI. Thus, charge distribution calculations will be carried out to
confirm complete neutralization of lysine residues at pH 11.5. A strategy to permanently
uncharged lysine residues could disrupt electrostatic interactions between DV and DI,
and result in a stable model system for further structural analysis of this protein.

In vivo, lysine acetylation occurs via enzymes called acetyltransferases. Amino acid
acetylation is one of the most common post-translational modification (PTM) in pro-
teins [104;105;106]. In vitro, chemical acetylation of the lysine ε-amino group (primary
amine) can be carried out by various specific acetylation agents such as organic acid an-
hydrides [107;108;109]. Furthermore, the insertion of acetyl groups constitutes a modification
with minimal molecular weight size and sterical effects of the ligand on protein structure.
After validation of fully acetylated beta2GPI, a comparison of the untreated beta2GPI
with pH 11.5-treated and lysine acetylated beta2GPI will be performed by spectroscopic
and atomic force microscopy (AFM) imaging techniques.

Investigations of the role of acetylated lysine residues in converting beta2GPI from closed
to open conformation will help to understand the mechanism of APS disease and to
identify what could trigger or facilitate opening of the protein. It has been shown, that
lysine residue acetylation has an impact on regulation of the immune system [110]. If lysine
acetylation would cause a significant increase in the open conformation of beta2GPI,
this could have a biological impact on APS by making the protein immunogenic and
thus inducing the production and/or binding of autoantibodies as an immune response.
Further, binding studies to APS patient autoantibodies need to be carried out in order
to prove immunorelevant properties of this post-translational modification.
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4.3. Results & Discussion

4.3.1. Contribution of lysine residues to beta2GPI charge distribution 1

First, charge distribution calculations were carried out to theoretically prove that
beta2GPI lysine residues are uncharged at pH 11.5 and a high salt content. This
pre-experiment investigated whether acetylation of lysine residues could mimic the charge
distribution of amino acids upon pH 11.5 treatment. Titration curve calculations of
the most prominent titratable amino acids were carried out at pH 7.4 (0.15 M NaCl)
compared to pH 11.5 (1.15 M NaCl) 2, which revealed the amino acid charge distribu-
tion within beta2GPI. Amino acid titration curves were computed using the web-based
software program H++ [111] (SI Figure A.2). Beta2GPI displayed a total charge which
ranged from +6e at pH 7.4 to −21e at pH 11.5. According to those different total
charges observed, beta2GPI exhibited an altered charge pattern upon pH shift with
the titratable amino acids as listed in Table 4.1. Glutamic and aspartic residues are
evenly distributed among the five domains of beta2GPI. The 20 glutamic residues and
the 14 aspartic residues are negatively charged under physiological conditions (pH 7.4) as
well as in a basic environment (pH 11.5). Arginine (10 residues), tyrosine (14 residues)
and histidine (5 residues) also do not alter their states of protonation within the given
pH range. Lysine residues are seen in every domain of beta2GPI, but show a cluster
of 16 residues located in DV of the protein. All lysine residues are positively charged
at pH 7.4 (Figure 4.1A). However, in contrast to the other titratable amino acids, 27
from the total 30 lysine residues of beta2GPI are uncharged, i.e. neutralized, at pH 11.5
(Figure 4.1B). The remaining three lysine residues, Lys202 (DIV), Lys210 (DIV), and
Lys284 (DV) preserve their positive charge due to micro-environmental compositions.

With these findings beta2GPI lysine residues are proven to significantly alter their state
of protonation between pH 7.4 and pH 11.5. This suggests that lysine residues may
influence or even cause a conformational change between closed and open form. Complete
acetylation of beta2GPI lysine residues can reflect the treatment with pH 11.5 in a proper
and irreversible manner. Additionally, the pH-dependent charge distribution of protein

1 Passages of this section were previously published in Buchholz et al., PCCP (2018) [1]
2 Charge distribution calculations were done by Dr. S. Köppen, University of Bremen.
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glycosylations was investigated. Glycoside functional groups such as of D-glucosamine,
D-galactosamine, or D-mannosamine exhibit pKa values between 7.8 and 8.5 [112]. As
these pKa values lie between pH 7.4 and pH 11.5, glycoside functional groups are able to
switch their protonation states within the respective pH range. Nevertheless, the available
X-ray crystallography structures show that all amino groups of beta2GPI glycosylations
are already acetylated [62;65]. Consequently, acetylation of the amino function prevents
further changes of the protonation state under physiological conditions. However, the
glycosylation sites may be incomplete in the existing structures, and other sugar units
and glycoside functionalities may also contribute to the overall charge distribution.

Figure 4.1C and D display the isosurface of the protein at potential values of +1kBT
(blue) and −1kBT (red). Loss of the positively charged patch in DV of beta2GPI is
visible due to the alteration of the protonation state of 27/30 lysine residues upon pH
shift from pH 7.4 towards pH 11.5. Besides this, the protein isosurfaces are almost similar
between both pH values. The development of a surface potential is strongly dependent
on the salt concentration in aqueous solution [113]. Hence, the salt concentration of 0.15 M
used at pH 7.4 might be sufficient to almost entirely shield electrostatic contributions in
solution. Therefore, it is concluded that the change in beta2GPI conformation is much
more dependent on the environmental pH than on the salt concentration.

Table 4.1 Composition and proportion of protonation states of the most prominent titratable
amino acids in beta2GPI (pdb-ID: 1C1Z [62]) calculated using H++ [111]. The positively, neutral,
or negatively charged state is represented by the three-letter code of each amino acid residue,
respectively (e.g. GLH is the protonated state of GLU). [1]

Amino acid Total no. pH 7.4 pH 11.5
GLH/GLU 20 0/20 0/20
ASH/ASP 14 0/14 0/14
HIP/HIS 5 0/5 0/5
LYS/LYN 30 30/0 3/27
Prot./TYR 14 0/14 0/14
ARG/neutr. 10 10/0 10/0
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A B

C D

Figure 4.1 Schematic of lysine residue as well as surface charge distribution within beta2GPI
(pdb-ID: 1C1Z [62]) under (A) pH 7.4 (0.15 M salt) and (B) pH 11.5 (1.15 M salt) condition.
The peptide backbone is shown as cartoon model including the secondary structural elements
beta-sheet (cyan), alpha-helix (green), random coil, and turn regions (black). Glycosides are
linked to DIII and DIV and are illustrated as van der Waals (vdW) balls. H atoms are shown for
completeness, though they are not localized in the structure. Positively charged lysine residues
are colored as blue and uncharged, i.e. neutral lysine residues as lime vdW balls. In (C) and (D)
the potential surfaces corresponding to the respective experimental conditions are depicted with
values of +1kBT (blue) and −1kBT (red). This figure was created using VMD software [114]. [1]

28



4. Acetylation of beta2GPI lysine residues

4.3.2. Validation of beta2GPI lysine acetylation 3

In order to investigate the potential role of lysine residues in converting the conformation
of beta2GPI from closed to open form, the protein was specifically acetylated using
acetic acid N -hydroxysuccinimide ester (NHS-Ac) as the acetyl donor which was utilized
previously [107;115]. In Figure 4.2 the reaction of the amino acid residue lysine to acetyl-
lysine is illustrated. Lysine residues are positively charged at physiological pH. However,
irreversibly, i.e. permanently uncharged acetyl-lysines are generated upon transfer of the
acetyl group. Acetylation of beta2GPI was tested with ratios of 1, 10, 100, and 1000
NHS-Ac/lysine (mol/mol) to find the concentration of the acetylation agent required for
complete lysine amino group acetylation.

Native PAGE and western blot analysis of acetylated beta2GPI

Native gel electrophoresis is a useful method for separating proteins with similar molecular
weight but different net charge, which is the case for the different acetylation levels of
beta2GPI studied. Native PAGE analysis revealed several distinct bands related to various
acetylated beta2GPI species as shown in Figure 4.3A. A stepwise reduction in positive
charge density is generated upon reaction with increasing amounts of the acetylation
agent NHS-Ac which enhances the electrophoretic mobility of the most acetylated species
in comparison to the less acetlyated or non-acetylated species. Bands in lanes 1 and 6
display beta2GPI with the addition of the organic solvent dimethylformamide (DMF)
and untreated beta2GPI, respectively. Both show a comparable pattern in height and
shape, indicating that the DMF content does not change the properties of the protein
as visible by native PAGE. A ratio of 1 NHS-Ac/lysine (mol/mol) (lane 2) reveals a
slight difference in band mobility compared to the non-acetylated forms (lanes 1 and 6),
suggesting the incipient acetylation of beta2GPI lysine residues at this low concentration
of acetylation agent. At ratios of 10 and 100 NHS-Ac/lysine (lanes 3 and 4, respectively)
gel bands appear slightly broader. This might account for the presence of multiple
acetylated beta2GPI species. With a ratio of 1000 NHS-Ac/lysine (lane 5), a distinct and
compact band is observable, which signifies complete acetylation of beta2GPI existing

3 Passages of this section were previously published in Buchholz et al., PCCP (2018) [1]
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Figure 4.2 Cartoon structure representation of beta2GPI showing all 30 lysine residues marked
in red as a stick model. The inset illustrates the reaction of lysine residues, which are positively
charged at physiological pH, to uncharged acetyl-lysine by the acetylation reagent acetic acid
N -hydroxysuccinimide ester (NHS-Ac) at ratios of 1, 10, 100, or 1000 NHS-Ac/lysine (mol/mol).
R1 and R2 refer to the continuation of the beta2GPI peptide chain. PyMOL 2.0 software and
pdb-ID: 1C1Z [62] were used to create this figure. [1]

as homogeneous species. In SI Figure A.3A the respective reductive SDS-PAGE gel
with the different acetylation levels of beta2GPI is presented. Reductive SDS-PAGE gel
bands were found to be uniform and homogeneous at all levels of acetylation. Hence, no
cross-linkage of beta2GPI could be observed upon acetylation reaction.

In a western blot analysis, the primary antibody used defines the field of application of
the assay and its specificity. In this work, a western blot analysis with a specific anti-
acetylated lysine antibody was utilized to investigate the presence and the distribution
of the amount of acetylated beta2GPI lysine residues detected after separation by native
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Figure 4.3 (A) Native PAGE analysis of beta2GPI after acetylation with different molar ratios
of NHS-Ac to lysine residues. Lane 1 refers to DMF-treated beta2GPI. Lanes 2 to 5 refer to
ratios of 1, 10, 100, and 1000 NHS-Ac/lysine (mol/mol), respectively. Lane 6 describes the
untreated beta2GPI. (B) Western blot analysis with anti-acetylated lysine antibodies of beta2GPI
after acetylation with different NHS-Ac/lysine ratios. Lanes are the same as described in (A).
Immunodetection signals corresponding to the bands of acetylated beta2GPI lysine residues are
highlighted by arrows. (C) Quantification of the primary amino group content after beta2GPI
acetylation with different ratios of NHS-Ac/lysine (DMF-treated, 1, 10, 100, and 1000) determined
by OPA assay. The means of four independent measurements as well as their standard deviations
(SD) are shown. Calc refers to the calculated amount of primary amino groups (30 lysine residues
plus the N-terminus) present in an untreated beta2GPI molecule. [1]

PAGE [116;117]. As shown in Figure 4.3B, an immunodetection signal is absent for
untreated (lane 6) and DMF-treated beta2GPI (lane 1) as well as for beta2GPI treated
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with 1 NHS-Ac/lysine (mol/mol) (lane 2). After treatment of the protein with a ratio of
10 NHS-Ac/lysine (lane 3), incipient acetylation is implied by the immunodetection band
resembling the pattern of the corresponding gel band on the native PAGE (Figure 4.3A,
lane 3). Moreover, ratios of 100 and 1000 NHS-Ac/lysine (lane 4 and 5, respectively) each
show one band with intense immunodetection signal that demonstrates strong binding of
the anti-acetylated lysine antibody. These findings elucidate the presence of different
degrees of lysine residue acetylation within beta2GPI depending on the concentration
of NHS-Ac used. To roughly compare the yield of acetylated lysine residues upon
treatment with different ratios of NHS-Ac, a corresponding western blot analysis with anti-
acetylated lysine antibodies based on reduced beta2GPI samples (reductive SDS-PAGE)
was performed (SI Figure A.3B). Overall, similar intensities of the immunodetection
signal were found for the respective lanes compared to the western blot of a native PAGE.
For untreated or with 1 NHS-Ac/lysine treated samples, no immunodetection signal
was exhibited, indicating non-acetylated or poorly acetylated species of beta2GPI. After
treatment with a ratio of 10 NHS-Ac/lysine, a faint immunodetection band was observable.
Ratios of 100 and 1000 NHS-Ac/lysine revealed bands of strong immunodetection signal
with almost the same intensity which might suggest an almost equal amount of acetylated
lysine residues.

Determination of primary amino group content after beta2GPI acetylation

The benzene dicarbaldehyde o-phthaldialdehyde (OPA) is a fluoraldehyde which is often
used to detect or quantify primary amino groups of proteins. Therefore, the amount of
non-acetylated lysine residues in comparison to acetylated lysines at different ratios of
NHS-Ac was evaluated using an OPA assay providing very sensitive and specific assay
conditions [118;119]. This assay was also used for validation of complete acetylation of
beta2GPI lysine residues.

In Figure 4.3C the absolute amount of primary amino groups per beta2GPI as detected
by the OPA assay is shown for each NHS-Ac/lysine ratio utilized. According to theoretical
calculation (Calc), a beta2GPI molecule entirely yields 31 primary amines, i.e. 30 lysine
residues plus the N-terminus. Subsequently, the assay was evaluated for the beta2GPI
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system by comparing the calculated total amount to the determined amount of primary
amines of untreated beta2GPI. Consequently, a primary amino group content of 31 ±
2 was reached without NHS-Ac treatment (i.e. untreated protein) by the OPA assay.
Thus, the calculated and measured values of primary amines of the untreated protein are
comparable and show that this assay is feasible for the current study. Upon treatment
of beta2GPI with ratios of 1 and 10 NHS-Ac/lysine (mol/mol), a slight decline in the
content of primary amino groups to 30 ± 2 (96%) and 25 ± 3 (79%) was determined,
respectively. In contrast, acetylation with a ratio of 100 NHS-Ac/lysine revealed a large
decrease of primary amino functions (7 ± 3; 21%). Eventually, 1000 NHS-Ac/lysine
treated beta2GPI showed almost no primary amines (0 ± 2). When interpreting these
results, it must be noted that the formation of acetylated lysine residues is higher the
fewer primary amino groups are present. Hence, beta2GPI was completely acetylated
after reaction with a ratio of 1000 NHS-Ac/lysine.

Taken together, the findings of the OPA assay and native PAGE analyses including
immunodetection of acetylated lysine residues (western blot analysis) validate that
beta2GPI is specifically and completely acetylated upon reaction with a molar ratio of
1000 NHS-Ac/lysine. Complete acetylation of beta2GPI lysine residues was required to
also gain access to potentially hidden lysines which might be involved in electrostatic
interaction or stabilization of beta2GPI in the closed conformation. Besides the modifica-
tion of lysine residues with an acetyl group, the acetylation of the N-terminus could not
be prevented. Further, beta2GPI possesses several glycosylation sites but none of them
includes primary amines according to X-ray crystallography structure analysis (pdb-ID:
1C1Z) [62].

4.3.3. Assessing conformational changes in beta2GPI 4

Conformational studies by circular dichroism (CD) spectroscopy

CD spectroscopy is a frequently used technique to evaluate the structure and conformation
of proteins. In general, based on CD spectra the content of secondary and tertiary

4 Passages of this section were previously published in Buchholz et al., PCCP (2018) [1]
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structural elements, conformational changes upon ligand binding or environmental factors,
protein denaturation or aggregation as well as protein stability might be analyzed. In this
study, CD spectroscopy was used to determine whether beta2GPI preserves its structure
and conformation upon acetylation of lysine residues. In addition to the lysine acetylated
species, beta2GPI treated at pH 11.5 and 1.15 M NaCl (high salt concentration) was
used as a reference for structural investigations. Upon treatment under basic and highly
saline conditions, beta2GPI was previously demonstrated to be in open conformation by
transmission electron microscopy (TEM) [88]. CD-spectra of the far- and near-UV region
of untreated (black), pH 11.5-treated (blue) and with 1000 NHS-Ac/lysine (mol/mol)
acetylated beta2GPI (red) are displayed in Figure 4.4A and B, respectively.

In agreement with earlier publications of Lee et al. [120] and Wang et al. [121], untreated
but also pH 11.5-treated and lysine acetylated beta2GPI exhibit the characteristic CD
profile with a maximum at around 233 nm and a minimum at 201 nm. Though, a partial
decrease in the CD signal amplitude at lower wavelength was observed after beta2GPI
acetylation. Nevertheless, pH treatment and acetylation of lysine residues preserve the
overall secondary structural elements of beta2GPI compared to the untreated protein.
Moreover, the CD profiles of respective beta2GPI species also do not differ significantly
within the near-UV region, indicating an unmodified tertiary structure.

According to these results, CD spectroscopy data of untreated (i.e. native) beta2GPI
compared with data of the protein after pH 11.5 treatment might suggest a conformational
change from closed to open form without rearrangement of secondary structural elements.
Minor changes in the far-UV region of the CD spectra of acetylated beta2GPI are more
likely to result from the insertion of the acetyl groups than from a change in the protein
secondary structural elements. The integrity of the far-UV and near-UV region CD
profiles of both pH-treated as well as lysine acetylated beta2GPI might be explained
by the overall structural composition of the closed from compared to the open form of
the protein. The five domains of beta2GPI comprise beta-sheet rich structures, and
each of them is well separated from the next domain by a short but flexible random
coil region, resulting in a protein structure like compact beads on a string (Figure
4.2). Thus, the random coil regions could act as hinge regions during conformational
change, whereby both secondary and tertiary structural configurations remain unaffected.
Based on the presented results, CD spectroscopy is unsuitable as a methodology to
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differentiate between closed and open conformation in the case of beta2GPI. Although
CD spectroscopy provides an overview of the structural properties of beta2GPI species, it
lacks detailed identification of specific structural features. CD data deconvolution might
be a useful tool to gain additional insights into the structural elements. However, this
method is not sensitive enough to address a possible structural change related to the
slight decrease in CD signal after beta2GPI acetylation. Further, acetylation as post-
translational modification of beta2GPI makes this theoretical method not employable in
this case, because of the absence of respective reference CD spectra.

Determination of protein size by dynamic light scattering (DLS)

Dynamic light scattering (DLS) is a technique which is used to determine the size
distribution profile of small particles in suspension or polymers, e.g. proteins in solution.
The size is determined by the hydrodynamic diameter DH of the particle which assumes
that the particle is spherical and also includes the nearest shell of water molecules [122].
In the current study, DLS was utilized to ascertain the hydrodynamic diameter of
untreated beta2GPI (black), beta2GPI after pH 11.5 treatment (blue), and beta2GPI
after acetylation of lysine residues (red) with a molar ratio of 1000 NHS-Ac/lysine
(Figure 4.4C). pH 11.5-treated and lysine acetylated beta2GPI species show a decreased
DH (± SD) of 10.1 ± 0.2 nm and 9.5 ± 0.5 nm, respectively compared to untreated
beta2GPI which reveals a DH of 13.0 ± 0.9 nm. Therefore, the averaged hydrodynamic
size of pH 11.5-treated and acetylated beta2GPI is significantly smaller opposite the
untreated (i.e. native) protein. These results are in agreement with native PAGE
analyses (SI Figure A.4) in which the gel bands of beta2GPI after pH 11.5 treatment
offered slightly increased electrophoretic mobility in contrast to the untreated protein.
Furthermore, similar numeric values of beta2GPI hydrodynamic diameter were detected
by Acquasaliente et al. [123] which determined a DH of 8.7 ± 2.4 nm for open beta2GPI.
These findings support the assumption of a protein conformational change upon pH 11.5
treatment or lysine residue acetylation compared to untreated (i.e. native) beta2GPI.
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Figure 4.4 (A) Far-UV and (B) near-UV regions of the CD spectra of untreated (black),
pH 11.5-treated (blue) and lysine acetylated beta2GPI with 1000 NHS-Ac/lysine (mol/mol) (red)
in TBS, pH 7.4 at 25 °C. A representative CD spectrum is shown for each beta2GPI species.
Far-UV and near-UV regions of the CD spectra were recorded with 10 µM and 2 µM beta2GPI in
0.5 mm and 10 mm path length cuvettes, respectively. (C) A representative hydrodynamic size
distribution curve is shown for untreated (black), pH 11.5-treated (blue) and lysine acetylated
beta2GPI with 1000 NHS-Ac/lysine (mol/mol) (red). DLS data revealed a hydrodynamic diameter
DH (± SD of three independent measurements) of 13.0 ± 0.9 nm for untreated, 10.1 ± 0.2 nm
for pH 11.5-treated and 9.5 ± 0.5 nm for lysine acetylated beta2GPI measured in TBS, pH 7.4 at
25 °C with 6−8.5 µM protein. [1]

Atomic force microscopy (AFM) imaging of beta2GPI

Atomic force microscopy (AFM) is a high-resolution imaging technique which reveals
resolution in the order of a nanometer by scanning the surface with a mechanical probe.
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AFM imaging was carried out 5 to justify a conformational change from closed to
open form after pH 11.5 treatment of beta2GPI and to evaluate a potential change
in beta2GPI conformation upon lysine acetylation. Hence, in agreement with CD
spectroscopy and DLS measurements, beta2GPI treated at pH 11.5 and 1.15 M NaCl
(high salt concentration) was used as a reference to the conformational change, i.e. open
form of the protein. As previously reported [88], untreated (i.e. native) beta2GPI exhibited
the typical torus which is shaped like a donut corresponding to the closed or circular
protein conformation (Figure 4.5A, left). Characteristically, a local height minimum was
visible at the center of each particle in close-up images of beta2GPI molecules (Figure
4.5A, middle). The dimensions of lateral size of these closed particles revealed 21 ± 6 nm
in diameter. To obtain an objective and time-saving evaluation method, an automated
script was programmed to analyze the conformation of individual beta2GPI molecules as
they appear on AFM images 6. For that the two-dimensional (2D) lateral information
of particles was used to calculate the aspect ratio R (particle length/width) for each
beta2GPI molecule. After analysis of a set of AFM close-up images which show individual
beta2GPI molecules with typical torus or fishhook-shaped appearances, a threshold of
the aspect ratio R (particle length/width) = 3 was empirically identified to distinguish
between closed and open protein conformation. Particles with an aspect ratio R < 3
were assigned as closed, whereas particles with an aspect ratio R > 3 were determined as
open. All AFM images of single beta2GPI molecules were statistically analyzed with the
automated script. The median of R for each beta2GPI species is displayed in Figure
4.5A, right. For untreated (i.e. native) beta2GPI, the median of R amounts 1.6 ± 0.1.
Further, untreated beta2GPI was quantified to be 93% in closed form and 7% in open
form, since the majority of particles showed a low aspect ratio and thus a circular shape.
A summary of the entire values of the median of R and the percentages of open and
closed proteins is given in Table 4.2.

Upon treatment of beta2GPI under basic and high salt conditions (pH 11.5 and 1.15 M
NaCl), AFM images revealed a mixture of elongated, hook-shaped particles as well as
round shaped particles (Figure 4.5B, left and middle). The elongated and extended
appearance is typical for the open form of beta2GPI. Further, corresponding dimensions

5 AFM imaging was done by Dr. P. Nestler, University of Greifswald.
6 Development of the Matlab script and statistical analysis of AFM images was primarily done by Dr.
P. Nestler, University of Greifswald.
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of lateral size of 21 ± 4 nm × 10 ± 3 nm in diameter were found. Independently of their
conformational properties, flatly adsorbed beta2GPI molecules exhibited a height value
of 0.5 ± 0.2 nm on average. Quantitative shape analysis revealed the median of R for
beta2GPI after pH 11.5 treatment to be 3.8 ± 0.8 (Figure 4.5B, right). Thus, after
exposure to a basic and high salt content environment, a superior number of beta2GPI
molecules could be identified in open conformation. Statistical analysis of these particles
determined that 62% of the beta2GPI population was in open conformation and 38% was
in closed conformation after treatment. These findings show a clearly elevated portion of
open beta2GPI after pH treatment which however, is reversible with time. The lysine
ε-amino group proton has a pKa of approximately 10.5. Lysine residues are generally
positively charged below a pH value of 10.5 and uncharged (i.e. neutral) above this value,
although micro-environmental constellations might influence this differently. Thus, at
an environmental pH of 11.5, the electrostatic interaction of lysine residues is mostly
interrupted due to the loss of their positive charges. The high salt content of 1.15 M
NaCl during basic treatment of the protein might shield the electrostatic interaction
between positively charged lysine residues in DV and their interacting regions in DI or DII.
Nevertheless, the conditions which prevent electrostatic interaction of beta2GPI lysine
residues are reversible as the protein was invariably transferred back into a physiological
environment of pH 7.4 and 0.15 M NaCl before investigations. Therefore, the beta2GPI
conformation shifts back from open to closed form with time.

Table 4.2 Summary of the median of R and percentage fractions of closed and open beta2GPI.
Quantitative shape analysis after AFM imaging of different beta2GPI species revealed the median
of the aspect ratio R (particle length/width) with SD of three independent sample preparations
as well as percentage fractions of closed and open proteins of untreated, pH 11.5-treated, and
acetylated beta2GPI, respectively. [1]

Beta2GPI species Median of R (± SD) Closed (%) Open (%)
Untreated 1.6 ± 0.1 93 7
pH 11.5-treated 3.8 ± 0.8 38 62
1000 NHS-Ac/lysine 3.5 ± 0.3 39 61
100 NHS-Ac/lysine 2.8 ± 0.5 57 43
10 NHS-Ac/lysine 2.2 ± 0.2 75 25
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To evaluate the impact of the acetylation of beta2GPI lysine residues on its conformation,
AFM images of the protein after treatment with molar ratios of 10 and 100 NHS-Ac/lysine
(Figure 4.6B and C), as well as 1000 NHS-Ac/lysine (Figure 4.5C and Figure 4.6D)
were analyzed. The median of the aspect ratio R (particle length/width) for with
10 NHS-Ac/lysine treated beta2GPI was determined to be 2.2 ± 0.2 with single particle
analysis providing 75% closed and 25% open conformation. Further, the median of R for
treatment with 100 NHS-Ac/lysine revealed 2.8 ± 0.5 with 57% closed and 43% open
beta2GPI structures. As confirmed by native PAGE and western blot analysis as well as
OPA assay experiments, complete lysine residue acetylation was accomplished with a
ratio of 1000 NHS-Ac/lysine (mol/mol). Under the described condition, AFM imaging
still showed a mixture of both open and closed conformational states (Figure 4.5C, left
and middle): for full beta2GPI lysine acetylation, the median of R was found to be 3.5 ±
0.3 (Figure 4.5C, right) and quantitative shape analysis revealed an abundance of 61%
open beta2GPI compared to 39% of proteins in closed form. Chemical acetylation of
beta2GPI is a permanent and irreversible method to uncharge, i.e. neutralize lysine
residues, which gives comparable results regarding the percentage of closed and open
particles when treated with pH 11.5 and a high salt content. Overall, the portion of
open particles increased continuously with increasing ratios of acetylation reagent, and
there was no distinct threshold of NHS-Ac concentration identified at which beta2GPI
molecules open up entirely.

AFM was previously utilized for imaging of proteins in liquid environment [14;124]. However,
in this study beta2GPI was dried on the substrate surface before the AFM imaging
procedure to avoid decreased image resolution which normally happens in liquids due to
slight particle movement. Moreover, proteins adsorbed flatly to the mica surface upon
drying which enables the 2D determination of beta2GPI conformation based on the
aspect ratio R (particle length/width). In contrast, beta2GPI in liquid tends to orientate
itself in an upright position which prevents shape analysis according to the aspect ratio.
AFM sample preparation also has limitations. It cannot be fully excluded that drying of
beta2GPI on a substrate may affect the equilibrium of protein conformations. Further,
the evaluation of the 2D particle shape based on its appearance on the image may lead
to false conformational assignment in a minor percentage of particles. For instance, some
particles might be misinterpreted as closed, because open particles may adsorb in a round
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shape. Therefore, the proportion of beta2GPI in the open form should be considered
as slightly underestimated. With the current approach used to analyze AFM images,
the S-shaped form could not be distinguished from the open or closed conformation due
to limitations in resolution. Thus, the assignment was restricted to open and closed
particles. Furthermore, AFM images of bare mica substrate showed its typical low surface
roughness and did not provide any artifacts that might be misinterpreted as beta2GPI
particles (SI Figure A.9).

Beta2GPI conformation was determined using a self-written script for analyses of the
particle shape based on the aspect ratio R (particle length/width). The script permits
objective and high-throughput analysis of hundreds of single proteins within a short
time frame as the aspect ratio R is automatically, i.e. non-manually determined for each
individual particle of interest. This study revealed a lower portion of open beta2GPI
after treatment with pH 11.5 and a high salt content compared to Agar et al. [88].
Although different percentages of open beta2GPI were found between this study and the
Agar study, the overall trend is consistent as treatment with pH 11.5 and 1.15 M NaCl
(high salt concentration) showed a significant increase in open proteins. The differing
portions of open particles between studies may arise from discrepancies in beta2GPI
sample preparation procedure and analysis of protein conformation. Agar et al. [88]

determined the conformation of each protein manually (i.e. by visual examination) and
merely based on its apparent shape on the TEM image which might be a source of
uncertainties, also because marginal cases between the two conformations are difficult
to determine in this way. Moreover, beta2GPI source and purification strategy might
be crucial for assignment of its susceptibility for conformational changes [125]. Although
untreated, i.e. native beta2GPI offers more than 90% of proteins in closed conformation
in both studies (93% in closed form in this study; 91% in closed form reported by Agar
et al. [88]), its ability for structural alterations might be different. However, treatment
with basic pH and high salt content qualitatively showed a significant shift towards the
open conformation of beta2GPI in both cases.

AFM images showed particle dimensions of lateral size for beta2GPI in closed and open
conformation of approximately 21 nm and 21 × 10 nm (length × width), respectively.
This reflects the end-to-end distance (maximum lateral extent, length) as well as the
thickness at the proteins narrowest point (minimum lateral extent, width). Imaging single
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proteins with AFM on a molecular size level is subjected to cantilever tip convolution [126]

as the protein which is a few nm in size and the cantilever tip curvature are in an
identical order of magnitude. Hence, protein AFM images may appear broadened with
potentially smoothed structural details which causes an overestimation of the particle size.
Therefore, beta2GPI particles appear slightly larger on AFM images compared to the
hydrodynamic diameter evaluated by DLS. Nevertheless, as AFM and DLS measurements
revealed beta2GPI molecular sizes within a similar order of magnitude, the formation
of protein aggregates on the mica substrate surface can be excluded. Additionally,
beta2GPI aggregation or denaturation due to treatment conditions was ruled out by CD
spectroscopy data.
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Figure 4.5 AFM imaging of flatly adsorbed beta2GPI on a mica substrate. (A) Overview
image of untreated beta2GPI adsorbed as 1 µg/mL solution in TBS buffer (left); close-up image
of untreated beta2GPI in closed conformation (middle). (B) Overview image of beta2GPI after
pH 11.5 treatment adsorbed as 1 µg/mL solution in TBS buffer (left); close-up image of two
beta2GPI molecules in closed and open conformations, respectively (middle). (C) Overview
image of beta2GPI after lysine acetylation with 1000 NHS-Ac/lysine (mol/mol) adsorbed as 5
µg/mL solution in TBS buffer (left); close-up image of two beta2GPI molecules in open and
closed conformations, respectively (middle). For each close-up image, simplified representations
of the molecular shapes (i.e. binary map diagram) are shown. Quantitative shape analyses of
flatly adsorbed beta2GPI are constituted as the aspect ratio R (particle length/width). Each box
plot represents one independently prepared sample counting approximately 100 single beta2GPI
molecules for untreated beta2GPI (A, right), beta2GPI after pH 11.5 treatment (B, right) and
beta2GPI after lysine acetylation (C, right) with 1000 NHS-Ac/lysine (mol/mol). The threshold
value to distinguish open from closed beta2GPI was R = 3. Box plots show the median of
R. Quantiles are set to 25% and 75%, whereas whiskers cover quantiles of 5% to 95% of the
population. [1]
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Figure 4.6 Quantitative shape analyses of flatly adsorbed beta2GPI based on AFM imaging is
shown as the aspect ratio R (particle length/width). Each box plot represents one independently
prepared sample counting approximately 100 single beta2GPI molecules. (A) Untreated beta2GPI.
(B)−(D) Beta2GPI after treatment with ratios of 10, 100, and 1000 NHS-Ac/lysine (mol/mol),
respectively. The threshold value to distinguish open from closed beta2GPI amounts R = 3. Box
plots show the median of R. Quantiles are set to 25% and 75%, whereas whiskers cover quantiles
of 5% to 95% of the population. [1]
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4.3.4. APS antibody binding to lysine acetylated beta2GPI

APS patient autoantibody binding to untreated beta2GPI as well as lysine acetylated
beta2GPI was tested to examine immunorelevant properties of this post-translational
modification 7. A summary of the demographic and disease-specific characteristics of these
APS patients is presented in SI Table A.2. In principle, anti-DI IgG antibodies were
coated on a microtiter plate and after addition of different concentrations of untreated or
acetylated beta2GPI, binding was visualized with a peroxidase-conjugated anti-beta2GPI
antibody. Figure 4.7 shows the results of the sandwich-ELISA for APS autoantibody
binding to both beta2GPI species. Both species revealed similar binding signals within
the range of the background signal. Therefore, no specific antibody-antigen binding was
found for neither untreated nor lysine acetylated beta2GPI. To exclude the possibility
of selective binding of the secondary antibody (peroxidase-conjugated anti-beta2GPI
detection antibody), a control ELISA experiment with the protein directly coated to the
microtiter plate was performed (SI Figure A.11). The secondary antibody showed no
significant difference in binding affinity towards untreated or lysine acetylated beta2GPI
which indicates no interference with the observed results.

Anti-DI antibodies were purified from blood of representative APS patients who showed
typical disease-specific characteristics (SI Table A.2). The ELISA set-up was previously
used to detect the binding of APS patient autoantibodies to beta2GPI in open or closed
form, showing a significant increase in affinity to the open conformation after pH 11.5
treatment [88]. This finding can be explained by the location of the immunodominant
epitope within DI of the protein. Autoantibodies bind to beta2GPI in the open con-
formation, because the epitope is hidden in the closed conformation as DV is shielding
the respective regions within DI. Antibody binding is supposed to involve a discontin-
uous epitope including amino acid residues Gly40−Arg43, Asp8−Asp9 and the DI−II
linker region [93].

After lysine residue acetylation beta2GPI opens up and exposes the cryptic epitope.
Although beta2GPI is mostly in open conformation after acetylation, no APS antibody
binding occurred, supporting the involvement of one or more lysine residues in the

7 Purified APS patient autoantibodies were obtained from Prof. Dr. A. Rahman, Dr. T. McDonnell
and working group, University College London.
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immunodominant epitope. The control ELISA experiment revealed that the secondary
antibody binds to both beta2GPI species in a comparable manner, thus excluding the
possibility of technical artifacts. The epitope for anti-DI antibody binding might be
disrupted upon acetylation of a lysine residue which belongs to the binding site. Agar
et al. [88] proposed the participation of Lys19 (DI) in antibody binding, because this lysine
residue is hidden in the closed conformation. Alternatively, acetylated lysine residues
near the epitope could cause sterical hindrance or micro-conformational changes that
prevent the binding of anti-DI antibodies. Further single mutational studies are needed
to identify distinct lysine residues in the epitope.
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Figure 4.7 Sandwich-ELISA to monitor the binding of anti-DI IgG antibodies purified from two
different APS patients (P1: red, P3: blue) towards lysine acetylated beta2GPI in comparison to
untreated beta2GPI. A microtiter plate was coated with anti-DI antibodies, followed by addition
of untreated or lysine acetylated beta2GPI and a peroxidase-conjugated anti-beta2GPI antibody
was used for detection. The background signal recorded without any protein (“no protein”) was
used as control experiment. No statistically significant differences between the absorption of both
beta2GPI species as well as the control are visible.

45



4. Acetylation of beta2GPI lysine residues

4.3.5. Acetylated beta2GPI as a model system

In this project a buffer independent and stable model system for open beta2GPI was
established following a strategy to permanently open up the closed form by chemical
acetylation of lysine residues utilizing acetic acid N -hydroxysuccinimide ester (NHS-Ac).
In addition, beta2GPI closed and open form was visualized for the first time by AFM.
After acetylation of lysine residues with NHS-Ac, the main portion of proteins was
found to be in open conformation. This simple in vitro approach gives evidence that
electrostatic interaction of lysine residues is crucial in the stabilization of the closed
conformation of beta2GPI.

Even though complete lysine acetylation was accomplished with a molar ratio of 1000 NHS-
Ac/lysine, this did not result in a 100% yield of open beta2GPI. The use of this approach
for detailed structural investigations, e.g. by small-angle X-ray scattering (SAXS) analysis,
to study the open form in solution is less applicable as no pure conformational system
is achieved. Acetylation of beta2GPI lysine residues may rather shift the equilibrium
between closed and open molecules. There might be other non-covalent interaction forces
or external factors, e.g. including a carbohydrate chain, in addition to electrostatic
interactions with lysine residues that stabilize the closed conformation, as discussed by
others [86;89]. Several former publications hint at inhomogeneity of beta2GPI molecules
after purification from human blood. Untreated beta2GPI shows five major spots on a
2D SDS-PAGE gel (SI Figure A.5) with equal molecular weight, but altering isoelectric
points (pI) [60;61;74]. These differences were connected with either varying glycosylation
patterning or mutational variants (i.e. alleles) of beta2GPI. One study even found
different contents of lysine residues in beta2GPI fractions after isoelectric focusing [60].
These alterations could result in different conformational stability and might explain a
minor percentage of proteins not opening up upon treatment. Electrostatic interaction
of lysine residues may stabilize the closed conformation to a considerable extent, but
not exclusively.

Furthermore, this model system of open beta2GPI cannot be used for the study of
APS patient autoantibody binding, because complete acetylation of lysine residues
seems to interrupt the immunodominant epitope. Nevertheless, it indicates that lysine
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residues might participate in the immunodominant epitope for anti-DI antibodies from
APS patients. This finding reveals a new hint for epitope organization and beta2GPI
lysine residues should be further considered for individual mutational studies in order to
unambiguously identify epitope localization.

However, the in vivo acetylation of single lysine residues of beta2GPI might occur by
acetyltransferases. It is possible, that these enzymes acetylate specific lysine residues
outside the immunodominant epitope leading to the destabilization of the closed confor-
mation or even opening of the protein structure. Therefore, investigations of the acetyl
level of beta2GPI in APS patients compared to the healthy population are needed to
establish a direct link to the physiological meaning of this post-translational modification
in APS disease.
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5. Disulfide bond reduction of beta2GPI

5.1. Previous knowledge

In 2010, Krilis and coworkers [84;127;128] showed that beta2GPI serves as a substrate of
thiol oxidoreductases, including human thioredoxin-1 (Trx-1, MW: 12 kDa). Thioredoxins
are ubiquitous enzymes that cleave disulfide bonds to free thiols in the target protein by
the transfer of electrons. They carry two surface exposed catalytic cysteine residues in
a highly conserved consensus sequence CGPC at the reactive site which can reversibly
switch their redox state between dithiol (Trxred) and disulfide (Trxox) [129]. For in vivo
reduction of Trx-1, NADPH reduces the flavoenzyme thioredoxin reductase-1 (TrxR-1) by
the transfer of two electrons and a proton [130]. In turn, TrxR-1 reduces Trx-1 and allows
for disulfide bond cleavage of the target protein. Besides the NADPH/TrxR-1/Trx-1
system, other in vitro model systems have been employed using the reduction agents
DTT (dithiothreitol) or TCEP (Tris(2-carboxyethyl)phosphine) for the reduction of
Trx-1 [84;127;128].

According to their properties, disulfide bonds are classified into three groups: structural,
catalytic, and allosteric disulfide bonds [131;132]. Beta2GPI primary sequence comprises
22 cysteine residues, which form 11 disulfide bonds in the protein 3D structure (Figure
5.1). Each domain carries two structural disulfide bonds, which show characteristic
properties including a mostly spiral configuration of the dihedral angle 8 and they are
buried inside the protein core. Structural disulfide bonds typically stabilize the tertiary or
quaternary structure and maintain their oxidized state through life time of the protein.

In contrast to the other domains, DV of beta2GPI has an additional C-terminal disulfide
bond Cys288/Cys326, which is assembled by the extra amino acid sequence including the
hydrophobic binding loop as shown in Figure 5.1. Upon disulfide bond cleavage of this
loop-back structure, the 20 amino acid flexible loop region along with a short alpha-helix

8 Geometry of the five χ angles between Cα−C−S−S’−C’−Cα’ of two cysteine residues in a disulfide
bond. χ angles can be either positive or negative resulting in 20 possible configurations of the
dihedral angle. By convention, the three basic types of configuration are spiral, hook and staple
which resemble their appearance [133].
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Figure 5.1 Beta2GPI shown as cartoon model, pdb-ID: 1C1Z [62] with the eleven disulfide
bonds colored in yellow. The inset displays DV of beta2GPI. The disulfide bond Cys288/Cys326
is highlighted by the arrow. The C-terminal flexible loop region (black) including the hydrophobic
loop and a short alpha-helix (green) gets unlinked upon cleavage of this disulfide bond.

gets detached. Trx-1 predominantly cleaves Cys288/Cys326 as enzyme selectivity is
caused by a particularly high solvent accessibility of Cys326 and a minus/plus right
handed hook configuration (−/+RHHook) as well as an increased dihedral strain energy,
suggesting an allosteric character of this disulfide bond [21;128;130]. Because substrate
reduction functions highly directional via bimolecular nucleophilic substitution (SN2
mechanism), the alignment of three sulfur atoms must be ~180◦ for the dithiol/disulfide
exchange transition state, which requires respective dihedral angle configurations [131;134].
Such disulfide bonds allow for allosteric control, which means a change in one site
(allosteric site) has influence on another site of the protein. Thus, a regulation of the
redox state may result in a change of protein function. Examples for disulfide bonds
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mediating allosteric control can be found in other proteins, including e.g. factor XI and
von Willebrand factor (vWF) in thrombosis, angiotensinogen in blood pressure regulation,
or CD4 and interleukin-2 receptor subunit-γ acting in immune response [21;131;135].

Ex vivo analysis revealed that 46% of human plasma beta2GPI disulfide bond Cys288/
Cys326 is in reduced state [84;85;136]. Therefore, beta2GPI could play an important role
in oxidative stress protection in blood [84;137;138]. Due to its redox change property, free
thiols of reduced beta2GPI are proposed to catch reactive oxygen species (ROS) to
dispose them to prevent tissue damage. Trx-1 is thought to recycle oxidized beta2GPI by
reducing the respective cystines again. This theory was confirmed as beta2GPI reducing
enzymes get secreted on the surface of endothelial cells and platelets [84;128] and reduced
beta2GPI protects endothelial cells from oxidative stress-induced cell death [84;137]. In
addition, studies with reduced beta2GPI revealed an increased binding to vWF as well as
an enhanced platelet adhesion due to interaction with platelet receptor glycoprotein-Ib
alpha [128]. Thus, an interaction with haemostasis caused by the loss of anti-thrombotic
properties of reduced beta2GPI was suggested. Moreover, the exposure to oxidative stress
leads to major structural and functional changes of many blood proteins, e.g. fibrinogen
or coagulation factors V, VIII, and X [139;140].

Previous hints to a correlation of beta2GPI redox state and function (i.e. confor-
mation) were given by X-ray crystallography structures showing the oxidized state
of Cys288/Cys326 and the open conformation of the protein [62;65]. Disulfide bond
Cys288/Cys326 is believed to be located under the putative interaction surface of DI and
DV in the closed conformation. This would facilitate disulfide bond reduction in relation
with a conformational change of beta2GPI. Furthermore, in APS patients a significantly
higher proportion of oxidized beta2GPI was found compared to healthy controls, controls
with other autoimmune diseases, or clinical event controls [85]. Later on, decreased levels
of reduced beta2GPI were shown only for anti-DI IgG positive APS patients [141]. Anti-DI
IgG antibody levels as well as an increased risk of thrombotic events were correlated with
the oxidized state of the protein. Because oxidative stress is a significant element of APS
disease, especially associated with pregnancy and infections [142;143;144], these findings led
to the general hypothesis that during APS induced production of ROS, an increased pro-
portion of beta2GPI gets oxidized. This could cause a conformational change from closed
to open with the open conformation being the antigenic form that triggers autoantibody
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binding. In addition Raimondo et al. [141] formulated two more defined sub-hypotheses in
2017: (1) oxidized beta2GPI is more likely to be in open conformation due to structural
properties of the protein (allosteric control) and stimulates the formation of anti-DI
antibodies or (2) after opening of the protein conformation, anti-DI antibody binding
prevents beta2GPI from closing and shifts the redox equilibrium towards the oxidized
state (open conformation favors oxidation).

5.2. Objectives

Hitherto, no structural study has been performed in order to prove the correlation of
the oxidized state and the open conformation of beta2GPI. Therefore, investigations
of beta2GPI conformation in different redox states of disulfide bond Cys288/Cys326
will be carried out in this project. As shown in Figure 5.2, for beta2GPI reduction a
TCEP/Trx-1 model system adapted to Passam et al. [127] should be applied. TCEP is used
to reduce Trx-1, which in turn reduces beta2GPI. To block reoxidation and to facilitate
product analysis, cysteine residues of reduced beta2GPI are labeled with the thiol-
specific reagent 3-(N-maleimido-propionyl)biocytin (MPB). The model system should be
optimized for homogenous and specific reduction of the disulfide bond Cys288/Cys326.
Thus, amongst other methods, mass spectrometry analysis as well as quantification of
the MPB labeling will be performed to validate beta2GPI reduction.

Trx-1red Trx-1ox

TCEP

MPB

beta2GPIox

DV
S
S MPB

MPB
beta2GPIred

DV
S
S

Figure 5.2 Schematic representation of the hypothesized reduction reaction of beta2GPI. TCEP
is used to reduce human thioredoxin-1 (Trx-1), which in turn reduces beta2GPI disulfide bond
Cys288/Cys326 (red). To block reoxidation, free thiols of reduced beta2GPI are labeled with
3-(N-maleimido-propionyl)biocytin (MPB).
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After assessment of the redox state and the conformation of untreated beta2GPI, the
relation of reduced beta2GPI to its conformation will be studied using spectroscopic
techniques as well as atomic force microscopy (AFM) and transmission electron microscopy
(TEM) imaging. The results may prove whether there is a direct allosteric control of
beta2GPI conformation regulated by the redox state of disulfide bond Cys288/Cys326.
Such allosteric control might be relevant for beta2GPI function and might contribute
to the mechanism of APS disease by increasing the proportion of open and potentially
antigenic beta2GPI. Therefore, APS patient autoantibody binding after redox change of
the protein will be explored. This may demonstrate the relevance of reduced beta2GPI
in comparison to untreated beta2GPI as antigen in APS disease.
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5.3. Results & Discussion

5.3.1. Conformation & redox state of untreated beta2GPI

As previously described, native or untreated beta2GPI is mostly (> 90%) in closed
conformation after purification from human blood [1;88]. To investigate the redox state of
the untreated protein, the Ellman’s reagent assay was used to quantify the amount of free
thiols based on their reaction with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) [145;146].
Cysteine hydrochloride monohydrate was used as a standard of known concentration
in order to calculate the amount of free thiols in untreated beta2GPI (Figure 5.3).
Beta2GPI contains 22 cysteine residues, which is the equivalent of a ratio of free thiols
per beta2GPI molecule of 22:1 referring to the completely reduced protein (black dotted
line). In addition, the reduction of solely disulfide bond Cys288/Cys326 would result in
a respective ratio of 2:1 (red dashed line). However, a ratio of free thiols per beta2GPI
molecule clearly below one (0.19 ± 0.02) was determined by the assay (red rectangles).
The tertiary structure of the protein could potentially mask particular thiol groups,
which might not be able to react quantitatively with DTNB [147;148]. Although this assay
is limited due to its detection sensitivity, untreated beta2GPI most probably does not
contain free thiols. Thus, the result suggests that untreated beta2GPI purified from
human blood is completely in oxidized state.

3-(N-maleimido-propionyl)biocytin (MPB) carries a biotin function and is a highly
selective and sensitive labeling agent for reduced cysteine residues [149;150]. To further
validate the absence of free thiols within the untreated protein, the reaction of MPB with
untreated beta2GPI without addition of other mediators was tested. As shown in Figure
5.4B, no reaction of MPB with untreated beta2GPI occurs as indicated by the lack of
bands on a western blot after detection of biotinylated (i.e. MPB labeled) beta2GPI
with a streptavidin-conjugated peroxidase (streptavidin western blot). Furthermore, no
difference to untreated beta2GPI is observed on non-reductive SDS-PAGE. This confirms
the fully oxidized state of untreated beta2GPI.

Although half of beta2GPI circulating in blood was found to be in reduced state, it is a
frequent finding that the purified, untreated protein has no free thiols. Previous redox
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Figure 5.3 Ellman’s reagent assay for the determination of free thiols in untreated beta2GPI
with cysteine hydrochloride monohydrate standard (black diamonds) and untreated beta2GPI
(red rectangles). The black dotted line corresponds to the fully reduced beta2GPI (22 reduced
cysteine residues) and the red dashed line to beta2GPI with one cleaved disulfide bond, i.e.
Cys288/Cys326 (2 reduced cysteine residues).

analyses of untreated beta2GPI showed that the protein is completely oxidized after
purification [84;127;128]. Possible reasons for this might be the aerobic environment and the
absence of thioredoxin after the purification procedure.

5.3.2. Beta2GPI reduction protocol optimization

After evaluation of the conformation and the redox state of the untreated protein,
beta2GPI disulfide bonds were reduced as shown schematically in Figure 5.2. Human
thioredoxin-1 (Trx-1) was treated with the reducing agent Tris(2-carboxyethyl)phosphine
(TCEP). In turn, reduced Trx-1 itself enzymatically reduced the disulfide bonds of
beta2GPI. To block reoxidation of free thiols, 3-(N-maleimido-propionyl)biocytin (MPB)
was used to label the reduced cysteine residues.

A complete and specific reduction of disulfide bond Cys288/Cys326 should be achieved for
analysis of the beta2GPI conformation. Starting point for optimization of the reduction
protocol was a procedure adapted to Passam et al. [127]. 5 µMTCEP with 5 µMTrx-1 were
incubated at 37 °C for 1 h, followed by the addition of 0.2 µM beta2GPI at 37 °C for 1 h.
Finally, reoxidation of free thiols was blocked by the addition of 15 µM MPB at 37 °C for
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10 min. In comparison to Passam et al., TCEP was used instead of DTT (dithiothreitol)
for reduction of Trx-1. TCEP offers a more effective, stoichiometric reduction, requiring
lower concentrations of the reducing agent compared to DTT. Additionally, the cleavage
of disulfide bonds in the target protein is irreversible as TCEP is a non-thiol containing
reducing agent [146;151]. As shown in Figure 5.4C, non-reductive SDS-PAGE reveals
four distinct bands between approximately 45 kDa and 60 kDa, whereas in streptavidin
western blot analysis three different biotinylated bands are visible. These results are in
agreement with gels and immunoblots published by Passam et al. and suggest multiple
biotinylated beta2GPI species. In contrast, addition of two MPB molecules (∆MW
≈ 1.0 kDa), which corresponds to the cleavage of one disulfide bond, should not give
remarkable difference in molecular weight on SDS-PAGE.

To further investigate the biotinylated beta2GPI species, mass spectrometry (MS) was
used to localize the positions of MPB labeling 9 for each of the four SDS-PAGE gel
bands. MS data analysis confirmed multiple and unspecific biotinylation of beta2GPI.
In Table 5.1, the most frequently biotinylated cysteine residues present in each gel
band are summarized. The analysis of biotinylated peptide fragments was carried out as
rough estimation considering fragments with a ratio of > 50% biotinylated compared to
unlabeled cysteine residues. The uppermost band (band 1) is found to be biotinylated
at multiple positions indicating the cleavage of at least eight disulfide bonds located in
DI, DII, DIV, and DV of beta2GPI. In band 2 the cleavage and MPB-labeling of five
disulfide bonds in DIII, DIV, and DV is visible. Band 3 shows biotinylation within DI
and DV, whereas the lowermost band (band 4) displays exclusive biotinylation of Cys326,
suggesting specific cleavage of the disulfide bond Cys288/Cys326 in DV.

As stated by these results, the reduction protocol of Passam et al. [127] does not provide
homogenous and specifically biotinylated beta2GPI and further optimization of the
protocol is needed. In order to optimize the current parameters of the beta2GPI reduction
protocol and to obtain a complete and specifically reduced species, the following conditions
(D) to (K) were tested:

9 MS measurements and peptide fragment library search were done by Dr. E. Hammer and working
group, University of Greifswald.
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(D) Varying temperature or incubation time of the MPB labeling step
(E) Varying MPB concentrations in the labeling step
(F) No MPB labeling step, but reductive buffer conditions
(G) Treatment of beta2GPI with different concentrations of TCEP
(H) TCEP coupled agarose beads used instead of free TCEP
(I) Different concentrations of Trx-1
(J) Varying time of Trx-1/beta2GPI incubation step
(K) Varying temperature of the whole reduction protocol

In order to exclude the possibility that unspecific biotinylation of beta2GPI could result
from unfavorable reaction conditions in the MPB labeling step, variations in temperature
and incubation time of this step were carried out (Figure 5.4D). However, neither at
lower temperatures of 25 °C or 4 °C, nor at longer incubation times of 20 min a change
in band pattering could be observed. Furthermore, decreased concentrations of MPB (i.e.
lowered ratios of MPB per beta2GPI) were tested (Figure 5.4E). At concentrations of
5−15 µM MPB multiple bands are visible on SDS-PAGE and streptavidin western blot.
At MPB concentrations of ≤ 2 µM broad but single gel bands are observable. These
bands appear faint on streptavidin western blot and therefore, a remarkable proportion
of beta2GPI might not be labeled with MPB. The results suggest incomplete and also
unspecific biotinylation of beta2GPI, because the height level of single bands corresponds
with the labeling of additional cysteine residues as observed by MS analysis of SDS-PAGE
gel bands of the initial reduction protocol (compare to MS analysis of gel bands Figure
5.4C in Table 5.1). Overall, the labeling reaction with MPB does not induce multiple
and unspecific biotinylation of beta2GPI after reduction. Further, the preferential MPB
binding site could not be selectively addressed with lower MPB concentrations as assumed
by the sterical accessibility of the extraordinary high solvent exposure of disulfide bond
Cys288/Cys326 in comparison to less solvent exposed Trx-1 cleavage sites. With lower
MPB concentrations, selection of the MPB binding site is not possible.

In addition, reduction of beta2GPI without the MPB labeling step was tested. This
system is of particular physiological relevance, because no ligand is introduced which may
influence the protein structure. To prevent the reoxidation of free thiols, reducing buffer
conditions containing 50 µM TCEP were used through the protocol. After beta2GPI
reduction a single, sharp band was found on a level slightly above the untreated beta2GPI
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Table 5.1 Positions of biotinylated cysteine residues of beta2GPI following the reduction
protocol adapted to Passam et al. [127]. The SDS-PAGE gel bands (Figure 5.4C) are numbered
from top to bottom. This table shows biotinylated fragments with an abundance of > 50% (ratio
of biotinylated compared to unlabeled cysteine residues) found in at least one of two reproductions.
Corresponding cysteine residues of a disulfide bond are indicated as Cys/Cys.

Band (Beta2GPI domain) Positions of biotinylation
1 (DV) Cys326/Cys288, Cys306/Cys281, Cys296/Cys245

(DIV) Cys229/186, Cys215
(DII) Cys91, Cys65
(DI) Cys4

2 (DV) Cys326/Cys288, Cys296
(DIV) Cys229/Cys186, Cys215
(DIII) Cys123

3 (DV) Cys326/Cys288, Cys296
(DI) Cys4

4 (DV) Cys326

on SDS-PAGE (Figure 5.4F). As no MPB labeling was performed, the execution of a
streptavidin western blot was needless. The reaction of beta2GPI with TCEP (5, 15, 30
or 50 µM) followed by MPB labeling was performed as control experiment (Figure 5.4G).
For 15 − 50 µM TCEP, strong unspecific chemical reduction of the protein was observed
in the absence of Trx-1. Thus, reduction of beta2GPI without MPB labeling and handling
of the sample within reductive buffer conditions does not preserve Trx-1 reduction sites.
In the literature a TCEP concentration of 0.1−1 mM is recommended to maintain free
thiols of a protein [151]. Therefore, further decrease of the TCEP concentration in the
buffer was not reasonable. To omit the MPB labeling step after beta2GPI reduction
and to use TCEP for reductive buffer conditions instead does not provide a specifically
reduced beta2GPI species.

In order to avoid the contact of TCEP to beta2GPI after Trx-1 reduction, different
concentrations of TCEP coupled agarose beads (5−50 µM) were used instead of free
TCEP in the protocol (Figure 5.4H). Agarose beads were removed quantitatively before
addition of beta2GPI and did not show any remaining reductive activity after removal
even at high TCEP concentrations (Figure 5.4H, control experiments). Nevertheless,
with TCEP coupled agarose beads the same pattering with four bands on the SDS-PAGE
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and three bands on the streptavidin western blot was observed. This result reveals that
TCEP is not responsible for the multiple bands. Furthermore, TCEP is known to react
quantitatively with the targeted disulfide bonds and equimolar ratios of TCEP and Trx-1
were used in the initial protocol. Thus, no reactive (i.e. reduced) TCEP comes in contact
with beta2GPI after incubation with Trx-1.

Further, different concentrations of Trx-1 and varying incubation times with beta2GPI
were examined to significantly reduce unspecific disulfide bond cleavage and biotinylation.
Decreased ratios of Trx-1 per beta2GPI revealed multiple bands at several concentrations
of Trx-1 (2.5 µM and 1 µM), comparable to the initial concentration of 5 µM Trx-1
(Figure 5.4I). For 0.5 µM Trx-1, a single band on SDS-PAGE, but three faint bands on
streptavidin western blot were visible accounting for unspecific and incomplete reduction
of beta2GPI. Incubation times of 30, 45 or 60 min of Trx-1 and beta2GPI also showed
multiple bands (Figure 5.4J). Shortening of the incubation time of this step to 15 min
resulted in a single band on SDS-PAGE, but a faint and broad band on streptavidin
western blot, indicating partial disulfide bond cleavage as well as unspecific biotinylation
of beta2GPI. Therefore, different Trx-1 concentrations as well as incubation times
with beta2GPI are unsuitable to yield completely and specifically reduced and MPB
labeled beta2GPI.

Because temperature has a major influence on enzyme reactivity, the whole reduction
protocol was tested at different temperatures of 25, 29, 33 or 37 °C (Figure 5.4K).
Whereas for 33 °C and 37 °C (initial condition) multiple bands were found, for 25 °C
and 29 °C single bands were observable on SDS-PAGE and streptavidin western blot,
respectively. Nevertheless, the reduction protocol at 25 °C revealed a sharper band,
which appears at a height level comparable to untreated beta2GPI. In contrast, beta2GPI
reduction at 29 °C resulted in a band with a slight smear above on streptavidin western
blot, indicating a minor proportion of unspecifically biotinylated beta2GPI species.
Consequently, varying temperatures drive the selectivity of disulfide bond cleavage by
Trx-1. Reduction of beta2GPI at 25 °C proposes specific disulfide bond cleavage and
MPB labeling in vitro.

Under the respective conditions, in vitro Trx-1 disulfide bond selectivity at 37 °C is less
strict than reported previously [84;127;128]. By means of all reduction protocol conditions
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Figure 5.4 (A) Non-reductive SDS-PAGE of untreated beta2GPI and Trx-1. (B) Beta2GPI
treated with MPB to prove the redox state of untreated beta2GPI disulfide bonds. (C) Reduction
protocol adapted to Passam et al. [127] (starting point for protocol optimization). (D) Varying
temperature or incubation time of the MPB labeling step and (E) varying MPB concentrations
in the labeling step after Trx-1/beta2GPI reaction. Non-reductive SDS-PAGE (light gray
background) and/or streptavidin western blot analysis (black background), i.e. detection of MPB
labeling are displayed.
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Figure 5.4 (F) No MPB labeling step, but reductive buffer conditions using 50 µM TCEP after
Trx-1/beta2GPI reaction. (G) Treatment of beta2GPI with different concentrations of TCEP
without Trx-1 (control experiments). (H) Different concentrations of TCEP coupled agarose beads
used instead of free TCEP with Trx-1 or without Trx-1 (control experiments). Non-reductive
SDS-PAGE (light gray background) and/or streptavidin western blot analysis (black background),
i.e. detection of MPB labeling are displayed.
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Figure 5.4 (I) Different concentrations of Trx-1 used for the reduction of beta2GPI. (J) Varying
time of Trx-1/beta2GPI incubation step. (K) Varying temperature of the whole reduction protocol.
(L) Ten-fold up-scaled reduction protocol at 25 °C before purification and after purification by
size exclusion chromatography (SEC). Non-reductive SDS-PAGE (light gray background) and/or
streptavidin western blot analysis (black background), i.e. detection of MPB labeling are displayed.
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tested, the most promising variation was to carry out the whole protocol at 25 °C. 5 µM
TCEP and 5 µM Trx-1 react for 1 h, followed by reduction of 0.2 µM beta2GPI for
1 h and labeling of free thiols with 15 µM MPB for 15 min. In comparison to the
initial protocol at 37 °C, the lower temperature is favorable as it results in a sharp and
single band for beta2GPI on SDS-PAGE and streptavidin western blot. Trx-1 is less
reactive as the relationship of temperature change and reaction velocity also accounts for
enzymatic reactions. The cleavage of disulfide bonds might be restricted to cystines with
certain configurations and high accessibility. However, it is known that the geometry of
disulfide bonds can isomerize between different dihedral angle configurations [21;152;153].
Because distinct dihedral angle configurations are preferred by Trx-1, conversion of the
angle could expand disulfide bond cleavage sites and a decrease of this conversion at
lower temperature is likely. It is important to note that in this in vitro system, higher
concentrations of Trx-1 were used compared to physiological conditions. Therefore,
specific reduction of beta2GPI by Trx-1 at 37 °C in vivo is achievable, which might be
further supported by the participation of additional mediators like proteins or co-factors
in blood.

In comparison with former publications, this work accomplished a remarkable decrease
of unspecific reduction and biotinylation of beta2GPI. The optimized reduction protocol
reveals a single band on SDS-PAGE as well as streptavidin western blot which corresponds
to the lowermost band of the initial reduction protocol adapted to Passam et al. [127]

(compare to Figure 5.4C and Table 5.1) and accordingly, to the height level of un-
treated beta2GPI. Subsequently, the optimized reduction protocol was up-scaled 10-fold
using an amount of 100 µg beta2GPI and separation of the reaction mixture by size
exclusion chromatography (SEC) was established for further analyzes. A representative
chromatogram of the purification of reduced beta2GPI from the reaction mixture is
shown in SI Figure A.6. SDS-PAGE gels of the final reduction protocol conditions
before and after SEC purification are displayed in Figure 5.4L. High purity of reduced
beta2GPI was confirmed by a single SDS-PAGE gel band, which further indicates a
homogenous beta2GPI species after SEC. In the current study, beta2GPI after disulfide
bond reduction and purification was used for further investigations for the first time.
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5.3.3. Validation of beta2GPI disulfide bond Cys288/Cys326 reduction

To further validate the specific and complete reduction of disulfide bond Cys288/Cys326,
LC-MS/MS data 10 were conducted to determine the position of enzymatic reduction
and biotinylation sites within beta2GPI. As shown in Table 5.2, 10 peptide fragments
were identified to carry the MPB ligand with the respective abundance. The C-terminal
fragment TDASDVKPC (aa 318−326) including biotinylated Cys326 was found to be by
far the most intense. The biotinylated peptide fragment of the corresponding disulfide
bond partner Cys288 (aa 287−305) showed an intensity of approximately 15% compared
to the biotinylated C-terminal fragment. Fragment aa 287−305 includes a second
cysteine at position 296 which was also found to be biotinylated. A secondary cleavage
site was detected in DI at Cys32 (aa 20−39), but with less intensity of approximately
12% compared to the biotinylated C-terminal fragment. All other biotinylated peptide
fragments revealed significantly lower intensities. The unlabeled C-terminal fragment aa
318−326 was negligible as the abundance of the respective biotinylated fragment was
found to be > 99%. However, the non-biotinylated C-terminal fragment of untreated
beta2GPI was well detectable in corresponding MS measurements (SI Table A.1). The
findings confirm complete reduction of beta2GPI disulfide bond Cys288/Cys326.

The ratio of MPB labeling to beta2GPI can be determined by a biotin quantification
assay using avidin bound to HABA (4’-hydroxyazobenzene-2-carboxylic acid) which is
replaced by biotin due to its higher affinity. Complex formation is measured by a decrease
in absorption at 500 nm. Biotin concentration is calculated via the extinction coefficient
and corresponds to the concentration of MPB bound to the protein. The cleavage of a
distinct disulfide bond to two free thiols would suggest a ratio of two biotin molecules per
protein. Indeed, a ratio of 1.0 ± 0.3 biotin molecules per beta2GPI was determined.

The disulfide bond at position Cys288/Cys326 of beta2GPI was predominantly reduced
which is in agreement with previous publications [101;128]. The reasons for this are most
probably the high accessibility, the favored dihedral angle configuration, and an increased
dihedral strain energy of this disulfide bond. The evaluation of X-ray spectroscopy
crystal structures revealed that Cys326 shows an extraordinary high solvents exposure
10 MS measurements and peptide fragment library search were done by Dr. E. Hammer and working

group, University of Greifswald.
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Table 5.2 Abundance A, i.e. relative intensity ×103 of biotinylated beta2GPI fragments
detected by LC-MS/MS. Two independent reproductions (R1 and R2) are shown. The trypsin
cleavage sites of beta2GPI are illustrated in SI Figure A.1. Mass spectrum and ion fragmentation
table of fragment aa 318−326 are shown in SI Figure A.7. a SEQUEST X correlation (XCorr)
factor > 2.0.

aa Fragment sequence Theo.
mass [Da]

AR1 AR2 XCorr a

3−19 TCPKPDDLPFSTVVPLK 2380.19 85 119 4.1
20−39 TFYEPGEEITYSCKPGYVSR 2849.28 395 500 2.4
44−59 (K)FICPLTGLWPINTLK 2367.26 9 26 3.9
64−77 VCPFAGILENGAVR 1968.97 175 292 4.1
78−104 YTTFEYPNTISFSCNTGFYLNGA

DSAK
3534.55 110 155 3.4

105−110 CTEEGK 1189.49 48 94 2.1
186−208 CPFPSRPDNGFVNYPAKPTLYYK 3197.52 85 99 4.1
211−231 ATFGCHDGYSLDGPEEIECTK 3318.37 80 85 4.4
287−305 (K)CSYTEDAQCIDGTIEVPK 3146.38 498 634 3.5
318−326 TDASDVKPC 1458.62 2846 4935 3.6

(approximately 110 Å2) in comparison to its disulfide bond partner Cys288 (approximately
5 Å2) and all other cystines within beta2GPI [128]. Despite biotinylation of Cys326, Cys288
is less accessible and sterical hindrance might prevent the addition of a second MPB
molecule to Cys288. Further, this finding is in line with the LC-MS/MS data that
determined seven-fold lower intensities of the biotinylated Cys288 containing fragment
compared to the biotinylated Cys326 containing fragment. However, complete reduction
of beta2GPI disulfide bond Cys288/Cys326 can be assumed, as labeling of one free thiol of
a disulfide bond maintains the reduced state and the disulfide bond is irreversibly cleaved.
However, a small proportion of unreacted beta2GPI cannot be completely excluded.

Furthermore, the fragment CSYTEDAQCIDGTIEVPK, which would contain biotiny-
lation of Cys288 but no labeling of Cys296, was missing in the detection. This is likely
due to the additional crosslink built by the disulfide bond Cys245/Cys296 which creates
an extra large peptide fragment in case Cys288/Cys326 but not Cys245/Cys296 is
cleaved. Such extra large fragments could not be detected in this LC-MS/MS approach
as a certain window of mass/charge (m/z) is adjusted for effective fragment detection.
Hence, the respective unlabeled fragment (CSYTEDAQCIDGTIEVPK) appeared in
corresponding mass spectra of untreated beta2GPI with very low intensity (SI Table
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A.1), and could not be compared to the intensity of the biotinylated Cys288 containing
fragment. Beta2GPI primary sequence with the putative trypsin cleavage sites is given
in SI Figure A.1, which illustrates all cystine crosslinked peptide fragments.

Krilis and co-workers [101;128;154] already reported that Trx-1 has a preference to also
reduce Cys32/Cys60 within DI of beta2GPI to a minor but significant proportion. This
disulfide bond comprises a secondary cleavage site. Trx-1 is able to reduce this bond,
although it does not have the ideal configuration to serve as a substrate. Cys32/Cys60
has a minus left handed spiral configuration (−LHSpiral), which is characteristic for a
structural disulfide bond. Sterical hindrance of this disulfide bond might be reduced
because it is located within DI and thus, it is not completely buried inside the protein
core and no glycosylation sites hinder cleavage. Solvent exposure of Cys32 and Cys60
is approximately 30 Å2 and 10 Å2, respectively [128], which is in the upper midfield of
beta2GPI cysteine residues and might be the reason for secondary cleavage by Trx-1.
Cys60 exists as a four amino acids fragment after trypsin digestion of beta2GPI and
therefore, it is too short (i.e. too low molecular weight for the utilized window of
mass/charge) for detection in this LC-MS/MS approach and neither the biotinylated nor
the unmodified fragment containing Cys60 could be detected. The trypsin cleavage sites
of beta2GPI are illustrated in SI Figure A.1.

The SEQUEST X correlation (XCorr) factor is a similarity score to measure the goodness
of fragment identification by comparison of the actually observed spectrum and the
theoretical spectrum of a peptide with a higher similarity corresponding to higher XCorr
values [155]. A threshold for the XCorr of 2.0 was chosen to ensure that beta2GPI peptide
fragments were identified correctly. In general, the detection of different peptide fragments
or modifications of the same fragment in MS might not accurately represent relative
abundance because different molecular properties, such as size, functional groups, or
charge can have an influence on the efficiency of ionization and the probability of detection.
These factors might affect the transmission of peptide fragments disproportionally and
thus, might influence relative signal intensities. Hence, a direct comparison of intensities
of different fragments is just an estimation and must be rated as semi-quantitative
approach. To receive quantitative abundance of a single peptide fragment of interest out
of a mass spectrum, an internal or external standard has to be carried along [156]. Although
this semi-quantitative assessment of the abundance of biotinylated beta2GPI fragments
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might not be free from defects, the findings confirm that disulfide bond Cys288/Cys326
of beta2GPI is reduced predominantly by Trx-1 and secondary cleavage sites appear to a
minor content.

To verify the integrity of reduced beta2GPI structure, circular dichroism (CD) spectra
were recorded. In comparison to untreated beta2GPI, no significant changes in the near
and far-UV region were found (SI Figure A.8). Both beta2GPI species revealed the
characteristic CD profile with a maximum at around 233 nm, as published earlier [120;121].
Therefore, protein reduction and MPB labeling preserve the secondary and tertiary
structure of beta2GPI and do not lead to the formation of aggregates or denaturation
of beta2GPI.

5.3.4. APS autoantibody binding to reduced beta2GPI

In order to prove whether the reduction of beta2GPI disulfide bond Cys288/Cys326
correlates with an increased autoantibody binding, a sandwich-ELISA using purified
anti-DI IgG antibodies from four different APS patients was carried out (Figure 5.5) 11.
A summary of the demographic and disease-specific characteristics of these APS patients
is presented in SI Table A.2. In principle, anti-DI antibodies were coated on a microtiter
plate and after addition of different concentrations of untreated or reduced beta2GPI,
binding was visualized with a peroxidase-conjugated anti-beta2GPI antibody. A clear
and concentration dependent binding towards reduced beta2GPI was shown for all APS
patient derived antibodies, while small patient specific variations in antibody activity
were observed. Untreated beta2GPI did not reveal any specific interaction with APS
autoantibodies in the concentration range tested, because it provided a similar low
binding signal as for the control experiment without the addition of any protein. Thus,
statistically highly significant differences in autoantibody binding were found between
untreated and reduced beta2GPI of the same concentration used in the ELISA (for 1
µg/mL beta2GPI species p < 0.05; for 2 and 5 µg/mL beta2GPI species p < 0.0001).

11 Purified APS patient autoantibodies were obtained from Prof. Dr. A. Rahman, Dr. T. McDonnell
and working group, University College London.
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Figure 5.5 Sandwich-ELISA demonstrating the antigenicity of reduced beta2GPI compared to
untreated beta2GPI at various concentrations with respect to anti-DI IgG antibodies purified
from four different APS patients (P1: red, P2: green, P3: blue, P4: black). A microtiter plate
was coated with anti-DI antibodies, followed by addition of untreated or reduced beta2GPI and a
peroxidase-conjugated anti-beta2GPI antibody was used for detection. The background signal
recorded without any protein (“no protein”) was utilized as control experiment. Statistically
significant differences of sample absorption were analyzed by a paired t-test.

Hitherto existing ELISA studies with untreated and reduced beta2GPI reported a remark-
able decrease in affinity (i.e. lower binding signal) after reduction. However, in most cases
artificial antibodies, such as murine anti-beta2GPI monoclonal antibody or polyclonal
rabbit-produced anti-beta2GPI antibody were used and detected in immunoblots [127].
Merely, Giannakopoulos et al. [101] claimed that anti-beta2GPI antibodies purified from
APS patients show a decrease in binding affinity to beta2GPI after reduction compared to
untreated beta2GPI. However, no details on the experimental set-up are given and it can
be assumed that this study was performed without purification of the reaction mixture
after beta2GPI reduction. In addition, the reduction protocol from Passam et al. [127] was
probably used to reduce beta2GPI, which indeed produces highly unspecific biotinylated

67



5. Disulfide bond reduction of beta2GPI

beta2GPI species. Therefore, major damage of beta2GPI structure after application
of the reduction protocol of Passam et al. is likely which would explain the loss of
antibody binding affinity. Another working group found no difference between binding
of a rabbit anti-beta2GPI monoclonal antibody to untreated and reduced beta2GPI
detected in western blot analysis [137], which is in agreement with control ELISA set-up
data (SI Figure A.11) of the current investigation. In this control ELISA set-up, the
uniform binding of peroxidase-conjugated anti-beta2GPI antibodies towards untreated
and reduced beta2GPI was confirmed. Therefore, binding of the anti-beta2GPI detection
antibody used in this study does not discriminate between beta2GPI species.

In this study, significantly increased immunogenicity of reduced beta2GPI to purified APS
patient autoantibodies was found. Anti-DI IgG antibodies were purified from blood of
representative APS patients who showed typical disease-specific characteristics (SI Table
A.2). DI carries the immunodominant epitope of beta2GPI for these autoantibodies which
is supposed to be hidden in the closed conformation of the protein. As an enhanced binding
towards reduced beta2GPI was observed, reduction of disulfide bond Cys288/Cys326
might open up the conformation or facilitates opening upon APS autoantibody binding.

5.3.5. Evaluation of beta2GPI conformation after reduction

Determination of protein size by dynamic light scattering (DLS)

Dynamic light scattering (DLS) was used to determine the size of beta2GPI based on
the hydrodynamic diameter DH. The DH assumes a particle to be of spherical shape,
including the nearest shell of water molecules and corresponds to a sphere which diffuses
at the same rate as the particle under examination [122]. In Figure 5.6, representative
hydrodynamic size distribution curves are shown for both, untreated (black) and reduced
beta2GPI (red). For the untreated protein, a DH of 13.1 ± 0.7 nm was measured, which
is in agreement with former size determinations of the closed conformation of beta2GPI [1].
For beta2GPI after reduction of disulfide bond Cys288/Cys326, a significantly smaller
DH of 10.1 ± 1.1 nm was found. Further, DLS measurements confirmed the absence of
protein aggregates.
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Figure 5.6 Representative hydrodynamic size distribution curves for untreated (black) as well
as reduced beta2GPI (red). DLS data revealed a hydrodynamic diameter DH (± SD of three
independent measurements) of 13.1 ± 0.7 nm for untreated beta2GPI and 10.1 ± 1.1 nm for
reduced beta2GPI in HBS, pH 7.4 at 25 °C with 6 µM protein.

The decrease in hydrodynamic size detected for reduced beta2GPI might be associated
with the open conformation of the protein as published previously for other beta2GPI
modifications [1;123]. Thus, DLS measurements might indicate that beta2GPI changed its
conformation from closed to open form upon disulfide bond Cys288/Cys326 reduction.
However, the hydrodynamic diameter of a particle is determined by its mobility in
solution (i.e. diffusion), which is influenced by the diffusion coefficient, depending not
only on the molecular weight and shape but also on solvation effects. Therefore, disulfide
bond cleavage and addition of MPB ligands might change the diffusion coefficient, leading
to a divergent DH, although beta2GPI conformation is not altered.

Atomic force microscopy (AFM) imaging of beta2GPI

Atomic force microscopy (AFM) imaging is a robust and high-resolution technique to
visualize the conformation of biomolecules or their interaction due to complex forma-
tion [157;158;159]. In this study, the conformation of beta2GPI after reduction of disulfide
bond Cys288/Cys326 was evaluated. After adsorption of the protein to a mica substrate
surface, it was air dried prior to AFM imaging. AFM overview images 12 of untreated

12 AFM imaging was done by Prof. Dr. J. L. Toca-Herrera and working group, University of Natural
Resources and Life Sciences Vienna. Statistical analysis was done by Dr. P. Nestler, University of
Greifswald.
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beta2GPI and beta2GPI after reduction are shown in Figure 5.7A and B (left), respec-
tively. For untreated beta2GPI, a high abundance of round-shaped particles (i.e. closed
proteins) could be observed, whereas for reduced beta2GPI a similar pattern was found.
A few elongated structures, which are characteristic for the open conformation, were
also visible as shown by AFM images for both beta2GPI species. Untreated as well as
reduced beta2GPI revealed particle height values of up to 0.6 nm, which is in the typical
range of flatly adsorbed beta2GPI [1].

After translation to a binary map diagram, which offers a simplified representation of
particle shapes, 44 individual beta2GPI molecules were identified in the AFM images
of the untreated species. Statistical analysis with an automated script provided the
conformational state of each single protein selected on the binary map by means of the
aspect ratio R (particle length/width). This ratio is calculated based on the length
compared to the width axis of a particle confined by its boundary contour line. A
threshold value of R = 3 was previously chosen to distinguish between the closed
(R < 3) and the open conformation (R > 3) after analyzing a set of AFM close-up images,
displaying isolated beta2GPI molecules with the characteristic torus and fish-hook shaped
appearance, respectively [1]. For the untreated beta2GPI, the median of R was found
to be 2.2. As illustrated in Figure 5.7A (right), quantitative analysis exhibited an
abundance of 80% of particles in a circular shape, i.e. closed conformation and 20% in a
more elongated, i.e. open conformation. For beta2GPI after reduction of disulfide bond
Cys288/Cys326, two sample reproductions S1 and S2 were analyzed regarding 28 and 157
individual beta2GPI molecules, respectively. S1 revealed a median of R = 2.7 with 60%
of beta2GPI molecules being in closed and 40% in open conformation (Figure 5.7B,
right, red). For S2, a median of R = 2.1 was determined, resulting in 75% of beta2GPI
in closed and 25% in open conformation (blue). The median of the aspect ratio R as
well as the proportion of beta2GPI in closed and open conformation before and after
reduction are summarized in Table 5.3.

For untreated beta2GPI, the majority of proteins was found to be in closed conformation
as published previously [1;88]. After reduction of beta2GPI, statistical analysis of two
independent sample reproductions revealed 60% of particles in closed conformation for
S1 and 75% of proteins in closed conformation for S2. It should be noted that S1 may
not consist of a representative sample size, because only 28 single beta2GPI molecules
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Figure 5.7 AFM imaging of flatly adsorbed (A) untreated beta2GPI and (B) beta2GPI after
reduction of disulfide bond Cys288/Cys326 on mica substrate. Representative AFM overview
images of the beta2GPI species adsorbed as 2 µg/mL solution in HBS buffer (left) are displayed.
The AFM image of reduced beta2GPI refers to sample reproduction S2. Statistical analyses of
the conformation of beta2GPI species are shown as box plots with the median, percentiles set to
25% and 75%, and whiskers set to 5% and 95% (upper panel), and as histograms of the aspect
ratio R (lower panel). For reduced beta2GPI, two independent reproductions S1 (red) and S2
(blue) are shown. The threshold value to distinguish open from closed beta2GPI is R = 3.

Table 5.3 Summary of the median of R and percentage fractions of closed and open beta2GPI.
Quantitative shape analysis after AFM imaging of different beta2GPI species revealed the median
of the aspect ratio R (particle length/width) as well as percentage fractions of closed and open
proteins of untreated and reduced beta2GPI, respectively.

Beta2GPI species Median of R Closed (%) Open (%)
Untreated 2.2 80 20
Reduced S1 2.7 60 40
Reduced S2 2.1 75 25
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could be identified from the respective image compared to 175 individual proteins for S2.
This fact is underlined by the histogram of S1 (red) which shows no clear distribution of
the aspect ratio R. Thus, the statistical analysis of S1 might be prone to a certain bias.
Nevertheless, AFM imaging revealed that a high portion of proteins is still in closed
conformation after reduction of disulfide bond Cys288/Cys326. No significant change
occurred in the ratio of closed versus open form compared to the untreated protein.
Therefore, AFM imaging technique proposes that for the majority of beta2GPI molecules
no conformational change from closed to open is caused upon reduction.

Due to the methodology used in AFM imaging, no staining procedure of the sample is
required. The protein is adsorbed directly onto a mica surface and dried before detection.
Although AFM imaging in a liquid environment is an established technique [14;124], imaging
of beta2GPI was performed after drying, because this provides an increased image
resolution. Furthermore, flat adsorption of proteins enables for a two-dimensional
assessment of the conformation, whereas in a liquid environment proteins might absorb
in an upright position. The automated script guaranties objective and high-throughput
analysis of the conformation. Nevertheless, the absorption of beta2GPI to a mica
substrate as well as the drying process might influence the protein conformation. In
addition, the assessment of the conformation in terms of its appearance on an image
might be subjected to minor uncertainties: open proteins could adsorb as round shapes,
or two proteins could adsorb very closed to each other, being erroneously counted as
closed or open particle, respectively. A slightly higher proportion of open molecules
was found for untreated beta2GPI compared to previous AFM image analyses of the
untreated species with the automated script [1]. This difference most likely arose from
variations in sample handling and transportation (incl. freezing/thawing cycles), AFM
sample preparation as well as differing AFM instruments and persons performing the
experiments. AFM is a very sensitive technique, which may result in uncertainties of
quantitative shape analyses. AFM images of bar mica were recorded, which demonstrated
the low surface roughness of mica substrate and did not reveal any artifacts that might
be mistaken as proteins (SI Figure A.9).

Beta2GPI species appeared slightly larger on AFM images compared to the hydrodynamic
diameter determined in DLS measurements. Because the molecular sizes of the protein
and the tip of the AFM cantilever are of the same order of magnitude, AFM imaging
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is subjected to cantilever tip convolution [126]. As a result, beta2GPI molecules appear
broadened and details of the image might be smoothed out. Thus, the overall size of
beta2GPI is overestimated in AFM imaging. However, the size of beta2GPI determined by
AFM imaging and DLS measurements is in a comparable range and refutes the formation
of protein aggregates on the mica substrate. In order to confirm the predominant presence
of closed beta2GPI after reduction of disulfide bond Cys288/Cys326, another imaging
technique was used to support these findings.

Transmission electron microscopy (TEM) imaging of beta2GPI

The technique of transmission electron microscopy (TEM) imaging is frequently applied
to visualize macromolecular (e.g. cells) as well as micromolecular structures (e.g. proteins,
or DNA) [160;161]. Further, TEM imaging was used previously to visualize the closed and
open conformation of beta2GPI [88;162;163]. In the current study, a potential conformational
change of beta2GPI after reduction of disulfide bond Cys288/Cys326 should be assessed.
For TEM imaging of beta2GPI, a holey carbon film-coated cooper grid was prepared
which serves as the substrate. Such holey carbon films are often used in TEM imaging in
case the mesh sizes of standard TEM grids are too large to support the sample. After
adsorption of the protein on the substrate, a TEM staining procedure is applied in order
to generate contrast from the protein sample. Several contrasting agents as well as
procedures were tested to optimize the TEM imaging of beta2GPI 13, and the respective
protocols are summarized in SI Table A.3. The results of the two most promising
contrasting procedures are discussed below.

On the one hand, phosphotungstic acid was used as the contrasting agent for preparation
of TEM substrates of untreated as well as reduced beta2GPI. Overview as well as close-up
TEM images of the untreated protein exhibited a high abundance of circular particles,
partly with a local minimum (Figure 5.8A and B). This typical donut-like shape was
observed before as the closed conformation of beta2GPI [1;88]. Statistical analysis of the
conformational state with the automated script, which was used before for evaluation of
the beta2GPI conformation on AFM images, revealed a median of R = 1.6 with a total

13 TEM imaging was done by Dr. R. Schlüter and working group, University of Greifswald.
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number of 139 single beta2GPI proteins being analyzed. A threshold value of R = 3 was
previously chosen to distinguish between the closed (R < 3) and the open conformation
(R > 3) [1]. With respect to this threshold, 96% of particles were quantified to be in closed
and 4% in open conformation of the untreated beta2GPI (Figure 5.8C) 14. Staining
of reduced beta2GPI utilizing phosphotungstic acid did not reveal any contrast from
the substrate, so that no particles could be identified on TEM images (data not shown).
Therefore, beta2GPI conformation after reduction of disulfide bond Cys288/Cys326 could
not be determined with this TEM substrate preparation procedure. In summary, staining
with phosphotungstic acid resulted in high-quality images for untreated beta2GPI, which
confirmed the predominant presence of the closed conformation. In contrast, this staining
procedure appeared unsuitable for imaging of beta2GPI after reduction.

On the other hand, a protocol published by Agar et al. [88] was used to prepare substrates
for TEM imaging of untreated and reduced beta2GPI applying uranyl formate as con-
trasting agent. In Figure 5.9A and B, overview (right) as well as close-up TEM images
(left) of untreated and reduced beta2GPI are shown, respectively. TEM imaging of both,
untreated beta2GPI and beta2GPI after reduction of disulfide bond Cys288/Cys326 re-
vealed a high proportion of circular particles. Because of the low overall contrast, images
were not evaluated with the automated script for statistical analysis of the beta2GPI
conformation. Nevertheless, TEM imaging results propose that no conformational change
is initiated by the reduction of beta2GPI.

TEM sample preparation and imaging also offers limitations. Beta2GPI may suffer from
the contrasting procedure required for TEM imaging as a concentrated solution of the
heavy metal containing staining agent is applied to the protein. Additionally, it cannot
be fully excluded that adsorption to the substrate or the contrasting procedure might
influence the conformation of beta2GPI. In the past, TEM imaging was successfully used
to image the closed and open form of beta2GPI [88;162;163]. Images of single open beta2GPI
as well as beta2GPI in open conformation while interacting with IgG antibodies or other
proteins are reported. However, substrate preparation procedures and TEM imaging as
performed in the current study made difficulties to visualize beta2GPI in a clear open or
linear conformation. Open beta2GPI potentially adsorbs in a round shape which appears

14 Statistical analysis was done by Dr. P. Nestler, University of Greifswald.
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Figure 5.8 TEM imaging of untreated beta2GPI. (A) Representative TEM overview image
and (B) close-up image of untreated beta2GPI adsorbed as 50 µg/mL solution in HBS buffer
and contrasted with 2% phosphotungstic acid. (C) Statistical analysis of untreated beta2GPI
conformation is shown as box plot with the median, percentiles set to 25% and 75%, and whiskers
set to 5% and 95% (upper panel), and as smoothed histogram of the aspect ratio R (lower panel).
The threshold value to distinguish open from closed beta2GPI is R = 3.

as the closed conformation on TEM images. Another possibility might be that the open
form is overlooked due to the low overall contrast of TEM images after contrasting
with uranyl formate. TEM imaging is a sensitive technique which is not secured from
artifacts. However, TEM images of the pure buffer solution were recorded, which did not
reveal any artifacts that might be mistaken as proteins (SI Figure A.10). Despite the
limitations of this technique, TEM imaging results confirm that no conformational change
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Figure 5.9 TEM imaging of beta2GPI. Representative TEM images of (A) untreated beta2GPI
and (B) beta2GPI after reduction of disulfide bond Cys288/Cys326 adsorbed as 50 µg/mL
solution in HBS buffer and contrasted with 0.75% uranyl formate. An overview image (left) as
well as a close-up image (right) are shown. The closed-up images were subsequently optimized for
brightness and contrast. Because of the low overall contrast, the images were not evaluated with
the automated script for statistical analysis of the beta2GPI conformation.

of beta2GPI is induced upon reduction of disulfide bond Cys288/Cys326. However, a
mixture of conformations with a small proportion of open proteins after reduction cannot
be completely ruled out.
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5.3.6. Correlation hypothesis of beta2GPI conformation & redox state

X-ray crystallography structures of beta2GPI display the open protein in oxidized
state [62;65]. However, crystallization of beta2GPI included harsh buffer conditions and a
high salt concentration, which could interfere with the protein conformation and might
favor opening of the protein. In addition, in APS patients a higher proportion of oxidized
beta2GPI was found compared to healthy subjects [85;141]. APS is associated with an
increased proportion of the open conformation. This form is potentially antigenic because
it exposes a cryptic epitope in DI which is the main target of APS autoantibodies. Taken
together, an enhancement of open and oxidized beta2GPI might be disease relevant.
Due to previous knowledge, a direct correlation between the open conformation and the
oxidized state of beta2GPI was considered.

As shown by AFM imaging, 80% of untreated beta2GPI was in closed conformation,
whereas after reduction of beta2GPI 75% of the proteins were still determined to be in
the closed form. Therefore, no significant difference in conformation between beta2GPI
species was found. In addition, in qualitative TEM imaging untreated and reduced
beta2GPI appeared exclusively in closed conformation. According to these results, no
major conformational change occurred between untreated and reduced beta2GPI with
the closed form still being the main conformation of the protein after in vitro reduction
of disulfide bond Cys288/Cys326. Though, a slight portion of the open conformation
might be present before as well as after reduction. A sterical effect of the MPB ligand on
the beta2GPI conformation can be ruled out. Complete reduction and MPB labeling of
beta2GPI was ensured by MS detection and the biotin quantification assay. Hence, if
the insertion of the MPB ligand would cause opening of the conformation, the imaging
techniques would almost completely reveal the open form of the protein.

According to the present findings, there is no direct correlation of conformation and
redox state of beta2GPI. Fist said, in vivo the majority of proteins (> 90%) is thought
to circulate in closed conformation but almost half of them (46%) is in reduced state [85]

and thus, the other half is supposed to be in oxidized state. Therefore, the closed
conformation possesses both redox states. This established fact already contradicts
a direct and unambiguous correlation of beta2GPI conformation and redox state. If
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oxidized beta2GPI would be more likely in open conformation, almost half of beta2GPI
in blood should be linear. Hence, the hypothesis of a direct correlation of the oxidized
state and the open conformation must be refused.

Further, no direct allosteric control due to redox changes of disulfide bond Cys288/Cys326
can be deducted form the results of the current study. In case of an allosteric behavior
of this disulfide bond, its reduction would consistently result in a conformational change
of the protein. However, after complete reduction of beta2GPI the closed form was still
predominantly found. A more subtle change in structure cannot be excluded based on
these results. The findings confirm that in vitro the closed conformation can occur in
both redox states. Beta2GPI might serve as a scavenger for protection against oxidative
stress in the blood stream. During oxidative stress protection, the free thiols of Cys288
and Cys326 may function as catalytic cysteine residues in order to dispose ROS. Hence,
reduced beta2GPI might be oxidized by ROS and in turn, it might be reduced again
by a Trx-1 recycling system while being in the closed conformation. Nevertheless, it is
difficult to transfer in vitro results to the in vivo system, because much more complex
processes must be considered in the body, and expanded in vivo studies of the properties
of disulfide bond Cys288/Cys326 are needed.

The findings further indicate that disulfide bond Cys288/Cys326 is not located under the
putative contact surface of DI and DV in closed conformation as suggested previously.
Lys305 and Lys315 are hidden in the closed form, because they are not available for
trypsin cleavage [88], which does not necessarily mean that Cys288 and Cys326 are also
occupied in the protein 3D structure. Trx-1 cleavage would be sterically hindered if this
disulfide bond were hidden. Furthermore, an adjacent localization of Cys288/Cys326 to
the interaction surface of DI and DV would explain the coexistence of both redox states
within the same conformation.

It has been previously shown that the clinically most relevant subgroup of APS auto-
antibodies mainly binds a cryptic epitope within DI, which is supposed to be only
accessible in the open conformation of the protein. However, ELISA results of the
current study reveal that anti-DI antibodies purified from APS patients have a statis-
tically significantly higher affinity towards beta2GPI after reduction of disulfide bond
Cys288/Cys326 compared to untreated, i.e. native beta2GPI. As described, results of the
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conformational assessment of beta2GPI propose no conformational shift from closed to
open form after in vitro reduction. Therefore, the findings indicate two possible scenarios
of APS antibody binding:

(1) The findings may reveal that APS antibodies bind to reduced beta2GPI in closed
conformation in the liquid phase, because a small (minor) structural change but no
major conformational change is induced by reduction of disulfide bond Cys288/Cys326
in DV. DI and DV built the interaction surface in the closed conformation. Hence, a
minor structural change in DV may lead to destabilization of the DI/DV interaction as
well as increased accessibility for APS antibody binding to the closed form. This would
allow antibody binding to DI of the reduced but not of the untreated protein. As a
result, binding of APS autoantibodies might provoke opening of the protein conformation,
which must be proven in further experiments. The conformational dynamics of beta2GPI
might not be directly influenced by the redox state, but the conformation is potentially
converted through APS antibody binding.

(2) As shown by AFM imaging as well as TEM studies of Agar et al. [88], a small
proportion of native (i.e. untreated) beta2GPI is present in the open conformation [1].
There might be an equilibrium between closed and open beta2GPI in solution with
a dynamic conversion between both forms. Although the ratio of closed and open
conformation between oxidized and reduced beta2GPI remains almost constant, APS
autoantibodies might be able to bind to the small fraction of open proteins in solution.
Hence, antibody binding might stabilize the open form and shifts the equilibrium towards
this conformation. Eventually, a small structural change in DV might be induced
by reduction of disulfide bond Cys288/Cys326, destabilizing the closed conformation.
Therefore, rebalancing of the equilibrium might be accelerated which favors APS antibody
binding of the reduced beta2GPI over the native protein.

In both scenarios, reduction of beta2GPI might rather facilitate APS antibody binding
through a minor structural change of the protein in DV. Although a minor structural
change could not be observed in any of the methods used due to technical limitations such
as insufficient molecular resolution, it is probably the best explanation for the current
findings. Regarding the two hypotheses mentioned above, the first scenario seems more
likely. It is based on the majority of proteins that are in closed conformation, which would
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plausibly explain the strong effects seen in ELISA. If scenario 2 were true, the binding of
untreated beta2GPI would also be concentration-dependent and would differ considerably
from the control sample without any beta2GPI (“no protein”). To what extent disulfide
bond Cys288/Cys326 constitutes an allosteric disulfide bond remains open for discussion
as it does not mediate a major conformational change but may induce a minor but crucial
structural change. Hence, detailed investigations on beta2GPI conformational dynamics
in liquid as well as structural analyses on the level of amino acid side chain orientation in
DI and DV are needed to elucidate the influence of beta2GPI reduction which increases
the affinity of APS autoantibodies.

Although a direct correlation of the redox state and the conformation appears unlikely,
levels of reduced and oxidized beta2GPI might be relevant in APS disease. As an
external factor, oxidative stress is proposed to be the main driver of beta2GPI redox
change from reduced to oxidized state in vivo, which also enhances the production of
reduced beta2GPI due to recycling mechanisms. This study clearly demonstrates that
the reduced state is more antigenic compared to oxidized beta2GPI. The increased levels
of oxidized beta2GPI found in APS patients might be the result of oxidative stress, a
typical concomitant of this disease, which does not contradict the reduced form being the
immunogenic form. Thus, not ROS directly, but the enhancement of certain recycling
mechanisms to reduce beta2GPI might enable APS autoantibody generation. However, it
seems unlikely that reduction of beta2GPI as a physiological process normally occurring
triggers immunogenicity. Hence, an additional factor might be needed to induce immune
tolerance breakdown.

Limitations of this study result from the untreated beta2GPI being completely in oxidized
state, which does not reflect the mixture of redox states present in vivo. Further, it
cannot be excluded that a minor proportion of approximately 10% unspecifically reduced
and biotinylated beta2GPI might influence beta2GPI conformation and anti-DI antibody
binding. It also remains unclear to what extent the different adsorption and imaging
procedures of TEM and AFM may affect the conformation of beta2GPI. However, a
predominant or complete opening of the beta2GPI structure upon reduction can be
ruled out. Ongoing molecular dynamics simulation (MDS) studies should establish a
model system of closed beta2GPI. In a second step, in silico cleavage of disulfide bond
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Cys288/Cys326 will be constituted to prove for a major conformational change or minor
structural changes along with an allosteric behavior after beta2GPI reduction.

Cleavage of disulfide bond Cys288/Cys326 leads to the detachment of the C-terminal loop
region (Phe307−Cys326), including the hydrophobic loop (Leu313−Trp316) responsible
for phospholipid membrane anchoring of beta2GPI [70]. In addition, the positively charged
lysine-rich loop (Lys282−Lys287), which participates in preferential binding of negatively
charged phospholipids in the cell membrane [68;164], is located immediately adjacent
to Cys288 as shown by X-ray crystallography structures (open conformation). Thus,
further investigations are needed to explore whether oxidation and reduction of beta2GPI
might be crucial for phospholipid binding. Altered cell membrane binding properties of
beta2GPI due to redox changes may have an additional effect on the pathophysiology
of APS.
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6. Conclusions

Lysine residue acetylation of beta2GPI or treatment of the protein at pH 11.5 were
used to establish model systems of open beta2GPI. A pH of 11.5 as well as complete
acetylation of beta2GPI lysine residues are not seen physiologically. Both conditions
reveal a discharge of the lysine residues within the protein and a shift of the conformation
towards the open form after treatment, which indicates that the stabilization of the
closed conformation mainly occurs through electrostatic interactions of the lysine-rich
patch in DV. However, both model systems did not show quantitative opening of
the protein, and additional forces might be involved in the stabilization of the closed
conformation. Further research is needed to investigate potential heterogeneity in human
serum beta2GPI which might explain the different behavior of beta2GPI subspecies
regarding their conformational dynamics.

The reduction of beta2GPI disulfide bond Cys288/Cys326 is of high physiological rel-
evance as the NADPH/TrxR-1/Trx-1 system was shown to cleave this disulfide bond
and Trx-1 is present in the blood stream [127;128]. Treatment of the protein with the
optimized reduction protocol resulted in completely and specifically reduced beta2GPI.
In contrast to previous studies, an increased binding of anti-DI antibodies purified from
APS patients towards reduced beta2GPI was found. After reduction, the conformation
of beta2GPI did not change significantly as demonstrated by AFM and TEM imaging.
Taken together, these findings most likely support that APS autoantibody binding occurs
to the closed conformation of beta2GPI in the liquid phase, possibly leading to opening of
the protein. Hypothetically, anti-DI antibody binding is enhanced by a minor structural
change in DV after reduction, which destabilizes the closed conformation and increases
antibody accessibility compared to native, i.e. untreated beta2GPI. Further, reduction of
beta2GPI could also increase flexibility of DV which might enhance autoantibody binding.
Nevertheless, placement of these new insights into the pathophysiological mechanism
of APS remains an open question. Serum beta2GPI was found in both redox states,
and oxidation and reduction of the protein frequently occur with its presumed role in
oxidative stress protection [84;85]. Therefore, it seems unlikely that reduction alone drives
the immunogenicity of beta2GPI in vivo. An additional factor might be needed to induce
the immune response directed against reduced beta2GPI.

82



6. Conclusions

Glycosylation of a protein is a complex process which can be crucial for folding, stabiliza-
tion, and therefore also for its function [165]. Dysregulation of glycosylation is frequently
associated with autoimmune disorders [166]. De Laat et al. [86;167] suggested that a car-
bohydrate chain might be involved in shielding or exposure of the cryptic epitope as a
lid sandwiched between DI and DV in the closed conformation of beta2GPI [73]. Further,
beta2GPI derived from healthy subjects shows a heterogeneous glycosylation pattern [73].
This might be a reason for the non-quantitative opening of beta2GPI after lysine residue
acetylation or pH 11.5 treatment. Differences in the glycan profile may influence the
stability of the closed conformation leading to an incomplete conformational change.

Furthermore, patients suffering from APS show a glycosylation profile divergent from
healthy subjects. In APS patients, a decrease in the amount of sialylated triantennary
carbohydrates and hence, a relative increase in sialylated diantennary ones was found [73].
Therefore, variations in the glycosylation pattern of APS patients might be relevant
as an additional intrinsic factor promoting immune tolerance breakdown, because it
could influence stability of the closed conformation. A change in beta2GPI glycosylation
pattern in subjects prone to APS might be tolerated as long as no intensive production
of reduced beta2GPI (recycling of oxidized beta2GPI) is needed as in the context of any
state which requires oxidative stress protection. Thus, such state could act as the trigger
for APS disease manifestation. Further, thioredoxin is involved in inflammatory response
as well as thrombosis, while elevated blood concentrations of this enzyme were found
in patients with the autoimmune disease rheumatoid arthritis [130;168;169]. An increased
production of thioredoxin might indicate extensive reduction of beta2GPI which could
enable immune tolerance breakdown. Thus, increased levels of oxidized beta2GPI found
in APS patients might be the result of intensive oxidative stress, a typical concomitant
of this disease, which does not contradict the reduced form being the immunogenic form.
In the future it is worthwhile to examine beta2GPI glycosylation of healthy subjects as
well as APS patients in more detail in order to establish the implications in autoantibody
generation and binding.
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7. Experimental section 15

7.1. Preparation of beta2GPI species

Beta2GPI purified from human plasma was purchased from Enzyme Research Labo-
ratories (MW: 48 kDa; Swansea, UK) and is described as the “untreated”, i.e. native
beta2GPI species. Protein concentrations were ascertained with a bicinchoninic acid
assay (BCA assay kit; Sigma, Taufkirchen, Germany) or via absorption measurements
at 280 nm using the calculated extinction coefficient of 49.735 (https://web.expasy.
org/protparam/) [170]. For the preparation of beta2GPI samples, tubes with minimal
protein adsorption properties (Protein LoBind Tubes; Eppendorf, Hamburg, Germany)
were used. All chemicals were obtained from Sigma unless otherwise specified.

7.1.1. Beta2GPI pH shift treatment

For pH treatment of beta2GPI, the protocol of Agar et al. [88] was followed with slight
adaptations 16. 3 µM beta2GPI was dialyzed against 50 mM Tris and 1.15 M NaCl,
pH 11.5 at 4 °C for 60 h utilizing 8 kDa cut-off dialysis cassettes (GE Healthcare,
Freiburg, Germany). Subsequently, samples were transferred to Tris-buffered saline (TBS;
50 mM Tris, 0.15 M NaCl, pH 7.4) applying centrifugal filter units (UFC201024; Merck,
Darmstadt, Germany) at 4,000 g and 20 °C to reduce the volume and samples were again
diluted in TBS. This procedure was applied twice (i.e. two washing steps) to normalize
buffer conditions, and the samples were analyzed within 6 h.

7.1.2. Beta2GPI lysine residue acetylation

For lysine residue acetylation of beta2GPI, acetic acid N -hydroxysuccinimide ester
(NHS-Ac; Carbosynth Ltd, Berkshire, UK) was added to 0.6 µM beta2GPI in phosphate-
15 Passages of this section as published in Buchholz et al., PCCP (2018) [1].
16 Slight modifications were applied to the pH treatment protocol according to oral communication with

Prof. Dr. J. Meijers, University of Amsterdam (corresponding author of Agar et al.).
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buffered saline (PBS; L1820, Merck), pH 7.5 to reach molar ratios of 0, 1, 10, 100, and
1000 NHS-Ac/beta2GPI lysine residue (mol/mol), respectively. NHS-Ac was dissolved in
dimethylformamide (DMF) and various NHS-Ac stock solutions were prepared to retain
the content of DMF (0.6% v/v) equal between samples treated with different molar ratios.
The reaction mixture was incubated for 1 h at 25 °C with mild shaking (500 rpm) in the
dark. After this, samples were washed four times with PBS and twice with TBS utilizing
centrifugal filter units (UFC501024; Merck) at 10,000 g and 20 °C.

7.1.3. Beta2GPI disulfide bond reduction

Starting point for the optimization of beta2GPI Cys288/Cys326 disulfide bond reduction
was a protocol adapted to Passam et al. [127] 17. Several variations of particular reaction
step parameters were tested as presented in section “5.3.2 Beta2GPI reduction protocol
optimization”. Further, a summary of the protocol parameters varied for the establishment
of the final reduction protocol is shown in Table 7.1.

Optimized beta2GPI reduction protocol (final protocol)

Hepes-buffered saline (HBS; 20 mM hepes, 140 mM NaCl, pH 7.4) was properly degassed
and used as buffer solution for the disulfide bond reduction of beta2GPI. All reaction steps
were performed under argon gas atmosphere. 50 µM recombinant human thioredoxin-1
(Trx-1; bio-techne, Minneapolis, MN, USA) was reduced by 50 µM TCEP (Tris(2-
carboxyethyl)phosphine hydrochloride; Sigma) in a total volume of 100 µL HBS for 1 h
at 25 °C with mild shaking (350 rpm) 18. 900 µL HBS and 0.2 µM beta2GPI were added
to the reaction mixture and incubated for 1 h at 25 °C with mild shaking. Subsequently,
samples were kept in the dark and 15 µM MPB (3-(N-maleimido-propionyl)biocytin;
Thermo Fisher) was given to the mixture to label free thiols for 15 min at 25 °C with
mild shaking. Finally, 200 µM reduced glutathione (GSH; Thermo Fisher) was added

17 Modifications to Passam et al. were applied according to oral communication with Prof. Dr. A.
Rahman, Dr. T. McDonnell and working group, University College London.

18 For this reaction step, a total volume of 100 µL was used. Dilution to 1 mL in the next step creates
concentrations of 5 µM Trx-1 as well as 5 µM TCEP.
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to quench unbound MPB (15 min at 25 °C). For purification, the reaction mixture was
first volume-reduced by a 10 kDa cut-off centrifugal filter unit (UFC201024; Merck) at
2,500 g and 20 °C, followed by size exclusion chromatography (SEC) purification with
a Superdex 75 Increase column (GE Healthcare, Uppsala, Sweden) using a flow rate of
0.25 mL/min in HBS. Beta2GPI main peak SEC fractions were pooled and concentrated
using centrifugal filter units with a cut-off of 10 kDa (UFC501096; Merck) at 4,000 g
and 20 °C.

Table 7.1 Summary of protocol parameters for beta2GPI reduction protocol optimization. The
detailed experimental procedure was applied as described for the final reduction protocol.

# Reaction step optimized Protocol summary Index

0 Protocol adapted to
Passam et al. [127]

5 µM TCEP + 5 µM Trx-1 for 1 h at
37 °C
+ 0.2 µM beta2GPI for 1 h at 37 °C
+ 15 µM MPB for 10 min at 37 °C

(C)

1 Reduction of Trx-1 by
TCEP:
TCEP concentration 5, 15, 30, or 50 µM TCEP (no Trx-1) for

1 h at 37 °C
+ 0.2 µM beta2GPI for 1 h at 37 °C
+ 15 µM MPB for 10 min at 37 °C

(G)

TCEP coupled agarose
beads a

5, 10, 25, or 50 µM TCEP coupled
agarose beads + no Trx-1 or 5 µM Trx-1
for 1 h at 37 °C
+ 0.2 µM beta2GPI for 1 h at 37 °C
+ 15 µM MPB for 10 min at 37 °C

(H)

Trx-1 concentration 5 µM TCEP + 0.5, 1, 2.5, or 5 µM Trx-1
for 1 h at 37 °C
+ 0.2 µM beta2GPI for 1 h at 37 °C
+ 15 µM MPB for 10 min at 37 °C

(I)

2 Reduction of beta2GPI
by Trx-1: reaction time

5 µM TCEP + 5 µM Trx-1 for 1 h at
37 °C
+ 0.2 µM beta2GPI for 15, 30, 45, or
60 min at 37 °C
+ 15 µM MPB for 15 min at 37 °C

(J)
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# Reaction step optimized Protocol summary Index

3 MPB labeling of
beta2GPI:
reaction time and
temperature

5 µM TCEP + 5 µM Trx-1 for 1 h at
37 °C
+ 0.2 µM beta2GPI for 1 h at 37 °C
+ 15 µM MPB for 10 or 20 min at 4, 25,
or 37 °C

(D)

MPB concentration 5 µM TCEP + 5 µM Trx-1 for 1 h at
37 °C
+ 0.2 µM beta2GPI for 1 h at 37 °C
+ no MPB, or 0.5, 0.75, 1, 1.5, 2, 5, 10,
or 15 µM MPB for 15 min at 37 °C

(E, F)

4 Whole protocol:
temperature

5 µM TCEP + 5 µM Trx-1 for 1 h
+ 0.2 µM beta2GPI for 1 h
+ 15 µM MPB for 15 min, protocol
temperature at 25, 29, 33, or 37 °C

(K)

a TCEP coupled agarose beads (Thermo Fisher, Waltham, MA, USA) were resuspended
at RT and washed twice with 1 mL HBS before addition to Trx-1. After Trx-1 reduction
step (1 h at 37 °C with smooth end-over-end shaking), the reaction mixture was diluted
to 1 mL with HBS. TCEP coupled agarose beads were spun down for 1 min at 1,000 g,
and the protein containing supernatant was transferred to another tube before addition
of beta2GPI.
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7.2. Charge distribution of titratable amino acids & protein surface
potential 19

The charge distribution within beta2GPI was determined in relation to changes in the
environmental pH. For this purpose, the individual charge contribution of its most
prominent titratable amino acids was explored at pH 7.4 and pH 11.5 using the H++
server (version 3.2; http://biophysics.cs.vt.edu/H++) [111] and the AMBER ff14SB
force field. The internal and external dielectric constants were considered as 10 and
80, respectively. In agreement with the experimental conditions used for treatment of
beta2GPI, salt concentrations of 0.15 M at pH 7.4, and 1.15 M at pH 11.5 were applied
in the charge distribution calculations. Beta2GPI comprises a total of 326 amino acids
according to the X-ray crystallography structure pdb-ID: 1C1Z [62], of which 93 titratable
amino acids (lysine, glutamic acid, aspartic acid, tyrosine, arginine, and histidine) as well
as the N-terminus were involved in the respective calculations. For calculation of the
potential grid, the pdb2pqr server (http://nbcr-222.ucsd.edu/pdb2pqr_2.1.1/) was
utilized [171] applying the linearized Poisson-Boltzmann equation and 257 × 257 × 225
grid points. Accordingly, salt concentrations of 0.15 M at pH 7.4, and 1.15 M at pH 11.5
were used in the potential grid calculations.

7.3. Validation of beta2GPI modifications

7.3.1. SDS-PAGE, native PAGE, and western blot analysis

pH 11.5-treated, acetylated, and untreated beta2GPI samples were processed under
reductive conditions using DTT (dithiothreitol) and loaded to 4%−12% gradient bis-Tris
SDS gels (Thermo Fisher). For native PAGE, samples were exerted in 50 mM imidazole
and 50 mM NaCl, pH 7.0 using 11% Tris–glycine native PAGE gels. Protein bands on
the gels were visualized with SimplyBlue Coomassie stain (Thermo Fisher). For western
blot analysis, gels were blotted to a nitrocellulose membrane (Amersham Protran 0.2
µm NC; GE Healthcare) using a semidry transfer procedure for 30 min at 15 V. The

19 Charge distribution calculations were done by Dr. S. Köppen, University of Bremen.
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nitrocellulose membrane was blocked with a solution containing 5% milk powder in TBS
with 0.05% Tween20 (TBST) for 1 h at RT. Subsequently, the nitrocellulose membrane
was washed three times with TBST. It was further incubated with an anti-acetylated
lysine antibody (Cell Signaling Technology, Leiden, Netherlands) diluted 1:1,000 in 5%
bovine serum albumin (BSA)/TBST at 4 °C overnight. Three more washing steps were
executed and the nitrocellulose membrane was incubated with an anti-rabbit IgG-coupled
peroxidase antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA)
diluted 1:5,000 in 5% milk powder solution/TBST for 1 h at RT. After three final washing
steps, the nitrocellulose membrane was stained with the peroxidase substrate “West Pico
Chemiluminescent Substrate” (Thermo Fisher).

Reduced and untreated beta2GPI samples for SDS-PAGE were also applied under non-
reductive conditions and loaded to 4%−12% gradient bis–Tris SDS gels (Thermo Fisher).
Gels were either stained with SimplyBlue Coomassie stain or further used for semidry
western blot transfer. After western blot transfer, the nitrocellulose membrane was
blocked with 5% milk powder solution in TBST for 1 h at RT. Further, the nitrocellulose
membrane was washed three times with TBST and incubated for 30 min at room
temperature (RT) with peroxidase-conjugated streptavidin (Jackson ImmunoResearch
Laboratories Inc.) diluted 1:10,000 in 5% milk powder/TBST. After three additional
washing steps, the nitrocellulose membrane was stained with the peroxidase substrate.

7.3.2. Quantification of primary amino groups

In order to determine the degree of beta2GPI lysine residue acetylation, the content
of primary amino groups was quantified by utilizing an assay based on the reagent
o-phthaldialdehyde (OPA) in PBS which is a fluoraldehyde (Thermo Fisher). 20 µL
of 2 µM acetylated beta2GPI species, which were not transferred to TBS, 20 µL of
2 µM DMF-treated beta2GPI (control sample), or 20 µL of 6-aminohexanoic acid
(concentration range: 0−300 µM) were set in the wells of a black microtiter plate (SPL
Life Sciences, Gyeonggi-do, Korea). 200 µL of the OPA assay reagent was added to the
wells. Subsequently, the fluorescence was recorded at λex 340 nm and λem 455 nm within
5 min. To calculate the amount of primary amines of each acetylated beta2GPI species,
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the fluorescence signal of various 6-aminohexanoic acid concentrations was plotted as a
standard of known concentration. Thereby, a loss of primary amino groups means an
increase in acetylated lysine residues of beta2GPI.

7.3.3. Ellman’s reagent assay

To determine the amount of free thiols, 35 µM untreated beta2GPI as well as samples for a
cysteine hydrochloride monohydrate (Sigma) standard (concentration range: 0−1.5 mM)
were prepared in reaction buffer (100 mM sodium phosphate, 1 mM EDTA, pH 8.0).
4 mg/mL Ellman’s reagent (Thermo Fisher) was also dissolved in reaction buffer. 200 µL
reaction buffer, 4 µL Ellman’s reagent, and 20 µL sample or cysteine standard were mixed
on a microtiter plate (Cat.-no. 82.1581; Sarstedt, Nümbrecht, Germany) and incubated
for 15 min at RT followed by absorption measurement at 412 nm. The cysteine was
plotted as a standard of known concentration to calculate the content of free thiols of
untreated beta2GPI.

7.3.4. Quantification of biotin

To quantify the amount of MPB labeling per beta2GPI molecule, a biotin quantification
assay (colorimetric biotin assay kit; Sigma) was applied. 180 µL of a 4’-hydroxyazobenzene-
2-carboxylic acid (HABA)/avidin mixture as well as 20 µL of 9−14 µM reduced beta2GPI
sample, 20 µL HBS (negative control), or 20 µL of 100 µM biotin in deionized water
(Milli-Q; Millipore, Billerica, MA, USA) as positive control were added on a microtiter
plate (Cat.-no. 82.1581; Sarstedt). The reaction mixture was incubated for 5 min at RT
with mild shaking (150 rpm) in the dark and the absorption was measured at 500 nm.
The biotin concentration was calculated according to the manufacturer’s specifications
(Equation 7.1) using the extinction coefficient of the HABA/avidin complex with
∆Abs500 = Abs500, negative control − Abs500, red. beta2GPI:

Biotin[M ] = ∆Abs500

34, 500 · 0.5 (7.1)
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7.4. Liquid chromatography-mass spectrometry/mass spectrometry
(LC-MS/MS) 20

7.4.1. LC-MS/MS sample preparation

For analysis of MPB labeled beta2GPI fragments, the preparation of in-gel digested
samples for mass spectrometry (MS) was performed according to Samal et al. [172].
Protein containing slices were excised from the SDS-PAGE gel and washed twice with
200 µL of 200 mM NH4HCO3 (ammonium bicarbonate), pH 8.4 and 50% (v/v) acetonitrile
(ACN) for 30 min at 37 °C. The destained gel slices were completely dehydrated with
ACN, subjected to proteolytic digestion overnight at 37 °C using trypsin (Promega,
Fitchburg, WI, USA), and reconstituted in 20 mM NH4HCO3, pH 8.1. The resultant
peptides were extracted with 0.1% acetic acid followed by 0.05% acetic acid in 50% ACN.
Extracts were then concentrated by evaporation under vacuum and subsequently, they
were resolved in 0.1% acetic acid in 2% ACN before measurement.

For in-liquid digestion of MS samples, 4 µg of reduced beta2GPI (without further
treatment) was mixed with 20 mM NH4HCO3. Trypsin (Promega) was then added in a
protease to protein ratio of 1:25 and incubated overnight at 37 °C. The tryptic digestion
was stopped by the addition of acetic acid at the final concentration of 1% followed by
desalting using ZipTip-µC18 tips (Millipore). Extracts were concentrated by evaporation
under vacuum and subsequently, they were resolved in 0.1% acetic acid in 2% ACN
before measurement.

7.4.2. LC-MS/MS measurement and sample analysis

LC-MS/MS measurements were performed as described earlier [173] with modifications
in the LC method. Chromatographic separation of the peptides after trypsin digestion
was achieved on a reverse phase nano-Acquity UPLC column (1.7 µm, 100 µm i.d. ×
100 mm; Waters GmbH, Eschborn, Germany) using a 50 min non-linear gradient ranging

20 MS measurements and peptide fragment library search were done by Dr. E. Hammer and working
group, University of Greifswald.
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from 2% to 60% ACN in 0.1% acetic acid at a flow rate of 400 nL/min. The nano-LC
column was interfaced using electrospray ionization (ESI) to a LTQ-Orbitrap Velos mass
spectrometer (Thermo Scientific, San Jose, IL, USA). Precursor ions of the m/z range of
325−1525 (r = 30.000) were subjected to data dependent MS/MS fragmentation of the
top 20 peaks in the ion trap at a collision-induced dissociation (CID) of 35%. Repetitive
MS/MS acquisition was avoided by setting a dynamic exclusion of 60 s for precursors
which were already selected.

Data analysis was carried out using the software programs Proteome Discoverer 2.2
(Thermo Scientific) and Scaffold (version 4.9.0; Proteome Software Inc., Portland, OR,
USA). Peptides were identified by the search against the Uniprot/Swissprot human
database (rel. 2017_01) using the following settings: (a) trypsin as cleavage en-
zyme, (b) 2 missed cleavage sites with (c) oxidation on methionine residues and/or
biotin:Invitrogen-M1602 on cysteine residues selected as dynamic modifications. Amino
acid sequences identified at a false discovery rate (FDR) < 1% were annotated. Quantifi-
cation of peptides was based on MS1 precursor relative intensities. For the estimative
comparison of biotinylated beta2GPI fragments, the relative intensities of different
variants of a certain fragment were summed up.

7.5. Spectroscopic methods for beta2GPI investigation

7.5.1. Circular dichroism (CD) spectroscopy

CD spectra were recorded using a Chirascan CD spectrometer (Applied Photophysics,
Leatherhead, UK) equipped with a temperature control unit (Quantum Northwest,
Liberty Lake, WA, USA). pH 11.5-treated, acetylated, and untreated beta2GPI samples
were detected in TBS at 25 °C. Far-UV region (195−250 nm) CD spectra were conducted
utilizing 10 µM of the respective beta2GPI sample in a 0.5 mm path length cuvette
(106-QS; Hellma Analytics, Müllheim, Germany). CD measurements of the near-UV
region (250−330 nm) were acquired with 2 µM of beta2GPI species in a 10 mm path
length cuvette (104-QS; Hellma Analytics). In contrast, CD spectra of reduced and
untreated beta2GPI were detected in the far-UV (215−250 nm) and the near-UV region
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(250−330 nm) with a protein concentration of 1 µM in a 5 mm path length cuvette (110-
QS; Hellma Analytics) in HBS at 25 °C. All CD spectra were recorded using a bandwidth
of 1.0−1.2 nm, a scanning speed of 15 nm/min, and five scanning repetitions. During
analysis of CD data, the spectra were corrected for background signal by subtracting the
pure buffer spectrum (blank correction) and they were converted to the mean residue
delta epsilon (MRDE) which is a wavelength-dependent CD unit. The MRDE is exerted
to normalize CD data for the parameters concentration c, number of amino acids AA,
and path length of the cuvette d based on the following Equation 7.2.

MRDE = CD[mdeg]
c[M ] · AA · d[cm] · 32, 982 (7.2)

7.5.2. Dynamic light scattering (DLS)

Measurements applying DLS, which is also named photon correlation spectroscopy
(PCS), were carried out on a Zetasizer Nano-ZS (Malvern Instruments, Herrenberg,
Germany). 6−8.5 µM pH 11.5-treated, acetylated as well as untreated beta2GPI in TBS
was centrifuged at 10,000 g for 10 min to remove any particles that could interfere with
DLS measurements. Afterwards, the supernatant was vacuum-degassed for 30 min at
25 °C to reduce the formation of gas bubbles in the cuvette during the experiment. On
the other hand, 6 µM reduced or untreated beta2GPI in HBS was vacuum-degassed for
20 min. Subsequently, 120 µL of each beta2GPI species was added to a 10 mm path
length cuvette (Brand, Wertheim, Germany) and the cuvette was equilibrated to 25 °C
for 5 min. Ten DLS measurements were recorded from each individual beta2GPI sample
(technical replicates). Each measurement was carried out at a detector angle of 173° with
20 repetitive runs and a run duration of 10 s. A refractive index of 1.45 and background
absorption of 0.001 according to standard solvent parameters as derived from water were
utilized for software-based calculation of the hydrodynamic diameter (DH). DLS data
including DH were analyzed with the Zetasizer software (version 7.11). Respective size
distribution curves are shown as size plots of intensity vs. hydrodynamic diameter with
the signal intensity being normalized to 100%. DH is determined as the maximum of a
size distribution curve. Furthermore, DH provides the diameter of a protein assuming a
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spherical shape that diffuses at the same rate as the particle under investigation involving
the closest shell of water molecules [122]. Thus, particle sizes determined by DLS may not
precisely reflect actual size dimensions of a protein.

7.6. Beta2GPI imaging techniques

7.6.1. Atomic force microscopy (AFM) imaging

AFM imaging of untreated, pH 11.5-treated, and acetylated beta2GPI 21 was performed
utilizing a Multimode atomic force microscope equipped with a Nanoscope IIIa con-
troller (Veeco/Digital Instruments, Santa Barbara, CA, USA). Calibration of the AFM
piezoelectric scanner was carried out with the calibration gratings TGZ01 and TGG01
(MikroMasch, Tallinn, Estonia). AFM images were acquired in “tapping mode” in air
using cantilever type OMCL-AC160TS (Olympus Corporation, Hamburg, Germany)
providing a spring constant of 42 N/m and a radius of curvature of 10 nm.

AFM imaging of untreated as well as reduced beta2GPI 22 was executed on a Veeco
NanoScope V with a JV-scanner (Bruker, Billerica, MA, USA) which has been calibrated
by thermal tune. Images were recorded in “AC/tapping mode” in air using a PointProbe®

Plus AFM cantilever with a tip radius of curvature of < 10 nm and a spring constant of
42 N/m (Nanosensors, Neuchatel, Switzerland). A resonance frequency of approximately
330 kHz as well as a sampling rate of 512 × 512 pixels with a scanning rate of 1.0−1.5 Hz
was applied.

AFM sample preparation

Mica substrate was employed as surface for the adsorption of beta2GPI species and
subsequent AFM imaging because of its low surface roughness of less than 0.1 nm.

21 AFM imaging was done by Dr. P. Nestler, University of Greifswald.
22 AFM imaging was done by Prof. Dr. J. L. Toca-Herrera and working group, University of Natural

Resources and Life Sciences Vienna.

94



7. Experimental section

Before protein adsorption of untreated, pH 11.5-treated, or acetylated beta2GPI, mica
sheets (Nanoscience Instruments, Phoenix, AZ, USA) were freshly cleaved and processed
following the RCA (Radio Corporation of America) standard protocol [174]. The RCA
protocol is a harsh cleaning procedure which also enhances the density of negative surface
charges on mica. The RCA solution was prepared by mixing H2O:NH3:H2O2 in a 5:1:1
ratio. 15 mL H2O and 3 mL NH3 were heated up to 75 °C, before addition of 3 mL
H2O2. Mica sheets were incubated in the RCA solution for at least 15 min and then
washed with deionized water (Milli-Q; Millipore). 60−80 µL of 1 or 5 µg/mL beta2GPI
samples in TBS were placed on the primed mica sheets and incubated for 2 min at
RT. Various adsorption times were tested before to ensure an optimal surface coverage
regarding uniform separation of single proteins. Afterwards, mica sheets with flatly
adsorbed beta2GPI were washed with deionized water for 1 min and they were finally air
dried under laminar flow for 10 min.

For AFM sample preparation of untreated and reduced beta2GPI, protein solutions were
diluted to the concentration of 2 µg/mL in HBS. 60 µL of each sample was dropped on a
freshly cleaved mica sheet (Cat.-no. 71855-01; Electron Microscopy Sciences, Hatfield,
PA, USA) and incubated for 5 min to allow protein adsorption. Afterwards, the excess
solution was carefully removed from the edge of the mica sheet with a lint-free paper
and the unbound protein was taken away from the surface by soaking the mica sheet in
deionized water for 30 s. Further, the water was removed with a lint-free paper and mica
sheets with flatly adsorbed beta2GPI were air dried in a laminar flow box for 30 min.

AFM data processing and evaluation

AFM image analyses revealed the conformation of adsorbed beta2GPI regarding its closed
or open form 23. The aspect ratio R (length/width) of protein particles was applied as
the conformation criterion determined by a self-written, automated Matlab script (The
MathWorks, 2010b, Natick, MA, USA). The analysis of single AFM images was performed
following three consecutive steps: (1) the position of a beta2GPI particle on the mica
sheet surface was assigned by identification of its local maximum. To consider only flatly
23 Establishment and programming of the Matlab script as well as statistical analysis of the AFM

images was primarily done by Dr. P. Nestler, University of Greifswald.
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adsorbed proteins, and to correct the analysis set for contaminative particles and areas of
an irregular substrate surface roughness, local maxima > 0.8 nm and < 0.2 nm of height
were excluded. (2) Afterwards, the height information provided by AFM images was
translated into a binary map diagram allocating every pixel to be either the mica substrate
(background) or an individual beta2GPI molecule (particle of interest). This was achieved
by defining the contour line encompassing a local maximum at half its maximum height as
the lateral boundary of this beta2GPI molecule (compare to mathematical determination
of the full width at half maximum, FWHM). The region surrounded by this lateral
boundary represents the area covered by an individual beta2GPI particle. In order to
permit analysis of isolated, i.e. single beta2GPI, particles with a lateral surface area of
> 200 nm2 were rejected. (3) Further, the molecular shape of each individual protein
was analyzed by calculation of the moment-of-area tensor. The moment-of-area tensor is
described in Equation 7.3.

T =

 ∫
(y − y0)2dy

∫
(x− x0)(y − y0)dxdy∫

(x− x0)(y − y0)dxdy
∫

(x− x0)2dx

 (7.3)

x and y are the coordinates of the Cartesian system, and x0 and y0 are the coordinates
of the center of the protein mass both referring to the substrate plane [175]. The tensor T
is used to determine changes in shape of a two-dimensional (2D) object. The eigenvalues
λ1 and λ2 of T refer to the length and the width of an individual particle, respectively.
Therefore, the ratio R = max(λ1,λ2)/min(λ1,λ2) constitutes the aspect ratio length/width
of a particle, i.e. a flatly adsorbed beta2GPI. In the case of a circle, the aspect ratio
R corresponds to 1. The more the particle shape deviates from a circle, the more R
increases. The parameters of each conformational state of beta2GPI were determined by
analyzing a set of close-up beta2GPI images that exhibit the typical torus-like shape also
showing a local minimum in the center, or a more elongated structure, respectively [1].
Beta2GPI in a closed conformation is characterized by aspect ratios R between 1 to 3.
On the other hand, beta2GPI in an open form shows aspect ratios R between 3 to 10.
According to that, a threshold value of R = 3 was defined to distinguish between open
and closed beta2GPI. Taken together, all aspect ratios R of individual beta2GPI particles
included in the analysis were plotted as histograms or box plots, with each plot showing
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an independent replication of a sample. The quantiles of the box plots correspond to
25% and 75%, and the whiskers cover quantiles of 5% to 95% of the distribution. Unless
otherwise stated, the percentages of closed and open conformation were derived from all
protein molecules investigated for each beta2GPI species.

7.6.2. Transmission electron microscopy (TEM) imaging 24

TEM sample preparation

The flotation method was applied for negative staining of TEM samples at RT. 50 µg/mL
untreated or reduced beta2GPI as well as pure TBS or HBS (control images) was adsorbed
to a glow-discharged carbon-coated holey Pioloform film on a 400-mesh copper grid
(Cat.-no. G2440C; Plano GmbH, Wetzlar, Germany) for 20 min. Further, the grid was
transferred twice to a droplet of deionized water to remove unbound protein. Contrasting
was performed by the transfer of the grid to a droplet of 2% aqueous phosphotungstic
acid (PPA), pH 7.0 (Merck) for 1 min. Finally, it was placed to a second droplet of PPA
for 5 min. The grid was then blotted with filter paper and air dried.

Another negative staining procedure was carried out according to Agar et al. [88] by using
a glow-discharged carbon-coated holey Pioloform film on a 400-mesh copper grid. The
grid was flushed with 20 mM Tris and 150 mM NaCl, pH 7.4, and 50 µg/mL untreated
or reduced beta2GPI as well as pure HBS (control images) was adsorbed to the grip for
45 s. The grid was transferred twice to a droplet of deionized water to remove unbound
protein. Contrasting was generated by incubation of the grid in a droplet of 0.75%
aqueous uranyl formate (UF; Science Services GmbH, München, Germany) for 3 s, and
finally in a second droplet of UF for 20 s. The grid was blotted with filter paper and
air dried.

24 TEM imaging was done by Dr. R. Schlüter and working group, University of Greifswald.
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TEM imaging, data processing, and evaluation

Samples were examined with a transmission electron microscope LEO 906 (Carl Zeiss
Microscopy GmbH, Oberkochen, Germany) at an acceleration voltage of 80 kV. Pictures
were taken with flat films with a magnification of 60,000 times. Afterwards, the mi-
crographs were edited using Adobe Photoshop CS6 software (Adobe Systems Software
Ireland Limited, Dublin, Ireland). If feasible, statistical analysis of TEM images was
performed with the automated Matlab script established for the quantitative evaluation
of beta2GPI conformation based on AFM imaging 25.

7.7. APS autoantibody binding to beta2GPI species

7.7.1. Ethics & antibody purification

APS patient autoantibody binding studies were carried out in accordance with the recom-
mendations of the London Hampstead Research Ethics Committee Ref.-no. 12/LO/0373
with written informed consent from all subjects. Further, all subjects gave written in-
formed consent in accordance with the Declaration of Helsinki. The protocol was approved
by the London Hampstead Research Ethics Committee Ref.-no. 12/LO/0373. Patient
demographic, disease-specific, and clinical characteristics are shown in SI Table A.2.

APS patient anti-DI IgG antibodies were purified by beta2GPI DI-coupled resin followed
by protein G resin separation as published previously [176] 26. Briefly, recombinant
histidine-tagged DI was immobilized on nickel resin beads for 30 min. Subsequently,
1 mL APS patient serum was incubated with 100 µL DI-coupled resin beads for 1 h. The
flow through was discarded and the resin was washed with PBS. Bound antibodies were
eluted with 0.1 M glycine, pH 2.7, concentrated, and dialyzed against PBS. Antibodies
were further purified via a protein G resin as per manufacturer’s instructions.

25 Statistical analysis of the TEM images was done by Dr. P. Nestler, University of Greifswald.
26 Purified APS patient autoantibodies were obtained from Prof. Dr. A. Rahman, Dr. T. McDonnell

and working group, University College London.
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7.7.2. Enzyme-linked immunosorbent assay (ELISA)

In a sandwich-ELISA, the antigen is detected between two layers of specific antibodies,
i.e. the primary antibody coated to the plate and the detention antibody. The ELISA
procedure was adapted to Agar et al. [88]. A microtiter plate (MaxiSorp Nunc-Immuno;
Thermo Fisher) was coated with 100 µL/well of either 5 µg/mL anti-DI antibodies in
50 mM carbonate buffer, pH 9.6 or pure buffer at 4 °C overnight. The plate was washed
with TBS containing 0.1% Tween20 and blocked with 200 µL/well 3% BSA in TBS for 2 h
at 37 °C. After washing the plate three times, 100 µL/well of 0, 1, 2, or 5 µg/mL untreated,
acetylated, or reduced beta2GPI in 0.3% BSA/TBS was incubated for 1 h at RT. Next,
the plate was washed three times and 100 µL/well of 1 µg/mL peroxidase-conjugated
anti-beta2GPI antibody (Affinity Biologicals Inc., Ancaster, Canada) in 0.3% BSA/TBS
was added for 1 h at RT. After three final washing steps, 100 µL/well tetramethylbenzidin
peroxidase substrate (TMB; BD Biosciences, San Diego, CA, USA) was added. After
15 min, the reaction was stopped by 100 µL 1 N H2SO4 and the absorption was measured
at 450 nm.

To verify that the peroxidase-conjugated anti-beta2GPI antibody generates uniform bind-
ing affinity towards the beta2GPI species, a control ELISA set-up was used: 50 µL/well
of 2, 5, or 10 µg/mL beta2GPI species or pure TBS (negative control) was coated on a
microtiter plate for 1 h at 37 °C. After three washing steps, the plate was blocked as
mentioned above and washed again, before addition of 50 µL/well 1 µg/mL peroxidase-
conjugated anti-beta2GPI antibody in 0.3% BSA/TBS for 1 h at RT. After three final
washing steps, the microtiter plate was stained and absorption was measured accordingly.

Statistically significant difference of sample absorption in ELISA was analyzed by a
paired t-test with normally distributed data. Tests are two-tailed and have a significance
level (alpha) of 0.05.
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A.1. SI Figures

trypsin cleavage sites

Figure A.1 Primary amino acid sequence of beta2GPI. The counting of the amino acid residues
includes the signal peptide (19 aa) which is colored in red. Disulfide bonds are depicted in light
green. Further, trypsin cleavage sites, putative PTM sites as well as genetic variants are shown.
UniProt-ID: APOH_HUMAN and Protter software were used to created this figure [177].
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Figure A.2 Theoretical titration curve of beta2GPI calculated with H++ [111]. The total charge
of beta2GPI varies from +6e at pH 7.4 to −21e at pH 11.5. Arrows indicate the respective pH.
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Figure A.3 (A) Reductive SDS-PAGE of beta2GPI after acetylation with different molar ratios
of NHS-Ac to lysine residues. Lane 1 refers to dimethylformamide (DMF)-treated beta2GPI and
lane 2 to 5 refer to treatment of beta2GPI with ratios of 1, 10, 100, and 1000 NHS-Ac/lysine
(mol/mol), respectively. Lane 6 describes the untreated beta2GPI. On the very left side a protein
molecular weight standard is shown. (B) Anti-acetylated lysine antibody western blot of beta2GPI
after acetylation with different molar ratios of NHS-Ac/lysine. Lanes are the same as described
in (A). Immunodetection signals corresponding to the gel bands of acetylated beta2GPI lysine
residues are highlighted by arrows.
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Figure A.4 Native PAGE of the closed and open conformation of beta2GPI which demonstrates
minor separation of protein conformations in a gel matrix. Lane 1 and 3 comprise beta2GPI
after acidic treatment (closed beta2GPI, compare to Agar et al. [88]). Lane 2 and 4 contain
beta2GPI after pH 11.5 treatment (open beta2GPI) and lane 5 shows the untreated protein
(closed beta2GPI).
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Figure A.5 2D gel electrophoresis of beta2GPI. Beta2GPI is indicated by the red circle. For
isoelectric focusing (IEF) and gel separation, the ReadyPrep™ 2-D Starter Kit (Bio-Rad, Hercules,
CA, USA) was used according to the manufacture’s specifications in combination with Bio-Rad
PROTEAN© IEF cell and ReadyStrip™ IPG strips (pH 3−10). Gels were stained with SimplyBlue
Coomassie stain (Thermo Fisher). As standard proteins with known pI and MW the “Amersham
calibration kit for pI determination using isoelectric focusing” (broad range marker, pH 3−10;
GE Healthcare) was utilized. On the very left side a protein molecular weight standard is shown.
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Figure A.6 Size exclusion chromatography (SEC) purification of reduced beta2GPI. Beta2GPI
(MW: 48 kDa) was purified from Trx-1 (MW: 12 kDa) and other components of the reaction
mixture using a Superdex 75 Increase column with a flow rate of 0.25 mL/min in HBS buffer at RT.
Beta2GPI main peak SEC fractions (red range) were pooled and concentrated. A representative
chromatogram (absorption at 280 nm) is shown.

A

B

Figure A.7 Mass spectrometry data of reduced beta2GPI C-terminal fragment. (A) LC-
MS/MS spectrum and (B) ion fragmentation table of fragment aa 318−326 (TDASDVKPC).
The MS spectrum shows a good signal-to-noise ratio with almost complete identification of the
fragmentation pattern. Thus, there is a high confidence of identification as almost all Y and B
ions have been detected in sequence TDASDVKPC with the mass of 523 Da being added.
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Figure A.8 CD spectra of untreated and reduced beta2GPI. (A) Far-UV and (B) near-UV
region of the CD spectra of untreated (black) and reduced beta2GPI (blue) in HBS buffer,
pH 7.4 at 25 °C. CD spectra were recorded with 1 µM beta2GPI in a 5 mm path length cuvette.
3-(N-maleimido-propionyl)biocytin (MPB; absorption maximum at 205 nm) labeling of reduced
beta2GPI generates strong absorption at wavelength < 215 nm. Therefore, no broader range of
the CD spectra could be recorded.
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Figure A.9 AFM control image. Representative AFM image of freshly cleaved, bar mica
substrate without adsorption of proteins (control) measured in air revealing a RMS roughness
of < 0.05 nm. RMS roughness is determined as the root mean square average of surface height
deviations from the mean line.
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Figure A.10 TEM control images. (A) and (B) show representative control samples of TEM
imaging with pure TBS buffer and 2% phosphotungstic acid (PPA) used for staining. For TEM
sample preparations with 0.75% uranyl formate used as staining agent, no controls were recorded
as this is an approved method according to Agar et al. [88].
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Figure A.11 Control ELISA to prove uniform binding affinity of peroxidase-conjugated anti-
beta2GPI antibody (detection antibody) towards the beta2GPI species. Different concentrations of
untreated beta2GPI (green), reduced beta2GPI (blue), or lysine residue acetylated beta2GPI (red)
as well as pure buffer to record background signal (gray; “no protein”) were coated on a microtiter
plate and peroxidase-conjugated anti-beta2GPI antibody was subsequently added after blocking
of the plate. The binding affinity does not differ statistically significantly between beta2GPI
species. Thus, the secondary antibody does not favor detection of one of the beta2GPI species.
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A.2. SI Tables

Table A.1 Abundance A, i.e. relative intensity ×103 of biotinylated beta2GPI fragments
detected by LC-MS/MS. Two independent reproductions (R1 and R2) are shown. The trypsin
cleavage sites of beta2GPI are illustrated in SI Figure A.1. Unlabeled beta2GPI of both frag-
ments appeared to be an insignificant proportion. However, it should be noted that biotinylation
influences the intensity of detection, and the intensities of biotinylated and unlabeled fragments
cannot be directly compared. a SEQUEST X correlation (XCorr) factor > 2.0.

aa Fragment sequence with modification Theo.
mass [Da]

AR1 AR2 XCorr a

318−326 TDASDVKPC 1458.62 2846 4935 3.6
1x Biotin:Invitrogen-M1602 [C9]

318−326 TDASDVKPC 935.41 23 46 2.2

287−305 KCSYTEDAQCIDGTIEVPK 3146.38 439 502 3.5
2x Biotin:Invitrogen-M1602 [C2; C10]

288−305 CSYTEDAQCIDGTIEVPK 3018.29 59 132 2.7
2x Biotin:Invitrogen-M1602 [C1; C9]

287−305 KCSYTEDAQCIDGTIEVPK 2214.01 4 0 4.1
2x Carbamidomethyl [C2; C10]
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Table A.2 Summary of APS patient demographic, disease-specific, and clinical characteristics.
In ELISA, anti-DI IgG antibodies purified from blood of representative, triple positive APS
patients were used. A triple positive APS patient is a patient positive for LA, anti-CL and
anti-beta2GPI at the same time. Purified APS patient autoantibodies were obtained from Prof.
Dr. A. Rahman, Dr. T. McDonnell and working group, University College London. 5 patients
were assessed for the study, of which 1 was found unsuitable due to a very low APS antibody titer.

Characteristic Number
Patient number 5
Female 2
Mean age (years) 51.4
Ethnicity all Caucasian
SLE 2
Patients with VT events 4
Patients with VT/PM events 1
CAPS 0
LA positive 5
Mean anti-CL titer (GPLU) 96.8
Mean anti-beta2GPI titer (GBU) 93
Mean anti-DI titer (GDIU) 88.5
SLE = systemic lupus erythematosus, VT = venous thrombosis, VT/PM =
venous thrombosis with pregnancy morbidity, CAPS = catastrophic APS, LA
= lupus anticoagulant, CL = cardiolipin. In-house assay cut-offs for titer
positivity: anti-CL > 18 GPLU; anti-beta2GPI > 10 GBU; anti-DI > 14
GDIU.
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Table A.3 Overview of different staining techniques used for the optimization of TEM imaging
of beta2GPI for analysis of the protein conformation.

# Aim Technical details Staining
1 Visualization of beta2GPI 5 min binding to grid, 2x washing

step with ddH2O, 15 s staining
1% UA

2 Test of different protein concen-
trations and change of staining
agent

2 min binding to grid, 2x washing
step with ddH2O, 2x washing step
with AM, 2 min staining

16% AM

3 Premixing of protein solution and
staining agent

Mixing of sample and staining
agent, 2 min binding to grid,
2x washing step with ddH2O, 2x
washing step with AM, 2 min
staining

16% AM

4 Test of different protein concen-
trations

5 min binding to grid, 2x washing
step with ddH2O, 15 s staining

1% UA

5 Use of poly-L-lysine with in-
creased staining time and concen-
tration of staining agent

2 min binding of poly-L-lysine to
grid, 5 min binding of sample to
grid, 2x washing step with ddH2O,
30 s staining

2% UA

6 Test of different protein concen-
trations with pioloform film grids
(reduction of background struc-
tures)

2 min binding to grid , 2x washing
step with ddH2O, 2x washing step
with AM, 2 min staining

16% AM

7 Test of different protein concen-
trations and change of staining
agent

5 min binding to grid, 2x washing
step with ddH2O, 30 s staining, 4
min staining

2% PPA,
pH 7.0

8 Visualization of untreated and
open beta2GPI, pure buffer as
control

5 min binding to grid, 2x washing
step with ddH2O, 30 s staining, 4
min staining

2% PPA,
pH 7.0

9 Visualization of untreated
beta2GPI, pure buffer as control;
increased binding time and test
of cooper and nickle grids

10 min binding to grid, 2x wash-
ing step with ddH2O, 30 s stain-
ing, 4 min staining

2% PPA,
pH 7.0

10 Visualization of untreated
beta2GPI, protocol adapted to
Agar et al. 2010 [88]; originally,
protocol uses uranyl formate

Grid in 20 mM Tris, 150 mM
NaCl, pH 7.4 for 45 s, 45 s bind-
ing to grid, 2x washing step with
ddH2O, 3 s staining, 20 s staining

0.75% UA

11 Visualization of untreated and
open beta2GPI, pure buffer as
control

10 min binding, 2x washing step
with ddH2O, 30 s staining, 4 min
staining

2% PPA,
pH 7.0

12 Test of different times for binding
and staining

10, 15, or 20 min binding to grid,
2x washing step with ddH2O, 30
s or 1 min staining, 4 min or 5
min staining

2% PPA,
pH 7.0
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# Aim Technical details Staining
13 Visualization of untreated, re-

duced and open beta2GPI, pure
buffer as control with test of in-
creased binding time

20 min binding to grid, 2x wash-
ing step with ddH2O, 1 min stain-
ing, 5 min staining

2% PPA,
pH 7.0

14 Fixation of beta2GPI with 2.2%
paraformaldehyde (PFA)

10 or 20 min binding to grid, 2x
washing step with ddH2O, 30 s or
1 min staining, 4 min or 5 min
staining

2% PPA,
pH 7.0

15 Visualization of untreated and re-
duced beta2GPI, protocol from
Engel & Furthmayr 1987 [160]

10 s binding to grid, 5x washing
step with ddH2O, 7x 15 s staining

0.75% UF

16 Visualization of untreated and re-
duced beta2GPI, protocol from
Agar et al. 2010 [88]

Grid in 20 mM Tris, 150 mM
NaCl, pH 7.4 for 45 s, 45 s bind-
ing to grid, 2x washing step with
ddH2O, 3 s staining, 20 s staining

0.75% UF

17 Visualization of untreated and re-
duced beta2GPI, protocol from
Asadi et al. 2017 [178]

20 min binding to grid on ice, 4x
2 min washing step with ddH2O
on ice, 10 min staining on ice
with 100 µL 3% UA + 900 µL 2%
methyl cellulose + 75 µL ddH2O
+ 25 µL 1% PPA, pH 7.0

3% UA/ 1%
PPA

UA = uranyl acetate, AM = ammonium molybdate, PPA = phosphotungstic acid,
UF = uranyl formate.
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