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Abstract 

1 

1 Abstract  

The vast majority of biological processes such as cell-cell communication, immune response, 

reaction catalysis and the protein transport are driven by protein-protein interactions (PPIs). 

Elucidation of PPIs, which when altered are associated with various pathophysiological 

processes, opened an emerging era of protein analysis. The knowledge of the PPIs interfaces is 

crucial to obtain deeper insights into the PPIs mode of action and how to modulate them. In 

particular , PPIs between antibodies and antigens are of great interest for diagnostic and 

therapeutic applications in the biopharmaceutical industry and scientific research. In addition 

to high-resolution techniques such as nuclear magnetic resonance spectroscopy (NMR), X-ray 

crystallography and cryo-electron microscopy (cryo-EM), hydrogen-deuterium exchange 

coupled to mass spectrometry (HDX-MS) has evolved to a powerful analysis method for the 

elucidation of PPI interfaces. Without introducing structural modifications, HDX-MS can be 

used to elucidate protein dynamics and protein-ligand interaction sites of proteins of almost 

unlimited size, with high tolerance against impurities, low sample consumption and reasonable 

resolution and throughput. In addition, HDX data reflect the native in-solution protein 

conformation. However, HDX-MS remains challenging for the analysis of proteins 

encompassing multiple post-translational modifications such as disulphide bonds and N-

glycosylations. 

In the context of the present work, a setup and workflow for HDX-MS bottom-up analyses was 

established. A prerequisite for reliable and efficient HDX analyses is the precise control of the 

pH, temperature and timing, which was facilitated by a tailor  made Semi-Automated Interface 

for HD exchange (SAIDE). The SAIDE enables flexible use of a HPLC-MS instrumentation for 

various analyses, efficient use of the laboratory space while displaying a cost efficient approach 

compared to fully automated, commercial HDX systems.  

With this setup, a protocol for HDX analyses was developed and optimised, which addressed 

critical  generic HDX parameters such as efficient proteolysis and good reproducibility while 

keeping the back exchange as low as possible. Compared to dissolved pepsin, the proteolysis 

efficiency could be increased using pepsin immobilized on beads. This enabled a tenfold 

reduction in digestion time while achieving a higher number of peptides, run-to-run recovery, 

a lower HDX variance, and lower average peptide length. These optimisations were performed 

as part of an HDX study designed to elucidate the binding region of a clinical mAb drug 

candidate targeting Annexin-A1 in a calcium dependent manner. 

Subsequently, the HDX-MS protocol was improved in terms of sample throughput and adapted 

to another protein target, the receptor-binding domain (RBD) of SARS-CoV-2. The high 

reproducibility  of the established protocol enabled its application in an HDX screening 
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workflow using a lower number of deuteration time points. Epitopes of seven nanobodies were 

characterized within a time period of roughly four weeks. The HDX-MS screening approach 

was used to support evidence based identification of two lead candidates potent in their  viral 

neutralization.  

Subsequent endeavours aimed to adapt the established screening approach to proteins 

encompassing multiple post-translational modification (PTMs). While extracellular proteins 

display attractive drug targets or are themselves used as biopharmaceuticals, nearly each of 

them encompass multiple PTMs such as N-glycosylated and disulphide bonds. Originated in 

their heterogeneity, N-glycosylations remain challenging for structural analysis such as HDX-

MS. Here, a novel peptide N-glycanase from Rudaea cellulosilytica (Rc) was characterized that 

exhibits broad substrate specificity and high activity for deglycosylation of natively folded 

proteins. Thus, the enzyme was used to facilitate MS based top-down protein analytics and 

offers the opportunity for N-deglycosylation of peptides in several minutes. Moreover, 

following heterologous expression the enzyme can be obtained from E. coli with high yield 

sufficient purity.  Due to its acidic pH optimum, the PNGase Rc was successfully used under 

challenging HDX-MS quenching conditions (0 °C; pH 2.5) in presence of commonly applied 

concentrations of reducing and denaturing agents Tris(2-carboxyethyl)phosphine (TCEP), 

urea and guanidinium chloride (GdmCl). As a proof-of-principle  the PNGase Rc was integrated 

into the established HDX epitope screening workflow (post-proteolysis) resulting in the 

elucidation of four nanobody epitopes targeting the multiple  N-glycosylated extracellular 

domain of the signal-regÕÌÁÔÏÒÙ ÐÒÏÔÅÉÎ ÁÌÐÈÁ ɉ3)20ɻ). The additional deglycosylation 

increased sequence coverage and redundancy and also enabled the detection of epitopes in 

proximity of N-glycosylation sites.   
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2 Zusammenfassung 

Die allermeisten biologischen Prozesse, wie die Zell-Zell Kommunikation, Immunantwort, 

Reaktionskatalyse und der Proteintransport wird durch Protein-Protein Interaktionen (PPIs) 

gesteuert. Die Aufklärung von PPIs, welche, wenn sie verändert werden mit verschiedenen 

pathophysiologischen Prozessen assoziiert sind, eröffnete eine neue Ära der Proteinanalyse. 

Die Kenntnis der Schnittstellen von PPIs ist entscheidend, um tiefere Einblicke in die 

Wirkungsweise von PPIs und deren Modulation zu erhalten. Insbesondere PPIs zwischen 

Antikörpern und Antigenen sind für diagnostische und therapeutische Anwendungen in der 

biopharmazeutischen Industrie und der wissenschaftlichen Forschung von großem Interesse. 

Neben den hochauflösenden Techniken wie Kernspinresonanzspektroskopie (NMR), 

Röntgenkristallographie und Kryo-Elektronenmikroskopie (Kryo -EM) hat sich der 

Wasserstoff-Deuterium Austausch verbunden mit Massenspektrometrie (HDX-MS) zu einer 

leistungsfähigen Analysemethode entwickelt , um diese Interaktio nsflächen aufzuklären. Ohne 

strukturelle Modifikationen einzubringen, lassen sich mittels HDX-MS Proteindynamiken und 

Protein-Ligand-Interaktionsstellen von Proteinen mit nahezu unlimitierter Größe, mit hoher 

Toleranz gegenüber Verunreinigungen, geringem Probenverbrauch mit angemessener 

Auflösung und angemessenem Durchsatz bestimmen. Darüber hinaus spiegeln HDX-Daten die 

native Proteinkonformation in Lösung wider. HDX-MS bleibt jedoch eine Herausforderung für 

die Analyse von Proteinen, die mehrere posttranslationale Modifikationen wie 

Disulfidbindungen und N-Glykosylierungen aufweisen.  

Im Rahmen der vorliegenden Arbeit wurde ein HDX-MS Setup und Arbeitsablauf etabliert. Eine 

Voraussetzung für zuverlässige und effiziente HDX-Analysen ist die präzise Kontrolle des pH-

Werts, der Temperatur und des Timings, was durch eine maßgeschneiderte halbautomatische 

Schnittstelle für den HD-Austausch (SAIDE) erreicht wurde. Das SAIDE ermöglicht eine flexible 

Nutzung von ein und derselben HPLC-MS-Instrumentierung für verschiedene Analysen, eine 

effiziente Nutzung des vorhandenen Laborplatzes und stellt gleichzeitig einen 

kosteneffizienten Ansatz im Vergleich zu vollautomatischen, kommerziellen HDX-Systemen 

dar. 

Mit diesem Setup wurde ein Protokoll für HDX-Analysen erstellt und optimiert, um kritische, 

generische HDX-Parameter wie die effiziente Proteolyse und Reproduzierbarkeit zu 

adressieren und gleichzeitig den Rückaustausch so gering wie möglich zu halten. Verglichen 

mit Pepsin frei in Lösung konnte die Effizienz der Proteolyse durch Verwendung von 

immobilisiertem Pepsin erhöht werden. Dies ermöglichte eine zehnfache Reduktion der 

Proteolysezeit mit gleichzeitiger Erreichung einer höheren Peptidanzahl, Wiederfindbarkeit  

von Lauf zu Lauf, einer geringeren HDX-Varianz und einer geringeren durchschnittlichen 

Peptidlänge. Diese Optimierungen wurden im Rahmen einer HDX-Studie durchgeführt, die 
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darauf ausgelegt war die Bindungsregion eines klinischen mAb-Arzneimittelkandi daten 

aufzuklären, der Annexin-A1 auf eine kalziumabhängige Weise bindet.  

Anschließend wurde das HDX-MS-Protokoll  in Bezug auf den Probendurchsatz verbessert und 

an ein weiteres Zielprotein, die Rezeptorbindungsdomäne (RBD) von SARS-CoV-2, angepasst. 

Die hohe Reproduzierbarkeit des etablierten Protokolls ermöglichte die Anwendung in einem 

HDX-Screening-Workflow unter Verwendung einer geringeren Anzahl von 

Deuterierungszeitpunkten. Dies ermöglichte das Screening eines Pools von sieben potenziellen 

Nanobodies-Epitopen innerhalb eines Zeitraums von etwa vier Wochen. Der HDX-MS-

Screening-Ansatz wurde verwendet, um die evidenzbasierte Identifizierung von zwei 

Hauptkandidaten zu unterstützen, die in ihrer viralen Neutralisierung wirksam sind. 

Anschließende Bemühungen zielten darauf ab, den etablierten Screening-Ansatz auf Proteine 

mit mehreren posttranslationalen Modifikationen (PTMs) anzupassen. Während 

extrazelluläre Proteine attraktive Arzneimittelziele darstellen oder selbst als 

Biopharmazeutika verwendet werden, tragen fast alle von ihnen mehrere PTMs wie N-

Glykosylierungen und Disulfidbrücken. Aufgrund ihrer Heterogenität bleiben N-

Glykosylierungen eine Herausforderung für Strukturanalysen wie HDX-MS. In dieser Arbeit 

wurde eine neuartige Peptid-N-Glykanase aus Rudaea cellulosilytica (Rc) charakterisiert, die 

eine breite Substratspezifität und eine hohe Aktivität zur Deglykosylierung nativ gefalteter 

Proteine aufweist. Somit wurde das Enzym verwendet, um MS-basierte Top-down-

Proteinanalytik zu erleichtern und bietet die Möglichkeit für N-Deglykosylierung von Peptiden 

in wenigen Minuten. Darüber hinaus kann das Enzym nach heterologer Expression aus E. coli 

mit hoher Ausbeute und ausreichender Reinheit erhalten werden. Aufgrund des pH-Optimums 

im sauren Bereich wurde die PNGase Rc erfolgreich unter anspruchsvollen HDX-MS 

supprimierenden Bedingungen (0 °C; pH 2,5), in Gegenwart von üblicherweise verwendeten 

Konzentrationen von Reduktions- und Denaturierungsmitteln Tris(2-carboxyethyl)phosphin 

(TCEP) Harnstoff und Guanidiniumchlorid (GdmCl), verwendet. Als Grundsatzbeweis wurde 

die PNGase Rc in den etablierten HDX-Epitop-Screening-Workflow (p ost-proteolytisch) 

integriert, was zur Aufklärung von vier Nanokörperepitopen führte, die auf die mehrfach N-

glykosylierÔÅ ÅØÔÒÁÚÅÌÌÕÌßÒÅ $ÏÍßÎÅ ÄÅÓ ÓÉÇÎÁÌÒÅÇÕÌÉÅÒÅÎÄÅÎ 0ÒÏÔÅÉÎÓ ÁÌÐÈÁ ɉ3)20ɻɊ ÁÂÚÉelen. 

Durch die zusätzliche Deglykosylierung wurde die Sequenzabdeckung, Redundanz erhöht und 

es zusätzlich ermöglicht Epitope in Nachbarschaft einer Glykosylierungsstelle zu detektieren. 
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3 Introduction  

3.1 Protein -Protein Interaction  

3.1.1 Principles 

The probably first protein-protein interaction (PPI) to be reported was the interaction of 

trypsin and antitrypsin in 1906 by Hedin [1] . Since then, a myriad of PPIs were discovered and 

today, they are known to be essential for the cellular machinery and the control of most of the 

biological processes such as intercellular communication, immune response, reaction catalysis, 

transport or viral entry  [2, 3]. Furthermore, interaction of specialized proteins mediate the 

basic life processes of DNA replication, transcription and translation [2] . These interactions 

represent a large and complex network of ÃÅÌÌÕÌÁÒ ÐÁÔÈ×ÁÙÓȟ ÎÁÍÅÄ ȰÉÎÔÅÒÁÃÔÏÍÅȱ [4] .  

Interactions are mediated by complementary regions on the proteins surface that usually 

comprises a protein-protein interaction  interface of around 1500ɀ3000 ᴠ2 [5] . Furthermore, 

the interface show a chemical complementarity resulting in polar, hydrophobic and charged 

interaction forces. In general, proteins interact with each other if the Gibbs free energy of the 

complex is lower than that of the un-complexed binding partners and as this interaction is 

dependent on the concentration of the binding partners, the interaction between all proteins 

is physically possible [6] .  The formation of a protein complex, consisting of protein A and B, 

can be explained by a four state model (Equation 1) [7] . Upon protein association both 

interaction partner form a so called encounter complex (AB*), a complex mostly stabilized by 

long-ranging electrostatic interactions. The encounter complex can turned into an 

intermediate complex (AB**) by interface desolvation, the formation of short-range 

interactions and eventually structural rearrangements than leading to the final complex AB [8] . 

  

ὃ ὄ ᵮὃὄz ᵮ ὃὄz  zᵮὃὄ Equation 1 [7]  

 

PPIs can be classified in many different ways including the classification according to the 

composition of the complex or its binding strength [3] . Whereas homo-oligomeric complexes 

consist of identical proteins, the interaction between different  proteins is classified as hetero-

oligomeric. The binding strength and therefore the stability and lifetime of a protein complex 

might determine the classification into transient and permanent, obligate and non-obligate 

PPIs [9] . In obligate interactions, also referred to as quaternary structures, the proteins exist 

only in complex and are permanently bound to each other, while most of the non-obligate PPIs 

are transient [10] . In order to describe the lifetime of a complex in a one-to-one stoichiometry 

equilibrium one can either use the expression with the law of mass action or as a kinetic 
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process of association and dissociation. The binding affinity can be expressed using the 

equilibrium dissociation constant (KD) which equals the molar concentration (M, mol/L), 

where the interfaces are half saturated. It is equivalent to the ratio between the reaction rate 

constant of the complex dissociation (koff; s-1) and association (kon, M-1s-1).  

 

ὃ ὄ ᵮὃὄ Equation 2 

ὑ
ὃ ὄ

ὃὄ

Ὧ

Ὧ
 Equation 3 

 

Transient interaction partners associate and dissociate temporarily with different lifetimes 

and thus binding affinities. These can range from very weak interactions with lifetimes of 

milliseconds and affinities in high micromolar to millimolar  range up to tight complexes with 

half-lifes of days and picomolar affinities [6] .   

Within a PPI interface, amino acid residues contribute different ly to the binding free energy 

and most of the binding affinity can be attributed to small fraction, the so called Ȱhot spotȱ 

residues [11] . The contribution  of individual residues can be determined by a systematic amino 

acid mutagenesis to alanine [12] . An amino acid is considered as hot spot residue if the 

mutation leads to an increase of binding-free energy of  І2 kcal/mol [6] . Protein structures are 

flexible in solution and can undergo various conformational changes. These structural changes 

can be ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ÍÏÌÅÃÕÌÁÒ ȰÂÒÅÁÔÈÉÎÇȱ motions [13] . Hence, the complex formation can 

induce a structural rearrangement either within the binding interf ace (Ȱinduced fittingȱ) or 

allosterically at a specific site, hampering computational docking experiments [14] . 

As described above PPIs are significantly involved in physiological and pathological processes 

such as cell proliferation, apoptosis, differentiation and invasion. Thus, altered PPIs are 

associated with many diseases including cancer, infectious, and neurodegenerative diseases 

[15-17]. Knowing the interaction partner as well as the interaction site can be crucial for 

understanding the mode of action of a certain protein. Furthermore, the PPI interface itself 

shows great potential as drug target for new therapeutic modulators such as small molecules, 

peptides or proteins [15, 16, 18]. 
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3.1.2 Antibody ɀ Antigen Interactions 

One of the largest classes of therapeutic proteins whose mechanism of action relies on protein-

protein interactions is the immunoglobuline G (IgG) class of monoclonal antibodies (mAbs). 

Since the first therapeutic mAb reached the market in the mid-1980s, more than 80 mAbs have 

been approved by the European Medicine Agency (EMA) by the end of 2019 [19] . Thus, the 

market for therapeutic mAbs has grown and reached nearly 115 billion US$ in 2018 and is 

expected to reach 300 billion US$ in 2025 [20] .  

The general structure of a human IgG is assembled by two light chains and two heavy chains 

(Figure 1). These structure can be further classified into two regions, the binding-mediating 

region (Fab), and the constant region (Fc), which are connected by a proline-rich hinge region 

(Figure 1). The Fab regions contain the variable domains of the heavy and light chain that 

mediate the protein-protein interaction  with the target protein. Interaction interfaces of Abs, 

the paratopes, mainly consists of three flexible hypervariable loops of each chain referred to 

as complementary determined regions (CDR) but may additionally include frame work regions 

[21, 22]. The interaction of the antibody is mediated through specific binding to the antigens 

(Ag) interaction region, the epitope.  

In 1993, Hamers-Casterman et al. discovered heavy chain-only antibodies in sera of Camelidae 

(Figure 1) [23] . The equivalent Fab fragment is referred to as variable domain of the heavy 

chain of heavy chain-only antibodies (VHH) or nanobody (Nb) [24] . Although Nbs bear only 

three CDR regions they can bind their target molecules with high affinity with a KD in the low 

nanomolar or even picomolar range. Moreover, the interaction strength is often dominated by 

the CDR3 region whose sequence homology and length also can be used to cluster individual 

Nbs into families [25] . Nbs have proven to be valuable tools in biomedical research, diagnostics 

and therapy. The small size of ~15 kDa, which is one-tenth of the size of an antibody offers 

chemical stability and solubility as well as fast tissue penetration [24, 26]. Therefore, Nbs have 

great potential to be used for in vivo and immunohistochemical imaging [26] .  

The nature of the interface region on the antigen can be classified in continuous (linear) and 

discontinues (conformational) epitope regions. Continuous epitopes consist of amino acid 

stretches that are in close proximity in the polypeptide chain, whereas discontinuous epitopes 

are comprised by amino acid residues that are only proximate in the folded, native structure of 

the protein [27] . However, most (90%) of native epitopes are discontinues [28] . The 

characterization of the Ab:Ag interaction site, the so-called epitope mapping aids the 

development and discovery of novel antibodies for therapeutic and diagnostic use [29-31].  
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Figure 1: Schematic representation of a human IgG1 antibod y (left ) and a heavy chain-
only antibod y derived from Camelidae (right) [26] . The human IgG1 antibody consists of two 
heavy chains and two light chains, which contain a binding-mediating domain (Fab) and a 
constant region (Fc). Fabs and Fcs further consist of variable domains (V domains) of the light 
(VL) and heavy chains (VH) as well as constant domains of light (CL) and heavy (CH1-3) chains. 
The heavy chain-only antibodies lack the light chain and CH1 domains. The variable binding 
region (VHH), also known as nanobody mediates the binding. 

3.1.3 Methods for Determination of Antibody-Antigen Binding Interfaces  

Numerous techniques have been developed for the elucidation of PPI interfaces in general and 

antibody-antigen epitope mapping in particular including biophysical and biochemical 

approaches [31-33]. They can be classified into immunochemical and structural analysis 

methods [30] . The immunochemical analysis of PPIs consists of methods such as displaying 

techniques including yeast surface display [34] , enzyme-linked immune sorbent assay (ELISA) 

[35]  and biosensor techniques including surface plasmon resonance (SPR) [36]  and biolayer 

interferometry (BLI ) [37] , amongst others.  

As one of various displaying techniques, the eukaryotic nature of yeast surface display offers 

to study PPIs of larger and more complex proteins with additional posttranslational 

modification [38] . Using these techniques the protein of interest is expressed on the surface of 

the yeast cells and ligands can be screened allowing the identification of PPIs in high 

throughput. The expression of different genetically modified antigen domains allows an 

application for antibody epitope screening including conformational and linear binding 

interfaces. Thus, this technique was used for epitope mapping and the identification via 

fluorescent tag-conjugated Abs in combination with flow cytometry enabled both, quantitative 

and qualitative analyses [39, 40]. However, protein glycosylation profiles in yeast cells differ 

from those of mammalian cells, that might alter the structure and the Ab:Ag interactions. 

Beside displaying techniques, ELISA has been used for elucidation of Ab:Ag binding sites [41, 

42]. While this technique is inexpensive, requires only non-specialised equipment and 
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provides the ability of high sample throughput, it  suffers in the detection of weak transient 

interactions due to required washing steps [32] . Immunoassays and optical methods such as 

SPR and BLI are used to roughly map epitopes to individual antigen domains or antigen surface 

areas. For this purpose, the displacement or simultaneous binding of different antibodies to an 

antigen or antigen domain is tested. This procedure is called "epitope binning" [43] . To further 

narrow down the epitope, the binding of antibodies to overlapping peptides, each consisting of 

10-20 amino acids of the antigen, can be tested. These so-called "peptide arrays" can be used 

well for linear epitopes consisting of a sequence of several amino acids [30, 31]. Additionally, 

SPR and BLI, which differ in their throughput and sensitivity provides the opportunity of label 

free quantification of the PPI [44] . In combination with site directed mutagenesis, both 

techniques can be used to determine interface hot spot residues. While, immunochemical 

approaches can provide detailed qualitative and quantitative characterization of the PPI they 

yield little information about exact amino acids forming discontinues epitopes on the antigens. 

Thus, these techniques are frequently combined with  other, structural  epitope mapping 

techniques [45-47]. 

The most powerful structural epitope mapping techniques regarding the resolution are X-ray 

crystallography [48] , nuclear magnetic resonance (NMR) spectroscopy [49]  and cryo-electron 

microscopy (cryo-EM) [50] . These approaches provide detailed information of the exact 

epitope location up to single amino acid resolution. However, they remain technically 

challenging and bear individual limitations . While X-ray crystallography can be considered as 

the gold standard for the analysis of PPIs it is limi ted to the solid state proteins which have to 

be crystallized prior to the analysis. Protein crystallization might be a challenging, time 

consuming task or even fail [30, 31]. Furthermore, X-ray crystallography and the cryo-EM 

analysis are susceptible against the intrinsic nature of proteins and a desired level of 

monodispersity may be not reached [31, 51]. Moreover, major disadvantages of cryo-EM are 

the high costs for the instrumentation and maintenance as well as the need for tremendous 

computational resources [50] . In contrast, NMR spectroscopy can be used to probe the protein-

protein interaction in native (solution) state, but is generally limited to smaller proteins (<30 

kDa) [30] . 

Mass spectrometric (MS) approaches based on crosslinking and protein footprinting 

techniques provides valuable alternatives for the elucidation of protein-protein interaction  

sites. These techniques can be applied to almost infinitely large proteins under native 

conditions, they show high tolerance against impurities and low sample consumption (Figure 

2) [30] .  

 



Introduction  

10 

 

Figure 2: MS based methods for epitope mapping. 

Chemical crosslinking uses various chemical entities differing in their  length that covalently 

link amino acids in particular proximity [52] . Coupled to mass spectrometry chemical 

crosslinking (XL-MS) has been shown to be effective in characterizing of PPIs [53, 54]. A major 

drawback is that the technique relies on the availability of defined chemical linker and reactive 

amino acids, mostly lysine [52] . Furthermore, linkages bears the risk to introduce nonspecific 

interactions, which on the other hand might stabilize weak transient interactions facilitating 

the elucidation of epitopes of even low affinity PPIs. Moreover, the data analysis remains 

challenging due to the low abundance of the cross-linked peptides and the complexity of the 

obtained fragment ion spectra [55] . The footprinting approaches are based on the analysis of 

mass shifts generated by chemical modifications on amino acid side chains or backbone amides 

detected by MS. Due to the reduction of solvent accessibilities, PPIs might shield individual 

amino acids selectively from modification within the PPI interface or by subsequent structural 

changes. These footprinting techniques include, hydroxyl-radical protein footprinting (HRPF) 

and hydrogen-deuterium exchange (HDX). In the widely used HRPF technique, fast 

photochemical oxidation of proteins (FPOP), hydroxyl radicals are generated by photolysis of 

hydrogen peroxide [56] . FPOP monitors the percentage of labelling of side chain residues by 

reactive oxygen species mostly at aromatic and sulphur containing amino acid residues [56] . 

In contrast, in HDX-MS the exchange of hydrogen by its heavier isotope deuterium of backbone 
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amides is monitored (see also 3.2). While in HDX-MS the labelling is based on hydrogen 

bonding and the solvent accessible surface area (SASA), FPOP emphasize the latter [57] . Both 

techniques can provide comprehensive information of the PPI interface and the structural 

dynamic of a protein. However, HDX-MS can be used to probe each amino acid residue (except 

proline) across the entire protein with no disruption  of the proteins native structure [57] . The 

main disadvantage of HDX-MS analysis is the reversibility of the labelling and the associated 

demands on the analysis, which has to take place in a short time at very low temperatures and 

pH in order to obtain high-resolution results (see 3.2).  

In summary, epitope mapping methods differ in their  complexity in terms of optimization 

required, sample throughput and the resolution obtained for the epitope residues (Figure 3). 

Often, an orthogonal combination of multiple techniques is applied for elucidation of the 

interaction interface and structural dynamic of the protein. 

 

 

Figure 3: Schematic overview of different epitope mapping techniques based on the extend 
of epitope information, method complexity and throughput.  

 

3.2 Hydrogen -deuterium  Exchange Mass Spectrometry (HDX-MS) 

3.2.1 History 

The deuterium exchange of hydrogen atoms on proteins was first described in 1954 by the 

pioneer work of Kai U. Linderstrøm Lang and co-workers of the Carlsberg laboratories 

(Copenhagen) [58] . They used analytical ultracentrifugation for the separation and detection 

of the deuterated proteins. While limited to the measurement of the global deuterium uptake 

of the protein, their work and following approaches laid the foundations for the H/D exchange 

theory known today. In 1963, S. W. Englander [59]  started to use tritium instead of deuterium 

and coupled the analysis to gel filtration allowing the determination of the radioactive 
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hydrogen-tritium exchange by liquid scintillation counting . This analysis method of HX was 

extensively used until the 1980s [60] . 

Then H/D exchange was coupled to NMR spectroscopy, which provided the first amino acid 

resolution method using HDX. However, this method was limited to  small proteins [60] . Rosa 

and Richards [61]  and Englander et al. [62]  described a peptic proteolytic fragmentation under 

HDX quenching conditions, which was combined with a HPLC separation at 0 °C by Zhang and 

Smith in 1993 [63] . They also used an excess of deuterium to circumvent the radioactive 

tritium . The detection by liquid scintillation analysis was replaced by the use of a mass 

spectrometer to detect time-dependent deuterium uptake at peptide level. This removed the 

size limitation of the analysis by NMR spectroscopy, reduced the required amount of sample 

and allowed the detection of local hydrogen-deuterium exchange of proteins, leading to a 

dramatic growth in the field of HDX analyses. 

 

3.2.2 Principle of HDX 

3.2.2.1 Chemical Basis of HDX 

A hydrogen atom bound to an electronegative heteroatom such as oxygen, nitrogen and 

sulphur is classified as labile and thus ȰÅØÃÈÁÎÇÅÁÂÌÅȱ. Proteins comprise multiple labile 

hydrogens in the amino acid backbone and side chains (Figure 4). These are in continuous 

exchange with the protons of the surrounding medium [64] . If the latter  consists mainly of 

deuterium atoms, these are incorporated instead of hydrogen leading to a mass increase by 

1.008 Da per isotopic exchange, which can then be detected by mass spectrometry [65] . The 

incorporation of deuterium in the amino acids side chains and the N-terminal amid bound 

hydrogen show short half-life (t1/2 = ~0.01-1 ms). Thus, only the deuterium within the  

backbone (t1/2 = 5 s ɀ 60 days) can be detected within the time frame of a HPLC-MS analysis 

which makes HDX-MS a direct measure of deuterium exchange in the backbone amides [66, 

67]. 
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Figure 4: Exchangeable hydrogens shown on a chemical structure of a peptide .  
Exchangeable (labile) hydrogens of backbone amides and side chains are coloured in pink and 
blue, respectively. Only the exchange of the backbone hydrogens shows a sufficiently long half-li fe 
to be amendable to HDX-HPLC-MS analysis. 

3.2.2.2 pH Dependency and Exchange Kinetics of HDX  

HDX is mediated through base, acid or water catalysed reactions, whereby the catalysis by 

water is negligible and therefore often neglected (Equation 4) [66] . The exchange rate kch for 

an unstructured peptide in solution expressed for the given three intrinsic catalysis rate 

coefficients is: 

 

Ὧ Ὧ Ὄὕ Ὧ ὕὌ Ὧ Ὄὕ Equation 4 [66]  

where the base-catalysed reaction rate (Ὧ ) becomes dominant at physiological pH and 

exceeds the acid-based reaction rate ὯὥὧὭὨ
Ὥὲὸ that dominates at pH values below pH 3. The 

minimum exchange rate can be observed at pH of 2.5-3.0, leading to a decrease of the backbone 

hydrogen exchange (HX) by approximately four orders of magnitude compared to the 

exchange at pH 7 [64]. The base catalysis occurs through a nucleophilic attack of an OD- ion, 

which abstracts the amide proton that is subsequently reprotonated by an abstraction of a 

proton from water (Figure 5a). The acid-catalysed HDX can occur through two mechanisms the 

N and O-protonation summarized in Figure 5b and c. 
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Figure 5: Chemical reaction of the base- and acid-catalysed HDX of backbone amides 
drawn according to [64] . (a) Base catalysis, acid catalysis through protonation of (b) nitrogen 
or (c) oxygen. 

3.2.2.3 Temperature Dependency of HDX 

The exchange rate kch is further  dependent on the temperature in such a way that a reduction 

of 22 °C leads to a reduction of kch by ~10 fold [60] . This is primarily due to the ionization rate 

of water Kw and therefore the concentration of OH- ions present during labelling [64] . The 

relationship between kch and the temperature is exponential and can be expressed for an 

unstructured peptide using Equation 5 [66] :  
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where kch(293) is a reference rate of the rate constants for acid, water and base catalysis at 

293 K (~20  °C); Ea is the activation energy of the catalysis of the exchange and R is the universal 

gas constant [66] . 

 

3.2.2.4 Structure Dependency of HDX 

The equations above describe the temperature and pH dependency of the HD exchange of 

unstructured peptides. The exchange is further dependent on the side chains from 

neighbouring amino acid residues that can lead to inductive and steric effects [66] .  

However, these equations do not apply to a structured protein, in which the higher-order 

structure largely contributes to the HX rates, potentially leading to an enormous decrease of 

theoretical HDX half-life times from seconds up to even months or years [68] . The HX rate of 

amino acids in natively folded proteins is dependent on their solvent accessibility and on their 

engagement in intramolecular hydrogen bonds [69] . Thus, an amino acid is usually considered 

as exchange-incompetent if it is sterically inaccessible or hydrogen-bonded (NHclose). The 

dynamic protein motion ɉÍÏÌÅÃÕÌÁÒ ȰÂÒÅÁÔÈÉÎÇȱɊ, already described by the Linderstrøm-Lang 

laboratory [13] , leads to local and global unfolding events, where backbone amides can become 

HX competent (NHopen) and exchangeable (Equation 6) [70] . 
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Thus, the transient exchange-competent intervals of an amino acid residue are based on the 

opening (kop) and closing (kcl) rates, which compete with the HX rate (kch), resulting in two 

different kinetic scenarios: if the HDX occurs faster than the reclosure (kchḻËcl), it attains an 

asymptotic behaviour and dependents only on the opening of the structure and kop=kHDX. This 

scenario is referred to as EX1 kinetic or so-called Ȱmonomolecularȱ exchange. It occurs at high 

pH (base-catalysed high kch) or low protein stability where kcl is low [70] . EX1 kinetics often 

result in varying degrees of bimodal isotopic distribution , since two subpopulations of isotopic 

pattern are co-existing, the fully deuterium exchanged as well as the non-exchanged. 

However, for most of the residues within a natively folded protein, reclosing of the structure 

occurs faster than the HX rate (kcl ḻ Ëch). Therefore, multiple openings of the structure have to 

occur before an HX event takes place. This is referred to as EX2 kinetic or so-called 

Ȱbimolecularȱ exchange and can be expressed in a steady-state equilibrium using the following 

equation (Equation 7) [71] : 
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Ὧ

Ὧ
ὑ Ὧ  Equation 7 [71]   

 

where kHDX is the exchange rate of for a given amino acid residue and Kop (kop/k cl) is the 

equilibrium opening constant. Therefore, a structural protection factor can be calculated in 

free Gibbs energy by:  
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 Equation 8 [71]   

 

wÉÔÈ ÔÈÅ ÄÉÆÆÅÒÅÎÔÉÁÌ 'ÉÂÂÓ ÆÒÅÅ ÅÎÅÒÇÙ ÆÏÒ (8 ɉɝ'HDX) dependent on the temperature (T) and 

the universal gas constant R. For differential HDX experiments, a second states might result in 

changes in structural stability free energy and thus in HDX of back bone amides. The equation 

can be rearranged to: 
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 Equation 9 [71]   

where kHDX,1 represents the exchange rate of state one and kHDX,2 the of state two [71] . 

3.2.3 Application of HDX 

A protection from the HDX in the protein backbone also occurs upon a PPI which might lead to 

a stabilized structure and a reduction of the surface accessibility for the solvent [30] . Thus, 

beside the analysis of protein dynamics, HDX-MS is a powerful  tool for the analysis of PPIs. 

A typical HDX-MS analysis workflow  for the elucidation of the PPI such as an antibody and 

antigen is the bottom-up approach (Figure 6). It can be divided into six steps, namely the (1) 

equilibration  (complex formation), (2) the deuterium exchange, (3) quenching, (4) protein 

digestion, (5) chromatographic separation and (6) determination of the incorporated 

deuterium by mass spectrometry. For the epitope mapping approach these steps are 

performed for the antigen alone and in complex with the antibody and changes of the HDX 

upon complexation are monitored [30, 67].  
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Figure 6: Scheme of a typical  bottom -up approach of an HDX-MS epitope mapping 
experiment using continuous deuterium labelling .  After equilibration with (a) or without 
antibody (b) in H2O, the deuterium exchange is initiated by diluting the complex in an excess of 
D2O. At defined times, the exchange is quenched by lowering the pH and the temperature, and the 
proteins are digested by an acidic protease (e.g. pepsin). The mass shift of the resulting peptides 
is analysed via HPLC-MS. Protection of the deuterium uptake due to the introduction of the 
binding partner is then used to elucidate the epitope region.  

(1) Prior to HDX analysis, the interaction partner are incubated for complex formation at 

physiological conditions. For epitope mapping most of the ligand molecule should be in 

complex ensuring a uniform ly deuterated molecule population. Otherwise, differently 

deuterated molecule populations arise, each of which showing different exchange kinetics. This 

can lead to a false EX1 exchange signatures, reflected by bimodal spectra, which subsequently 

complicate data interpretation [64] . The relative amounts of complexed Ab and Ag in a 

monovalent binding manner can be calculated considering the binding stoichiometry of the 

antibody-antigen complex [72]  (Equation 10, Equation 11) 
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   Equation 11 [72]  

where Ag:Ab represents the concentration of the antibody-antigen complex. Abt and Agt are 

the total quantities of the antibody and antigen, respectively [72] .  

(2) Deuteration is initiated by dilution with  an excess of D2O. The subsequent change in 

reaction volume should be considered for the calculation of the percentage of bound Ag.  

(3) After different incubation time periods, hydrogen-deuterium exchange is quenched by 

lowering the pH and temperature to pH 2.5 and 0 °C, respectively. Under these conditions, the 

average half-life of deuterium in the backbone amides is between 30 and 120 min, representing 

sufficient time for the subsequent analysis by HPLC-MS [73] . However, the sensitivity of an 

HDX experiment correlates with the back-exchange. Therefore, the back exchange must be 
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controlled for the experimental setup and protocol used [74]. Recently, some groups applied 

sub-zero quenching to further reduce back exchange during analysis [75, 76].  

(4) To sub-localize HDX differences to defined parts of the protein, a proteolysis with an acidic 

proteases such as pepsin, protease type XIII from Aspergillus saitoi, protease type XVIII from 

Rhizhopus species or nepenthesin can be applied [77-79]. Of these proteases, pepsin is most 

commonly used in HDX-MS and exhibits a promiscuous cleavage specificity [67] . This leads to 

overlapping peptides of various length that can be used to increase site specific resolution [79] . 

The proteolysis conditions of the protein of interest have to be optimized aiming high sequence 

coverage, with high redundancy, while keeping the back exchange as low as possible. 

Additionally , the proteolysis is typically aided by high concentrations of denaturing and 

reducing agents (see 3.2.4).  

(5) The obtained peptides are separated via a cooled HPLC and analysed by mass spectrometry. 

Peptide identification by tandem MS such as collision-induced dissociation (CID-MS/MS) is 

only applied to the non-deuterated samples resulting in a peptide list (peptide pool). This list 

includes at least the retention time, the charge state and sequence of the identified peptides, 

which then is used for the assessment of the isotopic patterns during the HDX-MS analysis [67, 

74]. Application of CID fragmentation to deuterated peptides induces H/D migration 

throughout the backbone which also is referred to as scrambling [80] . Multiple charge states 

of a peptide can increase the confidence of the determined HDX since they show the same HDX 

kinetics [67, 74].  

(6) The average deuterium incorporation  is determined using the centroid mass shift of the 

peptide isotopic pattern and compared to a non-deuterated peptide pattern and various states 

(e.g. bound vs unbound state). The result can be plotted using uptake plots representing the 

basis of each HDX analysis (Figure 6) [67, 74]. The centroid of the isotopic envelope is 

calculated as follows: 

 

ộάỚ ᾀ
В άȾᾀ Ὅz
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ά  Equation 12 [67]   

 

where z is the charge state of the peptide with the determined m/z value and the intensity (I) 

of an isotopic peak and the mass of the attached H+ ion, mH+  [67].  
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3.2.4 PTMs, Challenges for HDX-MS Analysis 

Within the last decades HDX-MS has become a powerful tool for the analysation of protein 

dynamics and molecular interactions of proteins. However, the analysis of large, multi -protein 

complexes, disordered proteins, membrane proteins, highly N-glycosylated or disulphide-

bonded proteins still represent challenges for HDX-MS analysis [81] . Extracellular proteins and 

protein domains typically contain multiple posttranslational modifications (PTMs) such as 

glycosylation and disulphide bonds that ensure proper folding, solubility and stabilization of 

their native conformation to maintain their  biological function [82-85]. 

 

3.2.4.1 N-Glycosylation 

Glycosylation is one of the most prevalent PTM and is involved in many physiological and 

pathophysiological processes such as cell-cell interactions, receptor activation, tumour growth, 

metastasis and viral immune evasion [85-87]. Most of the secreted proteins or extracellular 

protein domains are glycosylated. Glycosylation mediates and alters protein-protein 

interactions and ensures proper folding and stability [83-85]. Furthermore, glycosylation 

increases the hydrophilicity and acidity and thus the solubility, which explains the high 

prevalence of this modification in plasma proteins. The negative charge of sialic acid and 

sterical hindrance of glycans also provides a greater resistance to proteolysis [85]  and shields 

the proteins from unwanted interaction with other proteins. Dependent on the linkage site to 

the amino acid residue, this PTM can be divided in two groups: the O- and N-linked 

glycosylations. O-linked glycans are attached to the hydroxyl oxygen of threonine and serine 

residues [84] . N-linked glycans are attached to the nitrogen of asparagine side chains through 

an N-glycosidic bond. Moreover, N-linked glycosylation is only mediated at the consensus 

sequence motif of Asn-X-Ser/Thr, with X representing any residue except proline. Although the 

core of the N-glycan structure is highly preserved, the decoration is dependent on the 

glycosidase and glycosyltransferase pool of an organism or cell type [83, 88]. The N-glycans 

can be furthermore divided into three main types the high mannose, complex and hybrid type 

(Figure 7a). This complexity in N-glycan structure at a specific site (microheterogeneity) in 

combination with a varying extent of occupation within protein subpopulations (macro-

heterogeneity) results in a highly heterogeneous and variable PTM group (Figure 7b) [89] .  
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Figure 7: Types of N-glycans (a) and types of N-glycan heterogeneity (b).  

The structural analysis of complex glycosylated proteins poses challenges for many structural 

techniques such as X-ray crystallography, NMR spectroscopy and HDX-MS. HDX-MS shows 

sensitivity and tolerance to sample complexity and thus has been shown to have notable 

potential for the analysis of glycosylated proteins [90, 91]. However, N-glycans pose challenges 

as they impede peptide identification due to signal distribution across multiple glycopeptide 

species with unknown N-glycan content and promiscuous cleaved peptide sequence [81, 92, 

93]. Furthermore, peptide identification using conventional fragmentation techniques such as 

collision induced dissociation (CID) yield little information of the peptide backbone since the 

weaker glyosidic bonds will preferentially fragment [94] . Thus, bottom-up HDX-MS analysis 

often lacks sequence coverage adjacent to N-glycosylation site.  

Another obstacle is the fact that the N-glycan pentasaccharide core contains two acetamido 

groups, which can exchange deuterium and retain it under quench conditions. Furthermore, 

the N-linked glycosidic bond formed between the asparagine side chain and the glycan 

attached might be protected from deuterium exchange leading to misinterpretation of HDX 

results [95] . Detailed integrity, conformation and interaction analysis of such proteins is 

important, as glycoproteins are often drug targets or are themselves used as 

biopharmaceuticals [89, 96].  

Peptide-N(4)-(N-acetyl-ɼ-glucosaminyl)asparagine amidases (PNGases) have been shown to 

be valuable tools releasing the N-glycans and subsequently facilitating the analysis of N-

deglycosylated proteins [89, 97, 98]. PNGases are endoglycosidases and hydrolyse the amide 

bond between the innermost N-Acetylglucosamine (GlcNAc) and asparagine side chain with 

subsequent release of the N-glycan and the asparagine residue converted into an aspartic acid 

(Figure 8). Two types of PNGases are widely used [89]  for N-glycan hydrolysis: one from 

Flavobacterium meningosepticum called PNGase F [99]  and one isolated from Prunus dulcis 
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(almond; PNGase A) [100] . The acidic PNGase A is itself a glycoprotein heterodimer of a 54.2 

and 21.2 kDa subunit, containing 12 potential N-glycosylation sites, with an optimal activity at 

pH 5 [98] . In contrast, PNGase F is a monomer of 35 kDa with a pH range between pH 6.0 and 

9.3. PNGase A shows a broader spectrum of N-glycan release regarding the fucosylation of the 

ÉÎÎÅÒÍÏÓÔ 'ÌÃ.!Ã ÒÅÓÉÄÕÅ ɉɻ-ρȟσ ÁÎÄ ɻ-1,6) compared to the PNGase F that only releases N-

glycan moieties with a-1,6 fucosylation [98] . However, in contrast to PNGase F, PNGase A 

shows limited efficiency in N-glycan release from natively folded, intact proteins requiring 

proteolytic cleavage prior to PNGase treatment [101] . While PNGase F can be recombinantly 

expressed using Escherichia coli (E.coli), PNGase A has not yet been expressed recombinant 

using a prokaryotic organism. Thus, PNGase F is commercially available in high amount and 

purity which is one major reason for the widespread use of this enzyme in protein analyses 

[89, 98, 102]. 

 

 

Figure 8: Scheme of enzymatic deglycosylation  by PNGases adapted from  Wang et al. [103] . 

However, this enzyme has its pH working range at physiological conditions and shows no 

activity at a pH below 4.0 [99] . This limits the implementation into the HDX workflow to 

deglycosylation prior to complex formation (pre-HDX). Cleaving the protein glycosylation 

prior to complex formation brings the risk to alter the three-dimensional conformation of the 

protein and therefore its binding to interaction partners [75, 90]. Furthermore, some 

interactions are influenced by the N-glycosylation that prevent the detection of the native 

antibody-antigen binding behaviour [91, 104]. As alternative, the acidic PNGase A was 

successfully applied in post-HDX deglycosylation, although it showed only residual enzyme 

activity at pH 2.5 [65, 105]. Besides the commercially available enzymes, a set of novel acidic 
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PNGase enzymes has been discovered by Guo et al. [102] . One enzyme variant has been probed 

for application in an on-line HDX workflow with electrochemical reduction [106] . However, 

this approach needs additional, cost-intensive equipment and expertise and the availability of 

used N-glycanase is still limited. 

 

3.2.4.2 Disulphide Bonds 

Disulphide bonds pose an additional challenge for HDX-MS as their presence hampers 

proteolysis and leads to a lack of sequence coverage especially in proximity to cysteine 

residues. Chemical reduction of disulphide bonds is commonly accomplished using tris-(2-

caboxyethyl)phosphine (TCEP), but is inefficient at low temperatures, pH and short reaction 

times required for HDX experiments. Thus, TCEP is used in high concentrations and the 

proteolysis is also aided by chaotropic agents such as urea or guanidine hydrochloride (GdmCl) 

[67, 107-109].  

3.2.5 Case Study Antigen Molecules  

3.2.5.1 Annexin-A1 

Background information on annexin A1 (ANXA1) regarding the herein described case study 

were recently been published by Gramlich et al. [110] . In brief, ANXA1 belongs to the family of 

annexins, which are phospholipid-binding proteins that interacting in a calcium-dependent 

manner. ANXA1 has a molecular weight of 38 kDa and consists of a 41 amino acid N-terminal 

region and a C-terminal core regionȢ !.8!ρȭÓ ÃÏÒÅ is comprised by four homologous repeat 

domains (I - IV) of which each consists of ÆÉÖÅ ɻ-helices [111] . The C-terminal core structure is 

tightly compressed and forms a slightly curved disc that harbours 12 calcium-binding sites on 

the convex surface [112] . Calcium occupation leads to a conformational change exposing the 

flexible N-terminal domain from the core repeat III. Thus, two ANXA1 proteins can form a 

dimer or can interact with a bilayer through the exposed N-terminal repeat [111] . This N-

terminal domain is highly variable between the individual members of the annexin family 

[113] . The function of annexin A1 is mediated either by complex formation with the formyl 

peptide receptor or by binding to the phospholipid bilayer of the cell membrane [114] . ANXA1 

has been shown to play a role in a variety of diseases such as cardiology, immunology, 

neurology, endocrinology and oncology [114-116]. However, its function to alter the innate 

and adaptive immune system is one of its most important properties [114, 117]. In addition to 

the well-documented role of ANXA1 in neutrophil and monocyte function of the innate immune 

system, it  has also been shown to modulate the signalling strength of the T cell receptor and 

consequently the T cell differentiation and activation [118, 119]. This makes ANXA1 an 
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attractive drug target for the treatment of diseases that originate from the dysregulation of the 

T-cell activation, such as rheumatoid arthritis or multiple sclerosis [120, 121]. In this case 

study, the binding interface of a therapeutic, humanized antibody candidate that binds to 

ANXA1 in calcium-dependent manner was elucidated. The investigated humanized mAb was 

generated from a murine antibody that has been shown to specifically inhibit T-cell activation 

without any adverse cytotoxic effects [120] . [110]  

 

3.2.5.2 Receptor-Binding Domain (RBD) of SARS-CoV-2 

The coronavirus disease 2019 (COVID-19) pandemic caused by the severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) was first recorded in patients in Wuhan in China at the 

end of 2019 [122] . As of June 2022, the pandemic has caused the death of more than 6 million 

people worldwide (source: WHO, https://covid19.who.int/, accessed June 20, 2022) and is 

further associated with dramatic socioeconomic challenges [123] .  

The infection by the virus is mediated through a trimeric spike glycoprotein (S-protein) on the 

surface of the virus. Each monomer of the homotrimeric S-protein consists of two subunits (S1 

& S2). The fusion with the cell membrane is initiated  by the binding of the receptor-binding 

domain (RBD) located in the S1 subunit to the angiotensin converting enzyme 2 (ACE2) on the 

cell surface [124] . Cryo-EM analysis revealed conformational changes of the pre-fusion spike 

ÐÒÏÔÅÉÎ ÒÅÌÁÔÅÄ ÔÏ ÔÈÅ 2"$ ÐÏÓÉÔÉÏÎÉÎÇȢ 4ÈÕÓȟ ÔÈÅ 2"$ ÃÁÎ ÂÅ ÐÒÅÓÅÎÔ ÉÎ ÁÎ ȰÕÐȱ ÏÒ ȰÄÏ×Îȱ 

configuration, whereas the interaction with the ACE2 receptor is only mediated by the binding 

ÉÎ ÔÈÅ ȰÕÐȱ ÐÏÓÉÔÉÏÎÉÎÇ [124, 125]. The RBD:ACE2 interface has been shown to be an attractive 

target for potent virus neutralisation by antibodies [126, 127] or nanobodies [128, 129]. 

Neutralisation can be mediated by various mechanisms, such as competition for the ACE2 

binding or stabilization the all-down state of the RBDs. Thus, the position of the RBD can have 

implicat ions for the accessibility of the epitopes and subsequently neutralisation efficiency 

[130] .  

 

3.2.5.3 Signal-Regulatory 0ÒÏÔÅÉÎ !ÌÐÈÁ ɉ3)20ɻɊ  

The signal-ÒÅÇÕÌÁÔÏÒÙ ÐÒÏÔÅÉÎ ÁÌÐÈÁ ɉ3)20ɻɊ ÉÓ Á ÍÅÍÂÅÒ ÏÆ ÔÈÅ 3)20 ÆÁÍÉÌÙ ÃÏÎÓÉÓÔÉÎÇ ÏÆ ÔÈÒÅÅ 

ÉÎÄÉÖÉÄÕÁÌ ÐÒÏÔÅÉÎÓ ÎÁÍÅÌÙ 3)20ɻȟ 3)20ɼ ÁÎÄ 3)20ɾȢ 3)20ɻ ɉÁÌÓÏ ËÎÏ×Î ÁÓ 3(03-1 or CD172a) 

is expressed on the cell surface of monocytes, macrophages, granulocytes, dendritic cells and 

to varying levels on neurons with high expression in synapse rich areas of the brain [131] . 

Complexation with CD47, which is expressed on virtually all cells including erythrocytes and 

platelets, ÌÅÁÄÓ ÔÏ ÉÎÈÉÂÉÔÉÏÎ ÏÆ ÔÈÅ ÐÈÁÇÏÃÙÔÏÓÉÓȢ 4ÈÅÒÅÆÏÒÅȟ #$τχ ÉÓ ÏÆÔÅÎ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ȰÄÏÎȭÔ-

eat-ÍÅȱ ÓÉÇÎÁÌȢ 4ÈÅ ÌÅÖÅÌ ÏÆ #$τχ ÅØÐÒÅÓÓÉÏÎ ÖÁÒÉÅÓ ÁÎÄ can therefore be downregulated with 
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cell aging, leading to higher levels of phagocytosis. Simultaneously, overexpression is 

associated with suppressed phagocytosis in various tumour types [132] .  

3)20ɻ ÃÏnsists of three Ig-like extracellular domains, a transmembrane region and a short 

cytoplasmic region [133] . The interaction with CD47 is mediated through the V-set domain 

one, which shows a sequence dependent polymorphism known to have no effect on the 

interaction [134]Ȣ &ÕÒÔÈÅÒÍÏÒÅȟ ÔÈÅ ÅØÔÒÁÃÅÌÌÕÌÁÒ ÄÏÍÁÉÎ ɉ%#$Ɋ ÏÆ 3)20ɻ ÉÓ ÈÉÇÈÌÙ .-

glycosylated, which, while not essential for function, may reduce the affinity to CD47 upon 

hyperglycosylation [135] .   
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4 Aims and Objective s 

Epitope mapping of proteins encompassing multiple  posttranslational modification (PTMs) 

such as disulphide bonds and heterogeneous N-glycosylation patterns remains challenging for 

HDX-MS analyses. However, a high number of diagnostic and therapeutic Nb and Ab targets are 

extracellular displaying both, highly N-glycosylated and disulphide-bonded antigens. The aim 

of this thesis was to address these challenges with the development of mass spectrometric 

methods to characterise conformational epitopes of extracellular proteins and protein 

domains.  

Main objectives: 

Á Establishing a HDX-MS method and setup a prerequisite for epitope mapping 

encompassing the following requirements: 

o An HPLC-setup, capable to maintain cold temperatures during the analysis. 

o A efficient proteolysis under HDX-quenching conditions yielding high sequence 

coverage and redundancy to set up a bottom-up HDX-MS workflow. 

o Controlling the back exchange, intra-, and interday variance of the manually 

performed HDX-MS analysis.  

Á The established method was applied to map epitopes of nanobodies and antibodies of 

various antigens. 

Á To decide evidence based which are the lead interaction partners among multiple 

binding candidates, the method was adapted to be capable for increased throughput in 

order to screen for epitopes.  

Á The established method was adapted to map challenging proteins that encompass 

multiple PTMs. Therefore, a novel enzyme (PNGase) was characterised and it 

encompassed the following properties : 

o A broad N-glycan hydrolysis spectrum. 

o An acidic working range suitable for deglycosylation under HDX-MS quenching 

conditions. 

o A high activity to facilitate short deglycosylation times. 

o Resistance against commonly applied concentrations of denaturing and 

reducing agents. 

o High activities for native protein deglycosylation. 

 

The results presented here define a versatile platform for evidence-based epitope screening 

via HDX-MS. Furthermore, the expanded protocol utilized by the presented deglycosylation 

enzyme will help the HDX-MS community to extract HDX data from highly N-glycosylated and 

disulphide-bonded antigens. 
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5 Results  

5.1  Establishing Hydrogen -Deuterium  Exchange Mass Spectrometry 

5.1.1 HDX-LC-MS Experimental Setup  

A key to the performance of HDX studies is the maintenance of low temperatures and acidic pH 

in order to minimize the back exchange during the analysis of deuterium labelled samples. 

Within the present work, an HDX-LC-MS system was designed that can be mounted and 

removed in a flexible way to also allow LC-MS/MS standard analyses. Based on a publication 

of Villar et al. [136] , a tailor -made Semi-Automated Interface for HD exchange (SAIDE) [136]  

from MéCour was designed for this purpose (Figure 9). This interface, hereinafter referred to 

as SAIDE, is capable to maintain a constant temperature of 0 °C during chromatographic 

separation, which is mediated by coolant flow (-4 °C) through the side walls (Figure 10). It was 

mounted on a small mobile table that allows easy connection and removal to the HPLC pumps 

and the mass spectrometer (Figure 9). 

 

 

Figure 9: Scheme (a) and pictures showing the top view with open lid, (b) and the front 
view, (c) of the tailor made  cooling-device (SAIDE) maintaining reproducible , constant low 
temperature for the separation of deuterium -labelled peptides.  The SAIDE houses a 
stainless steel cooling loop (15 cm) chilling the mobile phase prior chromatography, two two-way 
valves for sample desalting (6-port, valve1) and injection (4-port, valve2), a sample loop (20 µL), 
a chromatographic column and a waste (a, b). The samples are injected manually in a vertical 
manner from the outside of the device into the sample loop using valve 1 with a front-end needle 
port. The SAIDE interfaced the high-ÐÒÅÓÓÕÒÅ (0,# ȰÌÏÁÄÉÎÇ ÐÕÍÐȱ ×ÉÔÈ ÔÈÅ ÍÁÓÓ ÓÐÅÃÔÒÏÍÅÔÅÒ 
(c). 

The device houses a solvent cooling loop, two manual two-way valves, a stainless steel sample 

loop (20 µL) and the chromatographic column with a length of 50 mm (Figure 9). The HPLC 

eluents are kept, mixed and delivered by a high high-pressure pumps at room temperature 

(RT). Subsequently, a 15 cm long cooling capillary loop is used to chill the eluent prior to its 

contact with the injected sample. Due to the thermal conductivity and pressure stability, all 

capillaries in front of the column are made of stainless steel. The manual two-way 4-port valve 
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is used to direct the first minutes of the chromatographic gradient (І2 min, depending on the 

salt concentration of the quench and labelling buffers) to the waste (Figure 9, valve 2). The 

two-way 6-port valve enables sample injection by switching the sample loop in and out of the 

HPLC flow. The injection is performed manually through the front -end needle port of the 

injection valve (6-port valve, valve 1). Furthermore, this valve is equipped with an electric 

contact closure that simultaneously triggers the start of the programmed LC gradient and data 

acquisition by the mass spectrometer allowing precise chromatography. 

 

 

Figure 10: SAIDE temperature profile inside the cooling  chamber measured at the column . 
The SAIDE maintain a constant temperature of 0 °C during chromatographic separation, which 
is mediated by coolant flow of polypropylene glycol at -4 °C. After an equilibration time of ~150 
minutes, the interior reaches 0 °C. 

To minimise temperature changes of the samples during the injection process, the glass 

syringes used for sample injection are conditioned within the SAIDE to approximately 0 °C 

until use. As a consequence of the low temperature within the SAIDE, the viscosity of the mobile 

phase and subsequently the pump back pressure increases. Therefore, the maximum flow rate 

for the used column and SAIDE was 50 µL/min resulting in an overall back-pressure of 350 - 

400 bar (92% aqueous concentration). Mobile phase compositions with water  content greater 

than 92% are to be avoided as this leads to clogging of the capillaries due to the formation of 

ice crystals at 0 °C. High salt concentrations of the injected samples, the high pressure 

(> 350 bar) on the system and the low pH of 2.5 of the eluents lead to rapid wear of the stainless 

steel valves and connectors. Therefore, the initially installed 6-port valve from ViciValco was 

replaced by a Rheodyne valve. The latter can easily be rinsed in both valve positions using a 

glass syringe via the needle port after each analytical run. Post separation, the valve and sample 

loop are flushed with 8% MeCN with  0.1% formic acid removing remaining buffer salts 

followed by 80% MeCN with 0.1% formic acid in order to remove potential peptide carry over. 

Thus, the applied flushing contributes to the extended life time of the Rheodyne valve lasting 
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>1500 injection (>2 years), compared to the valve from ViciValco that had to be replaced after 

approximately 500 injections (1.5 years).  

5.1.2 Peptic Proteolysis 

The first step in the applied HDX bottom-up protein analysis approach is the enzymatic 

proteolysis (Figure 6). Among the enzymes with an optimal pH working range of 2-3, pepsin 

was chosen. Highly efficient pepsin proteolysis is possible within short time at low 

temperature and acidic pH, however the enzyme is non-specific. Therefore, the peptides 

generated cannot be predicted and automatically identified as it is the case using e.g. trypsin in 

standard proteomic bottom-up analysis. The obtained peptide length is variable and depends 

on structure accessibility of cleavage sites and therefore on efficient opening of intramolecular 

bonds and on the availability of preferred cleavage residues. On the other hand, the assignment 

of the deuterium exchange to individual amino acids highly depends on the length and overlap 

of neighbouring peptides. Higher amino acid residue overlap yields redundant HDX 

information. Thus, the optimization of the peptic digest aimed to the generation of overlapping 

and short peptides that span as much of the protein sequence as possible. 

To achieve this goal, generic but also protein-specific proteolysis parameters were 

investigated. Generic proteolysis parameters are optimal pH, temperature, duration and 

enzyme-to-substrate ratio (E:S). They were investigated using Annexin-A1, which at the same 

time also contained the first epitope to be elucidated. However, protein-specific proteolysis 

parameters are also related to the individual protein structure defined by intramolecular 

bonds and interactions and need to be adapted for each individual protein. Proteolysis was 

performed at pH 2.5 as it results in the lowest back exchange.  

 

5.1.2.1 Proteolysis Temperature and Time 

The influence of the proteolysis time and temperature on the number of identified peptides 

and their  length was assessed by performing the proteolysis of ANXA1 for 5 and 10 min at 0 °C 

and 2 min at 20 °C using a typically E:S of 1:1 (M:M) (Figure 11) [67] . After five minutes of 

proteolysis, 152 peptides could be identified with an average length of 20.3 amino acids (aa). 

By doubling the digestion time, the number of peptides increased by 13% and the peptide 

length shortened to an average length of 18.7 aa (Figure 11b). The number of peptides could 

not be increased further upon short digestion at 20 °C (Figure 11a). However, proteolysis at 

higher temperature (20 °C) was beneficial to the distribution of the peptide length leading to a 

reduction of the average length of 15.4 aa (Figure 11b).  
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Figure 11: Examination of optimal generic proteolysis  conditions.  (a) The number of 
peptides identified by mass accuracy in MS1 and by MSMS fragmentation pattern after different 
proteolysis periods and temperatures. Single experiments for 5 min/0  °C, 10 min/0 °C and 
2 min/20 °C and a combination of three independent proteolysis experiments 10 min/ 0 °C. (b) 
The distribution of the peptide length for different digestion conditions using a box plot. (E:S = 1:1 
M:M) 

With respect to the number of peptides and average peptide length, proteolysis conditions of 

10 min at 0 °C were chosen for subsequent HDX analysis. These prevent an increase of the back 

exchange caused by the increased temperatures. The observed back exchange of the different 

proteolysis conditions can be found in 5.1.4.  

The number of identified peptides was further increased by 28% (+48 peptides) using a 

combination of three independent sample preparations and MSMS analysis prepared using the 

same protocol (10 min; 0 °C). While most of the peptides (152) were commonly identified  in 

each experiments additionally 68 peptides were identified (Figure 12a). This can be explained 

by the limited , incomplete proteolysis in combination with the promiscuous cleavage spectrum 

of pepsin and the semi random sampling in a TopN data dependent MSMS analysis. 

Consequently, a combined peptide identification list from at least three technical replicates 

was included in the generic workflow.  
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Figure 12: Venn diagram of identified peptides by tandem mass spectrometry of three 
independent peptic proteolysis  experiments  of the in-solution (a) or the bead -based (b) 
protocol.  

5.1.2.2 Comparison of Two Proteolysis Protocols (E:S ɀ ratio)   

To further  improve the enzymatic digestion, proteolysis was evaluated using a higher E:S ratio. 

Therefore, pepsin immobilised on beads (hereinafter referred to as bead-based proteolysis) 

was compared to the above described pepsin in-solution (hereinafter referred to as in-solution 

proteolysis). Using the immobilized-pepsin protocol, a high E:S ratio can be achieved resulting 

in an excess of pepsin while pepsin can be removed after the proteolysis. The peptide lists of 

both approaches were generated in independent triplicates. Again, the combination of three 

replicates leads to an increase of the number of identified peptides by 17%. The bead-based 

proteolysis showed a slightly higher reproducibility leading to 163 peptides identified in all 

replicates, 30 peptide identified in 2 of 3 experiments and 35 peptides identified in only one 

experiment (Figure 12b). Both strategies resulted in identification of a comparable number of 

220 and 228 identified peptides for the in-solution and the bead-based digest, respectively 

(Figure 12, Figure 13). However, with use of immobilised pepsin the proteolysis time could be 

reduced from 10 to 1 minutes. Furthermore, the bead-based digestion protocol resulted in a 

sharp decrease of the peptide length distribution  leading to an average peptide length of 15 aa 

compared to the 21 aa of the in-solution digest (Figure 13b). Consequently, more peptides elute 

earlier in the chromatographic gradient, reducing the risk of higher back exchange (Figure 

13c). 
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Figure 13: Comparison of the bead-based with an in -solution proteolysis  on ANXA1.  ANXA1 
was digested at 0 °C using pepsin immobilized on beads and pepsin in-solution for 1 and 10 min, 
respectively. (a) The pooled number of identified peptides from three independent digestions and 
analysis experiments. MSMS-identified and peptides with good isotopic assignment that can be 
used to extract HDX information. (b) The peptide length distribution for the in-solution (180 
peptides) and the bead-based (207 peptides) proteolysis as box plots. (c) Base peak subtracted 
chromatogram (300-2000 m/z) of the in-solution (I) and bead-based (II) digestion protocol. 

5.1.2.3 Evaluation of Two Proteolysis Protocols in HDX-MS Analysis 

Besides the number of identified peptides the performance of both proteolysis strategies in an 

HDX-MS analysis has to be evaluated. Since the calculation of the centroid mass shift upon 

deuteration requires a good assignment of the isotopic peptide patterns, HDX analysis depends 

on the data quality of the identified peptides. Low signal to noise ratios (S/N) and co-eluting 

peptides can lead to poor isotopic assignment resulting in uncertainty in the calculated 

centroid mass shift and thus the deuterium uptake. Therefore, these peptides are excluded 
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manually and automatically by the analysis software (HDExaminer) during the analysis 

process. To evaluate the number of excluded peptides, both proteolysis strategies were 

compared in an HDX analysis of ANXA1. Thus, HDX of ANXA1 that was labelled for 5 and 500 

min was analysed in independent triplicates. Only a subset of the initially identified peptides 

could be used to extract valuable HDX data. Thus, 9% of the peptides of the based digest and 

18% of the in-solution digest could not be used to extract HDX data (Figure 13a). Most peptides 

elute within a time window of 12 to 20 minutes in both experiments However, the bead-based 

proteolysis resulted in smaller ANXA1 peptides, eluting in peaks with high intensity across the 

whole chromatographic gradient. This led to less co-elution and a higher signal to noise ratio 

(Figure 13c).  

Next, peptide HDX reproducibility of both proteolysis strategies was compared. For direct 

comparison, only peptic peptides with identical sequences were used. This peptide list 

comprised 106 peptides. The plotted standard deviations (SD) of the average peptide HDX of 

independent technical replicates (n=3) revealed a higher HDX reproducibility of the bead-

based digest (range: <0.001 ɀ 0.429 Da) compared to the in-solution proteolysis strategy 

(range: 0.001 ɀ 0.804 Da (Figure 14).  

 

 

Figure 14: HDX reproducibility using the in -solution (a) and the bead -based (b) proteolysis 
protocol.  The histograms comprise HDX standard deviation of 106 peptic peptides after two 
labelling time points. Only peptides identical in their sequence were used for the analysis of both 
proteolysis protocols. 

This might be due to the shorter preparation time using immobilized pepsin, which is 

completed after one minute limiting  possible variations of the back exchange in the resulting 

peptides. Furthermore, peptides undergo HDX even under HDX-quenching conditions, which 

occurs independent on their native structure in the protein (non-native on exchange). Both 

kinetics can vary for peptide subpopulations und thus might result in higher HDX standard 

deviations for the prolonged proteolysis. A summary of the parameters used to compare the 

two proteolytic strategies can be found in Table 1.  



Results 

34 

Table 1: Comparison of the proteolysis results and HDX conditions using pepsin in-solution 
and immobilised on beads.  

Characteristic parameters  In-solution digest Bead-based digest 

Identified ANXA1 peptides 220 228 

Proteolysis conditions 10 min; 0 °C; E:S 1:1 (M:M) 1 min; 0 °C; enzyme excess 

Deuteration time points 5 & 500 min 5 & 500 min 

Distribution  of HDX SD <0.001-0.804 Da <0.001-0.429 Da 

Peptides usable for HDX 180 (81.8%) 207 (90.8%) 

Average peptide length [aa] 21.3 15.2 

Sequence coverage 100% 100% 

 

As a consequence, the bead-based proteolysis approach was chosen as standard method for 

HDX analyses and applied for subsequent epitope mapping studies on RBD (see 5.3.2) and 

3)20ɻ ɉÓÅÅ 5.3.3).  

 

5.1.3 Determination of Peptide Carry Over  

As a next step, potential peptide carryover between HDX HPLC separations was examined. 

Within HDX experiments, carryover can lead to false bimodal (EX1) HDX kinetics resulting in 

misinterpretation of the HDX data [137] . To eliminate the carryover, a rinse (wash) run was 

inserted between each sample run. Since carryover depends not only on the sample amount 

loaded on column and the sensitivity of detection but also on the physicochemical properties 

of the analyte and the completeness of protein hydrolysis, it is both method and analyte 

specific. Therefore, potential carryover was examined for each analysed protein. The efficiency 

of the washing gradient was assessed by injection of a blank sample consisting of eluent A. No 

peptides were identified by MS1 and MSMS. EICs were examined to be less than 10% of the 

previous run in each of the case studies described in 5.3.1, 5.3.2 and 5.3.3.  

 

5.1.4 Determination of the Deuterium-Hydrogen Back Exchange  

After quenching of the HDX reaction, proteins and subsequently peptides are exposed to 

elevated concentration of hydrogen-containing oxonium ions that cause an acid catalysed 

deuterium-hydrogen back exchange (Figure 5). This back exchange needs to be kept to a 

minimum for performing high-resolution HDX-MS experiments. The enzymatic digestion step 

of the HDX workflow was assessed for its impact on back exchange. 
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5.1.4.1 Generation of a Peptide Standard for Determination of the Back Exchange 

To assess the back exchange a fully deuterated, artificially generated peptide mixture was used. 

It  allows a determination of the back exchange, regardless of complete protein deuteration, 

denaturation and protein proteolysis. A mixture consisting of 14 synthetic peptides with 

different length and amino acid composition was chosen (Table 2), taking into account that the 

back exchange varies between different amino acid residues and increases with 

chromatographic retention time. In order to achieve a complete deuteration, the peptide 

mixture was lyophilized and deuterated by reconstitution  in 99.9% deuterated water and 

incubation overnight at 20 °C.  

 

Table 2: List of the synthetic peptides for back exchange determination [110] .  
*carbamidomethylated cysteine.  

#No Sequence Length  Retention time [min]  

1 LTIEELK 7 16.3 

2 FNNYQVR 7 7.9 

3 MSDSVILR 8 14.5 

4 SEC*HVDFFR 9 17.3 

5 TVAAFGGEK 9 5.1 

6 IVVLC*GQEAVK 11 14.8 

7 LQDEIDAALPNK 12 15.8 

8 GTTLITNLSSVLK 13 20.4 

9 AAATEDATPAALEK 14 11.4 

10 ISIIPQDPILFPGSLR 16 21 

11 EQLDSLVC*LESAILEVLR 18 23.4 

12 LSDRPQLPYLEAFILETFR 19 22.7 

13 AMDSFPGPPTHWLFGHALEIQK 22 20.6 

14 VYGPVFTLYFGSKPTVVVHGYEAVK 25 20.7 

 

5.1.4.2 Calculation of the Back Exchange 

Each difference between the experimentally found and the theoretic maximum deuterium 

content of the peptide can be directly attributed  to the back exchange of the LC-MS analysis. 

The back exchange was calculated using the following equation:  

 

ὄὥὧὯ ὩὼὧὬὥὲὫὩ Ϸ ρ
ά Ϸά Ϸ

ὔ Ὀz
ρzππ Equation 13 [74]  
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where m0% is the non-deuterated peptide centroid mass, N is the theoretical number of 

exchangeable backbone amides, Dfrac is the fraction of D/H present in the labelling buffer (e.g. 

0.8, 0.9 or 1) and m100% is the experimentally achieved, fully labelled centroid mass. N 

represents the amino acid residue count of each peptide except proline and the first two N-

terminal residues. Fully deuterated peptide samples were quenched by acidification to pH 2.5, 

aliquoted and then snap frozen in liquid nitrogen until analysis.  

 

5.1.4.3 Determination of the Back Exchange during LC-MS Analysis and for a 

Simulated Protein Proteolysis 

Immediate injection of the fully deuterated peptides defines the chromatography-dependent 

back exchange. The average deuterium back exchange at pH 2.5 was 21% (Figure 15a, 0 min). 

Next, a proteolysis step was simulated for different time periods at 0 °C and the average 

examined back exchange from technical triplicates was assessed (Figure 15a). An average back 

exchange of the peptides mixtures after immediate injection (0 min) was 21% (1 ɀ 42%) and a 

maximum of 33% (17 - 50%) after 20 min digest was examined (Figure 15a). An approximate 

increase of 0.6% back exchange per minute of incubation at 0 °C and pH 2.5 was observed. 

Additionally, a simulated proteolysis under non-HDX conditions at 20 °C was performed for 

2 or 10 min and analysed in single measurements (Figure 15a). Sample incubation for 2 min at 

20 °C showed a similar back exchange as incubation for 20 min at 0 °C. Notably, the back 

exchange appears to be reaching an equilibrium maximum value after 10 minutes at 20 °C as 

the range of the back exchange distribution  is at a minimum here (40-54 %) (Figure 15a).  

 

 

Figure 15: Back exchange assessment using a fully deuterated synthetic peptide mixture.  
The box plots consisted of the average back exchange data determined from 14 peptides in 
technical triplicates. Values exceeding 1.5 times the interquartile range are outliers shown as 
asterisks. The average back exchange of the peptides is depicted as squares within the boxes. (a) 
Back exchange within a mixture of 14 peptides differing in length and amino acid composition 
after full labelling (99.9% D2O; overnight; 20 °C) and 1:1 quenching (v/v) to pH 2.5 with aqueous 
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buffer. Digestion was simulated for different time periods at 0 °C and 20 °C. The digestion 
conditions at 20 °C were performed in single measurements. (b) Average back exchange plotted 
for 0 °C and 20 °C in dependence of the incubation time. 

Plotting of the average back exchange versus the incubation time, revealed approximately four-

fold higher reaction speed (slope) (Figure 15b).  

 

5.1.4.4 Comparison of Back Exchange for In-Solution and Bead-Based Protein 

Digestion 

Furthermore, the back exchange for the two previously described proteolysis approaches, the 

bead-based (1 min)  and in-solution digest (10 min)  (see 5.1.2) was compared using fully 

deuterated ANXA1. Deuteration of ANXA1 was induced for 24 h under denaturing conditions 

using 6 M urea-d4 at 20 °C. Deuterium labelling was performed in 90% D2O, which also 

represents the proportion of measurable, slow-exchanging backbone amide protons and 

therefore the theoretic maximum peptide deuteration (Equation 12, Dfrac= 0.9). ANXA1-derived 

peptides were analysed by LC-MS using the above described method. 

 

 

Figure 16: Comparison of the back exchange of two proteolysis approaches using the fully 
deuterated ANXA1.  (a) Back exchange was examined for 98 peptides of fully deuterated ANXA1 
comparing a bead-based (1 min) and an in-solution peptic proteolysis (10 min). Only peptides 
with identical sequence were included. The box plots consist of the average back exchange 
determined from triplicate experiments. Values exceeding 1.5 times the interquartile range were 
defined as outliers and are shown as asterisks. The average back exchange was depicted as 
squares within the boxes. (b) Differential back exchange of the in-solution and bead-based 
proteolysis protocol. Observed back exchange values of the peptides of the in-solution digest was 
subtracted by those of the bead-based digest.   

Again, for direct comparison only peptides identical in sequence were included in this analysis. 

Plots shown in Figure 16a include the average hydrogen-deuterium exchange data of 98 
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peptide pairs of ANXA1 measured in independent triplicate s. The in-solution digest led to 33% 

average back exchange ranging from 14% to 56%. The bead-based digest protocol led 31% 

average back exchange ranging from 11-55%. Peptide-specific differences between both 

protocols, are shown in Figure 16b. Most peptides show a ~2% higher back exchange using the 

in-solution proteolysis with some peptides that are more affected by the prolonged proteolysis, 

ranging from ~3-6% higher back exchange (Figure 16b). While the bead-based proteolysis 

strategy showed a small reduction in the average back exchange of ANXA1 peptides, it had a 

large effect for some peptides. 

5.1.5 Intra - and Interday Variability  of HDX Experiments  

The SAIDE interface ensures high flexibility in  the use of the mass spectrometer for different 

LC-MS approaches. However, manual sample handling, the disconnection from the HPLC-MS 

and the release of the temperature control pose a potential risks to high intra - and interday 

variability  of HDX analyses, which was investigated next.  

For these experiments HDX of 3)20ɻ ×ÁÓ ÁÎÁÌÙsed after deuteration for 5 min and 30 min and 

the proteolysis was preformed using immobilized pepsin. A HDX-MS analysis campaign is 

normally performed in more than one day especially if multiple binding partners have to be 

tested. To minimize potential variability , all samples can be labelled on one day and stored at 

minus 80 °C upon proteolysis and measurement. Thus, the intraday variability here 

corresponds to the variability of HDX between different samples of one analysis campaign. It 

was assessed using independent technical replicates (n=3) that were labelled on the same day 

and measured consecutively within the same week. In order to assess differences in the manual 

labelling and due to the disconnection of the SAIDE, the analysis campaign was repeated nine 

weeks later. The variability between these two experimental campaigns here corresponds to 

the interday variability . 

 

5.1.5.1 Intraday Variability  

Within the first experimental campaign 90 3)20ɻ ÐÅÐÔÉÄÅÓ ×ÅÒÅ identified and included in the 

HDX data analysis. Two peptides were only detected within the first  campaign and removed 

from the whole analysis. The remaining 88 peptides eluted within a retention time window of 

±1 min showing a reproducible chromatography, manual injection and valve switch. The 

intraday variability was assessed using HDX standard deviations (SD) of independent technical 

replicates (n=3) of both experimental campaigns (Figure 17). Overall , the comparison led to 

176 standard deviations for each campaign ranging from 0.006 to 0.408 Da (campaign 01) and 

0.003 to 0.249 Da (campaign 02). Each campaign showed a small intraday variability with most 

of the SDs below 0.1 Da.  
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Figure 17: Distribution  of the HDX standard deviation of two experiments performed nine 
weeks apart . Standard deviation of the deuterium uptake of 88 3)02ɻ ÐÅÐÔÉÃ ÐÅÐÔÉÄÅÓ (176 SDs) 
of each experimental campaign are plotted. (n = 3; 3)02ɻ deuteration = 5 and 30 min)  

5.1.5.2 Interday Variability  

Next, the HDX interday variability was assessed. To detect meaningful differences in the 

differential HX-MS data, a global minimum detectable difference (ῳὌὢ threshold) was 

calculated using the equations as described [138] . This threshold is calculated on the basis of 

the HDX standard deviations of the technical replicates of two states (here, campaign 01 and 

02) and displays the global minimal detectable HDX mass difference of two states on basis of a 

chosen confidence level. The calculations of the ɝ(8 threshold are also implemented in the 

HDExaminer software according to the following equations. 

First, a pooled standard deviation (sp) for all N experimental HDX standard deviation (sj) 

standard and the corresponding sample size (nj) is calculated: 
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Equation 14 

[138]  

 

With sp a standard error of the mean (SEM) was calculated with the sample size (n), equal to 

the number of replicates: 
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/Î ÂÁÓÉÓ ÏÆ ÔÈÅ 3%- ÁÎÄ ÔÈÅ 3ÔÕÄÅÎÔȭÓ Ô-distribution, the degrees of freedom (df) and a 

significance level (ɻ) the confidence interval (CI) was calculated. This CI displays the global 

ɝ(8 threshold. 

ὨὪ ὲ ὲ ς Equation 16 [138]  

ὅὍ ὸ
ȟ

ὛzὉὓ  Equation 17 [138]  

 

Any difference greater than this CI (ɝ(8 threshold) indicates a significant HDX difference 

between the two states.  

The comparison of both experiments resulted in a minimal detectable difference (ῳὌὢ 

threshold) of 0.21 Da ɉÐЅπȢπυɊ. Additionally, the statistical significance of each peptide HDX 

difference (ῳὌὢȟ mb-ma) was examined pairwise using the 3ÔÕÄÅÎÔȭÓ Ô-test (ÐЅπȢπυ). With the 

ῳὌὢ threshold and the p-values, a hybrid approach was used for significance testing. Based on 

these criteria none of the peptides showed a significant difference between both experimental 

campaigns and most of the HDX values differed only in ЅπȢρ $Á (Figure 18a). However, in the 

second analysis campaign, a slight correlation of higher deuteration was observed for the 

absolute (Figure 18a) and the relative HDX differences (Figure 18b). Notably, all peptides 

summed HDX difference are below 5%, chosen as significance criteria for the following case 

studies using two time points (Figure 18b). A drift of HDX can be easily detected within an 

experimental campaign. However, to increase the reproducibility for the following case 

studies, a separate negative control (intrinsic HDX of the protein alone) was prepared for each 

analysis campaign. In summary, these experiments showed a high reproducibility and low 

interday variance of the manual HDX-MS workflow. As per consensus guidelines [74] , HDX 

uptake plots of all peptides (Figure A8) and a HDX data table (Table A1) can be found in the 

appendix. 
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Figure 18: Interday variability using manual sample preparation and  the SAIDE.  The 
ÉÎÔÅÒÄÁÙ ÖÁÒÉÁÂÉÌÉÔÙ ÏÆ ($8 ÍÅÁÓÕÒÅÍÅÎÔÓ ×ÁÓ ÁÓÓÅÓÓÅÄ ÕÓÉÎÇ Á 3)20ɻ ÐÒÏÔÅÏÌÙÓÉÓȟ ×ÈÉÃÈ ×ÁÓ 
analysed in triplicate in two separate analysis campaigns, nine weeks apart from each other with 
interimed disconnection of the SAIDE cooling chamber. (deuteration= 5 and 30 minutes). (a) The 
HDX difference for 88 peptides was plotted against p-ÖÁÌÕÅ ÁÓ ÄÅÔÅÒÍÉÎÅÄ ÂÙ ÔÈÅ 3ÔÕÄÅÎÔȭÓ Ô-test. 
Dashed lines: significance level (p=0.05) and the minimal detectable difference 
(ῳὌὢ  ὸὬὶὩίὬέὰὨ. (b) Relative deuteration difference of both experimental campaigns. Peptides 
are numbered from N- to C-terminus and additionally sorted from shorter to longer peptides. The 
deuterium uptake is normalised to the exchangeable aa (backbone amide count without proline 
and the first two N-terminal aa). 

5.2 Enzymatic Deglycosylation with a Novel A cidic  PNGase Rc 

5.2.1 Expression and Purification 

A manuscript including results and figures of the following chapter is published in Analytical 

Chemistry [139] . Figures of this chapter are reprinted (adapted) with permission from [139] . 

Copyright 2022 American Chemical Society. 

Recently, 13 acidobacterial PNGase A homologues were published, which are referred to as 

PNGase H+ variants because of their acidic pH optimum [102] . First, the feasibility of the 

recombinant expression was investigated for one of these acidic PNGases originating from 

Dyella japonica (PNGase Dj). However, the high level of insoluble enzyme obtained from 

heterologous expression in E. coli prevented the production of a large enough amount of 

enzyme to justify  further characterization and use in HDX (Figure A1). Later, the expression 

attempt was successfully repeated with another new enzyme variant, which originates from 

the soil bacterium Rudaea cellulosilytica [140]  (PNGase Rc). The sequence of this enzyme was 

kindly provided by Prof. Dr. Josef Voglmeir (GGBRC, Nanjing Agricultural University , China).  
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Figure 19: Purification and identity confirmation  of the acidic PNGase from Rudaea 
cellulosilytica (Rc)  according to [139] . (a) SDS-PAGE (left) and western blot analysis (right) of 
different purification stages of PNGase Rc kindly provided by P. D. Kaiser. For western blot 
analysis, an anti-His tag antibody was used as primary antibody. Purification using IMAC and SEC 
led to ~75% purity. (b) Identity and integrity confirmation via intact mass analysis (Mass 
spectrometer: Bruker MaXis HD Q-TOF). (c) Amino acid sequence of PNGase Rc construct with 
highlighted cysteine residues. 

Based on the knowledge gained from the experiments on PNGase Dj, the expression and 

purification of PNGase Rc could be optimised and performed by Dr. Philipp D. Kaiser 

(Recombinant Antibody Technology Group, NMI, Germany). For the heterologous expression, 

the ORF encoding for the PNGase Rc was transferred in a bacterial expression vector 

(pET30a(+)) and a His6-tag was added. The recombinant enzyme was expressed in Escherichia 

coli strain BL21 (DE3), isolated and purified using immobilized metal ion affinity 

chromatography (IMAC) followed by size exclusion chromatography (SEC) (Figure 19a). It 

turned out that a critical parameter for the expression of the PNGase Rc in E.coli is the induction 

of the expression vector at low bacterial density (OD600 = 0.8) in combination with subsequent 

cultivation at room temperature (Figure A1). Despite that >90% of the PNGase Rc, as 

determined by western blot analysis, were found within the insoluble bacterial pellet fraction, 

overnight expression in one litre bacterial culture yielded ~1.3 mg of enzyme with a purity of 

~75% (Figure 19a). The identity of the PNGase Rc in each fraction of the purification process 

was confirmed by western blot analysis using an anti-His tag antibody (Figure 19a). 

Furthermore, the integrity of the PNGase Rc construct was confirmed by HPLC-MS (Figure 19b, 
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c). The theoretical mass of 64,198.0 Da (closed disulphide links) was confirmed using the 

deconvolution of the mass-to-charge signal series. A minor side peak at 59,129.7 Da was 

observed corresponding to a truncated enzyme variant lacking the first 47 N-terminal amino 

acids (mtheoretical = 59,128.5 Da). Since it conferred to a common autohydrolysis amino acid motif 

Ȱ$0ȱ ÉÔ ÍÉÇÈÔ ÂÅ artificially introduced by electrospray ionization or originated from the sample 

itself. The peaks at 20,948.2 and 23,508.3 Da, also detected by SDS-PAGE at similar molecular 

weights, could not be assigned to the amino acid sequence of the PNGase. Thus, they might be 

derived from contaminant proteins (Figure 19a,b). Characteristic parameters of the 

expression, analysis and enzyme are summarized in Table 3. 

 

Table 3: Summary of PNGase Rc expression parameters and physico-chemical 
characteristics . 

PNGase Parameter  Value 

Expression host  E.coli BL21 (DE3) 

Optical bacterial density OD600=0.8  

Induction of the expression 0.1 mM IPTG 

Expression conditions Room temperature, overnight 

Exression yield ~1.3 mg from 1 L cell culture after affinity purification and SEC 

Purity by SDS-PAGE ~75% 

Amino acid residues 603 

Molecular weight 

(all cysteines oxidised) 
64189.0 Da 

pI* 5.05 

*calculated by ProtParam (ExPASy; [141] ) 

 

5.2.2 Characterisation of PNGase Rc  

5.2.2.1 Enzyme Activity  

To assess the activity of the enzyme, a mass spectrometry-based assay was developed 

monitoring the time-dependent N-glycan hydrolysis from the humanized IgG1 anti-HER2 

antibody trastuzumab. The Fc region of IgG1 antibodies harbours two N-glycosylation sites at 

N301 with certain microheterogeneity and no macroheterogeneity. The three major 

glycoforms of trastuzumab comprise complex biantennary N-glycans differing in their degree 

of galactosylation [142] . The assay was performed using a molar enzyme-to-substrate ratio 

(E:S) of 1:44 at pH 2.5 and 37 °C. No denaturation was applied prior the deglycosylation 

knowing to impede N-deglycsoylation by the PNGases. Deglycosylation led to different 
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antibody states, with  the non-deglycosylated, half deglycosylated and the full y deglycosylated 

molecules that were relatively quantified (Figure 20).  

 

 

Figure 20: N-Glycosylation states of intact  trastuzumab  antibody  upon deglycosylation 
using PNGase Rc before (grey) and after incubation for 5 (purple) and 10  minutes (green)  
as published in [139] .  Deglycosylation led to the three glycosylation states: the completely 
deglycosylated antibody (a), the half deglycosylated antibody (b) and the fully glycosylated 
antibody (c). The most abundant N-glycoforms are labelled. N-glycan abbreviations are 
correlated to glycan symbols according to the Symbol Nomenclature for Glycans (SNFG) [143] at 
the right hand side of the figure. Deglycosylation was performed at 37 °C and pH 2.5 with PNGase 
Rc with an E:S of 1:44 (M:M).  

The proportion of the completely deglycosylated IgG1 molecule was used for determination of 

the enzyme kinetics. Using the above described conditions, 41% and 100% fully deglycosylated 

intact antibody were obtained after 10 and 40 min incubation, respectively (Figure 21). A 

velocity (ὺ ῳίȾῳὸ) of the N-glycan release of 5.2%/min  was obtained for the PNGase Rc. 

Next, the determined activity was compared to the widely used, commercially available 

PNGase F using the same assay but changing the pH to 7.5. Compared to the PNGase Rc, PNGase 

F showed a ~10 times lower reaction velocity (0.4%/min)  (Figure 21). Additionally, the 

analysis of the enzyme storage stability was assessed after one freeze-thaw cycle and after 

storage for 42 days at 4 °C. No significant loss in activity was found for none of these conditions 

(Figure 21).  

In summary these findings showed that the novel PNGase exhibits high activity and is also able 

to hydrolyse complex biantennary type N-glycans bearing Á ɻ-1,6-fucosylation on the Asn-

linked GlcNAc. 
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Figure 21: Comparison of deglycosylation kinetic s of intact trastuzumab by  PNGase Rc and 
F and the assessment of the storage stability  as published in [139]  . Deglycosylation was 
performed for 2.5, 5, 10, 20 and 40 min at 37 °C and an E:S of 1:44 (M:M) at pH 2.5 or pH 7.5 for 
PNGase Rc and F, respectively. Activity of PNGase Rc was determined after expression, one freeze-
thaw cycle and storage for 42 days at 4 °C. Analysis: RP-C4-LCMS; relative abundance of fully 
deglycosylated trastuzumab was calculated from peak intensity of the charge-deconvoluted mass 
after summation of all m/z spectra across the trastuzumab chromatographic peak.  

5.2.2.2 Enzyme Temperature and pH Optimum  

Using the assay described above, the temperature and pH optima of the enzyme were deter-

mined. Each parameter was changed independently starting from the initial conditions of pH 

2.5 and 37 °C and applying a fixed incubation time of 10 min. The temperature optimum for 

intact deglycosylation was found to be 37 °C while higher temperatures than 50 °C led to an 

inactivation of the PNGase. Deglycosylation efficiency on ice was insufficient for intact degly-

cosylation within the applied time range and molar E:S ratio (1:44) (Figure 22). However, the 

PNGase was able to hydrolyse 6% of one of both N-glycans (half deglycosylated state), indicat-

ing a remaining activity for intact protein deglycosylation even at 4 °C (data not shown).  

The PNGase Rc has an optimum activity at pH 3.5 with twice the activity compared to the de-

glycosylation at pH 2.5. The pH working range of the PNGase Rc is 2.5 to 4.5, which suggests 

that post-HDX deglycosylation under HDX quench conditions is feasible. The low enzyme ac-

tivity at pH 5.0 can additionally be explained by enzyme precipitation due to its isoelectric 

point of 5.1. This assumption is supported by the finding that the LC-MS peak for the enzyme 

disappears in samples measured at pH 5.0 (not shown). 
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Figure 22: Temperature (a ) and pH optimum (b ) of PNGase Rc after 10 min deglycosylation 
of intact trastuzumab  as published in [139] . Parameter for determination of the temperature 
optimum (a): t = 10 min; pH = 2.5. Parameter for the determination of the pH optimum (b): t = 10 
min T = 37 °C. E:S = 1:44 (M:M). Used buffer for pH 2.0: 200 mM glycine-HCl buffer and for pH 2.5 
to 5.0: 100 mM citra te-NaOH.  

5.2.2.3 Enzyme Specificity 

The substrate specificity of the PNGase Rc was further evaluated by assessing the N-glycan 

release from three multiply or very specifically N-glycosylated proteins. For this, 

deglycosylation of the plant glycoprotein, horseradish peroxidase (HRP), fetuin and 

ribonuclease B (RNase B) was monitored by SDS-PAGE (Figure 23a-c). As a reference, PNGase 

F-treated samples with  identical experimental conditions but physiological pH were prepared. 

Heat denaturation, which is known to facilitate deglycosylation of sterically inaccessible sites, 

was omitted in order to assess the activity of deglycosylation of native glycoproteins [98] . 

HRP (~44 kDa) contains nine potential glycosylation sites and is occupied mainly (>80%) by 

oligomannose, xylosylated, core-1,3-fucosylated N-glycans (MMXF) [144] . Incubation for 0.5 h 

with PNGase Rc resulted in a clear band shift towards the deglycosylated HRP (~34 kDa). It 

was completely deglycosylated after incubation for 3 h. Here, PNGase F served as a negative 

control for deglycosylation of (20ȟ ËÎÏ×Î ÔÏ ÂÅ ÕÎÁÂÌÅ ÔÏ ÒÅÌÅÁÓÅ ɻ-1,3-core-fucosylated N-

glycans [145] . 

The second protein, RNase B contains a single N-glycosylation site that is occupied by high-

mannose type glycans (Man5-9GlcNAc2) [146] . Incubation of RNase B (~17 kDa) with any 

enzyme for 30 min resulted in the appearance of a new protein band at the molecular weight 

of the deglycosylated protein (~14 kDa). However, these band became clearly visible only after 

overnight incubation using PNGase Rc but with higher intensity compared to the PNGase F 

(Figure 23b). Thus, these results led to the conclusion that the novel PNGase Rc hydrolyses 

high-mannose N-glycans more efficiently than PNGase F.  
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Finally, fetuin from fetal calf serum (48.4 kDa) was used as substrate encompassing three N- 

and four O-linked glycans with  a high degree of sialylation [147] . When interpreting the data, 

it must be taken into account that the hydrolysis of glycans by both PNGases is limited to N-

linked glycans only. PNGase Rc showed the onset of deglycosylation within 30 min, resulting 

in the disappearance of the protein band with the highest molecular weight, corresponding the 

glycosylated fetuin (Figure 23c). A comparable N-glycan hydrolysis using PNGase F was 

observed at an incubation of 6 hours. These results reveal a higher activity of the PNGase Rc in 

deglycosylating natively folded proteins compared to the widely applied PNGase F.  

 

 

 

Figure 23: Monitoring intact protein N -glycan hydrolysis  by PNGase Rc and F of (a)  HRP, 
(b) RNase B and (c) fetuin adapted from [139] .  Proteins were incubated for various times with 
PNGase Rc or F at 37 °C and pH 3.5 or 7.5, respectively. Deglycosylation was performed at a molar 
E:S of 1:48 and deglycosylation efficiencies were monitored by SDS-PAGE followed by Coomassie 
staining at indicated time points. Main N-glycan species of the proteins are depicted according to 
the Symbol Nomenclature for Glycans (SNFG) [143] at the left hand side of the figure. Non-
Glycosylated HRP negative control (Ctrl) was incubated for 24 h at 37 °C and pH 3.5 without 
PNGase.  
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5.2.2.4 Integration of PNGase Rc into the HDX-MS Workflow  

The high activity of PNGase Rc at pH 2.5 provides an opportunity to integrate the enzyme into 

the HDX workflow for protein-protein interaction  analysis, which was evaluated next. 

Performing N-deglycosylation after pepsin digestion ensures antigen-antibody binding in their 

native conformation while providing comprehensive sequence coverage. Furthermore, N-

glycan hydrolysis was shown to be more effective on peptides than on natively folded proteins 

[148] . The integration of the deglycosylation step into the HDX-MS workflow was tested using 

a tryptic digest of trastuzumab. Thus, deglycosylation of the antibody peptide 

296EEQYNSTYR304 including the N-glycosylation site of the Fc region was monitored. The 

glycosylation pattern was annotated on basis of the exact masses. The efficiency of 

deglycosylation was relatively quantified using the extracted ion chromatograms (EIC, 

included masses see Table 19). The deglycosylated peptide area was monitored relative to the 

sum of glycosylated and deglycosylated peptide peak areas (Figure 24).  

 

 

Figure 24: Peptide deglycosylation efficiency  of PNGase Rc implemented in the  HDX-MS 
workflow  according to [139] . (a) EIC of the deglycosylated and glycosylated tryptic peptide 
EEQYNSTYR for the peptide-based deglycosylation assay with a molar E:S ratio of 1:10.5; 
pH = 2.5, t = 2 min, T = 0 °C. (b) m/z spectrum summed up over the chromatographic retention 
time range from minute 5.8 to 6.5 of a sample without deglycosylation. N-glycosylated peptide 
species of the tryptic peptide were annotated. Glycans: SNFG [143].  

Deglycosylation was performed for 2 minutes under HDX quenching conditions at pH 2.5 in a 

water-ice bath (~0 °C). To evaluate the E:S ratio resulting in a complete deglycosylation, 

increasing enzyme concentrations were used (Figure 25a). Notably, residual trypsin from the 

proteolysis is inactive at this pH which protects PNGase Rc from being proteolysed. A complete 

deglycosylation was obtained at the applied hydrolysis conditions using a E:S of 1:2.6. In order 

to reduce disulphide bonds, and therefore increase the proteolysis efficiency and subsequently 

the resulting sequence coverage, reducing and denaturing agents are required for HDX-MS 

analysis. Thus, the proteolysis is typically performed in presence 1-3 M GdmCl or 1-4 M urea 

and ~250 mM TCEP, depending of the number of disulphide bonds [67, 107]. The tolerance of 
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the enzyme against each of these substances was evaluated using the above described assay 

with  increasing amounts of TCEP, urea and GdmCl. The enzyme showed almost no activity loss 

in presence of 200 mM TCEP and 2 M urea (Figure 25a-b). It  showed lower tolerance against 

GdmCl compared to urea, showing a drop in activity at a concentration of 1 M GdmCl already 

(Figure 25c). However, these experiments clearly indicate a possible integration into the 

established semi-automatic HDX-MS workflow for post-proteolysis deglycosylation under 

harsh denaturing and reducing HDX-quenching conditions.  

 

 

Figure 25: Influence of various E:S ratios (a), concentrations of TCEP (b), urea (c) and 
GdmCl (d) on the peptide deglycosylation using PNGase Rc under HDX quenching 
conditions  according to [139]  . The peptide deglycosylation assay using the tryptic peptide 
EEQYNSTYR was applied (pH = 2.5, t = 2 min, T = 0 °C). Deglycosylated peptide area was 
monitored relative to the sum of glycosylated and deglycosylated peptide peak areas (see Figure 
24a). (a) Deglycosylation activity using different E:S ratios. Tolerance of the PNGase Rc using an 
E:S of 1:2.6 towards increasing concentrations of TCEP, urea and GdmCl.   
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5.3 Epitope Characteri sation  Case Studies 

5.3.1 Annexin-A1: A Calcium-Binding Antigen 

This work  has been published in 2021 [110] . Within this study, the epitope mapping of an anti-

ANXA1 antibody considered for clinical applications was examined. Typically, an HDX-MS 

experiment starts by determining proteolytic conditions that result in high sequence coverage 

and peptide count in order to extract HDX data of the whole molecule. ANXA1 was used to 

establish generic protocols and validate the setup and workflow for conducting HDX 

experiments. These experiments are presented in other sections of this work  (see 5.1.2; 5.1.4). 

For ANXA1 both, the bead-based and in-solution proteolysis workflow  were carried out (see 

5.1.2). HDX data from the in-solution digest will be discussed in detail within this section. 

Additional ly, HDX-MS data of the bead-based approach can be found in the appendix.  

The proteolysis for 10 min at 0 °C led to 180 peptides with an average redundancy of 11 amino 

acids resulting in 100% coverage of the sequence. 

 

5.3.1.1 Determination of the Binding Affinity 

To calculate the amount of antigen bound during the complex formation and thus ensuring a 

saturated antigen:antibody interface, the equilibrium dissociation constant was determined by 

surface plasmon resonance (SPR) prior to the HDX-MS experiments. For ANXA1, known to 

undergo structural changes upon calcium binding [111] , it is of particular  interest to monitor 

the equilibrium constant of both the apo and the holo conformational states. Thus, the binding 

affinity was determined in presence (holo-state) or absence (apo-state) of 1 mM Ca2+. Whereas 

an equilibrium dissociation constant (KD) of 2.66 nM was determined for the calcium-bound 

holo-state of ANXA1 (Figure 26 a), no binding of the anti-ANXA1-antibody to the apo-state of 

ANXA1 was observed (Figure 26 b). This proves that the antibody only binds to the calcium-

complexed ANXA1 [110] . 
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Figure 26: Binding affinity determination of the anti -ANXA1 antibody by SPR analysis as 
published in [110] .  Anti-human IgG was covalently coupled to a CM5-chip, which was used to 
capture the anti-ANXA1 antibody. The binding kinetic of five concentrations of ANXA1 (ranging 
from 1.6 to 25 nM) in presence (a) and absence (b) of calcium was examined. All measurements 
were performed in technical, independent triplicates and the obtained data were evaluated by the 
1:1 Langmuir binding model. One representative sensorgram of each state is shown [110]. 

5.3.1.2 HDX Kinetics of ANXA1 

Because of the finding that the anti-ANXA1 antibody binds exclusively to the holo-state of 

ANXA1, HDX experiments were conducted in the presence of 1 mM Ca2+. The intrinsic 

deuteration kinetic of ANXA1 was determined using continuous HDX labelling for different 

time periods. According to the consensus guidelines [74] , labelling reactions were performed 

over a wide time window of four orders of magnitude (0.5; 5; 50; 500 min) with one additional 

long deuteration time point (24 h). A sequence coverage map of ANXA1 for peptides used to 

extract HDX information is shown in Figure A2. Figure 27 shows the relative deuterium uptake 

for ANXA1 peptides, which are numbered from the N- to the C-terminus and are additionally 

sorted from short to long peptides. Notably, a rapid deuterium uptake was observed for the 

first 10 peptides reaching a saturation within the first 0.5 minutes (60-80%). This suggests a 

high solvent accessibility of the N-terminus in the ANXA1 holo-state. The observed deuterium 

uptake for peptides covering the accessible N-ÔÅÒÍÉÎÕÓ ÁÓ ×ÅÌÌ ÁÓ ÔÈÅ ÆÉÒÓÔ ɻ-helix of repeat I 

(peptide no. ~10-20, Figure 27) slowed down. The ANXA1 core (repeat I-IV) is highly 

structured as it mainly consists ÏÆ ɻ-ÈÅÌÉÃÅÓȢ 4ÈÅ ɻ-helices are connected by loops known 
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known to undergo fast hydrogen-deuterium exchange. Thus, an alternating high and low 

deuterium uptake was observed for the peptides covering the core repeats of ANXA1. Within  

the core (repeat I - IV), an average deuterium uptake of 21% of the easily accessible amide 

hydrogens was determined after 0.5 min labelling. Thereafter, a slow (+5%) deuterium uptake 

kinetic was observed with some peptides showing an ongoing uptake after 24 h deuteration. 

Of all repeats comprising the core, repeat III (peptide number ~105-155) showed an overall 

higher initial deuterium uptake of 26% on average after 0.5 min labelling. A complete 

deuteration on ANXA1 was attempted in the presence of 6 M urea-d4 for 24 h at 20°C. While 

peptides covering the structured protein repeats I, II and IV showed a high increase in 

deuteration, the more accessible peptides covering the N-terminus as well as repeat III showed 

only a slight increase in deuterium uptake even after additional denaturation (Figure 27, Figure 

A3). This suggests that repeat III undergoes Á ÍÏÌÅÃÕÌÁÒ ȰÂÒÅÁÔÈÉÎÇȱ ×ÉÔÈ ÆÁÓÔ ÏÐÅÎÉÎÇ ÏÆ ÔÈÅ 

core structure (kopen) compared to the other repeats comprising the core [110] . 

 

 

Figure 27: Deuterium uptake kinetic s of ANXA1 derived peptides depicted by a summary 
uptake  plot .  Adapted from [110]. Peptides are numbered from N- to C-terminus and additionally 
sorted from shorter to longer peptides. The deuterium uptake is normalised to the exchangeable 
aa (backbone amide count without proline and the first two N-terminal aa). HDX was performed 
in 90% D2O, shown is the average of independent technical triplicates. 
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5.3.1.3 HDX-MS Epitope Mapping  

The comparison of HDX data of ANXA1 alone and in complex with an anti-ANXA1 antibody 

revealed significant HDX reduction within peptides covering the N-terminus and repeat III 

(Figure 28a). Based on the ɝ(8 threshold of 0.64 Da and the average peptide length of 21 aa, a 

global significance line of 16% was calculated. If the summed deuteration difference of a 

peptide in the bound and unbound state was found to be >16%, this peptide was considered 

protected from HDX. The highest HDX protection upon antibody binding was found within 

repeat III at peptide numbers from 105 ɀ 149 comprising amino acid residues 182 to 278. Using 

the software HDExaminer with the data obtained from overlapping peptides, an amino acid 

resolved heatmap was generated (Figure 28 c). It revealed three regions showing meaningful 

HDX differences upon antibody binding. The highest HDX difference was found in two regions 

that are assigned more precisely to residues 199-210 (region 1) and 223-236 (region 2). 

Peptide examples 182-226 and 223-234 covering these regions show high deuteration 

difference of >2 Da (25%) and >5 Da (12%) after 24 h labelling (Figure 28b II, III) . According 

to the consensus guidelines [74] , epitope mapping HDX uptake plots of all peptides (Figure A9 

and Figure A10) and the HDX data table (Table A2) can be found in the appendix for both 

workflows  [110] . 
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Figure 28: Results of the epitope mapping using the in-solution  pepsin digest revealed 
deuteration dif ferences within three regions of repeat III as published in [110] . (a) 
Differential deuterium uptake of ANXA1 derived peptides with and without ANXA1:Ab complex 
formation. Peptide numbering see Figure 27. (b) Deuterium uptake plots of example peptides from 
the N-terminal region (I) and two epitope regions (II and III) alone and complexed by the 
antibody. The asterisk indicated statistical significant differences revealed by Studentȭs t-test 
ɉɻЄτȢ05). (c) Heat map of anti-ANXA1 antibody epitope regions using the data from overlapping 
peptides. Secondary structural elements are depicted as symbols based on the X-ray structure 
ANXA1 (PDB ID: 1AIN [149]). 

A third region showed smaller but statistically significant HDX differences. Peptides covering 

this region were found to be inconsistent in the HDX protection upon binding (Figure A9; 

uptake plots). Furthermore, only some deuteration time points showed statistical significant 

differences ɉ3ÔÕÄÅÎÔȭÓ Ô-test, pЅ0.05). After 24 h labelling, 6.6% HDX difference was observed 

(Figure 29). However, HDX data of the bead-based digest with lower back exchange and higher 

reproducibility  (ɝ(8 threshold = 0.25 Da) revealed significant HDX difference upon antibody 
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binding of 3.5 and 5.2% after 5 and 500 min deuteration, respectively. Consistent HDX 

protection for peptides covering this region were observed using the bead-based digest (Figure 

29, Figure A10). This suggests that some amino acids of this region contribute to the binding 

site as well. 

 

 

Figure 29: Comparison of uptake plots of a peptide covering the epitope region 3  between 
the bead-based and the in-solution  digest.  The relative deuterium uptake normalised to the 
exchangeable aa (number of backbone amides without proline and the first two N-terminal aa). 
Statistical significance was determined ÕÓÉÎÇ ÔÈÅ 3ÔÕÄÅÎÔȭÓ Ô-test ɉɻ Є 0.05). Statistical significant 
differences were indicated by green asterisks. 

Additionally, a fourth region in repeat I, close to the N-terminus and distinct to repeat III shows 

modest (<4% per time point) but significant reduction in HDX upon antibody binding (Figure 

28, Figure A4). This reduction might be due to allosteric changes in the dynamics or confor-

mation of ANXA1 upon antibody binding opposed to a direct interaction that might altered the 

backbone amide HDX [110] . 

The binding regions one and two are in close proximity to each other within the three-

dimensional structure (~30  Å) and constitute one spatial surface of ANXA1. These regions are 

located on Ô×Ï ɻ-helices in repeat III of ANXA1 (Figure 30, helix A and B). The third region is 

ÌÏÃÁÔÅÄ ÉÎ ÔÈÒÅÅ ÓÐÁÔÉÁÌÌÙ ÃÌÏÓÅ ɻ-helices of repeat III (helix C, D and E). All three regions are 

within a distance of 30 Å and therefore can directly int eract with an antibody binding site. 

Furthermore, repeat III undergoes a rearrangements upon calcium binding leading to major 

structural changes (Figure 29b, PDB ID: 1MCX [150]  and 1HM6 [111] ). This further supports 

the refinement of the epitope region to repeat III, taking into account that the anti-ANXA1 

antibody binds exclusively to the holo-state of ANXA1 [110] . 
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Figure 30: HDX-MS results mapped on the X-ray structure  of human ANXA1 as published 
in [110] .  (a) Ribbon diagram of human ANXA1 complexed with calcium and with the binding 
regions 1-3 in repeat III of ANXA1 (PDB code: 1AIN [149]). According to Weng et al. [149], the five 
ɻ-helices were named from A-E. Region with HDX protection of >40% upon antibody 
complexation are shown in dark red (regions 1 and 2) and the third region with 20 - 40% 
protection were depicted in light red. (b) Ribbon diagram of porcine holo-ANXA1 (left panel, PDB 
ID: 1MCX [150]) and apo-ANXA1 (right panel, PDB ID: 1HM6 [111]) showed the conformational 
switch within repeat III [110].  

 

With ANXA1, the proof-of-concept for performing epitope mapping experiments with  the 

established experimental workflow and manual setup could be confirmed. However, the 

application to a larger number of proteins including molecules with multiple post-translational 

modifications such as disulphide bonds or glycosylations remained to be evaluated.  
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5.3.2 SARS-CoV-2 - Receptor-Binding Domain (RBD): Method Throughput with Seven 

Nanobodies 

5.3.2.1 Method Adaptations for Increased Throughput  

The aim of this study was the epitope screening of seven nanobodies targeting the receptor-

binding domain (RBD) of SARS-CoV-2 in a short period of time. The screening aimed to select 

nanobodies (Nbs) whose epitope regions overlap with the ACE2:RBD interface. This allows 

evidence based identification of nanobodies that should have the potential to prevent the virus 

from penetrating human cells by blocking the major host receptor. The herein described wild-

type RBD, derived from the first isolated virus strain, Wuhan-Hu-1 strain  and is a glycoprotein 

containing two N-glycan consensus sequences and four disulphide bonds (Figure 32). The RBD 

protein with C-terminal His6-tag was recombinantly produced and purified in-house in 

Expi293 cells, capable of N- and O-glycosylating proteins. Identity and integrity were proven 

using mass spectrometry (Figure 31). N-deglycosylation of the RBD using PNGase F was 

successfully achieved and the theoretical molecular mass of 26034.1 Da of the RBD could be 

confirmed. The analysis furthermore revealed extensive of O-glycosylation (>95%) of the RBD. 

A tryptic peptide map analysis assigned the O-glycosylation to serine 8 (Ser325 in Spike SARS-

CoV-2) [151] . 

 

 

Figure 31: ESI mass spectrum of wild -type RBD (Wuhan-HU-1) showing the m/z  charge 
envelope (upper panel) and the charge deconvoluted mass spectrum (lower panel).  RBD 
was reduced and denatured followed by an N-deglycosylation using PNGase F. Peaks showing the 
protein with O-glycosylations are labelled.  



Results 

58 

Generation of a peptide list  

Using the HDX-MS workflow  with pepsin immobilized on beads developed for ANXA1, the 

feasibility of the HDX-based epitope mapping for the RBD was investigated. The applied 

feasibility criterion  was a high sequence coverage considering peptides with non-overlapping 

isotopic pattern after LC separation. The former might be hampered by incomplete digestion 

or lack of identification  due to e.g. closed disulphide bonds or glycosylations. 

 

 

Figure 32: Sequence coverage map of RBD after pepsin proteolysis and exclusion of 
peptides with overlapping isotopic pattern in LC -MS analysis.  112 peptides covering 81% of 
the RBD of SARS-CoV-2 were identified. Each bar represents one peptide, red lines indicates the 
disulphide bonds. N-glycosylation consensus sequences shown in bold red. O-glycosylation as 
determined by tryptic peptide map shown in bold blue. 

In order to increase the number of identified peptides different , quenching and digestion 

conditions were used. These included a proteolysis with and without additional reduction for 

60 sec at 20 °C and different concentrations of TCEP (100-200 mM) or the RBD (38-73 µM) as 

well as different amounts of pepsin beads (20 or 30 µL) (Table 20). The proteolysis conditions 

do not alter the peptide retention time or pepsin cleavage sites [107] . Identified peptides can 

be pooled and the generated peptide list can be used for analysis in a later experiments, under 

HDX compatible proteolysis conditions. The combined pool comprised 112 peptic peptides 

covering 81% of the 2"$ȭÓ sequence (Figure 32). Although fewer peptides were found covering 

cysteine residues compared to the other regions, disulphide bond hydrolysis was sufficient to 

cover these regions well. However, nÏ ÃÏÖÅÒÁÇÅ ÏÆ ÔÈÅ 2"$ȭÓ N-terminal end was achieved, 

which can be explained by the presence of the N- and O-glycosylation. Since these residues are 

distant from the RBD:ACE2 interface in the three-dimensional structure missing HDX data in 

this region is uncritical for the applied epitope mapping experiments.   
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Determinatio n of the intrinsic HDX kinetic s 

The bottleneck of the established workflow and setup regarding high throughput was the time 

requirement for the HPLC-MS analysis in combination with the manual sample handling. 

Therefore, HDX epitope screening was performed with a limited  number of labelling time 

points which might impair HDX sensitivity. To compensate for this, the labelling time points 

were chosen on basis of the intrinsic deuteration kinetics of the RBD. Slow intrinsic deuterium 

uptake consequently results in minor detectable HDX differences upon Nb binding. The RBD 

intrinsic HDX kinetic was examined for 0.5, 5, 10, 50 min and 24 h deuteration time (Figure 

33).  

 

 

Figure 33: Deuterium uptake kinetic s of RBD peptides.  The RBD HDX was examined after 0.5, 
5, 10, 50 min and 24 h labelling in 90% deuterated PBS at 25 °C. For peptide numbering see Figure 
27. The relative deuterium uptake was normalised to the exchangeable aa (backbone amide count 
without, proline and the first two N-terminal aa). Analysis was performed in duplicate and the 
average HDX is shown. 

The average global intrinsic deuterium uptake of the RBD after 50 min was 37.5%. Two regions 

covering amino acid residues 392-441 (peptide number 17-50) and 453-472 (peptide number 

61-71) showed structural resistance to deuteration. Both region showed an average deuterium 

uptake of 24.7 and 27.3% after 50 min labelling, respectively. With respect to those regions, 

and in order to potentially increase the sensitivity by detection of fast and slow effect on the 

HDX upon Nb binding, deuteration times of 5 and 50 min were chosen for HDX epitope 

mapping. Conditions for the subsequent HDX epitope mapping experiments are summarized 

in Table 4. HDX uptake plots of all peptides (Figure A11) and the HDX data table (Table A3) can 

be found in the appendix. It should be noted that peptides are numbered consecutively within 

an HDX experiment. This means that the peptide numbering of one and the same peptide can 
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vary between different experiments. The assignment of the peptide numbers can be found in 

appendix (Figure A11-A18). 

 

Table 4: Summary of HDX conditions for epitope mapping of various Nb binding part ners 
on the RBD 

Experimental parameter  Used conditions  

HDX reaction details 1x PBS pH 7.4, 90% D2O, 25 °C 

Deuteration time points 5 & 50 min 

Proteolysis conditions 2 min on-ice, 30 µL pepsin beads 

Reduction and denaturation conditions 100 mM TCEP; 4 M GdmCl 

Back exchange determined by synthetic 
peptide mixture (see 5.1.4) 

24% (4-45%). 

 

5.3.2.2 Epitope Mapping  

Binding k inetic s 

Seven Nbs with high affini ty to the RBD were included to the HDX-MS epitope analysis as 

published in Wagner et al. [46] . The individual binding affinities (Table 5) of the Nbs obtained 

from biolayer interferometry  (BLI) using biotinylated RBD and were kindly  provided by Teresa 

Wagner (Recombinant Antibody Technology Group, NMI, Germany). 

 

Table 5: Binding affinity of the individual Nbs chosen for HDX -MS epitope mapping 
(adapted from  [46] ).  Affinities were determined with BLI analysis by Teresa Wagner 
(Recombinant Antibody Technology Group, NMI, Germany). 

 KD (nM) kon (105 M-1 s-1) koff (10-2 s-1) R2 

NM1221 22.70  1.30 ± 0.034 0.296 ± 0.010 0.956 

NM1222 17.96 1.64 ± 0.013 0.294 ± 0.003 0.995 

NM1223 3.82 0.70 ± 0.004 0.027 ± 0.001 0.999 

NM1224 8.34 3.20 ± 0.042 0.267 ± 0.005 0.987 

NM1226 3.66 3.14 ± 0.025 0.115 ± 0.002 0.992 

NM1228 1.37 4.66 ±0.039 0.064 ± 0.001 0.996 

NM1230 8.23 2.01 ± 0.015 0.166 ± 0.002 0.996 
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Epitope elucidation   

On basis of the determined binding affinities (KD), a molar ratio of Nbs to RBD was calculated 

[72]  ensuring a >95% complex formation during HDX labelling. As per consensus guidelines 

[74] , a summary of HDX parameters and results for the different Nbs is shown in Table 6. On 

basis of the standard deviations determined by the replicate analysis of each Nb (n = 3), a ɝ(8 

significance threshold of 0.17-0.26 $Á ɉÐЅπȢπυɊ was obtained, indicating a high reproducibility  

of the HDX epitope mapping data (see 5.1.5). 

As a general rule, a peptide was considered as protected from HDX upon Nb binding, if both 

states showed І5% HDX difference. In contrast, the peptides HDX was considered as unaffected 

by the Nb binding, if the difference between bound and unbound state was <3%. Protected 

regions were spatially mapped on the RBD crystal structure (PDB ID: 6M17 [152] ) and 

compared to the previously described RBD:ACE2 interaction sites [152, 153] (Figure 34, Figure 

A6).  

While both members of Nb-Set1 (NM1226, NM1228) interact with the RBD at the lower back 

side (back view), both showed a slightly different binding interface (Figure 34B, C). Upon 

NM1226 binding mainly one region covering 370ɀ387 (Figure 34B, Figure A5) was examined 

as protected. The same region also was covered by NM1228, which displayed additional 

protection in amino acid residues 489-514, covering a large stretch of the RBD:ACE2 interface.  

NM1230, NM1221 and NM1222 (Nb-Set2) showed highly similar HDX protection upon binding 

located in two regions, which can be explained by their highly similar CDR regions [46]  (Figure 

34 D-F, Figure A5). Region one consists of amino acids 432-452 covering two amino acids 

involved in ACE2 binding (G446, Y449). The second region covered amino acids 487-496, 

which overlaps with the RBD:ACE2 interface.  

Nanobody NM1224 (Nb-Set4) showed an interaction site distinct from the other Nbs [46] . A 

high HDX protection (<-15% - <-25%) present at both time points was determined upon 

binding, located at the lower right side with region 454-472 (Figure 32G, Figure A15). The 

second region showed weaker protection reaching the significant threshold of 5% only at 

prolonged exposure to deuterium (50 min). Both regions comprise amino acid residues 

corresponding to the RBD:ACE2 interface.  

NM1223 (Nb-Set3) showed HDX reduction in residues at the lower front of the RBD indicating 

a non-competitive binding with that of the RBD:ACE2. The spatial distance of this protected 

region to the RBD:ACE2 interface suggested that a clash of the Nb with the ACE2 is unlikely to 

occur. [46]   
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Table 6: Summary of HDX-MS parameters of epitope mapping of different Nbs on the RBD 
of SARS-CoV-2 as per consensus guidelines [74] . Additionally, significant differences between 
ÔÈÅ ÂÏÕÎÄ ÁÎÄ ÕÎÂÏÕÎÄ ÉÎ ($8 ÕÐÔÁËÅ ÐÌÏÔÓ ×ÅÒÅ ÔÅÓÔÅÄ ÂÙ ÔÈÅ 3ÔÕÄÅÎÔȭÓ Ô-ÔÅÓÔ ɉÐЉτȢτωɊȢ 

Summary of HDX parameter   

States 

RBD & 
RBD 

bound by 
NM1221  

RBD & 
RBD 

bound by 
NM1222  

RBD & 
RBD 

bound by 
NM1223  

RBD & 
RBD 

bound by 
NM1224  

RBD & 
RBD 

bound by 
NM1226  

RBD & 
RBD 

bound by 
NM1228  

RBD & 
RBD 

bound by 
NM1230  

Av. peptide 
length (AA)  

15.7 
(sd=7.0)  

15.6 
(sd=7.1) 

15.8 
(sd=7.5) 

15.6 
(sd=7.3)  

15.5  
(sd= 7.0) 

16.1 
 (sd= 7.6)  

16.1  
(sd= 7.5) 

Av. 
redundancy 
(AA) 

5.6 5.7 5.8 5.7 5.9  6.4 5.7 

Number of 
identified 
peptides 

82 84 84  84 87 91 82 

Sequence 
coverage 

74% 80% 81% 81% 79% 79% 79% 

ɝ(8 threshold 
ɉÐЅπȢπυɊ 

0.18 Da 0.17 Da 0.22 Da 0.26 Da 0.21 Da 0.20 Da 0.19 Da 

ɝ(8 threshold 
ɉÐЅπȢπρɊ 

0.29 Da 0.28 Da 0.37 Da 0.43 Da 0.36 Da 0.33 Da 0.32 Da 

Complexed 
RBD during 
labelling 

96.6% 97.4% 99.6% 97.9% 99.1% 99.6% 98.6% 
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Figure 34: HDX-MS epitope mapping data mapped onto the surface structure model of RBD 
(PDB ID: 6M17 [152] ) compared to the RBD:ACE2 interface as published in [46] . The 
strength of protection upon Nb binding is highlighted in different colours. (A) Amino acid residues 
of the RBD involved in the RBD:ACE2 interaction site [152, 153] are shown in red. (B-H) Regions 
protected from deuterium uptake upon binding of different Nbs. 
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Due to the restrictions of the time points, the throughput was increased leading to a data 

acquisition time of 79 h. This showed the feasibility of throughput analysis with the manual 

sample handling and the SAIDE setup for epitope screening. Furthermore, comparison of the 

peptides HDX kinetics of the RBD bound by individual  Nbs improves the certainty of an epitope 

mapping campaign. In particular, unique effects on the HDX exchange upon individual Nb:RBD 

incubation can be confidentially attributed to the certain Nb. Moreover, if one Nb effects the 

HDX of region on the targeted molecule, false negative identification due to low sensitivity (low 

intri nsic HDX or high back exchange) can be excluded. According to the consensus guidelines 

[74] , epitope mapping HDX uptake plots of all peptides and epitope mapping experiments 

(Figure A12-18) as well as a HDX data table (Table A3) can be found in the appendix.  

 

5.3.2.3 Comparison of HDX-MS Results with X-Ray Crystallography 

Two Nbs that are potent in their neutralization of the SARS-CoV-2 infection of a human cell line 

were selected for further analysis. Thus, NM1226 and NM1230 showing HDX reduction on 

different RBD residues and among the highest obtained affinities were selected for high-

resolution epitope mapping by X-ray crystallography by the Stehle laboratory (Interfaculty 

Institute of Biochemistry, Eberhard Karls University, Tuebingen, Germany). Amino acids 

involved in the binding were observed by X-ray crystallography using a distance cutoff of <4 Å. 

A comparison of the crystal structure data (PDB ID: 7NKT, 7B27 [46] ) with HDX-MS data shows 

that both methods result in similar binding interfaces of the Nbs to the RBD (Figure 35A). 

Therefore, an HDX-MS method validation by X-ray crystallography was possible.  
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Figure 35: Comparison of HDX-MS and X-ray epitope data of Nb NM1226 (PDB ID: 7NKT 
[46] ) and NM1230 (PDB ID: 7B27 [46] ).  (A) Epitope residues mapped on the surface model of 
the RBD for X-ray epitope analysis (pink), HDX-MS analysis (colour-dependent on the HDX 
protection (%)) and overlapping residues (orange) (PDB code: 6M17 [152]). (B) Adapted from 
[46]. Peptides are colour coded by the degree of HDX protection (%). Peptide numbering see 
Figure 27. Amino acids found to be involved in binding by X-ray are highlighted in pink. 
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For more precise comparison of both methods, the obtained HDX-MS data were treated as a 

classifier problem and analysed using a confusion matrix (Table 7). Assuming that the X-ray 

data are the true epitope values each residue that is determined by HDX-MS can be individual 

classified. If both approaches show that the residue belongs to the binding interface is classified 

as true positive (TP). In contrast, if a residue shows a no significant difference in HDX and is 

not part of the epitope determined by the X-ray analysis it is classified as true negative (TN). 

The other scenarios were a peptide is considered as part of the interface by only one of the 

approaches leads to classification as false positive (FP) or false negative (FN) identifications 

(Table 7).  

 

Table 7: Confusion matrix  comparing  the results epitope mapping data of  HDX-MS and X-
ray crystallography assuming the X -ray data to show true epitope residues.   

  HDX-MS 

  + - 

Crystallography 
+ True Positive (TP)  False Negative (FN) 

- False Positive (FP) True Negative (TN)  

 

The confusion matrix allows a calculation of the sensitivity ( ) and specificity  of 

the HDX-MS epitope mapping.  

The determined sensitivity and specificity for the HDX-MS epitope analysis of NM1226 was 

0.75 and 0.93, respectively. To eliminate FP identifications throughout the multiple epitope 

analysis a rather high ɝ(8 threshold corresponding to the 99% confidence level was used. This 

subsequently ensures a high specificity to distinguish between similar epitopes of different Nbs 

at the expense of the sensitivity. In general, if the interface consists of several amino acids that 

are close together in the primary sequence the detection of HDX protection is facilitated. 

Therefore, consistency with X-ray crystallography data is higher for binding regions of this 

type. However, the interface of NM1230:RBD as determined by X-ray, comprised several 

residues, scattered over the sequence of the RBD in the primary as well as the 3D structure . 

These are challenging to detect using HDX-MS, especially if they belong to long peptides were 

uptake differences of <1% per time point were observed. Thus no reduction in HDX was 

observed for this aa resulting in a lower sensitivity (0.44) but comparable specificity (0.88) 

compared to the determined epitope of NM1226 (Figure 35B). Since the two N-terminal aa of 

each peptide were known to lose their label rapidly, missing aa coverage furth er explains FN 

identification by HDX-MS. 

A special case of FN identification was examined for the interaction of both Nbs with residues 

of the above described region showing low intrinsic HDX (Figure 33). Based on the significance 
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threshold for the throughput analysis, no meaningful differences were detected for peptides 

covering aa D405 and R408, which however were detected as part of the binding interface by 

X-ray crystallography (Figure 35B). Peptic peptides covering this region are structured into a 

ɼ-ÓÈÅÅÔ ÁÎÄ ɻ-helix and consequently showed very low intrinsic deuterium uptake (covering 

aa 400-409, see Figure 33). Thus, a minor insignificant HDX protection for Nb NM1226 and no 

HDX protection for NM1230 was found by HDX-MS at the applied time regime (Figure 36). This 

FN identification might be a result of the screening approach using less time points and might 

be covered by HDX-MS monitoring a prolonged kinetic.  

 

 

Figure 36: HDX example of peptides covering two amino acids belonging to  the epitope of 
NM1226 below the global threshold of 5 %. The peptides covering the amino acids (D405 and 
R408, bold pink letters) were defined as part of the epitope by X-ray analysis but not by HDX. 
These peptides are hidden within the core (PDB ID 7NKT [46]) and show low intrinsic deuterium 
uptake. The shortest peptide showed an uptake of only ~5%.  

In summary, the HDX-MS data were in good agreement with the high-resolution epitope 

mapping results using X-ray crystallography. Using the screening approach with a strict ɝ(8 

threshold, contact regions comprising contiguous contact residues can be detected by HDX-MS. 

For detailed analysis with higher sensitivity, more time points and broader time regime 

(seconds to hours) need to be applied to detect faster and slower HDX changes upon binding.  
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5.3.3 Signal-Regulatory 0ÒÏÔÅÉÎ !ÌÐÈÁ ɉ3)20ɻɊȡ Epitope Mapping of Highly 

Glycosylated Target Proteins 

Parts of the following chapter are published in [139] . Some figures of chapter are reprinted 

(adapted) with permission from [139] . Copyright 2022 American Chemical Society. In this case 

study, the epitope mapping of different Nbs raised against the multiply N-glycosylated signal 

regulatory protein alpha (3)20ɻ) was performed via HDX-MS. As described, the approach 

consists of an in-silico assessment of the target protein with regard to posttranslational 

modifications such as N-glycosylation and disulphide bonds. Thereafter, a quality control of the 

intact sample and an assessment of the sequence coverage after proteolysis under HDX 

conditions was performed. This preliminary work, enabled a batch analysis of different 

interaction partners with the target protein 3)20ɻ in the adapted HDX-MS workflow.  

  

5.3.3.1 In-Silico Assessment and Quality Control of 3)20ɻ 

The in-silico assessment of the full length extracellular part of SIRPɻ (~37  kDa) revealed three 

disulphide bonds and five potential N-glycosylation motifs. The commercially available protein 

was next analysed intact for assessment of the identity and integrity by MS. To obtain 

resolvable mass spectrometry data the protein must be deglycosylated. Due to the high number 

of potential N-glycosylation sites, a comparison of a conventional PNGase F and the new 

PNGase Rc was performed. Whereas, PNGase F incubation overnight led to an incomplete N-

glycan release, full deglycosylation of 3)20ɻ was achieved using PNGase Rc with the same E:S 

ratio  (Figure 37).  

The theoretical molecular mass of 38538.4 Da was confirmed. Notably, deglycosylation leads 

to a deamidation of the asparagine that is subsequently converted into an aspartic acid 

resulting in an increase in mass by +0.98 Da per N-glycosylation site. The experimental mass 

deviated by ~4  Da from the theoretical mass suggesting that 4 of the 5 potential N-

glycosylation sites are occupied. 
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Figure 37: %3) ÍÁÓÓ ÓÐÅÃÔÒÕÍ ÏÆ 3)20ɻ ×ÉÔÈ ÃÈÁÒÇÅ ÅÎÖÅÌÏÐÅ ÁÆÔÅÒ ÏÖÅÒÎÉÇÈÔ 
deglycosylation using PNGase F (upper panel) and PNGase Rc (lower panel)  as published 
in [139] .  Deglycosylation: t = overnight; T = 37 °C; Enzyme to substrate ratio: 1:45 (M:M); at pH 
2.5 and pH 7.4 for PNGase Rc and F, respectively. Samples were desalted by a short RP-C4-LCMS 
gradient and MS ÓÐÅÃÔÒÁ ×ÅÒÅ ÓÕÍÍÅÄ ÁÃÒÏÓÓ ÔÈÅ ÃÈÒÏÍÁÔÏÇÒÁÐÈÉÃ ÐÅÁË ÏÆ 3)20ɻȢ 4ÈÅ ÉÎÌÁÙÅÒ ÉÎ 
the lower panel displays the charge-ÄÅÃÏÎÖÏÌÕÔÅÄ ÍÁÓÓÅÓ ÏÆ 3)20ɻȢ 

In a next step, the N-glycosylation profile was determined to evaluate the micro-, and 

ÍÁÃÒÏÈÅÔÅÒÏÇÅÎÅÉÔÙȢ 4ÈÅÒÅÆÏÒÅȟ Á ÔÒÙÐÔÉÃ ÐÒÏÔÅÏÌÙÓÉÓ ÏÆ 3)20ɻ ×ÁÓ ÕÓÅÄ ÆÏÌÌÏ×ÅÄ ÂÙ (0,#-

MS/MS detection. This analysis revealed a high microheterogeneity of most of the N-glycan 

sites (Figure 38). With respect to the macroheterogeneity, an almost fully occupied N240 and 

N262 were found, while more than 10% of N215, more than 30% of N80, and 90% of N289 

were identified to be non-occupied with N-glycans.  
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Figure 38: Examination of the  micro -, and macroheterogeneity of the five possible N-
glycosylation  ÏÆ 3)20ɻ Ás published in [139] .  3)20ɻ ×ÁÓ ÐÒÏÔÅÏÌÙÓed overnight at 37°C using 
trypsin. HCD fragmentation was applied and peptides were identified by BioPharma Finder 
v4.1.53.14. Identified N-glycan species are relatively quantified. The three most abundant found 
N-glycans are shown.  

5.3.3.2 Peptide Map and Sequence Coverage with and without Deglycosylation by 

PNGase Rc under HDX Conditions   

Generation of a peptide list  

For improved peptide identification proteolysis was performed using different proteolysis 

conditions with respect to the TCEP concentration and the digestion time (Table 21) and 

identified peptides were combined in a peptide list.  

The digestion of 3)20ɻ performed under denaturing and reducing conditions using 100 mM 

TCEP and 2 M GdmCl led to the identification of 107 peptides covering 81% of its sequence. 

The ÓÅÑÕÅÎÃÅ ÃÏÖÅÒÁÇÅ ÏÆ 3)20ɻȭÓ ÃÙÓÔÅÉÎÅÓ ÓÈÏ×Ó a successful disulphide hydrolysis under 

these conditions. However, low sequence coverage near the N-glycan motifs of N215 and N262 

and no coverage near amino acid N240 was obtained (Figure 39). In contrast, a good coverage 

near the potential N-glycosylated asparagine N80 and N289 was found by peptide mapping. 

These data were in good agreement with the findings of the N-glycosylation analysis of the 

micro-ȟ ÁÎÄ ÍÁÃÒÏÈÅÔÅÒÏÇÅÎÅÉÔÙ ÏÆ 3)20ɻ.  
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Figure 39: Sequence coverage of identified 3)20ɻ peptides with (a) and without 
deglycosylation (b) using PNGase Rc according to [139] .  HPLC-MSMS identified peptides 
(grey) after 2 min proteolysis at 0 °C using immobilised pepsin. Unique peptides (purple) were 
identified using post-proteolysis deglycosylation for 2 min at 0 °C with PNGase Rc. Some peptides 
were identified as non-glycosylated species only (orange), while other peptides were be identified 
in non-glycosylated and deglycosylation version (pale green). Disulphide bonds are depicted with 
red lines and the N-glycosylated asparagine residues are highlighted in red. Amino acids involved 
in a secondary structure elements are depicted ×ÉÔÈ ÁÒÒÏ×Ó ɉɼ-ÓÈÅÅÔɊ ÁÎÄ ÔÕÂÅÓ ɉɻ-helix) 
according to [133]. These are highlighted according to their associated domains in pink (domain 
1), deep teal (domain 2) or yellow (domain 3). 
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To increase the sequence coverage, deglycosylation with  PNGase Rc was applied post-

proteolysis under HDX quench conditions (pH 2.5; 0 °C). With the additional deglycosylation 

step of 2 min, seven additional peptides spanning the N-glycosylation sites could be identified 

leading to a sequence coverage of 86%. Deglycosylation added sequence coverage and peptide 

redundancy to the region close to N240 and improved the coverage of residues adjacent to 

N215. Both residues were observed almost fully glycosylated. Two peptides, 206-216 and 200-

216 covering N215 were found only as the non-glycosylated species. Since the corresponding 

deglycosylated peptides were not found, it suggests that N-glycosylation hindered pepsin from 

cleavage at favourable cleavage sites. Peptides spanning the N-glycan motif at N289 were only 

identified in the unoccupied manner, which can be explained by the mostly unoccupied 

glycosylation site. Notably, all non-glycosylated peptides could be identified independently of 

the additional deglycosylation by PNGase Rc. 

Pepsin bead removal prevents the PNGase Rc from being proteolysed. Nevertheless, a potential 

interference of PNGase Rc peptides with target-specific peptides was assessed by applying a 

data base search against the PNGase Rc protein sequence and a manual check of RT and MS 

ÉÎÔÅÒÆÅÒÅÎÃÅ ×ÉÔÈ 3)20ɻ ÐÅÐÔÉÄÅÓȢ Only four PNGase Rc peptides were identifi ed of which one 

ÉÎÔÅÒÆÅÒÅÄ ÉÎ ÓÅÑÕÅÎÃÅ ×ÉÔÈ 3)20ɻ due to sequence homology. This peptide was removed from 

the peptide list and further analyses. 

 

Chromatographic separation of the non -glycosylated and deglycosylated peptides  

As described above, deamidation due to the deglycosylation leads to a mass increase by 0.98 Da 

and enables a chromatographic separation of the non-glycosylated and deglycosylated species 

of a peptide (Figure 40). Although, no change in sequence coverage was obtained for N80, the 

deglycosylation resulted in approximately three times higher signal intensity of the 

deglycosylated versus the non-glycosylated peptide (Figure 40). Consequently, more reliable 

HDX information were obtained for this region as well. However, in order to distinguish 

between the mass increases by HDX and deamidation a chromatographic separation is 

essential. In summary these experiments showed the feasibility of the introduction of a 

deglycosylation step into the established HDX-MS workflow and the benefits of it. Therefore, 

further experiments were conducted with the additional deglycosylation step using the 

PNGase Rc. 
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Figure 40: Extracted ion chromatogram of a 3)20ɻ peptide (aa S75-T88) ( left) and the 
summed m/z spectra of each peak (right)  as published in [139] .  The deamidation of the 
amino acid asparagine caused by deglycosylation resulted in a mass increase of +0.98 Da and a 
chromatographic separation of the two peptide species 

5.3.3.3 Post-HDX Deglycosylation for Epitope Mapping  

Epitope mapping was conducted according to the experiments on the RBD and a short (5 min) 

and prolonged (30 min) deuteration time point was chosen in order to detect fast and slow 

effects ÏÎ ÔÈÅ ($8 ËÉÎÅÔÉÃ ÏÆ 3)20ɻ ÃÁÕÓÅÄ ÂÙ the Nbs (see also Figure A7). Proteolysis 

parameters as listed in Table 8 were used for each HDX-MS experiment. 114 peptides were 

used to extract HDX information yielding 86% sequence coverage. 

 

Table 8: Summary of HDX conditions for epitope mapping of 3)20ɻ 

Experimental parameter  Conditions used  

Deuteration buffer and temperature 1x PBS pH 7.4, 90% D2O, 25 °C, 

Deuteration time points 5 & 30 min 

Proteolysis conditions 2 min on-ice, 30 µL pepsin beads 

Deglycosylation conditions 
2 min deglycosylation, 5 µL (4 µM) 
PNGase Rc 

Reduction and denaturation conditions 100 mM TCEP; 4 M GdmCl 

Back exchange determined by synthetic 
peptide mixture (see 5.1.4; 5 min) 

25% (5-45%). 

 

Back exchange examination of the HDX-MS post-HDX workflow  

In order to estimate the additional back exchange, ÔÈÅ ÉÎÔÒÉÎÓÉÃ ($8 ÏÆ 3)20ɻ ×ÁÓ ÐÒÏÂÅÄ ×ÉÔÈ 

and without additional deglycosylation. Thus, 3)20ɻ HDX was determined in independent 

technical triplicate labelled for 5 and 30 min in D2O with and without additional 

deglycosylation step (Figure 41a). The HDX was observed using 90 peptides. A minor decrease 

of the average peptide HDX of ~0.7 and ~1.2% after 5 and 30 min labelling was found, 

respectively. The slight increase in the back exchange is worth the ability to obtain additional 
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sequence coverage and redundancy and the detection of potential epitopes in proximity to N-

glycan moieties.  

 

 

Figure 41: $ÅÕÔÅÒÉÕÍ ÕÐÔÁËÅ ÏÆ 3)20ɻ with and without additional deglycosylation  for 
2 min at 0  °C as published in [139] .  Average HDX of 90 peptic peptides obtained from SIRPɻ 
proteolysis determined in independent triplicates. The average, minimal and maximal observed 
HDX values are depicted. 

Binding k inetic s 

Within this case study the epitope of four Nbs were examined (Table 9). The Nb binding 

affinities were used to calculate the concentrations needed to ensure a high amount ɉІωυ%) of 

bound receptor during HDX.  

 

Table 9: Binding affinity of the individual Nbs cho sen for HDX-MS epitope mapping.  
Affinities were determined with BLI analysis by Teresa Wagner (Recombinant Antibody 
Technology Group, NMI, Germany). 

 KD (nM) kon (105 M-1 s-1) koff (10-2 s-1) R2 

Nb 01 19.96 6.16 ± 0.067 1.229 ± 0.004 0.972 

Nb 02 0.46 20.43 ± 0.083 0.094 ± 0.000 0.992 

Nb 03 25.88 4.92 ± 0.091 1.274 ± 0.008 0.913 

Nb 04 0.12 15.19 ± 0.073 0.018 ± 0.000 0.995 
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Epitope mapping  

HDX protection was analysed using similar HDX thresholds as used for the SARS-CoV-2 case 

study. In brief, a peptide was considered as protected, if it  showed a І5% HDX difference 

between bound and unbound state. On the other hand, the peptide HDX was considered as 

unaffected by the Nb binding, if the difference between bound and unbound state was <3%. 

4ÈÅ ÄÅÔÅÒÍÉÎÅÄ ($8 ÉÎÈÉÂÉÔÉÏÎ ÉÎ 3)20ɻ ÄÕÅ ÔÏ ÔÈÅ ÄÉÆÆÅÒÅÎÔ .ÂÓ ×ÁÓ ÍÁÐÐÅÄ ÏÎ ÔÈÅ ÃÒÙÓÔÁÌ 

ÓÔÒÕÃÔÕÒÅ Á 3)20ɻ ɉ0$" )$ȡ ς×ÎÇ [133]  Figure 42). This crystal structure showed a different 

ÓÕÂÔÙÐÅ ÏÆ 3)20ɻ than subtype v1, used for HDX analysis. The sequence only differs in the 

sequence of domain 1 and showed 97% sequence identity determined by BLASTp. However, 

the observed HDX results were mapped with respect to the amino acid position.  

 

 

Figure 42: HDX-protected regions of 3)20ɻ ÕÐÏÎ ÂÉÎÄÉÎÇ ÔÏ ÄÉÆÆÅÒÅÎÔ .ÂÓ ÍÁÐÐÅÄ ÏÎ Ôhe 
surface structure model of the ECD (PDB ID: 2wng [133] ).  (a) The middle panel shows 3)20ɻ 
with coloured domains. The panels to the right and left showed the HDX protection of the different 
nanobodies mapped on the corresponding domains. The selected structure differs in the sequence 
of domain 1 with the subtype v1 used for HDX-MS. Asparagine residues with potential 
glycosylation are shown in red. N289 is not resolved in the X-ray structure and highlighted by a 
red circle. (b) HDX protected regions mapped in the primary ÓÅÑÕÅÎÃÅ ÏÆ 3)20ɻ ÓÕÂÔÙÐÅ ÖυȢ $ÉÒÅÃÔ 
and indirect contact residues of the 3)20ɻȡ#$ψ [134] are denoted as dots over the sequence 
stretch of Nb 03. 




























































































































