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Abstract

1 Abstract

The vast majority of biological processes such as ceatell communication, immune response,
reaction catalysis andthe protein transport are driven by protein-protein interactions (PPIs).
Elucidation of PPIs which when altered are associated with various pathophysiological
processesopened an emerging eraf protein analysis.The knowledge of the PPlIs interfaces is
crucial to obtain deeper insights into the PPIs mode of action and how to modulatédém. In
particular, PPIs between antibodies and arigens are of great interest for diagnostic and
therapeutic applications in the biopharmaceutical industry and scientific researchn addition
to high-resolution techniques such as nuclear magnetiesonance spectroscopy (NMR),-Kay
crystallography and ayo-electron microscopy (cryoEM), hydrogen-deuterium exchange
coupled to mass spectrometry (HDXMS) hasevolved to a powerful analysis methodfor the
elucidation of PPl interfaces. Without introducing structural modifications, HDXMS can be
used toelucidate protein dynamics and proteinligand interaction sites of proteins of almost
unlimited size, with high tolerance against impirities, low sample consumption andeasonable
resolution and throughput. In addition, HDX data reflectthe native in-solution protein
conformation. However, HDXMS remains challenging for the analysis ofproteins
encompassing multiple post-translational modifications such as disulphide bonds and N
glycosylations.

In the context of thepresent work, a setup and workflow for HDX-MSbottom-up analyseswas
established A prerequisite for reliable and efficient HDX analysess the precise control of the
pH, temperature and timing which was facilitated bya tailor made SemiAutomated Interface
for HD exchange $AIDE). The SAIDEenables flexible use of a HPLGMS instrumentation for
various analyses, efficient use of thdaboratory space while displaying aost efficient approach
compared to fully automated, commercial HDX systems

With this setup, a protocol for HDX analyseswas developedand optimised, which addressed
critical generic HDX parameters such asfficient proteolysis and good reproducibility while
keeping theback exchangeas low as possibleCompared todissolved pepsinthe proteolysis
efficiency could be increased using pepsin immobilized on beads This enabled atenfold
reduction in digestion time while achievinga higher numkber of peptides run-to-run recovery,
alower HDX varianceandlower average peptide lengthThese optimisations were performed
as part ofan HDXstudy designed to elucidate the binding region of a clinical mAb drug
candidate targeting AnnexinAl in a calcium dependent manner.

Subsequentlythe HDXMSprotocol wasimproved in terms of samplethrou ghput and adapted
to another protein target, the receptorbinding domain (RBD) of SARE0\V2. The high

reproducibility of the established protocol enabled its application in an HDX screening
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workflow using a lower number of deuterationtime points. Epitopes of seven nanobodies were
characterized within a time period of roughly four weeks.The HDXMS screening approach
was used to supportevidence based identification otwo lead candidates potentn their viral
neutralization.

Subsequent endeavours amed to adapt the established screening approacho proteins
encompassing multiple posttranslational modification (PTMs). While extracellular proteins
display attractive drug targets or are themselves used as dtpharmaceuticals, nearly each of
them encompass multiple PTMs such as-glycosylated and disulphide bondsOriginated in
their heterogeneity, Nglycosylations remain challengingfor structural analysis such as HDX
MS. Here, a novelpeptide N-glycanasefrom Rudaea cellulosilytica(Rc) was characterizedthat
exhibits broad substrate specificity and high activityfor deglycosylation of natively folded
proteins. Thus, theenzyme was used to facilitate MS basedop-down protein analytics and
offers the opportunity for N-deglycosylation of peptides in several minutes. Moreover,
following heterologous expressionthe enzyme can be obtained fronk. coli with high yield
sufficient purity. Due to itsacidic pH optimum, thePNGase Ravas successfuly used under
challenging HDXMS quencling conditions (0 °C; pH 2.5)in presence ofcommonly applied
concentrations of reducing and denaturing agentsTris(2-carboxyethyl)phosphine (TCEP),
urea and guanidinium chloride (GdmCI) As a proofof-principle the PNGase Rc was integrated
into the established HDX epitopescreening workflow (post-proteolysis) resulting in the
elucidation of four nanobody epitopestargeting the multiple N-glycosylated extracellular
domain of the signairegOl AOT OU DOl OAE The AddifoBEak deglygosy?ation
increased sequence coverage and redundancy and alspabled thedetection of epitopes in

proximity of N-glycosylation sites
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2 Zusammenfassung

Die allermeisten biologischen Prozesse, wialie Zell-Zell Kommunikation, Immunantwort,
Reaktionskatalyse und der Proteintansport wird durch Protein-Protein Interaktionen (PPIs)
gesteuert. Die Aufklarung von PPls, welche, wenn sie verdndert werden mit verschiedenen
pathophysiologischen Prozessen assoziiert sind, eroffnete eine neue Ara der Proteinanalyse.
Die Kenntnis der Schnittstellen von PPls ist entscheidend, um tieé Einblicke in die
Wirkungsweise von PPIs ad deren Modulation zu erhalten.Insbesondere PPIs zwischen
Antikdrpern und Antigenen sind fur diagnostische und therapeutische Anwendungen in der
biopharmazeutischen Industrie und der wissenschaftlichen Forschung von groRem Intergs.
Neben den hochauflosenden Techniken wieKernspinresonanzspektroskopie (NMR),
Rontgenkristallographie und KryoElektronenmikroskopie (Kryo-EM) hat sich der
WasserstoffDeuterium Austausch verbunden mit Massenspektrometrie (HDXAS) zu einer
leistungsfahigen Analysemethodeentwickelt, um dieseInteraktio nsflachen aufzuklaren Ohne
strukturelle Modifikationen einzubringen, lassensich mittels HDX-MS Proteindynamiken und
Protein-Ligand-Interaktionsstellen von Proteinen mit nahezu unlimitierter Grofl3e, mit hoher
Toleranz gegenlber Verunreinigungen, geringem Probenverbrauch mit angemessener
Auflésung undangemessenenDurchsatzbestimmen.Dartber hinaus spiegeln HD>Daten die
native Proteinkonformation in Losung wider. HDXMS bleibt jedoch eine Herausfaterung fur
die Analyse von Proteinen, die mehrere posttranslationale Modifikationen wie
Disulfidbindungen und N-Glykosylierungenaufweisen
Im Rahmen der vorliegenderArbeit wurde ein HDXMSSetupund Arbeitsablauf etabliert Eine
Voraussetzung fur zuverdissige und effiziente HD>Analysen ist die prézise Kontrolle des pH
Werts, der Temperatur und des Timings, was durchine malRgeschneiderte halbautomatische
Schnittstelle fiir den HDAustausch (SAIDEgrreicht wurde. Das SAIDE ermdglicht eine flexible
Nutzung von ein und derselben HPLGMS Instrumentierung fur verschiedene Analysen, eine
effiziente Nutzung des vorhandenen Laborplatzes und stellt gleichzeitig einen
kosteneffizienten Ansatz im Vergleich zu vollautomatischen, kommerziellen HBSystemen
dar.
Mit diesem Setup wurdeein Protokoll fir HDX-Analysen erstellt und optimiert, umkritische,
generische HDXParameter wie die effiziente Proteolyse und Reproduzierbarkeit zu
adressieren und gleichzeitig den Rickaustausch so gering wie moglich zu halt®ferglichen
mit Pepsin frei in Losung konnte dieEffizienz der Proteolyse durch Verwendung von
immobilisiertem Pepsin erhoht werden. Dieserméglichte eine zehnfacheReduktion der
Proteolysezeit mit gleichzeitiger Erreichung einer héheren PeptidanzahlWiederfindbarkeit
von Lauf zu Lauf, einer geringeren HDXarianz und einer geringeren durchschnittlichen
Peptidlange. Diese Optimierungen wurden im Rahmen einer HD%tudie durchgefihrt, die
3
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darauf ausgelegt wardie Bindungsregion eines klinischen mABArzneimittelkandi daten
aufzuklaren, der AnnexinAl auf eine kalziumabhangige Weise bindet.

AnschlieRend wurdedasHDXMS-Protokoll in Bezug auf den Probendurchsatz verbessert und
an ein weiteresZielprotein, die Rezeptorbindungsdoméne (RBD) von SAR®W2, angepasst.
Die hohe Reproduzierbarkeit des etablierten Protokolls ermdglichtalie Anwendung in einem
HDXScreeningWorkflow  unter  Verwendung einer geringeren  Anzahl von
Deuterierungszeitpunkten. Dies ermdglichte das Screening eines Pools von sieben potenziellen
Nanobodies-Epitopen innerhalb eines Zeitraums von etwa vier Wochen. Der HEMS
ScreeningAnsatz wurde verwendet, um die evidenzbasierte Identifizierung von zwei
Hauptkandidaten zu unterstiitzen, die in ihrer viralen Neutralisierung wirksam sind.
AnschlieBendeBemiihungen zielten darauf ab, den etablierten Screenirfgnsatz aif Proteine
mit mehreren posttranslationalen Modifikationen (PTMs) anzupassen. Wiend
extrazellulare  Proteine attraktive  Arzneimittelziele darstellen oder selbst als
Biopharmazeutika verwendet werden, tragen fast alle von ihnen nehrere PTMs wie N
Gykosylierungen und Disulfidbricken. Aufgrund ihrer Heterogenitat bleiben N
Glykosylierungen eine Herausforderung fur Strukturanalysen wie HDXIS.In dieser Arbeit
wurde eine neuartige PeptidN-Glykanase ausRudaea cellulosilyticdRc) charakterisiert, die
eine breite Substratspezifitat und eine hohe Aktivitat zur Deglykosyliemg nativ gefalteter
Proteine aufweist. Somit wurde das Enzym verwendet, um MBasierte Topdown-
Proteinanalytik zu erleichtern und bietet die Mdglichkeit fiir N-Deglykosylierung vonPeptiden
in wenigen Minuten. Dartber hinaus kann das Enzym nach heterologer Expression d&iscoli
mit hoher Ausbeute und ausreichender Reinheit erhalten werden. AufgrundespH-Optimums
im sauren Beeich wurde die PNGase Rc erfolgreh unter anspruchsvollen HDXMS
supprimierenden Bedingungen(0 °C; pH 2,5)in Gegenwart von Ublicherweise verwendeten
Konzentrationen von Reduktions und Denaturierungsmitteln Tris(2-carboxyethyl)phosphin
(TCEP) Harnstof und Guanidiniumchlorid (GdmCI) verwendet. Als Grundsatzbeweisvurde
die PNGase Rc in den etabliertetHDXEpitop-ScreeningWorkflow (p ost-proteolytisch)
integriert, was zur Aufklarung von vier Nanokorperepitopen flhrte, die auf die mehrfach N
glykosylierOA AGOOAUAT 1 O1 ROA $1T i1 RTA AAO OECT AEnOACOI EAOA]
Durch die zusatzliche Deglykosylierungvurde die Sequenzabdeckung, Redundarerhoht und

es zusatzlich ermdglichtEpitope in Nachbarschafeiner Glykosylierungsstellezu 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 wasthe interaction of
trypsin and antitrypsin in 1906 by Hedin[1]. Since then, anyriad of PPIs were discovered and
today, they are known to be essentialfor the cellular machinery andthe control of most of the
biological processessuchasinter cellular communication, immune response, reaction catalysis,
transport or viral entry [2, 3]. Furthermore, interaction of specialized proteins mediate the
basic life processes oDNA replication, transcription and translation [2]. These interactions
represent a large and complex network oA A1 1 01 AO PAOExAUOH].T Al AA
Interactions are mediated by complementary regions onthe proteins surface that usually
comprises a protein-protein interaction interface of around 150073000 v2[5]. Furthermore,
the interface show a chemical complementarity resulting irpolar, hydrophobic and charged
interaction forces. In general, proteins interact with each otherif the Gibbs free energy of the
complex is lower than that of the un-complexed binding partners and as this intgaction is
dependent on the concentrationof 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 modelEquation 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 canturned into an
intermediate complex (AB**) by interface desolvation the formation of short-range

interactions and eventually structural rearrangementsthan leadingto the final complex AB8].

0 O0f 0062% 00622f 00 Equation1 [7]

PPlIscan be classified in many different waysnicluding the classificationaccording to the
composition of the conplex or its binding strength [3]. Whereas homeoligomeric complexes
consist of identical proteins the interaction betweendifferent proteins is classified as hetere
oligomeric. Thebinding strength and therefore thestability and lifetime of aprotein complex
might determine the classificaton into transient and permanent, obligate and norobligate
PPIs[9]. In obligate interactions, also referred to as quaternary structures, the proteins exist
only in complex and are permaneny bound to each otherwhile most of thenon-obligate PPIs
are transient[10]. In order to describe thelifetime of acomplex in aone-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 dissociationThe binding affinity can be expressed using the
equilibrium dissociation constant (Kp) which equals the molar concentration (M, mol/L),
where the interfaces arehalf saturated. It is equivalent to the ratio between the reaction rate

constant of the complex dissociation (k&:s!) and association (kn, M-1s1).

0 0% 06 Equation 2
0 66 © Equation 3
56 q

Transient interaction partners associate and dissociate temporarily with different fietimes
and thus binding affinities. These can range from very weak interactions with Ifetimes of
milliseconds and afinities in high micromolar to millimolar range up to tight complexes with
half-lifes of days and picomolar affinitieq6] .

Within a PPI interface, anino acid residuescontribute differently to the binding free energy
and most of the binding affirity can be attributed to small fraction, the so called®ot spotd
residues[11].Thecontribution of individual residuescan be determined by &ystematicamino
acid mutagenesisto alanine [12]. An amino acid is considered as hot spoesidue if the
mutation leadsto an increase of bindingfree energyof | 2 kcal/mol [6] . Protein structures are
flexible in solution and can undergo variols conformational changs. These structural changes
can beOA ZAOOAA O AO I rhdtiohs\13]. Aebicg DdcordpleOiermaitioap 6an
induce a structural rearrangement either within the binding interf ace @nduced fitting® or
allosterically at a specific site, hampering computational docking experiments [14] .

As described abovePPls 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 disea
[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. Furttrmore, 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 z Antigen Interactions

One ofthe largest clasgsof therapeutic proteinswhose mechanism of action relies on protein
protein interactions is the immunoglobuline G (gG class of monoclonal antibodiedmAbs).
Since the firsttherapeutic mAbreached the market in themid-1980s, more than80 mAbshave
been approved by the European Medicine Agency (EMA)y 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 react300 billion US$ in 2025[20].

The general structure of a humanlgGis assembled by two light chains and two heavy chains
(Figure 1). These structurecan be further classified into two regions, the binding-mediating
region (Fab), and theconstant region (Fc), which areconnected by goroline-rich hinge region
(Figure 1). The Fabregions contain the variable domains of the heavy and light chainthat
mediate the protein-protein interaction with the target protein. Interaction interfaces of Abs,
the paratopes, mainly consists ofthree flexible hypervariable loops of each chainreferred to
ascomplementary 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 Castermanet al.discoveredheavychain-only antibodies insera ofCamelidae
(Figure 1) [23]. The guivalent Fab fragmentis referred to asvariable domain of the heavy
chain of heavy chaironly antibodies (VHH) or nanobody (Nb)[24]. Although NIs bear only
three CDR regionghey canbind their target moleculeswith high affinity with a Kp in the low
nanomolar or even picomolarrange.Moreover, the interaction strength isoften dominated by
the CDR region whose sequencehomology and lengthalso can beused to cluster individual
Nbs into families [25] . Nbs haveproven to bevaluable tools in biomedical research, dignostics
and therapy. The small size of~15 kDa, which is one-tenth of the size ofan antibody offers
chemical stability and solubility as well as fast tissue penetratiof24, 26]. Therefore, Nbs have
great potential to be usedor in vivo and immunohistochemical imaging26] .

The nature ofthe interface region on the antigencan be classified in continuous (linear) and
discontinues (conformational) epitope regions Continuous epitopesconsist of amino acid
stretchesthat arein close proximity in the polypeptide chain, whereasliscontinuous epitopes
are comprised by amino acid residues that are only proximat®a 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 u§29-31].
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Conventional IgG1 Heavy chain-only antibody

Aobody

Figure 1: Schematic representation of a human IgG1 antibod y (left) and a heavy chain-
only antibod y derived from Camelidae (right) [26]. Thehuman IgGlantibody consists of two
heavy chains and two light chainsvhich contain a binding-mediating domain (Fab) and a
constant region (Fc)Fabs and Fcfurther consist of variable domains (V domains) of the light
(VL) and heavy chains (VH) as Was constant domains of light (CL) and heavy (GBilchains.
The heavy chaironly 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 ofAntibody-Antigen Binding Interfaces

Numerous techniques have been developed fohe elucidation of PPlinterfacesin general and
antibody-antigen epitope mapping in particular including biophysical and biochemical
approaches[31-33]. They can be classifiedinto immunochemical and structural analysis
methods [30]. The immunochemical analysisof PPIs consists ofmethods such adisplaying
techniquesincluding yeastsurfacedisplay [34], enzymelinked immune sorbent assay (ELISA)
[35] and biosensortechniguesincluding surface plasmon resonance (SPR36] and biolayer
interferometry (BLI) [37],amongst others

As one of various displaying techniqueshe eukaryotic natureof yeast surface displayffers
to study PPIs of large and more complex proteins with additional posttranslational
modification [38]. Using these techniqueshe protein of interest isexpressedon the surfaceof
the yeast cellsand ligands can be screened allowingthe identification of PPIs in high
throughput. The expression of diferent 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 anché¢ identification via
fluorescent tag-conjugated Abs incombination with flow cytometry enabledboth, quantitative
and qualitative analyseq39, 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 techniquesELISAhas been usd for elucidation of Ab:Ag bindingsites [41,

42]. While this technique is inexpensive requires only non-specialised equipmentand
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provides the ability of high sample throughput, it suffers in the detection of weak transient
interactions due to required washing stepq32]. Immunoassaysand optical methods such as
SPR ad BLlare used to roughlymap epitopes to individual antigendomains orantigensurface
areas. For this purpose, the displacement or simultaneous binding of different antibodies to an
antigenor antigen domainis tested. This procedure is called "epitopbinning" [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. Thesealled "peptide arrays" can be used
well for linear epitopes consisting of a sequence of several andracids[30, 31]. Additionally,
SPR and BLMhich 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 usedo determine interface hot spot residues. While, immunochemical
approachescanprovide detailed qualitative and quantitative characterization of the PPI thg
yield little information aboutexact amino acids formingliscontinues epitopeson the antigens
Thus, these techniques ardrequently combined with other, structural epitope mapping
techniques[45-47].

The most powerful structural epitope mapping techniquesregarding the resolution are X-ray
crystallography [48], nuclear magnetic resonance (NMR) spectroscof¥9] and cryo-electron
microscopy (ayo-EM) [50]. These approaches provide detailed information of the exact
epitope location up to single amino acid resolution. However, they remain technically
challengingand bear individual limitations . While X-ray crystallography can be considered as
the gold standard for the analysis of PPIs it imited 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 ayo-EM
analysis are susceptible aginst the intrinsic nature of proteins and a desired level of
monodispersity may be not reached31, 51]. Moreover, major disadvantages of ¢yo-EM are
the high costs for theinstrumentation and maintenance as well as the need for treemdous
computational resources[50]. In contrast, NMR spectoscopy 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 ofprotein-protein interaction
sites. These techniquescan be appliedto almost infinitely large proteins under native
conditions, they show high tolerance against impurities and low sampleonsumption (Figure
2) [30].



Introduction

Mass Spectrometry Techniques

%\emical Footprinting \

Fast Photochemical Oxidation of Proteins  Hydrogen-Deuterium Exchange Chemical Crosslinking
FPOP HDX XL

Ox

Ox e (O

Ox Ox
Readout: Amount of peptide oxidation Readout: Amount of peptide deuteration Readout: ID of crosslinked peptides
Special Special Special
Concern: Differences in residue-reactivity, Concern: Back exchange (loss of label) Concern: Absence of reactive
complex data analysis until analysis. aa within crosslinking

distance,
complex data analysis

Figure 2: MS based methods for epitope mapping.

Chemical crosslinking uses various chemical entitiediffering in their length that covalently
link amino acids in particular proximity [52]. Coupled tomass spectrometry chemical
crosslinking (XL-MS) has been shown to be efféee in characterizing of PPI453, 54]. A major
drawback is that the technique relies on the availability of defined chemical linker and reactive
amino acids, mostly lysing52] . Furthermore, linkages bears the risk to introduce nonspecific
interactions, which on the other hand might stabilizeweak transient interactions facilitating
the elucidation of epitopes ofeven low affinity PPIs Moreover, the data analysis remains
challenging due to the low abundance of therosslinked peptides and the complexity of the
obtained fragment ion spectra[55]. The footprinting approachesare based onthe analysis of
mass shiftsgenerated by chemical modifications on amino aciside chains or backbone amides
detected by MS. Due to the reductio of solvent accessibilities, PPIsnight shield individual
amino acids selectively from modificatiorwithin the PPI interfaceor by subsequentstructural
changes Thesefootprinting techniques include, hydroxyl-radical protein footprinting (HRPF)
and hydrogendeuterium exchange HDX). In the widely used HRPF technique,adt
photochemical oxidation of proteins (FPOR hydroxyl radicals are generated byphotolysis of
hydrogen peroxide[56]. FPOP monitors the percentage of labing of side chain residues by
reactive oxygen species mostly at aromatic and sulphur containing amino acid residulés] .

In contrast, in HDXMS the exchange of hydrogen ki{s heavier isotopedeuterium of backbone

10
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amides is monitored (see also 3.2). While in HDXMS the labelling is based on hydrogen
bonding and thesolvent accessible surface aregSASA) FPOP emphasize the lattdi57]. Both
techniques can provide comprehensive infanation of the PPI interface and the structural
dynamic of a protein. However, HDXMS can be used to probe each amino acid residue (except
proline) across the entire protein with no disruption of the proteins nativestructure [57]. The
main disadvantage of HDXMS analysis is the reversibility of the labellingand the associated
demands on the analysis, which has to take place in a short time at veowltemperatures and
pH in order to obtain high-resolution results (see3.2).

In summary, epitope mapping methods differ in their complexity in terms of optimization
required, sample throughputand the resolution obtained for the epitope residuesKigure 3).
Often, an orthogonal combination of multiple techniques is applied for elucidation of the

interaction interface and structural dynamic of the protein.

Epitope Method Method
Information Complexity Throughput
Xray, Xray, ELISA,
NMR, NMR, BLI
Cryo-EM Cryo-EM DispIaySPR
HDX-MS HDX-MS techniques
FPOP XL-MS' Epop LA
XL-MS . HDX-MS/FPOP
Display Dlsp'lay
techniques techniques
SPR/BLI, SPR/BL, ),fl'l{/lag"
ELISA ELISA Cryo-EM

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 exchangeof hydrogen atomson proteins was first describedin 1954 by the
pioneer work of Kai U.Linderstrgm Lang and coworkers of the Carlsberg hboratories
(Copenhagen)[58]. They used analytical ultracentrifugation for the separation and detection
of the deuterated proteins.While limited to the measurement of the global deterium uptake
of the protein, their work and following approacheslaid the foundations for the H/D exchange
theory known today.In 1963, S. WEnglander [59] started to use tritium instead of deuterium

and coupled the analysis togel filtration allowing the determination of the radioactive
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hydrogen-tritium exchangeby liquid scintillation counting . This analysismethod of HXwas
extensively useduntil the 1980s[60].

Then H/D exchange was coupled t&NMR spectroscopywhich provided the first amino acid
resolution method using HDX However, this method waslimited to small proteins [60]. Rosa
and Richardg[61] and Englanderet al.[62] described apeptic proteolytic fragmentation under
HDXquenching conditions, whichwas combined with a HPLC separain at 0°Cby Zhang and
Smith in 1993 [63]. They also used an excess of deuterium to circumvent the radioactive
tritium . The detection byliquid scintillation analysis was replaced by the use of a mass
spectrometer to detecttime-dependent deuterium uptakeat peptide level This removed the
size limitation of the analysis by NMR spectroscopyeduced the required amount of sample
and allowed the detection of local hydrogen-deuterium exchange ofproteins, leading to a

dramatic growth in the field of HDX analyses.

3.2.2 Principle of HDX
3.2.2.1 Chemical Bsis of HDX

A hydrogen atom bound to an electronegative heteroatom such as oxygen, nitrogen and
sulphur is classified as labileand thus OA @A E A 1. @rdtéirds icdinprise multiple labile
hydrogensin the amino acid backbone and side chainsKigure 4). These are in continuous
exchange with the potons of the surrounding medum [64]. If the latter consists mainly of
deuterium atoms, theseare incorporated instead of hydrogen leading to anassincrease by
1.008 Daper isotopic exchangewhich canthen be detectedby mass spectrometry[65]. The
incorporation of deuterium in the amino acids side chains and the #&rminal amid bound
hydrogen show short haltlife (ti» = ~0.01-1ms). Thus, only the deuterium within the
backbone(ti»,= 5s z 60 days can be detectedwithin the time frame of aHPLGCMS analysis
which makesHDX-MSa direct measure of deuteriumexchangein the backboneamides [66,
67].

12
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Figure 4: Exchangeable hydrogens shown on a demical structure of a peptide .
Exchangeable (labile) hgrogens ofbackboneamidesand sidechains are colouedin pink and
blue, respectivelyOnly the exchangefthe backbonehydrogensshowsa sufficiently longhalf-life
to beamendable toHDXHPLGMS analysis

3.2.2.2 pH Dependencyand Exchange knetics of HDX

HDXis mediated through base, acid or watercatalysedreactions, whereby the catalysis by
water is negligible and therefore often neglected(Equation 4) [66]. The exchange ratekc, for
an unstructured peptide in solution expressedfor the given three intrinsic catalysis rate

coefficientsis:

Q Q 00 Q 00 Q 00 Equation 4 [66]

where the basecatalysed reaction rate("Q ) becomes dominant at physiological pH and
exceeds theacid-based reacton rate G f;%that dominates at pH \alues below pH 3. The
minimum exchange rde can be observedt pH of 2.5-3.0, leadingto adecreaseof the backbone
hydrogen exchange KIX) by approximately four orders of magnitude compared to the
exchange at pH 764]. The base catalysi®ccurs through a nucleophilic attack of an ODion,
which abstracts the amide proton that is subsguently reprotonated by anabstraction of a
proton from water (Figure 5a). The acidcatalysedHDX can occuthrough two mechanisms the

N and Oprotonation summarizedin Figure 5b andc.

13



Introduction

D
(@) A
:5:9 . /Q' Q-
R bl H> H/O\D T1 (D 0L R1 El)
! o
(l;H |l|) _AE/ \.C/ \H/LLL? _Z“')/ C/ \H/
'%/ \C/-\E/Lﬁl“— i | |
| l 0. R2 O R
0 Ry
D
b D /
(b) P, p—0: H
D—OIJ ’ ) DQ,‘
® D/O\D R, D ,H D_.g Ry [l)
Ry H | S
(l;H [L *L /CH\C/QN)Q/LL‘% _2“7/ H\C/ '\E/
P T e S S0
| | O R ) R,
0. Ry
D
D\O_/_>
(C) o) R R1 H
R, H 0~ b ! il)H LLe?
Cl;H | _L / \C/ \H/LLL) _i-‘l??j/ \C e‘)\'C/
‘???/ ~ " \H/is"!—'lg i cl) ||2
Il [ :0® Rz | 2
o) O R [ |
‘O—
75 D % N
D D
D—0O:
. ®
5
o~ b /D o
N °o2
D D—o0: Ri {_-D

® |

51’/ i \H/Lﬁ7 4“ E/CH\CQ\‘\Q/E
| NN

.0, Rz ’ |>

D

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

3.2.2.3 Temperature Dependencyof HDX

The exchange ratekqn is further dependent on thetemperature in such a way thata reduction
of 22 °C lead to areduction of ke, by ~10 fold [60]. This isprimarily due tothe ionization rate
of water K, and therefore the concentration of OH ions present during labelling [64]. The
relationship between ke and the temperature is exponential andcan be expressed for an

unstructured peptide using Equation 5 [66] :

P

¥ 1% ~, 'O p
Q Y Qcoo(AQD.Y,,cho

Equation 5 [66]
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where kcn(293) is a reference rate of the rate constants for acjdvater and base catalysis at
293 K(~20 °C); Eis the activation energy of tle catalysis of theexchangeandR is theuniversal

gas constanf66] .

3.2.2.4 Structure Dependencyof HDX

The equations above describethe temperature and pH dependency of theHD exchangeof
unstructured peptides. The exchangeis further dependent on the side chains from
neighbouring amino acid residues thatanlead to inductive and steric effect$66] .

However, theseequations 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 secondsup to even montls or years [68]. The HX rae of
amino acids in natively folded proteinss dependent on theirsolvent accessibilityand on their
engagementn intramolecular hydrogen bonds[69]. Thus, an amino acid isisually considered
as exchangeincompetent if it is sterically inaccessible orhydrogen-bonded (NHiose). The
dynamic protein motionj | T 1 AAOI A O , dhdadyAldsGiBebbl 10edL@derstram-Lang
laboratory [13], leadsto local and globalunfolding events, where backboneamides can become

HX competent (NHpen) and exchangeable Equation 6) [70].

Q Q Q
0’0 § 00 ©° 60 f 00O Equation 6 [70]
0 00 Q

Thus, thetransient exchangecompetent intervals of an amino acid residue are based on the
opening (kop) and closing (ki) rates, which compete with the HX rate (kn), resulting in two
different kinetic scenarios. if the HDX occus faster than the reclosire (ke &), it attains an
asymptotic behaviour and dependeng only on the opening of the structureand kKop=Krpx. This
scenariois referred to as EX1 kinetic or saalled @nonomoleculardexchangelt occursat high
pH (basecatalysed high kn) or low protein stability where k¢ is low [70]. EX1 kinetics often
result in varying degreesof bimodal isotopic distribution , since twosubpopulations of isotopic
pattern are co-existing, the fully deuterium exchangeds well as thenon-exchanged
However, or most of the residueswithin a natively folded protein, reclosing of the stucture
occurs faster than the Krate (ka|  cB. Therefore, multiple openings of the structure haveto
occur before an HX event takes place. This is referred to as EX2 kineticor so-called
Gimoleculardexchange anctan be expressed in a steadstate equilibrium using the following

equation (Equation7) [71]:
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o)
Q Q o 0 Q Equation7 [71]

where kupxis the exchange rate ofor a given amino acid residue and ks (Kop/k o) is the
equilibrium opening constant. Therefore, a structural protection factor can be calculated in

free Gbbs energyby:

0 .
w0 YUY aue Y Ya £Q— YUY E,ZcQ— Equation8 [71]

wEOE OEA AEEEAOAT OEAIT niwHEdpdnGent@OtBelemperatii® PandEl O ( 8  j
the universal gas constant R-or differential HDXexperiments, a secondstatesmight result in
changes in structural stability free energy and thus in HDX of back bone amidefeTequation

can berearrangedto:

L Qo :
WwO0 YYwdE Y Ya 5 Equation9 [71]
h
where krpx 1representsthe exchange rate oftate one and kpx 2the of state two[71].

3.2.3 Application of HDX

A protection from the HDXin the protein backbonealsooccurs upona PPlwhich might lead to
a stabilized structure anda reduction of the surface accessibilityfor the solvent [30]. Thus,
beside the analysis oprotein dynamics, HDXMSis a powerful tool for the analysisof PPk.

A typical HDX-MS analysis workflow for the elucidation of the PPI such asan antibody and
antigenis the bottom-up approach Figure 6). It can bedivided 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 spectromety. For the epitope mapping approach these steps are
performed for the antigen alone ad in complex with the antibodyand changes of theHDX

upon complexationare monitored [30, 67].
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Figure 6: Scheme of atypical bottom-up approach of an HDX-MS epitope mapping
experiment using continuous deuterium labelling . After equilibration with (a) or without
antibody (b) in H.O, the deuterium exchangess initiated by diluting the complex in an excess of
D.0.At defined times,the exchange iguenched by lowering the pH arttle temperature,and the
proteins aredigested by an acidic protease.g. gpsin). he mass shift of the resulting peptides
is analysed via HPL®IS.Protection ofthe deuterium uptake due to the introduction of the
binding partneristhen used tcelucidate 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 b
complex ensuring a uniformly deuterated molecule population. Otherwise, differently
deuterated molecule populations arise, each offich showing different exchange kinetics. This
can lead to a false EX1 exchange signatsreeflected by bimodal spectra, which subsequently
complicate data interpretation [64]. The relative amounts of complexed Ab and Adn a
monovalent binding manner can becalculated considering the binding stoichiometry of the
antibody-antigen complex[72] (Equation 10, Equation11)

6"@‘)(5 V] 0Q ow V] 0Q ow T OWwO0'Q Equation 10 [72]
q

- 0'h & 0@ Q
PO w fi3 Po"Q @
o] 0 Q

Equation 11 [72]

where Ag:Abrepresents the concentration of theantibody-antigen complex. Ab: and Ag: are
the total quantities of theantibody and antigen respectively[72].

(2) Deuteration is initiated by dilution with an excessof D,O. The subsequentchangein
reaction volume should be considered for the calculation of thpercentage ofbound Ag.

(3) After different incubation time periods, hydrogen-deuterium exchange isquenched by
lowering the pH and temperature to pH 2.5 andO °C, respectively. Under these conditionsthe
average halflife of deuteriumin the backboneamidesis between 30 and 120min, representing
sufficient time for the subsequent analysis byHPLGMS[73]. However, the sensitivity of an

HDX experimentcorrelates 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 reduceback exchange during analysi$75, 76].

(4) To sublocalize HDX differencedo defined parts of the protein, a proteolysis with an addic
proteases such as pepsin proteasetype Xlll from Aspergillus saitoiprotease type XVIII from
Rhizhopusspeciesor nepenthesin can beapplied [77-79]. Of these proteases, pepsiis most
commonly usedin HDXMS andexhibits a promiscuous cleavage specificity67]. Thisleads to
overlapping peptidesof various lengththat can beusedto increasesite specificresolution [79].
The proteolysis conditions of the protein of interest have to be optimized aiminigigh sequence
coverage, with high redundancy, while keeping théback exchange as low as possible.
Additionally, the proteolysis is typically aided byhigh concentrations of denaturing and
reducing agents (see.2.4).

(5) The dbtained peptidesare separated viaacooled HPLC andnalysed by mass spectrometry.
Peptide identification by tandem MS such as collisioinduced dissociation (CIDMS/MS) is
only applied to the nondeuterated samples esulting 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 HBDJIS analysi467,
74]. Application of CID fragmentation to deuterated peptides induces H/D migration
throughout the backbonewhich alsois referred to asscrambling [80] . Multiple charge states
of apeptide can increasehe confidenceof the determined HDX sincghey show the sameHDX
kinetics [67, 74].

(6) The averagedeuterium incorporation is determined using the centroid massshift of the
peptide isotopic pattern and compared to anon-deuterated peptidepattern and various states
(e.g. bound vs unbound state)The result can be plotted usingiptake plots representing the
basis of each HDX analyss (Figure 6) [67, 74]. The centroid of the isotopic envelope is

calculatedasfollows:

a Equation 12 [67]

where z is the charge state of the peptide with the determined m/z value and thetensity (1)

of an isotopic peak and the mass of the attached+kbn, my* [67].
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3.2.4 PTMs,Challenges forHDXMSAnalysis

Within the last decades HDXMS has become a powerfulobl for the analysation of protein
dynamics and moleculaiinteractions of proteins. However, the analysis of largenulti -protein
complexes, disordeed proteins, membrane proteins, highy N-glycosylated or disulphide
bonded proteins still represent challergesfor HDX-MS analysig81] . 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-Gycosylation

Glycosylation is one of the most prevalenPTM and is involved in many physiological and
pathophysiological processes such as caell interactions, receptor activation, tumour growth,
metastasis and viral immune evasiorj85-87]. Most of the secreted proteins or extracellular
protein domains are glycosylated. Glycosylatn 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 proteoly$&5b] 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-@nd Nlinked
glycosylations. Glinked glycans are attached to the hydroxyl oxygen of threonine and serine
residues[84]. N-inked glycans are attached to the nitrogen of asparagine side chains through
an N-glycosidic bond. Moreover, Ninked glycosylation is only mediated at the consensus
sequence motif of AsaX-Ser/Thr, with X representing any residue except proline. Although the
core of the Nglycan structure is highly preserved, the decoration is dependent on the
glycosidase and glycosyltransferase pool of an organism or cell ty@3, 88]. The Nglycans
can be furthermoredivided into three main typesthe high mannose, complex and ybrid type
(Figure 7a). This complexity in N.glycan structure at a specific site (microheterogeneity) in
combination with a varying extent of ocupation within protein subpopulations (macro-

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

The structural analysis of complex glycosylated proteins poses challenges for mastyuctural
techniques such as Xay crystallography, NMR spectroscopy and HDXIS. HDXMS shows
sensitivity and tolerance to sample complexityand thus has been shown to have notable
potential for the analysis of glycosylated protein$90, 91]. However,N-glycans pose challengs
as they impede peptide identification due tcsignal distribution across multiple glycopeptide
species with unknown Nglycan contentand promiscuous cleavedpeptide sequence[81, 92,
93]. Furthermore, peptide identificationusing conventional fragmentation technues such as
collision induced dissociation (CID) yield little information of the peptide backbone since the
weaker glyosidic bonds will preferentially fragment [94]. Thus, bottomup HDXMS analysis
often lacks sequence coveragadjacent toN-glycosylation site.

Another obstacle is the fact that e N-glycan pentasaccharide corecontains two acetamido
groups, which can exchangedeuterium and retain it under quench conditions Furthermore,
the N-linked glycosidic bond formed between the asparagineside chain and the glycan
attached might be protected from deuterium exchangdeading 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 themdees used as
biopharmaceuticals[89, 96].

Peptide-N(4)-(N-acetylr -glucosaminyl)asparagine amidasesRNGases) have been shown to
be valuable tools releasing the Nglycans and subsequently facilitating the analysis of -N
deglycosylated proteins[89, 97, 98] PNGases are endoglycosidases and hydrolyse the amide
bond between the innermostN-Acetylglucosamine(GIcNAQ and asparagine sié chain with
subsequent release of the Njlycan and the asparagine residueonverted into an aspartic acid
(Figure 8). Two types of PNGases are widely usd89] for N-glycan hydrolysis: one from

Flavobacterium meningosepticuncalled PNGase [99] and one isolated fromPrunus 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 p@ntial 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 slws a broader spectrum of Nglycan release regarding the fucosylation of the
ETTAOIT OO "1 Aph A ABOEPated to the PNGase F that only releases N
glycan moieties with al1,6 fucosylation [98]. However, in contrast to PNGase F, PNGase A
shows limited efficiency in Nglycan release from natively folded, intact proteins requiring
proteolytic cleavage prior to PNGase treatmenitL01]. While PNGase F can be recombinantly
expressed usingEscherichia coli(E.col), PNGase A has ngtet 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]

Protein or peptide Deglycosylated
protein or peptide

HN’S]_' g Asp
v/u\'gr H!“’%/H ;R
7/( H  OR  HN---
° R EJ\”'N —
OH PNGase o N o
RHoj l A

NHAc +H2O

Asparagine-N4-linked +
chitobiose core of the N-glycan
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OH OH OH OH
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R Ho HO o R Ho HO 2
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© +H20
Chitobiose core of N-glycan with Released amine-form of the
free reducing end (stable) chitobiose core of the N-glycan

Figure 8: Scheme of enzymatiadeglycosylation by PNGasesadapted from Wang et al. [103] .

However, this enzymehas its pH working range at physiological conditions andshows 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 inpost-HDX deglycosylation, although it showed onlyresidual enzyme

activity at pH 25 [65, 105]. Besides the commercially available enzymes, a set of novel acidic
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PNGase enzymes has been discovered by @ual.[102]. Oneenzyme variant has been probed
for application in an online HDX workflow with electrochemical reduction [106]. However,
this approach needs additional, cosntensive equipment and expertiseand the availability of

used Nglycanase is stillimited.

3.2.4.2 Disulphide Bonds

Disulphide bonds pose an additional challenge for HBMS as their presence hampers
proteolysis and leads to a lack of sequence coveragspecially in proximity to cysteine
residues. Chemical reduction of disulphide bonds is comnmy accomplished using tris(2-
caboxyethyl)phosphine (TCEP), but is inefficient at low temperatuig pH and short reaction
times required for HDX experiments. Thus, TCEP is used in high concentrations and the
proteolysis is also aided by chaotropic agentsuch as urea or guanidine hydrochloride (GdmCI)
[67, 107-109].

3.2.5 Case Study Antigen Molecules
3.2.5.1 Annexin-Al

Background information onannexin A1 (ANXA1) regarding the herein described case study
were recently been publishedby Gramlichet al.[110]. In brief, ANXAlbelongs to he family of
annexins, which are phospholipid-binding proteins that interacting in a calcium-dependent
manner. ANXAlhas a molecular weight o388 kDaand consists of a 41 amino acid Merminal
region and a Gterminal core regior8 ! . 8! pi®dmpAsedfour homologous repeat
domains (I - IV) of which each consists ofEE Ghklicgs[111]. The Gterminal core structure is
tightly compressed and forms a slightly curved disc that harbours 12alcium-binding sites on
the convexsurface[112]. Calcium occupation leasito a conformational changeexposingthe
flexible N-terminal domain from the core repeat lll. Thus, two ANXAL proteins can form a
dimer or caninteract with a bilayer through the exposed Nerminal repeat [111]. This N
terminal domain is highly variable between the individual menbers of the annexin family
[113]. The function of annexin Al is mediated either bgomplex formation with the formyl
peptide receptor or by binding to the phospholipid bilayer of the cell memlyane [114]. ANXAL
has been shown to play a role in aariety of diseases such as cardiology, immunology,
neurology, endocinology and oncology[114-116]. However, its function to alter the innate
and adaptive immune system is one afs most important properties [114, 117]. In addition to
the well-documented role of ANXAL in neutrophil and monocyte functioof the innate immune
system, it hasalso 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 diseaseghat 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 atherapeutic, humanized antibody candidatethat binds to
ANXAL incalcium-dependent mannerwas elucidated The investigatedhumanized mAbwas
generatedfrom a murine antibody that has been shown to specifically inhibit Eell activation

without any adverse cytotoxic effect4120].[110]

3.2.5.2 Receptor-Binding Domain (RBD) ofSARSCo\/2

The coronavirus disease 2019 (COVHD9) pandemic caused bythe severe acute respiratory
syndrome coronavirus 2 (SAR$0V¢2) was first recorded in patients in Wuhan in China at the
end of2019 [122]. As ofJune2022, thepandemic hascaused the death of more than &illion
people worldwide (source: WHO https://covid19.who.int/, accessed June 20, 2022 and is
further associated with dramatic socioeconomic challenged 23].

The infection by the virus is mediated through a trimeric spike glycoprotein (Protein) on the
surface of the virus. Each monomer of the homotrimeric-Brotein consists of two subunits (S1

& S2). The fusion with the cell merorane isinitiated by the binding of the receptorbinding
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 pfasion spike
Dol OAET OAI AGAA OiF OEA 2"$ DI OEOEITEI C8 4EOQOOL
configuration, whereas the interaction with the ACE2 receptor is only mediated by the binding
ET OEA OO0Db[424,ni5PEORBDIAEE? Dterface has been shown to be an attractive
target for potent virus neutralisation by antibodies[126, 127] or nanobodies [128, 129].
Neutralisation can be mediatedby 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
implications for the accessibility of the epitopes and subsequently neutralisation efficiency
[130].

3.2.5.3 SignatRegulatory0 OT OAET ' 1 PEA j3) 201 Q

The signatOAC Ol AGT OU DOT OAET Al PEA j3)204q EO A | Al
ET AEOEAOAT DOT OAET O TAIAI U 3)204h AprTDy2apil A 3
is expressed on the cell surface of monocytes, macrophages, granulosyt@endritic cells and

to varying levels on neurons with high expression in synapse rich areas of the brdib31].
Complexationwith CD47, which is expressed on virtually all cells including erythrocytes and
platelets,] AAAOG O ETEEAEOEIT 1T &£ OEA PEACI AUOI-OEOS8
eati A6 OECT Al 8 4EA 1 AOAIT Icafithetefore pe ddv@iDIAEIGiEhT T OA«
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cell aging, leading to higher levels of phagocytosis. Simultaneously, overexpression is

associated with sugpressed phagocytosis in various tumour type§l32].

3) 2 0 psistdAdf three Iglike extracellular domains, a transmembrane region and a short

cytoplasmic region[133]. The interaction with CD47 is mediated through the Met domain

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

interaction [134]8 & OOOEAOI T OAh OEA AQOOAAAIIT OI AO AT i AEI
glycosylated, which while not essential forfunction, may reducethe affinity to CD47 upon

hyperglycosylation[135].
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4 Aimsand Objective s

Epitope mapping of proteins encompassingmultiple posttranslational modification (PTMs)
such as disulphide bonds and heterogeneous-fycosylation patterns remains challengingor
HDXMS analyss. However a high number ofdiagnostic and therapeutidNb and Ab tagets are
extracellular displaying both, highly N-glycosylated and disulphidebonded antigens.The aim
of this thesis wasto address these challenges witlihe development of mass spectrometric
methods to characterise conformational epitopesof extracellular proteins and protein
domains.

Main objectives:

A Establishing a HDXMS method and setup a prerequisite for epitope mapping

encompassing the following requirements
0 AnHPLGsetup, capable to maintain cold émperatures during the analysis.
0 Acefficient proteolysis under HDXquenching conditions yielding high sequence
coverage and redundancy to set up laottom-up HDX-MS workflow.
o Controlling the back exchange, intra and interday variance ofthe manually
performed HDXMS analysis.

A The establshed method was applied to map epitopes of nanobodies and antibodiesf
various antigens.

A To decide evidence based which are the lead interaction partners among multiple
binding candidates the method was adapted to becapable for increased liroughput in
order to screen for epitopes

A The established methodwas adapted to map challenging proteins that encompass
multiple PTMs. Therefore, a novel enzyme (PNGasg was characterised and it
encompassed thdollowing properties:

0 A broad N-glycan hydrolysisspectrum.

0 An acidic working range suitable for deglycosylation under HDXMS quencling
conditions.

0 A high activity to facilitate short deglycosylation times.

0 Resistance against commonly appliedconcentrations of denaturing and
reducing agents

0 High activities for native protein deglycosylation.

The results presented heredefine aversatile platform for evidencebased epitope screening
via HDXMS. Furthermore, the expanded protocol utilized by the presented deglycosylation
enzymewill help the HDXMScommunity to extract HDX data fran highly N-glycosylated and
disulphide-bonded antigens
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5 Results

5.1 Establishing Hydrogen -Deuterium Exchange Mass Spectrometry

5.1.1 HDXLCGMS ExperimentalSetup

A key to the performance of HDX studies the maintenance ofow temperatures and acidic pH
in order to minimize the back exchangeduring the analysisof deuterium labelled samples.
Within the present work, an HDXLCGMS system was designedthat can be mounted and
removed in a flexible wayto also allow LGMS/MS standard analysesBased ona publication
of Villar et al.[136], a tailor -made SemiAutomated Interface for HD exchnge (SAIDE)136]
from MéCourwas designedfor this purpose (Figure 9). This interface, hereinafter referred to
as SAIDEis capable to maintain a constant temperature o0 °C during chromatographic
separation, which is mediated by coolant flow ¢4 °C)through the side walls(Figure 10). Itwas
mounted on asmall mobile table that allows easy connection and removal to the HPLC pumps

andthe mass spetrometer (Figure 9).

EI ,— Cooling Loop

From Eump I

Figure 9: Scheme @) 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 housea
stainless steel cooling loop (15 cm) chilling the mobile phase prior chromatography, twevieag
valves for ample desalting (6port, valvel) and injection (4oort, valve2),a sample loop (20 pL),

a chromatographic column and a waste (a, b). The sampdes injected manually in a vertical
manner from the outside of the device into the sample loop using valvetii avfront-end needle

port. The SAIDE interfaced the highOAOOOOA (0, # OI T AAET ¢ DOI b6
(©).

The devicehousesa solvent cooling loop, two manual tweway valves, a stainless steelsample
loop (20 pL) and the chromatographic columnwith a length of 50mm (Figure 9). The HPLC
eluents are kept, mixed and delivered bya high high-pressure pumpsat room temperature
(RT). Subsequently, &5 cmlong cooling capillary loop is used to chillthe eluentprior to its
contact with the injected sample.Due tothe thermal conductivity and pressure stability, all

capillariesin front of the column are madeof stainless steel The manualtwo-way 4-port valve
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is used todirect the first minutes of the chromatographic gradient(l 2 min, depending on the
salt concentration of thequench andlabelling buffers) to the waste (Figure 9, valve 2) The
two-way 6-port valve enables sampldnjection by switching the sample loop in and out of the
HPLCflow. The injection is performed manually through the front-end needle port of the
injection valve (6-port valve, valve J). Furthermore, this valveis equipped with an electric
contact closure that simultaneousltriggers the start of theprogrammed LC gradient and data

acquisition by the mass spectrometerllowing precise chromatography

304
254

204

Temperature [°C]

T T T 1
0 100 200 300 400
Time [min]

Figure 10: SAIDE temperature profile inside the cooling chamber measured at the column.

The SAIDE maintain a constant temperature @°Cduring chromatographic separation which
is mediated by coolant flow of polypropylene glycol-dt°C.After an equilibration time of ~150
minutes, the interior reaches 0C

To minimise temperature changes of the samples during the injection procesdet glass
syringes used for sample injectionare conditioned within the SAIDEto approximately 0°C
until use. As aconsequenceofthe low temperature within the SAIDE, the viscosity of themobile
phaseand subsequently thepump backpressure increase. Therefore,the maximum flow rate
for the used column and SAIDE was0 pL/min resulting in an overall back-pressure of350 -
400 bar (92% aqueousconcentation). Mobile phase compositiors with water content greater
than 92% are to beavoided asthis leads toclogging of the capillariesdue to the formation of
ice crystals at 0°C High salt concentrations of the injected samples, the highpressure
(> 350 bar) on the systemand the low pHof 2.50f the eluentslead to rapid wear of the stainless
steel valves and connectorsTherefore, the initially installed 6-port valve from ViciValcowas
replaced by aRheodynevalve. The lattercan easily be rinsal in both valve positions usinga
glass syringe via the needle porfter eachanalytical run. Post separation the valve and sample
loop are flushed with 8% MeCNwith 0.1% formic acid removing remaining buffer salts
followed by 80% MeCNwith 0.1% formic acid in order to remove potential peptide carry over

Thus,the appliedflushing contributes to the extendedlife time of the Rheodyne \alve lasting
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>1500 injection (>2 years), compared to thevalve from ViciValcothat had to be replaced after

approximately 500 injections (1.5 years).

5.1.2 PepticProteolysis

The first step in the applied HDX bottom-up protein analysis approach is the enzymatic
proteolysis (Figure 6). Among the enzymes withan optimal pH working range of 23, pepsin
was chosen. Highly efficient pepsin proteolysis is possible within short time at low
temperature and acidic pH,however the enzyme is nonspecific. Therefore, the peptides
generated canmt be predicted and automatically identified ast is the caseusinge.g.trypsin in
standard proteomic bottom-up analysis.The obtained peptide length is variable and depends
on structure accessibilityof cleavage sitesand therefore on efficient openingof intramolecular
bondsand on the availability of preferred cleavage residuegOn the other hangthe assignment
of the deuterium exchange to individual amino acidkighly depends onthe length and overlap
of neighbouring peptides. Higher amino acid residue overlapyields redundant HDX
information . Thus,the optimization of the peptic digestaimedto the generation of overlapping
and short peptides that span as much of the protein segnceas possible.

To achieve this goal, generic but also proteispecific proteolysis parameters were
investigated. Generic proteolysis parameters areptimal pH, temperature, duration and
enzyme-to-substrate ratio (E:S). They were investigated using Anma-Al, which at the same
time also contained the first epitope to be elucidateddowever, protein-specific proteolysis
parameters are also related to the individual protein structure defined by intramolecular
bonds and interactions andneed to beadapted for each individual protein. Proteolysis was
performed atpH 2.5 as it resuts 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
andtheir length was asesseddy performing the proteolysis of ANXAlfor 5 and 10min at 0°C
and 2min at 20 °Cusing a typicallyE:S of 1:1 (M:M)(Figure 11) [67]. After five minutes of
proteolysis, 152 peptides could be identified with an aveage length of 20.3amino acids @a).
By doubling the digestion time the number of peptides increased by 136 and the peptide
length shortened to an average length ofi8.7 aa(Figure 11b). The number of peptides could
not be increased further upon short digestion at 20C (Figure 11a). However,proteolysis at
higher temperature (20 °C)was beneficial to the distribution of the peptide length leading toa

reduction of the averagelength 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 accuraagy MS1land by MSMS fragmentation pattern after different
proteolysis periods and temperaturesSngle experimens for 5 min/0 °C, 10 min/0°C and
2 min/20 °C and a combination of three independent proteolysexperiments10 mir/0 °C. (b)
The distribution of the peptide length for different digestion conditions using a box [B1s = 1:1

M:M)

With respect to thenumber of peptidesand average peptide length proteolysis conditions of
10 min at 0 °Gwere chasen for subsequent HDX analysis. These prevent an increase of the back
exchange caused by the increased temperaturebhe observedback exchange of the different
proteolysis conditions can be found in5.1.4.

The number of identified peptideswas further increased by 28% (+48 peptides)using a
combination of three independent ample preparations and MSM&nalyss prepared usingthe
same protocol (10 min; 0°C).While most of the peptides (152)were commonly identified in
each experimentsadditionally 68 peptideswere identified (Figure 12a). This can be explained
by thelimited , incompleteproteolysis in combination with the promiscuouscleavage spectrum
of pepsin and the semi random sampling in a TpN data dependent MSMS analysis
Conseqeently, a combinedpeptide identification list from at leastthree 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 Protocol$E:Sz ratio)

Tofurther improve the enzymatic digestion proteolysis was evaluated using a higher E:S ratio
Therefore, pepsin immobilised on beads bereinafter referred to as beadbased proteolysig
was compared to the above describeg@epsin in-solution (hereinafter referred to as in-solution
proteolysis). Using theimmobilized-pepsin protocol, a high E:S ratio can be achieved resulting
in an excess of pepsin while pepsin can be removed after the proteolysifie peptide lists of
both approacheswere generatedin independent triplicates. Again,the combination of three
replicates leads to an increase of the number of identified peptides bi/7%. The beadbased
proteolysis showed aslightly higher reproducibility leading to 163 peptides identified in all
replicates, 30 peptide identified in 2 of 3experiments and 35peptides identified in only one
experiment (Figure 12b). Both strategiesresulted in identification of acomparablenumber of
220 and 228identified peptides for the in-solution and the beadbased digest, respectively
(Figure 12, Figure 13). However, with use of immobilised pepsinthe proteolysis time could be
reduced from 10 to 1 minutes Furthermore, the bead-based digestion protocolresulted in a
sharp decrease othe peptide lengthdistribution leading to an average peptide length of 15 aa
comparedto the 21 aa othe in-solution digest (Figure 13b). Consequently, more peptides elute
earlier in the chromatographic gradient reducing the risk of higher back exchangdFigure
13c).
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Figure 13: Comparison of the bead-basedwith an in -solution proteolysis on ANXAL. ANXA1

was digested at OC using pepsin immobilized on beads and pepsisadtution for 1 and 10 min,
respectively. () The pooled number of identified peptides from three independent digestions and
analysis experimentsMSMSidentified and peptides with good isotopic assignment that can be
used to extract HDX information. (b) The peptide length distribarifor the in-solution (180
peptides) and the beatbased (207 peptides) proteolysas box plos. (c) Base peak subtracted
chromatogram (3002000 m/z) of the insolution (1) and beadbased (l) digestion protocol.

5.1.2.3 Evaluation of Two Proteolysis Protocolsin HDXMS Analysis

Besides the number of identified peptidesthe performance of both proteolysis strategies in an
HDXMS analysishas to be evaluatedSince he calculation of the centroid mass shiftupon
deuteration requires a good assignmenof the isotopic peptide patterns,HDXanalyssdepends
on the data qualityof the identified peptides. Low signal to noiseratios (S/N) and cceluting
peptides can lead to poor isotopic assignment resulting inuncertainty in the calculated

centroid mass shift and thus the deuterium uptakeTherefore, these peptides are excluded

32



Results

manually and automatically by the analysis software (HDExaminer) during the analysis
process To evaluate the number of excluded peptides both proteolysis strategies were
comparedin an HDX analysis of ANXAThus,HDX ofANXAlthat was labelled for 5 and 500
min was analysedin independent triplicates. Onlya subset of the initially idenified peptides
could be used to extractvaluable HDXdata. Thus, 9% of thepeptides of the based digest and
18% of the in-solution digest could not be used to extract HDX daf&igure 13a). Most peptides
elute within a time window of 12 to 20 minutes in both experiments However, he bead-based
proteolysis resulted in smaller ANXAL peptides, eluting in peaks with high intensitacrossthe
whole chromatographic gradient This ledto less ceelution and a higher signal to noise ratio
(Figure 13c).

Next, peptide HDX reproducibility of both proteolysis strategieswas compared. For direct
comparison, only peptic peptides with identical sequences were used This peptide list
comprised 106 peptides. The potted standard deviations (SD) of the averagepeptide HDXof
independent technicalreplicates (n=3) revealed a higher HDX reproducibility of the bead
based digest (range: <0.001 z 0.429 Dg compared to the insolution proteolysis strategy
(range:0.001z 0.804 Da(Figure 14).
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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 ®atralysis of both
proteolysis protocols.

This might be due to the shorter preparation timeusing immobilized pepsin, which is
completed after one minutelimiting possible variations of theback exchangen the resulting
peptides. Furthermore,peptides undergo HDXeven underHDX-quenching conditions,which
occurs independent on their native structure in the protein (non-native on exchange)Both
kinetics can vary for peptide subpopulations und thusnight 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 inTable 1.
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Table 1: Comparison of the proteolysis results and HDX conditions using pepsin in-solution
and immobilised on beads.

Characteristic parameters In-solution digest Beadbased digest
Identified ANXA1L peptides 220 228

Proteolysis conditions 10 min; 0 °C; E:S 1:1 (M:M’ 1 min; 0 °C; enzyme exces:
Deuteration time points 5 & 500 min 5 & 500 min
Distribution of HDX SD <0.001-0.804 Da <0.001-0.429Da
Peptidesusablefor HDX 180 (81.8%) 207 (90.8%)
Averagepeptide length [aa] 21.3 15.2

Sequence coverage 100% 100%

As a consequence, the bedohsed proteolysis approachwas chosen as standard method for
HDX analyses and applied for subsequent epitope mapping studies on RBD (5622 and
3)20415330AA

5.1.3 Determination of Peptide Carry Over

As a next steppotential peptide carryover between HDXHPLC separationsvas examined.
Within HDX experiments carryover canlead to false bimodal (EX1)HDX kineticsresulting in
misinterpretation of the HDX data[137]. To eliminate the carryover, arinse (wash) run was
inserted between each sample runSince 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 proteiiihe efficiency
of the washing gradient wasassessedy injection of a blank sampleconsisting d eluent A No
peptides were identified by MS1 andMSMS EICs were examined to be less than 10% of the

previous run in each of the case studies described #13.1,5.3.2and 5.3.3

5.1.4 Determination of the Deuterium-Hydrogen Back Exchange

After quenching of the HDX reactionproteins 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 exchangeneeds tobe keptto a

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

of the HDX workflow was assessedor its impact on back exchange
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5.1.4.1 Generation of a Peptide Standard for Determination of thea8k Exchange

To assess the back exchangdudly deuterated, artificially generated peptide mixture was used.

It allows a determination of the back exchangeregardless & complete protein deuteration,
denaturation and protein proteolysis. A mixture consisting of 14 synthetic peptides with
different length and amino acid compositiorwas 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 51
6 IVVLC*GQEAVK 11 14.8
7 LQDEIDAALPNK 12 15.8
8 GTTLITNLSSVLK 13 204
9 AAATEDATPAALEK 14 114
10 ISIHIPQDPILFPGSLR 16 21
11 EQLDSLVC*LESAILEVLR 18 234
12 LSDRPQLPYLEAFILETFR 19 22.7
13 AMDSFPGPPTHWLFGHALEIQK 22 20.6
14 VYGPVFTLYFGSKPTVVVHGYEA 25 20.7

5.1.4.2 Calculation of the Back kchange

Each difference between the experimentdly found and the theoretic maximum deuterium
content of the peptide can be directhattributed to the back exchangeof the LGMSanalysis
The back exchange was calculated using the following equation:

& b

O & QD & QAR p —
Lz0

Zp MT Equation 13 [74]
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where moy is the nondeuterated peptide centroid mass, N is the theoretical number of
exchangeablebackboneamides,Dxacis the fraction of D/H present in the labelling buffer (e.qg.
0.8, 0.9 or 1)and moy is the experimentaly achieved fully labelled centroid mass.N
represents the amino acid residue count of each peptidexcept proline and the first two N
terminal residues.Fully deuterated peptide samples were quenchedby acidificationto pH 2.5

aliquoted andthen snapfrozen in liquid nitrogen until analysis.

5.1.4.3 Determination of the Back Exchange during LGMS Aalysis and for a

Simulated Protein Proteolysis

Immediate injection of the fully deuterated peptides defines the chromatography-dependent
back exchangeThe average deuteriumback exchange at pH 2.5 was 24 (Figure 15a, 0 min).
Next, a proteolysis step was simulatedfor different time periods at 0°C and the average
examined back exchang&om technical triplicates was assessedFigure 15a). An averageback
exchangeof the peptides mixtures afterimmediate injection (0 min) was 21% (17 42%) anda
maximum of 33% (17 - 50%) after 20 min digestwas examined(Figure 15a). An approximate
increase of 0.6% back exchange per minute of incubation at°G and pH 2.5 wa®bserved
Additionally, a simulated proteolysis under nonHDX conditions at 20°C wasperformed for
2 or 10 min and analysedin single measurements(Figure 15a). Sample incubation for 2 min at
20 °C showed a similar back exchangas incubation for 20 min at 0 °C.Notably, the back
exchange appears to be reaching an equilibrium maximum value after 10 minutes at 20 as

the range of the back exchangdistribution is at a minimum here (40-54 %) (Figure 15a).
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Figure 15: Back exchangeassessmentusing a fully deuterated synthetic peptide mixture.

The boxplots 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 squanasthvt boxes. (a)
Back exchange within a mixture of 14 peptides differingléngth and amino acid composition
after full labelling (99.9% DRO; overnight; 20°C) and 1:1 quenching (v/v) to pH 2.5 with aqueous
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buffer. Digestion wassimulated for differen time periods at ®C and 20C 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 exchangeersusthe incubationtime, 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 exchangéor the two previously described proteolysis approachesthe
bead-based (1 min) and in-solution digest (10 min) (see 5.1.2) was compared usingfully
deuterated ANXA1 Deuteration of ANXAlwas inducedfor 24 h under denaturing conditions
using 6M urea-d4 at 20 °C. Deuterium labelling was performed in 90% D,O, which also
represents the proportion of measurable, slowexchanging backone amide protons and
therefore the theoretic maximum peptide deuteration (Equation 12, Dyac=0.9). ANXAZ%derived

peptides were analysed by LS using the above described method.
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Figure 16: Comparison of the back exchange of two proteolysis approaches using the fully
deuterated ANXAL. (a) Back exchange was examined for 98 peptides of fully deuterated ANXA1
comparing a beaebased (1 min) and an ksolution 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 & shown as asterisks. The average back exchange was depicted as
squares within the boxes. (b) Differential back exchange of thesdtution and beaebased
proteolysis protocol. Observed back exchange values of the peptides of-foduition digest was
subtracted by those of the beathased digest.

Again, fordirect comparisononly peptides identical insequencewere included in this analysis
Plots shown in Figure 16a include the average hydrogen-deuterium exchange dataof 98
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peptide pairs of ANXAL measured imndependenttriplicate s. Thein-solution digestled to 33%
averageback exchangeanging from 14% to 56%. The bead-baseddigest protocol led 31%
average back exclange ranging from 11-55%. Peptide-specific differences between both
protocols, are shown inFigure 16b. Most peptides show a ~2% higher back exchange usinifpe
in-solution proteolysis with some peptides that are moreaffectedby the prolonged proteolysis,
ranging from ~3-6% higher back exchang (Figure 16b). While the beadbased proteolysis
strategy showed a small reduction in the average back exchange of ANXAL peptides, it had a

large effect for some peptids.

5.1.5 Intra- and Interday Variability of HDXExperiments

The SAIDE interface ensurebigh flexibility in the use of the mass spectrometefor different
LGMS approachesHowever, manual sample handling, the disconnectiofrom the HPLGMS
and therelease of thetemperature control pose a potential risks to high intra- and interday
variability of HDX analyses, which waisivestigated next.

For these experimentsHDX of3 ) 2 0 4  x Ae® aftéridelterition for 5min and 30 min and
the proteolysis was preformed usingimmobilized pepsin. A HDXMS analysis campaign is
normally performed in more than one day especially if multiple bindag 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 tothe variability of HDX between different samples of one analysis campaign. It
was assessed usipindependent technicakeplicates (n=3) that were labelled on the same day
and measuredconsecutivelywithin the same week. In order toassess differences in thenanual
labelling and due to thedisconnection of theSAIDE the analysis campaign was repeaténine
weeks later. The variability between these two experimental campaignsere corresponds to

the interday variability .

5.1.5.1 Intraday Variability

Within the first experimental campaign903 ) 2 0 | D A b @éniidd@andindl@dd in the

HDXdata analysis.Two peptides wereonly detected within the first campaignand removed
from the whole analysis The remaining88 peptides eluted within a retention time window of

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

intraday variability was assessed usingdDX standard deviations (SDf independenttechnical

replicates (n=3) of both experimental campaigngFigure 17). Overdl, the comparison led to
176 standard deviations for eachcampaignranging from 0.006 to 0.408Da(campaign01) and

0.003to 0.249 Da(campaign02). Eachcampaignshowed a small intraday variability with most

of the SDsbelow 0.1 Da.
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Figure 17: Distribution of the HDXstandard deviation of two experiments performed nine o
weeks apart. Standard deviation of the euterium uptakeof883 ) 021 DA D QrESEPAD OE /
of each experimentatampaignare plotted. (n = 3;3 ) 0d&yteration =5 and 30min)

5.1.5.2 Interday Variability

Next, the HDXinterday variability was assessed.To detect meaningful differences in the
differential HX-MS data a global minimum detectable difference (0O threshold) was

calculated using the eqations as described138]. This threshold is calculated onthe basis of

the HDX standard deviationsof the technical replicates otwo states (here, campaign 01 and
02) and displaysthe global minimal detectable HDX mass difference of two states on lmef a
chosen confidence levelThe calculations of thes( 8threshold are also implemented in the

HDExaminer software according tothe following equations.

First, a pooled standard deviation &) for all N experimental HDX standard deviation §)

standard and the corresponding sample size (nis calculated:

B i ¢ »p Equation 14
B ¢ p [138]

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

the number of replicates:

Equation 15
3 3 [138]
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I'T AAOEO 1T £ OEA 3 %distribitioA theddedrees3dd foekdbin @i Gnd @
significance level () the confidence interval (Cl) was calculated. This CI displays the global
3 8threshold.

Qe & ¢ Equation 16 [138]

60 0, 20D Equation 17 [138]

Any difference greater than this CI &( 8threshold) indicates a significant HDX difference
between thetwo states.

The comparison of both experimentsresulted in a minimal detectable difference O®
threshold) of 0.21Daj B S m.Additichally, the statistical significance of eachpeptide HDX
difference (WOddMy-ma) was examinedpairwise using the3 O O A A-lesd@® G 1t P With the
wOdthreshold and the p-values,ahybrid approachwas used for significance testingBased on
these criterianone of thepeptides showeda significant difference between both experimental
campaignsand most of the HDX values differed only irs 11 8 p(Fighir& 18a). However, in the
second analysis campaigna slight correlation of higher deuteration was olserved for the
absolute (Figure 18a) and the relative HDX differences Kigure 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 detectedithin an
experimental campaign However, to increase the reproducibility for the following case
studies,a separate negative controlifitrinsic HDX ofthe protein alone) was preparedfor each
analysis campaignIn summary, these experiments showeda high reproducibility and low
interday variance of the manual HDXMS workflow. As per consensus guideline$74], HDX
uptake plots of al peptides (Figure A8 and a HDX data table (Table Alcan be found in the

appendix.
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analysed in triplicatein two separateanalysis campaignsine weeks apart from each othewith
interimeddisconnectiorof the SAIDEooling chamber(deuteration=5 and 30minutes). (a) The
HDX difference for 8@eptides was plotted against@ Al OA AO AAOAOI EdetA AU
Dashed lines significance level (p=0.05) and the minimal detectable difference
(WOWEQ (XE o @b) Relative deuteation difference of both experimental campaignBeptides
are numbered from Nto Gterminusand additionally sortedirom shorter to longer peptideslhe
deuterium uptake is normalised to the exchangeable aa (backbone amide count without proline
andthe first two Niterminal aa).

5.2 Enzymatic Deglycosylation with a Novel A cidic PNGaseRc

5.2.1 Expression and Purification

A manuscriptincluding results and figures of the following chapteris published in Analytical
Chemistry [139]. Figures of this chapter are eprinted (adapted) with permission from [139].
Copyright 2022 American Chemical Society

Recently, 13 acidobacterial PNGaseA homologueswere published, which are referred to as
PNGaseH* variants because of their acidic pHoptimum [102]. First, the feasibility of the
recombinant expression was investigateddr one of theseacidic PNGases originatingrom
Dyella japonica (PNGase Dj)However, the high level of insoluble enzyme obtained from
heterologous expression inE. coliprevented the production of a large enough amount of
enzyme tojustify further characterization and use in HDXFigure Al). Later, the expression
attempt was successfully repeatd with another new enzyme variant, which originates from
the soil bacterium Rudaea cellulosilyticd140] (PNGaseRc). The sequence of thisnzymewas

kindly provided by Prof. Dr. Josef Voglme{{GGBRC, Nanjinggricultural University, China)
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Figure 19: Purification and identity confirmation of the acidic PNGase from Rudaea
cellulosilytica (Rc) according to [139] . (a) SDSPAGE (left) and western blatnalysis(right) of
different purification stages of PNGase Rindly provided byP. D. Kaiser. For western blot
analysisan anti-Histag antibody was used ggrimary antibody. Purificaion using IMAC and SEC
led to ~7%6 purity. (b) ldentity and integrity confirmation via intact mass analysis (Mass
spectrometer: Bruker MaXis HD-QOF).(c) Amino acid sequence of PNGasedRastruct with
highlighted cysteine residues.

Based on the knowledge gained from the experiments on PNGase Dj, the expression and
purification of PNGaseRc could be optimised and performed byDr. Philipp D. Kaiser
(Recombinant Antibody Technology Group, NMI, Germanyjor the heterologous expression
the ORF encoding for the PNGase Rc was transferred in a bacterial expression vector
(pPET30a(+)) and a Hig-tag was added. Theecombinant enzyme was expresseth Escherichia
coli strain BL21 (DE3),

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

isolated and purified using immobilized metal ion affinity

turned out that acritical parameter for the expresson of the PN@seRcin E.coliis the induction

of the expression vector at low bacterial densityODsqo= 0.8)in combination with subsequent
cultivation at room temperature (Figure Al). Despite that >90% of the PNGaseRc as
determined by western blot analysiswere found within the insoluble bacterial pellet fraction,
overnight expression in one lite 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 construetas confirmed by HPLCMS(Figure 19b,
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c). The theoretical mass of 64,198.0 D#closed disulphide links) was confirmed using the
deconvolution of the massto-charge signal series A miror side peak at 59,129.7 Davas
observedcorresponding to a truncated enzymevariant lacking the first 47 N-terminal amino
acids (Mieoretica = 59,128.5 Da)Since it conferred toa common autohydrolysis amino acid motif
0%$ 006 E Oartifidalyhtodukdd by electrospray ionization or originated from the sample
itself. The peaks at 20,948.2 and 23,508.3 Da, also detected by $SIM&E at similar molecular
weights, could not be assigned to the amino acid sequence of the PNGase. They, ttight be
derived from contaminant proteins (Figure 19a,b). Characteristic parameters of the

expression, analysis and enzyme are summarized frable 3.

Table 3: Summary of PNGase Rc expression parameters and physicechemical
characteristics .

PNGase Parameter Value
Expressionhost E.coliBL21 (DE3)
Optical bacterial density ODs00=0.8

Induction of the expression 0.1 mMIPTG

Expression conditions Room temperature,overnight

Exression yeld ~1.3 mg from 1L cell culture after affinity purification and SEC
Purity by SDSPAGE ~75%

Amino acid residues 603

Molecular weight
(all cysteines oxidised)

pl* 5.05
*calculated by ProtParam (ExPASY141])

64189.0 Da

5.2.2 Characterisation of PNGase Rc
5.2.2.1 Enzyme Ativity

To assessthe activity of the enzyme, a mass spectrometry-based assay wasdeveloped
monitoring the time-dependent N-glycan hydrolysis from the humanized 1gG1 anti-HER2
antibody trastuzumab. The Fc regiorof IgG1 antibodiesharbours two N-glycosylation sites at
N301 with certain microheterogeneity and no macroheterogeneity. The three major
glycoforms of trastuzumab compri® complex biantennaryN-glycans differing in their degree
of galactosylation[142]. The assay was performed using a molanzyme-to-substrate ratio
(E:S) of 1:44 at pH 2.5 and 37 °@lo denaturation was applied prior the deglycosylation
knowing to impede Ndeglycsoylation by the PN@ses. Deglycosylation led to different
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antibody states with the non-deglycosylated, half deglycosylatednd the fully deglycosylated

moleculesthat were relatively quantified (Figure 20).
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Figure 20: N-Glycosylation states of intact trastuzumab antibody upon deglycosylation
using PNGase Rc before (grey) and &er incubation for 5 (purple) and 10 minutes (green)

as published in [139]. Deglycosylation led to the three glycosylation $&s the completely
deglycosylated antibody (a), the half deglycosylated antibody (b) and fhky glycosylated
antibody (c). The most abundant MNylycdforms are labelled Nglycan abbreviations are
correlated to glycan symbolaccording to the Symbol Nomenclatufer Glycans (SNFG}143] at
the right hand side of the figure. ¥ycosylation was performed at 37C and pH 2.5 with PNGase
Rc with an E:S of 1:44 (M:M).

The proportion of the completely deglycosylated IgG1 molecule wassedfor determination of

the enzymekinetics. Using the above described conditiongl1% and 100% filly deglycosylated
intact antibody were obtained after 10 and 40 min incubation, respectively Figure 21). A
velocity (U  ifw d of the N-glycan release 0f5.2%/min was obtained for the PNGase Rc.
Next, the determined activity was compared to thewidely used, commercially available
PNGase HEsing the same asaybut changing the pH to 7.5Compared to the PNGase Rc, PNGase
F showed a ~10 timeslower reaction velocity (0.4%/min) (Figure 21). Additionally, the
analysis of the enzyme storage stability was assessed after one fregdhaw 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 thesefindings showed that the novel PNGase exhilsihigh activity and is also able

to hydrolyse complex biantennary type Nglycans bearingA -1,6-fucosylation on the Asn
linked GIcNAc
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Figure 21: Comparison of deglycosylation kinetic sof 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 E154df(M:M) at pH 2.50r pH 7.5for
PNGase Rc andfespectivelyActivity of PNGase Rc was determined after expression, one freeze
thaw cycle and storage for 42 days at°€.Analysis: RFC4LCMS; relative abundance @dlly
deglycosylated trastuzumalwvascalculatedfrom peak intensityof the chargedeconvoluted mass
after summation of all m/z spectra across theastuzumab chromatographic peak

5.2.2.2 Enzyme Temperature and pH Optimum

Using the assaydescribed abovethe temperature and pHoptima of the enzymewere deter-
mined. Each parameter was changed independentlyasting from the initial conditions of pH
2.5 and 37°Cand applying a fixed incubation time of 10 min. The temperature optimum for
intact deglycosylation was found to be 37C while higher temperatures than 50°C ledto an
inactivation of the PNGaseDeglycosylation efficiency onice was insufficient for intact degly-
cosylation within the applied time range and molar E:S ratio (144) (Figure 22). However, the
PNGasevas able to hydrolyse6% of one of both Nglycans (half deglycosylatedstate), indicat-
ing a remaining activty for intact protein deglycosylationeven at 4°C(data not shown).

The PNGase Reasan optimum activity at pH 3.5 with twice the activity compared to the de
glycosylation atpH 2.5 The pH working range of the PNGase Rs 2.5 to 4.5which suggests
that post-HDXdeglycosylation under HDX quench conditionss feasible The low enzyme ae
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 L®S peak for the enzyme

disappears in samples measured at pH 5(@ot 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 theegmperature
optimum (a): t =10 min; pH = 2.5 Parameter for the determination of th@H optimum (b): t = 10
min T = 37 °CE:S = 1:44 (M:M)Jsed liffer for pH 2.0:200 mM glycine-HCI bufferand for pH 2.5
to 5.0:100 mM citra te-NaOH

5.2.2.3 Enzyme Pecificity

The substrate specificity ofthe PNGase Rwas further evaluated by assessingthe 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)as monitored by SDSPAGHFigure 23a-c). As a referencePNGase
F-treated sampleswith identical experimental conditionsbut physiological pH were prepared.
Heat denaturation, which is known to facilitate deglycosylation of sterically inaccessible sites,
was omitted in order to assess the actity of deglycosylation of native glycoproteing98].
HRP(~44 kDa) contains nine potential glycosylation sites and is occupiedmainly (>80%) by
oligomannose xylosylated, core 1,3-fucosylated Nglycans(MMXF)[144]. Incubation for 0.5 h
with PNGase Rc resulted in a clear bandhiét towards the deglycosylated HRR~34 kDa). It
was completely deglycosyated after incubation for 3h. Here, PNGase Berved as anegative
control for deglycosylatonof( 20h ET 1T xT O AA -1@okeAucobyla®d N OAT AAOA .
glycans[145].

The second protein,RNase Bcontains a single N-glycosylation site that isoccupied byhigh-
mannose type glycangMan5-9GIcNAc3 [146]. Incubation of RNase B (~17kDa) with any
enzymefor 30 min resulted in the appearanceof anew protein band at the molecular weight
of thedeglycosylatedprotein (~14 kDa). However,these band became clearly visiblenly after
overnight incubation using PNGase Rlut with higher intensity compared to the PNGase F
(Figure 23b). Thus, these resultded to the conclusionthat the novel PNGase Rc hydrolyse

high-mannose Nglycans more efficiently than PNGase .F
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Finally, fetuin from fetal calf serum (48.4 kDa)was used assubstrate encompassingthree N-
and four Olinked glycanswith a high degree of sialylatio{147]. When interpreting the data,
it must be taken into account thatthe hydrolysis of glycans byboth PNGass is limited to N-
linked glycans only. PNGase Rc showed the onset of deglydaign within 30 min, resulting
in the disappearance of th@rotein bandwith the highest molecular weight,corresponding the
glycosylated fetuin (Figure 23c). A comparableN-glycan hydrolysis using PNGase F was
observedat anincubation of 6 hours. These results reveal a higher activity of the PNGase Rc

deglycosylatingnatively folded proteins compared to the widely applied PNGase F.

PNGase F PNGase Rc
r l N r 1 N
IEI kba M 0.5h th 3h 6h 23h Ctl 0.5h 1h 3h 6h 23h
62 — PNGase Rc
® L -
X% "2 2 F ¢ —— HRP
»>-m 38 g - — _,HRP

deglycosylated

IEI 62 — PNGase Rc

5]
17 W ———— ——— — o W —>RNase B
14 — RNase B
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62 PNGase Rc
A L Tl U1 1 T matings
] 2 . — L0 S e Fetuin
+ deglycosylated

+ PNGase F

Figure 23: Monitoring intact protein N -glycan hydrolysis by PNGase Rand F of (a) HRP,
(b) RNase B and (c) fetuinadapted from [139] . Proteins werdéncubatedfor various timeswith
PNGase Rar Fat 37 °CandpH 3.5 or 7.5respectivelyDeglycosylation was performeat a molar
E:Sof 1:48 and deglycosylation efficiencies were monitored by SBAGE followed by Coomassie
staining at indicated time pointsMain N-glycanspecie®f the proteinsare depicted accorthg to
the Symbol Nomenclature for Glycans (SNH&33] at the left hand side of the figureNon
Glycosylated HRP negative contralifl) was incubated for 24 at 37 °C and pH 3.5 without
PNGase.
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5.2.2.4 Integration of PNGase Rmto the HDXMS 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 ext.
Performing N-deglycosylation after pepsin digestiorensuresantigen-antibody binding in their
native conformation while providing comprehensive sequencecoverage. Furthermore, N
glycanhydrolysis was shown to be moreeffective on peptides than on nativéy folded proteins
[148]. The integration of the deglycosylation stegnto the HDXMS workflow was testedusing
a tryptic digest of trastuzumab. Thus, deglycosylation of the antibody peptide
26EEQYNSTR34 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 theextracted ion chromatograns (EIC,
included masses sed@able 19). The deglycosylated peptide area was monitored relative to the

sum of glycosylated and deglycosylated peptide peak areéSigure 24).
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Figure 24: Peptide deglycosylation efficiency of PNGaseRc implemented in the HDXMS
workflow according to [139]. (a) EIC of the deglycosylated and glycosylated tryptic peptide
EEQYNSTYRor the peptidebased 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 oveéhe chromatographic retention
time range from minute 5.8 to 6.5 of a sample without deglycosylatibrglycosylated peptide
species of the tryptipeptidewere annotateddycans: SNFEL43].

Deglycosylationwas performedfor 2 minutes under HDX quenclng conditions at pH 2.5 in a
water-ice bath (~0°C). To evaluatethe E:S ratio resulting in a completedeglycosylation,
increasing enzyme concentrations were usedr{gure 25a). Notably, residual trypsinfrom the
proteolysis is inactive at this pH which protects PNGase Rc frdmeing proteolysed. A complete
deglycosylationwas obtainedat the applied hydrolysis conditions using a E:S of 1:2./6 order
to reduce disulphide bonds, and therefore increase thgroteolysis efficiency and subsequently
the resulting sequence coveragereducing and denaturing agents are required for HDXMS
analysis.Thus, the proteolysis istypically performed in presencel-3 M GdmCI or 14 M uea
and ~250 mM TCERdepending of the number oflisulphide bonds[67, 107]. The toleranceof
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the enzyme against each of these substancess evaluated using the above described assay
with increasing amounts of TCEP, urea and GdmCI. The enzyme showed almosictigity loss
in presence of 200 M TCEP and 2 M urea~gure 25a-b). It showed lower tolerance against
GdmCl compared to urea, showing a drojp activity at a concentration of 1 M GdmCI already
(Figure 25c¢). However, these experiments clearly indicate a possible integration into the
established semiautomatic HDXMS workflow for post-proteolysis deglycosylation under

harsh deraturing and reducing HDXguenching conditions.
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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 quencimg
conditions according to [139] . The peptidedeglycosylationassayusing the tryptic peptide
EEQYNSTYRvas applied (pH=2.5, t=2 min, T=0°C). [2glycosylated peptidearea was
monitored relative to the sum of glycosylated arakglycosylateceptide peak areas (sdeigure
24a). () Deglycosylation activity using different E:S ratioBolerance othe PNGase Rc using an
E:S of 1:2.6 towards incesing concentrations of TCEP, ureacaGdmCl
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5.3 Epitope Characteri sation Case Studes

5.3.1 Annexin-Al: A Gilcium-Binding Antigen

Thiswork has beenpublishedin 2021 [110] . Within this study, the epitope mapping of ananti-
ANXAL1 antibody considered for clinical applications was examined Typically, an HDXMS
experiment starts by determining proteolytic conditions that result in high sequence coverage
and peptide countin order to extract HDX dataof the whole molecule. ANXA1 wasused to
establish generic protocols and validate the setup and workflow for conducting HDX
experiments. These experimentsare presentedin other sectionsof this work (see5.1.2,5.1.4).
For ANXAlboth, the bead-basedand in-solution proteolysis workflow were carried out (see
5.1.2). HDX datafrom the in-solution digest will be discussed in detailwithin this section.
Additionally, HDXMSdata of thebead-basedapproachcan befound in the appendix.

The proteolysis for 10 min at 0°C led to 180 peptides with an average redundancy of 11 amino

acidsresulting in 100% coverage of the sequence.

5.3.1.1 Determination of the Binding Affinity

To calculate the amount ofintigen bound during the complex formation and thus ensuring a
saturated antigen:antibody interfacethe equilibrium dissociation constantwasdetermined by
surface plasmon resonance (SPRjrior to the HDXMS experiments.For ANXAL,known to
undergo structural changes upon calcium bindind111], it is of particular interest to monitor
the equilibrium constant of both the apo and the holacconformational states. Thus,the binding
affinity was determinedin presence (holastate) or absence (apestate) of 1 mM Ca+. Whereas
an equilibrium dissociation constant (Kp) of 2.66 nM was determined for the calcium-bound
holo-state of ANXAIL(Figure 26 a), no binding of the anttANXAZantibody to the apastate of
ANXA1 wasobserved (Figure 26 b). This proves that the antibody only binds to the calcium
complexed ANXA [110].
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Figure 26: Binding affinity determination of the anti -ANXA1 antibody by SPRanalysis as
published in [110]. Anti-human IgG wagovalently coupledo a CM5chip, which was used to
capture the anti-ANXAL1 antibodyThe bnding kinetic of five concentrationsof ANXA1(ranging
from 1.6 to 25 M) in presencga) and absencéb) of calciumwas examinedAll measurements
were performed irtechnical, independertriplicates and the obtained datavereevaluated by the
1:1 Langmuir binding modelOnerepresentative sensorgram of each state is shdd/m0].

5.3.1.2 HDX Kinetics of ANXA1

Because of the finding thathe anti-ANXA1 antibodybinds exclusivelyto the holo-state of
ANXAL, HDX experiments were conducted in the presence ofi mM Ca*. The intrinsic
deuteration kinetic of ANXA1 wasdetermined using continuous HDX labelling for different
time periods. According to theconsensus guidelineg74], labelling reactions were performed
over a wide time window offour orders of magnitude (0.5; 5; 50; 500min) with one additional
long deuteration time point (24 h). A sequence coverage map of ANXA1 for peptides used to
extract HDX informationis shownin Figure A2. Figure 27 shows the relative deuterium uptake
for ANXAL peptides which arenumbered from the N to the Gterminus and are additionally
sorted from short to long peptides Notably, a rapid deuterium uptakewas observedfor the
first 10 peptidesreaching a saturation within the first 0.5 minutes (60-80%). This suggestsa
high solventaccessibility of the Nterminus in the ANXAL1 holestate. The observed deuterium
uptake for peptides covering the accessible 0 A OI ET 0O A O x-Adlixiof répéat IOE A
(peptide no. ~10-20, Figure 27) slowed down. The ANXA1l core (repeat dIV) is highly
structured as it mainly consists | /AE A1 E A A énsliced &éhconpected by loops known
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known to undergo fast hydrogendeuterium exchange Thus, an alternating high and low
deuterium uptake was observed forthe peptides covering the core repeatsof ANXAL Within
the core (repeat I-1V), an average deuterium uptake of 21% of the easily accessible amid
hydrogenswas determined after 0.5min labelling. Thereafter,aslow (+5%) deuterium uptake
kinetic was observedwith some peptidesshowing an ongoing uptake after 2zh deuteration.
Of all repeats comprising the core, repeat lijpeptide 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 6fM urea-d4 for 24 h at 20°C While
peptides covering the structured protein repeats |, Il and IV showed ahigh increase in
deuteration, the more accessiblepeptides covering theN-terminus as well as repeat 1l showed
only aslightincreasein deuterium uptake even afteradditional denaturation (Figure 27, Figure
A3). This suggeststhat repeat Ill undergoesA | 11 AAOT AO OAOAAOEEI ¢6 xEOE
core structure (kopen) compared to the other repeas comprising the coreg[110].

1009 N-terminal ANXA1 Time points
domain Repeat 1 -4

=#- 0.5 min -€~5 min 24 h

=&~ 50 min  -€~500 min
@ 24 h + 6M urea-4d

Reltaive Deuterium uptake [%]

R e e
Peptide Number

Figure 27: Deuterium uptake kinetic s of ANXAlderived peptides depicted by a summary

uptake plot. Adapted from[110]. Peptides are nurered from Nto Gterminusand additionally

sortedfrom shorter to longer peptidesThe deuterium uptakes normalised to the exchangeable

aa (backbone amide count without proline and the firsto N-terminal aa). HDX was performed

in 90% DO, shown is tke averageofindependent technical triplicates.
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5.3.1.3 HDXMSEpitope Mapping

The comparison of HDX data ofANXAL alone and in complex with an artANXA1 antibody
revealed significant HDX reduction within peptides covering the Nterminus and repeat Ill

(Figure 28a). Based on thes( 8threshold of 0.64 Da and the average peptide lengtif 21 aa, a
global dgnificance line of 16%was calculated If the summed deuteration difference of a
peptide in the bound and unbound statewas found to be>16%, this peptidewas considered
protected from HDX The highestHDX protection upon antibody binding was found within
repeatlll at peptide numbers from 105 z 149 comprising amino acid residues 182 to 278Jsing
the software HDExaminer with the data obtained from overlapping peptidesan amino acid
resolved heatmapwas generated (Figure 28 c). It revealed three regionsshowing meaningful
HDX differences upon antibody binding. The highest HDX differencavas found in two regions
that are assignedmore precisely to residues 199210 (region 1) and 223236 (region 2).
Peptide examples 182-226 and 223-234 covering these regions showhigh deuteration
difference of >2 Da (25%) and >5 Da(12%) after 24 h labelling (Figure 28b Il, 1) . According
to the consensus guidelineg74], epitope mapping HDX uptake mits of all peptides (Figure A9
and Figure A1Q and the HDX data table (Table 2) can be found inthe 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 Il as published in [110]. (a)
Differential deuterium uptake of ANXAderived peptideswith and without ANXAL:Alcomplex
formation. Peptide numbering seigure27.(b) Deuterium wptake plots of example peptiddom
the Nterminal region () and wo epitoperegions (Il and IIl) alone and complexed by the
antibody. The asteriskindicated statistical significant differencesrevealed bySudent® ttest
i 1 ©5).8c)Heat map of antANXA1 antibody epitope regionssingthe data from overlapping
peptides Scondary structuralelementsare depictedas symboldased on thex-ray structure

ANXA1L PDB ID 1AIN[149]).

A third region showed smaller but statistically significant HDXdifferences. Peptides covering
this region were found to be inconsistent inthe HDX protection upon binding (Figure A9
uptake plots). Furthermore, only some deuteration time points showedstatistical significant
differencesj 3 O O A Aektp80M5). Bfter 24 h labelling, 6.6% HDX difference was observed
(Figure 29). However,HDX data othe bead-baseddigest with lower back exchange and higher
reproducibility (3+( 8threshold = 0.25 Da)revealed significart HDX difference upon antibody
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binding of 3.5 and 5.2% after 5 and 50@nin deuteration, respectively. Consistent HDX
protection for peptides covering this region were observed using the beablased digest Figure

29, Figure A10. This suggeststhat some amino acids of this regiorcontribute to the binding

site as well.
Peptide In-Solution Digest Peptide Bead-Based Digest
80 4 256-267: ELKGDIEKCLTA (#147) 80 4 256-267: ELKGDIEKCLTA (#161)

T1ANXA1 ANXA1 + Ab 1 ANXAL ANXAL + Ab

60 60 -
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0 - 0 -
100 1.000 10.000 100.000 1.I000 10I.000
Time (sec) Time (sec)
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Relative deuteration [%]
Relative deuteration [%]

20

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 twiefkhinal aa).
Statistical significance wasgeterminedD OET C OE Atesg Q 0850 Btistical sinificant
differences were indicated bgreen asterisks.

Additionally, a fourth regionin repeat I, close to the Nterminus and distinctto repeatlll shows
modest (<4% per time point) but significant reduction in HDXupon antibody binding (Figure
28, Figure A4). This reductionmight be dueto allosteric changes in the dynamics or confer
mation of ANXAlupon antibody binding opposed toadirect interaction that might altered the
backbone amide HDX[110].

The binding regions one and twoare in close proximity to each other withn the three-
dimensional structure (~30 A) and constitute one spatial surfac®f ANXAL1These regionsare
located onO x 1-heljces in repeatlll of ANXA1 Figure 30, helix A and B. The third region is
1TAAOGAA ET OE OAdicesdobrdpéEIN (hdlix)C, A &ntl B thyee regionsare
within a distance of 30 A andtherefore can directly interact with an antibody binding site.
Furthermore, repeat Ill undergoes arearrangements upon calciumbinding leading to major
structural changes(Figure 29b, PDB ID 1IMCX[150] and 1HM6[111]). This further supports
the refinement of the epitope region to repeat lll,taking into account thatthe anti-ANXA1
antibody binds exclusively to the holestate of ANXAL110].
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Oca ‘ N-terminal domain |

Figure 30: HDXMS results mapped on the X-ray structure of human ANXA1 as published

in [110]. (@) Ribbon diagram of human ANXAdomplexed withcalcium andwith the binding

regions1-3in repeat Il of ANXA{PDB code: 1AIfL49]). According to Wengpt al.[149], the five

1 -helices were named from AE. Region with HDX prote@bn of >40% upon antibody
complexationare shown indark red (regions 1 and 2)and the third region with 20 - 40%

protection were depictedn light red. (b) Ribbon diagram of porcinéholo-ANXA1(left panel,PDB
ID: IMCX150]) and apo-ANXA1(right panel, PDB ID 1HM6[111]) showed the conformational
switchwithin repeat 11l [110].

With ANXAL the proof-of-concept for performing epitope mapping experimentswith the
established experimental workflow and manual setup could be confirmed. However, the
application to alarger number of proteins including molecules withmultiple post-translational

modifications such as dsulphide bonds or glycosylatiors remained to be evaluated
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5.3.2 SARSCoVt2 - ReceptorBinding Domain (RBD):Method Throughput with Seven

Nanobodies
5.3.2.1 Method Adapations for IncreasedThroughput

The aimof this study was theepitope screening of seven nanobodiestargeting the receptor-
binding domain (RBD) of SARE0Vt2 in a shortperiod of time. The screening aimed to select
nanobodies (Nbs) whose epitope region®verlap with the ACE2:RBD interfaceThis allows
evidence based identification of nanobodies that should have the potential to prevent the virus
from penetrating human cells by bbcking the major host receptor.The herein described wild-
type RBD, derived fom the first isolated virus strain, Wuhan-Hu-1 strain andis a glycoprotein
containing two N-glycan consensus sequences arfidur disulphide bonds (Figure 32). The RBD
protein with C-terminal Hiss-tag was recombinantly produced and purified irhouse in
Expi293 cells, capable of Nand Gglycosylating proteins. dentity and integrity were proven
using mass spectrometry Figure 31). N-deglycosylation of the RBD using PNGase Wwas
successfully achieved and the theoretical molecular mass of 26034.1 Da of the RBD could be
confirmed. The analysis furthermore revealed extensive of @lycosylation (>95%) of the RBD.
A tryptic peptide map analysis assigned the @lycosylation to serine 8 (Ser325 in Spike SARS
Co\:2) [151].
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Figure 31: ESI mass spectrum ofwild -type RBD (Wuhan-HU-1) showing the m/z charge
envelope (upper panel) and the charge deconvoluted mass spectrum (lower panel). RBD
wasreduced and denatured followed by adeglycosylation usindPNGse FPeaks showing the
protein with O-glycosylatonsare labelled.
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Generation of a peptide list

Using the HDXMS workflow with pepsin immobilized on beadsdeveloped for ANXAL, the
feasibility of the HDXbased epitope mapping for the RBD was investigated:he applied
feasibility criterion was a high seqgence coverage considering peptides with ncverlapping
isotopic pattern after LC separation. The former might be hampered by incomplete digestion
or lack ofidentification due to e.g. closedisulphide bonds orglycosylations.
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18 322 327 332 337 342 347 352 357 362 367 372 397
QRVQP TESIVR FPNI T NLCP F GEVF NATRF A SVYAWNRKRT SNCVADYSVL YNSAS FSTF KCYGVS PTKL N DL;F T NVYA

—
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3
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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 SARGSoV2 were identified Each bar represents one jpide, red lines indicates the
disulphide bondsN-glycosylation consensus sequences shown in bold reglyé»sylation as

determined by tryptic peptide map shown in bold blue.

In order to increase the number of identifiedpeptides different, quenching anddigestion
conditions were used.Theseincluded aproteolysis with and without additional reduction for
60 secat 20 °C and different concentrations of TCEP (16800 mM) or the RBD (3873 uM) as
well as different amounts ofpepsinbeads (20 or 30 uL) Table 20). The proteolysis conditions
do not alter the peptide retention time or pepsin cleavage siteq107]. Identified peptides can
be pooled and the generated peptide list can be used for analysis in a latégperiments, under
HDX compatible proteolysis conditions.The combined pool comprised112 peptic peptides
covering81% ofthe2 " $seqDence(Figure 32).Although fewer peptides were found covering
cysteine residuescompared to the other regionsdisulphide bond hydrolysiswas sufficient to
cover these regions wellHowever, i AT OA OACA N-teEninalkedd was"aghi@ved
which canbe explained by the presence ofthe N- and Oglycosylation. Sincethese residues are
distant from the RBD:ACE?2 interface in the thredimensional structure missing HDX data in

this region is urcritical for the applied epitope mapping experiments
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Determinatio n of the intrinsic HDX kinetic s

The bottleneckof the establishedworkflow and setup regarding high throughput was thetime
requirement for the HPLCGMS analysis in combination with the manual sample handling
Therefore, HDX epitope screening was performed witha limited number of labelling time
points which might impair HDX sensitivity. To compensatefor this, the labelling time points
were chosen on basis of the intrinsic deuteration kinetisof the RBD. Slow intrinsicdeuterium
uptake consequently results in mimr detectable HDX differences upon Nb binding.He RBD
intrinsic HDX kinetic was examined for0.5, 5, 10, 50min and 24 h deuteration time (Figure
33).
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Figure 33: Deuterium uptake kinetic sof RBD peptides. The RBD HDX was examinafier 0.5,

5, 10, 50min and 24h labelling in 90% deuterated PBS at 2& For peptide humbering se€igure

27. The relative deuterium uptakerasnormalised to the exchangeable aa (backbone amide count
without, proline and the first two Nterminal aa). Analysis was performed in duplicate and the
average HDX is shown.

The averageglobalintrinsic deuterium uptake of the RBDafter 50 min was 37.%6. Two regions
coveringamino acidresidues392-441 (peptide number 17-50) and 453-472 (peptide number
61-71) showedstructural resistance todeuteration. 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 ofast and slow effect on the
HDX upon Nbbinding, deuteration times of 5 and 50min were chosen for HDX epitope
mapping. Conditions for the subsequentHDX epitope mapping experimentare summarized
in Table4.HDX uptake plots of alpeptides (Figure A11) and the HDX data table (Table A3jan
be found inthe appendix.lt should be noted that peptides are numbered consecutively within

an HDX experiment. Th8 means that the peptide numberingf one and the same peptide can
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vary between different experiments The assignment of the peptide numbersan 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 7.490% D0, 25°C
Deuteration time points 5 & 50 min

Proteolysis conditions 2 min onice, 30uL pepsin beads

Reduction and denaturation conditions 100 mM TCEP; 4 NGdmCl

Back exchange determined by synthetic

% (4-450
peptide mixture (see5.1.4) 24% (4-45%).

5.3.2.2 Epitope Mapping

Binding k inetic s

Seven NIs with high affinity to the RBD were included to the HDXS epitope analysisas
published in Wagneret al.[46]. The individualbinding affinities (Table5) of the Nbsobtained
from biolayer interferometry (BLI) usingbiotinylated RBDand werekindly provided by Teresa

Wagner (Recombinant Antibody TechnologyGroup, NMI, Germany.

Table 5: Binding affinity of the individual Nbs chosen for HDX -MS epitope mapping
(adapted from [46]). Affinities were determined with BL analysis by Teresa Wagner
(Recombinant Antibody Technology Group, NMI, Germany).

Ko (NM)  Kon (105 M- s1) Kot (102 5°1) R?
NM1221 22,70  1.30 +0.03} 0.296 +0.010  0.956
NM1222  17.96  1.64+0.0B 0.294 +0.003  0.995
NM1223  3.82 0.70 + 0.00! 0.027+0.001  0.999
NM1224  8.34 3.20 £ 0.02 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 bindingaffinities (Kp), a molar ratio of Nbsto RBD was calculated
[72] ensuring a >9%% complex brmation during HDX labelling.As per consensus guidelines
[74], asummary of HDX parameters and resultsfor the different Nbsis shown in Table 6. On
basis ofthe standard deviations determinedby the replicate analysisof each Nb(n = 3),a3( 8
significancethreshold 0f 0.17-0.26$ A | D Svas®btain€}l, indicating a high reproducibility
of the HDXepitope mapping data(see5.1.5).

As a general rule, geptide was considered as protectedrom HDX uponNb binding, if both
states showed| 5% HDXdifference.In contrast,the peptidesHDXwasconsidered as unaffected
by the Nb binding, ifthe difference between bound and unbound statevas <3% Protected
regions were spatially mapped on the RBD crystal structure (PDB ID 6M17 [152]) and
comparedto the previously describedRBDACE?2 interaction site§152, 153] (Figure 34, Figure
A6).

While both members of NbSetl (NM1226, NM1228) interact with the RBD at the lower back
side (back view), both showed a slightly different binding interface (Figure 34B, Q. Upon
NM1226 binding mainly one region covering 370z387 (Figure 34B, Figure A5) was examined
as protected. The sameregion also was covered by NM1228, whichdisplayed additional
protection in amino acid residues489-514, covering alarge stretchof the RBD:ACE?2 interface
NM1230, NM1221 and NM1222 (Ni5et2)showedhighly similar HDX protectionupon binding
locatedin two regions, whichcan be explained by the highly similar CDR regiong46] (Figure
34 D-F, Figure A5). Region one consists of amino acid432-452 covering two amino acic
involved in ACE2 binding (@46, Y449).The second regioncovered amino acids 487-496,
which overlapswith the RBD:ACE2 inerface.

Nanobody NM1224 (Nb-Set4) showed an interactionsite 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 sidewith region 454-472 (Figure 32G, Figure Al5. The
second region showedweaker 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:ACE?2 interface

NM1223 (Nb-Set3)showed HDX reduction irresiduesat the lower front of the RBDindicating
a noncompetitive binding with that of the RBD:ACE2The spatial distance of this protected
region to the RBDACR interface suggested that clashof the Nbwith the ACE2is unlikely to

occur. [46]
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Table 6: Summary of HDXMS parameters of epitope mapping of different Nbs on the RBD
of SARSC0V-2 as per consensus guidelines[74] . Additionally, significant differences between .
OEA AT OT A AT A OTATOTA ET ($8 ObOAEA pbmOdT wfdBOA

Summary of HDX parameter

RBD & RBD & RBD & RBD & RBD & RBD & RBD &
RBD RBD RBD RBD RBD RBD RBD

States bound by bound by bound by boundby boundby bound by bound by
NM1221 NM1222 NM1223 NM1224 NM1226 NM1228 NM1230

Av. peptide 15.7 15.6 15.8 15.6 15.5 16.1 16.1

length (AA) (s¢=7.0)  (s¢=7.1) (s¢=7.5) (Sa=7.3) (sa=7.0) (S¢=7.6) (su=7.5)

Av.

redundancy 5.6 5.7 5.8 5.7 5.9 6.4 5.7

(AA)

Number of

identified 82 84 84 84 87 91 82

peptides

Sequence 74% 80% 81% 81% 79% 79% 79%

coverage

3( 8threshold

; 0.18Da 0.17Da 0.22Da 026Da 0.21Da 0.20Da 0.19Da
f BSm8mu

3( 8threshold
f BSmT8Tmp

Complexed
RBD during 96.6% 97.4% 99.6% 97.9% 99.1% 99.6% 98.6%
labelling

0.29Da 0.28Da 0.37Da 0.43Da 0.36Da 0.33Da 0.32Da

62



Results

Front View B_aCk View

RBD + ACE2

Back

QRVQP TESIV RFPNI TNLCP FGEVF NATRF ASVYA WNRKR ISNCV ADYSV LYNSA SFSTF KCVGV SPTKL NDI.CF TNVYA DSFVI RGDEV RQ[AP GQTGK IADVN YKLPD DFTGC
433
Vl AWN SNNLD SKV.S NYNYL WI.FR KSNLK PFERD I1STEI Y“GS TPCNG VE@' CYFPL @V‘F QNG VG'QP YRVVV I.SFEL LHAPA TVCGP KKSTN LVKNK CVNFH HHHHH

RBD + NM1226

& {
QRVQP TESIV RFPNI TNLCP FGEVF NATRF ASVYA WNRKR ISNCV ADYSV LYMSA SFSTF KCYGY SPTKL NDLCF TNVYA DSFVI RGDEV RQIAP GQTGK I ADYN YKLPD DFTGC
VI AN SMNLD SKVGG NYNYL YRLFR KSNLK PFERD ISTEI YQAGS TPCNG VEGFN CYFPL QSYGF QPTNG VGYQP YRVVV LSFEL LHAPA TVCGP KKSTN LVKNK CVNFH HHHHH

C

RBD + NM1228

QRVQP TESIV RFPNI TNLCP FGEVF NATRF ASVYA WNRKR ISNCV ADYSV LYNSA SFSTF KCYGV SPTKL NDLCF TNVYA DSFVI REDEV RgIAP GgTei IADYM YKLPD DFTGC
VIAWN SMMLD SKVGG NYNYL YRLFR KSNLK PFERD ISTEI YQAGS TPCNG VEGFN CYFPL QSYOF QPTNG VGYQP YRVVV LSFEL LHAPA TVCGP KKSTN LVKNK CVNFH HHHHH

RBD + NM1230

QRVQP TESIV RFPNI TNLCP FGEVF NATRF ASVYA WNRKR ISNCV ADYSV LYNSA SFSTF KCYGV SPTKL NDLCF TNVYA DSFVI RGDEV RQIAP GQTGK IADYN YKLPD DFTGEC
VIAWN SNMLD 5V@a@ NYNYL YRLFR KSNLK PFERD ISTEI YQAGS TPCNG VEGFN CYFPL QSYGF QPTNG VGYQP YRVVV LSFEL LHAPA TVCGP KKSTN LVKNK CVNFH HHHHH

RBD + NM1221

QRVQP TESIV RFPNI TNLCP FGEVF NATRF ASVYA WNRKR ISNCV ADYSV LYNSA SFSTF KCYGV SPTKL NDLCF TNVYA DSFVI RGDEV RQIAP GQTGK IADYN YKLPD DFTG
TAWN SNNLD 8 YRLFR KSNLK PFERD ISTEI YQAGS TPCNG VEGF F QPTNG VGYQP YRVVV LSFEL LHAPA TVCGP KKSTN LVKNK CVNFH HHHHH

RBD + NM1222

QRVQP TESIV RFPNI TNLCP FGEVF NATRF ASVYA WNRKR ISNCV ADYSV LYNSA SFSTF KCYGV SPTKL NDLCF TNVYA DSFVI RGDEV RQIAP GQTGK IADYN YKLPD DFTG
TAWN SNNLD YRLFR KSNLK PFERD ISTEI YQAGS TPCNG VEGF ! CY" VOF QPTNG VGYQP YRVVV LSFEL LHAPA TVCGP KKSTN LVKNK CVNFH HHHHH

RBD + NM1224

QRVQP TESIV RFPNI TNLCP FGEVF NATRF ASVYA WNRKR ISNCV ADYSV LYNSA SFSTF KCYGV SPTKL NDLCF TNVYA DSFVI RGDEV RQIAP GQTGK IADYN YKLPD DFTGC
VIAWN SNNLD 5KVGE NYNYL YRLFR KSNLK PFERD ISTEI YQAGS TPCNG VEGFN CYFPL QSYGF QPTNG VGYQP YRVVV LSFEL LHAPA TVCGP KKSTN LVKNK CVNFH HHHHH

H

RBD + NM1223

L
QRVQP TESIV RFPNI TNLCP FGEVF NATRF ASVYA WNRKR ISNCV ADYSV LYNSA SFSTF KCYGV SPTKL NDLCF TNVYA DSFVI RGDEV RQI AP GQTGK IADYN YKLPD DFTGC
VIAWN SNNLD SKVGG NYNYL YRLFR KSNLK PFERD ISTEI YQAGS TPCNG VEGFN CYFPL QSYGF QPTNG VGYQP YRVVV LSFEL LHAPA TVCGP KKSTN LVKNK CVNFH HHHHH

Increasing protection
AD% < -25%

-25% < AD% < -20%
-20% < AD% < -15%
-15% < AD% < -10%
-10% < AD% < -5%
[AD% > -5%

= no deuteration data

Nb-Set 1

Nb-Set 2

Nb-Set 4

Nb-Set 3

Figure 34: HDX-MS epitope mapping data mapped onto the surface structure model of RBD
(PDB ID: 6M17 [152]) compared to the RBDACE2 interface as published in [46]. The
strength of protection upon Nbbinding is highlighted in differentcolours (A) Amino acid residues
of the RBDOnvolved in the RBD:ACEZ2 interaction sjte52, 153]are shown in red. (B1) Regions

protectedfrom deuterium uptake upon binding of different Nb
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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 showedthe feasibility of throughput analysiswith the manual
sample handling andthe SAIDEsetup for epitope screening Furthermore, comparison ofthe
peptides HDXkinetics of the RBD bound byindividual Nbs improves the certainty ofan epitope
mapping campaign. In particular,unique effects on the HDX exchanggpon individual Nb:RBD
incubation can be confidentially attributed to the certain Nb. Moreover, if one Nb effects the
HDX ofregion onthe targetedmolecule, false negative identification due tdow sensitivity (low
intri nsic HDX or high back exchange)an be excludedAccording to theconsensusguidelines
[74], epitope mapping HDX uptake plots of all peptides and epitope mappimxperiments
(Figure A12-18) as well as eHDX data table (Table 8) can be found inthe appendix.

5.3.2.3 Comparison of HDXMS Results with XRay Crystallography

Two Nbs thatare potent in their neutralization of the SARSCo\¢2 infection of a human cell line
were selected for further analysis. ThusNM1226 and NM1230showing HDX reduction on
different RBD residuesand among the highest obtained affinitiesvere selected for high
resolution epitope mapping by X-ray crystallography by the Stehle laboratory(Interfaculty
Institute of Biochemistry, Eberhard Karls University, Tuebingen, GermajyAmino acids
involved in the binding were observed by Xay crystallography using a distanceutoff of <4 A.
A comparison of the crystal structuredata(PDB ID 7NKT,7B27 [46]) with HDX-MS data shows
that both methods result in similar binding interfaces of he Nbs to ttre RBD(Figure 35A).
Therefore, an HDXMS method validationby X-ray crystallography was possible.
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Figure 35: Comparison of HDXMS and Xray epitope data of Nb NM1226 (PDB ID 7NKT
[46]) and NM1230 (PDB ID 7B27[46]). (A) Epitope regduesmappedon the surface model of
the RBD for Xay epitope analysis (pink), HDKIS analysis (coloudependent on theHDX
protection (%)) and overlapping residues (orange) (PDB code: 6M132]). (B) Adaptedfrom
[46]. Peptides arecolour codedby the degree of HDX protectiof§o). Peptide numbering see
Figure27. Amino acigfoundto be involved in binding by-Xay arehighlightedin pink.
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For more precisecomparison ofboth methods, the obtained HDXMS datawere treated as a
classifier problem and analysed using aonfusion matrix (Table 7). Assumingthat the X-ray
data are thetrue epitope valueseach residuethat is determined by HDXMS can be individual
classified. If both approacheshow thatthe residuebelongs to the binding interfacds classified

as true positive (TP). In contrast, if a residueshows a no significant difference in HDX and is
not part of the epitope determined by theX-ray analysis itis classified as true negative (TN).
The other scenarios were a peptide is considered as part of the interface by only one of the
approachesleads toclassification as false positive (FPpr false negative (FN) identifications
(Table7).

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.

HDXMS

+ -

+ | True Positive (TP) | False Negative (FN)

Crystallography _ :
- | False Positive (FP)| True Negative (TN)

The confusion matrix allows acalculation of thesensitivity ( ) and specificity of
the HDXMS epitope mapping.

The determined sensitivity and specificity for the HDXMS epitope analysisof NM1226 was
0.75 and 0.93, respectivgl. To eliminate FP identifications throughout the multiple epitope
analysis a rather highs( 8hreshold corresponding tothe 99% confidence level was used. This
subsequently ensures a high specificitio distinguish between similar epitopes of differentNbs
at the expense ofhe sensitivity. In general, if the interface consists of several amino acidbat
are close together in the primary sequence the detection of HDX protectionis facilitated.
Therefore, consistencywith X-ray crystallography data is hgher for binding regions of this
type. However, he interface of NM1230:RBDas determined by Xray, comprised several
residues, scattered over the sequence of theRBDin the primary as well as the 3Dstructure.
These are challenging to detect using HBMS, especiallyif they belong to long peptideswvere
uptake differences of <1% per time point were observed. Thus no reduction in HDX was
observed for this aa resultingin a lower sensitivity (0.44) but comparable specificity (0.88)
compared to the determined epitope of NM122§Figure 35B). Since the two Nterminal aa of
eachpeptide were known to lose their label rapidly, missingaa coveragefurth er explains FN
identification by HDX-MS.

A special case of FN identification wasxaminedfor the interaction of both Nbs with residues
of the above described region showing low intrinsic HDXRjgure 33). Basedon the significance
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threshold for the throughput analysis no meaningful differences were detected for peptides
covering aaD405 and R408 which however weredetected as part of the binding interface by
X-ray crystallography (Figure 35B). Peptic peptides covering this region are structured into a
r-OE A A O -hdlix ald cpnequently showedvery low intrinsic deuterium uptake (covering
aa 400409, seeFigure 33). Thus, a minor insignificant HDX protection foNb NM1226and no
HDX protectionfor NM1230 wasfound by HDXMSat the applied time regime(Figure 36). This
FN identification might be a result of the screening approach using less time poingsd might
be covered by HDXVISmonitoring a prolonged kinetic.

400-406: FVIRGDE 400-407: FVIRGDEV
Peptide #12 Peptide #13
504 28D RBD + Nb NM1226 501RBD RBD + Nb NM1226
40] 40
£ &
§ 30] § 303
g :
§ 20, ézo_
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g e M‘_’;f—’_’ﬁ "
0] 0]

T
1.000 1.000
Time [sec] Time [sec]

400-409: FVIRGDEVRQ
Peptide #14 V’

“JRBD RBD + Nb NM1226
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Figure 36: HDX example of peptidescovering 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 lettersvere defined as part of the epitope b¢ray analysis but not by HDX.
These peptides are hidden within the cofe@B ID7NKT[46]) and showlow intrinsic deuterium
uptake. The shortest pepte showed an uptake of only ~5%

In summary, the HDXMS data were ingood agreement with the highresolution epitope
mapping results using *ray crystallography. Using thescreening approachwith a strict 3+( 8
threshold, contact regions comprising contiguous contact residues can be detected by HMS.
For detailed analysis with higher sensitivity, more time points and broader time regime

(seconds to hours)need tobe applied to detect faster and slower HDXhangesupon binding.
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5.3.3 SignatRegulatory 0 OT OAE1 | 1 P Epitopej Bap@ng 4of] ighly
Glycosylaed Target Roteins

Parts of thefollowing chapter are published in [139]. Some figures ofchapter are reprinted
(adapted) with permission from [139]. Copyright2022 American Chemical Societyn this case
study, the epitope mappingof different Nbsraised againstthe multiply N-glycosylatedsignal
regulatory protein alpha (3 ) 2)0Owas performed via HDXMS As described, the approach
consists of an in-silico assessmentof the target protein with regard to postranslational
modifications such as Nglycosylation anddisulphide bonds. Thereafter, a quality control of the
intact sample and an assessment of the sequem coverage after proteolysis under HDX
conditions was performed. This preliminary work, enabled a batch analysis of different

interaction partners with the target protein 3 ) 2 i@l the adapted HDXMS workflow.

5.3.3.1 In-Silico Assessment andQuality Gntrolof 3 ) 2 0 J

Thein-silico assessment of théull length extracdlular part of SIRR (~37 kDa) revealed three
disulphide bonds andfive potential N-glycosylation motifs. The commercially available protein
was next analysed intact for assessmenof the identity and integrity by MS.To obtain
resolvable mass spectrometry datgéhe protein must be deglycosylatedDue to the high number
of potential N-glycosylation sites a comparison of a conventional PNGase F and the new
PNGase Rc was performe®Vhereas,PNGase fcubation overnight led to an ncomplete N
glycan releasefull deglycosylationof 3 ) 2 Wag achieved usingPNGase Rwith the same E:S
ratio (Figure 37).

The theoretical molecular mass of 38538.4 @ was confirmed. Notably, deglycosyhtion leads
to a deamidation of the asparagine that issubsequently converted into an aspartic acid
resulting in anincreasein mass by +0.98aper N-glycosylation site The experimental mass
deviated by ~4 Da from the theoretical mass suggestingthat 4 of the 5 potential N-

glycosylation sites are occupied.
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Figure 37: %3) | AOO OPAAOOOI I A 3)204 x EOE AEAO

deglycosylation using PNGase F (upper panel) and PNGase Rflower 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, respelgtiSamples were desalted bplort RRC4LCMS
gradientand MODAAOOA x AQAA ool I ,§A AAQ'I" 00 OEA AEOT I AO
the lower panel displays the chargd AAT T 01T 1 OOAA T AOOGAO 1T &£ 3)2048

In a next step the N-glycosylation profile was determined to evaluate the miap-, and

i AAOT EAOAOT CAT AEOU8B8 4EAOAMEI OAh A OOUDPOEA bDHOIC
MS/MS detection. This analysis revealed a high microheterogeneity of most of theglycan

sites (Figure 38). With respect to the macroheterogeneity, an almost fully occupieN240 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 | /A 3 ) spublishedin [139].3) 201 x A Ged &&rnightdt B7°Quging
trypsin. HCD fragmentatiorwas applied and peptidesvere identified by BioPharma Finder
v4.1.53.14ldentified N-glycan species are relatively quantifiedhe three most abundant found
N-glycans are shown.

5.3.3.2 Peptide Map and Sequence Coverage with and witlto Deglycosylation by
PNGase Rander HDXConditions

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 timélable 21) and
identified peptides were combined in a peptide list

The digestion of3 ) 2 Peyformed under denaturing and reducing conditions using 100 mM
TCEP and 21 GdmClled to the identification of 107 peptides covering81% of its sequence
TheOANOAT AA AT OAOACA 1 A a3upces3fydisdphideby@@isi unlled OET x O
these conditions However, lowsequencecoverage rear the N-glycan motifs of N215 and N262
and no coverage near amino acitii240 was obtained (Figure 39). In contrast, a good coverage
near the potential N-glycosylated asparaginedN80 and N289 was found by peptide mapping
These datawere in good agreement withthe findings of the N-glycosylation analysis of the
micro-h AT A T AAOT EAOAOI CAT AEOQU T &£ 3) 20y
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Figure 39: Sequence coverage of identified 3 ) 2 (peptides with (a) and without
deglycosylation (b) using PNGase Rcaccording to [139]. HPLCMSMS identified peptides

(grey) after 2min proteolysisat 0 °C using immobilised pepsitnique peptides (purple)vere

identified using postproteolysisdeglycosiation for 2 min at 0°C withPNGasdkc. Some peptides
wereidentified asnon-glycosylatedspecie®nly (orange), while other peptidesvere be identified

in non-glycosylated andleglymsylationversion(pale green). Disulphide bonds are depicted with

red lines and the Nylycosylated asparagine residues an@hlightedin red. Amino acids involved

in a secondary structureelementsare depictedx EOE A QOF AH0Q 1 Al-HelixyOOAAO
according to[133]. These ardighlighted according to their associated domains in pink (domain

1), deep tealdomain 2) or yellow (domain 3)
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To increase the sequence coveragaleglycosylation with PNGase Rc was applied post
proteolysis under HDX quench conditions (pH 2.5; 0 °C). With thelditional deglycosylation
step of 2 min, sevenadditional peptides spanning the Nglycosylation sitescould be identified
leading to a sequence coverage of 86. Deglycosylation addedequencecoverageand peptide
redundancy to the region close to N240 and improved the coverage of residues adjacent to
N215.Both residues were observed almost fully glycosylated:wo peptides, 206216 and 200
216 covering N215 were foundonly asthe non-glycosylated speciesSince the correspouing
deglycosylated peptides were not foundt suggests that Nglycosylation hindered pepsin from
cleavage at favouable cleavage sitesPeptides spanning theN-glycan motif at N289were only
identified in the unoccupied manner, which can be explained bthe mostly unoccupied
glycosylation site Notably, all non-glycosylated peptides could be identified independently of
the additional deglycosylation by PNGase Rc.

Pepsinbead removalprevents the PNGase Rc from beimgoteolysed. Nevertheless, a potential
interference of PNGase Rc peptides with targefpecific peptides was assessed by applying a
data base search against the PM&e Rc protein segence and a manual check of Rand MS
ET OAOZEAOAT AA x ECGhEfoB PNGase RogplideOnerk Medtied of which one
ET OAOAAOAA ET Odudit@®skduénde hontdlGgyThi8 petideyas removed from
the peptide listand further analyses

Chromatographic separation of the non -glycosylated and deglycosylated peptides

As described abovejeamidation due to thedeglycosylation leadto a mass increase by 0.9Ba
and enablesa chromatographic separationof the non-glycosylated and deglycosylated species
of a peptide(Figure 40). Although, nochange insequencecoveragewas obtained for N80, the
deglycosylation resulted in apprximately three times higher signal intensity of the
deglycosylated versus the nofglycosylated 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&nd deamidation a chromatogaphic separdion is
essential. In summary these experiments showed the feasibility of the introduction of a
deglycosylation step into the established HDXS workflow and the benefits of it.Therefore,
further experiments were conducted with the additional deglycosylabn step using the
PNGase Rc
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Figure 40: Extracted ion chromatogram of a 3 ) 2 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 asparagineaused bydeglycosylationresulted in a masfcreaseof +0.98Da and a
chromatographic separation of thewo peptide species

5.3.3.3 PostHDXDeglycosylationfor Epitope Mapping

Epitope mapping was conducted ecording to theexperiments on the RBDand a short (5 min)
and prolonged (30 min) deuteration time point was chosen in order to detect fast and slow
effectsil T OEA ($8 EET AOE Ahe INBE (s&)aBdFigureANR) ORtofedlysisA U
parameters as listed in Table 8 were used for each HDXMS experiment.114 peptides were

used to extact HDX information yielding 86% sequence coverage.

Table 8: Summary of HDX conditions for epitope mapping of 3 ) 2 0 4

Experimental parameter Conditions used
Deuteration buffer and temperature 1x PBS pH 7.4, 90% 4O, 25 °C,
Deuteration time points 5 & 30 min
Proteolysis conditions 2 min on-ice, 30uL pepsin beads
2 min deglycosylation 5 pL (4 M)

Deglycosylation conditions PNGase Re

Reduction and denaturation conditions 100 mM TCEP; 4M GdmCl

Back exchange determined by synthetic

% (5-459
peptide mixture (see5.1.4 5 min) 25% (5-45%).

Back exchange examination of the HDX-MS postHDX workflow

In order to estimate the additional back exchang@ EA ET OOET OEA ($8 1 £
and without additional deglycosylation.Thus, 3 ) 2 BIQX was determined inindependent
technical triplicate labelled for 5 and 30 min in DO with and without additional
deglycosylation step(Figure 41a). The HDX was observed using 90 peptide&minor decrease

of the average peptide HDX of ~0.7 and ~1% after 5 and 30 min labelling was found,

respectively. The slightincrease in the back exchange is worth the ability to obtaiadditional
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sequencecoverageand redundancyand the detection of potential epitopes in proximity to N-

glycan moieties.
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Figure 41: $ AOOAOEOI  Ob Oviitk dnd Withbut3addRidhal deglycosylation for

2 min at 0 °Cas published in [139]. Average HDX of 90 peptic peptidebtained from SIRP
proteolysisdetermined in independent triplicatesThe aveage, minimal and maximalobserved
HDX values are depicted.

Binding k inetic s
Within this case study the epitope of four Nbs were examine{iTable 9). The Nb binding
affinities were used tocalculate the concentrations needed to ensure a high arantj | éspof

bound receptor during HDX

Table 9: Binding affinity of the individual Nbs cho sen for HDXMS epitope mapping.
Affinities were determined with BLlanalysis by Teresa Wagner (Recombinant Antibody
Technology Group, NMI, Germany).

Ko(NM)  Kon (105 M1 1) Kotr (102 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/2 case
study. In brief, a peptide was considered as protected, iif showed al 5% HDX difference
between bound axd unbound state.On the other hand the peptide HDX was condilered as

unaffected by the Nb binding, if the difference between bound and unbound state was <3%.

4eA AAOAOI ETAA ($8 ETEEAEOEIT ET 3)204 AOA Oi

O0OOOAOO0OA A 3) 21B3] Figute 82). This $rgstal struttuPe showed a different

OOAOUDA thafEsuBtype il used for HDX analysisThe sequence onlyliffers in the
sequence of domain Jand showed97% sequene identity determined by BLASTpHowever,

the observed HDX results were mapped with respect to the amino acid position

Figure 42: HDXprotected regions of 3) 204 OPI 1 AET AET ¢ O ReE £FA O,
surface structure model of the ECD(PDB ID 2wng [133]). (a) The middle panel shos3 ) 2 0 4

with coloureddomains.The panels to the right and lethowed the HDX protection of the different
nanobodies mapped on the corresponding domaifise selected structurdiffers in the sequence

of domain 1 with the subtype vl used for HIMS Asparmagine residues with potential
glycosylationare shown in redN289 is not resolved ithe Xray structure and highlighted by a

red circle.(b) HDX potected regionsnappedin theprimary OANOAT AA T £ 3) 204 00,
and indirect contact residue®f the 3 ) 2 0 | [d,34]%ade denotedas dots ove the sequence

stretch of Nb03.
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