In-Depth Mass Spectrometry-Based Glycoproteomics:
Advances in Sample Preparation, Measurement and

Data-Analysis of Glycoproteins

Dissertation
zur Erlangung des akademischen Grades

Doktoringenieur
(Dr.-Ing.)

von: Dipl.—Ing. Marcus Hoffmann
geboren am: 21. Oktober 1984 in Aschersleben

genehmigt durch die Fakultat fur Verfahrens- und Systemtechnik
der Otto-von-Guericke Universitat Magdeburg

Promotionskommission:

Prof. Dr. rer. nat. habil. Helmut Weil} (Vorsitz)
Prof. Dr.-Ing. Udo Reichl (Gutachter)

Dr. rer. nat. Erdmann Rapp (Gutachter)

Prof. Dr. rer. nat. Manfred Wuhrer (Gutachter)

eingereicht am: 26. November 2019 Vorgelegte Dissertation

Promotionskolloquium am:  29. Juni 2020






Abstract

Protein glycosylation is a universal and essential feature that is prominent in all domains of life
(eukarya, bacteria, archaea, viruses). The co- and posttranslational attachment of glycans to
specific amino acids may thereby profoundly alter the biophysical characteristics, and with this
also the functioning of the proteins they are bound to. This may include structural and
modulatory effects, such as proper protein folding or protection from proteolytic digestion,
along with extrinsic and intrinsic recognition effects, such as recognition of antigens, protein
trafficking and turnover, intra- and extracellular signaling and adhesion, as well as molecular
mimicry. Protein glycosylation therefore plays an important role in many physiological but also
pathophysiological processes. To understand the functional implications of the protein glyco-
sylation and to take advantage of these insights for clinical diagnosis and prognosis, as well as
for biopharmaceutical and vaccine development and quality control, the continuous
development and improvement of glycoanalytical methods and workflows is required. This
thesis describes the development of two mass spectrometry-based glycoproteomic workflows
that enable the in-depth and site-specific analysis of N- and O-glycoproteins. Further, the results
of applying of those workflows for the glycoproteomic analysis of clinically and bio-

pharmaceutically relevant samples are presented.

In the first part of this thesis a glycoproteomic workflow, developed for the site-specific O-
glycosylation analysis of human blood plasma glycoproteins, is introduced and the results of
this analysis are presented and discussed. To this end pooled human blood plasma of healthy
donors was proteolytically digested using an enzyme with a broad cleavage specificity
(proteinase K), followed by a precipitation step, as well as a glycopeptide enrichment and
fractionation step via hydrophilic interaction liquid chromatography (HILIC). The latter was
optimized for intact O-glycopeptides carrying short mucin-type core-1 and 2 O-glycans, which
represent the vast majority of O-glycans on human blood plasma proteins. Enriched O-
glycopeptide fractions were subjected to mass spectrometric analysis using reversed-phase
liquid chromatography coupled online to an ion trap (IT) mass spectrometer operated in
positive-ion mode. Peptide identity and glycan composition were derived from low-energy
collision-induced dissociation fragment ion spectra acquired in multistage mode. To pinpoint
the O-glycosylation sites glycopeptides were fragmented using electron transfer dissociation.
Acquired fragment ion spectra were annotated by database searches and manual assignment.
Overall, 31 O-glycosylation sites and regions belonging to 22 proteins were identified, with
the majority being acute-phase proteins. Strikingly, also 11 novel O-glycosylation sites and
regions were identified. In total 23 of the 31 O-glycosylation sites/regions could be pinpointed.
Interestingly, the use of proteinase K, which cleaves primarily after aliphatic, aromatic and
hydrophobic amino acids, proved to be particularly beneficial in this context. The identified O-
glycan compositions most probably correspond to mono- and disialylated core-1 mucin-type
O-glycans (T-antigen). In summary, the developed workflow allows the identification and

characterization of the major population of the human blood plasma O-glycoproteome.
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Thereby, these results provide novel insights, which may help to unravel glycosylation-related

structure-function relationships, e.g. during glycoproteomic biomarker discovery studies.

In the second part of the thesis a glycoproteomic workflow, combining lower and stepped
collisional energy fragmentation on an Orbitrap mass spectrometer, is introduced for the in-
depth and site-specific analysis of intact N- and O-glycopeptides. Further, using a set of four
representative and biopharmaceutically-relevant glycoproteins (immunoglobulin gamma,
fibrinogen, lactotransferrin, and ribonuclease B), the benefits and limitations of this workflow
are highlighted. For these representative glycoproteins several new glycosylation sites and
regions with their respective glycoforms were discovered and characterized — in addition to
confirming already known glycosylation sites and glycoforms (elucidation of glycan micro- and
macroheterogeneity). Moreover, for the enrichment of glycopeptides a modified and improved
version of a cotton HILIC-based solid phase extraction protocol is described. For the
unambiguous identification of N-glycopeptides the use of a conserved fragmentation signature
[Mpepiice THH"?X GlcNAc] ", that has rarely been employed in Orbitrap-based glycoproteomic
analyses up to now, is proposed. This signature represents a valuable indicator for the
determination of the correct peptide mass and is particularly important when analyzing
glycopeptides obtained by proteases with broad or no cleavage specificity (e.g. glycopeptides
generated by proteinase K digest). In this thesis, it is shown for the first time that this
fragmentation signature can consistently be found across all N-glycopeptides analyzed, but not
for O-glycopeptides. Moreover, we have systematically and comprehensively evaluated the use
of the relative abundance of oxonium ions to retrieve glycan structure information, e.g.
differentiation of hybrid- and high-mannose-type N-glycans, differentiation between antenna
GlcNAc and bisecting GlcNAc, or differentiation between N-glycopeptides and mucin-type O-
glycopeptides. These new findings may increase confidence and comprehensiveness in manual
and software-assisted glycoproteomics. Overall, the developed analytical workflow along with
the analyzed representative glycoproteins and the given insights into diagnostic glycopeptide
fragment ions serve as a guide to in-depth glycoproteomic analysis for a broad range of
glycoproteins. The workflow may therefore be beneficial to basic and clinical glycoproteomic
research and diagnostics, but also to biopharmaceutical research and process development as

well as quality control.

In summary, in this thesis two mass spectrometry-based glycoproteomic workflows were
developed and applied which enable the in-depth and site-specific analysis of N- and O-
glycoproteins. Thereby, several advances in sample preparation, measurement and data-
analysis were achieved that increase the confidence, depth and comprehensiveness of

glycoproteomic analyses.
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Kurzfassung

Die Protein-Glykosylierung ist ein universelles und essentielles Merkmal, das in allen
Organismen (Eukarya, Bakteria, Archaea), einschlieBlich Viren, zu finden ist. Die ko- und
posttranslationale Bindung von Glykanen an bestimmte Aminosiuren kann dabei die
biophysikalischen Eigenschaften und damit auch die Funktion der Proteine, an die sie gebunden
sind, grundlegend verdndern. Dies schlieBt strukturelle und modulatorische Effekte, wie z.B.
die richtige Proteinfaltung oder den Schutz vor Proteasen, aber auch extrinsische und
intrinsische Erkennungseffekte wie z.B. die Erkennung von Antigenen, sowie intra- und
extrazellulare Signalgebung, Adhdsion oder molekulare Mimikry mit ein. Die Glykosylierung
von Proteinen spielt daher eine wesentliche Rolle in einer Vielzahl physiologischer sowie
pathophysiologischer Prozesse. Um die funktionellen Auswirkungen der Proteinglyko-
sylierung zu verstehen und diese Erkenntnisse fiir die klinische Diagnose und Prognose sowie
fir die Entwicklung von Biopharmazeutika und Impfstoffen und deren Qualitatskontrolle
nutzen kénnen, ist die kontinuierliche Entwicklung und Verbesserung glykoanalytischer
Methoden und Arbeitsablaufe erforderlich. Diese Dissertation beschreibt die Entwicklung
zweier Arbeitsablaufe fiir die detaillierte und ortsspezifische Glykoproteom-Analyse von N-
und O-Glykoproteinen mittels Massenspektrometrie (MS). Ferner wird die Anwendung beider
Arbeitsablaufe fiir die Glykoproteom-Analyse von klinisch- und biopharmazeutisch-relevanten

Proben gezeigt.

Im ersten Teil der Arbeit wird die ortsspezifische O-Glykoproteom-Analyse von
Glykoproteinen aus menschlichem Blutplasma beschrieben. Zu diesem Zweck wurde
menschliches Blutplasma gesunder Spender unter Verwendung eines proteolytischen Enzyms
mit breiter Spezifitit (Proteinase K) proteolytisch verdaut, gefolgt von einem
Prézipitationsschritt sowie einem Glykopeptid-Anreicherungs- und Fraktionierungsschritt
mittels hydrophiler Interaktionsfliissigkeitschromatographie (HILIC). Letzterer wurde fiir
intakte O-Glycopeptide mit O-Glykanen vom Mucin-Typ (Core 1 und 2) optimiert, welche die
groBe Mehrheit der O-Glykane auf menschlichen Blutplasmaproteinen darstellen. Die O-
Glykopeptid-angereicherten Fraktionen wurden einer massenspektrometrischen Analyse
unterzogen. Die O-Glykopeptide wurden dabei unter Verwendung von Umkehrphasen-
Fliissigkeitschromatographie aufgetrennt und anschlieBend mit einem Ionenfallen-Massen-
spektrometer, das im Positivionenmodus betrieben wurde, analysiert. Unter Verwendung von
niedrigenergetischer kollisionsinduzierter Dissoziation wurden mehrstufige Fragmentionen-
spektren der O-Glykopeptide erzeugt. Diese Fragmentionenspektren ermdglichten es, die
Identitat des Peptids sowie die Zusammensetzung der dazugehorigen Glykane zu bestimmen.
Um die O-Glykosylierungsstellen genau bestimmen zu koénnen, wurden die O-Glykopeptide
mittels Elektronentransferdissoziation fragmentiert. Zur Identifizierung der Glykopeptide
wurden die erzeugten Fragmentionenspektren sowohl manuell als auch durch Datenbank-

suchen annotiert und interpretiert. Insgesamt wurden 31 O—Glykosylierungsstellen bzw. O-
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Glykosylierungsregionen identifiziert. Diese konnten 22 Blutplasmaglykoproteinen zu-
geordnet werden, wobei es sich bei der Mehrzahl der Glykoproteine um Akute-Phase-Proteine
handelt. Interessanterweise konnten auch 11 neue O-Glykosylierungsstellen bzw. -regionen
identifiziert werden. Insgesamt konnte bei 23 der 31 O-Glykosylierungsstellen bzw. -regionen
auch die glykosylierte Aminosaure genau lokalisiert werden. In diesem Zusammenhang erwies
sich die Verwendung von Proteinase K als besonders vorteilhaft, da diese sowohl nach
aliphatischen, als auch aromatischen und hydrophoben Aminosauren schneidet. Die Analyse
der O-Glykan-Zusammensetzung der identifizierten O-Glykopeptide ergab sowohl mono- als
auch disialylierte O-Glykane vom Mucin-Typ 1 (T-Antigen). Zusammenfassend lasst sich
sagen, dass der entwickelte Arbeitsablauf die Identifizierung und Charakterisierung der
Hauptpopulation des menschlichen Blutplasma-0-Glykoproteoms ermdglicht. Dabei liefern
die erzielten Ergebnisse neuartige Erkenntnisse, die dazu beitragen kénnen, glykosylierungs-
bezogene Struktur-Funktions-Beziechungen aufzuklaren, z.B. im Rahmen von Glykoproteom-

studien zur Biomarkerfindung.

Der zweite Teil der Arbeit umfasst die detaillierte und Glykosylierungsstellen-bezogene
Analyse intakter N- und O-Glycopeptide unter Verwendung eines Orbitrap Massen-
spektrometers. Ein zentrales Element des dafiir entwickelten Arbeitsablaufes ist die
Verwendung unterschiedlicher Kollisionsenergien fiir die Fragmentierung von N- und O-
Glykopeptiden (Anwendung ausschlieBlich niedriger Kollisionsenergie, sowie niedriger und
hoher Kollisionsenergie in Kombination). Im Rahmen der Arbeit werden die Vorteile und
Einschrinkungen des entwickelten Arbeitsflusses anhand von vier reprisentativen und
biopharmazeutisch-relevanten Glykoproteinen (Immunglobulin Gamma, Fibrinogen, Lacto-
transferrin und Ribonuclease B) beleuchtet. Fiir diese Glykoproteine konnten mehrere neue
Glykosylierungsstellen und -regionen mit ihren jeweiligen Glykoformen identifiziert und
charakterisiert werden — zusitzlich zur Bestitigung bereits bekannter Glykosylierungsstellen
und Glykoformen (Aufklirung der Glykan-Mikro- und -Makroheterogenitit). Des Weiteren
wird in dieser Arbeit eine modifizierte und verbesserte Version der Glykopeptidanreicherung
mittels baumwollbasierter HILIC-Festphasenextraktion beschrieben. Zur eindeutigen
Identifizierung von N-Glykopeptiden wird im Rahmen der Arbeit die Verwendung einer
konservierten Fragmentierungssignatur [Mpepua + H + 92X GlcNAc]* vorgeschlagen. Diese
Signatur wurde bisher selten in Orbitrap-basierten Glykoproteom-Analysen eingesetzt. Sie
stellt jedoch einen niitzlichen Indikator fiir die Bestimmung der korrekten Peptidmasse dar,
und ist daher besonders hilfreich bei der Analyse von Glykopeptiden, die durch Proteasen mit
breiter oder keiner Spaltungsspezifitit generiert worden (z. B. durch Proteinase-K-Verdau).
In der vorliegenden Arbeit wird erstmalig gezeigt, dass diese Fragmentierungssignatur iiber
alle analysierten N-Glykopeptide hinweg konsistent gefunden werden kann — nicht jedoch bei
O-Glykopeptiden. Um noch detaillierte Informationen tiber die an den Glykopeptiden
befindliche Glykanstruktur zu erhalten, wurde im Rahmen der Arbeit systematisch und
umfassend die Verwendung der relativen Oxoniumionen-Haufigkeit untersucht. Die dabei

gewonnenen Erkenntnisse erméglichen unter anderem die genaue Unterscheidung zwischen
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Hybrid- und High-Mannose-N-Glykanen, die Unterscheidung zwischen Antennen-GIcNAc
und Bisecting-GIcNAc sowie die Unterscheidung zwischen N-Glykopeptiden und Mucin-Typ
O-Glykopeptiden. Insgesamt konnen diese neuen Erkenntnisse den Detailgrad sowie die
Konfidenz manueller als auch softwaregestiitzter Glykoproteom-Analysen erhéhen. Der
entwickelte Arbeitsablauf dient, zusammen mit Erkenntnissen aus der Analyse der
reprasentativen Glykoproteine und den Erkenntnissen zu diagnostischen Glykopeptid-
Fragmentionen, als Grundlage fiir zukiinftige Glykoproteomanalysen eines breiten Spektrums
von Glykoproteinen. Der entwickelte Arbeitsablauf kann daher fiir die Grundlagen- und
klinische Glykoproteomforschung und -diagnostik, aber auch fiir die biopharmazeutische

Forschung und Entwicklung sowie die Qualitatskontrolle von Nutzen sein.

Zusammenfassend wurden in dieser Arbeit zwei MS-basierte Arbeitsablaufe entwickelt und
angewendet, die detaillierte und ortsspezifische Glykoproteom-Analysen von N- und O-
Glykoproteinen erméglichen. Die dabei erzielten Verbesserungen im Rahmen der Proben-
vorbereitung, der Messungen sowie der Datenauswertung, fithren zu einer erhéhten Konfidenz

sowie einem hoheren Detailgrad und Umfang von Glykoproteomanalysen.



Table of Contents

D20 T o N I
KUrzfassung .....ciciiiniiiiiimiiiiiimiieiiesmiioesiesisssiosssssssssses II1
List Of ADDIreviations ...cccccviiiiieeuuiiiiiinniiiiiiinuiiiiiiniiiniiniieeiesesseeses IX
| IR 6915 o Yo 1T Tl Lo ) s Ut 1
2. Theoretical Background........ccuiiiiiinneiiiiiinniiiiiiinniiiennneececccnneeeesssnneeeesennne 8
2.1. Protein Glycosylation..................o 8
2.2. Biological Implications of N- and O-Glycosylation ........................... 21
2.3. Glycosylation in Human Health and Disease.....................coo, 26
2.4. Glycoengineering and Glycotherapeutics......................... 27
2.5. Analysis of Glycoproteins ... 30
2.5.1. Monosaccharide Analysis........................ 32

2.5.2.  Analysis of Released Glycans....................c 33

2.5.3.  Analysis of Intact Glycoproteins ........................ 34

2.5.4.  Analysis of Glycopeptides.....................o 35

3. Materials and Methods.....uueeeiiiiiiiiiiiiiiiiiiiiininiiincnneeeeeneeeeeeee 45
3.1. Human Blood Plasma O-Glycoproteomics ........................ocoovooeeeeeeeeen) 46
3.1.1. Proteolytic Digestion.....................oo 46

3.1.2.  Glycopeptide Enrichment and Fractionation via HILIC-HPLC............... 47

3.1.3.  Nano-RP-LC-ESI-IT-MSn (CID, ETD) ....\evvoeeeeeeeeeeeeeeeeeeee 47

3.1.4. Data Analysis...........ooooii 49

3.2. In-Depth N- and O-GlycOProteomics ...............cvoveeeeseesseeeeeeeee ) 52
3.2.1.  Proteolytic Digestion via Filter-Aided Sample Preparation (FASP).......... 52

3.2.2.  Glycopeptide Enrichment via Spin-Cotton-HILIC-SPE........................ 53

3.2.3.  Nano-RP-LC-ESI-OT-OT-MS/MS (HCD)......cooiiiiiiiiiiiiiin 54

3.2.4.  Glycopeptide Data Analysis Using glyXtoo™S............................. 55

3.2.5.  Site-Specific Relative Quantitation of N-Glycoforms .......................... 56

3.2.6. Relative Quantitation of N- and O-Glycopeptide Oxonium Ions............. 57

4. Human Blood Plasma O-Glycoproteomics.......ccceeeeveeieeinnneeeeicnnneeeescnneeenn. 58
4.1, INtrodUCHON . ....u e 59
4.2, RESUIES Lottt 61



4.2.1.  Reproducibility of the Proteinase K Digest ... 61

4.2.2.  Glycopeptide Enrichment and Fractionation via HILIC-HPLC ............... 62
4.2.3.  Determination of the Glycan Composition.........................o 63
4.2.4.  Identification of the Peptide Moiety..................cooii, 64
4.2.5.  Localization of the O-Glycosylation Sites ......................... 72
4.2.6. Identified Glycoproteins: Selected Examples ......................... 74
4.3 DISCUSSION . .ttt e e 77
4.3.1.  Other O-Glycoproteomic Studies on Complex Biofluids ...................... 78
4.3.2.  Proteinase K Digest ............coooiiiiiiiiiiii 79
4.3.3.  Glycopeptide Enrichment via HILIC .......................... 80
4.3.4.  Identification of the O-Glycan Composition...........................o 81
4.3.5.  Glycopeptide Identification....................ooo 81
4.3.6.  Pinpointing of O-Glycosylation Sites.........................o. 83
4.3.7. Caveats of the Approach ..................... 84
A4 SUMIMATY ..ot 84
5. In-Depth N-and O-GlycoOproteomics .......ccccveeeeeiennneeieisnnnneienscnneeienscnnneeennn. 85
5.1, Introduction ... .. ..ot 86
5.2. Results and DiSCUSSION .....uueiinii e 86
5.2.1.  Fragmentation of N- and O-Glycopeptides by HCD.low and HCD .step ... 86
5.2.2. Spin-Cotton-HILIC-SPE ..., 91

5.2.3.  Glycoproteomic Analysis of Immunoglobulin Gamma, Fibrinogen,
Lactotransferrin, and Ribonuclease B........................ocooii 95

5.2.4.  Quantification of Oxonium lons and Its Potential for N- and O-

GlyCOProteOMICS ... .uuiii i 99
5.3, SUMMATY ... 112
6. Conclusion and OUtlOOK .....cceuiieeiiiiiniiiiniiiiiiiiiiiiiiiiiiiiiinceereeeeeneee. 113
6.1. Human Blood Plasma O-Glycoproteomics..................oocooii, 113
6.2. In-Depth N- and O-Glycoproteomics.................oooiiii, 115
7. Bibliography .ottt aee s 118
8. List Of CoNtribUtioNS..ccu.cieeuiiieuiiiniiiiiniiiiniiiiitiiiiitiiiieniiieiieesieeessiesssscsesnes 134
9. LiSt Of FigUuIes cccouueeieenineeiiinitetiencnettecncneetcessnee e csssnnee e e sssane e e s s snneeesssnnne 138
10. List Of Tables ..iieeuuiiiiemniiiiiiiniiiiiiitiiiiiiiiiiniiiicieenicneesecseessseeseesssnenes 139



11. List of Materials and Chemicals

12. List of Devices and Instruments

VIII



List of Abbreviations

2

2D-PAGE - two-dimensional gel electrophoresis

A

ABC ‘- ammonium bicarbonate

ACN - acetonitrile

ADCC - antibody-dependent cellular cytotoxicity
AGC - automatic gain control

ALG - asparagine-linked glycosylation

Asn - asparagine

ER - endoplasmic reticulum

ERLIC - electrostatic repulsion hydrophilic interaction
chromatography

ESI - electrospray ionization

ETD - electron-transfer dissociation

EThcD - electron-transfer/higher-energy collisional

dissociation

B

BPC - base peak chromatogram

C

C(G)E-LIF - capillary (gel) electrophoreses coupled to laser-
induced fluorescence

C(Z)E - capillary (zone) electrophoresis

CDG - congenital disorders of glycosylation

CFG - Consortium for Functional Glycomics

CHO - Chinese hamster ovary

CID - collision-induced dissociation

COSMC - core-1 B3-Gal-T-specific molecular chaperone

CRISPR/Cas9 - clustered regularly interspaced short
palindromic repeats/ CRISPR-associated 9

CSF - cerebrospinal fluid

Cys - cysteine

F

FA - formic acid

FASP - filter-aided sample preparation

Fc - fragment crystallizable

FDA - U.S. Food and Drug Administration

FDR - false discovery rate

Fib - fibrinogen

FLR - fluorescence detection

FTICR - Fourier transform ion cyclotron resonance
Fuc / dHEX - fucose

G

Gal - galactose

GalNAc - N-acetylgalactosamine
GalNAc-T - GalNAc-transferase isoenzyme
GDP-Man - guanosine diphosphate mannose
Glc - D-glucose

GlcA - glucuronic acid

GlcNAc - N-acetylglucosamine

GnT I - N-acetylglucosaminyltransferase I

GnT-III - B1,4-N-acetylglucosaminyltransferase III

D

Da - Dalton

Dol-P-Glc - dolichol-phosphate glucose
Dol-P-Man - dolichol-phosphate mannose
DTT - dithiothreitol

E

ECD - electron-capture dissociation

EIC / XIC - extracted ion chromatogram

EMA - European Medicines Agency

Endo D / Endo H - endo-B-N-acetylglucosaminidases

H

HA - hemagglutinin

HCD - higher-energy collision dissociation

Hex - hexose

HexNAc - N-acetylhexosamine

HILIC - hydrophilic interaction liquid chromatography

HPAEC-PAD - high-performance anion exchange
chromatography with pulsed amperometric detection

HPLC - high-performance liquid chromatography

TIAA - iodoacetamide
ICC - ion charge control

IX



IdeS - immunoglobulin-degrading enzyme of Streptococcus
P)/Ogenes

IgA - immunoglobulin A

IgD - immunoglobulin D

IgG - immunoglobulin gamma

IgM - immunoglobulin M

IM-MS - ion mobility-MS

IT - ion-trap

TUPAC - International Union of Pure and Applied Chemistry

o

OST - oligosaccharyltransferase
OT - orbitrap

K

KDN - 2-keto-3-deoxynononic acid

LacdiNAc / LDN - GlcNAc;GalNAc,

LacNAc - N-acetyllactosamine

LC - liquid chromatography, see also HPLC and UPLC
LTF - Lactotransferrin

LTQ - linear quadrupole ion trap

P

PAD - pulsed amperometric detection

PBS - phosphate-buffered saline

PEG - polyethylene glycol

Pep - peptide

PGC-LC - porous graphitized carbon liquid chromatography

PNGase F - endoglycosidase/amidase peptide-N-
Glycosidase F

Pro - proline

PTM - post-translational modification

Q

qTOF - quadrupole TOF

M

mAbs - monoclonal antibodies

Man - mannose

MIRAGE - minimum information required for a glycomics
experiment

MRM - multiple reaction monitoring

MS - mass spectrometry

MS? - tandem mass spectrometry

MS" - multistage mass spectrometry

R

RNase B - ribonuclease B
RP - reversed-phase

RT * room temperature

N

NA - neuraminidase

nano-RP-LC-ESI-IT-MS" - nano-reversed-phase liquid
chromatography coupled to electrospray ionization
multistage ion-trap mass spectrometry

nano-RP-LC-ESI-OT-MS? - nano-reversed-phase liquid
chromatography coupled to electrospray ionization
orbitrap tandem mass spectrometry

NCAMs - neural cell adhesion molecules

NCE - normalized collisional energy

NeuAc / NANA - N-acetylneuraminic acid

NeuGc / NGNA - N-glycolylneuraminic acid

NMR - capillary electrophoresis, liquid chromatography,

nuclear magnctic resonance SIJCCU'OSCOPV

S

SDS-PAGE - sodium dodecyl sulfate polyacrylamide gel
electrophoresis
Ser - serine

SPE - See

T

TALEN - Transcription activator-like effector nucleases
TFA - trifluoroacetic acid

TFE - 2,2,2-trifluoroethanol

Thr - threonine

TIC - total ion chromatogram

TTBK2 - Tau-tubulin kinase 2

U

UDP-GIcNAc - uridine diphosphate N-acetylglucosamine
UPLC - ultra-performance liquid chromatography

UV - ultraviolet

UVPD - ultraviolet photodissociation



4

Val - valine

VNTRs - variable number tandem repeats

X

Xyl - xylose

XI






Chapter One

1 Introduction

In the year 1970 — Ashwell and Morell were the first to identify a hepatic receptor as the key
player for the selective clearance of exogenously administered blood plasma glycoproteins from
the circulating blood stream of mammals "!. This finding is now regarded as a milestone in
glycobiology research and is remarkable for several reasons: Back then protein glycosylation,
meaning the covalent glycosidic linkage of mono-, oligo- or polysaccharides — referred to as
glycans — to specific amino acids along the peptide backbone, has been known for quite some
time (1865: Eichwald found that mucins are glycosylated proteins) ’l. The biological
implications of this protein modification, however, remained largely unknown. The general
tenor, well established in the 1920s, was, that specific information is carried mainly by proteins
— and protein bound glycans were considered lacking any interesting biological functions.
Ashwell and Morell were among the first researchers who could demonstrate that glycans can
act as recognition signals. The hepatic receptor they found recognizes specific glycan motifs
present on glycoproteins — the initial step for the subsequent degradation of those glycoproteins
in the liver I'l. More precisely, that the presence or absence of a single terminal monosaccharide
of a glycan, namely sialic acid, determines the half-life of the administered glycoproteins in the
circulation. The authors could prove that only those glycoproteins, whose sialic acids have been

enzymatically removed prior to the injection, were bound by the receptor and effectively



cleared from the blood stream. The Ashwell-Morell receptor, originally termed asialo-
glycoprotein receptor, was the first ever described lectin — a protein that selectively binds to
the glycan moiety of another protein. At this time, this finding together with the observation
that glycans are dramatically altered in cancer cells P %, marked a turning point in the
perception of glycans within the scientific community. Glycans or generally spoken carbo-
hydrates could no longer be considered as compounds merely related to structure, energy
consumption or energy storage. Glycans rather have become a new member among the four

fundamental classes of biomolecules (carbohydrates, proteins, lipids, and nucleic acids).

Since then, knowledge about protein glycosylation has expanded constantly, and soon it was
realized that glycans are ubiquitous in nature and can be found in all domains of life (eukarya,
bacteria, archaea), including viruses I . Glycans can be found on intra- and extracellular
proteins. The membrane of every cell in nature features membrane-bound or transmembrane
glycoproteins. These glycoproteins along with glycolipids and proteoglycans represent the so-

called glycocalyx — the outermost (apical) surface of every cell 'l (Figure 1).
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Figure 1: Classes of glycoconjugates present in vertebrates (taken from Moreman et al., 2012 ).

From a cell’s point of view, the glycocalyx is the first contact zone any external molecule, cell,
or organism encounters; making it essential for cell-cell recognition, uptake and secretion,
signaling, intercellular adhesion, protection, and stability. Also, most secreted proteins are
known or assumed to be glycoproteins, including for instance enzymes, transporters or

proteins involved in immune response such as immunoglobulins (71, Starting in the late 1970s
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advances in derivatization as well as chemical or enzymatic release of protein bound glycans,
along with the development of nuclear magnetic resonance spectroscopy ('"H-NMR), mass
spectrometry (MS), liquid chromatography (LC) and capillary electrophoresis (CE), enabled

the analysis of the primary structure of glycans derived from single proteins 9, 101,

In contrast to nucleic acids and proteins, glycans were found to be far more complex. While
the former have solely linear primary structures, glycosidic linkages between monosaccharides
are much more diverse — leading to linear but also branched glycan structures (stereo- and
regioisomers: O- and [3-anomers, different linkage positions). In addition, glycans were found
to be linked to specific amino acids within the protein sequence — a covalent linkage that can
be established at the glycosylation sites via different atoms, leading to different glycosylation
types (N, 0, C, §) """l Glycosylation is a dynamic modification implying differences in
glycosylation site occupancy and differences in glycans that can be attached to each potential
glycosylation site (macro- and microheterogeneity) — ultimately leading to different protein

glycoforms (Figure 2).

Glycan Micro- and Macroheterogeneity

Iy

| *not occupied

One glycoprotein...

Abundance

...but different glycoforms,
with different abundances

Figure 2: One glycoprotein may exhibit different glycoforms with different abundances, as exemplarily shown
for an N-glycoprotein with different N-glycans being attached to three potential N-glycosylation sites. The
attachment of different glycans to a potential glycosylation site and the occupancy of this site are referred to as
glycan micro- and macroheterogeneity.

This glycan diversity holds an immense modulation and information potential that can
significantly influence physico-chemical properties of individual proteins (e.g. size, charge
state, hydrophilicity [")), the interplay between proteins and other biomolecules (e.g. affinity
[7l), and the overall phenotype of a cell or an organism (e.g. embryonic development ['¢)).

Glycans, unlike the proteins they modify, are synthesized in a non-template-driven manner.
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For mammalian cells, biosynthesis of the majority of known glycosylation types is a co/post-
translational event taking place in the endoplasmic reticulum and/or the Golgi apparatus, and
is catalyzed by a set of tightly-orchestrated enzymes, involving mainly glycosyltransferases and
glycosidases ). In mammals, there are two major types of protein glycosylation namely N-
glycosylation and mucin-type O-glycosylation (from now on referred to as O-glycosylation).
N-glycans are linked to the nitrogen on the amino acid asparagine according to a conserved
sequence motif Asn-X-Ser/Thr/Cys/Val "1 — where X can be any amino acid, except proline,
followed by serine, threonine, cysteine, or valine. Attachment of O-glycans does not follow a
certain sequence motif, instead O-glycans can be linked to the hydroxyl oxygen of virtually
every present serine or threonine Il Though glycosylation is generally conserved among all
domains of life, evolution has led to different repertoires of glycans, lectins, and glycan-
modifying enzymes in many cases — evidenced for instance by glycosylation differences
between human and bovine cells; or by different human blood groups (ABO system) I”], being
aresult of glycan antigens linked to proteins present on the surface of erythrocytes I'*. Protein
glycosylation is involved in virtually every cellular process and essential for all living organisms
°l. For many pathogens, for instance, glycan biosynthesis and recognition are crucial for their
host specificity, life cycle, and survival I"”l. This includes, among others, evasion of the host
immune system by glycan mimicry; or the use of glycosidases and lectins to attack the host cell
glycocalyx, to adhere to the membrane, and to finally enter the host cell I°l. It is therefore not
surprising that several human infectious diseases are associated with altered protein
glycosylation, which is either inherited or acquired ** *!l. Also, for other types of human
diseases including cancer, autoimmune diseases, neurological diseases and genetic diseases (e.g.
congenital disorders of glycosylation), atypical protein glycosylation can be observed 7.
Analyzing glycans and glycoproteins thus holds an enormous potential to get further insights
into a wide range of physiological but also pathophysiological states of a cell, tissue, organ or
organism. The gained knowledge can then be used to understand and monitor the onset and
progression of diseases, or to develop and improve therapeutics as well as clinical prevention
and intervention strategies (e.g. vaccines). Production of several recombinant therapeutic
proteins, including biosimilars, has already benefitted from such knowledge. The most
prominent examples in this regard are therapeutic monoclonal antibodies (mAbs), antibody
fragments, antibody fusion proteins, and antibody-drug conjugates. Besides insulin,

recombinantly produced in Escherichia coli, mAb production is currently the biggest market
driver on the biopharmaceutical industry with a global sales revenue of ~$94 billion in 2017

(23,24 and an expected revenue of ~$138.6 billion in 2024 I MAbs, due to their target
specificity and effector functions, including receptor-blocking and cell cytotoxicity, have a
wide spectrum of applications including treatment of different autoimmune diseases, such as
Crohn’s disease and rheumatoid arthritis, and treatment of different cancer types, such as lung
and breast cancer ). A major impact on the potency, efficacy and immunogenicity of those
therapeutic mAbs can be ascribed to N-glycans present in the fragment crystallizable (Fc)-
gamma receptor region (constant region of the heavy chains, CH2) 1**l. Depending on (I) the
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cellular target, (II) the desired effect (e.g. increased cytotoxicity, or anti-inflammation), and
(Ill) the production cell line and process conditions, the Fc-gamma N-glycosylation of mAbs
needs to be adapted, i.e. glycoengineered, accordingly P7*°l To reduce the risk of
immunogenicity by non-human N-glycans, the majority of approved (humanized) mAbs are
produced in mammalian cell lines (mainly Chinese hamster ovary cell lines) % 3", However,
also other systems for the production of (humanized) antibody fragments and (aglycosylated)
antibodies have entered, or are expected to enter, the market including glycoengineered
insect, plant, yeast, and bacterial cell lines, or cell-free protein expression systems P2 31,
Nowadays, glycosylation of recombinant therapeutic proteins, in general, is considered a
critical quality attribute, that is inspected by drug regulatory authorities **?’ and that needs to

be accounted for 133839,

Even though, glycosylation and glycoengineering have found their way into modern
biotechnology and biomedical research, many open questions about protein glycosylation and
its implications remain. Many facets of protein glycosylation are still not fully understood, and
structure-function relationships identified for one protein or scenario cannot easily be
translated to another. To understand glycosylation and its implications better, the constant
development and improvement of analytical techniques ****l and bioinformatic tools [*> *! is
required. Within the Bio/Process Analytics group of the Bioprocess Engineering group at the
Max Planck Institute in Magdeburg, methods and software tools for the high-throughput
structural analysis of enzymatically released N-glycans derived from single glycoproteins or
complex mixtures of glycoproteins have been developed that will be constantly improved and
extended 73], These techniques provide valuable qualitative and quantitative insights on the

entirety of N—g]ycans of a sample under investigation — the so-called N—glycome.

One aim of the present work is to complement those glycome-centered techniques, by
techniques that focus on the protein and its glycan moieties as an intact entity — analyzed in the
form of glycopeptides — the product of a proteolytic digest of the glycoproteins under
investigation. Mass spectrometry, alone or combined with liquid chromatography, is currently
the analytical state-of-the-art platform for such glycoproteomic analyses [**# 34 The analysis
of glycopeptides, and their corresponding fragment ion spectra, enables a site-specific mapping
and characterization of all glycoforms present on a glycoprotein at a certain point in time. As
an addition to glycomics or proteomics approaches, glycoproteomics delivers further insights
into the structure-function relationship of glycans and their respective protein carriers in a
certain biological context. Establishing such methods is sought to gain a deeper understanding
of biological processes that involve glycoproteins (for instance: influenza virus propagation in

cell culture).

Within this work, it is intended to establish MS-based glycoproteomic methods and workflows
that enable the site-specific glycoproteomic analysis of single glycoproteins but also of complex
mixtures of glycoproteins. Thereby, the determination of the micro- and macroheterogeneity

of N- as well as O-glycosylated proteins is sought. The first step towards this objective was to
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establish glycoproteomic methods centered on nano-reversed-phase liquid chromatography
coupled to electrospray ionization ion-trap multistage mass spectrometry (nano-RP-LC-ESI-
IT-MS"). Additionally, methods to generate and enrich N- and O-glycopeptides needed to be
established. Those methods were then evaluated with well-characterized glycoproteins, such
as human immunoglobulin gamma. Ultimately, it was envisioned to apply the developed
workflow to study the human blood plasma O-glycoproteome in an explorative manner. This
project seeked to identify and characterize new O-linked glycans on human blood plasma
proteins, and therefore to increase our yet limited knowledge about the human blood plasma

O-glycoproteome.

Crucial to any MS-based glycoproteomic experiment is the unambiguous identification of the
peptide moiety of the corresponding glycopeptide. This however cannot always be guaranteed
because most MS analyses of intact glycopeptides primarily provide information on the glycan
moiety, while sufficient information on the peptide sequence is sometimes difficult to obtain.
With the advent of high-resolution MS, equipped with advanced fragmentation techniques,
new opportunities for the analysis of glycopeptides arise. In the second part of this thesis it was
therefore intended to develop a glycopeptide fragmentation regime on a hybrid linear ion
trap/orbitrap high-resolution mass spectrometer, which enables the reliable and unambiguous
identification of both, glycan and peptide moiety, for the glycoproteins under investigation.
The developed method was validated using a set of selected and representative N- and O-
glycoproteins (human glycoproteins: immunoglobulin gamma, fibrinogen, lactotransferrin;

bovine glycoproteins: ribonuclease B).

Glycoproteomics is an emerging scientific field that adopted most of its procedures and
approaches from proteomics. However, unlike proteomics, the analysis of glycopeptide spectra
is still mainly performed manually. This is primarily due to the lack of reliable and freely
available software programs which can cope with the complexity of the acquired datasets, and
which provide an all-in-one solution for the automatic identification of glycopeptide fragment
ion spectra. Therefore, the third objective of this work was to foster the in-house development
of a software program that facilitates the semi-automatic, i.e. manually supervised, annotation
and identification of N- and O-glycopeptide fragment ion spectra. For this purpose,
glycoproteomic data, acquired and manually validated within this thesis, were provided along
with insights into fragmentation characteristics of N- and O-glycopeptides. The proposed
software not only intends to significantly reduce the hands-on time required for the data
analysis; it should also increase the confidence, reproducibility, and the depth of

glycoproteomic analyses.

Structure of the thesis
The present thesis is structured into six chapters. Following this first introductory chapter,
chapter two outlines the basics of protein glycosylation, its importance and known
implications. Further, it gives an overview on state-of-the-art techniques and methods to

analyze protein glycosylation (Chapter 2: Theoretical Background). The subsequent chapter
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then introduces and describes the analytical workflows that were established or developed
during this work (Chapter 3: Material and Methods). Chapters four and five highlight results
from two different glycoproteomic projects. Each of the two chapters features an introduction,
results, and discussion section. In chapter four the results of an explorative site-specific O-
glycoproteomic study of human blood plasma glycoproteins using nano-RP-LC-ESI-IT-MS" are
presented (Chapter 4: Human Blood Plasma O-Glycoproteomics). Chapter five describes a
newly developed workflow for the in-depth analysis of N- and O-glycoproteins. The workflow
is centered on nano-RP-LC-ESI-OT-MS? using a hybrid linear ion trap/orbitrap MS. Its
capabilities, including the benefits of using diagnostic fragment ions for refined characterization
of the glycan moiety, are demonstrated using a set of four selected N- and O-glycoproteins
(Chapter 5: In-Depth N- and O-Glycoproteomics). The thesis closes with a general conclusion
and an outlook (Chapters 6: Conclusion and Outlook).



Theoretical Background

ChapterTwo
2 Theoretical Background

This chapter lays the theoretical foundations for the research presented in this thesis. In the
first part, background information on protein glycosylation is given, focusing mainly
on mammalian protein N- and O-glycosylation. This includes structural characteristics, details
on the biosynthesis, and known biological implications of N- and O-glycans. For the latter,
emphasis is put on the importance of protein glycosylation for physiological and
pathophysiological cellular processes, as well as for biopharmaceuticals. The second part
outlines techniques and methods to analyze protein glycosylation. It is subdivided into: (I) the
analysis of monosaccharides (II) the analysis of intact glycoproteins, (III) the analysis of glycans
that were released from glycoproteins, (IV) and the analysis of glycopeptides derived from
glycoproteins. Central to this thesis is the MS analysis of glycopeptides. This topic is thus given
a particular focus throughout the second part of this chapter.

2.1. Protein Glycosylation

The covalent attachment of mono-, oligo- or polysaccharides to the polypeptide chain of
proteins is termed glycosylation — a process ubiquitously found among all domains of life

(eukarya, bacteria, archaea), including viruses. About 50% of all proteins are believed to be



Protein Glycosylation

glycosylated, making protein glycosylation the most common co/ -posttranslational modifica-
tion of proteins !, During protein glycosylation a covalent bond, termed glycosidic bond, is
established between the side chain group of distinct amino acids and a carbohydrate. The
resulting compound, termed glycoprotein, thus holds a carbohydrate moiety — the glycon —
and a non-glycosylated peptide backbone — the aglycon. The carbohydrates, termed glycans,
are complex biomolecules, whose structural diversity exceeds that of nucleic acids and proteins
by far. While nucleic acids and proteins adopt linear primary structures, glycans can exhibit
linear but also branched structures. The building blocks of glycans, but also of other important

biomolecules, are monosaccharides (Figure 3).
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Figure 3: Graphical representation of glycan structures (top) and monosaccharides (bottom) according to the
CFG nomenclature (Consortium for Functional Glycomics) ). Theoretical residue masses are shown in italics

(modern MS instruments typically report up to four decimal places).

Naturally occurring monosaccharides can contain between three to seven carbon atoms. The
most common constituent of glycans, however, are monosaccharides with six carbon atoms

i.e. hexoses. Depending on the terminal group monosaccharides can be classified into aldoses
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(characterized by aldehyde group) and ketoses (characterized by ketone group).
Monosaccharides, or carbohydrates in general, can occur in a large variety of isomeric forms.
A hexose, for instance, has four chiral centers — that is, four carbon atoms whose substituents
can be arranged in two stereochemically different ways. Hence, there are in total 16 hexose
isomers. The three hexoses glucose, galactose, and mannose, for instance, differ only in the
stereochemical orientation of the hydroxyl group of the carbon atoms C-4 and C-2,
respectively. Such stereoisomers are termed epimers, as they differ in the configuration of only
one of their chiral centers. Epimers belong to the diastereomers, a subgroup of stereoisomers.
The second subgroup of stereoisomers is enantiomers. A hexose, like glucose, has two
enantiomers, i.e. two mirror configurations (or optical isomers): D-glucose and L-glucose. In
glycans, hexoses are normally found in the D-configuration. It is therefore common to make
this state implicit when describing glycans. Monosaccharides in glycans primarily exist in a
cyclic form. The most common, and chemically most stable forms are five- and six-membered
rings — termed furanoses and pyranoses, respectively. The cyclic configuration is established
by a reaction between the C-5 hydroxyl group and either the C-1 aldehyde group present in
aldoses, or the C-2 ketone group present in ketoses — eventually resulting in a hemiacetal or
hemiketal, respectively. With this ring formation a new chiral center is built at position C-1.

The stereoisomeric orientation of the hydroxyl group attached to this so-called anomeric
carbon atom leads to two diastereomers: the &-anomer and the B-anomer. For the cyclic form
of glucose, for instance, this results in four stereoisomers: a-D-glucose, ®-L-glucose, B-D-

glucose, and B-L-glucose. In glycans of vertebrates the most commonly found monosaccharides
are D-glucose, and epimers of glucose, namely D-mannose and D-galactose. The repertoire of
monosaccharides is further expanded by substitution of the C-2 hydroxyl group of glucose or
galactose with an acetylated amino group. The resulting monosaccharides are N-acetyl-D-
glucosamine or N-acetyl-D-galactosamine, respectively — two hexosamines. Two other
commonly found monosaccharides of vertebrate glycans are L-fucose and N-acetylneuraminic
acid. L-fucose is structurally related to galactose. Compared to D-galactose, though, fucose
lacks a hydroxyl group at position C-6, and adopts an L- rather than a D-configuration. Due to
the lack of the hydroxyl group, fucose is classified as a deoxyhexose. N-acetylneuraminic acid
belongs to the large group of sialic acids (sometimes also referred to as neuraminic acids). Up
to now over 50 naturally occurring derivatives of sialic acids were identified *°l. In humans N-
acetylneuraminic acid (NeuAc or NANA) is the most commonly found sialic acid. In mammals
other than human, sialic acids such as N-glycolylneuraminic acid (NeuGc or NGNA) and 2-
keto-3-deoxynononic acid (KDN) can prevail. Sialic acids are characterized by a nine-carbon
backbone and a C-1 carboxyl group attached to the anomeric C-2 carbon. The carboxyl group
is deprotonated at physiological pH (pKa of 2.6) and confers a negative charge to sialic acids.
Further diversity of sialic acid arises from naturally occurring substitutions of the hydroxyl

groups with functional groups such as O-acetyl or O-sulfate groups.

Multimeric glycan structures are built by the covalent linkage of monosaccharides with each

other. Such a linkage is established by a condensation reaction between the hemiacetal or
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hemiketal group of a monosaccharide and a hydroxyl group of another monosaccharide. During
this reaction the hemiacetal or hemiketal is converted into an acetal or ketal, respectively. The
established bond is termed glycosidic bond. The disaccharide lactose, for instance, is formed
through a glycosidic bond between the C1 of galactose in B-configuration and the 4-hydroxyl
group of glucose. The resulting linkage is termed B1-4 linkage. During the formation of
lactose, the glucose unit retains its hemiacetal group, i.e. its free anomeric carbon. The ability
of this group to reduce inorganic ions such as Cu’" leads to the designation reducing end of the
disaccharide. Consequently, the galactose unit, constitutes the non-reducing end. The terms
reducing end and non-reducing end, are not only used with disaccharides. Also,
polysaccharides or glycans feature a reducing end, along with a single non-reducing end or with
multiple non-reducing ends — depending on the presence of branched structures. However,
there are also exceptions: for instance, the disaccharides sucrose and trehalose, and the
polysaccharide starch are non-reducing sugars as they lack a free anomeric carbon. The
multitude of possible glycosidic linkages that can be established between monosaccharides
yields numerous possible carbohydrate structures. This complexity can be illustrated by
comparing the disaccharides maltose and trehalose. Both disaccharides are composed of two
glucose units, meaning they are identical with respect to the monosaccharide composition.
Those two glucose units, however, are linked on different positions. While in trehalose the
two glucose units are linked C1 to C1 with both links in the alpha configuration (glucose
a(l,1)a glucose), in maltose the glycosidic bond is established between C1 and C4, again in
alpha configuration (glucose a(1,4) glucose). This subtle structural difference results in two
individual compounds, each with unique biochemical and biological properties: Trehalose is a
non-reducing sugar that can by synthesized by bacteria, fungi, plants, and invertebrates. It
serves as an energy source, but can also confer cellular protection against freezing and drying.
Maltose, in contrast, is a reducing sugar. The plant-derived disaccharide is an intermediate of

the starch catabolism and solely serves as a source of energy.

Comparing the two structural isomers trehalose and maltose stands representative for a general
concept in carbohydrate biology: the identity of oligo- and polysaccharides, including glycans,
is defined by the (I) monosaccharide composition (e.g. D-glucose + D-glucose), the (II)
anomeric configuration (i.e. & or ), and (III) the connectivity (i.e. linkage positions) of each
glycosidic bond. With these degrees of freedoms carbohydrates hold an enormous structural
diversity — a diversity which far exceeds that of genes and peptides. As an example, a
disaccharide composed of two D-glucose units has 11 potential isomers (regio- and
stereoisomers) 7 a linear trisaccharide composed of three D-glucose units already has 176
potential isomers. In contrast, a di- or tripeptide composed of just one amino acid (e.g. AA
and AAA) has only one isomer each P**l. Thus, considering not only linear glycans, but also
branched ones, the number of possible glycan structures seems nearly unlimited. Still, and
despite we currently have only limited insights into the entirety of all naturally occurring

glycans, it becomes clear that not all theoretically possible glycans are present in nature.
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Considering only vertebrates, in fact, many evolutionary conserved glycan structures can be
found across all taxa (there are nine monosaccharides commonly found vertebrate

glycoconjugates) 171,

Glycobiology is a growing scientific field that was pioneered by chemists. To facilitate access
to this new research field to scientists without a strong chemical background, a simplified
graphical representation of glycans and oligosaccharides has been introduced. This condensed
form of representation makes use of geometrical shapes to depict monosaccharides, it thus
allows to interpret glycans at a glance and serves to understand glycans as biological entities
rather than complex chemical structures (Figure 3). Depending on the depth of the glycan
analysis the graphical representation of the glycans analyzed can be adapted accordingly. If, for
instance, no information on the glycan linkages can be gained from the conducted measure-
ment, the glycan is typically depicted without any linkage information. Yet, the mono-
saccharide identity (e.g. D-mannose) and the general topology of the glycans, meaning the
glycan sequence without any linkage information (e.g. D-galactose + N-Acetyl-D-glucosa-
mine) but including potential branching points, is often given anyways — even if the conducted
analysis does not give enough evidences to derive such structural information. This assumption
is usually made whenever the performed analysis yields only an indirect prove of the glycan
identity — such as a chromatographic glycan retention time matching a validated database entry,
or a glycan mass with corresponding fragment ions that matches a certain glycan structure. In
any case this assumption can only be made for glycans whose structure has already been
clucidated before. Again, it reflects the concept of considering glycans as entire biological
entities governed by conserved biosynthesis pathways. Still remaining uncertainties during the
annotation of glycan structures, such as terminal monosaccharides that can reside on either of
two or more arms of a branched glycan structure, are handled by depicting the potential
locations of those terminal monosaccharides with parenthesis. One of the most commonly used
nomenclatures for the symbolic representation of glycans is the CFG nomenclature introduced
in 1999 in the textbook “Essentials of Glycobiology, 1% edition” and revisited by the
Consortium for Functional Glycomics (CFG). This nomenclature is inspired by
monosaccharide symbols already introduced in 1978 by Kornfeld et al. ). In addition to the
symbolic representation of monosaccharides, corresponding abbreviations were introduced:
for instance, D-glucose is abbreviated with Glc. Notably, the designation of monosaccharide
D- or L-enantiomer is usually made implicit with respect to the most common form, meaning
that the term glucose usually referrers to D-glucose. Moreover, generic terms for a certain
class of monosaccharides can be used: the term hexose (abbreviated wit Hex), for instance,
combines the isomers glucose, galactose, and mannose. The use of these abbreviations and
terms was recommended by the International Union of Pure and Applied Chemistry (IUPAC)
in 1996 (http://www.sbcs.qmul.ac.uk/iupac/2carb/). The CFG nomenclature has received
several iterations of renewal. The latest revision was introduced in 2015 1. Another widely

used glycan nomenclature is the oxford-notation proposed by Harvey et al. in 2009 1,
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Throughout this thesis the revised CFG nomenclature introduced in “Essentials of

Glycobiology, 2™ edition” is used 1" (Figure 3).

N-Glycosylation
There are several forms of protein glycosylation — differing in the employed monosaccharides,
the attachment sites within the protein backbone, their biosynthesis as well as their biological
implications. The most commonly found and hitherto best studied form is protein N-
glycosylation (sometimes also termed N-linked glycosylation). N-glycosylation is conserved
among all three domains of life, including viruses. As with all other known forms of protein
glycosylation, the biosynthesis of N-glycans is catalyzed by a set of tightly-orchestrated
enzymes. Unlike the biosynthesis of nucleic acids or peptides, glycosylation is a non-template
driven process that relies on the coordinated interplay and availability of enzymes, glycosyl
donors and acceptor substrates. Mainly involved are enzymes that catalyze the addition or
removal of monosaccharides — so-called glycosyltransferases and glycosidases. Initially those
enzymes were thought to have a strict donor and acceptor specificity, meaning that each
glycosyltransferase can only add one specific monosaccharide in a specific linkage; e.g. the
enzyme B1,4-galactosyltransferase only catalyzes the B-linked glycosidic bond created between
C1 of D-galactose and C4 of D-glucose to build lactose (the same holding true for the hydrolysis
of glycosidic bonds by glycosidases). This led to the “one enzyme-one linkage” hypothesis. This
theory, however, was refuted: It is now known that (I) more than one enzyme can catalyze the
formation or hydrolysis of a certain glycosidic bond; and that, in rare cases, (II) one enzyme
can catalyze the formation of multiple types of glycosidic bonds. For example, the human

fucosyltransferases I1I-VII, all attach fucose in a1-3 linkage to N-acetyllactosamine moieties on

glycans. Fucosyltransferase III, however, can additionally also attach fucose in a1-4 linkage [,
To establish a glycosidic bond between a monosaccharide and its acceptor, i.e. a nascent
protein, or another monosaccharide, the activated form of this monosaccharide must be
provided. Energetically-activated monosaccharides are referred to as nucleotide sugars, and
include for instance uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) and guanosine
diphosphate mannose (GDP-Man). Pivotal to the biosynthesis of nucleotide sugars is the
glucose metabolism, as glucose can be converted into all other monosaccharides. In some
instances, the monosaccharide donor substrate can also feature a lipid moiety, such as dolichol-
phosphate (Dol-P). This lipid moiety can be linked to mannose or glucose, to form dolichol-
phosphate mannose and dolichol-phosphate glucose, respectively (Dol-P-Man, Dol-P-Glc).

In cukaryotes, two cellular compartments are involved in protein N-glycosylation: the
endoplasmic reticulum (ER) and the Golgi apparatus (or simply Golgi). The biosynthesis of N-
glycans is initiated at the cytosolic side of the ER membrane. During these steps nucleotide
sugars, namely UDP-GlcNAc and GDP-Man are sequentially added to the lipid carrier Dol-P
to build a lipid-linked N-glycan precursor. This process is facilitated by a set of glycosyl-
transferases encoded by genes designated as ALG (asparagine-linked glycosylation). The first

monosaccharides added are two GlcNAc residues. They represent the so-called chitobiose core
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of the N-glycan. Further, five Man residues are added to this chitobiose core. The resulting
structure is referred to as Mans N-glycan (similarly, an N-glycan with three Man residues is
referred to as Mans N-glycan). The first three mannoses added represent the so-called
trimannosyl core. Together with the chitobiose core, the trimannosyl core constitute a
conserved structure present in all conventional N-glycan types (unconventional paucimannose-
type N-glycans are an exception in this regard). The biosynthesis continues at the luminal side
of the ER membrane. To this end, the N-glycan precursor is translocated across the membrane
into the inside of the ER — a process that is still not fully understood. There, the N-glycan
precursor is further extended by four Man residues and three Glc residues. The necessary
monosaccharides are provided in the form of cytosolically synthesized Dol-P-Man and Dol-P-
Glc. The preassembled N-glycan precursor GlesManyGleNAc,-P-P-Dol is then transferred to
the unfolded nascent target protein. This process is catalyzed by oligosaccharyltransferase
complexes (OST), which are part of the ER protein translocon (in metazoans there are two
distinct OSTs with partially non-overlapping roles ¢*)). The addition of the N-glycan precursor
to the protein acceptor site, by the OSTs, is enabled mainly by an N- to C-terminal sequence
scanning mechanism, and can occur either co- or posttranlationally > ¢’ The acceptor site for
N-glycans is the amino acid asparagine; or more precisely the nitrogen atom of the amide group
of the asparagine side-chain. A prerequisite to add an N-glycan to this glycosylation site is the
presence of a conserved sequence motif, a so-called sequon. Typically, N-glycosylation occurs
on the Asn-X-Ser/Thr sequon (canonical sequence motif); where X can be any amino acid
except for proline; note that Thr is more common than Ser (throughout this thesis amino acids
are represented by their respective one-letter or three-letter symbol, as recommended by the
IUPAC **). In rare cases, however, N-glycosylation has also been observed on a Asn-X-Cys or
Asn-X-Val sequon "7, Still, the mere presence of an N-glycosylation sequon within a protein
sequence does not necessarily mean that this site becomes N-glycosylated at the end. There are
a few other requirements or constraints that also have to be considered: (I) only proteins that
traverse the secretory pathway can become N-glycosylated, which only applies to secreted and
membrane-bound proteins; (II) OSTs require an appropriate three-dimensional structure of
the target protein to access potential N-glycosylation sites; (IlI) the presence of certain amino
acids, such as proline, in the proximity of a sequon can reduce the N-glycosylation efficiency;
(IV) the same holds true for other types of glycosylation in the proximity of an N-glycosylation
sequon; (V) N-glycosylation sites close to the protein’s C-terminus become less efficiently
glycosylated; (VI) among the two main sequons, the Asn-X-Thr sequon becomes more
efficiently N-glycosylated (Figure 4); (VII) and the N-glycosylation efficiency is impaired by the
progression of protein folding > %l Once the preassembled N-glycan precursor is covalently
linked to its acceptor site, the final steps of the protein folding will be initiated, accompanied
by further N-glycan processing. During these steps the three terminal Glc residues of the N-
glycan will be sequentially removed by means of two glycosidases. The removal, or if
necessary, the re-addition of these Glc residues is part of the ER’s protein folding quality

control. This cyclic process is guided by two chaperones, calnexin and calreticulin, along with
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several lectins, i.e. glycan-binding proteins. In the end, only correctly folded N-glycoproteins,
i.e. N-glycoproteins whose N-glycan Glc residues were completely removed during the folding
process (resulting in ManyGlcNAc, N-glycan structures), will be transported further for
secretion or integration into the cell membrane. Irrecoverably misfolded N-glycoproteins will

be deglycosylated and degraded in the proteasome.
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Figure 4: Frequency of occurrence of amino acids in the vicinity of N-glycosylation sites (sequence logo).
Sequence logo generated by MS-based mapping of 6367 N-glycosylation sites (canonical recognition motif) on
2352 glycoproteins derived from mouse tissue and human blood plasma [Zielinska et al., 2010 I'7].

Before the correctly folded N-glycoprotein traverses to the Golgi, one terminal Man residue is
removed from the N-glycan by a mannosidase (resulting in a MangGlcNAc, N-glycan). In the
Golgi a substantial remodeling of the N-glycan takes place while the protein makes its way from
the cis- to the trans-Golgi. This N-glycan remodeling aims at generating a mature N-glycan
structure by trimming and addition of monosaccharides — a process that is mediated by
glycosidases, glycosyltransferases, and lectins. Thereby, monosaccharides added to glycans
within the Golgi are generally provided in the form of nucleotide sugars. While in the ER,
processes are streamlined to generate a single universal N-glycan precursor that can be
transferred en bloc to dedicated protein acceptor sites, processes running in the Golgi are much
less stringent and more diverse —a diversity that is reflected by the plethora of possible mature
N-glycans that can be generated within this cellular compartment. Without going into the detail
of their biosynthesis, there are three major, i.e. conventional N-glycan types that can be built
during N-glycan processing in the Golgi — all having the chitobiose and trimannosyl core in

common (Figure 5).
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Figure 5: N-glycan types present in mammals. The three major N-glycan types are the complex-, high-
mannose- and hybrid-type. The paucimannose-type is less frequently observed and therefore referred to as

unconventional.

First, there are high-mannose-type N-glycans (also known as oligomannose N-glycans): those
N-glycans feature two to six mannoses being attached to the trimannosyl core (Figure 5). The
resulting N-glycans are often abbreviated as Mans, Mang, Man; etc. N-glycans, with the total
number of mannose residues being expressed as subscript number. Second, there are complex-
type N-glycans: those N-glycans are characterized by the sequential addition of different non-

mannose monosaccharides to the mannose residues of the trimannosyl core, i.e. the a1-3 or

a1-6 arm of the trimannosyl core (Figure 5 ,Figure 6).

Trimannosyl core

Core fucose
al-6 arm

‘a 6034.3 2

Bisecting GIcNAc

‘a 6054.5 2

al-3 Antenna

6
[34.[34

Chitobiose core

al-3 Arm

Figure 6: Exemplary N-glycan structure found in humans. Common structural elements, such as bisecting

GlcNACc or core fucose are highlighted.

The linear substructures added to those mannose residues are termed antennae, or branches.
Predominantly there are complex-type N-glycans with two antennae, so-called di-antennary
N-glycans. However, mono- tri- and tetra-antennary N-glycans are also common. Complex-
type N-glycans with more than four antennae have only been rarely documented 7. The bio-
synthesis of an N-glycan antenna is initiated by addition of a GleNAc (1-2) residue to the

trimannosyl core. The antennae can be further elongated by attachment of a galactose (Gal,
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B1-4) residue to the GlcNAc residue, leading to a so-called N-acetyllactosamine residue
(LacNAc). LacNAc residues are typically terminated by addition of a sialic acid to the Gal
residue, as sialic acids are naturally occurring capping structures that cannot be further
clongated (in humans a2-3- or 2-6-linked NeuAc). The only exception are so-called
polysialic acid-containing N-glycans, where long chains of a2-8-linked NeuAc residues are
linked to the terminal a2-3-linked NeuAc residue of the N-glycan antennae /1. This type of
sialylation, however, is limited to neural cell adhesion molecules (NCAMs) and very few other
glycoproteins. Aside from this exception, the described GlcNAc-Gal-Sia motif — in full length
or reduced (e.g. GlcNAc-Gal) — is the most common antenna motif found in complex-type N-
glycans derived from mammalian glycoproteins "l Other motifs may include additional

antenna extension and/or modification. One prominent example is the extension of the
antenna LacNAc residue by LacNAc tandem repeats, i.e. addition of GleNAc (B1-3) and Gal
(typically B1-4, but also $1-3 possible) disaccharide residues. Such poly-LacNAc extensions
preferentially occur on multiantennary N-glycans — particularly on the B1-6-linked GlcNAc-

branch. Less frequently found is a GalNAc ($1-4) residue, instead of a Gal (1-4) residue,
being linked to the trimannosyl core GlcNAc, resulting in a so-called LacdiNAc (or LDN)
residue. Similar to LacNAc extensions, also tandem repeats of LacdiNAc repeats, can extend
an N-glycan antenna I, LacNAc and LacdiNAc residues can be further modified in various
positions and linkages by additional residues such as Gal, GlcNAc, GalNAc, fucose (Fuc), sialic
acid, glucuronic acid (GlcA), or sulfate. In this context poly-LacNAc and poly-LacdiNAc chains
are thought to serve as linear extended scaffolds for the presentation of those terminal residues.
The best-studied LacNAc motifs are the human blood group antigens. The presence of these
antigens on secreted glycoproteins and glycolipids, on free glycans (i.e. oligosaccharides, such
as milk oligosaccharides), and on glycoproteins and glycolipids populating the surface of
erythrocytes as well as many epithelial and endothelial cells represents the basis of our entire
transfusion, transplantation, and newborn medicine. The agglutinating effect caused by the
immunological reaction of circulating antibodies against blood group antigens present on
erythrocyte glycoproteins of incompatible donor blood was already described in the early 20
century by Landsteiner et al. (with this finding, the ABO blood group classification was
introduced, also known as ABO or ABH blood group system) ['*l. However, it took more than
fifty years to be able to elucidate the exact molecular structures of these blood group antigens

7} (Figure 7).
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Figure 7: History of glycans in medicine: discoveries and milestones (taken from Hudak et al., 2014 7)),

Besides ABO blood group antigens also other blood group antigens were identified on

({233}

“T” and “i

glycoproteins in the past. Among those are the blood group antigens, the Sd* blood

group antigens, and the Lewis blood group antigens 1’1, Another important LacNAc motif is
the alpha-Gal antigen. This antigen is characterized by the addition of a Gal in a1-3-linkage to
the 31-4-linked Gal of a LacNAc residue (Figure 8).

Immunogenic N-glycan epitopes
a-Gal al-3
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Figure 8: N-glycan epitopes causing immunogenic reactions in humans (modified from Jones, 2017 %)

The glycosyltransferase responsible for this reaction is expressed in New World primates and
many non-primate mammals, but it is not expressed in humans and Old World primates. In
humans the alpha-Gal antigen is immunogenic — similar to NeuGc and the plant-specific xylose
and a1-3-fucose epitopes 7!, This circumstance, in turn, is crucial for dietary-related allergic
reactions, xenotransplantation, as well as administration of biopharmaceuticals produced in
non-human expression systems -7l LacNAc but also LacdiNAc residues can also be modified
by addition of a sulfate group linked to the Gal, GalNAc, GlcA, or GlcNAc residue [ 7. A
common modification of complex-type N-glycans is the addition of a fucose to the innermost
and Asn-linked GlcNAc residue of the N-glycan chitobiose core (Figure 6). This fucose residue

is referred to as core fucose —in contrast, fucoses attached to N-glycan antennae, as for example
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with blood group antigens, are generally referred to as antenna fucoses. In vertebrates, N-
glycan core fucoses are a1-6-linked; in plants, fungi and invertebrates core fucoses can also be
linked in a1-3 position. Normally, core and antenna fucoses cannot be elongated. Another
common modification of complex-type N-glycans is the addition of a GlcNAc residue in-
between the a1-3 and a1-6 arm of the trimannosyl core. The GlcNAc residue is attached in
B1-4 position and referred to as bisecting GIcNAc. A bisecting GIcNAc cannot be further
clongated. In plants a xylose (Xyl; f1-2-linked), instead of a GIcNAc, can be linked to the 1-
4-linked Man of the trimannosyl core. The third major N-glycan type is hybrid-type N-glycans:
those N-glycans aggregate structural features of both complex-type and high-mannose-type N-
glycans (Figure 5). Similar to complex-type N-glycans, hybrid-type N-glycans can carry core
fucoses and/or a bisecting GIcNAc. Also, their antennae can be composed and modified in the
same way as for complex-type N-glycans. However, hybrid-type N-glycans feature only one
antenna — the one linked to a1-3 Man arm of the trimannosyl core. The remaining part of the

hybrid-type N-glycan (a1-6 Man arm) resembles the high-mannose-type.

Mucin-type O-Glycans
Another form of protein glycosylation that is very common, and that has been studied
intensively, is mucin-type O-glycosylation; also known as O-GalNAc-glycosylation, or simply
O-glycosylation. The latter, however, is a generic term, that, strictly spoken, covers also other
existing forms of protein O-glycosylation such as O-mannosylation, O-fucosylation, and O-
GlcNAcylation . Mucin-type O-glycosylation is very common among the animal kingdom,
but seems to be absent in bacteria, yeast, and plants 7l. The biosynthesis of mucin-type O-
glycans (for simplicity in this thesis referred to as O-glycans/O-glycosylation) differs
significantly from that of N-glycans. Unlike, N-glycans, O-glycans are synthesized exclusively
in the Golgi. This brings along structural differences, including available monosaccharides, as
well as differences in the glycan acceptor sites. In contrast to N-glycans, the monosaccharide
repertoire of O-glycans does not include Man, Glc, and Xyl. Moreover, O-glycans do not share
one single common core structure. Instead, there are at least eight different core structures, of

which the core structures 1-4 are most commonly observed (Figure 9).
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Figure 9: O-glycan core structures (left) and common core-1 antigen structures (right) present in humans.

Like N-glycans, O-glycans can adopt linear as well as branched structures, ranging in their

length from one monosaccharide to more than 20. Common to all O-glycans is the a-linked
GalNAc residue all structures are initiated with. This GaINAc residue is linked to the hydroxyl
group oxygen atom of either the Ser or Thr side-chain. However, in contrast to N-glycans, the
biosynthesis of O-glycans does not include the en bloc transfer of a preassembled immature
glycan core structure. Instead the initial GalNAc residue is directly transferred to the respective
acceptor sites, in the form of UDP-GalNAc. In humans this step can be executed by more than
20 different GalNAc-transferases (GalNAc-T isoforms) — each with different, but partly
overlapping, substrate specificities, as well as tissue-dependent activities %, Strikingly, O-
glycans will be attached solely posttranslational, i.e. to the already fully synthesized and folded
proteins. Thereby the attachment of O-glycans to the peptide chain relies on the accessibility
of the protein surface, but does not rely on a conserved consensus motif, i.e. virtually every
available Ser or Thr can serve as potential O-glycan acceptor site (attachment to Tyr,
hydroxylysine, or hydroxyproline is also possible, but has rarely been observed). However, in
vitro assays, testing the GalNAc-T substrate specificities, revealed that Thr seems to be the
preferred acceptor site (Figure 10).
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Figure 10: Frequency of occurrence of amino acids in the vicinity of O-glycosylation sites (sequence logo).
Sequence logo generated by MS-based mapping of 124 O-glycosylation sites on 51 glycoproteins derived from
bovine serum (Darula et al., 2012 '),

Despite there is no conserved consensus motif for O-glycan attachment, O-glycans are usually
present in repeating domains rich in Pro, Thr, and Ser — so-called PTS domains, also known as
“variable number tandem repeats” (VNTRs). Within those PTS domains, O-glycans typically
exist as clusters adopting a bottle brush-like conformation. Upon attachment of the initial
GalNAc residue, O-glycans can be elongated by other monosaccharides provided in the form
of nucleotide sugars. The glycosyltransferases responsible for those reactions are, in parts, also
involved in the N-glycan biosynthesis I"l. Consequently, linear and branched chains added to
the different O-glycan core structures resembles those also found on N-glycan antennae or
glycolipids. Thus, similar to N-glycans, O-glycans may also feature for instance LacNAc and
LacdiNAc residues, as well as fucoses and terminal sialic acids. And with this, O-glycans may
also exhibit antigens such as ABO and Lewis blood group antigens. Among the four major O-
glycan core structures, the core structures 1 and 2 are most ubiquitously found in humans, as
they are present on many glycoproteins produced in many different cell types. The core
structures 3 and 4, in contrast, are mainly present on proteins expressed in gastrointestinal and
bronchial tissues. O-glycan biosynthesis is a complex process involving many tightly-regulated
enzymes. Dysregulation of the O-glycan biosynthesis, for instance in tumor cells, can lead to
incomplete elongation of O-glycans. Two commonly found tumor-associated O-glycan antigens
are the Tn-antigen and the Thomsen-Friedenreich antigen (the latter is also known as TF- or
T-antigen) (Figure 9). The Tn-antigen is formed by a single non-elongated GalNAc residue
linked to either Ser or Thr, while the T-antigen is formed by an unsubstituted core-1 O-glycan
(Ser/Thr-GalNAc,Galy). Both antigens can also feature sialic acids, resulting in sialyl-Tn or

sialyl-T-antigens, respectively.

2.2. Biological Implications of N- and O-Glycosylation

Protein glycosylation is a universal characteristic that can be found in all living cells and that is
essential to all life forms [* 7. The biosynthesis of glycans and their covalent attachment to
specific sites of the protein backbone is a complex and energetically costly process that is not

template-driven and that requires the tightly orchestrated interplay of several enzymes,
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transporters, chaperones along with various metabolites. As such protein glycosylation is a
dynamic process that differs, for instance, between cell types, cellular state (e.g. apoptosis)
and metabolism. Compared to other classes of biomolecules, glycans appear to be less

conserved and more exposed to evolutionary forces (Figure 11) I”°1,
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Lipidome
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Figure 11: Evolutionary conservation, informational diversity, and knowledge base of the cellular building
blocks (taken from Varki, 2017 11,

This evolutionary shaping contributed to the emergence of different “versions” of the
glycosylation machinery among the different taxa —and made glycans one of the most complex
and diverse groups of biomolecules *% 3!l Inherent to this structural complexity and diversity
is an enormous information content that glycans can transmit to their carrier proteins. The
addition of glycans is therefore a way to alter attributes of a protein without the need to change
the underlying genome. Protein glycosylation thus leads to an amplification of the functional
diversity of proteins and allows the cell or organism to rapidly adapt to developmental or
environmental changes [7*]. This notion is best described by the fact that there is only one (static)
genome but several (dynamic) proteomes — and even more (dynamic) glycoproteomes (the
proteome predicts the phenotype, but the glyco(proteo)me is the phenotype) 2. Protein
glycosylation can add functional variability to a protein in different ways. First, a glycoprotein
can feature more than one type of glycosylation, for instance both N- and O-glycosylation.
Second, any glycosylation site can feature different glycans of a certain type of glycosylation,
such as high-mannose-type and complex-type N-glycans — a characteristic referred to as micro-
heterogeneity. Third, not every potential glycosylation site is occupied, i.e. there is also
variability in the glycosylation site occupancy of a glycoprotein — a characteristic referred to as
macroheterogeneity. The combination of all these factors leads to the existence of different

glycoforms of a single protein (isoforms or proteoforms) (Figure 2).

N- and O-glycosylation are the most common forms of protein glycosylation in vertebrates ],
The majority of secreted or membrane-bound proteins carry at least one of those two types of
glycosylation °l. N- and O-glycans are therefore believed to be involved in virtually every bio-
logical process, either directly or indirectly. Despite their ubiquity, our knowledge about N-
and O-glycans and their biological implications is still limited. One explanation for this lack of
knowledge owes to the fact that the functions of the protein and the glycan moiety can be

independent from each other: On the one hand all glycoforms ofa single protein can perform
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the same function — meaning the glycan heterogeneity does not influence the function of the
protein; and on the other hand, one single glycan structure can perform the same function,
although it is attached to different proteins. In the first case, glycosylation may be only
important for proper folding and secretion of the glycoprotein but does not affect for instance
binding kinetics or binding selectivity. In the second case, certain glycan structures can serve
as recognition motifs for the binding to lectins, thus mediating the concerted processing of
different glycoproteins — e.g. effective clearance of blood plasma glycoproteins from the
circulation. A second explanation for the difficulty to derive structure-function relationships
between proteins and their attached glycans relates to the fact that many functions may only be
evident in an organismal context rather than a cellular context, thus requiring appropriate
gene-knockout mutants to unravel those functions. In the last two decades information on
biological roles of N- and O-glycans has expanded significantly * #31 It is now well-established
that N- and O-glycans are involved in numerous biological processes such as protein folding and
protein stability, cell-cell and cell-matrix interaction, immune response, intracellular
targeting, fertilization, inflammation, embryonic development, and microbial infections
(Table 1 in Varki et al. 1¥l). Generally, those biological roles can be categorized into three
groups: (I) structural and modulatory roles, (II) intrinsic (intraspecies) recognition, and (III)
extrinsic (interspecies) recognition — which, of course, may overlap, since structural properties
may also affect recognition. Besides the most obvious structural effects of glycans on their
carrier proteins — increasing the molecular weight, changing the shape and hydrodynamic
volume and potentially changing the net charge state — several other structural effects have
been elucidated. A prominent structural effect of glycosylation, particularly of N-glycosylation,
is its involvement in the protein folding quality control in the lumen of the ER (841, Preventing
the N-glycan biosynthesis using the inhibitor tunicamycin leads to incorrect or incomplete
protein folding of many glycoproteins. Without reaching their native conformation
glycoproteins cannot pass the ER quality control and will ultimately be degraded. The
hydrophilic character of glycans, supported by terminal sialic acids, confers yet another
important structural feature of glycans — its ability to increase the water solubility of their
carrier proteins. Exemplarily, only with the help of intense glycan decorations the high
concentrations of proteins present in blood plasma can be realized (~50-70 mg/mL in human
blood plasma)!®l. Another important structural function of glycans, conferred by steric
hindrance and/or negative charges, is to shield the underlying peptide backbone from
proteolytic digest — a mechanism not only important for intracellular protein processing (e.g.

activation of premature proteins 1*> %) but also for protection from pathogenic proteases [°l.

Glycan structures can also modulate protein functions. The most prominent example in this
context is the modulation of the immunoglobulin gamma (IgG) effector functions by the
structural features of the complex-type N-glycans in the IgG Fc region (constant region of the
heavy chains, CH2) (Figure 12).
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Figure 12: Modeled protein structure of human IgG. The Fc region N-glycosylation (site Nyo7) is highlighted
accordingly.

Missing or incomplete galactosylation of IgG-Fc N-glycans, for instance, has been associated
with pro-inflammatory immune responses ¥7l, whereas complete sialylation has been ascribed
anti-inflammatory effects (only &2,6-linked NeuAc)® (Figure 13). Another modulatory effect
is linked to fucosylation. IgG antibodies whose Fc N-glycans lack al,6-core-fucosylation
exhibit a much higher antibody-dependent cellular cytotoxicity (ADCC) compared their core-
fucosylated variants (up to 100-fold increase)!*” (Figure 13).
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Figure 13: Effects of N-glycans on therapeutic IgGs (CDC, complement-dependent cytotoxicity. Modified
from Jones, 2017 "),

Protein glycosylation can also affect intrinsic and extrinsic recognition — or in other words self-

n [6 67 Biosynthesis and adaptation of glycans as well as their

and non-self-recognitio
recognition via lectins is therefore an inherent part of signaling and immunoregulatory
processes (innate and adaptive immune response, tolerance vs inflammation), cell-cell and cell-
matrix interactions (regulated cell growth vs tumorigenesis), homeostasis, and microbial-host
interactions (tolerance vs immune response). A central element of cellular recognition
processes is the glycocalyx — an extracellular layer of glycoconjugates and lectins embedded in

the cell membrane of essentially all cells ) (Figure 14).
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Figure 14: Thickness of the endothelial glycocalyx of murine cerebral capillaries measured by transmission
electron microscopy (taken from Vogel et al., 2000) 7.

The glycocalyx acts as a barrier protecting the cell by shielding the underlying cell membrane,
thus effectively preventing pathogens from adhering and entering the host cell. Moreover, the
glycocalyx forms a lattice that together with the extracellular matrix is essential for cell
adhesion, movement, and regulation. Many pathogens directly target the host cell glycocalyx.
They have therefore evolved effective ways to adhere to the glycocalyx via lectins and to
remodel or destroy it via cell surface-resident and secreted glycosidases P'l. A prominent
example for such strategy is the influenza A virus. The virus features two antigens embedded
in its lipid envelope that are essential for its life cycle: the glycoproteins hemagglutinin (HA)
and neuraminidase (NA). HA is a lectin that specifically binds NeuAc residues on receptors
present on vertebrate target cells "1, Once attached, HA also facilitates the viral infection, i.e.
the entry of the virus into the target cell via endocytosis. Binding of HA to the target cell and
virus entry is supported by NA, as the viral neuraminidase, among others, inactivates NeuAc
decoys, i.e. mucin glycoproteins, present in the mucus that covers the lung epithelial cells >
1. NA is also crucial for completing the influenza life cycle. NA removes NeuAc residues from
progeny virus NA and HA glycoproteins and from glycoconjugates present on the surface of
infected cells — thus preventing newly assembled viruses from binding to the cell surface of the
infected host cell, and from aggregating with each other via HA-NeuAc binding. NA inhibitors
are currently the most effective therapeutics to prevent and treat influenza A and B virus
infections !, The influenza A virus example illustrates another important mechanism in the

glycobiology between different species — host specificity and adaptation. Depending on the
influenza A virus strain, the viral HA either binds to a2,3-linked NeuAc — present on glyco-

conjugates of avian lung epithelial cells, or to a2,6-linked NeuAc — present on glycoconjugates
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of human lung epithelial cells. Both events seem to be dependent on a characteristic glycan
topology *°!

attacking pathogens make use of glycans for their own ends. For instance the glycocalyx of

. Glycans are not only a fundamental part of the host cell defense system, also

many pathogens can serve as a form of molecular mimicry, which enables pathogens to evade

the host cell immune system (el

2.3. Glycosylation in Human Health and Disease

In the human body, protein glycosylation is highly regulated and plays an important role in
numerous processes. The glycan biosynthesis and glycan structure-function relationships are
thereby influenced by both genetic and environmental factors. As a result, glycans and their
direct recognition/interaction partners are not only involved in physiological conditions — they
can also contribute to pathophysiological conditions [ *I. Altered glycosylation has been
associated with various diseases and disorders. However, it is important to note that aberrant
glycosylation does not necessarily have to be the cause of a disease; it can also be an outcome
of a disease. Inborn defects in glycosylation (including protein glycosylation, but also
glycosylation of lipids and proteoglycans) can affect multiple organs, leading to multifaceted
symptoms such as mental retardation, muscular dystrophies, or cardiomyopathy. Such
inherited defects in glycosylation are referred to as congenital disorders of glycosylation
(CDG), a group of rare disorders that can have mild but also severe (mostly lethal) clinical
manifestation 'l Inborn or acquired malfunction of the glycosylation machinery or the
expression of certain histo-blood group antigens can also favor or lead to the emergence of
several diseases, including infectious diseases, cardiovascular diseases, autoimmune diseases,
neurological diseases, as well as allergies 1202 19191 A defective glycocalyx on epithelial cells
of the intestines (mucosa), for instance, can be exploited by pathogenic (e.g. Helicobacter pylori)
but also non-pathogenic bacteria (e.g. opportunistic bacteria from the gut microbiota) — and

can be the starting point of a gastro-intestinal infection (108-110]

Using their repertoire of
adhesins, bacteria can adhere to the exposed membrane and can cause serious infections, which
can ultimately lead to gastritis, gastric ulcers, and gastric cancers. Altered glycosylation,
particularly of blood plasma proteins such as immunoglobulins, has also been linked to
autoimmune diseases including inflammatory bowel diseases (e.g. Crohn’s disease)!'''l, or
rheumatoid arthritis [''* 'l As an example, IgGs from rheumatoid arthritis patients exhibit a
reduced or even no galactosylation in their Fc N-glycans — with the reduced degree of galacto-
sylation being directly correlated with the severity of the disease !"'*l. Aberrant protein
glycosylation is also associated with cancer development and metastasis ! ' 161 A change in
glycosylation (not randomly) is considered a universal hallmark of cancer cells, linking
glycoconjugate expression to malignant transformation. Certain glycan changes are frequently
associated with tumor progression and metastasis: e.g. (I) increased [31,6-GlcNAc branching
of N-glycans, (II) expression of Tn and sialyl Tn O-glycan antigens, or (Ill) altered expression
of blood-group antigens. Protein glycosylation plays a major role in many inherited and

acquired pathophysiological conditions. The analysis of diseases-associated glycosylation
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alterations therefore holds the potential (I) to unveil genetic and environmental factors relevant
for pathogenesis, (II) to monitor the onset and progression of a disease, (Ill) to predict
exacerbation or remission of a disease, (IV) to identify potential therapeutic targets, and (V) to

develop intervention strategies.

2.4, Glycoengineering and Glycotherapeutics

Investigating glycosylation machineries across different taxa offers the possibility to gain a
deeper understanding of evolutionary connections (phylogeny), such as conserved or diverged
glycosylation pathways —and to unravel environmental adaptations and survival strategies, such
as lectin-mediated pathogen-host interactions. The analysis of heterologous glycosylation
machineries allows to dissect and compare glycosylation pathways of different species and to
reveal homologous pathways that were unknown before. A prominent example in this regard
is O-mannosylation [''” '8 This type of O-glycosylation was first discovered in 1968 in yeast
(91 Thirty years later, in 1999, O-mannosylation was also described in humans ['*%,
Knowledge of the glycosylation machinery of different species can be used to perturb or modify
single glycosylation pathways, and thus to generate glycoengineered cells or organisms.
Perturbation of a glycosylation pathway, for instance by knocking out genes coding for a single
glycosyltransferase, allows studying biological implications of this pathway, this
glycosyltransferase, or the produced glycoconjugates (common techniques for genome editing
are CRISPR/Cas9, TALENS, Zinc finger nucleases I'*!). Such gene knockouts can be used, for
instance, to generate cell lines and organisms that serve as disease models ['*?l. Additionally, by
analyzing glycan micro- and macroheterogeneity of expressed glycoproteins, glycosylation
perturbation experiments may also reveal structural implications of the affected glycosylation
pathway 12l In 2011 Steentoft et al. introduced SimpleCell, an innovative genome editing
concept that allows generating glycoengineered cell lines with a simplified core-1 mucin-type
O-glycosylation I'*’]. Zinc-finger nuclease-mediated knockout of the COSMC gene, a gene that
codes for a chaperone, perturbs initial steps of the O-glycan biosynthesis and inhibits elongation
of core-1 mucin-type O-glycans. The resulting glycoengineered SimpleCell lines exhibit only
single GaNAc or GaNAc;NeuAc; O-glycans that are attached to either serine or threonine. O-
glycosylation, unlike N-glycosylation, does not feature a conserved sequence motif that
indicates potentially occupied glycosylation sites. Identification of O-glycosylated proteins and
their occupied O-glycosylation sites is therefore more challenging and less well advanced. By
reducing the structural complexity of the O-glycoproteome, i.e. the entirety of all core-1
mucin-type O-glycosylated proteins of a cell, the SimpleCell approach can identify O-
glycosylated proteins and occupied O-glycosylation sites. Another innovative glycoengineering
approach is the GlycoDelete strategy introduced in 2014 [**l. With this in vivo N-glycan
remodeling approach, cell lines can be generated that express recombinant glycoproteins with
truncated yet homogenous N-glycan structures (Asn-GlecNAc; £Gal; = NeuAcy). The first key
element of this approach is the knock-out of the gene encoding for N-acetylglucosaminyl-
transferase I (GnT I). This Golgi-resident glycosyltransferase initiates the buildup of complex-
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type or hybrid-type N-glycans by addition of a 31,2-linked GlcNAc residue to the Man a1, 3-
arm of Man5-N-glycan intermediate structures. Lack of GnT I in GlycoDelete cells still
produces correctly folded N-glycoproteins — the N-glycans, however, will remain in the Man5

stage. In the second step those Man5 N-glycans are cleaved at the chitobiose core by endoT, a

recombinant fungal endo-[3-N-acetylglucosaminidase that is targeted to the Golgi. Finally, the
remaining and asparagine-linked GlcNAc residues are elongated by Golgi glycosyltransferases
(galactosyltransferase and sialyltransferase) to generate the GlcNAc;Gal;NeuAc; trisaccharides
and to complete the N-glycan remodeling. A prominent application of the GlycoDelete
approach is the production of neutralizing therapeutic antibodies with improved and N-glycan-
related characteristics (increased efficacy by reduced binding to Fc-y-receptors; prolonged
blood circulation, leading to administration of lower doses) ['**). Another application relates to
the production of biopharmaceutical glycoproteins (glycotherapeutics) in non-human

expression systems, such as plant cell lines ['**!

. Using GlycoDelete, plant-derived glyco-
proteins can be produced that do no feature plant-specific N-glycan modifications (B1,2-
xylose, a1,3-fucoses) that may cause immunogenic reactions upon parenteral administration
(125126 "The GlycoDelete approach is representative for a trend in biopharmaceutical industry
to develop and produce so-called “biobetters” ['*7). Biobetters belong to the group of biosimilars
(or follow-on biologics), i.e. “generic” versions of previously licensed biopharmaceuticals /bio-
logicals (“innovators” or “originators”) that are similar in terms of quality, safety, as well as
pharmacokinetics (including for instance half-life) and pharmacodynamics (including for
instance potency, efficacy, and adverse effects). Compared to its originator, a biosimilar is
produced from different cell clones and with different manufacturing processes. This can result
in the biosimilar to exhibit differences in glycosylation and other microvariations, e.g.
asparagine or glutamine deamidation, point mutations, or disulfide bridge formation !*7].
Those differences are considered as critical quality attributes as they can affect the quality,
safety, pharmacokinetics and pharmacodynamics of the product (manufacturing of
biopharmaceuticals should therefore be in line with the “quality by design” framework) ['25-130],
For approval by regulatory authorities (e.g. U.S. Food and Drug Administration — FDA,
European Medicines Agency — EMA) manufacturers must proof interchangeability between
the biosimilar and the originator and must reassure that differences do not have any clinical
relevance. In 2013 the EMA approved the first biosimilar monoclonal antibody in Europe ['*'],
This biosimilar, sold under the brand names Remsima and Inflectra, is based on the innovator
infliximab (brand name Remicade) which is used for the treatment of autoimmune disorders,
such as rheumatoid arthritis and Crohn’s disease. A biobetter, in contrast to a biosimilar, is
considered as a completely new drug. It still has the same mode of action as the originator and
biosimilar, e.g. targeting the same epitope, but it exhibits improved characteristics in terms of
quality, safety, as well as pharmacokinetics and pharmacodynamics ). Those improved
characteristics arise from the rational design of critical quality attributes, such as protein
glycosylation 1?1 (also in combination with modifications such as the attachment of

polyethylene glycol, i.e. glycoPEGylation ['** 3*) The production of biopharmaceuticals is

28



Glycoengineering and Glycotherapeutics

constantly evolving, with new products, or improved and/or more cost-efficient versions of
already existing products, being approved each year. With this, biopharmaceuticals account
for an increasing share of the revenues in the pharmaceutical industry. Most produced
biopharmaceuticals are antibody-based therapeutics (including mAbs, but also multispecific
antibodies, antibody fragments, single-domain antibodies, and antibody drug conjugates). The
remainder accounts for growth factors, hormones, cytokines, enzymes, vaccine components,
and others. In 2013, global sales of mAbs were nearly $75 billion US dollars, representing half
of the total sales of all biopharmaceutical products (insulins, produced in Escherichia coli, are
the next most lucrative product class) . Glycoengineering plays a pivotal role in the success
of current and future biopharmaceuticals, as it enables modulating or improving
pharmacokinetics and pharmacodynamics of the product — essential requirements to produce
biopharmaceuticals that are both potent and cost-efficient 1’ ***37 A prominent example for
successful glycoengineering is the development of FUT8-deficiet cell lines that produce IgG
mAbs with lower or no a1,6-core-fucosylation (FUTS, al,6-fucosyltransferase)i?® 1**1. Such
antibodies induce a much higher ADCC compared to core-fucosylated antibodies — a

characteristic crucial for cancer treatment [13% %91 An increase of ADCC can also be induced

by overexpression of 31,4-N-acetylglucosaminyltransferase III (GnT-1II), a glycosyltransferase
that catalyzes the addition of a bisecting GIcNAc to the trimannosyl core of N-glycans — an
event, which in turn inhibits the addition of a core-fucose I'"*'. Several glycoengineered IgG
mAbs, with higher ADCC, are now in clinical studies and two of them have already been
approved since 2012 (mogamulizumab ['*) obinutuzumab ['* '*#) ~Another form of
glycoengineering, besides genetic engineering, is metabolic glycoengineering. In this approach
cells are cultivated in the presence of substrates (e.g. non-natural monosaccharides), cofactors

(e.g. manganese) or enzymes (e.g. kifunensine ', swainsonine ['*) that transiently alter the

glycosylation machinery. As an example, cells cultivated in the presence of kifunensine, an o-

mannosidase inhibitor [1*%]

, produce IgG antibodies that solely exhibit high-mannose-type N-
glycans. Those antibodies were shown to induce a strong ADCC response, making this
approach appealing for producing therapeutic antibodies !'*]. Another metabolic glyco-
engineering approach for promoting the biosynthesis of high-mannose-type N-glycans on IgG
antibodies is to supplement the cell culture medium with manganese, while limiting glucose
supply "], Several expression systems for the production of biopharmaceuticals have been
established, with mammalian cell lines being the preferred ones ** '*1. The most commonly
used platform for the production of biopharmaceuticals is Chinese hamster ovary cell lines
(CHO)PYL The use of CHO cells for production of recombinant proteins, in particular mAbs,
is well-established and has a longstanding history. With regard to production of glycoproteins,
CHO cells are favorable as they add no, or only low levels of, immunogenic glycan epitopes to
recombinant proteins (no immunogenic O-Gal residues; mainly ®2,3-NeuAc, only trace
amounts of immunogenic NeuGc; no bisecting-GleNAc) '], In 2016 seven of the top 10 best-
selling biopharmaceuticals were produced in CHO cells 1. Other currently available

mammalian production cell lines include, among others, human cell lines (e.g. HEK293,
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PER.C6, HT-1080, and CAP), rodent cell lines (e.g. NSO, Sp2/0, BHK21), dog cell lines
(MDCK), and monkey cell lines (Vero) P* "2l There is also an increasing variety of non-
mammalian biopharmaceutical production cell lines ranging from bacteria (mainly Escherichia

coli) 1'*l filamentous fungi (e.g. Aspergillus niger) 1% 151

yeast (mainly Pichia pastoris,
Saccharomyces cerevisiae) I">>"">71 insect cell lines (e.g. Sf9 cells of Spodoptera frugiperda) 1>% >,
plant cell lines (e.g. Nicotiana benthamiana, Arabidobsis thaliana) 1"}, to avian cell lines (e.g. cES
cells)!"¢". Further production platforms include transgenic plants [ and animals '*?, as well
as cell-free expression systems (in vitro expression systems) % '3l For the production of
biopharmaceutical glycoproteins — dedicated to be administered to humans — the glycosylation
of non-human production cell lines has to be either glycoengineered i.e. humanized to be
compatible with the human immune system; or any immunogenic reaction, caused by the non-

human glycosylation of the drug, has to be ruled out. Progress and current trends in the

development of glycotherapeutics have been reviewed, among others, by Dalziel et al. '],
Kesik-Brodacka "' and Beck et al. [1®4,

2.5. Analysis of Glycoproteins

The qualitative and quantitative analysis of glycosylated proteins is essential to unravel their
biological implications and to fully understand a variety of biological processes. To
comprehensively analyze a glycoprotein, it is necessary to identify, characterize, and quantify
all proteoforms (glycoforms). This generally requires the in-depth analysis of both the protein
moiety and the glycan moiety. The in-depth analysis of the protein moiety usually involves the
identification of the protein based on its primary sequence, characterization of all post-
translation modifications (including type, site, and stoichiometry of the modification), as well
as determination of the protein abundance. Additional higher order structural analyses are
possible, too (e.g. secondary/tertiary conformation analysis, or aggregation and sizing
analysis). For an in-depth analysis of the glycan moiety, the glycoprotein has to be analyzed
with respect to the glycan micro- and macroheterogeneity. Analysis of the glycan
microheterogeneity involves identification and complete structural elucidation of all glycans
present on the glycoprotein — in a site-specific and quantitative manner. The analysis is
completed by investigation of the glycan macroheterogeneity, which involves the quantitative

determination of the glycosylation site occupancy.

Several analytical methods are available to study glycoproteins. These methods can be generally
categorized into: x-ray crystallographic, NMR spectroscopic, mass spectrometric, chromate-
graphic, electrophoretic, and lectin-based methods. Chromatographic, electrophoretic, and
lectin-based methods, when used stand-alone, have to be coupled with suitable detection
methods, such as pulsed amperometric detection (PAD) or colorimetric detection including
ultraviolet (UV) detection and fluorescence detection. Additionally, mass spectrometric,
chromatographic, electrophoretic, and lectin-based methods may require derivatization of the
sample, to enable, or to improve detection and separation of the analyte (e.g. fluorescent

labeling!**: 5 16> 1681 or permethylation!'® 17 of the glycan moiety). Additionally, the depth and
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confidence of glycoanalytical methods can be further increased by inclusion of endo- and
exoglycosidase digests into the workflow (e.g. using -galactoisidase, an exoglycosidase, to
confirm or refute the presence of terminal o-galactoses on N-glycan structures). The
aforementioned analytical methods can also be combined, resulting in so-called hyphenated
methods. A common combination in this regard is the coupling of liquid chromatographic

methods with mass spectrometric methods (LC-MS).

For the analysis of glycoproteins four general strategies evolved. Thereby, the focus can be
either on (I) glycan monosaccharides, (II) released glycans, (IIl) intact glycoproteins, or (IV)
glycopeptides (Figure 15). Depending on the focus a distinct level of information with respect
to the glycosylation of a protein is provided, which thus also defines the fields of application of
these strategies. Still, up to now, none of these strategies alone allows for a comprehensive

analysis of a glycoprotein; only the combination of different strategies can fulfill this task.
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Figure 15: Overview of glycoanalytical approaches (modified from Marino et al., 2010 "** and Jones, 2017
7ol

2.5.1. Monosaccharide Analysis

Monosaccharide analysis allows determining the total monosaccharide composition of the
entirety of all N- and/or O-glycans attached to a single protein or a complex mixture of proteins
(e.g. proteins derived from a cell lysate). Such an analysis can provide both qualitative
(including detection of structural isomers) and quantitative insights (relative as well as absolute
values) into the monosaccharide composition. With the help of monosaccharide analysis,
information about the type of glycosylation (N- vs O-glycosylation), as well as general
characteristic of each type of glycosylation can be retrieved, including differentiation of high-
mannose-type from complex-type N-glycans, or presence or absence of certain mono-
saccharides (e.g. absence of fucose on N-glycans derived from therapeutic IgGs). Mono-
saccharide analysis requires the N- and/or O-glycans to be released from the protein and

decomposed into monosaccharides. This step is usually performed by acid hydrolysis (e.g. via
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trifluoroacetic acid; for the analysis of acid-labile sialic acids milder conditions have to be used,
e.g. acetic acid). The analysis of released monosaccharides can be conducted, for instance, with
capillary electrophoreses coupled to laser-induced fluorescence (CE-LIF) 'l high-
performance anion exchange chromatography with pulsed amperometric detection (HPAEC-
PAD) ' as well as liquid or gas chromatography coupled with mass spectrometry '7!"17],
Monosaccharide analysis belongs to the glycocentric, or glycomic approaches (sometimes also
referred to as glycocentric glycoproteomics), and provides limited, but valuable, information
on the glycan moiety. However, it does not provide any information on the protein and its

relation to the glycan moiety, i.e. protein identity, and glycan micro- and macroheterogeneity.

2.5.2. Analysis of Released Glycans

The second strategy is based on the analysis of released N- and O-glycans. It also belongs to the
glycomics or glycocentric approaches and allows analyzing the entirety of all N- and/or O-
glycans. Thereby, the analysis of released N- and O-glycans can provide both qualitative
(including complete structural elucidation) and quantitative information (absolute and relative
quantitation). An essential step is the non-destructive release of N- and/or O-glycans from the
protein backbone — a step that can be performed enzymatically but also chemically. The
enzymatic release of N-glycans is commonly achieved using the endoglycosidase/amidase
peptide-N-Glycosidase F (PNGase F). The enzyme catalyzes the hydrolysis of the N-glycosidic
bond between glycosylated asparagines and the innermost GIcNAc of complex-, high-

mannose-, and hybrid-type N-glycans — unless the N-glycans feature an a1,3-core-fucosylation
(which is common to plant and insect glycoproteins); for this type of N-glycans PNGase A can
be used. With regard to O-glycans, to date, there is no single enzyme that can release O-linked
glycans in general. The enzyme O-glycanase, for instance, is restricted to the release of core-1
O-glycans. Therefore, the preferred form of O-glycan release is a chemical release. A common
method in this regard is hydrazinolysis, which enables the release of O-glycans, but also N-
glycans, from the protein backbone in a selective manner (temperature-dependent release).
Additionally, N- and O-glycans can also be chemically released by reductive or non-reductive
B-elimination under alkaline conditions. Of note, chemical O-glycan release may suffer from

“peeling”, i.e. the sequential degradation of reducing end monosaccharide units by consecutive

B-elimination reactions.

The analysis of released N- and O-glycans can be perfomed using various methods. Currently,
NMR spectroscopy is still the only method that enables a complete structural elucidation of
released N- and O-glycans without any a priori knowledge (de novo analysis of glycan structure)
(741 Other methods such as mass spectrometric, electrophoretic and chromatographic methods
— alone or in combination — may also provide structural N- and O-glycan information, e.g.
identification of structural isomers or determination of linkages between monosaccharides.
However, interpretation of data acquired with those methods may require knowledge about
N- and O-glycan structures and their biosynthetic pathways. Still, such so-called glycoprofiling
methods are powerful and widely-used for the analysis of released N- and O-glycans, as they do
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outperform NMR spectroscopy with regard to sensitivity and ease of use (including required
expertise, analysis speed, and high-throughput capability). The most commonly used
glycoprofiling methods are P '): multiplexed capillary gel electrophoresis with laser-induced
fluorescence detection (xCGE-LIF)f*: 4% 52331 "hydrophilic interaction liquid chromatography
(HILIC) on an ultra-performance liquid chromatography (UPLC) system with fluorescence
(FLR) detection (HILIC-UPLC-FLR) ['7¢ 771 HILIC-UPLC-FLR coupled to electrospray
ionization (tandem) mass spectrometry (HILIC-UPLC-FLR-ESI-MS(/MS)) ['®l porous
graphitized carbon liquid chromatography coupled to ESI-MS/MS (PGC-LC-ESI-MS/MS) I8,
ion mobility-MS (IM-MS) '] and MALDI-TOF-MS(/MS) 180181,

The analysis of released glycans provides in-depth qualitative and quantitative information on
the glycan moiety, including even structural details. Recent developments for instance allow
to determine the linkage of terminal NeuAc residues (02-3- vs 02-6-linked) present on N-
glycans by MS "l To this end, NeuAc residues were derivatized before the MS analysis,
resulting in distinct mass shifts that enable discrimination of the respective linkage type.
Glycoprofiling methods, such as xCGE-LIF or MALDI-TOF-MS, also allow the high-
throughput analysis of multiple samples — a feature that makes these methods very powerful
for the analysis of glycosylation-related alterations of large sample cohorts, such as clinical
samples [*%°0- 1821 Still, the analysis of released glycans does not provide any information on the
protein and its relation to the glycan moiety (unless a perfectly purified glycoprotein, harboring
only one fully occupied glycosylation site and only one type of glycosylation, is analyzed, e.g.
analysis of the IgG 1 Fc N-glycosylation).

2.5.3. Analysis of Intact Glycoproteins

The third strategy is based on the analysis of intact glycoproteins. It belongs to the top-down
proteomics or proteocentric approaches (sometimes also referred to as proteocentric
glycoproteomics) and allows analyzing the entirety of glycoforms of a protein population. The
analysis of intact glycoproteins, also known as intact glycoprotein profiling, can therefore
provide a holistic view on the type, abundance, and extent of glycosylation — including protein
sequencing as well as determination of glycan micro- and macroheterogeneity (each with some
limitations). However, intact glycoprotein profiling does not enable determination of the exact
glycan structures. Intact glycoprotein profiling is usually performed by (ultra)high-resolution
mass spectrometry, namely MALDI-MS and ESI-MS (both only MS'-mode, i.e. no tandem MS
is performed). While in MALDI-MS either a TOF or Fourier transform ion cyclotron
resonance (FTICR) mass analyzer is used, in ESI-MS various mass analyzers including TOF,
quadrupole TOF (qTOF), FTICR, and Orbitrap (OT) mass analyzers can be used. Recently,
this repertoire of intact glycoprotein profiling techniques was extended by ion mobility (IM)
MS '® (usually implemented in an ESI-qTOF-MS). Depending on the complexity of the
sample and/or depth of analysis, the aforementioned MS-based techniques can be used stand-
alone or coupled to various LC (e.g. HILIC- or RP-LC) or capillary (zone) electrophoresis

[184,185] [p

(C(Z)E) techniques (online- or offline-coupling, MALDI-MS only offline-coupling)
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addition to MS-based techniques, CE-UV can be used for intact glycoprotein profiling. Intact
glycoproteins are usually measured in their reduced state, i.e. after additional reduction using
a reducing agent such as dithiothreitol (DTT). However, in recent studies also the analysis of
intact glycoproteins in their native (non-reduced) state has also been demonstrated "%l Still,
despite its undeniable potential and benefits, the analysis of intact glycoproteins is currently
relegated to a niche existence due to technical challenges. For instance, the majority of current-
generation mass spectrometers does not offer enough resolution to reliably identify intact
glycoproteins and to detect small post-translational modifications (PTMs) such as deamidation
(+0.98402 Da), also correct deconvolution of mass spectra is an issue. The analysis of intact
glycoproteins is therefore currently usually limited to purified proteins with a low number of
different glycans and/or a low number of glycosylation sites (e.g. mAbs) '*¢1%81 Of note,
glycoprotein profiling of mAbs can also be performed using a middle-down proteomics
approach ["*”). This approach is similar to the described top-down approach, however it reduces
the complexity of the immunoglobulin molecule by analyzing only a subunit of the antibody —
either the antigen-binding Fab region or the Fc region (Figure 12). This can be achieved by
generating antibody Fab and Fc fragments using proteases that cleave in the hinge region of the
antibody, such as papain or the immunoglobulin-degrading enzyme of Streptococcus pyogenes

(IdeS).

2.5.4. Analysis of Glycopeptides

The fourth strategy is based on the analysis of glycopeptides generated from a proteolytic
digestion of a single glycoprotein or a group of glycoproteins. It belongs to the bottom-up
proteomics approaches yet combines insights and strategies from both, proteocentric and
glycocentric glycoproteomic approaches. Based on this notion, the analysis of glycopeptides is
sometimes referred to as mono- or polyproteic glycoproteomics, respectively. In general,
though, the term glycoproteomics has established itself for this type of analysis, and hence will
also be used in this meaning throughout the present work. As this thesis is focused on the
glycoproteomic analysis of N- and O-glycopeptides, this type of analysis is described in more
detail in the following.

Among the four general approaches to analyze the protein glycosylation (I-1V), the
glycopeptide-based analysis is currently the most informative, yet also the most challenging
approach. It is the only approach that provides detailed and site-specific information on the
glycosylation of a protein, including glycan micro- and macroheterogeneity, while also
providing detailed information on the protein itself, including its identity as well as other
present modifications such as phosphorylation 2 1. Unlike other approaches, this informa-
tion can also be retrieved from glycoproteins present in a complex matrix such as human blood
plasma, and it can be obtained from glycoproteins harboring multiple glycosylation sites and
multiple types of glycosylation "'l In fact, glycoproteomics is at present the only approach
capable to detect and to site-specifically assign (theoretically) all known types of glycosylation.

With current glycomics approaches N—glycans from a wide range of protein sources can be
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identified and quantified with high reliability due to the existence and availability of the
enzymes PNGase F and PNGase A. The glycomic analysis of other types of protein
glycosylation such as mucin-type O-glycosylation, O-mannosylation or C-mannosylation is still
not fully mature or even possible, due to the lack of an appropriate enzyme for the selective
release of the glycans (chemical release methods do exist, though these may induce unwanted
side-reactions). The glycoproteomic analysis is based on the generation of glycopeptides,
followed by the qualitative and (relative) quantitative analysis of these glycopeptides. Thereby,
the ultimate goal is to reconstruct the intact glycoprotein with all its glycoforms, i.e. to cover
all types of glycosylation, all glycoforms, and all glycosylation sites. This endeavor requires the
generation of appropriate glycopeptides covering all glycosylation sites of interest (e.g. all
potential N-glycosylation sites), the detection of these glycopeptides including the glycan
micro- and macroheterogeneity (relative quantitation), and finally the unambiguous
identification of the generated glycopeptides. The latter involves the identification and
characterization of two structurally very diverse entities of the glycopeptide — the peptide
moiety and the glycan moiety. This structural diversity must be taken into account during
sample preparation, measurement, and data analysis. Identification of the peptide moiety is
usually based on classical bottom-up proteomics strategies: that is, sequencing of amino acids
taking into account of natural and artificial amino acid modifications, followed by a database
search to identify the corresponding protein. In this context, also pinpointing the occupied
glycosylation site is required. Identification and characterization of the glycan moiety is based
on glycomics strategies and seeks to elucidate the structure of the attached glycan to the best
extend possible; a full structural elucidation of the glycan moiety solely based on state-of-the-
art glycoproteomic methods is currently not possible. Therefore, usually only the glycan

composition can be determined.

Mass spectrometry serves as the core technology platform in glycoproteomics ** %1 The
analysis of glycopeptides relies on soft MS ionization techniques — primarily MALDI and ESI.
Independent of the ionization technique, glycopeptides can be ionized in positive-, as well as
negative-ion mode (usually leading to protonated or deprotonated molecular ions, i.e.
[M+2zxXH]” or [M-zXH]" respectively; z equals the charge state of the molecular ion (M)).
lonization of glycopeptides in positive-ion mode is, thereby, the established and predominately
used mode. Despite showing enormous potential for the analysis of glycopeptides, negative-
ion mode ionization of glycopeptides has only rarely been adopted in current glycoproteomic
approaches up to now "’ For the analysis of glycopeptides a wide range of different mass
analyzers can be combined with each of the two soft MS ionization techniques. These days the
most commonly used MS instrument configurations in glycoproteomics are: MALDI-
TOF(/TOF)-MS, MALDI-FTICR-MS, ESl-ion trap (IT)-MS, ESI-linear quadrupole ion trap
(LTQ)-MS, ESI-qTOF-MS, ESI-triple quadrupole (QqQ)-MS, ESI-OT-MS, ESI-LTQ-OT-
MS, as well as ESI-IM-qTOF-MS. Thereby, each of these instrument setups has its advantages
and disadvantages with regard to sensitivity, resolution, mass accuracy, scan speed, covered

mass-over-charge (m/z) range, versatility, costs etc. Similar to the MS-based analysis of glycans
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and intact glycoproteins, also glycopeptides can be analyzed solely by MS or by online- or
offline-coupled methods, such as LC-MS or in rarer cases also CE-MS. Depending on the
complexity of the analyte and/or the depth of analysis either of these two general approaches
is applied. A prominent example for the first case is the analysis of tryptic IgG Fc N-
glycopeptides by MALDI-TOF-MS or MALDI-FTICR-MS (a type of glycoproteomic analysis
referred to as glycopeptide profiling) 1”351, Due to its high sensitivity and selectivity and its
high-throughput capability MALDI-MS-based glycopeptide profiling is a powerful technique to
analyze the Fc N-glycosylation of IgGs, also including therapeutic mAbs (relative N-glycan
quantitation). The approach is comparable to MALDI-MS-based N-glycan profiling of IgGs.
However, the N-glycopeptide-based approach adds further confidence in the analysis of the
IgG Fc N-glycosylation by maintaining information of the protein identity in the form of the
peptide moiety that is still linked to the glycan. With the help of unique N-glycopeptides, this
approach enables to selectively identify and quantify N-glycans present in the Fc region of IgG,
while neglecting N-glycopeptides derived from the Fab region or other proteins present in the
sample (on purpose or not) — a characteristic that IgG N-glycan profiling by itself does not
have. However, for the majority of glycoproteomic analyses the second case — hyphenated MS
strategies — are applied. Among those, C18 nano-reversed-phase liquid chromatography
coupled online to electrospray tandem mass spectrometry (nano-RP-LC-ESI-MS/MS) has
become the predominantly used method (Figure 16).
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Figure 16: Generic workflow for the LC-ESI-MS/MS-based analysis of N- and O—glycoproteins.
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Other setups such as nanoPGC-ESI-MS/MS or nanoHILIC-ESI-MS/MS are less frequently
applied. C18 RP-LC for the separation of glycopeptides prior to ESI-MS/MS analysis is derived
from bottom-up proteomics, where many of today’s glycoproteomic approaches were
borrowed from. The use of C18 as a stationary phase enables to retain and separate the vast
majority of peptides and glycopeptides based on their hydrophobicity — even though
glycopeptides exhibit additional hydrophilicity due to their glycan moiety. At the same time
the employed buffers during RP separation are well-suited for the subsequent mass
spectrometric analysis of the eluting (glyco)peptides in positive-ion mode. The retention of
glycopeptides depends on the hydrophobic character of the peptide (defined by the length of
the peptide, the type of amino acids present, as well as present amino acid modifications), and
depends on the number and the type of monosaccharides of its glycan(s). Comparing the C18
chromatographic retention behavior of a glycopeptide and its non- or de-glycosylated
counterpart, the glycopeptide usually elutes earlier due to the increased hydrophilicity
conferred by the additional glycan moiety. This characteristic can be used to optimize RP-LC
elution gradients to favor retention and separation of glycopeptides over non-glycosylated
ones. When comparing the C18 chromatographic retention behavior of different glycoforms
of a particular glycopeptide, e.g. different N-glycoforms of an N-glycopeptide, glycopeptides
usually elute earlier with increasing number of monosaccharides forming the glycan moiety.
However, a special case in this regard is the presence of sialic acid residues, e.g. NeuAc: due
to its negative charge, glycopeptides with sialylated glycans elute later compared to their non-

sialylated counterparts on a C18 column (1961,

The MS analysis of glycopeptides can be carried out on multiple levels: On MS! level, solely
the m/z values, charge state and the abundance of each glycopeptide (or any other detected
molecular ion) will be determined. The output of this analysis is termed MS' or precursor ion
spectrum (the analysis itself is also termed precursor ion scan or survey scan). In general, every
molecular ion detected by MS, produces multiple signals that are associated with each other,
the so-called isotope pattern (also known as isotope cluster or isotope distribution). The
isotope pattern directly reflects the elemental composition of the molecular ion, i.e. it allows
to determine the molecular formula of the molecular ion. A useful principle in this context is,
for instance, the so-called nitrogen-rule: this rule allows to determine whether the number of
present nitrogen atoms in an organic molecule is an odd number or an even number "7,
According to this rule, the number of nitrogen atoms is an odd number if the nominal mass of
the molecule is an odd number — and, vice versa in the case of even numbers. The rule can be
applied for every molecule that features exclusively hydrogen, carbon, nitrogen, oxygen,
silicon, phosphorus, sulfur, and halogens. From the isotope pattern the m/z value of the
monoisotopic peak and the charge-state of the molecular ion can be obtained, which in turn
allows to determine the mass of the molecular ion (i.e. also mass of a glycopeptide). Critical
instrument parameters in this context are the resolution and the mass accuracy achieved by the
mass spectrometer: the higher the resolution and the mass accuracy, the more accurate the

mass of the molecular ion can be determined (and the more reliable the molecular ion can be
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identified and differentiated from other molecules). Determining the exact mass of the
glycopeptide on MS' level may already be sufficient to reliably identify the glycopeptide in
some instances, e.g. during IgG Fc N-glycopeptide profiling. The acquired mass of the
glycopeptide is the sum of the mass of the peptide moiety plus the mass of the glycan moiety.
Both values can be calculated in silico based on the theoretical masses of the building blocks,
i.e. the amino acids and monosaccharides — in conjunction with the peptide sequence, amino
acid modifications, and the glycan composition (all three need to be known). To identify the
glycopeptide, the theoretical glycopeptide mass is compared to the measured mass, while
considering the mass error of the mass spectrometer (for increased confidence the theoretical
isotope pattern and/or the nitrogen-rule can be included, too). Identifying and quantifying a
peptide or glycopeptide in this way is termed (glyco)peptide mass fingerprinting. This term is
usually linked to MALDI-TOF-MS analyses. If the same type of analysis is performed via LC-
ESI-MS the term (glyco)peptide mapping is used, as the chromatographic peak shape of the
peptides and glycopeptides will also be included in the analysis. Glycopeptides can not only be
analyzed on MS' level. If more in-depth information on the structure or composition of the
glycopeptides is required, the glycopeptide can be subjected to analyses on MS? (MS/MS) level
or higher within the mass spectrometer — a process termed tandem MS or multi-stage MS,
respectively. During MS? analyses a defined amount of energy is transferred to the glycopeptide
in the gas-phase. Depending on the amount and type of transferred energy the glycopeptide
dissociates (or fragments) into larger or smaller subsets. The outcome of the fragmentation,
thereby, also depends on the strength of the chemical bonds between and within the building
blocks. The energy required for the fragmentation can be provided as collisional, vibrational,
photochemical, chemical, or thermal energy (and combinations thereof). For an MS? analysis
of a glycopeptide, first, a precursor-ion scan is conducted; subsequently, the precursor mass is
manually or automatically selected and eventually fragmented. The corresponding spectrum is
termed MS” fragment ion spectrum (or fragment ion scan). If required, further MS" analyses
can be conducted similarly; i.e. fragmentation of molecular ions detected in the MS” fragment

ion spectrum produces MS? fragment ion spectra.

The sum of all signals detected in a precursor or fragment ion spectrum over the entire
chromatographic retention time is represented by the total ion chromatogram (TIC). If only a
selected m/z value, e.g. the m/z value of a particular fragment ion, is extracted from the TIC,
the resulting chromatogram is termed extracted ion chromatogram (EIC, or XIC). These days,
the most frequently used fragmentation techniques for glycopeptide analysis are low-energy
collision-induced dissociation (CID), higher-energy collision dissociation (HCD), electron-
capture or electron-transfer dissociation (ECD or ETD), and electron-transfer /higher-energy
collisional dissociation (EThcD). MS’ fragmentation of glycopeptides using CID primarily
yields fragment ions derived from glycosidic cleavages within the glycan moiety. The resulting

fragment ions are so-called B- and Y-ions (Figure 17).
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Figure 17: Nomenclature for ions generated during fragmentation of glycans (top) (Domon and Costello, 1988
[81) and peptides (bottom) (Biemann et al., 1990 I'*?)).

B-ions indicate fragment ions derived from the nonreducing end(s) of the glycan. These ions
are also known as oxonium ions. Y-ions are derived from the reducing end of the glycan and
contain the intact peptide moiety or subsets of it. The peptide backbone, in contrast, usually
remains intact under lower-energy CID fragmentation conditions. Hence, in CID MS?
fragment ion spectra of glycopeptides, fragment ions derived from the peptide backbone, i.e.
b- and y-ions, are normally underrepresented (Figure 17). CID MS’ fragmentation of
glycopeptides thus usually only provides sufficient information on the glycan moiety (usually
restricted to the glycan composition, though); whilst unambiguous identification of the peptide
moiety can only rarely be achieved. To still obtain information on the peptide identity via CID
fragmentation, CID MS’ experiments can be conducted on fragment ions corresponding to the
peptide mass, or peptide plus HexNAc — normally, at least one of these two fragment ions can
be detected with high reliability in low-energy CID MS? fragment ion spectra of glycopeptides.
The resulting CID MS? fragment ion spectra then may allow sequencing of the peptide moiety
via corresponding b- and y-ions. Unlike, the name suggests, HCD fragmentation allows to
apply both — high, but also low — normalized collisional energy (NCE). Low-energy HCD MS’
fragmentation of glycopeptides yields fragment ion spectra that resemble those obtained by
CID: that is, resulting fragment ion spectra are mainly populated with glycan-derived B- and
Y-ions. High-energy HCD, in contrast, primarily yields peptide-derived b- and y-ions and
glycan-derived oxonium ions, but usually fewer glycan-derived Y-ions. Also glycan cross-ring
fragment ions (A- and X-ions) can be detected via high-energy HCD. Varying the HCD NCE
values, can also be applied sequentially during the same fragmentation duty cycle. This, so-
called stepped-energy HCD fragmentation, produces hybrid fragment ion spectra that contain

information acquired at different NCE values 1% !l An alternative MS’ fragmentation
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technique is ETD or ECD, respectively. During this type of fragmentation, the glycan moiety

bound to the modified amino acid largely remains intact. The observed fragment ions, termed

c- and z-ions, are produced by cleavage of the peptide N—Ca bond and thus may provide
peptide sequence information (Figure 17). Maybe even more important, those c- and z-ions
may also allow to pinpoint the occupied glycosylation site(s) — a feature that is particularly
crucial for the analysis of glycopeptides that do not contain a conserved sequence motif for the
glycan attachment, e.g. mucin-type O-glycopeptides. EThcD combines ETD with HCD %,
Upon detection of glycan-specific oxonium ions in HCD MS? fragment ion spectra, ETD
fragmentation on the very same glycopeptide precursor ion is triggered to retrieve correspond-
ing peptide sequence information on the glycopeptide and to pinpoint the occupied glyco-
sylation site(s). An emerging fragmentation technique in the field of glycoproteomics is
ultraviolet photodissociation (UVPD) 12°% 2% Similar to stepped HCD, UVPD may generate

glycan- as well as peptide-derived fragment ions, thus providing information on both entities.

The generation of peptides and glycopeptides form the intact glycoprotein can be done
enzymatically as well as chemically. The enzyme trypsin is the most frequently used protease
in glycoproteomics (Figure 16). Using trypsin to generate (glyco)peptides has become the gold
standard in bottom-up proteomics. Since glycoproteomics evolved from proteomics, trypsin
is also adopted in the majority of glycoproteomic workflows. Trypsin cleaves specifically c-
terminal to the amino acids R and K (even if these amino acids are followed by proline) %1,
Peptides and glycopeptides generated by a tryptic digest have an average length of 14 amino
acid, a length that is well-suited for C18-based chromatographic separations (the average
peptide number has been deduced from an in silico proteolytic digest of human proteins listed
in the UniProt database *°l). This reasonable peptide length, along with the presence of at least
two positive charges — present at the N-terminus and C-terminal R or K that enhances the
ionization process in the positive ionization mode — render tryptic peptides highly amenable to
(LC-)MS measurements (higher charge states, i.e. 2z =2, are favorable for the detection and
fragmentation of peptides). Still, at times, the peptide moiety of tryptic glycopeptides can be
too long and can harbor more than one potential glycosylation site, rendering the identification
and characterization of those glycopeptides difficult, if not impossible. This problem can be
circumvented, by using proteases with none or broad cleavage specificity, such as pronase E
and proteinase K. Those proteases can generate short and distinct glycopeptides — even in
densely glycosylated regions as found in mucin-type O-glycosylated glycoproteins 7l The use
of those enzymes can thus enable the identification and characterization of glycosylation sites
and respective glycoforms that otherwise would have evaded the analysis. Due to the broad
peptide cleavage specificity, this advantage however comes at the expense of increased
ambiguity and high search times during software-assisted peptide identification. Besides
enzymes, also chemicals, such as cyanogen bromide, can be used for the proteolytic digest.
However, those chemicals are usually very toxic and therefore not commonly used in
glycoproteomics. The proteolytic digest itself can be carried out in-solution, in-gel, or filter-

assisted. Thereby, the proteases can be present in-solution or can be bead-immobilized; though
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the latter has only rarely been used up to now. During an in-solution digest all reactions take
place in one vessel — including reactions such as urea-mediated denaturation of the protein that
can also affect the efficacy of the proteolytic enzyme. Additionally, an in-solution digest
normally requires desalting of the generated peptides prior to the MS analysis. An in-gel digest
avoids these aggravating circumstances, since the protein to be digested is embedded in an
acrylamide gel matrix, and hence each reaction can be carried out individually with intermitted
washing steps. In addition, gel-based separation techniques, such as sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) or two-dimensional gel electrophoresis (2D-
PAGE), performed prior to a proteolytic digest, allow to separate mixtures of proteins, and to
selectively digest a single protein, protein isoform, or subdomain of a protein (e.g. IgG light
chain). However, the in-gel digest also faces some downsides compared to an in-solution
digest: first, the amount of protein that can be separated is a limiting factor; further, the digest
efficacy and the peptide recovery are affected by the gel matrix. A third approach often
employed for the proteolytic digest in glycoproteomics is the filter-aided sample preparation
(FASP) °%°1. This approach combines the benefits of an in-gel digest — purification of the target
protein(s) by removal of the background matrix — with those of an in-solution digest — high

amount of protein sample and ease of use.

An essential step in many glycoproteomic workflows is the selective enrichment of
glycopeptides prior to the MS analysis (Figure 16). This additional step is required to overcome
sensitivity issues caused by the lower ionization efficiency and lower abundance of
glycopeptides compared to their non-glycosylated counterparts; the latter being the result of
the glycan micro- and macroheterogeneity. For the glycopeptide enrichment a range of LC-
and solid phase extraction (SPE)-based methods can be employed "%l e.g. lectin affinity
chromatography 71, HILIC ') or SPE-based capturing via hydrazide chemistry '],

Glycoproteomic analyses, as well as proteomic analyses in general, can be grouped into
explorative and targeted analyses. Explorative approaches are optimized for comprehensive-
ness and sensitivity, and can therefore only be applied to a limited number of samples. Targeted
approaches, in contrast, can be applied to a large number of samples as they are tailored for the
sensitive and accurate analysis of only a limited number of features of each sample.
Consequently though, it is impossible to optimize all three features — sensitivity, comprehen-
siveness, and throughput — at the same time during proteomics or glycoproteomics experi-

ments (an issue referred to as “the proteomics conflict”, Figure 18).
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Figure 18: The proteomics conflict. It is impossible to optimize sensitivity, comprehensiveness and throughput

simultancously (taken from 7).

Depending on the application or scientific question both or only either of the two general
approaches can applied. As an example, results obtained from an explorative study of a
representative sample of a particular cohort, can pave the way for a targeted high-throughput

assay applicable to the entire cohort.

In many glycoproteomic studies, quantitative information on the glycan micro- and
macroheterogeneity are required. However, an accurate label-free quantitation of glyco-

[213]

peptides by MS is extremely challenging This can be mainly addressed to different
ionization efficiencies between glycopeptides and their corresponding non-glycosylated
counterparts, as well as to different ionization efficiencies between glycoforms of the very same
glycopeptide, e.g. between a sialylated N-glycopeptide and its non-sialylated counterpart 31,
Moreover, also the kinetic of the proteolytic enzyme, i.e. the digestion efficiency and
specificity, is a crucial factor for MS-based glycopeptide quantitation. A promising approach
for the absolute quantitation of glycopeptides is the use of multiple reaction monitoring (MRM)
during LC-MS/MS P'* 2Bl This approach can also be applied for the analysis of mono-
saccharides and released glycans, and is usually conducted on a triple quadrupole MS. MRM
offers high sensitivity and selectivity, and allows the quantification of trace-amounts of
glycopeptides that can be even present in a complex matrix such as blood plasma. However,
establishing a reliable and valid MRM-assay is very challenging and time-consuming, and
therefore not very common, yet. It is important to note that glycopeptide enrichment
strategies compromise or even preclude accurate glycopeptide quantitation (glycan

macroheterogeneity), due to the depletion of non-glycosylated peptides.

The analysis of glycoproteomics data, i.e. annotation and interpretation of glycopeptide
precursor and fragment ion spectra, is usually challenging and time-consuming (Figure 16).
However, with the advent of specialized software tools, powerful search engines, and
databases, the data analyses became less cumbersome and error-prone in recent years *>: 216
2201 For example, software tools such as Proteinscape and Byonic now render the analysis and
interpretation of N- and O-glycopeptide more reliable, more comparable, and less time-
consuming 1!l Still, in many cases, it is recommended or required to manually validate or re-

analyze the results suggested by these software packages, e.g. to avoid misinterpretation of the
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data by false-positive identifications. Moreover, in some instances it is advisable or necessary
to complement the acquired glycoproteomic results with results obtained from an orthogonal
glycomics approach. Usually, only by combining glycomics and glycoproteomics approaches a

full picture of the glycosylation of a glycoprotein can be obtained [222-224]

44



Chapter Three

Materials and Methods

45



Materials and Methods

3.1. Human Blood Plasma O-Glycoproteomics

In the following, information on the experimental procedures for Chapter 4 “Human Blood
Plasma O-Glycoproteomics” are given. Please note, parts of this section are taken from the

original publication Hoffmann et al. (2016) **°1,

All chemicals and solvents were of the highest purity available. Purified water used for sample

preparation and HILIC fractionation was freshly prepared using a Milli-Q water purification

system (referred to as “Milli-Q water”, 18.2 MQ+cm™ at 25°C, Total Organic Carbon 3 ppb;
Merck Millipore, Darmstadt, Germany). For preparation of LC-MS solvents, ultrapure water
was used, which was freshly prepared using the same system but equipped with an additional
LC-Pak polisher (referred to as “Milli-Q water MS”; LC-Pak Polisher, Merck Millipore,
Darmstadt, Germany).

3.1.1. Proteolytic Digestion

Human blood plasma (pooled sample, derived from 20 healthy donors) was purchased from
Affinity Biologicals Inc. (VisuCon-F, frozen normal control blood, FRNCP0125; Ancaster,
ON, Canada). To 25 pL of the sample (about 2 mg protein), 25 uL 100 mM ammonium
bicarbonate,q, (NH;HCO3, pH 8.0) (Sigma Aldrich, Steinheim, Germany) was added to obtain
a final concentration of 50 mM NHHCOj,,, (pH 8.0). Disulfide bonds were reduced by
addition of 6.25 pL 100 mM 1,4-dithiothreitol (DTT; Sigma Aldrich) dissolved in 50 mM
NH4HCO3,q (pH 8.0), to a final concentration of 10 mM DTT. The sample was incubated for
45 min at 60°C, and subsequently allowed to cool to room temperature (RT). Cystein
alkylation was achieved by addition of 12.5 uL. 100 mM iodoacetamide (IAA; Sigma Aldrich)
dissolved in 50 mM NH,HCOj3(,q, (pH 8.0) to a final concentration of 16.67 mM IAA. The
sample was incubated at RT for 20 min under light exclusion. The alkylation reaction was
quenched by addition of 2.5 uL 100 mM DTT dissolved in 50 mM NH4;HCO3,, (pH 8.0),
followed by addition of 3.75 uL 50 mM NH4;HCOj3,, (pH 8.0), before placing the sample
under a fluorescent lamp (gas-discharge lamp) for 15 min to decompose the light-sensitive IAA.
By adding 169 uL 50 mM NH,HCOj3,q, (pH 8.0), the sample was brought to a final volume of
250 uL.

Proteinase K Digestion
Proteolytic digestion was achieved by addition of proteinase K (Sigma Aldrich), a serine
protease with a broad specificity that cleaves primarily after aliphatic, aromatic and
hydrophobic amino acids. The pooled blood plasma sample (about 2 mg protein in 250 pL
buffer) was supplemented with 66 ug proteinase K dissolved in 122 uL 50 mM NH,HCO3,
(pH 8.0) to obtain a final enzyme to protein ratio of 1:30 (w/w, 0.033 mg enzyme per mg
protein). The sample was incubated for 16 h at 37°C with gentle agitation (200 rpm).

Acetonitrile Precipitation
For post-digestion cleanup the sample was precipitated using acetonitrile (ACN; Sigma

Aldrich). To this end, four volumes of ACN were added and the sample was centrifuged for
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10 min at 2,880 X g (Centrifuge 5804 R; Eppendorf, Hamburg, Germany). The supernatant
was transferred and dried by vacuum centrifugation (RVC 2-33 CDplus, ALPHA 2-4 LDplus;
Martin Christ GmbH, Osterode am Harz, Germany).

3.1.2. Glycopeptide Enrichment and Fractionation via HILIC-HPLC
The dried proteinase K digest was resuspended in 500 uL 80% ACN in 50 mM NH,HCO3,,

(v/v, pH 8.0) and subsequently centrifuged for 10 min at 20,238 X g to remove any particles
(Centrifuge 5424; Eppendorf). The supernatant, containing about 2 mg peptides and
glycopeptides, was subjected to HILIC-HPLC (UltiMate 3000 Nano HPLC-System: Thermo
Scientific/Dionex, Dreieich, Germany; HILIC Column: ACQUITY UPLC BEH HILIC
Column, 130A, 1.7 pm, 2.1 mm X 100 mm; Waters, Manchester, UK) for fractionation and
glycopeptide enrichment.

The HPLC system was operated using a binary gradient of 100% ACN (v/v; solvent A) and 50
mM ammonium formate ., (NH4sFA, pH 4.4; solvent B, Sigma Aldrich). After sample injection
(500 uL) 20% solvent B was applied isocratically for 5 min, followed by a linear gradient to
50% solvent B within 25 min, both using a constant flow rate of 250 pL/min. Subsequently, a
linear gradient went to 90% solvent B within 1 min, while reducing the flow rate to
150 pL/min. To wash the column solvent B was kept at 90% for 9 min. Column re-
equilibration was achieved by isocratic elution with 20% solvent B for 20 min; (the flow rate
was increased to 250 uL/min after 10 min). During the separation, the column temperature
was kept constant at 40°C. The elution profile was monitored by UV absorption at 214 nm.
Fractions were collected every two minutes from 0 min to 34 min. The fractions were dried

by vacuum centrifugation and reconstituted in 50 uL Milli-Q water.

3.1.3. Nano-RP-LC-ESI-IT-MSn (CID, ETD)

HILIC fractions were analyzed by reversed-phase nano-LC-MS" using an Ultimate3000
nanoHPLC system (Thermo Scientific/Dionex) coupled online to an ion trap mass
spectrometer (AmaZon ETD, Bruker Daltonics, Bremen, Germany). Within the first two
minutes after sample injection, (glyco)peptides were loaded isocratically on a CI18 u-
precolumn (Acclaim PepMap100, C18, 5 um, 100 A, 300 pm i.d. x 5 mm; Thermo
Scientific/ Dionex). During this pre-concentration and desalting step, “loading pump solvent
17 (98% Milli-Q water MS, 2% ACN, 0.05% trifluoroacetic acid (TFA; Sigma Aldrich)) was
used at a flow rate of 7 uL./min. Subsequently, the C18 p-precolumn was switched in line with
the C18 nano-separation column (Acclaim PepMap RSLC, C18, 2 um, 100 A, 75 pmi.d. x 15
cm; Thermo Scientific/ Dionex) for gradient elution. Here, the following solvents were used
at a constant flow rate of 300 nL/min: “A” (98% Milli-Q water MS, 2% ACN, 0.1% formic
acid (FA; Sigma Aldrich)); “B” (10% Milli-Q water MS, 10% 2,2,2-trifluoroethanol (TFE;
Merck, Darmstadt, Germany), 80% ACN, 0.1% FA (Sigma Aldrich)). A binary gradient was
applied as follows: 4% B for 2 min; linear gradient to 30% B within 30 min; isocratic washing

step at 90% B for 5 min, finally 20 min re-equilibration at 4% B. After 42 min the C18 p-
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precolumn was switched back into loading-pump flow, to be washed for 3 min at 100%
“loading pump solvent 2” (20% Milli-Q water MS, 80% ACN, 0.05% TFA (Sigma Aldrich)),
and eventually to be re-equilibrated for 15 min at 100% “loading pump solvent 1”7, both at
7 uL/min flow rate (Figure 19). In this setup the gradient applied for on the C18 nano-
separation column was optimized for the separation of glycopeptides, and therefore differs
from a gradient normally applied for the separation of peptides in classical proteomics
experiments (Figure 19, B [%] Nano Pump, hatched area). With 30% B after 33 min, instead
of 50% B, the gradient is more shallow. That way, the reduced ACN concentration enables a
better separation of the more hydrophilic and therefore earlier eluting glycopeptides.
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Figure 19: Separation of O-glycopeptides via nano-RP-LC: applied solvent gradients (%B), flow rates, and valve
switching times.

The ion trap mass spectrometer was interfaced with a nanoFlow ESI Sprayer (Bruker Daltonics)
and was operated in positive ion mode. For electrospray ionization the following parameters
were used: capillary voltage (-4,500 V), end plate offset (-500 V), N, dry gas (5 L/min),
nebulizer (8 psi), dry gas temperature (220°C). The (glyco)peptides were fragmented via CID
using multistage fragmentation (CID-MS?, CID-MS* experiments) and ETD-MS2.
Fluoranthene radical anions were generated by negative-mode chemical ionization using

methane as mediator.

CID experiments were carried out using the following precursor scan settings: precursor scan
mass range (m/z 100-2,500); ion charge control (ICC) target (300,000); maximum

accumulation time (200 ms); averages (5); rolling averaging (off); target mass for smart
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parameter settings (m/z 850). CID-MS? experiments were conducted using a data-dependent
fragmentation routine. The top four most intense precursor ions, in the range of m/z 500-
1,500, were subjected to CID fragmentation in the ion trap mass analyzer (MS/MS
fragmentation amplitude 1.20 V). The relative intensity threshold for fragmentation was set to
5%. Singly charged ions were excluded and selected precursors were actively excluded for
0.15 min after acquiring two fragment ion spectra. Charge state preference was set to “none”.
Recorded scan range, ICC target and maximum accumulation time were the same as for the
precursor scan. In CID-MS? experiments precursor selection and fragmentation was applied
manually. The fragmentation amplitude was set to 1.20 V. The recorded scan range was set
individually with respect to the m/z of the precursor. ICC target and maximum accumulation
time were the same as for the precursor scan. In both CID-MS? and CID-MS? experiments the
following CID parameters were used: cut-off selection (default); smart fragmentation (on);
start amplitude (30%); end amplitude (200%); reaction time (40 ms). All CID experiments
were carried out using the enhanced resolution mode. For CID-MS? measurements, 1 uL of

each HILIC fraction was injected. For CID-MS? measurements, 5 uL were used, respectively.

ETD experiments were carried out using the following precursor scan settings: precursor scan
mass range (m/z400-2,500); ICC target (200,000); maximal accumulation time (50 ms);
averages (5); rolling averaging (on, number: 1); target mass for smart parameter settings
(m/z 850), enhanced resolution mode. Fragment spectra were acquired using a data-dependent
fragmentation routine in the ultra scan mode. The top three most intense precursor ions were
subjected to ETD fragmentation in the ion trap mass analyzer. The relative intensity threshold
for fragmentation was set to 1%. Singly charged ions were excluded and selected precursors
were actively excluded for 0.15 min after acquiring two fragment ion spectra. Charge state
preference was set to “none”. Fragment ions between m/z 100-3,000 were detected. ICC
target was set to 400,000 and maximal accumulation time was set to 100 ms. The following
parameters were used for the EDT reagent: ICC target (500,000); max. accu. time (10 ms);
Remove <= m/z 210 (On); Max. ETD Precursor (m/z 1,200), cut-oft (m/z 160); reaction
time (160 ms); smart decomposition (auto). For ETD measurements, 1 uL of each HILIC

fraction was injected.

All MS parameters were tested and optimized using N—glycopeptides derived from human IgG
sample preparation according to Selman et al. *291) and O-glycopeptides from erythropoietin
ple prep g glycopep ythrop

(Protea Biosciences, Morgantown, WV, USA) (data not shown).

3.1.4. Data Analysis

Two separate strategies were followed for the spectra analysis. The first approach focused
exclusively on the identification of non-glycosylated peptides, while the second approach aimed

for the characterization and identification of the glycopeptides.
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I) Analysis of Non-Glycosylated Peptides

Fragment spectra (MS?) acquired with CID and ETD were searched for non-glycosylated
peptides. To this end, spectra were processed in DataAnalysis software 4.0 (Bruker Daltonics)
using a built-in function for MS" spectra processing (“processautomsn”; compound detection:
standard settings). Processed spectra were imported into ProteinScape 3.1 (Bruker Daltonics)
and were searched against a UniProtKB/Swiss-Prot database (SwissProt 51.6; 257964
sequences; 93947433 residues; downloaded February, 2013) using MASCOT version 2.2.04
(Matrix Science, London, UK). The following search parameters were applied: taxonomy
(human); enzyme (none); fixed modifications (carbamidomethylation of cysteine residues);
variable modifications (deamidation of asparagine and/or glutamine; methionine oxidation);
precursor ion mass tolerance (£0.3 Da, with # "C=1; monoisotopic mass); fragment ion mass
tolerance (CID: 0.5 Da; ETD: 1.3 Da); preferred charge state (27/3"); peptide decoy
search (1% FDR). Proteins and peptides with a MASCOT ion score higher than 50 (for
proteins) and 25 (for peptides) were accepted, respectively.

IT) Analysis of Glycopeptides

CID and ETD fragment ion spectra (MS?/MS®) were manually analyzed assisted by the
DataAnalysis software 4.0 (Bruker Daltonics) without any pre-processing. Fragmentation of
glycopeptides using low-energy CID almost exclusively yields fragment ions derived from the
glycan moiety. This allows filtering of CID-MS? spectra for the presence of low-molecular
weight fragment ions derived from the non-reducing end of the glycan I"**! (B-ions, oxonium
ions; [M+H]; e.g. Hex m/2z163.06; NeuAc-H,O m/z274.09; NeuAc m/z292.10;
HexNeuAc,; m/z454.16; HexNAc;Hex;NeuAc; m/z 657.24; tolerance: m/z £0.3) using
dedicated EICs. In addition to this CID-MS? glycopeptide spectra feature multiply charged
fragment ions (Y-ions) that show characteristic mono(oligo)-saccharide mass differences caused
by the consecutive fragmentation of the glycan moiety down to the de-glycosylated peptide.
Both features were used to deduce the glycan composition along with the putative peptide mass
in CID-MS? glycopeptide spectra. To identify the peptide moiety, the putative peptide mass
was used to trigger manual CID-MS? fragmentation in a separate run. In rare cases, the peptide
mass with an additional HexNAc had to be used for CID-MS?® fragmentation. CID-MS?
fragment ion spectra were exported to BioTools software 3.2 (Bruker Daltonics). Subsequent
peptide identification was conducted using MASCOT. The spectra were searched against a
UniProtKB/Swiss-Prot database using the following parameters: taxonomy (human); enzyme
(none); fixed modifications (carbamidomethylation of cysteine residues); variable modifica-
tions (deamidation of asparagine and/or glutamine; methionine oxidation); precursor ion mass
tolerance (+0.3 Da, with # ?C=1; monoisotopic mass); fragment ion mass tolerance (CID:
10.35 Da); preferred charge state (27/3%); MASCOT significance threshold (0.05); maximum
number of reported hits: 10.

Peptides with a MASCOT ion score greater than 20 were accepted; in very rare cases also

lower scored peptides were accepted. Peptide identification was supported by the presence of
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a glycosylation consensus motif within the putative peptide sequence (N-glycosylation:
N,X,S/T; O-glycosylation: S/T). Furthermore, knowledge derived from public databases
(UniProtKB and UniCarbKB) on already described N-/0-glycosylation sites within the putative
peptide sequence or within the entire protein was used to validate a peptide/protein hit. ETD-
MS? fragment ion spectra of identified and characterized glycopeptides were annotated
manually with respect to the presence of glycan fragment ions (Y-ions). Subsequently, the
spectra were exported to BioTools software 3.2 (Bruker Daltonics) to identify the glyco-
sylation site(s). The peptide sequences, proposed by CID-MS? measurements, were modified
in silico with the corresponding glycan compositions inferred from CID-MS?, taking in account
all the potential glycosylation sites. Fragment ions (c- and z-type ions) derived from these in
silico glycopeptide sequences were then matched to their counterparts in the measured ETD-
MS? spectra. The accuracy of this annotation was validated using the BioTools score along with
manual inspection of the respective spectra. The entire glycopeptide data analysis workflow is

brieﬂy summarized in Figure 20.

® Human Blood Plasma
u CID-MS? Spectra:

pooled, from 20 healthy donors Spectra classified as glycopeptide
spectra by presence of: oxonium ions
Proteinase K Digestion €.g. m/z 274.1 ([NeuAc -H,O+H]") and
Q monosaccharide mass differences
= Annotation of glycan fragment ions —
determination of the glycan composition

P . = Selection of the putative peptide mass
Precipitation ,
MS3 precursor selection
Acetonitrile — supernatant ( P )
N HILIC CID-MS3 Spectra:
== /I\ Glycopeptide enrichment = Peptide identification by MASCOT
= and fractionation
ol [6{[B} nanoRP-LC-ESI-IT-MS" ETD-MS? Spectra:
 / MSP Bruker Amazon ETD = Glycosylation site determination

Figure 20: O-glycoproteomic workflow for the analysis of human blood plasma glycoproteins.

All mass spectrometry raw data as well as (glyco)peptide identifications and spectra annotations
have been deposited to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the MassIVE repository with the dataset identifier PXD002315 or
MSVO000079141, respectively (fip://MSV000079141 (@massive.ucsd.edu).
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3.2. In-Depth N- and O-Glycoproteomics

In the following information on the experimental procedures for Chapter 5 “In-Depth N- and
O-Glycoproteomics” are given. Please note, parts of this section are taken from the original
publication Hoffmann et al. (2018) %71,

All chemicals and solvents were of the highest purity available. Purified water used for sample
preparation and for LC-MS measurements was prepared as described before. Aqueous

solutions are indicated with (aq).

3.2.1. Proteolytic Digestion via Filter-Aided Sample Preparation (FASP)

Commercially available standard glycoproteins of different origin were proteolytically digested
using a modified version of the FASP method introduced by Wisniewski et al. "®l. Fibrinogen
(Fib), IgG — both derived from human plasma, Lactotransferrin (LTF) — derived from human
milk, and ribonuclease B (RNase B) — derived from bovine pancreas, were purchased from
Sigma-Aldrich (# F3879; # [4506-10MG; # L4894-5MG; R7884-100MG; Steinheim,
Germany). Briefly, 50 ug of each protein were dissolved in phosphate-buffered saline (PBS)
pH 7.4, transferred to a centrifugal filter unit (Nanosep® Omega™ with polyethersulfone
membrane, molecular weight cut-off 10 kDa; # OD010c34, PALL Life Sciences, Ann Arbor,
MI, USA), and centrifuged for 10 min at 14,000 x g at RT (holds true for all subsequent
centrifugation steps, Heraeus™ Fresco™ 17 Microcentrifuge, 24 x 1.5/2.0 mL rotor,
Thermo Scientific, Waltham, MA, USA). The flow-through was discarded. Subsequently,
samples were re-dissolved in 200 uL of urea buffer i ncy (8 M urea in 0.1 M Tris-HCl,,,
pH 8.5; # A1049, # A3452, AppliChem, Darmstadt, Germany), incubated at RT for 5 min
while constantly shaking at 600 rpm on a Thermomixer comfort (Eppendorf, Hamburg,
Germany), and centrifuged again. Cysteine disulfide bonds were reduced with DTT
(# D5545-5G, Sigma-Aldrich), and subsequent carbamidomethylation of -SH groups (thiol)
was carried out using IAA (# 11149-25G, Sigma-Aldrich). DTT (24.68 mg) and IAA (40.7 mg)
were dissolved in 50 mM ammonium bicarbonateq (ABC buffer; # 09830-500G, Sigma-
Aldrich) and diluted tenfold with urea buffer ey to a final concentration of 40 mM DTT
and 55 mM IAA, respectively. To each filter unit, 100 uL of 40 mM DTT were added followed
by shaking at RT for 1 min and 600 rpm. After incubation at 56°C for 20 min with gentle
agitation (300 rpm), the samples were centrifuged and the flow-through was discarded.
Subsequently, 100 uL of 55 mM IAA were added to each filter. Protected from light, samples
were shaken at RT for 1 min and 600 rpm, and allowed to incubate for 20 min at RT. After
centrifugation, the flow-through was discarded. Each filter unit was washed three times with
urea buffer i ney and then three times with ABC buffer,q, according to the following scheme:
addition of 100 uL of buffer, incubation for 5 min at RT while constantly shaking at 600 rpm,
centrifugation, discarding the flow-through. Finally, the filter units were transferred into new
2 mL microcentrifuge tubes. Proteins were proteolytically digested either with trypsin
(Sequencing Grade Modified Trypsin; # V5111, Promega, Madison, WI, USA) using an
enzyme to protein ratio of 1:30 (w/w, 0.033 pg enzyme per ug protein, in total 1.67 pg
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enzyme), or proteinase K (# A4392, AppliChem) using an enzyme to protein ratio of 1:10
(w/w corresponding to 0.1 ug enzyme per pg protein, in total 5 ug enzyme). Before addition
to the filter units, both enzymes were brought to a final volume of 100 uL by dilution with
ABC buffer(aq) + 1mM calcium chloride (CaClyagc bufter) T 5% (v/v) ACNy,, (CaCly,
# A4689, AppliChem; ACN, LC-MS CHROMASOLV®, # 34967-1L, Sigma-Aldrich).
Samples were shaken at RT for 1 min and 600 rpm before incubation overnight at 37°C and
350 rpm using a temperature-controlled incubator (Titramax 1000 + Inkubator 1000, both
Heidolph, Schwabach, Germany). Digests were collected by centrifugation. Filter units were
washed twice, first using 50 uL ABC bufferqq, + 5% (v/v) ACN(,), then using 50 uL Milli-Q
water; in between samples were centrifuged. The flow through was kept along with the digest
for subsequent drying by vacuum centrifugation (RVC 2—-33 CDplus, ALPHA 2—4 LDplus,
Martin Christ GmbH, Osterode am Harz, Germany). The dried digests were reconstituted in
50 uL 0.1% (v/v) TFA g (# 28904, Thermo Fisher Scientific, Waltham, MA, USA) to a final
concentration of 1 ug/uL. Samples were shaken at RT for 10 min and 1,000 rpm, and finally
stored at -20°C.

3.2.2. Glycopeptide Enrichment via Spin-Cotton-HILIC-SPE

Glycopeptides were enriched using a modified version of the cotton-HILIC-SPE protocol
introduced by Selman et al. "l In brief, cotton-HILIC microtips were prepared by filling
20 pL pipette tips to the 10 uL marking with cotton wool derived from commercially available
cotton pads (100% cotton) (Figure 21).

Figure 21: Spin-Cotton-HILIC-SPE. Left: 20 uL pipette tip filled with cotton wool taken from a commercially

available cotton pad. Top right: Cotton-HILIC pipette tip in 1.5 mL microcentrifuge tube.

In contrast to the original protocol, centrifugation — instead of pipetting up and down — was
used during washing, loading, and elution steps; i.e. liquid was pipetted on top of the cotton
wool stationary phase, the cotton-HILIC microtip was placed in an 1.5 mL microcentrifuge
tube, and was centrifuged for 1 min at 2,400 x g (Heracus™ Fresco™ 17 Microcentrifuge,
24 x1.5/2.0mL rotor, Thermo Scientific). Cotton-HILIC microtips were washed and
equilibrated three times with 20 uL Milli-Q water and 20 uL. 83% (v/v) ACN(q, + 0.1% (v/v)
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TFA(.), respectively. Each cotton-HILIC microtip was loaded with 10 ug of protein digest
(dried by vacuum centrifugation and resuspended in 10 uL 83% (v/v) ACN(q + 0.1% (v/v)
TFA(y). For proper adsorption, the protein digest was loaded three times. The final flow-
through was collected and referred to as “glycopeptide-depleted fraction”. Cotton-HILIC
microtips were washed three times with 20 uL 83% (v/v) ACN(q, + 0.1% (v/v) TFA(). The
flow-through was collected and referred to as “wash fraction”. Glycopeptides were eluted three
times with 20 uL of Milli-Q water each. Along with the other two fractions, the eluate —
referred to as “glycopeptide-enriched fraction” — was dried, and resuspended in 20 pL of
0.1% (v/v) TFA(q) while shaking at RT for 10 min and 1,000 rpm.

3.2.3. Nano-RP-LC-ESI-OT-OT-MS/MS (HCD)

HILIC-enriched (glyco)peptides were analyzed by nano-reversed-phase liquid chromatography
using an UltiMate 3000 RSLCnano system (Thermo Scientific) coupled online to a linear ion
trap-orbitrap hybrid mass spectrometer (nano-RP-LC-ESI-OT-OT-MS/MS; LTQ Orbitrap
Elite hybrid mass spectrometer, Thermo Scientific). For each measurement, an equivalent of
4 ug protein digest were injected. Within the first four minutes after sample injection,
(glyco)peptides were loaded isocratically on a C18 nano pre-column (Nano Trap Column,
packed with Acclaim PepMap100 C18, 5 pm, 1004, 100 um i.d. x 2 cm, # 164564, Thermo
Scientific). During this pre-concentration and desalting step, 98% (v/v) Milli-Q water MS,
2% (v/v) ACN, 0.05% (v/v) TFA (“loading pump solvent”) was used at a flow rate of
7 uL/min. Subsequently, the C18 nano pre-column was switched in line with the C18 nano
separation column (Acclaim PepMap RSLC C18, 2 um, 100A, 75 umi.d. x 25 cm, # 164536,
Thermo Scientific) for gradient elution. Here, the following solvents were used at a constant
flow rate of 300 nL/min: “A” (98% (v/v) Milli-Q water MS, 2% (v/v) ACN, 0.1% (v/v) FA
[# 56302-10X1ML-F, Sigma Aldrich]); “B” (10% (v/v) Milli-Q water MS, 10% (v/v) 2,2,2-
TFE [# 808259, Merck, Darmstadt, Germany], 80% (v/v) ACN, 0.1% (v/v) FA). A binary
gradient was applied as follows: 4% B for 4 min, linear gradient to 30% B for another 29 min,
linear gradient to 34% B within 1 min, isocratic washing at 90% B for 4 min, finally 22 min re-
equilibration at 4% B. After 42 min the pre-column was switched back into loading-pump flow
to be re-equilibrated for 18 min at 100% “loading pump solvent” at 7 uL/min flow rate. The

column oven temperature was kept constant at 40°C.

The mass spectrometer was interfaced with a nanoelectrospray source (Nanospray Flex™ ion
source, NSI, Thermo Scientific) operated in positive ion mode. The source was equipped with
nanoclectrospray emitters (SilicaTip, FS360-20-10-D-20, New Objective, Cambridge, USA).
For electrospray ionization, the following parameters were used: source voltage (2.7 kV);
capillary temperature (275°C); sheath gas flow, aux gas flow, and sweep gas flow were set to
zero arbitrary units. Full scan spectra (MS') were acquired in the orbitrap mass analyzer (OT):
ions between m/z 300-2,000 were recorded at a resolution of 30,000 (defined at m/z 400)
using profile mode; automatic gain control (AGC) target was set to 1x10%; and maximum

injection time was set to 500 ms. For enhanced mass accuracy, internal real-time mass
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calibration was enabled using a background polysiloxane peak at m/z 371.1012 ((M+H]") as
lock mass. Fragment ion spectra (MS?) were obtained by data-dependent acquisition: the five
most intense precursor ions with a charge state 22 and signal intensity 2500 counts were
subjected to HCD fragmentation (data-dependent acquisition). HCD spectra were acquired in
the OT using profile mode: mass range was set to “normal”; AGC target was set to 1x10°, and
maximum injection time was set to 500 ms. Three HCD fragmentation regimes were used,
differing in applied normalized collisional energies (NCE): HCD.low with NCE of 20, HCD. high
with NCE of 50, and HCD.step with stepped NCE of 35 (width: 15%, steps: 2). An isolation
width of 4 m/z units was used; charge state screening as well as monoisotopic precursor
selection was enabled; target ions selected for MS* were dynamically excluded using the
following settings: exclusion size list (500), exclusion duration (5 s), repeat count (1), and

repeat duration (30 s). The number of micro scans was set to one.

3.2.4. Glycopeptide Data Analysis Using glyXtool™*

glyXtool™ is an OpenMS- and python™ -based software pipeline that was developed in-house
for the semi-automated analysis of glycopeptide mass spectrometry data (Pioch et al. 7).
Briefly, acquired spectra were converted to *.mzML format and subsequently processed using
a dedicated analysis workflow in OpenMS. For each glycoprotein, the respective protein
sequence (UniProtKB/Swiss-Prot database; Swiss-Prot 51.6; 257964 sequences; 93947433
residues; downloaded February, 2013) along with appropriate N- or O-glycan composition
databases (in-house; N-glycan compositions: 378; core-1 & -2 mucin-type O-glycan
compositions: 8; for mucin-type O-glycans only the major compositions relevant for human
plasma proteins were considered: non-, mono- and disialylated glycoforms, no further
modifications/elongations **’) were implemented in the workflow. The following parameters
were used for the in silico proteolytic digest: number of missed cleavages (2; only relevant for
tryptic digests); cysteine carbamidomethylation as fixed modification; methionine oxidation
and asparagine/glutamine deamidation as variable modifications. Fragment ion spectra were
automatically classified as glycopeptide spectra based on the presence of oxonium ions (B-ions)
and glycan-derived neutral loss fragment ions (Y-ions) by glyXtool™®. Automatic annotation of

lMS

the glycan and peptide moiety was manually validated using the glthoo Evaluator. A mass

tolerance of 10 ppm and 20 ppm was accepted for precursor ions and fragment ions,
respectively. For the annotation of the glycan moiety the following abbreviations/symbols are
used: N-acetylglucosamine (GlcNAc, HexNAc, N, “blue square”), mannose (Man, Hex, H,
“green circle”), fucose (Fuc, DHex, F, “red triangle”), N-acetylneuraminic acid (NeuAc,
NANA, Sa, “purple diamond”), N-glycolylneuraminic acid (NeuGe, NGNA, Ng, “light blue

lMS

diamond”), peptide (Pep). Further details on glyXtool™ are given in Pioch et al. %/, In

lMS

addition to the glycopeptide—focused analysis  via glthoo

, conventional protein
identification was also performed. To this end the fragment ion spectra of the untreated
proteolytic digests (without HILIC enrichment) were searched against the UniProtKB/Swiss-
Prot database using MASCOT 2.5.1.0 (Matrix Science, London, UK) and Proteome

Discoverer 1.4.1.14 (Thermo Scientific, Waltham, MA, USA). The applied search parameters
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and results can be found in supplemental table 1 in Hoffmann et al., 2016 . To standardize
analyses, the MIRAGE consortium (minimum information required for a glycomics
experiment) has specified reporting guidelines for collecting, sharing, integrating, and
interpreting mass spectrometry-based glycomics and glycoproteomics data *°1. Data reported
in this thesis is in agreement with these guidelines. All N- and O-glycopeptide mass
spectrometry raw data (HILIC-SPE fractions) have been deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the MassIVE repository

(ftp:/ /massive.ucsd.edu/MSV000082137).

The entire sample preparation and data analysis workflow that was developed during this study

is depicted in Figure 22.

Workflow
o Glycoproteins
Human: Immunoglobulin gamma, Fibrinogen, Lactotransferrin
Bovine: Ribonuclease B
FASP Digest Proteinase K
< B i
~ a MWCO Trypsin

Glycopeptide Spin-Cotton-HILIC-SPE
Enrichment

-LC-ESI- 50
LC HCD. nanoRP-LC-ESI 2 2 g
MS/MS o OT-O0T Ms/Ms HCD.low HCD.step
() Normalized Collisional Energy (NCE)

V Data Processing/ glyXtoolVs
Manual Validation
v

Figure 22: Glycoproteomic workflow developed for the in-depth analysis of N- and O-glycosylated proteins. A
set of representative glycoproteins was proteolytically digested either with trypsin or proteinase K using a FASP
approach. Resulting peptides were subjected to spin-cotton-HILIC-SPE to enrich N- and O-glycopeptides. HCD
fragment ion spectra using fixed and stepped normalized collisional energy (HCD.low, HCD.step) were
acquired from glycopeptide-enriched HILIC fractions. For data processing and annotations, glyXtool™ was
used; data validation was done manually.

3.2.5. Site-Specific Relative Quantitation of N-Glycoforms

To determine the site-specific relative abundance of IgG, Fib, and RNase B N-glycoforms
(microheterogeneity), the summed peak intensities of the corresponding glycopeptide
precursor ion isotopic pattern along the peak elution window were used (referred to as peak
intensity). Thereby, peak integration boundaries of the respective extracted ion

chromatograms were set automatically by glthoolMS

. For glycopeptides registered with
different precursor charge states, the respective peak intensities were summed. Generally,
peak intensities were only considered for manually validated HCD.low or HCD.step fragment
glycopeptide ion spectra; in case glycopeptides were identified using both methods an average
value was used. The relative site-specific glycoform abundance was calculated by dividing the
individual peak intensities by the sum of all peak intensities covering the same glycosylation

site.
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3.2.6. Relative Quantitation of N- and O-Glycopeptide Oxonium Ions

The relative oxonium ion abundance was calculated by dividing the individual oxonium ion
peak intensities (monoisotopic peak) by the sum of all oxonium ion peak intensities detected
in the fragment ion spectrum (relative abundance). For glycopeptides with more than one
corresponding fragment ion spectrum (scans), the average relative abundance is given. Error
bars indicate the standard deviation of the relative oxonium ion abundance for glycopeptides

with more than two scans.
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Chapter Four

4 Human Blood Plasma O—Glycoproteomics
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4.1. Introduction

Parts of this chapter are taken from the original publication Hoffmann et al. (2016) ***1.

Blood plasma harbors arguably the most complex yet also the most informative proteome present

in the human body (231]

. A significant impact on its clinical relevance and diagnostic potential is
attributed to the features and functions of a plethora of proteins (60-80 mg protein/mL), covering
a concentration range of more than ten orders of magnitude 1”*?l. The majority (about 99% of
these proteins) are classical blood plasma proteins, like albumins, (immuno)globulins, clotting
factors, and proteins of the complement system; however, also a lower abundant but — no less
meaningful — fraction of proteins is present that comprises a multitude of cytokines as well as

tissue leakage proteins (Figure 23).

Transferrin - Fibrinogen

IgAs Alpha-2-
/ Macroglobulin Concentration range 10"°
Alpha-1- Albumin: 35 mg/mL

IgIVIs/ Antitrypsin Interleukin 6: 1 pg/mL
Complement
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Ceruloplasmin

_
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Figure 23: Relative proportion of major human blood plasma proteins (adapted from Putnam *%),

Several clinical studies could show that qualitative and quantitative alterations of these proteins
(and peptides) — analyzed individually or in their entirety as a proteome (or peptidome) — can
directly reflect pathophysiological states, and can serve as biomarkers for the onset and
progression of a number of diseases [***2%I. In recent years, the focus of in-depth analyses of the
human blood plasma proteome has evolved from the identification and quantification of the entire
proteome (or peptidome) 12" towards the analysis of subproteomes like the interactome 1?1,
phosphoproteome 1*** 24 or the glycoproteome ***1. The latter has received particular interest in
recent years, since the majority of blood plasma proteins is N- and/or O-glycosylated 2. While
the comprehensive analysis of the N-glycoproteome is already quite advanced **I) even in

a [17,247]

complex samples like human blood plasm , similar analyses of the O-glycoproteome -

though arguably equally important and relevant - are still lagging behind. The most ubiquitously
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found and functionally relevant form of O-glycosylation, as shown by a number of O-glycan-related
(clinical) studies % 232521 "is the mucin-type O-glycosyation (O-GalNAc), in particular the core-
1 and core-2 types 172>} The predominantly clustered occurrence of mucin-type O-glycans on
proteins is described to confer overall stability and proteolytic protection [254], Apart from this
global impact, recent studies could link the presence of O-glycans in the proximity of regulatory
domains to proteolysis events involved in protein maturation (proprotein-convertase (PC)-
P y P prop
processing) 12551 To better understand these protective and regulatory capabilities and to move
the mucin-type O-glycoproteome from form to function, comprehensive site-specific O-
YP glycop p P

glycosylation analyses are required.

One of the main obstacles in site-specific mucin-type O-glycosylation analyses relates to the lack
of a predictable O-glycan consensus-motif within the peptide backbone as it can be found for N-
glycans ¢!, The attachment of the N-acetylgalactosamine monosaccharide to the hydroxyl group
of either serine or threonine, but also to tyrosine or hydroxylysine, is governed by a family of 20
distinct polypeptide GalNAc-transferase isoenzymes (GalNAc-Ts) with different but partially
overlapping peptide specificities and tissue expression patterns. This dynamic regulation, in turn,
contributes to the complexity of the mucin-type O-glycoproteome. However, previous studies
could show that mucin-type O-glycans are primarily attached to serine or threonine in regions
with a high content of serine, threonine and proline (S/T-X-X-P, S/T-P and P-S/T) 1°7- %1 Ag
O-glycosylation is a postfolding event, taking place in the Golgi apparatus, the attachment is
depended on protein surface accessibility and is thus predominantly found in coil, turn and linker
regions [**°l. Additional confounding factors during mucin-type O-glycosylation analyses are the
clustered occurrence of O-glycans and the lack of a universal endo-0-glycosidase that enables the

release of intact O-glycans from the proteins; though, chemical O-glycan release methods do exist
256]

Mass spectrometry has proven to be the core technique in site-specific N- and O0-glycosylation
analyses. A generic O-glycoproteomic workflow usually starts with the isolation, enrichment or
pre-fractionation of a single glycoprotein or a group of glycoproteins. In subsequent steps,
(glyco)peptides are generated by proteolytic digestion primarily using specific proteases like
trypsin. Apart from this, also broad- and non-specific proteases like proteinase K or pronase E
were employed successfully in recent years 1?06’ Essential to nearly every glycoproteomic
approach is the removal of high-abundant and interfering non-glycosylated peptides by selective
enrichment of the usually lower abundant glycopeptides. The repertoire of glycopeptide
enrichment and separation techniques covers different solid phase extraction and
chromatography-based methods such as HILIC ['7- ***l_ The most frequently used setup for the
measurement of enriched (glyco)peptides is LC-ESI-MS/MS. Recent advances in instrumenta-
tion, in particular the development of ETD/ECD %% *%1/ and high resolution orbital mass
analyzers, have paved the way for the mapping of thousands of occupied N- and O-glycosylation
sites as recently shown ['”> %1 Combined workflows using ETD/ECD fragmentation along with

(multi-stage, MS") fragmentation with high- and/or low collisional induced dissociation energy
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(HCD/CID) can provide compositional (structural) information on the glycan moiety as well as
information on the peptide sequence and the glycosylation site %% *’l. Recent advances in mass
spectrometry driven O-glycoproteomics have been reviewed in detail elsewhere %'l Owing to
the amount and complexity of O-glycoproteomic data, a number of bioinformatics tools for the
prediction of mucin-type O-glycosylation sites 1>*/as well as for the database assisted interpretation
and annotation of glycan and glycopeptide fragment ion spectra have been developed 263 2671,
Moreover, reporting guidelines for collecting, sharing, integrating, and interpreting mass
spectrometry-based glycomics data have been specified by the MIRAGE consortium (minimum

information required for a glycomics experiment) 7% 2711,

The aim of this project was to develop a glycoproteomic workflow that allows the explorative
non-targeted analysis of O-glycosylated human blood plasma proteins, which are known to carry
mainly short mono- and disialylated mucin-type core-1 and -2 O-glycans. To achieve this, we have
combined O-glycopeptide selective offline-HILIC fractionation of proteinase K digested peptides
with nano-reversed-phase liquid chromatography coupled online to multistage ion-trap mass
spectrometry (nano-RP-LC-ESI-IT-MS: CID-MS?/-MS3, ETD-MS?) (Figure 20). Overall, the
developed glycoproteomics approach should enable the identification of the peptide moiety as
well as a characterization and localization of the O-glycosylation sites with the characterization of

the corresponding O-glycans (Figure 24).

®

v
—
Peptide

v

EGGTPVSAA
Site Identification ﬂ;
v EGGTPVSAA

Figure 24: Comprehensive identification and characterization of mucin-type O-glycopeptides.

4.2. Results

4.2.1. Reproducibility of the Proteinase K Digest

Previous studies on single glycoproteins could show the successful application of proteinase K in
the context of N- and O-glycoproteomics 1272751 However, its application on complex samples,
like human blood plasma, has not been described so far. Here, we have employed proteinase K to
generate (glyco)peptides from the entire (glyco)proteome of a pooled human blood plasma sample
that was derived from 20 healthy donors. To assess the reproducibility of such a digest, five
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independent proteinase K treated blood plasma samples (technical replicates) were measured with
nano-RP-LC-ESI-IT-MS/MS in preliminary experiments. A comparison of the resulting base peak

chromatograms revealed a high reproducibility of these digests (visual judgement), as shown in

Figure 25.
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Figure 25: Base peak chromatograms (BPC) of five proteinase K digests measured with nano-RP-LC-ESI-IT-MS?
show a high reproducibility of the proteolytic digest.

4.2.2. Glycopeptide Enrichment and Fractionation via HILIC-HPLC

The HILIC-HPLC fractionation carried out in the present study was optimized for the enrichment
of O-glycosylated peptides (similar to a report from Zauner et al. **l). In total 17 HILIC fractions
were collected and analyzed by nano-RP-LC-ESI-IT-MS? (CID). The acquired fragment ion
spectra were manually screened for the presence of N- and O-glycopeptides — relying on the
detection of diagnostic oxonium ions (B-ions, e.g. HexNAc,Hex;NeuAc,; m/z 657.24) and
characteristic mono(oligo)-saccharide neutral loss fragment ions (Y-ions). Glycopeptides were

detected in five HILIC fractions (#13-#17) (Figure 26).
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Figure 26: Number of detected glycopeptides in the HILIC fractions H13-#17.

62



Results

Glycopeptides eluted in the range of 8.5-31 min from the reversed-phase column and clusters of
glycopeptides were registered between 8.5-12.5 min, 14-18 min, 19-20.5 min, 22.5-23.5 min
and 25-31 min (exemplarily shown for fraction #15, Figure 27).

Intens. *

xllog —_— nanoRP-LC-ESI-IT-MS? (CID)
EIC

1.01
0.8
0.6 1

0.4

0.21

0.0 y T “ T o T T T T T T T

7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 275 30.0 Time [min]
[HexNAG+H]" : EIC 204.09 +All MSn [HexNAc+Hex+H]" : EIC 366.14 +All MSn

—— [Hex+NeuAc+H]* : EIC 454.16 +All MSn —— [HexNAc+NeuAc+H]* : EIC 495.18 +All MSn

— [NeuAc+H]* : EIC 202.10 +All MSn —— [NeuAc-H,O+H]" : 274.00 +All MSn

—— [HexNAc+Hex+NeuAc+H]* : EIC 657.24 +All MSn

Figure 27: Extracted ion chromatograms (EICs) of diagnostic glycan oxonium ions (e. g.
[HexNAc+Hex+NeuAc+H]*: EIC m/z 657.24) reveal the clustered elution of O-glycopeptides (*) on a C18
reversed-phase column. EICs of HILIC fraction #15 are shown as an example.

4.2.3. Determination of the Glycan Composition

CID-MS? spectra were carefully inspected and manually annotated with respect to the glycan
composition. Major signals in these spectra resulted from consecutive neutral losses (singly and
doubly charged species) of the monosaccharides Hex, HexNAc and NeuAc from the intact
glycopeptide. Most of the time, the applied collision energy induced the complete fragmentation
of the glycan moiety while leaving the de-glycosylated peptide moiety intact. These fragment ions
along with corresponding oxonium ions, allowed inferring the glycan composition and the

putative peptide mass (Figure 28, Top).
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Figure 28: Exemplary CID fragment ion spectra of a proteinase K-generated plasminogen O-glycopeptide
(32LAPTAPPELTPV;7;) measured with nanoRP-LC-ESI MSn (positive ion mode, CID). Top: For the given O-

glycopeptide the CID-MS” spectrum is shown together with its corresponding precursor ion m/z 718.30 [M+3H]**
(inset). The spectrum allows the clucidation of the O-glycan composition (here disialylated T-antigen). In addition,

also some internal glycopeptide fragments have been detected (e.g. b10+HexNAc). Bottom: The putative peptide
mass (m/z 1205.66 [M+H]*, dashed box) of the given O-glycopeptide was subjected to CID-MS® fragmentation.
The peptide was identified via MASCOT protein database search (Score: 16, UniProt KB/Swiss-Prot, human).

Detailed analysis revealed that exclusively mucin-type core-1 mono- and disialylated O-linked
glycopeptides ((di)sialyl-T-antigen) were present. For the glycan annotation, a mass error of
0.3 Da was accepted. This parameter was justified as the observed mass errors were about
0.07 Da (median value). In total, 88 O-glycopeptides were detected and characterized with
respect to their glycan composition. The registered glycopeptides covered an m/z-range of 507-
945 (average m/z 728) and were cither doubly (55 peptides) or triply charged (33 peptides).

4.2.4. Identification of the Peptide Moiety

To complement the deduced glycan composition with peptide sequence information, CID-MS?
experiments were conducted on putative peptide masses, which were derived from CID-MS?
spectra (Figure 28, bottom). In separate LC-MS runs the selected peptide precursor masses
(predominantly singly charged) were used to trigger manual CID-MS? fragmentation. In rare cases

peptide+HexNAc was selected for fragmentation, due to low signal intensity of the peptide
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species in the MS? spectra. CID-MS? spectra were searched against the human subset of the highly-
curated and non-redundant protein database UniProtKB/Swiss-Prot. Notably, also in some CID-
MS? spectra b- and y-ions derived from peptide backbone cleavages were detected that enabled
peptide identification (e.g. supplemental Figure S(I)5: alpha-2-HS-glycoprotein m/z 623.23°").
For 88 detected glycopeptides, 60 corresponding peptides could be identified unambiguously
(Table 1, Table 2).
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Table 1: Site-specific O-glycan composition of identified human blood plasma glycoproteins. Glycoproteins are listed with their UniprotKB accession number as well as the
number of identified glycopeptides. O-glycosylated sites or regions are indexed with respect to the attached O-glycans (mono- and/or disialylated mucin-type core 1 O-
glycans). O-glycosylation sites in bold have been pinpointed within this study. Previously unknown sites und regions are indicated by underlining. Curled brackets mark regions
with several possible O-glycosylation sites. Superscript numbers indicate literature references. For every protein the number of registered, previously known, as well as new
O-glycosylation sites and regions are given. For underlined proteins, glycosylated as well as non-glycosylated peptides were identified (supplemental Table S1 in Hoffmann et
al., 2016 ). In addition, previously reported plasma concentrations are given. HexNAc (N-acetylhexosamine), Hex (hexose), NeuAc (N-acetylneuraminic acid, sialic acid).

Registered /

> Reported
Previously Plasma
- Site-Specific O-Glycan Composition Known / New -
o . ) # Identified : Concentrations
Identified Proteins Accession Gl tid O-Glycosylation [ng/mL]
ycopeptides Sites (Regions) 9
. I
I: HexNAci1HexiNeuAc: HexNACc:Hex:NeuAcs 1& 1l 2x HexNAciHex:NeuAc:
1 Alpha-2-HS- P02765 T(256)"! - T(270)" - 3/3/0 6.1%10° 12561/
glycoprotein S(346)1#8. 277 8.2+10% 1238
2 Apolipoprotein C-lll  P02656 2 T(94)!?1L 258,277, 278) s - R 1/1/0 1.2%10° 2361
1.7*10° 8
3 Apolipoprotein-L Q96LR9 1 - {T(133), T(135 - - 1/0/1 -
domain-containing S(136)}
protein 1
4 Complement C4-B POCOL5 1 {S(1242), T(1244), S(1251)}?" - - - 1/1/0 9.0%10% 238
5 Fibrinogen alpha P02671 1 {S(524), T(525), T(528)}274 - - - 1/6/0 2.7%10° 231/
chain 1.3%10°5 2381
6 Fibrinogen beta chain P02675 1 S(58)#™ - - - 1/1/0 9.7#105240)/
1.3*10° ¥
7 GTP-binding protein 1 000178 1 {T(119), S(122)} - - - 1/0/1 -
8 Hemopexin P02790 1 {T(24)12- 25,2791, T(29)58], S(30)} - - - 1/3/0 7.5%10°13%1/
1.8*10° %
9 |Immunoglobulin J P01591 2 T(97) - - - 1/0/1 3.5%10% 12401/
Chain 5.6%103 2381
10 Insulin-ike  growth P24592 1 T(126)1 258 - 5 - 1/5/0 1.1%10% 238
factor-binding protein
6
11 Inter-alpha-trypsin Q14624 4 S(640)12% - - - 2/2/0 1.8%10° 2401/
inhibitor _heavy chain {T(722)2™, T(723)71, T(725)P", 4.2%10% 1238)
H4 S(733
12 Inter-alpha-trypsin ~ P19823 3 T(691)270 251 262 - - {S(673), T(675)}27" 261262 3/410 2.1%105 12401/
inhibitor heavy chain 2.1%10% (238
H2
13 Kininogen-1 P01042 6 {S(150), T(1513;[2“‘258] S(604) T(137)(% 258) - 5/9/1 7.0%10* 2201/
S(577) T(571) 2.8+10% (2381
14 Legumain Q99538 1 {T(305), S(307)} = = = 1/0/1 =

66



Results

Table 1, continued.

Identified Proteins Accession

# Identified
Glycopeptides

Site-Specific O-Glycan Composition

Registered /
Previously
Known / New
O-Glycosylation
Sites (Regions)

Reported
Plasma

Concentrations

[ng/mL]

. I
I: HexNAciHexiNeuAc1 HexNAC:Hex:NeuAcs 1& 1l 2x HexNAciHexiNeuAc1
15 Plasminogen P00747 4 - - T(365)12%4 - 1/2/0 1.4%10° 2/
2.5%104 (238
16 Protein AMBP P02760 6 T(24)12% - - - 1/2/0 6.0%10* 1241/
4.8%10% 238
17 Protocadherin beta-11 Q9Y5F2 1 S(24) - - - 1/0/1 -
18 Protocadherin-16 Q96JQ0 1 T(592) - - - 1/0/1 -
19 Selenoprotein P P49908 1 T(236) - - - 1/0/1 5.1%10% 238!
20 Tau-tubulin kinase 2 Q61Q55 1 T(820 - - - 1/0/1 -
21 Tenascin-R Q92752 1 - T(1288) - - 1/2/1 -
22 Tenascin-X P22105 1 - T(3586) - - 1/0/1 7.0%10* 238!
23 not unambiguously - 18x 10x - - -

identified
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Table 2: Detailed overview of all identified human blood plasma O-glycopeptides. For each O-glycopeptide, the corresponding glycoprotein including the UniProtKB accession
number, the identified O-glycosylation site(s)/regions as well as the O-glycan composition are given, respectively. Likewise, the LC retention time, the mass of the intact
glycopeptide precursor, the measured peptide mass as well as the corresponding error is listed. The peptide identification using CID-MS’® was validated by the MASCOT
peptide score and the Biotools score (CID). ETD-based determination of the O-glycosylation site(s) was validated by the Biotools score (CID) as well as the NetOGlyc 4.0
score.

Identified Proteins Accession O-Glycosylation  # Identified 0O-Glycan Retention Precursor Measured peptide Error Peptide Biotools Biotools NetOGlyc 4.0
Site (Region)  Peptides Composition Time [min] lon mass [M+H]* [Da]  [Da] Score (CID) Score (CID) Score (ETD) Score
1 Alpha-2-HS-glycoprotein P02765
T(256) 5, TQPVTSQPQPE;q, HexNAc(1)Hex(1)NeuAc(1) 14.1-143  [934.36]" 1211.55 0.04 28 402 T(252):12/T(256): 19 /5(257): 18 0,81/0,90/0,87
13.9-14.0  [623.23]" 1211.49 0.11 42 46 T(252): 669 /T(256): 412 / 5(257): 362 0,81/0,90/0,87
T(270)  ,5,AVPTPV,,, HexNAc(1)Hex(1)NeuAc(1) 20.25-20.37 [620.26]*" 583.33 0.09 20 1 44 0.87
HexNAc(1)Hex(1)NeuAc(2) 19.8-20.2  [765.77)" 583.27 -0.07 18 1 6 0.87
26;AVPTPVDPD, ;¢ HexNAc(1)Hex(1)NeuAc(1) 22.1-22.2  [833.31 1009.43 -0.09 19 8 141 0.87
267AVPTPVWDPDAPPSPPL,s;  HexNAc(1)Hex(1)NeuAc(1) 27.5-285  [775.67]" 1668.84 0.04 54 20 T(270): 153 /5(280): 75 0,87/0,96
HexNAc(1)Hex(1)NeuAc(2) 31.932.0  [872.72]" 1668.75 0.13 59 10 T(270):39/5(280): 34 0,87/0,96
HexNAc(1)Hex(1)NeuAc(2) 313317 [872.73F" 1668.77 0.12 65 15 T(270): 39 /5(280): 21 0,87/0,96
266EAVPTPV, 5, HexNAc(1)Hex(1)NeuAc(1) 20.4-20.7  [684.76]*" 71235 0.04 18 2 7 0.87
HexNAc(1)Hex(1)NeuAc(2) 21.9-22.2  [830.34*" 712.32 -0.07 16 38 - 0.87
26sEAVPTPVVDPDAPPSPPL,s;  HexNAc(1)Hex(1)NeuAc(1) 31.5-31.7  [818.68]" 1797.75 0.18 11 12 - 0,87/0,96
HexNAc(1)Hex(1)NeuAc(2) 32.0 [915.71F** 1797.73 0.10 46 23 - 0,87/0,96
,6sNEAVPTPV, HexNAc(1)Hex(1)NeuAc(1) 20.1-20.4  [741.8P 826.38 -0.05 43 158 44 0.87
S(346) 34, TVVQPSVGy,g HexNAc(1)Hex(1)NeuAc(1) 17.8-17.9  [721.78]* 786.39 0.07 24 76 T(341):533/5(346): 187 0,93/0,94
HexNAc(1)Hex(1)NeuAc(1) 16.7-16.8  [721.76] 786.43 0.01 25 149 - 0,93/0,94
30 TVVQPSVGA; 4 HexNAc(1)Hex(1)NeuAc(1) 17.3-17.4  [757.3]* 857.43 0.05 20 36 - 0,93/0,94
343VQPSVGA,9 HexNAc(1)Hex(1)NeuAc(1) 14.0-14.1  [657.2]* 657.29 0.11 20 15 - 0.94
34, VVQPSVGiyg HexNAc(1)Hex(1)NeuAc(1) 15.3-15.7  [671.26] 685.35 0.03 44 13 - 0.94
332 VVQPSVGAs49 HexNAc(1)Hex(1)NeuAc(1) 16.3-16.4 _ [706.77] 756.37 0.04 19 18 - 0.94
2 Apolipoprotein C-lll P02656 [ ] 2
T(94) s WDLDPEVRPTSAs HexNAc(1)Hex(1)NeuAc(1) 25.2-25.4  [681.25" 1385.57 0.17 35 21 T(94): 46 /5(95): 40 0,51/0,51
HexNAc(1)Hex(1)NeuAc(1) 24.6-25.1  [681.35" 1385.71 0.04 46 15 T(94): 124 /5(95): 148 0,51/0,51
3 Apolipoprotein-L Q96LR9 I 1
domain-containing protein 1 T(133), T(135), S(136)  ;3;, AVTITSDL, 35 HexNAc(1)Hex(1)NeuAc(2) 24.3-24.5 (883.82]*" 819.35 -0.09 31 10 T(133):4 /T(135):4 /5(136): 3 0,05/0,11/0,10
4 Complement C4-B POCOLS 1
S(1242), T(1244),S(1251)  ,,,,VSPTPAPRNPSDPMPQ,,55 HexNAc(1)Hex(1)NeuAc(1) 17.8-18.1  [782.97)" 1690.59 0.23 34 30 5(1242): 36 /T(1244): 49 /S5(1251): 145 0,96/0,94/0,51
5 Fibrinogen alpha chain P02671 1
S(524),T(525), 7(528) 4, STGKTFPGs;, HexNAc(1)Hex(1)NeuAc(1) 12.3-12.5  [725.78]" 794.34 -0.06 28 61 - 0,76 /0,75 /0,58
6 Fibrinogen beta chain P02675 1 1
S(58)  ,,EEAPSLRPAPPPIS,, HexNAc(1)Hex(1)NeuAc(1) 23.3-235  [706.27]" 1460.67 -0.10 22 14 5(58):34 /5(67): 13 0,95/0,86
7 GTP-bindingprotein1 000178 1 1
T(119),5(122)  ,,,YATVKSM,,, HexNAc(1)Hex(1)NeuAc(1) 15.4 [728.751"" 800.36 0.96 27 9 - 0,24/0,17
8 Hemopexin P02790 1
T(24),T(29),S(30)  ,,TPLPPTS,, HexNAc(1)Hex(1)NeuAc(1) 14.4-14.6 _ [684.73]" 71235 -0.09 19 8 - 0,51/0,83/0,96
9 Immunoglobulin P01591 [ ] 2
J Chain T(97)  4sDPTEVy, HexNAc(1)Hex(1)NeuAc(1) 17.7-17.8  [608.71]*" 560.28 0.02 27 15 - 0.11
HexNAc(1)Hex(1)NeuAc(1) 18.6-18.8  [608.72] 560.29 0.03 - 1 - 0.11
10 Insulin-like growth P24592 1 1
factor-binding protein 6 T(126)  ,,,KPQAGTA,,; HexNAc(1)Hex(1)NeuAc(1) 16.3-16.6  [664.69]*" 672.30 -0.07 10 18 22 0.88
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Table 2, continued.

Identified Proteins Accession O-Glycosylation  # Identified 0O-Glycan Retention Precursor Measured peptide Error Peptide Biotools Biotools NetOGlyc 4.0
Site (Region) Peptides Composition Time [min] lon mass [M+H]* [Da]  [Da] Score (CID) Score (CID) Score (ETD) Score
11 Inter-alpha-trypsin Q14624 [ ] 4
inhibitor heavy 5(640)  430ASFSPRgs, HexNAc(1)Hex(1)NeuAc(1) 11.0-113  [660.72]" 664.30 0.07 16 51 S(640): 11 /5(642): 7 0,66 /0,80
chain H4 T(722), T(723), T(725)  ,,,TTQTPAPI5, HexNAc(1)Hex(1)NeuAc(1) 18.5-18.9  [742.76]" 828.42 0.03 27 33 - 0,61/0,64/0,90
55, TIQTPAPIQ 5, HexNAc(1)Hex(1)NeuAc(1) 15.3-15.8  [806.77]* 956.51 0.00 26 4 - 0,61/0,64/0,90
T(722),T(723),7(725), 5(733)  ,,, TTQTPAPIQAPS, 35 HexNAc(1)Hex(1)NeuAc(1) 16.0-16.2  [623.27]*" 1211.58 0.07 31 23 T(722): 152 /T(723): 34 /T(725): 19 /T(733):5_0,61/0,64/0,90/0,58
12 Inter-alpha-trypsin P19823 - 3
inhibitor heavy S(673), T(675) 4o WANPSPTPV;; 2xHexNAc(1)Hex(1)NeuAc(1) ~ 21.0-21.1  [760.92]*" 968.40 -0.08 30 1 - 0,79/0,88
chain H2 T(691)  44oESTPPPHV;es HexNAc(1)Hex(1)NeuAc(1) 12,5127  [760.24]* 863.37 0.06 32 65 5(690): 14 /T(691): 22 0,88/0,93
HexNAc(1)Hex(1)NeuAc(1) 12.4-12.9  [507.15]" 863.34 0.11 - 8 5(690): 65 /T(691): 84 0,88/0,93
13 Kininogen-1 P01042 [ ] 6
T(137)  13,EGPWTA54 HexNAc(1)Hex(1)NeuAc(1) 16.6-16.7  [664.7]" 672.33 -0.03 - 43 - 0.51
13,EGPVWTAQ, 5 HexNAc(1)Hex(1)NeuAc(2) 17.4 [874.28]" 800.25 0.17 19 19 - 0.51
S(150), T(151)  ,,4VHPISTQ,s, HexNAc(1)Hex(1)NeuAc(1) 11.0-11.2 [719.231* 781.37 -0.02 24 29 - 0,30/0,34
T(571)  ,DLIATM;;, HexNAc(1)Hex(1)NeuAc(2) 26.1-26.5  [805.73" 663.34 -0.09 28 16 - 0.69
S(577)  ;3MPPISPAPIQgs; HexNAc(1)Hex(1)NeuAc(1) 25.525.9  [853.81]" 1050.54 0.10 40 11 22 0.87
S(604) 45, FNPISDFPDTT,y, HexNAc(1)Hex(1)NeuAc(2) 31.832.2  [734.26]" 1253.49 -0.08 24 21 5(604): 44 / T(609): 22 / T(610): 14 0,64/0,69/0,51
14 Legumain Q99538 1
T(305),5(307)  5,,HLDLTPSPD;4o HexNAc(1)Hex(1)NeuAc(1) 14.0-14.7  [550.86]** 994.38 0.10 17 9 T(305):31/5(307): 51 0,71/0,82
15 Plasminogen P00747 4
T(365)  36,LAPTAPPELTPV;;5 HexNAc(1)Hex(1)NeuAc(1) 27.9288  [931.4)" 1205.64 0.07 16 51 T(365):115/T(371): 173 0,98/0,45
HexNAc(1)Hex(1)NeuAc(2) 28.228.5  [718.3]" 1205.63 0.01 16 47 T(365): 150 /T(371): 36 0,98/0,45
363APTAPPELTPV, 5 HexNAc(1)Hex(1)NeuAc(1) 25.626.1  [583.58]" 1092.56 0.03 19 24 T(365): 65 /T(371): 199 0,98/0,45
HexNAc(1)Hex(1)NeuAc(1) 25.826.2  [874.88]" 1092.60 0.01 24 326 T(365): 177 /T(371): 34 0,98/0,45
16 Protein AMBP P02760 [ ] 6
T(24)  ,,GPVPTPPDNI,, HexNAc(1)Hex(1)NeuAc(1) 25.4-25.7  [831.84]" 1006.51 0.01 22 36 33 0.55
20GPVPTPPDNIQy, HexNAc(1)Hex(1)NeuAc(1) 228237  [895.87)" 1134.58 0.00 8 196 34 0.55
HexNAc(1)Hex(1)NeuAc(1) 24.1 [895.85]* 1134.48 0.10 10 7 80 0.55
HexNAc(1)Hex(1)NeuAc(1) 23.023.5  [597.58]" 1134.55 -0.03 11 45 117 0.55
20GPVPTPPDNIQV;, HexNAc(1)Hex(1)NeuAc(1) 27.628.1  [945.37]" 1233.63 0.02 12 32 - 0.55
HexNAc(1)Hex(1)NeuAc(1) 27.528.5  [630.57]" 1233.58 -0.07 18 9 - 0.55
17 Protocadherin beta-11 Q9Y5F2 1 1
S(24)  ,,LLGMSQ,s HexNAc(1)Hex(1)NeuAc(1) 10.0-10.4  [652.74]* 648.35 0.06 28 14 - 0.04
18 Protocadherin-16 Q96JQ0 1
T(592)  54oEGTQPGsss HexNAc(1)Hex(1)NeuAc(1) 11.6-11.8  [622.72]* 588.26 0.00 29 44 - 0.05
19 Selenoprotein P P49908 1
T(236) 5 APTHPAPPGLH,,, HexNAc(1)Hex(1)NeuAc(1) 13.8-14.2  [584.24]" 1094.51 0.07 43 517 57 0.99
20 Tau-tubulin kinase 2 Q61055 ] 1
S(817), T(819), T(820)  5,,KDHSATTEPLgy5 HexNAc(1)Hex(1)NeuAc(1) 19.9-20.0  [877.82]*" 1098.59 0.04 22 313 S(817): 72 /T(819): 285 / T(820): 399 0,77/0,94/0,90
21 Tenascin-R Q92752 1
T(1288)  ,5,DNDVAVING,,q0 HexNAc(1)Hex(1)NeuAc(2) 23.023.2  [652.93° 1009.47 0.10 18 27 15 0.42
22 Tenascin-X P22105 1 1
3586 TPAPELAPEAP ;5o HexNAc(1)Hex(1)NeuAc(2) 26.827.4 _ [680.61]" 1092.53 -0.03 15 49 26 0.62

T(3586)
23 not unambiguously - -
identified

HexNAc(1)Hex(1)NeuAc(1) (18x)
HexNAc(1)Hex(1)NeuAc(2) (10x)
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These 60 peptides could be linked to 22 different proteins, most of them being acute phase
proteins. As the protein identification is based on a single peptide, validation of the potential
peptide hits is of utmost importance. In particular, the protein inference problem ¢ which
is intrinsic to bottom-up proteomic approaches, had to be considered. To cope with this,
peptide spectra were manually revised and only peptide hits with a MASCOT ion score of
greater than 20 were considered; only in rare cases, and supported by other evidences, also
lower scored peptides were accepted. Furthermore, peptide hits needed to exhibit at least one
potential O-glycosylation site (Ser/Thr). If available, knowledge derived from public databases
(UniProtKB and UniCarbKB) on already described O-glycosylation sites within the putative

peptides or within the entire protein was used to support a potential hit.

The peptide identification was further corroborated by redundant identifications, that is the
multiple occurrence of: (I) the same O-glycopeptide in different HILIC fractions, or (II) the
same peptide but with a different glycan moiety, or (Ill) the identification of a peptide
harboring the same glycosylation site, but differing in peptide length; the latter being attributed
to the broad-specific proteolysis (e.g. alpha-2-HS-glycoprotein, 34 TVVQPS[HexNAc;Hex;-
NeuAc;]VGsys derived from HILIC fraction #13 and 34, VVQPS[HexNAc;Hex;NeuAc;|VGiys
from fraction #14). In some cases, peptide identification was hampered or inconclusive. One
of the main obstacles here was the frequent occurrence of prolines within the (glyco)peptide
sequence, which is also described in literature. The cyclic structure of proline, gives rise to a
high signal of the preceding y-ion but precludes in most cases the generation of a subsequent
b-ion — thus introducing a sequence gap (referred to as the “proline effect”) **7). This in turn
leads to incomplete peptide fragment ion series and the occurrence of dipeptide fragment ions
(e.g. PS and SP), which may result in ambiguity in peptide identification. This effect is
particularly critical for short peptide sequences, as usually obtained by a broad- or non-specific
digest. The average peptide length of glycopeptides identified in this study was 10 amino acids
(aa). This is significantly shorter than the average length of tryptic peptides (14 aa, based on an
in silico digestion of the human UniProtKB database!”l, Figure 29). All this — in conjunction

with a non-specific peptide search — makes a reliable peptide identification Challenging.
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Figure 29: Box-Whisker-plot of the peptide length obtained with proteinase K (in total 60 peptides). The
horizontal line within the box indicates the median, boundaries of the box mark the upper and lower quartile
(Q1, Q2, Box=interquartile range (IQR)). The whiskers indicate Q1-(1.5xIQR) and Q3+(1.5xIQR). The
mean value is illustrated by a square within the box. Outliers are marked with an “X”. Data points plotted next
to the Box-and-whisker plot are indexed with respect to the peptide charge state (circle=doubly charged,
triangle=triply charged). Dotted line: average peptide length for a tryptic digest (based on an in silico digestion
of the human Uniprot database, 1**°l).

To complement the identified O-glycopeptides with non-glycosylated peptides that are also
present in blood plasma, CID und ETD fragment ion spectra of the corresponding HILIC
fractions (#1-17) were searched against the human subset of the UniProtKB/Swiss-Prot
protein database. In total 111 proteins were identified. CID and ETD spectra provided
complementary results; 54 and 45 proteins were identified, respectively, and only 12 proteins

were identified with both modes (Figure 30).

CID ETD

Figure 30: Number of human blood plasma proteins identified with CID and ETD.

Compared to ETD, significantly more peptides were identified with CID (321 vs 150), though.
The majority of peptides were derived from immunoglobulins, serotransferrin, haptoglobin
and serumalbumin (supplemental Table S1 in Hoffmann et al., 2016 **l). Notably, also non-
glycosylated peptides corresponding to previously identified O-glycopeptides, e.g. of

plasminogen and hemopexin, were identified (Table 1).
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4.2.5. Localization of the O-Glycosylation Sites

To further characterize the identified O-glycopeptides, the corresponding O-glycosylation sites
needed to be localized. In a few cases the use of proteinase K, already generated glycopeptides
that exhibit only one possible O-glycosylation site, e.g. 13, EGPVVI[HexNAc;Hex;NeuAc]A 35
and 57DLIAT[HexNAc;Hex;NeuAc;]Ms7, from  kininogen-1 or ;3 APT[HexNAc;Hex;.
NeuAc;JHPAPPGLH,, from selenoprotein P. Noteworthy, in the first example a tryptic
digest would have generated a peptide with a length of 43 aa (;;,)FSVATQTCQITPA-
This clearly illustrates a benefit of the proteinase K digest for the O-glycan site identification
(Figure 31).

m 132EGPVVTA, 54

Proteinase K 1 potential O-glycosylation site

110FSVATQTCQITPAEGPVVTAQYDCLGCVHPISTQSPDLEPILR, ¢,
Trypsin (theo.) 8 potential O-glycosylation sites

Figure 31: The use of proteinase K can facilitate identification of O-glycosylation sites.

When the O-glycosylation sites could not be inferred directly, glycopeptides were subjected to
ETD fragmentation in a separate LC-MS run (Figure 32). The most prominent peaks in the
acquired ETD glycopeptide spectra were the unfragmented precursor ions along with charge-
reduced species; minor peaks were derived from c- and z-type peptide backbone cleavages.
Furthermore, fragment ions indicating either the loss of 43.018 Da (C,H30") from the radical
cationic species or 42.016 Da (C,H,0) from the even electron species [M+H]" were
consistently detected. In the literature, this spectral feature was attributed to the loss of an
acetyl-radical from the N-acetyl group of a HexNAc 1?1 This in turn can support the
discrimination of ETD spectra derived from glycosylated and non-glycosylated species.
Strikingly, and in contrast to the general mode of action of ETD, also fragmentations of the
glycan moiety along the intact peptide backbone were observed, leading to a complete loss of
the O-glycosylated Ser/Thr side-chain. Nevertheless, the resulting fragment ions enabled a
verification of the glycan composition as well as the peptide mass. At first, ETD-generated
glycopeptide spectra were searched against the human subset of the UniProtKB/Swiss-Prot
database using MASCOT, under consideration of the O-glycan modification (theoretical glycan
mass used as variable modification of Ser/Thr). However, this strategy failed due to the
presence of intense signals in the ETD spectrum, which correspond to: (I) the precursor ion,
(Il) the charge reduced precursor ion, (III) acetyl radicals ions, (IV) or glycan fragment ions.
These ions might be erroneously interpreted as peptide-derived fragment ions by the search
engine, since ETD is supposed to solely produce peptide fragment ions while keeping fragile
side-chain modifications, like the glycosylation, intact. To overcome this, glycopeptide spectra
were exported to Bruker BioTools for manual spectra annotation. Here, the identified

glycopeptides were built in silico, taking into account the corresponding O-glycan moieties as
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well as all possible O-glycosylation sites. Subsequently, the resulting in silico fragment ions (c-
and z-type ions) were matched to their counterparts in the measured ETD-MS? spectra. To
evaluate the spectra annotation and to discern the correct O-glycosylation site, the BioTools

spectra rnatching score along with manual inspection of the respective spectra were considered.
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Figure 32: Exemplary ETD fragment ion spectrum of a proteinase K-generated plasminogen O-glycopeptide
(3 LAPTAPPELTPV;;;) measured with nanoRP-LC-ESI MSn (positive ion mode, ETD). The O-glycosylation
site (here Thrygs) was pinpointed by means of ETD (Biotools-Score: 150). Magnified regions show the isotope
pattern of selected peptide fragment ions, confirming the annotation. In addition to peptide fragment ions also
fragment ions derived from the glycan moiety were detected, allowing a verification of the glycan composition.
Furthermore, a neutral loss of an acetyl radical from the intact O-glycopeptide was observed, which is typically
seen in ETD spectra of glycopeptides.

Furthermore, public repositories, namely UniProtKB and UniCarbKB, were queried with
respect to known O-glycosylation sites within the peptide in question. To further asses the
validity of the O-glycosylation site annotation, the site occupancy was predicted using
NetOGlyc —an online tool, based on machine-learning algorithms, which allows the prediction

of mucin-type O-glycosylation sites [*°1,

For 36 of 60 identified glycopeptides, the quality of
the corresponding ETD spectra was acceptable - in terms of signal intensity and the number of
fragment ions. Overall, 31 O-glycosylation sites and regions were detected, of which 23 sites
could be pinpointed (Table 1, Table 2). Strikingly, 11 previously unknown O-glycosylation

sites and regions were registered, of which 8 sites could be pinpointed. Generally, O-

glycosylation on threonine residues was observed more frequently than on serine (16x Thr, 7
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x Ser). In accordance with literature, prolines were frequently found in close vicinity to the O-
glycosylation site (positions n-1, nt+1, n+3), e.g. ,;;AVPI[HexNAc;Hex;NeuAc;|PV,y,,
313VQPS[HexNAc;Hex;NeuAc;]VGAszy from alpha-2-HS-glycoprotein *!). In addition also
prolines in position nt2 were found occasionally, e.g. ,GPVPI[HexNAc;Hex;.
NeuAc;|[PPDNI, from alpha-1 microglycoprotein (protein AMBP).

4.2.6. Identified Glycoproteins: Selected Examples
In the following, selected examples of identified O-glycopeptides are detailed that feature novel

O-glycosylation sites or exhibit remarkable fragmentation characteristics.

Alpha-2-HS-glycoprotein

In this study, the majority of identified O-glycopeptides were derived from alpha-2-HS-
glycoprotein, also known as fetuin-A. Fetuin-A is a negative acute phase glycoprotein that is
highly abundant in fetal blood plasma. It is involved in transport of substances, such as calcium
and features three O-glycosylation sites (Tsse, T270, S346), which are decorated with sialylated
mucin—type core-1 O—glycan structures [2°%:276. 2771 In contrast to previous reports 258, 277], intact
O-glycopeptides identified and characterized in the present study describe all three known
fetuin-A O-glycosylation sites including the attached O-glycans (mono- and disialylated mucin-
type core-1 O-glycans), respectively. By pinpointing O-glycosylation sites using ETD, the
reported ETD Biotools scores can be misleading. This, for instance, holds true for the fetuin-
A O-glycopeptide ,5,TQPVISQPQPE¢, (m/z 623. 23%") and its three potential O-glycosylation
sites: Thsy (669), Thse (412), Trs7 (362) (supplemental Figure S(I)5). According to the score
values, Ts, would be the occupied site; the presence of characteristic ETD fragment ions at
m/z 344.01'" (c3), 1200.45'" (c5), 1287.47" (cg), 1525.57"F (z+1g), 1751.51'" (2+2,),
though, clearly indicates the occupancy of T,se, which is in agreement with literature findings.
For the two other described fetuin-A O-glycosylation sites Ty and S346 ETD fragmentation was
not mandatory, since corresponding O-glycopeptides were identified that solely harbor one O-
glycosylation site (e.g. Ty70: 267AVPTPV)7), S346: 31, VVQPSVGiys ), respectively. Also of note,
with respect to the peptide identification, b- and y-ions were detected in the CID-MS?
fragment ion spectra of the fetuin-A O-glycopeptides ,5, TQPVISQPQPE;s; (m/z 623.23%"),
267 AVPTPVVDPDAPPSPPLyg; (m/z 872.72°%) and ,,EAVPTPVVDPDAPPSPPL g3 (m/z
915.71°"), which already permit the unambiguous peptide identification without consideration
of CID-MS? spectra (supplemental Figures S(I)3-5). Furthermore, internal glycopeptide
fragment ions resulting from concerted fragmentations along the peptide backbone and along
the glycan moiety were detected in the same CID-MS? spectra — a low-energy CID glyco-
peptide fragmentation event that is rarely described in literature (e.g. »5TQPVI(HexNAc;.
Hex;NeuAc;)SQPQPE,;; — 5 TQPVI(HexNAc)SQyss m/z  945.45'") (supplemental
Figure 5(I)5).

Kininogen-1
The human KNG1 gene codes for two splicing variants of kininogen, namely low-molecular

and high—molecular Weight kininogen. The latter is involved in blood coagulation and the
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assembly of the kallikrein-kinin system and was identified in the present study by six O-
glycopeptides. Currently nine O—glycosylation sites/regions are described in literature for
kininiogen—l — presumably all being decorated with mucin-type core-1 or possibly core-8 O-

211, 258, 279, 283]

glycans Experimental glycoproteomic evidence on the macro and
microheterogeneity of kininogen-1 is still missing, though. In the present study, four
kininogen-1 O-glycosylation sites, including one novel site (Sep4), could be pinpointed and
described with respect to the composition of the attached O-glycans (Table 1). The identified
O-glycopeptide oFNPISDFPDT T4 (m/z 734.26°") carries a disialylated T-antigen and
harbors three potential O-glycosylation sites. ETD analysis implies the occupancy of Seo4, due
to the presence of a signal at m/z 1638.30'", corresponding to a ¢, ion (supplemental
Figure S(I)4). Also of note, in previous studies the use of trypsin did not allow to pinpoint

(211, 258] * Proteinase K, however,

occupied O-glycosylation sites in the region aall9-161
generated two distinct O-glycopeptides (13EGPVVIA 355 m/z 664.70>", 14, VHPISTQ s,
m/z 719.23%") that allowed pinpointing the site T;37 and the region Sy50/Ts;. For the latter,
unfortunately, the ETD spectrum quality did not allow localizing the exact site. The peptide
12EGPVVTA 55 (m/z 664.70”") could not be identified correctly by MASCOT database
search, due to missing fragment ions. However, the peptide could be identified via manual de
novo annotation supported by mass tag-assisted de novo sequencing ([283.0 Da]VVTA) using the
tool MS-Homology (http://prospector.ucsf.edu/prospector) (supplemental Figure S(I)2).
The peptide identity was further verified by the identification of the glycosylated peptide

12EGPVVTAQ35 (m/z 874.28°") in a subsequent HILIC fraction (supplemental Figure S(I)5).

Immunoglobulin J Chain
The immunoglobulin ] chain (joining chain) participates in the effective di-/polymerization of
either IgA or IgM and is essential for the secretion of these immunoglobulins into the mucosa.
In literature, the J chain was reported to be N-glycosylated at Ny 1772 2% !l however, O-
glycosylation has hitherto not been described for the molecule. Interestingly, two O-
glycopeptides detected in HILIC fractions #13 and #14 might correspond to the ] chain and
suggest O-glycosylation at To; (5sDPTEVe m/z 608.72°%, m/z 608.71°") (supplemental
Figures S(I)1 and 2). This potentially new O-glycosylation site is in close vicinity to a cysteine
(Co1) that can form a disulfide-bridge to IgM molecules. Hence, one might speculate that an
occupied O-glycosylation site in this region might function in the establishment/preservation
of this inter-molecular bond. However, the number of present fragment ions in the
corresponding CID-MS? spectra did not allow an unambiguous identification of the peptide, as
evidenced by several potential peptide hits being equally scored by the search engine. Manual
fragment ion spectra annotation, though, suggest the identification of immunoglobulin ] chain
— nevertheless, this identification deserves further validation. Both identified O-glycopeptides

were found to be decorated with monosialylated T-antigens.
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Inter-Alpha-Trypsin Inhibitor Heavy Chain H4
For the protease inhibitor inter-alpha-trypsin inhibitor heavy chain H4, two O-glycosylation
sites/regions, Seso and T755/723 have been described in literature (2772801 In agreement with
recent findings by Chandler et al., Sgy was found to be O-glycosylated. The O-glycopeptide
639ASFSPRgy4 (m/z 660.72°") harbors two potential O-glycosylation sites and the occupied site
could be clearly inferred from the ETD spectra by the presence of a signal at m/z 490.22'",
corresponding to a z+14 ion (supplemental Figure S(I)3). In contrast to Chandler et al., but in
agreement with Halim et al., ETD data of the O-glycopeptide 7,, TTQTPAPIQAPS;35 (m/z
623.27°%) suggested the occupancy of the sites T7,,73 (277, 2801 (supplemental Figure S(I)3).
Unfortunately, none of the two potential O-glycosylation sites could be clearly ruled out by
the detected fragment ions. Both sites/regions Seso and T71/723 were decorated with a
monosialylated T-antigen. This contrasts previous findings by Chandler et al., who also

observed a disialylated T-antigen on Seyo.

Inter-Alpha-Trypsin Inhibitor Heavy Chain H2
For the H2 heavy chain of the Inter-alpha-trypsin inhibitor, a c-terminal cluster of mono- and
disialylated mucin-type core-1 O-glycans (Tess, Se73, Te7s and Teo1) has been described in
literature 1777, 2% 281, 2821 " These previously reported O-glycosylated sites, except for the site
Tees, could be confirmed by the present study solely with monosialylated T-antigens. ETD
spectra of the O-glycopeptide ¢gESTPPPHVgos (m/z 507.15°7/760.24°") enabled a clear
identification of the occupied O-glycosylation site T¢o;. This finding is supported, in particular,
by a signal detected in the doubly charged species at m/z 1287.41'"
zt1¢ ion (supplemental Figure S(I)4). Remarkably, the CID-MS? spectrum of the O-
glycopeptide 69 WANPSPTPV7; (m/2 760.923%) revealed that both O-glycosylation sites, S¢73

and Te7s, are occupied by a monosialylated T-antigen (supplemental Figure S(I)5). Moreover,

, which corresponds to a

the spectrum features signals indicating the presence of hexose rearrangement products that is
the transfer of an additional hexose either to the glycan or the peptide moiety, as described
carlier 1221, The occurrence of these artifacts necessitates the careful interpretation of CID

glycopeptide fragment ion spectra.

Tau-Tubulin Kinase 2
The Tau-tubulin kinase 2 (TTBK2) phosphorylates tau and tubulin, preferably in the nervous
system. Aberrant TTBK2 activity was linked to the progression of the Alzheimer’s disease ***
2?1 The protein resides primarily in the cytosol; however, Bohm et al. could also detect TTBK2
in a secreted form in human tears 1 **7I. Hitherto, no glycosylation of this protein has been
described. CID-MS? as well as ETD spectra of the O-glycopeptide §,KDHSATTEPLs;;
+HexNAcHex;NeuAc; (m/z 877.82"), though, suggest the O-glycosylation of Tgy. ETD
fragment ions at m/z 485.22'", 557.43'" 'and 1098.63'", corresponding to ¢4, ct+15 and z
ions, allowed discerning the exact glycosylation site. As TTBK2 is involved in ciliogenesis ***

??1a process which requires the vesicle transport from the Golgi to the basal bodies and cilia,

we speculate that TTBK2 might become O-glycosylated during this process.
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Fibrinogen Alpha and Beta Chain

The blood clotting protein fibrinogen is known to be N-glycosylated at the B- and y-chain.
Interestingly, a recent study by Zauner et al. could also show O-glycosylated sites and regions,
seven in total, within the molecule . In the present study O-glycosylation of the fibrinogen
alpha region aa524-528 could be confirmed; pinpointing the exact O-glycosylation site was not
possible, though (supplemental Figure S(I)3, 5,sSTGKTFPGs3;, m/z 725.78°"). Nevertheless,
O-glycosylation within the fibrinogen beta region aa58-67 could be confirmed and pinpointed.
Here, the presence of the ETD fragment ions m/z 931.54'", 1300.54'" and 1915.50'",
corresponding to z+1y, ¢ and ¢y, ions (supplemental Figure S(I)4), s;qEEAPSLRPAPPPIS,;,
m/z 706.27°") indicates O-glycosylation at the site Ssg. This contrasts recent findings by Bai ez
al., who reported the site S¢;to be O-glycosylated, but not the site Ssg P, In agreement with
previous findings, both fibrinogen O-glycopeptides (5,STGKTFPGs3y, m/z 725 .78%%,
s4sEEAPSLRPAPPPISs;, m/z706.27°"), detected in the present study, were found to be
decorated with monosialylated T-antigens. Interestingly, the peptide ssqEEAPSLRPAPPPIS;
was also found in its non-glycosylated form (HILIC fractions #12-#15, CID, see supplemental
Table S2 in Hoffmann ez al. ***!), which suggests only a partial occupation of the O-glycosylation

site 853.

4.3. Discussion

Over the last few years, mass spectrometry-based glycoproteomics has experienced significant
advances in terms of instrumentation, methodology and bioinformatics. This resulted in a
variety of excellent glycoproteomic publications that highlight the merits of high resolution
mass spectra, complementary fragmentation techniques, improved multi-dimensional
glycopeptide enrichment and separation techniques as well as sophisticated software tools, as
reviewed by Thaysen-Andersen and others > 1 "I However, despite these advances — and
despite its enormous clinical and pharmaceutical relevance as well as diagnostic potential — our
knowledge about the human blood plasma glycoproteome is still very limited. This holds
particularly true for the human blood plasma O-glycoproteome. Here several important
questions can be raised: (I) Which proteins are O-glycosylated? (II) Which O-glycans are
attached to which sites? (Il[) Which alterations in terms of the O-glycan micro- and
macroheterogeneity can be observed in a certain biological context? (IV) What are the medical,

biological and biotechnological implications of O—glycosylation?

In the present study, we have developed and employed an analytical workflow that allows the
explorative, non-targeted analysis of the human blood plasma O-glycoproteome in a site-
specific manner. To this end intact human blood plasma O-glycopeptides, generated by a broad-
specific proteolytic digest via proteinase K, were selectively enriched using HILIC fractionation
in order to be analyzed by multistage nano-RP-LC-ESI-IT-MS using low-energy CID as well as
ETD (CID-MS?/MS3?, ETD-MS?). This combined workflow was applied on a pooled blood
plasma sample derived from 20 healthy donors and allowed the identification of 31 O-

glycosylation sites in 22 proteins, including the detection of 11 previously unknown O-
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glycosylation sites. We were able to pinpoint 23 O-glycosylation sites, of which 8 sites have
been described for the first time. The identified O-glycan compositions most probably

correspond to mono- and disialylated core-1 mucin-type O-glycans (T-antigen).

4.3.1. Other O-Glycoproteomic Studies on Complex Biofluids

In the past efforts have been made to investigate the O-glycoproteome of different complex
biological samples. Halim ez al., for instance, analyzed the O-glycoproteome of cerebrospinal
fluid (CSF) using a sialic-acid capture-and-release protocol **l. This protocol is based on the
sialic acid-specific hydrazide capturing of periodate oxidized glycoproteins. Upon tryptic
digestion the protocol allows the acid hydrolysis of sialic acid glycosidic bonds to release and
analyze (formerly) sialylated glycopeptides. To focus on O-glycosylations, the authors included
a PNGase F sample pre-treatment step to remove N-glycans. The authors have used an
automated CID-MS?/-MS? spectra search protocol for glycopeptide identification (Peptide-
GalNAc-Gal) and have employed ECD and ETD to pinpoint the glycosylation sites. In total
they have identified 106 O-glycosylation sites and could pinpoint 67 of these. The identified
CSF O-glycopeptides belong to 49 different proteins that were predominately decorated with
structures corresponding to core-1 mucin—type O—glycans. Ina previous study, the same group
has also investigated the human urinary N-and O-glycoproteome using a sialic-acid capture-
and-release protocol 771 Unfortunately, the applied protocol does not allow the enrichment
of non-sialylated glycoproteins nor does it give any information on the degree of sialylation of
the attached O-glycan moieties. This limits the applicability of this procedure, as the degree of

O—glycan sialylation is a crucial determinant in the pathogenesis of a number of diseases [2°1],

In another large-scale glycoproteomics study conducted by Hagglund et al. in 2007, human
plasma proteins derived from Cohn fraction IV of a plasma fractionation were analyzed with
respect to occupied N- and O-glycosylation sites *””l. The analyzed Cohn fraction is supposed
to contain mainly a-globulins, like plasminogen and haptoglobin, and is depleted from y-
globulins and serum albumin. The authors have employed two different enzymatic
deglycosylation strategies to pinpoint occupied N-glycosylation sites: (I) PNGase F + H,'*O;
(I) endo-B-N-acetylglucosaminidases (Endo D and Endo H) + different exoglycosidases. These
two strategies were applied on HILIC-enriched tryptic (glyco)peptides that were fractionated
by strong cation exchange chromatography and eventually measured by LC-ESI-MS/MS using
high-energy CID. The authors were able to identify 103 N-glycosylation sites as well as 23 O-
glycosylation sites/regions derived from 61 and 11 human blood plasma proteins, respectively.
Unfortunately, the occupied O-glycosylation sites could not be pinpointed and no information

on the glycan moiety could be deduced.

In 2012 Darula et al. reported on the O-glycoproteomic analysis of bovine serum "7l In this
study, the authors have combined different protein- and peptide-level prefractionation and
enrichment strategies including jacalin lectin affinity chromatography, mixed-mode

chromatography, and electrostatic repulsion hydrophilic interaction chromatography (ERLIC)
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to enrich tryptic mucin-type O-glycopeptides. After additional use of exoglycosidases to
improve glycopeptide characterization, truncated glycopeptides were subjected to LC-ESI-
MS/MS with HCD and ETD for automated peptide identification and glycosylation site
determination. Overall, the authors could identify and pinpoint 124 glycosylation sites in 51
proteins, including many O-glycosylation sites that have not been described before —

unfortunately, though, at the expense of the intact glycan structure.

In a recent publication from Bai et al. an analytical workflow was presented, which allows the
mapping of mucin-type O-glycosylation sites on glycoproteins present in human blood plasma
B The authors have used jacalin lectin affinity chromatography to enrich tryptic O-
glycopeptides (peptidetGalNAc), which were treated with PNGase F and different exo-
glycosidases. In this study, 49 O-glycopeptides belonging to 36 human blood plasma
glycoproteins were identified by LC-ESI-MS/MS (CID). Overall, the authors could assign 13

O-glycosylation sites unambiguously, of which 9 sites have not been described before.

4.3.2. Proteinase K Digest

The majority of large-scale glycoproteomic studies features trypsin for the generation of
(glyco)peptides. Trypsin is the proteolytic gold standard in LC-MS/MS based peptide
identification and quantification, as it reproducibly generates predictable peptides that can be
readily retained on reversed-phase column that give enough fragment ions for an unambiguous
peptide identification, in most cases. In terms of glycoproteomics, though, the cleavage
specificity of trypsin can be a limiting factor for the identification and the localization of certain
glycosylation sites, in particular for densely clustered O-glycosylation sites. Hence, the use of
broad- and non-specific proteases, like pronase E or proteinase K was proposed, to reduce the
number of non-glycosylated peptides and to make certain glycosylation sites analytically
amenable "’ Proteinase K, for instance, has been successfully used in a number of
publications that are centered on the O-glycoproteomic analysis of single proteins; though, the
use of proteinase K in large-scale glycoproteomic studies on complex samples has not been
described so far. In the present study, we could show that proteinase K generates (glyco)-
peptides from a complex sample, like human blood plasma, in a reproducible and non-random
manner, which is in agreement with a report from Hua et al. **?. By analyzing a total of 646
proteinase K-generated peptides from human blood plasma proteins, we observed that
proteinase K cleaves primarily after aliphatic (i.e. L, G, A, V) and polar amino acids (i.e. S, Q,
T), but also negatively-charge amino acids (i.e. E, D) (Figure 33).
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Figure 33: Preferred C-terminal cleavage sites of proteinase K (derived from the analysis of 644 proteinase K-
generated peptides from human blood plasma proteins).

We could show that, most of the time, proteinase K generates shorter peptides compared to
trypsin (Figure 29), and that proteinase K cleaves effectively in between densely O-glycosylated
regions — thus, rendering the determination of the occupied O-glycosylation site(s) less
difficult. In fact, we could show that proteinase K can generate O-glycopeptides that exhibit
only one potential O-glycosylation site, thus allowing for an unambiguous localization of the
occupied site. We could clearly show that some O-glycosylation sites could only be identified
and pinpointed by the use of proteinase K, because tryptic peptides would have been too long

and would have harbored too many potential O—glycosylation sites.

4.3.3. Glycopeptide Enrichment via HILIC

Glycopeptides are usually underrepresented in a peptide mixture, because of the glycan micro-
and macroheterogeneity. In a tryptic digest of a typical glycoprotein only about 2% to 5% of
the peptides are glycopeptides P!, In addition, the ionization efficiency of glycopeptides is
significantly lower compared to their non-glycosylated counterparts, thus making the efficient
and selective enrichment of glycopeptides key to most glycoproteomics workflows. The use of
HILIC-based glycopeptide enrichment methods has proven to be a vital tool in glycoproteomics
due to their broad glycan specificity, reproducibility and compatibility with mass spectrometry.
In a previous report by Zauner et al. it could be shown, that proteinase K-generated
glycopeptides can be separated into earlier eluting O-glycopeptides and later eluting N-
glycopeptides using HILIC "I, Based on this publication we have employed HILIC for the
selective enrichment and fractionation of human blood plasma O-glycopeptides. Here of
particular importance is the removal of highly abundant non-glycosylated peptides derived
from albumin and other major (glyco-)proteins. Careful manual inspection of CID-MS?
fragment ion spectra of the acquired HILIC fractions revealed the efficient enrichment of
glycopeptides — and indeed, the presence of solely mucin-type core-1 O-glycosylated
glycopeptides. N-glycopeptides were not detected, as they were expected to be present in the
late eluting HILIC wash fractions due to their generally higher hydrophilicity compared to the
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most commonly found forms of mucin-type O-glycopeptides (non-, mono- and disialylated

core-1 and -2 O-glycopeptides).

4.3.4. Identification of the O-Glycan Composition

For an automated glycopeptide spectra filtering and glycan fragment annotation the use of
commercial software tools was considered, but turned out to be too error-prone in our case
(data not shown). Hence, in the present work, we relied on manual annotation and
interpretation of low-energy CID-MS? fragment ion spectra to elucidate the O-glycan
composition — however, at the expense of throughput and the possibility to report false
discovery rates. In total, we were able to characterize 88 O-glycopeptides with respect to their
O-glycan composition. The detected O-glycan compositions most likely correspond to mucin-
type core-1 mono- and disialylated O-glycans ((di)sialyl-T-antigen). In agreement with
literature, glycopeptides carrying disialylated O-glycans, were found in later eluting HILIC
fractions (#15-#17), as the additional sialic acid renders the molecule more hydrophilic
(Figure 26). Mono- and disialylated glycoforms could be usually discriminated by the presence
of distinct oxonium ions: while fragmentation of monosialylated O-glycans generated a
characteristic oxonium ion at m/z 454.16 (Hex;NeuAc;), disialylated O-glycans gave rise to an
additional intense peak at m/z 495.18 (HexNAc;NeuAc,) (supplemental Figure S(I)4, ,ccEAV-
PTPVVDPDAPPSPPLy;, m/z818.68%%, ,;; AVPTPVVDPDAPPSPPLy;, m/z 872.73%").
Furthermore, in disialylated species, characteristic fragment ions of the pep-
tidet+HexNAc+NeuAc were observed. In a few cases the glycan annotation was compromised
by the presence of fragment ions corresponding to hexose rearrangement products 12> >3,
Generally, it is important to note that low-energy CID-MS? fragmentation of glycopeptides
does wusually not produce fragment ions that relate to the linkage of the attached
monosaccharides. Therefore, validation of the inferred O-glycan structures using dedicated O-
glycomics approaches, including for instance (reductive) beta-elimination or hydrazinolysis, is
recommended. However, our findings are in good agreement with literature, as mono- and
disialylated mucin-type core-1 O-glycans are known to be present on the majority of secreted
blood plasma glycoproteins, produced by hepatic cells of healthy individuals >’ Notably, a
study on the plasma-derived von Willebrand factor could show that apart from mucin-type
core-1 O-glycans (T-antigen), more complex O-glycan structures including ABH blood group
antigen containing mucin-type core-2 ([GalNAcB1-6-(GalB1-3)-GalNAca-O-Ser/ Thr]), can
be present on human blood plasma glycoproteins, too *°?l. In the present work, analyzing the
total human blood plasma O-glycoproteome, we could not detect any (glyco)peptides derived
from von Willebrand factor nor could we find any indication for the presence of fucosylated

(ABH blood group antigens) and/or LacNAc extended mucin-type core-2 O-glycans.

4.3.5. Glycopeptide Identification
Low-energy CID-MS? fragmentation of glycopeptides, as employed in the present work,
almost exclusively generates fragment ions corresponding to the glycan moiety, while leaving

the peptide backbone mainly intact. Thus, this type of fragmentation does usually not provide
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any information on the sequence of the peptide backbone nor on the occupied glycosylation
site. To identify the peptide, we have employed manual CID-MS® fragmentation on the
putative peptide mass, which has been inferred from the annotation of the corresponding CID-
MS? spectra before. In a few cases, the signal of the putative peptide mass was too low to yield
sufficient fragment ions. Consequently, the putative peptide+HexNAc ion was subjected to
CID-MS?® fragmentation instead. We did not employ an automated CID-MS® fragmentation
procedure, e.g. fragmentation of the three most intense precursor ions in the CID-MS?
spectrum, because we wanted to generate and sum up as many fragment ion spectra as possible
from the selected putative peptide mass, to increase spectra quality and therefore the chance
of successful peptide identification. By searching the acquired CID-MS? fragment ion spectra
against the human subset of the UniProtKB/Swiss-Prot protein database, a total of 60 peptides
(of 88 detected O-glycopeptides) could be identified unambiguously. Notably, in a few cases,
also peptide fragment ions present in CID-MS? spectra allowed an unambiguous peptide
identification (supplemental Figure S(I)4, ,;;AVPTPVVDPDAPPSPPLyg;, m/z 872.73°").
Overall, the identified peptides belong to 22 different proteins — primarily acute phase
proteins. This group of blood plasma proteins fulfills essential functions during inflammation
(e.g. coagulation, anti-inflammatory and anti-pathogenic activity), and, accordingly, their
expression is known to be either significantly up- or downregulated (positive and negative
acute phase proteins) in this context. As a result, this group of proteins attracted a lot of
attention as potential cancer biomarkers in recent years ). Noteworthy, the identified
proteins span a concentration range of five orders of magnitude. Therefore, the applied

approach seems to be suitable to also detect lower abundant proteins or peptides.

A group of O-glycosylated proteins that have frequently been identified in other large-scale
glycoproteomic studies are coagulation factors [7>2°%: 27271 In our study, there is an indication
for the presence of an O-glycosylated peptide derived from coagulation factor V (HILIC
fraction #15, m/z 761.78°", 1453QISPPPDL 46 +HexNAc;Hex;NeuAc;, Table 2, supplemen-
tal Figure S(I)3). Interestingly, the detected coagulation factor V O-glycosylation site (Si4s5) has
not been described so far. Unfortunately, our data do not allow an unambiguous identification

of this protein.

General remarks on Immunoglobulin O-Glycoproteomics
Another O-glycosylated protein that could not be identified in our study is Ig alpha-1 (IgA1).
IgA1 is a high abundant human blood plasma glycoprotein that features a cluster of three to five
mucin-O-glycans in the hinge region of the heavy chain 1. This cluster harbors many prolines,
hence corresponding proteinase K-generated peptides might have been not unambiguously
identified (the tryptic IgA1 hinge region O-glycopeptide looks as follows: (K)sgHYTNPSQD-
VTVPCPVPSTPPTPSPSTPPTPSPSCCHPR 5 ). Furthermore, due to the densely clustered
O-glycans, a potential IgA1 O-glycopeptide carrying mucin-type O-glycans at each potential
site, such as PSTPPTPSPSTPPTPSPSCC, might be too hydrophilic and consequently might
have been among the (glyco)peptides present in the late eluting HILIC wash fraction. Worth
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mentioning, in our study we could detect the IgA1 peptide o;QDVTVPCPVPS;s in its non-
glycosylated form (HILIC Fraction #11, CID, supplemental Table S2 in Hoffmann et al., 2016
[2231) Therefore, the O-glycosylation site S;os seems to be only partially occupied. Surprisingly,
human IgA1 O-glycopeptides have not been identified in any other large-scale glycoproteomic
studies 177> 25% 277, 279,300,304 ‘However, there is a targeted glycoproteomic study from Takahashi
et al. focusing on IgA1 O-glycosylation Pl In this study, the authors analyzed human plasma
derived IgA1 O-glycopeptides (tryptic and non-tryptic) with ESI-FT-ICR-MS/MS as well as
ESI-LTQ-FT-MS/MS, both in online- and offline-mode. To pinpoint the O-glycosylation sites
the authors have employed activated ion-electron capture dissociation (AI-ECD) and ETD.
Another immunoglobulin that is reported to carry mucin-type O-glycans in the hinge region is
IgD B%l. The plasma concentration of IgD is much lower than the concentration of IgA, IgG
and IgM but higher than that of IgE (IgD represents 0.25 % of total plasma immunoglobulins).
Apart from the study conducted by Takayasu et al. from 1982 Pl on truncated O-glycopeptides
(peptidet+GalNAc), at present no O-glycoproteomic data do exist for intact human IgD O-
glycopeptides. Also of particular interest is a recent finding by Plomp et al.: using a targeted
glycoproteomics approach these authors could demonstrate, for the first time, that IgG3 is
partially O-glycosylated in its hinge region(mucin-type core-1 O-glycans) 2%,

4.3.6. Pinpointing of O-Glycosylation Sites

Pinpointing the correct O-glycosylation sites is a crucial but very challenging task.
Proteinase K, in this regard, proved to be beneficial as it can generate short glycopeptides,
which exhibit only one potential O-glycosylation site. In case the occupied O-glycosylation site
could not be inferred directly, we have employed ETD-MS? fragmentation. In first attempts of
identifying the acquired ETD glycopeptide spectra, database-assisted peptide identification via
MASCOT was tested — but turned out to be not successful. One reason for this is the presence
of intense signals in the ETD-MS? spectrum, which do not correspond to peptide fragment ions
(e.g. unfragmented precursor ions, glycan fragment ions), and which thus compromise
automated peptide identification P%7l. A possible solution for this is the (manual) removal of
these additional m/z-values from the ETD-spectra before running the search algorithm. In the
present study, however, this procedure did not improve the database-assisted peptide
identification. Therefore, we relied on manual spectra annotation and interpretation using
Bruker DataAnalysis, and Bruker Biotools as well as public repositories (UniProtKB and
UniCarbKB). Furthermore, NetOGlyc 4.0 was employed to predict O-glycosylation sites and
to support experimental findings. Predicted and experimentally determined O-glycosylation
sites were mostly in good agreement for already known O-glycosylation sites — however,
support for potentially novel sites could only be found in a few cases. A general shortcoming
of glycopeptide enrichment methods is that they are biased towards glycosylated peptides,
while underrepresenting potential corresponding aglyosylated counterparts. Hence, in the
present study no conclusions with respect to the macro-heterogeneity of the glycoproteins

(site-occupancy) can be drawn.
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4.3.7. Caveats of the Approach

In contrast to tryptic (glyco)peptides, proteinase K-generated peptides and glycopeptides
cannot be predicted due to the broad cleavage specificity of the enzyme. More importantly,
though, is the reduced peptide length compared to a tryptic digest, as this can lead to an
insufficient number of detected fragment ions to allow unambiguous peptide identifications.
This problem can be even more intensified by the frequent occurrence of prolines within
mucin-type O-glycopeptide sequences, as prolines can introduce additional sequence gaps
during mass spectrometry-based peptide sequencing. Also important to note is the increased
search space of the search engine due to the use of a non-specific enzyme, which results in an
increased ambiguity with respect to the peptide identification (lower identification scores) and
longer search times. A confounding factor that relates to the ETD analysis is the predominance
of charge state 2" among the measured O-glycopeptide precursor ions, since ETD
fragmentation is more efficient for precursor charge states greater than 2% P%l The
predominance of charge state 2" can be explained by a lack of ionizable /basic amino acids (lack
of Arg, Lys, His) within the glycopeptides — a characteristic that can be linked to the broad-
specific proteolytic digest by proteinase K Pl Another caveat is related to the HILIC
glycopeptide enrichment: this step was optimized to enrich O-glycopeptides carrying short
mucin-type core-1 and -2 O-glycans, as they represent the vast majority of O-glycans on human
blood plasma proteins 1*’l. Hence, O-glycopeptides carrying bigger and thus more hydrophilic
O-glycans, such as N-acetyl-lactosamine (LacNAc) extended mucin-type core-2 O-glycans, or
O-glycopeptides carrying multiple mucin-type O-glycans, might elute in the subsequent
washing phase of the HILIC fractionation and as a consequence cannot be found during the

analysis.

4.4. Summary

In summary, in the present study we have investigated the human blood plasma mucin-type O-
glycoproteome of healthy individuals in an explorative and non-targeted manner. To this end,
we have conducted a site-specific large-scale O-glycoproteomic analysis, which combines the
use of a proteolytic enzyme with broad cleavage specificity, with HILIC enrichment/fractiona-
tion and subsequent multi-stage mass spectrometry measurement (nano-RP-LC-ESI-IT-MS")
via CID and ETD. Centered on the characterization and identification of intact glycopeptides,
we could demonstrate the in-depth O-glycoproteomic analysis of a number of important human
blood plasma glycoproteins (mainly acute phase proteins), including alpha-2-HS-glycoprotein,
fibrinogen, plasminogen and kininogen-1. Our results are in good agreement with previous
findings by other research groups, but also add new aspects to the field, e.g. the identification
of a couple of novel O-glycosylation site as well as the benefits and drawbacks of using

proteinase K in large-scale mass spectrometric glycoproteomic studies.
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Chapter Five

In-Depth N- and O-Glycoproteomics
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5.1. Introduction

Please note, parts of this chapter are taken from the original publication Hoffmann et al. (2018)
[227]

The reliable and unambiguous mass spectrometric identification and characterization of N- and
O-glycopeptides is indispensable for in-depth glycoproteomic studies. This chapter describes
the development of a glycoproteomic workflow for the analysis of N- and O-glycosylated
proteins that allows the detailed characterization of the glycan moiety and the peptide backbone
alike. The workflow is focused on the analysis of tryptic and non-tryptic glycopeptides that
were enriched by spin-cotton-HILIC-SPE and measured by nano-RP-LC-ESI-OT-OT-MS/MS
using HCD fragmentation (Figure 22). We demonstrate the workflow’s efficiency, flexibility,
merits and limitations with the help of four representative glycoproteins, comprising IgG, LTF,
Fib, and RNase B. This set of glycoproteins covers a broad range of glycan and protein features
relevant for many glycoproteomic studies, including different types of glycosylation (N- and
O-glycosylation), different glycoforms (complex-, hybrid-, high-mannose-type N-glycans,
mucin-type O-glycans; microheterogeneity), specific glycan features (core- vs antenna-
fucosylation, bisecting N-acetylglucosamine, degree of sialylation) as well as multiple
glycosylation sites (macroheterogeneity). Moreover, we highlight the importance of
characteristic oxonium ion patterns that can be used to characterize the glycan moiety more

precisely.
5.2. Results and Discussion

5.2.1. Fragmentation of N- and O-Glycopeptides by HCD.low and HCD.step

Keystone of our analysis workflow is the development of two Orbitrap Elite MS HCD
fragmentation regimes (MS?), namely HCD.low and HCD.step (Figure 34). HCD fragmentation
is carried out in the nitrogen-filled HCD cell of the mass spectrometer. The applied normalized
collisional energies during this process can be varied individually, such that for instance low-
and high-energy-fragmentation can be carried out sequentially on the very same precursor ion.
The readout of the resulting fragment ions is done in the Orbitrap mass analyzer — where
fragment ion spectra can be acquired with high resolution and without compromising
information by a low-mass cut-off. The latter is inherent to (linear quadrupole) ion trap mass
analyzers usually used for CID fragmentation and leads to the absence of important fragment
ions in the low-molecular range region (fragment ions with m/z values <30% that of the
precursor ion are not stable in the ion trap, and therefore not present in the fragment ion
spectrum). The low m/z range region of N- and O-glycopeptide fragment ion spectra is of
particular interest for glycopeptide analyses, as it features diagnostic fragment ions derived
from the glycan moiety of the glycopeptide, so-called oxonium ions. These singly-charged low-
molecular weight fragment ions (B-ions, according to Domon and Costello ["”l) can not only
be used to discriminate a glycopeptide spectrum from a non-glycopeptide spectrum, they can

also provide crucial information on the glycan moiety that is linked to the peptide backbone.
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Figure 34: Glycopeptide fragmentation with HCD.low and HCD.step. HCD fragment ion spectra (MS’) of a
tryptic IgG 1 Fc N-glycopeptide ,EEQYNSTYR g, + HexNAc,Hex;Fuc, (m/z 878.687 [M+ 3HJY) acquired by
nano-RP-LC-ESI-OT-OT-MS/MS using varying normalized collisional energies (NCE; positive ion mode, LTQ
Orbitrap Elite hybrid mass spectrometer). Top: HCD.low — fragment ion spectrum acquired at low NCE (20):

T T
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enables detailed analysis of the glycan moiety. Putative peptide mass can be deduced via a conserved
fragmentation pattern: (I) [Myepiae TH -NH;3]*, (II) [Mepiae TH], (1) [Mepiae TH +%°X GlcNAc]*, and (IV)
[Mpepiae TH +GlcNAc]". Top (inset, left): extracted ion chromatogram (EIC). Top (inset, right): isotopic
pattern of the precursor ion. Bottom: HCD.step — fragment ion spectrum acquired using stepped NCE (20, 50):
enables unambiguous identification peptide backbone. Again, the peptide mass can be deduced via a conserved
fragmentation pattern.

During HCD.low fragmentation a constant NCE of 20 was used. At this low collisional energy,
the resulting N- and O-glycopeptide fragment ion spectra resemble those acquired by CID
fragmentation performed in an ion trap — yet at a higher resolution and without any low-mass
cut-off. HCD.low fragment ion spectra were acquired using an m/z range of 100-2000. Similar
to CID, N- and O-glycopeptide fragment ion spectra acquired by HCD.low are also mainly
populated by fragment ions derived from the glycan moiety (B- and Y-ions), and only rarely
feature fragment ions derived from the more stable peptide backbone (b- and y-ions) (Figure
34, top).

The most prominent glycan-derived signals in HCD.low glycopeptide spectra correspond to the
successive neutral loss of monosaccharides from the non-reducing end towards the reducing
end of the attached glycan (Y-ions, mostly singly, but also doubly charged). These fragment

ions along with diagnostic oxonium ions are the basis for the determination of the glycan
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composition. For N-glycopeptides the successive fragmentation of the glycan moiety usually
leads to its complete loss — leaving the peptide still intact. Thereby, the signal corresponding
to the peptide mass is often rather low, or even absent. Nevertheless, the putative peptide mass
can still be determined with high reliability in most cases by means of another fragment ion: a
main event during HCD.low and CID fragmentation is the cleavage of the glycosidic bond in
between the chitobiose core, which results in an intense signal corresponding to the peptide
with an additional N-acetylglucosamine (GIcNAc). This signal in turn allows to infer the
putative peptide mass (Y, fragment ion) and thus to identify the peptide. Still, an unambiguous
identification of the peptide is only possible with an appropriate number of peptide fragment

ions.

For O-glycopeptides, particularly for the most commonly found mucin-type core-1 and core-
2 O-glycopeptides, the glycan moiety comprises usually only a few monosaccharides (most
commonly found glycoform: GalNAc;Gal;NeuAc, ;) "), This normally results in less complex
HCD.low fragment ion spectra. As for N-glycopeptides, the successive fragmentation of the
glycan moiety of O-glycopeptides up to the de-glycosylated peptide mass can be observed. In
contrast to N-glycopeptides, the signal corresponding to the peptide mass is usually rather
intense. Additionally, HCD.low fragmentation of mucin-type O-glycopeptides is more likely to
exhibit enough peptide-derived b- and y-ions to allow for an unambiguous identification. The
latter can be linked to the smaller glycan moiety typically found for mucin-type O-
glycopeptides.

Apart from HCD.low we have added a second fragmentation regime to our workflow. HCD.step
was developed to complement HCD.low fragmentation, such that for all selected and
fragmented N-and O-glycopeptides always enough peptide fragment ions are generated to
allow for an unambiguous peptide identification, without sacrificing too much information of
the glycan moiety. HCD.step features a two-step fragmentation duty cycle, where every
selected precursor ion is fragmented at both, low- and high-collisional energy. As such, the
resulting fragment ion spectra are hybrid spectra, combining fragment ions arising from the
application of two different collisional energies. For the analysis of N- and O-glycopeptides this
approach proved to be beneficial as it generates glycan-specific fragment ions and peptide
backbone fragment ions alike. Similar to HCD.low, HCD.step also generates intense glycan-
derived signals corresponding to oxonium ions and neutral loss fragment ions. The latter,
though, are mostly present as singly charged species. Hence, at the given acquisition window
of m/z 100-2000, the number of glycan-derived fragment ions that can be used to deduce the
glycan composition is lower, compared to HCD.low. Still, HCD.step fragmentation generates
enough Y-ions to reliably infer the putative peptide mass. Thereby the signal corresponding to
the peptide mass is always present with decent intensity. Likewise, a high number of b- and y-
ions are reliably generated — for both, N- and O-glycopeptides. The detection of these fragment
ions along with the putative peptide mass are the basis for a reliable and unambiguous

identification of the peptide moiety (Figure 34, bottom).
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Further confidence in the correct peptide identification is provided by the presence of amino
acid immonium ions in the low m/z range (immonium ions > 100 Da detected by HCD.step).
These marker ions arise from internal fragmentation (a- and y-ions) of the peptide backbone,
and can not only support peptide identification but can also be crucial for de novo sequencing
B10. 31~ Another striking feature of HCD.step fragmentation is that it generates a conserved
fragmentation pattern (I-IV) around the peptide mass of N-glycosylated peptides: (I)
[Mpeptice TH -NH;]™, (II) [Mpeptiae TH]F, (D) [Mpepiae TH +%2X GleNAc]* (cross-ring fragment
of the innermost GlcNAc), and (IV) [Mpiae TH +GlcNAc]" (Figure 35).
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OH NHCOCH, OR NHCOCH,

Figure 35: Conserved N-glycopeptide fragmentation pattern consistently obtained when using stepped
normalized collisional energy fragmcntation (HCD.step). Top: (1) [M,epua. TH -NH;]", (1) [Mpeptice +H]*, (1)
[M,epice TH +22X GleNAc]*, and (IV) [Mqpuae TH +GIcNAc]". The fragmentation pattern occurs for core-
fucosylated and non-core-fucosylated N-glycopeptides. Bottom: schematic representation of the
fragmentations that occur at the innermost GlcNAc of the N-glycopeptide. R and R” = H or fucose. R”’= glycan
chain. Illustration modified from Wuhrer et al., 2007 4,

This N-glycopeptide fragmentation pattern has already been reported for MALDI-TOF/TOF
analyses by Wuhrer et al. . Recently this pattern was also identified for Orbitrap HCD
fragmentation by Dong et al. P'*l and Stadlmann et al. Bl However, the detection of this
fragment pattern among different N-glycosylation types was not systematically evaluated up to
now. In our study, this pattern was consistently found in every N-glycopeptide fragment ion
spectrum acquired by HCD.step — for complex-, high-mannose-, and hybrid-type N-
glycopeptides alike. For HCD.Iow fragmentation the pattern was also found — not consistently
and only at low intensity, though. Interestingly, the pattern was not observed for mucin-type

O-glycopeptides. Therefore, using this conserved fragmentation pattern not only provides
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additional confidence in the annotation of the peptide mass, and with this, also more confidence
regarding sequencing of the peptide backbone and the glycan moiety; it also allows for a more
reliable differentiation between N-glycopeptides and mucin-type O-glycopeptides. Of note,
using solely high-energy collisional fragmentation (HCD.high) on N- and O-glycopeptides
results in fragment ion spectra of low intensity that predominantly feature oxonium and
immonium ions. Thereby only a very few to none peptide backbone fragment ions (water-loss

b- and y-ions), and no glycan-derived Y-ions, can be registered (Figure 36).
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Figure 36: Glycopeptide fragmentation with HCD.high. HCD fragment ion spectrum (MS?) of a tryptic IgG 1
Fc N-glycopeptide 17EEQYNSTYR 5, + HexNAc4Hex3Fucl (m/z 878.687 [M+ 3HPPY) acquired by nano-RP-
LC-ESI-OT-OT-MS/MS using high normalized collisional energies (NCE (50); positive ion mode, LTQ
Orbitrap Elite hybrid mass spectrometer). The fragment ion spectrum exhibits only very few fragment ions,
predominantly oxonium and immonium ions. Peptide-derived b- and y-ions, as well as glycan-derived Y-ions

are largely absent.

A general caveat of HCD.step compared to HCD.Iow is, that due to the acquisition with two
different collisional energies, the duty cycle of HCD.step is slightly longer. Depending on the
complexity of the sample, this can lead to a decrease in the number of acquired fragment ion
spectra. For tryptic IgG glycopeptides, for example, 40% less fragment ion spectra were
acquired by HCD.step compared to HCD.low (HCD.low: 3690; HCD.step: 2281 spectra). Still,
for the majority of glycopeptides identified in our study we were able to acquire an HCD.step
as well as HCD.low fragment ion spectrum (63 %). Another aspect that needs to be considered
when using HCD.step fragmentation is that internal glycopeptide fragment ions can occur for
peptide  sequences  which  contain  proline: for a  tryptic  N-glycopeptide
(:3CANLVPVPITNATLDR;3s +HexNAcsHexsNeuAc,) derived from alpha-1-acid glyco-
protein 2 we have noticed internal glycopeptide cleavages N-terminal to proline (Supplemental
Figure S(I)1, subsections S(II)1-101 — 110). Accordingly, two truncated N-glycopeptides (“y-
ions”, 5sPVPITNATLDR3s +HexNAc,, ;0)PITNATLDR3s +HexNAc,) were detected by the
corresponding conserved N-glycopeptide fragmentation patterns, including the respective
peptide masses and peptide fragment ions. This cleavage pattern might be explained by the
cyclic structure of proline and the ability to introduce a kink in alpha helices P'*l. Careful

evaluation of this fragmentation behavior is important to avoid spectra misinterpretation.
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5.2.2. Spin-Cotton-HILIC-SPE

As a result of the glycan micro- and macroheterogeneity, glycopeptides are usually of lower
abundance compared to their non-glycosylated counterparts. This, along with their inherent
lower ionization efficiency, necessitates the enrichment of glycopeptides in many
glycoproteomic studies. In our workflow we have implemented a modified version of the
cotton-HILIC-SPE for the selective enrichment of N- and O-glycopeptides, published by

Selman et al. 2?01,

The modified spin-cotton-HILIC-SPE comprises the following two
differences to the original protocol: (I) the amount of cotton filled in the pipette tips was
increased by a factor of 12 (before: 0.5 mg; new: 6 mg cotton wool), and (II) centrifugation,
instead of pipetting up and down, was employed throughout the entire procedure
(equilibration, loading, washing, and elution). While the former (I) allows for a higher loading
capacity — at least 10 ug (glyco)peptide digest instead of 3.3 ug can be treated without any
overloading effects — the latter (II) renders the workflow less cumbersome and labor-intensive,
and at the same time allows a higher throughput (several samples can be prepared in parallel,
depending on the centrifuge employed). Reproducibility and glycopeptide enrichment
efficiency of the new spin-cotton-HILIC-SPE was assessed using tryptic peptides derived from

LTF and IgG (Figure 37, A-E).
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Figure 37: Glycopeptide enrichment via cotton-HILIC-SPE: Evaluation of the reproducibility and enrichment
efficiency. A: Comparison of the BPCs (MS') of three independent cotton-HILIC-SPE preparations shows a high
reproducibility of the procedure (LTF glycopeptides, glycopeptide-enriched fraction, technical replicates). B-
E: Evaluation of the glycopeptide enrichment among untreated and cotton-HILIC-SPE preparations
(glycopeptide-enriched, glycopeptide-depleted, and wash fractions) of tryptic IgG N-glycopeptides (HCD.step
MS?) demonstrates a high glycopeptide enrichment efficiency of the cotton-HILIC-SPE (51 IgG N-glycopeptides
with enrichment, and only 25 IgG N-glycopeptides without enrichment). The evaluation is based on the
comparison of EICs for three oxonium ions (HexNAc, HexNAc,Hex,, NeuAc) as well as manual spectra
identification and validation in glyXtool™*. The asterisk(") in A: indicates the presence of artifacts.

Comparing the base peak chromatograms (BPCs MS') of three LTF glycopeptide spin-cotton-
HILIC-SPE preparations shows a high reproducibility (average coefficient of variation: 14.45%
for the peak areas of three representative chromatographic peaks, Figure 37 A). The
glycopeptide enrichment efficiency was evaluated by analyzing the glycopeptide-depleted fraction
(loading), the wash fraction, and the glycopeptide-enriched fraction (elution) of spin-cotton-HILIC-
SPE treated IgG glycopeptides. To this end, the HCD.low fragment ion spectra of the
aforementioned HILIC fractions were screened for the presence of glycopeptides, both
manually and software-assisted (glyXtool™). Consistently, both analyses revealed a lossless
enrichment of glycopeptides in the glycopeptide-enriched fraction (elution). I.e., no glycopeptides
were detected in the glycopeptide-depleted fraction or the wash fraction. Compared to the
unenriched IgG sample, the number of identified N-glycopeptides could be doubled, further
highlighting the efficiency of the enrichment step (number of identified N-glycopeptides using
glyXtool™: 25 (unenriched), 51 (spin-cotton-HILIC-SPE enriched)). Analyses of the
glycopeptide enrichment efficiency of all other proteins investigated in this study also resulted

in an efficient and lossless enrichment of N-and O-glycopeptides (data not shown).
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5.2.3. Glycoproteomic Analysis of Immunoglobulin Gamma, Fibrinogen,
Lactotransferrin, and Ribonuclease B

In the following, results of the glycoproteomic analyses of the four representative proteins,
IgG, LTF, Fib, and RNase B, are shown in detail. Using the FASP approach, tryptic as well as
proteinase K-generated (glyco)peptides of these proteins were treated by spin-cotton-HILIC-
SPE, and the resulting HILIC fractions were subjected to nano-RP-LC-ESI-OT-OT-MS/MS
analysis. Thereby the FASP approach combines the benefits of an in-gel digest — purification of
the target protein(s) by removal of the background matrix — with those of an in-solution digest
— high amount of protein sample and ease of use. Each sample was measured using both
fragmentation regimes: HCD.low and HCD.step. The acquired fragment ion spectra were then
analyzed using glyXtool™. The presence of abundant oxonium ion signals (Supplemental
Figure S(Il)2, top) together with glycan-derived neutral loss fragment ions allowed for a
reliable discrimination of glycosylated and non-glycosylated fragment ion spectra by

glthoolMS .

For each glycopeptide fragment ion spectrum, annotations and identifications suggested by the
software were validated manually (occasionally, besides glyXtool™®, also the software tools
MS-Product and FindPept were used; http://prospector.ucsf.edu/prospector/ and https:/ /-
web.expasy.org/findpept/, respectively). In addition, the extracted ion chromatograms (EIC)
as well as the isotopic patterns of the precursor ion were checked for each glycopeptide. The
following twelve criteria were applied for accepting a glycopeptide identification: (I) EIC: no
overlapping or split peak, (II) isotopic pattern: correctly assigned and non-overlapping, (III)
presence of ions corresponding to the peptide mass and/or peptide +HexNAc, (IV) presence
of the conserved N-glycopeptide fragmentation pattern (applies only to N-glycopeptides;
fragmentation pattern needs to be present with HCD.step), (V) unambiguous identification of
the glycan moiety, based on Y-ions, (VI) glycan features deduced from Y-ions, such as
sialylation, need to agree with detected oxonium ions, (VII) unambiguous identification of the
peptide moiety, based on a-, b-, and y-ions (b- and y-ions also with loss of water or ammonia),
(VIII) presence of immonium ions to support peptide identification, (IX) accepted mass error:
precursor ion (£10 ppm), fragment ions (120 ppm), (X) check retention time for plausibility:
retention times of different glycoforms attached to the very same peptide should not differ too
much (<10 min) - sialylated glycopeptides have significantly longer retention times compared
to nonsialylated glycopeptides, (XI) different charge states of the same glycopeptide should
have nearly the same retention time, and (XII) if present, identifications, derived from both
HCD.low and HCD.step, should be in line with each other. In rare cases, peptide identifications
suggested by the software, were inconclusive. In this case manual de novo sequencing was
performed to account for potential amino acid modifications or protein sequences not
considered during the initial protein identification search. During every glycopeptide validation
step, special attention was paid to ambiguous and conflicting masses (Supplemental
Figure S(II)2, bottom). One prominent example in this context, is the mass of a carbamido-

[315]

methylation (e.g. on cysteine), which equals the mass of glycine Awareness of this
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ambiguity is particularly relevant for the analysis of (glyco)peptides generated by broad- or
non-specific proteolysis. Examples for ambiguous identifications of IgG N-glycopeptides are

given in Supplemental Figures S(II)3-1 — 2.

Human Immunoglobulin Gamma N-Glycoproteomics (Fc-glycosylation)

Human IgG comprises four subclasses (IgG 1, 2, 3, and 4). Our analysis allowed to identify 87
N-glycopeptides derived from the constant CH2 region of the heavy chain of IgG (Fc part,
fragment crystallizable part; N-glycosylation sites: IgG 1 | Nygo, IgG 2 | Ny, IgG 3 | Ny,
N3, IgG 4 | Ny77) (Supplemental Figure S(II)1, subsections S(I)1-3 — 26). In agreement with
literature, the majority of identified N-glycopeptides (84) is derived from IgG 1 and 2 — in
human adult serum both have a relative abundance of 60% and 32%, respectively (total
concentration of IgG about 10 g/L) Pl A profiling of these IgG 1 and 2 N-glycopeptides,
revealed predominantly core-fucosylated diantennary complex-type N-glycans with different
degrees of galactosylation, with and without a terminal NeuAc and/or a bisecting-GlcNAc
(Figure 38).
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Figure 38: Relative abundance of human IgG 1 and 2 Fc glycoforms (microheterogeneity): relative abundances
were derived from the peak intensities of precursor ion extracted ion chromatograms of tryptic IgG 1 and 2 N-
glycopcptidcs (IgG 1: 173(R)EEQYNSTYR(V) 54, IgG 2: 17(R)EEQFNSTFR(V);50). Pcptidc modifications as
well as different precursor charge states were considered.

The three main glycoforms, for both IgG 1 and IgG 2, were HexNAcs;HexsFuc;, HexNAc,.
Hex,Fuc;, and HexNAcs;HexsFuciNeuAc; - also known as GOF, GIF, G2FS (IgG 1]2:
23127%; 32|23%; 11| 11%). This is in good agreement with previously reported data ). For
IgG 4 only three N-glycopeptides corresponding to two glycoforms (GOF, G1F; 72 | 28%) were
identified (relative abundance of IgG 4 in human adult serum about 4% P'®l). For IgG 3, no N-
glycopeptides were identified. In total, glycan compositions corresponding to 24 different N-
glycoforms were registered for IgG 1, 2, and 4 (Supplemental Table 2 in Hoffmann et al., 2018
B171) . Since the tryptic digest already generated N-glycopeptides that could be readily analyzed
by LC-MS/MS, meaning the generated peptide moieties were neither too short nor too long,

the proteinase K digest was not considered for the glycoproteomic analysis here.

Human Fibrinogen N- and O-Glycoproteomics
Human fibrinogen is a hexamer comprising two identical heterotrimers connected by a central

nodule. Each heterotrimer comprises an -, [3-, and y-chain. The protein is known to be N-
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and O-glycosylated "% 22> 27318 The @-chain is reported to solely carry mono- and disialylated
mucin-type-1 O-glycans (T-antigen), while the y-chain is reported to carry solely diantennary
non-, mono- and disialylated complex-type N-glycans 1?7*. The [-chain, in contrast, is known
to carry both types of glycosylation """, Fibrinogen features several heavily O-glycosylated
regions that cannot be analyzed by trypsin alone due to the lack of sufficient tryptic cleavages
sites. Previous studies have shown, that the broad, yet reproducible, cleavage specificity of
proteinase K yields complementary results to trypsin - making heavily O-glycosylated regions
analytically amenable, too ?*:?7*l In the present study, both the tryptic and the proteinase K
digest allowed a reliable identification and characterization of N-glycopeptides covering the
already known N-glycosylation sites present on the -, and y-chain (B-chain: Njo4, Y-chain:
N7s). Additionally, some lower-abundant N-glycopeptides derived from the N-glycosylation
site N686 present on the ®t-chain were detected. This N-glycosylation site has been reported
to be occupied before '], but, to the best of our knowledge, the attached N-glycans have not
been described so far (Supplemental Figure S(II)1, subsections S(I[)1-27 — 31; Supplemental
Figure S(I[)4-1 — 4-2; Supplemental Table 3 in Hoffmann et al., 2018 P'7l). For the tryptic
digest, a total of 38 N-glycopeptides were identified. Analysis of these N-glycopeptides
revealed for the - and y-chain exclusively diantennary mono- and disialylated complex-type
N-glycans without a core-fucose (HexNAcyHexsFuciNeuAc,,, (G2FS1/2)). The B-chain, in
contrast, also features non-sialylated, core-fucosylated, and glycoforms with a bisecting
GlcNAc - though at much lower relative abundance. Using proteinase K, a total of 15 N-
glycopeptides were registered. In contrast to the tryptic digest, only the two major glycoforms
HexNAc,Hex FuciNeuAc;,, (GIFS1/2) were detected (Q-chain: only monosialylated; y-
chain: only disialylated; 3-chain: both). It is worth mentioning that also some N-glycopeptides
of human alpha-1-antitrypsin were detected in the fibrinogen sample, pointing to a potential
contamination of this supposedly pure protein sample. The tryptic digest allowed identification
of 20 fibrinogen O-glycopeptides. Slightly more, 26 O-glycopeptides, were identified using
proteinase K (Supplemental Figure S(II)1, subsections S(I)1-32 — 60; Supplemental
Figure S(I)4-1 — 2; Supplemental Table 3 in Hoffmann et al., 2018 P''"}). In both cases, non-,
mono- and disialylated mucin-type core-1 O-glycans (T-antigen) were detected for these
glycopeptides. The fibrinogen alpha chain appears to be heavily O-glycosylated: using trypsin,
18 O-glycopeptides were detected - covering six different O-glycosylation regions including
one newly discovered region (Seo9, Sei6, Sets, Se19). The proteinase K digest allowed to identify
18 a-chain O-glycopeptides, and yielded, for the most part, complementary results with
respect to the covered O-glycosylation sites/regions. In total eight O-glycosylation
sites/regions were detected, of which three regions (I: S35, S3s6; II: S3s6, S357, S3so; I Taoo,
Tso1) and three sites (I: Tygo, II: Tsyy; III: Ss34) have not been reported so far. For the [3-chain,
both trypsin- and proteinase K-generated O-glycopeptides covering the already known O-
glycosylation region (Sss, S¢7). In agreement with previous reports, no O-glycopeptides were

detected on the fibrinogen y-chain.
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As a side note, two contaminant O-glycopeptides derived from von Willebrand factor
(disialylated mucin-type core-1 O-glycan, S;»;3) were also detected in the fibrinogen sample.
Those two O-glycopeptides cover an O-glycosylation site that has just recently been reported
by Solecka et al. ),

Human Lactotransferrin N-Glycoproteomics
Human lactotransferrin is a globular glycoprotein that is reported to be solely N-glycosylated.
The protein harbors three potential N-glycosylation sites (Njs6, N4o7, Neso), of which only the
first and the second are reported to be glycosylated 2! 3?1 In this study, a total of 73 tryptic
lactotransferrin N-glycopeptides were detected — for the first time, covering all three potential
N-glycosylation sites (Supplemental Figure S(Il)1, subsections S(I[)1-61 — 90; Supplemental
Table 4 in Hoffmann et al., 2018 P'"l). The first N-glycosylation site, N5, features mono- and
disialylated core-fucosylated complex- and hybrid-type N-glycans that can also have additional
antenna fucoses and/or LacNAc extensions (LacNAc = GlcNAc;Galy). The two major
glycoforms are HexNAcs;HexsFuciNeuAcy,, (G2FS1/2). Discrimination between a LacNAc
extended antenna and the presence of an additional antenna is based on a diagnostic oxonium
ion that corresponds to two LacNac units plus a fucose (LacNac extended antenna plus antenna
fucose, HexNAc,Hex,Fuc;). Detected by HCD.low, this oxonium ion was only present in
lactotransferrin N-glycopeptides presumed to feature a LacNAc extension with an antenna
fucose. Moreover, this oxonium ion is absent in HCD.low N-glycopeptide fragment ion spectra
of IgG, Fib, and RNase B — all of which are reported to not feature any LacNAc extensions
with an antenna fucose (the HexNAc,Hex,Fuc, fragment ion is also not present in fragment
ion spectra of multi-antennary glycoproteins, like alpha-1-acid glycoprotein 1). Unfortunately,
LacNAc extensions that lack an antenna fucose could not be linked to a diagnostic oxonium
ion: a potential candidate would have been an oxonium ion with two LacNAc units
(HexNAc,Hex,); this oxonium ion, however, is also present in N-glycopeptide fragment ion
spectra featuring diantennary N-glycans that lack a LacNAc extension. The second N-
glycosylation site, Nyo7, features non-, mono-, and disialylated complex-type N-glycans,that
are mainly core-fucosylated, but also non-fucosylated. The two major glycoforms are
HexNAc;HexsFuciNeuAc,,, (G2FS1/2). As for site Njsq, glycoforms with additional antenna
fucoses were also detected. Interestingly, though, no LacNAc extended glycoforms were
registered. Surprisingly, we also detected N-glycans on the third N-glycosylation site, Ne4, (not
described before). This site features mono- and disialylated core-fucosylated complex-type N-
glycans, that can also have additional antenna fucoses and/or LacNAc extensions. All identified
glycoforms exhibited similar abundance; hence, there is no single predominant glycoform on
this N-glycosylation site. For LTF, no O-glycopeptides were detected, which is in agreement

with common knowledge.

Bovine Ribonuclease B N-Glycoproteomics
RNase B is a globular glycoprotein that is solely N-glycosylated. It harbors only one N-
glycosylation site, which is occupied by high-mannose-type N-glycans 2% 3>l In this study, a
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total of six tryptic N-glycopeptides of RNase B was identified (Supplemental Figure S(Il)1,
subsections S(I[)1-91 — 97; Supplemental Table 5 in Hoffmann et al., 2018 B'). Three
different  high-mannose-type glycoforms were allocated to these N-glycopeptides
(HexNAc,Hex; ¢ 5 — also known as Man5, Man6, Man8). Detection of these glycoforms is in
good agreement with literature reports, as these are the major ones present one RNase B >
3241 (Figure 39). The two lower-abundant glycoforms, Man7 and Man9, were not detected in

the present work.
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Figure 39: Relative abundance of bovine Rnase B N-glycoforms (microheterogeneity): relative abundances
were derived from the peak intensities of precursor ion extracted ion chromatograms of tryptic Rnase B N-
glycopeptides (so(R)NLTK(D)s3). Peptide modifications as well as different precursor charge states were
considered.

5.2.4. Quantification of Oxonium Ions and Its Potential for N- and O-
Glycoproteomics

For the analysis of N- and O-glycopeptides, oxonium ions represent important diagnostic
markers. Derived from the glycan moiety, these singly-charged low-molecular weight
fragment ions (B-ions) can not only be used to discriminate a glycopeptide spectrum from a
non-glycopeptide spectrum, they can also provide crucial information on the glycan moiety
that is linked to the peptide backbone (Supplemental Figure S(II)2-1, top). The presence,
absence, and relative abundance of oxonium ions can serve as a fingerprint characteristic for a
certain N- or O-glycoform present on any peptide. To evaluate the diagnostic characteristics of
oxonium ions, glycopeptide fragment ion spectra of a set of N- and/or 0-glycosylated proteins
comprising IgG, LTF, Fib, and RNase B, were analyzed. For these four glycoproteins the
relative abundance of the detected oxonium ions were investigated with respect to the type of
glycosylation, the glycoform and certain glycan features, the peptide moiety, the precursor ion
charge state, and the impact of the collisional energy that was applied for the fragmentation of
the glycopeptides.

Complex-Type N-glycopeptides: General Observations
In the following, characteristics of oxonium ions produced by fragmentation of complex-type
N-glycopeptides via HCD.low and HCD.step will be described. The first noticeable characteristic

is that relative oxonium ion abundance do not differ between different glycoproteins or N-
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glycosylation sites when considering the same N-glycoform and the same collisional energy, as
evidenced by comparison of IgG 1 and 2 as well as LTF and IgG 2 (Figure 40 Parts A and B).
The produced oxonium ion patterns thus seem to be conserved for specific complex-type N-
glycoforms independent of the peptide backbone. In most cases, the charge state of the N-
glycopeptide precursor ion also seems to have only a minor influence on the produced oxonium
ions. Using HCD.Iow, a slight increase in the relative abundance of HexNAc, HexNAc -H,O,
NeuAc, and NeuAc -H,O oxonium ions was observed at higher charge states for some
glycoforms (Figure 40 Part C, NeuAc/NeuAc -H,O not shown); with HCD.step, the influence
of the precursor ion charge state seems negligible. In general, relative abundance of oxonium
ions produced by HCD.low and HCD.step differ significantly from each other when comparing
the very same complex-type N-glycopeptides (Figure 40 Part D). With increasing collisional
energy, the relative abundance of di- and trisaccharide oxonium ions, such as HexNAc;Hex;,
HexNAc;Hex, or HexNAc;Hex;NeuAc; decreases — some di- and trisaccharide oxonium ions

even disappear due to decomposition into mono- and disaccharide oxonium ions.
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Figure 40: Relative quantitation of N- and O-glycopeptide oxonium ions acquired by HCD fragmentation using
varying collisional energies (HCD.low, HCD.step): intensities of detected oxonium ions are represented relative
to the summed intensity of all detected oxonium ions within a fragment spectrum (relative abundance). For
glycopeptides with more than one corresponding fragment ion spectrum (scans) the average relative abundance
is given. Error bars indicate the standard deviation of the relative oxonium ion abundances for glycopeptides
with more than two scans. Relative oxonium ion abundances are compared with respect to the different
collisional energies and between: a) different N- and O-glycoforms present on the same peptide/glycosylation
site, b) the same glycoform present on different peptides/proteins, and c) different precursor ion charge states
of the same glycopeptide. For comparison N- and O-glycopeptides derived from human immunoglobulin gamma
1 and 2 (IgG), human fibrinogen (Fib), human lactotransferrin (LTF), and bovine ribonuclease B (RNase B)
were considered.

The comparison of the relative oxonium ion abundance detected for seven IgG 1 and 2 N-
glycopeptides exemplifies this effect (Figure 40 Part | (I-II)): while the relative abundance of
the HexNAc,;Hex;NeuAc; oxonium ion is about 10% with HCD.low, the relative abundance
drops to about 1% with HCD.step. The same holds true for the HexNAc;Hex, oxonium ion
(average relative abundance: HCD.low 6%, HCD.step 0.9%). A second example is given in
Figure 40 Part E (II, V): while HCD.low fragmentation of the lactotransferrin N-glycopeptide
HexNAcsHexsFuc,NeuAc; (G2F251) produces astrong HexNAc;Hex;Fuc; oxonium ion signal
of about 8%, the relative abundance with HCD.step is only about 1%. Another striking
characteristic that differentiates HCD.step from HCD.low is that HCD.step fragmentation of
complex-type N-glycopeptides always results in the HexNAc oxonium ion peak being the
dominant peak among the oxonium ions — independent of the present complex-type N-
glycoform (relative abundance always >38%, Figure 40 Parts A (VI-XIII), D, E (IV-VI), J (I)).
In addition, at higher collisional energy, the relative abundance of corresponding water-loss
species is also increased compared to lower energy fragmentation (e.g. average relative
abundance for HexNAc -H,0: HCD.low 6%, HCD.step 19%, Figure 40 Part ] (I-I)). At lower
collisional energy, in contrast, either the HexNAc or HexNAc;Hex; oxonium ion dominates,

depending on the present glycoforms (Figure 40 Part ] (I)). The HexNAc;Hex; oxonium ion
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dominates whenever at least one galactose is present in the N-glycopeptide glycoform (Figure
40 Part D (II-IV)). In case there is no galactose the HexNAc oxonium ion dominates (Figure
40 Parts A (IlT), D (I)). An exception seems to be the presence of a single galactose as part of a
di- or more-antennary N-glycan (with/without bisecting GlcNAc): in this case either the
HexNAc;Hex; or the HexNAc oxonium ion dominates depending on the precursor ion charge
state (Figure 40 Part A (I, II)). Another exception is the presence of a single GIcNAc attached
to the trimannosyl-chitobiose core without an additional galactose and without being a
bisecting GlcNAc (single antenna GlcNAc without additional galactose): in this case, the
HexNAc;Hex; oxonium ion dominates (Figure 40 Part D(I)).

Complex-Type N-Glycopeptides: Antenna GlcNAc vs Bisecting GIcNAc
Comparing the relative oxonium ion abundance of individual fragment ion scans acquired for
a particular N-glycopeptide with each other, for both HCD.low and HCD.step, only marginal
differences can be detected in most cases, as indicted by the standard deviation (<0.5; Figure
40 Parts A, D). Supplemental Figure S(I[)5-1 (Part A) exemplarily shows the individual
HCD.Iow fragment ion scans acquired for the IgG 1 N-glycopeptide HexNAcsHexsFuc; (GOFN)
over time. This N-glycopeptide features a non-galactosylated N-glycan with a bisecting
GlcNAc. In agreement with our general observations, the low-energy fragmentation of a non-
galactosylated complex-type N-glycopeptide results in the HexNAc oxonium ion being the
dominant peak among the oxonium ions. For the IgG 1 N-glycopeptide HexNAcsHexsFuc; this
was consistently observed across all acquired scans. The presence of a bisecting GIcNAc gives
rise to two characteristic fragment ions when using low-energy fragmentation: (I)
peptidet+HexNAc;Hex; (Y-ion, [M+H]", [M+2H]**) and (II) HexNAc, (oxonium ion, B-ion,
[M+H]"). These fragment ions were consistently found in all HCD.low scans of the IgG 1 N-
glycopeptide HexNAcsHexsFuc; (Supplemental Figure Figure S(IT)5-1 Part A). With HCD.step

these fragment ions are not present or only at very low intensity (not shown).

The same fragmentation behavior was also observed for all acquired HCD.low scans for the
IgG 2 N-glycopeptide HexNAcsHexsFuc, (GOFN) (Supplemental Figure Figure S(II)5-1 Part
B) and for the IgG 1 N—glycopeptide HexNAc;Hex,Fuc; (Supplemental Figure Figure S(II)5-1
Part C). Again, the relative abundance of the oxonium ions and the presence of the
peptide+HexNAcsHex; and the HexNAc; fragment ions suggest a non-galactosylated N-glycan
with a bisecting GIcNAc being attached to the peptide. The two diagnostic fragment ions (I)
peptidet+HexNAcsHex; and (II) HexNAc, were absent in N-glycopeptides derived from
glycoproteins largely lacking N-glycans with a bisecting GlcNAc, such as Fib and LTF (both
have almost exclusively complex-type N-glycans without bisecting GIcNAc), or RNase B (only
high-mannose-type N-glycans). Interestingly, HCD.low fragmentation of the IgG 1 N-
glycopeptide HexNAcsHexsFuc, (Supplemental Figure Figure S(I)5-2 Part D) showed an
inconsistent oxonium ion pattern across the acquired scans (which also explains the high
standard deviation in Supplemental Figure S(I)5-2 Part D(I)). In the first four scans the

HexNAc;Hex; oxonium ion dominates, which along with the absence of a
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peptidet+HexNAcsHex, fragment ion suggests a non-galactosylated N-glycan with an antenna
GlcNAc attached to the peptide (Supplemental Figure S(II)5-2 Part D, scan #1-4). In scans #5
and #6, however, the HexNAc; oxonium ion dominates, which along with the presence of the
peptidetHexNAcsHex; and the HexNAc, fragment ion in scan #e suggests a non-
galactosylated N-glycan with a bisecting GlcNAc attached (Figure 41, Supplemental Figure
S(I)5-2 Part D, scan #5-6). The same fragmentation behavior could also be observed for the
IgG 2 N-glycopeptide HexNAcsHexs;Fuc; (Supplemental S(I)5-2 Part F). Again, the earlier
eluting non-galactosylated N-glycopeptide with an antenna GlcNAc shows a different oxonium
ion pattern (Supplemental Figure S(I)5-2 Part F, scan #1) and no peptidet+HexNAc;Hex;
fragment ion, compared to the later eluting non-galactosylated N-glycopeptide with a bisecting
GlcNAc (Supplemental Figure S(II)5-2 Part F, scan #2-3). Thus, this finding might enable
discrimination between isobaric N-glycopeptides featuring either an antenna GlcNAc or a
bisecting GIcNAc, based on differences in the retention time, characteristic HCD.low oxonium
ion pattern, and diagnostic fragment ions. With HCD.step the observed change in the oxonium
ion pattern between antenna GlcNAc and bisecting GlcNAc could not be observed
(Supplemental Figure S(II)5-2 Parts E and G).
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Figure 41: Antenna GlcNAc vs bisecting GlcNAc: Change of the N-glycopeptide oxonium ion pattern between
associated fragment ion scans allows discrimination of antenna GlcNAc and bisecting GleNAc N-glycoforms.
The example shows consecutive HCD.low fragment ion scans derived from the IgG1 N-glycopeptide
EEQYNSTYR 34, + HexNAc;Hex;Fuc;.

Complex-Type N-Glycopeptides: Core- vs Antenna-fucosylation
The reliable detection and discrimination of core- and antenna-fucosylation is another
important objective in many N-glycoproteomic studies. In this work, the presence of a core-
fucose did not produce any unique and characteristic oxonium ion, neither for HCD.Iow nor for
HCD.step (Figure 40 Part ] (I-I)). However, in many cases a HexNAc,;Hex;Fuc; oxonium ion
was detected for both core- and antenna-fucosylated N-glycopeptides. For core-fucosylated N-
glycopeptides this oxonium ion is present only at very low relative abundance (<1%) —
independent of the applied collisional energy — and seems to be an artifact generated by fucose
rearrangement P?’l. The presence of an antenna-fucose, instead, produced a much higher signal
of the HexNAc;Hex,Fuc; oxonium ion — but only at lower collisional energy (HCD.low: 10%;

HCD.step: 2%) (Figure 40 Part F (I-Il)). Thus, at lower collisional energy discrimination
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between core- and antenna-fucosylation based on the relative abundance of the
HexNAc;Hex,Fuc; oxonium ion seems to be possible. Interestingly, for N-glycopeptides
presumed to carry an antenna-fucose, we also detected a HexNAc;Hex;Fuc;NeuAc; oxonium
ion when using HCD.low, thus giving further evidence for this annotation. This finding was very

recently confirmed in a publication by Acs et al. [326],

Complex-type N-Glycopeptides: Type of Sialic acid, Degree of Sialylation

NeuAc and NeuGc are the two most commonly found types of sialic acids in vertebrates *7].
High- as well as low-energy fragmentation of NeuAc or NeuGc containing N-glycopeptides
produces intense and distinct oxonium ions allowing a clear distinction of these two types of
sialic acid: NeuAc oxonium ions (NeuAc; NeuAc -H,0O; HexNAc;Hex;NeuAc;), NeuGce
oxonium ions (NeuGc; NeuGe -H,0O; HexNAcHex;NeuGce;) (NeuGce not shown in this
study). To assess the degree of NeuAc sialylation the relative abundance of oxonium ions
derived from mono- and disialylated glycoforms of LTF glycopeptides were compared (Figure
40 Part G). With HCD.low relative abundance of the NeuAc and NeuAc -H,O oxonium ions
did not differ significantly between mono- and disialylated LTF N-glycopeptides. The relative
abundance of the HexNAc;Hex;NeuAc; oxonium ion, though, was found to be higher with
disialylated LTF N-glycopeptides in most, yet not all, cases (relative abundance
HexNAc;Hex;NeuAc;: monosialylated, between 10-18%; disialylated, between 22-28%).
With HCD.step relative abundance of the NeuAc and NeuAc -H,O oxonium ions were slightly
higher with disialylated LTF N-glycopeptides (NeuAc: monosialylated, about 5%; disialylated,
about 10%. NeuAc -H,O: monosialylated, about 12%; disialylated, about 20%). The relative
abundance of HexNAc;Hex;NeuAc; oxonium ion, in contrast, was very low (<2%), and did
not differ significantly between mono- and disialylated LTF N-glycopeptides when applying
higher collisional energy (HexNAc;Hex;NeuAc;: monosialylated, about 1%; disialylated,
about 2%). Overall, predicting the degree of NeuAc sialylation based on the relative abundance
of NeuAc, NeuAc -H,0O, and HexNAc;Hex;NeuAc; oxonium ions seems promising, but needs
to be further investigated, as for instance the influence of different sialic acid linkages needs to
be evaluated, and might have caused the observed inconsistencies. Also of note, and in
agreement with reports by Halim et al. P?*l] along with NeuAc and NeuAc -H,O six lower
abundant oxonium ions corresponding to [NeuAc -2xH,0]" m/z 256.0821, [NeuAc -3xH,0]"
m/z 238.0715, [NeuAc -2XH,0 -NH,C(O)CH;]* m/z 197.043, [NeuAc -
2XH,0 -COH -NH,C(O)CH;]* m/z167.0375, [NeuAc -4xH,O]* m/z220.061, and
[NeuAc -2XH,0 -CHO -NH,C(O)CH; -COOH]* m/z 121.032 were consistently detected;
the last two were only detected with HCD.step, though.

High-mannose-type N-glycopeptides
The relative oxonium ion abundance detected for high-mannose-type N-glycopeptides are
remarkably different from those previously described for complex-type N-glycopeptides.
HCD.low and HCD.step generated fragment ion spectra of complex-type N-glycopeptide are

usually dominated by HexNAc and/or HexNAci;Hex; oxonium ions as well as
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HexNAcHex;NeuAc; oxonium ions in some cases. In contrast, high—mannose—type N-
glycopeptide fragment ion spectra, by nature feature only Hex- or HexNAc-related oxonium
ions (HexNAc, HexNAc -H,0, Hex, Hex -H,O, HexNAc;Hex;, HexNAc;Hex;). The most
striking feature of high-mannose-type N-glycopeptides, however, is the high relative
abundance of Hex and Hex -H,O oxonium ions, which directly reflects the high content of

mannoses in the N-glycan structures.

While for complex-type N-glycopeptides, if present at all, the relative abundance of Hex and
Hex -H,0 oxonium ions did not exceed 0.5%, when low collisional energy was applied (Figure
40 Part | (I-1)) for high-mannose-type N-glycopeptides, the relative abundance of the Hex
oxonium ion, for instance, ranged from 25-80% when using HCD.low fragmentation, as
exemplified for RNase B Man-5/6/8 N-glycopeptides (Figure 40 Part H (I)). A similar effect
was also observed for HCD.step: here the relative abundance of the Hex oxonium ion ranged
from 20-42% for the RNase B Man-5/6/8 N-glycopeptides (for complex-type N-
glycopeptides the relative abundance of Hex and Hex -H,O oxonium ions was normally below
1%). Compared to HCD.low, the increased collisional energy applied with HCD.step resulted in
an increase of the Hex -H,O oxonium ion abundance (HCD.low: 2-10%; HCD.step: 12-20%.
Figure 40 Part H (I-I)). Overall, these findings suggest that both fragmentation regimes enable
the discrimination of high-mannose-type N-glycopeptides from complex-type N-glycopeptides
based on the relative abundance of Hex and Hex -H,O oxonium ions. Moreover, HCD.low
results indicate a direct correlation between the degree of mannosylation and the relative

abundance of the Hex oxonium ion.

Hybrid-Type N-Glycopeptides
Hybrid-type N-glycopeptides combine features of complex- and high-mannose-type N-
glycopeptides alike. Comparing the relative oxonium ion abundance detected for an HCD.low
measurement of an IgG 2 complex-type N-glycopeptide (HexNAcsHexsFuciNeuAc;) with
those detected for an IgG 2 hybrid-type N-glycopeptide (HexNAcsHexsFuc;NeuAc;), major
differences relate to the relative abundance of the HexNAc;Hex; oxonium ion, which reflects
the two fully galactosylated antenna of the complex-type N-glycan (Figure 40 Part I). A minor,
though significant, difference relates to the relative abundance of the Hex oxonium ion: for
complex-type N-glycopeptides this oxonium is either not present or only present at a relative
abundance of less than 0.5% at HCD.low; for hybrid-type N-glycopeptides the relative
abundance of this oxonium ion was consistently found to be higher than 1.1%. This finding is
in agreement with the observation previously made for high-mannose-type N-glycopeptides;
also there an increase of the relative abundance of the Hex; oxonium ion was observed,
correlating with the degree of mannosylation (Figure 40 PartI). Overall, the relative
abundance of the Hex oxonium ion and the presence of non-high-mannose-type oxonium ions,
such as HexNAc;Hex;NeuAc;, may allow discriminating hybrid—type N—glycopeptides from
complex-type or high-mannose-type N-glycopeptides. Another interesting finding in this

context is the presence of a Hex, oxonium ion exclusively in N-glycopeptides presumed to be
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of the hybrid-type, high-mannose-type, or not fully galactosylated complex-type (Hex,
oxonium ion exclusively found in IgG and RNase B N-glycopeptide fragment ion spectra; not
present in Fib and LTF) (Supplemental Figure S(I)6-1). Produced by HCD.low fragmentation,

this oxonium ion can give additional confidence in the N—glycopeptide annotation.

Mucin-Type O-Glycopeptides
Apart from various N-glycopeptide also O-glycopeptide fragment ion spectra have been
investigated with respect to relative oxonium ion abundance. To this end, core-1 mucin-type
O-glycopeptides derived from human fibrinogen (Fib) were fragmented by HCD.low or
HCD.step and the resulting oxonium ion abundance were analyzed. As for N-glycopeptides, also
for core-1 mucin-type O-glycopeptides differences in the relative abundance of the oxonium
ions depending on the applied collisional energy were observed. Again, the increased collisional
energy accompanied by HCD.step leads to a decrease or absence of signals corresponding to di-
and trisaccharide oxonium ions, as can be seen for the relative abundance of HexNAc;Hex; and
HexNAc;Hex;NeuAc; oxonium ions (Figure 40 Part K (I, IT)). While there were striking
differences between HCD.Iow and HCD.step for the oxonium ion abundance of non-sialylated
O-glycopeptides (Figure 40 Part K (1)), differences were less prominent for sialylated O-
glycopeptides (Figure 40 Part K (I)). The latter showed differences primarily in the relative
abundance of NeuAc (NeuAc, NeuAc -H,0, HexNAc;Hex;NeuAc;) and HexNAc related
oxonium ions (HexNAc, HexNAc -H,0); the overall distribution, with NeuAc -H,O being the
dominant oxonium ion, remained unaffected, though. With non-sialylated O-glycopeptides, in
contrast, HexNAc and HexNAc;Hex; oxonium ions dominated at HCD.low, while HexNAc
and HexNAc -H,0O oxonium ions dominated at HCD.step. Comparing the relative oxonium ion
abundance of the very same O-glycoform between different Fib O-glycosylation sites/regions
(o and B chain), differences between mono- and disialylated O-glycoforms become apparent
(Figure 40 Part L). For disialylated core-1 mucin-type O-glycopeptides only slight differences
between different O-glycosylation sites/regions were observed, independent of the applied
collisional energy (Figure 40 Part L (I, IV)). Thus, it seems that the relative oxonium ion
abundance of disialylated O-glycopeptides are conserved, and independent of the peptide
backbone. On the contrary, for monosialylated core-1 mucin-type O-glycopeptides, and
particularly for HCD.low, significant differences between the relative oxonium ion abundance
of the fibrinogen & and B chain were detected (Figure 40 Part L (I, II)). This suggests that
the relative oxonium ion abundance of monosialylated O-glycopeptides are not conserved, and
not independent of the peptide backbone. Surprisingly, a direct comparison, between mono-
and disialylated O-glycoforms present on the very same peptide, revealed no significant
differences in the relative oxonium ion abundance — neither for HCD.low nor for HCD.step.
Hence, differentiating mono- and disialylated core-1 mucin-type O-glycoforms based on their
relative oxonium ion abundance seems to be not possible (Figure 40 Part M (I, II)). However,
a general comparison of the relative oxonium ion abundance acquired for core-1 mucin-type
O-glycopeptides with those acquired for N-glycopeptides, revealed significant differences that

enable differentiation of these two forms of protein glycosy]ation. The most striking difference
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is the lack of the HexNAc;Hex, oxonium ion for core-1 mucin-type O-glycopeptides. This
oxonium ion was found consistently across all analyzed N-glycopeptides, independent of the
applied collision energy (Figure 40 Parts A-J). It appears to represent a characteristic oxonium
ion that occurs upon fragmentation of (I) the chitobiose core — a main fragmentation event
during N-glycopeptide fragmentation — and (II), optionally, further antenna-directed
fragmentation steps, to ultimately generate a fragment ion corresponding to 274 chitobiose
GlcNAc with two attached mannoses (HexNAc;Hex;). Additionally, also fragment ions
derived from N-glycan antennae LacNAc (tmannose) residues can give rise to a
HexNAclHex2 oxonium ion. Another important observation relates to the HexNAc and
HexNAc -H20 oxonium ion ratio. In agreement with Halim et al. P**], using HCD.step this
ratio allows to discriminate N-glycopeptides from O-glycopeptides (HexNAc -H20O/ HexNAc
ratio: for N-glycopeptides 0.1-0.3; for O-glycopeptides 0.85-1.2, Figure 42).

N-glycopeptides O-glycopeptides

50
20.0
HCD.step
. @
Ratio ﬁ 0.1-03 0.85-1.2

Figure 42: Discrimination of N- and O-glycopeptides. Using HCD.step N- and O-glycopeptide fragment ion
spectra can be discriminated from each other with the help of characteristic HexNAc-H,O:HexNAc: oxonium

ion ratios.

A summary of all findings related to the relative oxonium ion quantitation is given in Table 3.
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Table 3: Diagnostic potential of oxonium ions for N- and O-glycoproteomics — overview.

Figure
Complex-type N-glycopeptides
General Observations * Oxonium ion abundance are characteristic for specific N-glycan features Figure 40: A and B
* Oxonium ion abundance of a specific N-glycoform are independent of the Figure 40: A and B
peptide backbone
* Oxonium ion abundance of a specific N-glycoform are mostly independent Figure 40: C
of the precursor ion charge state
* Oxonium ion abundance depend on applied collisional energy (HCD.low, Figure 40: D
HCD.step)
* HCD.step: decrease/absence of di- and trisaccharide oxonium ions Figure 40: E (I, V), ]
compared to HCD.low (I-1I)
* Differentiation of complex-, hybrid- and high-mannose-type N- Figure 40: 1
glycopeptides based on oxonium ion abundance possible (HCD.low)
* Diagnostic oxonium ion (HCD.low): Hex
Relative abundance: high-mannose-type >> hybrid-type >
complex-type
Antenna GIcNAc vs Figure 41,

* Differentiation of antenna GIcNAc and bisecting GleNAc based on

Bisecting GlcNAc o o i
oxonium ion abundance and retention time possible (HCD.low)

S(5-1 - 2: A-D,
and F
* Diagnostic fragment ions for bisecting GleNAc (HCD.low):

* Peptide+HexNAc;Hex, (Y-ion, [M+H],

[M+2H]")

* HexNAc; (oxonium ion, B-ion, [M+H]")

* Retention time: bisecting GlcNAc > antenna GlcNAc

Core- vs Antenna-Fucosylation * Differentiation of core- and antenna-fucosylation based on Figure 40: F (I-1)
oxonium ion abundance possible (HCD.low)
* Diagnostic oxonium ion (HCD.low): HexNAcHex,Fuc,
Relative abundance: antenna fucose > core fucose

Type of Siayc ACi‘jl’ = Differentiation of the type of sialic acid (NANA, NGNA) based on S(IN1-98 - 100
Degree of Sialylation diagnostic oxonium ions possible (HCD.low, HCD.step)

* Predicting the degree of N-acetylneuraminic acid sialylation based on Figure 40: G
diagnostic oxonium ion abundance seems promising, though further analyses

are necessary (HCD.low, HCD.step)

High-Mannose-Type * Direct correlation between the degree of mannosylation and the relative Figure 40: H (I-1I)
N-Glycopeptides abundance of the diagnostic Hex oxonium ion (HCD.low)
Relative abundance of Hex oxonium ion: e.g. Man;<Mans;<Many

Hybrid-Type N-Glycopeptides = Combination of complex- and high-mannose-type related diagnostic Figure 40: 1

oxonium ions

Mucin-Type O-Glycopeptides Figure 40: K (I-II)

* Differentiation of core-1 mucin-type O-glycopeptides and N-glycopeptides
based on diagnostic oxonium ion abundance possible (HCD.low, HCD.step)

* Diagnostic oxonium ion (HCD.low, HCD.step): HexNAc;Hex, Figure 40: A-]

HexNAciHex, absent in O-glycopeptide fragment ion spectra

* HexNAc -H,O:HexNAc ratio (HCD.step): for N-glycopeptides: Figure 42
0.1-0.3; for O-glycopeptides: 0.85-1.2

* Differentiation of mono- and disialylated O-glycopeptides (NANA) based Figure 40: L and M

on diagnostic oxonium ion abundance not possible (HCD.low, HCD.step)
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5.3. Summary

Over the last years site-specific mass spectrometry-based N- and O-glycoproteomic analyses
have become more and more advanced, more reliable, and more popular. By introducing novel
techniques and software solutions, the detailed characterization of single glycoproteins or
mixtures of glycoproteins with different types of glycosylation and multiple glycosylation sites
has become feasible. However, the analysis of intact glycosylated peptides remains challenging
and still has potential for improvements, for instance with respect to quantitation and structural
analysis of the glycan moiety. Facing multiple layers of complexity by unambiguously
identifying two structurally diverse entities — the glycan moiety and the peptide backbone —
dedicated analysis workflows along with a basic understanding of the glycopeptide
fragmentation process and a priori knowledge about the sample to be analyzed are crucial. Here,
we present a universal glycoproteomic workflow that allows the in-depth analysis of N- and O-
glycopeptides. To this end, glycopeptides generated by tryptic or proteinase K digest, were
enriched by spin-cotton-HILIC-SPE and subjected to reversed-phase liquid chromatography
coupled to tandem mass spectrometry analysis. The use of two HCD fragmentation regimes,
HCD.low and HCD.step, enabled the unambiguous identification of the peptide backbone and
allowed the detailed analysis of the glycan moiety. Using a set of four representative N- and O-
glycosylated proteins (IgG, Fib, LTF, and RNase B) the versatility, robustness and
comprehensiveness of the developed workflow was demonstrated. In addition, diagnostic
oxonium ion patterns that are characteristic for certain glycoforms and glycan features are
discussed in detail, and we report on a conserved N-glycopeptide fragmentation pattern, which
enables the reliable determination of the peptide mass. Our findings are applicable for the
analysis of a broad range of glycoproteins, can significantly increase the confidence in manual
and software-assisted analysis of N- and O-glycopeptides, and can thus improve MS-based
glycoanalytics.
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Chapter Six
6 Conclusion and Outlook

The overarching objective of this thesis was to establish an analytical platform that enables the
reliable identification and characterization of glycoproteins. This glycoproteomic analysis
platform should extend and complement already existing xCGE-LIF-based N-glycomics and
the MS-based proteomics platforms. By providing information on the peptide moiety and the
glycan moiety alike, the glycoproteomics approach can bridge the gap between the solely
glycan-centered glycomics approach and the solely protein-centered proteomics approach. It
enables to derive protein- and site-specific glycosylation information in a qualitative and
quantitative manner and therefore to address questions related to glycan micro- and
macroheterogeneity. Moreover, it supports the identification and characterization of yet
unknown glycosylation sites, thus offering the opportunity to apply this approach for
explorative glycoproteomic studies. Establishing such a method allows to tackle new scientific
questions and to unravel yet unknown biological implications of N- and O-glycans and the

glycoproteins carrying these glycans.

6.1. Human Blood Plasma O-Glycoproteomics

With this project we have successfully developed an O-glycoproteomic workflow capable of
analyzing intact mucin-type core-1 and 2 O-glycopeptides derived from human blood plasma
glycoproteins. The developed workflow addresses many of the initially stated requirements: it
proved to be robust and reliable and able to provide detailed site-specific O-glycoproteomic

information for glycoproteins present in a complex matrix such as blood plasma (unambiguous
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identification of the peptide moiety, compositional description of the intact glycan moiety,
localization of the occupied glycosylation sites). The use of proteinase K for the glycoproteomic
analysis of such a complex sample sets this study apart from comparable studies where
conventionally trypsin is the protease of choice. We could demonstrate that, by using
proteinase K, a number of O-glycosylation sites could be discovered that have not been
detected before by trypsin-based approaches. For N- and O-glycoproteomic studies we
therefore advocate the use of proteolytic enzymes with a broad cleavage specificity, such as
proteinase K, as an addition to trypsin. Explorative site-specific N- and O-glycoproteomic
studies of biofluids, like human blood plasma, human milk, urine or cerebrospinal fluid hold
an enormous potential to better understand the implications of protein glycosylation under
normal physiological conditions, but also under pathophysiological conditions. By serving as a
diagnostic tool, the detection/discovery of relevant glycopeptides (biomarker candidates) can
be the basis for targeted quantitative glycoproteomic analyses, which allow for a site-specific
monitoring of glycosylation alterations, e.g. during disease progression. Site-specific
glycosylation analyses are, moreover, important to produce biopharmaceuticals according to
quality by design requirements, in particular if these biopharmaceuticals are produced in
heterologous expression systems. In this regard site-specific glycosylation analyses might also
enable understanding/controlling important glycan-related features of the final product

including its efficacy, half-life or antigenicity.

Although the O—glycoproteomic workflow described in Chapter four represents a solid
foundation to tackle future glycoproteomic studies there are still technical challenges that need
to be addressed. In the following a number of options to overcome caveats identified

throughout this project are specified.

With regard to the sample preparation, implementation of protein fractionation steps, such as
mixed-mode ion exchange chromatography with subsequent fractionation, or immuno-
affinity-based enrichment/depletion of specific glycoproteins, may enable to further increase

the depth of the glycoproteomic analysis in future studies.

Proteinase K has a broad cleavage specificity. This prevents prediction of the peptide moiety
of glycopeptides generated by this protease, which consequently complicates the peptide
identification (need to do CID MS’ to confirm the peptide identity, low peptide identification
scores, etc.). To alleviate this problem, at least partly, implementation of a two-stage
glycopeptide identification procedure should be considered. This would require to measure
each sample twice by nano-RP-LC-ESI-IT-MS? (CID): in the first stage the glycosylation of
each O-glycopeptide is disregarded and the focus is to reliably identify the peptide moiety of all
potential O-glycopeptides present in the sample. The basis for this approach is to either
enzymatically truncate the O-glycan moiety and to only keep the core GalNAc residue attached
to Ser or Thr; or to completely remove all O-glycans either chemically or enzymatically. Either
way, this step has to be done after the glycopeptide enrichment step. By truncating or removing

the O-glycan moiety, the inherent heterogeneity of each O-glycopeptide is reduced, leading to
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more intense MS' signals and to less complex fragment ion spectra. This simplifies and
improves the peptide identification, and allows to replace the time-consuming CID-MS? step
by a much faster CID MS’-based peptide identification. Since the proteinase K digest is
reproducible, the identified deglycosylated/truncated glycopeptides from this first stage
measurement can be translated to subsequent measurements (peptide data base, i.e. spectral
library). In the second stage, this data base of unambiguously identified peptides represents the
basis for the identification of the corresponding peptide moieties of intact O-glycopeptides by
CID MS’ (detection and comparison of the respective peptide mass in the CID MS? fragment
ion spectrum is in this case sufficient for the identification, i.e. peptide mass fingerprint). This
allows to consider the peptide moiety as quasi-constant and to focus on the identification and

characterization of the glycan moiety via CID MS?2.

Identification and characterization of intact N- and O-glycopeptides would also profit from
improvements on the ETD fragmentation. ETD is a powerful technique that allows to pinpoint
occupied glycosylation sites. The ETD fragmentation efficiency, and therefore the number and
the quality of the acquired fragment ion spectra, however, is still inferior to CID. One option
to increase the ETD fragmentation efficiency is to artificially increase the precursor ion charge
state of glycopeptides during LC-MS ionization. This can be achieved by supplementation of
the LC mobile phase with supercharging reagents such as dimethyl sulphoxide or m-nitrobenzyl
alcohol. Another option is to introduce additional charges to the glycopeptides by appropriate
labeling methods, such as tandem mass tag (TMT) labeling.

The mass spectrometric identification and characterization of N- and O-glycopeptides is very
much driven by the capabilities of the mass spectrometer that is used. Crucial parameters in
this regard are the maximal resolution, scan rate, mass accuracy, sensitivity, as well as the
performance of the available fragmentation modes. In many of these aspects, the amazon ETD
ion-trap mass spectrometer, employed in this study, is inferior compared to modern QTOF or
Orbitrap mass spectrometers. It is therefore advisable to perform future glycoproteomics

studies with one of those instruments.

6.2. In-Depth N- and O-Glycoproteomics

Chapter five describes the consistent further development of the glycoproteomic workflow
introduced in chapter four. Thereby, limitations identified within the previous workflow were
tackled, along with initial requirements that have not yet been met. A central element of the
newly developed workflow are the HCD fragmentation capabilities of the Orbitrap mass
spectrometer that was employed. Two HCD fragmentation regimes were established: HCD.low
operates at fixed low collisional energy and provides detailed information on the glycan moiety;
HCD.step operates at low and high collisional energy in a stepped manner and allows to
unambiguously identify the corresponding peptide moiety. The new workflow also features an

improved cotton-HILIC SPE procedure for the enrichment of N- and O-glycopeptides, which
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offers a higher loading capacity, higher throughput, and better ease of use. We have
demonstrated the efficiency, flexibility, merits, and limitations of the developed workflow by
analyzing four representative and biopharmaceutically-relevant glycoproteins (IgG, Fib, LTF,
and RNase B). Aside from confirming already known N- and O-glycosylation sites on these
glycoproteins, we could also detect and characterize a number of new glycosylation sites and
regions. Using HCD.step a conserved fragmentation signature [Mpeptide-i-H-i-O’zX GIcNAc]* was
consistently detected for all analyzed N-glycopeptides. This signature represents a valuable, yet
rarely used, tool during Orbitrap MS-based glycoproteomics, as it increases the confidence in
the identification of the peptide moiety of N-glycopeptides. In this thesis, for the first time, the
occurrence of this pattern on Orbitrap instruments has been systematically evaluated. The
obtained findings thereby allow for a more frequent use of this pattern in future glycoproteomic
studies. Another objective of the developed workflow was to provide more in-depth
information on the glycan moiety of N- and O-glycopeptides. In this thesis relative oxonium
ion abundances obtained by HCD.low and HCD.step fragmentation of N- and O-glycopeptides
were comprehensively investigated for their potential to provide structural glycan information.
Within this thesis, we could demonstrate the diagnostic potential of oxonium ion abundances
for N- and O-glycoproteomics. We were able to discriminate N-glycopeptides from mucin-
type core 1 and 2 O-glycopeptides based on the HexNAc-H,O:HexNAc ratio. Moreover, N-
glycopeptide fragment ion spectra could be classified as high-mannose-type, hybrid-type, or
complex-type N-glycopeptide spectra solely based on characteristic oxonium ion abundances.
Furthermore, characteristic oxonium ion abundances were detected allowing for a
discrimination of antenna GlcNAc from bisecting GlcNAc as well as discrimination of a core
fucose from an antenna fucose. Many of these oxonium ion-related information have not been
adopted by glycopeptide analysis software programs yet. Therefore, this thesis may contribute
to the development of new glycopeptide scoring and identification algorithms, which in turn

may allow for a more detailed description of the glycan moiety of glycopeptides.

In the future, the presented glycoproteomic workflow may also feature the use of characteristic

oxonium ion abundances enabling the discrimination of a2,3- and a2,3-linked NeuAc, as
recently described by Pett et al. B?°l. Also desirable would be the discovery of characteristic
oxonium ion abundance for the identification of a-Gal residues in the future. Throughout the
glycoproteomic workflows described in Chapter four and five, the annotation and
interpretation of glycopeptide fragment ion spectra was identified as the most critical and most
time-consuming step. To improve the software-assisted analysis of glycopeptide fragment ion
spectra the in-house development of glyXtool™ was initiated in the course of this thesis
(development of glyXtool™ in collaboration with M. Pioch ©*!¢l). The software glyXtool*
allows for semi-automated in-depth analysis of N- and O-glycopeptide fragment ion spectra. It
thereby considers findings and requirements derived from the present thesis, such as the
detection of the conserved N-glycopeptide fragmentation pattern, the ability to perform
manual de novo glycan and peptide annotations, as well as the ability to display graphs for the
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relative oxonium ion abundances. This thesis therefore contributed to — but also benefitted

from — the in-house development of glthoolMs.

Overall, in this thesis the in-depth and site-specific glycoproteomic analysis of N- and O-
glycoproteins was demonstrated. Thereby, the developed workflows and obtained findings
offer reliable and detailed information on glycopeptide level, along with applicability to a broad
range of glycoproteins. With this thesis an LC-MS-based glycoproteomic analysis platform was
developed that enables to tackle different N- and O-glycoproteomic projects in the future. This
can include the analysis of biopharmaceutical proteins, such as mAbs, the characterization of
viral glycoproteins for vaccine production, or the explorative analysis of human blood plasma
glycoproteins derived from a patient cohort. Moreover, the developed workflow may also be
applied to other types of protein glycosylation in the future. This may include for instance O-

mannosylation or C-mannosylation.

For the future, glycoproteomic analyses, in general, still require significant efforts and
innovations in several regards. This concerns for instance: I) standardization of measurement
and analysis procedures to improve inter-laboratory comparability, II) increase of the analysis
throughput, e.g. by development of faster and more reliable glycopeptide search engines, III)
integration of glycomic and proteomic analyses, IV) quantification of glycopeptides, e.g. by
MRM V) intact glycoprotein analysis, VI) establishment of new MS-based analysis techniques
for glycoproteomics such as ion mobility MS, VII) providing more structural glycan

information on glycopeptide level and integration of such information in software tools.
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