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11.. IInnttrroodduuccttiioonn  ttoo  pprrootteeiinn  ggllyyccoossyyllaattiioonn  

Glycosylation is one of the most important post-translational modifications (PTMs), which occurs 
on many proteins1,2. Glycosylation involves the covalent attachment of varying structures of 
carbohydrates (glycans) to specific amino acid residues of polypeptide chain. There are two 
common types of protein glycosylation (FFiigguurree  11): N-linked glycosylation, which refers to the 
attachment of glycans to proteins via the side-chain nitrogen of asparagine (Asn), and O-linked 
glycosylation, which refers to the attachment of glycans to proteins via the side-chain oxygen of 
serine or threonine. All N-linked glycans share a common core structure, containing two N-
acetylglucosamines (GlcNAc) and three mannoses (Man), which is covalently bound to a 
consensus sequence N-X-S/T motifs (sequones), where X can be any amino acid except proline. 
Enzymatic reactions such as galactosylation, sialylation, and fucosylation can add a variable 
number of other monosaccharides to the core structure. The sequence of these reactions results 
in three main types of N-glycans (FFiigguurree  11): high mannose, hybrid, and complex.  

Unlike N-linked glycosylation, which is driven by a canonical motif and a precursor glycan is 
transferred en bloc to Asn, O-linked glycosylation is synthesized in a stepwise fashion by adding 
glycan units incrementally on the serine and threonine residues. A consensus sequence for the 
initiating glycan addition has not been found, although predictive algorithms do exist and can 
help with discovering new O-glycosylation sites3. The most common O-glycosylation is called 
mucin-type O-glycosylation. It involves adding monosaccharide, typically N-acetylgalactosamine 
(GalNAc). The GalNAc can be further elongated with various glycan units by a protein family of 
20 distinct galactosyltransferases (GALNTs). These enzymatic reactions result in the production 
of eight core structures (core-1 to core-8), of which core-1 and core-2 (FFiigguurree  11) are the main 
types of O-glycans that occur on human plasma proteins. In addition to the mucin-type of O-
glycosylation, there is another well-known type of O-glycosylation, O-GlcNAcylation, which has 
a fundamentally different biological purpose. In this case, GlcNAc group can be added or 
removed dynamically from serine or threonine and play a role in signaling pathways4. Other types 
of O-glycosylation, such as O-linked Man and O-linked fucose, often occur on specific protein 
domains, such as epidermal growth factor (EGF) repeats and thrombospondin type 1 repeats 
(TSR)5. For the sake of completeness, there are also rare types of glycosylation that should be 
mentioned. One is C-mannosylation, which is a modification of tryptophan (W)6, and the other 
is S-glycosylation, where glycans are added to the sulfur atoms of cysteine residues7.  

N- and O-linked glycans are crucial for protein functioning and ensuring the proper folding, 
conformation, stability, and play roles as ligands in inter-/intra-cellular recognition and host-
pathogen interaction8. Further, the glycans can modulate various biological processes, such as cell 
growth, receptor activation, signal transduction, endocytosis, and viral replication9. Such a broad 
repertoire of functional abilities is mediated through the enormous structural complexity of 
glycans. Understanding this complexity requires a deep knowledge of biological processes 
involved in glycosylation pathways and the development of new and more sophisticated methods 
to characterize glycoprotein structure and function. The advancements and developments in 
glycobiology go hand-in-hand with improving human health and medicine. Protein glycosylation 
has been shown to be involved in pathologies of many diseases, including infection, genetic 
disorders, developmental defects, and cancer5. Understanding glycosylation function also leads 
to essential improvements in applying protein drugs. One example is the monoclonal antibody 
cetuximab, which has been used in cancer immunotherapy for more than 20 years. At first, 
approximately 3% of patients suffered from severe immune hypersensitivity reactions to the 
treatment by cetuximab10. A few years later, scientists found out that these undesired immune 
reactions were associated with IgE antibodies against galactose-α-1,3-galactose (alpha-gal allergy). 
This glycan is present on the Fab portion of the heavy chain of cetuximab, which is produced in 
the mouse myeloma cell line11. Therefore, glycosylation is strictly monitored during the protein 
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drug production process, and all recombinant chimeric, humanized, or human therapeutic 
antibodies are produced in cells that can synthesize glycosylation patterns with favorable 
bioactivity and improved acceptance in patients12–15. 

Development and production of new and better glycosylated monoclonal therapeutics is not the 
only way improved knowledge about glycosylation can be utilized. Deep understanding of the 
biology of glycosylation can also be used  as a start to manipulate biochemical pathways in the 
cells, which can have applications in basic research and therapy in general. This was nicely 
demonstrated in a study from Bannik et al., where the authors repurposed the protein 
degradation pathway for directing secreted and membrane proteins for degradation. In this 
strategy, the known mannose-6-phosphate pathway was utilized to degrade targeted proteins, such 
as the epidermal growth factor receptor (EGFR), Apolipoprotein-E4, CD71, or programmed 
death-ligand (PD-L1), which allowed to study various biological processes, including receptor 
trafficking and protein degradation16. 

A large part of medicinal and clinical research is focused on analyzing and understanding 
processes in blood and serum. One of the major challenges in glycobiology has been for a long 
time the analysis of human serum glycoproteins. More than 50% of serum proteins have been 
found to be glycosylated17. Human serum is a source of many potential biomarkers for various 
diseases. Recent advances in mass spectrometry methods and automated data processing tools 
have allowed comprehensive and large-scale analysis of the human serum glycoproteome18,19. 
Described changes in glycosylation of serum glycoproteins in healthy people and patients can 
reflect their physiological and pathological states and lead to the discovery of new biomarkers and 
medicines20.  

This thesis focuses mainly on protein N-glycosylation and describes its biological relevance and 
analysis. The first introductory part describes the biosynthetic pathway of N-glycans, including 
the synthesis of the main glycosylation types occurring in humans. I touch upon N-glycosylation 
diversity and introduce some of the important features of glycan structures. Next, I explain the 
importance of the human plasma proteome and plasma glycoproteins in the context of its use in 
clinical research as biomarkers. In the end, I discuss a variety of disease-related glycosylation and 
pathological mechanisms related to aberrant or altered glycosylation. In the second part of the 
Introduction, I mention some strategies for N-glycosylation analysis, including glycomics and 
glycoproteomics analytical approaches. Mainly, I focus on enrichment and separation methods 
for the analyses of N-glycans, intact N-glycopeptides, and intact glycoproteins. I highlight the role 
of mass spectrometry methods and describe in detail the benefit of combining different methods 
for the characterizing of glycoproteins. In Chapter 2 I compared fetuin proteins derived from 
three biological sources—human, cow, and recombinant cellular fetuin—to show how the 
expression of a single gene in different species can result in extremely different proteins with 
different primary structures, glycosylation, and phosphorylation profiles. In Chapter 3 I 
compared proteoform profiles of fetuins purified from the blood serum of healthy people and 
septic patients.  Here, I discuss altered glycosylation in septic patients compared to healthy ones 
and show the importance of considering patient genotype for glycosylated biomarkers. In Chapter 
4 I present a longitudinal study performed on a cohort of septic patients, showing the extensive 
remodeling of glycosylation of serum acute phase glycoproteins across different time points. In 
Chapter 5 I present an efficient, automated HILIC-based platform, which enables the efficient 
and robust enrichment of human milk N-glycopeptides. Finally, in Chapter 6 I applied a HILIC-
based stage-tip approach to analyze in-depth the neutrophil glycoproteome. This chapter mainly 
focuses on neutrophil proteins modified by paucimannosidic glycans.  

 

1
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FFiigguurree  11..  MMaajjoorr  ttyyppeess  ooff  ggllyyccoossyyllaattiioonn  iinn  hhuummaannss..  Depiction of different types of glycans, 
including N-linked (high mannose, hybrid, complex type), O-linked (core-1, core-2), and O-
GlcNAc. Figure adapted with permission from Goettig21. 

  

11..11.. BBiioossyynntthheettiicc  ppaatthhwwaayy  ooff  NN--ggllyyccaannss  

The biosynthetic pathway of N-glycans (FFiigguurree  22) can be divided into three stages: an assembly 
of lipid-linked oligosaccharide, transfer of oligosaccharide to protein, and processing of 
oligosaccharide. The first two stages occur in the endoplasmic reticulum (ER) and the last stage 
in the Golgi apparatus. N-linked protein glycosylation is initiated by assembling a Man5GlcNAc2 

structure to the dolichol phosphate (Dol-P) through a pyrophosphate linkage at the cytoplasmic 
side of the ER membrane. A series of glycosyltransferases catalyzes the addition of two N-
Acetylglucosamine (GlcNAc) and five Mannose (Man) residues derived from two nucleotide-
activated sugars (UDP-GlcNAc and GDP-Man). This 7-sugar glycan is then translocated across 
the ER membrane and exposed to the luminal side of the ER. The growing glycan chain is 
further extended with four Man and three glucose (Glc) residues derived from Dol-P-linked Man 
and Dol-P-linked Glc, forming a Glc3Man9GlcNAc2 oligosaccharide structure in the lumen of the 
ER. The critical step in the ER is the transfer of the glycan from the Dol-P-linked carrier to the 
asparagine (Asn) residues within the respective N-X-S/T sequons (X should not be P) in the 
growing protein regions. The primary enzyme that catalyzes this reaction in the luminal side of 
the ER is the oligosaccharyltransferase (OST). Although OST shows high ability to add glycans 
on the glycosylation sequons, roughly one-third of the potential sites are left unoccupied. Several 
factors affect the OST activity. First, OST is a substrate-specific enzyme, showing a higher 
preference for the NXT sequon over the NXS sequon, which was found in the major model 
organisms such as Caenorhabditis elegans and Danio rerio22. Second, the glycan transfer 
depends on the local conformation of the newly synthesized polypeptide. More specifically, it 
has been shown that many turns or loop conformations may contain an exposed N-glycosylation 
site for the glycan transfer23, and 78% of N-glycosylation sites are situated in the loop/turn 
conformation in the human proteome24. In summary, the attachment of N-glycan on proteins 



11 
 

requires strict concordance with the consensus motifs, OST specificity, and topological location 
of the substrates.  

Before the newly synthesized N-glycoprotein reaches the final stage of the biosynthetic pathway 
in the Golgi, many processing steps are taken in the ER, which play critical roles in regulating 
glycoprotein folding and quality control system. The processing in the ER is mainly defined by 
the action of glucosidases, which trim Glc residues. Eventually, these processes lead to the 
formation of high mannose type glycans, usually containing eight or nine Man residues25. 
Glycoproteins with these N-glycans may directly passage through the Golgi without changing 
compositions and be secreted to the cell surface. Nevertheless, high mannose structures are often 
processed in the cis-Golgi by a series of α-mannosidases, which gives a key intermediate 
Man5GlcNAc2 in the pathway to hybrid and complex N-glycans. Synthesis of these glycans is 
initiated in medial-Golgi by GlcNAc-transferase 1, which transfers one GlcNAc residue to the 
arm of the glycan structure with fewer Man residues25. Next, mannosidases remove two Man 
residues to form GlcNAcMan3GlcNAc2, and a second GlcNAc is added. This series of reactions 
results in the precursor for all complex N-glycans25. The complex N-glycans commonly have two 
branches, but it is possible to add up to 6 GlcNAc residues and yield tri- and tetra-antennary 
glycans. Each antenna may be further elongated by adding other sugars such as galactose (Gal), 
fucose (Fuc), and sialic acid (SA). Hybrid glycans are formed in case mannosidase does not 
remove Man residues from GlcNAcMan5GlcNAc2. Hybrid glycans can keep the five Man 
residues and extend the arm that received GlcNAc by Gal, Fuc, and SA25. Recent studies have 
assembled evidence that a fourth type of protein N-glycosylation, referred to as 
paucimannosylation, is present in humans26–28. Paucimannose type of glycosylation has 
compositions of Man1~3Fuc0~1GlcNAc2, but the biosynthetic pathway of these glycans still needs 
to be clarified. 

 

1
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FFiigguurree  22..  NN--ggllyyccaann  bbiioossyynntthheessiiss  iinn  tthhee  sseeccrreettoorryy  ppaatthhwwaayy..  N-glycan synthesis begins with a co-
translational en bloc transfer of a lipid-glycan precursor (Dolichol-phosphate-Glc3Man9GlcNAc2 

to Asp by the enzyme oligosaccharyltransferase (OST). The processed structure moves from the 
ER to the cis-Golgi apparatus, where the carbohydrate structures are trimmed further. Maturation 
occurs in the trans-Golgi apparatus. N-glycans can be capped with monosaccharide residues by 
various glycosyltransferases and are finally transported in vesicles to the cell surface. Figure 
adapted with permission from5. 

 

11..22 NN--ggllyyccaann  DDiivveerrssiittyy  aanndd  HHeetteerrooggeenneeiittyy    

In 2005, Kawano et al. statistically analyzed the KEGG database (Kyoto Encyclopedia of Genes 
and Genomes)29,30 to predict glycan structures from gene expression data. The authors listed 
4107 unique glycan structures, which mostly consisted of 9 common monosaccharides (N-
acetylglucosamine, N-acetylgalactosamine, glucose, galactose, mannose, fucose, xylose, 
glucuronic acid, and sialic acid). The data showed that only 302 out of 558 theoretically possible 
disaccharides (9 monosaccharides, 2 anomers, 31 substitution possibilities) were present in the 
database. Moreover, there is an enormous number of theoretically possible combinations for 
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glycosyltransferase-reaction schemes, but only around 2000 of them existed in the database. 
These observations indicate that although the structural diversity of glycans is genuinely enormous, 
the glycosylation machinery in the cellular environment does not produce just all statistically 
possible glycan combinations but is limited by the ability of enzymes involved in the biosynthesis 
to build up these structures. The explanation of glycan diversity lies in the deeper understanding 
of glycosylation biosynthetic pathway and biochemical process related to the glycosylation in 
general.   

Glycosylation biosynthesis is a non-template driven process in the ER and Golgi. It involves a 
variety of enzymatic reactions, which are not always 100% efficient, leading to incomplete addition 
of glycans to proteins. Moreover, the competition among multiple glycosyltransferases for the 
same glycan substrates may also cause incomplete processing of the glycans31,32. These processes 
lead to the high structural diversity of glycans. The structural diversity of N-glycans can be 
classified into two classes: 1) the macroheterogeneity, which results from the presence or absence 
of glycan at a specific site in a protein, and 2)  the microheterogeneity, which results from the 
presence of various glycan structures at a specific glycosylation site33. As mentioned in Chapter 
1.1, three common N-glycosylation classes (high mannose, complex, and hybrid) are formed by 
various glycosidases and glycosyltransferases (GnTs) in Golgi34–36. In the following paragraph, I 
will focus on three important GnTs, GnT-III, GnT-V, and Fut8, which are involved in the 
synthesis of three biologically active glycan sub-types: bisecting glycans, N-acetyllactosamin 
(LacNAc) glycans, and core-fucosylated glycans. I selected these glycan subtypes due to their 
association with various diseases, which I will further describe in Chapter 1.4. 

Complex and hybrid N-glycans may be modified by the action of GnT-III, which generates 
“bisecting” N-glycans181 ((FFiigguurree  33aa,,  bb)). Particularly, GnT-III catalyzes the addition of a GlcNAc 
residue to the β-Man residue of the N-glycan core structure. This bisecting GlcNAc cannot be 
further modified, unlike GlcNAc forming branches37,38 ((FFiigguurree  33cc)). Moreover, the presence of a 
bisecting GlcNAc prevents further glycan extension by other GnTs responsible for branching39. 
With this ability, the upregulation of GnT-III may potentially influence the production of other 
types of N-glycan structures. Therefore, the final appearance of glycan structures on the 
synthetized glycoproteoforms significantly depends on the interplay between GnT-III and other 
GnTs. 

The second functional modification of complex and hybrid glycans is the addition of LacNAc. 
In this case, GnT-V catalyzes the addition of a GlcNAc residue to the α1,6-Man and forms β1,6-
branched glycans181 (FFiigguurree  33cc). This GlcNAc is often extended by the addition of β-linked Gal, 
forming a LacNAc (Galβ1-4GlcNAc) building block. The LacNAc antennae can be further 
elongated by the sequential addition of LacNAc blocks, forming a poly-LacNAc structure40. Poly-
LacNAc N-glycans serve as high-affinity ligands to galectins. Galectin-glycan interactions are 
known to be involved in the signaling pathway of growth factor receptors at the cell surface40. 
Dysregulation of these processes may contribute to aberrant immune reactions and autoimmune 
diseases41. 

The third modification in line is the main core fucosylation mediated by fucosyltransferase, Fut8. 
Fut8 catalyzes the addition of a Fuc residue to the initial GlcNAc residue of N-glycan core181 
(FFiigguurree  33aa,,  bb). Core fucose structure has clinical relevance as a biomarker for the detection of 
cancer42. Other fucosyltransferases (Fut3, Fut4, Fut5, Fut6, Fut7, and Fut9) synthesize α1,3-, and 
in the case of Fut3 α1,4-fucosylated glycans, such as the Lewisx (Lex) and sialyl Lewisx antigen43. 
Also, these modifications are associated with cancer biology43, and I will discuss it more in detail 
in Chapter 1.4. 

1
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There are many reasons behind the structural diversity of glycans in nature, such as the 
remarkably complex biosynthetic pathway or structural variability of monosaccharides. 
Nevertheless, deeper explanation and understanding why this complexity exists and what is the 
role of glycans in cellular processes and molecular interactions still remain a subject of scientific 
discussions and theories. One of the well-accepted hypothesis, the “Red Queen” effect, proposes 
that species must continuously adapt, develop, and proliferate in order to survive while exhibited 
to constantly evolving opposing species44 (FFiigguurree  33dd). If we consider that all cells are covered with 
glycans, which are important not only for the functioning of hosts but also for interacting with 
pathogens, the application of this evolutionary theory can very well explain the structural diversity 
of glycans. The surface glycans of host cells are often targets of bacterial and viral infections. Hosts 
survive by continually changing the structures of surface glycans without affecting their cellular 
functions, preventing pathogens from binding to the glycans. However, glycan-binding pathogens 
have short generation times and high mutation rates, allowing them to evolve much more rapidly 
than their hosts with longer life cycles. Eventually, this generates an evolution cycle between hosts 
and pathogens. Evolutionary processes drive the potential for variability provided by glycosylation 
machinery and generate the enormous complexity in glycan structures. The Golgi is well-suited 
for hosts to initiate this cycle because of its non-template-driven and assembly line-like 
mechanisms for creating widely diverse glycans. In conclusion, the hallmark of protein N-
glycosylation is in the production of highly diverse glycan structures.  

 

FFiigguurree  33..  (a)  Structure of N-glycan with core-fucosylation and different GlcNAc branches, 
including bisecting GlcNAc branch. (b) Specific enzymes responsible for the biosynthesis of N-
glycan branches and core-fucosylation. (c) Bisecting GlcNAc (indicated by a red dashed circle) is 
not further added to other glycan residues, whereas other GlcNAc branches are usually elongated 
by Gal and Sia. The β1,6 GlcNAc branch can be elongated with a number of N-acetyllactosamine 
(LAcNAc) residues (poly-LAcNAc). (d) Red queen effect: each arrowed circle shows the 
interaction between host and pathogen. Hosts are constantly trying to evolve in order to prevent 
pathogens from binding, while pathogens are also constantly adjusting to changes made by hosts. 
Figure adapted with permission from44,45. 
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11..33..  IImmppoorrttaannccee  ooff  tthhee  SSeerruumm  PPrrootteeoommee  aanndd  iinn  ppaarrttiiccuullaarr  SSeerruumm  GGllyyccoopprrootteeiinnss  

Human plasma is composed of a diverse set of proteins that carry out various physiological 
functions and play a central role in facilitating diverse biological processes. In 2017, the Human 
Plasma Proteome Project (HPPP) had cataloged 3500 serum proteins that have met the Human 
Proteome Project Data Interpretation Guidelines46. All these proteins are very variable in their 
function, structure, abundance, and many other parameters, and therefore, it is challenging to 
classify them based on a few simple criteria. One classification can be based on the distinct origin 
of various plasma proteins. There are roughly four different categories: 1) proteins secreted by 
the liver; 2) immunoglobulins; 3) proteins released from cells to the plasma due to cell death or 
damage; 4) proteins released from tumors and other disease-affected tissues47. Another common 
classification can be based on the protein’s functionality. The first class contains proteins with a 
functional role in blood (human serum albumin, apolipoproteins, acute-phase proteins). The 
second class are tissue leakage proteins. Their function is either not known or is not well-defined 
in the circulation. The third class are low abundant signaling molecules (such as protein 
hormones, cytokines).  

Traditionally, plasma is an often-used source for diagnosis in the clinic. This is mainly due to the 
possibility of obtaining rich information reflecting an individual’s health state, which is minimally 
invasive and cost-effective. In the daily clinical practice, the quantitative analysis of concentrations 
of many plasma components such as C-reactive protein (CRP)46 and serum amyloid A48 is 
routinely performed using single–protein immunoassays, monitoring, for instance, acute and 
chronic inflammation. In addition to these immunoassays, MS-based plasma proteomics has 
regained interest in the clinic due to recent technological advances in sensitivity and 
throughput49,50. MS can provide the high-throughput and quantitative measurements of many 
plasma proteins in parallel and potentially discover protein biomarkers in larger patient cohorts. 
However, in plasma proteomics, many challenges remain to be addressed. One major problem 
is the presence of a few highly abundant proteins that dominate the total protein content; about 
55% of the total plasma proteins consists of albumin, and together with other seven proteins (e.g., 
transferrin, immunoglobulins.), they make up 85% of the total protein mass51. Although 
commercially available depletion columns can immunodeplete up to the 20 most abundant 
proteins in plasma, the depletion process can also induce a bias related to cross-reactions of used 
antibodies or proteins bound to carrier proteins like albumin52,53. Another challenge is a lack of 
robust and high-throughput proteomics workflows that can reproducibly cover the plasma 
proteome with the acquired depth. Just to give an idea, the Plasma Proteome Database54 (last 
update 2014) contains 10,546 proteins linked to 509 scientific articles. However, the detection of 
2378 proteins of these is supported by two or more peer-reviewed publications, for all other 8000 
very limited experimental evidence is available.  

To address these challenges, further development of the plasma proteomics pipeline is essential, 
improving throughput, depth of proteome coverage robustness, and applicability of the 
underlying workflow. Recently, Geyer et al. developed an automated MS-based workflow that 
increased throughput, also shortening the time of analysis to less than 3-hr per sample55. The 
authors used this method to perform a longitudinal study of 43 patients over 12 months and 
detected, on average, 437 proteins per person49. Pernemalm et al.  subsequently presented a 
method for the in-depth analysis of the human plasma proteome by using high-resolution 
isoelectric focusing HiRIEF LC-MS/MS. They achieved high plasma proteome coverage and 
demonstrated high reproducibility and sensitivity. The method additionally showed a potential 
for liquid biopsy protein profiling due to its ability to detect low abundant tissue-annotated 
proteins and single amino acid variants56. The ultimate goal of in-depth plasma analysis for 
application in human medicine still requires much afford, including incorporating broader 
technical performance characterization into the method development and understanding 

1



16 
 

standardization and application of analytical processes. It is well known that any variation in the 
collecting and processing of plasma samples from blood, prior to the analytical phase, may cause 
a systematic bias57,58. Therefore,  the scientific community involved in human plasma research 
developed detailed sample preparation guidelines, which should help to prevent or minimize 
overall sample-related biases (see www.plasmaproteomeprofiling.org). 

Apart from the standardization of the sample preparation procedures, one of the significant steps 
forward in the analysis of biomarkers in human plasma would include the characterization of 
protein post-translational modifications. As mentioned above, plasma proteins are variable in 
many different aspects, and PTMs significantly contribute to this complexity. Interestingly, most 
cancer protein biomarkers approved by the U.S. Food and Drug Administration (FDA) are 
heavily glycosylated59. Aberrant glycosylation is a known hallmark of cancer and represents a 
promising diagnostic feature for monitoring disease prognosis and pathophysiology. 
Unfortunately, the prognostic capability of most protein biomarkers remains controversial due to 
the lack of specificity and sensitivity. One of the most valuable groups of serum proteins for 
monitoring pathological processes in the human body are acute-phase proteins (APPs). The 
innate acute phase response is a complex systemic early defense system triggered by different 
stimuli, including tissue injury, trauma, infection, and inflammation. APP proteins undergo 
quantitative and structural changes caused by inflammation related processes60. The most 
common APPs include α-1-acid glycoprotein (AGP), haptoglobin (HPT), α-1-antitrypsin 
(AACT), α- fetoprotein (AFP),  and fetuin (FET). The liver produces all these proteins, and all 
of them are highly glycosylated. Changes in glycosylation of APPs such as increased fucosylation 
and branching have been associated with the development and progression of various disease 
states such as cancer and acute inflammation61. For example, a decrease of tri-antennary 
structures in serum AGP was observed in sera of pancreatic cancer patients compared to controls, 
whereas a decrease of bi-antennary structures of AGP was shown in chronic pancreatitis patients 
compared to controls62. Another example by Wang et al. demonstrated a significant correlation 
between increased fucosylation levels of serum AFP (AFP-L3) and hepatocellular carcinoma 
(HCC), allowing to distinguish these patients from the ones suffering from chronic liver disease63. 

While the analysis of changes in the glycosylation of serum glycoproteins may represent a 
promising quantitative strategy for monitoring the disease status of patients, data interpretation is 
still very challenging due to the multifaceted features of protein glycosylation and limitations in 
the research methodology to date. One of the issues to be tackled is in the accurate quantitative 
analysis of the glycan changes on individual glycoproteins. Due to the dynamic changes in the 
relative abundance of the proteins during inflammation, it is not always apparent whether the 
change in glycosylation originates from a specific glycan alternation or a change in relative protein 
abundance64. Moreover, the measurement of protein abundance is hampered by frequent genetic 
polymorphism of proteins, which may also influence frequently used clinical quantitative assays 
such as enzyme-linked immunosorbent assay (ELISA)65. Many serum glycoproteins such as 
HPT66 and FET67 are highly polymorphic, resulting in different protein variants with different 
backbone sequences caused by one or a few amino acid substitutions. Genetic polymorphism 
may affect not only the protein concentration levels in plasma65 but also the PTMs on certain 
sites of these proteins20. In the case of HPT, the genetic polymorphism has even consequences 
on the higher-order structure of the protein, when different HPT genotypes show different 
oligomeric states of HPTs68.  In this context, a real understanding of glycosylation requires the 
systems-wide study, considering genotype, dynamics of protein serum level, N-glycosylation 
occupancy, and N-glycan compositions at specific sites69. Together, this poses still an important 
challenge that I have tried to address in work described in this thesis. 
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11..44 DDiisseeaassee--aassssoocciiaatteedd  cchhaannggeess  iinn  NN--lliinnkkeedd  ggllyyccoossyyllaattiioonn  

N-linked glycosylation exerts a fundamental role in numerous physiological and pathological 
processes, such as inflammation, infection, and cancer. Aberrant expression of N-linked 
glycoproteins has been linked to various disease phenotypes. Not surprisingly, several studies 
have been reported showing that changes in protein glycosylation can be utilized as biomarkers 
for disease diagnosis70,71. These studies are built upon the hypothesis that the glycosylation of a 
given protein secreted from diseased tissues or malignant cells differ from the healthy control72. 
Over the past decade, an impressive compilation of disease-associated changes in N-glycans have 
been reported, related to diseases like breast cancer73, prostate cancer74, hepatocellular 
carcinoma (HCC)75 and sepsis76. Here, I will summarize the current knowledge of alternations 
in N-glycans related to specific disease states, categorized into changes in I. sialylation, II. 
fucosylation, and III. glycolytic branching. 

I. In protein N-glycosylation, a Sialic acid often represents the terminal monosaccharide 
linked to the other monosaccharide residues, such as galactose, possibly by either one of three 
types of linkages: α2,3-, α2,6- or α2,8-. As the Sialic acid is at the terminal location and harbors 
a negative charge, it often plays a role in regulating the interaction between these glycans and 
other ligands in the proximity of the glycoprotein. Over the years, to predict the state of a 
pathological process, changes in the level of sialylation have been measured either in specific 
glycoproteins or glycoproteome-wide the total amount of sialic acids present in tissue or body 
fluids. For example, several studies have revealed that the total level of sialic acid in human plasma 
increases rapidly upon inflammation77,78, probably resulting from increased levels of sialylated 
acute-phase glycoproteins, secreted from hepatocytes. Related to this, Piagnerelli et al. 
demonstrated that sialylation in the plasma protein transferrin (TRF) is altered rapidly in sepsis79. 
The proportion of N-glycan structures containing sialic acids (di-, tri- and tetraantennary) 
dramatically increased, even within 24 h, in sepsis patients when compared with healthy people. 
Also, the distinct linkage-isomers of sialyl moieties are involved in various biological processes. It 
has been reported that α2,3-linked sialic acids are associated with malignancy in several types of 
cancer74,80,81. The α2,6-linked sialic acids are similarly linked to cancer, as it is presumed that 
they can serve as a regulator for blocking galectin binding82–84 and promote tumor cells growth85. 
Although sialyation can be linked to disease states, it remains one of the more challenging aspects 
of analysis in glycoproteomics. In mass spectrometry, the loss from the protein or the peptide of 
the labile sialic acid groups and concomitantly a decrease of sialoglycopeptide ionization 
efficiency hamper such analyses. Also, the mass spectrometric distinction between linkage 
isomers of sialic acids remains a considerable challenge. 

II. Fucosylation of glycoproteins is regulated by a variety of fucosyltransferases, which can 
result in the synthesis of several types of fucosylated glycan structures. Among these, sialyl Lewis-
x, sialyl Lewis-a and α1,6-linked fucosylation (core fucosylation) represent in human cells the 
most prominent fucosylated glycans. Growing evidence has indicated that increased fucosylation 
can be a valuable indicator of liver disease progression in HCC. For example, increased core 
fucosylation of the serum alpha-fetoprotein (AFP) has been observed in HCC patients and has 
been clinically used as a FDA-approved biomarker for distinguishing HCC from chronic liver 
disease75. Furthermore, Gornik et al. examined the changes in serum N-linked glycans of a patient 
with sepsis during the first eight days76. The relative amount of sialyl Lewis glycans to core 
fucosylated glycans rose from 34% in a control sample to 52% and 63% on Day 1 and Day8, 
respectively, in the sepsis samples. These results imply that the proportion of different fucosylated 
glycan structures changes daily, which apparently mirrors the disease since N-glycan profiles in 
the healthy serum remained approximately constant. Despite extensive studies focusing on 
changes in fucosylated glycans, for other reliable biomarkers of disease, only AFP is currently 
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used for serologic monitoring of HCC. Even this biomarker still has relatively high false-negative 
rates in HCC categorization86.  

III. N-acetylglucosamine (GlcNAc) branches on newly synthesized glycoproteins, initiated by 
the medial Golgi N-acetylglucosaminyltransferases I, II, IV, and V (Mgat1, Mgat2, Mgat4a/b/c 
and Mgat5), is thought to be linked to tumor progression87,88. The Mgat5 enzyme is responsible 
for adding β-1,6-GlcNAc to N-glycans, producing the most complex types of N-glycans, such as 
tetra-antennary and poly N-acetyllactosamine (LAcNAc) structures. Granovsky et al. have shown 
that Mgat5-deficient mice with carcinomas display a longer latency and fewer metastases89. 
Another enzymatic product of branching N-glycan is the addition of the bisecting GlcNAc to 
mannose in β-1,4-linkage catalyzed by the Mgat3. Recently, Tan et al. showed that bisecting 
GlcNAc structures hampers the epithelial-mesenchymal transition (EMT) process, which 
commonly plays a key role in cancer progression, suggesting the therapeutic potential of 
enhancing Mgat3 as a treatment for inhibiting breast cancer development90. Sarrats et al. reported 
that changes in N-glycan branching on some acute-phase proteins also influence the response to 
inflammation in both chronic pancreatitis (CP) and pancreatic cancer (PAC) patients62. They 
found that the amount of tetra-antennary structures increased on the α-1 acid glycoprotein (AGP) 
and haptoglobin (HPT). An increase in the amount of bisected and tri-antennary N-glycans was 
also observed on transferrin (TRF) in both patients.  Although knowledge of the synthesis of N-
glycan branches in cancer cells has improved, there are still obstacles to its clinical application. 
Technical advances on the sensitivity and specificity of the targeted N-glycan branches need to be 
improved.  

To summarize, it has become increasingly evident that changes in glycosylation can be considered 
as hallmarks of several steps in human disease pathogenesis. Serious efforts have already been 
made revealing relationships between changes in N-glycosylation on specific proteins and various 
diseases. However, most of these studies are based solely on a small number of tumor samples 
or serum and thus still lack clinical validation. Further studies are needed to use carefully selected 
tumor samples and larger cohorts and or longitudinal sampling to uncover the role of protein 
glycosylation changes in every step of the tumor progression or in determining the specific disease 
states.  

 

22..  MMaassss  ssppeeccttrroommeettrryy--bbaasseedd  mmeetthhooddss  ffoorr  CChhaarraacctteerriizziinngg  PPrrootteeiinn  NN--ggllyyccoossyyllaattiioonn    

The analysis of glycoproteins by mass spectrometry is a quickly expanding field. Glycoproteins 
directly or indirectly influence many molecular interactions in cells and body fluids. Therefore, 
characterizing the structure and function of glycoproteins is crucial for unraveling the 
glycosylation “code” and developing glycoprotein-based therapeutics91. However, characterizing 
protein N-glycosylation has specific concerns that make the analysis challenging. One of the 
problems is that the process of glycan biosynthesis on the protein is not controlled by a template. 
Thus, there is a lack of a biological amplification method (as for DNA), which would provide 
ample amounts of glycoproteins. As a result, glycoproteins usually have to be analyzed at their 
physiological concentrations. Low amounts of sample require development of sensitive analytical 
methods that can detect low abundant molecules in complex matrices. A second major challenge 
is the inherent complexity of glycan structures resulting in the macro- and microheterogeneity of 
glycosylation, thereby forming various glycoforms. One glycosylation site can exhibit more than 
a dozen different glycoforms; however, examples of even up to 100 glycoforms have been 
reported92. Potentially, each glycoform may exhibit a different biological function, and addressing 
them will represent a long-lasting challenge. Over the past two decades, various analytical 
strategies for characterizing protein glycosylation have been pioneered93,94,95,96. Currently, 
analyzing protein N-glycosylation by mass spectrometry can roughly be divided, based on the 
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molecular entities investigated, into three different approaches: analyzing the glycans released 
from glycoproteins (glycomics approach), analyzing intact glycopeptides (glycoproteomics 
approach), and analyzing intact glycoproteins (denaturing and native MS approach).  

Through the glycomics approach, individual glycan structures are analyzed in detail, including 
the monosaccharide composition, and the sequence, branching, and linkage. This approach has 
been extensively used in early MS analyses, for instance, in glycan-based biomarker discovery 
studies for diagnosis of early-stage human cancers, monitoring disease progression and response 
to therapy, and detecting recurrence97,98. Such studies typically monitor the levels of fucosylation 
or sialylation in the detected N-glycans and compare samples derived from various physiological 
states, for example, diseased vs. healthy people99. Since the glycomics approach does not preserve 
information about site-specificity, it is nowadays more and more combined with also analyzing 
the intact glycopeptides100.  

The peptide-centric glycoproteomics approach can provide a site-specific characterization of N-
glycosylation, including site-occupancy and microheterogeneity. Glycoproteomics technologies 
currently focus on advancing the development of biomolecular mass spectrometry, including 
improved fragmentation methods and bioinformatics tools for mapping disease-associated 
aberrancies in the glycoproteome. These aberrancies originate from different tissues, cells, and 
body fluids, which may be regulated differently during pathogenesis69. In general, profiling intact 
glycopeptides enriched from cells or body fluids may reveal the glycosylation (fucosylation, 
sialylation, and branching) status of proteins and provide detailed information for the specific 
alternation in glycan composition comparing people with healthy and disease states. Combining 
both glycomics and glycoproteomics approaches can determine which sites on each glycoprotein 
are glycosylated and where precisely these disease-specific alternations occur. Such information 
can be used for better-classifying disease or tracking disease progression101.  

The third major, but so far least developed, approach for glycoprotein analysis is the intact MS 
approach, which can be further divided into denaturing intact MS (often also termed Top-Down 
MS) and native MS. Top-down MS102 has been used extensively for the analysis of other site-
specific PTMs on proteins, for example, in the analysis of protein phosphorylation, acetylation, 
and methylation103,104. Characterization of glycoproteins by Top-down MS is not yet that well 
established, although some promising studies have been recently reported68. On the other hand, 
in particular, by work from also our laboratory, native MS has already shown great prominence 
in capturing and identifying proteoforms of glycoproteins105,106. By measuring glycoproteins in 
their physiologically more relevant native state (meaning preserving its native conformation, 
including tertiary and quaternary structures), it is possible to reveal information not only about 
glycosylation status, but also about the site occupancy, protein-ligand binding, and protein-protein 
interactions106,107,108. In the following paragraphs, I will briefly describe some of the current 
analytical strategies used in glycomics, glycoproteomics with advanced LC-MS/MS fragmentation 
methods, followed by a description of the native MS approach for the analysis of intact 
glycoproteins and finally I describe a hybrid MS approach for the more detailed analysis of intact 
glycoprotein that I developed and used for much of the work described in my thesis. 

 

22..11  MMaassss  ssppeeccttrroommeettrryy--bbaasseedd  mmeetthhooddss  ffoorr  GGllyyccoommiicc  AAnnaallyyssiiss    

The glycomics methods are used to characterize glycans released from either a selected set or all 
glycoproteins, originating from different cells, tissues, or even whole organisms. MS-based 
profiling of glycans has become a relatively high-throughput method for screening complex glycan 
mixtures and offers a comprehensive view on glycan repertoire in a given sample109. Moreover, 
MS/MS methods such as collision-induced dissociation (CID) are suitable for producing glycan 
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fragment ions that allow the elucidation of the glycan composition and linkages between the 
individual glycan residues110. Therefore, glycan profiling has been frequently used for monitoring 
aberrant glycosylation in diseases, and even applied to relatively large cohort studies111–113. 

Essential techniques for glycomics experiments mainly include strategies for the enzymatic release 
of glycans and glycan derivatization. The most common and effective method for releasing N-
glycans is the enzymatic removal using the peptide-N-glycosidase F (PNGase F) after digesting 
glycoprotein into peptides. PNAGase F is an amidase, which cleaves the glycosidic bond between 
the innermost GlcNAc and asparagine (Asn) residues. PNGase F can efficiently release all kinds 
of high-mannose, complex, and hybrid N-glycans, except the ones containing α1,3-linked core 
fucose moieties114. Alternatively, a similar enzyme, PNGase A from almonds, cleaves N-glycans 
with/without core fucose residues, but the efficiency of PNGase A to release glycans is somewhat 
lower than that of PNGase F. During the deglycosylation reaction, all formerly-glycosylated Asn 
are converted into aspartic acid (Asp) residues through deamidation, inducing an increase in 
peptide mass of 0.98 Da. A larger, more easily detectable, mass shift can be achieved by 18O-
labeling of the resulting Asp using isotopically labeled water, which facilitates the peptide 
assignment and thus identification of the glycosylation site in the database search115. Unlike 
PNGase F and A, endoglycosidases specifically release different types of N-glycans. For example, 
endoglycosidase H (Endo H) is usually used to exclusively release high mannose and hybrid types 
of N-glycans between the innermost GlcNAc residues, leaving a GlcNAc attached to the Asn and 
adding a mass of 203.08 Da to the mass of the peptide backbone. The sequential treatment of 
enzymes with different specificity provides a useful strategy for characterizing complicated 
glycoproteins with multiple N-glycosylation sites. For example, Liwei et al. used this strategy to 
characterize the HIV-1 envelope glycoprotein (Env) containing 26-30 N-linked glycosylation sites 
with multiple types of glycan structures occupying each of these sites116. After the Env protein was 
first digested into peptides, the authors first used Endo H to remove all high mannose and hybrid 
glycans. The remaining peptide mixtures were subsequently treated, in the presence of H2

18O, 
with PNGase F, removing the complex glycans. As a result, each step of enzymatic treatment 
introduced unique mass-shifts to the glycopeptides, which was used to infer glycosylation sites 
that carried no glycans, high mannose/hybrid, and complex types of glycans. 

A very fruitful strategy to tackle certain challenges related to glycan analysis is by using specific 
chemical modifications. Glycans are typically tricky to ionize, important for mass spectrometry, 
due to their hydrophilic characteristics and lack of basic residues amenable to become protonated 
during the electrospray process117. During the ionization process, the high hydrophobicity of 
analytes can ensure efficient droplet desolvation118. In addition to the poor ionization efficiency 
of glycans, the larger glycans are particularly difficult to analyze as they often contain labile fucose 
and sialic acid moieties, which are either lost during sample preparation or MS analysis before 
the ions reach the detector119. Therefore, glycan derivatization has become a common strategy to 
improve the stability and ionization efficiency of glycans during MS analysis. Reductive amination 
is one of the most used glycan labeling strategies for derivatizing glycans at their reducing end. 
This modification improves the ionization efficiency and stability of glycans with labile groups, 
such as sialic acid, allowing for a more reliable glycomic analysis. Methods whereby glycans are 
labeled with 2-aminobenzamide (2-AB) or 2-aminobenzoic (2-AA), for example, have been 
developed and widely used to enhance the analysis of glycans in positive ion MS mode98. These 
labels can be attached to a chromophore or fluorophore to directly monitor and quantify the 
abundance of glycans using fluorescence120 or UV detection121 in HPLC approaches. 
Permethylation is another glycan derivatization approach that can convert negatively charged 
carboxylate residues on the glycans to neutral methyl esters, thereby improving the ionization 
efficiency, especially useful for sialylated glycans when using positive-ion MS mode122. Recent 
advancements in glycan derivatization enabled the differentiation of the α-2,3 and α-2,6 linkages 
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of sialic acid residues. Reiding et al. used therefore 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide (EDC) and 1-hydroxybenzotriazole (HOBt) as activators to ethyl esterify α-2,6-
linked sialic acids and lactonization of α-2,3-linked sialic acids variants to analyze released N-
glycans. Using this approach, they described more than 100 distinct N-glycan compositions with 
varying sialic acid linkages present in human plasma123. 

  

22..22  MMeetthhooddss  ffoorr  GGllyyccooppeeppttiiddee  EEnnrriicchhmmeenntt  aanndd  SSeeppaarraattiioonn    

The standard glycoproteomics experiment involves digestion of protein(s) extracted or purified 
from various biological materials, which generates complex peptide mixtures containing non-
modified and peptides modified by a variety of PTMs. Most of the glycopeptides in these peptide 
mixtures are low abundant compared to the non-modified peptides, and therefore it is quite 
challenging to detect them with MS directly. Moreover, glycopeptides are expected to have 
relatively lower ionization efficiencies, and their MS signal is distributed over many different 
glycoforms, which further complicates their analysis124,125. Therefore, it is often essential to 
efficiently enrich and pre-fractionate glycopeptides prior to MS analysis. There are quite a few 
distinct enrichment and separation strategies. These include several lectin-based enrichment 
methods, hydrophilic interaction liquid chromatography (HILIC), solid-phase extraction 
methods (SPE), azido sugar metabolic labeling approaches, capillary electrophoresis (CE) 
separation, and ion mobility spectrometry (IMS) separation. More generic peptide separation 
approaches, i.e., also used for unmodified peptide analysis, such as in-gel separation and reverse-
phase chromatography (RPLC), are also inevitable parts of peptide-centric glycosylation analysis, 
but those will not be further discussed here. 

Lectin-based enrichment methods have been widely used to enrich both glycoproteins and 
glycopeptides carrying distinct types of N-glycans. Several lectins, such as Aleuria aurantia lectin 
(AAL, specific for fucosylated glycans), concanavalin A (Con A, specific for mannose or glucose-
containing glycans) and wheat germ agglutinin (WGA, specific for glucose or sialic acid-containing 
glycans), have been extensively used to characterize and quantify various glycoforms in complex 
samples126. Due to the ability of lectins to selectively capture specific carbohydrate moieties, 
recent clinical studies used a multi-lectin strategy to enrich specific types of glycans for more 
targeted analysis. Sarah et al. combined AAL and Phaseolus vulgaris erythroagglutinin (PHA-L/E, 
specific for branched glycans) to enrich and separate core-fucosylated and highly-branched 
protein glycoforms in the serum of prostate cancer patients and used this approach to analyze 
changes in glycosylation18. The lectins used in this study were chosen based on the aberrant 
changes of core-fucosylated and highly-branched glycans reported in patients with prostate cancer.  

Multi-lectin approaches can enrich many different types of glycans in complex biological samples. 
However, they are inherently hampered by a bias towards specific glycans. Moreover, the co-
occurrence of fucosylated and branched N-glycans on a protein may influence the PHA-L lectin 
binding95. For example, Di Wu et al. reported that the PHA-L lectin recognizes and binds tri- 
and tetra-antennary N-glycans with multiple fucoses on α-1-acid glycoprotein; however, the same 
fucosylated N-glycans with two and three antennas on haptoglobin attenuated lectin binding95. 
This data indicates that muti-fucosylation decreased PHA-L interactions with less branched N-
glycans. Thus although powerful, lectin-based enrichment can be heavily biased towards the 
enrichment of selected parts of the glycome. 

 

An alternative approach to the lectin-based approaches, which potentially is less biased, uses the 
unique chromatographic properties of glycopeptides. A method that has become very popular 
for glycopeptide enrichment is HILIC,  available through a variety of distinct resins such as 
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cotton127, sepharose128, and zwitterionic stationary phases (ZIC-HILIC)93. HILIC separation 
depends largely on the hydrophilicity and size of the analytes, which allows intact glycopeptides 
with highly hydrophilic glycans to be nicely separated from the more abundant smaller and less 
hydrophilic non-glycopeptides. However, HILIC affinity to the glycopeptide becomes weaker 
when the glycan on the peptide is becoming too long, increasing the risk of losing the glycopeptide 
during enrichment129. Therefore, a combination of different enrichment methods has been 
introduced to improve glycopeptide coverage further. HILIC can be relatively easily coupled with 
other enrichment methods, enabling two-dimensional separation and fractionation. For example, 
Totten et al. combined electrostatic repulsion HILIC with strong anion exchange (SAX) solid-
phase extraction, which significantly boosted the number of identified N-linked glycopeptides 
from human plasma, especially compared to lectin-based and HILIC-based methods19. Over 800 
unique glycopeptides from 95 plasma glycoproteins were reported, making electrostatic repulsion 
HILIC coupled with SAX a very effective strategy for system-wide and site-specific mapping of 
the glycoproteome.  

Another strategy for glycopeptide enrichment integrates chemical and enzymatical reactions. Sun 
et al. designed an up-and-coming method combining solid-phase extraction of N-linked glycans 
with glycosite-containing peptides (NGAG)130. In this chemoenzymatic method, peptides 
obtained by glycoprotein digestion were covalently conjugated to aldehyde-functionalized beads 
followed by sequential chemical and enzymatic reactions to release the glycans. Subsequently, 
glycosite-containing peptides were released from the beads. This NGAG approach allowed for 
the large-scale profiling of glycans, glycosylation sites, and glycoproteins, all combined in a single 
analysis.  

Another strategy developed by the Bertozzi lab combines the metabolic labeling of the 
glycoproteome with chemical enrichment and isotopic recoding of glycopeptides enabling the 
proteome-wide identification of both intact N- and O-glycopeptides131,132. In this approach, 
glycoproteins are tagged by a multifunctional probe using click chemistry and enriched using 
streptavidin-agarose affinity chromatography. Retained glycoproteins are on-bead digested, and 
the generated isotopically recoded glycopeptides are eluted and analyzed by LC-MS/MS. The 
stable isotope tag is utilized in the pattern-searching algorithm to direct MS/MS analysis to only 
isotopically labeled species, which boosts the confidence of the glycopeptide identification. This 
targeted glycopeptide method significantly enhances the number of identified glycopeptides in a 
whole-cell glycoproteome approach. 

The unique physical-chemical properties of glycoproteins can also be utilized for their separation 
based on electrophoretic mobility. Currently, glycoproteins are often separated using capillary 
electrophoresis (CE) coupled with MS (CE-MS). In this way, the sample heterogeneity may be 
reduced, and a detailed analysis of many proteins such as recombinant erythropoietin132, 
haptoglobin, and IgG133 has become feasible. CE separation of glycopeptides and glycoproteins 
occurs in the liquid phase and depends on the charge, size, and shape. For example, CE can 
excel in separating glycopeptides/glycoproteins with the same backbone sequence, but with a 
different number of negatively charged sialic acids133. However, CE approaches also present 
some inherent difficulties, such as the requirement of working with nL sample volumes or 
problems with establishing at the end of the CE capillary a stable electrospray ionization source, 
which have hampered the wider application of CE-MS for large-scale glycoproteomics so far. As 
in CE separations, similar physical-chemical properties of glycoproteins are employed in the 
analysis by IMS coupled to MS (IMS-MS). Recently, IMS-MS has gained traction in many areas 
of proteomics, including glycoproteomics134,135. IMS separation is based on the collision between 
neutral buffer gas molecules and analyte ions in the gas phase, whereby the mobility is affected 
by the shape and charge of the ions136. This mechanism allows for distinguishing glycopeptide 
ions with identical mass but different glycan structures. For example, peptides attaching either a 
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GlcNAc or GalNAc (isobaric isomers) can be separated and detected by IMS-MS137. Advances 
in IMS-MS brought several applications for the detailed structural and site-specific analysis of 
glycopeptides138,139. However, software tools for analyzing IMS-MS glycoproteomics data are 
currently far less mature than those available for proteomics and needs to be further developed. 

To conclude, improvements in MS-based glycoproteomics analyses enable us to simultaneously 
obtain glycosylation sites and associated glycoforms for exploring glycan functions, not only in 
different body fluids but also on the surface of various cells. Although a common caveat of any 
glycoproteomic experiment is that there is no universal or ideal enrichment method19, ZIC-
HILIC, with its features as convenience and speed, is still one of the most used methods for high-
throughput glycoproteomic studies. 

 

22..33  TTaannddeemm  MMSS  MMeetthhooddss  ttaarrggeettiinngg  ggllyyccooppeeppttiiddeess  

Mass spectrometers cannot only measure the mass of intact glycopeptide ions (MS1 level) but 
also fragment ions thereof (MS2 level), produced by a variety of tandem MS methods (MS/MS). 
Acquired MS/MS spectra are used in a database search, providing identification of the 
glycoprotein they originated from, the peptide sequence information, the glycan compositions, 
and the site localization of the PTMs. Here I will describe in brief the different tandem MS 
methods that have been applied most frequently to characterize intact glycopeptides. 

Low energy collision-induced dissociation (CID) is still the most commonly used MS 
fragmentation technique. In CID, precursor ions collide with gas molecules (helium, nitrogen, or 
argon) multiple times in the gas phase. Theses collisions increase the internal energy of the ions 
sufficiently to break the (weaker) amide bonds (C-N bonds) of the peptide backbone, resulting in 
a series of b (N-terminal fragments) and y fragment ions (C-terminal fragments)140. However, 
during the collision of intact glycopeptides, the glycan moieties compete with the amide bonds of 
the peptide backbone for the preferred site of protonation and thus also preferred sites of 
fragmentation. These fragmentation events lead to cleavage of glycosidic linkages of glycopeptides 
and production of glycan ion series, which are called B (glycan attached to N-terminal fragment) 
and Y (glycan attached to C-terminal fragment) fragment ions141. Although B and Y ions can 
provide structural information on the glycans, the lack of peptide fragment ions may cause 
difficulties in identifying the peptide sequence of the fragmented glycopeptides. A related 
fragmentation technique termed higher-energy collisional dissociation (HCD) also produces b 
and y fragment ions being, in principle, very similar to CID. Nevertheless, compared to CID, 
HCD increases the efficiency of dissociating the glycopeptide backbone while preserving the 
attached glycan142. HCD is mostly performed in Orbitrap-based mass analyzers, while CID is 
normally performed in ion traps, which is often limited by the “one-third rule”143, resulting in the 
low trapping efficiency of the low m/z range ions. Although HCD can produce more peptide 
fragment ions than CID, B and Y are still in abundance predominantly observed ions in HCD 
MS/MS spectra due to the facile neutral loss of the glycan moiety144. The neutral loss issues 
occurring for labile PTMs during both CID and HCD fragmentation initiated the development 
of alternative types of fragmentation methods. Electron-based methods, electron-capture 
dissociation (ECD)145, and electron transfer dissociation (ETD)146, have been introduced and 
brought about major advancements in the MS field in the last years. Although quite similar, there 
are some differences between the fragmentation mechanism of ECD and ETD. ECD proceeds 
via the direct capture of low energy electrons by multiply protonated ions145. ETD proceeds via 
ion-ion reactions between radical anions (as electron donor) and peptide cation inside an ion trap. 
These ion-ion reactions lead to the transfer of electron to the peptide cation, forming a peptide 
ion radical. In both cases, the electron capture/transfer leads to peptide cation radicals with much 
internal energy making them somewhat unstable. They, therefore, quickly fragment, primarily 
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through the scission of N-Cα bonds. These fragmentations of the peptide backbone produce 
distinctive fragment ions, notably mostly c (N-terminal fragment)  and z (C-terminal fragment)  
ions. Specific targeting the peptide backbone is a significant advantage of ECD/ETD over 
CID/HCD, especially for glycopeptides, since it reduces glycosidic bond cleavage and retains 
intact glycan moieties on the peptide. Therefore, ECD/ETD spectra contain often more precise 
information on the glycosylation sites of glycopeptides. Although both ECD and ETD have been 
successfully applied to glycopeptide characterization142,147,148, they are still not the most 
prominent approaches for intact glycopeptide characterization. In the case of ECD, it could till 
recently only be used on high-cost Fourier Transform-Ion Cyclotron Resonance (FT-ICR) MS149, 
albeit its capabilities have recently evaluated by incorporating ECD into a benchtop Orbitrap Q 
Exactive MS142. In contrast, ETD is available in somewhat lower-cost mass analyzers such as ion 
trap or Orbitrap. A major limitation of these electron induced fragmentations lies in their relative 
poor dissociation efficiency, especially for low charged precursors, notably also glycopeptides143. 
Overall, all commonly used fragmentation methods for intact glycopeptide analysis, including 
CID, HCD, ECD, and ETD have their pros and cons. Therefore, combining different 
fragmentation mechanisms seems to be an ideal step forward in achieving a better analysis of 
intact glycopeptides. These so-called hybrid fragmentation methods can be divided into 1) 
combined different glycopeptide fragmentation methods, such as HCD/CID with ETD (EThcD, 
ETciD)150,  2) product ion-dependent triggered methods such as HCD product ion-dependent 
EThcD (HCD-pd-EThcD)151,152, and 3) combined different HCD collision energies (stepped 
HCD)153. 

EThcD is a cutting-edge hybrid fragmentation method, integrating HCD and ETD, which 
generates MS/MS spectra containing fragment ions induced by both methods. This approach has 
been demonstrated as a significant advancement in glycopeptide identification154. Due to low 
ETD efficiency, ETD MS/MS spectra contain unfragmented and charge-reduced precursor ions. 
The presence of this highly abundant precursor ion could be an inspiration to develop a two-fold 
fragmentation strategy where these precursor ions can be further subjected to collisional activation 
in the HCD cell. This supplemental energy for ETD reactions increases the efficiency of ETD 
fragmentation and provides in addition to c and z ions, b, and y type ions. One issue of applying 
EThcD is that its speed is relatively slower compared to especially when HCD fragmentation is 
used alone. Therefore, the mass spectrometer spends more time on fragmenting non-
glycopeptides in the complex samples, which results in lower glycopeptide identification. 

The great versatility of new hybrid mass spectrometers offers a solution to this issue, as these 
instruments allow not only combing different fragmentation mechanisms but also their targeted 
use during the MS experiment. As mentioned above, glycopeptide HCD MS/MS spectra provide 
many diagnostic oxonium ions, such as m/z 204.087 (HexNAc), 163.06 (Hex), 292.10 (Neu5Ac) 
and 366.14 (HexNAc-Hex), which may serve to confirm that the precursor ion is a glycopeptide. 
Moreover, these abundant oxonium ions can be utilized for using product-dependent triggered 
fragmentation methods. In such workflows, fast HCD or CID MS/MS are set as primary 
fragmentation events throughout the whole MS run, and slow hybrid MS/MS events are triggered 
only at the moment the specific oxonium ions are detected in the prior fast MS/MS event. Such 
smart algorithms provide better time-management helping the mass spectrometer to spent more 
analysis time on the glycopeptides of interest, thereby largely increasing the chance of detecting 
low abundant glycopeptides in complex peptide mixtures. In this manner, HCD-pd-EThcD 
method has become one of the most potent fragmentation strategies for large scale glycopeptide 
studies152. 

Another example of a hybrid fragmentation approach is stepped HCD, where a precursor ion is 
fragmented by multiple collision energies (typically three different energies from low to high). 
Higher HCD collision energies provide better peptide backbone fragments (b and y ions), while 
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lower collision energies facilitate producing glycan fragments (B and Y ions)155. All fragment ions 
acquired from different collision energies can be merged into one more informative MS/MS 
spectrum, which significantly improves the large scale glycoproteome analysis156.  

To summarize (FFiigguurree  44), the development of these fragmentation methods, especially for the 
stepped HCD and the HCD-pd-EThcD have been widely used for the in-depth glycosylation 
sites mapping and intact glycopeptides identification in complicated biological samples156.        

   

 

 

FFiigguurree  44.. Overview of frequently used MS/MS fragmentation methods to analyze glycopeptides. 
B (N-terminal)and Y (C-terminal) types ions are glycopeptide ions, resulting from the sequential 
neutral losses of terminal monosaccharides. b,c (N-terminal) and y,z (C-terminal) ions are peptide 
backbone fragment ions. Figure adapted with permission from157 

22..44  IInnttaacctt  aanndd  HHyybbrriidd  MMSS  mmeetthhooddss  ffoorr  GGllyyccoopprrootteeiinn  AAnnaallyyssiiss    

Up to date, most of the glycoprotein characterization studies have been based on peptide-centric 
methods as described earlier, which are primarily targeted at the high-throughput analysis of 
complex protein mixtures, reaching the level of the entire cellular or tissue glycome or 
glycoproteome. These methods can also be used to analyze in-depth a single glycoprotein, 
providing a landscape of glycan composition, glycosylation site, and peptide sequence. Although 
peptide-centric MS approaches have been widely adopted and represent a powerful toolbox for 
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glycoprotein characterization, the analysis of glycoproteins at the peptide level also has some 
limitations. The analysis of glycoproteins by cutting them into small glycopeptides represents an 
obvious approximation, and some important information on the whole protein may be easily 
necessarily lost. For instance, glycosylation may be involved in intramolecular PTM interplay or 
depend on the co-existence of some other structural features, which cannot be preserved due to 
the protein-destructive nature of peptide-centric approaches. Another well-known problem in 
peptide-centric approaches is the observed facile loss of labile glycans such as sialic acids, which 
can lead to a bias in the determination of the protein sialylation levels. Furthermore, identifying 
various specific peptide modifications relies heavily on the parameters, which are manually set by 
the user in the search software, i.e., if a certain modification is not searched for, it will not be 
found. Therefore, unexpected modifications, sequence variants, or mutations can easily be 
omitted and left unnoticed.  

Some of the limitations of peptide-centric approaches may be overcome by protein-centric 
methods such as top-down MS and native MS analysis. These methods directly analyze 
glycoproteins by MS, circumventing digestion. With protein-centric approaches, it is possible to 
capture and characterize proteoforms of glycoproteins and directly access PTMs in the context 
of their entire structure, including the stoichiometry of (glyco)protein complexes. Such analysis, 
applied to an intact glycoprotein, provides unique information giving an overview of the type, 
abundance, and extend of glycosylation. When the analysis is performed either under denaturing 
or native conditions, the acquired peak series in the MS spectra of the intact glycoproteins exhibit 
a coherent nature and can be considered as the complete information about the glycoprotein 
heterogeneity. Observed mass differences between detected peaks can be typically attributed to 
the proteoforms differing from each other by specific PTMs, amino acids, ligands, metal ions, or 
other modifications. Therefore, such intact glycoprotein data has a high discovery potential since 
full annotation of the intact MS spectra may reveal unknown or unexpected modifications, 
sequence variants, mutations, or other structural features that are more difficult or even 
impossible to be captured by peptide-centric approaches.  

As mentioned before, the intact MS analysis of glycoproteins can be classified based on the 
conditions under which the protein samples are introduced into the mass spectrometer. Top-
down MS analysis is usually performed in combination with LC or CE, which requires using MS-
compatible buffers containing water, organic solvent, and acid to enhance the protein solubility, 
desolvation, and ionization during the ESI process. Although top-down MS analysis still needs 
substantial advancements, recent studies have demonstrated its ability to access the complexity of 
heterogenous therapeutics158,159 and other complicated protein assemblies. For example, Nagel 
et al. applied a top-down MS approach to characterize sequence polymorphisms and 
glycosylation patterns of fibrinogen purified from human plasma160. Moreover, top-down MS, 
coupled online with LC, has proven to be successful in the unambiguous identification of 
hundreds of proteins and proteoforms with a molecular weight below 30k Da extracted from cell 
lysates161. However, such analyses are still more complicated when considering the 
glycoproteome mainly due to the problematic data interpretation of glycoprotein mixtures, 
inefficient separations of glycoproteoforms, and limitations related to the MS measurements 
restricted to mass range within 5-50 kDa162. 

Denaturing conditions used in top-down MS analysis inevitably disrupt protein higher-order 
structure, induce unfolding, loss of oligomeric states, and non-covalent interactions. Native MS 
analysis can prevent loss of this specific information as the proteins are analyzed under more 
physiological conditions. Therefore, native MS can simultaneously provide data on the function, 
stoichiometry, protein-ligand binding, and protein-protein interactions. One of the crucial 
requirements for native MS is to maintain proteins in their native-like conformations while they 
are being injected into the mass spectrometer via the ESI process. In most cases, ionizing the 
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proteins is performed from a volatile aqueous ammonium acetate buffer at physiological pH. 
This process allows analytes to be retained in their folded states and keeps some chargeable sites 
buried inside the protein structure. As a consequence, the ionized proteins take up fewer charges 
than under denaturing conditions, shifting the charge state envelop toward a higher m/z mass 
region. The reduced charge state of the analyte provides a larger space between adjacent charge 
states, which is particularly useful for characterizing glycoproteins with multiple glycosylation sites 
and heterogeneous glycans. As illustrated in FFiigguurree  55aa, under denaturing conditions, all the signal 
ions contain a high number of charges centering them to a relatively low m/z region in a narrow 
m/z window. Unfortunately, these overlapping charge states are difficult or impossible to resolve. 
On the other hand, the native MS spectrum shows the same ion series in a higher m/z region due 
to their reduced charge states, which enables their separation and resolves mass differences 
induced by PTMs. Such high resolving power has become available with the advent of high-
resolution mass spectrometers such as the Orbitrap EMR (extended mass range)163 and UHMR 
(ultra-high mass resolution)164,165. With these new technologies, native MS has started to be 
applied in the field of glycoprotein therapeutics. For example, Caval et al. demonstrated that high-
resolution native MS could characterize dozens of glycoengineered variants of EPO in a fast, 
sensitive, and reproducible manner105. Native MS also started to meet the demand for reliable 
and accurate qualitative and quantitative analysis of monoclonal IgG glycoproteoforms166,167,168. 

Like any other method, also native MS has drawbacks. One of the major concerns is to keep the 
structure of proteins in their native conformations throughout the entire process of sample 
handling, including purification, fractionation (if applied), and final steps conducted during the 
sample preparation protocol for native MS169. Despite many improvements toward automating 
and making native MS more “user-friendly,” it remains somewhat a low-throughput method 
requiring a well-trained operator. Expert care is also required to handle data processing and 
interpretation. In this regard, academia and industry have invested much effort into the 
development of software for data analysis170,171,172, albeit usage of these tools still requires manual 
inspection and human judgment. For example, relative quantification of proteoforms has to be 
done very carefully due to the inconsistent intensity distribution of signals corresponding to 
proteoforms among different charge states. (FFiigguurree  55bb). This is likely due to ionization bias caused 
by the different ability of glycoforms to take on charges173. Therefore, conventional 
deconvolution algorithms often have problems with these data and generate incorrect output, 
which can lead to misleading conclusions. Nevertheless, native MS is becoming a widely accepted 
method for product characterization in pharmaceutical companies, and further development will 
lead to the utilization of native MS not only for research but also for quality control of protein-
based drugs and diagnostics. 

Since both peptide- and protein-centric methods have their limitations in analyzing protein 
glycosylation, hybrid MS approaches combining different MS methods are gaining popularity for 
glycoprotein characterization (FFiigguurree  66). Compelling integrative workflow, combining peptide-
centric MS and high-resolution native MS, has been introduced for comprehensive and unbiased 
characterization of single glycoproteins. The integration of these two different MS concepts 
enabled detailed site-specific characterization of glycoprotein proteoforms, including their full 
quantitative profile displayed in a single native spectrum174. This approach has been applied for 
in-depth characterization of therapeutic proteins175,105 and protein complexes from various 
biological sources176, including human serum177,178,179. However, the challenge still lies in the 
complexity of glycoproteins having heterogeneous glycoproteoforms, containing both N- and O-
linked glycans on multiple glycosites. Glycans with similar masses generate overlapping signal 
peaks of co-occurring glycoproteoforms in the native MS spectra. Therefore, intact proteins need 
to be usually treated with different glycoside hydrolases such as sialidase, galactosidase, or 
PNGase F, to reduce glycosylation heterogeneity. As an example, removing sialic acid reduces 
the complexity of the native MS spectra. This step is particularly essential to discern between 
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double fucosylation and sialylation since they have similar masses (i. e. 291.1 and 292.1 Da, 
respectively). In an illustrative study of Wohlschlager et al., the authors tackled the complexity of 
the fusion protein Etanercept (ETN) (Enbrel®) by combining native MS and a sophisticated 
strategy of enzymatic digestions175. ETN consists of two copies of the tumor necrosis factor-alpha 
receptor (TNFR) and the Fc portion of human IgG1. This biopharmaceutical, which can be used 
to treat autoimmune diseases, contains four N-glycosylation sites and 26 O-glycosylation sites in 
its dimeric TNFR domain, and two N-glycosylation sites in the IgG Fc portion. First, the protein 
backbone was simplified by applying the protease IdeS cleaving ETN at the hinge region, which 
allowed analysis of the N-glycosylation of TNFR and Fc domains independently. Next, the 
glycosylation heterogeneity was reduced by using sialidase, PNGase F, and O-glycosidase. 
Eventually, the authors performed bottom-up MS analysis and integrated all data to achieve a full 
characterization of this extremely complex glycoprotein.  

Since top-down MS can provide sequence information by conducting MS/MS, it is tempting to 
combine it with native MS in a similar fashion as was done for combined bottom-up and native 
MS approach. Although top-down MS has not yet been established for glycoprotein analysis, 
there are some recent studies in the literature, which demonstrated the potential of top-down MS 
to tackle the complexity of protein complexes103 or even protein mixtures104. One successful 
example of integrating top-down MS and native MS for analysis of glycoprotein haptoglobin 
demonstrates the current boundaries of this strategy68. In this work, the authors revealed 
remarkable integrity between the two advanced MS approaches, which contributed to discovering 
subtle differences in glycosylation patterns between different haptoglobin oligomers purified from 
blood serum of healthy individuals. Interestingly, the data showed that the composition of N-
glycans on haptoglobin seems to be dependent on higher-order structure and haptoglobin 
genotype, which affect binding properties of haptoglobin to hemoglobin. Native MS analysis 
provided accurate Mw measurements of haptoglobin complexes covering broad m/z range from 
5000 to 12,000, whereas top-down MS/MS coupled online with HILIC LC complemented the 
native MS data with detailed quantitative site-specific glycosylation profiles of all haptoglobin 
subunits. 

To summarize, hybrid approaches for intact glycoprotein characterization, using different MS 
methods, chromatographic separation, ion mobility, and other state-of-the-art analytical methods 
touched upon in this thesis represent some future strategies and directions taken to characterize 
glycoproteins. Deep understanding of currently available MS concepts and knowledge of their 
capabilities drive the development toward their more efficient integration. Peptide-centric MS 
can identify glycan compositions and localize glycosylation sites on the glycoprotein. Top-down 
MS analysis can separate proteoforms and provide compositional information of glycans on the 
protein or protein-subunit level. Native MS appears to be very useful in revealing the overall 
glycoform profile of glycoproteins, including other PTMs and modifications. In the current state, 
bioinformatics tools to integrate and interpret data generated from different MS approaches need 
to be further developed, which will allow broader application of these methods. Also, it is 
important to improve protein separation methods suitable for MS coupling, which will resolve 
the sample heterogeneity and steer both native MS and top-down MS to proteome level. In 
conclusion, I am convinced that hybrid MS approaches offer a promising future for both large-
scale and in-depth characterization of glycoprotein and glycoproteome, as I also hope to 
demonstrate in the remainder of this thesis. 
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FFiigguurree  55..  SSttrruuccttuurraall  hheetteerrooggeenneeiittyy  ooff  aa  ggllyyccoopprrootteeiinn  mmeeaassuurreedd  bbyy  mmaassss  ssppeeccttrroommeettrryy..  (a) High 
heterogeneity in protein glycosylation results in an extremely congested mass spectrum under 
denaturing conditions, whereas the signal peaks can be better separated and mass resolved in the 
mass spectrum under native condition. (b) The puzzle represents a glycoprotein with two 
glycosylation sites, which are indicated by pinheads colored in purple. Each glycosylation site 
may contain various proteoforms, of which a few are indicated by the three pinheads colored in 
blue, red, and green. The inset shows a close-up view of the ion signals of these three color-
coded proteoforms, which have different charge state distributions. Such proteoform profiles 
may lead to misassignment of charges when deconvoluting the spectrum. Figure is adapted with 
permission from180,173. 
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FFiigguurree  66..  OOvveerrvviieeww  ooff  hhyybbrriidd  mmaassss  ssppeeccttrroommeettrryy  ((MMSS))  bbaasseedd  aapppprrooaacchheess  ffoorr  tthhee  cchhaarraacctteerriizzaattiioonn  
ooff  ggllyyccoopprrootteeiinnss..  On top of the figure is a typical structure of a glycoprotein, which contains five 
N-glycosylation sites. Moreover, this glycoprotein potentially forms oligomeric higher-order 
assemblies (monomer and heteromer). (A) Top-down MS approach under denaturing condition 
can be applied to sequence the different proteoforms, with the aim to preserve the site-specific 
information of the intact glycans. (B) Native MS approach under nondenaturing conditions allows 
the investigation of the protein higher-order structure and provides information on the overall 
glycan combinations for each proteoform. (C) Glycopeptide analysis can be used to study site-
specific glycosylation patterns quantitatively. (D) The released glycan approach can provide 
detailed structural information of the N-glycans.   
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Abstract 

Fetuin, also known as Alpha-2-Heremans Schmid Glycoprotein (AHSG), belongs to some of 

the most abundant glycoproteins secreted into the bloodstream. In blood, fetuins exhibit 

functions as carriers of metals and small molecules. Bovine fetuin, which harbors 3 N-

glycosylation sites and a suggested half a dozen O-glycosylation sites, has been often used as a 

model glycoprotein to test novel analytical workflows in glycoproteomics. Here we 

characterize and compare fetuin in depth, using protein from three different biological sources; 

human serum, bovine serum and recombinant human fetuin expressed in HEK-293 cells, with 

the aim to elucidate similarities and differences between these proteins and the post-

translational modifications they harbor. Combining data from high-resolution native mass 

spectrometry and glycopeptide centric LC-MS analysis, we qualitatively and quantitatively 

gather information on fetuin protein maturation, N-glycosylation, O-glycosylation, and 

phosphorylation. We provide direct experimental evidence that both the human serum and part 

of recombinant proteins are processed into two chains (A and B) connected by a single inter-

chain disulfide bridge, whereas bovine fetuin remains a single chain protein. Although two N-

glycosylation sites, one O-glycosylation site, and a phosphorylation site are conserved from 

bovine to human, the stoichiometry of the modifications and the specific glycoforms they 

harbor are quite distinct.  Comparing serum and recombinant human fetuin, we observe that the 

serum protein harbors a much simpler proteoform profile, indicating that the recombinant 

protein is not ideally engineered to mimic human serum fetuin. Comparing the proteoform 

profile and post-translational modifications of human and bovine serum fetuin, we observe that 

although the gene-structure of these two proteins are alike, they represent quite distinct proteins 

when their glycoproteoform profile is also taken into consideration. 

 

Keywords:  fetuin / alpha-2-HS glycoprotein / glycoprotein / serum proteins / native mass 

spectrometry / glycopeptides / proteoforms / hybrid mass spectrometry / N-glycosylation / O-

glycosylation 
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Introduction  

The fetuins are a group of related proteins belonging to the cystatin superfamily. These 

multifunctional proteins were decades ago already identified in various mammals including 

humans1,2. Fetuin was discovered in 1944 by Kai Pedersen in fetal calf serum3. There has been 

some initial confusion related to the fetuin naming, which led to the mixed use of the name 

alpha-2-HS glycoprotein in some species and fetuin in others. Since 1990 bovine fetuin and 

human alpha-2-HS glycoprotein have been considered as species homologs4. Here, for the 

naming we follow the recommendation by Brown et al. 1992 and use the name “fetuin” for 

both human fetuin (hFet) and bovine fetuin (bFet)5. Fetuins are known for their complicated 

heterogeneous structure and many reported discrepancies related to their putative biological 

functions. Despite years of research, the biological function of fetuins and a true understanding 

of their biological importance is still unclear. Some consensus has been found in the role of 

hFet in calcium metabolism6,7 and insulin signaling8. hFet is also extensively studied for its 

potential relevance as a metabolic biomarker9,10. Increased levels of hFet have been linked to 

higher risk of cardiovascular disease (CVD) and incident type 2 diabetes (T2DM) 11,12. However, 

there are several obstacles preventing the use of hFet as a biomarker for those and any other 

diseases. These include for example, a lack of reference values, inconsistent values from 

various commercial enzyme-linked immunosorbent assays (ELISA) and the unknown effect of 

PTMs on hFet clinical measurements13. One source of confusion may also originate from some 

in vitro studies, where recombinant human fetuin was used14,15. Serum hFet is predominantly 

synthesized in the liver, where its N-glycosylation pattern originates16. The glycosylation 

machinery is species specific and thus proteins produced by different expression systems 

provide products with distinct glycosylation patterns17–19. Recombinant human fetuin (rhFet) 

synthesized in human embryonic kidney cells (HEK-293) is often applied for antibody 

validation, ELISA assays, immunoprecipitation or protein functional assays. Therefore, we 

included this rhFet into our study to investigate potential structural differences between serum 

derived hFet and recombinant rhFet.                

All described fetuins are glycoproteins and especially the glycosylation profile of bFet is well 

documented in the literature20,21. For that reason, bFet has also been widely used as a standard 

glycoprotein for method development in glycoproteomics. Posttranslational modifications 

(PTMs) on hFet have been less described and even the primary structure of mature hFet is 

somehow elusive. Amino acid sequence alignment of hFet and bFet shows a relatively high 

sequence similarity (~70%) suggesting a high degree of similarity (Supplementary Figure 1). 

Also, fetuins from other mammalian species reflect a high sequence conservation showing 60-

70% homology at the amino acid level and 80-90% homology at the cDNA level5. Nevertheless, 

mature hFet harbors some unique features, as it is present in serum in the form of two chains 
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connected to each other by a single inter-chain disulfide bridge while other fetuins, including 

bFet, are found in serum in a single-chain form22. PTMs of proteins, in general, play an 

important role in regulating their structure, function, and interactions23,24. Regarding hFet and 

bFet, the published data document the presence of N- and O-glycosylation sites and a few 

phosphosites25,26. Although the type of modifications is alike in both proteins, the number, 

structures, and distribution on their primary structure is distinct. The O-glycosylation sites are 

less conserved than the N-glycosylation sites4. Additionally, the number of reported 

phosphosites on bFet is higher in comparison to hFet20,25. Differences in the structure of N-

linked glycans released from fetuins isolated from various biological sources are well 

documented5. These findings supported the concept of species specificity of N-glycan structure 

in glycoproteins from different species27,28. In this work, we follow up these earlier studies and 

extend them by an in-depth site-specific characterization of fetuins from three different 

biological sources using state-of-art hybrid mass spectrometry (MS) approaches. In our earlier 

works, we showed a great utility of combining high-resolution MS and peptide-centric MS for 

comprehensive and unbiased analysis of blood serum protein PTMs29,30,31. Here we aim to 

provide detailed information illustrating the differences between hFet, bFet and rhFet, with an 

emphasis on their primary structure and PTMs. Our data provide new evidence for 

posttranslational events occurring on the three fetuins and show how alike gene products 

synthesized in various species can mature into very different molecules with potentially 

different functions. 

Material and methods 

Chemicals and materials. 

hFet (Alpha-2-HS glycoprotein; Uniprot Code: P02765), bFet (Bovine fetuin; Uniprot Code: 

P12763) and rhFet (Recombinant Alpha-2-HS glycoprotein expressed in HEK293 cells), 

dithiothreitol (DTT), iodoacetamide (IAA), trifluoroacetic acid (TFA), ammonium bicarbonate 

(ABC) and ammonium acetate (AMAC) were purchased from Sigma-Aldrich (Steinheim, 

Germany). Acetonitrile was purchased from Biosolve (Valkenswaard, The Netherlands). 

Sequencing grade trypsin was obtained from Promega (Madison, WI). Gluc-C, Lys-C, 

PNGaseF32, and Sialidase were obtained from Roche (Indianapolis, USA). Alkaline 

phosphatase was purchased from New England Biolabs (Ipswich, MA). 

 

Sample preparation for native MS 

Unprocessed hFet, bFet and rhFet in deionized water, containing 25-30 µg of the protein, were 

buffer exchanged into 150 mM aqueous ammonium acetate (AMAC) (pH 7.2) by ultrafiltration 
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(vivaspin500, Sartorius Stedim Biotech, Germany) with a 10 kDa cut-off filter. The protein 

concentration was measured by UV absorbance at 280 nm and adjusted to 2-3 µM prior to 

native MS analysis. The enzyme PNGase was used to remove the N-glycans of the fetuins and 

sialidase was used to cleave sialic acid residues32. Alkaline phosphatase was used for the 

removal of phosphate groups. DTT (4 mM) was used to reduce the disulfide bonds between the 

A chain and B chain in hFet. All samples for different treatments were buffer exchanged to 150 

mM AMAC (pH 7.2) prior to native MS analysis. 

Native MS analysis of hFet, bFet and rhFet 

Samples were analyzed on a modified Exactive Plus Orbitrap instrument with extended mass 

range (EMR) (Thermo Fisher Scientific, Bremen) using a standard m/z range of 500-10,000, as 

described in detail previously33. The voltage offsets on the transport multi-poles and ion lenses 

were manually tuned to achieve optimal transmission of protein ions at elevated m/z. Nitrogen 

was used in the HCD cell at a gas pressure of 6-8 × 10-10 bar. The MS parameters were used 

typically: spray voltage 1.2-1.3 V, source fragmentation 30 V, source temperature 250 °C, 

collision energy 30 V, and resolution (at m/z 200) 17,500. The mass spectrometer was calibrated 

using CsI clusters as described previously33. 

 

Native MS data analysis 

The accurate masses of observed hFet, bFet, and rhFet proteoforms were extracted by 

deconvoluting the ESI spectrum to zero-charge spectrum using Intact Mass software by Protein 

Metrics in ver. 1.534. For PTM composition analysis, data was processed manually and glycan 

structures were deduced on the basis of known biosynthetic pathways. The average masses 

were used for these calculations, including hexose/mannose/galactose (Hex/Man/Gal, 162.1424 

Da), N-acetylhexosamine/N-acetylglucosamine (HexNAc/GlcNAc, 203.1950 Da), 

deoxyhexose (dHex, 146.1430 Da), N-acetylneuraminic acid (Neu5Ac, 291.2579 Da and 

phosphorylation (Pho 79.9799 Da). All used symbols and text nomenclature are based on the 

recommendation of the Consortium for Functional Glycomics35. 

 

In-solution digestion for peptide-centric proteomics 

All proteins (bFet, hFet, and rhFet) were reconstituted in 50 mM ABC at a concentration of 1 

mg/mL, then reduced with 4 mM DTT at 56 °C for 30 min and alkylated with 8 mM IAA at 

room temperature for 30 min in the dark. bFet was digested for 3 h with Glu-C at an enzyme-

to-protein-ratio of 1:75 (w/w) at 37 °C and the resulted peptide mixtures were further treated 
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by using trypsin (1:100; w/w). hFet and rhFet were digested for 3 h with Lys-C at an enzyme-

to-protein-ratio of 1:75 (w/w) at 37 °C and the resulted peptide mixtures were further treated 

by using Glu-C (1:100; w/w). All proteolytic digests containing modified glycopeptides were 

desalted by using GELoader tips filled with POROS Oligo R3 50 µm particles, dried, and 

reconstituted in 20 µL of 0.1% FA prior to liquid chromatography (LC)-MS and MS/MS 

analysis36. 

 

Figure 1. Deconvoluted zero-charge mass spectra of (a) hFet, (b) bFet and (c) rhFet. The zoom-
ins on the right depict the most abundant peaks in the spectra to more clearly show the observed 
mass differences in each spectrum that originated mainly from distinct glycan moieties. The 
presence of a third N-glycosylation site in bFet increases the molecular weight and glycan 
heterogeneity of bFet compared to that of hFet. In (c), all proteoforms of rhFet are present in 
pairs, due to the co-occurrence of proteoforms with and without Arginine, making the spectrum 
twice as complex as that of hFet. The glycan nomenclature used is indicated at the bottom. 

 

LC-MS and MS/MS analysis 

All peptides generated from fetuin (typically 300 fmol) were separated and analyzed using an 

Agilent 1290 Infinity HPLC system (Agilent Technologies, Waldbronn, Germany ) coupled 

on-line to an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, Bremen, 

Germany). Reversed-phase separation was accomplished using a 100 µm inner diameter 2 cm 

trap column (in-house packed with ReproSil-Pur C18-AQ, 3 µm) (Dr. Maisch GmbH, 

Ammerbuch-Entringen, Germany) coupled to a 50 µm inner diameter 50 cm analytical column 

(in-house packed with Poroshell 120 EC-C18, 2.7 µm) (Agilent Technologies, Amstelveen, 

The Netherlands). Mobile-phase solvent A consisted of 0.1% formic acid in water, and mobile-
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phase solvent B consisted of 0.1% formic acid in acetonitrile. The flow rate was set to 300 

nL/min. A 45 min gradient was used as follows: 0-5 min, 100% solvent A; 13-44% solvent B 

within 20 min; 44-100% solvent B within 3 min; 100% solvent B for 1 min; 100% solvent A 

for 17 min. For the MS scan, the mass range was set from 375-1500 m/z at a resolution of 

120,000 and the AGC target was to 4×105.  For the MS/MS measurements, both higher-energy 

collision dissociation (HCD), and electron-transfer combined with higher-energy collision 

dissociation (EThcD) were used and performed with normalized collision energy of 35%.  For 

the MS/MS scan, the mass range was set from 125-2000 m/z; the AGC target was set to 5×104. 

The precursor isolation width was 1.6 Da, and the maximum injection time was set to 200 ms. 

 

LC-MS and MS/MS data analysis 

The raw data files were processed using Proteome Discoverer 2.2 software (Thermo Fisher 

Scientific) (PD 2.2) equipped with the Byonic software node (Protein Metrics Inc.)37. The 

following parameters were used for data searches in Byonic: precursor ion mass tolerance, 10 

ppm; product ion mass tolerance, 20 ppm; fixed modification, Cys carbamidomethyl; variable 

modification: Met oxidation, STY phosphorylation, and both N- and O- glycosylation from 

mammalian glycan databases; the allowed number of peptide miss-cleavages was set to 3. The 

protein database used contained the hFet (Uniprot Code: P02765) or bFet (Uniprot Code: 

P12763) amino acid sequences. Site-specific quantification of the fetuins PTMs was performed 

as follows. Each peptide that contains PTM sites was normalized individually so that the sum 

of all its proteoform areas was set to 100%. The average peptide ratios from all measurements 

were taken as a final estimation of the abundance. The XICs were obtained using the software 

Thermo Proteome Discoverer 2.2.0.388. The glycan structures of each glycoform were 

manually annotated. Hereby reported glycan structures are depicted without the linkage type of 

the glycan units since the acquired MS/MS patterns do not provide such information.   

 

Combining native MS and peptide-centric proteomic data 

Validation of the obtained proteoform profiles of all three fetuins was assessed by an integrative 

approach combining the native MS data with the peptide-centric proteomics data. This 

approach has been described in detail previously29. Briefly, in silico data construction of the 

“intact protein spectra” was performed based on the masses and relative abundances of all site-

specific PTMs derived from the peptide-centric analysis. Subsequently, the constructed spectra 

were compared to the experimental native MS spectra of the fetuins. The similarity between 

the two independent data sets (Native MS spectra and constructed spectra based on peptide-
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centric data) was expressed by a Pearson correlation factor. All R scripts used for the spectra 

simulation are available at github (https://github.com/Yang0014/glycoNativeMS). 

 

Results 

Native MS reveals remarkable differences in structural heterogeneity among hFet, bFet 

and rhFet 

We started our investigation by acquiring high-resolution native ESI-MS spectra of hFet, bFet 

and rhFet. Even at first glance, deconvoluted zero-charge spectra show remarkable differences 

among these three samples (Fig. 1). When recording the full proteoform profile of intact hFet 

by native MS, more than 30 peaks could be based-line resolved. This number is in pronounced 

contrast to the number of detected peaks in the native MS spectra of bFet (>40 peaks) and rhFet 

(>50 peaks). According to literature, the molecular heterogeneity of fetuins is mainly caused 

by N-glycosylation and O-glycosylation. Indeed, the observed mass differences among the 

most abundant peaks in all three native spectra of the fetuins correspond to the presence of 

glycans. Nevertheless, a closer look at the proteoform profiles reveals some other less expected 

structural variants. The heterogeneity of bFet native spectrum is significantly enriched by the 

presence of many lower intense peaks indicating the attachment of phosphate moieties (+80 Da) 

(Fig. 1b). The most complicated proteoform profile among all three samples can be observed 

for rhFet (Fig. 1c). Interestingly, many proteoform signals in rhFet co-exist in pairs differing 

from each other by a mass of 156 Da. This is likely due to the mass increment of Arginine, 

which will be discussed later.  

Due to the high complexity of the data, we decided to focus on the full annotation of the native 

MS spectrum of hFet, and here refer to bFet or rhFet only in specific cases, also as the 

glycoproteome profile of bFet has already been well characterized20,38–40. The protein backbone 

amino acid sequence of hFet represents an average mass of 37,177.01 Da. This mass was 

calculated based on the gene sequence of hFet lacking the N-terminal signal peptide, including 

the mass shifts induced by the 6 disulfide bonds and the absence of Arginine at position 32222. 

Determining the exact backbone mass allowed us to calculate a mass shift of 6751.81 Da 

induced by the PTMs on the most abundant peak in the hFet native MS spectrum (43,930.02 

Da). Next, we enzymatically treated hFet attempting to the remove either all N-glycans, the 

sialic acid moieties or phosphates, which results in specific mass shifts that we subsequently 

recorded by native MS. For the specific cleavage of N-glycosylations, we used PNGase F, 

sialidase for the removal of sialic acids and finally alkaline phosphatase for the releasement of 

phosphate residues. Incubation with PNGase F resulted in the removal of only one N-glycan 

(Supplementary Figure 2a). The mass difference of 2204 Da between the most abundant intact 
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hFet proteoform with 43,930.02 Da (m/z = 3380.24) and the N-deglycosylated hFet with 

41,724.80 Da (m/z = 3210.60), indicated the attachment of a N-glycan with the carbohydrate 

composition of HexNAc4Hex5Neu5Ac2. It is well known that hFet contains two N-

glycosylation sites. However, even prolonged incubations with PNGase F did not lead to the 

complete removal of N-glycans under native conditions. This is a well-documented problem 

attributed to the lower accessibility of the second N-glycosylation site due to steric hindrance. 

Sialidase treatment of hFet resulted in a pronounced simplification of the structural 

heterogeneity of the hFet proteoforms (Supplementary Figure 2b), implying that the 

heterogeneity of hFet is mainly due to extensive modification with variable amounts of sialic 

acids. In total, 8 sialic acids were removed from the most abundant hFet proteoform as indicated 

by a mass shift of 2330 Da (8 x 291 Da). Lastly, we subjected hFet to treatment with alkaline 

phosphatase which resulted in the cleavage of one phosphate group from all hFet proteoforms 

(Supplementary Figure 2c). Although the composition of the second N-glycan on the most 

abundant hFet proteoform could not be determined due to the incomplete removal of N-glycans, 

the presence of this N-glycan is undoubtable based on the calculated PTM mass and information 

in literature16. The mass differences 365 (HexNAc1Hex1) and 656 Da (HexNAc1Hex1Neu5Ac1) 

between the particular proteoforms correspond either to variability in the number of antennas 

on the N-glycans and/or the presence of O-glycans. Combining all this information, we can 

assume that the overall PTM composition of the most abundant hFet proteoform includes two 

N-glycans, several O-glycans, and one phosphate moiety.      

 

Native MS of hFet treated with DTT reveals its two polypeptide chain structure 

In addition to the structural variability originating from various PTMs on fetuins, the primary 

polypeptide architecture is another prominent origin of differences between hFet and bFet. 

Almost three decades ago, Kellermann et al. isolated hFet from fresh human serum in the 

presence of proteinase inhibitors, and determined that the major circulating form of hFet is 

likely a two polypeptide chain protein with a heavy chain (A-chain) of 321 residues and a light 

chain (B-chain) of 27 residues22 (Supplementary Figure 3). This circulating form of hFet 

contains a propeptide (also called connecting peptide) with a missing C-terminal Arginine 

residue (position 322) attached to the A-chain. The A-chain and B-chain are connected to each 

other by a single inter-chain disulfide bridge. We treated hFet with DTT to disrupt this linkage 

and validate the hypothesized arrangement of the primary structure. The subsequent recorded 

mass spectra, shown in Figure 2 reveal that the B-chain was released under reducing conditions 

from the A-chain and confirms the two polypeptide chain form of hFet. Notably, the released 

B-chain appeared to be, at least, in two structural variants, unmodified and modified with a 
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glycan (HexNAc1Hex1Neu5Ac1). This confirms not only the existence of hFet in its two 

polypeptide form, but also the presence of one O-glycan on the B-chain.  

 

Site-specific characterization of PTMs on hFet, bFet and rhFet by peptide-centric 

proteomics 

Since the fetuins harbor at least three different types of PTMs, their analysis at the peptide level 

is a challenging task. We used two different combinations of proteolytic enzymes for the fetuin 

digestion. After a careful inspection of the fetuin amino acid sequences, we digested hFet and 

rhFet with Lys-C and Glu-C and bFet with trypsin and Glu-C. Combining tryptic/Lys-C with 

Glu-C specificity for the digestion of fetuins resulted in a set of peptides with a suitable length 

for subsequent sequencing by LC-MS/MS analysis. Lys-C was selected instead of trypsin for 

the digestion of hFet and rhFet to enable the confirmation of the absence/presence of the C-

terminal Arginine on the A-chain. After enzymatic digestion, the peptide mixtures were 

subjected to EThcD fragmentation to obtain extensive fragment ions  

 

Figure 2. Full native ESI-MS spectra of intact hFet sprayed from aqueous ammonium acetate. 
(a) The schematic cartoon shows that the B-chain is connected to the A-chain by a disulfide 
bridge. (b) Full native ESI-MS spectra of hFet upon treatment by DTT. The released B-chain 
and A-chain are observed. The peaks at m/z of 914.19 and 1132.93 correspond to the B-chain 
and B-chain with 1 O-glycan (HexNAc1Hex1Neu5Ac1), respectively. Comparing the most 

abundant peak on the charge state 13+ with m/z of 3380.24 in (a) and 3119.63 in (b), the mass 
difference indeed originates from the released B-chain harboring the O-glycan. The dashed line 
box represents missing C-terminal A-chain Arginine.  
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of both the glycan and the peptide moieties of glycopeptides. In addition to the PTM 

identification, we also assessed the relative abundances of the different (glyco/phospho)peptide 

isoforms. As a result, we identified and relatively quantified peptide isoforms from the putative 

N- and O-glycosylation and phosphorylation sites on all three investigated fetuins. The list of 

all modified peptide isoforms on hFet, bFet and rhFet and their relative quantification, based 

on XICs, can be found in Supplementary Table 1. Annotated HCD/EThcD spectra of all 

glycopeptides observed for hFet are provided in the Supplementary data. 

 

Comparison of the glycosylation profile of hFet, bFet and rhFet 

A summary of the site-specific glycosylation patterns in all investigated fetuins are depicted in 

Figure 3. Focusing first on the N-glycosylation in hFet and bFet (Fig. 3a, b), we note that the 

three N-glycosylation consensus sequences in bFet are well-conserved in fetuins of most 

mammals. One exception is however hFet, which has the site N99 in bFet replaced by an 

Arginine, preventing its N-glycosylation in hFet. If we next compare the N-glycans on the other 

two conserved sites (N156 and N176), both bFet and hFet contain complex N-glycans, but 

differ in their structural composition and level of microheterogeneity. Sialylated diantennary 

complex type structures dominate on hFet and are typical for human serum proteins synthesized 

in the liver. Some less abundant glycoforms were found to be core fucosylated, which is in 

sharp contrast to bFet, where no fucosylation of N-glycans was observed at all. The N-glycans 

present on bFet show a higher degree of branching and also their quantitative distribution is 

more equal compared to the relatively more homogeneous hFet. In addition to this, 

approximately one-third of bFet molecules bear no glycan structure on the N176 site. 

Comparing next the N-glycosylation patterns on hFet and rhFet (Fig. 3a, c), we observe 

remarkable differences at both N156 and N176 N-glycosylation sites. The most noticeable 

difference is the observed extensive microheterogeneity on both N-glycosylation sites in rhFet, 

represented by a repertoire of complex core fucosylated glycan structures with a large variety 

of branches. 

The heterogeneity of the fetuin glycosylation patterns is further increased by the presence of O-

glycosylation. The O-glycopeptides identified and characterized in the present study cover all 

known hFet O-glycosylation sites and were used to determine the composition and occupancy 

of the attached O-glycans (Fig. 3a). As mentioned earlier, O-glycosylation sites are less 

conserved among fetuins, which also partly explains the observed major differences in O-

glycosylation patterns. hFet/rhFet contain in total three reported O-glycosylation sites (T256, 

T270, and S346) while bFet harbors five sites (S271, T280, S282, S296, and S341). In all three 

investigated fetuins, we observed O-glycopeptides bearing simple mucin-type core 1 O-glycans 
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with one or two sialic acids. Regarding the two conserved O-glycosylation sites on hFet and 

bFet (Fig. 3a, b), T270 on hFet harbors mostly disialylated O-glycans while monosialylated 

structures reside on the analogous site S271 on bFet. The site S271 occurs in a cluster together 

with additional O-glycosylation sites T280, S282 and S296, which are absent in hFet. In both 

fetuins the second conserved O-glycosylation site is only partially occupied by glycosylation. 

S346 on hFet is unmodified in approximately 40% of the molecules and bears mostly 

monosialylated O-glycans. Occupancy of S341 on bFet is negligible20. The last hFet O-

glycosylation site T256 is not present on bFet and is almost fully occupied by monosialylated 

O-glycans. Differences in the O-glycosylation patterns between hFet and rhFet are rather 

marginal (Fig. 3a, c). The site T256 differs somewhat in the degree of sialylation, T270 is 

almost identical, and S346 on rhFet has seemingly a lower occupancy when compared to hFet. 

 

Differences in phosphorylation of hFet, bFet and rhFet 

The third type of PTM occurring on fetuins is phosphorylation. hFet contains two documented 

phosphorylation sites (S138 and S330) and bFet supposedly four (S138, S320, S323, and S325). 

Similar to the O-glycosylation sites, the phosphosites are less conserved among fetuins. hFet 

and bFet have two consensus phosphosites (S138 and S330/S325), however, their occupancy 

varies. While S138 on hFet was always found to be fully occupied, the analogous site on bFet 

was found to be occupied in only 10% of the proteoforms. The second phosphosite is located 

in a much less conserved region. In hFet, this sequence domain corresponds to the C-terminal 

A-chain propeptide and accommodates the partially phosphorylated site S330. The site S325 

on bFet is situated in close proximity to the other two phosphosites, S320 and S323, and their 

occupancy is also only partial. Due to the low abundance of the phosphorylated peptides and 

phosphate lability, we were not able to unambiguously localize the neighboring phosphosites 

on bFet. Finally, in sharp contrast to hFet we did not find any evidence of phosphorylation on 

rhFet. 

 

Data integration and major structural differences among hFet, bFet and rhFet 

Having both the native MS data and peptide-centric data on all three fetuins available, we cross-

validated the data to obtain a comprehensive view of the proteoform profiles of the fetuins.  

Figure 4 highlights the major differences observed among the most abundant proteoforms of 

hFet, bFet, and rhFet. In addition to the described structural differences based on various PTMs, 

hFet differs from bFet by its unique two polypeptide chain structure. The native MS data on 

rhFet suggested incomplete cleavage of the C-terminal Arginine at position 322. This 
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observation was further supported by two identified Lys-C peptides with the amino acid 

sequence 321(K)TRTVVQPSVGAAAGPVVPPCPGRIRHFK(V)348 and 323 

(R)TVVQPSVGAAAGPVVPPCPGRIRHFK(V)348, respectively (Supplementary Figure 4). 

From this data, we conclude that rhFet occurs as a mixture of a one- and two-chain polypeptide 

form, differing from each other by the presence/absence of the C-terminal Arginine at the A-

chain.    

 

Figure 3. Overview of the observed qualitative and semi-quantitative site-specific 
glycosylation in (a) hFet, (b) bFet and (c) rhFet. The conserved glycosylation sites are depicted 
in the same column. Relative abundances of peptide proteoforms were estimated from their 
corresponding ion chromatograms (XICs). On a given modification site, the abundance of 
peptide proteoforms were normalized to 100%. All O-glycan structures and N-glycan structures 
attached to the 3 most abundant peptide isoforms of each site are depicted; further details of 
occupancy on each site is provided in the Supplementary Table 1. (X means unmodified). 

 

Next, we cross-validated the peptide-centric and native MS data on hFet and bFet by a 

correlative comparison between the native MS spectra and an in silico constructed MS spectrum 

based on all the quantitative information we gathered from the LC-MS/MS peptide-centric data. 

For hFet and bFet, we achieved a high degree of correlation (~0.9) between our native MS and 

peptide-centric MS approach (Supplementary Figure 5). Therefore, all hFet and bFet species 

predicted from the peptide-centric data were filtered by taking 1 % cut-off in relative intensity 

of the peaks in the experimental native spectrum and mass deviations were manually checked. 

Applying these criteria resulted in a list containing 21 hFet and 33 bFet distinct proteoforms 
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(Supplementary Table 2). As an example of our data, we provide the fully annotated native MS 

spectrum of hFet demonstrating the (near) completeness of our analysis (Figure 5). Although 

we could explain most of the ion signals detected in the native MS spectra from hFet and bFet, 

some unmatched low abundant ion signals are still present. Those mostly correspond to adducts 

bearing Na+ and/or K+ ions, which represent frequent artifacts formed during the ESI ionization 

process.  

Discussion 

To disclose that similar genes can lead to a plethora of distinct and different proteoforms, we 

here meticulously analyzed and compared fetuin originating from three different biological 

sources, using an integrative MS approach allowing an all-inclusive analysis of protein PTMs. 

Both hFet and bFet PTMs have been the subject of several structural studies20,38–43. However, 

there has been, as far as we know, no study describing data on all three types of modifications 

(i.e. N-glycosylation, O-glycosylation and phosphorylation) on hFet and bFet, pinpointing the 

major structural differences in a qualitative and quantitative site-specific manner. Earlier 

studies also reported on differences in fetuin DNA sequences, amino acid sequences, and PTMs 

amongst a range of species 44,5,39,45. Those studies provided first evidence for specific structural 

variabilities among fetuins. Most mammalian fetuins show a high degree of sequence 

conservation, but their final protein structure can be significantly altered by species specific 

PTMs. This intriguing phenomenon complicates structural and functional studies of proteins in 

general. Our main aim here was to demonstrate how three fetuins (hFet, bFet, and rhFet) exist 

in very different proteoform populations, as this likely affects their function and should thus be 

taking into consideration. 
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Figure 4. Overall comparison of the protein structure and occurring PTMs on hFet, bFet and 
rhFet. After (a) translation from single transcript, single-chain preproteins of hFet and bFet 
contain 367 and 365 amino acids, respectively. Then (b) N-glycosylation occurs in the 
endoplasmic reticulum followed by the modification of O-glycosylation sites. As in Figure 3 
we depict the most abundant proteoforms at each glycosylation site. Distinctively, a high degree 
of fucosylation occurs on the N-glycosylation sites of rhFet, not observed for hFet. Also, bFet 
contains mainly triantennary complex glycans, whereas hFet predominantly biantennary glycan 
structures. The dominant O-glycans in all fetuins are of the core 1 mucin-type harboring one or 
two sialic acids. (c) The final step, proteolytic processing and phosphorylation likely happen 
after glycosylation. The signal peptides are removed from the preproteins. For hFet, some 
unknown proteinase cleaves the C-terminal Arginine at position 322 and converts hFet into a 
two-chain polypeptide form as we describe in more detail in Figure S3. Interestingly, we 
identified both the single-chain and two-chain polypeptide form in rhFet, suggesting that in the 
recombinant expression system the cleavage of Arginine is incomplete (Figure S4). For the 
phosphorylation, we found all proteoforms of the hFet are fully monophosphorylated; whereas 
the phosphosite occupancy on bFet was about 25% monophosphorylated, 12% doubly 
phosphorylated and 63% non-phosphorylated. On rhFet we found no evidence at all for protein 
phosphorylation. 

 

Figure 5. The fully annotated zero charge deconvoluted native mass spectrum of hFet. The 
overall PTM compositions were assigned based on the accurate mass measurements of the 
intact protein proteoforms. All proteoforms contain 1 phosphate moiety. The number of sialic 
acids attached is marked at the top of each peak. For example, the most abundant peak is marked 
in blue and number 8, as it corresponds to the glycan composition HexNAc11Hex13Neu5Ac8 

and one phosphate moiety. 

 

Serum derived hFet and bFet are well-studied glycoproteins and bear both N- and O-linked 

glycans. bFet is often used as a model glycoprotein in glycoproteomics. Therefore, we did not 

expect any surprise observations in our analysis and indeed, our findings are in good agreement 

with earlier studies. Nonetheless, our hybrid MS approach has the capacity to provide additional 

information regarding overall structural heterogeneity of the fetuins, which includes not only 

site-specific characterization of their PTMs, but also analysis of their matured primary structure 

and its possible variants. Although native hFet is known to be present in serum in the form of 
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a two polypeptide chain linked by disulfide46, no study provided evidence clarifying whether 

the processing of the hFet primary structure results in one or more sequence variants. We 

confirm here the existence of the proposed two-chain form architecture of hFet and further 

show that the cleavage of Arginine at position 322 is in native hFet complete. In our hFet 

samples, no single-chain proteoforms or proteoforms missing the propeptide were detected. In 

contrast to the relatively simple proteoform profile of hFet, the native spectrum of rhFet exhibits 

remarkable more complexity. Major differences between hFet and rhFet originate from more 

complex glycosylation due to extensive core fucosylated glycans on a various number of 

antennas. Furthermore, our data revealed that rhFet exists in two sequence variants differing 

from each other by the absence/presence of the C-terminal Arginine on the A-chain. This is 

likely caused by incomplete processing of the rhFet in the HEK-293 cells. In consequence, 

rhFet proteoforms co-exist as a mixture of the one- and two-chain polypeptide form, creating 

another source of structural diversity. Another striking difference between hFet and rhFet is 

that the former is for 100% a singly phosphorylated protein, whereas phosphorylation is 

completely missing in rhFet.  

These findings seriously question whether the rhFet studied here represents a good model for 

wild-type serum hFet. Commercially available recombinant fetuin may be produced by various 

expression systems and is mostly used for scientific purposes. For example, recombinant fetuin 

produced by insect cells has been used for studies on the inhibitory effect of human fetuin on 

insulin-induced autophosphorylation of the insulin receptor15,8,14. Relatively recently, FLAG-

tagged human fetuin synthetized in HEK-293T cells has been used to define the mechanism by 

which fetuin modulates cellular adhesion47. With respect to our findings on rhFet, we propose, 

that any future functional study performed with fetuin produced in HEK-293 cells (or any other 

expression system) should be critically evaluated, given the distinct structural differences 

demonstrated here in between hFet and rhFet.  

 

SUPPORTING INFORMATION: 

The following supporting information is available free of charge at ACS 

website http://pubs.acs.org 

Figure S1 – Amino acid sequence alignment between hFet and bFet 

Figure S2 – Native MS spectra of hFet treated by PNGaseF, sialidase and alkaline 

phosphatase 

Figure S3 – A schematic of the two polypeptide chain structure of hFet 

Figure S4 – LC-MS/MS spectra of Lys-C peptides from rhFet  
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Figure S5 – A comparison of the intact protein native MS spectrum with the constructed 

spectrum based on the peptide-centric proteomics data in hFet and bFet 

Table S1 – The list of all modified peptide isoforms on hFet, bFet and rhFet and their relative 

quantification 

Table S2 – The list containing identified hFet and bFet proteoforms 

Supplementary Data – Annotated HCD/EThcD spectra of all glycopeptides observed for 

hFet 
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SSuuppppoorrttiinngg  iinnffoorrmmaattiioonn  ffoorr  CChhaapptteerr  22  

Supplementary Figures 

 

Figure S1. Amino acid sequence alignment between hFet and bFet reveals around 70% 
sequence similarity. Identical amino acids are marked by ‘*’. Glycosylation and 
phosphorylation sites are boxed in orange and purple, respectively; the signal peptide is boxed 
in pink; the propeptide in hFet is boxed in blue. The observed modified amino acids are 
indicated in red. Both hFet and bFet contain 12 conserved cysteine residues (boxed in light 
green) involved in 6 disulfide bridges. 
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Figure S2. Zoom in on the 13+ charge state of hFet to clearly display the changes after specific 
enzyme treatment. In (a), hFet was treated by PNGase F and revealed partially N-
deglycosylation in all major peaks; peaks marked with blue color before and after treatment 
represent the mass difference of one of the N-glycans (~2206 Da). In (b), hFet was treated by 
sialidase. Comparing the most abundant peak on the charge state 13+ with m/z of 3380.24 before 
treatment and 3200.90 after treatment, the mass difference corresponds to 8 sialic acids. In (c), 
hFet was treated by alkaline phosphatase. The fully phosphorylated modification of hFet was 
confirmed by the mass shift of 80 Da of all proteoforms after the phosphatase treatment. 

 

Figure S3. The two polypeptide chain structure of hFet is depicted by a schematic including 
the A chain at the top, and the connecting peptide and B chain at the bottom. A so far 
unknown endoproteinase (EN) generates the two-chain form of hFet and an exopeptidase 
(EX) eliminates the Arginine at position 322, at the end of the propeptide. The A chain and B 
chain are in hFet connected by a disulfide bridge represented by the dashed line (…). 

 

 

 

Figure S4. LC-MS/MS spectra of peptides derived from Lys-C/Glu-C digestion of rhFet 
providing evidence of the co-existence of rhFet proteoforms with and without an Arginine at 
position 322 (a) a peptide harboring the Arginine and (b) a peptide without the Arginine. 
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Figure S5. A comparison of the intact protein native MS spectrum with the constructed 
spectrum based on the peptide-centric proteomics data in (a) hFet and (b) bFet. The correlation 
between the spectra is very good, being 0.89 and 0.94 for hFet and bFet, respectively. 

 

The following supplementary tables are not printed because they are oversize. 

Supplementary Table S1: The list of all modified peptide isoforms on hFet, bFet and rhFet 
and their relative quantification 

Supplementary Table S2: The list containing identified hFet and bFet proteoforms 

Supplementary Data: Annotated HCD/EThcD spectra of all glycopeptides observed for hFet 
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Abbreviations 

ABC 

ammonium bicarbonate 

AMAC 

ammonium acetate 

ACN 

Acetonitrile 

Asn 

Asparagine 

CAT 

weak cation exchange 

CKD 

chronic kidney disease 

CVD 

cardiovascular disease  

dHex 

deoxyhexose 

EMR 

Extended Plus Orbitrap instrument 

ELISA 

enzyme-linked immunosorbent assays 

ESI 

electrospray ionization 

EThcD 

electron-transfer combined with higher-energy collision dissociation 

FA 

formic acid 

GlcNAc 

N-acetylglucosamine 

HexNAc 

N-acetylhexosamine 

IAA 
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iodoacetamide 

IEX 

ion-exchange chromatography 

INSR 

insulin receptor  

Met 

Methionine 

MS 

mass spectrometry 

Neu5Ac 

N-acetylneuraminic acid 

Pho 

phosphorylation 

PTMs 

posttranslational modifications 

Ser 

Serine 

SNPs 

single nucleotide polymorphisms 

T2DM 

type 2 diabetes 

Thr 

Threonine 

XIC 

extracted ion chromatogram 

WAX 

weak anion exchange 
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Abstract  

Fetuin, also known as α-2-HS-glycoprotein (gene name: AHSG), is one of the more abundant 

glycoproteins secreted into the bloodstream. There are two frequently occurring alleles of 

human AHSG, resulting in three genotypes (AHSG*1, AHSG*2, and heterozygous AHSG1/2). 

The backbone amino acid sequences of fetuin coded by the AHSG*1 and AHSG*2 genes differ 

in two amino acids including one known O-glycosylation site (aa position 256). Although fetuin 

levels have been extensively studied, the originating genotype is often ignored in such analysis. 

As fetuin has been suggested repeatedly as a potential biomarker for several disorders, the 

question whether the gene polymorphism affects the fetuin profile is of great interest. In this 

work, we describe detailed proteoform profiles of fetuin, isolated from serum of 10 healthy and 

10 septic patient individuals and investigate potential glycoproteogenomics correlations, e.g. 

how gene polymorphisms affect glycosylation. We established an efficient method for fetuin 

purification from individuals’ serum using ion-exchange chromatography. Subsequently, we 

performed hybrid mass spectrometric approaches integrating data from native mass spectra and 

peptide-centric MS analysis. Our data reveal a crucial effect of the gene polymorphism on the 

glycosylation pattern of fetuin. Moreover, we clearly observed increased fucosylation in the 

samples derived from the septic patients. Our serum proteoform analysis, targeted at one protein 

obtained from 20 individuals, exposes the wide variability in proteoform profiles, which should 

be taken into consideration when using fetuin as biomarker. Importantly, focusing on a single 

or few proteins, the quantitative proteoform profiles can provide, as shown here, already ample 

data to classify individuals by genotype and disease state. 
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Introduction 

Human fetuin, also known as α-2-HS glycoprotein, is an abundant glycoprotein circulating in 

human plasma. In adults, fetuin is secreted almost exclusively by the liver (1), but many other 

cells are able to produce this protein (2, 3). Since its discovery in 1944, human fetuin has been 

ascribed to various biological functions, but a concrete understanding of its exact role remains 

poor. One widely accepted function is its role in calcium and phosphate metabolism. Fetuin 

acts as one of the essential inhibitors in the prevention of ectopic mineral precipitation and 

deposition (4–8). Additionally, several studies have suggested a correlation between circulating 

fetuin levels and inflammatory, and chronic diseases, such as endotoxemia and sepsis (9), 

cardiovascular disease (CVD), type 2 diabetes (T2DM) (10, 11) and chronic kidney disease 

(CKD) (12), raising interest in its use as a protein biomarker. 

Values of serum or plasma fetuin in healthy humans range from 300 to 750 µg/ml (13, 14). 

Fetuin concentrations seem to be independent of gender, but serum fetuin levels correlate with 

age and might also be influenced by genetic background (15, 16). A highly frequent genetic 

polymorphism of the fetuin gene (AHSG), resulting from the two common alleles AHSG*1 

and AHSG*2, was already described three decades ago (17). Genomic analysis has shown that 

the AHSG*1 allele differs from AHSG*2 by two amino acids at positions 248 and 256, 

respectively. The AHSG*1 allele is characterized by ACG (Thr248) and ACC (Thr256), 

whereas the AHSG*2 allele is characterized by ATG (Met248) and AGC (Ser256) (18). These 

two abundant alleles of AHSG result in three common genotypes (AHSG*1, AHSG*2, and 

heterozygous AHSG1/2). The population distribution of these three genotypes varies globally. 

The available data from several surveys demonstrate that AHSG*1 is in frequency the foremost 

fetuin genotype (19–21). For example, the distribution of AHSG*1, AHSG1/2 and AHSG*2 in 

697 unrelated Italians was found to be around 0.56:0.36:0.08 (22). Some studies have attempted 

to investigate a potential correlation between this fetuin gene polymorphism and certain 

diseases, however, the reported data have not been very conclusive (10, 16).  

Human fetuin is a glycoprotein and its primary structure and glycosylation profile have been 

described (23, 24). However, the primary structure of fetuin is somehow elusive and reported 

discrepancies lead to confusion especially related to the absence/presence of propeptide 
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(connecting peptide) in the matured human fetuin. According to our recent work (25), the 

primary structure of human fetuin contains the connecting peptide and is different from well-

studied bovine fetuin. The matured human fetuin comprises an A-chain with the connecting 

peptide, connected to a smaller B-chain via a single disulfide linkage. Human fetuin is modified 

with a variety of posttranslational modifications (PTMs); it harbors several N- and O-

glycosylations and a few phosphorylations, generating a complex mixture of proteoforms. In 

more detail, human fetuin harbors two N-glycosylation sites and two O-glycosylation sites in 

the A-chain, and one O-glycosylation site in the B-chain (25, 26).  Interestingly, one A-chain 

O-glycan is located at position Thr256 in the AHSG*1 genotype, which is exactly the site 

involved in the most frequent gene polymorphism. Whether the replacement of the Thr by the 

Ser at position 256 in AHSG*2 affects the glycosylation pattern of fetuin has yet not been 

addressed. In this particular case, the Thr to Ser exchange still allows either amino residue to 

be O-glycosylated. In general, PTMs can modulate protein structure and play a key role in 

regulating the stability and physical-chemical properties of proteins (27, 28) and therefore there 

is a need to study proteoform profiles in detail. Human fetuin has been considered as a 

biomarker for certain metabolic diseases, but its quantitative analysis by various commercial 

enzyme-linked immunosorbent assays (ELISA) has been found to be problematic (29), which 

we hypothesize may be partly related to differences in the glycosylation patterns of AHSG*1 

and AHSG*2.   

Since fetuin is also known to be a negative acute phase reactant, the relationship between fetuin 

levels in plasma and the immune response is also of considerable interest. Glycosylation 

patterns of acute phase proteins may change in response to diseases such as cancer (30) and 

during acute inflammation. Consequently, aberrant glycosylation patterns have been related to 

the development or progression of disease (31–33). For example, the elevated expression of 

sialyl-lewis X antigen has been observed on haptoglobin, α-1-antichymotrypsin, and α-1-acid 

glycoprotein in response to sepsis (34, 35). Although site-specific N-glycan profiles of these 

acute phase proteins have been obtained before, there has been, as far as we know, no study 
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dealing with glycosylation changes possibly occurring in fetuin during acute and chronic 

inflammation.  

Here, we aim to describe proteoform profiles of fetuin directly isolated from serum of healthy 

and septic patient individuals and fill in these knowledge gaps, thereby especially focusing on 

glycoproteogenomics correlations, e.g. how gene polymorphisms may affect glycosylation 

profiles. This represents a challenging task, not only due to the complicated proteoform profile 

of fetuin, but also due to the fact that fetuin has to be purified from human serum, which 

contains several more abundant (glyco)proteins. We demonstrated recently that using state-of-

the-art hybrid mass spectrometry (MS) approaches, combining high-resolution native MS and 

peptide-centric MS, we may comprehensively characterize all PTMs on various therapeutic and 

serum glycoproteins (36–38). Making use of such methods, we previously also reported on the 

very distinct proteoform profiles of fetuin obtained from three different biological sources, 

namely plasma-derived human fetuin from a large pool of donors, recombinant human 

expressed in HEK-293 cells and bovine fetuin (25). Here, we first set out to extend that latter 

study, focusing on fetuin extracted from individuals. We therefore first purified endogeneous 

fetuin from several individuals’ serum (healthy and septic patient donors) using a one-step 

mixed-mode ion-exchange chromatography fractionation (IEX) (39) and performed 

subsequently an in-depth characterization of the proteoform profiles. We introduce an 

algorithm enabling semi-automated assignment of the native MS spectra based on the data 

gathered from the glycopeptide-centric measurements. Our data reveal, for the first time, a 

dramatic effect of the gene polymorphism on the glycosylation pattern of fetuin, which needs 

to be taken into account when fetuin would be used as a biomarker. Based on this knowledge 

we are able to obtain and annotate the full proteoform profiles of fetuin from 20 individuals. 

These proteoform profiles allow classification into the three different genotypes. 

Concomitantly, looking at fetuin purified from 10 healthy individual donors and 10 septic 

patient donors we observe significantly increased fucosylation, especially at site N176, in the 

samples derived from the septic patients. Our serum fetuin analysis clearly exposes the wide 
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variability in individual proteoform profiles. However, we demonstrate that these fetuin 

proteoform profiles may provide data that can be used to classify individuals by genotype and 

disease state. 

 

Experimental procedures: 

Chemicals  

Dithiothreitol (DTT), iodoacetamide (IAA), trifluoroacetic acid (TFA), formic acid (FA), 

ammonium bicarbonate (ABC) and ammonium acetate (AMAC) were purchased from Sigma-

Aldrich (Steinheim, Germany). The fetuin sample used as reference standard was purified from 

a pool of human serum samples and as such acquired from Sigma (α-2-HS glycoprotein; 

Uniprot Code: P02765, Sigma-Aldrich, Steinheim, Germany). Acetonitrile (ACN) was 

purchased from Biosolve (Valkenswaard, The Netherlands). Sequencing grade trypsin was 

obtained from Promega (Madison, WI). Gluc-C was obtained from Roche (Indianapolis, USA).  

 

Individual serum samples 

Individual human serum from 10 anonymous healthy donors was provided by Sanquin 

Research, Amsterdam, The Netherlands. Plasma samples were obtained after informed consent 

and in accordance to the ethics board of Sanquin. The whole blood from each individual was 

collected in a 9-mL Vacuette tube (Greiner Bio-One, Kremsmunster, Austria) containing Z 

Serum Clot Activator. The whole blood was then left undistributed at room temperature for 30-

60 min. The clotted material was removed by centrifugation at 1800 x g for 20 minutes at room 

temperature and the sera were transferred as 1 mL aliquots to clean 1.5 mL Eppendorf tubes, 

snap froze in liquid nitrogen and stored at -80 °C. Human serum samples from 10 septic patients 

were acquired from Discovery Life Science, Columbus, OH, USA. All serum samples were 

stored at -80°C until analysis. 
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Experimental design and statistical rationale 

We purified fetuin and conducted native MS and peptide-centric MS analysis of serum fetuin 

obtained from 20 individuals (10 healthy donors and 10 septic patient donors). Our mass 

spectrometric data suggested that each fetuin genotype contains unique features. These features, 

present in all 20 serum samples, were used for classification (using a Pearson correlation 

coefficient) of the donors into their genotype. Following genotypic classification, we looked at 

the differences in fucosylation between healthy and septic donors. For that, we applied a 

standard T-test to determine if there is a statistically significant difference between these two 

groups of donors. 

 

Dual-column ion-exchange chromatography for fetuin purification from individual serum 

samples 

An Agilent 1290 Infinity HPLC system (Agilent Technologies, Waldbronn. Germany) 

consisting of a vacuum degasser, binary pump, refrigerated autosampler with 500-μL injector 

loop, two column compartment with thermostat, auto collection fraction module and multi-

wavelength detector, was used in this study. The dual-column set-up, comprised of a tandem 

WAX-CAT (PolyWAX LP, 200 × 2.1 mm i.d., 5 μm, 1000 Å; PolyCAT A, 50 × 2.1 mm i.d., 

5 μm, 1000 Å) two-stage column set- up. All columns were obtained from PolyLC Inc. 

(Columbia, USA) (39). The column compartment was cooled to 17 °C while the other 

compartments were chilled to 4 °C to minimize sample degradation. Mobile phase Buffer A 

consisted of 100 mM AMAC in water, and mobile phase Buffer B consisted of 2.5 M AMAC 

in water. Typically, 50 μL of serum sample was injected per run (~3.5 mg total protein). Elution 

was achieved using a multi-step gradient, consisting of six transitions with increasing 

proportions of Buffer B: (step 1; equilibration) 0%B, 0–6 min; (step 2; salt gradient) 0–20%B, 

6–11 min; (step 3; salt gradient) 20–36%B, 11–24 min; (step 4; high salt rinse) 36–100%B, 24–

28 min; (step 5; high salt wash) 100%B, 28–32 min; (step 6; restoration) 100–0%B. The flow 
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rate was set to 800 μL/min. The chromatograms were monitored by absorption at 280 nm and 

time-based fractions collected every 0.5 min from 19-23 min using an automated fraction 

collector. 

 

Native MS analysis of fetuin  

The human fetuin fraction, well separated from the most abundant serum proteins IgG and 

albumin, was collected from in between 22.5-23 min (see Supplemental Figure S1). This 

fraction, which contained about 25-30 µg of the fetuin protein, was buffer exchanged into 150 

mM AMAC (pH 7.2) by ultrafiltration (vivaspin500, Sartorius Stedim Biotech, Germany) with 

a 10 kDa cut-off filter. The protein concentration was measured by absorbance at 280 nm and 

adjusted to 2-3 µM prior to native MS analysis. 

Collected fetuin fraction was analyzed on a modified Exactive Plus Orbitrap instrument with 

extended mass range (EMR) (Thermo Fisher Scientific, Bremen) using a standard m/z range of 

500-10,000, as described in detail previously (40, 41). The voltage offsets on the transport 

multi-poles and ion lenses were manually tuned to achieve optimal transmission of protein ions 

at elevated m/z. Nitrogen was used in the HCD cell at a gas pressure of 6-8 × 10-10 bar. The MS 

parameters were used typically: spray voltage 1.2-1.3 V, source fragmentation 30 V, source 

temperature 250 °C, collision energy 30 V, and resolution (at m/z 200) 17,500. The mass 

spectrometer was calibrated using CsI clusters as described previously (40). 

The accurate masses of observed proteoforms of fetuins were extracted by deconvoluting the 

native mass spectrum to zero-charge using the Intact Mass software (Protein Metrics ver. 1.5) 

(42). For the analysis of the PTMs, the data was processed manually, and glycan structures 

were retrieved on the basis of known biosynthetic pathways. The average masses were used for 

these calculations; hexose/mannose/galactose (Hex/Man/Gal, 162.1424 Da), N-

acetylhexosamine/N-acetylglucosamine (HexNAc/GlcNAc, 203.1950 Da), deoxyhexose 

(dHex, 146.1430 Da), N-acetylneuraminic acid (Neu5Ac, 291.2579 Da and phosphorylation 



81 
 

(Pho 79.9799 Da). All used symbols and nomenclature are based on the recommendations of 

the Consortium for Functional Glycomics (43). 

 

In-solution digestion for peptide-centric proteomics 

Around 2 µg of fetuin protein was taken from the collected fraction and dissolved into 50 mM 

ABC at a concentration of 1 mg/mL. The sample was then reduced with 4 mM DTT at 56 °C 

for 30 min and alkylated with 8 mM IAA at room temperature for 30 min in the dark. Fetuin 

was digested for 3 h with Glu-C at an enzyme-to-protein-ratio of 1:75 (w/w) at 37 °C and the 

resulted peptide mixtures were further digested by using trypsin (1:100; w/w). All proteolytic 

digests containing modified glycopeptides were desalted using Oasis HLB C18 cartridges, dried, 

and reconstituted in 20 µL of 0.1% FA prior to liquid chromatography (LC)-MS and MS/MS 

analysis. 

 

LC-MS and MS/MS analysis 

All peptides (300 fmol of fetuin peptides) were separated and analyzed using an Agilent 1290 

Infinity HPLC system (Agilent Technologies, Waldbronn, Germany) coupled on-line to an 

Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). 

Reversed-phase separation was accomplished using a 100 µm inner diameter 2 cm trap column 

(in-house packed with ReproSil-Pur C18-AQ, 3 µm) (Dr. Maisch GmbH, Ammerbuch-

Entringen, Germany) coupled to a 50 µm inner diameter 50 cm analytical column (in-house 

packed with Poroshell 120 EC-C18, 2.7 µm) (Agilent Technologies, Amstelveen, The 

Netherlands). Mobile-phase solvent A consisted of 0.1% formic acid in water, and mobile-

phase solvent B consisted of 0.1% formic acid in ACN. The flow rate was set to 300 nL/min. 

A 45 min gradient was used as follows: 0-5 min, 100% solvent A; 13-44% solvent B within 20 

min; 44-100% solvent B within 3 min; 100% solvent B for 1 min; 100% solvent A for 17 min. 

For the MS scan, the mass range was set from 375-1500 m/z at a resolution of 120,000 and the 
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AGC target was to 4×105.  For the MS/MS measurements, electron-transfer combined with 

higher-energy collision dissociation (EThcD) (44) was used and performed with a normalized 

collision energy of 35%.  For the MS/MS scan, the mass range was set from 125-2000 m/z; the 

AGC target was set to 5×104. The precursor isolation width was 1.6 Da, and the maximum 

injection time was set to 200 ms. 

 

LC-MS and MS/MS data analysis 

The raw data files containing MS/MS spectra of fetuin peptides were processed using Byonic 

software (ver 3.2.0) (Protein Metrics Inc.) (45). The following parameters were used for data 

searches in Byonic: precursor ion mass tolerance, 10 ppm; product ion mass tolerance, 20 ppm; 

fixed modification, Cys carbamidomethyl; variable modification: Met oxidation, Ser, Thr and 

Tyr phosphorylation, and both N- and O- glycosylation from mammalian glycan databases; the 

allowed number of miss-cleavages was set to 4. Trypsin (C-terminal RK) and Glu-C (C-

terminal DE) enzyme specificity search was chosen for all samples. The fasta file used for the 

peptide searches contained both the AHSG*1 and AHSG*2 fetuin amino acid sequences 

(UniProtKB - P02765, FETUA_HUMAN, AHSG*1 has Thr-248/Thr-256; AHSG*2 has Met-

248/Ser-256). Byonic peptide cut-off score of 200 was used and all PTM-modified identified 

spectra were further manually inspected.  Site-specific quantification of the fetuin PTMs was 

performed as follows; the first three isotopes were taken from each manually validated peptide 

proteoform for the calculation of the peak areas. Each peptide that contained modified sites was 

normalized individually so that the sum of all its proteoform areas was set to 100%. The average 

peptide ratios from all measurements were taken as a final estimation of the abundance. The 

XICs were obtained using the software Skyline (ver 4.2.0.18305) (46). The glycan structures 

of each glycoform were manually annotated. Hereby, reported glycan structures are depicted 

without the linkage type of the glycan units since our acquired MS/MS data do not directly 

provide such information.   
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Automated site-specific proteoform annotation in native MS spectra using peptide-centric data 

We annotated in a site-specific manner each proteoform represented by peaks in the native MS 

spectra using the relative abundance of all PTMs sites derived from the peptide-centric data 

(the algorithm is made publicly available and supplemented at 

https://github.com/juer120/NativePTMannotation). The process of annotation involved two 

major steps: (1) the relative abundances of all possible PTM combinations on the proteoforms 

are retrieved from the peptide-centric data; (2) the masses of all proteoforms are extracted from 

the native MS spectra and then matched with the calculated proteoforms consisting of the PTM 

combination with the highest relative abundances, and mass window centered around detected 

proteoform within 100 ppm. 

In detail, we first input the mass of the protein backbone retrieved from the protein sequence 

corrected for the presence of disulfide bridges (Fpb) and then calculate the theoretical m/z of all 

proteoforms in determined charge state (z) by permuting masses of all PTMs identified from 

peptide-centric measurements. The m/z of a proteoform Fz+ can be calculated as: 

+= (Fpb +   +  ∗ 1.007276)/



 

where n is the number of PTM sites; fij is the mass of the j-th modification at site i. Second, we 

calculate the relative abundance P of a proteoform Fz+ with all possible PTM combinations, 

which is calculated by: 

 =  



 

where Pij is the normalized relative abundance of the j-th modification at site i; n is the number 

of PTM sites. Pij is calculated by: 

 = 
∑ 

 

3
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where k is the number of possible PTM isoforms at site i (including unoccupied site); Vij is the 

abundance of j-th modification at site i, which is calculated based on the XIC. Third, we input 

all m/z of proteoforms (Mz+) extracted from raw native MS spectrum and then match them with 

theoretical m/z (Fz+) within 100 ppm, producing a list of all matched m/z. Lastly, we export the 

highest relative abundance of PTMs combination corresponding to the matched m/z in the list. 

Table.1 Overview of donor characteristics. The first column lists the used sample names. 

Sample 
name Sex Age 

Gene 
type Sample type 

M1 M 48 AHSG*1 Healthy 
F1 F 37 AHSG*1 Healthy 
F2 F 26 AHSG*1 Healthy 
F5 F 63 AHSG*1 Healthy 
M2 M 55 AHSG*2 Healthy 
M3 M 54 AHSG*2 Healthy 
F3 F 33 AHSG1/2 Healthy 
F4 F 27 AHSG1/2 Healthy 
M4 M 27 AHSG1/2 Healthy 
M5 M 63 AHSG1/2 Healthy 
F6 F 68 AHSG*1 Sepsis 
F7 F 19 AHSG*1 Sepsis 
F8 F 73 AHSG*1 Sepsis 
M7 M 18 AHSG*1 Sepsis 
F9 F 33 AHSG*1 Sepsis 
F10 F 82 AHSG*1 Sepsis 
M8 M 47 AHSG1/2 Sepsis 
F11 F 55 AHSG1/2 Sepsis 
F12 F 33 AHSG1/2 Sepsis 
F13 F 37 AHSG1/2 Sepsis 

 

Results 

Native mass spectra and peptide-centric analysis of fetuin purified from healthy individuals  

We initiated our study characterizing in detail human serum fetuin proteoform profiles of 10 

randomly selected healthy individuals (Table 1). We soon found out that these individuals 

harbor different fetuin genotypes and started to investigate the effect of this genetic 

polymorphism on the fetuin glycosylation pattern. Since fetuin is produced by at least two 

frequently occurring variants of the gene AHSG, AHSG*1, and AHSG*2, one could expect to 
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observe distinct proteoform profiles of fetuin isolated from these individuals. To investigate 

this, we first loaded 50 µL of human serum of each individual on the dual mixed-mode column  

 

Figure 1. Different genotypes lead to different proteoform profiles. Three representative 
zero-charge deconvoluted native mass spectra of fetuin purified from serum of A. donor F1 
(AHSG*1), B. donor M3 (AHSG*2), and C. donor F3 (AHSG1/2). Corresponding proteoforms 
between AHSG*1 and AHSG*2 differ in mass from each other by 16 Da (as shown for the 
proteoforms with the mass of 43,272.88 Da in A and 43,289.26 Da in B). In B, the proteoform 
with the mass of 42,633.02 Da differs from the most abundant proteoform by 656 Da, which 
agrees to an O-glycan composition of HexNAc1Hex1Neu5Ac1. This proteoform (42,632.24 Da) 
can be observed in C, but is fully absent in A. 

 

ion exchange chromatography system, comprising a weak cation exchange (CAT) column 

preceded by a weak anion exchange (WAX) column. Using this chromatographic set-up for 

serum, we collected in each run a unique fraction containing fetuin, which was subsequently 

concentrated, buffer exchanged, and subjected to high-resolution native MS (Supplemental 

Figure S2). Figure 1 displays three representative zero-charge deconvoluted native mass spectra 

originating from individuals with the three different genotypes of fetuin (donor F1 - AHSG*1, 

donor M3 - AHSG*2, and donor F3 - AHSG*1/2). The grouping of all acquired spectra was 

3
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done based on signature peaks specific for each genotype, as explained in more detail below. 

Although all three native mass spectra appeared to be quite distinct, many of the peaks were 

present in each spectrum and differed from each other primarily in signal intensity. 

Nevertheless, a closer look into the spectra revealed some key differences. One intense peak 

with the mass of 42,633.02 Da detected in AHSG*2 and AHSG*1/2 (42,632.24 Da) was 

completely missing in all AHSG*1 (Figure 1A, and Supplemental Figure S2A). Therefore, this 

peak was specific for AHSG*2 and AHSG*1/2, and its complete absence defined 

unambiguously AHSG*1. Interestingly, the missing proteoform in AHSG*1 seemed to 

represent a significant difference in the proteoform profile between AHSG*1 and AHSG*2 and 

hinted at a substantial influence of the genetic polymorphism on the glycosylation profile. 

Additionally, when comparing corresponding peaks between AHSG*1 and AHSG*2, the mass 

difference of 16 Da could be observed (Figure 1A and B, Supplemental Figure S2A and B). 

This is due to the mass difference between the backbone amino acid sequences of AHSG*1 and 

AHSG*2, exactly 15.99 Da. The native mass spectra of fetuin from the heterozygote genotype 

AHSG*1/2 donors showed more complex proteoform profiles (Figure 1C, Supplemental Figure 

S2C) compared to the other two genotypes. This is expected, as it should be a combination of 

all the proteoform profiles observed for AHSG*1 and AHSG*2. In theory, we should detect 

double peaks for all proteoforms that are common for AHSG*1 and AHSG*2. Nevertheless, 

due to the very small m/z difference between both AHSG genes (16 Da, i.e. 1.23 Th for the 13+ 

charge state), we observed in practice broader or partially split peaks in the native mass spectra 

obtained for the heterozygote donors. Resolving such a small mass difference would require 

approximately 10 times higher mass resolving power in the mass region around 4000 m/z. Our 

findings from the native mass analysis could be further supported and explained with the 

subsequent (glyco)peptide-centric analysis of all individual donors’ fetuins. We digested 

fetuins from all three genotypes with trypsin and Gluc-C, which resulted in a set of peptides for 

subsequent sequencing by LC-MS/MS analysis. Data interpretation provided information about 

the site location, PTM type, composition and abundance of all identified peptides (for manually 

annotated MS/MS spectra see Supplemental File S1 and S2; for Byonic searches and MS/MS 
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spectra see “Data availability”). Figure 2AB and Supplemental File S1 displays annotated 

EThcD MS/MS spectra of two peptides with amino acid sequence 

243VAVTCTVFQTQPVTSQPQPE262 and 243VAVTCMVFQTQPVSSQPQPE262, respectively 

signature peptides derived from proteolytic digestion of AHSG*1 and AHSG*2. These peptides 

contain the two aforementioned genotypic sites. Notably, manual inspection of the XICs 

obtained from all three fetuin genotypes revealed that Thr256 on the AHSG*1 peptide was fully 

occupied with O-glycans containing 0, 1 or 2 sialic acids connected to the core structure 

HexNAc1Hex1, whereas Ser256 on the AHSG*2 peptide was found mostly to be non-modified 

(Figure 2C, Supplemental Figure S3). Thus, although Ser256 was marginally modified by O-

glycan, it differs significantly from Thr256 which was found to be fully O-glycosylated. The 

relative abundance of all detected variants of the peptides containing these sites across the three 

different genotypes is displayed in Figure 2C. The relative quantification of the site occupancy 

of Thr/Ser256, as obtained for all 10 studied healthy individuals, was processed using Skyline 

and provided in Supplemental Table S1. From the peptide-centric data, we could conclusively 

explain the origin of the mass difference between the peaks 43,272.88 Da in AHSG*1 and 

42,633.02 Da in AHSG*2 (HexNAc1Hex1Neu5Ac1 - 15.99). 

 

Site-specific PTMs annotation of the native mass spectra 

We introduced earlier an algorithm facilitating the integration of the data from native mass 

spectrometry and peptide-centric LC-MS/MS data, which allowed us to assess the integrity of 

the glycopeptide characterization though in silico construction of an intact proteoform profile 

from all combined peptide-centric data (36). The algorithm lists all possible combinations of 

proteoform masses based on observed PTMs, at the peptide-centric level, and eventually 

constructs simulated native-like mass spectra, which can be correlated to the experimental 

native mass spectra. However, in the earlier approach the resulted list containing all predicted 

proteoforms, with the total PTM composition, did not contain any site-specific information on 

the PTMs. Here, we further extended our algorithm (made publicly available) and applied it for 
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the semi-automated annotation of PTMs to all the peaks in the native mass spectra, now also 

including site location. To perform this more advanced assignment, we amended our in-house 

scripts written in R (see “Methods section for the detailed description”). In short, we first 

generated a library of proteoforms with specific masses and probability ranks using the data 

(masses and relative intensities) derived from the peptide-centric analysis.  

 

Figure 2. Peptide signatures of distinct fetuin genotypes. EThcD MS/MS spectra of the 
peptide A. 243VAVTCTVFQTQPVTSQPQPE262 (AHSG*1) and B. 
243VAVTCMVFQTQPVSSQPQPE262 (AHSG*2), obtained by proteolytic digestion (Trypsin + 
Glu-C), harboring the two mutation sites. The EThcD spectra provide confirmation of the 
unique peptide sequence and position of the O-glycan, being Thr256 in AHSG*1. Spectra were 
acquired for the precursor ions with three charges and m/z of 958.78, and 745.03 for AHSG*1 
and AHSG*2, respectively as these peptides were predominantly non-modified for AHSG*2 
and fully modified for AHSG*1. C. Quantification of the peptide signatures, containing the 
mutations and O-glycosylation site Thr/Ser256. In these bars, the abundance of these peptides 
was averaged over all genotype-specific fetuin samples purified from the serum of the 10 
healthy individuals across all three genotypes, AHSG*1 (n=4), AHSG*2 (n=2) and AHSG1/2 
(n=4). Relative abundances of peptide proteoforms were estimated from their corresponding 
extracted ion chromatograms (XICs) and normalized to 100%. The AHSG*1 and AHSG*2 
signature peptides contain the Thr256 and Ser256 site, respectively. Both of these peptides can 
be extracted and separately quantified for the heterozygote AHSG1/2 donors. Black bar is 
unmodified, blue bar is modified by HexNAc1Hex1 with one sialic acid and red bar is modified 
by HexNAc1Hex1 harboring two sialic acids. 
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All proteoform mass combinations were ranked according to the intensity of the detected PTM 

peptides from which they were constructed and the match between their theoretical and 

experimental masses. This means that proteoforms with the same masses (within 100 ppm), but 

different peptide combinations, were sorted based on the better mass match and intensity of the 

peptides (meaning that closer mass matches and higher intensities do get higher ranks). Next, 

we discarded all peaks with a relative intensity of less than 5% (related to the base peak) in the 

native mass spectra. The masses of peaks were then matched to the generated library with the 

highest ranked proteoforms. This allowed us to visualize the most probable proteoforms in the 

native mass spectra with their PTM composition in a site-specific manner. Figure 3 shows such 

a visualization for fetuin which was purified from a pool of donors of all different genotypes 

(our reference sample). Cumulatively, based on our experimental data, we defined on fetuin 

one fixed modification (Ser138 phosphorylation) and five other PTM sites (A=Asn156, 

B=Asn176, C=Thr/Ser256, D=Thr270, and E=Ser346). The script operated with the fetuin 

backbone mass corrected for the mass shift induced by the disulfide bonds (-12 x 1.0079 Da) 

and one phosphate (+79.97) moiety (Ser138). Peaks in the native mass spectra were then 

automatically annotated based on the library containing the PTM combinations with the highest 

rank. The final result contained a list of proteoforms with their masses, the most probable PTM 

combinations and site-specific information as shown in Supplemental Table S2. 

 

Site-specific annotation fully explains differences observed among AHSG*1, AHSG*2 and 

AHSG*1/2 fetuin 

The native mass spectra obtained from genotype-representative individuals with site-

specifically annotated proteoforms defining each genotype (i.e. F1/AHSG*1, M3/AHSG*2, 

and F3/AHSG*1/2) are provided in Supplemental Figure S4. Some major differences observed 

across all individuals defining fetuin genotypes were already indicated above. However, the 

exact differences among them could be only clarified after site-specific characterization of all 

proteoforms. The most striking one represented the high-intensity peak with a mass of 

3
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42,633.02 Da, which is completely missing in fetuin from AHSG*1 donors and its composition 

consisted of two biantennary N-glycans in positions A and B (2 x HexNAc4Hex5Neu5Ac2) and 

one O-glycan in position D (HexNAc1Hex1Neu5Ac2). We explained the absence of this  

 

Figure 3. Comprehensive, quantitative and site-specific annotation of fetuin proteoform 
profiles. The site-specifically annotated zero-charge deconvoluted native mass spectrum of 
fetuin pooled from human sera of various donors. The overall PTM compositions of the most 
abundant proteoforms are color coded. Each color represents a glycan composition without the 
sialic acids; the number of sialic acids attached is marked on the top of each peak. All displayed 
proteoforms contain one phosphate moiety. The site-specific annotation of the 5 glycosylation 
sites present on fetuin (A=Asn156, B=Asn176, C=Thr256, D=Thr270, and E=Ser346) was 
assigned by using our in-house developed software, making use of the integration of the native 
MS and peptide-centric MS data. The complete list with all annotated proteoforms and their 
relative abundance can be found supplemental table S2.  

 

proteoform in AHSG*1 above, being due to the complete occupation of position C (Thr256) 

O-glycan-site. This was in pronounced contrast with position C (Ser256) in AHSG*2, which 

was found to be occupied only partially. The second major difference between AHSG*1 and 

AHSG*2 was defined by their different protein backbone mass induced by the two mutations, 

resulting in the exact mass difference of 15.99 Da (37,177.01 - 37,193.00). This could be 

extracted already from the two most intensive proteoforms in the native mass spectra of F1 
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(AHSG*1) and M3 (AHSG*2) displayed in Supplemental Figure S4AB. Although both of these 

proteoforms had the same total PTM composition, site-specific annotation also revealed a 

difference in the O-glycan positions occupancy. Donor F1 had O-glycans at positions C and D, 

whereas M3 at positions D and E. A complete list of site-specifically annotated proteoforms 

from the three individuals representing different genotypes can be found in Supplemental 

Tables S3-5. In F1, we could annotate 16 proteoforms (Supplemental Table S3), in M3 15 

proteoforms (Supplemental Table S4), and lastly in the heterozygote donor F3 34 proteoforms 

(Supplemental Table S5). The proteoform profiles differed from each other not only by their 

complexity, but also by the relative abundances of peaks.  

Having annotated the three representative native mass spectra, we attempted a classification of 

all 10 studied healthy individuals based on their proteoform profiles, following a similar 

approach as used earlier to classify glycol-engineered erythropoietin variants (47). We initially 

used unsupervised hierarchical clustering to construct a matrix based on all native mass spectra, 

as shown in Figure 4A. This already resulted in three distinctive clusters, but also two clear 

outliers (donors F5 and M5). The first cluster represented fetuins from AHSG*2 donors (orange 

box). The second (green box) and third cluster (blue box) contain fetuin from AHSG1/2 and 

AHSG*1 donors, respectively. Upon closer inspection, the native mass spectra of the two 

outlier samples (F5 and M5), displayed more complex proteoform profiles, with nearly all 

peaks co-existing in pairs differing from each other by 80 Da (Supplemental Figure S2). From 

the LC-MS/MS data we could conclude that these two donors have a high occupancy of a 

second phosphorylation site, namely Ser330 (Supplemental File S2). The presence of this extra 

phosphate moiety interfered with the genotype classification based on the complete proteoform 

profiles. Nevertheless, as we above identified characteristic proteoforms defining each 

genotype, we repeated the classification, but now using only these signature peaks. The result 

is shown in Figure 4B, where the orange, green and purple boxes represent the genetic variants 

of fetuin. This data clearly exemplifies that, over a sample size of 10 healthy individuals, 

distinctive glycosylation patterns can be linked to the distinctive fetuin genotypes. 

3
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Figure 4. Classification of fetuin proteoform profiles by hierarchical clustering. A. 
Unsupervised clustering of fetuin proteoform profiles derived from the 10 healthy individuals 
based on the correlation between their native mass spectra. B. Clustering of fetuin proteoform 
profiles derived from 10 healthy individuals based on specific signature peaks (see 
supplemental Figure S4). Color and size of the circles represent the similarity between the 
proteoform profiles of different genotypes. Orange, blue and green boxes represent fetuin 
originating from donors representing the AHSG*2, AHSG*1 and AHSG1/2 genotypes, 
respectively. Comparing the results in A and B the classification in A is distorted by two outliers 
derived from donor F5 (AHSG*1 ) and M5 (AHSG*2), respectively caused by a major change 
in fetuin phosphorylation in these two individuals. C. Clustering of fetuin proteoform profiles 
derived from 10 healthy and 10 septic patients based on specific signature peaks, where pink 
dashed line boxes indicate fetuin derived from septic individuals. 

 

Proteoform profiles of fetuin from septic patients donors  

Alternation of glycosylation can be a trademark of inflammation, as reported to occur on several 

acute phase proteins; α-1-acid glycoprotein, haptoglobin, and α-1-antichymotrypsin (34, 35). 

However, such data for fetuin is sporadic (48). To investigate, whether fetuins’ glycosylation 

pattern also alters upon acute inflammation, we next purified serum fetuin from 10 individual 

septic patient donors (Table 1) and conducted the same mass spectrometric analysis as before. 

Our classification strategy quickly classified all 20 native mass spectra (from the 10 healthy 

and 10 septic patient donors) into the three genotypes (Fig. 4C). This classification could be 

further corroborated by the peptide-centric LC-MS/MS data (Supplemental Table S6). Next, 
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we focused on whether we could classify the healthy and septic patient donors. Fetuin obtained 

from septic patient donors contained some molecular species with a prominently increased 

intensity originating from proteoforms with fucosylated N-glycans. Zooming in to this, we 

focused on a specific fetuin fucosylated proteoform and its non-fucosylated variant and used 

the ratio of their peak intensities to estimate the level of fucosylation (Figure 5A). We calculated 

from the native mass spectra the average intensities of the two proteoforms using their peaks 

detected in the 12+ and 13+ charge states (Supplemental Table S7). The peptide-centric LC-

MS/MS analysis allowed us to pinpoint the by sepsis most affected N-glycosylation site as 

Asn176 (B). The ratios of peak areas of the fucosylated to non-fucosylated peptide containing 

this site validated the clear trend of fucosylation increase in septic patients (Figure 5B and 

Supplemental Table S8). This particular change in proteoform profile can thus be used to 

classify septic patients from healthy donors with good statistical values (p < 0.006). 

 

Discussion 

Here we combined high-resolution native mass spectrometry with peptide-centric 

(glyco)proteomics to analyze the medium abundant serum glycoprotein fetuin, which we were 

able to directly purify from serum of 20 donors, 10 healthy controls and 10 septic patients. 

From the data, it became apparent that the samples were derived from people with distinct 

frequently occurring genotypes, that all result in a different set of fetuin proteoforms. We further 

investigated in detail the variations in proteoform profiles caused by the donors’ specific 

genotypes, providing an interesting example of glycoproteogenomics. We next also extended 

our analysis to serum fetuins purified from septic patient donors.  

3



94 
 

 

Figure 5. Septic patients display enhanced fucosylation on Asn176 A. Two representative 
zero-charge deconvoluted native mass spectra of a healthy donor (F1) and septic patient (F6). 
The average intensities of the site-specifically assigned fucosylated proteoform and its non-
fucosylated variant were used for the determination of the relative fucosylation level. The 
intensities were extracted from the native mass spectra using the corresponding ion signals 
detected in the 12+ and 13+ charge states. B. Comparison of the extend of fucosylation obtained 
from the native mass spectra and peptide-centric analysis. The level of fucosylation in the 
peptide-centric data was determined by ratios of the peak areas of the fucosylated and non-
fucosylated peptide containing the sepsis affected N-glycosylation site Asn176. Both 
approaches resulted in a statistically significant separation of the healthy and septic patients 
with p-values of 0.001 and 0.006, respectively. (A=Asn156, B=Asn176, C=Thr256, D=Thr270, 
and E=Ser346)  

 

Replacement of Thr in AHSG*1 to Ser in AHSG*2 changes O-glycosylation occupancy 

In both the native MS and LC-MS/MS data we observed that the mutation in position 256, 

which is a Thr in AHSG*1 and a Ser in AHSG*2, had a dramatic effect on fetuin O-

glycosylation, primarily caused by the diminished occupancy of O-glycans on AHSG*2/Ser256. 

Notably, both a Thr and Ser can be modified by O-glycosylation, but our finding that the O-

glycosylation is reduced on fetuin Ser256 compared to Thr256 is in line with a meta-analysis 

on O-glycosylation occupancy, which reported a considerable preference for Thr over Ser (49). 

We provide here the first experimental evidence showing how the replacement of Thr for Ser 

in fetuin changes the occupancy of this site. In general, changes in O-glycosylation may affect 

protein stability or protection against proteolytic activity (50). Impact of gene mutation, 
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including SNPs, on protein glycosylation has been reported earlier, albeit only in a few studies 

(51–53). Notably, such mutations have been associated with altered physiological states, 

especially the ones leading to disease. Whether different the here reported proteoform profiles 

of fetuin have biological implications needs to be further investigated. 

 

Coupling between fetuin backbone processing and phosphorylation 

The native mass spectra of two healthy donors, F5 and M5, attracted our attention due to their 

quite distinctive proteoform profiles, representing the two outliers in Figure 4A. We observed 

that this was primarily caused by the site-occupancy of the additional fetuin phosphorylation 

site Ser330. Human serum fetuin is predominantly present as singly phosphorylated, with a 

site-occupancy of nearly 100% at Ser138 (25). Earlier phosphoproteomics analysis has revealed 

that at least four more Ser residues can be partially phosphorylated (54–56). In a recent study 

comparing obese versus lean individuals, phosphorylation on fetuin Ser330 was attributed with 

a metabolically active pool of human fetuin, within the larger total pool of circulating fetuin 

(57). Interestingly, this Ser330 phosphorylation site is located in the 40-amino acid residue long 

propeptide (also termed “connecting peptide”), which is believed to be lost during 

posttranslational processing in serum. Data from literature has suggested that fetuin can indeed 

exist in human serum in two processed forms, with- or without the connecting peptide (58). 

One putative proteolytic cleavage separating fetuin into two chains occurs at site 340 leading 

to the removal of an Arg residue. The second proteolytic cleavage releasing the connecting 

peptide (with the phosphate at Ser330) is Leu300. It is therefore tempting to speculate about a 

possible cross-talk mechanism between Ser330 phosphorylation and fetuin processing. One 

proposed functional role of this connecting peptide is in an insulin receptor inhibitory function 

(INSR) (59, 60). The INSR inhibitory activity of matured human fetuin isolated from plasma 

(assumed without the connecting peptide) is significantly lower compared to recombinant 

human fetuin (which is a single-chain protein including the connecting peptide). Since it has 

been reported that 7-20% of circulating fetuin carries phosphorylation at Ser330 (14), it is 
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tempting to speculate that a similar portion of human fetuin circulates as a single-chain protein 

containing the connecting peptide (14, 57). The existence of such a minor, albeit metabolically 

more active pool of fetuin could be important in the pathology of type 2 diabetes which is 

connected with acquired or inherited defects in the insulin receptor signaling cascade. Our data 

suggest a different scenario. We showed in our earlier study and also here, that human serum 

fetuin exists exclusively in the two-chain form architecture, however it still contains the 

connecting peptide. The proteolytic cleavage separating fetuin into two chains occurs at 

aforementioned position 340 and completely removes the Arg residue. Therefore, the 

modification of phosphorylation site Ser330 does not seem to correlate with the 

absence/presence of the connecting peptide and a putative regulatory function of the phosphate 

at Ser330 has likely a different mechanism.  

 

Sepsis specific alterations in the proteoforms of human fetuin  

In many diseases, including acute and chronic inflammatory diseases, several acute phase 

proteins display altered glycosylation (61). Human fetuin has been classified as a negative acute 

phase glycoprotein, however, whether and how inflammatory processes affect fetuin 

glycosylation has not been described yet. Here, we observed in fetuin purified from septic 

patient donors a statistically significant increase of fucosylation on N-glycosylation site Asn176 

(B). Notably, two septic patients, M7 and F7, did not show increased fucosylation. Both these 

patients were considerably younger compared to the other patients (18 and 19 years old). It has 

been previously hypothesized that N-glycan profiles are affected by age and gender (62–65). 

Although arguably on a small dataset, we did observe a correlation in our data between the 

extent of fucosylation and age. However, the number of data points showing the correlation 

between fucosylation and age was not sufficient to perform a proper statistical evaluation.  

Nonetheless, this further supports that the discovery and development of biomarkers should 

seriously take into consideration factors like gender and age of the donors. Whether the 
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increased fucosylation has a functional consequence or is barely a diagnostic marker of 

“diseases-state” needs further exploration. 

In conclusion, we analyzed here for the first time fetuin samples extracted from twenty 

individual donors, 10 healthy and 10 suffering from a septic shock.  This personalized in-depth 

proteoform profiling provided a wealth of data on fetuin processing, fetuin phosphorylation and 

fetuin N- and O-glycosylation. One of the most intriguing findings of our study is that the 

common fetuin gene polymorphism affect the corresponding proteins’ proteoform profiles.  

In most genomics and proteomics studies on fetuin so far consequences of the gene 

polymorphisms, and fetuin processing have been largely ignored. We feel that apparent 

discrepancies on fetuin reported in the literature, need to be readdressed, taken into account the 

donor's individual genotype, physiological state, and fetuin processing state.  It has been often 

suggested that fetuin is a protein sensitive to various physiological states, but whether its 

clinical potential is strong, deserves to be further investigated. Our data clearly demonstrates 

how a single gene can lead to a very broad range of proteoforms, which all may be functionally 

differentially active. At the proteoform level there seem to be no boring genes, as even fetuin, 

characterized already 75 years ago, still exposes new and exciting features when studied in 

human individuals exhibiting different genotypes and physiological states. 
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available Byonic Preview files, containing all identified and assigned spectra are available at 

the following link: https://figshare.com/s/c3ef7dba6c2079e0402f 
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Supplementary Figures 

 

 

Supplemental Figure S1. Ion exchange based fractionation of human serum from one 
healthy individual. The fetuin fraction was collected in the time window 22.5-23 min. The 
proteins in this fractions were identified and quantified by bottom-up proteomics (using number 
of peptide spectral matches – PSM). The pie chart depicted in the inset reveals that fetuin is not 
the only, albeit the predominant protein (21%), in this fraction. 
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Supplemental Figure S2. Different genotypes lead to different proteoform profiles. 

Overview of all zero-charge deconvoluted native mass spectra of human fetuin derived from 
the 10 healthy and 10 septic patient donors. The spectra are classified into the three fetuin 
genotypes A. AHSG*1, B. AHSG*2 and C. AHSG1/2 based on the signature peaks assigned 
with color codes (mass annotated proteoforms). The proteoforms marked with 2P indicate that 
the PTM composition contains 2 phosphate moieties. 



109 
 

 

Supplemental Figure S3. Quantification of the peptide signatures containing the 
mutations and O-glycosylation site Thr/Ser256. Extracted ion chromatograms (XICs) of the 
peptides containing the O-glycosylation site A. Thr256 on AHSG*1 fetuin, B. Ser256 on 
AHSG*2 fetuin and C. both Thr256 and Ser256 on AHSG1/2 fetuin. 
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Supplemental Figure S4. Proteoform profiles originating from individuals representative for 
the fetuin purified from the serum of A. AHSG*1 donor (F1) B. AHSG*2 donor (M3), and C. 
AHSG1/2 donor (F3). The depicted glycan combination in a site-specific manner shown in A, 
B and C corresponds to the signature peaks for the three different genotypes. (A=Asn156, 
B=Asn176, C=Thr256, D=Thr270, and E=Ser346, X means unmodified glycosylation site.) 
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The following supplementary tables are not printed because they are oversize. 

Supplemental Table S1: Relative quantification of the peptides containing the mutations and 
O-glycosylation site Thr/Ser256, obtained for all 10 healthy individuals 

Supplemental Table S2: List of annotated proteoforms of fetuin pooled from human sera of 
various donors 

Supplemental Table S3: List of annotated proteoforms of fetuin derived from sample F1 
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fucosylated proteoform calculated from the intensities extracted from the native spectra 
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containing N-glycosylation site N176 calculated from their peak areas 
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Abstract 

Sepsis and septic shock, the result of a systemic response to an infection, remains the leading 

cause of death in intensive care units (ICUs). Due to the ambiguous pathogenesis originating 

from the inflammatory response during sepsis, any contribution to the improved diagnosis and 

understanding of this process is important. Altered glycosylation patterns of acute-phase 

proteins have been linked to inflammatory responses. To build further upon such findings, here, 

we monitored the longitudinal changes in the glycoproteoform profiles of α-1-antichymotrypsin 

(AACT) extracted from plasma of individual septic patients across four time-points, including 

post-operative (before sepsis) and post-discharge of the ICU. We used high-resolution native 

mass spectrometry to qualitatively and quantitatively monitor the multifaceted 

microheterogeneity of AACT, which allowed us to monitor how changes in the 

glycoproteoform profiles reflected the patient's physiological state. Although we observed a 

general trend in the remodeling of the AACT glycoproteoform profiles, each patient exhibited 

its unique features and responses, providing a resilient proof-of-concept for the importance of 

personalized longitudinal glycoproteoform profiling. 
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Introduction 

Sepsis is a major cause of morbidity and mortality in hospitals worldwide, especially at their 

Intensive Care Units (ICUs). It occurs in approximately 2% of all hospitalized patients(1). 

Mortality rates reach up to 60% for patients experiencing septic shock(1–3). Diagnosis is 

currently based on symptom scores and microbiological results, which lack both sensitivity and 

specificity and can lead to significant delays in the initiation of adequate treatment. To date, no 

single biomarker has been able to diagnose sepsis in an efficient and timely manner. Therefore, 

further research remains imperative to improve our understanding of the pathophysiology of 

sepsis and develop new diagnostics and prognostics tools(4). 

Of patients admitted to the hospital, blood, plasma, and serum are readily accessible and 

represent a rich source of proteins used in clinical diagnostics. Consequently, over the last two 

decades, hundreds of studies focused on mining plasma or serum for biomarkers of all kinds of 

diseases, notably cancer, diabetes, sepsis, and other inflammatory or infectious diseases(5). 

Recently, due to the improvements in sample preparations and mass spectrometry-based 

proteomics technologies, we have been witnessing a renewed interest in plasma proteomics (5, 

6). One notable example is a recent large scale study of plasma protein levels in people during 

longitudinal weight loss, where almost half of all monitored proteins had individual-specific 

levels that varied significantly between individuals but stayed rather constant in abundance 

within each individual(7). Focusing on sepsis, a vast body of studies have hinted at close to two 

hundred proteins associated with the sepsis response (4, 8–13), with the general pathways 

represented by these proteins, including the acute-phase response (APR), complement 

activation, and blood coagulation. Unfortunately, many of these proteins are also characteristic 

biomarkers of several other pathophysiological conditions, and thus not unique for sepsis (4). 

During the APR, the concentration levels in plasma of several acute-phase proteins (APPs) 

change, which is a part of a very complex systemic response to many diseases. Among the most 

important APPs is C-reactive protein (CRP) that is frequently used in diagnostics as a marker 

of inflammation and infection(14–16). Measuring CRP values has proven to be very useful in 

determining treatment effectivity or progress of disease/recovery (17). In addition to changes 

in protein plasma levels, variations can also occur at a post-translational level, notably in protein 

glycosylation. These alterations can be specific and are highly dependent on the 

pathophysiological processes occurring in the cell producing the protein, and on down-stream 

processing when the protein is secreted into the bloodstream(18–21). As glycosylation is 

prevalent in proteins found in extracellular environments, the study of glycosylation patterns in 

proteins from body fluids, such as plasma, has become a valuable source of information to 

describe cellular processes, including acute inflammation during infection. However, the 

inherent vast structural complexity of glycoproteins and their proteoform profiles represent a 

4
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notorious analytical challenge. Moreover, plasma protein glycosylation is regulated by various 

factors such as the genetic background of the donor and their environment, making each patient 

unique(22, 23). We recently reported evidence for this uniqueness, reporting that the 

proteoform profiles of two abundant plasma APPs, fetuin and haptoglobin, are substantially 

affected by frequently occurring genetic polymorphisms(24, 25). These observations underline 

the urgency to investigate plasma proteins in patients individually, i.e., personalized diagnostics 

also at the protein and proteoform level. Despite many obstacles in identifying specific 

biomarkers for sepsis, a study from DeCoux et al. has demonstrated an association of specific 

glycoproteins, such as α-1-antichymotrypsin (AACT), with sepsis survivors(26). We follow up 

on these important discoveries and here investigate AACT (glyco)proteoforms in 

unprecedented detail in individual donors that all experienced, and recovered from, a septic 

episode. 

Human AACT is a fairly abundant plasma protein and member of the serpin superfamily of 

serine proteinase inhibitors that play a key role in the control of several proteolytic cascades. It 

is mainly produced by the liver and bronchial epithelial cells (27). During an inflammatory 

response, plasma levels of AACT can be doubled within 16 hours (28), which classifies AACT 

among the positive-response APPs. Although AACT was described more than half a century 

ago (29), its precise function remains quite elusive. In general, AACT has a role as an anti-

inflammatory agent that inhibits chymotrypsin, cathepsin G, and other proteases (30). ACCT is 

a heavily glycosylated protein with an apparent molecular mass estimated by SDS-PAGE 

between 55,000 and 66,000 Da, with the variation attributed to glycosylation 

microheterogeneity. The protein contains 6 possible N-glycosylation sites and intact 

glycopeptide analysis confirmed 5 sites as occupied (GlyGen P01011) ; namely asparagine 

residues at positions  93, 106, 127, 186, and 271  (Supplementary Figure S1) (31). It has been 

shown that N-glycosylation of ACCT is primarily of the complex glycan type; however, a more 

detailed analysis of the composition of each N-glycan and its heterogeneity has not been 

provided yet.  

Here, we employed state-of-the-art native mass spectrometry (MS) to analyze plasma samples 

obtained from ten patients, each at four different time-points, who were initially admitted to the 

ICU for routine observation, yet later developed sepsis. We first monitored the plasma 

proteome profiles from these patients across the different time points to elucidate changes in 

protein abundances associated with the sepsis, confirming that several proteins, including C-

reactive protein, AACT, and several other APPs, became higher abundant at the onset of sepsis 

(32–34). Next, we performed quantitative glycoproteome profiling of AACT to monitor 

potential changes in response to sepsis, using high-resolution native MS  (35, 36). Cumulatively, 

our data revealed that at the onset of sepsis, a substantial glycosylation remodeling occurs on 
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AACT, whereby it becomes decorated with glycans exhibiting increased branching/LacNAc 

elongation and fucosylation.  Although the glycan remodeling during the septic episode 

revealed similar features in all patients, each patient carried a remarkable unique glycosylation 

signature.  

 

Methods 

Individual Plasma Sample Collection and Chemicals 

From an existing prospective study database, we selected patients who were initially admitted 

to the ICU for observation following elective surgery, but who developed nosocomial sepsis 

later during their hospital stay and were consequently re-admitted to the ICU. Leftover plasma 

was stored at -80°C within 4 hours after collection from the patient for these subjects daily. 

Unless otherwise specified, all chemicals and reagents were obtained from Sigma-Aldrich 

(Steinheim, Germany). Acetonitrile (ACN) was purchased from Biosolve (Valkenswaard, The 

Netherlands). Sequencing grade trypsin was obtained from Promega (Madison, WI). The Oasis 

PRiME HLB plate was purchased from Waters (Etten-Leur, the Netherlands). 

 

Plasma sample preparation - Depletion of three abundant proteins 

100 μL of each clinical plasma sample (40 in total) was first filtered by using a 0.45 μm filter 

membrane and subsequently immunodepleted by using a Human plasma Depletion Gravity 

Column (Good Biotech Corp., Taichung, Taiwan) for the removal of albumin, IgG, and 

transferrin. The column was first equilibrated with an 8 ml PBS buffer. Next, 100 μL of filtered 

plasma sample was pipetted on the top of the resin, followed by 1 ml PBS to yield sufficient 

volume for transferring the plasma through the resin. The flow-through was discarded after 5 

minutes. The depleted plasma proteins were eluted and collected from the resin with five 

column volumes of 1 mL PBS (in total 5 mL), and 5 mL PBS fraction was concentrated down 

to around 50 μL by using 10 kDa cutoff filter. The concentrated plasma samples were stored at 

-80 °C until the ion-exchange chromatography separation. 

 

AACT purification from individual plasma samples 

An Agilent 1290 Infinity HPLC system (Agilent Technologies, Waldbronn, Germany) 

consisting of a refrigerated autosampler with a 500-μL injector loop, binary pump, a vacuum 

degasser, two-column compartment with thermostat, auto collection fraction module, and 
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multi-wavelength detector, was utilized to purify AACT. The system consisted of a tandem 

CAT- WAX (PolyWAX LP, 200 × 2.1 mm i.d., 5 μm, 1000 Å; PolyCAT A, 50 × 2.1 mm i.d., 

5 μm, 1000 Å) two-stage column set- up. All columns were obtained from PolyLC Inc. 

(Columbia, USA). The column compartment was kept at 17 °C while the other compartments 

were cooled to 4 °C. Mobile phase Buffer A consisted of 100 mM ammonium acetate 

(AMAC)(pH 7.2) in water, and Buffer B consisted of 2.5 M AMAC in water. Typically, 50 μL 

of depleted plasma sample was mixed with 250 μL Buffer A and injected per run. Elution was 

achieved using a multi-step gradient, consisting of six transitions with increasing proportions 

of Buffer B: (step 1; equilibration) 0% B, 0–5 min; (step 2; salt gradient) 0–11% B, 5–6.5 min; 

(step 3; salt gradient) 11–36% B, 6.5–23 min; (step 4; high salt rinse) 36–100% B, 23–27 min; 

(step 5; high salt wash) 100% B, 27–31 min; (step 6; restoration) 100–0% B. The flow rate was 

set to 800 μL/min. The chromatograms were monitored by absorption at 280 nm and time-based 

fractions collected every 0.5 min from 12-20 min using an automated fraction collector. Human 

AACT eluted in the fraction collected in between 15.50-16.00 min (Supplementary Figure 1). 

 

Native MS Analysis of AACT 

For each patient and each time-point, the tandem CAT-WAX fraction containing about 20-40 

µg of the AACT protein was first treated with sialidase to remove sialic acids. The desialylated 

AACT samples were subsequently analyzed on a modified Exactive Plus Orbitrap instrument 

with extended mass range (EMR) (Thermo Fisher Scientific, Bremen) using a standard m/z 

range of 1000-10,000 (37). The voltage offsets on the transport multi-poles and ion lenses were 

manually tuned to achieve optimal transmission of protein ions at elevated m/z. Nitrogen was 

used in the HCD cell at a gas pressure of 6-8 × 10-10 bar. The MS parameters used: spray voltage 

1.2-1.3 V, source fragmentation 30 V, source temperature 250 °C, collision energy 30 V, and 

resolution (at m/z 200) 17,500. The mass spectrometer was calibrated using CsI clusters, as 

described previously (38). 

The masses of the observed glycoproteoforms of AACT were extracted from the zero-charge 

deconvoluted native mass spectra using intact Mass software (Protein Metrics ver. 3.8) (39). 

For the analysis of the glycan compositions, the data was processed manually, whereby the 

glycan structures were retrieved based on known biosynthetic pathways. The average masses 

used for the glycans were: hexose/mannose/galactose (Hex/Man/Gal, 162.1424 Da), N-

acetylhexosamine/N-acetylglucosamine (HexNAc/GlcNAc, 203.1950 Da), deoxyhexose 

(dHex, 146.1430 Da). Peak intensities in the deconvolved mass spectra were used for the 

relative quantification of all the co-occurring AACT glycoproteoforms. Each proteoform was 

normalized individually in the spectrum so that the sum of all proteoforms amounted to 100%. 
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Plasma proteome profiling 

2 µL of human plasma was taken from each sample of each donor at each time-point and mixed 

with 50 µL digestion buffer for reduction and alkylation of the proteins. Of note, these plasma 

proteome analyses were performed without the depletion of any proteins and desialylation. The 

digestion buffer contained 100 mM Tris-HCl (pH 8.5), 1% w/v sodium deoxycholate (SDC), 5 

mM Tris (2-carboxyethyl)phosphine hydrochloride (TCEP) and 30 mM chloroacetamide 

(CAA). Trypsin was then added for overnight digestion at 37 °C at an enzyme-to-protein ratio 

of 1:20 (w/w). The next day the SDC was removed via acid precipitation (0.5% trifluoroacetic 

acid) (TFA).  Following acid precipitation, peptides were desalted using an Oasis PRiME HLB 

plate, then dried and stored at -80 °C until MS analysis. 

LC-MS/MS analysis on these peptide samples was performed by coupling an Agilent 1290 

Infinity HPLC system (Agilent Technologies, Waldbronn, Germany) to a Q Exactive HF-X 

mass spectrometer (Thermo Fisher Scientific, Bremen, Germany).  The peptides were first 

trapped with a 100 μm inner diameter 2 cm trap column  (in-house packed with ReproSil-Pur 

C18-AQ, 3 μm) (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) coupled to a 50 m inner 

diameter 50 cm analytical column (in-house packed with Poroshell 120 EC-C18, 2.7 μm) 

(Agilent Technologies, Amstelveen, The Netherlands). The mobile-phase solvent A consisted 

of 0.1% FA in water, and the mobile-phase solvent B consisted of 0.1% FA in 80% ACN. A 

115 min gradient was used as follows: 0-5 min, 100% solvent A; 13-44% solvent B for 95 min; 

44-100% solvent B for 5 min; 100% solvent B for 5 min; 100% solvent A for 10 min.  Peptides 

were ionized using a spray voltage of 1.9 kV and a heated capillary. The mass spectrometer 

was set to acquire full-scan MS spectra (375-1600 m/z) for a maximum injection time of 20 ms 

at a mass resolution of 60,000 and an automated gain control (AGC) target value of 3e6. Up to 

15 of the most intense precursor ions were selected for tandem mass spectrometry (MS/MS). 

HCD MS/MS (200-2000 m/z) acquisition was performed in the HCD cell, with the readout in 

the Orbitrap mass analyzer at a resolution of 30,000 (isolation window of 1.4 Th) and an AGC 

target value of 1e5 or a maximum injection time of 50 ms with a normalized collision energy 

of 27%. 

MaxQuant (software version 1.6.3.4) (40) was used to analyze the LC-MS/MS raw files. 

MS/MS spectra were searched against the Swiss-Prot FASTA database (release date: Feb 2018, 

20 412 entries, taxonomy: Homo sapiens) with the following modifications: fixed cysteine 

carbamidomethylation, variable methionine oxidation. Enzyme specificity was set as C-

terminal to arginine and lysine with a maximum of 2 missed cleavages. The searches were 

performed using a precursor mass tolerance of 8 ppm and a fragment mass tolerance of 20 ppm 

followed by a 1% false discovery rate (FDR) for protein and peptide levels with a minimum 
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length of six amino acids for peptides. For label-free quantification, the "match between run 

algorithm" in the MaxQuant quantification suite was used. Label-free protein quantification 

(LFQ) was performed for unique peptides with a minimum ratio count > 2. 

 

Results 

All plasma samples were obtained via intensive care units (ICU) with patients belonging to the 

MARS cohort. The MARS cohort includes patients above the age of 18, who have been 

admitted to the ICUs of the AMC Amsterdam, NL (study period 2011-2013) or the UMC 

Utrecht, NL (study period 2011-present day) except for elective cardiothoracic surgical patients 

with an expected length of stay shorter than 24 hours. For the current study cohort, we focused 

on patients who had been admitted to the ICU on multiple occasions: a first occasion was a 

"routine" observation after elective surgery with generally an uncomplicated stay shorter than 

two days; the second and subsequent occasions were ICU-readmission after being 

suspected/diagnosed with sepsis or a septic shock. 

We selected ten individual septic patients whose plasma samples had been collected across four 

time-points (T1-T4). A summarizing overview of the patient's plasma collection details is 

depicted in Figure 1. The samples at T1 were obtained from the patients who had had elective 

surgery. Samples T2 were obtained during the suspected septic episode-based, as evidenced by 

a substantial rise in the plasma abundance of the C-reactive protein, whereby plasma samples 

for T3 were collected the next day (i.e., after T2). T4 was obtained following the discharge 

from the ICUs. Notably, there is a difference in the timing of plasma collection for each patient, 

as it was based on pathophysiological state, not on the exact number of days (see Figure 1). 

Some patients were already released from the ICU after two days, while some stayed for a 

couple of weeks. 
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Figure 1. Timing of the plasma sample collection based on the patient's physiological state. 
Plasma samples were collected from ten individuals each at four subsequent time-points. T1 
represents the first plasma sample collection point taken for each patient undergoing elective 
surgery. The time-points T2 and T3 represent plasma collections at two consecutive days 
following the assumed septic episode. The plasma from T4 was collected when the patients 
were discharged from the ICU. Corresponding numbers represent the elapsed number of days 
between the collection of the samples.  

 

Individual plasma proteome profiles confirm known trends associated with sepsis, 

including AACT 

Considering that sepsis is a multifactorial complex syndrome involving a multitude of cell types 

and organs, it comes to no surprise that clinical definitions of sepsis are based on the patient's 

symptoms instead of the underlying molecular signatures(41, 42). Several plasma and serum 

proteomics studies on sepsis have corroborated that the fundamental molecular mechanisms are 

indeed complex and diverse (12, 43–45). 

We first monitored the plasma proteome profiles of each septic patient, focusing just on the 

most abundant proteins. Using label-free quantitative (LFQ) proteomic profiling, we obtained 

abundance profiles of about the 200 most abundant plasma proteins (Supplementary Table 1). 

We used the LFQ values of the proteins in T1 to normalize a baseline for subsequent monitoring 

of the quantitative changes in the plasma proteome (Supplementary Table 2). Our analysis 

revealed about ten significantly higher abundant proteins at T2 and T3 when compared to T1 

(Figure 2A-B). These upregulated proteins included several acute-phase response proteins 

(APPs) (ITIH3 - inter-α-trypsin inhibitor, CRP – C-reactive protein, APOA2 - apolipoprotein 

A2, SAA1 - serum amyloid A1, SAA2 - serum amyloid A2, A2GL - leucine-rich α-2-

glycoprotein, and LBP - lipopolysaccharide-binding protein). Each of these displays a wide 

range of different functionalities, such as serine protease inhibitor (ITIH3), lipid transport 

(APOA2), and cholesterol transport (SAA1, SAA2). Both the upregulated and downregulated 

proteins observed in our analysis are commonly associated with sepsis, as well as other 

inflammatory physiologies, validating that all our patients indeed show the hallmarks of a septic 

episode(34, 46–49). Finally, following the discharge from the ICU patient plasma proteome 

profiles seemingly returned close to baseline for most of these proteins (Figure 2C). 

Since the clinical data on the patient of the MARS cohort contained information on the 

abundance level of the CRP in plasma (Supplementary Table 3), we could compare the trends 

in CRP level per individual patient when measured with proteomics and ELISA (Figure 2D 

and 2E). Additional examples of LFQ trends of positive (SAA1 and SAA2) as well as negative 

(TTHY) acute phase proteins are depicted in Figure 2G-I. The abundance trend of α-1-

antichymotrypsin (AACT), which we selected later for in-depth glycoproteoform profiling due 
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to its suggested active role in sepsis survivors (26), followed roughly a similar trend as CRP 

(Figure 2F), with an increase in abundance during sepsis in T2 and T3 and reverting close to 

baseline in T4 for all monitored patients.  

As mentioned above, the plasma levels of CRP are often used to assess the condition of septic 

patients as one of the markers for potential release from the ICU. Our data show that such assays 

could be complemented by assays monitoring the levels of other APPs, notably ITIH3, CRP, 

APOA2, SAA1, SAA2, A2GL, LBP, but also AACT. 

 

Figure 2. Plasma proteome profiles of septic patients.  Volcano plots depicting the changes 
in protein abundances, normalized against T1, for T2 in A), T3 in B), and T4 in C) averaged 
over all ten patients. Proteins increasing in abundance are depicted in red, while proteins 
becoming lower in abundance are shown in blue. AACT is depicted in green. D) LFQ based 
quantitation of CRP levels per individual patient based on proteomics experiments. E) ELISA 
based measurements of CRP levels. F) LFQ based quantitation of AACT per individual patient 
by proteomics. LFQ determined trends for SAA1, SAA2, and TTHY in all individual patients 
are depicted in G), H), and I), respectively. The depicted boxplots contain data for all patients 
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across all four time-points. The dashed lines connect for each individual patient its 
corresponding time-points. 

 

Remodeling of patients α-1-antichymotrypsin glycoproteoform profiles during sepsis 

Confirming that AACT protein levels follow a similar trend, with a notable increase in 

abundance upon sepsis, reverting to baseline at T4, we next questioned whether there would 

also be changes in the glycoproteoform profiles of patients undergoing sepsis and whether such 

trends would be shared or unique for all studied patients. We chose to focus on AACT as it 

represents a plasma glycoprotein harboring some of the most elaborate glycosylation profiles, 

being modified by several biantennary type N-glycans (50).  

We and others have shown that high-resolution native mass spectrometry profiles can provide 

valuable information about protein glycosylation and other post-translational modifications 

(PTMs), but also on other structural variations, such as genetic variants or mutations (25, 35, 

51–53). We thus used such a native MS approach to investigate the structural heterogeneity of 

AACT in the context of the above-described study design. Although AACT is one of the more 

abundant proteins in plasma (0.4 mg/L)(54), the high dynamic range of plasma protein levels 

hampers the facile isolation of AACT by IEX directly from plasma. We overcame this problem 

by first depleting the three most abundant plasma proteins (albumin, IgG, and serotransferrin) 

using a dedicated column and semi-automated set-up for immunodepletion, starting with 

around 100 µL of a plasma sample. After the initial depletion, we subjected the samples to IEX 

and collected the fraction containing AACT (Supplementary Figure S2). This fraction was 

subsequently analyzed by native MS. Similar to the observations made by Wu et al. on acid 

glycoprotein (35) and Tamara et al. (25) on haptoglobin, the highly heterogeneous and complex 

AACT glycosylation profile precluded us from making a full spectral annotation. The high 

structural heterogeneity is primarily caused by the high frequency and abundance of sialic acid 

moieties. They do not only expand the proteoform profiles immensely but also hamper the 

annotation, as mass shifts caused by two fucosylation moieties or one sialylation moiety are 

hard to disentangle due to their similar masses (i.e., 291.1 and 292.1 Da, respectively). Hence, 

in line with the previous studies, we decided to treat the AACT samples with sialidase to remove 

all sialic acid moieties, clarifying the resulting native mass spectra (Supplementary Figure 

S3A-B) and proved to be very reproducible (Supplementary Figure S3C). The deconvoluted 

native mass spectra of desialylated AACT from T1 of one donor contained around 30 distinct 

mass signals corresponding to various glycoproteoform variants (Supplementary Table 4). 

Most ion signals center around 55 kDa, whereas the "bare" AACT backbone mass is 45265.82 

Da, leaving around 10 kDa of the measured mass corresponding to glycans. Notably, the ion 

signals of the non-desialyated AACT indicate a Mw of AACT of around 58 kDa, indicating 
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that we release on average 13-15 sialic acids using Sialidase treatment. The most abundant 

signal in the desialyated AACT spectrum corresponds to the AACT protein modified with five 

N-glycans. A possible composition of these five glycans to come to the measured mass is 

depicted in Figure 3A. Next, if we compare T1 with T2 and T3, we see a substantial shift in 

distribution towards higher masses, caused by increased fucosylation and additional branching 

of the N-glycans (Supplementary Figure S4 and Supplementary Table 5). Surprisingly, this 

glycan remodeling continues even further onto T4, where we reproducibly observed even 

greater extent of glycan remodeling (Figure 3B-F and Supplementary Figure S5). Since this 

extensive glycan remodeling, with the enhanced occurrence of fucosylation and additional 

branching increases the glycoproteoform mass, we decided to determine the weighted average 

mass (WAM) to effectively and quantitatively visualize these substantial mass shifts. This 

average mass is a single value representing the WAM of all annotated AACT glycoproteoforms 

(see Methods for parameters and native spectra annotation). Using this concept, it becomes 

immediately apparent that across all patients, we observe a substantial initial glycan remodeling 

in T2 and T3 when compared to T1 (Figure 3C and 3D). Additionally, in contrast to the 

observation that the AACT protein abundance returned to baseline levels comparable to T1 at 

T4 (Figure 2F), we observed a further increase in glycan remodeling at T4 when compared to 

all earlier three time points (Figure 3C, 3D and Supplementary Table 5). From this data it 

appears that an acute inflammatory event, in this case sepsis, induces a longer-term 

glycosylation remodeling on AACT, even though that the abundance levels of AACT (and CRP) 

return to baseline levels and the patients have been released from the ICU.  
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Figure 3. Remodeling of α-1-antichymotrypsin glycosylation following sepsis. Illustrative 
deconvoluted native mass spectra of AACT in T1 and T4 are shown in A) and B), respectively 
(for patient 1). The likely glycan composition of the most abundant signals are annotated in A), 
whereby the GlcNAcGal shifts from the most abundant peak are denoted with black arrows. 
Red triangles denote the presence of additional fucose residues. Overlapping peaks in the 
spectra between A) and B) are color-coded, and the weighted average mass (WAM) is denoted 
in the upper right corner. WAMs for AACT for all patients and time-points are shown in C) 
represented in Boxplots, and concomitant "spaghetti" plots connecting each patient's data are 
depicted in D). Relative abundances of AACT glycoproteforms of patient P1 with the same 
HexNAcHex (N=HexNAc, H=Hex) or Fuc count are depicted in E) and F), respectively. An 
overview of the abundances of these glycoproteoforms in AACT for all other patients is 
provided in Supplementary Figure 2. 

 

Despite an evident trend in the increased WAM of AACT across four-time points observed in 

all patients, we observed significant differences in glycoproteoform profiles between the 

different patients. This variety means that the T1 baseline for each patient is already quite 

different. This is also visualized in Figure 3D, wherein we plotted the trends for each patient 

separately. For instance, although both P1 and P2 show a similar continuous trend in the mass 
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increase over time, the end-point in mass for P1 (i.e., at T4) is similar to the mass for P2 at the 

start (i.e., at T1). Such trends would, therefore, be missed if we pooled all ten samples, making 

our study a case for personalized longitudinal glycoproteoform profiling.  

 

Personalized glycoproteoform profiling to assess inter-individual glycosylation 

heterogeneity 

To further assess inter-individual glycosylation heterogeneity in AACT, we utilized our 

previously introduced concept of "spectral barcoding" (51) wherein the deconvoluted mass 

spectra of AACT from each patient and T1-T4 time-points are used as glycoproteoform 

signatures (i.e., barcode). These signatures are subsequently directly compared with each other 

for mass spectral similarity using the Pearson correlation coefficient. As entries, we have the 

40 mass spectra (from 10 patients at four-time points) and calculated the correlation coefficient 

between all these spectra. In Figure 4, an overview of all this data is given in the form of a 

correlation matrix, whereby spectra that are alike (having a high Pearson correlation) cluster 

together. From the upper left quadrant of this matrix, it is apparent that the spectra of all patients 

at T1 cluster well together, with notable exceptions (e.g., P2). However, except for some 

samples taken at T4, i.e., from patients P10, P2, and P9, which show a distinctive cluster, we 

did not observe a clear separation at any of the other time-points.  This representation 

corroborates the observation that each patient has a unique baseline in their AACT 

glycoproteoform profiles, and the onset of sepsis causes extensive remodeling of the AACT 

glycoproteoform profile. Intrigued by this observation of continuous glycosylation remodeling 

even up to T4 (when patients are released from the ICU, and AACT and CRP levels have 

returned already to "normal"), we focused next solely on the differences between the T1 and 

T4 samples.  
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Figure 4. Correlation matrix of α-1-antichymotryspin glycoproteoform profiles for all 

patients at all time points. Native mass spectra for each patient and time-points (10*4 spectra) 
were correlated with each other and clustered based on the extracted Pearson correlation. 
Patients are color-coded according to the legend below the matrix. The extracted correlation is 
indicated both by the scale bar on the right, with dark blue representing the highest correlation, 
and the size of the circles where bigger circles represent higher correlation. 

 

Constructing a similar correlation matrix by taking only the data of the patients at T1 and T4 

into account, we observed a clear separation between those two-time points (Figure 5). We 

again observed one notable exception, T1 of patient 2, which seemingly falls into the late-time 

point cluster. Notably, patient 2 already showed the most significant WAM at T1, as depicted 

in Figure 3C-D. Additionally, we noticed that the spectra of all patients taken at T4 were 

separated into two partially overlapping clusters, indicated with a purple and brown box in 

Figure 5, respectively. We first assessed whether this separation might be due to the differences 

in the sample collection points of T4 (see Figure 1) (e.g., T4 for patient 4 was collected only 

four days following T3, while for patient 7 this time difference was 60 days), but this did turn 

out not to be a determining factor. The most evident factor correlating to the distinction between 
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the data in the purple and brown box seemed to be the extent of observed glycan remodeling at 

T4, as represented by the increase in WAM values. The patients in the brown cluster display a 

lower increase in WAM when compared to those in the purple cluster. In agreement, the T4 

samples of the patients in the brown box also correlate somewhat better with cluster 1, 

representing the data of nearly all T1 samples. 

 

Figure 5. Correlation matrix of α-1-antichymotryspin glycoproteoform profiles for all 

patients at time points T1 and T4. Native mass spectra for each patient and time-points were 
correlated with each other and clustered based on the extracted Pearson correlation. Patients are 
color-coded according to the time-point with green corresponding to T1 and red to T4. 
Highlighted are three distinctive clusters coming out of this analysis: green, purple, and brown. 
The most likely feature distinguishing these clusters is the average weighted masses, which 
increase for the data from the green box, via the brown to the purple box, respectively. 

 

To further illustrate the inter-individual diversity in AACT glycoproteome profiles, the 

deconvoluted native mass spectra of selected samples (T1 and T4 pairs) are shown in Figure 6. 

For instance, patient 2 exhibits already a relatively complex and high mass glycoproteome 

profile at T1, similar to the profiles observed at T4 for some of the other patients (Figure 6). 

Also, the extent of glycan remodeling can vary extensively, whereby especially P10 shows a 

very high extent of remodeling (Figure 6). This data further calls for more personalized 

approaches in (glyco)protoform profiling.  
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Figure 6.  Examples of deconvoluted native mass spectra of AACT illustrating the 

extensive glycoprotoform remodeling observed between T1 and T4 and unique 

differences in between patients. Deconvoluted native mass spectra are shown for four patients, 
each at two-time points (t1 and T4). Each time on top of the panel is the spectrum for T1 while 
at the bottom, the one of T4. Spectra of patient P2 are shown in A), P8 in B), P10 in C), and P3 
in D). The most abundant peak in each spectrum is annotated with one of the most likely glycan 
compositions. Dashed lines connect peaks of the same mass as a visual guide. 

 

Discussion 

In this study, we investigated by proteomics approaches small amounts of plasma obtained from 

ten patients longitudinally at four time-points throughout a non-lethal septic episode. We first 

confirmed that this acute inflammatory event resulted in the temporally higher plasma 

abundance of several positive acute-phase proteins (APPs) that returned to normal levels 

following partial recovery, whereby patients were released from the ICU. These proteins 

included the often-used clinical marker CRP, but also, for instance, SAA1, SAA2, and AACT. 
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Next, we obtained by native mass spectrometry the glycoproteoform profiles of one of these 

proteins, AACT.  We focused on AACT as previous study demonstrated upregulation of AACT 

glycopeptides is sepsis survivors(28). In our study, we observed a substantial remodeling in its 

glycosylation already at the onset of the septic episode. Remarkably, this remodeling prolonged 

even much further, extending beyond the time-point of release of the patients from the ICU. 

These changes in AACT glycosylation originate primarily from continuous increases in N-

glycan branching and additional fucosylation. The observed prolonged remodeling of the 

glycosylation of AACT is thus in sharp contrast to the trend observed for the plasma abundance 

of AACT, which reverted to “normal” at T4, i.e., when patients were released from the ICUs 

(Figure 7). 

 

Figure 7.  Protein versus proteoform profiling. In this study, both the protein abundance as 
well as proteoform profile of the plasma protein AACT were monitored longitudinally in ten 
patients that experienced a septic episode. As AACT is a positive acute-phase protein, its 
concentration increased during the septic episode and returned to baseline, following the same 
trend in time as the clinically used marker CRP. Upon return to baseline of CRP (and thus also 
AACT), patients are typically released from the intensive care unit. At the start of the septic 
episode also the glycoproteoform profile of AACT started to change and become remodeled 
and more complicated by the accumulation of additional branches, LacNAc elongations, and 
additional fucose moieties. Glycosylation remodeling proceeds even after the protein levels 
have gone back to “normal,” and patients are released from the ICU. This finding means that a 
memory effect of the septic episode is still present in the patients’ AACT days to weeks after 
the release from the ICU. 

 

It is well-established that an inflammatory event, regulated by cytokines (predominantly IL-6), 

can cause differential glycosylation processing during glycoprotein synthesis in the liver(57). 

It is important to note that glycan remodeling can occur independently of protein synthesis, 

functionally decoupling protein from glycoproteoform abundance levels as we indeed see on 

plasma AACT. Our findings here on AACT also are in line with early observations reported on 
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the α-1-acid glycoprotein. These studies showed that acute inflammation induces action of 

inflammatory cytokines affecting the expression of the α1-3 fucosyltransferase enzyme in the 

liver, resulting in increased levels of sialyl-Lewis X on the α-1-acid glycoprotein(58–60). 

One possible reason for the here-observed extensive glycosylation remodeling might be a 

defense mechanism to protect the patient against immune over-reaction. For instance, aberrant 

leukocyte activation and recruitment in host tissues can result in the breakdown of the vascular 

endothelium, organ failure, and death(61, 62). Since sialyl-Lewis X and E-selectin mediate 

leukocyte extravasation, expression of the same epitope on APPs might represent a way to 

partially inhibit such interactions(58). 

Concerning the observed increase in AACT fucosylation, we hypothesize that these fucose 

moieties are situated in the antennae of the glycans rather than being attached to the chitobiose 

core, based on the facts that APPs are seldom core-fucosylated (52, 63). This location of the 

fucose moieties is in line with the observed concomitant increase in N-glycan branching, which 

results in many more acceptor sites for antennary fucosylation, thus increasing the avidity of 

sialyl-Lewis X epitope presentation. Although the functional role of N-glycosylation in AACT 

is still elusive, there are a few studies reported on the somewhat similar plasma serine protease, 

alpha-1-antitrypsin (AAT) (64, 65). N-Glycans decorating ATT have a multifaceted function 

and play a role in protecting the protein from proteolysis and also preventing aggregation(66, 

67). Even if this would also be true for AACT, it is unlikely that the glycosylation changes of 

AACT during sepsis progression observed here influence these potential functions of AACT 

glycans in particular. Nevertheless, the significant changes in glycoproteoform profiles of 

AACT could have an impact on its interaction properties with substrates and other proteins. 

This effect would not be unprecedented as Wu et al. and Tamara et al. described that N-glycan 

heterogeneity might regulate interactions between plasma proteins, notably, between 

haptoglobin and hemoglobin(27, 37).  

 

In conclusion, we demonstrate that monitoring, at high-resolution, proteoform profiles of 

individual glycoproteins, such as AACT, provides valuable personalized information 

complementing traditional measurements of plasma concentrations of APPs for monitoring 

sepsis progression. Focusing on just this single protein, we reveal that each person's AACT 

glycoproteform profiles are unique. We expect this to be true for many other plasma 

glycoproteins, as corroborated by our  recent study on plasma fetuin, showing that its 

glycoproteoform profiles are affected not only by physiological states but also by frequent 

genetic polymorphism (26). APPs represent a group of proteins in which concentration levels 

are highly responsive to inflammatory events during sepsis and other diseases. Our findings on 

4
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AACT suggest that next to the rate of synthesis of these proteins, we should be critical of their 

structural changes and dynamics since these are unique in patients and may provide a deeper 

understanding of complex pathologies such as sepsis.  
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Supplementary Figures 

 

Figure S1. The amino acid sequence of AACT with reported N-glycosylation sites. A) 
amino acid sequence of AACT with highly occupied N-glycosylation sites highlited in red, and 
low occupancy site highlighted in blue(31). B) Most abundant AACT glycoforms reported in 
literature(67). 

 

Figure S2. Ion Exchange Chromatogram. An example of a plasma sample ion-exchange 
chromatogram is shown, and the collected fraction containing AACT is highlighted. 

4



142 
 

Figure S3. Clarification of glycoproteoform profile of AACT by sialidase treatment. A) 
Example of sialylated AACT and sialidase treated AACT in B). Horizontal lines denote charge 
state and green arrow connects composition corresponding to three triantennary N-glycans and 
a fucose with 15 sialic acids. Loss of 15 sialic acids can be observed in sialidase treated 
spectrum. C) Techical reproducibility of AACT measurement, on top T2 of P10 is shown and 
below in orange a technical replicate of the same patient and timepoint is shown. Upper right 
corner shows a Person correlation score. 
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Figure S4. Changes in the level of branching and fucosylation of AACT across four time 

points for each patient. A) Glycoprotoform compositions with the same HexNAcHex 
(N=HexNAc, H=Hex) composition were summed up together and plotted for all four time 
points B) All glycoprotoform compositions containing at least one fucose were summed up and 
sorted on their fucose content 
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Figure S5. Illustrative deconvoluted native mass spectra displaying the continuous 

remodeling of alpha-1-antichymotrypsin glycosylation across the four time points as here 

depicted for patient P1. 
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Supplementary Table 

 

Sample Abundance of CRP (mg/l) 
P1T1 71 
P1T2 375 
P1T3 451 
P1T4 78 
P2T1 121 
P2T2 375 
P2T3 333 
P2T4 91 
P3T1 73 
P3T2 137 
P3T3 71 
P3T4 52 
P4T1 73 
P4T2 220 
P4T3 180 
P4T4 87 
P5T1 78 
P5T2 282 
P5T3 202 
P5T4 57 
P6T1 48 
P6T2 440 
P6T3 463 
P6T4 126 
P7T1 94 
P7T2 340 
P7T3 314 
P7T4 10 
P8T1 71 
P8T2 332 
P8T3 302 
P8T4 13 
P9T1 54 
P9T2 386 
P9T3 318 
P9T4 134 

P10T1 84 
P10T2 228 
P10T3 228 
P10T4 96 

Supplementary Table S3-Clinical data on the plasma abundance level of the C-reactive 
protein (CRP) 

4
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Sample Average mass 
P1T1 54955.08 
P1T2 55129.22 
P1T3 55316.30 
P1T4 55651.45 
P2T1 55453.59 
P2T2 55982.52 
P2T3 55963.03 
P2T4 56214.17 
P3T1 55225.81 
P3T2 55671.06 
P3T3 55717.17 
P3T4 55797.07 
P4T1 54819.75 
P4T2 55602.88 
P4T3 55619.43 
P4T4 55717.09 
P5T1 55045.27 
P5T2 55445.24 
P5T3 55683.63 
P5T4 55954.02 
P6T1 54800.60 
P6T2 55953.61 
P6T3 55792.84 
P6T4 56008.99 
P7T1 55051.12 
P7T2 55568.76 
P7T3 55676.97 
P7T4 55876.14 
P8T1 55218.53 
P8T2 55464.65 
P8T3 55446.61 
P8T4 55873.27 
P9T1 55206.44 
P9T2 55485.60 
P9T3 55646.12 
P9T4 56354.12 

P10T1 55245.46 
P10T2 55301.04 
P10T3 55520.53 
P10T4 56623.58 

Supplementary Table S4---Calculated average mass of AACT (Da) 
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The following supplementary tables are not printed because they are oversize. 

Supplementary Table S1: Proteome search and label-free quantification result. 

Supplementary Table S2: Normalized proteome label-free quantification result in each sample 
to T1. 

Supplementary Data: The list containing relative abundances of AACT proteoforms in all 
samples. 
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Abstract 

Protein N-glycosylation on human milk proteins assists in protecting the infant's health and 

functions amongst others as competitive inhibitors of pathogen binding and immunomodulators. 

Due to the individual uniqueness of each mother’s milk and the overall complexity and 

temporal changes of protein N-glycosylation, analysis of the human milk N-glycoproteome 

requires longitudinal personalized approaches, providing protein- and N-site-specific 

quantitative information. Here we describe an automated platform using HILIC-based 

cartridges enabling the proteome-wide monitoring of intact N-glycopeptides using just a digest 

of 150 μg of breast milk protein. We were able to map around 1700 glycopeptides from 110 

glycoproteins covering 191 glycosites, of which 43 sites have not been previously reported with 

experimental evidence. We next quantified 287 of these glycopeptides originating from 50 

glycoproteins using a targeted proteomics approach. Although each glycoprotein, N-

glycosylation site and attached glycan revealed distinct dynamic changes, we did observe a few 

general trends. For instance, fucosylation, especially terminal fucosylation, increased across the 

lactation period. Building on the improved glycoproteomic approach outlined above, future 

studies are warranted to reveal the potential impact of observed glycosylation 

microheterogeneity on the healthy development of infants. 

 

Keywords:  human milk / glycoprotein / milk proteins / glycopeptides / HILIC-based 
platform / mass spectrometry / N-glycosylation / N-glycopeptide enrichment / targeted N-
glycopeptide quantification/ lactation 
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Introduction 

Human milk is a remarkable multifunctional fluid of the mammary gland, providing a varying 

amount of nutritional and non-nutritional, bioactive components to satisfy the specific demand 

of the newborn1. A major component of human milk are glycans, occurring both in free form 

as lactose and oligosaccharides2, and as well as conjugated to glycoproteins primarily in the 

form of N- and/or O-linked glycosylation3. Protein glycosylation is of special interest in milk 

due to the widespread functional capacity. For instance, glycosylated proteins are relevant to 

proteolytic susceptibility4, as competitive inhibitors of pathogen binding5, 6 and 

immunomodulators5, all together working to protect the infant’s health7. Like other components 

in human milk, protein glycosylation is quite diverse among individual mothers and it thought 

to also vary quite dynamically across lactation8. To understand the bioactive effects of the 

continuing changes of glycosylation in human milk, it is necessary that protein glycosylation 

analysis is done both in a personalized manner and longitudinally.  

The characterization of human milk glycosylation is challenging due to the large dynamic range 

of human milk proteins9 and the complexity of protein glycosylation. The first challenge is 

posed by the co-occurrence of high-abundant non-glycosylated proteins in human milk, such 

as beta-casein that accounts for ~30% of the proteins in weight,9 which diminishes the 

detectability of glycopeptides in a standard proteomics approach. Furthermore, the 

microheterogeneity introduced by harboring different types of glycans on the same protein 

glycosylation site further confounds the complexity of the sample and additionally the specific 

analysis of glycopeptides10, 11.  

To date, the glycopeptide-centric analyses of human milk protein glycosylation is still rather in 

its infancy. Thus, further developing this analysis is essential for obtaining information on site-

specific glycosylation. Recent studies mainly focused on the mapping of N-glycosylation sites 

of enzymatic deglycosylated peptides12-14 or on enzymatically released N-glycans15, 16.  To name 

a few, a recent study from Cao et al12 investigated human colostrum and mature milk samples, 

and reported 68 and 58 N-glycoproteins and 111 and 96 N-glycosites, respectively,  using a 

lectin enrichment approach and subsequent identification of the deglycosylated peptides. 

Picariello et al14 used hydrophilic‐interaction chromatography (HILIC) glycopeptide 

enrichment and applied this to a milk sample collected on day 7 after parturition, also merely 

analyzing the deglycosylated peptides, identifying 63 N-glycosylated sites originating from 32 

glycoproteins. Released N-glycans have revealed that a specific feature of human milk 

glycosylation is the high degree of  abundant fucosylation, when compared with bovine milk15 

or healthy human serum17. For instance, Nwosu et al15 compared human and bovine milk and 

found substantial differences in their fucosylated N-glycans. They reported that 75% of the N-
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glycans in human milk correspond to fucosylated glycans while this number was only 31% in 

bovine milk. Moreover, human milk exhibited more glycoforms harboring multiple fucoses 

when compared to bovine milk. About 60% of the fucosylated N-glycans in human milk were 

reported to be multi-fucosylated, whereas this number was just 30% in bovine milk. Also Dallas 

et al 16 quantified the abundances of N-glycans in human milk and found that 84% of the total 

were fucosylated N-glycans. They further reported that fucosylated N-glycans in human milk 

harbor either 1 (36%), 2 (32%), 3 (14%) or more (2%) fucose moieties. This high degree of 

fucosylation in human milk is in sharp contrast to what has been observed in human serum. For 

instance, Yoshida et al17 reported that the majority of N-glycans in human serum were glycans 

without fucose (around 800 pmol/µl), followed by glycans with one fucose (around 300 pmol/µl) 

and glycans with two fucoses (only around 0.6 pmol/µl).  

Here, we report on a high-throughput method to profile the human milk N-glycoproteome, 

taking a glycopeptide centric approach, with the aim to monitor changes occurring over the 

lactation period in a single individual donor. Therefore, we collected human milk samples at 9 

time points covering the early, transitional and mature lactational stages. We enriched for intact 

N-glycopeptides using an automated HILIC-based setup, and identified the N-glycopeptides by 

higher energy C-trap dissociation  (HCD) triggered electron-transfer/higher-energy collision 

dissociation (EThcD). We also quantified many N-glycopeptides using scheduled single ion 

monitoring (SIM) and parallel reaction monitoring (PRM). Overall our dataset provides a 

comprehensive view at the human milk N-glycoproteome. We identify and profile 191 

glycosites on 110 glycoproteins, of which 43 sites on 32 proteins can be considered novel. 

Moreover these 191 sites harbor in total 1697 different glycans, i.e. on average 8 per site. We 

could also quantify 287 glycopeptides originating from 50 glycoproteins across the lactational 

period, which allowed us to observe distinctive site-specific glycosylation profiles. From this 

comprehensive profiling, the picture emerges that the human milk glycoproteome is rather 

complex and dynamic, likely reflecting the changing demands of the newborns growing and 

developing immune system and gut microbiota. 

 

Experimental Procedures 

Human Milk Sample Collection 

Human milk samples were collected longitudinally from one healthy donor in week 1, 2, 3, 4, 

6, 8, 10, 12 and 16 (for a total of 9 time-points). Written informed consent was obtained prior 

to the collection of any samples. All samples used were donated to Danone Nutricia Research 

in accordance to the Helsinki Declaration II. Milk samples were collected from one breast, as 

a complete breast expression, between the hours of 9-11 AM, taking the breast that had not 
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been used for feeding within a 2-hour window. Immediately after pumping, samples were 

transferred to a 2 mL Eppendorf tube containing protease inhibitors (Complete Protease 

Inhibitor Cocktail Tablets from Roche) and were then frozen at -20˚C. Samples were transferred 

to the laboratory on dry ice and stored at -80˚C until thawed for analysis.  

Experimental Design and Statistical Rationale 

For all milk samples, three technical replicate analyses were performed. The mean ± standard 

deviation of the three technical replicates was calculated and the proportion was calculated by 

using values of the mean of three technical replicates. 

 

Chemicals and Materials 

Unless otherwise specified, all chemicals and reagents were obtained from Sigma-Aldrich 

(Steinheim, Germany). Lys-C was obtained from Wako (Neuss, Germany). The Oasis PRiME 

HLB plate was purchased from Waters (Etten-Leur, the Netherlands). Formic acid (FA) was 

purchased from Merck (Darmstadt, Germany). Acetonitrile (ACN) was purchased from 

Biosolve (Valkenswaard, The Netherlands). The Pierce peptide retention time calibration 

(PRTC) mixture was obtained from Thermo Fisher Scientific (Bremen, Germany). Milli-Q was 

produced by an in-house system (Millipore, Billerica, MA).  

 

Milk Serum Separation and Protein Digestion 

For each time-point, an aliquot of 200 μL of a thawed whole milk sample was centrifuged at 

1000 x g for 1 h at 4 °C whereafter the upper-fat layer was discarded. The lower skimmed milk 

was further ultracentrifuged at 150,000 x g for 1 h at 4 °C to remove the insoluble pellet and 

the supernatant milk serum was retained.  The protein concentration was estimated by 

measuring absorbance at 280nm on a Nanodrop Spectrophotometer (Nanodrop 2000, Thermo 

Scientific).  Up to a final concentration of 1% w/v sodium deoxycholate (SDC), 100mM Tris-

HCl (pH 8.5), 5mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and 30 mM 

chloroacetamide (CAA) were added to the milk serum. Trypsin and Lys-C were added to a 1:50 

and 1:100 ratio (w/w), respectively. Digestion was performed overnight at 37 °C. The next day 

SDC was removed via acid precipitation (0.5% trifluoroacetic acid) (TFA) and the final peptide 

concentration was estimated by measuring the absorbance at 280 nm on a Nanodrop 

Spectrophotometer (Nanodrop 2000, Thermo Scientific)18.  The peptides were desalted by using 

an Oasis PRiME HLB plate then dried and stored at -80 °C.  
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Automated HILIC-based glycopeptide enrichment 

The HILIC-based glycopeptide enrichment was performed automatically with triplicates for 

each milk serum sample using an AssayMAP Bravo robot (Agilent technologies) coupled with 

HILIC-based cartridges (GlykoPrep® APTS Cleanup Module, ProZyme, CA). The HILIC-

based columns were first washed with 50 µL of 1% FA and equilibrated with 50 µL of loading 

buffer (80% ACN/0.5% TFA). The peptide digests (150 µg) were reconstituted with 50 µL of 

loading buffer and loaded onto the column. The cartridges were washed with 50 μL of loading 

buffer, and the glycopeptides were step eluted with 75% ACN/0.5% TFA,  70% ACN/0.5% 

TFA, 65% ACN/0.5% TFA and 0.5% FA. These samples were dried down and stored at −80 

°C until subjected to LC-MS/MS. 

 

Full Proteome Analysis of Human Milk 

To estimate protein abundances in the human milk proteome, 800 ng of the mixture of non-

enriched tryptic peptides were analyzed using an Agilent 1290 Infinity HPLC system (Agilent 

Technologies, Waldbronn, Germany) coupled on-line to a Q Exactive HF mass spectrometer 

(Thermo Fisher Scientific, Bremen, Germany). The peptides were first trapped by using a 100 

μm inner diameter 2 cm trap column  (in-house packed with ReproSil-Pur C18-AQ, 3 μm) (Dr. 

Maisch GmbH, Ammerbuch-Entringen, Germany) coupled to a 50 m inner diameter 50 cm 

analytical column (in-house packed with Poroshell 120 EC-C18, 2.7 μm) (Agilent 

Technologies, Amstelveen, The Netherlands). The mobile-phase solvent A consisted of 0.1% 

FA in water, and the mobile-phase solvent B consisted of 0.1% FA in ACN. Trapping was 

performed at a flow rate of 5 μl/min for 5 min with 0% B and peptides were eluted using a 

passively split flow of 300 nl/min for 170 min with 10% to 36% B over 155 min, 36% to 100% 

B over 3 min, 100% B for 1 min, 100% to 0% B over 1 min, and finally held at 0% B for 10 

min. Peptides were ionized using a spray voltage of 1.9 kV and a heated capillary. The mass 

spectrometer was set to acquire full-scan MS spectra (375-1600 m/z) for a maximum injection 

time of 20 ms at a mass resolution of 60,000 and an automated gain control (AGC) target value 

of 3e6. Up to 15 of the most intense precursor ions were selected for tandem mass spectrometry 

(MS/MS). HCD MS/MS (200-2000 m/z) acquisition was performed in the HCD cell, with the 

readout in the Orbitrap mass analyzer at a resolution of 30,000 (isolation window of 1.4 Th) 

and an AGC target value of 1e5 or a maximum injection time of 50 ms with a normalized 

collision energy of 27%. 

Raw shotgun LC-MS/MS data files were searched using a processing workflow in Proteome 

Discoverer (version 2.2, Thermo Scientific) using the Mascot search engine (version 2.6.1) 

against the Swiss-Prot database (release date: Feb 2017, 20 172 entries, taxonomy: Homo 
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sapiens) using fixed Cys carbamidomethylation and variable Met oxidation of peptides as 

search variables. Trypsin was chosen for cleavage specificity with a maximum of two missed 

cleavages allowed. The searches were performed using a precursor mass tolerance of 10 ppm 

and a fragment mass tolerance of 0.05 Da followed by data filtering using Percolator, resulting 

in a 1% false discovery rate (FDR). Only peptide to spectrum matches (PSMs) with Mascot 

score > 20 were accepted. The full proteome search result was then used as a focused database 

for the identification of glycopeptides (1259 entries). For label-free quantification, the node 

called minora feature detector was used with high PSM confidence, a minimum of 5 non-zero 

points in a chromatographic trace, a minimum number of 2 isotopes and maximum retention 

time difference of 0.2 min for isotope peaks. The consensus workflow in Proteome Discoverer 

was used to open the search results and enable retention time (RT) alignment with a maximum 

RT shift of 5 min and mass tolerance of 10 ppm in order to match the precursor between runs. 

Label-free quantification of peptides was performed using the intensities of the extracted ion 

chromatogram (XIC). Protein intensity was determined by the average intensity of unique 

peptides. Protein abundance was estimated by taking the proportion of the protein intensity for 

each protein to the total protein intensity. To relatively compare the proportional change in each 

time point, the protein abundance in week 1 was defined as standard, giving the adjustment 

factor of 1. Other adjustment factors of proteins in other weeks were calculated using their 

relative abundances normalized to that measured value for that protein in week 1. 

Result 

Identification of Human Milk Glycopeptides 

All peptides from the automated HILIC-based glycopeptide enrichment were separated and 

analyzed using the same HPLC system as used for the global proteome analysis, albeit now 

coupled on-line to an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, 

Bremen, Germany) using a 90 min gradient, as follows: 0-5 min, 100% solvent A; 13-44% 

solvent B for 65 min; 44-100% solvent B for 5 min; 100% solvent B for 5 min; 100% solvent 

A for 15 min. Peptides were ionized using a 2.0 kV spray voltage. For the MS scan, the mass 

range was set from 350-1800 m/z for a maximum injection time of 50 ms at a mass resolution 

of 60,000 and an AGC target value of 4e5 in the Orbitrap mass analyzer. The dynamic exclusion 

was set to 30 s for an exclusion window of 10 ppm with a cycle time of 3 s. Charge-states 

screening was enabled, and precursors with 2+ to 8+ charge states and intensities > 1e5 were 

selected for tandem mass spectrometry (MS/MS). HCD MS/MS (120-2100 m/z) acquisition 

was performed in the HCD cell, with the readout in the Orbitrap mass analyzer at a resolution 

of 30,000 (isolation window of 1.6 Th) and an AGC target value of 5e4 or a maximum injection 

time of 75 ms with a normalized collision energy of 30%. If at least 2 out of 3 oxonium ions of 
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glycopeptides (138.0545+, 204.0687+ or 366.1396+)  were observed,  EThcD MS/MS on the 

same precursor was triggered (isolation window of 1.6 Th) and fragment ions (120–2100 m/z) 

were analyzed in the Orbitrap mass analyzer at a resolution of 30,000, AGC target value of 2e5 

or a maximum injection time of 250 ms with activation of ETD and supplemental activation 

with a normalized collision energy of 27%. To obtain MS/MS scans from more various 

precursors, we made reference samples which mixed glycopeptides from week 1, 4, 10 

(reference 1), week 2, 6, 12 (reference 2) and week 3, 8, 16 (reference 3) and measured each 

reference sample three times using the same LC-MS/MS method for glycopeptide identification 

except that we applied various dynamic exclusion times; 30 s, 60 s and 180 s, respectively.   

All the raw files obtained for the glycopeptide identification including those of the reference 

samples were processed in Proteome Discoverer (version 2.2, Thermo Scientific) using the 

Byonic node (Protein Metrics Inc, ver 3.2.0) searching against a targeted milk protein database 

(1259 entries) based on our own data from the global milk proteome analysis using the 

following search parameters: trypsin digestion with a maximum of 2 missed cleavages, 

precursor ion mass tolerance, 10 ppm; fragmentation type, both HCD & EThcD; fragment mass 

tolerance, 20 ppm; carbamidomethylation of cysteines as a fixed modification; variable 

modifications: methionine oxidation. For glycan analysis we used a Byonic database of 182 

glycans with no multiple fucoses, whereby we added manually several reported glycan 

compositions with multiple fucoses (Supplementary Table S1).  The maximum number of 

precursors per scan was set to one and the FDR as 1%. Only PSMs matched to EThcD spectra 

with non-negligible error probabilities |log Prob|>4.0 and Byonic score >=200 were accepted. 

MS1 feature of high confident PSMs was captured by the node called minora feature detector 

and precursor was matched between runs by enabling retention time (RT) alignment with a 

maximum RT shift of 5 min and mass tolerance of 10 ppm. 

5
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FIG. 1. Experimental overview of the human milk glycopeptide-centric proteome analysis.  
A. Overview of experimental steps taken. Human milk samples were collected longitudinally 
from the same individual across the early, transitional and mature lactational stages, at week 1, 
2, 3, 4, 6, 8, 10, 12 and 16. By centrifugation and ultracentrifugation, the separated milk serum 
was subsequently tryptic digested, whereafter the total peptide concentration was determined.  
Milk proteins and their abundances across lactation were measured by standard shotgun 
proteomics approaches. N-glycopeptides present in human milk were enriched by using HILIC 
implemented on an automated AssayMAP Bravo platform. The resulting glycopeptides were 
then analyzed in HCD triggered EThcD and searched by Byonic. A dedicated human milk 
protein database was used based on the proteomics data from the shotgun identification. N-
glycopeptides were next quantified by a targeted assay with scheduled SIM and PRM with 
spiked PRTC peptides to supervise the variability between runs and retention time shifts. These 
data were quantitatively analyzed using Skyline. The intensity of the glycopeptide was 
normalized to the intensity of its originating protein, as measured in the shotgun quantification. 
B. Total numbers of N-glycopeptides found in 1, 2 or 3 technical replicates. About 90% of the 
glycopeptides were identified in at least two replicates at all time-points. Week 16 revealed 
somewhat lower reproducibility, albeit still 83%. C. Total number of N-glycopeptides detected 
in at least 2 out 3 technical replicates (1497 glycopeptides) found at all 9 timepoints. Only 4.5% 
(68) were solely found in one time-point, the majority 60.6% (907) were detected at all time-
points, indicating the ability to reproducibly enrich from the different milk samples. D. General 
composition of the observed glycoforms, based on detected glycopeptide PSMs. The observed 
glycoforms were grouped into high mannose, hybrid and complex types, whereby the complex 
type was further divided into subgroups without fucose, with one fucose and with multiple 
fucoses, and others. See Supplementary Table S5 for details about the glycan identifiers. The 
composition of complex with one fucose was observed to gradually decrease while the 
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composition of complex with multiple fucoses was found to relatively increase from early to 
mature lactation.  

 

Quantification of Human Milk Glycopeptides 

First, we built a library in Skyline19 (Skyline-daily, version 4.2.1.18305) based on the m/z and 

retention time of each identified glycopeptide precursor and its HCD fragmentation pattern. 

Since the used version of Skyline was only able to accommodate b and y ions, we manually 

added oxonium ions and Y ions (peptide backbone ions carrying a glycan fragment from the 

glycosidic bond cleavage). The targeted peptides were selected based on their chromatographic 

trace and intensity. Due to the lack of appropriate stable isotope-labeled glycopeptide standards, 

we spiked PRTC peptides equally in all the samples, which helped to monitor potential 

retention time shifts and variability between MS runs. Around 10% of the enriched 

glycopeptides and 50 fmol of PRTC mixture were analyzed by LC-MS/MS with the same 

HPLC system and mass spectrometer as described above for the identification of the 

glycopeptides, except for MS and MS/MS scans were acquired in SIM and PRM mode, 

respectively. For MS scans, the m/z range was set from 350-2000 with a resolution of 30,000 

using an AGC setting of 5e4, maximum IT of 54 ms, one microscan, a 1.6 Th isolation window, 

27% normalized collision energy, and 3 min retention time window.  For MS/MS scans, the 

m/z range was set from 120-3000 with a resolution of 30,000 using an AGC setting of 5e4, 

maximum IT of 54 ms, one microscan, a 1.6 Th isolation window, 30% normalized collision 

energy, and 3 min retention time window.  

Further data analysis was done in Skyline as well. Skyline initially scanned for up to 5 isotopes 

of the precursors and all b and y fragment ions, oxonium ions and Y ions for each peptide. Each 

peak was manually assessed, where after ions with interferences were removed. The retention 

time and rank of fragment ions were checked. If the fragment ions co-eluted and the rank were 

the same as recorded in the above-mentioned library, the chromatographic peak of the precursor 

was undoubtedly pinpointed and the abundance of the glycopeptides was represented by the 

max intensity of the top 3 isotopes of the precursors. The abundances of the PRTC peptides 

were extracted to determine the coefficient of variation (CV). To relatively quantify the 

abundance of each glycopeptide over the lactation period, the abundance was normalized using 

the glycoprotein abundances obtained in our global human milk proteome analysis of the same 

samples.  
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FIG. 2. Characteristics of the glycoproteins, glycopeptides and glycosites observed in the 

human milk N-glycoproteome. A. Distribution of the number of glycosites observed on 
each of the 110 identified glycoproteins. B. Distribution of the number of different glycans 
observed on each glycosite. C. Glycoprotein-glycan network map displaying what sort of 
glycans (outer circle, 160 total) modify which proteins (inner bar, 110 total). Glycoproteins 
are sorted as in A, by the number of observed glycosites (note same scale as the distribution 
in A). The observed glycans were therefore organized using a standard classification, and 
edges are colored by the glycan node from which they originate. See Supplementary 
Table S5 for more details about the glycan identifiers. D. Approximately 22.5% (43) of the 
identified glycosites are not yet annotated in UniProt. Of these 35 could be hypothesized to 
be genuine N-glycosylation sites based on the presence of the N-X-S/T sequon, whereas 8 
were not annotated at all. 

 

Results and Discussion 

Human Milk Sample Collection and Experimental Workflow 

Here, we aimed to extensively characterize the temporal changes in the N-glycoproteome of a 

single mother’s breast milk during the course of a lactation period. The overall experimental 

workflow is depicted in Figure 1A and further detailed in the Experimental Procedures. In brief, 

we collected milk samples longitudinally from the same mother across early, transitional and 

mature lactational stages, i.e. at week 1, 2, 3, 4, 6, 8, 10, 12 and 16. Following 

ultracentrifugation, the obtained milk serum was digested by LysC and trypsin, whereafter the 

total peptide concentration was estimated. First, abundances of the human milk proteins across 

the lactation period were determined by label-free standard shotgun proteomics approaches. In 

parallel, N-glycopeptides present in human milk were selectively enriched using HILIC-based 



161 
 

cartridges implemented on an automated 96-well plate AssayMAP Bravo robot. The resulting 

glycopeptides were subsequently analyzed by LC-MS/MS, using HCD triggered EThcD as the 

fragmentation method, whereafter the spectra were searched and identified using the Byonic 

node in Proteome Discoverer. A dedicated human milk protein database was made based on 

the 1259 proteins identified in the shotgun proteomics experiments. A selected set of human 

milk N-glycopeptides were quantified in more detail using a targeted assay with scheduled SIM 

and PRM, using a spiked-in PRTC peptide standard, to correct for the variability between runs 

and potential LC retention time shifts. These data were further quantitatively analyzed using 

Skyline. The intensity of each glycopeptide was normalized to the intensity of its protein of 

origin, as measured in the shotgun quantification of the same human milk sample.  

 

FIG. 3. Illustrative EThcD spectra of glycopeptides derived from alpha-S1-casein on a 

novel N-glycosylation site.  Three examples of the same glycopeptide; 
DTRNESTQNCVVAEPEK of alpha-S1-casein (66-82), harboring various glycoforms. The 
EThcD fragmentation of these glycopeptides resulted in full sequence coverage and the 
fragment ion (Y1f) of the amino acid backbone with HexNAc(1)Fuc(1) indicated one core 
fucose. A, EThcD fragmentation spectra of the glycopeptide harboring a 
HexNAc(4)Hex(4)Fuc(1). B, EThcD fragmentation spectra of the glycopeptide harboring a 
HexNAc(4)Hex(4)Fuc(1)Sia(1). C, EThcD fragmentation spectra of the glycopeptide 
harboring a HexNAc(4)Hex(5)Fuc(2). Lower case c in the peptide sequence indicates a 
carbamylated Cysteine. 

 

Mapping the Human Milk N-Glycoproteome across Lactation 

To retain only the most confident glycopeptide identifications, we only accepted PSMs matched 

to EThcD spectra with strict thresholds, namely a non-negligible error probability |log 
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Prob|>4.0 and a Byonic score >= 200. In general a high Bionic score improves accuracy but at 

the expense of lowering the number of IDs. We selected cut-off filters based on previous work 

by Lee et al. 20 who investigated the relationship between the Byonic score and the accuracy of 

the IDs, whereby it was concluded that a Byonic score > 200 was a stringent but good cut-off. 

For the Log probability cut-off we selected a value > 4, as a value of >1 results in an estimated 

0.33% FDR for glyco PSMs21. After applying this stringent cut-off, in total 22,614 PSMs could 

be identified (Supplementary Table S2), resulting in 1697 unique intact N-glycopeptides 

(Supplementary Table S3) originating from 110 different human milk glycoproteins. The 

identified glycoproteins spanned a range in abundance very similar to those observed in the full 

human milk proteome analysis (Supplementary Figure 1). As a quality check, we next assessed 

the reproducibility in the automated enrichment of glycopeptides among all technical replicates 

(Figure 1B). About 90% of all glycopeptides were identified in at least 2 out of 3 technical 

replicates at all time-points, whereby only week 16 revealed a somewhat lower reproducibility, 

albeit still around 83%, revealing the robustness and reproducibility of our automated 

glycopeptide enrichment.  

We next inspected the 1497 glycopeptides which were found in at least 2 out of 3 technical 

replicates among the 9 different time-points (Figure 1C). Only 4.5% (68) of these were uniquely 

found in one time-point, the majority 61% (907) were detected at all time points. Thus, 

qualitatively the glycopeptide variety is rather constant over the lactation period. Following this, 

we evaluated the nature of the glycans identified based on detected PSMs (Figure 1D). The 

observed glycoforms were grouped into high mannose, hybrid and complex types, whereby the 

complex type was further divided into subgroups without fucose, with one fucose and with 

multiple fucoses. The detailed compositions of the glycans can be found in Supplementary 

Table S5.  The majority of the identified glycans (67-70% of the PSMs) at each time point 

consisted of complex N-glycans with none, one or multiple fucoses. This is in line with previous  

results for  human milk analysis focused on released N-glycans 15, 16. Among the complex N-

glycans, we noticed that the glycans carrying one fucose gradually decreased while those 

harboring multiple fucose moieties increased in time from early to mature lactation, again 

consistent with previous findings based on studies focused on released N-glycans22.    

Having established a global picture of the glycan distribution as occurring on glycoproteins in 

human milk, we used this data to make a rough comparison to the global distribution of glycans 

in human serum, taking for serum data reported earlier 23 (Supplementary Fig 2). This 

comparison revealed, not surprisingly, that global glycoproteome compositions in human milk 

and serum are quite distinct. In particular, hybrid structures and complex glycans harboring 

multiple fucoses seems to be relatively more abundant in human milk versus serum.  
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Since we detected the majority of glycopeptides at all investigated time-points, we combined 

all data to get a comprehensive picture of the human milk N-glycoproteome. We first counted 

how many glycosites we identified for each glycoprotein (Figure 2A). The number of glycosites 

per glycoprotein varied from 1 to 10 (Supplementary Table S4). In total, 191 glycosites were 

identified on cumulatively 110 glycoproteins. These proteins together harbor 546  N-

glycosylation sites annotated in Uniprot by either experimental evidence or sequon prediction. 

Of all glycoproteins, 67 were detected with one glycosite, 23 with two glycosites, 13 with three 

glycosites, 3 with four glycosites, 2 with five glycosites, 1 with seven glycosites and 1 with ten 

glycosites. The latter is the glycoprotein Tenascin (TNC), which is known to be involved in the 

protection against viral infections, signifying the importance of glycans in host defense24. We 

next investigated the degree of glycan microheterogeneity observed on each of the 191 

glycosites (Figure 2B, Supplementary Table S4). Overall, 72% of the glycosites were identified 

with more than one glycoform, 20% of the glycosites were even harboring more than 10 

glycoforms. This clearly indicates the high degree of glycan microheterogeneity observed on 

human milk glycoproteins. To further visualize the data we adapted a glycoprotein-glycan 

network diagram21 (Figure 2C), in which the variety of glycans (outer nodes, 160 in total, 

Supplementary Table S5) are connected to their glycoproteins of origin (inner column, 

organized by the number of glycosites, 110 in total). Again the most eye-catching feature is the 

high prevalence of complex glycans harboring multiple fucosylation. This network diagram 

also indicates that the complex glycans are found on nearly all glycoproteins, while the majority 

of high mannose and hybrid glycans occurred mostly on glycoproteins harboring multiple 

glycosylation sites. 
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FIG.4. Targeted quantitative monitoring of glycopeptides.  For illustrative purposes a 
glycopeptide of the polymeric immunoglobulin receptor; VPGNVTAVLGETLK is taken, 
harboring a HexNAc(4)Hex(5)Fuc(1)Sia(2) moiety. A.  HCD spectrum of the glycopeptide 
precursor (m/z 1250.2149+++). B. EThcD spectrum of the same precursor which improved the 
identification and site-assignment. C.  Elution profile of Y and y ions which coeluted and whose 
rank was matched with the HCD spectrum in A. D. The chromatographic peak of the precursor 
could be pinpointed by the MS2-HCD elution profile, whereby the max intensity of the top 3 
isotopes was used to determine the abundance of the glycopeptide of interest. 

 

Identification of novel N-glycosylation sites 

We evaluated the N-glycosylation sites found in our data versus those annotated in UniProt 

(Figure 2D). Most of the sites we report here (149 out of 191 glycosites) are annotated with 

experimental evidence in Uniprot, however, we detected 43 potentially novel glycosites all 

displaying the well-known  N-X-S/T sequon. In UniProt these 43 were annotated as putative 

sites without any experimental evidence (35 glycosites) or not annotated at all (8 glycosites).  

Especially for these putative novel sites we not only took the stringent cut-off in Byonic, but 

also manually validated the MS/MS spectra using the following procedure. 1) All these spectra 

should contain at least two Y ions (peptide backbone ion carrying a glycan fragment from the 

glycosidic bond cleavage) and two oxonium ions, which strongly indicate that the spectra 
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originated from intact glycopeptides. 2) The EThcD fragmentation ions should contain the c or 

z ion pairs with a difference in mass of the intact glycan and corresponding amino acids, which 

is essential for an unambiguous site localization. Of all the novel sites identified the most 

surprising one was Asn69 (sequon: NES) in alpha-S1-casein, since this protein is quite 

abundant and a very well-studied milk highly phosphorylated protein25. We generated very 

strong evidence for Asn69 N-glycosylation, observing many different glycopeptides harboring 

this site. Due to a variable number of miscleavages we identified 

EKQTDEIKDTRN69ESTQNCVVAEPEK (58-82), QTDEIKDTRN69ESTQNCVVAEPEK 

(60-82), DTRN69ESTQNCVVAEPEK (66-82), 

DTRN69ESTQNCVVAEPEKMESSISSSSEEMSLSK (66-98) and N69ESTQNCVVAEPEK 

(69-82). Among these, the backbone sequence of DTRN69ESTQNCVVAEPEK (66-82) was 

found to be detected with most PSMs and glycoform variants. The corresponding EThcD 

spectra showed both glycan and backbone fragmentation, enabling confident assignments of 

the glycoforms and glycosylation site (Figure 3). Moreover, the glycopeptides with two fucoses 

could be assigned as one core fucosylation and one terminal fucosylation by the Y1f ion 

(peptide backbone ion carrying a glycan fragment HexNAc(1)Fuc(1) from the glycosidic bond 

cleavage) and HexNAc(1)Hex(1)Fuc(1) oxonium ion (m/z 512.197+).  

Additionally, we investigated the site occupancy of this site by directly monitoring in the milk 

serum shotgun experiments (i.e. without any enrichment or depletion) for the 

DTRNESTQNCVVAEPEK peptide in its unmodified form and for the same peptide harboring 

the glycoform HexNAc(4)Hex(5)Fuc(1)Sia(1). We selected this glycopeptide as it was on 

average about 15 times more intense than all the others (Supplementary Figure 3A). The peak 

area of extracted ion chromatograms of the unmodified peptide in different time-points showed 

gradually decrease over lactation and was almost not detected in week 16, while the 

glycopeptide harboring the glycoform HexNAc(4)Hex(5)Fuc(1)Sia(1) declined less 

(Supplementary Figure 3B). By comparing the ion intensities of the most abundant 

glycopeptide and the corresponding non-modified peptide we extracted that the site-occupancy 

of Asn69 in alpha-S1-casein ranged from 20% at the early stages to almost fully occupied (98%) 

at later stages of the lactation (Supplementary Figure 3C). This substantial change in occupancy 

may indicate that the site has a functional relevance. However, uncomfortable at the late stages 

we almost did not detect the non-modified peptide anymore, opening up the question of whether 

possibly other modifications may play a role as well. Alpha-S1-casein is best known as a highly 

phosphorylated protein harboring close to a dozen phosphorylation sites. Among these 

phosphorylation sites, Ser71, which was recently reported to be phosphorylated in breast milk26, 

happens to be in the sequon of the N-glycosylation we found (NES), and thus on the peptide 

stretch we monitored. This opens the question of whether a potential positive or negative 
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crosstalk between N-glycosylation and phosphorylation may occur. In human alpha-S1-casein 

has 4 isoforms produced by alternative splicing27 (Supplementary Figure 4). Interestingly, in 

isoform 3, both Asn69 and Ser71 are deleted. Moreover, aligning alpha-S1-casein protein 

sequences across different species (Supplementary Figure 4), revealed that only the human 

sequence carries this N-glycosylation site. 

 

FIG. 5. Site-specific glycosylation varies across stages of lactation, as illustrated for pIgR. 
The temporal changes in abundance of the protein polymeric immunoglobulin receptor (pIgR) 
and the glycans it harbors are depicted. A. Overview of the pIgR protein sequence, the identified 
glycosites, the glycan compositions and the abundances over the 9 measured time-points. The 
protein sequence chains are color-coded, wherein light blue and blue represent the signal 
peptide and the mature protein, respectively. Indigo dots inserted in the protein sequence with 
an asterisk indicate the UniProt-annotated N-glycosylation sites with evidence. A red circle 
indicates that the glycosite is identified in this study. B. Taking the value in week 1 as the 
reference point, the abundance of the protein pIgR gradually decreases marginally over the 16 
weeks of monitoring its abundance. In contrast, the glycan distribution on N469 and N499 
(taken by the summed intensities of biantennary glycopeptides VPGN469VTAVLGETLK, 
WN499NTGCQALPSQDEGPSK, respectively) show a diverging behavior with a 2-2.5-fold 
increase in abundance after 6-8 weeks, which decreases back to the abundance observed at 1 
week at week 16. Micro-heterogeneity in glycan composition monitored over the lactation 
period as observed for B. VPGN469VTAVLGETLK  and C. WN499NTGCQALPSQDEGPSK. 
For pIgR, the glycoforms harboring fucose moieties displayed a relatively increase over the 
lactation period. In general, the site-specific glycosylation patterns were quite distinctive for 
each glycoprotein and each N-glycosite.  
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Targeted Monitoring of Intact Glycopeptides across Lactation 

Observing that the glycan occupancy of certain N-glycopeptides varies substantially during the 

lactation period, we decided to monitor a subset of observed glycopeptides by a targeted 

proteomics assay. Therefore, we first built a library with relevant m/z and retention times of 

selected intact glycopeptide precursors and their corresponding HCD fragmentation pattern. 

The glycopeptide identification based on the HCD spectrum (Figure 4A) was confirmed by 

their matching EThcD spectra (Figure 4B). We then scheduled, for all selected glycopeptides, 

the precursor and its fragmentation ions to be measured. In a 90 min LC-MS gradient, we did 

target and measure 287 glycopeptides originating from 50 glycoproteins by selected ion 

monitoring (SIM) and parallel reaction monitoring (PRM) respectively, catching at least 10 

data points in their chromatographic peaks (Supplementary Figure 5A and Supplementary 

Figure 5B). In the MS/MS-HCD spectra, Y ions are normally quite abundant28. We could use 

these ions in addition to the b and y ions to check if they were co-eluted and compare the rank 

to that recorded in the above-mentioned library (Figure 4C). If so, we could undoubtedly 

pinpoint the chromatographic peak of the precursor and use the maximum intensity of the top 

3 isotopes to represent the abundance of the glycopeptides (Figure 4D). We also noticed the 

separation of glycopeptide isoforms in MS1 XICs, however, we could often not directly 

distinguish their exact form. Therefore, in our analysis, we took the most intense MS1 XIC of 

the detected isoforms. For some glycopeptides containing Met, we noticed variable oxidation 

occurring, thus we summed intensity of the oxidation (+/-) forms. Considering the lack of 

commercial C13-labeled glycopeptide standards, we spiked in the PRTC mixture equally in all 

samples to monitor potential LC retention time shifts and variability between MS runs. We 

could calculate the CV of the intensities of PRTC peptides as a measure of variation. Of all 

PRTC peptides, 70% had CVs less than 20%, another 30% had CV less than 40% 

(Supplementary Figure 5C). Based on this observation, we concluded that the variability 

between runs was within a reasonable range. Based on our in parallel acquired proteome data, 

we noticed that the abundances of certain proteins also showed changes across the lactation 

period. Thus, to assess the total quantitative change in specific N-glycoform abundances, the 

raw intensity obtained from the targeted monitoring was normalized to the in parallel measured 

protein abundances, using the protein abundances from week 1 as the baseline (Supplementary 

Table S6).   

 

Visual Summary for Each Glycoprotein and Each Glycosite 

To better illustrate the dynamics observed in the site-specific glycosylation of all detected 

glycoproteins, we mapped on the UniProt sequence of each glycoprotein the detected glycans 
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per site with their relative abundances over the lactation period (using log10 of average 

normalized intensities) as shown in Supplementary Figure 6 (Uniprot Accession). The diversity 

of glycan microheterogeneity can be exemplified by comparing different glycoproteins. Some 

proteins have only one glycosite that harbors a great variety of glycans, e.g., alpha-S1-casein 

(Supplementary Figure 6. P47710), and immunoglobulin J chain (Supplementary Figure 6. 

P01591). However, other glycoproteins have several glycosylation sites, with limited 

variability in the glycans modifying them, e.g., hemopexin (Supplementary Figure 6. P02790). 

Also some glycosites exhibit higher variability in glycans than other sites on the same protein, 

e.g., lactoferrin (Supplementary Figure 6. P02788). Interestingly, for lactoferrin, the glycosite 

with lower glycan heterogeneity (Asn642) is the site which is unique to human lactoferrin, other 

sites (Asn156, Asn497) are more conserved glycosylation sites.  

We choose to further demonstrate the variability of glycans and glycosites by focusing on one 

example, namely the polymeric immunoglobulin receptor (pIgR) protein, which has seven 

potential N-glycosylation sites. The protein pIgR in human milk is quite abundant 29 and plays 

an essential role in the formation and secretion of secretory immunoglobulin A (sIgA), which 

is the dominant immunoglobulin in human milk and essential for infant health30. Not only is 

pIgR essential for the secretion of IgA, it has known antimicrobial functionality, and can also 

be secreted on its own providing protection to sIgA from degradation 31. We identified a 

stunning number of  201 glycopeptides in total covering all seven potential glycosylation sites 

of pIgR, whereby each site, displayed a striking different degree of heterogeneity (Figure 5A). 

We quantified 34 of the glycopeptides over 9 time-points, further elucidating quantitative 

differences. Among all detected glycosites, Asn469 and Asn499 accounted for the most PSMs 

and the highest degree of heterogeneity. We zoomed into the variation in occupancy of these 

two sites by different glycans, especially biantennary complex glycans with or without fucose 

moieties across lactation. Firstly, as shown in Figure 5B the pIgR protein does not change that 

much in abundance over the monitored lactation period, although it does show a gradual 

decrease by up to about 20% at the latest time point. After normalization for protein level 

variation, the glycopeptides harboring Asn469 and Asn499 in pIgR did reveal much more 

variability and site-specific changes over the lactation period. .  We next compared the 

longitudinal variations in the different glycans occupying these two sites. In Figure 5C it is 

shown that for VPGN469VTAVLGETLK, glycoforms harboring one fucose declined in 

abundance, while glycoforms with multiple fucoses increased especially 

HexNAc(4)Hex(5)Fuc(2)NeuAc(1) from 36% to 58%. For WN499NTGCQALPSQDEGPSK 

(Figure 5D), the glycoforms harboring one fucose increased while those without fucose 

decreased. Notably, glycan HexNAc(4)Hex(5)Fuc(1) increased from 5% to 18% and 

HexNAc(4)Hex(5)Fuc(1)NeuAc(1) from 16% to 39%, whereas HexNAc(4)Hex(5)NeuAc(1) 
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dropped from 51% to 31% and HexNAc(4)Hex(5)NeuAc(2) from 18% to 5%. Our data are also 

supported by earlier studies which reported that fucosylation increases over lactation 32, 33. For 

instance, Landberg et al.32 observed that with the progression of lactation, the levels of 

fucosylation on N-glycans of the bile-salt-stimulated lipase protein increased. Related to our 

work, Barboza et al.33 analyzed the released N-glycans of human milk lactoferrin from day 1 to 

72 postpartum and found decreased levels of mono-fucosylation and increased levels of 

multiple fucosylation. They also showed that enzymatic removal of the fucose moieties from 

lactoferrin affected the ability of bacteria to bind to epithelial cells, whereas lactoferrin with 

fucose attached significantly inhibited pathogen adhesion. In our data, we observed similar 

trends for the glycopeptides of lactoferrin (Supplementary Figure 6 P02788).  

In mammals, core fucosylation, which is fucosylation on the GlcNAc linked to asparagine in 

the core of N-glycans, is the most common type of fucose modification34. Thus mono-

fucosylation tends to be core fucosylation, while additional fucosylation of N-glycans is likely 

terminal fucosylation, for which we also find evidence in our EThcD spectra. The function of 

multiple fucosylation in the course of lactation, especially the site-specific effects are still 

understudied. Nevertheless, the feature of having terminal fucosylation on glycoproteins 

represents a structural homology to human milk oligosaccharides (HMOs), which may lead to 

a similar function of the fucosylated HMOs. There is evidence from studies investigating 

HMOs that have shown that HMOs increase in complexity and diversity, especially regarding 

fucosylation, throughout lactation to meet the needs of the increasing diversity of the gut 

microbiota35-37. This could be an explanation for the changes observed in our study regarding 

the glycoproteome, especially with regard to increasing fucosylation observed from several 

different glycoproteins and varying glycosites across lactation. Potentially then these observed 

differences are related to the changing needs of the infant to meet functional demands for 

growth and development and of diversifying gut microbiome. N-glycans could be effectively 

released by the bacterium-derived glycohydrolases, e.g. Endo-β-N-acetylglucosaminidases38, 

and serve as the selective growth substrates for infant-associated gut microbes39, 40. Additionally, 

the attached N-glycans could slow down the proteolytic digestion in infants, which is 

conceivably supported by evidence that many glycoproteins like lactoferrin41 and sIgA42 are 

not fully absorbed in the small intestine, but rather can be found back as intact protein in infant 

stool samples, facilitating that these proteins serve many important roles in pathogen defense 

and regulation of cellular proliferation and differentiation5. 

 

Conclusions 
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In this study we characterized the human milk N-glycoproteome of a single donor over 9 time 

points during the lactation period, characterizing 191 glycosites on cumulatively 110 human 

milk glycoproteins. In total we were able to assign 1697 glycopeptides, indicating that many 

sites were occupied by a wide variety of glycans. In more quantitative detail we performed 

targeted proteomics on 287 glycopeptides originating from 50 glycoproteins monitoring their 

abundance over the lactational period, through which we observed distinctive site-specific 

changes in glycosylation. Compared to previous studies on the human milk glycoproteome, we 

took a more integral approach by focusing on intact glycopeptides and were able to reach 

considerably more depth. Other studies either focused on the released N-glycans15, 16 or 

deglycosylated peptides12-14. We consider the improvement in depth in our study to originate 

mainly from two factors: 1) the application of the robust and reproducible automated HILIC-

based enrichment protocol, and 2) the high-end high-resolution mass spectrometry approach 

using HCD-triggered EThcD-based glycopeptide identification. The automated HILIC-based 

enrichment on the AssayMAP Bravo robot has the capacity to allow for the enrichment of 96 

digested samples in parallel within 1 hour, offering the potential for application on studies with 

numerous samples, such as the longitudinal time-series presented here. We demonstrate that it 

is now possible to monitor personalized milk glycoproteomes, i.e. per individual donor. By 

doing this, our data revealed a fascinating variability in glycans and their site-occupancy, 

whereby each human milk glycoprotein, each N-glycosylation site and each glycan attached 

exhibit their own distinctive quantitative pattern across the monitored lactation period. All these 

observed variations are very likely related to the changing needs of the growing and developing 

infant, and are hallmarked by  the changing functional demands of the immune system and 

diversifying gut microbiome. 
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Supplementary Figures 

 

 

Supplementary FIG. 1 Dynamic range in the human milk proteome and identified 

glycoproteins. The dynamic range of detected glycoproteins spans the whole range of 
proteins detected in the human milk proteome. Proteins detected in the human milk 
proteome are plotted by their intensity in grey and the glycoproteins identified are 
mapped on top of them and colored in green.  

 

Supplementary FIG. 2 Global comparison of the glycan composition of N-

glycopeptides in human milk vs human serum. A. Composition of N-linked 
glycoforms by PSMs in human milk based on PSMs (this study). B. Composition of N-
linked glycoforms by PSMs in human serum based on data from Sun et al.21. In 
particular, hybrid structures and complex glycans harboring multiple fucoses seems to 
be more abundant in human milk vs serum.  
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Supplementary FIG. 3 Represented N-glycan site occupancy of Asn69 on alpha-

S1-casein as extracted from data from one major abundant glycopeptide and the 

unmodified peptide. A. An illustrative example of XICs of the unmodified peptide 
DTRNESTQNCVVAEPEK and its glycosylated form harboring a 
HexNAc(4)Hex(5)Fuc(1)Sia(1) glycan and other less abundant glycosylated forms. B. 
The XICs of the unmodified peptide DTRNESTQNCVVAEPEK and its glycosylated 
form harboring a HexNAc(4)Hex(5)Fuc(1)Sia(1) glycan in all replicates. C. Observed 
site occupancy across the stages of lactation measured in triplicates. The glycosylation 
site occupancies ranged from 20% (weeks 1 and 12) to almost fully occupied 95% 
(week 16). 
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Supplementary FIG. 4 Protein sequence alignment for alpha-S1-casein across 

different species. The red colored letters indicate the novel N-glycosylation site found 
in human alpha-S1-casein. This site is not present in isoform 3 of human alpha-S1-
casein. It seems to be unique for the human orthologue and is not present in related 
mammalian species. 

 

Supplementary FIG. 5 Experimental parameters used in the scheduled targeted 

assay for glycopeptide quantification. A. With the chosen 3 minutes window, the 
concurrent precursors were at a maximum 37 (blue line). Taking 54 ms as the ion 
injection time, a mass resolution setting of 30,000 and an average peak width of 30 s, 
at least 10 data points were taken over each chromatographic peak. B. Overall 
chromatogram of targeted glycopeptides. C. The CVs of all spiked PRTC peptides were 
calculated for all the runs, 70% of them had a CV less than 20%, another 30% had a 
CV less than than 40%. CV: coefficient of variation; PRTC: Pierce Peptide Retention 
Time Calibration Mixture.  
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The following supplementary tables are not printed because they are oversize. 

Supplementary File: Visual summary for each identified glycoprotein. 

Schematic drawing of the sequences of the identified glycoproteins with identified sites 
and identified different glycan compositions. In total, 110 proteins are depicted in this 
file, of which 51 showed altered changes of certain glycan composition over the 9 
measured time points. The protein sequence chains are color-coded, wherein light blue, 
blue and grey represent the signal peptide, mature protein and propeptide chains, 
respectively. Indigo dots inserted in the protein sequences with and without asterisk 
indicate the UniProt-annotated N-glycosylation sites, either reported as being with 
evidence or only based on sequon analysis, respectively. Purple dots indicate the novel 
reported glycosites in this study. A red circle indicates that the glycosite is identified in 
this study. Yellow dots with a red circle highlight those glycosites reported in the 
UniProt database only based on sequon analysis, but here confirmed by experimental 
evidence in our dataset. 

Supplementary Table S1: 200 possible N-glycan compositions in human without 
sodium and with multiple fucoses 

Supplementary Table S2: Peptide to spectrum matches for EThcD spectra  

Supplementary Table S3: Identified N-glycopeptides in human milk across lactation 

Supplementary Table S4: Glycan compositions at identified N-glycosites 

Supplementary Table S5: The identities of the outer nodes in the glycoprotein-glycan 
network diagram (Figure 2C) 

Supplementary Table S6: The normalized intensity of glycopeptides across lactation in 
one single donor 
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Abstract 

Neutrophils are the critical first-responders of the immune system, but may also cause off-target 

damage and appear involved in a variety of autoimmune diseases. Many neutrophil proteins are 

N-glycosylated, a post-translational modification that significantly affects, among others, 

enzymatic activity, receptor interaction, and backbone accessibility. Interestingly, several 

neutrophil proteins were found to carry unusually small glycans (paucimannose) and those with 

phosphorylation, and this could differ highly from one glycosylation site to the next. To uncover 

the scope of these uncommon glycoforms across the neutrophil proteome, we performed in-

depth LC-MS/MS-based (glyco)proteomics of the combined neutrophils from healthy donors. 

Achieving shotgun detection of 5444 proteins and site-specific N-glycan characterization of 

241, we found that membrane proteins expressed high-mannose or complex N-glycans 

depending on the site, and secreted proteins mostly just complex N-glycans. Notably, on 

proteins likely to originate from azurophilic granules, we report distinct and dominant 

paucimannosylation, asymmetry, and glycan phosphorylation. 

 

Keywords 

Neutrophil, proteome, proteomics, glycoproteome, glycoproteomics, glycosylation, 

paucimannose, phosphomannose, mass spectrometry 
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Introduction 

Neutrophils play a critical role in the immune system as they are one of the first responders to 

migrate towards sites of inflammation and perform local antimicrobial functions1,2. Underlining 

their importance, neutrophils are produced in massive quantities and end up filling more than 

half the population of leukocytes in human blood – even though the individual cells are 

relatively short-lived and can be measured in the order of days3. Neutrophils perform their 

action via a number of mechanisms, including the phagocytosis of pathogens and subsequent 

digestion in intracellular phagosomes, the ensnaring of pathogens by releasing DNA in the form 

of neutrophil extracellular traps (NETs), or by the release of toxic proteins mixtures into the 

extracellular space in a process called degranulation4. This degranulation can occur from 

several distinct granules, including azurophilic (or primary) granules, specific (or secondary) 

granules and gelatinase (or tertiary) granules, each loaded with a particular set of proteins5,6. 

Azurophilic granules, for instance, are known to contain the abundant peroxidase 

myeloperoxidase as well as the proteases neutrophil elastase and myeloblastin (proteinase 3), 

while the iron-scavenger lactotransferrin and glycosidase lysozyme C are primarily contained 

within specific granules5,6. 

While neutrophils are essential to protect against invading pathogens, the cells are unfortunately 

not very discriminatory once their defenses have been activated. Next to handling pathogens, 

the degranulate inadvertently destroy otherwise healthy proteins and carbohydrates7, leading to 

lasting damage to the extracellular matrix and tissue and contributing to disease phenotypes 

such as asthma and chronic obstructive pulmonary disease (COPD)8. Notably, a subset of 

neutrophil proteins also tends to develop into the target of an autoimmune response, initiated 

by the collectively-named anti-neutrophil cytoplasmic autoantibodies (ANCAs)9-11. These 

ANCAs are found in multiple autoimmune diseases, including rheumatoid arthritis and 

inflammatory bowel disease, but they are most notable for their diagnostic value in 

distinguishing subtypes of ANCA-associated vasculitides (AAV)9-11. Even while neutrophils 

are of obvious clinical interest in terms treating disease complications and uncovering epitopes 

of autoantigenicity, very little is actually known about the post-translational modifications 

(PTMs) that naturally occur on the cell’s proteome.  

One frequent PTM, glycosylation, represents the directed modification of proteins with one or 

more complex sugars, which can then be remodeled into a large degree of functionally-relevant 

variation12. Glycosylation has a major effect on a protein as the sugar affects, among other 

things, the folding and receptor interaction of the protein, as well as the availability of the 

peptide backbone to proteases and the recognition by autoantibodies12-15. The glycosylation 

characteristics of neutrophils are not well-known, save for reports on neutrophil elastase, 

cathepsin G, and myeloblastin16-18, while an early N-glycoproteomics experiment on 
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(neutrophil-rich) sputum detected 115 N-glycopeptides that likely originated from neutrophils19. 

Interestingly, the overall indication is that a subset of neutrophil proteins likely contains an 

infrequently observed class of small carbohydrates – paucimannose glycans19,20. Adding to this, 

our group recently performed a thorough mass spectrometric characterization of the abundant 

neutrophil protein myeloperoxidase21, uncovering that the protein expressed, indeed next to the 

aforementioned paucimannose glycans, a significant amount of phosphomannosylation 

(Asn323) and highly asymmetric species (Asn483), and that this expression differed 

significantly depending on the glycosylation site21. The question remains if these uncommon 

glycosylation characteristics are typical for neutrophil proteins in general, or represent a 

relevant subset thereof.  

Here, by means of the latest innovations in sample preparation, hybrid mass spectrometry (MS) 

and data analysis22-24, we present the first in-depth site-specific characterization of the 

neutrophil N-glycoproteome. Starting from a pool of neutrophils mixed from ten independent 

donors, we achieved the MS-based detection and label-free quantification of 5444 neutrophil 

proteins, and notably, site-specific N-glycosylation information on 241. By this, we found that 

membrane proteins expressed either high-mannose glycans or complex glycans with high levels 

of fucosylation, likely Lewis-X (CD15) and sialyl-Lewis X (CD15s), while secretory proteins 

mostly displayed complex glycans only. Importantly, we indeed found abundant paucimannose, 

phosphomannose and asymmetrical glycan species, but primarily amongst those proteins that 

typically reside in the azuzophilic granules. We believe that this report will aid in understanding 

neutrophil biology and the pathogenicity that may arise from it, as well as informing on leads 

for targeted intervention within neutrophil-based malignancies. 
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Figure 1: Annotations used to describe glycan compositions. Monosaccharides are 
represented as: fucose (Fuc; red triangle), mannose (Man; green circle), galactose (Gal; yellow 
circle), N-acetylglucosamine (GlcNAc; blue square) and N-acetylneuraminic acid (NeuAc; dark 
magenta diamond), phosphomannose (Phospho; orange circle). For more complex glycans (left) 
distinctions are made between asymmetric/hybrid (one antennary GlcNAc), diantennary (two 
antennary GlcNAcs) and extended species (more than two antennary GlcNAcs). For mannose-
type glycans (right) classes are defined as paucimannose (three mannoses or less), high-
mannose (four mannoses or more), and phosphomannosylated glycans (carrying at least one 
phosphomannose). 

Results 

To uncover the site-specific N-glycosylation characteristics of neutrophil proteins (Figure 1), 

we pooled the neutrophils from ten presumably healthy donors to perform in-depth proteomics 

and glycoproteomics analyses. Cells were lysed and the proteins thereof reduced, alkylated and 

proteolytically digested by GluC and trypsin.  

 

Figure 2: Scheme of the experimental workflow. Neutrophils, acquired by flow cytometry of 
buffy coats, were pooled from 10 independent, presumably healthy, donors. The cells were 
disrupted, the released proteins digested, and the peptides desalted by reversed phase (RP) solid 
phase enrichment (SPE). The resulting (glyco)peptides were then either further enriched by 
hydrophilic-interaction liquid chromatography (HILIC) SPE before mass spectrometry (MS) 
analysis (left branch), or directly, without enrichment, analyzed by MS (right branch). 
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Results from shotgun proteomics (desalting-only) were used for the identification and 
quantification (LFQ) of the proteins, whereas the glycoproteomics data resulting from both 
desalting-only and desalting+HILIC were used for identification and quantification of the 
glycopeptides. 

 

One part of the resulting peptides was desalted by reversed phase (RP)-solid phase enrichment 

(SPE) only, whereas another part was, next to desalting, also enriched for glycopeptides by 

hydrophilic-interaction liquid chromatography (HILIC)-SPE (Figure 2). 

Shotgun proteomics 

We performed shotgun proteomics on the RP-enriched neutrophil (glycopeptides) by RP-LC-

MS2. The resulting MS data was searched against the reviewed human proteome (Swiss-Prot 

database) allowing either 1) specific peptides up to 3 miscleavages, or 2) complete 

nonspecificity.  

 

Figure 3: Quantitative human neutrophil proteome. A) Relative quantification of the 1802 
neutrophil proteins detected with peptides identified from a specific trypsin/GluC search (blue). 
Allowing also nonspecific cleavages in the search led to the detection of 5444 proteins (orange). 
B) Close-up of the top 50 most abundant proteins. The colours indicate whether the known 
protein sequence contained either no N-glycosylation site (blue; sites being defined as Asn-
Xxx-Ser/Thr where Xxx ≠  Pro), at least one site with evidence for N-glycosylation as 
annotated in UniProt (green), or at least one site predicted by sequence analysis (yellow). C) 
Relative abundance of the top 50 most abundant proteins. D) N-Glycosylation site distribution 
across all detected proteins (nonspecific). 

 



189 
 

The specific search yielded the detection and label-free quantification (LFQ) of 1802 proteins 

(Figure 3), abundant examples including the common neutrophil proteins lactotransferrin, 

myeloperoxidase, as well as protein S100-A8 and A9 which typically heterooligomerise into 

calprotectin (Supplementary Table S1)25. These proteins were in congruence with those from 

other neutrophil proteomics studies, and indicated a broad detection of proteins from different 

cellular compartments5,25,26. From the literature, we could infer that our detections included 

proteins from the membrane, cytosol, azurophilic (primary) granules, specific (secondary) 

granules, gelatinase (tertiary) granules, and secretory vesicles5. 

 

Figure 4: Prototypical MS/MS spectra exemplifying the different categories of 

glycosylation observed in neutrophils. A) paucimannosylation, B) phosphomannosylation, C) 

6
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sialylation, and D) high degrees of (antennary) fucosylation. In A) the fragments b4+203 and 
y5+203 position the paucimannosylated glycan unambiguously at the Asn residue, excluding 
that this peptide carries an O-glycosylation instead. Similarly, in B) the phosphorylation clearly 
is associated with the hexose residues, excluding that is rather on the Ser or Thr residue. The 
glycoprotein and specific site harbouring the modification is shown on the top of the spectrum. 

 

Neutrophil granules are known to harbor a wide selection of proteases to facilitate antimicrobial 

activity, such as neutrophil elastase, myeloblastin and cathepsin G. This means that a wider 

variety of peptides is possible for whole-neutrophil samples than can be generated with just 

GluC and trypsin26. To account for this, we additionally searched the proteome with no 

constraint on the peptide sequence, which allowed the detection of 5444 proteins (Figure 

3)(Supplementary Table S2).  

 

Glycoproteomics 

We subjected the neutrophil (glyco)peptides resulting from both the desalting-only and 

desalting+HILIC enrichments to triplicate RP-LC-MS2 analysis with dedicated 

glycoproteomics parameters. This meant that precursor signals were either fragmented by 

higher-energy collisional dissociation (HCD), or by electron-transfer higher-energy collisional 

dissociation (EThcD) triggered on glycan fragments from preceding HCD fragmentation. In 

doing so, we obtained clear MS2 evidence for the presence of high mannose glycans, sialylated 

glycans, as well as high degrees of antennary fucosylation across the glycoproteome (Figure 

4). Importantly, we could also establish the presence of the paucimannose and 

phosphomannose-containing glycan species (Figure 4 A,B).  

Glycoproteomics data were searched for the presence of glycopeptides using Byonic27. We 

opted to perform the search without constrain on proteolytic cleavage, considering our 

observations from the shotgun proteomics experiment and the evidence that the structure of a 

glycan may be of large influence to proteolytic efficiency as well14. To retain a manageable 

search space we filtered our databases for those protein sequences that contained at least one 

N-glycosylation sequon (Asn-Xxx-Ser/Thr; Xxx ≠ Pro). Doing so, we searched one instance of 

each sample type (RP-only HCD, RP-only EThcD, RP+HILIC EThcD) against the full human 

glycoproteome (Swiss-Prot), and performed searches against the triplicates with a shortlist of 

the top 500 glycoproteins from the shotgun results. The majority of peptides proved to be 

semispecific for GluC/trypsin digestion, with common alternative cleavage sites occurring at 

Val, Phe, Leu/Ile, and Tyr (Supplementary Figure S1). 

In terms of glycosylation we included 279 N-glycan compositions in the search 

(Supplementary Table S3), which encompassed paucimannose species and smaller (e.g., 



191 
 

HexNAc1dHex1 and HexNAc2Hex2), monoantennary and hybrid species (e.g., 

HexNAc3Hex3NeuAc1 and HexNAc3Hex6), complex multiantennary species with various 

degrees of fucosylation (e.g., HexNAc4Hex5NeuAc2 and HexNAc6Hex7dHex5NeuAc1), and 

phosphomannosylated compositions typically originating from the lysosomal pathway of 

protein degradation (e.g., HexNAc2Hex5Phospho1 and HexNAc4Hex8Phospho2)23,28. Following 

previously reported data curation parameters29, we retained a total of 2726 unique N-

glycopeptide identifications (Supplementary Table S4), informing on the glycosylation of 241 

neutrophil proteins with at least one N-glycosylation sequon. We then assigned global 

glycosylation characteristics to the glycopeptides on the basis of monosaccharide compositions. 

These comprised 1) unoccupied (no monosaccharides on a given site), 2) paucimannose 

(HexNAc < 3 and Hex < 4), 3) phosphomannose (Phospho > 0), 4) high-mannose (HexNAc = 

2 and Hex > 3), 5) hybrid/asymmetric (HexNAc = 3), 6) diantennary (HexNAc = 4) and 7) 

extended (HexNAc > 4). 
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Figure 5: Bias in glycopeptide identifications. Quantitative overview of the peptide 
glycoforms detected across the 500 most abundant neutrophil glycoproteins. Left) The relative 
number of glycopeptides detected by MS (PSMs) directly after desalting. Right) The relative 
number of glycan PSMs detected after sequential desalting and HILIC enrichment. As seen 
from the distributions, HILIC enrichment after desalting leads to a bias against the smallest 
glycan species but allows for better detection of the lower-abundant higher-complexity glycans. 
As such, we considered desalting to be dominant in reporting the glycan distribution of a given 
glycosylation site but utilized the HILIC data when little or no RP detections were achieved. 
Colours indicate the classes of the glycans. Shorthand compositional annotation on the y-axis 
follows N = N-acetylhexosamine (e.g., N-acetylglucosamine), H = hexose (e.g., mannose or 
galactose), F = deoxyhexose (fucose), S = sialic acid (N-acetylneuraminic acid), and P = 
phosphorylation (e.g., mannose-6-phosphate). 

 

Importantly, the desalting-only and desalting+HILIC methods yielded information on different 

parts of the neutrophil glycoproteome. As witnessed from the distribution of peptide spectrum 

matches (PSMs; the measure of fragmentation spectra that have likely been correctly assigned), 

the RP-only method facilitated the detection of paucimannose species across the proteome, 

whereas the corresponding peptides were almost fully lost with subsequent HILIC enrichment 

(Figure 5). The additional HILIC step, on the other hand, altogether improved the detection 

glycopeptides so that the more analytically-challenging higher antennarities became 

quantifiable. Due to the bias observed in RP+HILIC we considered the RP method to be leading 

in the detection of peptide glycoforms. However, as the RP+HILIC method provided more 

information on the (individually) lower abundant high-complexity glycoforms, we opted to 

retain both methods for analysis and visualization. 
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Figure 6: Individual glycoprotein characteristics as percentage of the total of glycopeptide 

detections. Proteins were only included when detected by at least 3 glycopeptide PSMs 
(thereby eliminating non-glycosylated proteins). Classification between proteins was made on 
the cellular location as described in the literature and neXtprot (www.nextprot.org). Proteins 
indicate as “membrane proteins” typically included a transmembrane domain, but this does not 
necessitate that they always exist membrane-bound. Most intracellular membrane proteins were 
described as localised to the endoplasmic reticulum or Golgi apparatus, whereas cytosolic, 
nuclear and mitochondrial proteins typically did not carry N-glycans. Whereas azurophilic 
(primary) granule proteins are listed separately, the other secreted proteins included proteins 
from the specific (secondary) granules, gelatinase (tertiary) granules and secretory vesicles. For 
each location, the proteins were sorted based on their glycosylation complexity (following the 
order of the legend). As evident from the data, the uncommon glycosylation characteristics of 
pauci- and phosphomannosylation appeared to be rather unique features of azurophilic granule 
proteins. 
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In general, neutrophil proteins expressed high-mannose, diantennary or extended-type 

glycosylation (Figure 6). By inferring the likely cellular locations for these proteins from the 

literature, we could predict their origins to be from the cell surface, from within the cell 

(including in the endoplasmic reticulum and Golgi apparatus), from specific and gelatinase 

granules, and from secretory vesicles5. Proteins to carry these features included lactotransferrin, 

neutrophil gelatinase-associated lipocalin, integrin alpha-M (CD11b), integrin beta-2 (CD18), 

carcinoembryonic antigen-related cell adhesion molecule 8 (CD66b), olfactomedin-4, and 

many others. Interestingly, for proteins predicted to stem from the azurophilic granules we 

could detect the abundant presence of very different glycosylation characteristics, namely of 

partial site-unoccupancy, paucimannose species, hybrid-/asymmetric-type glycans, as well as 

phosphomannosylation. As such, proteins to carry these unusual glycosylation features 

included, next to others, neutrophil elastase, cathepsin G, myeloblastin (proteinase 3), 

azurocidin and myeloperoxidase. 
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Figure 7: Site-specific glycosylation detected on six major neutrophil proteins. Glycan 
species were only included in the comparison when at least nine glycopeptide PSMs were 
detected for any glycosylation site of that protein in either the desalting-only condition (left) or 
desalting followed by HILIC (right). Glycoprotein structures were generated by energy-
minimization of the glycan on an existing PDB structure by GLYCAM (www.glycam.org). As 
mass spectrometry does not principally distinguish glycan isomerism, the proposed glycan 
structures are estimates on basis of the literature. As can be seen, while proteins exhibited 
overall glycosylation characteristics such as high complexity (lactotransferrin, neutrophil 
gelatinase-associated lipocalin) or low complexity (myeloperoxidase, cathepsin G, 
myeloblastin, neutrophil elastase), they also showed considerable site-dependent heterogeneity 
within the same protein. 

 

Site-specific glycan heterogeneity 
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By comparing relative PSM numbers, which for our myeloperoxidase benchmark yielded 

highly similar quantification as manual MS1 area integration (Supplementary Figure S2), we 

assessed the glycan distribution of each N-glycosylation site for the major neutrophil proteins 

(Figure 7). Interestingly, each individual glycosylation site displayed its own unique pattern. 

For instance, lactotransferrin carried on its Asn156 exclusively extended glycans (tri- and 

tetraantennary species with a high degree of antennary fucosylation), while Asn497 expressed 

diantennary and smaller glycans and Asn642 remained mostly unoccupied. High-mannose and 

diantennary/extended species were typically detected on different sites. On integrin alpha-M 

(CD11b), for instance, we could primarily detect high-mannose species at sites Asn391, 

Asn734, Asn801, Asn880, Asn900 (also hybrid), Asn940, Asn978, Asn1021, Asn1044 and 

Asn1050, while we could mainly detect diantennary/extended species at sites Asn240, Asn692, 

Asn993, and Asn1075. Another example of this site-specific complexity could be found in 

integrin beta-2 (CD18), on which high-mannose species mainly covered sites Asn501 and 

Asn636, while diantennary/extended species occupied Asn50, Asn116, and Asn212. 

Of interest, for the azurophilic granule proteins we detected altogether different glycosylation 

characteristics than for the other neutrophil locations, but we could still appreciate the large 

heterogeneity between individual sites. For example, on myeloperoxidase we detected 

phospho- and high-mannose glycosylation at Asn323, pauci- to high-mannose species at both 

Asn355 and Asn391, hybrid/asymmetric/diantennary species at Asn483, and paucimannose 

glycans together with partial occupancy at Asn729. Another example, neutrophil elastase, 

exhibited pauci- and phosphomannosylation at Asn88 and diantennary species at Asn124, while 

Asn173 remained mostly unoccupied. Even for proteins that generally displayed the same 

glycosylation characteristics across sites, e.g., myeloblastin (proteinase 3) which was primarily 

paucimannosylated, we still could detect clear differences in which glycan composition was 

dominant, e.g., HexNAc1dHex1 at Asn129 and HexNAc2Hex2dHex1 at Asn174. 

 

Discussion 

On the one hand, neutrophils are the critical first responders in the immune system, on the other, 

the cells are also responsible for much off-target damage and the production of proteins that 

may end up being the target of autoantibodies9-11. Given this, it is important to understand what 

the involved proteins actually look like, not only in terms of amino acid sequence, but also in 

terms of their modifications. However, even while the PTMs may have significant influence on 

enzymatic activity, interaction with inhibitors and scavengers, and the overall accessibility of 

immunogenic epitopes, neutrophil protein PTMs remain a vastly understudied subject. Several 

reports, including our own, have suggested that released neutrophil proteins may even carry N-
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glycosylation variants that are rarely observed on extracellular proteins within humans, namely 

paucimannosylation and phosphomannosylation16-19,21. As such, our goals in the current study 

were to 1) verify the atypical glycosylation to originate from neutrophil proteins, 2) to establish 

on which proteins and protein groups these can be detected, and 3) to explore the general 

glycosylation characteristics of neutrophil proteins in a site-specific manner. By performing 

mass spectrometric (glyco)proteomics on the neutrophils from ten apparently healthy donors, 

we here provide the first in-depth investigation into the site-specific glycosylation 

characteristics of the neutrophil proteome.  

 

Observed glycosylation characteristics 

On the putatively membrane-bound proteins, both on the cell surface and within the cell, we 

found a combination of sites containing diantennary/extended glycans and those with high-

mannose glycans. Individual glycan sites may certainly have unique functions, but it is 

interesting to see that a large part of the abundant surface receptors is occupied by fucosylated 

and sialylated glycans. Although our mass spectrometric analysis only yielded monosaccharide 

compositions and not the linkage between these, it seems likely that the monosaccharides 

combine into Lewis X (Galβ1,4-[Fucα1,3-]GlcNAc) and sialyl-Lewis X (Neu5Ac2,3-Galβ1,4-

[Fucα1,3-]GlcNAc), respectively also named CD15 and CD15s. These carbohydrate epitopes 

are known to be abundantly present on neutrophils, and can, for instance, be used as a marker 

for fluorescence-assisted cell sorting (FACS) (our gating strategy selected on CD15)30,31. 

Biologically speaking, sialyl-Lewis X can interact with the E-selectins that are commonly 

expressed at sites of injury and inflammation. Interactions between E-selectins and neutrophil 

sialyl-Lewis X motifs may then facilitate the typical tethering behaviour to catch and slow down 

the cell from the blood stream and start the extravasation process30,32. 

The proteins likely secreted from specific (secondary) granules, gelatinase (tertiary) granules 

and other secretory vesicles showed diantennary and extended species as well, but only limited 

occupancy of high-mannose type glycans. One could argue that high-mannose glycans are 

therefore a feature of membrane proteins, or proteins with a membrane-bound origin. 

Interestingly, amongst the secretory proteins we also observed several that have been studied 

in a variety of biofluids33-35. Alpha-1-antitrypsin (A1AT), for example, is generally a 

hepatocyte-produced acute phase protein that is abundantly present in blood33. It is then 

remarkable to see that our neutrophil-sourced A1AT shows highly-similar glycosylation 

patterns compared to the one from blood, namely highly sialylated (and to a lesser degree 

fucosylated) di- and triantennary glycans on sites Asn70, Asn107 and Asn27134,36. Similarly, 

lactotransferrin is a major component of human milk, and the high degrees of antennary 

6
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fucosylation we see on both Asn156 and Asn497 and lack of occupancy at Asn642 matches 

between sources as well35. While it cannot be excluded that, for instance, alpha-1-antitrypsin 

was co-captured during the flow cytometry of our neutrophils, an alternative explanation is that 

the glycosylation status of secretory proteins is highly dependent on the structure of the proteins 

themselves. 

Importantly, the proteins that likely originated from the azurophilic (primary) granules 

demonstrated altogether different glycosylation characteristics, with sites containing partial 

unoccupancy, pauci- and phosphomannose glycans, as well as a large degree of 

hybrid/asymmetric glycans. Not only could this be confirmed for the azurophilic granule 

proteins that were prior studied in isolated fashion, i.e., myeloperoxidase21, neutrophil elastase16, 

cathepsin G17, and myeloblastin to some degree18, but this can now be expanded to many others 

including azurocidin, cathepsins C and Z, beta-hexosaminidase subunits alpha and beta, 

phospholipase B-like 1, and so forth. The glycosidases found amongst the azurophilic granule 

proteins may also provide a partial explanation for the many paucimannose glycans we 

observed. Lysosomal alpha-mannosidase (MAN2B1) can cause the removal of the alpha-linked 

mannoses that occupy most high-mannose and hybrid glycans, whereas the beta-

hexosaminidases (HEXA, HEXB) can attack the antennary and core N-acetylglucosamines. If 

these glycosidases are indeed responsible for the general glycan truncation amongst azurophilic 

granule proteins, the question instead becomes why certain glycosylation sites remain 

unaffected. Myeloperoxidase is an intriguing example of this, with high-mannose glycans on 

sites Asn355 and Asn391 but severely truncated glycans at Asn729, while myeloblastin shows 

distinct paucimannose sizes at Asn129 (monosaccharide) and Asn174 (pentasaccharide). 

Protection of a glycosylation site could be achieved by steric hindrance, strong interactions 

between glycan and peptide backbone (potentially of an oligomerization partner), or perhaps 

the glycans are protected by dedicated chaperones. In all cases, however, the presence of larger 

glycans in a glycosidase-rich environment reflects an additional level of proteoform regulation.  

The other atypical glycosylation characteristic, i.e., phosphomannosylation, may have 

something to do with the trafficking function it has in other cell types23,37,38. Most cells can 

target glycoproteins for degradation by phosphorylation of high-mannose glycans, which are 

then subsequently recognized by mannose-6-phosphate receptors and translocated towards 

lysosomes for degradation37,38. Although neutrophils do not have typical lysosomes, instead 

having repurposed them into azurophilic granules (with some distinct differences)6, it may be 

that the lysosomal trafficking can still be used to tune granule contents. The dominant theory 

for populating different granules lies in transcription-based timing, with translated proteins 

progressively (in time) ending up in azurophilic (primary), specific (secondary) and gelatinase 

(tertiary) granules5,39. However, a shuttling mechanism akin to lysosomal trafficking might still 
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allow to fill particular granules even when the dedicated time-frame has passed. While 

speculative, this would be an interesting lead to follow-up. Alternatively, both pauci- and 

phosphomannosylation may assist in the clearance of the hazardous azurophilic granule 

proteins from the extracellular space. For instance, part of the mannose-6-phosphate receptors 

can be found on cell surfaces and may mediate internalization of phosphomannosylated proteins 

for lysosomal degradation38,40. Similarly, other carbohydrate receptors may be instrumental in 

clearing paucimannose species from the extracellular space. If not cleared, however, both 

pauci- and phosphomannose glycans could present interesting targets for intervention in 

neutrophil-based malignancies. 

 

Glycoproteomics considerations 

Several methodological aspects of our study need to be kept in mind when interpreting the 

results. Given that neutrophils abundantly produce proteases like neutrophil elastase, cathepsin 

G and myeloblastin, it was no surprise that our neutrophil proteomics study displayed many 

semispecific and nonspecific peptides. However, while for the relative quantification of glycan 

distribution per glycosylation site we would typically proceed with manual integration of MS1 

areas for individual glycopeptides (e.g., by Skyline)21,35, the extreme number of glycan and 

peptide combinations prohibited this approach on any practical level. On the other hand. a 

relevant alternative form of quantification may come from the counting of PSMs (annotated 

MS2)23,41. Validating this approach on the data we previously generated for the in-depth 

profiling of isolated neutrophil myeloperoxidase21, we were intrigued to see an excellent 

approximation of relative glycan distribution per site (Supplementary Figure 2). It can be 

reasoned that, compared to low-abundant analytes, high-abundant analytes will have longer 

elution times, more detectable charge states, more detectable structural isomers, more 

detectable peptide miscleavages, a higher chance of MS2 triggering, as well as a higher chance 

of identification when triggered, each of these contributing to a higher number of PSMs. While 

not a full substitute for manual integration, PSM counting (MS2-based quantification) may 

provide a reasonable alternative for complex glycoproteomics samples. 

Sample preparation with either desalting-only or desalting+HILIC presented notably different 

views of the neutrophil glycoproteome. HILIC is a commonly used for the enrichment of 

glycans and glycopeptides and its retention mechanisms is primarily based on capturing the 

glycan portion of a glycoconjugate while RP is typically dependent to the peptide portion42. As 

such, our number of glycopeptide PSMs was far greater in the HILIC method than in RP-only. 

This also led to the clear detection of analytically complex glycans which might otherwise be 

missed, e.g., due to splitting of signal intensity across related glycans and glycan stereoisomers. 

6
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On the other hand, HILIC enrichment also led to the major loss of glycopeptides with 

paucimannose glycans and smaller, which is understandable because HILIC utilizes the 

carbohydrate portion for its retention mechanism. While we here describe paucimannose 

glycosylation to be “atypical” and “uncommonly observed”, this might also be due to a general 

underestimation across the literature due to the ubiquity of HILIC enrichment for glycan 

analysis42,43. In the work presented here, we interpreted RP as dominant for informing on the 

the glycan distribution for a given glycosylation site, but relied on HILIC when little or no RP 

detections were achieved. 

Regarding our assignment of glycan compositions, convincing fragmentation patterns were 

obtained to prove the presence of both multifucosylated and sialylated glycan species. It has to 

be noted, however, that the mass increment of a sialic acid (+291) is very similar to that of two 

fucoses (+292), and these can easily be co-isolated for MS2. While glycan species with only 

sialic acids or only fucoses are simple to assign by fragmentation, ratios of 

sialylation/fucosylation remain challenging to establish from fragment abundances alone. 

Similarly, we expect our level of sialylation to be somewhat underestimated by the capture of 

ammonium, or other cations, that dilute their signals and may prevent their observation. 

Furthermore, the term “extended” may either be interpreted as tri- or tetraantenary 

glycosylation or as existing antennae being extended by N-acetyllactosamine (LacNAc) repeats. 

As gaining an antenna is the same mass increment as LacNAc extension, and fragmentation of 

either typically results in the same oxonium ions (e.g., m/z 366 [M+H]+), we did not make a 

distinction between them. For the most accurate mass spectrometric quantification of protein 

glycosylation, we highly recommend to isolate single proteins and match the findings from 

bottom-up MS with intact/native MS as detailed previously44. 

 

Conclusions 

To conclude, we present here the first comprehensive investigation of the neutrophil 

glycoproteome and report on the site-specific glycosylation of more than 200 individual 

proteins. Next to characterizing the glycans on membrane-bound and secreted proteins, we 

report the remarkable carbohydrate characteristics for the proteins that typically reside in the 

azurophilic granules. We believe that this report will aid our understanding of neutrophil 

(glyco)biology, and that it establishes important leads for future research into the mechanisms 

and potential treatment of neutrophil-based malignancies. 

 

Methods 

Chemicals and materials 
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Unless otherwise specified, all chemicals and reagents were obtained from Sigma-Aldrich 

(Steinheim, Germany). GluC was obtained from Roche (Indianapolis, IN). The Oasis PRiME 

HLB plate was purchased from Waters (Etten-Leur, the Netherlands). Formic acid (FA) was 

purchased from Merck (Darmstadt, Germany). Acetonitrile (ACN) was purchased from 

Biosolve (Valkenswaard, The Netherlands). Milli-Q was produced by an in-house system 

(Millipore, Billerica, MA), phosphoSTOP (Roche, Woerden, the Netherlands) and complete 

mini EDTA free (Roche, Woerden, the Netherlands). 

 

Isolation of human neutrophils 

Neutrophil collection from buffy coats was performed as previously described48,49.  

 

Cell lysis and protein digestion 

Neutrophil cell pellets (approximately 3·107 cells) were resuspended in lysis buffer containing 

100 mM Tris-HCl (pH 8.5), 7 M urea, 5 mM Tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP), 30 mM chloroacetamide (CAA), Triton X-100 (1%), 2 mM magnesium sulfate, 

phosphoSTOP and complete mini EDTA free. Then, cells were disrupted by sonication for 45 

min (alternating 20 s on and 40 s off) using a Bioruptor Plus (Diagenode, Seraing, Belgium). 

Cell debris was removed by centrifugation at 14000 rpm for 1 h at 4 °C and the supernatant 

retained. Impurities were removed by methanol/chloroform protein precipitation as follows: 1 

mL of supernatant was mixed with 4 mL of methanol, 1 mL chloroform and 3 mL ultrapure 

water with thorough vortexing after each addition. The mixture was then centrifuged for 10 min 

at 5000 rpm at room temperature (RT). The upper layer was discarded, and 3 mL of methanol 

was added. After sonication and centrifugation (5000 rpm, 10 min at RT), the solvent was 

removed, and the precipitate was allowed to dry by air. The pellet was resuspended in digestion 

buffer containing 100 mM Tris-HCl (pH 8.5), 1% w/v sodium deoxycholate (SDC), 5 mM 

TCEP and 30 mM CAA. GluC was then added to digest proteins for 3 h at an enzyme-to-protein 

ratio of 1:75 (w/w) at 37 °C, and the resulting peptide mixtures were further digested overnight 

at 37 °C by trypsin (1:20; w/w). The next day, SDC was removed via acid precipitation (0.5% 

trifluoroacetic acid) (TFA) and the final peptide concentration was estimated by measuring the 

absorbance at 280 nm on a Nanodrop Spectrophotometer (Nanodrop 2000, Thermo Scientific). 

The peptides were desalted by using an Oasis PRiME HLB plate then dried and stored at -80 

°C. 

 

HILIC-based glycopeptide enrichment 
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The HILIC-based glycopeptide enrichment was performed using in-house packed stage-tips. In 

short, 200 μL pipet tips were packed with ten mg of 3 μm ZIC-cHILIC beads (Merk, Darmstadt, 

Germany), which were then washed with 100 µL of 1% FA and equilibrated with 100 µL of 

loading buffer (80% ACN/0.5% TFA). The peptide digests (100 µg) were reconstituted with 

100 µL of loading buffer and loaded onto the stage-tips. The stage-tips were washed with 100 

μL of loading buffer, and the glycopeptides were first eluted with 65% ACN/0.5% TFA, 

followed by 55% ACN/0.5% TFA. The elution were dried down and stored at −80 °C until 

subjected to LC-MS2. 

 

Shotgun proteomics 

Shotgun LC-MS2 was performed by means of an Agilent 1290 Infinity HPLC system (Agilent 

Technologies, Waldbronn, Germany) coupled to a Q Exactive HF mass spectrometer (Thermo 

Fisher Scientific, Bremen, Germany). Per run, approximately 800 ng of peptides were first 

trapped by using a 100 μm inner diameter 2 cm trap column (in-house packed with ReproSil-

Pur C18-AQ, 3 μm) (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) coupled to a 50 

μm inner diameter 50 cm analytical column (in-house packed with Poroshell 120 EC-C18, 2.7 

μm) (Agilent Technologies, Amstelveen, The Netherlands). The mobile-phase solvent A 

consisted of 0.1% FA in water, and the mobile-phase solvent B consisted of 0.1% FA in ACN. 

Trapping was performed at a flow rate of 5 μL/min for 5 min with 0% B and peptides were 

eluted using a passively split flow of 300 nL/min for 170 min with 10% to 36% B over 155 min, 

36% to 100% B over 3 min, 100% B for 1 min, 100% to 0% B over 1 min, and finally held at 

0% B for 10 min. Peptides were ionized using a spray voltage of 1.9 kV and a heated capillary. 

The mass spectrometer was set to acquire full-scan MS spectra (m/z 375-1600) for a maximum 

injection time of 20 ms at a mass resolution of 60,000 and an automated gain control (AGC) 

target value of 3x106. Up to 15 of the most intense precursor ions were selected for tandem 

mass spectrometry (MS2). HCD MS2 (m/z 200-2000) acquisition was performed in the HCD 

cell, with the readout in the Orbitrap mass analyzer at a resolution of 30,000 (isolation window 

of 1.4 Th) and an AGC target value of 1e5 or a maximum injection time of 50 ms with a 

normalized collision energy of 27%. 

 

Glycoproteomics 

All peptides from the (glyco)peptide enrichments were separated and analysed using the same 

HPLC system as used for the global proteome analysis, albeit now coupled on-line to an 

Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) using 

a 90 min gradient, as follows: 0-5 min, 100% solvent A; 13-44% solvent B for 65 min; 44-
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100% solvent B for 5 min; 100% solvent B for 5 min; 100% solvent A for 15 min. Per run, 

approximately 300 ng (nonenriched) or 100 µg (HILIC enriched) peptides were ionized using 

a 2.0 kV spray voltage. For the MS scan, the mass range was set from m/z 350 to 2000 with a 

maximum injection time of 50 ms at a mass resolution of 60,000 and an AGC target value of 

5x104 in the Orbitrap mass analyzer. The dynamic exclusion was set to 30 s for an exclusion 

window of 10 ppm with a cycle time of 3 s. Charge-states screening was enabled, and precursors 

with 2+ to 8+ charge states and intensities > 1e5 were selected for MS2. HCD MS2 (m/z 120-

4000) acquisition was performed in the HCD cell, with the readout in the Orbitrap mass 

analyzer at a resolution of 30,000 (isolation window of 2 Th) and an AGC target value of 5x104 

or a maximum injection time of 50 ms with a normalized collision energy of 27%. If at least 2 

out of 4 oxonium ions of glycopeptides (138.0545+, 204.0687+, 366.1396+ or 243.026+) were 

observed24, EThcD MS2 on the same precursor was triggered (isolation window of 3 Th) and 

fragment ions (m/z 120–4000) were analyzed in the Orbitrap mass analyzer at a resolution of 

30,000, AGC target value of 2x105 or a maximum injection time of 250 ms with activation of 

ETD and supplemental activation with a normalized collision energy (NCE) of 27%. 

 

Proteomics data analysis 

Proteome Discoverer (version 2.3, Thermo Scientific) was used to analyze the LC-MS2 raw 

files from the shotgun experiment. MS2 scans were searched against the Swiss-Prot database 

(release date: Sep 2019, 20 421 entries, taxonomy: Homo sapiens) by using Sequest with the 

following modifications: fixed Cys carbamidomethylation, variable Met oxidation and Ser, Thr, 

and Tyr phosphorylation (serine, threonine and tyrosine). Enzyme specificity was set to trypsin 

and GluC with a maximum of 3 missed cleavages for peptides in a fully specific digestion, and 

set to “none” for peptides in nonspecific digestion. The searches were performed using a 

precursor mass tolerance of 10 ppm and a fragment mass tolerance of 0.05 Da followed by data 

filtering using Percolator, resulting in a 1% false discovery rate (FDR). For label-free 

quantification, the node called Minora feature detector was used with high PSM confidence, a 

minimum of 5 non-zero points in a chromatographic trace, a minimum number of 2 isotopes 

and maximum retention time difference of 0.2 min for isotope peaks. The consensus workflow 

in Proteome Discoverer was used to open the search results and enable retention time (RT) 

alignment with a maximum RT shift of 5 min and mass tolerance of 10 ppm in order to match 

the precursor between runs. Proteins were only reported when detected in at least two out of 

three replicates. 

 

Glycoproteomics data analysis 
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The raw files acquired from the glycoproteomics experiments were searched with Byonic 

(version 3.7.13, Protein Metrics Inc.)27 against all potential glycoproteins (sequences containing 

Asn-Xxx-Ser/Thr where Xxx ≠ Pro) from the Swiss-Prot database (one replicate) as well as 

against a focused database comprising the top 500 most abundant glycoproteins from the 

neutrophil proteome analysis (all replicates). The precursor ion mass tolerance was set to 10 

ppm and both HCD & EThcD fragment mass tolerance were set to 20 ppm. Peptides were 

searched with nonspecific proteolytic digestion, Cys carbamidomethylation as fixed 

modification, and up to two variable modifications of Met oxidation and Ser/Thr/His/Tyr 

phosphorylation. For glycosylation we allowed one glycan from a database of 279, which 

included highly fucosylated species and phosphomannose/degraded glycans known from the 

lysosomal pathway of degradation (Supplementary Table S1). Based on prior established 

curation criteria29, we rejected glycopeptide identifications with a log probability lower than 1, 

and maintained a score threshold of 150. PSMs of individual glycan compositions were counted 

using an in-house script and relatively quantified by total area normalization of the sum of 

counts, either per glycosylation site (Figure 7), per glycoprotein (Figure 6), or across the whole 

glycoproteome (Figure 5). 

 

Data visualization 

For visualization of glycan species we followed the recommendations of the Consortium for 

Functional Glycomics45, while glycan cartoons were constructed using Glycoworkbench 2.1 

(build 146)46. Glycoprotein structures were generated by GLYCAM47 using the following PDB 

structures: lactotransferrin (1N76), myeloperoxidase (1CXP), cathepsin G (1AU8), 

myeloblastin (one chain of 1FUJ), neutrophil gelatinase-associated lipocalin (1QQS), and 

neutrophil elastase (one chain of 3Q76). Glycan compositions were selected to be an abundant 

and representative species based on the glycoproteomics data, while linkages thereof were only 

estimated and may differ in actuality. 
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Figure S2: Myeloperoxidase MS1 integration vs. MS2 (PSM) counting. 

The following supplementary tables are not printed because they are oversize. 

Supplementary Table S1: Proteome specific search and label-free quantification 
result. 

Supplementary Table S2: Proteome non-specific search and label-free quantification 
result. 

Supplementary Table S3: N-glycan compositions used for the identification of 
glycopeptides. 

Supplementary Table S4: Identified N-glycopeptides in neutrophils. 
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SSuummmmaarryy  

Protein glycosylation is an exceptionally complex PTM due to the high structural diversity of 

glycans, which are key substances of many fundamental cellular and molecular processes 

underlying various structural roles across all living organisms. Regarding structural and 

conformational aspects of glycans, subtle changes in glycan structures can influence the proteins’ 

biologically function. Consequently, as described in CChhaapptteerr  11, aberrant glycosylation associates 

with many diseases such as cancer and various other genetic diseases. Therefore, there is a long-

standing interest in developing methods to study the intact glycopeptides and released glycans 

from complex biological samples. These methods have offered new opportunities to expand our 

knowledge of protein glycosylation and provided detailed information on the glycan composition.  

During the four years of my Ph.D., I studied protein glycosylation by using two different mass 

spectrometry (MS) approaches; native MS and glycopeptide-centric analysis MS. High-resolution 

native MS has been applied for the in-depth characterization of intact proteins, including the 

comprehensive evaluation of glycoproteoform heterogeneity and discovery of sequence variants. 

Peptide-centric MS analysis has been used to complement native MS data and characterize large 

numbers of glycoproteins in complex biological mixtures. To this end, glycopeptides have been 

enriched by a novel high-throughput method prior to the MS analysis in order to reduce sample 

complexity and increase glycopeptide sensitivity.   

The in plasma abundant present protein fetuin was discovered already 80 years ago, and has been 

widely used as a standard glycoprotein for method development in the glycoproteomics field. 

Despite years of research, however, the structure and biological function of fetuin remain still 

somewhat unclear. In CChhaapptteerr  22, using native MS, I analyzed and compared intact fetuin, 

originating from human, bovine, and recombinant sources. From the analysis of human fetuin 

(hFet), I provided for the first time substantial evidence that the structure of hFet comprises of a 

heavy A chain with a missing C-terminal arginine and a light B chain. These two chains are 

connected by a single disulfide bridge. Further, the occupancy of one out of two phosphorylation 

sites occurring on hFet was shown to be 100%. Although the site-specific glycosylation pattern of 

hFet has been well-documented, native MS analysis qualitatively and quantitatively revealed 

overall glycosylation microheterogeneity of hFet and provided some new surprising findings. 

When comparing hFet with other two fetuins produced by the same gene but from different 

biological sources, significant differences were observed in their primary structures, PTMs 

including N-/ O-glycosylation and phosphorylation patterns. One important take-home message 

from this study was that described structural differences between plasma derived hFet and 

recombinant rhFet should be carefully considered in any future functional study utilizing rhFet. 

After I had demonstrated how the same gene could eventually produce distinct protein products, 

I dedicated my next research project to the question of whether hFet was also different among 



217 
 

individuals. To address this question, in CChhaapptteerr  33, I purified endogenous hFet from serum of 

several individual donors, including healthy and septic donors, using ion-exchange 

chromatography. Subsequently, I characterized in detail proteoform profiles of the purified hFet 

using native MS combining with peptide-centric MS. The native spectra revealed that hFet 

isolated from these individuals were distinct due to gene polymorphism and different 

glycosylation occupancies of hFet. The human serum hFet is a highly genetically polymorphic 

gene, resulting in three genotypes AHSG*1, AHSG*2, and heterozygous AHSG 1/2. The 

difference in the backbone amino acid sequences between AHSG*1 and AHSG*2 are caused 

by a double mutation, involving one known O-glycosylation site. The most intriguing finding in 

this work was that this O-glycosylation site from AHSG*1 was fully modified by O-glycans, 

whereas this site from AHSG*2 was mostly unoccupied, indicating a drastic effect of the gene 

polymorphism on the proteins’ glycosylation pattern. Furthermore, an algorithm was developed 

in this work, allowing to semi-automatically and site-specifically annotate the glycan combination 

of each proteoform in the native mass spectra. hFet is an acute-phase protein, which may change 

its glycosylation pattern during inflammatory processes. Our results in this work also showed 

significantly increased fucosylation levels of hFet proteoforms isolated from septic patients 

compared to healthy people. 

IInn  CChhaapptteerr  44, we performed a longitudinal study in a plasma sample cohort, containing ten 

individual septic patients across four time-points (T1-T4). The original goal in this work was the 

exploration of potential glycoprotein biomarkers for sepsis. Label-free quantitative proteomics 

experiment on plasma samples was first performed to determine changes in patient's plasma 

proteomes over time. Our analysis revealed around ten upregulated proteins in both T2 and T3 

compared to T1, including some acute-phase proteins such as C-reactive protein (CRP) and 

AACT. Abundance levels of these proteins reverted back to their initial (T1) values at T4. AACT 

harboring six N-glycosylation sites exhibits high glycosylation heterogeneity. Therefore, we 

decided to further purify it using IEX from an individual's plasma and measure it on native MS 

to acquire a comprehensive picture of its glycosylation pattern, and to investigate whether the 

changes in glycosylation correlate with the four time points. When we compared the 

glycoproteoform profiles of AACT from T1 with T2 and T3, we observed a slight shift in 

molecular mass distribution towards higher masses caused by an increased level of fucosylation, 

and glycan branching. Surprisingly, this remodeling continued even in T4, where we reproducibly 

observed an even greater extent of glycan remodeling, suggesting the changes in glycosylation did 

not follow the same trend as the corresponding protein abundances obtained by bottom-up 

proteomics analysis. This remarkable observation indicates that the glycan micro-heterogeneity 

of AACT reflects some so far neglected physiological processes, which take place after the levels 
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of acute-phase proteins drop back to the levels before sepsis occurred, in a time when patients 

are already released from the ICU.   

To gain a better understanding of the biological effects in the changes of glycan heterogeneity at 

a given site, a broad and deep study of the glycoproteome from a biological sample is needed. 

Human milk, a rich source of nutrition containing a variety of bioactive components, attracted 

my attention because I noticed that most of the glycoproteome studies on milk had been done 

solely on the level of released glycans, and only a few studies assessed heterogeneity with site-

specific information. Besides, very little quantitative information on site-specific glycosylation of 

milk proteins during lactation is known. The difficulties of human milk N-glycopeptide 

characterization arise from the broad dynamic range of its protein concentrations and the 

enormous complexity of its protein glycosylation. In CChhaapptteerr  55,  an automated HILIC-based 

platform was developed to perform an in-depth, large-scale, and high-throughput intact N-

glycopeptide identification in human milk, taking samples from one donor across nine time 

points. By using this platform, we identified 43 new glycosylation sites on 32 glycoproteins, 

including one on the well-studied phosphoprotein α-S1-casein. In addition to this, we developed 

a targeted method to obtain label-free quantification of 287 glycopeptides from 50 proteins across 

the lactational period. Changes in degrees of branched and fucosylated N-glycans of these 

quantified milk proteins were observed, which can contribute to our knowledge of milk 

biogenesis and benefits to the developing infant.   

In my final chapter, I used the above described methods to analyze in depth the glycoproteome 

of neutrophils. The most interesting observation in these studies was that a subset of neutrophil 

glycoproteins carry quite a few glycosylations rarely observed in plasma proteins, notably 

paucimannose glycans and phosphomannose glycans. As neutrophils belong to some of the most 

important immune cells playing a role in the body's first line of defense against pathogen infection, 

neutrophils glycoproteins may be functionally associated with the inflammation processes. 

Therefore, in CChhaapptteerr  66, we applied in parallel two methods with/without HILIC-based 

glycopeptide enrichment prior to MS analysis to characterize in detail the neutrophil N-

glycoproteome. The data revealed the glycan distribution of each glycosylation site for many high 

abundant glycoproteins originating from the primary (azurophil) granules. Importantly, the 

majority of paucimannose glycans could only be detected in the method without HILIC 

enrichment. Overall, our data demonstrated the site-specific glycosylation of more than 200 

individual neutrophil glycoproteins and provided an avenue forward to continue facilitating future 

research in the roles played by neutrophils in inflammation. 
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NNeeddeerrllaannddssee  ssaammeennvvaattttiinngg  

Glycosylering is een bijzonder complexe posttranslationele modificatie dankzij de grote 

structurele diversiteit van glycanen, de sleutelstukken van vele fundamentele cellulaire en 

moleculaire processen welke een onderliggende rol spelen in alle levende organismen. Als het 

gaat om de structurele en conformationele aspecten van glycanen kunnen subtiele veranderingen 

in de glycaanstructuur de biologische functies van eiwitten al beïnvloeden. Derhalve, zoals 

beschreven in hoofdstuk 1, wordt afwijkende glycosylering geassocieerd met vele ziektes als 

kanker en andere verscheidene genetische aandoeningen. Hierom is er een reeds lang bestaande 

interesse in de ontwikkeling van methodes om intacte glycopeptiden of glycanen, losgemaakt uit 

complexe biologische monsters, te bestuderen. Deze methoden hebben nieuwe mogelijkheden 

geboden om onze kennis van glycosylering uit te breiden en ons voorzien van gedetailleerde 

informatie over de compositie van glycanen. In de vier jaren van mijn PhD heb ik glycosylering 

door middel van twee verschillende massaspectrometrie (MS) methodes bestudeerd; natieve MS 

en MS-analyse waar glycopeptiden centraal staan (PC MS, (glyco)peptide centric MS). Natieve 

MS met hoge resolutie is toegepast voor een diepgaande karakterisering van intacte eiwitten, 

inclusief de uitgebreide evaluatie van glycoproteovorm-heterogeniteit en de ontdekking van 

sequentievarianten. PC MS is gebruikt om de natieve MS-data te complementeren en om grote 

aantallen glycoproteinen in complexe biologische mengsels te karakteriseren. Hiertoe zijn de 

glycopeptiden verrijkt door een nieuw uitgevonden methode met hoge doorvoer voorgaand aan 

de MS-analyse, om monstercomplexiteit te verminderen en de gevoeligheid voor glycopeptiden 

te verhogen. 

Fetuine, een in plasma rijk aanwezig eiwit, was al 80 jaar geleden ontdekt en is wijdverspreid 

gebruikt als een standaard glycoproteïne ten behoeve van de ontwikkeling van methodes op het 

gebied van glycoproteomica. Echter blijven, ondanks jaren van onderzoek, de structuur en 

biologische functie van fetuine enigszins onduidelijk. In hoofdstuk 2 analyseer en vergelijk ik, 

met gebruik van natieve MS, intacte fetuine afkomstig van menselijke, runderen en recombinante 

bronnen. Vanuit de analyse van menselijk fetuine (hFet) bied ik voor het eerst substantieel bewijs 

dat de structuur van hFet is opgebouwd uit een zware A-keten met een missende C-terminus 

arginine en een lichte B-keten. Deze twee ketens zijn met elkaar verbonden via een enkele 

disulfidebrug. Aanvullend is aangetoond dat de bezetting van één van de twee fosforylerings-

liggingen welke voorkomen op hFet 100% bezet is. Hoewel het liggings-specifieke 

glycosyleringspatroon van hFet goed beschreven is, onthulde natieve MS-analyse zowel op 

kwalitatieve als kwantitatieve wijze de globale micro-heterogene glycosylering van hFet en leverde 

enkele nieuwe, verassende bevindingen. Toen hFet werd vergeleken met twee andere fetuinen 

geproduceerd door hetzelfde gen maar afkomstig van verschillende biologische bronnen, konden 

significante verschillen in hun primaire structuur worden geobserveerd; posttranslationele 

7
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modificaties inclusief N- en O-glycosylering en fosforyleringspatronen. Een belangrijke 

boodschap van deze studie was dat de beschreven structurele verschillen tussen uit plasma 

ontleend hFet en recombinant rhFet zorgvuldig moeten worden overwogen in toekomstige 

functionele studies waarin rhFet wordt gebruikt. 

Nadat ik had gedemonstreerd hoe eenzelfde gen uiteindelijk aparte eiwitproducten kon 

produceren, wijdde ik mijn volgende onderzoeksproject aan de vraag of hFet ook verschillend 

was in individuen. Om deze vraag in hoofdstuk 8 te benaderen zuiverde ik endogeen hFet van 

enkele individuele donoren op, inclusief dat van gezonde en in-sepsis donoren, met gebruik van 

een ionenuitwisselingschromatografie (IEX, ion exchange chromatography). Daaropvolgend 

karakteriseerde ik gedetailleerd de proteovorm profielen van het opgezuiverde hFet door middel 

van natieve MS in combinatie met PC MS. De natieve spectra onthulden dat hFet geïsoleerd van 

deze individuen verschillend was dankzij genetische polymorfismen en afwijkende 

glycosyleringsbezettingen van hFet. Het menselijk serum hFet is een zeer genetisch polymorfisch 

gen wat resulteert in drie genotypen; AHSG*1, AHSG*2 en het heterozygote AHSG1/2. Het 

verschil in de aminozuursequenties van de ruggengraat tussen AHSG*1 en AHSG*2 wordt 

veroorzaakt door een dubbele mutatie waarbij één bekende O-glycosyleringsligging is betrokken. 

De meest intrigerende bevinding van deze studie was dat deze O-glycosyleringsligging van 

AHSG*1 volledig gemodificeerd was door O-glycanen, waarbij deze ligging in AHSG*2 juist 

voornamelijk onbezet was, wat een indicatie is van een drastisch effect van genpolymorfisme op 

de glycosyleringspatronen van het eiwit. Verder is bij deze studie een algoritme ontwikkeld wat 

de mogelijkheid geeft om semiautomatisch en liggings-specifiek de glycaancombinatie van elke 

proteovorm in natieve massaspectra te benoemen. hFet is een acutefase-eiwit, wat zijn 

glycosyleringspatroon kan veranderen tijdens ontstekingsprocessen. Onze resultaten van dit werk 

toonden ook significantie toenames in fucosyleringsniveaus van hFet proteovormen geïsoleerd 

van sepsis-patiënten, in vergelijking met gezonde personen. 

In hoofdstuk 4 hebben we een longitudinaal onderzoek uitgevoerd met een plasma monster 

cohort, bestaande uit tien individuele sepsis-patiënten gespreid over vier tijdstippen (T1-T4). Het 

oorspronkelijke doel van deze studie was om potentiele bio markers voor sepsis te verkennen. 

Eerst was een label-vrij kwantitatief proteomica experiment gedaan op plasma monsters om 

veranderingen in de proteomen van de patiënten hun plasma vast te stellen over een periode van 

tijd. Onze analyse onthulde rond de tien in waarde verhoogde eiwitten in zowel T2 als T3, 

vergeleken met T1, inclusief enkele acutefase eiwitten zoals C-reactief eiwit (CRP) en AACT. De 

hoeveelheden van deze eiwitten keerden terug naar de beginwaardes (van T1) op T4. AACT, 

met zes N-glycosylering plekken, vertoonde een hoge glycosylering-heterogeniteit. Hierdoor 

besloten we het verder op te zuiveren uit een individu’s plasma met gebruik van IEX en het te 

meten met natieve MS om een uitgebreid beeld van zijn glycosyleringspatroon te vergaren, en te 
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onderzoeken of de veranderingen in glycosylering overeenkomen met de vier tijdspunten. 

Wanneer we de glycoproteovorm profielen van AACT van T1 vergeleken met T2 en T3 

observeerden we een kleine verschuiving van de moleculaire massadistributie naar hogere 

massa’s, veroorzaakt door een verhoogd niveau van fucosylering en glycaan-vertakking. 

Verassend genoeg bleef deze hermodellering doorgaan op T4, waar we een reproduceerbaar 

maal een nog grotere glycaan hermodellering observeerden, wat suggereert dat de veranderingen 

in glycosylering niet dezelfde trend volgens als de overeenkomende eiwit-niveaus die werden 

gemeten met PC MS. Deze opmerkelijke observatie geeft aan dat de microheterogeniteit van de 

glycanen van AACT een fysiologisch proces reflecteert, wat tot nu toe links is laten liggen, en 

plaats vindt nadat de niveaus van acutefase-eiwitten teruggezakt zijn naar de niveaus van voor dat 

sepsis plaatsvond, in de periode dat patiënten al ontslagen zijn van de ICU. 

Om een beter beeld te krijgen van de biologische effecten van de veranderingen van glycaan 

heterogeniteit op een specifieke ligging, is een brede en diepe studie van het glycoproteoom van 

een biologisch monster noodzakelijk. Menselijke melk, een rijke bron van voedingstoffen 

bestaande uit een variëteit van bioactieve componenten, trok mijn aandacht omdat ik opmerkte 

dat de meeste glycoproteoom-studies naar melk enkel waren gedaan op het gebied van 

losgemaakt glycanen, en slechts een paar studies beoordeelden de heterogeniteit met 

liggingsspecifieke informatie. Daarnaast is er zeer weinig kwantitatieve informatie bekend over de 

liggingsspecifieke glycosylering van melkeiwitten tijdens het geven van borstvoeding. De moeilijke 

aspecten van karakterisering van N-glycopeptiden van menselijke melk komen voort uit het brede 

‘dynamische bereik’ van de eiwit concentraties en de enorme complexiteit van de 

eiwitglycosylering. In hoofdstuk 5 is een geautomatiseerd platform op basis van HILIC 

ontwikkeld om een diepgaande, grootschalige en hoge-doorvoer identificatie van intacte N-

glycopeptiden in menselijke melk uit te voeren, door monsters van een donor te nemen in een 

periode van negen tijdstippen. Door dit platform te gebruiken, identificeerden we 43 nieuwe 

glycosyleringsliggingen en 32 glyco-eiwitten, waaronder het goed beschreven alfa-S1-caseine. 

Hieraan toevoegend ontwikkelden we een doelmatige methode om labelvrij 287 glycopeptiden 

te kwantificeren, afkomstig van 50 eiwitten uit de periode van borstvoeding. Veranderingen in de 

gradaties van vertakte en gefucosyleerde  N-glycanen van deze gekwantificeerde melkeiwitten 

werden geobserveerd, wat kan bijdragen aan onze kennis van de biologische wording van melk 

en de voordelen voor het ontwikkelende kind. 

In mijn laatste hoofdstuk gebruikte ik de hierboven beschreven methodes om het glycoproteoom 

van neutrofielen in diepte te analyseren. De meest interessante observatie van deze onderzoeken 

was dat een subset van neutrofiel glycoproteinen nogal wat glycosyleringen draagt welke zelden 

worden geobserveerd in plasmaeiwitten, in het bijzonder paucimannose glycanen en 

fosfomannose glycanen. Aangezien neutrofielen behoren tot een van de meest belangrijke 
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soorten immuun cellen die een rol spelen in de eerste verdedigingslinie van het lichaam tegen 

infecties van pathogenen, zouden deze neutrofiel-glycoproteinen kunnen worden geassocieerd 

met het ontstekingsproces. Daarom pasten wij in hoofdstuk 6 in parallel twee methoden toe, met 

of zonder HILIC-gebaseerde verrijking van glycopeptiden voorgaand aan MS-analyse, om het 

neutrofiel N-glycoproteoom in detail te karakteriseren. De data onthulde dat de glycaandistributie 

van elke glycosyleringsligging voor veel van de abundante glycoproteinen voorkomt uit de 

primaire (azurofiele) granulen. Hierbij is belangrijk dat de paucimannose glycanen alleen konden 

worden gedetecteerd met behulp van de methode zonder HILIC-verrijking. Onze data 

demonstreert globaal de liggingsspecifieke glycosylering van meer dan 200 individuele neutrofiel 

glycoeiwitten en voorziet van een pad naar de vergemakkelijking van toekomstig onderzoek en 

de rol die wordt gespeeld door neutrofielen bij een ontsteking.  
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OOuuttllooookk  

Analysis of protein glycosylation by using MS-based methods has relied until recently primarily 

on targeting either the released glycans or the intact glycopeptides. In the last years, combining 

native MS with various other MS-based approaches, such as bottom-up LC-MS and top-down 

LC-MS, has substantially advanced the more in-depth characterization of all discrete glycoforms 

of a protein. Systematic integration of state-of-the-art analytical methods with hybrid MS 

approaches may generate data at the glycan, glycopeptides, and glycoproteins levels, which 

significantly improve our understanding of the unique nature of glycoproteins. Moreover, these 

analytical methods can provide information about higher-order structures, unknown PTMs, 

mutations, and sequence variants. In the following paragraphs, I will discuss some potential future 

directions of the research based on the results described in my thesis in Chapters 2-6. Further, I 

will briefly describe the importance of considering glycosylation when developing a vaccine 

against a virus. 

 

MMoonniittoorriinngg  aalllleellee--ssppeecciiffiicc  pprrootteeooffoorrmm  pprrooffiilleess  iinn  aa  hheetteerroozzyyggoottee  ddoonnoorr   

As described in Chapter 3, native MS measurement can differentiate genetic variants of proteins 

based on the observed mass differences between each genetic variant in the MS spectrum. 

Therefore, it is possible to monitor allele-specific protein expression directly at the intact protein 

level, if the genetic variants produce resolvable mass shifts.  Although genomic analysis has shown 

numerous different alleles for many polymorphic human proteins, the detailed molecular basis 

and differential functioning of these proteins remains largely unknown. Comprehensive 

proteoform profiles of intact proteins contain quantifiable information of all molecular species 

present, including those carrying the mutations. As an example of such an analysis, I show here 

some preliminary data on α-1-antitrypsin (AAT). Human plasma AAT functions as a protease 

inhibitor and is produced mainly by liver cells. AAT deficiency (AATD)  is the only proven 

genetic risk factor associated with the development of chronic obstructive pulmonary disease 

(COPD)1. AAT is encoded by the SERPINA1 gene, which contains quite a few sequence variants, 

originating from approximately 100 identified alleles2. Among these alleles, four common 

variants (M1, M2, M3, and M4) are frequently distributed in healthy people. Two rare variants, 

Z (Glu342Lys) and S (Glu264Val), are the most deleterious mutations, leading to the severe 

AATD3. FFiigguurree  11  displays preliminary data from native MS measurements of AAT, which are 

represented by the proteoform profiles of AAT purified directly from the plasma of five 

individual donors. Four individuals out of five carry different genotypes, including two 

heterozygotes (Donor 1, 2 and 5) and two homozygotes (Donor 3 and 4). These mutations in the 

backbone mass sequence affect the molecular mass of the protein, introducing a mass shift 
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between the corresponding proteoform signals. Notably, the native MS spectra of AAT from 

donors of the heterozygous genotype (FFiigguurree  11  aa,,  bb  aanndd  ee))  show more complex proteoform 

profiles compared to the spectra from homozygous genotype donors (FFiigguurree  11  cc,,  dd). The 

proteoform profiles of heterozygotes donors represent a combination of all proteoforms 

generated by M1A allele and M1V allele. The detected mass difference of 28.03 Da between the 

corresponding peaks generated from M1A and M1V is induced by a mass difference between 

the amino acids Ala and Val in the mutation site. Interestingly, in heterozygote donors, the data 

revealed donor and allele-specific protein abundances. The relative abundances of corresponding 

proteoforms generated by M1A allele and M1V allele are distinct (FFiigguurree  11  aa,,  bb)). In donor 1,, 

proteoforms generated by M1A allele and M1V allele are equally abundant (M1A:M1V is around 

0.99:1) (Figure 1a), whereas in donor 2 the predominant proteoforms originate from M1A 

(M1A:M1V is around 5:1)(FFiigguurree  11bb)). This intriguing result can have many causes; it either 

implies that the M1A and M1V alleles are not equally expressed in the liver of these individuals, 

but it may also mean that they are not equally secreted into the blood stream, and also it may be 

that their lifetime/stability in the bloodstream is different. Thus, these observations require further 

validation, whereby it would be interesting to investigate whether these differences in abundance 

in heterozygote donors are regulated at the transcriptional or post-transcriptional level. The next 

experiments should include an extension of the analysis to more donors, especially heterozygotes. 

Also, characterizing AAT derived from Z and S genotypes and comparing their proteoform 

profiles AAT derived from other common genotypes could bring some understanding to diseases 

related to the ATT deficiency. 
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FFiigguurree  11..  DDiiffffeerreenntt  ggeennoottyyppeess  ooff  AAAATT  lleeaadd  ttpp  ddiiffffeerreenntt  pprrootteeooffoorrmm  pprrooffiilleess..    

Zero-charge deconvoluted native mass spectra of AAT extracted from the plasma of five 
individual donors, including 3 exhibiting a heterozygous genotype: (a) Donor 1 and (b) Donor 2 
carry both the M1A and M1V allele; (e) Donor 5 carries both the M1V and M2 allele, and  two 
homozygous genotypes: (c) Donor 3 carries the M1V allele and (d) Donor 4 carries the M2 allele. 
Sequence differences among the major AAT variants are depicted in (f). The sequence of AAT 
from M1V differs from M1A by one amino acid from alanine to valine at position 237,  which 
introduces the mass difference of 28.03 Da. The sequence of AAT from M2 differs from M1V 
by two amino acid from glutamic acid to asparagine and arginine to histidine at position 400 and 
125, respectively. This introduces the mass difference of 33.06 Da3. 

 

IInnvveessttiiggaattiinngg  tthhee  rroollee  ooff  ggllyyccoossyyllaattiioonn  iinn  pprrootteeiinn--pprrootteeiinn  aanndd  pprrootteeiinn--ddrruugg  iinntteerraaccttiioonnss  

Native MS largely retains ionized protein molecules in their folded state, which allows for the 

analysis of non-covalent interactions. The ability to preserve protein-protein interactions or 

protein-drug interactions can be utilized for quantitative analysis of proteoform profiles of these 

assemblies and investigation of the role of glycosylation in their interactions. Acute phase 

reactants are a great example of heavily glycosylated proteins involved in many protein-protein 

interactions. So far it is largely unknown what the specific role of protein glycosylation is in these 

interactions. In the following part, I will suggest some future research related to AACT, which 

was described in detail in Chapter 4. AACT is one of the serpin superfamily proteins, which 

mainly function as physiological inhibitors of the serine proteases of neutrophil azurophil 

granules such as elastase, proteinase-3, and CathG. These proteases play an essential role in the 

antimicrobial defense. However, when they are released in an uncontrolled manner during 

phagocytosis, other matrix proteins and immune defense molecules can alo become degraded, 

thus leading to coagulation disorders, immunodeficiency, or vascular occlusion4.  It has been 

known that AACT is capable of forming a denaturant-stable complex with CathG via an 

irreversible two-step mechanism involving an intermediate complex4, which can stabilize AACT-

CathG complex. Both AACT and CathG are N-glycoproteins, presenting highly flexible and 

heterogeneous N-glycans on their surfaces. These N-glycans are likely to regulate protease-

inhibitor interaction, but the detailed impact of microheterogeneity on the interaction remains 

unknown. In similar fashion as in Di Wu et.al5, a series of affinity binding experiments can be 

performed to explore the influence of different glycoproteoforms on AACT-CathG interaction. 

CathG should then be immobilized to an agarose resin (Cath-agarose) and subsequently 

incubated with AACT. Such assay would allow for an in-depth quantitative analysis of proteoform 

profiles of AACT with different affinities toward CathG by high-resolution native MS. The 

acquired data could reveal relationships between different AACT affinity properties toward 

CathG,  and the role of subtle changes in glycosylation profiles. Also, it may be possible in the 

near future to design inhibitors with functional glycan structures, which perform similar binding 

affinities as their natural counterparts. 
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GGllyyccoossyyllaattiioonn  iiss  iimmppoorrttaanntt  iinn  tthhee  ddeessiiggnn  ooff  ffuuttuurree  vvaacccciinneess  

During the time of writing my Ph.D. thesis, the world has been overwhelmed by the tremendous 

crisis caused by the pandemic spread of the SARS-CoV-2 virus disease (Covid-19) which triggered 

intense global research activity to develop a vaccine against this virus. Currently, most vaccines 

use proteins of the pathogens to elicit antibodies, which enable them to neutralize viral pathogens 

and prevent further infection of host cells6. However, the effectiveness of many existing vaccines 

is quite low7, mainly due to the following reasons. First, immunodominant regions of virus 

antigens are extremely variable in sequence due to the highly frequent mutations of amino acid 

residues, thereby hampering the elicitation for broader immune protection. Second, the surface 

of both host cells and viral spike proteins is surrounded by complex glycans, which is capable of 

influencing interactions between the viruses and host organisms that control viral pathogenesis8. 

As described in Chapter 1-2, changes in glycosylation are related to host-pathogen interactions, 

which can help pathogens to evade host antibody and innate immune defenses. For example, by 

recombinantly adding more glycosylation sites onto the influenza hemagglutinin (HA) protein, 

the immune response in infected mice vaccinated by mutated virus strain can not be effectively 

induced against the original virus strain9. In order to improve the efficacy of vaccines, it is 

necessary to characterize the glycosylation of both host cell proteins and the viral spike proteins 

and understand the full glycosylation effects on immunodominance. Considering glycosylation 

effects on immunodominance in a paradigm level of future vaccine design, more broadly 

neutralizing vaccines can be developed and protect us away from the devastating diseases such as 

Covid-19. 
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