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Abstract 

In this chapter, I will first provide a short background on protein glycosylation 
and biomolecular mass spectrometry, and then focus on the mass spectrometry 

based analysis of protein glycosylation, also known as glycoproteomics. Glyco-

proteomics is an emerging sub-discipline of proteomics, focusing on protein gly-

cosylation in various biological processes. Mass spectrometry (MS)-based gly-

coproteomics has relied so far mostly on two levels of analysis, targeting either 
the released glycans or digested glycopeptides. Profiling the N- or O-glycans 
from highly complex samples, such as cell lysates or body fluids, has become 
feasible, through which for instance cancer samples can be distinguished from 

healthy controls. However, limitations of these high-throughput approaches have 
also become evident and another level of glycoprotein analysis is needed. Par-
ticularly the vast micro-heterogeneity of glycosylation on single proteins makes 
analysis of such samples extremely challenging. Therefore, concomitant meth-

ods enabling a deep characterization of all discrete glycoforms of a glycoprotein 

are essential to extend our understanding of the glycoproteome and its functional 

implications. In this chapter I will discuss recent progress and applications of this 

other level of analysis, i.e. the so-called protein-centric approaches. Especially 
high-resolution native mass spectrometry seems to be promising in revealing 
the glycoform profile of glycoproteins, such as biopharmaceuticals and blood 
plasma proteins. I propose that a systematic integrating of MS data acquired 
at the glycan, glycopeptide and glycoprotein levels, enhances substantially our 
understanding of the glycoproteome.
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1. A brief introduction to protein glycosylation

The enzymatic attachment of glycans to targeted macromolecules (typically pro-

teins and lipids), produces glycoconjugates, one of the essential biopolymers 
found in cells. Protein glycosylation is a distinct group of post-translational mod-

ifications (PTM) influencing key biological functions that occur throughout the 
entire phylogenetic spectrum ranging from archaea and eubacteria to eukaryotes. 

Glycosylation is not a rare event. With up to 50% of proteins present in the 
human proteome estimated to be glycosylated

1
. Therefore, the total number of 

glycosylated proteins is immense. Given its enormous presence there must be a 
good reason why cells produce that many glycosylated proteins. Although the 

most common function of glycans is to contribute to the overall stability of pro-

teins to which they are attached, some particular glycoforms are involved in rec-

ognition events and play a role in the immune system2,3
. Very often, essential and 

more specific functions of glycans are mediated by uncommon glycan sequenc-

es, presentation of common terminal sequences, or by further modifications of 
glycans. It seems that a common functional feature of glycans is the “modula-

tion” of protein structure and function, through “specific recognition” events4,5
. 

If one starts to think about the function of glycosylation, it brings about other 

basic questions. The cellular machinery, which is involved in the synthesis and 
modulation of glycosylation, is extremely complex system that involves in many 
enzymes. This glycosylation machinery by far exceeds exigencies for the syn-

thesis and processing of other frequently occurring PTMs on proteins. Also the 
average size of glycosylation is much larger than other PTMs6. So why do cells 
need such a sophisticated and costly system? Why are so many proteins in a eu-

karyotic cell glycosylated? Why do N-linked glycans undergo so many changes 

during glycoprotein maturation? These and many other questions still need to be 

addressed in detail. Nevertheless, it is important to realize that the primary struc-

ture of proteins is defined by their amino acid sequences and these polypeptide 
chains are naturally very limited in possibilities to generate branched structures. 
Addition of N- or O-glycan chains overcomes this limitation and provides addi-
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tional structural diversity to the proteins which seems to be crucial for cell and 
organism survival, as protein glycosylation is omnipresent over all kingdoms of 
life

7. In this section I will provide an introduction into glycobiology, describing 
the major glycan types, their biosynthetic pathways and some of the functions of 

glycoconjugates, emphasizing in particular on protein glycosylation.

1.1 Glycans: Structure and biosynthesis

The term “glycan” refers to sugars or assembly of sugars that can be present as 

individual entities or attached to another molecule. Sugar-based substances are 
also referred to as “carbohydrates”, describing the substances with the gener-

al formula C
x
(H

2
O)

n
 which possess a carbonyl group that is either an aldehyde 

or a ketone. Monosaccharides are the simplest form of carbohydrate (n=3~9). 
Monosaccharides are the building blocks of the polyhydroxylated carbonyl com-

pounds. Like amino acids and proteins, monosaccharides can form polymeric 

assemblies termed oligosaccharides (1~20 building blocks) or polysaccharides 
(long chains >20 instead). If a carbohydrate contains more than two different 
monosaccharide units, it is defined as a “complex” carbohydrate/glycan. 

The enzymatic synthesis of glycans is a very complicated and sophisticated 
process, especially in higher order organisms. For example, N-glycosylation, 
which is unique for eukaryotes, is initiated by transferring a large oligosaccha-

ride (Glc
3
Man

9
GlcNAc

2
) to the amino group in the asparagine side chain, when 

the nascent protein enters the endoplasmic reticulum (ER). This glycan is then 
processed and modified in the ER and Golgi apparatus generating the three types 
of N-glycans classified in mature glycoproteins: high mannose, complex and 
hybrid. It has been estimated that more than 700 proteins are required to gener-
ate the full diversity of mammalian glycans (estimated to be ≥7,000 structures), 
based on only the ten most dominant monosaccharide building blocks

8
. The gly-

can monosaccharide building blocks that are common in eukaryotic systems are 

summarized in Table 1. 
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Table 1 Overview of the common glycan monosaccharide found in eukary-

otic systems.

a
 the residual mass is obtained from http://web.expasy.org/glycomod/glycomod_

masses.html.

b
 The symbol are based on the reference from Consortium for Functional Gly-

comics.

1.2 Protein glycosylation: diversity and heterogeneity

The term “glycobiology” is widely accepted, and refers to the broad branch of 

science concerned with the biological role of carbohydrates. Carbohydrates have 
multiple roles in biologic systems. They can serve as intermediates in generating 
energy, be used as signaling effectors, recognition markers, and even help regu-

late cellular structure
9. Many proteins are glycosylated to carry out their specific 

protein function. Since the first description of the GlcNAc-β-Asn linkage in ov-

albumin by Neuberger and colleagues in 195810
, a broad range of sugar-amino 

acid linkages have been discovered. Glycosylation extends and diversifies the 
already complex proteome, due to its capability of modifying the proteins in 
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many aspects, including the glycosidic bond (the site of glycan linkage), the 
glycan composition and structure. As an enzyme-directed, site-specific process, 
protein glycosylation is characterized by various types of glycosidic linkages. 
The most common types are N-glycosylation and O-glycosylation. In addition 
to this, a new type of glycosylation has recently been discovered in glycopep-

tide bacteriocins and mammals, namely Cysteine S-linked N-acetylglucosamine 
(S-GlcNAcylation)11,12

. 

N-linked glycosylation

N-glycans are covalently attached to proteins at asparagine (Asn) residues by an 
N-glycosidic bond. N-acetylglucosamine to asparagine (GlcNAcβ1-Asn) is the 
most common glycosidic bond. The Asn-X-Ser/Thr “sequons” (X refers to any 
amino acid except for proline) in a protein provide the most common N-glyco-

sylation sites. N-linked glycosylation occurs in eukaryotes and archaea, rarely 
in bacteria. It plays a key role in eukaryotic protein folding, cellular attachment, 

and sometimes also as an on-off switch in signaling
9
. 

All the N-glycans share a common core structure as Manα1–6(Manα1–3)
Manβ1–4GlcNAcβ1–4GlcNAcβ1-Asn-X-Ser/Thr, and different “branches” at 
the terminus of the glycan tree. They are classified in three groups: 1) the high 
mannose; 2) complex; 3) hybrid, as illustrated in Figure 1.
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Figure 1. The three common types of N-glycosylation; 1) high mannose; 2) 

complex; and 3) hybrid structures. Each type of N-glycan shares the common 
Man

3
GlcNAc

2
Asn core.

O-linked glycosylation

Mucin-type O-glycosylation is initiated by the tissue-specific addition of a Gal-
NAc-residue to a serine or a threonine on the fully folded protein. This process 
is dependent on the primary, secondary and tertiary structure of the glycoprotein. 

The generated glycan structures are named mucin O-glycans or O-GalNAc gly-

cans
13. Unlike N-glycosylation whereby only one enzyme, localized in the ER, 

acts in the initial step of attachment of the precursor glycan to an Asn residue, 

the attachment of an O-glycan moiety to the amino acid residue can be catalyzed 
by several different glycosyltransferases. This may be also the reason, why so 
far, no characteristic sequence motif comparable to the N-glycosylation sequon 
has been identified for O-glycosylation14. Mucin type O-glycans can be classified 
according to eight core structures which all can be extended, branched and mod-

ified, as illustrated in Figure 2. 
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Figure 2. Core structures of most common O-glycans. There are four com-

mon O-GalNAc glycan core structures, designated as cores 1 through 4 and an 
additional four designated as cores 5 through 8. The formation of the O-GalNAc 
core structures is prevented when transferring a α2,6 Sia on the first GalNAc 
residue, yielding the so-called sialyl-Tn antigen.

O-glycan chains tend to be clustered over short stretches in a given glycoprotein, 
so that they can present multivalent carbohydrate antigenic or functional deter-
minants for antibody recognition, mammalian cell adhesion and microorganism/
pathogen binding. One of the essential roles of mucin type O-glycosylation is 
binding water molecules. Proteins called mucins, which are abundantly present-

ed in mucosal membranes, are heavily modified by mucin types of O-glycans. 
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Very often, mucins are modified by sialic acids, which provide them with neg-

ative charges and therefore an ability to bind ions and water. Mucins assemble 
networks by intra and intermolecular disulphide bonds to form a mucus. These 

mucosal viscous gels work as a shield protecting epithelial cells against bacterial 
invasions and also for example, in the case of the digestive tract, against unde-

sired proteolytic digestion
15

. In addition to their known importance in bearing 

tumour associated antigens in the gastrointestinal and respiratory tracts, O-gly-

coproteins can also serve as ligands or co-receptors for selectins (mammalian 
carbohydrate binding proteins)16. A broader definition of O-glycosylation covers 
also some more rare classes of O-glycans. These include glycosaminoglycans on 
proteoglycans, O-GlcNAcylation of nuclear and cytoplasmic proteins, O-galac-

tosylation of collagens, O-mannosylation, O-glucosylation and O-fucosylation. 

Of these classes, O-GlcNAcylation is unique in terms of protein glycosylation 
since O-GlcNAcylation occurs exclusively within the nuclear and cytoplasmic 
compartments of the cell. It is a dynamic modification of serine or threonine 
hydroxyl moieties on nuclear and cytoplasmic proteins by β-linked N-acetylglu-

cosamine, named O-GlcNAc. Two enzymes act to add and remove O-GlcNAc 
moieties from proteins making it comparable to to the phosphate moiety detach-

ment/attachment to proteins by phosphatases and kinases17
. Although  the most 

abundant metazoan PTM, O-GlcNAcylation was not discovered until 198418
. 

One function of O-GlcNAc is to modulate signalling and transcription in re-

sponse to cellular nutrients or stress
19. As such, the role of O-GlcNAcylation has 

been hypothesised to counteract O-phosphorylation. Yet, more direct evidence 
is needed to clarify such an interplay between O-GlcNAcylation and phosphor-
ylation

20
.  

C-linked glycosylation

In C-linked glycosylation, mannose moieties are covalently attached through 
C-C linkages to the C2 position of Trp residues, also known as C-mannosylation. 

Distinct from N- and O-type glycosylation, C-mannosylation is a novel type of 
glycosylation which involves no known extension of oligosaccharides. C-man-

nosylation takes place in the ER. The C-mannosyltransferase activity is found 
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in most eukaryotes except for insects and fungi, bacteria also lack the activity. 

Typically, a mannose sugar is added to the first tryptophan residue in the con-

sensus sequence W-X-X-W (W indicates tryptophan; X is any amino acid)21
. 

This acceptor sequence, is encountered on multiple proteins and in the throm-

bospondin type 1 repeat (TSR). Accordingly, proteins containing this domain, 
such as complement proteins, semaphorins, ADAMTS (short for a disintegrin 
and metalloproteinase with thrombospondin motifs), and true thrombospondins, 
are C-mannosylated. In addition, some C-mannosylated proteins do not contain 

the featured sequence, such as interleukin 12, the mucin MUC5, and the eryth-

ropoietin receptor. The functional role of C-mannosylation is still unclear. Inter-

estingly, it has been suggested to affect protein folding and trafficking along the 
intracellular secretory pathway.

22
 In the extracellular space, it is hypothesized 

that C-mannosylation may contribute to the mannose-binding lectin (MBL)-me-

diated activation of complement proteins23
.

1.3 Protein glycosylation in physiology and disease

During protein biosynthesis, the nascent polypeptide chain needs to undergo a 

folding process to form its final three-dimensional structure. Protein folding is 
essential for preventing unwanted protein degradation which interfere the protein 
function and its role in metabolic processes. Protein folding involves multiple 
steps, such as the burying of hydrophobic residues in the interior of the protein, 

forming secondary structures and disulfide bridges, all the way to the quaternary 
associations through oligomerization

24,25
. Oligosaccharides, particularly N-gly-

cans, exercise a pivotal role, in conjunction with chaperones, in the folding of a 
glycoprotein within the ER. Inside this critical, multi-step folding process, the 
N-glycosylation machinery is responsible for creating a series of checkpoints, 
which would dictate the life or death of newly synthesized membrane and secret-

ed proteins. When a glycoprotein fails the “final folding test”, it will be transport-
ed into the cytoplasm, ubiquitinated, and then degraded by the 26S proteasome. 
Only when quality control criteria have been completely fulfilled, the nascent 
glycoprotein is transported to the Golgi complex by transport vesicles26,27

. Unlike 

N-glycans, which are more complex in structure, O-mannosylation is adding just 
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a single mannose on Ser/Thr residues on the protein backbone in the ER27
. Re-

cently, it was found that O-linked mannosylation performs distinct functions in 
protein folding and quality control in the ER28,29

. Biochemical studies show that 

the fast-folding variants are not O-mannosylated, therefore, O-mannosylation 
could be a novel mechanism that terminates the folding of “kinetic laggards”30

.

In addition to the critical roles in protein folding and quality control, protein 

glycosylation has been linked to the pathophysiology of many diseases. For ex-

ample, several human diseases are caused by inherited genetic defects that af-
fect the biosynthesis of glycan types. The congenital disorders of glycosylation 

(CDG) are a subset of genetic defects affecting primarily N-glycan assembly. 
Such disorders have broad clinical implications including the development of 
certain regions of the brain and functions of the gastrointestinal, hepatic, visual, 
and immune systems

31,32. A reported defect in O-linked glycosylation has been 
linked to familial tumoral calcinosis

33,34
. 

Aberrant glycosylation has been found to be an important hallmark of can-

cer. Altered glycosylation is present for all types of experimental and human 

cancers, and certain glycan structures represent some of the most well-known 

markers for tumor progression
16,35–37. Malignant cells carry distinct glycosylation 

profiles, including decreased/excessive expression of certain glycan structures, 
the presence of incomplete or truncated glycan structures, the accumulation of 

the precursors, and, less commonly, the appearance of new structures that are 

cancer-specific36,38
. The question, whether aberrant glycosylation is a result or 

a cause of cancer, was a long-standing debate over years. Many recent studies, 
however, do suggest that  aberrant glycosylation is a result of genetic defects 
that modify the normal glycosylation pathway

39–41
. For example, the fact that 

tumor cells produce typically larger N-glycans can be explained by an increased 
expression in β1–6 branching of N-glycans, which results from the tumor-related 
enhanced expression of the UDP-GlcNAc:N-glycan GlcNAc transferase V (Glc-

NAcT-V)8,37. Excess sialylation is caused by the overproduction of α2–6-linked 
sialic acids attached to the outer N-acetyllactosamine (Galβ1–4GlcNAc units) or 
to inner GalNAc-α1-O-Ser/Thr units on O-glycans. Sialyl-Tn accumulation re-
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sults as a side effect of the loss of the ability to make the core-1 O-glycan and its 
extensions along with production of the specific ST6GalNAc sialyltransferase.

Very importantly, aberrant glycosylation can regulate many different aspects of 

tumor progression, including proliferation, invasion, angiogenesis and metasta-

sis. Clinicopathological studies have shown that, overproduction of some glyco-

syl epitopes promotes invasion and metastasis, leading to a significantly shorter 
survival rate, whereas production of some other glycosyl epitopes suppresses 
tumor progression, leading to a higher postoperative survival rate16,42–44. Epitopes 
that enhance cancer invasion are β6GlcNAc branching in N-linked structure; 
sialyl-Tn in O-linked structure; sialyl-Lex

, sialyl-Le
a
, and Le

y in either N-linked, 
O-linked, or lipid-linked structure. The other category that suppress tumor pro-

gression includes β4GlcNAc competitive with β6GlcNAc; histo-blood group A 
and B competitive with sialylated structures including sialyl-Lex

 and sialyl-Le
a
. 

The expression mechanisms have been extensively studied, however, the mech-

anisms through which specific glycosyl epitopes induce invasive and metastatic 
phenotypes of tumor cells are less understood. Therefore, mechanistic elucida-

tion is crucial to aid the future design of better therapeutic interventions.

An interesting topic in immunotherapy, is to target altered glycosylation, for 

example, with anticancer vaccines that target tumor specific glycan antigens. 
Taking the expression of sialy-Tn as an example, incomplete glycosylation in the 

O-linked pathway results in the synthesis of the Tn (GalNAc-α1-O-Ser/Thr) an-

tigen. Tn and sialylated Tn (STn) antigen become enriched in cancer, especially 
on mucins. STn has been detected in almost all cancer types, such as colorectal, 
stomach, liver, pancreas, ovarian and breast with various frequencies, however, 
with correlated potential for invasion and aggression. Expression of STn leads 
to decreased adhesion and increased tumor growth, mobility, migration and in-

vasion45–47. Considering all these characteristics, it would be very appealing to 
design a STn cancer vaccines. In 2003, a therapeutic cancer vaccine Theratope 
was announced for treating breast cancer. It conjugated STn to the immunogenic 
protein carrier keyhole limpet haemocyanin (KLH)48

. Regardless of the initial 

encouraging result, a large-scale phase III trial failed to prove that overall benefit 
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in time to progression TTP or survival survival49,50. Other current examples in-

clude the gangliosides GM2 and GD3 for treatment of melanoma, and the glyco-

sphingolipid globo-H for prostate cancer treatment
51. Yet these concept vaccines 

must await further validation in phase II and phase III clinical trials.

1.4 Protein glycosylation in biotechnology and biopharmaceuticals

Glycans are quite common component of many drugs, including antibiotics, de-

signed small molecules and recombinant proteins. Glycoprotein therapeutics, 

including antibodies, erythropoietin, cytokines, glycosyltransferases and glyco-

sidases, present a major class of novel biopharmaceuticals, representing now 
already a multi-billion-dollar market. The appropriate protein glycosylation of 

such biopharmaceuticals plays a crucial role in sustaining their activity, regulate 
antigenicity, and their pharmacodynamics. Therefore, fine-tuning protein gly-

cosylation represents a major aspect during the drug development52–55
. In case 

of monoclonal antibodies (mAbs, IgGs), the glycan chains stabilize the CH
2
 

domain, and removal of certain carbohydrate residues often induce unwanted 
conformational changes, leading to a decrease in thermal stability, and loss of 

effector function. For instance, removal of the terminal galactose reduces com-

plement-dependent cytotoxicity (CDC), while a decreased level of core fuco-

sylation enhances antibody dependent cellular cytotoxicity (ADCC)56
. Increased 

understanding of the functional activities of individual glycoforms has paved the 
way for glyco-engineering to produce selected protein glycoforms, leading to the 

generation of “bio-better” therapeutics
57–60

.

Glycosylation also brings in new challenges on licensing and patentability of 

protein therapeutics. The known impact of glycoprotein heterogeneity, with bio-

logic activity being associated with defined glycoforms, has demanded detailed 
quality control over the production process of mAbs61,62. Selection of a stable 
product platform that delivers consistent glycosylation profiles on the product 
is a primary criterion during the drug development. Also, immunogenic glycan 
types need to be carefully monitored when using non-human cell lines as produc-

tion platform for the mAb products. The glycosylation profile is a crucial param-

eter for controlling the batch-to-batch consistency
63

. Also, the monitoring of gly-
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cosylation is critical in evaluating biosimilars, whereby the biosimilar product is 
required to exhibit identical biophysical properties as the original reference

64,65
.

1.5 Methods for the analysis of protein glycosylation 

Over the past years, glycan directed antibodies and lectins have proven to be 
very useful tools in the analysis of glycans, due to their high specificities and 
binding affinities to a wide range of glycan types. Plant lectins have been widely 
used for, amongst others, dissecting human blood type already from in the mid-

1940s. Since this early discovery/finding, hundreds of different plant and animal 
lectins have been identified and characterized, many of them are now commer-
cially available and successfully applied in numerous glycobiology studies66–69

. 

Most of these lectins have been characterized iusing inhibition assays, in which 
monosaccharides, monosaccharide derivatives, or small oligosaccharides are 
used to block lectin binding to cells or some other glycan-coated target

70
. While 

the binding affinities (Kd) of lectins for monosaccharides are usually quite weak, 
i.e. within the milimolar range, the Kd for complex glycans is much higher (often 
in the range of 1 to 10 μM). For complex glycoconjugates with multiple determi-
nants or multivalency, the Kd of lectins may even approach nanomolar values9

. 

Appropriate antibodies against the desired antigen have been discovered using 
ELISA-type assays with immobilized target glycans, glycolipids or glycopro-

teins with known glycan structures. Most often, it is challenging to define the 
epitopes if there is a lack of reference compounds for comparison. Therefore, 

the specificity of a monoclonal antibody can be best determined using glycan 
microarrays and related approaches, as they represent a wide spectrum of refer-

ence glycans 
71,72

.

The analysis of protein glycosylation has been mostly performed by first releasing 
the glycans from the protein backbone. Subsequently, the free end of the released 
glycans is then chemically labeled with fluorescent tags such as 2-aminopyridine 
(2-AP) or 2-aminobenzamide (2-AB), that are compatible with chromatographic 
separations and analytical techniques. Depending on the amount of sample avail-
able, different profiling strategies can then be chosen. High performance anion 
exchange chromatography with pulsed amperometric detection (HPAEC-PAD) 
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or other HPLC-based profiling are powerful in analyzing glycan mixtures and 
combined with fluorescent detection have been widely applied71,73

. Hydrophilic 

interaction chromatography (HILIC) offers improved separation of glycans74–76
. 

When the injected sample amount is sufficient (mg level), individual fractions 
can be collected and then analyzed by MS or NMR for more detailed structure 
elucidation. Electrophoretic methods such as capillary electrophoresis (CE) offer 
efficient separation of charged molecules. CE MS represents, therefore, another 
powerful tool in carbohydrate structural analysis, as it combines the resolving 
power of CE and the high sensitivity of MS77–79. In the recent years, MS analysis 
has become the dominant technique for the structural elucidation of glycans, and 

will thus be discussed in more detail in the last section of this introduction.

2 Mass spectrometry: a technical introduction

Mass spectrometry (MS) is a technique that measures precisely the molecular 
weight of individual compounds. During such measurements, structural infor-
mation can often be deduced. MS provides structural information on an analyte 
and is through its versatility, sensitivity and speed, probably the most adaptable 
analytical technique currently at the disposal of chemists and biochemists, bene-

fiting almost all scientific areas. This section of the introduction will focus on the 
application of mass spectrometry in biomolecular analysis.

2.1 Biomolecular mass spectrometry

Determining the molecular weight provides a first step towards the characteri-
zation of biopolymers. The application of MS in the field of biopolymers was 
initially limited, due to the incapability of transferring large, non-volatile biolog-

ical molecules into the gas phase. Up to the end of the 1970s, the only available 
techniques to assess larger biopolymers were methods based on electrophoresis, 

chromatography or ultracentrifugation. A downside of these methods was that 

the molecules were not only separated by molecular weight, but also other mo-

lecular features, such as conformation, charge, the Stokes radius and the hydro-

phobicity
80

. 

In the early times, mass spectrometry had only the traditional ionization tech-
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niques of electron ionization (EI) and chemical ionization (CI) that can only 
transfer volatile compounds into the gas phase. Until the 1980’s field desorp-

tion ionization was the only method which allowed to some extent ionization of 

non-volatile molecule up to 5000 Da, but this represented a delicate technique 
requiring an highly experienced operator

80. Application of MS in the analysis of 
large biological molecules, that are often also thermolabile, were very limited 
due to this technical constrain. 

The first technical breakthrough in biomolecular mass spectrometry came through 
the development of desorption ionization techniques, including plasma desorp-

tion (PD), fast atom bombardment (FAB) and laser desorption (LD)81
. These 

methods can transfer large, non-volatile biomolecules based on the emission of 
pre-existing charged species from a liquid or a solid surface. Yet, it remained 

challenging to detect these high mass singly charged ions with good sensitivity 
and analyze them with sufficient mass resolution.

Around the 1990s, the inventions of matrix-assisted laser desorption ionization 
(MALDI)82 and electrospray ionization (ESI)83, provided a real breakthrough in 
the history of MS, as illustrated also by Nobel Prize in 2002 awarded to their in-

ventors. Particularly, the role of MS in biomolecular research was revolutionized 
by these soft ionization techniques, especially when coupled with time-of-flight 
(TOF) mass analyzers, enabling the high-precision analysis of biomolecules ex-

hibiting high molecular weight. Because of these developments mass spectrom-

etry has become today one of the most widely used analytical techniques in 

the life sciences, as it enabled the analysis of different classes of biomolecules, 

including peptides, proteins, nucleic acids, oligosaccharides and lipids. 

Mass spectrometric analysis can provide accurate mass determination of pro-

tein and peptides, and localize and identify their PTMs based on tandem MS 
fragmentation information. MS methods are utilized in an increasing number of 
molecular and structural biology studies that aim for a better understanding of 

large biomolecular assemblies.

2.2 Ionization, mass analyzer and fragmentation techniques
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The MS analysis of peptides progressed slowly until 1988, when the first re-

sults of the two novel ionization techniques were published. The invention of the 
“soft” ionization methods, i.e. ESI and MALDI, dramatically extended the appli-
cation of MS for biomolecular analysis. The two techniques have fundamentally 
distinct mechanisms. In MALDI analysis, the analyte is dissolved in an organic 
acid containing a chromophore (matrix), then dried and crystalized on a plate, 
wherefrom a laser induces the ionization and desorption of the matrix and the an-

alyte. In ESI analysis, biomolecules are dissolved in a volatile solvent, and then 
ionized through the ultimate desolvation of miniscule charged droplets, which 
are created by applying an electrical field. ESI produces multiply charged ions, 
thus allows for the detection of large masses using conventional mass detectors 
including quadrupole, ion trap and magnetic instruments

84. MALDI is a pulsed 
ion source, relying on pulsed lasers, which produces mostly singly charged ions, 

and thus needs to be coupled to time-of-flight (TOF) analyzers or to ion trap 
or Fourier transform ion cyclotron resonance (FTICR) analyzers, which allow 
the storage of ions

85. Currently, ESI and MALDI are the most used ionization 
techniques in mass spectrometry for proteins and peptides as they provide the 
most efficient transfer of large biomolecules into the gas phase. ESI has gained 
increasing popularity in biomolecular MS application, due to its compatibility to 
couple with liquid chromatographic separation techniques. MALDI has its own 
unique application areas, such as in biomarker discovery, and spatial imaging of 
tissues and cells

86
.

There are three main types of mass analyzers available for accurate mass mea-

surement of biomolecules: TOF analyzers, FTICR ion traps, and Orbitraps. 
These high-resolution mass analyzers are capable of providing isotopic resolu-

tion for a common peptide (<10-40 aa, 2~7 charges)80
. The TOF analyzer uses an 

electric field to accelerate the ions through a given potential, and then determines 
the mass-to-charge ratio (m/z) via the measurement of the time arrival of the ions 
on the detector. In FTICR, ions are trapped in a trap within a magnetic field and 
excited by an electric field oscillating at radio frequency. After removal of the 
excitation field, the mass-to-charge ratio (m/z) of the ions can be experimentally 
determined by measuring the rotation frequency at which the ion processes in 
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the magnetic field. Similar to FTICR, an Orbitrap™ mass analyzer traps the ions 
in an electric field generated between an outer barrel-like electrode and an inner 
spindle-like electrode. The m/z is determined by measuring the frequency of os-

cillation of the ions oscillating along the inner electrode
87

. It is worth mentioning 

that several type of quadrupole and ion-trap low-resolution mass analyzers that 
are mostly used for either targeted MS strategies88, or for specific ion manipula-

tion in tandem-MS experiments can be coupled to the abovementioned high-res-

olution mass analyzers, providing so-called hybrid mass spectrometers.

Tandem MS (or MS/MS, MSn) is a technique to break down mass-selected pre-

cursor ions into fragments (product ions). Usually, an ion species of a specific 
mass is selected and isolated using a low-resolution mass analyzer and subse-

quently activated in a second mass analyser (ion trap or FTICR) or in a dedi-
cated collision cell. Activation of ions results in peptide backbone cleavages, 
generating signature product ions (a/x, b/y and c/z) that decode the sequence of 
the peptide analyte. The mass of the product ions is then measured by using a 

high-resolution mass analyser. Non-proteinogenic biomolecules, such as carbo-

hydrates and other lipids, often undergo their own characteristic fragmentation 

reactions. The most popular activation/fragmentation strategies in biomolecular 
MS are collision-induced dissociation (CID), higher-energy collisional dissocia-

tion (HCD) and electron transfer dissociation (ETD). CID and HCD induce acti-
vation via the collision between analyte ions and the gas phase (nitrogen, argon, 
or xenon). In ETD activation is achieved through an electron transfer reaction 
from a radical anion to the cationic analyte. When applied to peptides bearing 
a post-translational modification, ETD and HCD can provide distinct fragmen-

tation products. CID and HCD usually induce the facile and unwanted dissoci-

ation of labile PTM’s from the peptide backbone, generating b/y type of ions. 
In contrast, ETD generates peptide backbone fragments (mostly c/z type) with 
the PTM remaining on it87,89,90. Combined HCD and ETD analysis can provides 
valuable clue for the localization and structural elucidation of the post-transla-

tionally modified peptides, enabling branches of MS-based proteomic that focus 
on phosphoproteomics and glycoproteomics

91,92
.
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2.3 Native Mass Spectrometry

In the past 20 years, native MS has established itself as a valuable new MS 
tool in particular for studying protein complex composition, structure, and as-

sembly
93–96mass spectrometry (MS. Native MS is an analytical approach based 

on ESI-MS, whereby the biological analytes are sprayed from a non-denaturing 
buffered solvent97,98. The term “native” describes the biological status of the an-

alytes in solution, prior to the ESI event. During native MS analysis, parameters 
such as pH and ionic strength are carefully controlled to maintain the native fold-

ed state of the biological analytes in solution
98. Nano-ESI is used as the native 

MS sources considering two factors: 1) the gentle ionization process will retain 
the quaternary structure of analytes; 2) The generation of multi-charged ions 
allows for the detection of large biomolecules at relative low m/z region. The 

experimental workflow of native MS for biomolecular analysis has been well de-

scribed previously, and will be discussed in detail in Chapter 3. In brief, the an-

alytes, mostly purified proteins or biomolecular assemblies, are ionized from an 
aqueous ammonium acetate buffer. At physiological pH, the ammonium acetate 

buffer helps retaining the quaternary association of biomolecules as intact and 

in their native state. The analytes dissolved in such a buffer are then loaded into 
narrow capillaries with a tip having an opening of less than 1 mm. Applying an 

electric field on this tip, starts the ESI process, where after the resulting ions are 
then transferred into the gas phase. Charging of the analytes in native MS is sig-

nificantly reduced due to two facts, 1) many chargeable amino acid residues are 
buried deeply in the folded/hydrophobic core structure and thus not accessible 
to the charging solvent; 2) the pH of the buffer is close to neutral and not highly 
acidic as in conventional ESI. As a result, the analytes take on fewer charges 
and the charge envelope is shifted to much higher m/z regions

99. Most native MS 
experiments are performed on mass spectrometers specifically modified to allow 
the efficient transmission and detection of high mass ions. The following para-

graph will introduce two types of mass spectrometers that have been commonly 
used to perform native MS measurement as described in this thesis.
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Time-of- flight (TOF) analyzer-based mass spectrometers

A nice feature of TOF type mass analyzers is that they exhibit an unlimited mass 
range and sacrifice only a small drop in mass resolution with increasing m/z, 

making TOF MS widely used for native MS. When the TOF analyzer is coupled 
with a quadrupole, MS/MS experiment can be performed. The quadrupole mass 
filter on the hybrid QTOF setup enables the study of gas-phase stability and 
subunit arrangement of individual components by tandem MS using collision 
induced dissociation (CID). This type of Modified QTOF MS instrument is capa-

ble of measuring ions up to 18 MDa100–102
. Recent highlights of studies employ-

ing the QTOF platform include the study of membrane protein complexes, MDa 
virus capsids, and components involved in complement activation94,103–107. TOF 
MS can be further combined with ion mobility spectrometry, allowing ion mo-

bility separation and MS analysis of the protein analytes. This hybrid approach, 
referred to as IMMS, can provide additional structural information about the 
protein complex within the framework of the native MS workflow108–110

. 

Figure 3. Schematic of a ESI-time-of-flight mass spectrometer, taking the 
simple example of the LCT configuration (Waters). It incorporates a Z-spray 

ion source through which intact protein ions become ionized via nESI. These 
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ions enter the instrument through the sample cone and are transmitted and fo-

cused by two hexapoles (RF lens 1 and RF lens 2). The pusher sends packages of 
ions in the TOF tube, wherein they are separated according to their flight times 
to the detector, allowing subsequent m/z measurements. Adapted from Ref

111
.

Regarding to the analysis of protein heterogeneity, a very simple type of TOF 
instrument may already provide satisfying performance for routine analysis. 
Taking monoclonal antibodies (mAbs) as an example, the LCT can separate a 
mixture of two or more proteins by 150 Da in mass (at 50% resolution), with 
a resolution of 1500 at 6000 Th. When the sequence is known, it allows for 
accurate mass determination and elucidation of some protein backbone modifi-

cations, such as the in mAbs frequently occurring lysine clipping (+128Da)112,113
. 

Orbitrap™ analyzer-based mass spectrometers

The now commercialized Orbitrap™ EMR instrument has made, since its intro-

duction in 2012, a huge impact in native MS114,115. This novel mass spectrometer 
allows high mass accuracy and high resolving power of ions even when they 
have m/z values way above m/z 5000, enabling it to analyze biomolecules and 
biomolecular assemblies by native electrospray ionization. Already a few years 
after its introduction, many exciting studies have been reported. Particularly, the 
superior resolving power of the Orbitrap EMR has enabled small differences in 
proteoforms, such as glycosylation on antibodies and phosphorylation on pro-

teins and protein complexes, to be readily resolved.
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Figure 4. Schematic of the Exactive Plus EMR (ThermoFisher Scientific). 
This is a Orbitrap™ type mass analyzer, which consists of a nESI source where-

in ions are generated. The ions are focused and transmitted through a bent flat-
apole, transport octapole and C-trap before entering the HCD cell. In the HCD 

cell, the ions are trapped and eventually sent to the Orbitrap™ for accurate mass 

analysis. Compared to the standard Orbitrap Exactive Plus, rf-fields and other 
electric field have been modified to enhance transmission of high m/z ions. 
Adapted from Ref

111
.

Initially, the Exactive Plus™ (Thermo Fisher Scientific, Bremen, Germany) Or-
bitrap™ instrument (Figure 4) was modified for applications in native MS mode. 
The main difference compared to the standard Orbitrap Exactive Plu that is used 
for analyzing small molecules is the retuning of the DC potentials of the ion 

lenses and trapping of the ions in the high-energy collision (HCD) cell (which 
is operated at elevated pressure using a heavier collision gas), before injection 
into the Orbitrap™. Later, a further implemented high mass quadrupole provides 
the opportunity to perform tandem MS on such a high resolution native MS 
platform

116. Very recently, a further modification of the  Orbitrap™ EMR for 
improved high mass range was published, enabling high-resolution native MS 
analysis of prokaryotic 30S, 50S and 70S ribosome particles and the 9-MDa 
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Flock House virus115
.

2 Mass Spectrometry for the analysis of protein glycosylation 

For the complete understanding of the proteome, the role of protein PTMs, 
which extend and diverse protein function beyond gene transcription, needs to 
be elucidated. Most PTMs introduce a well-defined functional group, such as 
a phosphate or acetate moiety, to specific amino acids on the protein. Distinct 
from most PTMs, glycosylation, which was briefly discussed in the first chapter, 
involves the attachment of a broad range of different carbohydrate molecules. 
Over the past decade, large progress has been made to obtain detailed informa-

tion on protein glycosylation, with the aim of assigning functional properties 

of glycoproteins with respect to their defined structural features. Traditionally, 
research on protein glycosylation has been perceived from two perspectives: the 
“glycomic” field that studies the glycan structures that have been released from 
proteins and all other sugar content in the cell, and the “glycoproteomic” field 
which largely focused on the localization and structural elucidation of glycans 

on proteins.  Mass spectrometry (MS) is one of the most powerful analytical 
tools used by both of these fields, in both the mass analysis and identification of 
glycoproteins and for the evaluation of glycosites and determination of oligosac-

charide structures
9
. Despite its widespread utilization in glycoprotein analysis, 

peptide-centric glycoproteomics suffers from several drawbacks. Nevertheless, 
new possibilities and perspectives are now arising to overcome this with the re-

cent technological advances in MS instrumentation. These emerging methodolo-

gies and their robust implementation to the repertoire of conventional analytical 
tools with the final goal to understand functionally protein glycosylation. Figure 
5 summarizes the present-day mass spectrometry-based strategies for glycopro-

tein analysis that will be presented and discussed here. 
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Figure 5 Overview of the MS-based toolbox for the analysis of protein glyco-

sylation. Shown in the middle is a representative structure of a complex glyco-

protein, erythropoietin (EPO), which contains multiple N- and O-glycosylation 
sites. In the most widely used approach the released N-glycan pool of EPO is an-

alyzed by MALDI/MS or ESI LC-MS/MS (glycan analysis). By digesting EPO 
into glycopeptides, it is possible to study site-specific glycosylation patterns, 
using a glycopeptide-centric approach. The third level analyses directly the in-

tact EPO, either under denaturing or non-denaturing conditions. The former is 
usually conducted using a prefractionation by either CE or LC, while the latter 
approach is still mostly achieved by directly analyzing the sample by native MS. 

3.1 Glycomics and bottom-up glycoproteomics for glycoprotein analysis
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The glycomics field has witnessed extensive development during the past de-

cade. In the most common approaches, protein-linked N-glycans and O-glycans 
are first released by enzymatic and/or chemical methods, respectively. MAL-

DI, with its ease of analysis of glycans from surfaces, and ESI coupled on-line 
with  LC, are complementary ionization methods applied to glycan analysis

117
. 

Nowadays, MS can determine the masses of the glycans released from a biolog-

ical source (i.e. cell lysate or body fluid) rapidly, with low sample consumption 
and at high-throughput, facilitating clinical studies such as cancer glycomic bio-

marker discovery and studies on age-related diseases41,71. Moreover, due to the 
significant advances in MS-based techniques, it is now possible to obtain very 
detailed structural information, such as region-chemistry of glycosidic linkages 

and branching patterns from complex mixtures of glycoconjugates
118,119

. Unfor-

tunately, sugar molecules are challenging for MS analysis due to their inherent 
structural complexity. Since they form a myriad of linear and branched oligosac-

charide structures and also exhibit chirality. This makes diastereomeric glyco-

conjugates typically indistinguishable by MS, however, in combination with ion 
mobility spectrometry, this analysis is now to some extent possible

120
. 

The other field, still somewhat less developed for investigating the functional 
role of glycoproteins, is defined as glycoproteomics92,121,122. To date, MS based 
glycoproteomics relies largely on peptide-centric analysis, wherein proteins are 

firstly digested by specific endoproteinases into (glyco)peptides carrying indi-
vidual modified glycosylation sites. After proteolysis, the very complex and di-
verse peptide mixtures can be selectively enriched for glycopeptides or direct-
ly subjected to LC-ESI-MS/MS analysis. MS detects glycosylation efficiently 
by scanning for the diagnostic fragment ions created by facile glycosidic bond 

cleavage, or by looking for the neutral losses in the fragmentation spectra corre-

sponding to the mass of a certain monosaccharide moiety. Once a glycopeptide is 
detected, a variety of tandem mass spectrometry (MS/MS) techniques can be ap-

plied to elucidate the glycan composition, the glycosylation site and the peptide 

sequence. This workflow enables simultaneous identification of glycoproteins 
as well as their glycans and can be used to monitor localization, occupancy and 

the micro-heterogeneity present within a glycoprotein sample. It can handle very 
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complex peptide/glycopeptide mixtures extracted from serum, cells or tissues, 
enabling the discovery of amongst others biologically implicated glyco-epitopes. 
Benefiting from these advantages, peptide-centric glycoproteomic approaches 
have been widely adopted and are extensively reviewed in123–125

. 

Many achievements have been made to address particular methodological chal-
lenges in glycoproteomics

73,123–126. Known from the beginning, glycosylation is 
a non-templated process and thus there are no biological amplification methods 
such as the well-known polymerase chain reaction for DNA. Therefore, glyco-

proteins have to be analyzed at their physiological concentrations, which requires 
highly sensitive analytical tools. Shotgun analysis of peptides generated from the 
digestion of proteins using the appropriate proteases enables the identification 
and quantification of thousands of proteins within a single experiment90,91,127,128

. 

As the name implies, shotgun analysis generically targets a few proteotypic pep-

tides from each abundant protein present in the mixture. Thus, glycosylated pep-

tides are often neglected in most proteomics experiments, since they represent 

only a minor fraction of the total number of peptides and are inherently more 

difficult to detect. In addition, most glycoproteins represent a structurally di-
verse heterogeneous population of proteins26,129

. Glycoproteins often exhibit a 

variable number of site occupancies (macro-heterogeneity) and/or variable gly-

can structures at each of their specific glycosylation sites (micro-heterogeneity). 
Mindboggling, a single glycoprotein can have tens to hundreds of different gly-

can attachments
26,130. Such an enormous diversity of glycan structures segregates 

MS signals of glycopeptides into a broad spectrum of ion species of various 
closely related masses, making their detection in shotgun proteomics especially 

difficult. To overcome these barriers, specifically for glycoproteins, many inno-

vative methods and techniques have been introduced, which substantially have 
improved the analysis of the glycoproteome. These include various enrichment 
methods using the specific physico-chemical properties of proteins/peptides and 
glycans. The most common glycoproteins/glycopeptides enrichment strategies 
include lectin affinity chromatography66,69

, hydrophilic interaction chromatogra-

phy (HILIC)74,124
, titanium dioxide chromatography

131,132
 and hydrazide chemis-

try based methods
133–135. Each of these methods have their pros and cons for en-
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richment due to their inherent differences. For example, lectin chromatography 

can be applied for the functional profiling of a wide spectrum of glycoproteins, 
using various types of specific lectins to capture different glycan moieties. Ti-
tanium dioxide chromatography excels in its ability to selectively enrich sialic 
acid-containing peptides due to the high affinity of titanium dioxide toward sialic 
acid residues. HILIC-based methods selectively enrich glycopeptides by utiliz-

ing the hydrophilicity of the glycans. The efficiency of the HILIC material for 
glycopeptide enrichment has been significantly improved by introducing a cus-

tomized hydrophilic matrix named “click maltose” which enhances the hydro-

gen-bonding interactions between the glycans of the glycopeptides and the sili-

ca-based matrix
75. A very popular variant is Zwitterionic hydrophilic interaction 

liquid chromatography (ZIC-HILIC), which exhibits an even better hydrophilic 
interaction towards glycopeptides

136. In this method, glycopeptides are selective-

ly captured from complex peptide mixtures through hydrophilic and electrostatic 

interactions on a surface carrying both positive and negative charges. Some of 
the highest specificity can be obtained by using hydrazide chemistry based meth-

ods. Despite the inherent covalent enrichment principle, which does not allow 
facile elution of the intact glycopeptides from the beads, recent modifications to 
these methods have circumvented this obstacle137,138

. Finally, it should be men-

tioned that although these specific approaches can be used for higher through-

put analysis, none of these methods can capture an unbiased view of the whole 
(glyco)proteome. On the positive site, most of these methods are highly com-

plementary with their combined use bringing about significant enhancements in 
glycoproteome depth and coverage68

.

Sample preparation for peptide-centric approaches represents another consider-
able challenge in the analysis of glycoproteins. For instance, one of the functions 

of protein glycans is to protect the amino acid backbone of proteins against pro-

teolytic degradation. Therefore, tryptic digestion of glycoproteins often generates 

longer abnormal tryptic glycopeptides, due to the high frequency of miss-cleav-

ages. Such non-standard tryptic cleavage products complicate LC separation 
and MS measurements, but may also hamper subsequent quantification and data 
interpretation. Therefore, still the most popular strategy to determine N-linked 
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glycosylation sites entails the addition of a deglycosylation step prior to their 

identification by MS139,140. Glycosidase PNGase F is typically used for the release 
of N-glycans, leading to a peptide where in the asparagine residue is converted 
to aspartic acid, due to deamidation. However, the deglycosylation protocol us-

ing PNGase F suffers from several drawbacks, such as long incubation times, 
incomplete deglycosylation and spontaneous non-enzymatic deamidation of as-

paragine residues, caused by the applied high temperature and pH, which sig-

nificantly affect the accuracy of the N-linked glycosylation site determination141
. 

Notwithstanding these obstacles, the implementation of an on-line deglycosyla-

tion protocol has improved this workflow142. Still, new comprehensive strategies 
providing site-specific glycan occupancies are needed that do not ignore the ap-

pended glycans. One promising recent chemoenzymatic method uses solid phase 
extraction of N-linked glycans and glycosite-containing peptides (NGAG). This 
method, in principal, can simultaneously determine the glycan heterogeneity, 

the total N-glycan pool and the sequence of the glycosite-containing peptides143
. 

In parallel many efforts have been invested into the development of better se-

quencing methods for glycopeptides, including new fragmentation schemes and 

targeted algorithms for glycopeptides. Labile PTMs including O-linked glyco-

sylations are lost easily during CID-based analysis
144. Newer approaches in MS 

fragmentation techniques can partially overcome these issues145,146
. In addition 

to glycopeptide-tailored instrumentation, several valuable software tools are 
now available to analyze site-specific glycosylation147. However, unambiguous 
peptide backbone identification and glycan FDR estimation remain challenges, 
making manual data inspection still a necessity.

In summary, over the last decade glycomics and peptide-centric glycoproteomics 
methods for the analysis of complex glycoproteins have matured substantially. 
Although these two approaches are still mostly performed independently, more 

and more researchers are realizing the importance of integrating the data of these 

levels of analysis to improve the functional annotation of protein glycosylation.

3.2 A snapshot from the top; intact glycoprotein analysis
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We described above how glycoproteins and the glycoproteome can be investi-
gated through analysis of released glycans or digested glycopeptides. However, 
(glyco)proteins can also be directly analyzed by MS avoiding digestion. This 
third level, the protein-centric approach, has intrinsic advantages as it can capture 
and identify proteoforms of glycoproteins, allowing for a direct assessment of 

PTMs and combinatorial PTMs, thus providing unique information that cannot 
be extracted easily at the peptide-centric level. For example, molecular weight 
profiling of intact glycoproteins gives an overview on the type, abundance and 
the extent of glycosylation. This approach has proven to be a very powerful 
tool in bacterial glycoproteomics enabling novel glycans to be discovered148,149

. 

Also in the field of biopharmaceutical analysis, protein-centric approaches have 
gained attention largely due to the important role of glycosylation in mAbs. Most 
protein therapeutics (e.g. antibodies) are glycosylated, whereby glycosylation is 
known to affect the potency, and aberrant glycosylation provides potential risks 
to patients. Therefore, tools for a detailed characterization of heterogeneous gly-

coprotein therapeutics are highly necessary during the design, development and 
manufacturing process. 

To reduce the complexity of heterogeneous glycoproteins some separation tech-

niques can be explored. Currently, glycoproteins are often separated using cap-

illary zone electrophoresis (CZE), isoelectric focusing (IEF) or size exclusion 
chromatography (SEC)150

. In this way, sample heterogeneity may be reduced, 

making MS analysis feasible. Some of these separation methods have been suc-

cessfully applied for analysis of proteins with various MW’s ranging from hu-

man interferon-β (~20 kDa)79, erythropoietin (~35 kDa)78
 to intact IgG mono-

clonal antibodies (~150 kDa)151.These approaches provide a direct quantitative 
analysis of co-occurring glycoproteoforms, which represent a valuable indicator 
for therapeutic product quality control.  

Top-down mass spectrometry
152

, whereby intact proteins are introduced into 

the mass spectrometer for direct sequencing, has to some extent been employed 

for the analysis of site-specific PTMs on proteins, for instance in the analysis 
of protein acetylation, methylation, and phosphorylation

153,154
. Top-down mass 
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spectrometry offers the ability to sequence intact proteins and their PTMs and 
uniquely, the combination of PTMs at the individual proteoform level. Top-down 
characterization of glycoproteins is not yet well developed, largely due to the an-

alyte complexity
155. The spacious and massive glycan chains can hamper infor-

mative MS/MS fragmentation reducing the obtained sequence coverage of the 
protein polypeptide backbone. One solution is to cut the intact protein into large 
polypeptides prior to MS/MS analysis. Using this so called “middle down” ap-

proach enables more efficient sequencing often allowing to differentiate closely 
related protein isoforms. For instance, the immunoglobulin-G degrading enzyme 

of Streptococcus pyogens (Ides) is an ideal tool for the analysis of IgG based 
antibodies, since it specifically cleaves the IgG at the hinge region and releases 
two smaller Fab fragments and an Fc

156,157
. Despite of the successful applications 

for analysis of IgG, generic enzymes providing restricted proteolysis with high 
efficiency and specificity for glycoproteins are not available. As an example of 
what is now possible Bush et al. reported a study whereby CZE was coupled 
via a sheath-less interface to an Orbitrap mass analyzer for the intact analysis of 
recombinant human interferon-β1, enabling them to separate 138 proteoforms of 
which 55 could be quantified. Charge species caused by deamidation and sialyla-

tion could be efficiently separated, as well as some triantennary isomers (antenna 
on α(1−3) or α(1−6) arms)79

. This work demonstrates the great potential of high 

resolution CZE-MS for top-down analysis of glycoproteins. 

3.3 Measuring under non-denaturing conditions: are there extra gains?

Most of the protein-centric MS methods described above use LC/MS or CE/
MS compatible solvents, which typically include a combination of water, or-
ganic solvent, and sometimes even detergent, at low pH to enhance the protein 
solubility and ion desolvation during the ESI process. These denaturing condi-
tions inevitably disrupt protein tertiary and quaternary structures, and induce 
complex dissociation, loss of oligomeric states, etc. To avoid the loss of specif-
ic information during protein denaturation, it is also possible to analyze glyco-

proteins under non-denaturing conditions, employing a technique called native 
MS97,98. Additionally, native MS also revels info simultaneously on the function 
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of glycoproteins, including the stoichiometry, protein-ligand binding, and pro-

tein-protein interactions. Named in analogy to native gel electrophoresis, this 
field was initially largely focused on the structural and functional analysis of 
protein-ligand and protein complexes. In 2012, Rosati et al. performed high-res-

olution native MS to qualitatively and semi-quantitatively characterize antibody 
mixtures, the result of which proved the capability of native MS in tackling het-
erogeneity in protein mixtures

112. Later, with the development of the high mass 
Orbitrap™ platform, the subtle mass differences in glycoprotein isoforms created 

by PTMs could be mass separated and even base line resolved directly from the 
intact proteins under native conditions158

. This technical breakthrough largely 

promoted the comprehensive PTMs analysis of protein phosphorylation (+80 
Da), acetylation (+42 Da), or oxidation (+16 Da) by native mass spectrometry 
at the intact protein level159,160. An advantage of native MS over MS under dena-

turing conditions are the resulting inherent less congested mass spectra, as under 

native conditions the ion signals are distributed over substantially less number 
of charges, and over a wider m/z window.  Following these developments native 
MS was also applied to the field of glycoproteomics, analyzing for instance in 
depth the glycoproteins chicken ovalbumin, several glycoprotein therapeutics 
(IgG’s) and even human plasma derived glycoproteins130,161,162. This relatively 
new high-resolution MS platform provides a nice addition to the toolbox of pro-

tein glycosylation analysis, as described in more detail below. This system fa-

cilitates the detailed analysis of low-abundant and non-covalent size variants 
in recombinant antibodies and could also provide essential validation prior to 
admission to the market.    

1. Providing an unbiased overview of glycoproteins close to their native form.

Several glycans attached to proteins, especially O-linked glycans, are known 
to be labile. Dissociation of the glycosidic bond during the ionization and de-

solvation process can introduce a bias into extracted-ion-chromatogram (XIC) 
based quantification. To profile the proteoform distribution more accurately, it is 
preferable to use gentle conditions preserving the protein in its most native form. 
Compared to denaturing MS, native MS does not require denaturation, reduc-
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tion, alkylation, and digestion of the protein prior to analysis, simplifying sample 

handling, reducing sample loss, and enabling the accurate mass determination of 

all co-occurring proteoforms. Additionally, native MS is more quantitative and 
in this way comparable to conventional glycosylation analysis techniques, such 
as 2-AB (2-Aminobenzamide) labeling of the glycan pool and then quantifying 
by HPLC, in a simple, fast and robust fashion

113. Therefore, native MS can be 
considered as an ideal tool to provide a quantitative overview of the proteoform 
distribution of intact glycoproteins.

2. Decreasing spectral congestion, by providing extra m/z space to resolve gly-

coprotein heterogeneity. 

During the native MS analysis, proteins are kept in their original folded, compact 
structure, which restricts the accommodation of a significant number of protons 
on their surface upon transition from solution to the gas-phase during the ESI 
process. As a result, proteins take on a much narrower charge state distribution 

and on average a lower charge state, when compared to standard denaturing MS, 
making that the center of the charge envelop is shifted towards a higher m/z re-

gion. This provides a much larger space between adjacent charge states, which 
is highly valuable for separating protein ions coming from a heterogeneous mass 
distribution. Figure 6 shows how the increasing heterogeneity of a hypothetical 

protein with a backbone mass of 35 kDa is influencing the mass spectra obtained 
by denaturing and native MS. The protein containing multiple N- and O-linked 
glycosylation sites exhibits a broad molecular weight distribution caused by the 

decoration of glycosylation at different sites (Fig 6c). There is a mass differ-
ence of more than 3000 Da between the smallest and largest proteoform in this 
mass spectrum. Under native MS conditions, the ions appear around 3500 m/z, 

taking on an average 12 charges. The space between charge [M+13H]13+ 
and 

[M+12H]12+ 
is 224 m/z, facilitating the separation of high heterogeneity origi-

nated from glycosylation. Empirically, when measuring under denaturing con-

ditions, proteins of the similar size take on 30-50 charge states during analysis. 
Assuming the same glycoprotein is measured under denaturing conditions (tak-
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ing on ~30 charges as an average), all the signal ions appear in a much narrower 
m/z window around m/z 1500, creating undesired overlapping of charge states, 
impossible to be resolved. In the real measurement, ESI under denaturing condi-
tions usually results in a broader charge state distribution, a higher background 

and thus a lower signal-to-noise (S/N) ratio, hampering the efficient separation 
of low abundant proteoforms.

Figure 6 Structural heterogeneity in proteins as visualized by mass spec-

trometry. Shown in a) are exemplary mass spectra of a 35 kDa unmodified pro-

tein measured under denaturing (left) and native ESI conditions (right). When a 
similar size protein is modified by six phosphorylation sites, the resulting pro-

teoforms can still be separated and resolved under both denaturing and native 
ESI conditions. c) when a similar size protein takes on six glycosylation sites 
(including N- and O-glycans), the mass-heterogeneity is substantially enhanced 
leading to a highly congested mass spectrum under denaturing conditions and 
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therefore can best be tackled by native MS. 

3. Providing opportunities for probing glycosylation regulated interactions.

Native MS additionally provides the possibility of studying the stoichiometry, 
protein-ligand binding, and protein-protein interactions of glycoproteins. The re-

moval of glycosylation by different glycoside hydrolases has been applied at the 
protein level, as demonstrated using sialidase, galactosidase and PNGase F111

tak-

ing different complementary approaches ranging from peptide-based sequencing 

to direct analysis of intact proteins and protein assemblies. In this protocol, we 

describe procedures optimized to perform the analysis of monoclonal antibodies 

(mAbs. The strategy, which stepwise applies glycan-specific glycosidases to se-

quentially trim the glycan tree, can effectively reduce the heterogeneity. It helps 
the reconstruction/verification of glycoproteoform assignment by native MS. In 
addition, by targeting certain linkage of monosaccharide using a specific exogly-

cosidase, for example, α-2,3 sialidase or, α-2,6 sialidase, it is possible to achieve 
linkage-specific sequencing. The methodology can in theory be applicable to 
all types of glycosylation and for monitoring the kinetics of these glycosylation 

events. This method is particularly applicable in the analysis of proteins generat-
ed by glyco-engineering, and lesser studied glycosylation types such as O-Glc-

NAcylation. Native MS also has no limit to provide structural information on 
glycoprotein complex and assist the identification of protein-protein interactions. 
The application was demonstrated by glycosylated antibody–antigen complexes, 
multimeric glycoproteins

116, glycosylated antibody–drug conjugates163,164
, and 

glycoprotein complexes involved in complement activation107,165
.

Despite of all its potentials, the downside of native MS is that it is still a 
low-throughput technique that requires specialized expertise, especially in the 

essential, extensive protein purification process prior to MS analysis to guaran-

tee a good quality mass spectrum. The data interpretation is also challenging, 

especially for multifaceted decorated glycoproteins, due to the escalating com-

binatorial arrangements of possible positional isomers. The concurrent devel-
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opment of native protein separation techniques will open new opportunities for 
analyzing highly heterogeneous protein species. Especially since biotechnolog-

ical and pharmaceutical companies are nowadays highly interested in reliable, 

high-throughput analysis of their products. Industrial enzymes and therapeutic 

proteins are key molecular entities with enormous potential in the food industry 

and human/animal healthcare. Due to their large size, biology driven production 
and complicated structural features, however, these protein products are one of 
the most challenging entities to be functionally and structurally characterized. 

An recently reported online coupling of SEC with Native MS for the character-
ization/validation of bispecific antibody formats represents a nice example of 
such an analysis under native conditions166

. 

3.4 Combining the strength from all levels of analysis: hybrid MS approach-

es 

Protein-specific glycosylations are regulating biological events and diseases 
such as viral infection and several immunological disorders and cancer37,41

. This 

highlights an urgent need to establish a generic approach towards a deep char-

acterization of individual glycoproteins, mapping all the sites and all the (co-oc-

curring) modifications. As mentioned earlier, a typical glycoprotein can be con-

sidered as a complex mixture of proteoforms, all having closely related masses, 
resulting from the micro-heterogeneity. All here discussed MS approaches (see 
Figure 5 and Table 1) have their inherent strengths and weaknesses in analyzing 
qualitatively and quantitatively the protein of interest. 

Combined approaches for glycoprotein characterization, using the different lev-

els of MS and chromatography touched upon in this thesis, evidently represent 
an ideal way forward. Multi-level characterization will also facilitate a more 
comprehensive understanding of the structural and functional properties of these 
glycoproteins. Yet, to our knowledge, only a small number of such hybrid studies 

have been reported167,168. In our opinion, there are some technical improvements 
that will potentially boost a more widespread usage of hybrid MS approaches in 
glycoproteomics: 1) Methods for measuring the intact glycoproteins needs to be 
optimized, to achieve an efficient, fast and robust MS separation of the hetero-
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geneity in complex glycoproteins. 2) More bioinformatics tools need to become 
available to compare the data acquired at these different levels. These together 
will help assess the completeness of the glycoprotein characterization, thus mak-

ing a complete in-depth investigation. 

Table 1 Comparison of glycan, glycopeptide and glycoprotein centric anal-

yses.

a The level of development/investment in each technology is indicated with the 
number of check marks “9”. Techniques that are no suited or have not yet devel-
oped for addressing a certain issue are marked with “8”. 

Recently, an integrative workflow was proposed, aiming to strengthen the anal-
ysis of complex glycoproteins

161. The workflow combines high resolution native 
MS for intact protein analysis and glycopeptide analysis for the detailed charac-

terization of individual glycosites. Subsequently an in silico construction of an 

intact glycoprotein profile was achieved, via a novel integrative algorithm. In 
this way, data from both approaches could be directly compared using a simple 

correlation score. Such data integration bridges the gap between the two ap-

proaches, and allows to assess the integrity of the glycopeptide MS characteri-
zation, ultimately facilitating a more complete characterization. This integrative 
workflow led to the discovery of three new C-mannosylation sites in human 
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plasma derived properdin, whereby also the stoichiometry could be directly 
quantified. This approach is generic and applicable to all types of glycosylation, 
including those of the less studied types, e.g. C-mannosylation, O-GlcNAcyla-

tion or S-glycosylation. Another example reported was on the plasma protein 
complement protein C9, a 65 kDa glycoprotein that plays an essential role in 
the membrane attack complex. Using the hybrid MS workflow, the structural 
micro-heterogeneity of C9 was described in an unprecedented detail, including 

N-glycosylation, C-glycosylation and O-glycosylation162
. A similar concept was 

also recently reported integrating the intact protein analysis and glycan profil-
ing to elucidate IgG glycosylation

169
. Clearly and excitingly, the long-expected 

integration of different MS platforms, is starting to happen. The less discussed 
third level analysis, should and will become increasingly valued in the blueprint 
of an in-depth characterization towards complex glycoproteins. Demonstrated 

by an emerging number of examples, the future of MS-based glycoproteomics 
is hybrid. 
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Abstract

Taking chicken Ovalbumin as a prototypical example of a eukaryotic protein we 
use high-resolution native electrospray ionization mass spectrometry on a mod-
ified Exactive Orbitrap mass analyzer to dissect qualitatively and semi-quanti-
tatively 59 proteoforms in the natural protein. This variety is largely induced 
by the presence of multiple phosphorylation sites, and a glycosylation site that 
we find to be occupied by at least 45 different glycan structures. Mass analysis 
of the intact protein in its native state is straightforward and fast, requires very 
little sample preparation, and provides a direct view on the stoichiometry of all 
different co-appearing modifications that are distinguishable in mass. As such 
this proof-of-principal analysis shows that native electrospray ionization mass 
spectrometry in combination with an Orbitrap mass analyzer offers a means to 
characterize proteins in a manner highly complementary to standard bottom-up 
shot-gun proteome analysis.

Introduction

Ovalbumin is the most prominent protein found in egg white, making up 60-
65% of the total protein. Although the exact function of ovalbumin is unknown, 
it is generally assumed to be a storage protein. Chicken ovalbumin consists of 
385 amino acids, and has a molecular mass of around 45 kDa. Ovalbumin is dec-
orated by a plethora of post-translational modifications (PTMs), including N-ter-
minal acetylation (G1), phosphorylation (most prominent at S68 and S344), and 
extensive glycosylation (N292), and contains a disulfide bridge (C73-Cys120).1-2 
Due to its availability, ovalbumin has often been used as a model system for 
new developments in the separation sciences, such as liquid chromatography,3-4 
capillary electrophoresis5-6 and mass spectrometry.7 Ovalbumin does however 
represent quite an analytical challenge, due to the high and diverse amount of 
PTMs. In most of the reported analyses on the intact protein to date the molecu-
lar heterogeneity of ovalbumin hampers a complete analysis of all different iso-
forms/proteoforms.8 Therefore, so far the most successful strategies employed 
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cleave the ovalbumin protein first into segments, followed by analysis of the 
resulting peptides and glycopeptides, or to release the glycans from generated 
glycopeptides or denatured protein. In this way, from the glycan analysis a rea-
sonable comprehensive view of the molecular complexity of the glycan struc-
tures present on ovalbumin has become available. Bottom-up peptide analysis by 
mass spectrometry provides a good qualitative and semi-quantitative view of the 
phosphorylation sites occupied in ovalbumin. Yet, all these approaches require 
a variety of sample preparation steps, which may all inherently lead to loss of 
particular signals.

Recently, we introduced a modified version of an Orbitrap mass analyzer, 
adapted to be able to analyze large biomolecules and molecular assemblies.9 
A nice feature of this instrument is that it allows high mass accuracy and high 
resolving power of ions also in the m/z range way above m/z 2000, enabling 
analysis of biomolecules and biomolecular assemblies by electrospray ioniza-
tion under native conditions. We previously showed that this instrument allows 
the analysis of intact proteasome and GroEL assemblies (Mw 700-800 kDa), 
and enables the mass distinction between different stoichiometries of nucleotide 
(i.e. ATP, ADP) binding to GroEL.9 To further benchmark the possibilities of 
this instrument for the robust and efficient analysis of proteins, we focus now 
on the mass analysis of the chicken ovalbumin protein. The here presented na-
tive ESI mass spectra of intact ovalbumin highlight this micro-heterogeneity, as 
mentioned above, in its full qualitative and quantitative glory, whereby we are 
able to detect, identify and semi-quantify at least 59 different proteoforms. This 
approach provides to the best of our knowledge the most comprehensive analysis 
of proteoforms of ovalbumin to date. Moreover, the approach presented here is 
generic and can be adapted to analyze protein micro-heterogeneity in structural 
proteins, kinases, phosphatases, etc.

Materials & Methods

Materials
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Chicken ovalbumin (grade V) and Endoglycosidase F1 (Endo F1) were ac-
quired from Sigma-Aldrich (Steinheim, Germany). Ovalbumin consists of 385 
amino acids (Uniprot Code P01012, sequence mass 42750.19 kDa). Calf In-
testinal Alkaline Phosphatase (CIP) was obtained from New England BioLabs 
(Beverly, MA).

Sample preparation

Unprocessed ovalbumin solutions were prepared at a concentration of 200 
µM in milli-Q water, then buffer exchanged into 150 mM aqueous ammonium 
acetate (AmAc) (pH 7.5). Enzymatic dephosphorylation was performed by in-
cubating unprocessed ovalbumin with CIP in 50 mM triethyl ammonium bicar-
bonate (TEAB) buffer (pH 7.5) at 37 ºC for 2 h. The protein/enzyme ratio was 
0.5 unit of CIP per 1 µg protein. Enzymatic deglycosylation was performed by 
incubating 0.2 unit Endo F1 with 200 µg ovalbumin in reaction buffer (20 mM 
Tris-HCl, pH 7.5, provided with the enzyme kit) at 37 ºC overnight. Deglyco-
sylated ovalbumin was buffer exchanged into aqueous AmAc buffer prior to CIP 
dephosphorylation. 

Prior to MS analysis the protein samples were exchanged into 150 mM aque-
ous AmAc (pH 7.5) by ultrafiltration (vivaspin500, Sartorius Stedim Biotech, 
Germany) with a 5 kDa cut off. The protein concentration was measured by UV 
absorbance at 280 nm and adjusted to 2-3 µM before MS measurement.

Native MS analysis on the Orbitrap mass analyzer

1-2 µL of individual sample was loaded into a nanoflow gold-plated boro-
silicate electrospray capillary (made in house). The sample was analyzed on a 
modified Exactive Plus instrument (Thermo Fisher Scientific, Bremen, Germa-
ny) over m/z range 500-10000, as described previously.9 Based on the length 
of the transients observed, the Orbitrap resolution was set to 17500 at m/z 200. 
Nitrogen was used in the HCD cell and gas pressure was manually regulated. 
The voltage offset on transport multiples and ion lenses was manually tuned to 
achieve optimal transmission of protein ions at elevated m/z. The instrument was 
calibrated by using CsI clusters, as described previously.9 
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Data processing

The accurate masses of the observed proteoforms were obtained by convolut-
ing the ESI spectrum to a zero-charge state spectrum using the Protein Deconvo-
lution package (Thermo Fisher Scientific). For glycan assignment, the reference 
molecular weights of 5 monosaccharides were extracted from the GlycosuiteDB 
(ExPAsy), and a tolerance rate (0.015) was set to give an acceptable mass range 
of reference. After building a mass difference matrix between any two of the 
detected masses on the dephosphorylated ovalbumin spectrum, we consider 
any element that falls in one of the set masses as a match. Glycan structures 
were built based on known biosynthetic pathways and reported ovalbumin lit-
erature, and were drawn using GlycoBench.10 The reference monosaccharides 
used were: hexose/mannose/galactose (Hex/Man/Gal, 162.1424 Da), N-acetyl-
hexosamine/N-acetylglucosamine (HexNAc/GlcNAc, 203.1950 Da), deoxy-
hexose (dHex, 146.1430 Da), N-acetylneuraminic acid (Neu5Ac, 291.2579 Da) 
and N-glycolylneuraminic acid (Neu5Gc, 307.2573 Da), according to symbol 
and text nomenclature from the Consortium for Functional Glycomics. 

Results 

Preparation of dephosphorylated and/or deglycosylated ovalbumin

Enzymatic removal of PTMs potentially simplifies the variety of proteoforms 
and thus the resulting MS spectra, providing necessary information for elucidat-
ing co-appearing proteoforms. For dephosphorylation, it is possible to remove 
all the phosphate groups from ovalbumin using CIP. In the case of deglycosyla-
tion, the generally used N-glycosidase F (PNGase F) for the cleavage of Glc-
NAc-Asn linkages in denatured N-glycoproteins, thereby releasing the attached 
ensemble of N-glycans, turned out to be ineffective for ovalbumin under native 
conditions (data not shown). Probably, the GlcNAc-Asn linkage is not easily ac-
cessible in the ovalbumin native conformation. Inspection of the crystal structure 
of uncleaved ovalbumin showed that the glycosylation site N292 is located in 
the loop between an α-helix and a β strand.11 The GlcNAc-Asn292 linkage could 
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be tightly packed in the native ovalbumin conformation making it not easy for 
PNGase F to approach.  

As we like to avoid denaturing conditions,12 we explored the use of en-
do-b-N-acetylglucosaminidases, and we found that endo F1 was less sensitive 
to the ovalbumin conformation and therefore more suitable for deglycosylation. 
Endo F1 releases oligomannose- and hybrid-type N-glycans, provided that no 
intersecting GlcNAc is present, generating an ovalbumin form with one GlcNAc 
residue remaining on the Asn residue.13-15 In accordance in our experiments, not 
all glycans were removed from the intact ovalbumin by Endo F1, but we could 
use this enzyme specificity to assist our glycan assignments.

Analysis of dephosphorylated and deglycosylated ovalbumin

We measured the natural unprocessed (a), deglycosylated (b), dephosphory-
lated (c), deglycosylated and dephosphorylated (d) ovalbumin by native mass 
spectrometry using the modified Orbitrap Exactive. The resulting four spec-
tra are depicted in Figure 1a-d. Signals were averaged only for a few minutes, 
consuming a few femto-mole of sample. Whereas ESI under denaturing con-
ditions results in ovalbumin ions with charge states between [M+18H]18+ and 
[M+45H]45+ (Supporting Information, Figure S-1b), ESI under native conditions 
results in ovalbumin ions with signals primarily concentrated (over 95%) in only 
two charge states, increasing the signal-to-noise ratio (S/N), reducing potential 
overlap between different species, and facilitating convolution to a zero-charge 
mass spectrum. The high S/N ratio (~11000) in these spectra allows us to detect 
low abundant proteoforms next to the highest abundant ones. Practically, the ra-
tio in abundance between the highest and lowest abundant assigned proteoforms 
was 800 (i.e. 0.1% relative to the base peak), a reasonable dynamic range in 
terms of native MS. 
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Figure 1: Full native ESI-MS spectra acquired on a modified Orbitrap Exactive 
of a) unprocessed, b) deglycosylated, c) dephosphorylated and d) deglycosylat-
ed and dephosphorylated ovalbumin from m/z 2000 to 6000. There are two series 
of proteoforms present in the spectra displayed in b) and d) because the degly-
cosylation is incomplete due to enzyme specificity of Endo F1. The inset shows 
the crystal structure of chicken ovalbumin with the two reported phosphorylation 
sites, the N-acetylated terminus and the glycosylation site annotated.
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Figure 2: Zoom in on the [M+13H]13+ charge state, native ESI-MS spectra of 
a) unprocessed, b) deglycosylated, c) dephosphorylated and d) deglycosylated 
and dephosphorylated ovalbumin. From comparing the spectra in b) and d) the 
two phosphorylation sites could be confirmed. The average mass of the “naked” 
ovalbumin polypeptide backbone (with N-acetylation, and one GlcNAc) deter-
mined from the spectrum d) is 42995.35 Da, within 1.23 ppm of the expected 
mass (42995.29). The abundance ratio between the maximum and minimum de-
tectable and assigned proteoforms is ~800.

In Figure 2 we zoom in looking only at the signals of the [M+13H]13+ ions, 
with again the natural unprocessed (a), deglycosylated (b), dephosphorylated (c), 
deglycosylated and dephosphorylated (d) ovalbumin. Focusing first on the least 
composite spectrum of the deglycosylated and dephosphorylated ovalbumin in 
Figure 2d, we can extract from the most intense signal (at m/z 3300) the oval-
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bumin protein polypeptide backbone mass, without the decoration of glycosyla-
tion and phosphorylation. The mass of the polypeptide backbone of ovalbumin 
can be derived from the DNA16 sequence to be 42750.19 Da. In our analysis 
after the removal of glycans by Endo F1 and the phosphates by CIP, there are 
still an N-acetylation (42.01 Da) and a GlcNAc residue (203.1950 Da) attached 
to the polypeptide chain. The experimentally measured mass is 42995.35 Da, 
which deviates by only 1.23 ppm from the predicted mass taking these latter 
modifications into account (42995.28 Da). In Figure 2d only a few other signals 
are observed, all of which can be assigned. In agreement with previous stud-
ies, ovalbumin is predominantly acetylated at the protein N-terminal,17 howev-
er, our data also indicate the presence of a proteoform (42953.30 Da) lacking 
the N-acetylation (delta mass 42.05 Da), with a relative abundance of 6.20% 
compared to the N-acetylated species. In accordance, with literature13 we found 
that not all glycans could be removed by Endo F1, resulting in several residual 
ion signals around m/z 3420. The result is in agreement with the statement of 
Endo F1 specificity, wherein high-mannose type (numbered 1, 2, 4, 8) and hybrid 
type (numbered 3, 5, 9) glycans have been completely released (cleavage Glc-
NAc-GlcNAc linkage), leaving hybrid type glycans with intersecting GlcNAc 
and complex-type di-, tri- and tetra-antennary structures (numbered 6, 7, 10-16, 
18-45). 

Analysis of deglycosylated ovalbumin

After deglycosylation by Endo F1, the spectrum being presented in Figure 
2b was recorded, wherein the number of co-appearing proteoforms is clearly 
reduced (compare Figures 2b and 2a), facilitating to extract data regarding the 
protein phosphorylation. Around m/z 3320 in Figure 2b two main ion signals 
are observed. Their corresponding masses are 43075.35 Da and 43155.35 Da, a 
mass difference of 80.07 and 160.07 Da compared to the N-acetylated polypep-
tide backbone mass, respectively. These data indicate that the major ovalbumin 
species is di-phosphorylated (77.3%), with also a quite abundant mono 

phosphorylated proteoform (21.6%). In addition, we found a low abundant 
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species (1.1%) corresponding to the non-phosphorylated ovalbumin. It is well 
known from literature that ovalbumin bears only two residues that are highly 
phosphorylated (i.e. S68 and S344). Our results are quantitatively reasonably 
consistent with earlier studies by SDS-PAGE, reporting primarily di-phosphory-
lation with mono-phosphorylation to be present for about ~34%.18-19

Analysis of dephosphorylated ovalbumin

After treatment by CIP the base-line resolved spectrum of dephosphorylated 
ovalbumin displayed in Figure 2c presents ideal data to dissect the variation 
in glycosylation, which is the main cause of ovalbumin micro-heterogeneity. 
A comparison of the spectra of dephosphorylated (Figure 2c) and unprocessed 
ovalbumin (Figure 2a), reveals a clear reduction in the numbers of proteoforms, 
caused by complete dephosphorylation. We calculated the mass of individual 
glycan structures by subtracting 42995.35 Da (the mass of the deglycosylated 
and dephosphorylated polypeptide backbone of ovalbumin) from each identified 
glycoform, and the mass of one GlcNAc (203.19) and the reduced N-terminus 
(18.01). Next, we constructed a mass difference matrix to identify relationships 
between any two detected masses, whereby an “exact” difference of one

monosaccharide (hexose/Hex, N-acetylhexosamine/HexNAc, deoxyhexose/
dHex, sialic acid/Sia) was considered a match. As is evident from Table 1, in 
total, an unprecedented number of 45 different compositions, built up from Hex 
and HexNAc units supplemented a few times with one or two Sia (= N-acetyl-
neuraminic acid/Neu5Ac) residues, could be detected and assigned with satisfy-
ing accuracy. These glycan structures range in mass from about 1000 Da to 3500 
Da, and consist of 6 to 19 monosaccharide moieties. We also quantified all these 
glycoforms summing the ions signals over all observed charge states (Table 1). 
For less than half, i.e. 19 out of the 45 compositions (detected masses), gly-
can structures have been previously annotated in chicken ovalbumin (Table 1). 
Among the remaining 26, we found 7 compositions that fit reference structures 
as being reported for pigeon ovalbumin.20 
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Table 1: Quantitative glycan profiling of chicken ovalbumin. Mass and relative 
abundance of each detected and annotated proteoform are listed. The table also 
includes the proposed glycan compositions in terms of Hex (hexose; galactose/
Gal + mannose/Man), HexNAc (N-acetylhexosamine; N-acetylglucosamine/
GlcNAc), and Sia (sialic acid; N-acetylneuraminic acid/Neu5Ac), calculated 
glycan mass, its deviation from the expected mass, and its relative abundance, 
all extracted from a single native ESI-MS spectrum. Additionally, a list of ref-
erences, corresponding to earlier established ovalbumin glycan structures (see 
Supporting Information Figure S-3), is presented.

No.
Mass 
(Da) Abu % Compositiona

Glycan 
(Da)

Ref 
(Da)

Dev 
(Da)

Struc-
ture b Ref c

1 43848.35 3.99 Hex4HexNAc2 1074.32 1072.95 1.38 + 26,29,39,47

2 44010.59 91.83 Hex5HexNAc2 1236.56 1235.09 1.47 + 24,31,37,39,42,47

3 44047.12 24.76 Hex4HexNAc3 1273.09 1276.14 3.05 + 47

4  44171.01 74.12 Hex6HexNAc2 1396.98 1397.23 0.25 + 24,31,35,37,42,47

5 44211.57 35.37 Hex5HexNAc3 1437.54 1438.28 0.74 + 47,52

6 44252.13 18.89 Hex4HexNAc4 1478.10 1479.34 1.23 + 35,37,42,47,52

7 44292.56 8.13 Hex3HexNAc5 1518.53 1520.40 1.87 + 32,35,37,42,47

8 44333.64 6.02 Hex7HexNAc2 1559.61 1559.37 0.24 + 25,34,37,39,42,47

9 44374.07 8.51 Hex6HexNAc3 1600.04 1600.42 0.38 + 47

10 44415.46 100.00 Hex5HexNAc4 1641.43 1641.48 0.05 + 25,31,37,39,47,52

11 44454.94 46.13 Hex4HexNAc5 1680.91 1682.53 1.62 + 25,34,37,39,42,47

12 44494.04 8.81 Hex3HexNAc6 1720.01 1723.60 3.59 + 32,39,47

13 44577.60 9.87 Hex6HexNAc4 1803.58 1803.62 0.04 --
14 44618.60 33.22 Hex5HexNAc5 1844.57 1844.67 0.10 + 27,37,39,47

15 44656.56 8.32 Hex4HexNAc6 1882.53 1885.73 3.19 + 34,39,47

16 44698.16 2.89 Hex3HexNAc7 1924.13 1926.79 2.66 + 47

17 44740.27 1.34 Hex7HexNAc4 1966.24 1965.76 0.48 --
18 44780.97 9.61 Hex6HexNAc5 2006.94 2006.81 0.13 + 27,31,37,39,47

19 44816.14 1.81 Hex5HexNAc6 2042.11 2047.88 5.77 + 47

20 44909.27 4.38
Sia1Hex5Hex-

NAc5 2135.24 2135.77 0.53 --

21 44947.26 2.04
Sia1Hex4Hex-

NAc6 2173.23 2176.82 3.59 --
22 44981.91 0.47 Hex6HexNAc6 2207.88 2210.01 2.13 + 47
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23 45071.09 2.62
Sia1Hex6Hex-

NAc5 2297.06 2297.91 0.85 + 36

24 45105.92 2.52
Sia1Hex5Hex-

NAc6 2331.89 2338.96 7.07 --
25 45143.66 0.74 Hex7HexNAc6 2369.63 2372.15 2.52 +, G 20

26 45199.09 0.20
Sia2Hex5Hex-

NAc5 2425.06 2426.86 1.80 --

27 45267.54 1.89
Sia1Hex6Hex-

NAc6 2493.51 2501.11 7.59 +, G 20

28 45307.79 2.04 Hex8HexNAc6 2533.76 2534.29 0.53 + 20

29 45348.27 0.94 Hex7HexNAc7 2574.24 2575.35 1.11 --
30 45470.87 1.28 Hex9HexNAc6 2696.85 2696.44 0.41 +, G 20

31 45511.56 2.42 Hex8HexNAc7 2737.53 2737.49 0.04 --
32 45551.56 1.52 Hex7HexNAc8 2777.53 2778.54 1.01 --
33 45632.73 0.32 Hex10HexNAc6 2858.70 2858.58 0.12 +, G --
34 45673.76 0.64 Hex9HexNAc7 2899.74 2899.63 0.10 +, G 20

35 45714.78 2.27 Hex8HexNAc8 2940.75 2940.68 0.06 --
36 45753.97 1.00 Hex7HexNAc9 2979.94 2981.74 1.80 --
37 45835.80 0.28 Hex10HexNAc7 3061.78 3061.77 0.00 +, G 20

38 45877.05 0.80 Hex9HexNAc8 3103.03 3102.83 0.20 --
39 45917.96 1.00 Hex8HexNAc9 3143.93 3143.88 0.05 --

40 46001.66 0.23
SIa1Hex8Hex-

NAc8 3227.64 3231.78 4.14 --
41 46039.44 0.27 Hex10HexNAc8 3265.41 3264.97 0.44 --
42 46080.34 0.50 Hex9HexNAc9 3306.31 3306.02 0.29 --
43 46120.66 0.62 Hex8HexNAc10 3346.64 3347.07 0.44 --

44 46203.77 0.16
Sia1Hex8Hex-

NAc9 3429.74 3434.98 5.23 +, G 20

45 46241.18 0.13 Hex10HexNAc9 3467.16 3468.16 1.01 --
a For the interpretation from composition to glycan structures, see Supporting Information, Figure S-2, 3 and 4.
b  In this column, “+” refers to all cases wherein at least one structure was reported. Meanwhile, the possible 
“unusual” moieties in chicken ovalbumin 

glycan structures are highlighted: “G” refers to Gal(α1-4)Gal unit.
c Underlined ref is for pigeon ovalbumin, rest are for chicken ovalbumin. Compositions with no previous an-
notation are marked with “--”. 
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Analysis of unprocessed ovalbumin

Evidently, it would be advantageous to analyze the micro-heterogeneity of 
endogenous proteins avoiding the use of enzymes to cleave off some of the 
modifications, as in any of these processes information or sample can get lost. 
Moreover, also the reproducibility of such procedures is not trivial. Obviously, 
the mass spectrum of unprocessed ovalbumin (Figure 1a and Figure 2a) rep-
resents the most complex spectrum. In the spectra of unprocessed ovalbumin, we 
could readily separate by mass and distinguish around 60 different proteoforms. 
In Figure 3 we plotted as mirror images the zero-charge convoluted spectra of 
natural unprocessed ovalbumin (in blue) and dephosphorylated ovalbumin (in 
black). For a more clear comparison, the spectrum of unprocessed ovalbumin 
was shifted by 160 Da to lower mass, so that the doubly phosphorylated peaks 
in unprocessed ovalbumin align with their non-phosphorylated peaks in dephos-
phorylated ovalbumin. In Figure 3 the smaller peaks (above ~45,000 Da) have 
been magnified by a factor of 10. Still they represent based on their mass shifts 
(see Table 1) genuine structures, that correspond to glycan structures, but also 
due to the fact that also these signals are responsive to the dephosphorylation by 
CIP in an alike manner as the more abundant signals. In these images all peaks 
that show reduced abundance or even disappear correspond to phosphorylated 
proteoforms. A minor caveat is that we cannot easily resolve the difference be-
tween two phosphorylations (160 Da) and one hexose residue (162 Da), resulting 
in partial overlap of different proteoforms. For example, the in Figure 3 anno-
tated glycoform 8 can also be assigned to glycoform 10 bearing a single phos-
phorylation on phosphorylation site S68 or S344. After removal of the phosphate 
groups, the relative abundance of peak 10 reduces, indicating that this peak is 
most likely a mixture of two proteoforms: one is di-phosphorylated ovalbumin 
with glycan 8 on glycosylation site N292; the other is a singly phosphorylated 
ovalbumin bearing glycan 10. Such partial overlap could possibly induce the 
relatively large mass deviations observed for some glycan structures in Table 
1 (composition numbers 3, 12, 15, 16, 19, 21, 24, 27, 40, 44). In summary, we 
profiled 59 different proteoforms in natural unprocessed chicken ovalbumin, in-
cluding 45 proteoforms with different glycans, 13 mono-phosphorylated proteo-
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forms, a few non-phosphorylated proteoforms and a few wherein the N-acetyla-
tion was missing. The identified glycan masses ranged from about 1000 to 3500 
Da, and their relative intensities spanned about 2 orders.

Figure 3: Characterization of 59 proteoforms in chicken ovalbumin. a) Vari-
ations caused by the widespread glycosylation could be most easily identified 
and assigned using the spectrum of dephosphorylated ovalbumin. By comparing 
this spectrum in a) to unprocessed ovalbumin in b), proteoforms with either one 
or two phosphorylation sites could be detected (with the single phosphorylated 
peaks annotated in purple). The proteoform lacking N-terminal acetylation is 
marked as N* in pink. The signals in the gray box are multiplied by a factor of 
10, and highly enriched in the less reported glycan structures. We hypothesize 
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that several of the complex-type glycans in the composition range 24-45 are in 
fact extensions of the well-established complex-type glycans from the composi-
tion range 1-23, namely, with terminal Gal(α1-4)Gal and polylactosamine units 
, in separated or mixed form.

Discussion

Qualitative and semi-quantitative analysis of proteoforms of ovalbumin

The high-resolving power of the modified Exactive Orbitrap mass analyzer at 
elevated m/z allows confident separation and mass assignment of all the co-ap-
pearing proteoforms in chicken ovalbumin, enabling qualitative structural anal-
ysis from a single spectrum in a matter of minutes consuming only a few fem-
to-mole of unprocessed analyte. Semi-quantitative analysis of ovalbumin PTMs, 
such as N-acetylation cleavages, phosphorylation and extensive glycosylation, 
are in satisfying agreement with previous studies using classical analytical tech-
niques such as SDS-PAGE, CE and MALDI-MS. Therefore, we consider our 
method based on high resolution mass spectrometry as a confident strategy for 
the characterization of protein micro-heterogeneity. More than half of the iden-
tified proteoforms are present below 5% relative abundance. Direct analysis to-
wards these less populated proteoforms would be much more difficult using tra-
ditional techniques based on bottom-up proteome analysis and chromatography, 
since information might be omitted during the sample preparation, separation or 
detection process. 

Benchmarking against reported literature

Over the past decades the N-glycosylation of chicken ovalbumin has been 
examined by a plethora of analytical techniques, making it already before this 
study one of the best-characterized glycoproteins.21-57 In fact, the glycoprotein 
has been quite often selected as a model compound in the development of new 
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strategies for the structural analysis of N-glycosylation patterns, making use of 
chemically or enzymatically released carbohydrate chains from denatured ma-
terial. It should be noted that in most studies commercially available ovalbumin 
preparations have been used instead of highly purified samples. In view of this, 
it has been reported that among the many assigned glycan structures in the litera-
ture, several structures do not originate from ovalbumin, but from contaminating 
glycoproteins, such as ovomucoid,39, 47, 58-63 ovotransferrin32, 39 or riboflavin bind-
ing protein.47, 64-65 Although for our research we have used commercial chicken 
ovalbumin (grade V), our data exclude such possibilities, as by analyzing the 
intact glycoprotein instead of the released glycans, we unambiguously link the 
observed glycan compositional data to the ovalbumin polypeptide backbone. It 
should be noted that in our analysis we did not observe any traces of ovomu-
coid (28 kDa) or ovotransferrin (77 kDa), glycoproteins which should easily be 
mass-resolved from ovalbumin. For the majority of the 45 compositions in terms 
of SiaxHexyHexNAcz, as presented in Table 1, we have shown the translation 
into real glycan structures based on Neu5Ac, Gal, Man and GlcNAc, as available 
from the literature, in Supporting Information, Figure S-2. The symbolic notation 
of the N-glycan structures and linkages are explained in Supporting Information, 
Figure S-3. Most of the assigned structures are based on highly detailed previous 
studies on chicken ovalbumin using methylation analysis in combination with 
liquid chromatography/exoglycosidase digestions (composition numbers 1, 2, 4, 
8, 10, 11, 14, 18, 23),24-27, 36 NMR spectroscopy (composition numbers 1, 2, 4, 
6-8, 10-12, 14-16, 18),29, 31-32, 34-35, 39, 42 2D HPLC in combination with exoglyco-
sidase digestions (composition numbers 2, 4, 6, 7, 8, 10, 11, 14, 18),37 MAL-
DI-TOF MS in combination with exoglycosidase digestions, including NMR 
and enzymatic data of earlier reports (composition numbers 1-12, 14-16, 18, 19, 
22),47 and detailed MS fragmentations studies (composition numbers 5, 6, 10).52 
The references included in Table 1 and Figure S-2 refer to these original studies. 

In a detailed study, Harvey et al.47 compared the structures of the released gly-
cans of commercial chicken ovalbumin (grade V) with those of HPLC-purified 
chicken ovalbumin, and gave a list of glycans which in their opinion were orig-
inating from contaminating glycoproteins. This holds especially for tetra-anten-
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nae (2,4 and 2,6 branching) and penta-antennae (2,4 and 2,4,6 branching) with 
intersecting GlcNAc, being found in ovomucoid58-63 and for some of the smaller 
structures. Their conclusion that the glycans related to the composition numbers 
1, 3, 16, 19 and 22 do not belong to chicken ovalbumin is not in agreement with 
our findings. Although there is NMR proof for a penta-antennary structure with 
intersecting GlcNAc for composition number 16 in chicken ovalbumin (grade 
V,42 it could be that this structure, like all the other penta-antennary structures,47 
belong to ovomucoid.58-59 With some exceptions, as mentioned above, over the 
whole range our findings are consistent with the findings of Harvey et al. in 
terms of glycan structures, mass distribution and even relative abundance. The 
five most abundant glycan structures they observed (numbered 4, 8, 15, 19/20, 
25 in their Figure 3a) also match the top 5 in our data (numbered 2, 4, 10, 14, 18 
in Table 1). It should be mentioned that they stated that the N-glycan profiles of 
the intact HPLC-purified chicken ovalbumin, as studied by ESI-MS, and the re-
leased glycans matched each other. Two earlier ESI-MS investigations on intact 
chicken ovalbumin showed only a small part of the 45 compositions found in our 
study. In the first study,41 the composition numbers 2, 4, 10, 13, 14 and 18 (Table 
1) were identified, and in the second study,49 the composition numbers 2, 4, 6, 8, 
10, 12, 13, 14, 16 and 18 (Table 1) (the reported compositions Hex3HexNAc4 and 
Hex4HexNAc7 were not detected in our study).

Inspection of the presented glycans with composition numbers 1-23 (Table 
1) confirmed the presence of oligomannose-type, hybrid-type with and without 
intersecting GlcNAc, and complex-type di-, tri- (2,4 or 2,6 branching) and tet-
ra-antennary (2,4 and 2,6 branching) structures with intersecting GlcNAc. In-
spection of the remaining composition numbers 24-45, primarily heavier in mass 
and more complex, accounting cumulatively for 4.1% of the total ion intensity in 
the unprocessed ovalbumin mass spectra, showed for the numbers 25, 27, 28, 30, 
34, 37 and 44 a fit with glycan structures, earlier reported for pigeon ovalbumin 
(Table 1).20 In the latter study, the assigned structures have been estimated by 
FAB-MS and ESI-MS in combination with methylation analysis and 3D HPLC/
exoglycosidase digestions, and are part of a series of N-glycans containing ter-
minal Gal(α1-4)Gal epitopes. These findings contradict previous suggestions 
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claiming the total absence of Gal(α1-4)Gal entities in Galliformes (chicken).66 
We tried to confirm the Gal(α1-4)Gal structure using α(1-3,-4,-6)-galactosidase 
from coffee bean, but this enzyme did not show any activity to intact chicken 
ovalbumin under native conditions. Still, our data reveal that it is highly likely 
that several Gal(α1-4)Gal glycan structures in very minor amounts are present 
in chicken ovalbumin. We believe they have not been reported before, by other 
techniques, due to their very low relative abundance. 

Another aspect, when trying to convert compositions in the range 24-45 to 
glycan structures, is the high number of HexNAc units. Focusing on composition 
number 36, Hex7HexNAc9 (i.e. Gal4Man3GlcNAc9), it is clear that even sug-
gesting penta-antennary (2,4 and 2,4,6 branching) structures with intersecting 
GlcNAc, a repeating Gal(b1-4)GlcNAc unit (polylactosamine type), should be 
present. Taking into account that penta-antennary structures (with and without 
intersecting GlcNAc) have been indicated not to belong to chicken ovalbumin, 
but for instance to contaminating chicken ovomucoid,47 we hypothesize that 
several of the complex-type glycans in the composition range 24-45 are in fact 
extensions of the well-established complex-type glycans from the composition 
range 1-23, namely, with terminal Gal(α1-4)Gal and polylactosamine units, in 
separated or mixed form (see e.g. hypothetical tri- and tetra-antennary glycan 
structures with intersecting GlcNAc for composition number 36 in Figure S-4).

Strengths and limitations of the approach

Compared to current analytical approaches for analyzing protein micro-het-
erogeneity, for instance by chromatographic-based techniques (SCX, HILIC), 
gel electrophoresis (SDS-PAGE, 2D gel) and capillary electrophoresis, high res-
olution native ESI-MS separates proteoforms based on their mass. Our approach 
has some clear distinct advantages. First, it consumes very little sample and time 
to obtain reliable information. Secondly, it gives a panoramic view of all co-ap-
pearing species including low abundant ones. Thirdly, it excludes possible inter-
ference from co-purified contaminant proteins.
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In contrast to classical glycan structure studies, we electrospray spray the in-
tact protein instead of the released glycans or glycopeptides, measuring mass 
shift between different glycoforms on the intact polypeptide backbone. In this 
way, we significantly reduce any bias induced by difference in the ionization 
efficiency towards different sugar residues (for example sialic acid). Further-
more, incomplete digestion due to enzyme specificity is not a problem for the 
glycan assignment. In this way, it is possible to preserve comprehensive infor-
mation even for lower abundant glycoforms. In principle, the analysis presented 
here could also be done by ESI-MS on denatured proteins, introduced into the 
mass spectrometer either by LC-MS or direct infusion. Certainly, the resolution 
of the Orbitrap and other FT mass analyzers is even higher in the lower m/z 
ranges, which is necessary to detect and resolve the highly charged proteins. As 
discussed above, ovalbumin sprayed from such a denaturing solution, typically 
used in MS, leads to a very broad charge envelope ranging from [M+18H]18+ 
to [M+45H]45+, see Figure S-1. The inherent disadvantages of using denaturing 
conditions are a) it is less “native” due to the loss of protein tertiary structure, 
b) ion signals are spread out over more species, which reduces S/N, and c) all 
ion signals appear in narrower m/z windows, making undesirable overlap more 
likely.

An obvious disadvantage of our strategy is that it is rather blind in assessing 
monosaccharide stereoisomers, type of linkages, anomeric configurations, and 
glycan branching, which still would require dedicated glycan analysis by NMR 
spectroscopy, LC combined with exo-glycosidases and methylation analysis or 
MS/MS.

Future perspective

Protein micro-heterogeneity resulting from genetic variants, RNA editing, 
cellular processing or PTMs  can affect protein activity and stability, also in 
the case of recombinant therapeutic proteins.67-69 Therefore, analysis of protein 
micro-heterogeneity is crucial. Yet, it remains analytically challenging since it 
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requires high-resolution separation techniques. We foresee that native ESI-MS 
using the modified Orbitrap Exactive high resolution mass analyzer will make 
a significant contribution to the field, as demonstrated here by taking the pro-
to-typical endogenous protein ovalbumin as a model case. One single native 
ESI-MS spectrum reveals the masses and relative abundances of each co-occur-
ring proteoform, providing a qualitative and semi-quantitative fingerprint spec-
trum. This will allow analysis of any PTM (phosphorylation, glycosylation, ly-
sine-acetylation, etc.) at the intact protein level. These analyses are applicable to 
any class of proteins and can complement typical top-down proteomics experi-
ments. Especially, kinases, oncogenes and chromatin-related proteins are known 
to be decorated by a plethora of functionally important PTMs, leading to rather 
complex protein micro-heterogeneity. The achieved high-mass resolving power 
and high-mass accuracy allows for comprehensive, in-depth and detailed parallel 
characterization of various modifications, contributing to our understanding of 
protein functioning in general.

Conclusions

Here, we present a new strategy to analyze protein micro-heterogeneity. Using 
a modified Orbitrap Exactive mass analyzer, we performed native MS exper-
iments on intact chicken ovalbumin. An unprecedented number of around 60 
proteoforms could be distinguished and baseline separated by mass. After enzy-
matic removal of part of the glycan chains and/or phosphate groups from intact 
ovalbumin, the micro-heterogeneity reduced extensively. All identified proteo-
forms, could not only be detected but also assigned and semi-quantified. When 
structural data were available, our assignments were in good agreement with the 
literature. Furthermore, we also identified and assigned more than 20 previously 
unreported new glycan structures, providing evidence suggesting the existence 
of Gal(α1-4)Gal and polylactosamine type units,  revealing novel aspects in the 
glycobiology of chicken ovalbumin. 
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Supporting Information Figure S-1: a) Native ESI-MS spectrum of the un-

processed ovalbumin acquired on a modified ESI-TOF instrument (LCT, Waters, 

Manchester, UK). Ovalbumin was sprayed from 150 mM aqueous ammonium 

acetate at pH 7.5. The following parameters are used: Capillary voltage 1300 

V; sampling cone 50 V; source backing pressure 7.2 mbar. b) Denatured ESI-

MS spectrum of the unprocessed ovalbumin acquired on a modified ESI-TOF 

instrument (LCT, Waters, Manchester, UK). Ovalbumin was sprayed from a 

water-acetonitrile mixture (1:1 ratio) containing 0.2% formic acid. The follow-

ing parameters are used: Capillary voltage 1300 V; sampling cone 50 V; source 

backing pressure 7.2 mbar.
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Supporting Information Figure S-2: Survey of assigned N-glycans of chick-

en ovalbumin based on earlier literature reports (references are shown below the 

structures) and according to known biosynthetic pathways. 
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Underlined referenes are from pigeon ovalbumin. For non-assigned structures 

only brutoformula are given, as explained in the text.

Supporting Information Figure S-3: Annotation of N-glycan structures and 

linkages used in this study.

Supporting Information Figure S-4: Several hypothetical glycan structures 

for proteoform 36, i.e. tri- and tetra-antennae with insecting GlcNAc and exten-

sions with polylactosamine (Gal(b1-4)GlcNAc) type units, single Gal residues 

or Gal(α1-4)Gal epitopes.
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ABSTRACT

The molecular complexity of biopharmaceuticals puts severe demands on bio-
analytical techniques required for their comprehensive structural characteriza-
tion. Mass spectrometry (MS) has gained importance in the analysis of biophar-
maceuticals, taking different complementary approaches ranging from peptide 
based sequencing to direct analysis on intact proteins and protein assemblies. 
In this protocol we describe procedures optimized to perform the analysis of 
monoclonal antibodies (mAbs) at the intact protein level under pseudo-native 
conditions, using native MS. Some of the strengths of native MS in the analy-
sis of biopharmaceuticals are the analysis speed, sensitivity and specificity: for 
most experiments the whole protocol requires one working day, whereby tens 
of samples can be analyzed in a multiplexed manner, making it suitable for high 
throughput analysis. The method can be used for different applications such as 
the analysis of mixtures of mAbs, drug-antibody conjugates and the analysis of 
mAb post-translational modifications, including the qualitative and quantitative 
analysis of mAbs glycosylation. 

Keywords

Protein analysis, Native Mass Spectrometry, Biopharmaceuticals, Monoclonal 
Antibodies, Antibody Mixtures, Glycosylation
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INTRODUCTION

More than 30 monoclonal antibody–based therapeutics have been approved in 
the last 25 years. While the majority of clinically used monoclonal antibodies 
(mAbs) have been developed for the treatment of different cancer types1, there 
are also some applications for infectious and immunological diseases. In this 
protocol we describe our method for characterizing intact mAbs using native 
mass spectrometry (native MS). 

Antibody-based therapeutics

Of the five classes of human antibodies, IgGs are, up to now, the dominant an-
tibody class employed as therapeutics. Naturally occurring IgGs are 150 kDa 
four-component systems, resulting from the dimerization of two identical light-
heavy chain pairs. Their typical Y-shape structure (Fig. 1) harbors three distinct 
regions: two antigen binding fragments (Fabs) and the crystallizable fragment 
(Fc) linked together via the so-called hinge region. Each of the two Fabs consist-
sof one light chain and the VH and CH1 domains of one heavy chain. Comple-
mentary determining regions (CDRs), i.e., the regions accounting for the antigen 
binding, normally involve both light and heavy chains and are situated at the 
extremity of the Fabs. The Fc tail is involved in the dimerization of the two light-
heavy chain pairs whereby especially the CH2 and CH3 domains of each heavy 
chain are involved in the interaction.
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Figure 1. Schematic structure of an IgG1 antibody. Three main regions can be 
distinguished in the antibody structure: the Fc region, involved in the dimeriza-
tion between the two heavy chains (dark blue), and two Fab regions, which re-
sult from the interaction between one light chain (light blue) and one heavy 
chain typically coupled by disulfide bridges. The two Fabs are connected with 
the Fc via the hinge region, where inter-chain disulfide bridges between the two 
heavy chains occur. Glycosylation, the dominant PTM on IgGs, occurs in the 
CH2 domain, while variable domains (VL=variable light; VH=variable heavy) 
determine antibody specificity and contain the antigen binding site (CDR, com-
plementary determining regions).

Structurally, IgG antibodies are highly dynamic and flexible. Such flexibility 
hampers their crystallization, but through a few available high-resolution X-ray 
structures the general concepts of the structure of antibodies are known2,3. The 
structural complexity of IgG is amplified by a variety of post-translational mod-
ifications (PTMs), which increases their molecular heterogeneity substantially, 
giving rise to a mixture of different proteoforms/glycoforms for a single mAb 
product4. The main source of molecular heterogeneity is due to N-glycosylation. 
IgGs are extensively (i.e. stoichiometrically) glycosylated at the Asn297 of the 
CH2 domain of each heavy chain while, more rarely, an additional glycosylation 
site can be present in the Fab regions. Most mAbs, expressed in mammalian cell 
lines, consists of a mixture of 3 to 5 abundant glycoforms5-8. Other modifica-
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tions, either resulting from cellular processing or introduced by sample handling 
or storage, can contribute to sample complexity. These include disulfide bridg-
es between Cys residues, N-terminal glutamine cyclization, C-terminal lysine 
clipping, oxidation, deamidation, non-enzymatic glycation, sequence truncation 
and/or single amino acid substitutions9-13.

To enhance therapeutic potential, complexity is sometimes also intentionally 
further increased. For instance, an emerging field in antibody-based therapy in-
volves mixtures of mAbs. The combination of different mAbs in a single ther-
apeutic product with different molecular targets or mechanisms of action can 
result in improved pharmacological profiles compared to the single mAb14,15, 
although this evidently comes at the expense of increase product heterogeneity. 
Another emerging field is the use of conjugates between antibodies and small 
molecule drugs; the antibody may for instance be used to target the coupled toxic 
anti-cancer drug to the tumor cells16,17.

The importance of Quality Control

For the use of mAbs as therapeutic products, it is important to characterize their 
composition and molecular heterogeneity in detail as each component can affect 
the safety and efficiency of the product. A thorough structural characterization 
is required not only in the development stage of the antibodies, but also in the 
production stage to control inter-batch consistency. Such analysis also helps to 
distinguish biosimilars from the original product18. To accomplish a detailed 
structural characterization, a wide range of techniques are used, and chromato-
graphic techniques and mass spectrometry dominate such workflows 19-21. In the 
next section, we will describe in more detail one of the emerging approaches, i.e. 
native MS, and highlight the unique and/or complementary features this method 
brings to the analysis of therapeutic mAbs. 

Native MS for the analysis of mAbs

With the progressive improvements in sensitivity, resolution and mass accuracy 
of mass spectrometers and subsequent development of new MS-based methods, 
MS is gaining rapidly momentum in the analysis of mAbs and other protein 
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therapeutics. The mass spectrometric analysis of mAbs at the intact protein lev-
el is already routine in many pharmaceutical and biotechnology laboratories. 
It is used for antibody identification by accurate mass measurements, to assess 
purity, but also to profile antibody glycosylation22. Yet, for this type of analysis, 
denaturing conditions are still most commonly used, often in combination with 
liquid chromatography. This approach, although fast and sensitive, does not pre-
serve non-covalent interactions and native-folded structures, and occasionally 
biopharmaceutical products are less stable and may aggregate under the condi-
tions used for LC-MS.

Native MS is a particular mass spectrometric technique that allows the analysis 
of intact proteins and protein complexes under more native conditions23-25. The 
use of aqueous buffers and nano-electrospray ionization (nESI) allows the reten-
tion of non-covalent interactions and the folded native conformation, broadening 
the range of applications for the analysis of mAbs. Moreover, native MS pos-
sesses some advantages over the conventional denaturing approach even in those 
cases where the retention of non-covalent interaction is not strictly necessary. 
Due to the folded conformation of the protein, the resulting native mass spec-
trum of a mAb is characterized by a smaller charge-state envelope that simplifies 
the spectra and also condenses the ion signals into fewer peaks increasing the 
signal to noise ratio. 

During the last few years, others and we have described how native MS can be 
applied in the structural characterization of intact mAbs18,26,27. Most recently, we 
introduced a modified Orbitrap-based mass spectrometer (Exactive Plus, Ther-
moFisher) to the field of native MS that enables measurements with improved 
mass resolving power and accuracy28,29. This higher resolving power allows the 
identification of multiple co-occurring PTMs and other minor modifications in 
mAbs. As the use of such a high resolution instrument is ideal, but not always 
strictly required, in this protocol, we describe the procedures making use of two 
different instrumental platform: time-of-flight (TOF) based mass spectrometers, 
which are still more routinely used for native MS, and the recently introduced Or-
bitrap-based instrument (Fig. 2). We also provide recommendations on the type 
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of applications that can be performed on the TOF instruments, and those that re-
quire the higher resolving power attained made possible by the Orbitrap (Table 1).

Figure 2. Schematic of two mass spectrometers applied in the native anal-
ysis of mAbs. (a) time-of-flight based instrument; the LCT (Waters) and 
(b) an Orbitrap based instrument; Exactive Plus (ThermoFisher Scientific). 
(a) The LCT mass spectrometer comprises of a Z-spray ion source where intact 
mAbs are ionized in their native-like folded conformation using nESI. The ions 



3

98

enter the instrument through the sample cone and are transmitted and focused by 
two hexapoles (RF lens1 and RF lens 2). The pusher sends packages of ions in 
the TOF for their m/z measurements. (b) The Exactive Plus mass spectrometer 
consists of a nESI source wherein, similarly to the LCT, ions are generated. The 
ions are focused and transmitted through a bent flatapole, transport octapole and 
C-trap until they enter the HCD cell. In the HCD cell, the ions are trapped and 
eventually sent to the Orbitrap for accurate mass analysis. 

Table 1. Instrumental features of analyzers used for native MS analysis of 
intact mAbs. The first column describes the inherent mass resolution of the 
mass analyzer, which is typically only reached when measuring mono-isotopic 
ions, such as CsI clusters, which thus can be best used for calibration purposes. 
For more biological relevant molecules such as the mAbs the experimentally 
observed resolving power is much lower and affected by the natural isotope en-
velope and incomplete desolvation and possibly suboptimal detection efficiency. 
We report here both the inherent instrumental mass resolution and the experi-
mental resolving power as full-width at half maximum (FWHM) at 6000 m/z. 
Furthermore, optimal analyte concentrations are given. Concentrations higher 
than 25 mM should be avoided, whereas spectra have been demonstrated re-
corded with 20 nM of mAbs. Lower concentrations can be detected but at the 
cost of lower signal-to-noise ratios and robustness. Due to the presence of the 
quadrupole, the Q-TOF allows ion selection and, therefore, it has tandem-MS 
capabilities. The Exactive Plus Orbitrap instrument does not (yet) allow ion se-
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lection, but on the other hand all ions can be fragmented in the HCD cell (AIF). 

As already mentioned, native MS has a broad range of applications26, from the 
identification of a single mAb by accurate mass measurement to the qualitative 
and quantitative assessment of molecular heterogeneity. Recently, we showed 
how native MS can be also used for the analysis of complex mixtures of mAbs30. 
The protocol presented here can be used not only to identify and relatively quan-
tify all mixture components, but is also useful for the analysis of bispecific an-
tibodies, where, in early stages of the development, the bispecific species often 
contains residual monospecific species. Although not discussed here, we believe 
that this protocol can be further adapted for the analysis of other mAb-based ther-
apeutics, such as such as Fc-fusion proteins and peptides31-33 and tri-functional 
antibodies34. Other types of studies where the native conditions have been strict-
ly required are: the analysis of dimer formation in engineered CH3 domains35; 
antibody aggregation36; and antibody antigen-binding37.

As the aforementioned types of investigation do not require an extremely high 
resolving power, both TOF- and Orbitrap-based instruments can be used equally 
well. On the other hand, when the objective of the study focuses on small modifi-
cations, such as a variety of glycosylations and/or sequence variance, or mixtures 
of mAbs having very small mass differences (less than 0.1% of the total mass), a 
higher resolving power becomes compulsory. Besides higher mass accuracy for 
antibody identification, we recently showed that the Orbitrap-based instrument 
facilitates the characterization of glycosylation profiles, and the identification of 
sequence truncations such as C-terminal lysine clipping, or other modifications 
such as the N-terminal glutamine cyclization38. In order to validate the identity of 
this various modifications, specific enzymes such as neuraminidase (sialidase), 
β1,4-galactosidase, glutaminyl–peptide cyclotransferase and carboxypeptidase 
B can be used39,40. Moreover, the enhanced resolving power allows the character-
ization of higher complexity mixtures of antibodies up to 15 species (Thompson 
et al. submitted), and the qualitative and quantitative analysis of heterogeneous 
antibody-drug conjugates (ADCs)38.
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Advantages and limitations

We argue that native MS exhibits some clear advantages. The measurements 
can be done rapidly (minutes for one analysis) at high sensitivity (requiring 
only pmole of mAbs) and they require a minimum in sample preparation, 
which make it suitable for routine high-throughput analyses. However, there 
are evidently also some limitations. To name a few; smaller mass modifications 
such as caused by deamidation (+1 Da) cannot (yet) be detected. Moreover, 
apart from the C-terminal lysine clipping, N-terminal glutamine cyclization and 
glycosylation that represent well-known modifications, PTMs cannot be easily 
site-localized. For this type of investigations, other approaches, for instance 
bottom-up peptide mapping or top-down fragmentation, are still needed. More-
over, although accurate qualitative and quantitative mass spectrometric data can 
be gathered on the various glycan structures attached to the mAbs38, tandem 
MS and NMR are still needed to convert these masses to correct glycan struc-
tures, including the appropriate linkages in between the sugar moieties.

Experimental design

In the following we describe the main steps in the experimental workflow, giv-
ing, based on our experience, our point of view on how it can be adapted to spe-
cific sample characteristics and aims of the experiments (Fig. 3). Moreover, we 
indicate clearly steps that allow a wider flexibility, giving the user the possibility 
to alter the protocol depending on equipment and software availability.
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Figure 3. Typical workflows for native MS analysis of mAbs. Depending on 
sample characteristics and goal of the experiments, the workflow can be adapted. 
For single mAb identification (red arrows) or characterization of mAb mixtures 
(blue arrows), a deglycosylation step is preferable followed by buffer exchange 
and analysis with either TOF or Orbitrap based instruments. For mAb glycoanal-
ysis (green arrows) the workflow starts directly with the buffer exchange, and 
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the analysis benefits from the use of an Orbitrap based instrument. Additional-
ly, extra experiments, where enzymes for the cleavage of specific carbohydrate 
residues are used instead of PNGaseF, can be performed to confirm and validate 
glycoform assignments (see BOX1). 

1) Deglycosylation. Sample characteristics and the goal of the ex-
periment dictate whether it is beneficial to remove the glycans prior to 
the mass analysis on the intact mAbs. In general, whenever the antibody 
glycans are not the objective of the study, it is valuable to include this 
step in the workflow for a number of reasons. Firstly, after deglycosyla-
tion the mass spectra will become considerably simplified. Secondly, 
the collapse of all peaks arising from different glycosylation states into 
a single peak leads to an increase in signal-to-noise and thus sensitivity. 
Thirdly, whenever the resolution of the instrumentation does not allow 
baseline separation of the different glycoforms, the deglycosylation step 
can be seen as a stratagem to “sharpen” peaks, thus contributing to more 
accurate mass determinations. Also when dealing with antibody mix-
tures and/or antibody-drug conjugates, the deglycosylation step is also 
beneficial as it reduces the likelihood of overlapping ion signals in the 
mass spectra. However, as we show below, mixtures of lower complex-
ity can be analyzed in their native glycosylated state when using higher 
resolution instruments.

Evidently, when the goal of the investigation is the study of antibody gly-
cosylation, samples are directly analyzed in their native glycosylated state. 
However, to further confirm the assignments of glycan structures, the anal-
ysis can be repeated treating the sample with deglycosylation enzymes that 
cleave specific glycan residues. For instance, the enzymes Neuraminidase 
(Sialidase) and β1,4-galactosidase can be used to assess the presence of sial-
ic acids and free galactoses, respectively (Fig. 4).
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Figure 4. Specific glycan digestion under non-denaturing conditions on in-
tact mAbs. For glycan analysis, after the analysis of the glycosylated mAbs, ad-
ditional experiments can be performed using enzymes for the specific cleavage 
of glycan residues such as β1,4-galactosidase and/or Neuraminidase (see also 
Figure 7).

2) Buffer exchange. This is an unavoidable important step for na-
tive MS. Although it has been shown that the required buffer exchange 
can be performed online using size-exclusion chromatography (SEC)27, 
more commonly the analyte is directly infused into the mass spectrome-
ter without any online chromatographic steps. Therefore, it is necessary 
to exchange the original buffer into an MS compatible one preferably 
shortly before the analysis, as samples may be less stable in the pseu-
do-buffers used in native MS. Such an aqueous ammonium acetate solu-
tion does not provide that much buffering capacity, but most proteins 
(and protein complexes) remain bioactive in such a solution, and in their 
native structural conformation. There are various ways to exchange the 
buffer; most often centrifugal-filter concentrators are used because they 
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allow a fast buffer exchange (1-2 hours), and they give the possibility to 
concentrate the sample. Alternatively, the sample can be dialyzed with 
the advantage of a higher recovery, at the cost of lower speed and, often, 
sample dilution. Regarding the molecular weight cut-off (MWCO) of 
the filter (or membrane), for intact mAbs any MWCO lower than 150 
kDa can be used. However, it might be a good habit to use a much lower 
MWCO, such as 10 kDa, that allows you to assess both the purity of the 
sample, and whether mAb fragments are present, e.g. the free light chain 
or dissociation of the two halves of the antibody. We suggest using a buf-
fer of 150 mM ammonium acetate at pH 7.5. Both the ionic strength and 
pH can, however, be varied without significantly affecting the analysis 
(ionic strength 50-200mM; pH 6.5-8). 

3) Native MS analysis. TOF and Orbitrap based mass spectrom-
eters can be used to perform native MS (Fig. 2). In particular for TOF 
instruments, both simple ESI-TOFs as well as more extensive hybrid 
Q-TOFs are suitable for the analysis of mAbs. However, it is worth bear-
ing in mind that Q-TOF instruments used for native MS require some 
special instrument modifications, including a low frequency quadrupole 
that allows transmission of ions at high m/z’s41. Likewise, also the Or-
bitrap instrument dedicated to native MS requires some minor adjust-
ments, albeit that this configuration has now (September 2013) been 
made commercially available. In our view nano-electrospray ionization 
(nESI) is essential for native MS, for efficient volatilization of aqueous 
buffers and for higher sensitivity42,43. Similarly for TOFs and Orbitraps, 
samples can be manually infused into the instrument using gold-coat-
ed capillaries (home-made but also commercially available); otherwise, 
auto samplers for direct infusion represent an attractive alternative espe-
cially for high throughput analysis44,45.

4) Data analysis. The data can be processed in various ways, de-
pending on the structural complexity of the samples, using a few avail-
able software programs. Unfortunately, the type of instrument dictates to 
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a large extent which software may be used for data analysis. Both qual-
itative and quantitative data analysis can be performed either directly 
from the raw spectrum or by implementing a zero-charge convolution of 
the data using software programs such as Protein Deconvolution (Ther-
mo) or MaxEnt (Waters). Various tools are available for the specific data 
analysis of mAbs, such as BPLX or BiopharmaLynx (Waters).

MATERIALS

REAGENTS

•	 Ammonium acetate (Sigma-Aldrich, CAS no. 631-61-8)

•	 High–purity water obtained from a Milli-Q purification system 
(Millipore)

•	 Cesium iodide (Sigma-Aldrich, Cat. no. 203033)

•	 PNGaseF (Roche, REF. 11365193001)

•	 Neuraminidase (Sialidase) (Roche, REF. 10269611001)

•	 β1,4-Galactosidase (Millipore, Cat no. 345806-50MIU)

REAGENT SETUP

•	 Purified mAbs sample. Store at 4 °C.

•	 150 mM ammonium acetate buffer pH 7.5. Dilute the 7.5 M 
stock solution of Ammonium Acetate 50 times using high-purity water. 
Adjust pH using ammonia. Store at 4 °C for max one month.

•	 25 mg/ml Cesium iodide. Dissolve 1.25 g of cesium iodide in 
50 ml of high-purity water. Store at room temperature.

•	 PNGaseF. Dissolve the whole content into 250 µl of high-purity 
water. Store at 4 °C.
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EQUIPMENT

•	 Thermomixer (Eppendorf, Thermomixer comfort)

•	 Milli-Q purification system (Millipore)

•	 Amicon Ultra-0.5 mL Centrifugal Filters 10 kDa MWCO (Mil-
lipore, REF. UFC501096)

•	 Centrifuge (Eppendorf, centrifuge 5417R)

•	 Borosilicate glass capillaries (World Precision Instruments, Inc., 
Cat no. 1B120F-4)

•	 Sutter P-97 puller (Sutter Instrument Co.)

•	 Petri dish (Sterilin Ltd, Cat no: 101VR20)

•	 Edwards Scancoat six sputter-coater (Edwards Laboratories)

•	 Syringe (SGE analytical science, Cat no: 002108)

•	 Fused silica with 250 µm i.d. and 360 µm o.d. (TSP-FS-Tubing, 
TSP-250350)

•	 LCT mass spectrometer (Waters)

•	 Exactive Plus mass spectrometer (ThermoFisher Scientific)

PROCEDURE 

Deglycosylation (optional)

1 | As discussed in the Introduction, glycosylation of Abs at the intact pro-
tein level can be studied by native MS. To perform glycoanalysis by native MS, 
the deglycosylation step using PNGaseF (described in option A), is initially 
skipped and thus, glycosylated antibodies are directly buffer exchanged, infused 
into the MS and analyzed. 

There are also are a number of enzymes available that are able to (specifically) 
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cleave particular carbohydrate residues. Additional mass analysis can be per-
formed using these enzymes, instead of PNGaseF, to further confirm glycan 
structural assignments. 

A procedure using Neuraminidase (Sialidase) and β1,4-Galactosidase on intact 
mAbs under native conditions is described in option B (see also Figure 4). While 
the first enzyme cleaves both α2,3 and α2,6 acylneuraminic acids (Neu5Ac), 
the latter enzyme cleaves only free β1,4-galactoses. Therefore, a mixture of 
the two enzymes is necessary to cleave galactoses substituted with a sialic acid 
(Neu5Ac).

A PNGaseF reaction     TIMING overnight 

i.  Mix 4 units of PNGase F with 25 µg of purified antibody sam-
ple (conc. ~0.5 mg/ml).

ii. Incubate at 37 °C overnight.

? TROUBLE SHOOTING

    CRITICAL STEP Check the manufacturer’s instructions of the enzyme prod-
uct whether the buffer of your antibody is compatible with the reaction. Alter-
natively, exchange your sample buffer into a compatible buffer indicated in the 
instructions. (see steps 3-5 for buffer exchange).

    PAUSE POINT After deglycosylation, samples can be stored at 4 °C for 
weeks or even months, depending on the nature of the initial buffer.

B Neuraminidase (Sialidase) and β1,4-Galactosidase reaction    TIM-
ING (overnight)

i. Neuraminidase (Sialidase). Mix 10 mU units with 25 µg of pu-
rified antibody sample (conc. ~0.5 mg/ml).

ii. β1,4-Galactosidase. Mix 5 mU for 25 µg of purified antibody 
sample (conc. ~0.5 mg/ml).

Buffer exchange     TIMING 1-2 h
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2 | Rinse 10kDa MWCO centrifugal filters: load 0.5 ml of ammonium ace-
tate pH 7.5 and centrifuge for approximately 5 min at 10,000 rcf. Discard flow-
through. For a cleaner procedure discard also the buffer left in the filter by using 
a gel loading pipet tip or differently if the centrifugal filter device allows an 
alternative method of recovery. 

3 | Fill centrifugal filters with fresh ammonium acetate pH 7.5 and sample. 
Centrifuge at 4 °C for approximately 10 min at 10,000 rcf. 

4 | Discard flow-through, refill with fresh ammonium acetate pH 7.5 and 
centrifuge again. Repeat this step until the concentration of the initial buffer 
reaches the nM range (typically, 5-6 rounds). At last round, concentrate to (at 
least) around 50 µl.

    PAUSE POINT Buffer-exchanged samples can be stored at 4 °C typically for 
a few weeks to months.

Capillary preparation     TIMING 30 min for 25 capillaries

5 | Follow instructions of the capillary puller to pull borosilicate capillaries. 
For optimal spray, capillaries employed for nESI end with a 10-1 µm diameter 
tip. (See ref 43,46 for further details).

    PAUSE POINT Capillaries can be kept in a Petri-dish, fixed on a double-sided 
adhesive tape.

6 | Put the Petri-dish in the coating chamber and follow instructions of the 
coater. 

    CRITICAL STEP Always handle capillaries with tweezers or gloves to keep 
them clean before coating, and to avoid removal of the gold after coating.

    PAUSE POINT Coated capillaries can be kept in the Petri-dish for maximum 
1 month.

Sample loading     TIMING 2-5 min
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7 | If needed, dilute your sample down to a concentration between 5 and 1 
µM (see Tab.1 for optimal concentration) using ammonium acetate buffer pH 
7.5. 

8 | With the help of a syringe connected with a fused silica capillary (Fig. 
5a), load about 2 µL of sample into the capillary (Fig. 5a).

    CRITICAL STEP Handle the capillary with care to avoid to damage to the 
capillary tip.

9 | Place the capillary in the capillary holder. 

(A) TOF 

i. Slide from the back of the capillary a small conductive rubber 
between the two parts of the capillary holder to ensure conduc-
tivity (Fig. 5b). 

ii. Place the capillary onto the stage and position it at 90° com-
pared to the direction of the cone.

iii. Open the capillary by touching to the side of the cone or using 
the tweezers under a microscope (Fig. 5c).

iv. Position the open capillary in front of the cone (Fig. 5d). 

(B) Orbitrap

i. Open the capillary using the tweezers under the microscope.

ii. Slide the capillary inside the capillary holder.

iii. Place the capillary onto the stage and position it at a couple of 
millimeters away from the inlet.
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Figure 5. Pictures displaying in detail sample loading before injection. When 
performing native MS samples are typically injected into the mass spectrometer 
via direct infusion. This figure shows pictures of the main steps of the sam-
ple loading into an ESI-TOF instrument. (a) A couple of microliters of sample, 
containing mAbs at mM concentration, are loaded in the capillary using a sy-
ringe. (b) The capillary is inserted in the capillary holder. (c) The capillary is first 
placed on the capillary stage, then the tip is opened and finally it is positioned in 
front of the sample cone. (d) Different views of the capillary positioned in front 
of the sample cone.

Spectrum acquisition     TIMING 1-5 min

10 | Apply capillary voltage and start acquisition. 

? TROUBLE SHOOTING
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Table 2. Instrumental Settings

(A) TOF   (B) Orbitrap   

  

Backing pressure 6.5- 7.5 mbar Ultra high vacuum (UHV) ~ 5.0e-10 

Capillary voltage 1.2-1.5 kV Capillary voltage 1.3-1.4 kV  
Cone voltage 150-200 V Source fragmentation 200 V  
Source temperature 80 °C Extended trapping 10 V  
Acquisition time can be adjusted depending on signal to noise ratio (S/N).

Calibration     TIMING 10-30 min

11 | Perform calibration using 25 mg/ml CsI solution.

(A) TOF 

i. Acquire a spectrum of CsI clusters making sure to cover the 
whole mass range that has been used during experiments (see 
steps 9-11).

ii. If you are using a Waters TOF instrument, calibration can be 
done either before or after sample measurements. Make a cali-
bration file (.scl) using csiesi.ref as reference file and apply the 
calibration file to all acquired spectra.

(B) Orbitrap

i. Spray the 25mg/ml CsI solution without acquiring. Note that for 
Orbitrap instruments calibration need to be performed before 
sample measurements.

ii. Once you have stable spray, start mass calibration (positive 
mode) making sure you are using CsI as reference. A mass ac-
curacy below 2 ppm would be preferable.

Data processing     TIMING 1-8 h per sample
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Qualitative data analysis

12 | Calculate masses of all species present in the spectra. When protein se-
quence is known, mAb identification is done comparing the measured masses 
with expected masses.

    CRITICAL STEP When calculating expected masses from protein sequence, 
do not forget to take into account protein modifications (C-terminal lysine clip-
ping, N-terminal glutamine cyclization, etc.) when these are known. 

(A) TOF

i. Combine all scans acquired in your chromatogram or, alterna-
tively, combine all scans subtracting those you prefer to discard 
(for example scans with very low S/N).

ii. Smooth and center peaks according to S/N and peak shape, re-
spectively.

iii. Assign masses to all species present in the spectrum. 

    CRITICAL STEP Make sure the assignment of the charge state envelope is 
correct. Find a compromise between using a small error window (as low as 0.5 
Da is preferable) to have the least standard deviation, and assigning all most 
abundant charge states peaks, we recommend no fewer than 4. 

(B) Orbitrap

i. For mass assignments, deconvolute your spectra using Protein 
Deconvolution using the “isotopically unresolved” experiment 
type.

ii. Combine all scans acquired in your chromatogram or, alterna-
tively, combine a preferred region of the chromatogram.

iii. Define your parameters according to sample characteristics and 
process.
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    CRITICAL STEP When you have a mixture of antibodies or different proteo-
forms for a single antibody, the deconvoluted spectrum should closely resemble 
the spectrum of a single charge state of the raw spectrum. Make sure that all 
deconvoluted peaks are present in the raw spectrum and, on the contrary, that 
the deconvoluted spectrum is not missing high abundant peaks due too stringent 
parameters and or erroneous thresholds. 

Quantitative data analysis

13 | When the mAb sample consists of a mixture of different antibodies and/
or proteoforms, perform a relative quantitation of all different species.

(A) TOF or Orbitrap

i. Use Igor Pro (or any other program that allows peak fitting) to fit 
raw peaks and to calculate the area under the peaks. Your input 
into Igor Pro will be a peak list of the spectrum.

ii. Sum areas of all most abundant charge state peaks for each spe-
cies.

iii. Manually calculate the relative abundances of all mAb species 
present in the mixture.

(B) Orbitrap

i. If you have already used Protein Deconvolution for qualitative 
analysis, the software automatically provides you with the rel-
ative abundance (based on peak intensities of all charge state 
peaks) of all species present in the deconvoluted spectrum. 

TIMING 

Deglycosylation PNGaseF : overnight 

Buffer exchange : 1-2 h
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Capillary preparation : 30 min for 25 capillaries

Sample loading : 2-5 min

Spectrum acquisition : 1-5 min per sample

Calibration : 10-30 min

Data processing : 1-8 h per sample

TROUBLESHOOTING

Troubleshooting guidelines can be found in Table 3.

Table 3: Troubleshooting

STEP PROBLEM POSSIBLE REASON SOLUTION

1 glycosylation de-
tected

Sample buffer not compatible 
with enzymatic reaction

Check the instructions of the 
enzyme product and exchange 
your sample into a compatible 
buffer 

11 No signal detect-
ed

Capillary tip is close Open capillary tip

Capillary tip diameter is too big 
(big droplets)

Change capillary

Spray is not optimal Apply some air pressure from 
the back of the capillary using 
a syringe

Sample is too concentrated Dilute sample

Broad peaks and 
mass higher than 
expected

Presence of salt adducts due to 
inefficient buffer exchange

Repeat buffer exchange

Low signal de-
tected

Poor ionization Increase capillary voltage

ANTICIPATED RESULTS

To illustrate the applicability of the protocols, we describe two examples of mass analy-
sis performed on mAbs following two, TOF and Orbitrap based, instrumental approach-
es presented in the protocol. First, we show data from a qualitative and quantitative 
analysis of an Ab mixture consisting of four different mAbs. Because of the particular 
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goal of the experiment being the quantitative characteristics of the mixture, the sample 
was first fully deglycosylated using PNGaseF and the analysis was done using, as far as 
mass resolving power is concerned, a relatively low-end ESI-TOF instrument (LCT, Wa-
ters). Figure 6a shows a native mass spectrum of the aforementioned mixture. Reliable 
identification of the products in the mixture is ensured by accurate mass measurements, 
while relative quantitation, performed taking peak areas averaged over all charge states 
into account, revealed the presence of the four species in different amounts (Fig. 6b). 

Figure 6. Qualitative and quantitative analysis of a mixture of 4 different 
mAbs. (a) The qualitative analysis is obtained by accurate mass measurements 
of each mixture component. The native ESI mass spectrum consists of six charge 
states appearing at around 6000 m/z. The inset shows the zoom-in of a single 
charge state (24+). Each charge state consists of four peaks arising from the four 
mAbs present in the mixture that may be distinguished by their mass. (b) The 
quantitative analysis is performed by calculating peaks areas, averaged over all 
detected charge states, using dedicated software such as Igor Pro, and directly 
reveals differences in the abundances of the four mAbs in the mixture. 

The second example focuses on the glycosylation analysis at the intact protein level of an 

IgG1Y407E mutant, which exhibits a rather complex and extended glycosylation profile, 

and is mainly present as half antibody (i.e. one light chain-heavy chain pair, 75 kDa). 

Because of the close similarities in mass of the various glycoforms, an Orbitrap-based 

instrument (Exactive Plus, ThermoFisher Scientific) was used for this analysis. As, in 

this case, the glycans represented the objective of the study, no deglycosylation step was
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 performed prior to the analysis (Fig. 7a). However, to further validate glycan assign-

ments, the analysis was repeated using specific deglycosylation enzymes used for the 

specific cleavage of particular carbohydrate residues from the native intact mAbs. First, 

the sample was incubated with a β1,4-Galactosidase enzyme to cleave galactose resi-

dues. The resulting mass spectra were slightly simplified, as only peaks corresponding 

to glycoforms having free galactoses disappeared from the initial spectrum obtained for 

the unprocessed IgG1Y407E mutant, while glycans bearing galactoses substituted with 

a sialic acid were still present in the spectrum suggesting that the enzyme is only active 

on free galactoses (Fig. 7b). Next, a second experiment was performed prior to mass 

analysis using a Neuraminidase (Sialidase) enzyme to cleave all α2,3 and α2,6 sialic 

acids. As a result, peaks corresponding to sialylated glycoforms disappeared from the 

mass spectra, whereas concomitantly an increase of some ion signals corresponding to 

non-sialylated species are detected (Fig. 7c). An additional experiment was performed 

where the sample has been incubated with both enzymes simultaneously. This resulted 

in a largely simplified spectrum exhibiting only two main glycoforms (Fig. 7d). Finally, 

the IgG1Y407E mutant sample was treated with PNGaseF resulting in the removal of 

the entire glycan from the protein backbone. The resulting mass spectrum shows a single 

peak corresponding to the mass of the deglycosylated mAb (Fig. 7e).
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Figure 7. Detailed mass analysis of heterogeneous glycosylation occurring 
on an IgG1 Y407E mutant antibody. As an example of the detailed glycoanal-
ysis possible an IgG1 Y407E mutant antibody was chosen as it exhibits a quite 
complex and heterogeneous glycosylation profile. From top to bottom, the pan-
els show the decrease of the glycosylation profile complexity upon treatment 
with various enzymes that cleavage specific glycan residues. (a) native ESI mass 
spectra of the untreated IgG1 Y407E sample, and spectra obtained from the same 
sample, but then treated with (b) β1,4-Galactosidase, (c) Neuraminidase (siali-
dase), (d) β1,4-Galactosidase and Neuraminidase, (e) PNGaseF.
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Abstract

For therapeutic monoclonal antibodies (mAbs), detailed analysis of the structur-
al integrity and heterogeneity, which results from multiple types of post-transla-
tional modifications (PTMs), is relevant to various processes, including product 
characterization, storage stability and quality control. Despite the recent rapid 
development of new bioanalytical techniques, it is still challenging to complete-
ly characterize the proteoform profile of a mAb. As a nearly indispensable tool in 
mAb analysis, mass spectrometry (MS) provides unique structural information 
at multiple levels. Here, we tested a hybrid strategy for the comprehensive char-
acterization of micro-heterogeneity by integrating two state-of-the-art MS-based 
approaches, high-resolution native MS and targeted glycan profiling, to perform 
complementary analysis at the intact protein level and released glycan level, 
respectively. We compared the performance of these methods using samples of 
engineered half-body IgG4s and a panel of mAbs approved for human use. The 
glycosylation characterization data derived from these approaches were found 
to be mutually consistent in composition profiling, and complementary in iden-
tification and relative-quantitation of low-abundant uncommon glycoforms. In 
addition, multiple other sources of micro-heterogeneity, such as glycation, lack 
of glycosylation, and loss of light chains, could be detected by this approach, and 
the contribution of multiple types of modifications to the overall micro-heteroge-
neity could be assessed using our superposition algorithm. Our data demonstrate 
that the hybrid strategy allows reliable and thorough characterization of mAbs, 
revealing product characteristics that would easily be missed if only a single 
approach were used.
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Introduction

Therapeutic monoclonal antibodies (mAbs) are inherently heterogeneous in 
structure due to numerous factors, including post-translational modifications 
(PTMs), incomplete processing, susceptibility to degradation, and disulfide 
shuffling.1–4 In particular, the glycosylation at Asn297 in the Fc-region contrib-
utes greatly to the micro-heterogeneity, affecting the conformation, half-life in 
serum, efficacy and safety of mAbs.5–7The glycan chains stabilize the CH2 do-
main, and removal of certain carbohydrate residues often leads to conforma-
tional changes, a decrease in thermal stability, and loss of effector functions.8 
For instance, removal of terminal galactose reduces complement-dependent cy-
totoxicity (CDC),9,10 while a decreased level of core fucosylation enhances an-
tibody-dependent cell-mediated cytotoxicity (ADCC).11–13 Other modifications 
made to the protein backbone, such as C-terminal lysine clipping,14 deamidation, 
and oxidation also contribute to the heterogeneity of mAb products.15,16 In some 
cases, more substantial changes in the protein scaffold can be introduced by 
either incomplete processing or degradation,17 influencing the antigen binding 
capability 18 or the in vivo clearance rate of mAbs.19 These biological conse-
quences make comprehensive characterizations of heterogeneity critical for the 
design, production and clinical use of mAbs.

Currently, mass spectrometry (MS)-based techniques are widely used for the 
analysis of mAb heterogeneity with special emphasis on glycosylation. It is tech-
nically possible to characterize mAb glycosylation at several levels: the intact 
protein level, the glycopeptide level and the released glycan level.20–24 MS anal-
ysis of released glycans is still the method of choice for obtaining structural 
information on the glycome. Glycan analysis allows for rapid, high-throughput 
characterization of mAb samples by matching the light chain retention time and 
accurate mass, providing in-depth structural information on the glycans, includ-
ing even linkage details.25 Glycopeptide analysis provides simultaneous identi-
fication of the glycoproteins and their glycans, and localization, occupancy and 
micro-heterogeneity can be evaluated by using tandem mass spectrometry (MS/
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MS) techniques.20,24,26

Recently, site-specific glycosylation analysis of mAbs was shown to benefit 
from the sensitivity and specify achievable by targeted approaches using multi-
ple reaction monitoring (MRM).27 At the other end of the spectrum, by directly 
analyzing the intact protein, it is possible to simultaneously and quantitatively 
profile the distribution of the main glycoproteoforms, which is an important in-
dication for product integrity and consistency.28–30 Although these approaches 
have proven powerful in providing structural information, no single approach 
is sufficient for an in-depth characterization of all aspects of heterogeneity. In 
a recent comprehensive analysis of  cetuximab, Ayoub et al. combined multi-
ple schemes (intact analysis, middle-down, middle-up and bottom-up) to reveal 
distinct glycosylation profiles on the Fab and Fc region, as well as a sequence 
error in the reported sequence of the light chain.31 This study provided a good 
example of the benefit of integrating information at multiple levels in dissection 
of a mAb product.

Here, we combined two cutting-edge MS-based approaches, i.e., high-resolution 
native MS for the global profiling of co-existing proteoforms and targeted glycan 
analysis of released N-glycans for the structural analysis of individual glyco-
forms, to characterize 12 therapeutic mAbs, 7 of which are marketed. Combining 
the data obtained at the intact protein level and released glycan level, we were 
able to better resolve the overall heterogeneity exhibited by a mAb and quanti-
tatively profile them with satisfactory confidence. In addition, other sources of 
micro-heterogeneity, such as incomplete lysine clipping, lack of glycosylation, 
loss of  could be inferred simultaneously from the native MS data. The comple-
mentary structural information provided by the two approaches allow the mi-
cro-heterogeneity and structural integrity of mAbs to be characterized in unprec-
edented detail, useful for pharmaceutical development and mAb quality control, 
especially when these differentiated proteoforms exhibit difference in potency. 
In addition, our strategy can be used to detect structural alterations induced by 
storage-induced degradation of biopharmaceuticals.
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Results 

Comparative analysis of IgG4-Δhinge half-body N-glycosylation at the intact 
protein and released glycan levels

To evaluate the performance of native MS and targeted glycan profiling in the 
analysis of N-glycosylation at the intact protein level and released glycan level, 
we compared the data provided by these two approaches. Three IgG4-Δhinge 
mutants, i.e., F405T/Y407E, Y407Q and Y407K, were selected as model ana-
lytes because their defined half-molecule state harbors only one N-glycosyla-
tion site and thus allows unpaired glycan chains to be characterized at the intact 
protein level. Moreover, as suggested by previous studies,32 each of these three 
mutants exhibits high levels of galactose, sialic acids and branching, providing a 
wide range of glycoforms valuable for our method validation.

In the native MS measurements, signals corresponding to various glycoproteo-
forms could be baseline-resolved based on their unique molecular weight (MW) 
accurately measured using the Orbitrap EMR mass analyzer (Figure 1A). Then, 
the composition of the corresponding species, i.e., the stoichiometry of carbo-
hydrate residues, was calculated using the MW of individual residues. In tar-
geted glycan profiling (Figure 1B), the glycans released from the glycoproteins 
were identified by mapping their chromatographic elution profiles to those of 
the common glycosylations on commercial mAb products covered by a library.25 
The glycan compositions were then further verified by the MW measured using 
the MS coupled with LC. Both approaches yielded results in aspects of accurate 
MW, glycan composition and relative abundance. To quantitatively compare the 
two datasets, for each mutant we plotted the relative abundances of detected 
glycans against their MW in a mirror-like fashion (Figure 1C). Illustratively for 
IgG4-Δhinge-Y407Q, with 25 and 24 glycoforms mass-assigned by native MS 
and targeted glycan profiling, respectively, 14 species could be assigned by both 
approaches, accounting for 92% of the total glycan abundance (Figure 1C; Table 
S2). The Pearson correlation coefficient (R) of the full-range mirror-plots is 0.84. 
In addition to the common glycoforms, the more sophisticated di- and tri-si-
alylated species such as 6,5,1,2 (annotated as numbers of Hex,HexNAc,Fuc,Sia 
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incorporated, sic passim) and 6,5,1,3 were also detected in similar abundances 
by both approaches. Similar observations were made in analysis of Y407K and 
F405T/Y407E (see also Figure 1). These distribution maps and the R values 
calculated for the comparisons suggest an overall good agreement between the 
two approaches in terms of detection and identification of the predominant gly-
coforms, as well as many low abundant ones. 

Figure 1. N-glycosylation on three IgG4-Δhinge mutants are quantitatively 
profiled at the intact protein and the released glycan level. (A) Deconvoluted 
native mass spectra of the intact IgG4-Δhinge proteins with all glycoproteoforms 
baseline-resolved, separated by their MW. Asterisks indicate observed glycine 
truncations in the mAb backbone. (B) Total ion current (TIC) chromatograms 
of the released glycans that are separated based on their chromatographic elu-
tion time. Signal peaks are color-coded using the same scheme as in (A). Peaks 
annotated with “*” are the same glycoproteoform bearing a glycine truncation. 
(C) Direct comparison of the relative abundances of glycans with different com-
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positions determined by the two individual approaches, whereby the consistency 
between the two methods was evaluated using Pearson correlation scores. Quan-
tification data of native MS has been adjusted for glycine truncation. 

Between the two datasets, the discrepancies in abundances of certain glycoforms 
may partially be attributed to artifacts induced by either approach. Particularly, 
native MS reported higher abundances of most of the glycoforms containing 
five HexNAc residues compared to glycan profiling (Table S2), suggesting the 
potential presence of a systematic bias. In native MS, all glycoforms are separat-
ed and assigned solely based on MW, and thus the accuracy of quantitation for 
certain species may be compromised by the occasional overlapping of signals of 
different glycoforms whose MW difference is smaller than the peak widths, in 
spite of the instruments’ resolving power. Roughly, in our native MS analysis a 
minimum MW difference of 20 Da is necessary for unambiguous assignments 
of different glycoforms. For instance, since the MW of glycoform G1 (4,4,0,0) 
is only 16 Da heavier than that of G0F (3,4,1,0), in the native MS data the signal 
peak of G1 are merged into that of G0F, resulting in an overestimated abundance 
of G0F, and false negative detection of G1 (Figure 1; Table S2). In sharp con-
trast, targeted profiling provides the released glycans with more efficient sepa-
ration (based on the chromatographic elution time and MW) and composition 
verification based on tandem MS patterns when necessary, allowing signals to be 
assigned with higher confidence. However, biases in the released glycan analysis 
may exist, for instance due to difference in ionization and detection response that 
may affect quantitation.36 Moreover, MS analysis of released glycans can result 
in undesired fragmentation,37 leading to diminished quantitative detection of the 
species of origin and false positive detection of fragments, especially if these 
fragment species are not covered by the reference library. As exemplified by 
the elution profiles of glycans released from F405T/Y407E (Figure 1B), while 
two of the 5,4,1,2 species were eluted at 25.08 and 25.91 min, respectively, two 
minor species mass-assigned as 5,4,1,1 were observed at the same elution po-
sitions, implying that these 5,4,1,1 species were yielded by loss of a sialic acid 
residue from a subpopulation of 5,4,1,2 at the MS detection stage.
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The efficient separation provided by the glycan profiling also allows the exact 
linkages of carbohydrate residues to be assigned, benefiting from the distin-
guishable LC-retention and gas-phase fragmentation behaviors exhibited by the 
structural isomers. As exemplified by the glycan G2FS (5,4,1,1), three structural 
isomers could be identified by matching with the accurate masses and the cali-
brated chromatographic retention times from the library (Table S3).

Resolving other types of modification enhancing mAb micro-heterogeneity 

Next, using a similar workflow, we characterized seven mAbs approved for hu-
man use with high resolution native MS to complement previously performed 
analyses of their released glycans.25 Use of intact protein samples instead of the 
released glycans increases not only the total MW of the analytes, but also in-
creases the overall heterogeneity of the sample molecules due to the presence of 
other modifications, as exemplified in Figure 2. To best extract the non-N-glyco-
sylation-induced heterogeneity, we additionally measured the N-deglycosylated 
format of these intact mAbs. As illustrated by three examples, mAb backbones 
can undergo different types of modification that can occur to various extents 
(Figure 2). Upon removal of the N-glycan, trastuzumab exhibits a quite uniform 
MW, suggesting minimal other modifications, and complete C-terminal Lys pro-
cessing (Figure 2A). In sharp contrast, both infliximab and bevacizumab exhibit 
a broad range of intact masses, resulting largely from incomplete C-terminal Lys 
processing and multiple glycation events, respectively (Figure 2B, 2C). 
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Figure 2. Resolving N-glycosylation and other types of modifications 
increasing mAb micro-heterogeneity on clinically used mAbs. (A) De-
convoluted native MS spectra of N-glycosylated and deglycosylated tras-
tuzumab, revealing only minor modifications besides N-glycosylation. 
(B) Deconvoluted native MS spectra of infliximab revealing incomplete 
C-terminal lysine processing of this mAb. The annotations of the glyco-
forms are color-coded according to the number of clipped Lysine resi-
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dues. (C) Deconvoluted native MS spectra of bevacizumab suggesting 1-4 
hexose residues are still attached after N-deglycosylation revealing the 
occurrence of extensive glycation (annotated with the green dots).

Taking advantage of its relatively monodisperse protein backbone, the glyco-
sylation profiling for trastuzumab appears to be nearly as straightforward as for 
the IgG4-Δhinge mutants. However, as the carbohydrate content of the intact 
IgG1 molecule originates from two glycan chains, the analysis at the glycan lev-
el is needed to determine the detailed glycan composition. Based on the MW and 
relative abundances of individual N-glycan chains determined at the released 
glycan level, we simulated the distribution of MW of the intact mAb assuming 
random pairing of the two glycan chains, and compared it with the experimental-
ly measured native MS spectrum. In this spectrum 14 unique MWs correspond-
ing to different glycan compositions could be assigned (Figure 2A, Figure S1), 
including both abundant glycans, such as 6,8,2,0 (G0F/G0F), 7,8,2,0 (G0F/G1F), 
8,8,2,0 (G0F/G2F or G1F/G1F), and lower abundant glycans, such as 6,6,0,0 to 
10,8,2,2. As illustrated in Figure 3A, a high correlation coefficient (R=0.92) was 
obtained between the two sets of data, demonstrating the validity of direct pro-
filing of the paired glycan composition on IgGs by native MS. However, since 
in the native MS data a single composition may originate from multiple possible 
combinations of glycan pairs, analysis at the intact protein level alone is insuf-
ficient to determine the contribution of each pair. Also, it is noteworthy that the 
assumption of random glycan pairing we made for the simulation may not repre-
sent the actual situation,38 which could contribute to the remaining differences in 
abundance between the measured and simulated datasets.

Clipping of the C-terminal Lys occurs to a variable extent in most mAb products. 
Although manufacturers usually consider these variants to have no considerable 
effect on the potency or safety profile, a recent study demonstrated that C-termi-
nal Lys may interfere with the ordered oligomerization of IgG at the cell surface, 
leading to suboptimal C1q binding and CDC of opsonized cells.14 Providing an 
alternative to charge-based separation techniques such as isoelectric focusing 
(IEF) electrophoresis (either capillary- or slab-based) and ion exchange chro-
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matography,39,40 MS analysis of deglycosylated mAb allows simple evaluation 
of the amount of C-terminal Lys retained (0, 1 or 2, annotated as K0, K1 and 
K2, respectively). Unlike trastuzumab whose C-terminal Lysine residues were 
completely processed (i.e., only K0), infliximab displayed K0, K1 and K2 vari-
ants in comparable abundances (Figure 2B, lower panel), resulting in a relatively 
complicated mass spectrum even in its deglycosylated form (Figure 2B, upper 
panel). Based on the MW and distribution of the K0, K1 and K2 backbones, 
we were able to determine the compositions and abundances of the N-glycan 
chain pairs attached to infliximab, by subtracting the contributions of K0, K1 
and K2 backbones according to their ratios (Figure 2B, upper panel). The ex-
tracted quantitative profile of infliximab is consistent with a previous study using 
capillary electrophoresis (CE),41 demonstrating the comparable effectiveness of 
native MS in separating charge variants of mAbs. 

Glycation caused by exposure of mAb to reducing sugars is another common 
type of modification that occurs either under physiological conditions or during 
cell culture.42,43 In many cases, glycation alters the charge profile of pharmaceu-
tical products and may thus affect its quality.44,45 Because the net contribution 
of a monosaccharide to the total MW of protein is equivalent regardless of its 
site of attachment through a glycan chain or to the backbone, in the intact-MW 
analysis the removal of N-glycosylation is required to distinguish the glycation 
from the extended N-glycosylation. Indeed, although the glycosylated format of 
bevacizumab showed a profile similar in heterogeneity to trastuzumab, removal 
of the N-glycans demonstrated a significantly higher extent of glycation for bev-
acizumab (~1.3 copies of hexose residues on average) (Figure 2C, lower panel). 

As a non-enzymatic process, glycation introduces a reducing sugar at a primary 
amine on the protein, either the lysine (Lys) side-chain epsilon amino group 
or the α-amino N-terminus.46,47 While the precise localization of glycation sites 
requires the analysis at the peptide level using a bottom-up approach,48–51 the 
distribution of glycated mAbs and the average glycation level are unique infor-
mation provided by analysis at the intact protein level. Based on the distribution 
of glycan chains profiled at the glycan level, the MW of protein backbone and 
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the glycation profile measured at the intact protein level, we simulated a profile 
reflecting the overall heterogeneity including contributions from both glycosyla-
tion and glycation, and compared the simulated profile with the experimental 
profile (Figure 3B). The consistent patterns of the profile envelopes (R=0.95) 
demonstrates the accuracy of profiling results of individual types of modifica-
tions, and the validity of reconstitution of overall heterogeneity using these data. 
We made another simulation, now excluding glycation, as shown in Figure 3B. 
The resulting simulated spectrum exhibited a distinct peak distribution com-
pared to the experimental MS data and the correlation decreased from 0.95 to 
0.69, demonstrating the effect of glycation on the overall heterogeneity of this 
mAb molecule.

Figure 3. Comparison of experimental and simulated spectra. For 
trastuzumab (A) and bevacizumab (B), the experimental deconvoluted 
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intact protein mass spectra (blue) are compared to the simulated spectra, 
based on the detected quantitative profile of N-glycosylation and/or other 
backbone modifications (red). The correlation between datasets is evalu-
ated by means of Pearson Correlation and is 0.92 for trastuzumab and 0.95 
for bevacizumab. For bevacizumab, simulation excluding the contribution 
of glycation (white) results in a significantly lower correlation coefficient 
(R=0.69).

Monitoring the global structural integrity of mAbs

Because some of the studied mAbs had been stored for extended periods and 
their expiration date had passed, we examined the global stability and structural 
integrity of the samples, using native MS as primary read-out. Next to the full 
mAb structures (denoted L(2)H(2)g(2) where L, H and g denote the light, heavy, 
and glycan chains, respectively) we also detected mAb-like products lacking 
the light chains or one or two glycan chains. Even for the structurally most sta-
ble trastuzumab, which exhibited the least structural heterogeneity of the mAbs 
studied here, we detected a low abundant species lacking one full N-glycan chain 
(L(2)H(2)g(1); Figure 4A). The profile of the retained N-glycan chain resembles 
the distribution of the ensemble of glycan chains profiled for the overall popu-
lation of trastuzumab (Figure S2). Such single site-glycosylation was detected 
for all investigated mAbs, with the relative abundance ranging from 0.8% to 
2.8% (Table 1). Singly glycosylated IgGs have been shown to display a decrease 
in thermal stability, C1q binding affinity, Fc gamma receptors (FcγRs) binding 
affinity and ADCC.52 
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Figure 4. mAb structural integrity probed by native MS at the intact protein 

level. (A) Native mass spectrum of trastuzumab, which populates predominantly 
the intact format L(2)H(2)g(2) (blue; L, H and g denote light chain, heavy chain 
and N-glycan chain, respectively, with numbers indicated in the parentheses) 
and marginally the single site-glycosylated format L(2)H(2)g(1) (orange). (B) 
For bevacizumab, in addition to the two formats detected in (A), the light-chain-
free species with 2, 1 and 0 N-glycan chains attached (green, red and purple, 
respectively) are detected. Relative abundances of each species are estimated 
using summed ion intensities corresponding to all detected charge states, with 
data normalized to the ensemble of species and plotted on a logarithmic scale in 
the insets.

Table 1. Key characteristics of the therapeutic mAbs investigated.
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ID
Number 
of glycan 

chains

Number of 
glycoforms 
assigned a

Single 
site-glyco-

sylation (%)

Light 
chain loss 

C-terminal 
K retained 

b (%)

Glycation 
level c

Panitumumab 2 12 2.8 ND ND < 0.05
Rituximab 2 19 1.6 ND ND < 0.05

Bevacizumab 2 -- 1.6 17.3 ND 1.3

Trastuzumab 2 14 2.0 ND ND < 0.05

Infliximab 2 -- 0.8 ND 54.7 < 0.05

Ofatumumab 2 12 1.9 17.7 ND < 0.05

Eculizumab 2  11 1.6 ND ND < 0.05

a Number of glycoforms assigned by the complementary approaches. Confident 
assignments of Bevacizumab and Infliximab via measurements at the intact level 
are hampered by the co-occurence and interference with other backbone modi-
fications.

b Calculated as , where  is the abundance of species.

c Reported as the average copies of monosaccharide residues attached to the 
mAb. A minimum abundance of 5% of the singly glycated species (relative to the 
non-glycated species) was set as the threshold for calculation.

Among the mAb samples stored for long periods, bevacizumab and ofatumumab 
exhibited additional partial loss of their light chains. For bevacizumab, we de-
tected species missing both light chains, with 2, 1 or 0 N-glycan chains attached. 
Notably, in both cases, no mAb molecules lacking only one light chain were ob-
served, suggesting the removal of the light chains is not a random or sequential 
process (Figure 4B). Species of low abundance lacking both light chains were 
also detected in ofatumumab, yet no further glycan loss was observed (Figure 
S3). In healthy mammals, failure of light chain association usually results in rapid 
intracellular degradation of the heavy chains due to the inefficient transport from 
ER to Golgi,53,54 preventing the expression of heavy chain antibodies (L(0)H(2)). 
The production of natural L(0)H(2) with VH/CH1 domains partially removed 
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was found in humans with H chain disease.55in some the defect is NH2-terminal. 
The OMM gamma 3 HCD serum protein is of the latter type, having undergone 
an extensive NH2-terminal deletion with a sequence starting within the hinge. A 
cell line synthesizing the OMM protein has enabled us to study the biogenesis 
of the abnormal molecule. In vitro translation of isolated mRNA yields a protein 
containing a hydrophobic NH2-terminal leader sequence. In the intact cell, the 
precursor molecule is processed normally to yield a protein with an NH2-termi-
nal sequence homologous to the beginning of the variable (V All the L(0)H(2) 
species observed in this work retained heavy chain integrity, implying that the 
absence of light chains is likely the result of degradation. The exact nature of the 
reactions responsible for such release of the light chain remains to be investigat-
ed. We rule out in-source dissociation of the products during the MS measure-
ment, since no free light chain ions were detected under the gentle ionization 
conditions of data acquisition. In addition, the charge density carried by the L(0)
H(2) species is in line with the empirical expectation,56 suggesting these species 
are not the products of gas phase fragmentation.57 Native MS provides a conve-
nient means to characterize the heterogeneity-inducing degradation products of 
proteins in solution without any front-end separation.

Discussion

Here, we demonstrated that glycoprotein analysis at the intact protein and re-
leased glycan level using high-resolution native MS and targeted glycan profil-
ing, respectively, can provide mutually consistent information on the composi-
tion and abundance of glycoprotein proteoforms. However, careful optimization 
and proper data processing are needed to minimize the artifacts induced in ei-
ther approach. Both methods provide highly complementary data, but also have 
their own niche.  The multiple-dimensional separation of glycoforms and the 
tandem MS data gathered by targeted profiling of released glycans enables the 
differentiation of structural isomers, as well as elucidation of the linkages within 
carbohydrate residues. Native MS analysis at the intact protein level provides a 
global snapshot of the glycoform distribution with high confidence, and can con-
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comitantly reveal co-occurring modification on the protein, such as truncations 
and glycations.  

In the combined analysis of a sample panel of model proteins that included aged 
therapeutic mAbs, we demonstrated the power of using these hybrid MS-based 
approaches concomitantly. The combined analysis provided detailed structural 
information, both qualitative and quantitative, and better resolved the overall 
heterogeneity caused not only by N-glycosylation, but also by C-terminal Lys 
processing, glycation, single site-glycosylation, and loss of specific polypep-
tide chains. A comparison of simulated and experimental data, using dedicated 
mathematical algorithms, allowed the heterogeneity to be further assessed and 
cross-validated. Both approaches provide reasonable high-throughput because 
they are compatible with automated sampling, and neither of them requires any 
time-consuming stages. Therefore, we conclude that the combination of these 
two workflows will provide an ideal platform to measure micro-heterogeneity, 
not only in IgGs, but also in all other kind of industrial and plasma glycoproteins.

Materials& Methods

Materials

The monoclonal hinge-deleted IgG4 antibody (IgG4-Δhinge-WT) and its mu-
tants (Y407A, Y407E, Y407Q and Y407K) used in this study were gifts from 
Genmab (Utrecht, The Netherlands). These proteins were expressed in HEK-
293F cells and purified as previously described.32 The seven therapeutic mAbs 
used in this work (with specifications are listed in Table S1) were kind gifts from 
the UC Davis Medical Center, all representing expired batches (lot number un-
known). PNGase F was obtained from Roche (Indianapolis, USA). Dithiothreit-
ol (DTT) was purchased from Sigma-Aldrich (Steinheim, Germany). 

High-resolution native MS analysis using an Orbitrap EMR

Prior to native MS measurement, the aqueous environment of all mAb stock 
solutions (IgG4-Δhinge antibodies were prepared in PBS; the powder of thera-
peutic mAbs was reconstituted in Milli-Q water) were substituted with 150 mM 
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aqueous ammonium acetate (pH adjusted to 7.5 using ammonium hydroxide) by 
ultrafiltration using a 10 kDa cut-off filter (Merck Millipore, Germany). Protein 
concentrations were measured by UV absorbance at 280 nm and adjusted to 2-3 
µM for native MS injection. PNGase F was used to remove the N-glycans fol-
lowing the procedure supplied by the manufacturer.

1-3 uL of samples loaded in home-made gold-coated borosilicate capillaries 
were directly infused into an Exactive Plus Orbitrap instrument with extended 
mass range (EMR) (Thermo Fisher Scientific, Germany) using an m/z range of 
500-10,000 Th. The voltage offsets on transport multi-poles and ion lenses were 
manually tuned to achieve optimal transmission of protein ions at elevated m/z. 
Nitrogen was infused in the higher-energy collisional dissociation (HCD) cell at 
a gas pressure of 6-8 × 10-10 bar. MS parameters were adjusted as follows: spray 
voltage 1.2-1.3 V; source fragmentation 30 V; source temperature 250 °C; colli-
sion energy 30 V; resolution (at m/z 200) 17,500. The instrument was mass-cali-
brated using CsI clusters, as described previously.33

The raw mass spectra were deconvoluted using Protein Deconvolution v2.0 
(Thermo Fisher Scientific, Germany) and BioAnalyst v1.1 (AB/Sciex, Cana-
da). The deconvoluted data were further processed as previously described to 
solve the composition of glycosylation and other possible PTMs.29”contain-
er-title”:”mAbs”,”page”:”917-924”,”volume”:”5”,”issue”:”6”,”source”:”NCBI 
PubMed”,”abstract”:”Here, we describe a fast, easy-to-use, and sensitive meth-
od to profile in-depth structural micro-heterogeneity, including intricate N-gly-
cosylation profiles, of monoclonal antibodies at the native intact protein level 
by means of mass spectrometry using a recently introduced modified Orbitrap 
Exactive Plus mass spectrometer. We demonstrate the versatility of our meth-
od to probe structural micro-heterogeneity by describing the analysis of three 
types of molecules: (1 Average MW values of individual carbohydrate residues 
used for MW calculation include: hexose/mannose/galactose (Hex/Man/Gal) – 
162.1424 Da; N-acetylhexosamine/N-acetylglucosamine (HexNAc) – 203.1950 
Da; deoxyhexose (Fuc) – 146.1430 Da; N-acetylneuraminic acid (Neu5Ac, Sia) 
– 291.2579 Da; N-glycolylneuraminic acid (Neu5Gc) – 307.2573 Da.
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Targeted N-glycan profiling using nanoLC-Chip-Q-TOF MS

N-glycans were released from the proteins prior to the analysis using a nanoLC-
chip-Q-TOF MS system. The release, purification, injection, data acquisition 
and analysis of N-glycan were performed following the previously described 
protocols.25 In brief, N-glycans were released from reduced mAb by PNGase F 
digestion, followed by solid phase extraction (SPE) purification, chemical reduc-
tion by NaBH4, and SPE again for the removal of reductant. Purified N-glycans 
were then loaded to Agilent nanoLC-chip-Q-TOF analyzed with the exact same 
condition of a previously reported human serum N-glycan structural library. A 
mixture of serum N-glycans standard was prepared and analyzed together with 
mAb N-glycans to calibrate chromatographic retention times in the serum N-gly-
can library as previously described.34 Structures of N-glycan were identified by 
matching with accurate masses and calibrated chromatographic retention times 
from the library.

Intergrative data construction of pseudo native MS spectrum

We perform in silico data construction to simulate a zero-charge, native MS 
spectrum based on the masses and relative abundances of glycans identified 
using targeted glycan profiling, the basic principle of which has been described 
previously.35 The data construction is achieved based on the following three 
elements: 1) the mass of the mAb backbone; 2) the masses and relative abun-
dance of the glycans identified by targeted glycan profiling; and 3) extra modi-
fications on mAb backbone.

To compare the simulated result with the native MS spectra, the native MS 
spectra (acquired in profile mode) are pre-processed by convoluting the ESI 
spectrum to a zero-charge state spectrum using the Protein Deconvolution 
package (Thermo Fisher Scientific). Subsequently, the standard Pearson cor-
relation is performed to evaluate the data generated from the two platforms.
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Table S1. Specifications of the marketed therapeutic mAbs used in this 

study.

INN
Brand 

Name
Cell Line Isotype Format Antigen

Panitumumab Vectibix CHO IgG2 human EGFR
Rituximab Rituxan CHO IgG1 chimeric CD20
Bevacizumab Avastin CHO IgG1 humanized VEGFR-A

Trastuzumab Herceptin CHO IgG1 humanized HER2/neu 
receptor

Infliximab Remicade SP2/0 IgG1 chimeric TNF 
Ofatumumab Arzerra NS0 IgG1 human CD20
Eculizumab Soliris NS0 IgG2/4 humanized C5

Table S2. Abundances of glycan chains with assigned compositions deter-

mined for 3 IgG4-Δhinge mutants at the intact protein level (“Protein Lv”) 

and released glycan level (“Glycan Lv”), respectively. Data are normalized to 

the abundance of the most abundant species. “ND” denotes non-detectable.

Composi-

tion

MW 

(Da)

normalized abundance (%)
F405T/Y407E Y407K Y407Q

Protein Lv Glycan 

Lv
Protein Lv Glycan 

Lv

Protein 
Lv

Glycan 

Lv

3,4,1,0 1445.3 93.4 81.6 62.7 66.5 22.1 1.3
3,5,1,0 1648.5 21.4 5.7 33.3 4.3 12.6 ND
4,4,0,0 1461.3 ND 5.9 ND ND ND 4.0

4,4,1,0 1607.5 100 100 88.7 58.9 28.9 13.0

4,4,1,1 1898.7 6.3 9.0 ND 8.6 ND 7.3

4,5,1,0 1810.7 14.0 10.2 59.3 16.7 44.7 4.3
4,5,1,1 2101.9 1.4 ND 19.8 7.7 28.4 16.3
5,4,1,0 1769.6 31.1 37.3 100 71.3 57.9 31.3
5,4,1,1 2060.9 7.7 18.1 61.0 100 71.1 100
5,4,1,2 2352.1 2.6 3.0 58.8 59.8 100 78.7
5,5,1,0 1972.8 3.4 2.1 30.5 17.7 36.3 4.0
5,5,1,1 2264.1 7.7 18.1 19.8 11.0 39.5 19.0
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5,5,1,2 2555.3 ND ND 6.2 4.8 18.4 13.7
5,6,1,0 2176.0 ND ND 2.3 1.0 ND ND
6,5,1,0 2134.9 1.1 ND ND 3.8 10.5 6.7
6,5,1,1 2426.2 ND ND 4.5 2.4 8.9 6.0
6,5,1,2 2717.5 ND ND 3.4 2.9 10.0 8.7
6,5,1,3 3008.7 ND ND 3.4 0.5 11.1 6.0

Table S3. Structural isomers of G2FS (5,4,1,1) glycan detected and quanti-

fied for 3 IgG4-Δhinge mutants using targeted glycan profiling. Abundances 

were estimated based on using summed ion intensities in the chromatograms and 

normalized to the total abundance of G2FS.

Linkage
Relative Abundance (%)

F405T/Y407E Y407Q Y407K

99.0 92.3 67.3

not detected 6.2 7.7

1.0 1.5 25.0
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Figure S1. Compositions of the glycan pairs attached to trastuzumab as-

signed at the intact protein level (black trace) and compositions of the gly-

can species identified at the released glycan level (blue bars). Pairing combi-

nations that give results matching the native MS data are indicated by the orange 

dash-lines. Asterisks are used to indicate the glycan species that pair with them-

selves. All signal peaks and bars are annotated as numbers of incorporated Hex-

,HexNAc,Fuc,Sia. 
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Figure S2. The profile of the N-glycan chains attached to the single site-gly-

cosylated mAbs resembles the distribution of the ensemble of the two glycan 

chains on intact trastuzumab. In the deconvoluted mass spectrum of trastu-

zumab (black trace), the signals representing hemi-glycosylated species (mag-

nified by 10 times for better visualization) exhibits a distribution similar to that 

of the top 5 abundant glycan chains profiled at the released glycan level for the 

overall population of trastuzumab (red bar in the inset).
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Figure S3. Ofatumumab species with light chain- lacking species detected 

at the intact protein level. In addition to the intact format L(2)H(2)g(2) (blue; 

L, H and g denote light chain, heavy chain and N-glycan chain, respectively, 

whose numbers are indicated in the parentheses) and the single site-glycosylat-

ed format L(2)H(2)g(1) (orange), the light-chain-free species with two N-gly-

can chains attached (green) are also detected. Relative abundances of each spe-

cies are estimated using summed ion intensities corresponding to all detectable 

charge states, with data normalized to the ensemble of species and plotted on a 

logarithmic scale in the inset.



5

157

Chapter 5 

Hybrid Mass Spectrometry Approaches in Glyco-

protein Analysis and their Usage in Scoring Bio-

similarity

Yang Yang
1,2,#

, Fan Liu
1,2,#

, Vojtech Franc
1,2,#

, Liem Andhyk Halim
3
, Huub 

Schellekens
3
 and Albert J.R. Heck

1,2

1 Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center for Biomo-
lecular Research and Utrecht Institute for Pharmaceutical Sciences, University 
of Utrecht, Padualaan 8, 3584 CH Utrecht, The Netherlands

2 Netherlands Proteomics Center, Padualaan 8, 3584 CH Utrecht, The Nether-
lands

3Department of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences 
(UIPS), Utrecht University, Universiteitsweg 99, 3584 CG Utrecht, The Neth-
erlands

# contributed equally

Based on 

Yang, Y. , Liu, F., Franc, V.,  Halim, L. A., Schellekens, H. & Heck, A. J. R.,  
Hybrid mass spectrometry approaches in glycoprotein analysis and their usage 
in scoring biosimilarity. Nat. Commun. 7, 13397 (2016).



5

158

Abstract

Many biopharmaceutical products exhibit extensive structural micro-hetero-
geneity due to an array of co-occurring post-translational modifications. These 
modifications often effect the functionality of the product and therefore need to 
be characterized in detail. Here, we present an integrative approach, combining 
two advanced mass spectrometry based methods, high-resolution native mass 
spectrometry and middle-down proteomics, to analyze this micro-heterogeneity. 
Taking human erythropoietin and the human plasma properdin as model sys-
tems, we demonstrate that this strategy bridges the gap between peptide- and 
protein-based mass spectrometry platforms, providing the most complete pro-
filing of glycoproteins. Integration of the two methods enabled the discovery of 
three undescribed C-glycosylation sites on properdin, and revealed in addition 
unexpected heterogeneity in occupancies of C-mannosylation. Furthermore, us-
ing various sources of erythropoietin we define and demonstrate the usage of a 
biosimilarity score to quantitatively assess structural similarity, which would be 
beneficial for profiling also other therapeutic proteins and even plasma protein 
biomarkers.

Key words: glycoprotein / post-translational modification / native mass spec-
trometry / middle-down proteomics / biosimilarity /



5

159

Most human proteins are decorated by a plethora of post-translational modifica-
tions (PTMs) regulating their structure, function and interactions. Protein PTMs, 
such as phosphorylation, acetylation, ubiquitination, and glycosylation, have all 
been shown to regulate a wide range of biological processes. Protein glycosyla-
tion represents likely the most heterogeneous PTM due to the plethora of co-oc-
curring carbohydrate structures. Protein glycosylation regulates in particular sig-
naling, cell-cell communication and regulation of host-pathogen interactions1–3, 
providing valuable targets for inhibition of infection4. 

Over the last decade bottom-up mass spectrometry (MS) based proteomics has 
emerged as a powerful technique for protein PTM identifications, whereby pro-
teins are first enzymatically digested and thereafter PTMs are identified at the 
peptide level5–7. In bottom-up MS approaches, tandem MS (MS2) fragmentation 
can be effectively performed on peptides, enabling the characterization of PTM 
site-localizations and the structure of modifications.8 A downside of bottom-up 
approaches, however, is that the peptides analyzed contain mostly single PTMs 
hampering the investigation of the whole-protein picture. Especially in recent 
years, with the novel strategies of glycopeptide enrichment and hybrid MS frag-
mentation, bottom-up MS is widely applied to glycopeptide characterization9–13 
Since glycopeptides are on average much larger than their non-modified coun-
terparts (arbitrarily 3 < Mw < 10 kDa), which requires non-standard approaches 
in chromatography and fragmentation, glycopeptide analysis may be considered 
an explicit form of middle-down proteomics14–16.

The co-occurrence of PTMs can also be investigated by MS at the intact pro-
tein level.17,18 With the advent of high mass accuracy and resolving power of 
MS technologies, it has now become possible to detect and baseline resolve dif-
ferent proteoforms directly from intact proteins under pseudo-physiological na-
tive conditions, using a modified Orbitrap mass analyzer with an extended mass 
range19–25 This approach has enabled the PTM analysis of the intact ovalbumin 
to an unprecedented depth, where 59 different proteoforms were detected, iden-
tified and quantified from a single-shot experiment26 It is of great advantage that 
native MS provides a direct view on the relative abundance and overall PTM 
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composition of different co-appearing proteoforms that are distinguishable in 
mass27,28 Yet, the detailed information of the protein PTMs, such as site speci-
ficity, structure and stoichiometry on each modification site, cannot be directly 
extracted from the native MS data. The situation becomes more complicated 
when the protein of interest contains multiple PTM sites and types, especially 
when heterogeneous glycosylation is involved as well.

Here we present an integrative workflow to obtain a comprehensive picture of 
PTMs on proteins by integrating native MS and middle-down proteomic strate-
gies (Figure 1). As a proof of concept, we selected two structurally highly hetero-
geneous proteins, recombinant therapeutic human erythropoietin (rhEPO) and 
properdin, which were directly purified from human blood serum. Both proteins 
contain high and diverse amount of PTMs, demonstrating the applicability of 
our integrated approach in some of the most challenging scenarios. For both 
proteins, we detected, identified and quantified hundreds of proteoforms with 
distinguishable masses at the intact protein level and also assessed detailed infor-
mation of each PTM site by middle-down proteomic approaches. Furthermore, 
we performed in silico construction to simulate a pseudo native MS spectrum 
combining the site-specific PTM data obtained by the middle-down strategy. The 
resulting constructed intact-protein representation allowed us to directly com-
pare the result from middle-down experiments with the native MS data. This led 
to the unambiguous discovery of three previously unreported C-glycosylation 
sites on properdin. Furthermore, our study reports for the first time an extensive 
heterogeneity in occupancy of the C-mannosylation sites in the six thrombos-
pondin repeat (TSR) domains on this protein. 
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Figure 1 Schematic workflow for integrating high-resolution native MS and 
middle-down proteomics for the structural analysis of protein heterogeneity 
raised by complex PTMs. High-resolution native MS is used to qualitatively 
and quantitatively profile all co-appearing proteoforms and middle-down pro-
teomic experiments are performed to characterize each modification site. The 
data from the site-specific PTM characterization obtained by middle-down pro-
teomics is used to construct a native MS spectrum. A standard Pearson correla-
tion test is conducted between the constructed and experimental native MS spec-
tra, or between different native MS spectra to quantitatively assess the structural 
similarities.

We also characterized the structural heterogeneity of rhEPO therapeutics ob-
tained from different manufacturers and sources. These rhEPO therapeutics of-
ten contain identical protein backbone sequence, albeit decorated with differen-
tial PTMs due to different conditions in their production. Technically, it is very 
important, yet challenging, to quantify the similarity of these therapeutics in a 
robust and reproducible way29–31 We here introduce a biosimilarity score to de-
scribe the level of structural similarity of three rhEPO therapeutics, demonstrat-
ing its usage in direct assessment of the similarity of therapeutic glycoproteins. 
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This strategy is well applicable to other protein therapeutics, such as antibodies, 
thus providing a wide application range of the presented concept.

Results

Proteoform profiling of intact rhEPO by native MS analysis

The molecular heterogeneity of rhEPO is mainly caused by O-glycosylation at 
S126 and N-glycosylation at three different sites; N24, N38, and N83 (Figure 2a). 
When recording the full proteoform profile of intact rhEPO by high-resolution 
native MS, over 230 peaks were base-line resolved, and the overall PTM com-
position was assigned with satisfying mass accuracy (Figure 2b and Supplemen-
tary Data 1). The rhEPO backbone sequence has a theoretical mass of 18,235.99 
Da, and the protein masses (i.e., the total molecular weight of the backbone and 
PTMs) measured by native MS possessing a range of 26,000 to 33,000 Da (Sup-
plementary Data 1). This large mass difference demonstrates about 40% of the 
mass is originated from glycosylation. The most abundant peak (measured mass: 
29,888.12 Da, PTM composition: Hex22HexNAc19Fuc3Sia13) in the native MS 
spectrum likely comprises multiple proteoforms exhibiting mass alike, due to 
either the combinatorial arrangement of multiple PTMs on different sites, adding 
up to exactly the same total mass, and/or different PTM compositions that are 
very close in mass. The high S/N ratio (~11,000) allows us also to distinguish 
and identify lower abundant PTMs, such as the minor modifications of sialic acid 
by O-acetylation and –CH3 to –CH2OH replacement, as illustrated in Figure 2b. 

Next, we also measured the sialidase treated rhEPO by native MS approach. The 
enzymatic removal of sialic acid residues resulted in a pronounced simplification 
of the structural variability of rhEPO proteoforms (Figure 2c), implying that the 
heterogeneity of rhEPO is mainly due to the extensive decoration with variable 
amounts of sialic acids. After the enzymatic treatment, the most abundant m/z 
peak shifted to 26,102.55 Da (measured mass), which exactly corresponds to a 
loss of 13 sialic acids. This provides further evidence to our initial composition 
assignment (Hex22HexNAc19Fuc3Sia13) in the non-treated rhEPO sample. 
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Figure 2 Native MS analysis of rhEPO. (a) Schematic of the rhEPO back-

bone sequence and its reported PTM sites (Uniprot code: P01588). (b) The 
zero-charge deconvoluted native MS spectrum of rhEPO. The overall PTM com-
positions are assigned based on the accurate mass measurements of the intact 
protein. Each color represents a glycan composition without sialic acids; the 
number of sialic acids attached are marked on top of each peak with the same 
color. For example, the most abundant peak are marked in green and number 13, 
it corresponded to the glycan composition Hex22HexNAc19Fuc3Sia13. The addi-
tional +42 Da modifications represent the further O-acetylation of sialic acids 
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(shown in filled circles) whereas the +16 Da modification indicates the replace-
ment of NeuAc for NeuGc (shown in empty circles). (c) The zero-charge decon-
voluted native MS spectrum and the overall PTM composition assignments rhE-
PO subjected to treatment by sialidase, which cleaves off all sialic acids present 
on rhEPO.

Site-specific PTM analysis of rhEPO by middle-down proteomics

To characterize each modification site in detail, we digested rhEPO with the aim 
to separate all PTM sites into individual (glyco)peptides with suitable length by 
middle-down proteomics. Following careful optimization, we selected trypsin 
to assess the N83 and S126 glycosylation sites, and Glu-C to examine the N24 
and N38 glycosylation sites. In the LC/MS experiment, the peptide mixture was 
subjected to higher-energy collisional dissociation (HCD) LC/MS2 analysis. To 
obtain extensive fragment ions of both glycan and peptide moieties of glyco-
peptides, additional collision-induced dissociation (CID) and electron-transfer 
and higher-energy collision dissociation (EThcD) fragmentation were applied 
when monosaccharides and/or disaccharides were detected in the HCD spectrum 
(Methods). CID spectra were used to sequence the glycan branches while EThcD 
spectra were used to improve the sequence coverage of the peptide moiety. We 
also assessed the relative abundances of the differentially modifiedisoforms in 
a site-specific manner, based on the XICs of the identified peptides (Methods).

As a result, we identified and relatively quantified 1) 10 glycoforms on N24, 2) 9 
glycoforms on N38, 3) 8 glycoforms on N83 and 4) 2 glycoforms on S126 (Fig-
ure 3). For the O-glycosylation site on S126 we also detected the non-modified 
peptide. Our data revealed that each N-glycosylation site of rhEPO was modified 
uniquely in terms of both the numbers and relative abundances of differential-
ly modified glycoforms. Similar to the native MS spectrum, we also observed 
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additional modifications of NeuAc in our proteomic experiments, evidenced by 
multiple additional peaks (+16 Da, +42 Da or the combination of the two) next 
to the main glycoforms. It is known that NeuAc can be substituted with NeuGc 
by –CH3 to –CH2OH replacement (+16 Da)32 Additionally, both NeuAc and Neu-
Gc can be modified with O-acetylation (+42 Da)33. Interestingly, we noticed that 
the NeuAc modification patterns are distinctive at different glycosylation sites. 
For instance, we detected peaks generated from both NeuGc and O-acetylation 
at N38 and N83 however only from NeuGc at N24. We do not have a clear bio-
logical explanation, but these observed differences could result from dissimilari-
ties of synthetic pathways involved and/or distinct solvent accessibilities of each 
glycosylation site.

Figure 3 Middle-down proteomic analysis of rhEPO. PTM profiling of 
site-specific glycoforms of rhEPO, covering the three N-glycosylation sites 
N24 (a), N38 (c), N83 (d) and the O-glycosylation site S126 (b). Of note, all 
the presented triantennary N-glycans may contain two types of structural iso-
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mers: α1-3 triantennary (shown in the figure), and α1-6 triantennary structures. 
* indicates the possibilities of a second co-existing glycan structure in addition 
to the one shown in the figure. For example, a triantennary structure with two 
sialic acids can also be a diantennary structure with an extra Galβ-1,4GlcNAc 
unit; a tetraantennary structure with three sialic acids can also be a triantennary 
structure with an extra Galβ-1,4GlcNAc unit. The triangles indicate additional 
modification of sialic acids by either O-acetylation (in pink) or the replacement 
of -CH3 by -CH2OH (in blue).

Assessing the integrity of protein PTM profiling by combining native MS and 
middle-down MS approaches

As described, we applied two complementary approaches to characterize the 
complex PTM profile of rhEPO. Next, we set out to further develop an integra-
tive strategy to combine the information from both approaches. Briefly, given the 
masses and relative abundances of all PTM isoforms at each site, we construct-
ed a native protein spectrum in silico based on a probability model, assuming 
all modifications are independent events (see Methods for detailed description). 
This spectrum is a representation of all possible proteoforms that may exist in 
the sample, therefore should comprise all proteoforms detected in the native MS 
experiment. Positional isomers, which exhibit the same total mass, cannot be 
distinguished in this scenario. In this regard, we were able to compare the data 
from the two independent experiments and further assess the integrity of the 
middle-down PTM assignments. 

Using the middle-down data from all PTM sites of rhEPO, we successfully con-
structed an intact protein spectrum that largely resembled the experimental na-
tive MS spectrum (Figure 4a). The Pearson correlation coefficient of the two 
spectra was 0.86, indicating a high similarity of the two independent approaches. 
Based on the middle-down data, we further simulated a spectrum wherein all the 
sialic acids were removed, and compared it with the native MS data acquired 
from rhEPO sample treated by sialidase. In this spectrum pair (Figure 4b) the 
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Pearson correlation coefficient increased from 0.86 to 0.94, and nearly all pro-
teoforms in the native MS spectrum can be annotated to the corresponding peaks 
in the constructed spectrum. It is known that in bottom-up and middle-down 
analysis, glycopeptides may easily lose their labile sialic acid moiety during 
sample preparation and ionization34,35 At the intact protein level, few studies are 
available regarding to this question. Rosati et al. analyzed four IgG4 hingeless 
mutants that exhibiting complex glycosylation including di-sialylation and tri-si-
alylation, and they observed that after removing sialylation, the charge state en-
velopes were not shifted compared to the sialylated samples. Therefore, under 
the conditions of native MS analysis, these labile groups remain attached to the 
protein, and also at the intact protein level the negatively charged sialic acid 
groups introduce less ionization bias21taking different complementary approach-
es ranging from peptide-based sequencing to direct analysis of intact proteins 
and protein assemblies. In this protocol, we describe procedures optimized to 
perform the analysis of monoclonal antibodies (mAbs. This is likely a cause for 
the lower correlation observed on the unprocessed rhEPO, when compared to the 
sialidase treated sample.

Figure 4 Integrative analysis of rhEPO using both high-resolution native 
MS and middle-down proteomics data. (a,b) Comparison of the in silico con-
structed spectrum based on middle-down proteomic data (shown in blue) with 
the experimental native MS spectrum (shown in brown) prior to (a) or after (b) 
sialidase treatment. The Pearson correlation coefficient between the displayed 
spectra is shown at the top right.
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Unanticipated PTM features in the plasma protein properdin

We next studied the plasma protein properdin, also named as Factor P36,37, rep-
resenting one class of important glycoproteins. Properdin is a member of the 
complement protein family and plays a critical role during complement acti-
vation38. It has been suggested that the PTM profile of properdin derived from 
blood serum and neutrophil/mast cell may differ from each other, resulting in 
different biological outcomes39. The high and diverse amount of PTM sites 
(over 20 potentially modified sites), including N- and O- glycosylation, as well 
as C-mannosylation, make properdin an interesting but challenging target for 
analysis (Figure 5a). Specifically, it contains 6 thrombospondin repeat domains 
(TSR1-TSR6), known to be substrates for C-mannosylation, an unusual type of 
protein glycosylation whose exact function are yet not well understood40. We 
firstly performed native MS and middle-down proteomics to comprehensive-
ly characterize its PTM heterogeneity. In the native MS spectrum, we detected 
more than 30 peaks, and assigned the overall PTM composition for the signifi-
cant ones (Figure 5b). Next, we treated properdin with PNGase F, to remove the 
N-glycans. The resulted spectrum confirmed that the heterogeneity of properdin 
originates mainly from C-mannosylation, not N-glycosylation (Supplementary 
Fig. 1). Although properdin contains over 20 PTM sites, we were able to as-
sign most of the peaks in the high resolution native MS spectrum. The extent of 
N-glycosylation, which is usually the main cause of glycoprotein heterogeneity, 
was found to be rather homogeneous on properdin. We demonstrated that our 
approach can analyze highly heterogeneous proteins and therefore its application 
for other plasma proteins may provide new insights on their PTM composition in 
unprecedented details and confidence comparing to currently used strategies. In 
the middle-down experiments, we identified and relatively quantified a variety of 
site-specific PTM isoforms originating from a staggering number of 17 C-man-
nosylation sites, four O-glycosylation sites, and one N-glycosylation site (Figure 
5a). Three out of 17 identified C-mannosylation sites (W80, W202 and W318) 
have not been previously reported. The MS2 spectra of the three peptides associ-
ated with the new sites provide a good confidence of the type of modification at 
these sites (Supplementary Fig. 2). 
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Figure 5 Comprehensive PTM characterization of properdin. (a) The proper-
din sequence and its known and novel PTM sites, wherein the three newly dis-
covered mannosylation sites at W80, W202 and W318 are annotated in red. (b) 
The native MS spectrum of properdin, zoomed in at charge state [M+14H]14+. 
The overall PTM composition is annotated. (c) Relative abundances of peptide 
proteoforms were estimated from their XICs. Each PTM modified peptide was 
normalized individually so that the sum of all its proteoform areas was set at 
100%. For clarity, only parts of the peptide sequence with PTMs are shown be-
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low the graph. A more detailed look at the graph (b) shows a certain variability 
of C-mannosylation occupancy in different TSRs, details on this heterogeneity 
are described in Supplementary Note 1. (d, e) The comparison of the constructed 
spectra without (d) or with (e) the three newly discovered C-mannosylation sites 
with the experimental native MS spectrum of properdin. The Pearson correlation 
coefficient between the displayed spectra is shown at the top left.

To further validate the three newly discovered C-mannosylation sites and the 
integrity of our middle-down PTM identification, we examined the middle-down 
data using the integrative approach described above. To this end, we constructed 
the native MS spectrum of properdin with or without the three newly discov-
ered C-mannosylation sites. We clearly observed that, excluding the three nov-
el C-mannosylation sites, several peaks were absent in the constructed spectra 
missed peaks in comparison to the native MS spectrum. The mass difference of 
162 Da between the adjacent peaks at m/z range 3,860-3,900 implied the pres-
ence of three additional C-mannosylation sites at the intact protein level (Fig-
ure 5d). After incorporating the three C-mannosylation sites in the constructed 
spectrum, as shown in Figure 5e, the spectra pair looked more similar and also 
provided a higher Pearson correlation coefficient (0.95).

In contrast to previously reported data41, where all the C-mannosylation sites 
were suggested to be fully occupied, our data reveal the existence of high hetero-
geneity in site occupancy in 5 out of the 6 TSR regions. On TSR1, TSR2, TSR3, 
TSR5 and TSR6, the second tryptophan in the recognition motif W-X-X-W-X-
X-W was found to be fully C-mannosylated, while the first and the third tryp-
tophan were modified only partially with different level of occupancy. A more 
detailed description on C-mannosylation heterogeneity in the TSR structures of 
properdin is described in Figure 5c and Supplementary Note 1. To our knowl-
edge, this is by far the most thorough description of the structural heterogeneity 
occurring in plasma-derived properdin.

Assessing biosimilarity in rhEPO samples 

The approval of a biosimilar product requires a thorough characterization, which 
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requires the compatibility with the reference product in quality, safety and effi-
cacy. Protein based biosimilars often have the same backbone sequence, but may 
embed heterogeneity in their PTM profiles, which challenges current similari-
ty analysis. This heterogeneity results from differences in production cell lines, 
culture conditions and production methods. To address the need for distinguish-
ing biosimilar products analytically, we next demonstrate how high-resolution 
native mass spectrometry and our Pearson-correlation-based algorithm can be 
used to define spectra similarity between different rhEPO products, taking three 
available rhEPO samples as model systems; rhEPO biological reference (BRP), 
epoetin beta and epoetin zeta (a biosimilar of epoetin alpha). Their respective 
native MS spectra are shown in Figure 6a.

Figure 6 Quantitatively assessing the similarity of different rhEPO ther-

apeutics using high-resolution native MS. (a, b) Native MS spectra of three 
rhEPO products (rhEPO BRP, epoetin beta and epotein zeta) without (a) or with 
(b) sialidase treatment. (c) A heat map displaying spectra similarity between the 
three different rhEPO products. The numbers displayed in the heat map represent 
the Pearson correlation coefficients. Experimental duplicates are markedas beta 
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and beta’, BRP and BRP’, zeta and zeta’. After removing sialic acids contents by 
sialidase, the Pearson correlation coefficients between EPO products increased, 
as shown in the heat map of desialylated EPO samples (d). 

First, to assess the reproducibility of our native MS approach, we measured the 
correlations of technical replicates of each rhEPO sample. Our results showed 
all the spectral correlations were above 0.97, indicating a robust analytical repro-
ducibility of our approach (Figure 6c, measurement of duplicates are marked as 
beta and beta’, BRP and BRP’, zeta and zeta’). Next, we compared the samples 
from the different sources and observed clear differences in terms of the relative 
abundance of each m/z peak (Figure 6a). The correlation between epoetin beta 
and epoetin zeta is relatively low (~0.45), implying the distinct PTM profiles 
of these two rhEPO products. Notably, this observation is in agreement with a 
previous study that reported distinctive glycosylation patterns on epoetin alpha 
(a biosimilar of epoetin zeta) and beta42. The rhEPO BRP and epoetin beta were 
found to correlate better (~0.75) than epoetin beta and zeta (~0.45), so do rhEPO 
BRP and epoetin zeta (~0.67). The observed order in these correlations were 
somewhat expected since rhEPO BRP contains a mixture of epoetin alpha and 
beta in equal amounts (w/w)43.

Next we treated the three rhEPO samples with the enzyme sialidase. This result-
ed in an extensive reduction of the heterogeneity in the native MS spectra (Fig-
ure 6b). Concomitantly, the correlation increased to 0.92 between desialylated 
epoetin beta and zeta, 0.94 between desialylated epoetin beta and rhEPO BRP, 
and 0.95 between desialylated epoetin zeta and rhEPO BRP (Figure 6d). These 
results demonstrate that the PTM heterogeneity of rhEPO products is largely 
originating from the variability in the extent and occupancy of sialylation on the 
various glycan trees occurring in rhEPO.

Discussion

We applied middle-down proteomics, native MS and an integrative strategy to 
comprehensively assess the PTM features of rhEPO and the plasma derived 
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properdin. Using high-resolution native MS, we obtained a qualitative and quan-
titative view of all co-appearing proteoforms. By using a complementary mid-
dle-down proteomic approach, we in detail revealed PTM localizations, rela-
tive abundances and glycan structures in a site-specific manner. Beneficially, 
we were able to assess the reliability and integrity of our PTM assignments by a 
direct comparison of the data from both approaches, leading us to the discovery 
of three new C-mannosylation sites as well as the undescribed structural hetero-
geneity in site occupancy in properdin. This integrated comparison bridges the 
two MS platforms, adding a new layer towards the completeness and confidence 
of PTM assignments.

In current analytical workflows the characterization of structural similarity 
between rhEPO products poses a great challenge, largely due to the introduction 
of bias during sample preparation, analytical processes and the lack of resolving 
power. Here we show that high-resolution native MS, which requires minimal 
sample preparation and analysis time, nicely addresses this challenge by providing 
a quantitative fingerprint of the intact protein. Particularly, native MS is extremely 
powerful at quantifying the distinct PTM patterns of glycoproteins with heavy 
sialylation. These monosaccharides are substantially important for the biological 
activities and the in vivo circulatory half-life of many biopharmaceutical 
products, such as rhEPO44,45, yet are very challenging for quantification because 
they introduce ionization bias to the sialyated glycopeptide and quite fragile 
during sample preparation.

The hereby presented high-resolution native MS analysis and biosimilarity 
scoring could also be applied to other glycoprotein biologics, such as therapeutic 
antibodies, which exhibit typically less heterogeneous PTM profiles compared to 
rhEPO. Of interest, in biotechnological applications glycosylation of glycoproteins 
becomes more and more directed by perturbing specific glycosyltransferases in 
the host cell46–48. Such approaches lead to glycoproteins decorated by a plethora 
of varied PTMs. The effect of deletion of glycosyltransferases on the produced 
product could be efficiently monitored and characterized by the hereby presented 
strategies.
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The integrative approach offers a direct measurement of the molecular 
heterogeneity and can be in theory applied to any protein with PTM decoration. 
Plasma glycoproteins form some of the most relevant protein biomarker 
targets. Next to changes in abundance levels of such proteins, changes in PTM/
glycosylation profiles may provide even stronger biomarker signatures49–52. 
The here presented combined approach uniting high-resolution native 
mass spectrometry and middle-down proteomics for the structural analysis 
of glycoproteins and may therefore also find applicability in a variety of 
biotherapeutical as well as biotechnological applications.

Methods

Materials

The recombinant rhEPO biological reference preparation (BRP; presently batch 
4.0) was acquired from EDQM (European Directorate for the Quality of Med-
icines). It is a 50:50 blending of epoetin alpha and epoetin beta53, supplied at 
13,000 IU per vial. Epoetin beta was acquired from Roche and supplied at 30,000 
IU/syringe. It is a recombinant form of erythropoietin marketed under the trade 
name NeoRecormon®, produced by recombinant DNA technology using Chi-
nese hamster ovary (CHO) cells as expression system. Epoetin zeta (Retacrit®, 
Hospira) is a biosimilar to the reference medicinal product Eprex® (Epoetin al-
pha), produced in CHO cells. The Uniprot code for rhEPO is P01588. Human 
blood plasma properdin (Uniprot code: P27918) was obtained from Complement 
Technology, Inc. (Texas, USA). Urea, dithiothreitol (DTT) and iodoacetamide 
(IAA) were purchased from Sigma-Aldrich (Steinheim, Germany). Formic acid 
(FA) was purchased from Merck (Darmstadt, Germany). Acetonitrile (ACN) was 
purchased from Biosolve (Valkenswaard, The Netherlands). Sequencing grade 
trypsin was obtained from Promega (Madison, WI). Glu-C, Asp-N, PNGase F 
and Sialidase were obtained from Roche (Indianapolis, USA).

Sample preparation for native MS
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Unprocessed protein solutions (containing 25-30 µg of the protein) were buffer 
exchanged into 150 mM aqueous ammonium acetate (pH 7.5) by ultrafiltration 
(vivaspin500, Sartorius Stedim Biotech, Germany) using a 5 kDa cut-off filter. 
Protein concentration was measured by UV absorbance at 280 nm and adjusted 
to 2-3 µM prior to native MS analysis. Sialidase was used to remove sialic acid 
residues from rhEPO. PNGase F was used to cleave the N-glycans of rhEPO and 
properdin, four units of PNGase F with 25 μg of purified protein sample (conc. 
~0.5 mg ml-1) were mixed and incubated at 37 °C overnight. All samples were 
buffer exchanged to 150 mM ammonium acetate (pH 7.5) prior to native MS 
measurements. Typically 2 µL of the concentrated sample (2 µM) were directly 
infused into the mass spectrometer, and the leftover from the native MS mea-
surement can be recovered and stored if needed.

Native MS analysis

Samples were analyzed on a modified Exactive Plus Orbitrap instrument with 
extended mass range (EMR) (Thermo Fisher Scientific, Bremen) using a stan-
dard m/z range of 500-10,000 Th.. The voltage offsets on 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 Higher-energy collisional dissoci-
ation (HCD) cell at a gas pressure of 6-8 × 10-10 bar. MS parameters used: spray 
voltage 1.2-1.3 V, source fragmentation 30 V, source temperature 250 °C, colli-
sion energy 30 V, and resolution (at m/z 200) 17,500. The instrument was mass 
calibrated using CsI clusters.

Native MS data analysis

The raw spectra were deconvoluted to zero-charge spectra using the Bayesian 
Protein Reconstruct tool from BioAnalyst ver. 1.1 (ABSciex). The mass range 
and m/z range were adjusted accordingly. Average masses were used for PTM 
calculation, 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 
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Da), N-glycolylneuraminic acid (Neu5Gc, 307.2573 Da), phosphorylation (Pho, 
79.9799 Da), acetylation (Acetyl, 42.0373 Da), and –CH3 to –CH2OH replace-
ment (Hydroxyl, 15.9994 Da).

Proteolytic Digestion for Middle-down Proteomics

Proteins (rhEPO, and properdin) were reconstituted or buffer exchanged to PBS 
(phosphate-buffered saline, pH 7.4) and protein concentration was adjusted to 1 
mg ml-1. Subsequently, samples were 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, 
where after 4 mM DTT was added again. rhEPO was digested with either trypsin 
at an enzyme-to-protein-ratio of 1:100 (w/w) or Glu-C at an enzyme-to-protein 
ratio of 1:75 (w/w) overnight at 37 °C. Properdin was digested for 4 hours with 
either Glu-C or Asp-N at an enzyme to-protein-ratio of 1:75 (w/w) and further 
treated with trypsin (1:100; w/w) overnight at 37 °C. For glycopeptide analysis, 
we typically digested 3 µg of protein for digestion, and injected 1 picomol of the 
resulted peptide mixture on the columns .

LC/MS analysis

After proteolytic digestion, all peptides (including glycopeptides) were separat-
ed and analyzed using an ultra HPLC Proxeon EASY-nLC 1000 system (Thermo 
Fisher Scientific, Odense, Denmark) coupled on-line to an Orbitrap Fusion mass 
spectrometer (Thermo Fisher Scientific, Bremen, Germany). Reversed-phase 
separation was accomplished using a 100 µm inner diameter 2 cm trap column 
(in-housed packed with ReproSil-Pur C18-AQ, 3 µm) (Dr. Maisch GmbH, Am-
merbuch-Entringen, Germany) coupled to a 50 µm inner diameter 50 cm ana-
lytical 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% FA in water, and mobile-phase solvent B consisted of 0.1% FA in ACN. 
The flow rate was set to 100 nL min-1. A 50 min gradient (7-30% solvent B within 
31 min, 30-100% solvent B within 3 min, 100% solvent B for 5 min, 100-7% 
solvent B within 1 min and 7% solvent B for 10 min) was used. For rhEPO, 
MS2 HCD was performed with normalized collision energy of 35%. Product ion 
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trigger was enabled to additionally trigger collision-induced dissociation (CID) 
and Electron-transfer and higher-energy collision dissociation (EThcD) MS2 
acquisitions of the same precursor ion if glycan masses (HexNAc: 204.0867; 
HexNAc fragment: 138.0545; HexNAcHex: 366.1396) were observed. CID was 
performed with a normalized collision energy of 25% and EThcD was performed 
using calibrated charge dependent ETD parameters with an EThcD supplemen-
tary activation collision energy of 20%. This allowed additional fragmentation 
information of both the glycan and the peptide moieties of glycopeptides. For 
properdin, MS2 EThcD were acquired. HCD was performed with normalized 
collision energy of 15% and 35% respectively. A supplementary activation ener-
gy of 20% was used for EThcD. All spectral data were acquired in the Orbitrap 
Fusion mass analyzer. For the MS scans the scan range was set from 375 to 
2,500 m/z at a resolution of 60,000 and the AGC target was set to 1×106. For the 
MS2 scans the resolution was set to 15,000; the AGC target was set to 1×105; the 
precursor isolation width was 1.6 Da and the maximum injection time was set to 
300 ms. The CID normalized collision energy was 35% and the ETD AGC target 
was set to 1×105.

LC/MS data analysis

Raw data were analyzed using Byonic software (Protein Metrics Inc.) using the 
following parameters: precursor ion mass tolerance, 10 ppm; product ion mass 
tolerance, 20 ppm; fixed modification, Cys carbamidomethyl; variable modifi-
cation: Met oxidation, STY phosphorylation, and both N- and O- glycosylation 
from mammalian glycan databases; allowed number of mis-cleavages: 3. Data-
base used were either rhEPO or properdin protein sequences with adding decoy 
proteins enabled. Data filtering was carried out with a peptide FDR of 1%. For 
site-specific relative quantification, the extracted ion chromatograms (XIC) were 
calculated using Skyline54. Each peptide that contains PTM sites was normalized 
individually so that the sum of all its proteoform areas was set at 100%. The gly-
can structure of each glyco-isoform was manually annotated based on mass, MS2 
fragmentation and confirmed as the most likely structure in literature8,32,33,55,56. 
Using MS2 fragmentation pattern it is not possible to identify the linkage type 
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of glycan units, such as α2-3 and α2-6 linked sialic acid, or Galβ1-4GlcNAc and 
Galβ1-3GlcNAc. Therefore, we did not include any linkage information in our 
reported glycan structures. All MS2 spectra provided fragments which unam-
biguously confirmed identity of all modified peptides, type and composition of 
PTM.

Middle-down data construction of pseudo native MS spectrum

We perform in silico data construction to simulate a native MS spectrum based 
on the masses and relative abundances of all site-specific PTM information de-
rived from middle-down proteomics (The algorithm is made publicly available 
and supplemented at https://github.com/Yang0014/glycoNativeMS). The data 
construction is achieved based on the following three elements, 1) the mass of 
the protein backbone retrieved from the protein sequence, 2) the masses of the 
PTMs on each modification sites as extracted from the middle-down data and 3) 
the relative abundances of site-specific PTMs extracted from LC chromatogram. 

In detail, we first calculate the masses of all proteoforms based on all PTM iden-
tified from middle-down measurements. The mass of a proteoform M can be 
calculated as:

Mpp: the mass of the polypeptide portion of a given protein, which is calculated 
using the backbone amino acid sequence corrected for disulfide bridges. n: the 
number of PTM sites. mij: the mass of jth modification at site i.

Second, we calculate the relative abundance P of a proteoform determined by its 
unique PTM combination, which is calculated by: 

Pij: the normalized relative abundance of jth modification at site i. n: the number 
of PTM sites. 
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k: the number of possible PTM isoforms at site i (including unoccupied site). Aij: 
the abundance of jth modification at site i, which is calculated based on the XIC.

To avoid artifacts possibly induced by spectra deconvolution, the constructed 
data are further processed to include a charge state envelope. In this regard, it can 
be directly compared with the unprocessed native MS spectra. The m/z spectrum 
is generated by converting protein masses (M) to m/z values (Q):

The native mass spectrum of a given protein often has a (limited) charge enve-
lope ranging from [M+mH]m+ to [M+nH]n+, therefore we also simulate the con-
structed data with the same charge envelope. Ak is the relative abundance of kth 
charge state Zk, m ≤ k ≤ n.

Assessing the similarities of native MS spectra

Native MS spectra (acquired in profile mode) are firstly pre-processed by bin-
ning data points into defined m/z ranges. Subsequently, the standard Pearson 
correlation is performed to score the similarity of two spectra.

An optimal bin width should be as small as possible to precisely reflect the de-
tails of two MS spectra, and reflect the resolution of the experimental native MS 
spectra. we firstly select top 20 pairs of peaks in the native spectra of rhEPO BRP 
and epoetin zeta, and then calculate the optimal bin width Woptimal at three differ-
ent charge states ([M+8H]8+, [M+9H]9+, [M+10H]10+ for rhEPO), as illustrated in 
Supplementary Fig. 3a. The median of the 60 optimal bin width (for each peak 
pair there are three optimal bin width, in total there are 60 numbers) is used as 
the bin width for the correlation test.

To further verify the selection, we plot the correlation values over a series of bin 
widths (1 to 20 m/z with a step size 0.1, shown in blue) with a local polynomial 
regression fitting line shown in green. The selected bin width is close to the in-
flection point, as illustrated in Supplementary Fig. 3b. 

Data Availability
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The data that support the findings of this study are available on request from the 
corresponding author (A.J.R.H.).

Code availability

The algorithm is written in R (version 3.3.1), and it is made publicly available 
and supplemented in Github.  https://github.com/Yang0014/glycoNativeMS.
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Supplementary Figure 1 Native mass spectra of properdin, before and af-

ter PNGaseF treatment, zoomed in on the ions of charge state [M+14H]14+. 
Notably, the proteoform profile of N-deglycosylated properdin remained very 
similar to the untreated wild-type sample. This shows that the main cause of the 
heterogeneity on properdin is not N-glycosylation. 
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Supplementary Figure 2 EThcD MS2 spectra of peptides derived from 

a proteolytic digestion of properdin. Six selected MS2 spectra are shown, 
which are acquired for C-mannosylated and O-glycosylated peptides with pre-
cursor m/z of 995.43, 941.41 (a), 722.97, 749.98 (b), 929.64 and 889.13 (c). 
Fragmentation patterns conclusively confirm the identity of the peptides and 
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the composition of PTMs. Three new discovered C-mannosylation sites are 
located at W80, W202 and W318. Since all of these sites are occupied only 
partially, we also provide MS2 spectra of non-occupied variants. All spectra 
are interpreted by using the software Byonic and further validated by manual 
inspection.

Supplementary Figure 3 (a), Illustration of the ideal bin width (Woptimal) that 
needs to be chosen close to W1, which is the minimum width to include two sin-
gle peaks to be compared, and no larger than W2, which is the maximum width 
to include two single peaks to be compared. (b) Verification of the selected bin 
width. Plotted are the correlation values over a series of bin widths (1 to 20 m/z 
with a step size of 0.1) with a local polynomial regression fitting line shown in 
green, the chosen bin width is located close to the region of inflection. 
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Supplementary Data 1: Quantitative Glycan Profiling of Intact rhEPO by 
native MS. 

No. mass (Da)

abun-

dance 

(%)

Hex-

NAc Hex Fuc Sia

Ace-

tyl

hy-

drox-

yl

glycan 

(Da)

expected 

glycan 

(Da) dev

1 26087.73 0.69 17 19 3 3 0 0 7851.74 7847.22 4.52

2 26123.53 0.04 17 21 1 3 0 1 7887.54 7895.22 7.68

3 26308.28 0.13 16 18 3 5 0 0 8072.29 8064.40 7.89

4 26374.33 1.10 17 19 3 4 0 0 8138.34 8138.48 0.14

5 26412.01 0.44 17 21 1 4 0 1 8176.02 8186.48 10.46

6 26448.76 0.26 16 19 3 5 0 0 8212.77 8226.54 13.77

7 26455.77 0.15 16 19 1 6 0 0 8219.78 8225.52 5.74

8 26513.08 0.57 17 18 3 5 0 0 8277.09 8267.60 9.49

9 26533.19 1.21 16 21 3 4 1 0 8297.20 8301.57 4.37

10 26586.85 1.79 16 18 3 6 0 0 8350.86 8355.66 4.80

11 26606.60 0.17 16 19 2 6 0 0 8370.61 8371.66 1.04

12 26636.95 1.86 16 21 2 5 0 0 8400.96 8404.69 3.72

13 26672.76 0.01 17 19 3 5 0 0 8436.77 8429.74 7.03

14 26678.96 0.11 16 21 2 5 1 0 8442.97 8446.69 3.72

15 26752.57 0.03 16 19 3 6 0 0 8516.58 8517.80 1.22

16 26826.92 1.24 16 21 3 5 1 0 8590.93 8592.83 1.90

17 26963.99 2.21 17 19 3 6 0 0 8728.00 8721.00 7.00

18 27116.10 0.39 16 21 3 6 1 0 8880.11 8884.09 3.97

19 27152.78 0.20 19 21 3 4 1 0 8916.79 8911.16 5.63

20 27261.66 0.99 19 21 2 5 0 1 9025.67 9030.27 4.60

21 27316.45 0.11 17 21 3 6 1 0 9080.46 9087.28 6.82

22 27360.58 0.21 18 20 3 6 1 0 9124.59 9128.33 3.75

23 27444.93 0.13 19 21 3 5 1 0 9208.94 9202.41 6.53

24 27493.48 1.52 16 20 3 8 0 0 9257.49 9262.46 4.97

25 27514.72 0.02 18 22 2 6 0 1 9278.73 9280.48 1.75

26 27556.12 1.81 19 22 3 5 0 0 9320.13 9322.56 2.43

27 27582.50 0.00 17 21 3 7 0 0 9346.51 9336.54 9.97

28 27625.99 4.17 16 19 3 9 0 0 9390.00 9391.58 1.58

29 27682.61 0.31 16 21 3 8 0 1 9446.62 9440.60 6.02
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30 27701.15 0.45 17 20 3 8 0 0 9465.16 9465.66 0.50

31 27738.07 0.07 19 21 3 6 1 0 9502.08 9493.67 8.41

32 27756.80 0.21 16 18 3 10 0 0 9520.81 9520.69 0.12

33 27817.47 0.02 18 21 3 7 1 0 9581.48 9581.73 0.25

34 27836.13 1.60 17 19 3 9 0 0 9600.14 9594.77 5.37

35 27917.35 5.67 18 20 3 8 0 1 9681.36 9684.85 3.49

36 27963.29 0.61 17 18 3 10 0 0 9727.30 9723.89 3.41

37 27971.65 1.78 17 19 2 10 0 0 9735.66 9739.89 4.22

38 27993.07 1.66 17 20 3 9 0 0 9757.08 9756.91 0.17

39 28016.90 0.52 19 21 3 7 1 0 9780.91 9784.93 4.02

40 28046.66 0.76 19 23 3 6 1 0 9810.67 9817.96 7.28

41 28098.37 0.02 16 20 3 10 0 1 9862.38 9860.98 1.40

42 28122.01 2.18 17 19 3 10 0 0 9886.02 9886.03 0.01

43 28143.34 0.55 17 20 2 10 0 0 9907.35 9902.03 5.33

44 28164.58 1.22 17 21 3 9 0 1 9928.59 9935.06 6.46

45 28209.51 3.90 18 20 3 9 0 1 9973.52 9976.11 2.59

46 28231.77 1.13 18 22 3 8 0 0 9995.78 9993.14 2.64

47 28254.38 3.12 16 21 3 10 0 1 10018.39 10023.12 4.73

48 28283.21 14.21 17 20 3 10 0 0 10047.22 10048.17 0.95

49 28303.51 0.71 17 20 3 10 0 1 10067.52 10064.17 3.34

50 28325.90 3.72 17 20 3 10 1 0 10089.91 10090.17 0.26

51 28337.95 0.99 19 22 2 8 1 0 10101.96 10092.19 9.78

52 28367.58 0.10 17 20 3 10 2 0 10131.59 10132.17 0.58

53 28379.64 0.39 15 21 3 11 1 0 10143.65 10137.18 6.47

54 28410.54 1.36 17 20 3 10 3 0 10174.55 10174.17 0.38

55 28449.96 1.89 17 21 3 10 0 0 10213.97 10210.31 3.66

56 28484.90 1.73 18 20 3 10 0 0 10248.91 10251.37 2.45

57 28517.85 1.71 18 21 2 10 0 1 10281.86 10283.37 1.51

58 28544.85 0.02 15 22 3 11 1 0 10308.86 10299.32 9.54

59 28575.19 34.38 17 20 3 11 0 0 10339.20 10339.43 0.23

60 28595.52 4.20 17 20 3 11 0 1 10359.53 10355.43 4.10

61 28616.91 13.59 17 22 3 10 0 0 10380.92 10372.46 8.46

62 28648.78 7.47 18 21 3 10 0 0 10412.79 10413.51 0.72

63 28660.29 2.44 18 21 3 10 0 1 10424.30 10429.51 5.20

64 28702.61 4.37 18 21 3 10 1 0 10466.62 10455.51 11.11
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65 28723.27 0.14 19 22 3 9 0 0 10487.28 10487.59 0.31

66 28742.46 3.55 17 21 3 11 0 0 10506.47 10501.57 4.90

67 28778.41 4.52 18 20 3 11 0 0 10542.42 10542.62 0.20

68 28811.26 1.20 18 22 3 10 0 0 10575.27 10575.65 0.38

69 28823.54 1.08 16 21 3 12 0 0 10587.55 10589.63 2.08

70 28866.20 21.00 17 20 3 12 0 0 10630.21 10630.69 0.48

71 28886.48 2.22 19 23 3 9 0 0 10650.49 10649.73 0.76

72 28908.56 10.11 17 22 3 11 0 0 10672.57 10663.71 8.85

73 28940.54 45.01 18 21 3 11 0 0 10704.55 10704.77 0.21

74 28960.51 2.55 18 21 3 11 0 1 10724.52 10720.77 3.76

75 28982.94 14.98 18 21 3 11 1 0 10746.95 10746.77 0.18

76 29015.01 2.06 19 22 3 10 0 0 10779.02 10778.85 0.18

77 29025.73 5.98 17 21 3 12 0 0 10789.74 10792.83 3.09

78 29067.26 6.33 18 20 3 12 0 0 10831.27 10833.88 2.61

79 29087.73 0.02 18 20 3 12 0 1 10851.74 10849.88 1.86

80 29109.21 3.82 18 20 3 12 1 0 10873.22 10875.88 2.67

81 29137.45 0.31 19 21 3 11 0 0 10901.46 10907.96 6.51

82 29153.91 0.17 17 20 3 13 0 0 10917.92 10921.94 4.03

83 29168.92 0.07 19 22 2 11 0 1 10932.93 10939.96 7.03

84 29189.22 0.67 19 21 3 11 1 0 10953.23 10949.96 3.27

85 29231.91 65.89 18 21 3 12 0 0 10995.92 10996.02 0.11

86 29251.63 8.01 18 21 3 12 0 1 11015.64 11012.02 3.61

87 29273.70 24.35 18 21 3 12 1 0 11037.71 11038.02 0.32

88 29304.90 35.14 19 22 3 11 0 0 11068.91 11070.10 1.19

89 29347.54 7.24 19 22 3 11 1 0 11111.55 11112.10 0.56

90 29357.74 3.00 18 20 3 13 0 0 11121.75 11125.14 3.39

91 29388.22 4.15 18 22 3 12 0 0 11152.23 11158.17 5.94

92 29400.66 3.76 18 21 2 13 0 1 11164.67 11157.14 7.53

93 29432.92 3.79 19 21 3 12 0 0 11196.93 11199.22 2.29

94 29440.02 2.01 19 22 2 12 0 0 11204.03 11215.22 11.19

95 29460.69 0.28 19 22 2 12 0 1 11224.70 11231.22 6.51

96 29474.31 1.45 20 20 3 12 0 0 11238.32 11240.27 1.96

97 29523.32 36.37 18 21 3 13 0 0 11287.33 11287.28 0.05

98 29543.20 4.02 18 21 3 13 0 1 11307.21 11303.28 3.93

99 29565.15 13.89 19 20 3 13 0 0 11329.16 11328.33 0.83
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100 29596.87 71.94 19 22 3 12 0 0 11360.88 11361.36 0.49

101 29617.43 4.96 19 22 3 12 0 1 11381.44 11377.36 4.08

102 29639.77 27.40 19 22 3 12 1 0 11403.78 11403.36 0.42

103 29671.07 15.85 20 23 3 11 0 0 11435.08 11435.44 0.36

104 29683.34 5.09 18 22 3 13 0 0 11447.35 11449.42 2.07

105 29724.18 6.19 19 21 3 13 0 0 11488.19 11490.48 2.29

106 29743.08 0.02 19 22 2 13 0 0 11507.09 11506.48 0.62

107 29753.97 0.65 19 23 3 12 0 0 11517.98 11523.50 5.53

108 29764.71 6.36 20 20 3 13 0 0 11528.72 11531.53 2.81

109 29798.01 0.94 20 22 3 12 0 0 11562.02 11564.56 2.54

110 29808.65 2.71 18 21 3 14 0 0 11572.66 11578.54 5.88

111 29847.70 1.65 18 23 3 13 0 0 11611.71 11611.57 0.14

112 29888.02 100.00 19 22 3 13 0 0 11652.03 11652.62 0.59

113 29908.80 10.94 19 22 3 13 0 1 11672.81 11668.62 4.19

114 29930.46 37.81 20 21 3 13 0 0 11694.47 11693.67 0.79

115 29962.26 39.07 20 23 3 12 0 0 11726.27 11726.70 0.43

116 29970.65 6.82 19 22 3 13 2 0 11734.66 11736.62 1.96

117 30004.13 8.71 20 23 3 12 1 0 11768.14 11768.70 0.56

118 30014.60 5.75 19 22 3 13 3 0 11778.61 11778.62 0.01

119 30036.90 13.12 19 22 4 13 0 0 11800.91 11798.76 2.15

120 30054.99 10.48 19 23 3 13 0 0 11819.00 11814.76 4.24

121 30079.85 1.32 19 22 4 13 1 0 11843.86 11840.76 3.09

122 30083.01 1.01 21 22 3 12 2 0 11847.02 11851.75 4.73

123 30097.46 4.22 19 22 4 13 1 1 11861.47 11856.76 4.71

124 30122.45 1.21 19 22 4 13 2 0 11886.46 11882.76 3.70

125 30129.20 0.35 20 22 3 13 1 0 11893.21 11897.81 4.60

126 30139.21 4.43 19 23 3 13 2 0 11903.22 11898.76 4.46

127 30179.70 55.70 19 22 3 14 0 0 11943.71 11943.88 0.17

128 30199.45 5.65 19 23 4 13 0 0 11963.46 11960.90 2.56

129 30221.87 21.28 19 22 3 14 1 0 11985.88 11985.88 0.01

130 30254.31 60.48 20 23 3 13 0 0 12018.32 12017.96 0.36

131 30271.50 3.64 20 22 4 13 1 0 12035.51 12043.96 8.45

132 30296.61 22.81 20 23 3 13 1 0 12060.62 12059.96 0.66

133 30327.08 13.41 19 22 4 14 0 0 12091.09 12090.02 1.07

134 30346.60 6.18 20 20 3 15 0 0 12110.61 12114.05 3.43
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135 30370.65 7.68 20 22 3 14 0 0 12134.66 12147.07 12.41

136 30376.63 1.80 20 22 3 14 0 0 12140.64 12147.07 6.43

137 30401.98 4.76 20 22 3 14 0 1 12165.99 12163.07 2.92

138 30421.98 4.54 20 22 3 14 1 0 12185.99 12189.07 3.08

139 30453.91 1.42 21 23 3 13 0 0 12217.92 12221.15 3.23

140 30463.59 0.57 20 22 3 14 2 0 12227.60 12231.07 3.47

141 30470.76 1.97 19 22 5 14 0 0 12234.77 12236.16 1.40

142 30495.72 1.31 21 23 3 13 1 0 12259.73 12263.15 3.42

143 30510.54 0.96 19 22 3 15 1 0 12274.55 12277.14 2.59

144 30544.66 40.32 20 23 3 14 0 0 12308.67 12309.21 0.54

145 30564.12 3.53 20 23 3 14 0 1 12328.13 12325.21 2.92

146 30587.23 13.58 21 22 3 14 0 0 12351.24 12350.27 0.98

147 30619.77 48.16 21 24 3 13 0 0 12383.78 12383.29 0.48

148 30638.60 1.95 20 20 3 16 0 0 12402.61 12405.30 2.70

149 30662.10 16.44 22 23 3 13 0 0 12426.11 12424.35 1.76

150 30693.82 20.67 20 22 3 15 0 1 12457.83 12454.33 3.50

151 30702.09 2.08 20 24 3 14 0 0 12466.10 12471.36 5.25

152 30712.83 3.06 20 22 3 15 1 0 12476.84 12480.33 3.49

153 30735.38 3.33 21 23 3 14 0 0 12499.39 12512.41 13.02

154 30746.00 1.55 21 23 3 14 0 0 12510.01 12512.41 2.40

155 30768.18 1.98 21 23 3 14 0 1 12532.19 12528.41 3.78

156 30787.56 4.10 21 25 3 13 0 0 12551.57 12545.44 6.13

157 30824.78 0.89 22 22 3 14 1 0 12588.79 12595.46 6.67

158 30837.29 1.29 20 23 3 15 0 0 12601.30 12600.47 0.83

159 30859.68 0.47 23 23 3 13 0 0 12623.69 12627.54 3.86

160 30872.49 1.05 21 22 3 15 0 0 12636.50 12641.53 5.03

161 30910.06 30.75 21 24 3 14 0 0 12674.07 12674.55 0.48

162 30916.16 0.55 21 22 3 15 1 0 12680.17 12683.53 3.36

163 30929.27 1.30 19 22 4 16 0 1 12693.28 12688.54 4.74

164 30952.66 12.06 22 23 3 14 0 0 12716.67 12715.60 1.06

165 30985.05 34.95 20 22 3 16 0 1 12749.06 12745.59 3.48

166 31027.04 13.13 23 22 3 14 1 0 12791.05 12798.66 7.61

167 31059.21 8.64 24 23 3 13 0 0 12823.22 12830.74 7.52

168 31064.38 2.94 19 22 3 17 0 1 12828.39 12833.65 5.26

169 31078.62 2.57 21 23 3 15 1 0 12842.63 12845.67 3.04
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170 31111.15 2.32 22 24 3 14 0 0 12875.16 12877.75 2.59

171 31132.56 1.28 22 25 2 14 0 0 12896.57 12893.75 2.82

172 31151.74 1.59 23 23 3 14 0 0 12915.75 12918.80 3.05

173 31193.43 0.99 23 23 3 14 1 0 12957.44 12960.80 3.36

174 31224.12 0.15 24 24 3 13 0 0 12988.13 12992.88 4.75

175 31243.03 0.72 22 23 3 15 0 0 13007.04 13006.86 0.17

176 31275.76 23.01 22 25 3 14 0 0 13039.77 13039.89 0.11

177 31295.26 0.44 23 23 4 14 0 0 13059.27 13064.94 5.67

178 31317.63 7.18 23 24 3 14 0 0 13081.64 13080.94 0.70

179 31328.72 0.01 23 25 2 14 0 0 13092.73 13096.94 4.21

180 31350.16 22.41 24 23 3 14 0 0 13114.17 13121.99 7.83

181 31365.46 0.03 21 23 3 16 1 0 13129.47 13136.93 7.46

182 31392.59 6.53 24 25 3 13 0 0 13156.60 13155.02 1.58

183 31425.60 8.67 22 25 4 14 0 0 13189.61 13186.03 3.57

184 31432.73 0.97 20 23 3 17 0 1 13196.74 13198.99 2.25

185 31444.56 1.39 23 23 3 15 0 0 13208.57 13210.06 1.49

186 31474.08 2.24 23 25 3 14 0 0 13238.09 13243.08 4.99

187 31512.09 1.62 24 24 3 14 0 0 13276.10 13284.14 8.04

188 31522.03 1.40 24 24 3 14 0 0 13286.04 13284.14 1.90

189 31567.57 2.79 22 25 3 15 0 0 13331.58 13331.15 0.43

190 31604.78 0.36 25 23 3 14 1 0 13368.79 13367.19 1.60

191 31612.68 0.43 23 22 3 16 1 0 13376.69 13381.17 4.48

192 31641.13 12.73 24 23 3 15 0 0 13405.14 13413.25 8.11

193 31658.99 1.01 24 24 4 14 0 0 13423.00 13430.28 7.28

194 31683.06 3.97 24 25 3 14 0 0 13447.07 13446.28 0.79

195 31715.12 11.74 25 24 3 14 0 0 13479.13 13487.33 8.20

196 31769.95 0.77 23 25 3 15 0 0 13533.96 13534.34 0.39

197 31793.92 2.32 19 22 4 19 0 1 13557.93 13562.31 4.38

198 31832.97 1.26 24 25 4 14 0 0 13596.98 13592.42 4.56

199 31843.28 0.97 24 26 3 14 0 0 13607.29 13608.42 1.13

200 31882.13 1.45 25 25 3 14 0 0 13646.14 13649.47 3.34

201 31889.93 0.37 25 26 2 14 0 0 13653.94 13665.47 11.53

202 31913.96 0.50 23 22 3 17 1 0 13677.97 13672.43 5.54

203 31932.17 2.28 24 23 3 16 0 0 13696.18 13704.51 8.34

204 31978.25 1.07 24 25 3 15 0 0 13742.26 13737.54 4.72



5

199

205 32006.08 6.88 24 27 3 14 0 0 13770.09 13770.56 0.48

206 32025.90 1.77 25 25 4 14 0 0 13789.91 13795.62 5.71

207 32050.21 2.36 25 26 3 14 0 0 13814.22 13811.62 2.60

208 32077.80 4.21 26 25 3 14 0 0 13841.81 13852.67 10.86

209 32100.95 0.00 24 24 3 16 0 0 13864.96 13866.65 1.69

210 32121.25 1.14 24 26 3 15 0 0 13885.26 13899.68 14.42

211 32155.21 5.67 24 27 4 14 0 0 13919.22 13916.71 2.51

212 32161.60 0.84 25 25 3 15 0 0 13925.61 13940.73 15.13

213 32177.44 0.62 25 25 3 15 0 0 13941.45 13940.73 0.72

214 32202.94 2.24 25 26 4 14 0 0 13966.95 13957.76 9.19

215 32237.46 0.86 23 24 3 17 1 0 14001.47 13996.72 4.75

216 32249.58 0.63 26 26 3 14 0 0 14013.59 14014.81 1.22

217 32295.73 0.99 24 27 3 15 0 0 14059.74 14061.82 2.08

218 32342.09 1.19 25 26 3 15 0 0 14106.10 14102.87 3.22

219 32371.96 1.30 26 25 3 15 0 0 14135.97 14143.93 7.96

220 32389.71 1.23 26 26 4 14 0 0 14153.72 14160.96 7.24

221 32408.57 0.84 26 27 3 14 0 0 14172.58 14176.95 4.37

222 32445.33 2.05 27 26 3 14 0 0 14209.34 14218.01 8.66

223 32478.36 5.05 25 23 3 17 1 0 14242.37 14240.96 1.41

224 32487.21 0.01 25 26 4 15 0 0 14251.22 14249.02 2.20

225 32500.62 0.88 25 27 3 15 0 0 14264.63 14265.02 0.39

226 32524.99 2.25 24 23 3 18 0 0 14289.00 14287.03 1.97

227 32558.87 5.23 26 27 4 14 0 0 14322.88 14323.10 0.22

228 32606.88 1.23 27 27 3 14 0 0 14370.89 14380.15 9.26

229 32654.10 0.53 28 26 3 14 0 0 14418.11 14421.20 3.09

230 32701.41 0.53 26 27 3 15 0 0 14465.42 14468.21 2.79

231 32735.13 0.47 25 23 3 18 0 0 14499.14 14490.22 8.92

232 32745.19 0.38 26 27 3 15 1 0 14509.20 14510.21 1.01

233 32780.05 0.13 27 26 3 15 1 0 14544.06 14551.26 7.21

234 32805.93 1.53 28 26 4 14 0 0 14569.94 14567.35 2.59

235 32809.73 0.40 28 27 3 14 0 0 14573.74 14583.34 9.60

236 32853.87 0.02 29 26 3 14 0 0 14617.88 14624.40 6.52
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Supplementary Note 1: Heterogeneity of properdin

Properdin belongs to the protein superfamily which contains a functional pro-
tein module thrombospondin repeat (TSR). These proteins seem to be a major 
group of acceptor substrates for C-mannosylation, however the function of this 
unusual modification remains unclear. Interestingly, properdin TSR1, 2, 3 and 
4 has been found also O-fucosylated in the C-X-X(S/T)C-X motif adjacent to 
the C-mannosylation sites (1). O-fucosylation plays some role in the folding and 
secretion of TSR superfamily proteins (e.g., ADAMTS-13 and ADAMTS-like 
1) (2), but the functional relationship between O-fucosylation and C-mannosyla-
tion in the same TSR is unknown. For that reason, our specified information 
about structural details of properdin could be helpful to understand more to this 
peculiar structures as TSRs are. Figure 6c shows all identified peptide proteo-
forms of properdin together with their estimated relative abundances. Five of 
six TSRs presented in the monomer of properdin contain a complex recognition 
motif for C-mannosylation W-X-X-W-X-X-W, only TSR4 contains a sequence 
motif W-X-X-W-X-X-X, without W or other aromatic residue at position 3+ 
relative to the second W. Additionally to C-mannosylation and O-glycosylation 
sites, there is also one N-glycosylation site at TSR6.

More detail look on the graph (c) in Figure 6 shows a certain variability of 
C-mannosylation occupancy in different TSRs. In all TSR structures of proper-
din the second W in the complex recognition motif W-X-X-W-X-X-W is found 
always C-mannosylated while the first and the third are modified partially with 
different level of occupancy. The highest level of heterogeneity can be ob-
served in TSR1. The first W (W80) is modified in less than 0.5% cases. On the 
other hand, the third W (W86) is occupied for more than 93%. Lower occupan-
cy of the first W (W318) can be also observed in the TSR5 (approx. 9%) while 
the third W (W324) is fully modified. TSR2 and TSR6 show a different C-man-
nosylation pattern. In most of the cases all three W sites are occupied by man-
nose, 80% in TSR2 and 97% in TSR6. In contrast with TSR1 and TSR5, the 
first W in TSR2 and TSR6 (W139 and W382) are modified 100%. The third W 
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in both of these TSRs is not modified in 20% (W145) and 3% (W366) respec-
tively. Similarly to TSR2 and TSR6, TSR3 also contains mannose on the first 
W (W196) in 100%. However, the third W (W202) is in majority non-modified 
(69%). The last properdin structure module TSR4 contains two fully occupied 
C-mannosylation sites, W260 and W263. The third W in the sequence motif 
W-X-X-W-X-X-W is untypically replaced by an amino acid valine. Regarding 
O-glycosylation site-occupancy, TSR1 shows partial O-glycosylation (Glc-Fuc) 
on T92 (55%). O-glycosylation sites T151, S208 and T272 in TSR2, 3 and 4 
are exclusively modified by Glc-Fuc. The full picture of proteoform heteroge-
neity is completed by the information about the existence of N-glycosylation 
on C-termini of properdin. N428 is modified by two types of glycan, both of 
which is a complex biantennary N-glycan with a fucosylated core and sialylated 
antennas.
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Abstract

The human complement C9 protein (~65 kDa) is a member of the complement 
pathway. It plays an essential role in the membrane attack complex (MAC), 
which forms a lethal pore on the cellular surface of pathogenic bacteria. Here, 
we charted in detail the structural micro-heterogeneity of C9 purified from hu-
man blood serum, using an integrative workflow combining high-resolution na-
tive mass spectrometry and (glyco)peptide-centric proteomics. The proteoform 
profile of C9 was acquired by high-resolution native mass spectrometry, which 
revealed the co-occurrence of ~50 distinct MS signals. Subsequent peptide-cen-
tric analysis, through proteolytic digestion of C9 and LC-MS/MS measurements 
of the resulting peptide mixtures, provided site-specific quantitative profiles of 
three different types of C9 glycosylation and validation of the native MS data. 
Our study provides a detailed specification, validation and quantification of 
15 co-occurring C9 proteoforms, and the first direct experimental evidence of 
O-linked glycans in the N-terminal region. Additionally, next to the two known 
glycosylation sites, a third novel, albeit low abundant N-glycosylation site on C9 
is identified, which surprisingly does not possess the canonical N-glycosylation 
sequence N-X-S/T. Our data also reveal a binding of up to two Ca2+ ions to C9. 
Mapping all detected and validated sites of modifications on a structural model 
of C9, as present in the MAC, hints at their putative roles in pore formation or 
receptor interactions. The applied methods herein represent a powerful tool for 
the unbiased in-depth analysis of plasma proteins and may advance biomarker 
discovery, as aberrant glycosylation profiles may be indicative of the pathophys-
iological state of the patients. 

Key words: complement component C9 / glycosylation / blood proteins / native 
mass spectrometry / glycopeptide centric proteomics / N-glycosylation / O-gly-
cosylation / C-glycosylation 
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Introduction

Post-translational modifications (PTMs) of proteins regulate their activity, local-
ization, turnover, interactions and many other important physiological process-
es1, 2. Of all possible PTMs, protein glycosylation is one of the most abundant yet 
structurally diverse PTM, making it analytically and biochemically challenging 
to monitor3. This is because, the enzymes involved in the glycosylation machin-
ery can produce diverse glycosylation patterns on proteins and heterogeneous 
populations of glycans at every occupied glycosylation site4-6. In addition, these 
modifications are also present in non-stoichiometric amounts with multiple vari-
eties of chemical moieties involved. Thus, new methods are needed for their de-
tailed analysis. Recent progress in high-resolution native electrospray ionization 
(ESI) mass spectrometry (MS) can provide novel means to facilitate the in-depth 
analysis of all co-appearing modifications, at least when they are distinguishable 
in mass7-9. In combination with peptide-centric proteomics, this approach is very 
useful for high detail analysis of PTMs on proteins from different biological 
sources and can provide direct assessment of the biosimilarity among similar 
therapeutic proteins10. Through integrating native MS data and peptide-cen-
tric proteomics, one can obtain information about composition, stoichiometry, 
site-specificity and relative abundance of the modifications at each site. More-
over, a direct cross-evaluation of both data sets (native MS and peptide-centric 
MS) validates completeness of each approach and provides reliability for the 
quantitative profiling of protein proteoforms. So far in the analysis of protein 
proteoforms most MS methods typically use denaturing conditions prior to the 
ESI process11-14. These conditions inevitably disrupt protein tertiary and quater-
nary structures. Although native MS is often regarded somewhat less sensitive, it 
provides the advantage that the resulting mass spectra are less congested, as the 
ion signals are distributed over substantially less number of charge states, and 
over a wider m/z window.  Collectively, such hybrid mass spectrometry strat-
egies have the potential to become beneficial for the study of biologically im-
portant (glyco)proteins, whereby knowledge about their precise modifications is 
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crucial in understanding their activity and function. 

Most proteins in human blood plasma are decorated by a plethora of PTMs, 
particularly involving glycosylation, and the complement component protein C9 
is not an exception15. Human C9 is primarily produced in the liver and plays a 
key role in the formation of the membrane attack complex (MAC), together with 
the other complement proteins C5, 6, 7 and 8. While several cryoEM maps have 
recently become available for the MAC.16, 17, no detailed structure is available for 
its C9 component. Still amino acid alignments have identified several domains 
in C9 based on its homology to other proteins. These include the N-terminal 
type 1 thrombospondin (TSP) domain, a low-density lipoprotein receptor class 
A repeat (LDLRA), a number of potential transmembrane regions and the C-ter-
minal epidermal growth factor (EGF)-like domain (Figure 1)18. The majority of 
the detailed characterization studies of the PTMs occurring on C9 dates back to 
the previous century, when techniques used to perform such analysis were very 
cumbersome. In these early studies, C9 was reported to be N-glycosylated19-21, 
however, no current evidence exists regarding the composition and heterogene-
ity of these N-linked glycans. Moreover, although suspected, no direct proof has 
been reported for the presence of O-linked glycans. C9 is additionally modified 
by a rarer type of glycosylation; C-mannosylation22. With such a diverse reper-
toire of modifications, C9 presents not only a challenging analytical target, but 
also imparts a potential variability in its physiological functioning. Exemplary 
findings to support this statement come from reports wherein the extracellular 
Ser phosphorylation of C9 by ecto-protein kinases in cancer cells K562 was pro-
posed to serve as a protective mechanism against complement in tumor cells23. 
Moreover, C9 with fucosylated N-glycans has been suggested as a biomarker 
for squamous cell lung cancer, as patients tend to show overproduction of these 
proteoforms24. A detailed map of the full proteoform profile of serum-derived 
Complement component C9 is, therefore, of high interest. 
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Figure 1 Schematic of domain composition and primary structure of C9. The 
scheme includes previously reported sites of C-mannosylation22 and N-gly-
cosylation on C919-21. The glycan nomenclature used is indicated at the bot-
tom.  

Here, we report an unbiased and in-depth analysis of the complement component 
C9 protein isolated from pooled human blood serum (of at least three donors) 
using modern, hybrid MS technologies. Our data provides a detailed view of the 
modifications co-occurring on C9. We validate all identified PTMs from high 
quality tandem mass spectrometry (MS/MS) spectra using a peptide-centric ap-
proach. In addition to the earlier reported C9 modifications, our data revealed 
the attachment of mucin type of O-glycosylation in the N-terminal part of C9, 
providing the first experimental evidence of this modification on C9. Except 
information about PTMs, our native MS measurements suggest binding of up to 
two Ca2+ ions on C9. Since the N-terminal region of C9 seems to play a crucial 
role in the C9 polymerization process and thus also in the assembly of MAC25, 
the role of the here identified O-glycosylation site may act as a target for further 
functional investigations. Moreover, we identified a novel low abundant N-gly-
cosylation site on N215 that is highly conserved throughout mammals and does 
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not adhere to the typical N-glycosylation sequon N-X-S/T (X can be any amino 
acid except P).   

Materials and Methods

Chemicals and materials

Complement component C9 (Uniprot Code: P02748) purified from pooled hu-
man blood plasma (more than three healthy donors) was acquired from Com-
plement Technology, Inc. (Texas, USA). The sample was purified according to 
a standard protocol26 (the certificate of analysis is attached in the Supporting 
information – S7). Dithiothreitol (DTT), iodoacetamide (IAA) and ammonium 
acetate (AMAC) were purchased from Sigma-Aldrich (Steinheim, Germany). 
Formic acid (FA) was from Merck (Darmstadt, Germany). Acetonitrile (ACN) 
was purchased from Biosolve (Valkenswaard, The Netherlands). POROS Oligo 
R3 50 µm particles were obtained from PerSeptive Biosystems (Framingham, 
MA, USA) and packed into GELoader pipette tips (Eppendorf, Hamburg, Ger-
many). Sequencing grade trypsin was obtained from Promega (Madison, WI). 
Glu-C, Asp-N, PNGase F and Sialidase were obtained from Roche (Indianapolis, 
USA).

 

Sample preparation for native MS

Unprocessed protein solution in a phosphate buffer at pH 7.2, containing ~ 30-
40 µg of C9, was buffer exchanged into 150 mM aqueous AMAC (pH 7.5) by 
ultrafiltration (vivaspin500, Sartorius Stedim Biotech, Germany) using a 10 kDa 
cut-off filter. The resulting protein concentration was measured by UV absor-
bance at 280 nm and adjusted to 2-3 µM prior to native MS analysis. The enzyme 
Sialidase was used to remove sialic acid residues from C9. PNGase F was used 
to cleave the N-glycans of C926. All samples were buffer exchanged to 150 mM 
AMAC (pH 7.2) prior to native MS measurements.
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Native MS analysis

Samples were analyzed on a modified Exactive Plus Orbitrap instrument with 
extended mass range (EMR) (Thermo Fisher Scientific, Bremen) using a stan-
dard m/z range of 500-10,000, as described in detail previously27. 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 higher-energy collisional dissociation (HCD) cell at a gas pressure of 6-8 
× 10-10 bar. 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) 30,000. The instrument was mass calibrated as described previously, using 
a solution of CsI27.

Native MS data analysis

The accurate masses of the observed C9 proteoforms were calculated manually 
averaging over all detected charge states of C9. For PTM composition analy-
sis, data were processed manually and glycan structures were deduced based 
on known biosynthetic pathways. Average masses were used for the PTM as-
signments, including hexose/mannose/galactose (Hex/Man/Gal, 162.1424 
Da), N-acetylhexosamine/N-acetylglucosamine (HexNAc/GlcNAc/GalNAc, 
203.1950 Da), and N-acetylneuraminic acid (NeuAc, 291.2579 Da). All used 
symbols and text nomenclature are according recommendations of the Consor-
tium for Functional Glycomics.

In-solution Digestion for Peptide-centric glycoproteomics

Intact human C9 protein in PBS buffer (10 mM sodium phosphate, 145 mM 
NaCl, pH 7.3) at a concentration of 1 mg/ml was reduced with 5 mM DTT at 56 
°C for 30 min and alkylated with 15 mM IAA at room temperature for 30 min 
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in the dark. The excess of IAA was quenched by using 5 mM DTT. C9 was di-
gested overnight with trypsin at an enzyme-to-protein-ratio of 1:100 (w/w) at 37 
°C. Another C9 sample was digested for 4 hours by using Asp-N at an enzyme 
to-protein-ratio of 1:75 (w/w) at 37 °C and the resulted peptide mixtures were 
further treated with trypsin (1:100; w/w) overnight at 37 °C. All proteolytic di-
gests containing modified glycopeptides were desalted by GELoader tips filled 
with POROS Oligo R3 50 µm particles28, dried and dissolved in 40 uL of 0.1% 
FA prior liquid chromatography (LC)-MS and MS/MS analysis.

LC-MS and MS/MS analysis

All peptides (typically 300 fmol of C9 peptides) were separated and analyzed 
using an Agilent 1290 Infinity HPLC system (Agilent Technologies, Waldbronn. 
Germany) coupled on-line to an Orbitrap Fusion mass spectrometer (Thermo 
Fisher Scientific, Bremen, Germany). Reversed-phase separation was accom-
plished using a 100 µm inner diameter 2 cm trap column (in-housed 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% FA in water, and 
mobile-phase solvent B consisted of 0.1% FA in ACN. The flow rate was set to 
300 nL/min. A 45 min gradient was used as follows: 0-10 min, 100% solvent A; 
10.1-35 min 10% solvent B; 35-38 min 45% solvent B; 38-40 min 100% solvent 
B; 40-45 min 100% solvent A. Nanospray was achieved using a coated fused 
silica emitter (New Objective, Cambridge, MA) (outer diameter, 360 µm; inner 
diameter, 20 µm; tip inner diameter, 10 µm) biased to 2 kV. The mass spectrom-
eter was operated in positive ion mode and the spectra were acquired in the data 
dependent acquisition mode. For the MS scans the mass range was set from 300 
to 2,000 m/z at a resolution of 60,000 and the AGC target was set to 4×105. For 
the MS/MS measurements HCD and electron-transfer and higher-energy colli-
sion dissociation (EThcD) were used. HCD was performed with normalized col-
lision energy of 15% and 35% respectively. A supplementary activation energy 



6

211

of 20% was used for EThcD. For the MS/MS scans the mass range was set from 
100 to 2,000 m/z and the resolution was set to 30,000; the AGC target was set to 
5×105; the precursor isolation width was 1.6 Da and the maximum injection time 
was set to 300 ms.

LC/MS and MS/MS data analysis

Raw data were interpreted by using the Byonic software suite (Protein Metrics 
Inc.)29 and further validation of the key MS/MS spectra was performed manually. 
The following parameters were used for data searches: precursor ion mass toler-
ance, 10 ppm; product ion mass tolerance, 20 ppm; fixed modification, Cys car-
bamidomethyl; variable modification: Met oxidation, Trp Mannosylation, and 
both N- and O-glycosylation from mammalian glycan databases. A non-enzyme 
specificity search was chosen for all samples. The database used contained the 
C9 protein amino acid sequence (Uniprot Code: P02748). Profiling and relative 
quantification of PTM modified C9 peptides were achieved by use of the extract-
ed ion chromatograms (XICs) from two independently processed C9 samples. 
The peptide mixtures were prepared with different combinations of proteolyt-
ic enzymes as described above (1. Trypsin; 2. AspN + Trypsin). For peak area 
calculations, the first three isotopes were taken from each manually validated 
peptide proteoform. Integrated peak areas were normalized for all PTM sites 
individually and the average peptide ratios from the two samples were taken as 
a final estimation of the abundance. The XICs were obtained using the software 
Skyline30. The glycan structures of each glycoform were manually annotated. 
Hereby reported glycan structures are depicted without the linkage type of gly-
can units, since the acquired MS/MS patterns do not provide such information.  

Combining native MS and peptide-centric proteomic data

Reliability and completeness of the obtained proteoform profiles of C9 were as-
sessed by an integrative approach combining the native MS data with the glyco-
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peptide centric proteomics data. Details of this approach have been described in 
detail previously10. Briefly, in silico data construction of the “intact protein spec-
tra” was performed based on the masses and relative abundances of all site-spe-
cific PTMs derived from the glycopeptide centric analysis. Subsequently, the 
constructed spectrum was compared to the experimental native MS spectra of 
C9. The similarity between the two independent data sets (Native MS spectra 
and constructed spectra based on glycopeptide 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). All C9 pro-
teoforms predicted from the peptide-centric data were further filtered by taking 
0.5 % cut-off in relative intensity of the peaks in the experimental native spec-
trum and mass deviations were manually checked.

Results

Native MS analysis provides hints about novel unexpected PTMs and Ca2+ bind-
ing to C9

We started our investigation by first acquiring high-resolution native ESI-MS 
spectra of the human complement component C9 (Figure 2a). The recorded na-
tive MS spectrum of C9 shows at least five different charge states, ranging from 
[M + 13H]13+ to [M + 17H]17+. Each charge state contains various ion series 
that correspond to different masses and thus different proteoforms of C9. Based 
on their distinguishable masses, taking a 1% cut-off in relative intensity of the 
peaks, we can distinguish at least ~50 co-occurring MS signals. Since we sus-
pected these could correspond to different proteoforms of C9, we set out to fur-
ther examine and validate our findings. 

To simplify the visualization of the C9 proteoform profile, we focused on the 
most intense charge state (15+). The average mass of the protein backbone of C9 
is 60,954.02 Da. In this mass calculation we used the mass of the C9 backbone 
sequence lacking the N-terminal signal peptide, corrected by the mass shift in-
duced by the twelve disulfide bonds present in C9 (-24 x 1.0079 Da). Compared 
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to, for instance, chicken ovalbumin31 and CHO derived erythropotein10, which 
we previously analyzed by high-resolution native mass spectrometry, the native 
mass spectra of C9 are remarkably less heterogeneous. Especially since accord-
ing to previously published data, C9 has been shown to be C-mannosylated22 at 
the TPS domain and N-glycosylated19-21 at two sites in the MACPF domain. 
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Figure 2 Full native ESI-MS spectrum of the intact C9 sprayed from aqueous 
ammonium acetate (a). The charge states are indicated. Zoom in on the 15+ 
charged state in the inset reveals approximately 50 distinct ion signals. (b) 
Zoom in on the 15+ charged state, centered around m/z 4,500, in the native 
mass spectra of intact C9. In (c) alike spectrum of C9 treated with PNGase 
F for 4 hours reveals partial N-deglycosylation. In (d) C9 was treated with 
PNGase F for 48 hours. In (e) C9 was first enzymatically desialylated, and in 
(f) C9 was partially denatured, prior to native MS analysis. The differences 
in mass between C9 proteoforms in the unprocessed and treated samples 
allows the deduction of the PTM composition of these most abundant C9 
proteoforms. The mass of the most abundant ion in the unprocessed sample, 
at m/z of 4,435.28, is 66,516.20 Da, from which a calculated composition of 
PTMs can be derived Hex12HexNAc9NeuAc6 unambiguously. The 15 posi-
tive charges come from 13 H+ and 1 Ca2+ ion, due to the presence of a bound 
Ca2+ ion, as revealed in (f).

Looking on the inset on Figure 2a, the mass difference of 656 Da between the 
abundant peaks with m/z of 4,435.28 and 4,479.02 corresponds to the glycan 
composition HexNAc1Hex1NeuAc1. The same mass difference can be observed 
between the abundant peaks with m/z of 4,415.89 and 4,459.61. This may either 
correspond to variability in the number of antennas on the N-glycans or the addi-
tional attachment of mucin type O-glycans. To address this, we next treated the 
protein with various enzymes that cleave off parts of the glycan moieties. The 
removal of N-glycans or sialic acid residues resulted in specific mass shifts, al-
lowing us to calculate and partly predict the PTM composition of C9. For cleav-
age of N-glycosylations we used PNGaseF (Figure 2b, c, d) and sialidase for the 
specific removal of sialic acids (Figure 2e). We subsequently subjected these 
treated C9 samples to native MS analysis. The incubation of C9 with PNGase F 
for 4 hours at room temperature resulted in a removal of one of the two N-glycan 
chains (Figure 2c). The mass difference of 2,206 Da between the most abundant 
intact C9 proteoform and the N-deglycosylated C9 indicated the attachment of a 
N-glycan with the composition of HexNAc4Hex5NeuAc2. A prolonged treatment 
(48 hours; 37 °C) of C9 with PNGase F resulted into a second major mass shift 
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of 2,206 Da corresponding to a loss of the second N-glycan (Figure 2d). A closer 
look at the native MS spectrum of C9 exposed another lower abundant ion series 
in the higher mass range region suggesting the existence of an unexpected third 
N-glycosylation site. The observed mass difference of 2,206 Da in the intact 
C9 between the peaks with m/z of 4,435.28 and 4,582.33 strongly indicates the 
presence of a third N-glycan with a similar composition as the other two known 
sites (Figure 2b, c, d).

The heterogeneity in the proteoform profile of the fully N-deglycosylated C9 
remained very similar (Figure 2b, d). Therefore, the observed mass differences 
of 656 Da most likely correspond to O-linked glycan chains with the overall 
composition of HexNAc1Hex1NeuAc1. Additionally, a mass difference of 947 
Da between the peaks with m/z of 4,435.28 and 4,498.41 and between 4,415.89 
and 4,459.61 suggests the occurrence of disialylated mucin O-glycans with the 
overall composition of HexNAc1Hex1NeuAc2. For the further assessment of the 
PTM composition of C9, we treated C9 with sialidase. The removal of sialic 
acid residues resulted in a pronounced simplification of the structural hetero-
geneity in C9 (Figure 2e). The proteoform occurring at 4,435.284 m/z, which is 
known to contain only two occupied N-glycosylation sites, shifted to 4,318.80 
m/z, corresponding to an overall loss of six sialic acid moieties. Four out of six 
of these sialic acids were cleaved off from the two N-glycans. The remaining 
two sialic acids are thus most likely attached to O-glycans. This assumption is 
based on the mass difference 1,147.72 Da between the overall mass of C9 PTMs 
(66,513.76 Da – 60,954.02 Da = 5,559.74 Da) and the total mass of N-glycans in 
the most abundant C9 proteoform represented by the peak with m/z of 4,435.28 
(2 x 2,206.01 Da = 4,412.02 Da). Since the proteoform occurring at 4,435.28 m/z 
contains one O-glycan, further sequential mass differences (656 Da and 947 Da 
resp.)  among the peaks with m/z of 4,435.28, 4,498.41 and 4,542.22 suggest at 
least three O-glycans are attached to C9.

As mentioned above, the expected total mass of PTMs for the proteoform present 
at 4,435.28 m/z is 5,559.74 Da. This estimation is based on the assumption that 
all charges on the C9 in the native MS spectrum come from H+. However, the 
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total mass of experimentally proven PTM composition (Hex12HexNAc9NeuAc6) 
is 5,522.01 Da. The remaining mass 37.73 Da (5,559.74 Da – 5,522.01 Da) can 
be explained by the presence of a Ca2+ ion (40.076 Da) in the structure of C9. 
This means that the 15 charges present on the C9 at 4,435.28 m/z come from 13 
H+ and one from Ca2+. In that case, the deprotonated mass of the most abundant 
proteoform with all PTMs and a Ca2+ ion is 66,516.20, which corresponds to 
a small standard deviation ±0.05 Da with respect to the calculated C9 mass; 
66,516.11 Da. This hypothesis was supported by the recording native MS profile 
of the partly denatured C9 (Figure 2f). Denaturation of C9 through the addition 
of 1% formic acid resulted in a release of Ca2+ and corresponding mass shifts of 
all ions in the spectrum. This indicates that C9 can bind two Ca2+ ions, whereby 
the most abundant proteoforms contain just one bound Ca2+ ion.

Analysis of N-glycosylation revealed a non-canonical N-glycosylation site on 
Asn215

C9 is a glycoprotein containing two known canonical N-glycosylation sites 
(N256 and N394). Our native MS measurements suggest the presence of a novel 
third low abundant N-glycosylation site. To validate this finding, C9 was di-
gested using different proteolytic enzymes and the resulting peptide mixtures 
were analyzed by peptide centric LC-MS/MS. Data interpretation provided in-
formation about the site location, glycan type, composition and abundance of 
all three N-glycans. Low energy HCD MS/MS spectra of the tryptic peptides 
with amino acid sequences FSYSKNETYQLFLSYSSK and AVNITSENLID-
DVVSLIR clearly revealed the composition of the two known N-glycans on 
N256 and N394 (Supplementary Figure S1 a, b). Improved sequence coverage 
obtained by EThcD MS/MS further confirmed the amino acid sequence of these 
N-glycopeptides. In addition, we also identified the third N-glycosylation site 
at N215, using the tryptic peptide TSNFNAAISLK (N215). Low energy HCD 
(Figure 3a) and EThcD MS/MS (Figure 3b) spectra of this glycopeptide unam-
biguously confirmed its amino acid sequence, localization, and the composition 
of the N-glycan. Markedly, this newly determined N-glycosylation site does not 
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adhere to the canonical N-X-S/T motif.

Figure 3 Low energy HCD MS/MS (a) and EThcD MS/MS (b) spectra of the 
peptide harboring the novel, non-canonical N-glycosylation site at N215, 
derived by tryptic digestion of C9. Both spectra were acquired for the same 
precursor with m/z of 1,124.13 Da. Sequential fragmentation of the N-gly-
can moiety in the spectrum (a) allowed deduction of its glycan composi-
tion while the EThcD spectrum (b) provided confirmation of the peptide 
sequence and position of the N-glycan. “P” = peptide backbone of the gly-
copeptide.
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Analysis of O-glycosylation confirmed the presence up to three O-glycans

Peptide-centric LC MS/MS analysis provided also direct evidence of the exis-
tence of three O-glycosylation sites on C9. Supplementary Figure S2 displays 
annotated EThcD MS/MS spectra of the C9 N-terminal peptide with amino acid 
sequence QYTTSYDPELTESSGSASHIDCR derived from proteolytic diges-
tion of the C9 with AspN and trypsin. This peptide contains an N-terminal Q and 
exhibits a significant level of cyclization to pyroglutamic acid. Such N-terminal 
modifications are frequently reported in LC-MS/MS analysis32. Manual inspec-
tion of the MS/MS spectra exposed the structural composition of the attached 
O-glycans. These were mucin type O-glycans with 0, 1 or 2 sialic acids connect-
ed to the core structure HexNAc1Hex1. The peptide was found to be modified 
with up two O-glycans; however, their precise location could not be determined, 
as the fragmentation spectra lack sufficient signature ions. A peptide bearing the 
third O-glycosylation site, which is present in the native MS spectrum, was not 
detected in LC MS/MS, presumably due to its low abundance.

The C9 TSP domain harbors two C-mannosylation sites       

C9 contains a thrombospondin (TSP) domain, which may be C-mannosylated22. 
Looking back on the native MS profile of the intact C9, the most abundant peaks 
with m/z of 4,415.89 and 4,435.28 are in a vicinity with their lower abundant 
forms (4,426.65 m/z and 4,446.08 m/z) differing in mass by 162 Da. The same 
mass difference can also be observed in the N-deglycosylated and the desialylat-
ed C9, which corresponds to the presence of a single Hex. Peptide-centric LC 
MS/MS detected peptides originating from the MSPWSEWSQCDPCLR se-
quence. This peptide contains the well-known sequence motif WXXW, which 
is frequently mannosylated in proteins with TSP repeats33. Our EThcD MS/MS 
spectra unequivocally confirmed that in C9 W27 is fully occupied by C-manno-
sylation, whereas W30 is only partially occupied (Supplementary Figure S3 a, 
b).
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Defining the overall structural heterogeneity, validation and quantification of C9 
proteoforms

Next, we also assessed the relative abundance of the different proteforms of 
C9. Figure 4a shows the overall view on all detected C9 proteoforms in the 
annotated native spectrum. The site-specific characterization of C9 is based on 
peptide-centric proteomics data (Figure 4b, Supplementary Table 1 – S5). Two 
N-glycosylation sites (N256 and N394) are fully occupied by complex bianten-
nary N-glycans with sialylated antennas, each with a low degree of structural 
heterogeneity (only ~4% of the N-glycans at N256 have one of the antennas 
non-sialylated). The third novel non-canonical N-glycosylation site at N215 is 
occupied only in ~1% of C9, carrying the same type of glycan as the other two 
N-glycosylation sites. 

In contrast to the N-glycosylation, the O-glycosylation exhibits higher variabil-
ity in its degree of sialylation. EThcD MS/MS spectra conclusively confirmed 
the composition of the presented O-glycan chains. The N-terminal peptides that 
contain an amino acid sequence of QYTTSYDPELTESSGSASHIDCR possess 
mucin type O-glycans with a different level of sialylation. In 36% of C9, the 
peptide is occupied by an O-glycan with a sialic acid attached to the both gly-
can units, HexNAc and Hex. The most abundant form (52%) form represents 
O-glycan chains with one sialic acid attached to Hex. The lowest abundant form 
(8%) contains a non-sialylated O-glycan core. Unfortunately, our EThcD MS/
MS spectra did not reveal the exact location of the O-glycosylated sites; how-
ever, the observed dual series of c, z, y and b ions indirectly suggest that T11 
is likely occupied (Supplementary Figure S2 b, c, d). The O-glycopeptide with 
two attached O-glycans is presented in less than 3% of relative abundance. The 
N-terminal peptide was also found to be unmodified (Supplementary Figure S2 
a); however, its abundance is almost negligible (0.5%). Moreover, C-mannosyla-
tion contributes to the C9 heterogeneity with a variable occupancy of W residues 
by Man in the sequence motif WXXW. Tryptophan 27 is 100% occupied by 
Man, while W30 is only partially modified (23%).
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Figure 4 Summary of assignments of PTMs on C9. (a) Native MS spectrum of 
C9, zoomed in on charge state [M+13H+Ca2+]15+. The overall PTM compo-
sition of the most abundant proteoform with m/z of 4,435.28 was deduced 
as described in Figure 2. Mass differences among the peaks correspond to 
various glycan units or glycans. (b) Relative abundances of peptide proteo-
forms were estimated from their corresponding peptide ion currents (XICs). 
Each PTM modified peptide was normalized individually so that the sum 
of all proteoforms was set to 100%. For clarity, only parts of the peptide 
sequence carrying PTMs are shown below the graph. (c) A comparison of 
the intact C9 native MS spectrum with the in silico constructed spectrum 
based on the peptide-centric proteomics data. The correlation is very high 
(R=0.92). (d) Structural model of poly-C916 and mono-C9, whereby the 
sites of the modifications are indicated. The poly-C9 model was chosen as 
template for the mono-C9 using I-Tasser44 and the model was processed by 
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means of the PyMOL Molecular Graphic System, Version 1.8 Schröding-
er, LLC. (e) Overview of the C9 sequence with all identified PTM sites, 
wherein the newly discovered O-glycosylation sites at the N-terminus and 
the novel N-glycosylation site at residue 236 are highlighted in orange and 
purple, respectively.

A comparison of the intact C9 native MS spectrum with in silico constructed 
MS spectrum (Figure 4c) reveals a high degree of consistency between the na-
tive MS and peptide-centric MS approach (R=0.92). Using this method, 15 C9 
proteoforms could be validated (Supplementary Table 2 – S6). The unmatched 
peaks mostly correspond to C9 proteoforms containing two Ca2+ ions and spe-
cies that were not detected during the peptide centric analysis. For example, the 
peak at m/z 4479.08 most likely corresponds to the C9 proteoform containing 
two O-glycans with one and two sialic acids on the core HexNAc1Hex1. Since a 
peptide with this PTMs composition was not detected by LC-MS/MS, the recon-
structed native-like spectrum does not contain this proteoform. Several non-an-
notated low abundant ions signals correspond to Na+ and/or K+ adducts, which 
are very frequent artefacts in native MS. The constructed spectrum also contains 
systematic artifacts, caused by the fact that labile PTMs are easily lost during the 
peptide-centric LC MS/MS analysis34. In our case, the most prevalent artifacts 
are glycopeptides that lose partly their sialic acids and O-linked glycan chains. 
Other MS signals with relative abundance below 0.5% were eventually filtered 
out during the validation process. 

This cross-correlation of the data pinpoints the advantages of uniting native 
MS and peptide-centric LC-MS/MS, as well as, the weaknesses associated with 
the use of only a peptide centric approach. Without the information obtained 
from the native MS measurements, the undesired peptide artifacts and modifica-
tions that are not detected or overlooked at the peptide-centric level would not 
have been discovered. Still the consistency between both data sets is very high 
(R=0.92), verifying that we did cover and validate most of detected signal of the 
C9 proteoforms and their PTMs in a comprehensive manner. 
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Discussion

All previous reports on C9 PTMs were largely focused on only one type of PTM. 
From these studies it has been known that C9 is N-glycosylated19-21 and C-man-
nosylated22 with 8% of the total mass of C9 originating from these attached 
glycans35. The majority of these glycan chains are distributed between the two 
previously known N-glycosylation sites (N256 and N394); however, their exact 
monosaccharide composition had so far remained elusive. A study suggested that 
the N-linked glycans of C9 are of the tri- or tetra-antennary complex type since 
neither endo F nor endo H released the glycans21. Here, we unambiguously deter-
mined the composition of these N-glycans using low energy HCD. In agreement 
with previous observations, the N-deglycosylation reaction proceeded sequen-
tially and in a time dependent manner21. Incubation of C9 with PNGase F for 4 
hours at 37ºC resulted in the cleavage of a single N-linked glycan. The second 
N-glycan (N256) was released only after prolonged incubation (48 hours). Sur-
prisingly, the native MS profile of N-deglycosylated C9 was shifted in mass, 
but did not substantially change in comparison with the native MS profile of the 
intact C9, revealing the homogeneous N-glycosylation patterns on C9. 

As C9 contains only two canonical N-glycosylation sequons, the observation of 
a third N-glycosylation, located at N215 (NAA), was not expected. The N-gly-
cosylation sequon N-X-S/T is well established. However, a few reports have 
shown N-glycosylation in the sequence N-X-C36-38 or N-X-V39, 40. In this regard, 
a high-resolution structural model of the bacterial oligosaccharyltransferase 
(OTase) provided evidences that an amino acid in the +2 position increases the 
binding affinity of N to the active site of OTase, but it is not the key requirement 
for a glycosylation. Rather, a key requirement is that the position of the N residue 
be at the surface of a protein, neutrality of the amino acid in the +2 position and 
compatibility with correct folding41.  Nevertheless, our findings seem to repre-
sent a very unique case as an N-glycan attached to the N in NAA sequence has, as 
far as we know, no analogy in the available literature. All three found N-glycans 
are bi-antennary complex type and only slightly vary in their degree of terminal 
sialylation. Despite the fact that experimental evidence about N-glycosylation 
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are available mostly for human C9, sequence analysis of C9 from various spe-
cies and their alignment provided an interesting view on the C9 glycosylation in 
general (see Supplementary Figure S4). 

Although the presence of O-glycans on C9 was proposed more than 20 years 
ago21, no direct evidence has been previously reported. Mucin type O-linked 
glycan chains, which were found in this study, are mostly located at the N-termi-
nal part of the C9. The amino acid sequence QYTTSYDPELTESSGSASHIDCR 
of the N-terminal peptide does not seem to contain any distinct sequence motif 
for O-glycosylation; however, our integrated hybrid MS approach unambigu-
ously demonstrated that O-glycans are attached to C9. The highly labile nature 
of O-glycans and their typically weak ionization response may have hampered 
their detection in earlier MS analysis. EThcD MS/MS spectra of the C9 O-glyco-
sylated peptides revealed the composition of the O-linked glycan chains that are 
consistent with a core 1 type (GalNAc, also know T-antigen). This structure is 
further terminally modified by a sialylation whereby the disialyl core 1 type was 
found to be the most abundant. Here, we report O-glycosylation of C9 for the 
first time, so the possible functional significance of these modifications remains 
speculative. Interestingly, it is known that the domain within the first 16 amino 
acids at the N-terminus of C9 is crucial in regulating the self-polymerization 
of C925. Since the N-termini and also the putative O-glycosylation sites are not 
highly conserved among mammals (Supplementary Figure S4), it seems unlikely 
that the O-glycans would play a significant role in the polymerization process, 
unless this is species specific as well. O-linked glycans can also bind bacterial 
carbohydrate binding receptors42. It is therefore tempting to speculate that the 
O-glycans on C9 protein in the MAC complex may interact with receptors or 
glycans at the surface of encountering pathogens. 

The third type of glycosylation harbored on C9 is C-mannosylation. This less 
common glycosylation has been previously found to occur on C9 using MS, 
Edman degradation and nuclear magnetic resonance (NMR)22. It was already 
known that the N-terminal type-1 TSP domain of C9 can be modified with two 
mannoses. Here we report data supporting these findings. While in human C9 
W27 is 100 % occupied, W30 is C-mannosylated in only ~ 23% of the C9. 
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All these PTMs are covalently attached to the backbone sequence of C9. Our na-
tive MS data provided additional information regarding the non-covalent bind-
ing of Ca2+ to C9. The only direct experimental proof about the binding of Ca2+ 
by intact C9 was reported two decades ago through the use of plasma emission 
spectroscopy. It was determined that C9 binds one Ca2+ ion per molecule with 
a dissociation constant of ~3 µM at physiological pH and ionic strength43. Here 
we confirm the findings of that earlier report. Notably, standard bottom-up/mid-
dle-down proteomics approaches are not capable to identify metal ion binding, 
due to the fact that such analyses happen under denaturing conditions. Our data 
indicate that C9 can possibly bind up to two Ca2+ ions. The exact site of Ca2+ 
binding in C9 has not been identified yet, nevertheless one of the possible can-
didate sites is located at cysteine-rich LDLRA domain of C943. Another possible 
Ca2+ binding site is at the C9 N-terminal part, which also harbors O-glycosyla-
tion sites. The 12 N-terminal amino acids of C9 exhibit a strong negative charge 
and the 16 N-terminal amino acids contain a consensus sequence for Ca2+ bind-
ing proteins25. As mentioned above, the N-terminal region of C9, located at the 
outside of the MAC (Figure 4d, e), has been shown to play a significant role in 
C9 polymerization, hinting at a possible regulating role of the here identified 
O-glycosylation and Ca2+ binding in the assembly of the MAC or interactions 
with some other molecules or receptors.

In conclusion, here we provide an unbiased detailed specification of three differ-
ent types of glycosylation on C9 isolated from human blood serum and quantifi-
cation and validation of 15 C9 proteoforms. In total, we achieved more than 90% 
correlation between the native MS data and peptide centric data. Mapping all 
sites of modifications on a structural model of C9, as present in the MAC, hints 
at their putative roles in pore formation or receptor interactions. More general, 
the here applied combination of MS methods represents a powerful tool for the 
in-depth analysis of plasma proteins and may advance thus biomarker discovery.

Abbreviations



6

225

ACN, acetonitrile; AMAC, ammonium acetate; DTT, dithiothreitol; EGF, epi-
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Supplementary Figure S1 Low energy HCD MS/MS spectra of the glyco-
peptides harboring the known canonical N-glycosylation sites, derived by 
proteolytic digestion of C9 by trypsin and AspN. LC MS/MS spectra were 
acquired for ions with precursor m/z of 1099.95 (a) and 1044.71 (b), respec-
tively. Sequential fragmentation of the N-glycan part allowed deduction of 
its glycan composition. “P” = peptide backbone of the glycopeptide.
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Supplementary Figure S2 EThcD MS/MS spectra of C9 N-terminal tryptic pep-
tides harboring O-glycosylation C9. In (a) the non-modified peptide spec-
trum is shown. In total, five selected LC MS/MS spectra are shown, which 
were acquired for tryptic O-glycopeptides with precursor m/z of 863.03 (a), 
990.41 (b), 1,081.77 (c), 1,178.80 (d) and 1,300.51 (e), respectively. Frag-
mentation patterns conclusively confirmed the amino acid sequence of the 
peptides and composition of the O-glycans. However, the precise modifica-
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tion site could not be determined due to a lack of sequence indicative c and 
z fragment ions. In the spectra b, c and d, T11 was assigned as most likely 
modification site based on the presence of long series of non-modified c and 
z ions.
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Supplementary Figure S3 EThcD MS/MS spectra C-mannosylated tryptic pep-
tides originating from TSP domain of C9. LC MS/MS spectra were acquired 
for ions with precursor m/z of 700.95 (a) and 754.96 (b), respectively.  In (a) 
the peptide fragmentation spectrum with one C-mannose at W27 is shown. 
In (b) the fragmentation spectrum reveals occupation of both W (W27 and 
W30) by C-mannoses in the sequence motif WXXW. Fragmentation pat-
terns conclusively confirmed the amino acid sequence of the peptides.
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Supplementary Figure S4 Multiple amino acid sequence alignment of the C9 
protein from human, mouse, rat, cow, rabbit and horse . 

Multiple amino acid sequence alignment of the C9 protein from human, mouse, 
rat, cow, rabbit and horse. The accession numbers provided refer to the pro-
tein database UniProtKB. The alignment was constructed using AliView 1.181 
whereby the N-terminal signal peptides were omitted. The N-terminus of C9 
with the likely O-glycosylation site T11 is highlighted in orange and C-manno-
sylation sites are in green. All N-glycosylation sites are highlighted as sequons 
(N-X-X). Newly discovered N-glycosylation site N215 is in purple and the two 
previously reported sites N256 and N394 are in red. Next, the predicted N-glyco-
sylation sites from the selected mammals are shown in magenta.

The alignment indicated a very little conservation of the N-terminus (where 
O-glycosylation was detected on human C9) while C-mannosylated sites are in 
highly conserved TSP domain. The amino acid sequences of selected mamma-
lian species show a relatively low level of conservation of the N-glycosylation 
sites. The most conserved canonical N-glycosylation sites are N256 and N394. 
The N256 is occupied on human and likely also on rabbit and horse. The pres-
ence of N-glycan at N394 was experimentally confirmed in human and predicted 
to be modified also on rat, rabbit and horse. Interestingly, the here reported lower 
occupied non-canonical NAX-site turns out to be conserved. Remarkably, based 
on the sequence analysis almost all selected species contain a few more putative 
canonical N-glycosylation sites, which are not conserved at all, e.g., the murine 
C9 protein contains a N-glycan motif at N48 located in the TSP domain. This 
would most likely prevent C-mannosylation of this TSP and further influence the 
repertoire of mouse C9 proteoforms. Bovine C9 seems to be an exception among 
other species since it contains only one potential canonical N-glycosylation site 
at N430. This site was also predicted to be glycosylated in horse C9, but not in 
other species. Nevertheless, all latter ones are N-glycosylated at the more con-
served N394 (NIT/S), suggesting that the presence of a N-glycan chain in this 
C9 region (394-430) may be required for functional purposes. Similarly, murine 
and rat C9 are missing a N-glycosylation sequon at the more conserved N256, 
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but they contain N-glycosylation motifs in the non-conserved region between 
the amino acids 240-248. Rabbit and horse were predicted to be N-glycosylat-
ed in this region as well, however they contain also exactly the same sequence 
motif as human (NET) at N256. Therefore, it is likely that the predicted sites 
N242 (rabbit) and N246 (horse) are not modified unless these species contain 
two N-glycans in this region. Although, these speculations need to be confirmed 
by experimental data, our alignments hint at that C9 may display species-spe-
cific glycosylation patterns. Variation of glycosylation among different animal 
species has been reported for instance for IgG2, nevertheless there is a lack of 
understanding about this phenomenon and it opens questions about the function 
of site-specific glycosylation, not only on C9, but also on many other plasma 
proteins.

The aligned sequences were processed using ENDscript 3.03. Similarity color-
ing scheme is a percentage of equivalent residues calculated considering physi-
co-chemical properties.
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S5 – supplementary table 1

Supplementary table 1

List of identified and validated C9 peptides from tryptic digest

Peptide Modified Sequence
Precursor 
(m/z) Charge

Mass 
Error 
(ppm) Total Area

Retention 
Time (min)

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R 863.0345 3 -2.8 459621984 33.64

QYTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3] 1776.2229 2 -5.2 21697820 32.52

QYTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3] 1184.4843 3 -4.2 6088687616 32.52

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3] 1178.8088 3 -4.7 30135201792 32.44

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3] 884.3584 4 -5.0 1015169024 32.44

QYTTSYDPELTESSGSASHIDC[+57]R; 
[+656.2] 1087.4525 3 -4.6 5874841600 32.63

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+656.2] 1081.7770 3 -4.2 31467601920 32.63

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+656.2] 811.5846 4 -3.5 273742464 32.63

QYTTSYDPELTESSGSASHIDC[+57]R; 
[+365.1] 990.4207 3 -3.3 786598784 32.23

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+365.1] 984.7452 3 -4.1 2876220160 32.23

QYTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3], [+365.1] 1306.1951 3 -4.6 630539584 30.92

QYTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3], [+365.1] 979.8981 4 -1.9 68517296 30.92

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3], [+365.1] 1300.5196 3 -2.7 1488793728 30.94

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3], [+365.1] 975.6415 4 -3.0 218757088 30.94

MSPW[+162.1]SEWSQC[+57]DPC[+57]LR 1050.9266 2 -4.2 15285429248 36.77

MSPW[+162.1]SEWSQC[+57]DPC[+57]LR 700.9535 3 -3.7 4703996928 36.77

M[+16]SPW[+162.1]SEWSQC[+57]DPC[+57]
LR 1058.9241 2 -3.3 1.4677E+11 35.26

M[+16]SPW[+162.1]SEWSQC[+57]DPC[+57]
LR 706.2851 3 -2.7 25765066752 35.26

MSPW[+162.1]SEW[+162.1]SQC[+57]
DPC[+57]LR 1131.9530 2 -4.8 3710511360 33.03

MSPW[+162.1]SEW[+162.1]SQC[+57]
DPC[+57]LR 754.9711 3 -4.5 1836591872 33.03
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M[+16]SPW[+162.1]SEW[+162.1]SQC[+57]
DPC[+57]LR 1139.9505 2 -4.5 34263304192 31.73

M[+16]SPW[+162.1]SEW[+162.1]SQC[+57]
DPC[+57]LR 760.3028 3 -3.4 16343121920 31.73

TSNFNAAISLK 583.3142 2 -3.2 1.68502E+11 34.31

TSN[+2204.8]FNAAISLK 1685.7004 2 -4.0 94825072 33.32

TSN[+2204.8]FNAAISLK 1124.1361 3 -2.7 1007365504 33.32

TSN[+2204.8]FNAAISLK 843.3539 4 -3.6 17227846 33.32

AVN[+2204.8]ITSENLIDDVVSLIR 1392.6209 3 -4.8 1146552704 11.58

AVN[+2204.8]ITSENLIDDVVSLIR 1044.7175 4 -2.8 474522624 11.58

GSFRFSYSKN[+2204.8]ETYQLFLSYSSKKEK 1743.7657 3 -1.6 900461184 36.13

GSFRFSYSKN[+2204.8]ETYQLFLSYSSKKEK 1308.0761 4 -4.1 11739473920 36.13

GSFRFSYSKN[+2204.8]ETYQLFLSYSSKKEK 1046.6623 5 -2.3 41915990016 36.13

GSFRFSYSKN[+1913.7]ETYQLFLSYSSKKEK 1235.3023 4 -4.9 307079104 35.53

GSFRFSYSKN[+1913.7]ETYQLFLSYSSKKEK 988.4433 5 -4.0 714075200 35.53

GSFRFSYSKN[+2204.8]ETYQLFLSYSSKK 1658.0532 3 -5.4 3501403392 37.32

GSFRFSYSKN[+2204.8]ETYQLFLSYSSKK 1243.7917 4 -4.6 13250072576 37.32

GSFRFSYSKN[+2204.8]ETYQLFLSYSSKK 995.2348 5 -3.4 17270624256 37.32

GSFRFSYSKN[+1913.7]ETYQLFLSYSSKK 1561.0214 3 -3.6 32079828 36.53

GSFRFSYSKN[+1913.7]ETYQLFLSYSSKK 1171.0179 4 -3.4 386805568 36.53

GSFRFSYSKN[+1913.7]ETYQLFLSYSSKK 937.0157 5 -3.2 702033536 36.53

FSYSKN[+2204.8]ETYQLFLSYSSK 1466.2805 3 -4.5 1916245760 38.22

FSYSKN[+2204.8]ETYQLFLSYSSK 1099.9622 4 -4.2 1386641664 38.22

FSYSKN[+1913.7]ETYQLFLSYSSK 1369.2487 3 -3.1 25390424 37.28

List of identified and validated C9 peptides from trypsin + AspN digest

Peptide Modified Sequence
Precursor 
(m/z) Charge

Mass 
Error 
(ppm) Total Area

Retention 
Time (min)

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R 863.0345 3 -2.4 678611456 33.59

QYTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3] 1776.2229 2 -10.7 141675808 32.15

QYTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3] 1184.4843 3 -9.4 903599424 32.15

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3] 1178.8088 3 -4.5 36548460544 32.49

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3] 884.3584 4 -4.4 1401541120 32.49

QYTTSYDPELTESSGSASHIDC[+57]R; 
[+656.2] 1087.4525 3 -5.1 10548512768 32.66
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Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+656.2] 1081.7770 3 -4.2 78340882432 32.61

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+656.2] 811.5846 4 -3.4 788462400 32.61

QYTTSYDPELTESSGSASHIDC[+57]R; 
[+365.1] 990.4207 3 -3.2 2936786432 32.13

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+365.1] 984.7452 3 -4.1 15281887232 32.13

QYTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3], [+365.1] 1306.1951 3 -6.3 1116945664 30.91

QYTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3], [+365.1] 979.8981 4 -4.7 137224160 30.91

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3], [+365.1] 1300.5196 3 -3.2 2119178752 30.76

Q[-17]YTTSYDPELTESSGSASHIDC[+57]R; 
[+947.3], [+365.1] 975.6415 4 -5.2 289106560 30.76

MSPW[+162.1]SEWSQC[+57]DPC[+57]LR 1050.9266 2 -4.4 1.67946E+11 36.67

MSPW[+162.1]SEWSQC[+57]DPC[+57]LR 700.9535 3 -4.1 19312404480 36.67

M[+16]SPW[+162.1]SEWSQC[+57]DPC[+57]
LR 1058.9241 2 -3.7 2.8184E+11 35.13

M[+16]SPW[+162.1]SEWSQC[+57]DPC[+57]
LR 706.2851 3 -3.2 44113780736 35.13

MSPW[+162.1]SEW[+162.1]SQC[+57]
DPC[+57]LR 1131.9530 2 -4.7 33620144128 32.98

MSPW[+162.1]SEW[+162.1]SQC[+57]
DPC[+57]LR 754.9711 3 -4.3 9210617856 32.98

M[+16]SPW[+162.1]SEW[+162.1]SQC[+57]
DPC[+57]LR 1139.9505 2 -3.7 94306058240 31.59

M[+16]SPW[+162.1]SEW[+162.1]SQC[+57]
DPC[+57]LR 760.3028 3 -3.8 19439058944 31.59

TSNFNAAISLK 583.3142 2 -3.2 3.9697E+11 34.14

TSN[+2204.8]FNAAISLK 1685.7004 2 -3.9 451645856 33.45

TSN[+2204.8]FNAAISLK 1124.1361 3 -3.0 3637175040 33.45

TSN[+2204.8]FNAAISLK 843.3539 4 -4.8 84116424 33.45

AVN[+2204.8]ITSENLIDDVVSLIR 1392.6209 3 -1.4 688354496 11.58

AVN[+2204.8]ITSENLIDDVVSLIR 1044.7175 4 -3.1 363000064 11.58

GSFRFSYSKN[+2204.8]ETYQLFLSYSSKKEK 1743.7657 3 -2.0 2310239232 36.12

GSFRFSYSKN[+2204.8]ETYQLFLSYSSKKEK 1308.0761 4 -3.9 27235827712 36.12

GSFRFSYSKN[+2204.8]ETYQLFLSYSSKKEK 1046.6623 5 -2.5 73779724288 36.12

GSFRFSYSKN[+1913.7]ETYQLFLSYSSKKEK 1646.7339 3 -5.0 568055296 35.55

GSFRFSYSKN[+1913.7]ETYQLFLSYSSKKEK 1235.3023 4 -4.1 2871592960 35.55

GSFRFSYSKN[+1913.7]ETYQLFLSYSSKKEK 988.4433 5 -3.8 6345625600 35.55

GSFRFSYSKN[+2204.8]ETYQLFLSYSSKK 1658.0532 3 -3.1 2621754368 37.28
GSFRFSYSKN[+2204.8]ETYQLFLSYSSKK 1243.7917 4 -4.1 17482567680 37.28
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GSFRFSYSKN[+2204.8]ETYQLFLSYSSKK 995.2348 5 -3.1 18819860480 37.28

GSFRFSYSKN[+1913.7]ETYQLFLSYSSKK 1561.0214 3 -4.8 90132496 37.32

GSFRFSYSKN[+1913.7]ETYQLFLSYSSKK 1171.0179 4 -3.6 1967233024 37.32

GSFRFSYSKN[+1913.7]ETYQLFLSYSSKK 937.0157 5 -3.6 748020992 37.32

FSYSKN[+2204.8]ETYQLFLSYSSK 1466.2805 3 -2.8 43814805504 38.1

FSYSKN[+2204.8]ETYQLFLSYSSK 1099.9622 4 -3.6 29031387136 38.1

FSYSKN[+1913.7]ETYQLFLSYSSK 1369.2487 3 -3.9 3948540416 37.32

FSYSKN[+1913.7]ETYQLFLSYSSK 1027.1884 4 -3.2 1117805312 37.32

Site-specific quantification of PTMs on C9 based on peptide data

Glycosylation site Glycan composition Relative abundance (%)

N-term - 0.51

N-term HexNAc1Hex1Sia2 35.78

N-term HexNAc1Hex1Sia1 52.75

N-term HexNAc1Hex1 8.27

N-term HexNAc2Hex2Sia2 2.69

Cman1 Man 77.02

Cman2 Man2 22.98

N236(0) - 99.15

N236 HexNAc4Hex5Sia2 0.85

N277(2) HexNAc4Hex5Sia2 95.05

N277(1) HexNAc4Hex5Sia2 4.95

N415 HexNAc4Hex5Sia2 100.00
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S6 – supplementary table 2

Supplementary Table 2; List of validated proteoforms

Pro-
teo-
form

abun-
dance 
(%)

N-glycan (total 
composition) O-glycan C-Man

Calculated 
deconvo-
luted mass 
(Da)

Deconvo-
luted mass 
(Da)

Stan-
dard 
devi-
ation 
(±Da)

1 20.58 HexNAc8Hex10Sia4 HexNAc1Hex1 Man 65933.59 65933.45 0.07

2 20.58 HexNAc8Hex10Sia2 HexNAc1Hex1Sia1 Man 65933.59 65933.45 0.07

3 6.14 HexNAc8Hex10Sia4 HexNAc1Hex1 Man2 66095.73 66095.30 0.22

4 6.14 HexNAc8Hex10Sia2 HexNAc1Hex1Sia1 Man2 66095.73 66095.30 0.22

5 100.00 HexNAc8Hex10Sia4 HexNAc1Hex1Sia1 Man 66224.85 66225.35 0.25

6 100.00 HexNAc8Hex10Sia2 HexNAc1Hex1Sia2 Man 66224.85 66225.35 0.25

7 29.83 HexNAc8Hex10Sia4 HexNAc1Hex1Sia1 Man2 66386.99 66386.90 0.05

8 29.83 HexNAc8Hex10Sia2 HexNAc1Hex1Sia2 Man2 66386.99 66386.90 0.05

9 68.64 HexNAc8Hex10Sia4 HexNAc1Hex1Sia2 Man 66516.11 66516.20 0.05

10 20.48 HexNAc8Hex10Sia4 HexNAc1Hex1Sia2 Man2 66678.25 66678.20 0.02

11 3.31 HexNAc8Hex10Sia4 HexNAc2Hex2Sia2 Man 66881.44 66881.15 0.15

12 0.99 HexNAc8Hex10Sia4 HexNAc2Hex2Sia2 Man2 67043.59 67046.30 1.36

13 1.26 HexNAc12Hex15Sia6 HexNAc1Hex1Sia1 Man 68430.49 68430.95 0.23

14 1.26 HexNAc12Hex15Sia4 HexNAc1Hex1Sia2 Man 68430.49 68430.95 0.23

15 0.86 HexNAc12Hex15Sia6 HexNAc1Hex1Sia2 Man 68721.75 68721.95 0.10

S7 – supplementary document - the certificate of analysis of the C9 
sample 
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Chapter 7

Summary and Outlook
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This thesis describes and collects most the work that I have performed during 
my PhD studies at Utrecht University, focusing on the characterization of pro-
tein glycosylation by innovative mass spectrometry (MS) approaches. In chapter 
1, I first gave an overview of MS based analysis of protein glycosylation, also 
known as glycoproteomics. So far, MS-based glycoproteomics has relied mostly 
on two levels of analysis, targeting either the released glycans or digested glyco-
peptides. Although powerful methods of bottom-up analysis, glycoproteins may 
be structurally so complex that we need alternative and concomitant methods, 
which enable a deeper characterization of all discrete proteoforms of a given 
glycoprotein. Adding a third level of analysis, provided by protein-centric MS 
approaches, will be essential to extend our understanding of the glycoproteome 
and its functional implications. High-resolution native mass spectrometry, as a 
technique which focuses on this third-level of MS analysis, seems to be very 
promising in stratifying the complex glycoproteins exhibiting a high degree of 
heterogeneity. In this chapter, I will summarize the effort and success I made to 
tackle the analytical challenges for complex glycoproteins, and I will also outline 
some possible future directions.

Looking back over the last 5 years, the development of the Orbitrap mass spec-
trometer with extended mass range (EMR) has brought an enormous momentum 
to the field of biomolecular mass spectrometry1,2. It became an analytical plat-
form by which small mass differences in large protein entities can be resolved 
with very high resolution and mass accuracy. This instrument facilitates the direct 
in-detail analysis of post-translational modifications (PTMs) at the intact protein 
level. The first example of PTM analysis on the Orbitrap EMR was published in 
2012 focusing on monoclonal antibodies by my colleague Rosati et al3. In early 
2013, when I joined the group, I had the fortune to become one of the first-gener-
ation users of this novel platform. My first project was to test the capacity of Or-
bitrap EMR using the chicken ovalbumin glycoprotein as a model system, as it 
contains multiple PTM sites. When I acquired a nice native MS spectrum for the 
first time, I got excited and dazzled by the complexity of the spectrum. In all ar-
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eas of analytical chemistry and mass spectrometry chicken ovalbumin had been 
used as a glycoprotein standard for decades. Yet, when measuring it at the intact 
protein level, it is not a simple protein at all. It contains multiple PTM sites, 
including one glycosylation site, two phosphorylation sites and additionally it is 
N-terminally acetylated. Therefore, the intact protein exhibits high heterogeneity 
resulted from the combination of these PTMs, which I for the first time resolved 
and analyzed in detail. In the end, an unprecedented number of 59 proteoforms 
were identified and quantified within a single spectrum, as described in chapter 
2. Remarkably, 45 glyco-isoforms could be reported, half of which had not been 
reported previously. 

For me, the ovalbumin project provided an exciting starting point, and it also 
became one of my favorite projects during my Ph.D. It provided a very nice 
example demonstrating the new power of high resolution Orbitrap-based na-
tive MS in dissecting protein heterogeneity. Benefiting from the superior resolv-
ing power and sensitivity of the instrument, the straightforwardness of sample 
preparation, there is a high chance to new discoveries that might have been over-
looked by previous studies. A particular feature of performing native MS rather 
than conventional MS, is that we significantly reduce the spectral congestion, by 
providing extra m/z space to resolve the heterogeneity. This space is particularly 
valuable in complex glycoprotein analysis, which is discussed in chapter 1 in 
the context of data simulation and in chapter 2 by making experimental compar-
isons. Secondly, this project also demonstrated the beneficial use of enzymes in 
aiding the native MS analysis. An unspecific phosphotase and Endoglycosydase 
F, were used separately or in combination, to reduce the structural heterogeneity 
in ovalbumin. By removing the phosphorylation from the protein backbone, we 
could characterize the glycosylation alone, and by removing the N-glycosylation 
from the protein backbone, we could characterize the phosphorylation alone. 
The strength of using such enzymes is also further illustrated in chapter 3 and 
chapter 6, where we performed partial glycan depletion at the intact native pro-
tein level using a variety of endoglycosidases. By trimming off specific glycan 
building blocks using different glycosidases, it is possible to verify also the Mw 
based glycan assignments. Potentially, we could even differentiate the glycan 
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linkages by using linkages-specific enzymes, such as α2-3 Neuraminidase, al-
though I did not do this yet.

Concomitant with illustrating novel opportunities in glycoprotein analysis, the 
ovalbumin project also revealed new challenges, especially in the area of data 
interpretation. Before the introduction of the Orbitrap EMR, we were mainly 
dealing with native MS spectra containing a few peaks, which can be manually 
determined and assigned. When measuring a highly heterogeneous protein at 
high mass resolving power, there may be dozens or even hundreds of peaks re-
solved within a single mass spectrum. How to analyze all these peaks correctly 
and efficiently, both qualitatively and quantitatively, is a serious challenge even 
to a well-trained mass spectrometrist. After spending weeks in excel calculation, 
I decided to go for a more advanced in silico approach. I began to write scripts, 
using the open source programming language R, to analyze the mass spectra of 
complex glycoproteins. Later, as I became a bit more skilled in programming, I 
realized there was much more to explore. The computational approach signifi-
cantly reduces the time needed for data analysis, it is more reliable and robust, 
compared to the earlier manual interpretation. Also, combining with proper sta-
tistics, we can profile the difference between spectra, enabling comparability 
studies for samples that are highly similar, unlocking many technical restrictions 
especially in analyzing complex biopharmaceutical biosimilars. This concept 
has been demonstrated in chapter 5, using the example of the recombinant hu-
man erythropoietin (rhEPO) and the plasma protein properdin.

Following the initial excitement with the success on ovalbumin, I quickly real-
ized that this approach still had many limits to overcome to address the majority 
of complex glycoproteins. Unlike ovalbumin, which carries only one glycosyla-
tion site, most glycoproteins carry more than one glycosylation sites, and quite 
often, they carry various glycan types as well. Taking rhEPO as an example, it 
contains 1 O-glycosylation at S126 and N-glycosylation at 3 different sites (N24, 
N38, and N83); 40 % of rhEPO molecular weight is attributed to the modifica-
tion by glycosylation. For these type of glycoproteins, the native MS spectrum 
became even more challenging to assign and interpret. In addition, information 
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regarding to site localization, occupancy, micro-heterogeneity, etc., cannot be 
obtained by measuring only the molecules at the intact protein level using native 
MS. Therefore, we added a second level, namely glycopeptide MS analysis, by 
which we could investigate individual glycosylation sites. Afterwards, the data 
acquired from these two MS platforms were compared using an in-house de-
veloped software package glycoNativeMS. The acquired native MS spectrum 
served as the “full picture” of a given glycoprotein, while the site-specific gly-
copeptide data were used as smaller individual building blocks used to simu-
late an intact protein spectrum. Integration of the two methods has significantly 
improved the depth of our glycoprotein characterization. This so-called hybrid 
MS approach enabled the discovery of three undescribed C-glycosylation sites 
on properdin, and revealed in addition unexpected heterogeneity in occupancies 
of C-mannosylation. Furthermore, using various sources of erythropoietin we 
defined and demonstrated the usage of a biosimilarity score to quantitatively as-
sess structural similarity, which is highly beneficial for profiling also other ther-
apeutic proteins and even plasma protein biomarkers. Later, we applied the same 
approach to characterize the complement protein C9, a major building block of 
the complement membrane attack complex (MAC). Except for a detailed speci-
fication of the composition of all modifications, the results showed the first direct 
experimental evidence of the presence of O-linked glycans in the N-terminal 
region of C9, and an unusual N-glycosylation outside the typical N-glycosyla-
tion sequon N-X-S/T. In my perspective, the hybrid MS approach is the ultimate 
solution to resolve protein heterogeneity. It is the most efficient and powerful 
way for MS based biomolecular profiling to reach a complete characterization. 
This part of my work is described in chapter 5 and 6.

Besides methodology development, this thesis also addresses the potential ap-
plications of this new technology. For example, the here developed methods can 
contribute to the field of biopharmaceutical analysis, where glycosylation is a 
crucial indicator for quality assessment. Chapter 3 and 4 are dedicated to mAb 
glycosylation analysis. Chapter 5 provides the biosimilar study using rhEPO as a 
model protein, which is another hot-topic molecule challenging current biophar-
ma analysis. In Chapter 5 and chapter 6, there are two examples of complex gly-
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coproteins directly isolated from human plasma serum. The properdin and com-
plement protein C9 projects represent an exciting application field of this hybrid 
MS methodology for a deep analysis of proteins with high biological impact.

Of course, along with all these successful examples, there are always cases that 
are beyond the capacity of the available techniques, or projects that are still wait-
ing for further investigations. in the last section of this chapter, I will discuss a 
few limitations and possible future directions based on the work described in 
this thesis. 

Profiling protein-specific glycosylation changes upon disease

Highly coordinated biosynthetic processes generate cell type-specific glycan 
patterns, which can become altered due to changes in the environment caused by 
disease or aging. Most often, the changes can be too subtle to be detected. As in-
tensively discussed in previous chapters, the high resolution native MS platform 
is an ideal tool to profile these changes, relying on its accuracy, sensitivity and 
robustness. There are many proteins that are suitable for native MS investiga-
tion. For example, prostate-specific antigen (PSA), presents such an ideal target.

In men the plasma PSA level is widely used as a standard marker for detec-
tion and monitoring of prostate carcinoma (PCa). Due to an associated lack of 
sensitivity and specificity (20% and 93%, respectively), the use of PSA alone 
as a biomarker for PCa remains somewhat controversial4. PSA is a glycospro-
tein, glycosylated through a single N-glycan chain at the amino acid Asn-45. 
Although, modified only at a single site, the glycan structures present on PSA 
are highly diverse. It has been hypothesized that PSA glycosylation is altered in 
between PSA derived from tumor and control men5. An increased level of core 
fucosylation and α2,3-linked sialylation has been reported in serum of men with 
PCa, when compared to healthy or benign prostate hyperplasia (BPH) samples6. 
These observation could be associated with the generation of the so-called high-
PI fraction, which is a sub-fraction of PSA glycoproteoforms purified by an-
ion-exchange chromatography7. A qualitative and quantitative characterization 
of PSA glycosylation could potentially assist in making the distinction of PSA 



7

249

originating from control, BPH, tumor origins and, therefore, be useful in devel-
oping new PCa markers for diagnostic and prognostic purposes8.

During my Ph.D., I worked with my colleagues, also from the UMCU, to build 
up a workflow, which allowed us to purify seminal PSA from individual donors, 
starting with a reasonably small amount (1 mL) of semen sample. Using the high 
resolution native MS platform, we could characterize the intact PSA including 
its molecular heterogeneity, in a qualitative and semi-quantitative manner. As 
shown in Figure 1, at least 10 glycosylated proteoforms could be identified and 
semi-quantified, including all the proteoforms that are found either in the high PI 
fraction or low PI fraction. In this way, an extra anion-exchange chromatography 
based purification step could be avoided. Considering the small sample volume, 
this method has great potential to be applied to investigate the individual PSA 
glycosylation profiles and their changes upon aging and diseases (e.g. cancer, 
fertility or diabetes).

Figure 1. Native MS spectra of semen purified prostate specific antigen 
(PSA). In black is the spectrum of a PSA sample purified in the laboratory, from 
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a low amount of seminal fluid. The PSA low PI fraction and high PI fraction, 
which had been purified by anion-exchange chromatography, were purchased 
from Lee Biotech Inc. 

Deep analysis of highly relevant  proteins using hybrid MS approaches

The example of the plasma proteins properdin and complement protein C9 have 
demonstrated the potential of implementing hybrid MS approaches on protein 
samples from body fluids. This type of deep analysis can offer the most complete 
analytical characterization, providing valuable information might be missed 
when using solely a bottom-up proteomics approach. As successfully demon-
strated in the properdin and C9 projects, it can assist the investigation of less 
studied glycan types. In the future, more proteins that contain extraordinary gly-
can types, including C-mannosylation and O-GlcNAcylation, can potentially be 
stratified by this approach. An in-depth characterization would help elucidating 
the structure-function relationships of the corresponding glycoproteins. 

Another potential application is to study glycoproteins diversity across the phylo-
genetic tree. Glycosylation sites, especially N-glycosylation, are quite conserved 
in eukaryotes due to their biological significance9. The glycosylation profile of 
the same glycoprotein is tailored by the glycan biosynthetic pathway that are 
unique for each species. Although quite some information is available at the gene 
and protein level for comparative genomics, there is limited data comparing in 
detail the difference at the glyoproteome level. With the ability to obtain detailed 
profiles of glycan diversity, the high resolution native MS-based deep analysis 
can be highly fruitful in deciphering this diversity. 

Technical improvement for tackling sample complexity and quantitation

Through the development of separation techniques that are compatible with na-
tive MS, the handling of sample complexity could be significantly improved. 
Capillary electrophoresis (CE) or size exclusion chromatography (SEC), rep-
resent the most promising separation techniques to be coupled with native MS 
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platform, as they are compatible with the same running buffers. The combination 
would allow us to investigate mixtures of secretory proteins from plasma, serum 
or body fluid, which often contains many complex glycoproteins. Since more 
and more studies have indicated that a given glycosylation pattern is not only 
cell-specific, but also protein specific10–12 integrated glycosciences would benefit 
greatly from the improved capacity of such combinations of chromatography/
electrophoresis and native MS in handling protein mixtures. 

In addition, the sample preparation procedure for native MS, particularly the es-
sential buffer exchange process, can be further improved. For a successful native 
MS measurement, a very low quantity of sample at the proper concentration, is 
essential. In general, it requires around 2 mL sample with a concentration of 2 ~ 
5 mM. Taking a 100 kDa protein into account, only 0.4 mg ~ 1 mg is sufficient for 
one measurement. Yet, a much larger sample amount, usually 10 times or more, 
is used for one native MS measurement. The reason is that the tube compatible 
for buffer exchange, has a dead volume of ~35 ml, thus requiring a larger amount 
of sample, in order to retain the proper concentration range afterwards. Improv-
ing the buffer exchange device, can thus potentially reduce sample consumption, 
thus facilitating also the analysis of lower abundant more relevant biological 
samples.

Data analysis automation and visualization for an ultimate integrative platform

To further promote the integration of different MS approaches, it is necessary to 
automate the data analysis and visualization. Theoretically, the integrative con-
cept, which is described in chapter 5 and delivered as a R package, in applicable 
for comparing data sets from any level of MS-based analysis. As demonstrated in 
Chapter 4, the modified script was used to evaluated mAb glycosylation profiles 
acquired by using native MS and targeted glycan profiling. Unfortunately, to 
date, these packages are only available in home-constructed R packages, which 
might exclude users who do not possess sufficient programming skills. An inter-
active, user-friendly interface would attract a larger user group and promote the 
application. Ultimately, developing an open source platform would help to inte-
grate and compare data from any bottom-up MS approaches. I am very pleased 
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to see that this topic has attracted the interest of an increasing number of groups, 
and a few software product has been available, such as Genedata Expressionist® 

Refiner MS module, and the Protein Metrics Intact Mass™ software that is re-
cently included in Byonic13.

Except for the above listed directions, there are many more topics to reach out to 
in the future, such as I. investigations into the kinetics of protein glycosylation; 
II. studies on how glycosylation affects protein-ligand binding, and protein-pro-
tein interactions.; and III. stratification of even more challenging glycoprotein 
therapeutics such as IgG bispecifics, fusion proteins or proteoglycans, etc. This 
is a field of opportunities, a golden age for protein mass spectrometrists interest-
ed to investigate glycosylation at the PTM level. I myself, feel very honored, as 
a fortunate witness of this new era, who also had the chance to contribute a small 
portion to this exciting new avenue. I strongly believe, that the era of uniting the 
strength of different MS techniques, has arrived. Integration of cutting-edge MS 
methodologies at various levels, will provide a more complete profile of proteins 
that are challenging to analyze when using a single approach. I foresee that the 
hybrid type techniques will be applied more and more often. Native and intact 
MS analysis, will also continue to address the needs in pharmaceutical, biotech-
nical research and ultimately even be used in a more translational research set-
tings in all disease areas. 
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Nederlandse Samenvatting

Dit proefschrift beschrijft een merendeel van het onderzoek dat ik heb gedaan tij-
dens mijn promotie aan de Universiteit van Utrecht, gericht op de karakterisering 
van eiwit glycosylering met behulp van innovatieve massa spectrometrie (MS) 
methoden. In hoofdstuk 1, heb ik eerst een overzicht gegeven van analyse van 
eiwit glycosylering door middel van MS, ook wel bekend onder de naam glyco-
proteomics. Tot nu toe was glycoproteomics sterk afhankelijk van twee vormen 
van analyse, gericht op of de vrijgemaakte glycanen, of de geglycosyleerde pep-
tiden. Ondanks de hierbij gebruikte geavanceerde bottom-up massa spectrome-
trie analyse vereist de complexe structuur van de meeste glycoproteïnen alter-
natieve en bijpassende methoden die tot een gedetailleerder inzicht leiden van 
al hun verschillende proteovormen. Het toevoegen van dit derde niveau van de 
analyse, in de vorm van eiwit gecentreerde MS, is essentieel om ons begrip van 
het glycoproteome en zijn functionele implicaties uit te breiden. Hoge resolutie 
natieve massa spectrometrie is een veelbelovende optie gebleken voor dit derde 
niveau van MS analyse om sterk heterogene glycoproteïnen te bestuderen. In dit 
hoofdstuk zal ik de inspanningen beschrijven die ik heb genomen om de analyse 
van complexe glycoproteïnen mogelijk te maken, en ook een aantal toekomstige 
richtingen van het onderzoek noemen.

Terugkijkend over de laatste 5 jaar bracht de ontwikkeling van de Orbitrap mass 
spectrometer with extended mass range (EMR) het veld van biomoleculaire mas-
sa spectrometrie sterk in beweging. Het werd een analytisch platform waarmee 
zeer kleine massa verschillen op grote eiwitten konden worden onderscheden 
met zeer hoge accuraatheid. Dit instrument faciliteerde de directe gedetailleerde 
analyse van post-translationele modificaties (PTMs) op het intacte eiwit niveau. 
Het eerste voorbeeld van PTM analyse op de Orbitrap EMR werd gepubliceerd in 
2012 toen monoklonale antilichamen werden onderzocht door mijn collega Sara 
Rosati. In het begin van 2013, toen ik in de groep startte, had ik het geluk om een 
van de eerste gebruikers van dit nieuwe platform te worden. Mijn eerste project 
had als doel om de mogelijkheden van de Orbitrap EMR te testen door gebruik 
te maken van het model glycoproteïne ovalbumine, afkomstig uit kippen, omdat 
dit een scala aan post-translationele modificaties bevat. Ik werd meteen betoverd 
door de complexiteit van mijn eerste natieve MS spectrum. In alle gebieden van 
de analytische chemie en de massa spectrometrie wordt kippen ovalbumine al 
tientallen jaren gebruikt als glycoproteïne standaard. Echter, op het intacte ei-
wit niveau blijkt het helemaal niet zo’n simpel en eenvoudig eiwit te zijn. Het 
bevat meerdere post-translationele modificaties, waaronder een glycosylering, 
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twee fosforyleringen en een geacetyleerde N-terminus. De combinatie van al 
deze PTMs leidt tot een zeer complex en heterogeen intact eiwit, dat ik voor het 
eerst in detail kon onderzoeken. Uiteindelijk kon een ongekend aantal van 59 
proteovormen worden geïdentificeerd en gekwantificeerd in een enkel spectrum, 
zoals beschreven in hoofdstuk 2. Bovendien werden 45 geglycosyleerde vormen 
van het eiwit gevonden waarvan de helft nog nooit eerder was waargenomen.

Voor mij was het ovalbumine project een spannende start en het werd zelfs een 
van de favoriete projecten van mijn promotie. Het vormde een goed voorbeeld 
van de kracht van hoge resolutie natieve MS analyse van eiwit heterogenite-
it met een Orbitrap massa spectrometer. Door gebruik te maken van het su-
perieure onderscheidend vermogen en de gevoeligheid van het instrument en de 
eenvoudige monster bereiding wordt de kans om nieuwe ontdekkingen te doen 
sterk vergroot. Vergeleken met conventionele MS wordt natieve MS gekenmerkt 
door een grote spreiding van het MS signaal over de m/z dimensie, waardoor het 
makkelijker wordt heterogene monsters te analyseren. Deze ruimte in de m/z 
dimensie is bijzonder waardevol voor de analyse van glycoproteïnen, zoals in 
hoofdstuk 1 is beschreven in de context van data simulatie, en in hoofdstuk 2 in 
de context van het vergelijken van data. Daarnaast demonstreerde dit project ook 
hoe het gebruik van verschillende enzymen kan helpen bij natieve MS analyse. 
Een onspecifieke fosfatase en Endoglycosydase F werden alleen of in combi-
natie gebruikt om de heterogeniteit van ovalbumine te verlagen. Door de fosfaat 
groepen van het eiwit te verwijderen konden we ons specifiek richten op de gly-
cosylering, en door de N-glycosylering te verwijderen konden we ons specifiek 
richten op de fosforylering. De kracht van het gebruik van zulke enzymen wordt 
verder geïllustreerd in hoofdstukken 3 en 6, waar we gedeelten van glycanen van 
eiwitten verwijderen. Door specifieke bouwstenen van glycanen af te knippen 
met specifieke glycosidase enzymen is het mogelijk de identiteit van de glycanen 
te verifiëren. In theorie zouden enzymen zoals α2-3 Neuraminidase het zelfs 
mogelijk moeten maken de verschillende verbindingstypen tussen glycanen van 
elkaar te onderscheiden, echter ben ik hier nog niet aan toegekomen.

Naast een illustratief voorbeeld van de nieuwe mogelijkheden in de analyse van 
glycoproteïnen was het ovalbumine project ook belangrijk voor het blootleggen 
van weer nieuwe uitdagingen, voornamelijk op het gebied van data interpre-
tatie. Voordat de Orbitrap EMR werd gebruikt bevatten de meeste natieve mas-
sa spectra slechts een klein aantal pieken, die met de hand werden bestudeerd 
en toegekend. Echter, met de verhoogde resolutie van de EMR werden spectra 
gemeten van zeer heterogene eiwitten die misschien wel honderd verschillen-
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de pieken bevatten. Zelfs voor de meer ervaren massa spectrometrist is de ef-
ficiënte analyse van al deze pieken, kwalitatief en kwantitatief, een zeer grote 
uitdaging. Na meerdere weken van berekeningen in Excel besloot ik voor een 
iets geavanceerdere in silico aanpak te kiezen. Ik begon met het schrijven 
van scripts in de open source programmeer taal R, om zo de complexe mas-
sa spectra van glycoproteïnen te kunnen analyseren. Later, toen ik wat meer 
ervaren was in het programmeren, realiseerde ik me dat er nog veel meer mo-
gelijk was dan alleen spectrum analyse. De computationele aanpak was niet al-
leen een stuk sneller in de data analyse, het was ook nog eens betrouwbaar en 
robuust, zeker vergeleken met de eerdere handmatige aanpak. Daarnaast was 
het ook mogelijk om, met behulp van wat statistiek, de verschillen tussen twee 
massa spectra in kaart te brengen en zo op het oog zeer dezelfde monsters te 
vergelijken. Deze aanpak zou zo een aantal technische uitdagingen in de analyse 
van complexe biofarmaceutische biosimilars het hoofd bieden. In hoofdstuk 5 
worden de mogelijkheden van deze aanpak geïllustreerd aan de hand van het 
recombinante humane erythropoietin (rhEPO) en het plasma eiwit properdin.

Na het initiële enthousiasme over het succes van het ovalbumine project real-
iseerde ik mij snel dat er nog meerdere problemen met deze strategie moesten 
worden aangepakt om de meeste complexe glycoproteïnen te analyseren. An-
ders dan ovalbumine, dat slechts één glycaan bevat, bevatten de meeste glyco-
proteïnen meerdere aminozuren die een geglycosyleerd zijn, en vaak ook nog 
eens met een variatie van glycanen. Al je bijvoorbeeld naar rhEPO kijkt, dit 
eiwit bevat 1 O-glycaan op S126 en drie verschillende aminozuren met N-gly-
canen (N24, N38 en N83); 40% van het molecuul gewicht van rhEPO is af-
komstig van de modificatie met glycanen. Voor dit type glycoproteïnen is de 
interpretatie van het massa spectrum een nog grotere uitdaging. Daarnaast is het 
met meerdere geglycosyleerde aminozuren niet meer mogelijk om de locatie 
van de glycanen te bepalen, laat staan de verschillende glycanen te kwantifice-
ren, aan de hand van een natief MS spectrum. Daarom voegden we een tweede 
niveau van analyse toe, namelijk glycopeptide MS, waarmee we specifiek de 
verschillende glycaan bindende aminozuren konden onderzoeken. Vervolgens 
werd de data van de twee MS platformen vergeleken met een zelfgemaakt soft-
ware pakket genaamd glycoNativeMS. Het natieve MS spectrum fungeerde als 
het “complete plaatje” van het eiwit en met behulp van de glycopeptide data 
van de verschillende glycanen werd een intact eiwit spectrum gereconstrueerd. 
Door deze twee sets van data te vergelijken kon extra detail worden gebracht in 
de analyse van de glycoproteïnen. Deze zogeheten hybride MS analyse ontdekte 
onder meer drie nog nooit eerder beschreven aminozuren met een C-glycaan in 
properdin en een onverwachte variatie aan C-mannosylering. Bovendien werden 
erythropoietin monsters van verschillende bronnen vergeleken om zo het prin-
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cipe en de definitie van een biosimilarity score te introduceren en daarmee een 
manier te geven waarop structurele gelijkenis gekwantificeerd kan worden – een 
zeer handige truc voor de karakterisatie van therapeutische en zelfs plasma ei-
wit biomarkers. Later pasten we dezelfde methode toe bij de karakterisatie van 
het complement eiwit C9, een belangrijke component van het terminale com-
plement complex (MAC). Behalve een gedetailleerde beschrijving van alle 
modificaties lieten de resultaten voor het eerst experimenteel bewijs zien van 
de aanwezigheid van O-glycanen in de N-terminale gedeelten van C9 en een 
N-glycaan op een ongewone plek die niet het standard aminozuur motief (N-X-
S/T) liet zien. In mijn ogen is de hybride MS methode de ultieme oplossing voor 
het ontrafelen van eiwit heterogeniteit. Het is de meest efficiënt en krachtige 
manier om met behulp van massa spectrometrie complete karakterisatie van een 
eiwit te bereiken. Dit gedeelte van mijn werk is beschreven in hoofdstuk 5 en 6.

Naast methode ontwikkeling behandelt dit proefschrift ook de potentiele ap-
plicaties van deze nieuwe technologie. Bijvoorbeeld, de hier geïntroduceerde 
methoden kunnen een belangrijke bijdrage leveren in het veld van de biofarma-
ceutische analyse, waar glycosylering een cruciale indicator is voor de kwaliteit 
van een product. Hoofdstukken 3 en 4 zijn gericht op de analyse van monoclo-
nale antilichaam glycosylering. Hoofdstuk 5 bevat een andere populair farma-
ceutisch eiwit rhEPO, waar de biosimilars van werden bestudeerd. En ten slotte 
staan in hoofdstuk 5 en 6 twee voorbeelden van de karakterisering van complexe 
glycoproteïnen direct geïsoleerd uit humaan bloedplasma. De properdin en com-
plement eiwit C9 projecten zijn excellente voorbeelden van de applicatie van dit 
type hybride MS methoden voor de gedetailleerde analyse van eiwitten met een 
grote biologische impact. 

Uiteraard zijn er naast de hierboven genoemde succesvolle voorbeelden velen 
gevallen waar de beschikbare methoden en technologie nog niet voldoende war-
en. Bovendien waren er nog genoeg projecten waar we simpelweg nog niet aan 
waren begonnen. Deze en een aantal toekomstplannen worden beschreven in de 
Engelse versie van dit hoofdstuk.
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