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1. Glycosylation: a single term encoding incredible complexity
Glycosylation is by far the most abundant post-translational protein
modification encountered in nature. Glycosylation plays critical roles in all facets of
health and disease, whereby slight changes in the structure of the glycan attached
to the polypeptide backbone can have a dramatic biological effect1–3. Although
often simply regarded as a uniform modification it actually encompasses dozens of
different types of glycosylation with new ones discovered regularly4–7. Part of this
complexity is illustrated in Figure 1 where various types of glycosylation are
depicted. Perhaps the most well-known and certainly the most studied type of
glycosylation refers to protein linked N-glycosylation wherein a single uniform
precursor consisting of two N-Acetylglucosamine (GlcNAc), nine mannose (Man),
and three glucose (Glc) units is transferred co-translationally to a side chain of
asparagine in an N-x-S/T sequon where x is any amino acid besides proline. A
second widely encountered type of glycosylation is the so-called mucin type Oglycosylation where a single O-GalNAc residue is transferred to a hydroxyl group of
threonine, serine or tyrosine8–11. Unlike N-glycosylation where a single precursor is
transferred to the polypeptide backbone, initiation of O-glycosylation is catalyzed
by 20 distinct O-GalNAc tranferases (GalNAc-Ts) which have both overlapping and
distinct substrate preferences12–14. Initiating O-GalNAc can also be further extended
to create more elaborated O-glycan structures. The most common ones include
core 1 and core 2 type of O-glycans as depicted in Figure 1. They mainly serve to
stabilize the protein structure and protect against proteolytic cleavage15, but are
also involved in various pathophysiological states such as IgA nephropathy16, Tn
syndrome17, impaired leukocyte recruitment18, and tumorigenesis19. In addition to
the mucin type O-glycosylation there are also numerous other classes of Oglycosylation9,20 that have received so far less attention. Examples include OFucosylation21–23 and O-glucosylation24–26 found on epidermal growth factor-like
(EGF) and thrombospondin repeat (TSR) domains , O-galactosylation27,28 on
collagen domain hydroxylysines, and O-mannosylation (O-man) mainly associated
with the alpha-dystroglycan. In 2013, O-Man has also been observed on another
class of proteins – cadherins – in mammals29. Interestingly, it has been
demonstrated that this O-mannosylation of cadherins is served independently of
the biosynthetic pathway responsible for O-mannosylation of alpha-dystroglycan
and that there exists a, yet unknown, third biosynthetic pathway responsible for Omannosylation of plexins6,7,30. Aforementioned protein modifications are never
found in the nucleocytoplasmic space. However, there is also a special type of
glycosylation, O-GlcNAcylation, catalyzed by the O-GlcNAc transferase found in
nuclear, cytoplasmic, and mitochondrial compartments31. In contrast to the other
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types of modifications O-GlcNAcylation is a dynamic modification that is thought to
serve amongst other as a nutrient sensor regulating transcription, signaling,
mitochondrial activity, and cytoskeletal functions32. Finally, similar to the
nucleocytoplasmic O-GlcNAcylation, widespread in eukaryotes and bacteria,
nucleocytoplasmic O-Man glycosylation plays that role in yeast33. In addition to the
protein glycosylation described above there are also free linear polysaccharides
called glycosaminoglycans, which when attached to a protein are known as
proteoglycans. Finally, there is also a widespread occurrence of glycosylation on
lipids with glycosphingolipids, involved in cell-cell interactions and activities of
nearby membrane proteins, being the most known example34. This short summary
shows the sheer diversity of modifications that are encompassed under the singular
“Glycosylation” term.

Figure 1. Overview of the various types of glycosylation. Figure adapted with
permission from35.
Considering this diversity of modifications and the fact that glycosylation is involved
in countless biological roles and pathophysiological states, giving a succinct
9|Page
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overview of all the roles of glycosylation is simply not feasible1. Additionally, over
80% of approved biological therapeutics are glycosylated36, and targeting aberrant
glycosylation has proven to be a promising future avenue for novel therapeutic
intervention. Examples include : a) targeting glycosylated programmed death ligand
(PD-L1) to eradicate triple negative breast cancer37, b) circumventing trastuzumab
resistance with sialidase conjugates38, and c) development of chimeric antigen
receptor (CAR) T cells targeting aberrantly glycosylated MUC1 in
adenocarcinoma39.Despite this obvious importance, glycobiology is quite
understudied when compared to other aspects of cell biology. This is mainly due to
the lack of tools to tackle the enormous chemical complexity of glycans. For
instance, proteins and nucleotides are linear polymers that contain a single type of
linkage between monomers, while monosaccharides can generate either an α- or a
β-linkage to any of the free hydroxyl groups of another monosaccharide. In
numbers this translates to three nucleotides (or amino acids) being able to generate
six trimers, while three different hexoses could theoretically produce over 38 000
trisaccharides40,41.
To put it in the words of one of the greatest molecular biologists of the 21st
century Sydney Brenner:” Progress in science depends on new techniques, new
discoveries and new ideas, probably in that order”. The need for better analytical
tools is maybe best illustrated by the infamous cetuximab case, where the presence
of a Fab glycosylation with an α1,3-galactose was responsible for severe
hypersensitivity reactions42. This illustrates the need for the comprehensive
analytical approaches facilitating the detailed characterization of glycosylation
profiles. In order to drive progress in glycobiology further this thesis presents a
collection of technological advancements in mass spectrometry approaches than
enable both system wide and detailed characterization of glycosylation profiles. In
short, chapters 2 and 3 describe advancements that have been beneficial for the
analysis of native mass spectra, while chapter 6 describes a method improving the
confidence of intact glycopeptide analysis. The next part of this introduction will
focus exclusively on protein N-glycosylation, which is the most heterogenous and,
based on the size of the glycans, most complex type of glycosylation. I provide a
succinct overview of the biosynthetic pathway of N-glycosylation in mammals,
which is critical for understanding the possible origins of underlying glycan changes
observed in various disease states. The second part of the introduction will be
devoted to analytical approaches used to study glycosylation, in this part the focus
is on mass spectrometry which is currently the method of choice in the study of
glycoproteins, glycans, glycolipids, glycosaminoglycans, and proteoglycans. Finally,
the last part of this introduction will provide insight on how combining the known
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biosynthetic pathways, genetic engineering, and chemoenzymatic synthesis of the
glycans with mass spectrometry can provide incredible insight into the fine details
of the glycan structures.

2. Overview of the biosynthetic pathway of N-glycans
N-glycan synthesis is initiated at the cytoplasmic side of the endoplasmic
reticulum (ER) with the addition of an N-Acetylglucosamine (GlcNAc) phosphate
residue to dolichyl phosphate(Dol-P). This is followed by the sequential addition of
another GlcNAc and five mannose (Man) residues derived from nucleotide sugars,
UDP-GlcNAc and GDP-Man. The resulting structure, Man5GlcNAc2-PP-Dol, is then
flipped across the ER membrane to face the ER lumen. Here Man5GlcNAc2-PP-Dol is
further extended by stepwise addition of four Man and three glucose (Glc) residues.
The resulting 14-sugar glycan, Glc3Man9GlcNAc2-PP-Dol, is then transferred via an
oligosaccharyltransferase (OST) to the nitrogen atom on the Asn side chain of the
nascent polypeptides (Figure 2.ER) when it harbors an N-x-S/T/C sequon (x is any
amino acid except proline). One specificity of mammalian OST is that they contain
two active subunits, STT3A and STT3B43–47. STT3A is responsible for the cotranslational glycosylation while STT3B glycosylates sequons that have been
skipped by STT3A. Additionally, STT3B contains an accessory subunit with
oxidoreductase activity that delays the disulfide bond formation until neighboring
acceptor sites have been glycosylated.
Following the transfer of a glycan to the protein the newly formed glycoprotein
undergoes immediate processing. Under the action of glucosidases I and II the
glycoprotein loses 2 Glc residues. The remaining GlcMan9GlcNAc2 moiety serves as
an entry ticket to the calnexin (CNX) – calreticulin (CRT) cycle48–52. CNX and CRT are
ER resident homologous proteins specific for monoglucosylated core N-glycans
responsible for proper folding of glycoproteins. Once bound to CNX or CRT the
glycoprotein is exposed to a thiol-oxidoreductase (ERp57) which catalyzes the
formation of disulfide bonds53,54. When the remaining glucose is trimmed by the
glucosidase II the complex dissociates. If the glycoprotein is misfolded at this step
it gets glucosylated again and the CNX-CRT cycle repeats. Despite the presence of
such a sophisticated folding system up to 80% of various newly synthesized
glycoproteins fail to mature. These misfolded proteins undergo ER associated
degradation where they get deglycosylated, ubiquitinylated and degraded by the
proteasome. Survivors of the folding cycle are recognized by the ER-Golgi
intermediate compartment 53 (ERGIC 53), a protein that binds to the high mannose
11 | P a g e
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N-glycans55. ERGIC 53 then mediates the vesicular transport of bound glycoproteins
to the Golgi.

Figure 2. The biosynthetic pathway of N-glycans. In short biosynthesis starts with
a co-translational en bloc transfer of a 14-sugar glycan, Glc3Man9GlcNAc2-PP-Dol
to the polypeptide backbone. From there the modified glycoprotein traverses the
ER and, subsequently, into the Golgi stacks where it undergoes further processing
12 | P a g e

of the glycans. Upon reaching the trans-Golgi glycoproteins are packed into vesicles
and secreted into the extracellular matrix, or moved to the plasma membrane or
delivered to the lysosomes. Adapted with permission from56
Upon reaching the Golgi, glycoproteins traverse the Golgi stacks remaining
unchanged and giving rise to high mannose type N-glycans or undergo a series of
glycan remodeling events. Remodeling starts with the removal of mannose residues
by a set of α-mannosidases to generate a Man5GlcNAc2 structure. Man5GlcNAc2 is
then recognized by the GlcNAc transferase (GnT-I) which transfers a GlcNAc residue
to the α-3 branch of the N-glycan (Figure2. cis Golgi) thus initiating the synthesis of
hybrid and complex N-glycans57. Hybrid glycans keep the five mannose residues and
can undergo further extension of the α-3 branch by the addition of galactose (Gal)
and sialic acid (Sia) residues. In contrast, the complex N-glycans first undergo
additional mannose processing and lose two terminal mannose residues (Figure 2.
medial Golgi) followed by the addition of another GlcNAc residue to the α-3 branch
giving rise to a complex biantennary N-glycan58. Upon reaching the trans Golgi these
complex N-glycans get elongated with Gal and Sia residues, which completes the
glycan processing stage, where after they get shuttled to the plasma membrane or
end up secreted into the extracellular space. Glycoproteins that are destined for
the lysosome (e.g. hydrolases) undergo a separate N-glycan biosynthetic pathway
where they get recognized by a GlcNAc-phosphotransferase that transfers
mannose-phosphate-GlcNAc tags to high mannose glycans (Figure 1. cis Golgi)59–61.
Following the removal of the GlcNAc by a so called “uncovering enzyme” the
mannose-6-phosphate tag (M6P) gets exposed. M6P is then selectively recognized
by mannose-6-phosphate receptors found in the trans Golgi and delivered to the
lysosomes62,63. In the end, it is important to note that many of the
glycosyltransferases that act sequentially form protein complexes in the Golgi
compartment, require metal cation (Mn2+) for optimal catalysis, and are sensitive
to Golgi pH variations64–67. This complicated biosynthetic pathway is very sensitive
to a plethora of factors, so it should not come as a surprise that aberrant
glycosylation is a hallmark of many pathophysiological states2,3. Finally, this
diversity of structures makes it clear why glycans represent a unique layer of
communications language between cells, as they are able to fine-tune the functions
through minute changes of their structure or avidity with which they are
presented1,68,69. Being a non-templated process (not encoded directly in the
genome) it also enables a pretty quick switch of the language once a part of it gets
decrypted and exploited by pathogens such as bacteria and viruses68,69.
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3. Mass spectrometric approaches for protein N-glycosylation analysis
Over the last decade, there has been a surge of technological developments in
the field of protein glycosylation analysis. We have witnessed developments of
impressive methods for large-scale glycosylation analysis such as lectin microarrays
where lectins that recognize specific glycan epitopes are printed on a glass slide and
interrogated with fluorescently labeled analytes70,71. Resulting patterns give insight
into the glycosylation profiles of a tested biological system and have enabled the
discovery of glycan biomarkers for inflammatory bowel disease72, esophageal
cancer73, liver fibrosis74, and melanoma75. Another elegant approach that emerged
chemically releases all glycans from a sample, e.g. lung tissue, and immobilizes the
released glycans on a glass slide76. These so-called shotgun glycan arrays have
enabled an unbiased overview of the influenza A virus receptors77. For instance this
array catalyzed the discovery that aside the well-known α2,6-linked sialylated
glycans influenza A viruses also strongly recognize phosphorylated, non sialylated
N-glycans77. In addition to this there are also numerous other methods based on
liquid chromatography and capillary electrophoresis for glycan characterization78–
83
. However, all of the above methods are indirect in a sense that the exact
underlying glycan structures remain largely unknown and require additional
approaches for complete elucidation of the glycan structures. Of course, this issue
can be circumvented by using chemically synthesized glycan standards, however
their creation is time consuming, expensive, and in case of arrays limited to the
glycans available for printing84–86. Currently by far the most popular approach, also
used in the most of studies mentioned above for glycan structure determination is
mass spectrometry. Mass spectrometry enables a fast and sensitive readout of the
glycosylation status with minimal sample input. It can be performed as a standalone
technique or in combination with liquid chromatography and capillary
electrophoresis to gain an even deeper understanding of the glycan structure87–90 .
In terms of approaches for glycosylation analysis mass spectrometry can be divided
in three distinct levels: 1) determination of released glycan profiles 2)
determination of modified sites and their accompanying structures through the
analysis of intact glycopeptides, and 3) direct analysis of intact glycoproteins that
enables a global view of the protein glycosylation status. In the following
paragraphs, each of these levels is described in more detail.
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3.1 Analysis of released glycans
Mass spectrometry of released glycans is currently the most popular approach
for the analysis of glycosylation. This is mainly due to the discovery and widespread
use of the peptide-N-glycanase (PNGaseF) which releases all mammalian N-glycans
from their protein carriers. Continuous improvements in this enzymatic
deglycosylation have resulted in protocols that enable full deglycosylation within 2
minutes91. Subsequently, the released glycans can be directly analyzed in a mass
spectrometer. Commonly this is done by drying the glycan sample on a metal target
plate in the presence of a light-absorbing matrix. Once crystallized, the sample plate
is, in the vacuum of mass spectrometer, exposed to laser pulses, resulting in the
desorption of ionized glycans from the crystalline matrix. This process is termed
matrix-assisted laser desorption/ionization (MALDI) mass spectrometry. Since
glycans themselves are quite labile they are usually stabilized before the analysis,
this is most commonly done by permethylation where all the free hydroxyl groups
become methylated. Glycans analyzed in this way produce a mass spectrum
providing mass-to-charge (m/z) ratios of all detected glycans. From the observed
mass, it is then possible to deduce the total composition of each glycan, but it is not
possible to elucidate their full structure. In order to gain a more detailed description
of their structure it is necessary to isolate each detected glycan m/z ion and subject
it to collision with an inert gas (usually helium or nitrogen). Upon colliding with an
inert gas, also referred to as collision-induced dissociation (CID), the ionized glycans
undergo fragmentation and by analyzing the produced fragments, more
information about their structure can be deduced. An exemplary spectrum of
permethylated released N-glycans is shown in Figure 3, which is also one of the
premier examples of the power of released glycan analysis. In this work Pang et.
al92 discovered that human sperm binding requires the presence of a specific glycan
epitope — sialyl-lewisx— to bind to the zona pellucida. Additionally, MALDI has
recently reached the stage where system glycomics analysis of whole organisms,
such as zebrafish, are feasible93. However, limitation of these two studies is that
proteins that carry the identified glycan structures remain unidentified. In addition
to the MALDI approach described above, glycans can also be ionized by dissolving
them into a liquid, usually an acidified solution of acetonitrile and water, and
dispersed into aerosols by application of high voltage. This ionization technique is
better known as electrospray ionization (ESI) and unlike MALDI it produces multiply
charged analytes and is more sensitive to salt contaminants.
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Figure 3. Illustrative example of a MALDI-TOF mass spectrum of permethylated
N-glycans. Adapted with permission from92
One benefit is that in ESI capable instruments it is usually possible to perform
multiple rounds of isolation and fragmentation, which can result in the more
comprehensive characterization of glycan structures, but this approach requires
high expertise and is performed by only a few groups worldwide94–98. A second and
a more important advantage of ESI is its compatibility with liquid chromatography,
capillary electrophoresis, and ion mobility (IM), which can be directly coupled to
ESI-MS. Hydrophilic interaction liquid chromatography (HILIC) and porous
graphitized carbon-liquid chromatography (PGC) are widely utilized for their ability
to separate isomeric glycan structures, which in combination with mass
spectrometry to confirm glycan compositions represents a very powerful analytical
approach99. Capillary electrophoresis-mass spectrometry (CE-MS) combination
provides even better complementarity due to its superior ability to separate glycan
isomers. However, this method has shown difficulty of achieving reproducible
performance, but the recent work by Lageveen-Kammeijer et. al. established a
highly reproducible workflow for CE-ESI-MS which will hopefully contribute to the
wider utilization of this approach100. Finally, perhaps the most promising future
avenue for glycan analysis is the combination of ion mobility and mass
spectrometry. In ion mobility separation is based on collisions of analytes with
neutral buffer gas as they traverse the cell, with larger structures experiencing
more collisions compared to their smaller more compact counterparts101,102. This
enables separation of isobaric glycans that have identical masses and is sensitive
enough to distinguish glycan α- and ß- anomers103. Although this approach offers
incredible depth of information better software solutions are required to fully
realize the full potential of IM-MS, and it needs to be seen if it will also work well
for the larger more complex glycan structures.
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3.2 Analysis of intact glycopeptides
An alternative approach for the analysis of protein glycosylation is to analyze
glycans while they are still attached to the glycoprotein. In this way, it is possible to
identify both the glycan structure attached at each of the modified sites as well as
the identity of the proteins carrying these modifications. However, combining wellestablished proteomics approaches with glycomics leads to potentiation of issues
associated with each of these methods. One of the main challenges in the analysis
of intact glycopeptides is their lower ionization efficiency compared to their nonglycoslyated counterparts104. Additionally, each glycopeptide can harbor a variety
of glycoforms on a single glycosite splitting the glycopeptide signal over several
species. For this reason early efforts into glycoproteomics mainly utilized PNGase F
treated glycoproteins which results in asparagine deamidation of formerly
glycosylated proteins105,106. These studies enabled system wide mapping of
glycosylated proteins, but the underlying information on the glycans was lost107.
Although there have been early attempts at intact glycopeptide analysis those were
mainly focused on the analysis of single glycoproteins, or in the case of system wide
applications limited to the identification of a hundred N-glycosites or even less.
Over the last few years we have witnessed a storm of events that have made
intact glycoproteomics amenable to high throughput and accessible to the wider
scientific community. This can be broadly ascribed to developments in three
different areas:
1. Improvement of glycopeptide enrichment methods
To analyze glycopeptides, ideally one first enriches them from the vast pool of
non-modified peptides. Over the years there have been numerous approaches
reported for the enrichment of glycopeptides and here I only review the most
popular ones. Perhaps the most common approach to enrich for glycopeptides is
to use specific glycan binding proteins called lectins. Currently there are hundreds
of commercially available lectins with differing glycan binding specificities. In terms
of N-glycans the most common ones include wheat germ agglutinin (WGA),
concanavlin A (ConA), and Aleuria Aurantia lectin (AAL). WGA recognizes both
GlcNAc and NeuAc residues making it a popular choice in the characterization of
complex N-glycopeptides108. Next, ConA recognizes mannose residues and is
usually a lectin of choice for brain glycosylation studies due to the high
preponderance of high mannose N-glycans in this tissue109,110. AAL is a lectin that is
used for its characteristic recognition of N-glycan core fucosylation, and is often
increased in cancerous states111. Additionally it is also possible to combine multiple
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lectins together to increase the coverage of the glycoproteome112,113. However, it
has to be noted that due to specificities of lectin binding comprehensive
enrichment of N-glycans is not possible114. To address this other enrichment
methods based on general N-glycan properties have been developed. Popular
examples include HILIC chromatography where enrichment is based on the
increased hydrophilicity of glycopeptides in comparison to non-glycosylated
peptides and strong anion exchange (SAX) where enrichment is based on negatively
charged sialic acids. Recent study by Stadlmann et al. utilized HILIC enrichment to
site specifically characterize over 3000 intact glycopeptides discovering IGF2R as a
key protein conferring sensitivity to ricin87. Additionally, their glycopeptide data
revealed an excellent overlap with the released glycan profiles proving that the
intact glycopeptide analysis does not bias identifications towards certain glycan
structures. On the other hand, recent examples from Pitteri and Zhang groups
demonstrate that SAX enrichments offers great depth in glycoproteome
characterization115–117. Finally, a third way to enrich glycopeptides is to chemically
modify the glycan portion to make it more amenable for enrichment. One of the
best examples is the groundbreaking development by Hui Zhang based on glycan
oxidation and hydrazide chemistry105. In this approach, glycans are oxidized to
generate the aldehyde groups and are then conjugated to a solid support via
hydrazide chemistry. Following the on-bead digestion enriched glycopeptides were
recovered by PNGase F catalyzed deglycosylation. Although the original method
was only able to map deglycosylated peptides further development of the method
now enables the elution of intact glycopeptides118. Another promising approach is
based on metabolic labelling of the glycoproteome by utilizing azido labelled
sugars, which get utilized by biosynthetic machinery and incorporated into various
glycans119. Woo et al. combined this approach with chemical enrichment and
isotopic recoding of glycopeptides120. In short, a probe containing a biotin, a
cleavage site, a bromine for isotope recoding, and an azide is used for click
chemistry tagging of metabolically labeled glycoproteins which are then enriched
with streptavidin, and identified, making use of the bromine isotope pattern
recognition121,122. To conclude there is a wealth of options currently available for
the glycopeptide enrichment and the choice of any single method is highly
dependent on the research question as well as sample type and starting amount.
2. Glycopeptide fragmentation methods and data acquisition strategies
A significant challenge in identifying intact glycopeptides in mass spectrometry
is transforming the m/z values of each analyte into an unambiguous identification.
For general proteomics on non-modified peptides this is a well-established
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approach whereby each peptide ion is isolated and subjected to CID fragmentation.
CID preferentially breaks peptide bonds resulting in a series of so-called b (Nterminal fragment) and y (C-terminal fragment) ions from which a sequence of the
fragmented peptide can be determined. In addition, fragmentation spectra can be
compared to databases for automated and highly confident identification of
peptides and proteins they are derived from. In contrast, CID of glycopeptides
mainly produces sequential cleavages of glycan monosaccharides alongside the
glycosidic bond. While useful for structural information, it is very challenging to
identify the underlying peptide sequence of the fragmented glycopeptides. This
could be circumvented when analyzing isolated glycoproteins as it is possible to
create a theoretical list of all glycopeptides, which is then used to identify observed
m/z during the actual analysis, but this is not feasible when analyzing mixtures that
are more complex. To address this challenge other fragmentation methods more
amenable for intact glycopeptide analysis are needed. Electron-capture
dissociation (ECD) was one of the early alternative fragmentation methods showing
great promise for the characterization of intact glycopeptides123. In this approach,
low-energy electrons irradiate glycopeptide cations that upon capturing an
electron will undergo fragmentation. In ECD, c and z ions are observed which arise
from the N-Cα bond cleavage of the peptide backbone. Glycopeptides analyzed
with ECD will retain their intact glycan attached to the peptide backbone while
series of c and z ions will enable the identification of the modified peptides.
However, ECD is usually only available on fourier-transform ion cyclotron
resonance (FTICR) mass spectrometers that are not widely available due to the
extremely high costs associated with the acquisition and maintenance of such
instruments. In addition in ECD only around 20% of the analyzed glycopeptides
undergo effective fragmentation while the rest is usually only charge reduced
without fragmenting124. The availability of electron based methods was
substantially enhanced through the introduction of electron transfer dissociation
(ETD) fragmentation125 which can be more readily implemented to ion trap
containing mass spectrometers. In this case, instead of a cloud of low-energy
electrons, reagent anions such as fluoranthene are used to transfer an electron to
the analyte. Combination of CID/ETD fragmentation proved to be a strong approach
for the characterization of single glycoproteins124. However due to the somewhat
slower speed of ETD, and the fact that in complex mixtures even the best
enrichment approaches still result in significant proportion of non-glycopeptides,
early forays into intact glycopeptide analysis of the complex mixtures resulted in a
very limited number of identifications. A solution to this issue came from the
observation that during higher energy collision dissociation (HCD) of glycopeptides
19 | P a g e
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highly abundant oxonium fragment ions are observed126. They are not observed
during standard CID due to the ‘one-third’ cut off rules of ion traps which leads to
the limited trapping efficiency in the low m/z range127. Most common oxonium ions
include HexNAc (m/z 204.087), Hex (m/z 163.06), and HexNAc-Hex (m/z 366.138).
This observation was used to create smart acquisition strategies where ETD
fragmentation would be triggered only upon the observation of signature oxonium
ions during HCD fragmentation128,129. This could be considered as a second level of
glycopeptide enrichment where enrichment occurs within the mass spectrometer
itself. Further improvements in the field of intact glycopeptide characterization
were enabled by the so called hybrid fragmentation methods of which the
combination of HCD and ETD into a single EThcD 130 method represents the most
promising avenue for future large scale glycopeptide studies. In EThcD
glycopeptides undergo ETD fragmentation followed by HCD fragmentation of all the
ETD precursor and product ions. In this way improved sequence coverage and site
localization of glycopeptides is achieved when compared to HCD or ETD
fragmentation alone131,132. Another example of a hybrid approach is stepped HCD
where the precursor is exposed to three different HCD energies (low to high) and
the resulting mass spectrum is a sum of those acquired at all three energies. In this
way each spectrum contains sequential sugar losses, enabling glycan annotation
(low HCD energy), and peptide backbone fragments (high HCD). A summary of
various fragmentation approaches and their effect on intact glycopeptides is
visualized in Figure 4. Finally, it is worth nothing that with these two hybrid
fragmentation approaches (stepped HCD and EThcD) in hand large scale studies
characterizing thousands of intact glycopeptides have become feasible110,131,133,134
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Figure 4. Overview of the most common glycopeptide fragmentation methods
and fragment types observed. Adapted with permission from135
3. Software solutions for automated glycopeptide identification
Although we are able to measure and sequence thousands of glycopeptides
their confident identification still represents a major hurdle towards a truly systems
biology approach of the glycoproteome. While standard proteomics approaches
have a wealth of software solutions for identification, quantitation, and comparison
of data, glycoproteomics still lags substantially behind. The reason lies in the
difficulty in controlling the false discovery rates for both the peptide and the
attached glycan simultaneously136. Over the years dozens of software solutions
have been published for intact glycopeptide analysis137,138. However, large
proportion of them are only useful in specific cases developed for and require
bioinformatics expertise to use. Furthermore, a recent study found that around
30% of published software resources are no longer available due to lack of
maintenance following the publication, and up to 50% of software resources are
deemed as difficult to install139.Therefore, it may not be surprising that the vast
majority of published glycopeptide studies used two of the best maintained
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software solutions, pGlyco and Byonic140. Byonic is capable of analyzing both the
HCD and EThcD data and is specifically developed in mind with intact glycopeptide
analysis. On the other hand pGlyco133 identifies intact glycopeptides based on
stepped HCD data. Although it does not support the EThcD search option further
developments are currently underway to address this issue. In addition, some
general proteomics search engines such as MSFragger and MetaMorpheus, have an
ongoing development to include the support for intact glycopeptide analysis141,142.
3.3 Analysis of intact glycoproteins
In addition to the analysis of released glycans and glycopeptides it has also
become feasible to analyze intact glycoproteins by mass spectrometry. In this case
a complete picture of the glycoprotein complexity with all of its co-occurring
glycoproteoforms is acquired. Early efforts into fragmentation of intact
glycoproteins could efficiently characterize model glycoproteins with a simple
glycosylation profile143. However, it quickly became apparent that the benefit of
measuring intact glycoproteins lies more in the snapshot of the glycosylation
complexity they contain rather than full structural characterization. This was
especially beneficial in monoclonal antibody analysis where glycosylation
represents a critical quality attribute and can have a drastic impact on antibody
effector functions144–146. However, conventional MS approaches where
measurements are performed under denaturing conditions is restricted to samples
of limited complexity. A solution to this is to spray analytes under native conditions.
Native mass spectrometry relies on spraying analytes primarily from aqueous
ammonium acetate that preserves proteins in the folded state, at pH ≈7, resulting
in lower charge states observed at the higher m/z range in the mass spectrum. An
illustrative example is shown in Figure 3. where it is visible that a heterogeneously
glycosylated protein shows significant overlap between charge states when
sprayed under standard denaturing conditions, in contrast when sprayed under
native conditions sufficient separation between neighboring charge states is
observed which is crucial for correct assignment of the underlying glycoprofiles.
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Figure 5. Comparison of mass spectra of a 35 kDa protein analyzed under
denaturing vs. native MS conditions. Denaturing and Native MS spectra are
simulated for a theoretical 35 kDa unmodified (A) phosphorylated (B) or
glycosylated (C) protein. The modifications lead to broader distribution of masses,
already for the phosphoprotein, but even more so for the glycoprotein.
With the introduction of the Orbitrap mass spectrometer with extended mass
range (EMR) it became finally possible to measure intact glycoproteins under native
conditions with sufficient mass resolution to separate different glycoforms147,148.
Over recent years native MS has proven especially advantageous for the
characterization of glycosylated biopharmaceuticals ranging from antibodies,
erythropoietins, and even intact etanrecept which contains 6 N-linked and up to 26
O-linked glycans 149–151. In addition, native MS has also proved useful for guiding
synthetic glycosylation efforts of therapeutic antibodies152. Furthermore, native MS
also provided insight into how plasma protein glycosylation fine-tunes proteinprotein and protein-drug interactions153. Additionally when compared with
traditional approaches like released glycan analysis it has been shown that both
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methods provide comparable quantitative estimates of antibody glycosylation
profiles154. In comparison to glycoproteomics whereby the glycan can negatively
influence the ionization efficiency of glycopeptides making their detection more
challenging, such effects are mostly not observed during native MS
measurements149,155. Of course, unlike released glycan analysis, native MS only
provides insight into the total composition of the glycans and in contrast to
glycoproteomics it does not directly provide site specific information. Next,
preliminary native MS studies on lectin glycoprotein interactions provided insight
that in addition to fine specificities of lectins for glycan epitopes recognition is also
significantly influenced by the protein context they are presented with. For
instance, Phaseolus vulgaris leucoagglutinin, which recognizes tri- and
tetraantennary N-glycans, bound to multiply fucosylated α1-acid glycoprotein,
while same fucosylation on haptoglobin attenuated lectin binding156. Finally intact
glycoprotein profiling also demonstrated its utility in a more clinical setting where
intact transferrin or fetuin glycosylation profiles were used as a sensitive and
specific biomarker of phosphoglucomutase 1 deficiency157 or sepsis158, respectively.
In conclusion, intact and native MS profiling of glycoproteins with its ability to
capture glycoprotein heterogeneity in a single spectrum represent a promising
future avenue in glycoscience research.
4. Moving beyond compositional assignments in mass spectrometry
One of the most commonly referred to drawbacks of mass spectrometry based
glycopeptide and glycoprotein analysis is that only the overall composition is
observed, i.e. only the total numbers of hexoses (Hex), N-Acetylhexosamines
(HexNAc), fucoses (deoxyhexose) and sialic acids can be extracted. This is due to
the fact that MS only measures m/z ratios and all hexoses (mannose, galactose,
glucose…) and HexNAcs (GalNAc, GlcNAc) have an identical mass and are thus
indistinguishable based on mass measurements alone. In this paragraph, I provide
an overview of recent developments that may enable us to move beyond simple
compositional profiling and gain insight into the underlying glycan structures
hidden behind each m/z signal. Primarily there exist an extensive body of literature
reviewed already in 1985 dissecting the fine specificities of glycosyltransferases56,
some of which are visualized in Figure 6. For instance, GnT-II which is required for
the synthesis of complex type N-glycans requires the presence of ß1,2 GlcNAc on
the α3 arm of the N-glycan to successfully catalyze the addition of ß1,2 GlcNAc onto
the α6 arm. Addition of bisecting GlcNAc by GnT-III ( ß1,4 ) prevents further glycan
branching and results in biantennary N-glycans lacking core fucosylation. Fut8
catalyzes core fucosylation, in addition to being inhibited by the presence of
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bisecting GlcNAc, is also inefficient if ß1,2 GlcNAcs on both arms are galactosylated.
On the other hand, the presence of ß1,2 GlcNAc on an α3 arm is necessary for
efficient core fucosylation. In terms of sialylation the α2,6 sialyltranferase has a
preference for the galactose on the α3 branch and is mutually exclusive with GlcNAc
α3 fucosylation. This was further demonstrated in a recent mechanistic study of
ricin toxicity where it was shown that

Figure 6. Interplay between glycosyltransferases involved in N-glycosylation
biosynthesis. The N-glycans are separated in categories ranging from complex
glycans on the left to the extended elongation on the far right. Light orange in each
category represent crucial determinants needed for glycosyltransferase action; for
instance, GnT-II can only act after GnT-I to catalyze the synthesis of the complex
glycans. Core fucosylation can only occur on N-glycans that have a β1,2 linked
GlcNAc to the α1,3 mannose core. Light purple represents epitopes that inhibit
certain glycosyltransferases. For instance, GnT-III catalyzed bisecting GlcNAc stops
further branching and core fucosylation of N-glycans.
GlcNAc α3 fucosylation increases ricin sensitivity through inhibition of sialyl lewis X
sialylation159. In addition to α2,6 sialyltranferase sialic acids can also be found in an
α2,3 linkage through the action of an α2,3 sialyltranferase. Although they overlap
in their specificities there is a significant difference in that α2,6 sialyltranferase
prefers type II LacNAc (Galβ1-4GlcNAc) while α2,3sialyltranferase has a much
higher preference for type I LacNAc (Galβ1-3GlcNAc) determinants. Finally,
polyLacNAc elongation (Galβ1-4GlcNAcβ1-3 repeats) is rarely observed on
biantennary N-glycans and is most efficient on GnT-V catalyzed β1,6 branched
glycans. Although above described specificities are not absolute, and exceptions
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have been observed, they provide a good starting point in translating composition
into structure using the rules of nature.
A second important improvement enabling compositional assignments stems
from the fields of chemical and chemoenzymatic synthesis of glycans. In recent
years great strides towards creating synthetic glycans have been achieved160–163. In
addition to this amazing toolkit of glycans at our disposal another critical
improvement was the automation of synthetic routes resulting in libraries of on
demand glycan structures within reach of every scientist164,165. In addition to
glycans it is also possible to create synthetic glycopeptides or even entire
glycoprotein standards152,166–168. These standards have already proven crucial for
moving MS beyond compositional analysis169. For instance, through analysis of
synthetic glycopeptides, Halim et al. described oxonium ion ratios capable of
distinguishing GalNAc vs. GlcNAc isomers170 and the same group later extended this
approach to distinguish α2,3 vs. α2,6‐Sialic Acid Isomers171. Synthetic glycopeptides
were also crucial for the discovery of extended O-GlcNAc presented on HLA Class I
bound peptides172. On the other hand studies of synthetic glycans enabled
confident annotations of glycan isomers based on their connectivity (1,3 vs 1,4
linkage), configuration (α vs ß anomers), composition (Glc vs Gal), and
branching103,173,174. Finally synthetic glycosaminoglycan’s were paramount in
creating software and MS analysis solutions for the characterization of what is likely
the most analytically challenging class of glycans175,176.
A third advancement enabling compositional assignments arises from the
increased ease of genetic manipulations enabling creations of cell lines with defined
glycosylation capacity177,178. These libraries have already proven beneficial for the
expression of glycoproteins with on demand glycosylation profiles and perhaps
more importantly; it is now possible to create an entire cell based glycan array that
can provide detailed insight into glycosyltransferase interplay and substrate
competition when analyzed with MS based approaches179,180. Cutting-edge
examples of demonstrating the combined power of glycoengineering and mass
spectrometry are described in chapters 4 and 5 of this thesis. Chapter 4 describes
a novel native MS based approach that can be used for the automated classification
of biotherapeutics based on their glycosylation signatures. In this chapter
glycoengineering was used to create 24 Erythropoietin’s with distinct glycosylation
profiles whereby native MS was used to classify them based on the similarity of
their glycosylation profiles. Chapter 5 describes an approach for system-wide
analysis of mannose-6-phosphate (M6P) containing glycopeptides and how a
double knock-out of acid phosphatases 2/5 drastically increases the M6P levels.
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This may impact the production of improved lysosomal enzymes used in enzyme
replacement therapies to treat lysosomal storage disorders where M6P is necessary
for targeting of the replacement enzymes to the lysosome.
Finally, an indirect driving force behind these developments is the long overdue
recognition of protein glycosylation as a key player in immunology and cancer. This
has led to an increased interest in glycosylation analysis by immunologists and
cancer researchers which has in turn reinvigorated the field of analytical
glycobiology. A few of the more recent discoveries include the characterization of
sialyl-Lewisᴬ also known as CA19-9 in pancreatic cancer. CA19-9 is a common
biomarker of pancreatic cancer, but the study of Engle et al. took this connection a
step further and designed an elegant in vivo study in which they showed that CA199 may also play a causal role in pancreatic cancer development181. In a second
example a known proteolysis targeting chimera (PROTAC) approach for targeted
protein degradation of cytosolically-accessible proteins was repurposed targeting
both secreted and membrane proteins182. In this study Bannik et al. utilized the
known mannose-6-phosphate pathway to target proteins of interest, such as EGRF
or PD-L1, to the lysosome for subsequent degradation. Additionally, there is an
influx of studies focusing on the general properties of glycosylation such as tumor
immune evasion through induction of sialic acid–binding immunoglobulin-like
lectins (Siglecs) caused by the hypersialylated tumor micro-environment. Notable
examples in this field include the inhibition of human natural killer cells through
recruitment of Siglec-7183, the inhibition of tumor-infiltrating T cells from non-small
cell lung cancer driven by upregulation of Siglec-9184, and finally, a recent study
proposed targeting Siglec-15185 for normalization immunotherapy in cancer. Next
to exploiting glycosylation to target tumors it should also be noted that the majority
of immune mediators, e.g. cytokines, are glycosylated, but the role of their
glycosylation in both health and disease remains to be elucidated186,187.
In summary, with a proper understanding of the underlying biosynthetic
pathways of glycosylation and armed with detailed insight into the fragmentation
behavior of glycans and glycopeptides inside the mass spectrometer it is now
possible to move beyond simple compositional descriptions of glycans. As
mentioned briefly above, this opens new avenues for the future research where it
will become possible to assign specific glycan structures to their specific biological
functions.
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Abstract
Charge deconvolution infers the mass from mass over charge (m/z) measurements
in electrospray ionization mass spectra. When applied over a wide input m/z or
broad target mass range, charge-deconvolution algorithms can produce artifacts,
such as false masses at one-half or one-third of the correct mass. Indeed, a
maximum entropy term in the objective function of MaxEnt, the most commonly
used charge deconvolution algorithm, favors a deconvoluted spectrum with many
peaks over one with fewer peaks. Here we describe a new “parsimonious” charge
deconvolution algorithm that produces fewer artifacts. The algorithm is especially
well-suited to high-resolution native mass spectrometry of intact glycoproteins and
protein complexes. Deconvolution of native mass spectra poses special challenges
due to salt and small molecule adducts, multimers, wide mass ranges, and fewer
and lower charge states. We demonstrate the performance of the new
deconvolution algorithm on a range of samples. On the heavily glycosylated plasma
properdin glycoprotein, the new algorithm could deconvolute monomer and dimer
simultaneously, and when focused on the m/z range of the monomer, gave
accurate and interpretable masses for glycoforms that had previously been
analyzed manually using m/z peaks rather than deconvoluted masses. On
therapeutic antibodies, the new algorithm facilitated the analysis of extensions,
truncations, and Fab glycosylation. The algorithm facilitates the use of native mass
spectrometry for the qualitative and quantitative analysis of protein and protein
assemblies.
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Introduction
Electrospray ionization mass spectra of biological macromolecules and protein
complexes contain series of ion signals corresponding to the same chemical species
in a sequence of charge states. The masses and intensities (ion currents) of the
analyzed chemical species, as represented by an entire neutral-mass spectrum, can
be inferred from the mass over charge measurements by computational
deconvolution.
All charge deconvolution algorithms in use today are iterative algorithms that
converge to a deconvoluted neutral mass spectrum along with charge distributions
for the neutral masses that together explain the observed m/z (mass over charge)
spectrum. The most widely used deconvolution algorithm, with implementations
called MaxEnt and ReSpect, was developed about 25 years ago1,2 and licensed to
most of the mass spectrometry (MS) instrument manufacturers. This algorithm
converges to a deconvoluted neutral mass spectrum that optimizes an objective
function that measures the quality of the result using criteria such as fit to the
observed data, peak width, correlation between neighbouring charge states, and—
its defining characteristic—the Shannon entropy of the neutral-mass spectrum. A
more recent algorithm, UniDec3, leaves out the entropy term, and builds in
expected correlation between neighboring charge states by blending them with a
smoothing filter. UniDec also includes specific support for ion mobility data and
nanodisk analysis. Other recent work has focused on peak enhancement of m/z
spectra4 in order to improve the performance of maximum entropy charge
deconvolution for native mass spectrometry.
Regardless of the algorithmic details, the deconvolution iteration generally
converges to a local rather than a global optimum. Two important user-controlled
parameters for deconvolution are the input m/z range and the output mass range.
Deconvolution algorithms usually assume that all the ions (except perhaps some
low-charge m/z peaks, recognizable by resolved isotopes) in the input range
represent chemical species in the mass range. This assumption allows
deconvolution of lower signal-to-noise spectra by limiting the number of masses
and charges that the algorithm must consider, but it runs the risk that chemical
species outside the mass range may be undetected or give false additional masses
within the user-set target mass range. A practical solution entails deconvolution of
the m/z range onto a wide mass range to survey the masses, followed by
deconvolution of selected m/z ranges onto narrow mass ranges to capture more
detailed information.
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With a wide target mass range, deconvolution can produce “harmonic”
artifacts, for example, false mass peaks at one-half or twice the true mass, due to
coincidences of the m/z series for masses with ratio relationships. Even with
relatively narrow target mass ranges, off-by-one charge assignments produce
another type of artifact, side lobes on either side of the true masses, for example
3000 Daltons (Da) too low and high if the strongest m/z signal is around m/z 3000.
Both harmonic and off-by-one artifacts increase entropy of the deconvolution, so
the entropy term in the objective function, which helps the algorithm resolve
closely spaced masses, has the undesired side effect of promoting artifacts.
Artifacts are a minor problem in some scenarios, but they can be quite misleading
in other practical applications:
1. Automated workflows that forego expert human inspection;
2. Analysis of antibodies, including bispecifics, where harmonic artifacts may
be mistaken for half-mAbs, aggregations, or mispairings;
3. Antibody-drug conjugates (ADCs), where off-by-one artifacts may bias
quantitation of drug loading.
4. Heavily glycosylated or other highly modified proteins.
To be fair, note that MS automation, bispecifics, and ADCs barely existed when the
maximum entropy algorithm was developed in the early 1990s.
Perhaps the most important development in intact MS since the early 1990s is
native MS5–9, made possible by methods and instrument innovations including the
introduction of Orbitrap mass analyzers optimized for the transmission of high m/z
ions10,11. Native MS has enabled the measurement of the micro- and macroheterogeneity in proteins and complexes bound to multiple co-factors12 or
harboring multiple post-translational modifications (PTMs)13–18, and in large
endogenous protein assemblies, such as the ribosome11 and intact viruses13,19.
Complex native MS spectra, sometimes exhibiting ion signals of several hundred
species of different molecular weight, require sophisticated algorithms and
software to extract qualitative and quantitative information on co-occurring
proteoforms and/or protein-ligand stoichiometries.
To address these issues, we present an improved charge deconvolution
algorithm that divides the process into two stages: charge inference and peak
sharpening. The charge inference stage aims for an artifact-free neutral mass
spectrum with a “parsimonious” set of mass peaks that explains the observed m/z
spectrum. The optional peak sharpening stage uses point-spread-function
deconvolution on the neutral mass spectrum to resolve closely spaced peaks. Post44 | P a g e

deconvolution peak sharpening on the neutral mass spectrum has practical
advantages over coupled charge inference and peak sharpening, including speed of
processing, visual inspection of before and after spectra, and compatibility with a
variety of well-developed super-resolution algorithms, such as Richardson-Lucy20,21,
maximum entropy22, and convolutional neural networks. This design choice
imposes some restrictions on the super-resolution algorithm’s underlying physical
model; for example, the point-spread function may depend upon mass, for
example, broadening at higher mass, but not upon charge or m/z.
Here, we focus on the charge inference stage, because charge inference is
central and unique to ESI mass spectrometry, and it is also the source of the most
misleading deconvolution artifacts, meaning false masses far removed from all true
masses. (The super-resolution stage can produce minor artifacts such as “ringing”
around true masses.) We demonstrate parsimonious charge inference on complex
glycosylated therapeutic antibodies and a heavily glycosylated plasma
glycoprotein, all analyzed under native conditions. We reveal on several
therapeutic antibodies a variety of interesting causes of species microheterogeneity23, including N-terminal extensions and truncations, abundant Cterminal lysine retention, and multiple glycosylation sites. We argue that this
improved parsimonious charge deconvolution tool will benefit the qualitative and
quantitative analysis of protein therapeutics, including biosimilar testing, drug load
quantification in ADCs, and glycoproteoform analysis.
Materials & Methods
Chemicals and Materials
The three therapeutic mAbs, namely Cetuximab (lot number 7663503,
expiration date 3/2010), Daclizumab (lot number B0035, expiration date unknown),
and Infliximab/Remicade (lot number and expiration date unknown) used in this
work are all commercially available, and were kind gifts from Genmab (Utrecht, The
Netherlands). All mAb samples given to us likely represent expired batches (see
Table S2). Properdin, also known as Factor P (Uniprot code: P27918), purified from
human blood plasma, was obtained from Complement Technology, Inc. (Texas,
USA). We obtained amino acid sequences from literature24 and Web searches
(www.commonchemistry.org). All amino acid sequences lacked the N-terminal
signal peptides (except Daclizumab, for which we used the sequence with signal
peptide obtained from its European patent application: EP 2 527 429 A2) and
specifications of the samples are listed in Tables S1 and S2. Dithiothreitol (DTT),
iodoacetamide (IAA) and ammonium acetate (AMAC) were purchased from Sigma45 | P a g e
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Aldrich (Steinheim, Germany). Phosphate buffer was from Lonza (Verviers,
Belgium). Formic acid (FA) was from Merck (Darmstadt, Germany). Acetonitrile
(ACN) was purchased from Biosolve (Valkenswaard, The Netherlands). Sequencing
grade trypsin was obtained from Promega (Madison, WI). Lys-C, Glu-C, and Asp-N
were obtained from Roche (Indianapolis, USA). PNGase F was obtained from
Asparia Glycomics (San Sebastian, Spain). The IdeS enzyme for Cetuximab digestion
was purchased from Genovis (Lund, Sweden).
Sample preparation for native MS
The powder of the therapeutic mAbs was reconstituted in Milli-Q water. The
aqueous mAbs samples and unprocessed protein solution (phosphate buffer at pH
7.2) containing ~ 30-40 µg of properdin were buffer exchanged with 150 mM
aqueous AMAC (pH 7.5) by centrifugation using a 10 kDa cut-off filter (Merck
Millipore, Germany). The resulting protein concentration was measured by UV
absorbance at 280 nm and adjusted to 2-3 µM prior to native MS analysis. PNGase
F was used to cleave the N-glycans of mAbs and properdin using protocols
described earlier25. Cetuximab was used to demonstrate the processing of native
spectra of mAb treated by IdeS enzyme. The aquous Cetuximab (30 ug) was
incubated with IdeS enzyme (30 units) in phosphate buffer at pH 7.5 for 30 min at
37 °C. This sample was either submitted to the native MS measurements or further
treated with 20 mM DTT and incubated for 30 min at 37 °C. All samples were buffer
exchanged to 150 mM AMAC (pH 7.5) prior to native MS measurements.
Native MS analysis
Samples were analyzed on a modified Exactive Plus Orbitrap instrument with
extended mass range (EMR) (Thermo Fisher Scientific, Bremen) using a standard
m/z range of 500-10,000, as described in detail previously25 .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 higherenergy 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 temperature 250 °C, source
fragmentation and collision energy were varied from 30-100 V, and resolution (at
m/z 200) 30,000 for properdin and 70,000 for mAbs. The instrument was mass
calibrated as described previously, using a solution of CsI25.
Proteolytic Digestion for Bottom up Proteomics
The mAb Daclizumab (5 µg) was reduced using 10 mM DTT at 56 °C for 30 min
and alkylated with 30 mM IAA at room temperature for 30 min in the dark. The
excess of IAA was quenched by using 10 mM DTT. The protein solution was first
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digested with Lys-C (or AspN, or GluC) at an enzyme-to-protein-ratio of 1:50 (w/w)
for 4 hours at 37 °C and then overnight with trypsin at an enzyme-to-protein-ratio
of 1:100 (w/w) at 37 °C. The proteolytic digest was desalted by Oasis µElution
plate26, 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
Proteolytic peptides from Daclizumab (typically 300 fmol) were separated and
analyzed using an Agilent 1290 Infinity HPLC system (Agilent Technologies,
Waldbronn, Germany) coupled on-line to an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). Reversed-phase
separation was accomplished using a 100 µm inner diameter 2 cm trap column (inhoused packed with ReproSil-Pur C18-AQ, 3 µm) (Dr. Maisch GmbH, AmmerbuchEntringen, 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 followed: 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 spectrometer was
operated in positive ion mode and the spectra were acquired in the data dependent
acquisition mode. For the MS scans the scan 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 collision dissociation
(EThcD) were used. HCD was performed with normalized collision energy of 35%. A
supplementary activation energy of 20% was used for EThcD. For the MS/MS scans
the scan 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 Th and the
maximum injection time was set to 300 ms.
LC-MS/MS data analysis
Raw LC-MS/MS data on the digest of Daclizumab were interpreted using Byonic
software (Protein Metrics Inc.).27 The following parameters were used for data
searches: precursor ion mass tolerance, 10 ppm; product ion mass tolerance, 20
ppm; fixed modification, Cys carbamidomethyl; variable modification, Met
oxidation. A semitryptic specificity search was chosen for all samples. The protein
database contained the Daclizumab protein amino acid sequence (Table S1).
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Description of algorithm
An m/z spectrum is a sequence of pairs mi = (xi, yi), where xi is the m/z value
and yi is the intensity value. Most often the intensity yi represents a single species
of ions, but in general, the intensity represents a mix of ions of various charges, and
we let ck(mi) denote the fraction of the intensity that has charge k for k=1, 2, …, up
to some maximum charge. For each i the sum of ck(mi) values over all k is one. The
ck(mi) values are initially unknown and set to be equal, but the algorithm iteratively
learns these values as it learns the neutral mass spectrum.
An observed m/z value mi maps to a sequence of neutral masses, k∙xi –
k∙1.00728, with intensities ck(mi)∙yi for k=1, 2,… Here we are assuming positivemode MS; for negative mode the neutral mass is k∙xi + k∙1.00728, where 1.00728 is
the mass of a proton in Daltons. We can compute a full neutral mass spectrum by
accumulating, over all mi, the intensities Ck(Mj) ∙yi into a vector at the appropriate
x-values, k∙xi – k∙1.00728. The result of this m/z-to-mass “backward” mapping is a
sequence of points, Mj = (Xj, Yj). For each point Mj in the neutral mass spectrum,
we can also keep a record of the intensity contributions Ck(Mj) from each charge k,
and normalize these contributions so that for each j the Ck(Mj) values sum to one.
The Mj points and Ck(Mj) values can be used in a mass-to-m/z “forward” mapping
to give a modeled m/z spectrum. Alternation of backward and forward mappings
improves the values of the unobserved ck(mi), Ck(Mj), and Yj variables. The
computation stops after a predefined number of iterations or when the neutral
mass spectrum converges, meaning that it changes very little between iterations.
The quality of a deconvolution can be evaluated by various criteria, and
deconvolution algorithms either implicitly or explicitly aim to optimize an objective
function that combines the criteria. To our knowledge, none of the maximum
entropy algorithms disclose their objective functions or optimization algorithms;
however, the primary criterion is always goodness of fit, which can be measured by
forward mapping the neutral mass spectrum to an m/z spectrum and then
evaluating, for example, the sum of the squares of the differences between the
observed and computed values. A second criterion is smoothness of charge
distributions Ck(Mj). Maximum entropy methods add into the objective function a
weighting factor times the Shannon entropy of the neutral mass spectrum regarded
as a probability distribution, that is, the sum over j of –Ẏj log2 Ẏj where Ẏj = Yj / ∑ Yj..
The entropy criterion tends to split broad peaks into multiple sharper peaks.
In the algorithm used here, we introduce a new criterion based on the
assumption that m/z coincidences are rare, especially in highly resolved mass
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spectra, so that for each i the intensity at m/z point mi is more likely to derive from
a single mass value than from two masses, more likely to derive from two masses
than from three, and so forth. This criterion tends to drive the iteration to a
“parsimonious” neutral mass spectrum that contains a minimal set of mass peaks
to explain the m/z spectrum. Notice that if the sample does contain a problem pair
of masses, say a monomer and a dimer, each mi point may still be fairly pure if there
is some separation in m/z, for example, if the dimer cannot carry twice the charge
of the monomer. Separation in m/z is less reliable in mass spectra taken under
“standard” denaturing conditions than in native mass spectra, in which different
oligomers tend to claim distinct m/z ranges. If there is no separation in m/z, then
the dimer explains every m/z peak explained by the monomer, and the evidence
for the monomer is merely taller m/z peaks at even charges of the dimer. In this
case, the monomer’s intensity in the computed neutral mass spectrum depends
upon the relative weighting of the parsimony and charging smoothness criteria.
We implemented the new charge inference algorithm in C++ in a commercial
product called Protein Metrics Intact or PMI Intact, shown in Figure 1. Input data
from almost any type of MS instrument can be sliced by elution time into any
number of possibly overlapping time windows, and summed mass spectra for each
time window can be further sliced by m/z for separate deconvolution. Both m/z
and mass point spacing are user-controllable; mass spacing below about 0.2 Da
preserves isotope resolution. We also implemented Richardson-Lucy point spread
deconvolution, which we call “peak sharpening” to avoid confusion. This iterative
algorithm takes as input 1D or 2D signals (such as a time series, mass spectrum, or
image), along with a point spread function F, and computes an output whose
convolution with F gives a result close to the observed input. Our current version
of the software (v1.6-52, released in July 2017) lets the user define point spread
functions with Gaussian or Lorentzian, possibly asymmetric, tails. Gaussian tails
approximate isotope distributions and measurement inaccuracy; heavy Lorentzian
tails may approximate adducts. PMI Intact also includes interactive visualization.
Peaks in the deconvoluted mass spectrum may be selected interactively, and the
software marks the selected peaks and the m/z points that map to these peaks with
matching colored dots for human inspection and validation. The software also
enables automatic peak assignment from protein sequences, masses, or mass
deltas, as well as automatic graphical report generation.

49 | P a g e

2

Figure 1. Screenshot of Protein Metrics Intact software interface. The software
applied to the mAb cetuximab provides tables of input files, elution peaks, and
detected masses (upper left); total ion chromatogram (upper right); m/z spectra
(lower left) summed over the selected time window; and deconvoluted neutral
mass spectrum (lower right). Mass peaks are interactively connected to m/z peaks
by colored dots. The mass peak at 152 354 is a good match for the calculated
average isotope mass of 152 356 Da for cetuximab with G2FGal2 on its Fab
glycosylation sites and G0F on its Fc glycosylation sites. 152 515 and 152 676 match
G2FGal2 Fab glycosylation with one- and two-G1F Fc glycosylation.
PMI Intact is currently in use for a diverse set of applications including analysis
of both reduced and intact monoclonal antibodies, Ides-digested and intact
bispecific antibodies, antibody-drug conjugates28, DNA oligos, heavily glycosylated
glycoproteins, protein-ligand binding, and non-covalently bound protein complexes
up to 1 MDa or more.
Software Tests. We tested PMI Intact on data from properdin and the three
antibodies Daclizumab, Infliximab, and Cetuximab. Experimental high-resolution
native MS data from our laboratory was already published for properdin16 and
therefore represented an ideal test-case to demonstrate the power of this new
algorithm. The three antibodies were chosen because they presented interesting
analytical challenges, due to their complex glycosylation profiles and/or extensive
protein processing characteristics. We benchmarked PMI Intact against Protein
Deconvolution 4.0 (Thermo Fisher Scientific) on the properdin data, using identical
m/z and mass ranges for the two programs. For PTM composition analysis, data
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were interpreted manually and glycan structures were deduced based on known
biosynthetic pathways. Average masses were used for the PTM assignments,
including hexose/mannose/galactose (Hex/Man/Gal, 162.1424 Da), Nacetylhexosamine/N-acetylglucosamine (HexNAc/GlcNAc/GalNAc, 203.1950 Da),
and N-acetylneuraminic acid (NeuAc, 291.2579 Da). All used symbols and text
nomenclature are according to recommendations of the Consortium for Functional
Glycomics.
Results
As a first demonstration of the value of parsimony in the deconvolution of ESI
mass spectra, we reanalyzed published high-resolution mass spectra on the plasma
protein properdin. This protein may exist in various oligomeric states, and harbors
a diversity of modifications on various sites, including N- and O- glycosylation, as
well as C-mannosylation, making properdin a challenging target for structural
analysis. Our initial native MS measurements revealed monomer and dimer of
properdin. We first tested whether Protein Metrics Intact and Thermo Protein
Deconvolution 4.0 could find both monomer and dimer using m/z and mass ranges
large enough to accommodate both forms; this is a challenging problem for charge
deconvolution algorithms due to coincidences of m/z peaks. As seen in Figure S1
of the Supporting Information, Protein Metrics Intact gives an accurate
deconvolution, but depending upon input parameter settings, Thermo Protein
Deconvolution 4.0 either gives numerous large artifact peaks or loses the dimer
form altogether, and it was impossible to find a setting that gave an accurate
deconvolution. Figure 2 shows a more detailed comparison of Protein Metrics and
Thermo deconvolutions, alongside the major charge state from the m/z spectrum
previously used for manual analysis16. When deconvoluted with wide m/z and mass
ranges, Thermo software, along with losing the dimer form, loses many of the
medium abundance monomer proteoforms, yet finds some of the lower
abundance proteoforms, possibly because they are at half the mass of dimer forms.
Thermo also gives highly variable peak widths. A wide mass peak in a deconvoluted
mass spectrum generally indicates mass uncertainty, caused by m/z peaks with
different charges mapping to slightly different m’s, but in this case the wide mass
peaks at 53,866 and 54,176 Da seem to be caused by dimer m/z peaks mistaken for
monomer. PMI Intact returns a deconvolution in good visual agreement with the
major charge states of the m/z spectrum, and mass agreement within ±2 Da of the
correct previous assignments of the properdin peaks16. The previous assignments
were made by manual inspection from m/z peaks and have poorer mass
agreement, as well as several errors apparent from the improved resolution and
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mass accuracy of Intact’s deconvoluted spectrum. PMI Intact gave about 25
interpretable species in this analysis (Supporting Information Figure S2). PMI Intact
also revealed relatively high abundance of salt adducts (i.e. Na+ and K+) to some of
the ion species. Based on this knowledge we also analyzed a further desalted
properdin sample by native MS, for which we obtained spectra nearly free of salt
of adducts, enabling us to find evidence for a low abundance of tri-antennary Nglycans (Figure S5), whose assignments could be confirmed by bottom-up
glycopeptide analysis (Figure S6). Interestingly, the tri-antennary N-glycans were
found on proteoforms with 15 C-mannosylations, but not on those with fewer Cmannosylations, not even those with 14 C-mannosylations, which are most
abundant in this sample. This is evidence of whole-protein correlation between
PTMs that could not easily be obtained from bottom-up, middle-down, or topdown fragmentation spectra of a 54 kDa protein with 20 labile PTMs.
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Figure 2. Proteoform profile of monomeric properdin. (a) Zoom of the 3800–4000
m/z range of properdin monomer mass spectrum. (b) Zoom of PMI Intact’s
deconvolution computed on m/z range 3000–6500 and m range 10 000–160 000.
(c) Zoom of thermo deconvolution computed on the same m/z and m ranges.
Thermo deconvolution misses a number of proteoforms, including abundant forms
at 53 380, 54 304, and 54 466, most likely due to interference from the dimer.
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As a further demonstration of the utility of the new deconvolution algorithm to
target protein therapeutics, we analyzed three clinically approved and used mAbs.
As a first example Figure 3 shows results on the PNGaseF-treated deglycosylated
mAb Daclizumab. Somewhat surprisingly we observed three quite distinct masses
in the deconvoluted spectrum, namely at 11,057 Da, 132,792 Da, and 143,831 Da,
along with +340 Da masses for each of these peaks, and 2 × 340 Da for the 143,831
Da species only. The calculated mass for deglycosylated Daclizumab is 143,832 Da
= 2 × 48,717 (heavy chain) + 2 × 23,215 (light chain) – 32 (for the 16 disulfide bonds).
See Supporting Information S1 for protein sequences. The 11,057 Da species is an
exact integer match to the average isotope mass of the heavy chain initial sequence
QVQLVQSGAEVKKPGSSVKVSCKASGYTFTSYRMHWVRQAPGQGLEWIGYINPSTGYTEY
NQKFKDKATITADESTNTAYMELSSLRSEDTAVYYCARGG.G (where . denotes the
cleaved bond) with N-terminal pyro-Glu and the expected single disulfide bond. G.G
is a well-known clipping site for monoclonal antibodies29, attributed to the
flexibility of GG, and in this case the even-more-flexible GGG sequence occurs in
the heavy chain CDR3, making it solvent-accessible. The mass 132,792 Da
corresponds to the full-length mAb minus the initial sequence ending in GG. The
fact that the mass of the observed fragments minus the mass of the intact mAb,
(132,792 + 11,057) - 143,831 = 18 Da, gives the mass of water, reveals that
hydrolysis is causing the cleavage rather than gas-phase fragmentation inside the
mass analyzer. The extra +340 Da peaks are consistent with an N-terminal
extension of VHS (part of the signal peptide). A small peak for S, with measured
mass delta (104.041 Da ≈ 87.032 for S + 17.027 for pyroQ) correct to less than 0.02
Da, which is 2 ppm, in isotope-resolved Figure 3(c) supports this interpretation.
FWHM (full-width half-maximum) peak widths at m/z 1,900 are about 0.08,
sufficient to resolve isotopes of 11 kDa masses. FWHM of the full mAb peaks at
m/z 6,000 are about 0.9, limited by the isotope distribution of the molecule
(calculated FWHM of 1 at m/z 6,000) rather than by instrument resolution, which
should be below 0.2 at 6,000 m/z as Orbitrap resolution decreases with the square
root of m/z.
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Figure 3. Full range m/z and deconvoluted native ESI mass spectra of the
deglycosylated mAb Daclizumab. The m/z spectrum (a) shows three distinct
charge series. In the mass spectrum the peak at 143,831 Da represents the mass
of the full mAb without glycans or C-terminal Lys. 11,057 Da and 132,792 Da (which
sum to 143,849) reveal the occurrence of two fragments formed via a GG clip from
the heavy chain N-terminus. 143,831 is accompanied by two smaller peaks at a
delta Mw of +340 and +680 Da. The fragments of 132,792 Da and 11,057 Da each
have only one +340 peak. These molecules originate from N-terminal extensions
of the amino acid residues VHS (part of the signal peptide). Figure (c) shows an
isotope-resolved deconvoluted mass spectrum. The small peak at 11,161.451 (≈
11,057.410 + 87.032 + 17.027) fits the GG clip along with N-terminal S, which
prevents the formation of a pyro-Glu at the most abundant N-terminal Q. Thus,
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three distinct N-termini co-exist in this mAb product; the most abundant is
pyroQVQLV…, the less abundant VHSQVQLV…, and least abundant SQVQLV… .
We based the interpretation of GG clipping and VHS extension only on the
deconvoluted mass spectra and protein sequence; this inference would be difficult
without high-resolution mass spectrometry and accurate artifact-free
deconvolution. We then searched our bottom-up proteomics data for nonspecific
peptides and peptides with N-terminal extensions, and the search results
confirmed our interpretation (Supporting Information Figures S5 and S6). The
information from the native MS data prompted us to look for these features in the
LC-MS/MS peptide data.
Next, we targeted the mAb Infliximab. We first analyzed deglycosylated
Infliximab, because the spectrum of the deglycosylated antibody, displayed in
Figure 4, helps to interpret the more complicated spectrum of non-deglycosylated
Infliximab. The peak at 145,623 Da is a an exact match for the calculated
deglycosylated mass of 145,623 Da, and the mass deltas of +128 Da for the other
two large peaks in the deglycosylated Infliximab are exact integer matches for Cterminal lysines, a modification known to occur frequently in recombinant mAbs.
The presence of this triplet of mAb species harboring zero, one, and two C-terminal
lysines leads to a denser and more complicated spectrum for non-deglycosylated
Infliximab. The peaks at 148,511, 148,638, and 148,768 Da in the glycosylated
Infliximab spectra can be assigned as matches to proteoforms with two N-glycans
with composition G0F (= HexNAc(4)Hex(3)Fuc(1)) (with average-isotope additional
mass of 2,891), along with zero, one, and two C-terminal lysines.
Extending the complexity of the targeted mAb still further, we next analyzed
cetuximab, as far as we know the only therapeutic antibody in current clinical use
that has, along with the usual Fc glycosylation site, an additional glycosylation site
in the Fab region. Therefore, we chose to digest cetuximab with IdeS30 to separate
Fab and Fc. IdeS digestion produces a F(ab’)2 component. Reduction with DTT then
reduces the F(ab’)2 into Fd subunits, that is, the heavy chain from the N-terminus
up to …PAPELLG, but often leaves disulfide bonds within subunits intact. After IdeS
digestion, the Fc may appear as either ~50 kDa Fc species held together
noncovalently or ~25 kDa Fc/2. High-resolution native MS data acquired for this
whole mixture of species, that is, the light chain LC (~23 kDa), the glycosylated Fc/2
(~25 kDa), the glycosylated Fd (~27 kDa), and the glycosylated Fc (~50 kDa),
processed by Protein Metrics Intact deconvolution, gave results in close agreement
with a previous detailed analysis of Cetuximab Fab glycosylation31, except that we
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noted now that the previous analysis misidentified peaks at 27,688, 27,832, and
28,216 Da as glycans with somewhat unusual GlcNAc-Gal-GlcNAc antennas. These
misidentifications may stem from arithmetic mistakes as the masses are each off
by about 100 Da. We interpret the peak at 27,688 Da as HexNAc(4)Hex(7)Fuc(2),
that is, a glycan with antennal Fuc, which gives an exact mass match to the closest
integer, and connects biosynthetically to the most abundant glycoform in the
deconvoluted spectrum, HexNAc(4)Hex(7)Fuc(1). Figure 5 includes small unlabeled
peaks at 27,834 and 28,215, which are within 2 Da of the misidentified peaks in the
previous analysis and also within 2 Da of the theoretical masses for the Fd with
HexNAc(4)Hex(7)Fuc(3) and HexNAc(5)Hex(9)Fuc(2), respectively. As shown in
Table S3 in the Supporting Information, the deconvoluted spectrum includes at
least 14 recognizable Fd glycoproteoforms over a hundred-fold dynamic range. In
native MS on intact proteins glycoproteoforms with and without sialic acids have
similar ionization propensities and gas-phase stabilities, and hence peak intensities
in the deconvoluted mass spectrum should give accurate relative quantification25.

Figure 4. Deconvoluted high-resolution native mass spectra of the deglycosylated
and glycosylated mAb Infliximab. Deglycosylated Infliximab (a) shows three
abundant species with masses in agreement with the amino acid sequence of the
full mAb, along with species from which one or two C-terminal lysines had been
clipped. The small peaks at 146,042 and 146,837 Da most likely represent,
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respectively, glycation on 146,042 and Man5 on 145,623. In the deconvoluted mass
spectrum of the glycosylated infliximab, the marked peaks exhibit the same triplets
originating from the mAb with zero, one, or two C-terminal lysines, along with two
N-glycans with G0F (= HexNAc(4)Hex(3)Fuc(1)). Each marked peak begins a chain of
peaks with ∼162 Da spacing, showing glycosylation heterogeneity. For example,
the peaks at masses 148 511, 148 673, 148 838, 149 091, 149 256, and 149 416 Da
correspond to the mAb with no C-terminal lysine and zero to five Gal
monosaccharides.
On the basis of the detailed analysis of the IdeS induced fragments of
cetuximab, we were also able to annotate many of the abundant ion signals in the
complicated intact cetuximab spectrum. Summing 23 422 (LC), 27 543 (Fd +
G2FGal2), and 25 232 (Fc/2 + G0F) from Figure 5c and then multiplying by 2 and
subtracting 36 Da for gain of water from IdeS digestion along with 4 for interchain
disulfide bonds gives a mAb proteoform at 152 354, a perfect match for the peak
with the orange dot in Figure 1. The peak at 152 515 then represents a proteoform
with G1F on one of the Fc sites; this peak is taller than 152 354 because G1F has
almost equal abundance as G0F in Figure 5b,c, and there are two chances for an
extra Gal. The peaks at 151 866, 152 027, 152 189, and 152 676 are interpretable
as proteoforms differing in number of galactose monosaccharides. The peaks at
152 808 and 152 961 probably contain unresolved proteoforms, including multiple
fucosylation on the Fd.
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Figure 5. High-resolution native mass spectra and deconvoluted masses of the
IdeS-digested and reduced mAb Cetuximab. Deconvolution of the full m/z range
(a) of Cetuximab shows mass clusters (b) at about 23.4, 25.4, 27.5 and 50.5 kDa,
corresponding to the light chain LC, the glycosylated Fc/2, the glycosylated Fd, and
the glycosylated Fc, respectively. A zoom of the 23 – 28 kDa range (c) shows good
agreement to the theoretical masses of 23,423 Da for the LC with intrachain
disulfide bonds, 25,233 Da for Fc/2 + G0F, and 27,543 for Fd + G2FGal(2). A further
zoom in of the 26 – 29 kDa range (d) shows the more complicated Fab-arm/Fd
glycosylation, including Gal-α-Gal and antennal fucosylation.
Discussion
For the past 25 years, charge deconvolution of protein ESI-MS data has almost
exclusively been performed by some implementation of the maximum entropy
algorithm. During this time period, MS instruments and associated technologies
such as chromatography and sample handling have improved in speed, resolution,
and sensitivity, and partially as a consequence of technology improvements, the
variety, complexity, and masses of target molecules for intact and native MS have
increased significantly. Therefore, high-resolution native MS is now widely adopted
by the pharmaceutical industry to characterize some of their most important
protein therapeutics, such as the mAbs analyzed here. These developments
motivate the development of accurate, automated, and user-friendly
deconvolution programs that can handle more difficult data with less user
intervention and validation.
A primary contribution of the work presented here is the use of parsimony in
charge deconvolution. Parsimony is a guiding principle in other inverse problems
arising in bioinformatics including phylogeny reconstruction from genomic data
and protein inference from proteomics data. Due to its use of parsimony, Protein
Metrics Intact gave fewer and smaller artifact peaks than Protein Deconvolution
4.0 on a complicated monomer / dimer example. Artifact reduction is important
whenever the sample contains, or could possibly contain, molecules spanning a
wide mass range, for example, light and heavy chains, monomers and dimers, or
full proteins and clips.
Another contribution of the work presented here may seem obvious and
unimportant, but we believe it is fundamental and far-reaching. This contribution
is the “factorization” of charge deconvolution into two sub-problems: charge
inference and super-resolution. The two subproblems are not closely connected,
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even though they can both be solved by iterative algorithms. In the case of
maximum entropy methods, the two sub-problems are actually antagonistic, as
accurate charge inference tends to decrease entropy and super-resolution
explicitly aims to increase entropy. Decoupling the two problems will enable mass
spectrometrists to work on charge inference, a problem unique to the field, while
borrowing and adapting well-developed super-resolution algorithms from
astronomy, geophysics, and so forth.
Although we chose the samples primarily as demonstrations of the new
algorithm, our studies did reveal some unexpected characteristics of the targeted
mAbs and properdin. For properdin we identified several novel low abundant
proteoforms harboring tri-antennary N-glycans, seemingly exclusively on
proteoforms with 15 C-mannosylations. These new proteoforms went unnoticed in
our earlier work, due to the presence of salt adducts and the lack of a charge
deconvolution program that could handle such difficult data. For Daclizumab, we
found both N-terminal extension and GG clipping, which to our knowledge have
not been previously published. Such information is important to drug
manufacturers, because the clipped proteoform may have completely different
therapeutic effects than the intact monoclonal antibody.29 Our Daclizumab sample,
however, was already quite old and possibly past its expiration date, so the clipping
may be due to extended storage. For Cetuximab, we showed an analysis of a mAb
with both Fc and Fd glycosylation using a combination of native MS with the new
deconvolution algorithm, along with IdeS digestion to separate subunits, and
bottom-up proteomics to confirm identified glycoforms, including glycans on the
Fd site with antennal fucose.
As demonstrated in other studies16–18,25,32,33 , native MS proves advantageous
for analysis of mAbs and plasma glycoproteins. Native MS gives greater separation
between charge states34. Without this separation, properdin and Cetuximab would
most likely give overlapping m/z states, which would seriously hamper
deconvolution and visual validation. Another advantage of native MS for these
target molecules is improved dynamic range; fewer charge states and lower charge
means that there is more trap capacity available for minor species, such as the
clipped N-terminal sequence in Daclizumab. On the contrary, native MS generally
requires more starting material than intact MS on denatured proteins, and native
MS can lose resolution on FTICR and Orbitrap instruments by shifting the signal to
higher m/z. Neither of these disadvantages, however, applies to typical analyses of
therapeutic mAbs, because sample is usually abundant, and resolution is more
often limited by isotopic spread than by instrument resolution.
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Finally, intact MS in either native or denaturing conditions provides a clear
qualitative and quantitative survey of all the proteoforms distinguishable by mass,
thereby helping to identify which modifications need to be looked for in
complementary bottom-up or middle-down data. The future analysis of protein
therapeutics and plasma proteins is likely to rely on hybrid MS methods,
complemented by advanced bioinformatics methods to analyze and integrate the
data from each of the information channels. We look forward to equal rapid
progress in bioinformatics to keep pace with the rapid development in instruments
and experimental methods.
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Table S1. Amino acid sequences and expected average masses of the analyzed
proteins
Daclizumab light chain 23,215 Da average isotope mass (with reduced Cys)
DIQMTQSPSTLSASVGDRVTITCSASSSISYMHWYQQKPGKAPKLLIYTTSNLAS
GVPARFSGSGSGTEFTLTISSLQPDDFATYYCHQRSTYPLTFGQGTKVEVKRTVA
APSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQ
DSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC
Daclizumab heavy chain with signal peptide
48,717 Da (pyro-Glu N-terminus, reduced Cys, and no signal peptide nor C-terminal
Lys)
MGWSWIFLFLLSGTAGVHSQVQLVQSGAEVKKPGSSVKVSCKASGYTFTSYRMHW
VRQAPGQGLEWIGYINPSTGYTEYNQKFKDKATITADESTNTAYMELSSLRSEDT
AVYYCARGGGVFDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVK
DYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNV
NHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTP
EVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQD
WLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTC
LVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNV
FSCSVMHEALHNHYTQKSLSLSPGK
Infliximab light chain 23,439 Da (with reduced Cys)
DILLTQSPAILSVSPGERVSFSCRASQFVGSSIHWYQQRTNGSPRLLIKYASESM
SGIPSRFSGSGSGTDFTLSINTVESEDIADYYCQQSHSWPFTFGSGTNLEVKRTV
AAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTE
QDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC
Infliximab_heavy_chain 49,388 Da (with reduced Cys and without C-terminal Lys)
EVKLEESGGGLVQPGGSMKLSCVASGFIFSNHWMNWVRQSPEKGLEWVAEIRSKS
INSATHYAESVKGRFTISRDDSKSAVYLQMTDLRTEDTGVYYCSRNYYGSTYDYW
GQGTTLTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGA
LTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEP
KSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPE
VKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKA
LPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWE
SNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYT
QKSLSLSPGK
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Cetuximab light chain 23,427 Da (with reduced Cys)
DILLTQSPVILSVSPGERVSFSCRASQSIGTNIHWYQQRTNGSPRLLIKYASESI
SGIPSRFSGSGSGTDFTLSINSVESEDIADYYCQQNNNWPTTFGAGTKLELKRTV
AAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTE
QDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC
Cetuximab heavy chain 49,226 Da (pyro-Glu N-terminus, reduced Cys, and no Cterminal Lys)
QVQLKQSGPGLVQPSQSLSITCTVSGFSLTNYGVHWVRQSPGKGLEWLGVIWSGG
NTDYNTPFTSRLSINKDNSKSQVFFKMNSLQSNDTAIYYCARALTYYDYEFAYWG
QGTLVTVSAASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGAL
TSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPK
SCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEV
KFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKAL
PAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWES
NGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQ
KSLSLSPGK
Properdin (Factor P) 48,494 Da with reduced Cys, 48,450 Da with disulfide-bonded
Cys
DPVLCFTQYEESSGKCKGLLGGGVSVEDCCLNTAFAYQKRSGGLCQPCRSPRWSL
WSTWAPCSVTCSEGSQLRYRRCVGWNGQCSGKVAPGTLEWQLQACEDQQCCPEMG
GWSGWGPWEPCSVTCSKGTRTRRRACNHPAPKCGGHCPGQAQESEACDTQQVCPT
HGAWATWGPWTPCSASCHGGPHEPKETRSRKCSAPEPSQKPPGKPCPGLAYEQRR
CTGLPPCPVAGGWGPWGPVSPCPVTCGLGQTMEQRTCNHPVPQHGGPFCAGDATR
THICNTAVPCPVDGEWDSWGEWSPCIRRNMKSISCQEIPGQQSRGRTCRGRKFDG
HRCAGQQQDIRHCYSIQHCPLKGSWSEWSTWGLCMPPCGPNPTRARQRLCTPLLP
KYPPTVSMVEGQGEKNVTFWGRPLPRCEELQGQKLVVEEKRPCLHVPACKDPEEE
EL
Table S2. Overview of investigated therapeutic antibodies
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Figure S1. Simultaneous deconvolution of monomer and dimer. The m/z spectrum
of native properdin (a) shows three separated peak series: unfolded monomer at
m/z 2000 – 2600, folded monomer at 3200 – 4200, and dimer at 4500 – 5500.
Protein Metrics Intact gave an accurate deconvolution (b), but Thermo Protein
Deconvolution 4.0 gave large artifact peaks (c) with minimum number of charge
states set to 3, and lost the dimer (d) with minimum number of charge states set to
5. (Protein Metrics Intact does not ask nor even allow the user to set the minimum
number of charge states.) The deconvolutions shown in Figure 2 of the main text
show zooms on the peaks in (b) and (d).
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Figure S2. Properdin qualitative and quantitative proteoform profile. Yang et al.
analyzed properdin using the z=14+ charge state as shown at the top. This charge
state is also shown in Figure 2a of the main text. Protein Metrics Intact enabled a
reanalysis of the same properdin data with a deconvoluted mass spectrum rather
than the m/z spectrum of a single charge state. The code 14, 4, a indicates 14 Clinked mannoses in thrombospondin repeats, 4 GlcFuc’s, and the singly sialylated
N-glycan a. (This combination has the same mass as 13, 3.5, a, where 3.5 means 3
GlcFuc’s and one Fuc, but Fuc without Glc appears to be rare, so we assigned the
peak to 14, 4, a as in Yang et al.) Blue and purple ellipses indicate signals most likely
caused by salt adducts.
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Figure S3. Improved properdin qualitative and quantitative proteoform profile.
Based on the annotation of many salt adducts in our earlier analysis of properdin
(Figure S2), we improved de-salting, giving us a cleaner deconvoluted mass
spectrum revealing several new low-abundant proteoforms, which we assign to triantennary N-glycans. Example structures with the correct oligosaccharide
compositions are shown in cartoon form. It is interesting that the tri-antennary Nlinked glycans seem to occur only on the proteoforms with 15 C-mannosylations.
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Figure S4. Annotated glycopeptide fragmentation spectra of properdin peptides
with triantennary glycans. The interpretation of the small peaks in Figure S3 as
proteoforms with triantennary N-glycans is supported by these MS/MS spectra
from digested properdin.
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Figure S5. Annotated peptide fragmentation of Daclizumab revealing the GG
clipping. Figure 4 of the main text shows peaks indicating hydrolysis at GG in the
heavy chain CDR3. This interpretation is supported by HCD (a) and EThcD (b)
MS/MS spectra from digested Daclizumab showing peptides with termini at the clip
site. Spectrum (a) is from a sample digested with GluC and Trypsin, and (b) from a
sample digested with AspN and Trypsin.
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Figure S6. Annotated peptide fragmentation spectra of Daclizumab showing part
of the signal peptide. HCD (a) and EThcD (b) MS/MS spectra from digested samples
also support the interpretation of the 340 Da mass delta as VHS (the C-terminal
amino acid residues of the signal peptide) on the N-terminus of the heavy chain.
Table S3. Observed glycoforms of the Cetuximab Fd fragment. The calculated
masses in the fourth column assume pyro-Glu N-terminus and two intact intrachain
disulfide bonds. The glycan compositions show mostly fucosylated biantennary Nglycans with Gal-α-Gal termini. Of the masses above with assigned glycoforms,
22.8% by abundance include antennal fucose, misassigned in previous literature
due to arithmetic errors.
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Abstract
A frequently observed pathway in the degradation of monoclonal antibodies and
other protein therapeutics is clipping, meaning hydrolysis of the protein into
truncated proteins and peptide fragments. Clipping can adversely affect safety and
efficacy and is hence considered a critical quality attribute. For method
development, we here induced clipping by exposing three different monoclonal
therapeutic antibodies, rituximab, obinutuzumab, and eculizumab, to dilute
amounts of the proteases cathepsin L or D. We find that both cathepsins produced
numerous albeit rather specific cleavages, especially in the hinge region of the mAb
heavy chains. Cathepsin D, but not cathepsin L, also cleaves in the heavy chain
below the hinge, usually between F and L in the sequence CPPCPAPELLGGPSVF.LFP.
We demonstrate that high-resolution native mass spectrometry provides a
sensitive, efficient, and specific method for the detection of mAb clipping, and the
new software offers automatic identification and relative quantification of the
clipped species across samples. The described work offers a helpful method in the
quality control of therapeutic proteins, during production, storage, and use in the
clinic.
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Introduction
“Clipping” refers to protein degradation by hydrolytic cleavage of peptide
bonds. This type of degradation is ubiquitous, but its rate varies widely depending
upon the protein’s sequence, secondary and tertiary structure, and storage
conditions1. Clipping may result from stress, such as long storage times2, high or
low pH, freeze/thaw cycles, high temperature, metal catalysis (especially copper),
or endogenous protease activity, including host cell proteases such as cathepsins L3
and D4. As clipping directly affects the efficacy and possibly safety of therapeutic
mAbs, it is an important parameter to monitor. Biopharmaceutical companies
currently assay clipping either by capillary electrophoresis (CE-SDS)5–7 or by mass
spectrometry.8–12 Mass spectrometry has a few advantages over CE-SDS: it can
simultaneously assay a number of quality attributes, and in the case of clipping, it
can often identify the clipping site and concomitant products from their intact
masses13 (MS1) or from fragmentation spectra (MS2). For monoclonal antibodies,
mass spectrometry can be applied at various levels; monitoring the intact antibody,
the reduced antibody chains, 25 kDa subunits generated by IdeS proteolysis, or
digested peptides. Intact and reduced antibody levels offer the most direct
measurements. Digestion into subunits or peptides cleaves peptide backbone
bonds, running the risk that clipping could be confused with nonspecific cleavages
in the sample preparation.
Here we describe a new version of Intact MassTM charge-deconvolution
software14 optimized to support the analysis of mAb clipping. The new version of
the software compares observed peaks in the deconvoluted neutral mass spectrum
with theoretical average-isotope masses of clipped forms of the protein, and
reports matches of theoretical and observed peaks closer than a preset mass
matching tolerance. The inputs to the mass-matching software include the
matching tolerance, the amino acid sequences for each protein chain, along with
expected post-translational modifications such as pyro-Glu N-termini and disulfidebonded Cys. We demonstrate the versatility of the software on high-resolution
native mass spectra of four mAb therapeutics (daclizumab, rituximab,
obinutuzumab, and eculizumab). All of these mAbs are IgG1’s, except eculizumab
which has constant sequence from both IgG2 and IgG4 classes. The software is not
specialized for any particular method or MS instrument, but we chose native MS on
a Thermo Fisher Exactive Plus with extended mass range, because measurement
under native conditions has proven advantageous for characterization of
therapeutic antibodies15,16, antibody drug conjugates17–20, and other therapeutic
proteins such as erythropoietin21,22 and engineered fusion proteins.23
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We reported in previous work14 that the clinical daclizumab sample we
obtained displayed a few clipped species present in the drug formulation.
Therefore, we first tested whether our new automated mass matching would be
able to detect the same clipped species in this daclizumab sample as we reported
in our previous manual analysis. We exposed the other three antibodies studied
here to two distinct cathepsin proteases, L and D, to induce clipped species to test
the effectiveness of our mass spectrometry methods, along with our charge
deconvolution algorithm and automatic mass matching code. Additionally, since
both of these proteases are commonly reported host cell proteins24 with negative
impact on mAb quality, we were interested in investigating whether our mAbs
contained some preferred cleavage hot spots. We found that detection and
identification of clipped species worked quite well for all analyzed samples, and can
thus be easily implemented in QC workflows. Notwithstanding the demonstrated
versatility and ease of use, the false positive rate may still be as high as 30% with a
mass matching tolerance of ± 4 Da when all possible clips of two protein chains are
considered. At this error rate, automated matching saves time and boosts
throughput, yet manual validation remains necessary.
Materials and Methods
Implementation of automated matching algorithm
In the new software we implemented automated matching as an optional step
within Intact Mass (Protein Metrics). After charge deconvolution, the algorithm
picks peaks in the neutral mass spectrum using a “Mexican hat” peak detection
filter. This filter chooses peaks in decreasing order of intensity, but with some
correction for surrounding masses so that a small isolated peak will be chosen
before a small shoulder within a crowd of larger peaks. The default setting for the
peak detector width (standard deviation) is 5 Da. This setting gives values close to
both the visual apex and the average-isotope mass for peaks over a wide mass
range, 5 – 200 kDa, whether or not the peaks are isotope resolved, but the detector
width can be adjusted if desired. Additionally, it is also possible to set limits on the
mass range, maximum number, minimum mass spacing, minimum percentage of
base peak, and minimum signal-to-noise ratio of picked peaks.
Picked peaks are then matched against theoretical average-isotope masses
computed from input amino acid sequences and a table of natural isotope
abundances. Intact Mass can compute monoisotopic masses as well as averageisotope masses, and for isotope-resolved charge-deconvoluted mass spectra,
monoisotopic masses are often correct to a few ppm when average-isotope masses
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are correct to only 1 or 2 Da. We prefer to use average-isotope masses for
automated mass matching, to avoid off-by-one-Dalton errors in monoisotopic
masses, and to provide uniformity across mass spectra that may contain a mix of
isotope-resolved and unresolved masses.
Our software considers every peptide bond as a potential clip site, but this can
be changed to consider only peptide bonds between certain pairs of amino acids or
within certain sequence motifs. For example, we can restrict the clip site to the IdeS
clip site for human IgG1’s by inputting PAPELLG.G, with the period indicating the
clip site. (For pairs of amino acids, the period is unnecessary.) Commonly observed
clip sites include GG, GA, GS (small amino acid residues causing backbone
flexibility), and DP, DG, DS (catalyzed by the side chain of aspartic acid).
The default table uses a 13C abundance (1.079%) characteristic of biological
sources, but can adjusted as desired. For example, a 13C abundance of 1.1% instead
of 1.079% would change the theoretical average-isotope mass of a 150-kDa mAb
by about 2 Da. By default, an initial Q (glutamine) in an input amino acid sequence
is assumed to be pyro-Glu, and C’s (cysteines) are assumed disulfide-bonded,
except for one C in a sequence containing an odd number of C’s, but the user can
also specify the number of disulfide-bonded C’s. Intact Mass does not “know” the
disulfide pattern; it simply counts C’s. Intact Mass computes the theoretical
average-isotope mass for each prefix or suffix (N-terminal or C-terminal fragment)
of each input amino acid sequence, and matches picked peaks to theoretical masses
within a user-specified tolerance with default value of ± 6 Da. (A suffix starting with
Q is not assumed to start with pyro-Glu.) The algorithm is a simple greedy
algorithm: each picked peak is matched to the closest theoretical mass within the
tolerance.
In the software we can handle multiple-chain proteins such as antibodies by
concatenating sequences with a comma. For example, this sequence entry
QVQLQQPGAELVKPGASVKMSCKAS, QIVLSQSPAILSASPGEKVTMTCRAS
creates a two-chain protein with mass 18 Da (for water) greater than a single-chain
protein with the same sequence. In this two-chain protein, however, both initial
Q’s are assumed to be pyro-Glu, and both C’s disulfide-bonded, so the net
difference in theoretical mass between the sequence with and without the comma
is –17 + 18 Da. Except for the special case of identical chains cleaved at the same
position, Intact Mass computes prefixes and suffixes of multiple-chain proteins by
cleaving only one chain, so that it will consider prefixes such as QVQ plus the full
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second chain, QVQL plus the full second chain, QIV plus the full first chain, QIVL plus
the full first chain, and suffixes such as KAS plus the full second chain, CKAS plus the
full second chain, and so forth. Intact Mass takes into account the parity (odd /
even) of the number of cysteines, so that in the prefix forms just named, the C in
the second chain would not be disulfide-bonded, but the software does not take
into account the positions of cysteines, so it generates forms with zero cysteines in
one or more of the chains, which are unlikely to be natural pairings and unlikely to
be observed by mass spectrometry except in native conditions. We describe in
more detail an example below.
An intact mAb can be specified by concatenating four chains, two heavy and
two light. The order of the sequences in the concatenation does not matter. Intact
Mass will then generate prefixes and suffixes that model clips that remove N- and
C-terminal pieces from a single chain and leave the other three chains intact. The
software will also consider two identical chains cut at the same position, for
example, the F(ab’)2 fragment produced by an IdeS protease cutting between the
G’s in CPPCPAPELLG.GPS. The software will also consider clips from “half-mAbs”,
for example, a F(ab) fragment produced by a cleavage in the hinge region of the HC.
To form the half-mAb, the software recognizes light and heavy chains by sequence
homology to reference mAbs. An alternative is to input the half-mAb directly with
a concatenated FASTA entry containing a single light and heavy chain.
For reduced mAbs, two separate input sequences, LC and HC, suffice. For
reduced bispecific antibodies with two different LCs and two different HCs, the
software requires separate input sequences for each of the four chains. For intact
bispecifics, separate concatenated LC/HC input sequences for each half-antibody,
as well as an entry for the full antibody should be included. Entries for free LCs, free
HCs, and mispaired bispecifics would enable the software to match picked peaks to
these species, too. Analysis of mispairings should probably be done without
allowing for clipping in order to prevent false positives from an overly broad search.
Chemicals and materials
The therapeutic mAbs, daclizumab (Zynbrita), rituximab (MabThera),
obinutuzumab (Gazyva), and eculizumab (Soliris), used in this work are all
commercially available, and were kind gifts from Genmab (The Netherlands). All
mAb samples given to us likely represent expired batches. We obtained amino acid
sequences from literature25 and Web searches: www.commonchemistry.org and
http://www.freepatentsonline.com/y2017/0073399.html.
All
amino
acid
sequences lacked the N-terminal signal peptides (except daclizumab, for which we
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used the sequence with signal peptide obtained from its European patent
application: EP 2 527 429 A2) and full sequences are provided in Table S1.
Dithiothreitol (DTT), iodoacetamide (IAA), ammonium acetate (AMAC), Cathepsins
L and D were purchased from Sigma-Aldrich; phosphate buffer was from Lonza,
and formic acid (FA) from Merck. Acetonitrile (ACN) was purchased from Biosolve.
Sample preparation for native MS
The powder of the therapeutic mAbs was reconstituted in Milli-Q water. Each
mAb was further divided in 2 aliquots, one of which was treated with Cathepsin L
and the other with Cathepsin D, both in 1:200 ratio. Samples were then incubated
at 37oC for 2 days.
The aqueous mAb samples were buffer exchanged with 150 mM aqueous
AMAC (pH 7.5) by centrifugation using a 10 kDa cut-off filter (Merck Millipore). The
resulting protein concentration was measured by UV absorbance at 280 nm and
adjusted to 2-3 µM prior to native MS analysis. All samples were buffer exchanged
to 150 mM AMAC (pH 7.5) prior to native MS measurements. After native MS
measurments 4 units of PNGase F was added to each mAb sample and incubated
overnight. Following the incubation mAb samples were buffer exchanged once
again into 150 mM AMAC (pH 7.5) prior to native MS measurement.
Native MS analysis
Samples were analyzed on a modified Exactive Plus Orbitrap instrument with
extended mass range (EMR) (Thermo Fisher Scientific) using an m/z range of either
500 – 12,000. 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 3-7 × 10-10 bar. MS parameters used: spray voltage 1.2-1.3 V, source
temperature 250 °C, source fragmentation and collision energy were varied from
50-80 V, and resolution (at m/z 200) 35,000 or 70,000 for all mAbs. The instrument
was mass calibrated as described previously26 using a solution of CsI.
Data Analysis
For charge deconvolution we used Intact Mass v3.2-424 (October, 2018). For
initial deconvolutions we used the default parameters, which include m/z range
600 – 9000, m range 10,000 – 160,000, m/z spacing 0.04, m/z smoothing sigma
0.02, and m spacing 0.5, and m smoothing sigma 3.0. For subsequent
deconvolutions, we varied the parameters depending upon the data. For example,
83 | P a g e

3

for isotope-resolved peaks like those shown in Figure 1, we used m/z spacing 0.01,
m/z smoothing sigma 0.01, and m spacing 0.1, and m smoothing sigma 0.1. In all
cases, we set the minimum difference between mass peaks to 15, which in turn sets
the peak detector sigma to 5 (one-third of minimum difference between mass
peaks). We used mass matching tolerance of 4 Da for automatic peak annotation.
Results
The aim of the work described here was to optimize analytical and software
approaches to detect and characterize the undesired formation of clipped
fragments of monoclonal antibodies. Therefore, we looked at a clinically used
mAbs, stored for longer times (daclizumab) and additionally induced clipping by
exposing the different monoclonal therapeutic antibodies (rituximab,
obinutuzumab, and eculizumab) to the proteases cathepsin L or D. We combined
highresolution native mass spectrometry for the mass analysis of the mAbs and
fragments thereof, and novel software to detect and annotate the clipped
fragments.
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Figure 1. Example of Intact Mass software interface applied to native mass
spectra of Daclizumab. The software provides tables of input files, elution peaks,
and theoretical and observed masses (upper left); total ion chromatogram (upper
right); summed m/z spectrum (lower left); and deconvoluted neutral mass
spectrum (lower right). The m/z spectrum runs from 900 to 12,000, but the
pictured deconvolution used only m/z from 900 to 3000 in order to focus on clipped
species. Colored dots link m/z and m peaks. Intact Mass automatically matches
theoretical average-isotope masses to peaks; for example, “HC frag 1-100” shows a
clip at the sequence CARGG.G in CDR H3, with theoretical and observed masses
matching to 0.2 Da. The zoom shows a clip at STSGG.T after HC residue 133.
Figure 1 displays an output file of the Intact Mass software applied to a native
mass spectrum datafile obtained for daclizumab (tradename Zynbrita). We
analyzed this same sample previously14 using manual peak assignment, and found
two highly abundant “anomalies” originating from (1) clipping at residue 100,
between two Gs in the CDR H3, and (2) an N-terminal extension of the heavy chain
with sequence VHS, part of the signal peptide. For the data shown in Figure 1, we
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used a FASTA file with three entries, LC, HC, and HC + extension, and a matching
tolerance of ± 4 Da to test the automatic peak assignment. (Notice that both the
HC and HC + extension are needed because the software does not check for internal
fragments.) The peaks for the clipped forms, at 11057 and 11397 Da, were correctly
assigned automatically by the new version of the software. Automatic peak
assignment also found novel low-abundance clipping at residue 133, after GG and
before T. Other low-abundance peaks, marked with ?, were not matched. The
native mass spectra, acquired under static spray conditions by direct infusion, are
crowded in the 1500 – 2500 m/z range and some of the masses may be off by more
than 4 Da due to peak interference, so it is difficult to unequivocally assign the lowabundance peaks.
Figure 2 shows results on rituximab (tradename MabThera) that was incubated
with low concentrations of the protease cathepsin D. For this figure, we used ± 4
Da tolerance and a FASTA file with two entries: comma-concatenated HC and LC,
named “HC+LC”, and comma-concatenated HC, HC, LC, and LC, named “mAb”.
Intact Mass treats sequences connected by a comma as a multichain protein with
multiple N- and C-termini. As shown in Figure 2A, the deconvolution of the full m/z
range onto a wide m range finds major clipped peaks at approximately 10, 47, and
98 kDa, next to the mAb precursor at 147 kDa. Guided by the full-range
deconvolution, “focused” deconvolutions using narrower m/z and m ranges then
provide more detail and a greater artifact-free dynamic range.
The inset of Figure 2A reveals further detail for the 98 kDa fragments. The peak
at 97538 gives a false positive: an implausible molecule containing two complete
light chains, a complete heavy chain, and a small N-terminal segment of another
heavy chain. A more likely assignment is a clip at LLGGPSVF.L in one heavy chain
and at LLGGPSV.F in the other heavy chain, but Intact Mass does not currently
consider such asymmetrical clips because to find them we might need to consider
1000s of possibilities, which would produce more false than true positives.
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Figure 2. Native mass spectrum of Rituximab (MabThera) partially cleaved by
Cathepsin D. A Deconvolution of the full m/z range shows masses at about 10, 47,
98, and 147 kDa. Inset provides more detail of the 98 kDa masses. The peak at
97684 is correctly assigned as clips at LLGGPSVF.L in each of the heavy chains.
Automatic assignment of the peak at 97538 gives a false positive: an implausible
molecule containing two complete light chains, a complete heavy chain, and a small
N-terminal segment of another heavy chain. A more likely assignment is a clip at
LLGGPSVF.L in one heavy chain and at LLGGPSV.F in the other heavy chain, but
Intact Mass does not currently consider such asymmetrical clips. B Deconvolution
using narrower m/z and m ranges provides more detail of the 47 kDa masses, a
sequence of clips in the hinge region of the heavy chain. Hinge region clips were
mapped to IgG1 crystal structure (PDB 1HZH) . The automatically generated
annotation “HC+LC 1[HC]:1-224(···KKAEPKSC.D) + 2[LC], Ref” means residues 1 –
224 of chain 1 (heavy chain) ending at the Cys disulfide-bonded to the light chain,
along with all of chain 2 (light chain), with no additional modifications (“Ref” for
reference mass). Inset shows charge 14 m/z peaks corresponding to the neutral
mass peaks.
Figure 2B shows detail for the 47 kDa fragments, and the inset in the Figure 2B
shows agreement with the strongest charge state in the m/z spectrum. Only three
of the peaks in 2B, namely the peaks at 46695, 46937, and 47177 Da, show up in a
zoom of the wide-range m spectrum. Intact Mass, like all other charge
deconvolution software, cannot deduce the charge for peaks with too low a signal87 | P a g e

to-noise ratio (SNR), and the minimum SNR naturally increases with wider mass
range. The m/z peaks shown in Figure 2B have over 40 choices of charge (z = 2+ up
to z = 44+) when mapped onto a mass range from 6000 to 160,000 Da, but only one
or two choices when mapped onto 44,000 to 50,000 Da. Peaks with uncertain
charge map to many places in the m spectrum and hence form background or
artifacts rather than clear peaks. Figure 2B shows six peaks with annotations, all
with mass errors (difference between theoretical and observed average-isotope
masses) below 3 Da. The six annotations show a sequence of HC cleavages in the
hinge of the mAb, between the cysteine disulfide-bonded to the LC and the
cysteines that form the HC-HC disulfide bonds.
Matching the top 10 peaks from Figure 2B with a ± 4 Da tolerance against two
different decoy sequences, concatenated HC and LC from obinituzumab and
concatenated HC and LC from eculizumab, gave three and two matches, for false
positive rates of 30% and 20%. The actual false positive rate when matching against
the correct sequence, however, should be lower, because a true match with smaller
mass error will displace a random false match. Of course, restricting clip sites to
specific residues or tightening the average-isotope mass tolerance below 4 Da
would also reduce the false positive rate, but would incur some loss of true
positives if the assumptions were too restrictive. The software allows relative
tolerances as well as absolute, and 60 ppm should be a good tolerance for noninterfered peaks as it would use a tight 1.5 Da tolerance at 25 kDa and a loose 9 Da
tolerance at 150 kDa.
In Tables S2 to S7 we summarize results over all three investigated antibodies
exposed to either cathepsin L and D. Spectra for each of the investigated antibodies
are shown in Figures S1-S6B. These tables were compiled with automated mass
matching followed by manual correction of false positives, and manual annotation
of peaks with asymmetric clips such as LLGGPSVF.L in and LLGGPSV.F as mentioned
above. False positives were mostly quite obvious, for example, a short C-terminal
segment of a heavy chain along with the entire light chain. Unassigned peaks with
intensities greater than assigned peaks were left in the tables to give a sense of
annotation success rate. Although the exact locations of clips varied with mAb and
the cathepsin protease used, a few observations hold without exception: (1) CDRs
H3 and L3 are prone to clipping by both proteases; (2) cathepsin D cuts below the
specific IdeS cleavage site to produce F(ab’)2, but cathepsin L does not; (3) the
heavy chain hinge is prone to clipping by both proteases in all studied IgG1’s; (4) in
contrast eculizumab (tradename Soliris) is in our experiments not cleaved at the
heavy chain hinge.
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Figure 3. Preferred sites of cathepsin-induced clips. For IgG1’s, the most common
type of therapeutic antibody, cathepsins L and D both produce cleavages near the
CDRs H3 and L3, and in the heavy chain hinge region. Cathepsin D also cuts after
hydrophobic residues in the constant sequence PSVFLF in the vicinity of the IdeS
cut point (i.e. just after). Eculizumab (Soliris) had no cleavages in the heavy chain
hinge region from either protease, which can be taken as evidence that it has the
IgG2-B disulfide bonding pattern, which would not be separated into two pieces by
cuts in this region.
Figure 3 provides a graphical overview of the locations of the clips we observed,
mapped onto schematics of antibodies with IgG1 and IgG2-B disulfide bonding
patterns27. Our observation (4) above directly corroborates that eculizumab has the
IgG2-B disulfide bonding pattern in which heavy chains are linked by three disulfide
bonds, including one from the hinge region to the middle of the Fd’ part of the
opposite heavy chain.
Discussion
Clipping is a ubiquitous degradation pathway for protein therapeutics. As
clipping directly affects the efficacy and possibly safety of therapeutic products, it
is an important parameter to evaluate. CE-SDS or even simple quantitation of intact
protein may be sufficient to observe clipping, but only mass spectrometry offers a
means to directly identify the clipped species, thereby potentially gaining
information that could help mAb engineering that could prevent or ameliorate
degradation. Here we have shown the use of high resolution native MS on directly
infused non-reduced mAbs. This approach has the advantages of simplicity,
minimum sample preparation, and mild source conditions with little or no in-source
fragmentation. Disulfide bond reduction, deglycosylation, denaturing conditions,
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and chromatography can improve sensitivity and simplify the mass spectra and data
analysis, but add extra steps to the here presented method, and may all induce
sample preparation artifacts.
Regardless of the MS method, mass peak assignment can be one of the more
tedious and error-prone analytical tasks, because there may be tens of unexplained
peaks and hundreds or even thousands of potential clipped species. As shown here,
the task can be greatly aided and sped up by automatic peak matching. Currently
error rates are too high for fully automatic discovery and validation of clipped
species, but we expect that known clipping sites, such as the GG site in daclizumab,
could be effectively assayed by a fully automatic workflow. We also expect that
error rates can be reduced by deeper data acquisition, for example, tandem MS on
peaks with isotope-resolved precursors, and also by further software development,
for example, incorporating knowledge of mAb disulfide bonding patterns, or using
monoisotopic rather than average-isotope mass for isotope-resolved peaks.
The clipping patterns observed when using cathepsins L and D suggest that
cathepsin treatment may be used as a relatively simple assay to check the disulfide
bonding patterns in mAbs. In a properly bonded mAb, the CDRs L3 and H3 are
situated between disulfide bonds and hence prone to clipping by either cathepsin.
Either cathepsin is also likely to produce “single-arm” fragments around 48 kDa for
IgG1s, but does not produce these fragments for the IgG2-B disulfide bonding
pattern. The IgG2-B pattern is difficult to check by non-reduced peptide mapping,
because more commonly used proteases (e.g. trypsin) will produce a high-mass
group of six peptides. The suggested cathepsin assays would of course need further
development to ensure reliability and quantitative accuracy.
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Table S1. Amino acid sequences of the studied monoclonal antibodies
Daclizumab
(146,722.3 Da average isotope mass with pyro-Glu heavy chains, no C-terminal
Lys, and G0F/G0F)
Daclizumab light chain (23,210.8 Da)
DIQMTQSPSTLSASVGDRVTITCSASSSISYMHWYQQKPGKAPKLLIYTTSNLAS
GVPARFSGSGSGTEFTLTISSLQPDDFATYYCHQRSTYPLTFGQGTKVEVKRTVA
APSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQ
DSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC
Daclizumab heavy chain with signal peptide
MGWSWIFLFLLSGTAGVHSQVQLVQSGAEVKKPGSSVKVSCKASGYTFTSYRMHW
VRQAPGQGLEWIGYINPSTGYTEYNQKFKDKATITADESTNTAYMELSSLRSEDT
AVYYCARGGGVFDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVK
DYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNV
NHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTP
EVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQD
WLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTC
LVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNV
FSCSVMHEALHNHYTQKSLSLSPGK
Rituximab

(147,076.8 Da with pyro-Glu light and heavy chains, no C-terminal Lys, and
G0F/G0F)

Rituximab light chain
QIVLSQSPAILSASPGEKVTMTCRASSSVSYIHWFQQKPGSSPKPWIYATSNLAS
GVPVRFSGSGSGTSYSLTISRVEAEDAATYYCQQWTSNPPTFGGGTKLEIKRTVA
APSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQ
DSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC
Rituximab heavy chain
QVQLQQPGAELVKPGASVKMSCKASGYTFTSYNMHWVKQTPGRGLEWIGAIYPGN
GDTSYNQKFKGKATLTADKSSSTAYMQLSSLTSEDSAVYYCARSTYYGGDWYFNV
WGAGTTVTVSAASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSG
ALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKAE
PKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDP
EVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNK
ALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEW
ESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHY
TQKSLSLSPGK
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Obinutuzumab
(148,629.4 Da with pyro-Glu heavy chains, no C-terminal Lys, and G0/G0)
Obinutuzumab light chain
DIVMTQTPLSLPVTPGEPASISCRSSKSLLHSNGITYLYWYLQKPGQSPQLLIYQ
MSNLVSGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCAQNLELPYTFGGGTKVE
IKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQ
ESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC
Obinutuzumab heavy chain
QVQLVQSGAEVKKPGSSVKVSCKASGYAFSYSWINWVRQAPGQGLEWMGRIFPGD
GDTDYNGKFKGRVTITADKSTSTAYMELSSLRSEDTAVYYCARNVFDGYWLVYWG
QGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGAL
TSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPK
SCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEV
KFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKAL
PAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWES
NGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQ
KSLSLSPGK
Eculizumab

(147,871.4 Da with pyro-Glu heavy chains, no C-terminal Lys, and G0/G0)

Eculizumab light chain
DIQMTQSPSSLSASVGDRVTITCGASENIYGALNWYQQKPGKAPKLLIYGATNLA
DGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQNVLNTPLTFGQGTKVEIKRTV
AAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTE
QDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC
Eculizumab heavy chain
QVQLVQSGAEVKKPGASVKVSCKASGYIFSNYWIQWVRQAPGQGLEWMGEILPGS
GSTEYTENFKDRVTMTRDTSTSTVYMELSSLRSEDTAVYYCARYFFGSSPNWYFD
VWGQGTLVTVSSASTKGPSVFPLAPCSRSTSESTAALGCLVKDYFPEPVTVSWNS
GALTSGVHTFPAVLQSSGLYSLSSVVTVPSSNFGTQTYTCNVDHKPSNTKVDKTV
ERKCCVECPPCPAPPVAGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSQEDPEVQ
FNWYVDGVEVHNAKTKPREEQFNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKGLP
SSIEKTISKAKGQPREPQVYTLPPSQEEMTKNQVSLTCLVKGFYPSDIAVEWESN
GQPENNYKTTPPVLDSDGSFFLYSRLTVDKSRWQEGNVFSCSVMHEALHNHYTQK
SLSLSLGK
Table S2. Rituximab exposed to Cathepsin L gives two clips in the CDR L3 and a
complete sequence of clips in the heavy chain hinge region between the Cys
disulfide-bonded to the light chain and the first Cys bonded to the other heavy
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chain. Peaks in the neutral mass spectrum at 99913, 100076, 100238, 100400,
100561 show the complementary pieces of the most abundant fragment, 47178
Da, that is, the full mAb with G0F/G0F (99914 Da) missing 47178, with G0F/G1F
(100076 Da) missing 47178, and so forth.
Mass
Expected mass Intensity Assignment
9474.13
9475.49
6.90E+05 LC : 1-89 (···AATYYCQQ.W)
9963.45
9963.99
3.25E+06 LC : 1-93 (···YCQQWTSN.P)
46695.91 46696.78
1.53E+06 LC + HC : 1-224 (···KKAEPKSC.D)
46812.32 46811.87
1.19E+06 LC + HC : 1-225 (···KAEPKSCD.K)
46939.33 46940.04
1.81E+06 LC + HC : 1-226 (···AEPKSCDK.T)
46961.08
8.77E+05 ?
47041.12 47041.14
7.47E+05 LC + HC : 1-227 (···EPKSCDKT.H)
47177.9
47178.28
4.48E+06 LC + HC : 1-228 (···PKSCDKTH.T)
47200.18
2.01E+06 ?
47218.67
1.12E+06 ?
47238.72
7.64E+05 ?
47278.34 47279.39
9.37E+05 LC + HC : 1-229 (···KSCDKTHT.C)
Table S3. Rituximab exposed to Cathepsin D gives the same clips as Cathepsin L
along with cuts of the heavy chain separating F(ab’)2 from Fc (red line segment in
Figure 3). With Cathepsin D, the 100 kDa complements of the 47 kDa mAb arms
were not found in the neutral mass spectrum.
Mass
Expected mass Intensity Assignment
9473.64
9475.49
6.38E+06 LC : 1-89 (···AATYYCQQ.W)
9963.86
9963.99
1.77E+07 LC : 1-93 (···YCQQWTSN.P)
46696.39 46696.78
6.27E+06 LC + HC : 1-224 (···KKAEPKSC.D)
46809.48 46811.87
3.52E+06 LC + HC : 1-225 (···KAEPKSCD.K)
46938.04 46940.04
7.13E+06 LC + HC : 1-226 (···AEPKSCDK.T)
46971.12
1.66E+06 ?
47040.95 47041.14
2.35E+06 LC + HC : 1-227 (···EPKSCDKT.H)
47177.29 47178.28
1.51E+07 LC + HC : 1-228 (···PKSCDKTH.T)
47210.9
1.85E+06 ?
47277.65 47279.39
2.20E+06 LC + HC : 1-229 (···KSCDKTHT.C)
2LC + HC : 1-245 (...PELLGGPSVF.L) +
97538.10 97539.97
2.92E+06 HC: 1-244 (...PELLGGPSV.F)
97684.24 97687.14
4.87E+06 2LC + 2HC : 1-245 (...PELLGGPSVF.L)
Table S4. Obinutuzumab exposed to Cathepsin L gives one clip in the CDR H3, clips
at the end of the variable part of the HC, and a complete sequence of clips in the
heavy chain hinge region. The neutral mass spectrum also has numerous peaks
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around 101 kDa, complementary to the 48 kDa peaks. All heavy chain sequences
of obinutuzumab begin with N-terminal pyro-Glu rather than Glu.
Mass
Expected mass Intensity Assignment
10866.33 10867.06
8.80E+04 HC 1-99 (···AVYYCARN.V)
14681.96 14682.36
4.55E+04 HC 1-135 (···FPLAPSSK.S)
14869.87 14870.55
3.02E+04 HC 1-137 (···LAPSSKST.S)
14957.54 14957.62
2.73E+04 HC 1-138 (···APSSKSTS.G)
15014.36 15014.68
6.57E+04 HC 1-139 (···PSSKSTSG.G)
22544.58 22545.16
2.27E+04 LC 1-206 (···CEVTHQGL.S)
23491.56 23492.22
2.59E+04 HC 1-220 (···VDKKVEPK.S)
23834.75 23835.55
9.00E+04 LC 1-218 (···TKSFNRGE.C)
23904.34
4.75E+04 ?
23938.56 23938.69
3.96E+04 LC
24057.36 23957.83
2.82E+05 LC + Cysteinylation
24243.96
4.77E+04 ?
47618.71 47619.12
1.81E+06 LC + HC : 1-222 (···KKVEPKSC.D)
47734.36 47734.21
8.32E+05 LC + HC : 1-223 (···KVEPKSCD.K)
47861.76 47862.38
1.92E+06 LC + HC : 1-224 (···VEPKSCDK.T)
47962.73 47963.49
7.09E+05 LC + HC : 1-225 (···EPKSCDKT.H)
48099.86 48100.63
5.31E+06 LC + HC : 1-226 (···PKSCDKTH.T)
48201.09 48201.73
1.00E+06 LC + HC : 1-227 (···KSCDKTHT.C)
Table S5. Obinutuzumab exposed to Cathepsin D gives a sequence of clips in the
heavy chain hinge region, along with cuts of the heavy chain separating F(ab’)2 from
Fc.
Mass
Expected mass Intensity
Assignment
47619.25 47619.12
3.48E+05
LC + HC : 1-222 (···KKVEPKSC.D)
47734.72 47734.21
2.40E+05
LC + HC : 1-223 (···KVEPKSCD.K)
47861.84 47862.38
4.35E+05
LC + HC : 1-224 (···VEPKSCDK.T)
48101.69 48100.63
8.39E+05
LC + HC : 1-226 (···PKSCDKTH.T)
49616.22 49618.4
4.10E+05
LC + HC : 1-242 (···ELLGGPSV.F)
49765.03 49765.58
7.27E+05
LC + HC : 1-243 (···LLGGPSVF.L)
2LC + HC : 1-245 (...ELLGGPSVF.L) +
99381.38
5.71E+06
HC: 1-244 (...PELLGGPSV.F)
99528.16
1.57E+07
2LC + 2HC : 1-245 (...ELLGGPSVF.L)
2LC + HC : 1-245 (...ELLGGPSVF.L) +
99642.25
2.25E+06
HC: 1-246 (...LLGGPSVFL.F)
Table S6. Eculizumab exposed to Cathepsin L gives clips in CDR H3. Unlike the IgG1
mAbs, eculizumab does not show heavy chain clips that cut off a single antibody
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arm, evidence that eculizumab has the IgG2-B disulfide bonding pattern shown in
Figure 3.
Mass
Expected mass Intensity
Assignment
11437.82 11438.74
1.28E+05
HC : 1-102 (...YCARYFFG.S)
11524.84 11525.82
1.10E+05
HC : 1-103 (...CARYFFGS.S)
11823.08 11824.12
4.96E+05
HC : 1-106 (...YFFGSSPN.W)
11838.69
2.93E+05
?
11854.45
1.38E+05
?
Table S7. Cathepsin D clips eculizumab in CDR H3 and also cuts F(ab’)2 from Fc.
Mass
11233.7
11396.2
11438.24
11525.41
11806.3
11823.14
11838.81
98303.1

Expected mass
11234.51

98302.14

Intensity
4.14E+04
1.39E+05
3.58E+05
3.07E+05
1.50E+05
1.65E+06
6.61E+05
1.04E+06

98447.76
98482.05
98562.68

98449.31
98479.18
98562.47

4.75E+06
8.02E+05
1.27E+06

98609.32
99586.95

98608.4
99585.25

6.68E+05
8.48E+05
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11438.74
11525.82
11806.68
11824.12

Assignment
HC : 1-100 (···VYYCARYF.F)
?
HC : 1-102 (···YCARYFFG.S)
HC : 1-103 (···CARYFFGS.S)
?
HC : 1-106 (···YFFGSSPN.W)
?
2LC + HC : 1-241 (···PVAGPSV.F) + HC
: 1-242 (···VAGPSVF.L)
2LC + 2HC : 1-242 (···PVAGPSVF.L)
?
2LC + HC : 1-242 (···VAGPSVF.L) + HC
: 1-243 (···AGPSVFL.F)
?
?

3

Figure S1A. Rituximab exposed to Cathepsin L, full spectrum, showing CDR L3 clips
at masses around 10 kDa, “one-arm” clips around 47 kDa, complements of one-arm
clips around 100 kDa (for example, 100,238 is the full mAb with G1F/G1F at 147,400
missing 47,178, along with 18 for water), and intact mAb around 147 kDa. The
masses in these Supplemental Information figures may vary slightly from the
masses given in Tables 1 – 6 in the text (for example, 9964.1 above is the same peak
as 9963.45 in Table 1), because the exact masses depend upon the time, mass, and
m/z ranges, as well as other parameters, used in charge deconvolution.
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Figure S1B. Rituximab exposed to Cathepsin L, one-arm clips.

Figure S2A. Rituximab exposed to Cathepsin D, one-arm clips.
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Figure S2B. Rituximab exposed to Cathepsin D, F(ab’)2 clips.

Figure S3A. Obinutuzumab exposed to Cathepsin L, full mAb peaks. 148630.4 Da is
a good match for the mAb with G0/G0 glycosylation, 148,834.1 for an extra GlcNAc,
149038.0 with two extra GlcNAcs. Obinutuzumab is glyco-engineered to have
mostly afucosylated glycans.
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Figure S3B. Obinutuzumab exposed to Cathepsin L, one-arm clips.

Figure S4A. Obinutuzumab exposed to Cathepsin D, full spectrum.
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Figure S4B. Obinutuzumab exposed to Cathepsin D, full mAb peaks. 148628.3 Da
is a good match for the mAb with G0/G0 glycosylation, 148,832.9 for an extra
GlcNAc, 149034.7 with two extra GlcNAcs.

Figure S4C. Obinutuzumab exposed to Cathepsin D, one-arm clips.
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Figure S4D. Obinutuzumab exposed to Cathepsin D, F(ab’)2 clips.

Figure S5A. Eculizumab exposed to Cathepsin L, full spectrum.
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Figure S5B. Eculizumab exposed to Cathepsin L, CDR H3 clips.

Figure S6A. Eculizumab exposed to Cathepsin D, full spectrum.
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Figure S6B. Eculizumab exposed to Cathepsin D, F(ab’)2 clips.
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Abstract
Recombinant production of glycoprotein therapeutics like erythropoietin (EPO) in
mammalian CHO cells rely on the heterogeneous N-glycosylation capacity of the
cell. Recently, approaches for engineering the glycosylation capacities of
mammalian cells for custom designed glycoforms have been developed. With these
opportunities there is an increasing need for fast, sensitive, and global analysis of
the glycoproteoform landscape produced to evaluate homogeneity and
consistency. Here we use high-resolution native mass spectrometry to measure the
glycoproteoform profile of 24 glycoengineered variants of EPO. Based on the
unique mass and intensity profiles of each variant, we classify them according to
similarities in glycosylation profiles. The classification distinguishes EPO variants
with varying levels of glycan branchingand sialylation, which are crucial parameters
in biotherapeutic efficacy. We propose that our methods could be of great benefit
in the characterization of other glycosylated biopharmaceuticals, ranging from the
initial clonal selection to batch-to-batch controls, and the assessment of similarity
between biosimilar/biobetter products.
Introduction
A large majority of clinically relevant protein-based biologics are glycosylated1.
Glycosylation, specifically N-glycosylation, modulates the function of biologics in a
variety of ways. Most notably, lack of a Fucose residue on N-glycans in the Fc
domain of IgG molecules significantly increase antibody-dependent cell-mediated
cytotoxicity2. Additionally, galactosylation and sialylation play an important role in
complement-dependent cytotoxicity3 and anti-inflammatory activity4, respectively.
Moreover, sialylation and increased branching of erythropoietin (EPO) N-glycans
increases its serum half-life5,6, while EPO lacking sialylation exhibits
neuroprotective role in vivo7. Thus, a well-defined view of the detailed glycosylation
profile of biotherapeutics is essential.
To ensure optimal efficacy and safety of biotherapeutics, human-like
glycosylation with clearly defined glycoforms can be beneficial. For this reason,
biologics are so far mostly expressed in Chinese hamster ovary (CHO) cells capable
of human-like glycosylation1. However, CHO cells produce quite heterogeneous Nglycans on recombinant glycoproteins and also lack the capacity for producing the
human-like α2,6-linked sialic acid glycoform. Thus, obtaining a homogenous
biotherapeutic product with desirable glycan features remains a challenge. To
address this need various glycoengineering approaches have been developed8–13.
Attractive emerging strategies include the so-called GlycoDelete approach wherein
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complex N-glycans are reduced to trisaccharide stems10,11, and a second approach
wherein combinatorial knock out (KO) and knock in (KI) of various
glycosyltransferase enzymes in CHO are used to create a cell with custom designed
glycosylation capacity to produce a more homogenous glycosylation profile8,14(Fig.
1a).
With biologics displaying such a complex glycosylation profile, an issue that
needs to be addressed is the in-detail analytical assessment of the glycoproteoform
heterogeneity. This is of special importance when a defined glycoprofile is required
for a proper biological activity. In addition to that, looming patent expiry of almost
all “blockbuster” biotherapeutics, will open avenues for opportunities in creation
of biosimilars and/or bio-better biologics, that need to be structurally and
functionally evaluated in comparison to their corresponding originals1,15,16.

Fig. 1 Generation and structural assessment of wild type and glyco-engineered
EPO. a Depiction of the workflow used in this study. EPO is overexpressed in CHO
cells whereby specific glyco-genes are manipulated to achieve the desired
glycosylation, followed by EPO purification and native MS analysis. High-resolution
native MS spectra of different clones are correlated, leading to a similarity
matrix. b Depiction of EPO glycosylation sites. c Deconvoluted high-resolution
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native mass spectra of WT EPO (top) and two KO-based glyco-engineered clones:
C23 (middle) and C21 (bottom). These two KO clones would supposedly delete β-4
and β-6branching of N-glycans as indicated by the pictograms. In these
deconvoluted spectra the main glycoproteoforms are color coded, wherein each
color corresponds to a unique Hexx+3HexNAcxF3 composition, where F denotes
fucose, and the numbers placed above the annotated peaks indicate the number
of sialic acid residues. d Comparison of native mass spectra of EPO from two
biological replicate clones C18 (black) and C19 (orange).The correlation coefficient
between these two spectra over all ion signals is 0.93, as depicted in the top-right.
All other high-resolution native mass spectra of EPO, purified from each of the
prepared 25 clones, are provided in Supplementary Fig 4.
A direct assessment of the structural similarity may come from the highresolution mass measurement of the glycoprotein of interest in its intact form.
However, even for IgGs , that express typically a relatively simple glycosylation
profile, measuring under standard reducing MS conditions will not provide a
complete picture of glycoproteoform heterogeneity13. This issue was partially
addressed with the introduction of an Orbitrap mass analyzer with extended mass
range (Orbitrap EMR)17. The Orbitrap EMR enabled high-resolution mass
spectrometry (MS) measurements of intact IgG glycoproteoforms under nondenaturing/native conditions18. What makes native MS attractive for IgG analysis
is the simplicity of the resulting spectra and efficient analysis, which can typically
be done under an hour19. Furthermore, when benchmarked against more standard
glycomics approach, glycoproteoform profiling of intact IgGs by native MS
performed qualitatively as well as quantitatively very well20. However, the
complexities with glycoproteins having multiple glycosites and both N and O-linked
glycans have so far not been overcome, although great strides towards this goal
have been achieved21. Here, we approach EPO22, which is one of the most used
therapeutic biologics today and has a complex and heterogeneous glycoprotein
with three N-glycans and one O-glycan23. When compared to the relatively simple
native MS spectra for therapeutic IgGs that typically display only a dozen of
different glycoforms, the EPO native MS spectra exhibit hundreds of different
glycoproteoforms22 arising from the heterogeneity on its three N- and one Oglycosylation sites. This makes compositional analysis of such spectra much more
challenging.
Here we explore and demonstrate the applicability of native MS for the
structural characterization of engineered variants of EPO with diverse patterns of
N-glycans. We used a panel of glycoengineered CHO cells to express EPO with
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different glycosylation features and degrees of heterogeneity to dissect and
validate the native MS spectra. For this purpose, we targeted 24 differentially
glycoengineered EPOs, all expressed in CHO cells. The observed glycosylation
profiles of the glycoengineered EPOs reveal the co-occurrence of hundreds of
variants, which show a stepwise decrease in heterogeneity as we progress through
our glycoengineering scheme—from heterogeneous, tetra-antennary, polyLacNAc
elongated N-glycans all the way to homogenous, bi-antennary, non-elongated, and
non-sialylated N-glycans. We demonstrate the potential of native MS, and first fully
assign the complex glycosylation profile of wild-type (WT) EPO. For illustrative
purposes, we next focused on the in-depth analysis of two engineered EPO variants,
i.e. the mgat5 KO and the stacked KO of mgat4A and mgat4B. Although both these
clones express tri-antennary dominated N-glycan profiles, albeit with different
branch points, our data reveal clear differences, whereby the mgat4A/4B KO clone
exhibits a much more complicated glycoprofile, originating from a substantial
increase of polyLacNAc extensions, revealing that native MS is capable of
distinguishing close isomeric configurations of triantennary N-glycans.
Finally, focusing on all analyzed 24 EPO variants we introduce a classification
scheme, based on the acquired native MS spectral fingerprints. We demonstrate
that just by comparing native mass spectra a product similarity matrix can be
created. Using hierarchical clustering we can directly differentiate glycoengineered
EPO clones, and extract what the gross structural differences are. In this matrix, we
distinguish discrete clusters of 2-, 3-, 4-antennary modified EPOs, and clusters
exhibiting high and low sialylated EPO variants. Our approach for classification, and
biosimilarity scoring, is generic and could benefit the characterization of other
glycosylated proteins, clonal selection in cell line development, and be used for
batch-to-batch quality control (QC) of the glycoproteoform profiles and assessment
of structural aspects linked to biosimilarity.

Results
Characterization of WT EPO glycoproteoform profile
Most glycoengineered EPO clones in our study were designed to reduce
glycoproteoform heterogeneity compared to the non-glycoengineered CHO-cell
produced wild type (WT) EPO. Therefore, in principle the WT EPO sample should
provide the most complex glycosylation profile. Thus, we first attempted to analyze
and assign as many structural variants in WT EPO, based on the acquired highresolution native MS data. The acquired native MS data on WT EPO were in line
with previously published data on commercially available recombinant EPO
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variants22. To illustrate the description of our EPO assignments we display in Fig. 1b
a graphic representation of one of the most abundant WT EPO glycoforms.
Depicted are 3 tetra-antennary N-glycans and one O-glycan (T structure, Galβ13GalNAc) that together result in a total glycan composition of Hex22HexNAc19Fuc3
(using standard nomenclature24) and 14 sialic acids (sia) - which is the maximum
amount of sia moieties a single EPO molecule can contain. Any further increase in
HexHexNAc content stems from the elongation of one of the antennae in a process
termed poly-N-acetyllactosamine (LacNAc) elongation. In the “zero-charge”
deconvoluted native mass spectrum of WT EPO (Fig. 1c top) we see that the Mw
distribution of EPO glycoproteoforms ranges from 29,000 up to almost 34,000 Da.
This 5,000 Da spread is caused by differential glycosylation where the main glycan
compositions correspond to a generic composition of Hexx+3HexNAcxFuc3Siay,
wherein 15<x<22, and 7<y<14.The most abundant glycoproteoform contains
Hex22HexNAc19Fuc3, as depicted in Fig. 1b, albeit containing 12 instead of 14 sia
moieties. Additionally, we observed other glycoproteoforms on WT EPO that are
further modified by polyLacNAc elongation (Hex23-25HexNAc20-22Fuc3Sia7-14), and/or
sequential losses of 1 to 4 of N-glycan branches (Hex18-21HexNAc15-18Fuc3Sia7-13),
resulting in a mixture of bi-, tri-, and tetra-antennary N-glycans. Evidently, there is
always a possibility of multiple isobaric species present within the same narrow
mass window. For instance, the Hex22HexNAc19Fuc3 composition could correspond
to 3 tetra-antennary N-glycans and an O-glycan, but the same composition could
also represent 1 tetra-antennary N-glycan, 2 polyLacNAc elongated tri-antennary
N-glycans and no O-glycan. To tackle this issue and probe the possible presence of
isobaric species within each signal we inspected the native MS spectrum of the
B3gnt2 KO that is responsible for polyLacNAc elongation in CHO cells8
(Supplementary Fig. 1b). In the native MS spectrum of EPO extracted from clone
C16 (B3gnt2 KO), we were surprised to see that each of the Hex18-21HexNAc15-18Fuc3
glycoproteoforms remained almost identical to that of the WT EPO indicating that
each of these glycoproteoforms stems predominantly from the loss of one of the
branches on the N-glycans. On the other hand, we observed the complete
disappearance of glycoproteoform compositions containing Hex23-25HexNAc2022Fuc3 when compared to WT EPO, indicating that these compositions in WT EPO
are indeed polyLacNAc elongated. From the frequently observed Δm-shift of 291
Da it is apparent that a major factor in EPO glycoproteoform diversity is differential
sialylation. On average, in EPO each Hexx+3HexNAcxFuc3 composition exhibits 6
different states of sialylation, with compositions carrying 11 and 12 sialic acid
moieties representing the most abundant variants. To reduce the heterogeneity,
we treated WT EPO with a broad specificity sialidase enzyme and reanalyzed that
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sample by native MS (Supplementary Fig. 1c). Inspection of this, much less dense,
mass spectrum facilitated the assignment of 12 distinct Hexx+3HexNAcxFuc3 (x= 1425) glycan compositions, 6 additional glycoproteoforms with additional HexNAc
moieties, and 6 glycoproteoforms with Δm = 80 Da adducts. Although we cannot
distinguish sulfation and phosphorylation directly from our native mass spectra (Δm
= 0,00951 Da), based on the biosynthetic pathways of N-glycans and previous
studies25,26 the 80 Da adducts most likely originate from sulfation. Evidently, all
these structural variants are also present in the non-sialidase treated WT EPO
sample. However, due to heterogeneous sialylation present in the untreated
sample their annotation becomes more ambiguous and requires additional levels
of analysis, such as we do here by pre-treating WT EPO with sialidase. Finally, based
on the EPO data from the B3gnt2 KO clone and the sialidase treatment, we could
extract that the maximum sialylation of each Hexx+3HexxNAcFuc3 glycan is indicative
of its N-glycan branching. For instance, Hex22Hex19NAcFuc3 has a maximum sialic
acid content of 14 indicating the presence of three tetra-antennary N-glycans. Upon
the loss on one HexHexNAc, which translates into one tri-antennary and two tetraantennary N-glycans the maximum number of sialic acid should be 13, and indeed
the composition of Hex21HexNAc18NAcFuc3 does contain a maximum of 13 sialic acid
acid moieties. In agreement, if we inspect the Hex20HexNAc17NAcFuc3 peak, we
observe its glycan distribution ends at 12 sialic acid moieties indicating the presence
of yet another tri-antennary N-glycan.
Glycoproteoform profiles of individual glycoengineered EPO’s
Following the detailed analysis and assignments of structural features observed
in WT EPO, we next focused on the high-resolution native MS data of all variants.
To describe how individual KOs and KIs affect the overall EPO glycoproteome
profile, we describe in detail two examples, namely C21 EPO, which represents a
KO for the β1,6-N-acetyl-glucosaminyltransferase (mgat5) involved in the β6branching of N-glycans, and C23 EPO, which represents a stacked KO of the β1,4-Nacetylglucosaminyltransferase isozymes A and B (mgat4A/4B) that control the β4branching of N-glycans. Because both KO clones express triantennary glycans8, we
hypothesized that the resulting EPO glycoproteoform profiles would look similar.
The deconvoluted native MS spectra are displayed in Fig. 1c middle and bottom
spectra, for the mgat4A/4B KO and mgat5 KO, respectively. Comparing these
spectra with each other, but also with the spectrum obtained for WT EPO (Fig. 1c
top), it is directly evident that the KO of mgat5 results in a more simplified spectrum
for EPO when compared to mgat4A/4B and WT EPO. Through spectral inspection
and annotation, using the same reasoning as presented above for WT EPO, we
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conclude that the more simplified glycoproteome profile for mgat5 KO originates
from a substantial decrease in polyLacNAc content (Supplementary Fig. 2). This can
be extracted from the low abundance of the Hex20HexNAc17Fuc3 variants, which
indicates the presence of at least one polyLacNAc repeat, and complete absence of
Hex21-22HexNAc18-19Fuc3 compositions that are present in both mgat4A/4B KO and
WT EPO. From these observations, we could confirm that the main acceptor site for
polyLacNAc elongation on N-glycans is specifically the β6-branch and not the β4branch.
Additionally, we detected a substantially higher diversity and degree of
sialylation in mgat4A/4B KO EPO, when compared to mgat5 KO. For instance, the
two most abundant glycan composition in both sets of KOs; Hex19-18HexNAc1615Fuc3, harbor anywhere between 3-11 sialic acid moieties in mgat4A/4B KO, while
it contains predominantly just 6-11 sialic acid moieties in mgat5 KO. This difference
may be due to either incomplete sialylation or the presence of multiple isobaric
varieties exhibiting the same mass. Considering the above-described analysis of WT
EPO and B3gnt2 KO, we argue that these notable differences are mainly due to the
incomplete sialylation occurring in mgat4A/4BKO, which is also found with the
released N-glycan profiling8.
Direct structural assessment of glycoengineered EPO variants
Detailed analysis of all glycoproteoforms distinguishable in the high-resolution
native mass spectra is laborious and still dependent on manual inspection.
However, a significant benefit of native mass spectra is that an integral picture
about glycoproteoform complexity is obtained within a single spectrum. If we
consider the native mass spectra as simple barcodes for EPO produced by each
clone, we could significantly accelerate data analysis of novel clones by just finding
the most similar clone in a larger set of annotated spectra. Moreover, if one uses
the same clone in a batch mode and wants to ensure the product consistency, the
native MS spectra can provide a similarity score used for quality control (QC)22. To
test the reproducibility of the native MS spectral readout we measured and
compared EPO produced by the C18 and C19 clones (Fig. 1d), being biological
replicates, albeit created and characterized 20 months apart. We observed that
EPO purified from these two clones displays an almost identical glycoproteoform
pattern, reflected by a very high similarity score of 0.93. To illustrate the potential
of using the spectral barcodes to classify glycoengineered EPO variants, we
analyzed 25 EPO variants and determined their spectral correlations. Using
unsupervised hierarchical clustering we constructed a matrix of all EPO variants, as
shown in Fig. 2. The specific enzyme KO used in each clone is listed in
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Supplementary Table 1 and the full-unprocessed native MS spectra of all EPO
variants are provided in Supplementary Fig. 4. The clustering led to 5 distinct
clusters, and one extra single clone, which seemingly does not belong to any of
these 5 clusters. The first cluster (solid orange box, C04-08) represents
predominantly biantennary sialylated EPO variants. A slightly more extended
cluster (dashed orange lines) includes additionally C03, which harbors a mixture of
mono- and bi-antennary glycans, and C02 that has an alike N-glycan profile as C0408 but carries truncated O-glycans in the form of STn antigens.

4

Fig. 2 Clustering of glycoengineered EPO clones based on the correlation between
their native MS spectra. In Supplementary Table 1 an overview is given of all 25
clones used, annotating which enzyme(s) was/were knocked-out/knocked-in. Color
and size of the circles indicate the similarity between clones where 1 (full circle,
dark blue) represents nearly identical EPO glycoproteoform profiles. Clusters boxed
by full lines represent clones that share high similarity in their profiles in terms of Nglycan branching, sialylation and O-glycosylation capacity. Cluster expansions
within dashed lines represent clones that display similarity as well as subtle
differences in terms of N-glycan sialylation or O-glycosylation capacity. Orange,
Green, and Purple boxes represent EPO clones expressing primarily bi-, tri-, or tetraantennary N-glycans, respectively. Wild Type EPO is denoted as WT.
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In the second cluster (yellow box), we find EPO from 4 clones; C09-C12, C09 and
C10 are biological replicates that express biantennary N-glycans with reduced
sialylation. Interestingly, they show an increase in polyLacNAc containing
glycoproteoforms when compared with the C08 clone, which exhibits more
sialylation, indicating that sialylation may limit the extent of polyLacNAc elongation.
C11 and C12 represent a set of biological replicates that in addition to diminished
sialylation carry an additional KO eliminating polyLacNAc, resulting in an even more
uniform glycoproteform profile. Taken all together this further demonstrates both
the reproducibility of the method as well as sensitivity to detect the presence of
polyLacNAc species.
A third clear cluster (purple box) reveals that wild type EPO and EPO from clone
C17 share almost identical glycoproteoform profiles, which was expected as the
B4galt4 KO used in the C17 clone does not have compromised galactosylation
capacity for N-glycans 8. EPO from C16, which also falls in this cluster, exhibits a
slight decrease in similarity, largely due to a decrease in polyLacNAc containing
glycoproteoforms. A direct comparison of the polyLacNAc and sialic acid content of
EPO from the two clones C15 and C16, which display the highest level of
dissimilarity in this cluster, is shown in Supplementary Fig.3. Striking differences
are found in the amount of sialylation and polyLacNAc elongation with EPO from
C16 being more sialylated, while EPO from C15 being more polyLacNAc elongated.
EPO from the other two clones in the same cluster (C14 and C15), are both KOs of
enzymes that do not influence glycosylation in CHO cells. This means that we can
almost treat EPO WT, C14-15 and C17 as biological replicates. Indeed, the subtle
differences between these 4 clones are primarily in their sialylation status. EPO WT
and C 17 contain highly sialylated N-glycans (on average 12 sialic acid moieties per
glycoproteoform), on the other hand EPO from C14 and C15 exhibit a substantially
lower sialylation with on average 8 sialic acid moieties per glycoproteoform. We
hypothesize that a decrease in sialylation of these two clones is caused by variations
during clonal development and expansion. Furthermore, the C13 clone, which can
be found in the same, albeit extended cluster (dashed purple lines), is a KO blocking
only core fucosylation. When compared to WT EPO its glycoproteoform profile is
characterized by a -438 Da mass shift of each observed signal, corresponding to the
loss of 3 fucose moieties, which further supports our annotations of WT EPO in
Fig.1c. Another cluster (red box) contains EPO from the above described C18 and
its biological replicate C19 that contain tetra-antennary N-glycans with diminished
sialylation, and as such is not expected to show similarity to the purple cluster
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containing highly sialylated tetra-antennary N-glycans. This data reinforces the
strength of the method for quality assessment of EPO produced in different clones
and batches.
A fifth cluster (green box) includes EPO from C21 and C23, which were analyzed
in depth, as discussed above (Fig. 1c bottom and middle), C24, and surprisingly C22.
Based on the supposed combinatorial KOs of the mgat4A/4B/5, st3gal4/6 and
cosmc/C1GALT1 enzymes, C22 was expected to produce EPO with non-sialylated
biantennary N-glycans, and exhibit truncated O-glycosylation. However, as clearly
deduced from the clustering analysis, the glycoproteoform profile was found to be
very similar to that of C24 EPO, indicating that it was more likely a clone with KO of
mgat4B (see Supplementary Fig. 5). Thus, our initial data hinted at a possible mix
up of samples during some stage of sample purification and handling. Indeed, we
could confirm this by subsequent repeated genotyping of C22 demonstrating that
the EPO sample indeed was derived from a mgat4B KO CHO clone. Related to this
cluster (dashed green lines) EPO from C20 shares similarity with the other
triantennary clones. Again, this can be rationalized, as C20 should express
triantennary N-glycans, with most differences originating from truncation of Oglycans.
Finally, in our dataset there is a single clone that does not take part into any of
these 5 clusters; C01. The C01 clone is an mgat1 KO and thus expresses only core
N-glycans with up to 5 mannose moieties and limited amounts of core fucosylation,
and as such is not expected to share similarity with any of the other clones which
all express complex type N-glycans.
KO of st3gal4 and st3gal6 does not abolish sialylation
Although CHO cells produce human-like glycosylation there is one major
difference. The sialic acids, being the outermost sugar moieties observed on Nglycans are attached via α2-3 linkages in CHO as opposed to human cells that in
addition have attached α2-6 linkages. Although the direct consequences of this key
difference in linkage on drug performance are not yet known, it is desirable to
produce EPO with all possible human structural features. We previously reproted
that the combined KO of st3gal4/6 essentially abolished sialylation of N-glycans8.
This was based on MALDI-TOF of released permethylated glycans, however, when
we here measured EPO by native MS we were able to detect low levels of
glycoproteoforms with up to 6 sia moieties (Fig. 3a top and bottom). Interestingly,
site-specific analysis of these EPO samples by LC-MS/MS also failed to detect the
presence of sialic acids (not shown). Since only 2 out of these 6 sia moieties could
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originate from the O-glycan on EPO (Supplementary Fig. 6), the residual 4 sia
moieties must originate from N-glycans. Although double KO of st3gal4/6 clearly
decreased the sialylation levels markedly (Fig. 3b), we could show that it did not
completely eliminate the presence of N-glycan sialylation. This indicates that
additional st3gal’s need to be knocked out to obtain EPO devoid of sialic acid on Nglycans, and st3gal3 is expressed in CHO and triple st3gal3/4/6 KO clones have
been generated8. These findings are further supported by the observation of up to
4 sia moieties in EPO from the C18 clone, shown in in Supplementary Fig. 7, that is
also a st3gal4/6 KO, but contains tetra-antennary N-glycans.

Fig.3 Biological reproducibility and sialylation status of EPO clones expressing biantennary N-glycans. a Deconvoluted mass spectra of EPO from two biological
replicate clones, C11 (top) and C12 (bottom) exhibiting variable degree of Oglycosite occupancy (Hex15HexNAc12F3 glycoproteoform), b Comparison of
sialylation on EPO purified from clone C08 (mgat4A/4B/5KO) and C12, whereby the
latter has an additional st3gal4/6 KO. c Deconvoluted native mass spectrum of
sialidase treated EPO purified from the C12 clone. The depicted glycan composition
corresponds to the total glycan content of the most abundant mass peak. Main
glycoproteoforms are color coded, wherein each color corresponds to a unique
Hexx+3HexNAcxF3 composition, and the numbers above the annotated peaks
indicate the number of sialic acid residues
We noticed a -18 Da peak trailing each of the peaks corresponding to
Hex16HexNAc13Fuc3Sia1-4 compositions. This peak completely disappeared upon
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sialidase treatment (Fig. 3c), indicating that the -18 Da peak is caused by a
dehydration event on the sialic acid moiety. Due to the presence of dehydrated
peaks in both biological replicates, corroborated by a recent study 27 describing the
presence of dehydrated sialic acids in commercially available bio-therapeutic EPOs
we are inclined to believe that this is not an artefact caused by the ESI process, but
rather a biologically occurring phenomena. Finally, we also observed a significant
bias of standard bottom up approach for glycopeptide quantitation which showed
that about 60% of the O-glycosite is occupied in these samples8. Previous studies
have estimated 70-80% occupancy28, but our native MS data (Supplementary Fig.6)
indicates that the occupancy is rather near complete (90%). This further solidifies
the benefit of our approach for obtaining a true glycoproteoform profiles.
Discussion
We present a comprehensive analytic flow of the complex glycoprotein EPO
using a consecutive series of glycoengineered EPO variants with and without
specific glycan features, and we demonstrate that native MS offers an excellent tool
to quantitate glycoproteoforms and discern even minor changes in glycan
structures. However, it is important to note that this type of data can be acquired
only on an orbitrap EMR instruments. We hope that continuous advancements in
instrument development will enable other platforms to generate such data as well.
When compared with our previous study of glycoproteins22, which combined
middle-down and intact native MS analysis our work represents a significant
advancement in two ways. Firstly, by eliminating the need for middle-down analysis
we no longer require time-consuming sample preparation and glycopeptide
enrichment steps which shortened the analysis time from weeks to a single day.
Secondly, and more importantly, MS analysis of glycoproteins or glycopeptides
usually allows only for compositional profiling of glycans attached to the backbone,
i.e only the total mass of the glycan attached can be deduced, but information
about underlying structure remains elusive. However in this study by combining the
glyoengineering efforts with native MS we were able to move beyond
compositional profiling of glycans and discern glycan brancing vs. polyLacNAc
elongation isomerism. We forsee that with this methodology it will ultimately
become feasible to completely deconstruct a given glycosylation profile of other
glycoproteins.Thus, native MS is an excellent tool for screening consistency in
glycoprotein products as well as providing a much-needed rapid profiling tool for
selection of cell clones during cell line developments for recombinant therapeutics.
Moreover, it will become increasingly more important to study divergence between
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biosimilars and originators as well as different biosimilars of the same originator
product29 that arises from the modifications in the production processes during the
product lifecycle30 where native MS would prove especially advantageous.
Methods
EPO samples
Recombinant human EPO was produced in a panel of gene engineered CHO cell
lines as previously described8. CHO media, supplements and other reagents were
obtained from Sigma– Aldrich unless otherwise specified. CHO cells were
maintained as suspension cultures in CHO CD Fusion serum-free media,
supplemented with 4mM L-glutamine in 50 mL TPP TubeSpin® Bioreactors with 200
rpm or 100 ml in Corning 500 ml culture bottle with 130rpm (Infors, USA) at 36.5°C
and 5% CO2 in air. Gene engineering was performed in CHOZN GS−/− cells (SigmaAldrich) or in CHO-K1 (ATCC) by ZFN mediated KO (mgat1/3/4A/4B/5, st3gal4/6 ,
B3gnt1/2, B4galt3/4, cosmc) and by site-directed ZFN mediated KI using the
ObLiGaRe strategy, as previously described8. Two engineering events were
performed with TALENs (mgat2) or CRISPR/Cas9 (fut8). Briefly, CHO cells were
transfected with 2 μg of each ZFNs or TALENs tagged with GFP/Crimson, and for KI
with additional 5 μg donor plasmid, using Amaxa Nucleofector 2B (Lonza, Amaxa
kit V, U24). After transfection cells were enriched by FACS and the pool after 1-2
weeks was further single cell sorted to 96 well plates on a BD FACSARIA III cell
sorter. Clones were screened by Indel Detection by Amplicon Analysis (IDAA) and
indels further verified by Sanger sequencing31. Targeted gene KI clones were
screened by immunocytology with monoclonal antibodies to the introduced
enzymes and further verified by junction PCR. Expression constructs containing the
entire coding sequence of human EPO cloned into pcDNA3.1/myc-His (C-terminal
tags) respectively, were synthesized by Genewiz, USA, and stable expression of EPO
was established in the gene engineered clones by transfection of the plasmid DNA
and Zeocin selection. EPO is a 193 amino acid protein with N-glycans at Asn51,
Asn65, and Asn110, and O-glycan at Ser153. His-tagged recombinant human EPO
was purified by nickel affinity purification (Invitrogen, US). Media was mixed 3:1
(v/v) in 4x binding buffer (200 mM Tris, pH 8.0, 1.2 M NaCl) and applied to 0.3 ml
packed NiNTA agarose (Invitrogen), pre-equilibrated in binding buffer (50 mM Tris,
pH 8.0, 300 mM NaCl). The column was washed with binding buffer and then bound
protein was eluted with binding buffer with additional 250 mM imidazole. Fractions
containing EPO were determined by SDS-PAGE and further purified on a reversephase HPLC purification with a Jupiter C4 column (5 µm, 300 Å, column 250 x 4.6
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mm) (Phenomenex), using 0.1% trifluoroacetic acid (TFA) and a gradient of 10–
100% acetonitrile. Purity of proteins was evaluated by Coomassie SDS-PAGE and
proteins were quantified by BCA Protein Assay Kit (Thermo Scientific, Rockford, US).
Sample preparation for native MS analysis
20 μg of each EPO sample was buffer exchanged into 150 mM aqueous
ammonium acetate (pH 7.5) by ultrafiltration (vivaspin500, Sartorius Stedim
Biotech, Germany) with a 10 kDa cut-off filter. Concentration was adjusted to 5 μM
and 4 μL was used for native MS analysis. Part of the EPO samples were treated
with 0.02 U of sialidase (Roche, IN, USA) or four units of PNGase F (Roche, IN, USA)
and incubated at room temperature overnight. Following the incubation EPO
samples were buffer exchanged once more into 150 mM aqueous ammonium
acetate (pH 7.5) before native MS analysis.
Native MS analysis
Samples were analyzed on a modified Exactive Plus Orbitrap instrument with
extended mass range (EMR) (Thermo Fisher Scientific, Bremen) using a standard
m/z range of 500-10,000. 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 HCD cell at a gas pressure of 6 × 10−10 bar.
MS parameters used: spray voltage 1.2–1.3 V, source fragmentation and collision
energy were varied from 5-30 to achieve optimal desolvation, and resolution
(at m/z 200) of 17,500. The instrument was mass calibrated in 500 – 5,000 m/z
range using CsI clusters as described previously19.
Data analysis
Average masses of Hexose (Hex, 162.1424), N-acetylhexosamine (HexNAc,
203.1950), fucose (F,146.1430) and sialic acid (291.2579) were used for PTM
annotations. Based on the known backbone mass of EPO and biosynthetic pathway
of N-glycosylation a matrix of possible glycoproteoforms was constructed. This
matrix was then used to annotate raw spectra of EPOs and the annotation was
considered correct if the corresponding proteoform could be found in at least 3
consecutive charge states. Raw spectra were then further deconvoluted to zerocharge by Intact Mass software32 (Protein Metrics, CA, USA) using default settings,
except for the mass range, which was adjusted based on the minimum and
maximum mass proteoforms identified directly from the raw spectra to minimize
the presence of artificial peaks. For quantitation of proteoforms, intensities were
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extracted directly from raw spectra and were summed across the identified charge
states.
Clustering analysis
Raw spectra were pre-processed by binning the data points for each peak into
defined m/z range. Bin size of 0.1 m/z was chosen as an optimal bin size that
maximizes the differentiation of partially overlapping peaks between different raw
spectra. Hierarchical clustering (complete linkage algorithm) using Pearson
correlation was used to identify spectra with similar glycosylation features.
Corresponding similarity matrix was produced using the freely available R package
corrplot (version 0.84).
Data availability
The data and the raw files that support the findings of this study are available
on request from the corresponding author (A.J.R.H.). All cell lines are available on
request under a standard MTA with University of Copenhagen for academic
research purposes
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Supplementary Figure 1. Probing the presence of EPO polyLacNAc elongation in
glyco-engineered EPO. Deconvoluted native mass spectra of a. WT EPO (top), b.
EPO extracted from the C16 clone (middle), which is a KO for polyLacNAc elongation
(B3gnt2 KO) and c. sialidase treated WT EPO (bottom). The main glycoproteoforms
are color coded, wherein each color corresponds to a unique Hexx+3HexNAcxF3
composition, and the numbers above the annotated peaks indicate the number of
sialic acid residues. Compositions indicated by red arrows in the top spectrum
vanish upon polyLacNAc KO, as seen in the middle spectrum. Red stars and circles
126 | P a g e

in the bottom spectrum indicate additions of HexNAc and 80Da moieties,
respectively.

4

Supplementary Figure 2. Comparison of polyLAcNAc content of EPO extracted from
the C21 (mgat5 KO) and C23 (mgat4A/4B KO) clones. Drawn is the composition for
glycoproteoforms with the generic Hex19HexNAc16F3 composition, all abundant
light grey compositions to the right are polyLacNAc elongated.

Supplementary Figure 3. PolyLacNAc and sialylation status characterization of
B3gnt1 KO and B3gnt2 KO. a Distribution of polyLacNAc extensions on EPO purified
from the clones C15 (B3gnt1 KO) and C16 (B3gnt2 KO), HN19H22F3 corresponds to
the maximal composition with zero polyLAcNAc elongations. b. Distribution of sialic
acid content on EPO purified from the clones C15 and C16.
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Supplementary Figure 4. Full raw native mass spectra of clones used in Figure 2.
Clone names are shown in the inset of each spectrum and color coded according to
the clusters depicted in Figure 2.
Supplementary Table 1. List of studied EPO clones. Enzyme knock-outs are
described, and color coded according to the clusters observed in Figure 2.
EPO CLONE
C 01
C 02
C 03
C 04
C 05
C 06
C 07
C 08
C 09
C 10
C 11
C 12
C 13
C 14
C 15
C 16
WT
C 17
C 18
C 19
C 20
C 21
C 22
C 23
C 24

Gene engineering
mgat1 KO
mgat3/4A/4B/5 cosmc KO
mgat2 KO
KI st6gal1 in mgat4A/4B/5
st3gal4/6 -/KI st6gal1 in mgat4A/4B/5
st3gal4/6 -/-

Effect
High mannose glycans
Biantennary glycans + Tn antigen
Loss of β2-Branch
Homogenous biantennary α2,6-NeuAc
sialylated glycans
Biological replicate

mgat4A/4B/5 st3gal4/6
B3gnt2 KO + st6Gal-I KI
B3gnt2/mgat4A/4B/5 KO

Homogenous biantennary α2,6-NeuAc
sialylated glycans
Biantennary glycans with eliminated
polyLacNAc
Biantennary sialylated glycans
Biantennary glycans with decreased
sialylation
Biological replicate

mgat4A/4B/5 KO
st3gal6 KO in
mgat4a/4b/5/ST3Gal4 -/st3gal6 KO in
mgat4A/4B/5/st3gal4 -/B3gnt2 KO in mgat4A/4B/5
st3gal4/6 -/B3gnt2 KO in mgat4A/4B/5
st3galt4/6 -/fut8 KO
B4galt3 KO
B3gnt1 KO
B3gnt2 KO
/
B4galt4 KO
st3gal4/6 KO
st3gal4/6 KO
mgat3/4A/5 cosmc KO
mgat 5 KO
mgat4A/4B/5/st3gal4/6
cosmc KO
mgat4A/4B KO
mgat4B KO

Biantennary glycans with decreased
sialylation and no polyLacNAc
Biological replicate
No fucosylation
No effect
No effect
Eliminated polyLacNAc
Wild type
No effect
Decreased sialylation on N-glycans
Biological replicate
Eliminates β6-branch of N-glycans, O-glycans
all in the form of Tn
Eliminates β6-branch of N-glycans
UNKNOWN (sample mislabeled), native data
indicate mgat4b
Eliminates β4-branch of N-glycans
Eliminates β4-branch of N-glycans
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Supplementary Figure 5. Native mass spectra of mislabeled clone. Shown is the
most abundant charge state (10+) of the mislabeled EPO C22 clone and for
comparison that of EPO extracted from the clone C24 (orange). These data indicate
that both clones share very similar glycoproteoform signatures as expressed by the
high similarity score of 0.88 (Score is based on the full raw spectrums shown in
Supplementary Fig. 4

Supplementary Figure 6. Comparison of O-glycosylation upon st3gal4/6 KO. WT
and C 08 express tetra- and bi-antennary N-glycans, respectively, with normal
sialylation, while C 18 and C 09 have an additional KO of st3gal4/6 when compared
to WT and C 08, respectively.
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Supplementary Figure 7. Characterization of st3gal4/6 KO influence on N-glycan
sialylation. Main glycoproteoforms are color coded, wherein each color
corresponds to a unique Hexx+3HexNAcxF3 composition, and the numbers above the
annotated peaks indicate the number of sialic acid residues.
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Summary
Mannose-6-phosphate (M6P) is a distinctive post-translational modification critical
for trafficking of lysosomal acid hydrolases into the lysosome. Improper trafficking
into the lysosome, and/or lack of certain hydrolases, results in a toxic accumulation
of their substrates within the lysosomes. To gain insight into the enzymes destined
to the lysosome these glycoproteins can be distinctively enriched and studied using
their unique M6P tag. Here we demonstrate, by adapting a protocol optimized for
the enrichment of phosphopeptides using Fe3+-IMAC chromatography, that
proteome-wide M6P glycopeptides can be selectively enriched and subsequently
analyzed by mass spectrometry, taking advantage of exclusive phosphomannose
oxonium fragment marker ions. As proof-of-concept of this protocol, applying it to
HeLa cells, we identified hundreds of M6P-modified glycopeptides on 35 M6Pmodified glycoproteins. We next targeted CHO cells, either wild-type or cells
deficient in Acp2 and Acp5, which are acid phosphatases targeting M6P. In the KO
CHO cells we observed a 20-fold increase of the abundance of the M6Pmodification on endogenous CHO glycoproteins but also on the recombinantly
over-expressed lysosomal human alpha-galactosidase. We conclude that our
approach could thus be of general interest for characterization of M6P
glycoproteomes as well as characterization of lysosomal enzymes used as
treatment in enzyme replacement therapies targeting lysosomal storage diseases.
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Introduction
Lysosomes and lysosome associated organelles are cytosolic acidic
compartments responsible for the degradation and digestion of a variety of
biological macromolecules 1. Its degradative activity originates from the presence
of over 60 lysosomal acid hydrolases. The majority of the lysosomal enzymes are
incorporated into the organelle triggered by a specific post-translational
modification involving a unique mannose-6-phosphate (M6P) moiety. This sugar
moiety can be recognized by two distinct mannose-6-phosphate receptors in the
Golgi complex, that subsequently transport their cargo towards the lysosome 2,3.
Biosynthesis of the M6P tag starts in the rough endoplasmic reticulum (ER),
where co-translational modification results in the N-glycosidic linkage of a 14-sugar
glycan entity on selected asparagine residues in targeted proteins (Figure 1.1 to
1.4). Subsequent removal of three glucose molecules by glucosidases and a
terminal mannose moiety by mannosidase, produces uniform glycoproteins
prepared for export from the ER, to the Golgi apparatus (Figure 1.5 to 1.8) 4. In the
cis-Golgi network, selective phosphorylation of the proteins is achieved by the
recognition of a lysine surface patch by the GlcNAc-phosphotransferase 5. The
enzyme initiates a two-step reaction by catalysing the addition of a GlcNAc-1phosphate molecule to the outermost mannose residues (Figure 1.9). The
subsequent removal of the terminal GlcNAc group occurs by the GlcNAc-1phosphodiester-N-acetylglucosaminidase (“uncovering enzyme” (UCE)), that finally
produces the M6P that is recognized by the mannose-6-phosphate receptors. In the
trans-Golgi network, the mannose-6-phosphate receptors recognize and bind to
the M6P sugar moiety initiating the incorporation of newly synthesized lysosomal
acid hydrolases in clathrin coated vesicles for their ultimate delivery to the
lysosomes. Here, the mannose-6-phosphate receptor substrates dissociate from
their receptor due to the substantial drop in pH, upon which many proteins
undergo additional modifications to produce a fully functional enzyme. Some of
such modifications are activated by the phosphatases Acp2 and Acp5 that remove
phosphate groups from lysosomal acid hydrolases, triggering them to execute their
function as hydrolases, activating the degradation of macromolecules 6.
Providing lysosomes with the correct array of enzymes is of uttermost
importance in cellular function. Absence or improper activity of one of the
lysosomal acid hydrolases results in diverging phenotypes ranging from improper
antigen processing due to improper cathepsin function 7–9 all the way to lysosomal
storage diseases. The most prominent phenotype of lysosomal storage diseases is
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the accumulation of glycoproteins, unprocessed lipids, mucopolysaccharides, and
combinations thereof. Two well-known examples include Fabry’s and Gaucher
disease, resulting from the absence of alpha-galactosidase A and
glucocerebrosidase enzymes, respectively, causing sphingolipid accumulation
inside the lysosome 10,11. Currently, the only therapeutic option for such disorders
is enzyme replacement therapy where a recombinant version of the enzyme is
provided. One of the critical attributes of such replacement therapies in the
presence of the M6P-moitey on the enzyme, ensuring proper targeting to the
lysosome where they can exert their therapeutic function.

Fig. 1 Mannose-6-phosphate biosynthetic pathway. Biosynthesis starts with a cotranslational transfer of a 14-sugar glycan precursor, onto an asparagine residue of
a nascent polypeptide (steps 1–4). Next, the modified protein undergoes sequential
trimming by glucosidases and mannosidase that remove glucose and mannose
moieties, respectively (steps 4–7). Loss of one mannose residue in step 7 serves as
a checkpoint of a proper folding state of a protein and enables transfer to the cisGolgi (steps 7–8). As the protein traverses the Golgi it undergoes further
modification by a GlcNAc-phosphotransferase to obtain the M6P tag enabling
recognition of the M6P modified proteins and subsequent transfer into the
136 | P a g e

lysosome. Note that the steps 1–7 occur in the endoplasmic reticulum, whereas
steps 8–11 occur in the Golgi compartment.
To understand the origin of lysosomal storage diseases, it is essential to obtain
an overview of the wide range of proteins that are contained within the lysosome.
The current most widely used technique in the proteomic analysis of the lysosome
is the affinity purification from tissue samples using columns with immobilized
receptors 12–15. In these earlier used methods, M6P-modified proteins were
extracted, deglycosylated with peptide N-glycosidase F and subsequently subjected
to mass spectrometry (MS) analysis. However, these approaches can result in false
positive identifications due to the applied removal of the M6P-tag. A few studies
focused on intact M6P glycopeptides, although they were mainly focused on the
analysis of a single lysosomal protein 16,17.
Here we use a well-known enrichment method, for phosphopeptides, based on
iron immobilized metal ion affinity chromatography (Fe3+-IMAC) that we show
enables the co-enrichment of M6P-modified glycopeptides from a complex cell
lysate. To distinguish the M6P-modified glycopeptides from phosphopeptides we
utilize a specific signature fragment ion of M6P (m/z 243.026) 18 observed during
higher-energy c-trap dissociation (HCD). Observation of this ion in HCD triggers
electron-transfer/higher-energy collision dissociation (EThcD), which results in a
more confident characterization of the exact sites of the M6P-modified
glycopeptides, and provides signature glycan fragments enabling confident
glycoform identification. Initial analysis of a HeLa cell lysate with our modified
enrichment and targeted MS approach resulted in the identification of 35 M6Pmodified glycoproteins and 46 M6P glycosites from hundreds of detected M6P
glycopeptides. Next, we applied our approach to wild-type CHO cells and CHO cells
carrying a gene knockout (KO) of the acid phosphatases Acp2 and Acp5, which
dephosphorylate lysosomal proteins. KO of these phosphatases resulted in >20 fold
increase in abundance of M6P glycopeptides, enabling a deeper coverage of the
CHO M6P-glycoproteome. Finally, we demonstrate that recombinant expression of
lysosomal human alpha-galactosidase in WT CHO cells and CHO cells carrying the
Acp2 and Acp5 KO results in a drastic increase of the M6P-moiety on alphagalactosidase in the KO CHO cell line. We conclude that Fe3+-IMAC enables facile
enrichment of intact M6P glycopeptides and could be used to extend biological
insight gained from standard phosphoproteomic studies, additionally, when
coupled with glycoengineering strategies it can be used for characterization of
improved therapeutic enzymes used for the treatment of lysosomal storage
diseases
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Experimental procedures
Hela cell culture
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum (Invitrogen) and 0.05 mg/ml penicillin/streptomycin
(Invitrogen) at 37 °C in 5% CO2 in 15cm plate. Cells were collected at 80% confluence
by centrifugation and washed three times with ice-cold PBS.
CHO cell culture and generation of Acp2/5 knockout
A CRISPR/Cas9 based approach was used for the gene knockout (KO) in CHO
cells as described preciously 19 . CHOZN GS-/- cells with stable expression of alphagalactosidase were used as the parental clone (as below: wild type) for the Acp2/5
KO. Cells were maintained as suspension cultures in EX-CELL CHO CD Fusion serumfree media (Sigma-Aldrich) in 50 mL TPP TubeSpin® Bioreactors with 180 rpm
shaking speed at 37°C and 5% CO2. Cells were seeded at 0.5 × 106 cells/mL in T25
flask (NUNC, Denmark) one day prior to transfection. Electroporation was
conducted with 2x106 cells with a DNA mixture of 1 μg of Cas9-GFP plasmid and 1ug
of gRNA plasmid (U6GRNA, Addgene Plasmid #68370) using an Amaxa kit V and
program U24 with Amaxa Nucleofector 2B (Lonza). 48 hrs after nucleofection the
10-15% highest GFP expression pools of cells were enriched by FACS, and after 1
week cultured cells were single-cell sorted by FACS into 96-wells. KO clones were
identified by Indel Detection by Amplicon Analysis (IDAA) as described 20 . Selected
clones were further verified by Sanger sequencing. Around 1.5 x108 of wild type
and KO cells were collected by centrifugation and washed three times with ice-cold
PBS.
Experimental design and statistical rationale
For both Hela and CHO cells, three technical replicates were performed. The
values of peptide to spectrum matches (PSM) from each detected glycan
composition across all M6P-modified peptides were summed then mean ± standard
deviation of three technical replicates were calculated.
Cell lysis and protein digestion
HeLa, CHO wild type and CHO KO cell pellets were re-suspended in lysis buffer
containing 100 mM Tris-HCl (pH 8.5) (Sigma-Aldrich), 7M urea (Sigma-Aldrich), 5
mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, Sigma-Aldrich), 30 mM
chloroacetamide (CAA, Sigma-Aldrich), Triton X-100 (1%) (Sigma-Aldrich), 2 mM
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magnesium sulfate (Sigma-Aldrich), Benzonase (1%) (Merck Millipore),
phosphoSTOP (Roche) and complete mini EDTA free (Roche). Then, cells were
disrupted by sonication for 45 min (20 s on, 40 s off) using a Bioruptor Plus
(Diagenode). Cell debris was removed by centrifugation at 14,000 rpm for 1 h at 4°C
and the supernatant was kept. Impurities were removed by methanol/chloroform
protein precipitation as follows: 1 mL of supernatant was mixed with 4 mL of
methanol (Sigma-Aldrich), 1 mL chloroform (Sigma-Aldrich) and 3 mL ultrapure
water with thorough vortexing after each addition. The mixture was then
centrifuged for 10 min at 5,000 rpm at room temperature (RT). The upper layer was
discarded, and 3 mL of methanol was added. After sonication and centrifugation
(5,000 rpm, 10 min at RT), the solvent was removed, and the precipitate was
allowed to air dry. The pellet was resuspended in digestion buffer containing 100
mM Tris-HCl (pH 8.5), 0.5% Rapigest (Water), 5 mM TCEP and 30 mM CAA. Trypsin
(Sigma-Aldrich) and Lys-C (Wako) were added to a 1:50 and 1:100 ratio (w/w),
respectively. Digestion was performed overnight at 37°C. After acidic precipitation
of Rapigest with 0.5% trifluoroacetic acid (TFA), peptides were cleaned by Sep-Pak
C18 1cc vac cartridge, dried and stored at -80°C until Fe3+-IMAC enrichment.
Fe3+-IMAC enrichment
Fe3+-IMAC was performed in technical triplicates for each biological group as
described previously 21. Tryptic peptides (2 mg) were re-suspended with ice-cold
buffer A and the pH was adjusted to 2.3 using 10% TFA before injection into the
Fe3+-IMAC column (Propac IMAC-10 4 × 50 mm column, ThermoFisher Scientific).
Mobile-phase solvent A consisted of 30% acetonitrile and 0.07% TFA, and mobilephase solvent B consisted of 0.3% NH4OH in water. Loading was performed at a
flow rate of 0.1 mL/min for 7 min with 0% B and non-phosphorylated or nonphosphomannosylated peptides were washed out using a flow rate of 1 mL/min for
5 min with 0% B. Phosphopeptides and phosphomannose peptides were eluted at
a flow rate of 1 mL/min with 50% B for 1.5 min, followed 0.5 mL/min for 2.5 min
with 50% B, and finally held at 1 mL/min of 0% B for 9 min. Collected
phosphopeptides and phosphomannose peptides were dried down using a
lyophilizer.
LC-MS/MS analysis
Nanoflow LC-MS/MS was performed by coupling an Agilent 1290 (Agilent
Technologies, Middelburg, Netherlands) to an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Scientific, Bremen, Germany) for the analysis of peptides
enriched by Fe3+-IMAC. After resuspension in 0.1% TFA, peptides were separated
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by using a 100 µm inner diameter 2 cm trap column (in-house packed with ReproSilPur 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). Mobilephase solvent A consisted of 0.1% FA in water, and mobile-phase solvent B
consisted of 0.1% FA in ACN. Trapping was performed at a flow rate of 5 μl/min for
5 min with 0% B and peptides were eluted using a passively split flow of 300 nl/min
for 85 min with 8% to 40% B over 75 min, 40% to 100% B over 3 min, 100% B for 1
min, 100% to 0% B over 1 min, and finally held at 0% B for 10 min. Peptides were
ionized using 2.0 kV spray voltage and a capillary temperature of 320 °C. The mass
spectrometer was set to acquire full-scan MS spectra (375–1700 m/z) for a
maximum injection time of 50 ms at a mass resolution of 60,000 and an automated
gain control (AGC) target value of 4e5. The dynamic exclusion was set to 20s at
exclusion window of 10 ppm with a cycle time of 3s. Charge-state screening was
enabled, and precursors with +2 to +6 charge states and intensities >1e5 were
selected for tandem mass spectrometry (MS/MS). HCD MS/MS (150-1800 m/z)
acquisition was performed in the HCD cell, with the readout in the Orbitrap mass
analyzer at a resolution of 30,000 (isolation window of 1.6 Th) and an AGC target
value of 5e4 or a maximum injection time of 75 ms with a normalized collision
energy of 30%. When the oxonium ion of phosphomannose (Man P, 243.026+) was
observed, EThcD MS/MS on the same precursor was triggered (isolation window of
1.6 Th) and fragment ions (150-2100 m/z) were analyzed in the Orbitrap mass
analyzer at a resolution of 30,000, AGC target value of 2e5 or a maximum injection
time of 200 ms with activation of ETD and supplemental activation with a
normalized collision energy of 27%.
Data analysis
Raw data files of peptides enriched by Fe3+-IMAC were processed using Byonic
software (ver 2.15.10) (Protein Metrics Inc.) with the following search parameters:
trypsin digestion with a maximum of 2 missed cleavages, unreviewed CHO database
(Uniprot, 34 962 entries,March 2018), and reviewed human database for HeLa
samples (Uniprot, 26 339, March 2018). Precursor ion mass tolerance, 10 ppm;
fragmentation type, both HCD & EThcD; product ion mass tolerance for HCD, 20
ppm; product mass tolerance for EThcD, 20 ppm; carbamidomethylation of
cysteines as a fixed modification; variable modifications: methionine oxidation,
phosphorylation on serine, threonine and tyrosine residues. Byonic database of the
50 common biantennary N-glycans and 20 M6P-modified N-glycans (full list of M6P
compositions is provided in Supplementary table 1). Byonic cut-off score of 100
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was used and all M6P-modified identified glycopeptide spectra were further
manually validated for the presence of the signature ion (243.026 m/z). Skyline
(Skyline-daily, Version 4.0.9.11664) was used to build a spectral library from search
results and extracted ion chromatograms (XICs) of precursor ions with the first five
isotopes being used to calculate peak areas of selected peptides shown in the
Figures 5 and 6. Raw files of previously published study 22 of three standard
approaches for phosphopeptide enrichment were downloaded from PRIDE partner
(identifier: PXD005366) and searched with same above-mentioned parameters in
Byonic software except fragmentation type was only HCD.
Data availability
The mass spectrometry data have been deposited to the ProteomeXchange
Consortium via the PRIDE 23 partner repository with the dataset identifier
PXD010333 and 10.6019/PXD010333. As PRIDE does not fully support glycopeptide
data Byonic results, in the form of freely available Byonic Preview files, containing
all identified and assigned spectra are available at the following link:
https://figshare.com/s/ce1596a84a2fe0927b1e
Results
Evaluation of the HeLa mannose-6-phosphate modified glycoproteome
Somewhat inspired by studies 24–26 demonstrating the applicability of common
phosphopeptide enrichment protocols to enrich also sialylated glycopeptides we
investigated whether also M6P-modified glycopeptides could be enriched. To this
end we first set out to reanalyze previously published data 22 in which three
standard approaches for phosphopeptide enrichment were compared: Ti4+ and Fe3+
based IMAC, and TiO2 based enrichment, now allowing variable M6P-modifications,
GlcNAc2Man3-8Phospho1-2 and GlcNAc3-4Man6-8Phospho1NeuAc0-1 (Supplementary
Table 1), on Asn residues in addition to phosphorylation on Ser, Thr and Tyr. Our
reanalysis of these data sets (Figure 2) revealed that next to several thousands of
phosphopeptides also tens of M6P-modified glycopeptides were co-enriched. As
previously noted 22 the three enrichment approaches performed equally well for
the phosphopeptides with a great overlap in identified unique phosphopeptides. In
the co-enrichment of M6P-modified glycopeptides, we seemingly did observe a bias,
whereby the Fe3+-IMAC based enrichment provided the highest number of
identifications with 25 identified M6P-modfied glycopeptides. Ti4+ IMAC provided a
slightly lower efficiency with 14 identified M6P glycopeptides, and more
surprisingly, only 3 M6P glycopeptides were identified by using the TiO2 based
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enrichment. Although in this experiment Fe3+-IMAC and Ti4+ IMAC show slightly
different performance, we identified the same glycoforms, GlcNAc2Man67Phospho1-2, albeit on a different peptide backbones indicating that the difference
is likely due to stochastic nature of precursor ion selection during MS analysis. From
these experiments, we decided to perform the rest of the experiments using Fe3+IMAC and we sought to further optimize the enrichment and analysis protocol to
extend the coverage of M6P-modified glycoproteome. We hypothesized that there
are two main reasons for the low numbers of M6P-modified glycopeptides. Firstly,
the MS fragmentation scheme based only on HCD is not optimal for glycopeptide
identifications due to the preferential cleavage of the glycan moiety 27,28. Secondly,
combination of low starting material used in 22 and the inherent low abundance of
M6P glycoproteins probably precluded their detection during MS analysis. To test
our hypothesis we performed an experiment where we increased the amount of
starting material to 2 mg of protein and optimized the MS fragmentation scheme
to combine HCD with EThcD fragmentation, which were triggered upon observation
of the signature fragment ion in the HCD spectra for M6P-modified glycopeptides,
namely the phosphomannose oxonium ion (243.026 m/z) 18. Using this approach,
we could now identify almost a hundred of unique M6P-modified glycopeptides
(Supplementary Table 2) in Hela cells corresponding to 35 M6P-modified
glycoprotein and 46 M6P glycosites (Table 1), which is significantly more than what
we could identify from the published dataset 22 (Figure 2c). We observed that the
pool of M6P glycopeptides in frequency comprise around 2-3% of the total peptide
(M6P glycopeptide and phosphopeptide) pool. Manual inspection of the spectra
elucidated that the prime reason for the observed increase in the number of M6Pmodified glycopeptide identifications is due to the inclusion of EThcD as
fragmentation technique. Additionally, we observed a cleavage between the first
and second GlcNAc residues of M6P glycans, albeit only during EThcD
fragmentation, which allows unambiguous assignment of the glycan form attached
to the peptide backbone (Figure 3b and Supplementary Figure 1). This combined
with the observation that the M6P modification resulted in an increase of miss
cleavage rates, resulting in larger peptides carrying more charges makes EThcD
fragmentation attractive for characterization of M6P modified glycopeptides 29.
However, as demonstrated in Figure 3a and Supplementary Figure 1, it is also
possible to successfully identify M6P modified glycopeptides with HCD
fragmentation alone, but greater care has to be devoted to manual validation as a
large fraction of the identifications is based solely on precursor mass.
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Fig. 2. Enrichment of phosphopeptides and M6P-modified peptides by Fe3+IMAC, Ti4+-IMAC and TiO2. a) Venn diagram and number of identified M6Pmodified peptides from three different enrichment approaches in one out of four
replicates. b) Venn diagram and number of identified phosphopeptides using the
three different enrichment phases in one out of four replicates. The three different
enrichment strategies compare well in their enrichment performance for
phosphopeptides, whereas for M6P-modified peptides Fe3+-IMAC and Ti4+-IMAC
substantially outperform TiO2. c) Comparison of detected M6P glycopeptides in
this and previous22 study.
Table 1. Identified M6P-modified glycoproteins in HeLa cells.
Uniprot ID

Protein name

M6P
sites

O00115

Deoxyribonuclease-2-alpha

N266,290

O00469

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2

N63

O00584

Ribonuclease T2

N106

O00754

Lysosomal alpha-mannosidase

N367

O14773

Tripeptidyl-peptidase 1

N210,222

O60911

Cathepsin L2

N221

O75503

Ceroid-lipofuscinosis neuronal protein 5

N178

O75629

Protein CREG1

N160,216

P040

Glucosylceramidase

N309

P06280

Alpha-galactosidase A

N192,215

P07339

Cathepsin D

N263

P07602

Prosaposin

N332

P07711

Cathepsin L1

N221

P10253

Lysosomal alpha-glucosidase

N470
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P10619

Lysosomal protective protein

P15586

N-acetylglucosamine-6-sulfatase

P15848

Arylsulfatase B

N188

P16278

Beta-galactosidase

N247,464

P17405

Sphingomyelin phosphodiesterase

N335

P20933

N(4)-(beta-N-acetylglucosaminyl)-L-asparaginase

N38

P06865

Beta-hexosaminidase subunit alpha

N157

P42785

Lysosomal Pro-X carboxypeptidase

N415

P50897

Palmitoyl-protein thioesterase 1

N197,212

P53634

Dipeptidyl peptidase 1

N53,119,276

P61916

Epididymal secretory protein E1

N58,135

Q02083

N-acylethanolamine-hydrolyzing acid amidase

N37

Q02809

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1

N197

Q13510

Acid ceramidase

N342

Q8NHP8

Putative phospholipase B-like 2

N88

Q92484

Acid sphingomyelinase-like phosphodiesterase 3a

N238

Q92820

Gamma-glutamyl hydrolase

N203

Q99519

Sialidase-1

N352

Q99538

Legumain

N167

Q9H3G5

Probable serine carboxypeptidase CPVL

N346

Q9UBR2

Cathepsin Z

N184
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N279,362,40
5

5
Fig. 3. Illustrative HCD and EThcD spectra of M6P-modified peptides. a) HCD
fragmentation spectra of the [M+3H]3+ tryptic M6P-modified peptide originating
from Palmitoyl-protein thioesterase 1. b) EThcD fragmentation spectra of the same
peptide. The insets depict the amino acid sequence coverage obtained by each
fragmentation method and assigned glycoforms at the glycosylation site. Two
signature fragment ions, Man-P (243.026+) and Man2-P (405.079+), are clearly
observed and annotated in both spectra. The shaded rectangle represents a
signature glycan fragment indicative of the glycoform composition exclusively
detected by EThcD fragmentation.
Inspection of all the M6P-modified glycopeptide spectrum matches revealed
that in HeLa cells each of the glycosites is predominantly modified with a
GlcNAc2Man7Phospho2 (Man7 PP) glycoform, but in total we did observe at least 7
different glycan compositions ranging from Man3 P to Man8 PP (Fig 4a). However,
we did not observe any glycans corresponding to hybrid N-glycans harboring the
M6P tag. Considering that hybrid N-glycans are the lowest abundant class of Nglycans it is most likely that glycopeptides harboring hybrid M6P glycans are simply
too low abundant to be detected. We then further checked the specificity of our
enrichment and counted the N-glycan signature oxonium ions (m/z 204). In total,
we detected over 2000 scans containing both the 204 and 243 oxonium ions specific
for N-glycans in general, and M6P modified glycans, respectively (Supplementary
Table 3).When compared with scans that contained only 204 ion and no 243 ion,
around 200 scans, we calculated that over 90% of all glycopeptide scans are in fact
originating from M6P-harboring glycopeptides. Our findings support in vitro studies,
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which revealed that the Man7 PP glycoform exhibits the highest binding affinity
towards mannose-6-phosphate receptors 30,31. We also further validated our results
by performing a pathway enrichment analysis 32, which showed , as expected,
significant enrichment for lysosomal proteins (Figure 4b). Additionally, the Cell
Atlas 33 was used to validate protein hits not previously reported to be lysosomal
proteins, such as CREG1 protein, which verified that it can be a bone fide lysosomal
protein.

Fig. 4. Characteristics of the HeLa M6P-modified glycoproteome. a) Distributions
of the detected glycan composition of all M6P-modified peptides detected in HeLa
cells. Error bars denote standard deviation between replicates. The inset depicts
the structure of the most frequently detected Man7 P and Man7 PP glycans. b)
Pathway enrichment analysis of identified M6P glycoproteins in HeLa cells.
Double KO of Acp2 and Acp5 increases CHO M6P glycoproteome coverage
The Chinese hamster ovary cell line (CHO) is often used in biological and
medical research and commercially in the production of therapeutic proteins 34,35,
including enzymes. It has been used to produce recombinant lysosomal human acid
alpha-galactosidase for the treatment of the lysosomal storage diseases: Fabry’s
disease 36,37. Therefore, we were interested to apply our method to reveal the M6P
landscape in CHO cells. We used a CHO cell line with a stable expression of
recombinant human acid alpha-galactosidase (referred to as CHO WT) and
subjected it to the same protocol as described above for the HeLa cells. To our
surprise, starting with similar amounts of input we identified considerably fewer
(i.e. 15) M6P-modified glycoproteins (Table 2 and Supplementary Table 4) with a
very limited number of detected M6P-modified glycopeptide PSMs (Figure 5a).
Since we have performed all the CHO and HeLa cells simultaneously in triplicates
we could eliminate the possibility of experimental variation that could cause such
drastic differences in the numbers of identified M6P-modified glycoproteins
between HeLa and CHO cell lines. One other potential reason for such a low number
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of identifications may originate from, that under the applied conditions, less M6Pmodified glycoproteins are synthesized and transported into the lysosome in these
CHO cells.

5

Fig. 5. Qualitative and quantitative overview of the M6P-modifications found in
CHO WT and CHO Acp2/5 KO cells. a) Comparison of the glycan compositions
detected in CHO WT (grey) and CHO Acp2/5 KO (black). Error bars denote standard
deviation between replicates. b) Glycoproteoform profile of Cathepsin Z in the CHO
Acp2/5 KO cells, glycan compositions annotated with * were also detected in CHO
WT sample. c) Abundances of the non-modified tryptic peptide (left) and M6Pmodified glycopeptide tryptic peptide (right) of Cathepsin Z in the CHO WT cells. d)
Abundances of the non-modified tryptic peptide (left) and M6P-modified
glycopeptide tryptic peptide (right) of Cathepsin Z in CHO Acp2/5 KO cells. e) EThcD
spectrum of a glycopeptide harboring a Man3-P originating from Cathepsin Z. The
shaded fragment denotes a signature glycan fragment indicative of the proposed
glycan composition.
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Table 2. Identified M6P-modified glycoproteins in CHO Acp2/5 KO cells.
Uniprot ID
Protein name
M6P
sites
A0A061I2K0 Beta-glucuronidase
N423,598
A0A061I4G4

Pro-cathepsin H-like protein#

A0A061I7D9

Beta-galactosidase

A0A061I8I4

Cathepsin F

A0A061IIU8
G3GV64

Gamma-interferon-inducible lysosomal thiol
reductase-like protein
Mammalian ependymin-related protein 1*

G3GWD3

Alpha-mannosidase

G3GZB2

Acid ceramidase

G3H2P3

Beta-galactosidase (Fragment)

G3H8V5

Carboxypeptidase*

G3HCX3

Deoxyribonuclease-2-alpha*

G3HE67

Protein CREG1

G3HGM6

N(4)-(Beta-N-acetylglucosaminyl)-L-asparaginase

G3HKV9

Group XV phospholipase A2

G3HN89

Palmitoyl-protein thioesterase 1*

G3HQY6

Lipase

G3HTE5

Lysosomal alpha-glucosidase*

N159,319
N134,464,87

G3HZE3

Sialidase-1

G3I1H5

Legumain

N284,293

G3I2H6
G3I4D4

N-acetyllactosaminide beta-1,3-Nacetylglucosaminyltransferase*
Ribonuclease T2*

G3I4W7

Cathepsin D*

G3I6T1

Phospholipase B-like

G3I8P7

N-acetylglucosamine-6-sulfatase*

N84
N201,284,32

G3IG26

CMP-N-acetylneuraminate-beta-galactosamidealpha-2, 3-sialyltransferase#

N33
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N70,99
N262
N350
N153
N147,199
N190,629
N342
N229
N140
N72,89
N216
N39
N99,398
N197,212

9

N268,277
N204
N80,110
N134,259

7

G3IMH4

Sphingomyelin phosphodiesterase*

G3IN86

Dipeptidyl-peptidase 2

G3INC5

Cathepsin L1*

P06280

Alpha-galactosidase A*

Q9EPP7

Cathepsin Z*

N50
N325,438
N22,221
N139,192,21
5

N186
*
Proteins also detected in CHO WT sample #Proteins detected only in CHO WT
sample
To test this hypothesis, and motivated by previous studies 15,38 demonstrating
increased selectivity of M6P affinity purification in Acp5 or Acp2/5 deficient mice,
we created a CHO cell line with a double knock-out (KO) of the Acp2 and Acp5
phosphatases, responsible for the dephosphorylation of M6P-modified
glycoproteins upon their entry into the lysosome. As expected, when using a same
input and identical protocol, but now applied to the CHO Acp2/5 KO cell line, we
were able to double the number of identified M6P-modified glycoproteins (28 in
CHO KO versus 15 in CHO WT) and we observed five-fold increase in scans
containing the signature M6P ion (Supplementary Table 3). We also identified a
couple of hundreds of M6P-modified glycopeptide PSMs mapping to 160 unique
M6P glycopeptides in the Acp2/5 KO cells, which represents a 4-fold increase in
M6P glycopeptide identifications when compared to the 50 M6P-modified
glycopeptide PSMs corresponding to 42 unique M6P glycopeptides detected in CHO
WT (Figure 5a and Supplementary Table 4). Furthermore, even for M6P-modified
proteins observed in both WT and Acp2/5 KO CHO cells, such as Cathepsin Z (Figure
5b), we observed an increase in glycoform coverage from 4 distinct glycoforms
identified in CHO WT cell to 8 glycoforms identified in CHO Acp2/5 KO. To confirm
that the increase of our identifications is due to the increase in M6P modifications
itself and not the upregulation of M6P modified glycoproteins we compared the
intensities of unmodified peptides and M6P-modified peptides in both cell lines.
We observed that the abundance of the unmodified tryptic peptides of Cathepsin
Z remains alike in both CHO WT and CHO Acp2/5 samples (Figure 5c and d), while
the M6P modified peptides from the same protein (Figure 5c and d) showed
approximately 20-fold increase in abundance in the CHO Acp2/5 KO cells,
demonstrating that Acp2/5 KO results in increased abundance of the M6Pmodifications. A similar trend was also observed when comparing the entire ion
chromatogram traces between CHO WT and CHO Acp2/5 experiments
(Supplementary Figure 2.). Interestingly, we also observed a GlcNAc2Man8Phospho
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(Man3 P) modification on multiple proteins from the CHO Acp2/5 KO cell line. A
representative spectrum is shown in Figure 5e. Although we cannot pinpoint the
exact mannose residue the phosphate is attached to, the ion signal observed at m/z
1051.45 (S/N > 5) indicates that it is likely attached to either an α-3 or α-6 mannose
representing a previously undescribed M6P modification. However, this phosphate
could also be located on an elongated mannose branch, which would be more in
line with the known biosynthetic pathways. It remains to be answered whether
these more processed high mannose M6P structures originate during biosynthesis
or are actually products of mannosidase action inside the lysosomes.
When we compared the characteristics of the M6P-modified glycoproteome of
the HeLa and CHO cells we observed a very similar distributions of glycoforms, with
possibly one notable exception being the absence of the GlcNAc2Man8Phospho
(Man8 P) glycoform in CHO cells, for which we have at the moment no plausible
explanation. Notably, we detected the protein CREG1 also in CHO cells as a M6Pmodified glycoprotein, as we did in the HeLa cells, further providing credence that
this is a “novel” genuine lysosomal protein.
Expression of alpha-galactosidase in CHO Acp2/5 KO for improved lysosomal
targeting
Encouraged by the observed increase in frequency and abundance of M6Pmodifications in the CHO Acp2/5 KO cells we hypothesized that the same could hold
for a human protein recombinantly expressed in this CHO KO cell line. Therefore,
we over-expressed human acid alpha-galactosidase, which is a 47 kDa Nglycosylated lysosomal hydrolase involved in sphingolipid metabolism. Deficiency
of this alpha-galactosidase enzyme results in a lysosomal storage disorder known
as Fabry disease and the current treatment option relies on enzyme replacement
therapy with recombinant human alpha-galactosidase enzyme. The presence of the
M6P modification on recombinant human alpha-galactosidase used for therapy is
critical for its efficacy and targeting to the lysosomes.
Analysis of the recombinant human alpha-galactosidase enzyme expressed in
CHO WT cell resulted in around 70 PSMs, while when it was expressed in the CHO
Acp2/5 KO cell line the number of PSMs increased to over 300 PSMs (Figure 6a.).
Next, the M6P glycoform analysis revealed a higher than expected heterogeneity,
whereby we could observe 6 dominant glycoforms (GlcNAc2Man5-8 Phospho1-2). This
was in notable contrast with the glycoform distributions we observed in both the
CHO and HeLa M6P glycoproteome analyses, which were dominated by the Man7
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PP glycoform. Interestingly, we also noticed that in both sets of CHO cells we could
observe the human alpha-galactosidase enzyme with a GlcNAc2Man8 Phospho1
(Man8 P) glycoform, which was absent from all other endogenous CHO M6P
glycoproteins detected in CHO cells.
Finally, we also wanted to confirm that this increase is due to the increased
abundance of the M6P modifications rather than upregulation of the expressed
protein. To this end we extracted ion chromatograms for both unmodified an M6Pmodified tryptic peptides of human alpha-galactosidase (Fig. 6b). We observed that
in the CHO Acp2/5 KO cells the abundance of the M6P-modified peptides was
approximately 20-fold higher, while the abundance of unmodified peptides showed
very little variation. This suggest that glycoengineering efforts could represent a
promising future avenue for creation of improved biotherapeutics for enzyme
replacement therapy.

Figure 6. Qualitative and quantitative overview of the M6P-modifications found
on Human alpha-galactosidase (GLA) when expressed in CHO WT or CHO Acp2/5
KO cells. a) Comparison of glycan compositional profiles observed in CHO WT (grey)
and CHO Acp2/5 KO (black) samples. Error bars denote standard deviation between
replicates. b) Comparison of abundances of an unmodified tryptic peptide (left) and
M6P-modified glycopeptide (right) of GLA expressed in CHO WT and CHO Acp2/5
KO cells, reveals similar expression, but distinct higher (approximately 20 fold)
M6P-modification.
Discussion
In this study we demonstrated that Fe3+-IMAC enrichment typically used for
phosphopeptides, can also be used to enrich in a single step M6P-modified
glycopeptides. This enrichment combined with optimized LC MS/MS fragmentation
schemes combining HCD and EThcD, triggered by specific M6P-glycopeptide
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oxonium fragment ions, enabled the identification of hundreds of M6P-modified
glycopeptides in HeLa and CHO cells. When compared with other studies aimed at
profiling the M6P glycoproteome 14,15,39 that included a deglycosylation step and
consequently lost all information on the actual glycan compositions that bear the
M6P tag, our method provides deeper insights into the complexity of the glycan
forms attached to the M6P glycopeptides. However, deeper insight comes with a
price of lower protein IDs, as we detected 30-50% less M6P glycoproteins than
described in above mentioned studies. A plausible cause of this observed decrease
in M6P glycoprotein identifications may be the low ionization efficiency of
glycosylated peptides 40 that is further exacerbated by the presence of multiple
glycoforms on a single glycosite splitting the glycopeptide signal into multiple lower
abundant signals. This was maybe best demonstrated in our comparison of CHO WT
vs. CHO Acp2/5 KO where we could detect twice as many M6P glycoproteins and
observe a 700% increase in PSMs in the CHO Acp2/5 cells, demonstrating that the
main challenge in identification of intact M6P glycopeptides is their low abundance
(Supplementary Figure 2). However, we feel that this tradeoff in M6P glycoprotein
identifications is well compensated by the additional information obtained on
glycan structures attached to each modified site that will enable further studies of
glycan-protein functions. Another challenge in intact glycopeptide profiling of
complex mixtures is the high proportion of false positive identifications stemming
from the inability to control the FDR for both the peptide and glycan moieties
simultaneously 41. To address this issue, we relied on the known biosynthetic
pathways that describes possible M6P glycan compositions (Figure 1), presence of
signature oxonium ions, improved sequence coverage and unambiguous glycoform
identification obtained with EThcD method, and known subcellular location of M6P
modified proteins, which all together enabled us to conclude that we achieve here
confident
identification
of
M6P
modified
glycopeptides.
Additionally, we demonstrated a new gene editing strategy involving the
knock-out of Acp2 and Acp5 phosphatases in CHO cells that results in an
approximately 20-fold increase in the abundance of M6P-modified peptides
enabling us to gain a deeper insight into the lysosomal M6P glycoproteome. Finally,
we also established that the CHO Acp2/5 KO cells can be used for the production of
improved glycoengineered lysosomal enzymes, carrying a higher degree of required
M6P modifications, which could be potentially beneficial for lysosmal enzyme
replacement therapies. However, it has to be noted that in this work we have
focused on characterization of lysosomal human alpha-galactosidase, while the
enzyme used for the treatment Fabry’s disease is secreted human alpha152 | P a g e

galactosidase. The main difference is that secreted human alpha-galactosidase
does not traffic to the lysosome where membrane bound Acp2 and soluble Acp5
phosphatases reside 38 and exhibit their dephosphorylative function, but it is
known that Acp5 can be actively secreted 42. Further studies will be necessary to
elucidate the effects of its’ KO on M6P levels of secreted human alphagalactosidase.
In conclusion, the straightforward method described in this paper will enable
further characterization of M6P glycoproteomes and provide further biological
insight in the areas where lysosomal proteins have critical functions such as
modulation of immune response during infection 43. Additionally, this method is
also applicable for the characterization and quality control of biological
therapeutics wherein M6P is a critical quality attribute of the product, and in
combination with genetic glycoengineering strategies could pave the way for
biobetter biological products.
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Supplementary Figure 1. Examples of EThcD and HCD fragmentation spectra of
M6P modified glycopeptides. a) HCD and EThcD fragmentation spectra of a
glycopeptide harboring a Man8 PP glycoform. b) HCD and EThcD fragmentation
spectra of a glycopeptide harboring a Man5 P glycoform. c) HCD and EThcD
fragmentation spectra of a glycopeptide harboring a Man6 PP glycoform. The
shaded fragments represent signature glycan fragments observed exclusively
during EThcD fragmentation enabling confident glycoform identification.

5

Supplementary Figure 2 Ion chromatograms from CHO WT and CHO ACP2/5 KO
LC MS/MS runs. a) Base peak ion chromatograms of the entire MS2 of CHO WT
(top) and CHO ACP2/5 KO (bottom). The two chromatograms are comparable in
intensity and retention time except for one peak, which originates from the M6P
modified glycopeptide (PNYTEIR, Man7 PP) from human alpha galactosidase, which
is more intense in the CHO ACP2/5 KO cells. b) Extracted ion chromatograms of the
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M6P oxonium ion (243.026+) of CHO WT (top) and CHO ACP2/5 KO (bottom) reveal
a general 20 fold increase in abundance of glycopeptides harboring the M6P
modification in CHO ACP2/5 KO.
Supplemental Table 1. M6P compositions used in Byonic search
M6P compositions used for Byonic search
Shortened name
HexNAc(2)Hex(3)Phospho(1) @ NGlycan
M3 P
HexNAc(2)Hex(4)Phospho(1) @ Nglycan
M4 P
HexNAc(2)Hex(5)Phospho(1) @ Nglycan
M5 P
HexNAc(2)Hex(6)Phospho(1) @ Nglycan
M6 P
HexNAc(2)Hex(7)Phospho(1) @ Nglycan
M7 P
HexNAc(2)Hex(8)Phospho(1) @ Nglycan
M8 P
HexNAc(2)Hex(3)Phospho(2) @ Nglycan
M3 PP
HexNAc(2)Hex(4)Phospho(2) @ Nglycan
M4 PP
HexNAc(2)Hex(5)Phospho(2) @ Nglycan
M5 PP
HexNAc(3)Hex(6)Phospho(1) @ Nglycan
/
HexNAc(3)Hex(7)Phospho(1) @ Nglycan
/
HexNAc(2)Hex(6)Phospho(2) @ Nglycan
M6 PP
HexNAc(2)Hex(7)Phospho(2) @ Nglycan
M7 PP
HexNAc(2)Hex(8)Phospho(2) @ Nglycan
M8 PP
HexNAc(4)Hex(6)Phospho(1) @ Nglycan
/
HexNAc(4)Hex(7)Phospho(1) @ Nglycan
/
HexNAc(3)Hex(6)NeuAc(1)Phospho(1) @ Nglycan
/
HexNAc(3)Hex(7)NeuAc(1)Phospho(1) @ Nglycan
/
HexNAc(4)Hex(6)NeuAc(1)Phospho(1) @ Nglycan
/
HexNAc(4)Hex(7)NeuAc(1)Phospho(1) @ Nglycan
/
/= Compositions not detected in our experiments

160 | P a g e

CHAPTER
Simply Extending the Mass Range
in Electron Transfer
Higher Energy Collisional Dissociation
Increases Confidence in N-Glycopeptide
Identification

To m isla v Čaval 1 ,2 # , Ji n g Zhu 1 ,2 † # , an d Al b er t J . R . H eck 1,2†* .
1
Biomolecular M ass Spec trometr y and Proteomics, Bijvoet
Center for Biomolecular R esearch and U trecht I nstitute for
Phar maceutical S ciences, S cience4Life, Universit y of U trecht,
Padualaan 8, 3584 CH U trecht, The Nether lands

2

Nether lands Proteomics Center, Padualaan 8, 3584 CH U trecht,
The Nether lands
#

Equal Contr ibution

Ba s ed o n :
Čava l, T.; Zhu, J.; Heck , A. J. R. S imply E x tendin g t h e E Th c D
MS/ MS R a nge I n creases the Confidence in N - Gl yco p ep t i d e
I d e ntification. Anal. Chem. 2019, acs.analch em . 9 b 0 2 1 2 5 .
https://doi.org/10.1021/acs.analch em . 9 b 0 2 1 2 5 .

6

Abstract
Glycopeptide-centric mass spectrometry has become a popular approach for
studying protein glycosylation. However, current approaches still utilize
fragmentation schemes and ranges originally optimized and intended for the
analysis of typically much smaller unmodified tryptic peptides. Here we show that
by merely increasing the MS/MS m/z range from 2000 to 4000 during EThcD
fragmentation a wealth of highly informative c and z ion fragment ions are
additionally detected facilitating improved identification of glycopeptides. We
demonstrate the benefit of this extended mass range on various classes of
glycopeptides containing phosphorylated, fucosylated, and/or sialylated N-glycans.
We conclude that the current software solutions for glycopeptide identification
also require further improvements to realize the full potential of extended mass
range glycoproteomics. To stimulate further developments, we provide datasets
containing all classes of glycopeptides; high mannose, hybrid, and complex,
measured with standard (2000) and extended (4000) m/z range that can be used as
test cases for future development of software solutions enhancing automated
glycopeptide analysis.
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Introduction
Glycosylation is one of the most common and complex protein
posttranslational modifications that is involved in a myriad of biological processes1,
while changes in glycosylation have been observed in a number of pathological
states2–7. However, due to the heterogeneity of glycan structures associated with
glycoproteins accurate analysis of protein glycosylation still poses a significant
analytical challenge. Currently mass spectrometry (MS) is one of the most popular
approaches used for characterization of protein glycosylation. MS analysis of
released glycans (glycomics) is the best-established method for analyzing
glycosylation. It provides great insight into fine variations of glycan structures and
is amenable to high throughput and automated data-analysis8. Unfortunately, in
the glycomic analysis the information about underlying protein carrier and its sitespecific modification is not retained.
To determine the glycan structures and their site of attachment analysis of
intact glycopeptides is essential. However, glycopeptide analysis still poses a
significant analytical challenge on multiple levels9–11: a) lower ionization efficiency
of glycopeptides when compared to their non modified counterparts; b) the
heterogeneity of glycan structures associated with each modified site; c) their
generally more complicated MS/MS fragmentation spectra, and d) the lack of
adequate software tools for confident data analysis. For this reason, most of
glycopeptide studies have been focused on the characterization of glycopeptides
obtained from isolated glycoproteins. This was also due to reliance on collision
induced dissociation fragmentation techniques that provide spectra rich in glycan
fragments but produce very few peptide backbone cleavages. Recently, we
introduced a hybrid fragmentation technique combining electron transfer
dissociation and higher energy dissociation12 (EThcD) that has become a de facto
method of choice for intact glycopeptide characterization13–22. The benefit of EThcD
is that it provides a rich series of c/z-ions pinpointing the site of modification while
also providing insight into the glycan composition. Additionally, there has been a
surge of studies characterizing intact glycopeptides from complex mixtures such as
plasma/serum20,23–25 , cell lysates26,27, and various tissues20,28–30. One of the main
challenges observed in all of these studies is that the underlying data analysis still
requires a great degree of manual validation. Possible cause of this is that in
contrast to general proteomics and phosphoproteomic approaches in
glycoproteomics we, by using the standard instrument settings, almost never
observe complementary ion fragments that would retain the glycan side chain
hampering confidence in site-identification.
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We here hypothesized that this is primarily due to the fact that most
approaches for glycoproteomics are still based on well establish bottom up
proteomics workflows optimized for unmodified tryptic peptides, ignoring the fact
that N-glycopeptides fall more within the realm of middle-down proteomics (3-10
kDa). In this work, we show that by merely extending the EThcD fragmentation
range up to 4000 m/z (from the standard 2000) we observe several additional
fragment ions, and rich series of complementary c and z ions, that all together lead
to a more complete sequence coverage and increased confidence in glycan
annotation. We demonstrate the benefits of this workflow on a) mannose-6phosphate (M6P) glycopeptides enriched from a CHO cell lysate using Fe3+-IMAC, b)
complex sialylated glycopeptides enriched by strong anion exchange (SAX) from
CHO cell lysate and c) human milk glycopeptides harboring complex and multiply
fucosylated N-glycans enriched by HILIC. We provide exemplary standard and
extended mass range EThcD fragmentation spectra for each glycan class and
demonstrate that the extended m/z range provides a wealth of, previously ignored
informative fragment ions for each glycan class. Additionally, we noticed that the
most commonly used software tool for the analysis of EThcD data, Byonic,
underestimates the benefits of our extended range approach due to the arbitrary
cut off of m/z 2500 in their scoring algorithm. Therefore, we make here publicly
available the extensive datasets obtained both with standard and extended m/z
range that cover all the classes of glycopeptides with the aim to use them as testsets for software development benefitting the rapidly growing field of
glycoproteomics.
Experimental procedure
The CHO cell sample (a kind gift from Henrik Clausen, University of
Copenhagen) was lysed in the lysis buffer and sonicated. Next, methanol–
chloroform protein precipitation was performed, and the protein precipitate was
digested overnight. Fe3+-IMAC enrichment was performed as described
previously31. The flowthrough of the Fe3+-IMAC was loaded onto a Hypersep SAX
cartridge (ThermoFisher Scientific, Germany) to enrich for glycopeptides missed by
the initial Fe3+-IMAC enrichment. The human milk sample was subjected to
centrifugation and ultracentrifugation to obtain the milk serum. After digestion, the
human milk glycopeptides were enriched on a GlykoPrep cartridge (ProZyme,
Denmark). Nanoflow LC-MS/MS was performed by coupling an Agilent 1290
(Agilent Technologies, Middelburg, Netherlands) to an Orbitrap Fusion Lumos
(Thermo Scientific, Bremen, Germany). The mass spectrometer was operated in
data-dependent acquisition mode. We used a HCD-pd-EThcD method where EThcD
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was triggered upon observation of signature glycan oxonium ions during HCD
fragmentation. All samples were run with two different methods: a) the MS/MS
range was set from 120-2000, or b) the MS/MS range was set between 120-4000.
Data were analyzed with Byonic (ver 2.15.10) (Protein Metrics Inc., USA) and
searched against the CHO UniProt database (34962 entries) or focused human milk
database (1259 entries). CHO samples were searched with a Byonic database of 182
glycans (with M6P glycoforms added in manually), while milk samples were
searched with a database containing 309 glycans. A more detailed description of
each part of the protocol can be found in Supporting Information. Raw and fasta
files have been deposited to MassIVE with the identifier: MSV000083710.
Results & Discussion
In recent years, there has been an increased interest in characterization of
intact glycopeptides from complex mixtures32,33. This has been mainly enabled by
the development of hybrid fragmentation techniques such as EThcD, stepped
HCD34,35, and AI-ETD28. Of note, all these recently reported comprehensive
glycopeptide analyses seem to take the standard m/z 2000 as a cut-off in their
analyses. Series of complementary fragment ions (e.g. b/y and c/z) enhance peptide
identification in standard proteomics and phosphoproteomics approaches.
However, in the characterization of intact glycopeptides such complementary
fragment ions are (so far) hardly observed on remain unnoticed. In our previous
work reporting on the characterization of mannose-6-phosphate glycopeptides
from cell lysates, we observed highly abundant c ion series at the high end of our
MS/MS m/z range that contained intact glycans still attached to the peptide
backbone. We hypothesized that since glycopeptides, based on their average larger
intact mass (3-10 kDa), fall within the range of middle down proteomics an
extension of the MS/MS m/z range should give increased confidence in their
identification. To test this hypothesis we reanalyzed M6P glycopeptides extracted
from a CHO cell lysate following an Fe3+-IMAC enrichment and analyzed it with the
conventional (up to 2000) and extended m/z fragmentation range (up to 4000). To
illustrate our point we reproduce in Figure 1A the EThcD spectrum originating from
a tryptic glycopeptide of palmitoyl-protein thioesterase 1, which has a M6P glycan
attached at its N-terminus that produced c1, c2 and c3 ions with intact glycan
attached that we published earlier31. When we now repeated this analysis, but now
using an extended range of up to 4000 m/z (Figure 1A) we do observe a much fuller
series of c ions spanning up to 3100 m/z covering the full sequence of the palmitoylprotein thioesterase 1 M6P glycopeptide.
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Figure 1. Extended EThcD range results in the detection of additional fragment
ions, increasing the sequence coverage of M6P glycopeptides. The EThcD
fragmentation spectra of three different glycopeptides are shown. (A)
GlcNAc2Man7P glycoform of palmitoyl-protein thioesterase 1, (B) GlcNAc2Man8PP
glycoform of N-acetylglucosamine-6-sulfatase, and (C) GlcNAc2Man6P glycoform of
cathepsin Z. Fragment ions are annotated and color coded (z/y red and c blue).
Peptide sequences with corresponding glycoforms are depicted in the top right
corner of each spectrum. The range from 2000 to 4000 m/z is shown in the shaded
region magnified by a factor of 4. Green lines and shaded c/z ions connect fragment
ion pairs containing the asparagine + intact glycan mass increment. Shaded glycan
fragment ions represent signature M6P EThcD cleavage ions, facilitating confident
glycan composition annotation. Lower case c in the peptide sequence indicates a
carbamidomethylated cysteine.
Furthermore, when combined with the concomitant full series of z/y ions
observed at lower m/z, we could assign every complementary fragment ion pair,
enabling full peptide sequence coverage. Next, we focused on a M6P glycopeptide
that had its modified asparagine near its N-terminus. As depicted in Figure 1B, the
EThcD spectrum with extended m/z range is especially beneficial in this case as all
c ion fragments containing the intact M6P glycan are found between 2400 and 3400
m/z range, and thus would be completely missed when measured under the
standard settings. More importantly, in this case the extended range enabled
unambiguous annotation of the glycan composition as evidenced by the c4 and c5
fragment ions, which differ by an asparagine with a full glycan attached. This is
further supported by a signature ion characteristic for a M6P composition arising
from the core GlcNAc cleavage as shown in the shaded region at 1660.44 m/z in
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Figure 1B. Also when the N-glycosylation site is situated near the glycopeptide Cterminus the extended m/z range setting performs favorably (Figure 1C). However,
in this case the range above 2000 m/z displays both c and z series, whereby the z3z4 and c6-c7 fragment pairs nicely show the location of the asparagine and mass
shift due to the intact glycan. Considering that one of the observed sources of
incorrect glycopeptide annotation is due to mass coincidences between certain
glycan compositions, and amino acid combinations36, we conclude that this issue
can be avoided by having sequence coverage from both glycopeptide termini as
demonstrated in the extended range EThcD approach presented here.

6

Figure 2. Extending the EThcD range enables confident assignment of complex
fucosylated and sialylated glycopeptides. Depicted are two EThcD fragmentation
spectra of (A) a monofucosylated biantennary glycopeptide from Alpha-S1-casein,
and (B) a monosialylated biantennary glycopeptide originating from Clusterin.
Fragment ions are annotated and color-coded (z/y red and c blue). Peptide
sequences with corresponding glycoforms are depicted in the top right corner of
each spectrum. Green lines and shaded c ions connect fragment ion pairs
containing asparagine + intact glycan mass increment. Lower case c in the peptide
sequence indicates a carbamidomethylated Cysteine.
Extended m/z range improves identification confidence for all classes of Nglycopeptides.
After establishing that the extended m/z range results in an increased coverage
of M6P glycopeptides we next interrogated the performance of these settings on
other classes of glycopeptides. For this purpose, we analyzed human milk
glycopeptides and two exemplary EThcD spectra of complex type N-glycopeptides
are depicted in Figure 2. In short, all above made observations for the M6P
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glycopeptides, also hold true for all other analyzed N-glycopeptides. Namely, in
case of glycopeptides modified with biantennary N-glycans containing branch
fucose moieties (Figure 2A) we could observe a series of insightful c ions in the
2200-3700 m/z range containing the intact glycan as well as c3-c4 pair, indicative
for the site of the asparagine and mass shift induced by the fucosylated biantennary
N-glycan. A similar picture arose in analyzing a glycopeptide modified with
monosialylated biantennary N-glycan (Figure 2B) where we could confidently assign
the glycan composition based on the c1-c2 glycan fragment pair and determine the
full sequence of the carrier peptide. Furthermore, various fucosylated and hybrid
glycopeptides also show a similar behavior arguing for the use of the extended m/z
range (Figure S1A-D.) In glycoproteomics the analysis of multiply sialylated
glycopeptides presents an even greater challenge, due to the labile nature of the
sialic acid group, especially under CID/HCD conditions. Thus next, we analyzed
multiply sialylated glycopeptides, obtained via SAX enrichment performed on the
flow-through resulting from the Fe3+-IMAC treated CHO cell sample. An illustrative
example of an EThcD spectrum with extended m/z range of a disialylated
biantennary N-glycopeptide is shown in Figure 3A. Also, for such glycopeptides we
did observe full series of c and z ions resulting in the confident determination of the
glycan composition and peptide backbone sequence.However, in contrast to what
we observed in previous examples we noticed a series of highly abundant peaks
above 1500 m/z that were not recognized by Byonic .Upon manual inspection, we
determined that these peaks correspond to sequential losses of monosaccharides
from the precursor ion (denoted by purple lines in Figure 3A). Manual inspection
also resulted in the identification of low abundant c ion series (highlighted c ions in
Figure3A) resulting from sequential sugar losses (Figure 3A). This could create a
potential bias against identifying sialylated glycopeptides as unexplained peaks lead
to a decrease in their Byonic scores. Additionally, we also observed that by using
the extended m/z range we could get sufficient sequence coverage to confidently
assign the glycan composition in some doubly N-glycosylated peptides (Figure S2AB).This is especially significant considering that currently in most large-scale
glycoproteomics studies doubly glycosylated peptides are removed by default
during processing steps, as the standard m/z range does not allow confident
annotation of each of the modified sites28. Finally, the standard m/z range spectra
are usually populated with abundant oxonium ions, peptide fragments, and
sequential sugar losses from the precursor resulting in very crowded fragmentation
spectra that can result in many ambiguities. In contrast, in the m/z range between
2000 and 4000 harbors fewer ions, but predominantly they are all c and z ions,
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making their identification a more straightforward task, while still preserving
oxonium ion ratios observed at low m/z (Figure S3A-D).
To get on par with standard proteomics glycoproteomics requires further
development in dedicated software.
After demonstrating the benefits of the extended m/z range for a whole array
of glycopeptide classes we were interested in a more global and direct comparison
of the standard vs. extended range. For this purpose, we searched large sets of
glycopeptide EThcD MS/MS files with Byonic, which is one of the most popular
software solutions used in large-scale glycopeptide analyses, and to our knowledge
the only tool that currently supports large scale annotation of glycopeptide EThcD
spectra. For comparison purposes we decided to use the log probability (LogP)
score provided by Byonic as this score takes into account 10 different features
(Byonic score, delta, mass errors, p values...) mak-ing it a good measure of the
identification confidence. A global comparison of the standard vs. extended range
analysis of EThcD glycopeptide spectra is shown in Figure 3B-D. It is immediately
apparent that extending the m/z range from 2000 to 4000 leads to an increase of
median LogP of about 0.4-1 (LogP is calculated as base 10 value, so this increase
represents a 2.5-10 fold improvement), across all classes of glycopeptides
measured here, clearly demonstrating the global benefits of extended mass range.
However, it has to be noted that by using the current Byonic version we could only
take fragment ions up to 2500 m/z into account for score calculation, while in this
work we regularly see rich series of fragments ranging up to 4000 m/z. This,
together with the observation that Byonic misses certain fragment ions which then
decrease the score suggests that the real benefit of the extended m/z range is
probably substantially higher. Finally, we queried whether the substantial
improvement we observed in EThcD based analysis of glycopeptides using the
extended m/z range, was also observed when using solely HCD fragmentation (see
Figure S4A-C). Notably, in the HCD based analysis the extended m/z range hardly
leads to any improvement. We argue that this is mainly due to the commonly
observed whole glycan loss from the peptide backbone induced by HCD
fragmentation which results in “typical” tryptic peptide fragmentation spectra
(Figure S5A-C). Furthermore, in agreement with earlier reported studies19,20, EThcD
outperformed HCD for glycopeptide analysis, already by using the standard m/z
range, but even more by using the extended m/z range. This difference was most
striking when comparing the analysis of the M6P glycopeptides where the median
LogP value in HCD was around 0.5, while with EThcD it was around 2.0 using 2000
as cut-off and rose to 3.1 by using 4000 m/z, which represent increases of 50 and
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400 fold in annotation confidence, respectively. Clearly EThcD with extended mass
range is the optimal workflow for these glycopeptides.

Figure 3. Extending the EThcD m/z range increases the confidence in glycopeptide
identifications. (A) An example of a disialylated biantennary glycopeptide
originating from Integrin is shown. Shaded c ions represent sequential sugar losses
that are currently missed using automated annotation by Byonic. Precursor ions
with sequential sugar losses are denoted with purple lines and were also missed by
Byonic. (B) Distribution of Log P scores for M6P glycopeptides enriched by Fe3+IMAC from CHO cells. (C) Distribution of Log P scores for glycopeptides, enriched by
SAX, from a digested CHO cell lysate. (D) Distribution of Log P scores for
glycopeptides, enriched by HILIC, from human milk. Numbers below the graphs
denote the ranges used (2000 m/z vs. 4000 m/z). Two technical replicates were
used for each range and all forward glycopeptide identifications by Byonic were
included, the number of which is indicated for each range (n).
Conclusion
Glycopeptide analysis has benefitted greatly from the improvements made in
the more standard mass spectrometry-based proteomics. For instance, while
EThcD was originally not developed for glycopeptide analysis, it is now clear that
this hybrid fragmentation method is surely more advantageous compared to
CID/HCD for glycopeptides34, while its benefits for unmodified tryptic peptides are
more marginal12. Notwithstanding the fact that glycopeptide analysis has
benefitted from these and other proteomics advances (e.g. faster mass analyzers,
more sensitive analyses at higher mass resolving power), it should not be forgotten
that glycopeptides are inherently biochemically very distinct from unmodified
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tryptic peptides. Therefore, we argue that standard proteomic workflows should
be critically evaluated for their performance in glycopeptide analysis. As we show
here, very simple changes in these workflows, such as the extension of the
measured m/z range in MS/MS spectra, can already boost the performance,
substantially increasing the confidence of glycopeptide identification, but has
surprisingly not yet been adopted in most recent comprehensive glycopeptide
analyses.
To stimulate the much-needed further development of glycopeptide software
solutions we make publicly available all our raw files acquired with both standard
and extended m/z ranges, containing EThcD spectra of a wide variety of
glycopeptides that hopefully can serve as a benchmark for any future studies
addressing the challenging issue of automated glycopeptide analysis.
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Sample preparation
The CHO cell sample (a kind gift from Henrik Clausen, University of
Copenhagen) preparation was identical as previously reported1. In short, the cell
pellet was resuspended in lysis buffer containing 100 mM Tris-HCl (pH 8.5) (SigmaAldrich), 7 M urea (Sigma-Aldrich), 5 mM Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP, Sigma-Aldrich), 30 mM chloroacetamide (CAA, SigmaAldrich), Triton X-100 (1%) (Sigma-Aldrich), 2 mM magnesium sulfate (SigmaAldrich), Benzonase (1%) (Merck Millipore, Darmstadt, Germany), phosphoSTOP
(Roche) and complete mini EDTA free (Roche, Woerden, the Netherlands). Next,
the sample was disrupted by sonication (45 min; 20 s on, 40 s off) with a Bioruptor
Plus (Diagenode, Seraing, Belgium). Following sonication the sample was
centrifugated at 14,000 rpm for 1h and the supernatant was collected. Impurities
were further removed by methanol/chloroform protein precipitation: 1 mL of
supernatant was mixed with 4 mL of methanol (Sigma-Aldrich), 1 mL chloroform
(Sigma-Aldrich), and 3 mL ultrapure water. This mixture was then centrifuged at
5000 rpm for 10 min; the upper layer was discarded and 3 mL of methanol was
added. Another round of sonication and centrifugation was performed after which
the solvent was removed. Air dried precipitate was resuspended in the digestion
buffer: 100 mM Tris-HCl (pH 8.5), 0.5% Rapigest (Waters, Etten-Leur, the
Netherlands), 5 mM TCEP and 30 mM CAA. The proteases trypsin (Sigma-Aldrich)
and Lys-C (Wako, Neuss, Germany) were added to a 1:50 and 1:100 ratio (w/w),
respectively. Protein digestion was performed overnight at 37 °C. Next day the
Rapigest was removed using acid precipitation (0.5% TFA) and the peptides were
desalted by using a Sep-Pak C18 vac cartridge. For Fe3+-IMAC 2 mg of tryptic
peptides were resuspended in buffer A (30% ACN and 0.07% TFA) whereby the pH
was adjusted to 2.3. Samples were injected onto the Fe3+-IMAC column (Propac
IMAC-10 4 × 50 mm column, ThermoFisher Scientific, Landsmeer, the Netherlands).
Loading was performed at a flow rate of 0.1 mL/min for 7 min with 0% solvent B
(0.3% NH4OH), next non-phospho and non-M6P containing peptides were washed
off at a flow rate of 1mL/min for 5 min with 0% B whereby the flow through was
collected. Mannose-6-phosphate glycopeptides (M6P) and phosphopeptides were
eluted with 50% B 1mL/min for 1.5 min, followed by 50% at 0.5 mL/min for 2.5 min,
and finally held at 0% B 1mL/min for 9 min. Collected peptides were then
lyophilized to dryness. The Fe3+-IMAC column flow-through was loaded onto a
Hypersep SAX cartridge (ThermoFisher Scientific) to enrich for glycopeptides
missed by the initial Fe3+-IMAC enrichment. The SAX cartridge was preconditioned
with 3x1 mL of ACN, 100 mM triethylammonium acetate in water, 1% TFA, and
95%ACN with 1% TFA. The sample was loaded in 95% with 1% TFA and washed with
6x1mL of 95% ACN with 1% TFA. The glycopeptides were eluted with 1 mL 50% ACN
with 0.1% TFA and 0.5 mL of 5% ACN with 0.1% TFA and dried in a Speedvac. The
human milk sample was collected, with written consent, from one donor in week 6
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post-delivery. After centrifugation at 1000 g for 30min to remove fat and
ultracentrifugation at 10000g for 60 min, the upper milk serum was separated. Up
to a final concentration of 1% w/v sodium deoxycholate (SDC), 100mM Tris, 5mM
TCEP and 30 mM CAA were added to the milk serum. Trypsin and Lys-C were added
to a 1:50 and 1:100 ratio (w/w), respectively. Digestion was performed overnight
at 37 °C. Next day SDC was removed with acid precipitation (0.5% TFA) and the
peptides were desalted by Oasis PRiME HLB plate (Waters). For hydrophilic
interaction liquid chromatography (HILIC) enrichment, 150μg of tryptic peptides
were resuspended in 200µL 80% ACN/0.5% TFA and applied on GlykoPrep cartridge
(ProZyme, Ballerup, Denmark). After washing with 50 µL 80% ACN/0.5%TFA, the
glycopeptides were stepped-eluted by 50 µL 75% ACN/0.5%TFA, 50 µL 70%
ACN/0.5%TFA, 50 µL 65% ACN/0.5%TFA and 50 µL 0.5%TFA and all elution were
combined and dried in a Speedvac.
Mass Spectrometry
Peptides were resuspended in 0.1% TFA and loaded onto an Agilent 1290
(Agilent Technologies, Middelburg, Netherlands) coupled to an Orbitrap Fusion
Lumos Tribrid mass spectrometer (Thermo Scientific, Bremen, Germany). Peptides
were separated on a 100 μm inner diameter 2 cm trap column (in-house packed
with ReproSil-Pur C18-AQ, 3 μm) (Dr. Maisch GmbH, Ammerbuch-Entringen,
Germany) coupled to a 50 μm inner diameter 50 cm analytical column (in-house
packed with Poroshell 120 EC-C18, 2.7 μm) (Agilent Technologies, Amstelveen, The
Netherlands). Mobile-phase solvent A consisted of 0.1% FA in water, and mobilephase solvent B consisted of 0.1% FA in ACN. Trapping was performed at a flow rate
of 5 μl/min for 5 min with 0% B and peptides were eluted using a passively split flow
of 300 nl/min for 85 min with 8% to 40% B over 75 min, 40% to 100% B over 3 min,
100% B for 1 min, 100% to 0% B over 1 min, and finally held at 0% B for 10 min.
Peptides were ionized using 2.0 kV spray voltage and a capillary temperature of 320
°C. The mass spectrometer was set to acquire full-scan MS spectra (375–2000 m/z)
for a maximum injection time of 50 ms at a mass resolution of 60,000 and an
automated gain control (AGC) target value of 4e5. The dynamic exclusion was set
to 20s at exclusion window of 10 ppm with a cycle time of 3s. Charge-state
screening was enabled, and precursors with +2 to +6 charge states and intensities
>1e5 were selected for tandem mass spectrometry (MS/MS). HCD MS/MS (120–
2000 m/z) or (120-4000) acquisition was performed in the HCD cell, with the
readout in the Orbitrap mass analyzer at a resolution of 30,000 (isolation window
of 1.6 Th) and an AGC target value of 5e4 or a maximum injection time of 75 ms
with a normalized collision energy of 30%. When a signature MS/MS oxonium ion
of glycans was observed, EThcD MS/MS on the same precursor was triggered
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(isolation window of 1.6 Th) and fragment ions (120–2000 m/z) or (120-4000) were
analyzed in the Orbitrap mass analyzer at a resolution of 30,000, AGC target value
of 2e5 or a maximum injection time of 200 ms with activation of ETD and
supplemental activation with a normalized collision energy of 27%. In both cases
the instrument was operated in “normal” mass setting.
Data Analysis
Raw files of LS MS runs of peptides extracted from the CHO cell lysate were
processed with Byonic (ver 2.15.10) (Protein Metrics Inc.) using the following search
parameters: trypsin digestion with a maximum of 2 missed cleavages, unreviewed
CHO database + human alpha-galactosidase (Uniprot, 34 962 entries, March 2018).
To enable comparison of HCD and EThcD fragmentation files were searched with
fragmentation type HCD or EThcD separately with 10 ppm tolerance for the
precursor mass and 20 ppm for product mass tolerance. Carbamidomethylation of
cysteines as a fixed modification; variable modifications: methionine oxidation,
phosphorylation on serine, threonine and tyrosine residues. For glycan analysis we
used the Byonic database of 182 glycans, whereby we added manually several M6P
glycan compositions as previously described1. Raw files of human milk
glycopeptide runs were processed using the same parameters as above, except a
focused human milk protein database (1259 entries), and a Byonic database of 309
known human glycans. Result files from Byonic search were further processed to
remove nonmodified peptides and reversed hits. Mass spectrometry data files have
been deposited to MassIVE with the identifier: MSV000083710. Glycan databases
used in this work can be found in File S1.
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Figure S1. Annotated EThcD spectra of various N-glycopeptides. EThcD spectrum
of a glycopeptide originating from Macrophage mannose receptor 1 (A), CD14 (B
and C), and Ig gamma 2 chain C region (D). The c and z ion series are annotated in
blue and red colors, respectively. Oxonium ions are annotated with their
corresponding glycan structures. Green lines connect c ions fragment pairs
containing asparagine + intact glycan mass increment. Lower case c in the peptide
sequence indicates a carbamidomethylated Cysteine.
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Figure S2. Annotated EThcD fragmentation spectra of doubly glycosylated
peptides. Doubly glycosylated peptides originating from Legumain (A) and Hypoxia
up-regulated protein 1 (C) are depicted. For simplicity sake only observed c ions are
annotated in the spectrum while observed z ions are denoted on the peptide
sequence itself. Green lines connect fragment ions corroborating the glycan
composition of the first N-glycosylation site, while orange lines connect c ions
confirming the glycan composition of the second N-glycosylation site. The
annotated glycan composition of Legumain is further validated by the presence of
a signature M6P compositional peak, depicted as a shaded fragment at 1498 m/z.
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Supplementary Figure S3. Comparison of oxonium ion intensities between
standard vs. an extended m/z range. Only oxonium ions are annotated and
highlighted in green. Peptide sequence coverage is denoted for each range and
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fragmentation mode in the corresponding inset. Comparison of HCD (left) vs. EThcD
(right) for Cathepsin L glycopeptide is shown for standard range in (A) and extended
range (B). Comparison of HCD (left) vs. EThcD (right) for polymeric immunoglobulin
receptor glycopeptides is shown for standard range in (C) and extended range (D).

Supplementary Figure S4. Comparison of the distribution of Byonic LogP scores
using HCD with a standard vs. an extended m/z range. (A) Distribution of Log P
scores for M6P containing glycopeptides enriched from CHO cells by Fe3+-IMAC.
(B) Distribution of Log P scores for glycopeptides originating from human milk. (C)
Distribution of Log P scores for glycopeptides obtained through SAX enrichment of
CHO Fe+3-IMAC flowthrough. Numbers below the graphs denote ranges (2000 m/z
vs. 4000 m/z). Two technical replicates are shown for each range and all forward
glycopeptide PSMs, number of which is represented by n, identified by Byonic were
included.

Supplementary Figure S5.
Examples of extended range HCD spectra.
Glycopeptides originating from Cathepsin D (A), integrin Alpha-5 (B), and CD166 (C)
are depicted. Series of y ions are observed and annotated, but no complementary
182 | P a g e

ions retaining the N-glycan can be observed. Sporadic b ions observed in the
spectrum have lost the N-glycan moiety during the gas phase fragmentation. Lower
case c in the peptide sequence indicates a carbamidomethylated Cysteine.
Reference
(1)

Čaval, T.; Zhu, J.; Tian, W.; Remmelzwaal, S.; Yang, Z.; Clausen, H.; Heck, A. J. R. Mol. Cell.
Proteomics 2019, 18 (1), 16–27. https://doi.org/10.1074/mcp.RA118.000967.
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CHAPTER
Summary and Outlook

7

This thesis represents a selection of the work I have performed during my 4
years as a PhD student at Utrecht University where I mainly focused on the
characterization of biotherapeutics using high-resolution native mass
spectrometry. Immediately after starting my PhD I tackled the characterization of
glycoengineered EPOs by native MS. Somewhat naively, the first batch of samples I
received from our collaborators, from the university of Copenhagen, were also the
most challenging in terms of their glycosylation profile. Upon acquiring my first
native MS spectra it quickly became apparent than in addition to acquiring good
spectra figuring out what each of the observed m/z signals meant represented an
even more daunting task. Although EPO and its glycosylation have been described
in myriad of publications, the EPO molecules I tackled harbored more “exotic”
glycosylation profiles. It became obvious that in order to figure out the glycocode
of these EPOs it was crucial to have a good understanding of the underlying
glycosylation pathways. Quickly Golgi became my favorite organelle and the
insights in glycan biosynthesis as well as the analytical experience I gathered during
the four years of my PhD are summarized in my introductory chapter 1.
Next, on my way to cracking the glycocode of each glycoengineered EPO
another challenge presented itself. As it turns out going from native MS spectra
containing m/z values to deconvoluted mass values has proven to be a bigger
challenge than initially anticipated. Usually, standard MS approaches have no issues
with deconvolution as spectra are acquired with sufficient mass resolution to
obtain isotopic resolution, which facilitates charge determination. Unfortunately,
in native MS we generally do not obtain isotopic resolution, but still have a range
of software tools that enable quite facile charge determination of simple to
modestly complex spectra. However, EPO with its heterogeneous glycosylation
results in a very complicated mass spectrum where charge states partially overlap,
and since the building blocks of the glycans, the monosaccharides, have very similar
masses automated deconvolution produced a lot of artefacts. To tackle this we
established a fruitful collaboration with Marshall Bern, and together developed and
applied a novel deconvolution tool capable of dealing with complicated spectra
arising from heterogeneous glycosylation. This work forms the basis of chapter 2.
Chapter 3 is an extension of the work presented in chapter 2 to address the
needs of the biopharma industry. At one of the biotech conferences I attended to
present an update on our EPO work several people approached me and questioned
whether a similar approach could be used for the identification of antibody clipping
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events. This was the first time I encountered the term host cell proteins which are
proteins that co-purify with the produced biotherapeutic products of interest. In
this case the biotherapeutic of interest was a monoclonal antibody (mAb) and the
most worrisome host cell proteins were active proteases; cathepsins. Cathepsins
are lysosomal hydrolases that can cleave antibodies and pose a serious quality
control risk during mAb production. We devised an experiment where we treated
a panel of mAbs with cathepsin L or D and used native MS as a readout of the
enzymatic reaction. We teamed up with Marshall Bern once again to identify the
clipping hot-spots in an automated fashion. Our results describing the preferences
of cathepsins L and D are described in chapter 3.
With improved spectral deconvolution in hand and a panel of 24
glycoengineered EPOs provided by our colleagues from Copenhagen Center for
Glycomics we were finally able to decode our EPO glycosylation profiles as
described in chapter 4. We noticed that glycoengineering can improve the
confidence in our spectral annotations through limiting the complexity of the
expressed glycans. Furthermore, native MS can provide insights into functions of
glycosyltransferases such as that a critical acceptor for poly-LAcNAc elongation is
uniquely located on the ß-6 branch of N-glycans as evidenced by the absence of
poly-LAcNAc elongation when we genetically deleted the ß-6 branch of N-glycans.
Finally, we noticed that the native spectra of each EPO was very reproducible both
in terms of charge state distributions and intensities. This enabled us to develop an
automated classification of EPO glycosylation profiles based on their unique
underlying spectral signatures. By taking these signature profiles as barcodes for
each EPO we showed that we could automatically classify and describe general
characteristics of EPO glycosylation profiles, without the need for any data analysis
or charge deconvolution. Considering that we are entering a biosimilar era where
we encounter an influx of biosimilar biological drugs on the market, many of which
are glycosylated, we concluded that our method is especially suited to catch and
describe general differences in glycosylation between biosimilar products.
In parallel with native MS I was also interested in profiling intact glycopeptides
from complex mixtures such as cell lysates as described in chapter 5. Since one of
the big research lines in the Heck-lab lab is the analysis of phosphopeptides and the
enrichment methods for phosphopeptides have been described to enrich for
certain type of glycopeptides, I became interested to see what kind of
glycopeptides we could enrich with the optimized phospho-enrichment strategies
we employed. Interestingly it turned out that in the LC-MS runs of samples
subjected to our in house Fe3+-IMAC enrichment protocol harbored a significant
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number of MS2 scans containing a 243.026 m/z ion, which corresponds to a
phosphorylated mannose signature ion. Interested in this observation we
performed a focused experiment on a HeLa lysate and identified around a hundred
unique M6P glycopeptides. Simultaneously, during my visit to Copenhagen I found
out that our collaborators had created glycoengineered versions of enzymes used
to treat lysosomal storage disorders, and as it turns out one of the cell lines they
had contained a double knock out of acp2/5. Acp 2/5 are enzymes responsible for
removing phosphate residue from M6P decorated glycans once they reach the
lysosome. I was then interested to profile this cell line with our new method and
when compared with a control cell line we indeed observed a ≈700% increase in
M6P content. Interestingly this also held true for the recombinant human alphagalactosidase that was expressed in this double KO CHO cell line. Since alphagalactosidase requires M6P for correct trafficking to the lysosomes this represents
potentially a promising avenue in designing better lysosomal replacement
enzymes.
Finally, in the chapter 6 I describe an improved workflow for the analysis of
intact glycopeptides. In our previous work in chapter 5 we noticed that our c
fragment ion series abruptly ended at the standard upper m/z limit of MS2 EThcD
spectra. In common glycoproteomics workflows the MS2 upper range limit is set at
around 2000 m/z. However, due to their bigger size N-glycopeptide fragments tend
to fall well outside that range, especially during EThcD fragmentation. Intrigued by
this observation we performed a test study on a small subset of M6P samples and
increased the MS2 range up to 4000 m/z. This resulted into spectra containing a
rich series of c and z fragment ion series spanning the m/z range up to 4000.
However once we tried searching our glycopeptide data with standard software
solutions we found no increase in identifications. Manual inspection revealed that
most of the currently available software does not support scoring of MS2 spectra
above an (arbitrary) cut-off value of around 2500 m/z. This implied that this range
extension went unappreciated by the wider glycoproteomics community, so we
performed a panel of experiments covering all classes of N-glycopeptides; high
mannose, M6P, hybrid, complex sialylated and multiply fucosylated. We
demonstrated that extending the m/z range during EThcD fragmentation
consistently resulted in richer series of c and z fragment ions enabling more
confident glycopeptide annotation.
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Future opportunities and outlook
Opportunities in the characterization of biologics
With the increased development of glycoengineered antibodies, such as
mogamulizumab, which due to its engineered afucosylation has an increased
affinity to the FcyRIIIa1 receptor there is an increased need in proper analytical
approaches for the characterization of such molecules. In addition, the ever rising
interest in biosimilar therapeutics and the fact that over 80% of the best-selling
biological drugs are glycoproteins further stresses the need for novel analytical
approaches enabling to tackle the molecular diversity of the developed biological
drug molecules2,3. One of the possible solutions that now slowly even makes it into
biopharma arises from native MS, which is especially suited for the characterization
of intact glycosylated proteins. One of the examples of how native MS can guide
glycoengineering of antibodies is shown in figure 1.

7

Figure 1. Native MS characterization of glyco-engineered biobetter
monoclonal antibody. High resolution native MS spectra of a monoclonal antibody,
whereby is depicted in (A) a zoom in of the most intense charge state (25+), and
the full spectrum can be found in the inset. In (B) a profile of mAb expressed in CHO
cells lacking FUT8 is depicted. Each peak in (B) is shifted by a loss of two fucose
residues when compared to WT control mAb in (A). Similarly, for a mAb expressed
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in B4GalT1 KO CHO (C) cells, which results in mAbs that completely lack
galactosylation, whereby only a trace amount of Fab glycosylation is detected. This
is further confirmed in (D) where the peaks are shifted due to the loss of 2 fucose
residues, or in the case of Fab glycosylated species loss of 3 fucose residues.
From this figure it is immediately apparent that native MS provides a very
informative overview of antibody glycosylation, for instance the mass spectrum of
the wild type (WT) antibody shown in figure 1A depicts a commonly observed
glycosylation profile of antibodies produced in CHO cells characterized by a
dominant G0F glycoform. Furthermore, this antibody can be glycoengineered to
become an afucosylated antibody (figure 1B) with improved effector functions. In
this case the native MS spectrum reveals that the general glycosylation profile
remains, but each peak is shifted due to the loss of two fucose residues. The next
examples, shown in panels C and D, wherein an even more homogenously
glycosylated antibody had been created with (C) or without (D) fucosylation. In this
case also a small amount of a third glycan originating from the Fab region of the
mAb can be detected. This further showcases the benefits of using native MS for
antibody characterization, as in particular the Fab glycosylation would likely have
gone unnoticed using standard released glycan or glycopeptide workflows
commonly used for antibody characterization.
Another example highlighting the potential of native MS focuses on the analysis of
intact human alpha-galactosidase, a product that is used as an enzyme replacement
therapy in Fabry disease. Several groups focus on glycoengineering efforts to create
a biobetter alpha-galactosidase with improved glycosylation4–7. A challenge in
analyzing these enzymes is that in its natural in vivo environment it is found as a
homodimer and this dimerization is crucial for its activity. In this case
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Figure 2. Characterization of WT and glyco-optimized human alphagalactosidase. In (A) a high-resolution native MS spectrum of WT alphagalactosidase is depicted. The observed heterogeneous glycosylation profile is too
complex for confident annotation. In (B) a desialylated and deconvoluted mass
spectrum of WT alpha-galactosidase is shown while in (C) a desialylated and
dephoshorylated spectrum with glycan annotations is depicted. Both in (B) and (C)
two distributions are visible of alpha-galactosidase containing either 5 or 6 glycans.
In (C) each peak can be annotated where the smallest peak corresponds to the
presence of four Man5 N-glycans and two triantennary N-glycans which undergo
serial extension until reaching the glycan structure shown on the far right. By
comparing peaks in (C) with peaks observed in (B) the amount of phosphomannose
residues can be deduced, and a sialylation pattern can be extracted by comparing
(B) and (C). On the right a glyco-optimized alpha-galactosidase product is shown
which shows an almost homogenous glycosylation profile with 5 or 6 biantennary
N-glycans, with zero phosphorylated glycans observed.
native MS is especially advantageous as it can preserve the non-covalent dimer in
the gas phase. An example native MS spectrum of a WT alpha-galactosidase
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product, produced in CHO cells, is shown in figure 2A where it is immediately
apparent that this enzyme harbors an incredably complicated glycosylation
pattern. In order to elucidate its glycosylation profile a tiered approach was
required where alpha-galactosidase was both desialylated (figure 2B left) and also
dephosphorylated (figure 2C left). By first determining the glycosylation profile of
the desialylated and dephosphorylated product (shown in the left panel C) it was
possible to deduce the phosphorylation pattern by comparing it with the left panel
in B, and by comparison of the left panel B to the left in A it was possible to obtain
the sialylation pattern. Panels on the right show the glycoengineered alphagalactosidase. In this case already the original non-treated sample looks relatively
simple and after desialylation it becomes evident that the glycosylation is quite
homogenous consisting of four fucosylated biantennary N-glycans and two
biantennary N-glycans. In addition no high mannose or phosphomannose glycans
were detected in this sample. In this particular case native MS was crucial to
demonstrate that glycoengineering efforts do not affect dimer formation.
Personalized glycosylation profiling
Another area of promising future development is in measuring personalized
glycoproteoform profiles. The unique ability of native MS to capture protein
heterogeneity in a single spectrum shows great promise for future individualized
studies. A preliminary example of the utility of native MS in personalized profiling
is depicted in figure 3. In this figure a chymotrypsin sample purified directly from
serum from a single donor is depicted. The top spectrum shows the analysis of
chymotrypsin obtained from a donor prior to a septic episode. In this case we could
observe mainly non fucosylated bi- and tri-antennary N-glycans. In the bottom
panel a chymotrypsin sample purified from the serum of the same donor 6 weeks
after the septic episode is depicted. It is immediately apparent that sepsis resulted
in a drastic remodeling of the chymotrypsin glycosylation profile with a prominent
increase in the branching of N-glycans as well as an increase in the extent of
fucosylation. It has to be noted that in this case samples were also desialylated prior
to analysis to reduce sialylation induced heterogeneity.
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Figure 3. Personalized glycosylation profiling using high-resolution native MS.
Two deconvoluted and desialylated native MS spectra are depicted. At the top a
glycosylation profile of chymotrypsin of a human individual is shown, while in the
bottom a glycosylation profile of the chymotrypsin from the same person is shown
6 weeks after a septic episode. The clear shift toward higher masses is present
resulting from an substantial increase in N-glycan branching and fucosylation.

From this preliminary example it is obvious that native MS could provide
great insight into glycan remodeling induced by various pathological states and
could be especially suited in finding signature glycoprotein markers in serum that
could serve as a warning sign of the underlying pathophysiological changes. With
further improvements in methodology and analysis tools this could be one of the
faster developing areas in the future research in the era of precision and
personalized medicine.
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Nederlandse Samenvatting
Deze thesis vertegenwoordigd een selectie van het werk dat ik heb gedaan
tijdens de 4 jaar als PhD student aan de Universiteit Utrecht waarin ik vooral
gefocust heb op de karakterisering van biotherapeutica gebruikmakend van hoge
resolutie natieve massaspectrometrie. Direct na het begin van mijn PhD heb glycogemodificeerde EPO gekarakteriseerd met natieve MS. De eerste batch samples die
ik van mijn samenwerkingspartners van de Universiteit van Kopenhagen kreeg
waren ook de meest uitdagende wat betreft hun glycosyleringsprofiel. Het
opnemen van mijn eerste natieve MS spectra maakte al snel duidelijk dat het, naast
het verkrijgen van goede spectra, minstens zo uitdagend was om van elk m/z
signaal te bepalen wat het betekent. Hoewel EPO en de glycosylering daarvan in
een groot aantal publicaties is beschreven behelsden de EPO-moleculen die ik heb
gemeten meer “exotische” glycosyleringsprofielen. Het werd duidelijk dat voor het
ontcijferen van de glyco-code van deze EPOs een goed begrip van de onderliggende
glycosyleringstrajecten cruciaal was. Al snel werd het Golgi mijn favoriete organel.
De inzichten in glycaanbiosynthese, alsmede de analytische ervaring die ik
opgedaan heb tijdens de vier jaren van mijn PhD, zijn samengevat in het
introducerende hoofdstuk 1.
Terwijl ik de glyco-code van elke glyco-gemodificeerde EPO aan het ontcijferen
was kwam een andere uitdaging aan het licht. Het bleek dat de stap van natieve MS
spectra met m/z-waarden naar gedeconvolueerde massawaarden een grotere
uitdaging was dan verwacht. Normaal gesproken hebben MS methodes geen
probleem met deconvolutie, zolang de spectra zijn verkregen met voldoende massa
resolutie voor isotoop onderscheiding, waardoor de lading bepaald kan worden.
Helaas krijgen we in natieve MS meestal geen isotopische resolutie, maar we
hebben nog steeds een variëteit aan softwarepakketten die vrij gemakkelijk
ladingsbepaling kunnen doen op simpele tot matig complexe spectra. De
heterogene glycosylering van EPO zorgt echter toch voor een dermate complex
spectrum dat verschillende ladingstatussen gedeeltelijk overlappen. Aangezien de
bouwstenen van glycanen, de monosacchariden, erg gelijkende massa’s hebben
creëerde automatische deconvolutie veel artefacten. Om dit op te lossen hebben
we een vruchtbare samenwerking met Marshall Bern opgezet, en samen hebben
we nieuw gereedschap voor deconvolutie ontwikkeld en toegepast hetwelk om kan
gaan met de complexe spectra veroorzaakt door heterogene glycosylering. Dit werk
vormt de basis van hoofdstuk 2.

195 | P a g e

7

Hoofdstuk 3 is een voortzetting van hoofdstuk 2 om te voldoen aan behoeften
van de biofarmaceutische industrie. Op een van de biotechnologie-congressen
waar ik een update presenteerde over ons EPO werk werd ik door verschillende
mensen benaderd met de vraag of een vergelijkbare aanpak ook toegepast kon
worden op antilichaam knipsels. Dit was de eerste keer dat ik de term gastheerceleiwitten tegenkwam. Dit zijn eiwitten die met geproduceerde biotherapeutische
producten mee opgezuiverd worden. In dit geval was het bedoelde product een
monoklonaal antilichaam (mAb) en de meest zorgwekkende gastheercel-eiwitten
waren actieve proteases: cathepsines. Cathepsines zijn lysosomale hydrolases die
antilichamen kunnen knippen en een risico vormen voor de kwaliteitscontrole
tijdens mAb productie. Wij ontwierpen een experiment waarin we een panel van
mAbs behandelden met cathepsine L of D en vervolgens de enzymatische reactie
uitlazen met natieve MS. We werkten weer met Marshall Bern samen om de
voorkeurposities van de knips automatisch te identificeren. Onze resultaten over
de voorkeuren van cathepsine L en D zijn beschreven in hoofdstuk 3.
Met de verbeterde deconvolutie van spectra tot onze beschikking en een panel
van 24 glyco-gemodificeerde EPO’s van onze collega’s van het Kopenhagen
Centrum voor Glycomics konden we eindelijk onze EPO glycosyleringsprofielen
ontrafelen zoals beschreven is in hoofdstuk 4. We zagen dat gecontroleerde glycomodificatie de zekerheid van de spectrumannotatie kan verbeteren door de
complexiteit van de glycanen te verminderen. Daarnaast kan natieve MS inzicht
geven in de functies van glycosyltransferases, zoals de aanwezigheid van een
essentiële ontvanger voor poly-LAcNAc verlenging die alleen voorkomt op de β-6
arm van N-glycanen, wat bleek uit de afwezigheid van poly-LAcNAc verlenging
wanneer we de β-6 arm van N-glycanen genetisch uitschakelden. Tenslotte viel het
op dat de natieve spectra van elke EPO erg reproduceerbaar waren wat betreft de
ladingsstatusverdeling en intensiteiten. Hierdoor konden we een automatische
classificatie van EPO glycosyleringsprofielen ontwikkelen op basis van de unieke
onderliggende kenmerken van spectra. Door deze kenmerkende profielen als
streepjescode te gebruiken voor elke EPO konden we algemene EPO
glycosyleringskenmerken automatisch classificeren zonder enige data-analyse of
ladingsdeconvolutie. Aangezien we een tijdperk van biosimilars binnengaan waarin
veel vergelijkbare biologische medicijnen op de markt komen, waarvan vele
geglycosyleerd zijn, concludeerden wij dat onze methode vooral geschikt is om
algemene verschillen in glycosylering tussen biosimilars op te merken en te
beschrijven.
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Naast de natieve MS was ik ook geïnteresseerd in het profileren van intacte
glycopeptiden uit complexe mixen zoals cellysaten, beschreven in hoofdstuk 5.
Aangezien fosfopeptide analyse een van de grote onderzoekslijnen in het Heck-lab
is en het beschreven is dat de verrijkingsmethodes voor fosfopeptiden ook
bepaalde glycopeptiden verrijkt, raakte ik geïnteresseerd in welke glycopeptiden
we zouden kunnen verrijken met de geoptimaliseerde fosfo-verrijkingsstrategiën
die we gebruiken. Het bleek dat, in de LC-MS resultaten van monsters die
opgewerkt waren met ons Fe3+-IMAC verrijkingsprotocol, een aanzienlijk aantal
MS2 scans een 243.026 m/z ion bevatten, wat overeenkomt met een indicator van
gefosforyleerde mannose. Dit wekte onze interesse. Dus voerden we een gericht
experiment uit op een HeLa-lysaat en identificeerden we ongeveer 100 unieke M6P
glycopeptiden. In de tussentijd bracht ik een bezoek aan Kopenhagen en ontdekte
ik dat onze samenwerkingspartners glyco-gemodificeerde versies hadden gemaakt
van enzymen die worden gebruikt om lysosomale stapelingsziekten te behandelen.
Een van de cellijnen die zij hadden bevatte een dubbele uitschakeling van acp2/5.
Acp2/5 zijn enzymen die de fosfaatgroep verwijderen van glycanen met M6P
wanneer deze het lysosoom bereiken. Ik wilde toen graag deze cellijn profileren
met onze nieuwe methode en vergelijken met een controle cellijn. We vonden
inderdaad een ≈700% toename van M6P. Dit gold ook voor recombinant menselijk
alfa-galactosidase wat in deze CHO-cellijn met dubbele uitschakeling tot expressie
werd gebracht. Aangezien alfa-galactosidase M6P nodig heeft voor correct
transport naar de lysosomen, laat dit een mogelijk veelbelovende weg naar een
verbeterd ontwerp van lysosomale vervangingsenzymen zien.
Tenslotte beschrijf ik in hoofdstuk 6 een verbeterde aanpak van de analyses van
intacte glycopeptiden. In ons eerdere werk in hoofdstuk 5 viel het ons op dat onze
c fragment ionenreeks abrupt stopte bij de standaard m/z bovengrens van de MS2
EThcD spectra. In veelgebruikte glycoproteomics werkstromen is de MS2
bovengrens ingesteld op ongeveer 2000 m/z. Door de grotere massa van Nglycopeptiden vallen fragmenten hiervan echter vaak buiten dat bereik, vooral bij
EThcD fragmentatie. Geïntrigeerd door deze observatie hebben we een teststudie
uitgevoerd op een deel van de M6P monsters met een MS2 range tot 4000 m/z. Dit
resulteerde in spectra met rijke series van c en z fragmentionen over de hele m/z
range tot 4000. Wanneer we vervolgens deze data met standaardsoftware wilden
doorzoeken vonden we echter niet meer identificaties. Handmatige inspectie
toonde aan dat de meeste software het scoren van MS2 spectra boven de
(arbitraire) grenswaarde van 2500 m/z niet ondersteunt. Dit impliceerde dat de
bredere glycoproteomics gemeenschap zich nog niet bewust was van deze
uitbreiding van het bereik. Daarom voerden we een serie experimenten uit waarin
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alle klassen van N-glycopeptiden aan bod kwamen: high mannose, M6P, hybride,
complex gesialyleerd en meervoudig gefucosyleerd. We toonden aan dat het
uitbreiden van het m/z bereik tijdens EThcD fragmentatie consistent rijkere series
van c en z fragmentionen gaf, waardoor grotere zekerheid van glycopeptide
annotatie bereikt kon worden.
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