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ABSTRACT: Glycosylation represents a critical quality attribute oW F oo Fo Similarity
modulating a myriad of physiochemical properties and effector ¢ oo d®

functions of biotherapeutics. Furthermore, a rising landscape of ~ Yotive ps

glycosylated biotherapeutics including biosimilars, biobetters, and ; a4 r GomuP

fusion proteins harboring complicated and dynamic glycosylation & -~ & ¥ /%

profiles requires tailored analytical approaches capable of

characterizing their heterogeneous nature. In this work, we

perform in-depth evaluation of the glycosylation profiles of three

glycoengineered variants of the widely used biotherapeutic erythropoietin. We analyzed these samples in parallel using a
glycopeptide-centric liquid chromatography/mass spectrometry approach and high-resolution native mass spectrometry. Although
for all of the studied variants the glycopeptide and native mass spectrometry data were in good qualitative agreement, we observed
substantial quantitative differences arising from ionization deficiencies and unwanted neutral losses, in particular, for sialylated
glycopeptides in the glycoproteomics approach. However, the latter provides direct information about glycosite localization. We
conclude that the combined parallel use of native mass spectrometry and bottom-up glycoproteomics offers superior characterization
of glycosylated biotherapeutics and thus provides a valuable attribute in the characterization of glycoengineered proteins and other
complex biotherapeutics.

B INTRODUCTION complicating quantitative glycan analysis.'” Measuring intact
glycoproteins under native conditions is considered to largely
alleviate this ionization bias as the ionization efficiency is
mainly driven by the protein backbone.'®'” For instance, in
our previous work, direct comparison of IgG glycoprofiles
obtained with native MS and those measured with standard
glycomics approaches were in excellent quantitative agree-
ment.'"® In the present study, we pursue a face-to-face
comparison of two analytical approaches: analysis of intact
glycopeptides and native MS analysis in the characterization of
EPO glycosylation.

EPO is used as treatment of anemia and is modified by three
N-glycans and a single O-glycan. In contrast to antibodies
which exhibit a limited repertoire of N-glycans, EPO exhibits
highly heterogeneous N-glycans ranging from biantennary to
poly-LacNAc-elongated and core-fucosylated tetra-antennary
N-glycans.””*' To probe the influence of various glycan
structures on analytical method outcomes, we compare three
EPO variants. The first is close to the clinically used variant

Glycosylation of biologics is a critical quality attribute with
over 80% of currently approved biologics being glycoproteins.'
Far from being a simple decoration, glycosylation influences
the activity and pharmacokinetics of biotherapeutics.”® For
instance, IgG core fucosylation is known to inhibit ADCC. For
erythropoietin (EPO), which we study here, sialylation and
branching of N-glycans strongly influence molecule half-life
and hematopoietic activity.” > The advent of products with
additional glycosylation sites and heterogeneous glycosylation
profiles as well as rapidly emerging biosimilars and biobetters
requires tailored analytical approaches for the characterization
of biotherapeutic glycosylation at every stage of their
lifecycle.*®” Currently, the most common approaches for
glycosylation analysis are based on released glycan analysis,””
where care has to be taken to avoid contaminations from
copurified glycoproteins.'” However, with recent development
in fragmentation''™'* and digestion techniques, the ap-
proaches based on intact glycopeptide analysis are gaining
ground in the quality control of biotherapeutics as part of a
multiattribute method."”” The multiattribute method replaces
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Figure 1. Analysis of EPO-1 by native MS and bottom-up glycoproteomics. (A) Native MS spectrum of desialylated EPO-1, where each peak is
color-coded and represents a unique Hex,,;HexNAcF; composition. One of the most abundant peaks is annotated with its most likely glycan
composition. (B) Native MS spectrum of non-sialidase-treated EPO-1 where the numbers above the color codes indicate the cumulative number of
sialic acid residues attached to the EPO glycans. Upsized spectrum is available as Figure S1. (C) Comparison and cross-correlation of the native MS
data (blue) of non-sialidase-treated EPO-1 with a simulated intact mass spectrum based on the GluC-digest glycoproteomics data. Highlighted in
pink are peaks belonging to a Hex,sHexNAc,;F; composition carrying between 9 and 14 sialic acids.

with a well-characterized glycosylation profile. The second
EPO sample exhibits partial occupancy (macro-heterogeneity)
at the first N-glycosite. Third, we study an EPO variant lacking
sialylation. Our results demonstrate a satisfying overall
agreement between the methods in terms of identified glycan
composition and also a divergence in quantitation of, in
particular, sialylated glycoforms and site occupancy estima-
tions.

B RESULTS AND DISCUSSION

We first pursued characterization of variant 1, the EPO with
the “standard” glycosylation profile (denoted as EPO-1).
Specifically, all N-glycosylation sites are fully occupied and
decorated with complex type of N-glycans capped with sialic
acids. Based on our extensive experience with EPO analysis
demonstrating incomplete sialylation as the main source of
heterogeneity, we first analyzed sialidase-treated EPO*>*?
(Figure 1A). In the native MS spectrum of desialylated EPO-1,
we observed 12 glycan compositions starting from
Hex,;qHexNAc4F;. From this composition, sequential addi-
tions of HexHexNAc can be observed culminating toward
Hex;oHexNAc,,F;. The most abundant composition, as
depicted in Figure 1A, corresponds most likely to an EPO-1
carrying three tetra-antennary N-glycans further decorated with
four LacNAc extensions and one core O-glycan. We used these
annotations to guide our annotations of the sialylated EPO-1
(Figure 1B). It became apparent that each glycan composition
observed in the sialidase-treated EPO-1 appears as four distinct
peaks in the non-sialidase-treated native mass spectra carrying
anywhere between 10 and 14 sialic acid residues. This
differential sialylation lowered our sensitivity as each peak
observed in the spectra of sialidase-treated material was split
into at least four separate peaks, leading to a diminished
detection of just nine unique HexHexNACcF compositions as
opposed to the 12 we could map for the sialidase-treated EPO-
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1. Although it has been reported by us and others that EPO
may also carry sulfated, acetylated, and/or bisected glycans, we
saw no evidence for any of those on the EPOs from the
batches measured in this work.””** Next, EPO-1 glycopeptides
were generated by GluC digestion, which enables coverage of
all glycosylation sites, followed by liquid chromatography/mass
spectrometry (LC-MS) analysis.”” Using our previously
described algorithm,”**® we used GluC bottom-up data to
simulate a native MS spectrum. When we then compared the
measured and simulated native MS spectra, we obtained a low
similarity score of 0.66 (Figure 1C). Spectra simulated using
the data from the GluC digest were found to be shifted toward
lower masses when compared with the native mass spectra. For
instance, we highlighted in pink the Hex,sHexNAc,;F; (Figure
1C) composition which in the native spectra has the highest
abundance as a species carrying 13 Sia residues. In contrast,
species bearing 11 Sia residues were calculated to be the most
abundant based on the GluC-digest glycoproteomics data. This
is in line with the known observations that in bottom-up
analysis sialylation can negatively affect the ionization
efficiency of glycopeptides.'” In addition, the sialic acid
residues can also be lost during the ionization process.'”
Moreover, in glycopeptide analysis, the attached glycan can be
significantly bigger than the peptide backbone to which it is
attached. In the case of EPO, which has three N-glycosylation
sites (N24, N38, and N83), there is a significant difference in
the masses of the detected GluC glycopeptides. For instance, a
fucosylated triantennary N-glycan carrying three sialic acids has
a mass of 3007.06 Da (74% of the total intact glycopeptide
mass), whereas the mass of the N24-bearing peptide
(AENITTGCAE) corresponds to only 1065.43 Da. Thus, it
is not surprising that the ionization efliciency for this
glycopeptide would mainly be driven by the glycan moiety.
An increase in sialic acid content would likely have an even
more detrimental effect on ionization efficiency. Additionally,
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Figure 2. Characterization of partially glycosylated EPO-2 by native MS and bottom-up glycoproteomics. (A) Native MS spectrum of desialylated
EPO-2, where each peak is color-coded and represents unique Hex,, ;HexNAc,F; compositions. The most abundant peak and peaks lacking one N-
glycan are annotated, together with their likely glycan compositions. (B) Native MS spectrum of non-sialidase-treated EPO-2, where the numbers
above the color codes indicate the cumulative number of sialic acid residues attached to EPO glycans. The peaks corresponding to the partially
glycosylated EPO are annotated with the corresponding glycan compositions. (C) Comparison and cross-correlation of native MS data with the
simulated intact mass spectrum based on the GluC-digest glycoproteomics data for non-sialidase-treated EPO-2.

different glycosites can have a drastic difference in the peptide
backbone size. For instance, for EPO, the peptide-bearing site
N83 (VLRGQALLVNSSQPWEPLQLHVDKAVSGLRSLTT-
LLRALGAQKE) is approximately 4 times the size of the
previously mentioned N24. If we now contrast N24 carrying
one of the smaller glycan forms detected in our study, with
N83 carrying a slightly bigger glycan, fucosylated tetra-
antennary N-glycan with extra LacNAc repeat and four sialic
acid residues, we obtain a total M,, of 8891.16 Da, which is
more than double the size of previously mentioned N24
glycopeptide. If we were to perform the same exercise at the
intact protein level (EPO carrying three N-glycans described
for N24 and an O-glycan versus EPO carrying three N-glycans
described for N83 and an O-glycan), the difference in mass
between these two glycoproteoforms is only 8% of the total
mass. The insights described above also hold true for O-
glycopeptides. For instance, in our previous studies, we have
compared O-glycosite occupancy in N-deglycosylated EPO, as
determined by native MS and glycopeptide analysis and found
values of 90 and 55%, respectively.”””” Thus, glycan
heterogeneity is less likely to exhibit a significant influence
on the ionization efficiency of intact glycoproteins measured
under nondenaturing conditions. On the downside of native
MS, intact glycoprotein measurement only provides insight
into the totality of glycans attached to the protein and lacks site
specific information, whereas the glycoproteomics approach
provides detailed characterization of modified sites as well as
their glycan compositions. Hence, the ideal approach is a
combination of both approaches, whereby the glycoproteomics
provides detailed characterization of site heterogeneity and
native MS serves to validate the quantitative results.
Characterization of Partially Glycosylated Erythro-
poietin. A major challenge in the analysis of glycoproteins is
partial occupancy of N-glycosylation sites (macro-heteroge-
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neity). It is crucial to determine the extent of site occupancy
due to potential impacts on protein function. In glycoproteo-
mics approaches, which often employ enrichment of
glycopeptides prior to MS analysis, this information is typically
lost. When the sample of interest is a purified glycoprotein,
such an enrichment step can be omitted, but data obtained can
still be biased due to the even more substantial differences in
ionization efficiency of peptides versus glycopeptides.'” A more
common approach is to use deglycosylation in heavy water,
which leaves a 2.988 Da signature on the deamidated
asparagine, enabling an accurate readout of the N-glycosylation
stoichiometry.28 For these reasons, we sought to next
characterize an EPO variant exhibiting partial N-glycan
occupancy (EPO-2) at the first (N24) glycosylation site as
measured by our multiattribute method.”> We, again,
performed native MS analysis of desialylated EPO-2 (Figure
2A). We identified 13 glycan compositions where the most
abundant one corresponded to EPO-2 carrying four tetra-
antennary N-glycans and an O-glycan. Notably, the most
abundant species is smaller than the most abundant species
observed in the native MS analysis of EPO-1, which carried
four extra LacNAc repeats. Additionally, we observed peaks
corresponding to EPO-2 lacking one of the N-glycans.
Presence of partially glycosylated EPO-2 was confirmed by
the native MS examination of sialylated EPO-2 (Figure 2B).
We compared the results of the GluC-digested EPO-2
glycopeptides with our native MS approach and obtained a
similarity score of 0.59 (Figure 2C). This is slightly lower than
the fully glycosylated EPO-1 characterized in Figure 1.
However, the cause of lower similarity remains the same
(i-e., a shift to lower sialylation states in the simulated spectra).
Additionally, bottom-up analysis also revealed that a significant
proportion of EPO-2 lacks one N-glycan, which was in contrast
to the native MS data that revealed only trace amounts of
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Figure 3. EPO-3 exhibits a high extent of poly-LacNAc elongation. (A) Native MS spectrum (non-sialidase-treated) of EPO-3 with glycan
compositions color-coded and legend provided below the spectra. The most abundant peak is depicted with the likely glycan composition carrying
12 LacNAc repeats. (B) Comparison of native and simulated mass spectrum based on the GluC-digest glycoproteomics data for EPO-3.

partially glycosylated EPO. A closer examination of the
glycopeptide data revealed that the most abundant signal at
N24 stems from the unoccupied peptide (~15% unoccupied vs
~3% as measured by native MS). The difference between the
bottom-up and native MS can again be explained by the
striking differences in the size of measured peptide/
glycopeptide (1065.43 vs 4072.49 Da, respectively). Addition-
ally, considering the presence of negatively charged sialic acids,
it is likely that this has a detrimental effect on bottom-up
quantitation and results in underestimation of site occupancy.

Sialylation as the Main Driver of the Observed
Discrepancies between Native MS and Glycoproteo-
mics. Next, we examined whether specific modifications, such
as sialic acid moieties or the underlying N-glycan branching/
LacNAc heterogeneity, are the main drivers of the observed
discrepancy between the measured and simulated intact
protein MS results. To this end, we investigated another
EPO variant (termed EPO-3) that lacked sialic acids. Briefly,
EPO-3 was a glycoengineered variant, whereby the proportion
of poly-LacNAc extensions was enhanced (see Methods and
Materials), and no sialic acid moieties were incorporated. This
EPO-3 has an increased abundance of LacNAc structures,
more than 10 mol/mol, compared to that of EPO-1. The
native MS of EPO-3 is depicted in Figure 3A. From this
relatively simple spectrum, we could assign 13 glycan
compositions, confirming that the most abundant glycoproteo-
form had a significantly higher number of LacNAc repeats
when compared to the EPO-1 and EPO-2 variants. We
compared, as before, the native MS spectra of the EPO-3
variant with predicted spectra based on GluC glycoproteomics
results. The increased similarity score for the two spectra
(0.92) suggests that it is primarily the presence and amount of
sialic acid residues rather than the N-glycan itself that are the
key elements that induce the quantitative discrepancy between
the native MS and glycoproteomics data. In the latter data for
EPO-3, we could observe a few peaks originating from
nonconfident identifications of sialylated glycopeptides, which
were not readily observable in the native MS data. Of note,
differences in ionization efficiency could also be caused by our
selection of GluC as a protease of choice. Studying the effects
of other proteases would be warranted. Of note, during the
peer review period of this study, Miller et al.”’ published the
characterization of intact trimeric SARS-CoV-2 spike protein
by charge detection mass spectrometry. When comparing their
results to the glycopeptide studies utilizing trypsin, chymo-
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trypsin, or alpha Iytic protease, it was revealed that average
glycan masses obtained by their intact approach are up to 47%
larger than those reported by glycoproteomics studies. Taken
together, this provides further credence to the claims put
forward in this work.

B CONCLUSION

Here, we compared face-to-face two emerging mass spectrom-
etry approaches used in the characterization of biotherapeutics,
namely, native mass spectrometry and bottom-up glycopro-
teomics. Both approaches provide complementary data and
were found to be in good agreement in terms of identified
glycan compositions associated with each of the three EPO
variants analyzed in this work. Additionally, we demonstrated
an added benefit of the glycoproteomics workflow to
confidently localize the identified glycan compositions to
each of the EPO glycosites, something which cannot be readily
extracted from the native MS data. On the other hand,
interplay between co—occurrin% glycoforms can only be probed
at an intact glycoprotein level.”’ We also observed a significant
divergence between these two approaches in regards to
quantitative characterization of EPO glycosylation profiles
where we demonstrated that the increased size of glycopep-
tides and, especially, the presence of negatively charged sialic
acids can have a detrimental effect on the ionization efliciency
of glycopeptides, whereas it had minimal effect on the
measurements of intact glycoproteins under native conditions.
In conclusion, while glycoproteomics analysis provides
excellent qualitative and site-specific characterization of
glycopeptides, care has to be taken when dealing with large
multiply sialylated N-glycans or partially occupied glycosites.
These are best characterized at the intact glycoprotein level
under native conditions.

B METHODS AND MATERIALS

EPO samples used in this study were prepared from
NeoRecormon (EPO beta) drug substance material from
Roche Diagnostics GmbH (Penzberg, Germany). Endoprotei-
nase GluC, guanidinium hydrochloride (Gua-HCI), tris-
(hydroxymethyl)aminomethane (Tris), 1,4-dithiothreitol
(DTT), and NAP-5 gel filtration columns were from Sigma-
Aldrich/Merck KGaA (Darmstadt, Germany). Ammonium
hydrogen carbonate, acetonitrile (ACN), formic acid (FA),
and iodoacetic acid (IAA) were obtained from Fisher Scientific
International Inc. (Pittsburgh, PA, USA).

https://doi.org/10.1021/jasms.1c00060
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Preparation of EPO Samples. Samples with modified
glycan profile EPO-1 and EPO-2 were obtained as previously
described.”® Briefly, EPO drug substance was separated by
reverse-phase high-performance liquid chromatography (RP-
HPLC) on a Grace VYDAC C4 column using 0.1% TFA in
purified water as solvent A and increasing volumetric ratios of
0.1% TFA in ACN as solvent B. Fractions from early (EPO-1)
and late (EPO-2) elution time points were separated, collected,
and further purified by a repeated RP-HPLC. Fractions
containing EPO-1 and EPO-2 were collected again subjected
to anion exchange chromatography at 2 to 8 °C on a
eiethylaminoethyl (DEAE) sepharose fast flow anion exchange
chromatography resin (GE Healthcare). For washing, 10 mM
sodium/potassium phosphate, pH 7.5, and 30 mM sodium
acetate, pH 4.5, were used alternately. Elution was performed
with a 10 mM sodium/potassium phosphate, 80 mM NaCl,
pH 7.5. The eluate was collected, sterile filtrated, aliquoted,
and stored at <—60 °C. For preparation of EPO-3,
representative EPO drug substance material was incubated
with neuraminidase. Next, desialylated EPO was incubated
with recombinant human f-1,3-N-acetylglucosaminyltransfer-
ase 2 in a buffer containing uridine diphosphate N-
acetylglucosamine. Following a buffer exchange step, the
resulting EPO was incubated with f-1,4-galactosyltransferase
in a buffer containing UDP-galactose. Afterward, EPO material
was purified using cation exchange chromatography. In a final
enzyme treatment, EPO was incubated with two N- and O-
glycan-specific f-galactoside a@-2,3-sialyltransferases in a buffer
containing cytidine-5’-monophospho-N-acetylneuraminic acid.
Anion exchange chromatography was applied to purify the
resulting EPO material. Subsequently, concentration, diafiltra-
tion, and conductivity correction were performed to yield the
EPO drug substance buffer composition.

LC-MS Multiattribute Monitoring Method. First, 250
ug of each EPO sample was denatured with 0.4 M Tris and 8
M Gua-HC], pH 8.5. Next, samples were reduced with 21 mM
DTT at 50 °C for 60 min and then alkylated with 50 mM IAA
at room temperature (RT) for 30 min in the dark. Prior to
Glu-C digestion, samples were buffer-exchanged to 50 mM
aqueous ammonium hydrogen carbonate, pH 7.8, with NAP-S
columns. Samples were then digested with GluC at 25 °C for
16—18 h at a 1:20 enzyme/protein ratio.

Five micrograms of digested EPO was loaded on a Waters
Corp. (Milford, MA, USA) ACQUITY ultraperformance liquid
chromatography system and C8 ethylene bridged hybrid
columns (2.1 mm X 150 mm, 1.7 ym, 130 A) coupled to Q-
TOF Synapt G2 HDMS by Waters, Q-TOF by Bruker
Corporation (Billerica, MA, USA), or Orbitrap Velos or Fusion
from Thermo Fisher Scientific. The column was kept at 65 °C
and ran as a 65 min gradient method with 0.1% FA in H,O
(solvent A) and 0.1% FA in ACN (solvent B) applied at a flow
rate of 300 uL/min (0—30 min: 1-20% B, 30—60 min: 20—
5% B, 60—65 min: 35—60% B, 65—75 min: 80—99% B, 75—80
min: 1% B). MS measurements were performed in positive ion
mode, and data were acquired in the 500—2000 m/z range.
Extracted ion chromatograms were generated for m/z values of
expected glycopeptides; peaks were integrated, and the
resulting areas were used to obtain relative glycan abundance
at each site.

Native Mass Spectrometry. EPO-1—3 samples (20 ug
each) were buffer exchanged into a 150 mM aqueous
ammonium acetate (pH 7.5) by ultrafiltration (vivaspin500
10 kDa cutoff, Sartorius, Stedim Biotech, Germany) at 10,000g.
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The concentration was adjusted to 5 M, and 4 uL was used
for native MS analysis. Part of the EPO-1 and EPO-2 samples
were additionally treated with 0.02 U of sialidase (Roche, IN,
USA) at RT overnight. Samples were analyzed on a modified
Exactive Plus Orbitrap instrument with an extended mass
range (Thermo Fisher Scientific, Bremen) acquiring an m/z
range of 500—10,000. Voltage offsets on the transport
multipoles and ion lenses were manually tuned for optimal
transmission of intact protein. Nitrogen was used in the HCD
cell at a gas pressure of 6 X 107'% bar. MS parameters were as
follows: spray voltage 1.2—1.3 V, source fragmentation and
collision energy were varied from S to 30 to achieve optimal
desolvation, and resolution (at m/z 200) of 17,500. The
instrument was mass calibrated in the 500—5000 m/z range
using CsI clusters.”’ Measured spectra were deconvoluted to
zero-charge with Intact Mass software’® (Protein Metrics, CA,
USA) using default settings, except for the mass range, which
was adjusted based on the smallest and the largest identified
glycoproteoforms to minimize the presence of artifacts.

For comparison of native and glycopeptide data, we
performed an in silico data construction to simulate a
deconvoluted intact MS spectrum based on the mass and
relative abundances of (glyco)peptides mapped in the
multiattribute method (Table S1). Simulated sample was
compared with deconvoluted native MS spectra of each EPO
and a similarity score based on Pearson correlation was
calculated. Algorithm used for the analysis is publicly available
at https://github.com/Yang0014/ glycoNativeMS.22
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