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Recombinant human erythropoietin (EPO) is a complex therapeutic glycoprotein with
three N- and one O-glycosylation sites. Glycosylation of EPO influences its safety and
efficacy and is defined as a critical quality attribute. Thus, analytical methods for
profiling EPO glycosylation are highly demanded. Owing to the complexity of the intact
protein, information about EPO glycosylation is commonly derived from released glycan
and glycopeptide analysis using mass spectrometry (MS). Alternatively, comprehensive
insights into the glycoform heterogeneity of intact EPO are obtained using ESI MS-based
methods with or without upfront separation of EPO glycoforms. MALDI MS, typically
performed with TOF mass analyzers, has been also used for the analysis of intact EPO
but, due to the poor glycoform resolution, has only provided limited glycoform
information. Here, we present a MALDI FT-ICR MS method for the glycosylation profiling
of intact EPO with improved glycoform resolution and without loss of sialic acid residues
commonly observed in MALDI analysis. Three EPO variants were characterized in-depth
and up to 199 glycoform compositions were assigned from the evaluation of
doubly-charged ions, without any deconvolution of the mass spectra. Key glycosylation
features such as sialylation, acetylation, and N-acetyllactosamine repeats were
determined and found to agree with previously reported data obtained from orthogonal
analyses. The developed method allowed for a fast and straightforward data acquisition
and evaluation and can be potentially used for the high-throughput comparison of EPO
samples throughout its manufacturing process.
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4.1. INTRODUCTION

R ECOMBINANT human erythropoietin (EPO) is a complex glycoprotein and a very
successful biopharmaceutical [127–129]. The protein backbone is about 18,000 Da

with additional glycosylation that extends the molecular mass up to about 32,000 Da.
Four glycosylation sites (Asn24, Asn38, Asn83, and Ser126) and a high diversity of
structural glycosylation features (varying levels of antennae, N-acetyllactosamine
(LacNAc) repeats, sialylation, phosphorylation, sulfation, acetylation) have been
described [130]. Since these features affect the safety and efficacy profile of EPO,
glycosylation – defined as a critical quality attribute (CQA) of EPO – must be
characterized to ensure the quality of the biopharmaceutical [122].

The in-depth glycosylation analysis of complex glycoproteins, such as EPO, is typically
performed by a combination of different mass spectrometry (MS)-based methods
[131, 132]. In fact, since the very first reports on the structure and function of EPO, MS
has been widely used to study its glycosylation. The integration of information,
obtained from multiple analysis levels, is needed for a comprehensive characterization
of EPO glycosylation (Figure 4.1).

Figure 4.1: Scheme of multi-level characterization of EPO using MS-based methods.

The analysis of enzymatically released glycans has provided detailed information of the
N-glycosylation of EPO [130, 133–136], while the analysis of glycopeptides has allowed
for a site-specific determination of the glycan compositions [114, 115, 122, 137–140]. At
the intact protein level, MS provides unique information on the combinatory presence
of different glycan moieties on its four glycosylation sites [59, 133, 141–144]. However,
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such an analysis, that leads to very complex mass spectra, is challenged by the high
glycoform heterogeneity. This problem has been often mitigated by combining
powerful separation techniques with sensitive MS methods [142, 145–148]. For
example, the use of anion exchange chromatography (AEX) and Fourier transform ion
cyclotron resonance (FT-ICR) MS has recently allowed for the assignment of 357
proteoforms to an EPO reference standard (EPO RS) [71]. Such an in-depth analysis
requires long measurement times and tedious data processing, therefore, more direct
strategies have also been developed. For example, in a recent report by Čaval and
co-workers, intact glycoengineered variants of EPO were analyzed by native ESI MS on
a modified Orbitrap MS system without any upfront separation [46]. The assignment of
up to 236 EPO glycoforms allowed for comprehensive glycoform profiling of EPO [59].
Direct analysis methods were demonstrated to be very powerful for fast glycoform
profiling and similarity assessment. Of note, the high heterogeneity of EPO limits the
applicability of top-down MS/MS strategies therefore the analysis of intact EPO
proteoforms, as well as other glycoproteins of similar complexity, must be always
complemented by other structural analyses such as bottom-up MS.

Intact protein analysis of EPO has also been performed by MALDI MS however, this
type of analysis has only provided limited information since the different EPO
glycoforms are typically not resolved in time-of-flight (TOF) MS that is the most
commonly used type of MALDI MS [149–152]. Furthermore, MALDI analysis of
sialylated glycans and glycoconjugates is often affected by the loss of sialic acid residues
that occurs during or post ionization. Compared to ESI MS, MALDI MS methods offer
the advantage of a faster acquisition, the absence of carryover, a more stable ion source
performance, and a more straightforward data interpretation. Therefore, a MALDI MS
method for the analysis of intact EPO, with glycoform resolution and without loss of
sialic acid residues, would be of great benefit.

In this study, we developed a MALDI FT-ICR MS method for the analysis of intact EPO
glycoforms. Three EPO variants, namely EPO RS, EPO RP+ and EPO RP- were analyzed
using 2,5-dihydroxyacetophenone as a MALDI matrix to minimize the loss of sialic acid
residues. Robust and detailed glycosylation profiles were obtained directly from the
evaluation of doubly charged EPO glycoforms, without any deconvolution of the mass
spectra. The precise assignment of glycoform compositions allowed for the evaluation
of key glycosylation features of EPO such as sialylation, acetylation, and LacNAc
repeats. The developed method allowed for a straightforward comparison of EPO
variants and can be potentially used throughout the manufacturing process for
example for clonal selection, batch-to-batch comparison, and biosimilars evaluation.
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4.2. EXPERIMENTAL SECTION

4.2.1. CHEMICALS AND SAMPLES

All chemicals used in this study had at least analytical grade quality and were, if not
otherwise stated, purchased from Sigma Aldrich (Steinheim, Germany). EPO RS, EPO
RP+, and EPO RP- were produced in Chinese hamster ovary (CHO) cells and were kindly
provided by Roche Diagnostics (Penzberg, Germany). EPO RP+ and EPO RP- were
obtained from EPO after fractionation by reversed-phase HPLC, as described elsewhere
[122]. All EPO materials were previously studied by several methods and reference data
was used for comparison [71, 122, 140]. Precisely, the very same samples used in this
studies were previously characterized by bottom-up MS at a glycopeptide level and the
obtained MS/MS spectra are available at doi:10.25345/C54998 [140]. For MALDI MS
analysis, 2,5-dihydroxyacetophenone (DHAP, saturated) mixed in a ratio 8:2 with
diammonium hydrogen citrate (DAHC, 20 mg/mL), in acetonitrile (ACN):water
(50:50%, v/v), was used as MALDI matrix. 4-Chloro-α-cyanocinnamic acid (ClCCA) was
prepared at 10 mg/mL in ACN:water (70:30%, v/v) while, saturated sinapic acid (SA)
and saturated α-cyano-4-hydroxycinnamic acid (CHCA) were prepared in
ACN:water:trifluoroacetic acid (30:69.9:0.1%, v/v/v). For external calibration of the MS
system, 10 mM trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-popenylidene]malono-
nitrile (DCTB) in acetone was used as MALDI matrix to analyze cesium iodide cluster
ions [(CsI)n + Cs]+.

4.2.2. DESIALYLATION

Enzymatic desialylation of EPO RS was performed using SialEXO® (Genovis). 50 µg of
EPO were digested with 50 units SialEXO (40 units/µL) in 20 mM
tris(hydroxymethyl)aminomethane buffer, pH 6.8 at 37°C for 4 h.

4.2.3. SAMPLE CLEAN-UP

The EPO samples were subjected to solid-phase extraction (SPE) by C4 ZipTip® tips
(Merck Millipore). The SPE-tip was washed three times with 10 µL of ACN:water:formic
acid (FA) (50:49.9:0.1%, v/v/v). Then, the SPE-tip was conditioned, three times, with 10
µL of 0.1% FA in water. Prior to loading, 10 µg of the sample were diluted in 10 µL with
0.1% FA in water. Upon sample loading (20 times), an additional washing step (five
times methanol:water:FA (5:94.9:0.1%, v/v/v)) was applied and the sample was eluted
in 10 µL of ACN:water:FA (50:49.9:0.1%, v/v/v).

4.2.4. MALDI SPOTTING

0.5 µL of the EPO samples were spotted onto a polished steel target MALDI plate (Bruker
Daltonics) and 0.5 µL of DHAP matrix were added. For external calibration of the MS
system, 0.5 µL CsI3 (50 mM in water) was spotted together with 0.5 µL of DCTB matrix
[153]. The spots were allowed to dry at room temperature.
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4.2.5. MALDI FT-ICR MS

A 15 T solariX XR FT-ICR mass spectrometer (Bruker Daltonics) with a CombiSource and
a ParaCell was used in the study. The mass spectrometer was operated using ftmsControl
software (Bruker Daltonics). MALDI experiments were performed with a Smartbeam-
II Laser System (Bruker Daltonics) at a frequency of 500 Hz and 200 laser shots. The
“selective accumulation” mode was used to sum 200 high-quality spectra. The data were
acquired in positive-ion mode in the m/z range 2,022- 35,000 with 64,000 data points
(i.e. transient time 0.2884 s). The total measurement time was approximately 5 min. The
MS instrument was externally calibrated using [(CsI)n + Cs]+ ion clusters (Figure S1).
All samples were measured in triplicates. For EPO RS, two additional measurements
were performed on two days for interday analysis. Additionally, linear positive-mode
MALDI TOF MS measurements were performed on a rapifleX mass spectrometer (Bruker
Daltonics).

4.2.6. DATA ANALYSIS

Mass spectra were visualized and inspected in DataAnalysis 5.0 (Bruker Daltonics).
mMass was also used for visualization and peak integration of .xy files [154]. The
Uniprot sequence of human EPO (P01588) without C-terminal arginine was used for
the calculations of average masses with the web-based tool ProtPi
(https://www.protpi.ch). An average mass of 18,235.7324 Da was used for the EPO
backbone with 2 disulfide bonds. For glycan building blocks, the residual average
masses of hexose (H, 162.1406 Da), N-acetylhexosamine (N, 203.19252 Da),
deoxyhexose (F, 146.1412 Da), N-acetylneuraminic acid (S, 291.2546 Da),
N-glycolylneuraminic acid (G, 307.2544 Da), acetyl (Ac, 42.0368 Da) and phosphate (P,
79.9799 Da) were used from National Institute of Standards and Technology
(https://www.nist.gov/static/glyco-mass-calc/). The assignments of
glycoform compositions were mainly based on recent data on intact glycoforms,
glycopeptides and released glycans of the studied EPO variants [71, 110, 140]. Analyte
curation was based on an m/z tolerance of 5 Th, a signal-to-noise ratio ≥ 10, and the
presence in all replicates. The assigned glycoforms were further validated by simulating
the mass spectrum of doubly charged intact EPO ions, using recently published
bottom-up data of EPO RS and an R script for simulating mass spectra of intact
glycoproteins (https://github.com/Yang0014/glycoNativeMS) [59, 140]. In
addition, the R script was used to assess the similarity of intact EPO RS MALDI mass
spectra for the intra- and interday analysis. Relative abundances of intact EPO
glycoforms were calculated by total signal intensity normalization. The data were
grouped into different glycosylation traits (sialylation, acetylation and LacNAc repeats).
For this, all relative intensities were summed based on the number of sialic acids, acetyl
groups, or HxN(x-3) repeats. The average number of sialic acids per EPO molecule was
determined by summing all relative abundances upon multiplying by the number of
sialic acids.
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4.3. RESULTS AND DISCUSSION

4.3.1. OPTIMIZATION OF MALDI MS ANALYSIS

The analysis of sialylated glycans and glycoconjugates by MALDI MS may be affected by
the loss of sialic acid residues generated from in-source and metastable decay (ISD)
processes. The extent of such a loss depends on both the nature of the analyzed
biomolecule and the MALDI conditions such as the MALDI matrix and the laser power.
Furthermore, the ISD of biomolecules is partially influenced by the pressure of the
MALDI ion source [155, 156]. It has been shown that the use of an intermediate
pressure MALDI ion source minimizes the loss of sialic acid residues of released glycans
and glycopeptides [157, 158]. Alternatively, sialic acid residues can be stabilized by
chemical derivatization as previously shown for the analysis of released glycans and
glycopeptides [159–161].

Here, different MALDI matrices, namely CHCA, ClCCA, SA, and DHAP, were evaluated
for the analysis of EPO RS by MALDI FT-ICR MS (Figure S2). All matrices allowed for the
detection of EPO RS glycoforms. The glycosylation profiles obtained using ClCCA and
DHAP showed high similarity, whereas the profiles obtained with SA and CHCA showed
a significant shift towards less sialylated glycoforms. This shift, presumably associated
with in-source decay processes and consequent loss of sialic acid moieties, was more
pronounced for the CHCA matrix. MALDI matrix adducts, detected at high intensity for
ClCCA (Figure S3), were negligible in the mass spectra obtained using DHAP which was
chosen for the further analysis of EPO RS by MALDI FT-ICR MS. The use of DHAP, as a
“cold” MALDI matrix, and the intermediate pressure MALDI ion source of the FT-ICR
MS system minimized sialic acid residue loss of intact EPO RS. The suitability of DHAP
for the analysis of sialylated proteins has previously been reported [162].

The obtained mass spectra showed intense doubly charged EPO glycoform signals with
intensities ranging over almost two orders of magnitude. The most abundant
glycoforms were also detected as singly and triply charged ions but at a lower intensity
(Figure S4). The spectra of the less complex desialylated EPO RS showed a higher
abundance of singly charged ions (around 10%) and desialylated EPO RS dimers were
detected as doubly and triply charged species (Figure S4). Due to the low number of
observed charge states and their different abundance, the mass spectra were not
deconvoluted, instead, the data interpretation and processing was solely based on the
doubly charged ions which were measured at a resolving power of about 2,000 (Figure
S5). Of note, MALDI FT-ICR MS has allowed the measurements of small protein and
polysaccharides at an isotopic resolution up to about m/z 24,000, providing mass
spectra of superior quality compared to MALDI TOF MS [163–175].
Ultrahigh-resolution glycosylation profiles have been obtained for apolipoprotein-CIII,
ribonuclease-B, and Fc portions of monoclonal antibodies [169–173]. Isotopic
resolution measurements of EPO RS did not improve the mass spectra quality (data not
shown) as a consequence of the fast decay of the transient signal that affected the
sensitivity of the analysis. EPO RS glycoforms, analyzed by MALDI TOF MS, were not
resolved and were instead detected as a single broad peak in line with previous reports
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(Figure 4.2) [149–152, 176]. The glycoform resolution in MALDI TOF mass spectra
improved after desialylation of the EPO RS, however, also in this case, MALDI FT-ICR
MS analysis was more informative.

Figure 4.2: MALDI FT-ICR mass spectra of doubly charged EPO RS (A) wild-type,
(B) desialylated and corresponding MALDI TOF mass spectra (C and D, respectively).
*represents acetylated species.

4.3.2. GLYCOFORM ASSIGNMENTS OF EPO REFERENCE STANDARD

A complex glycosylation profile of EPO RS was obtained by MALDI FT-ICR MS (Figure
4.2A, Table S1). Desialylation of EPO RS reduced significantly the mass spectrum
complexity and allowed for the assignment of 42 “core” glycoform compositions (Figure
4.2B, Table S2). All assignments were based on previously reported glycoform
compositions obtained from the characterization of EPO RS samples at the intact
protein, the glycopeptide, and the released glycan levels [71, 110, 140]. Thus, the main
“core” glycoforms were assigned to HxN(x-3)F3 compositions generated from the
combinatory occupancy of the four glycosylation sites with varying numbers of
antennae and LacNAc (HN) repeats. The largest “core” glycoform was assigned to
H30N27F3 while H22N19F3 had the highest abundance. A series of low-abundant
HxN(x-5to6)F2P1 “core” glycoforms were also detected. These compositions were
associated with phosphorylated (+ 79.9799 Da) high mannose structures (e.g. H5N2P1,
H6N2P1, Figure S6), which are known to be present at relatively high abundances
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(summed around 10%) [140]. Of note, HxN(x-6)F2P1, originating from the presence of
H6N2P1 at one of the N-glycosylation sites, has a compositional difference
of-2H-1P+2N relative to H(x-2)N(x-4)F2 resulting from an unoccupied N-glycosylation
site which translates into a theoretical ∆m/z of -1.0620. These species could not be
resolved and the detected signal was assigned to HxN(x-6)F2P1 glycoforms based on
quantitative information on the high mannose glycoforms (i.e. H6N2P1, around 5%)
and the occupancy of the N-glycosylation sites [140]. In fact, it was previously shown
that Asn24 bears the highest levels of high mannose glycoforms and is the most
unoccupied N-glycosylation site (around 2%) of the analyzed EPO RS [140]. The
assignment of the “core” structures of desialylated EPO RS was further supported by the
fact that only phosphorylated high mannose glycoforms were assigned in
charge-sensitive high-resolution AEX-MS [71, 140]. Although deamidated proteoforms
and sulfated (+ 80.063 Da) glycans of EPO RS were previously reported, these could not
be resolved in our analysis [77].

The higher glycoform heterogeneity of the wild-type EPO RS is mainly derived from the
presence of a varying number of sialic acids, such as Neu5Ac and to a minor extent
Neu5Gc, on the “core” structures (Figure 4.2). Additional acetyl groups on the sialic
acid residues further increased the complexity. In total, 183 glycoforms were assigned to
EPO RS (Table S1, Figure S7) with the five most abundant glycoforms being
H22N19F3S12, H22N19F3S11, H21N18F3S10, H22N19F3S13, H23N20F3S19, in line
with previous reports on CHO cell produced EPO [59, 71]. On average, for all glycoforms
present in a representative replicate, the measurement error was -0.5 ± 1.5 Th (-1.0 ±
3.0 Da) based on an external calibration, solely. Mass deviations up to 15.1 Da and 236
glycoforms were instead previously reported for intact EPO glycoforms analyzed by
direct native ESI MS analysis [59]. The higher mass tolerance, the potential
deconvolution artifacts and the difference in the analyzed EPO samples are possible
reasons for the higher number of assigned glycoforms in ESI compared to MALDI.

The possible presence of overlapping signals generated from isobaric glycoforms or
glycoforms with similar masses was also evaluated for the assignments. For example,
glycoform compositions containing Neu5Gc instead of Neu5Ac differ by 15.995 Da (or
∆m/z 7.998). This mass difference can also result from the oxidation of Met54 at the
protein backbone. However, no detectable amount of oxidized backbone was assigned
in the desialylated EPO therefore, this protein modification was excluded. Similarly,
both HxN(x-3)F3Sy and H(x+1)N(x-5)F2S(y+1)P1 (∆m/z 9.5756) could also be assigned
with high confidence. Another example is the compositional difference between 4 HN
(+1461.3325 Da) and 5 NeuAc (+1456.2729 Da) that is reflected in a mass difference of
5.0596 Da (∆m/z 2.5298). In this case, assignments were based on the mass accuracy,
the assigned “core” glycoforms and previous AEX-MS assignments [71]. The assignment
of acetylated glycoform compositions also required some additional consideration.
Acetylation of sialic acids (up to 2 acetyl groups per sialic acid are possible) of EPO has
previously been reported [11, 46, 59, 71, 110, 140]. Up to 6 acetyl groups were assigned
to the most abundant glycoform (H22N19F3S12) of EPO RS (Table S1). Glycoforms with
one acetyl group do not overlap with other glycoforms and can be accurately assigned
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whereas glycoforms with two acetyl groups (HxN(x-3)F3SyAc2) were rarely assigned
since glycoforms containing H(x+1)N(x-2)F3S(y-2)G1, with similar masses (∆m/z
3.0024), were generally more prominent based on mass accuracy. For compositions
with a higher number of acetyl groups, another partial overlap (∆m/z 4.9975) between
HxN(x-3)F3SyAcz and H(x+1)N(x-2)F3S(y-1)Ac(z-2) was in addition carefully
considered for more confident assignments.

Considering the degree of complexity, structural and compositional information
obtained using other types of analysis is pivotal to make confident assignments in
MALDI FT-ICR mass spectra. In addition to the reported glycosylation analyses of EPO
RS, the assignments were further supported by a comparison between the MALDI
FT-ICR MS spectra of EPO RS and an in silico constructed spectrum obtained from
bottom-up glycopeptide data (Table S3) [140], as previously reported by Yang and
coworkers [59]. Such a constructed glycosylation profile of EPO RS showed high
similarity to the glycoform distribution in the acquired MALDI mass spectrum (Figure
S8) although a shift towards higher sialylation levels was observed in the measured
data. This was in line with what was previously shown by Yang and coworkers which
compared ESI MS spectra of intact EPO and an in silico constructed spectra from
glycopeptides data [59]. The observed differences may be explained by the loss of sialic
acids and an ionization bias of the sialic acids in bottom-up glycopeptide analysis
compared to intact protein characterization. Finally, the glycosylation profiles obtained
with MALDI FT-ICR MS were in agreement with previously reported data obtained
using bottom-up and intact protein analysis by ESI MS [71, 140].

To assess the repeatability of the EPO RS glycosylation profiles obtained by MALDI
FT-ICR MS, replicate measurements of EPO RS were performed over three days. The
median intraday and interday variabilities, calculated for the relative intensities of all
glycoform compositions (n=183), were 7.4% and 9.8%, respectively (Table S4). The good
repeatability of the EPO glycosylation profiles was corroborated by mass spectra
similarity scores higher than 0.96 (Figure S9).

4.3.3. GLYCOSYLATION ANALYSIS OF EPO VARIANTS

Detailed glycosylation profiles of two additional EPO variants, namely EPO RP+ and
EPO RP-, were obtained using the MALDI FT-ICR MS method optimized for the analysis
of EPO RS (Figure 4.3, Tables S5 and S6). These variants were recently characterized by
QC release methods, bottom-up LC-MS and AEX-MS at the intact level [71, 122, 140]. In
the MALDI FT-ICR MS spectra, 169 and 199 glycoform compositions were assigned to
EPO RP+ and EPO RP-, respectively, whereas 160 and 192 glycovariants (deamidated
proteoforms not included) were previously assigned by AEX-MS. A higher number of
LacNAc repeats was detected by MALDI FT-ICR MS for EPO RP+ compared to EPO RS,
in line with bottom-up LC-MS data (mainly at Asn83) [122]. The MALDI spectra of EPO
RP- indicated lower levels of N-glycosylation. Instead, glycoforms with only two
occupied N-glycosylation sites (HxNx-2F2Sy) were assigned for EPO RP-, e.g. the most
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abundant species was assigned to H15N13F2S9 instead of H17N11F2S9P1 (assigned
glycoform for EPO RS), in line with the previously reported low site occupancy of Asn24
[122].

Figure 4.3: MALDI-FT-ICR mass spectra of EPO variants with (A) increased number of
LacNAc units and (B) decreased glycosylation site occupancy.

Key glycosylation features of the three different EPO variants were compared (Figure
4.4). The average number of sialic acids, determined by MALDI-FT-ICR MS, was 10.7
(EPO RS), 10.9 (EPO RP+) and 9.4 (EPO RP-). This is in good agreement with QC release,
bottom-up LC-MS and AEX-MS analyses previously reported for the same EPO variants
(Table 4.1). MALDI FT-ICR MS showed the same sialylation ranking (EPO RP+ > EPO RS
> EPO RP-), except for the AEX-MS method (EPO RS > EPO RP+ > EPO RP-). Considering
the QC release method as the best estimation of sialylation, the sialic acid stability of
the MALDI FT-ICR MS method is above 95%.
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Figure 4.4: Key glycosylation features of three EPO variants analyzed by MALDI FT-ICR
MS. (A) sialylation, (B) acetylation and (C) LacNAc repeats. * not detected.

Table 4.1: Comparison of the average sialic acid content per EPO molecule determined
by different methods.

Method EPO RS EPO RP+ EPO RP-
MALDI FT-ICR MS 10.7 ± 0.03 10.9 ± 0.01 9.4 ± 0.04
QC* [122] 11.2 ± 0.05 11.4*** 10.2***

MAM** [122] 10.9 ± 0.1 10.4*** 10.1***

AEX-MS [71] 11.6 ± 0.04 11.4 ± 0.08 11.0 ± 0.13
* HPAEC-PAD analysis of released sialic acids (Neu5Ac).
** Multiple Attribute Monitoring by bottom-up LC-MS of a GluC digest.
*** Standard deviations not available.
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Other glycosylation quality features such as LacNAc repeats and acetylation can also be
derived from the MALDI FT-ICR mass spectra (Figure 4.4). In line with previous reports,
70% - 80% of the sialic acids are not acetylated [71]. Mono-acetylated species were
below 20% and higher degrees of acetylated glycoforms should be carefully interpreted
owing to described overlapping species. The expected differences in the LacNAc
repeats of the different EPO variants could be shown as well by the relative
quantification (Figure 4.4). The distribution of HxN(x-3)F3 species obtained for EPO RS
was in good agreement with the analysis upon desialylation (Figure 4.2). EPO RP+
showed the highest content of HN units (H24N21F3 most abundant) and both EPO RS
and EPO RP- showed H22N19F3 as the most abundant species.

It should be stressed that prior knowledge of glycosylation moieties of complex
glycoproteins, such as EPO, is needed for a reliable interpretation of intact protein mass
spectra. Such information must be obtained by a multi-level structural characterization
of the glycoproteins which includes released glycan analysis and site-specific
characterization by bottom-up MS. Nonetheless, as depicted in Figure 4.1, a
comprehensive characterization of EPO must include the analysis at the intact protein
level to determine the combinatory presence of protein modifications on different
modification sites. This unique information is key for assessing the structural integrity,
quality, and safety of pharmaceutical proteins.

4.4. CONCLUSIONS

In this study, we showed that detailed glycosylation profiles of intact EPO can be
obtained by low-resolution MALDI FT-ICR MS. An exceptional improvement in
glycoform resolution was achieved compared to MALDI TOF MS analysis. MALDI
FT-ICR MS provided glycosylation profiles comparable to data previously obtained with
other types of analyses such as native ESI MS and AEX-MS and allowed for a more
straightforward data acquisition and interpretation. In fact, MALDI FT-ICR MS allowed
for the measurements of multiple samples without the need for in-between washing
steps as for native ESI MS, while the evaluation of only doubly charged ions made
deconvolution unnecessary. The comparison of the glycosylation profiles of three
different EPO variants, namely EPO RS, EPO RP+ and EPO RP-, showed that MALDI
FT-ICR MS allows for the evaluation of key glycosylation features such as the number of
sialic acid residues and acetyl groups and LacNAc repeats. In particular, sialylation – the
most important and susceptible glycosylation trait of EPO – was proven to be stable
under the chosen MALDI conditions and sialylation profiles were in good agreement
with those obtained from other orthogonal methods. Of note, as the loss of sialic acid
during MALDI also depends on the nature of the analyzed biomolecule, different
spotting conditions and/or acquisition parameters may be required for the analysis of
different glycoproteins. Finally, the simplicity and potential high-throughput capability
of the here developed method are desirable characteristics for applications in the
biopharmaceutical industry. Further studies are needed to evaluate the applicability of
the developed method for the analysis of unpurified EPO during the manufacturing
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process and to evaluate (and develop) more accessible MS technology (e.g. MALDI
qTOF MS) that could provide similar mass spectral quality of EPO glycoforms as
obtained using 15T MALDI FT-ICR MS. To our knowledge, this is the first report on the
use of MALDI MS for the glycoform-resolved analysis of highly sialylated intact
glycoproteins. We anticipate the application of our strategy for the analysis of different
pharmaceutical glycoproteins with a molecular mass of up to 40 kDa including various
hormones and glycoconjugate vaccines.
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