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Abstract
Immunoglobulin G (IgG) fragment crystallizable (Fc) glycosylation is crucial for antibody effector functions
such as antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC).
To monitor IgG Fc glycosylation, high-throughput techniques for glycosylation analysis are needed in the
biotechnology industry. Here we describe the development of a fully automated high-throughput method
based on glycopeptide analysis. Samples are prepared in 96-well plates. The IgGs are purified directly from
fermentation broths by means of immobilized protein A followed by trypsin digestion. Glycopeptides are
purified by hydrophilic interaction solid-phase extraction and analyzed by electrospray mass spectrometry
(ESI-MS) in the positive-ion mode. Data are automatically processed and relative intensities of the different
IgG glycopeptides are obtained. The intermediate precision of the method is below 5% for the five major
glycoforms of an IgG1 antibody. The newly developed method is suitable for glycosylation profiling of
IgGs from fermentation broths. We compared the developed method to other glycoanalytical methods and
successfully applied it to analyze the fermentation time course of two different clones of the same
therapeutic antibody.
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Introduction
Recombinant monoclonal antibodies (mAb) for therapeutic use have to be characterized in detail in order to
warrant their safety and therapeutic efficacy. Glycosylation is one of the most important post-translational
modifications and often results in a remarkable heterogeneity of protein glycoforms [1;2]. Therapeutic
mAbs are mostly of the IgG isotype consisting of four polypeptide chains, more specifically two heavy
chains and two light chains. Each heavy chain bears in the CH2 domain of its Fc part N-glycan structure
linked to asparagine 297 [3].Depending on the recombinant expression system, this may be a complex type,
hybrid type or high-mannose type structure [3;4]. The use of mammalian expression systems generally
results in complex type biantennary oligosaccharides in the Fc portions. These glycans may have a core
fucose and a bisecting N-acetylglucosamine. Moreover, they vary in galactose and sialic acid content of the
antennae [2-5].
Some IgGs may carry additional N-glycans in the variable regions of the fragment antigen binding (Fab)
portion. Fab N-glycans have been described to differ from the oligosaccharides of the Fc region in that they
are generally more highly galactosylated and are more extensively decorated with sialic acids [6;7].
The glycosylation pattern has a great influence on the antibody effector functions. A high degree of
galactosylation promotes the activation of the complement system by binding to C1q resulting in
complement-dependent cytotoxicity (CDC) [3;7-9]. The lack of core fucose leads to a pronounced increase
in antibody-dependent cellular cytotoxicity (ADCC) of IgG1 via increased affinity for the Fcgamma
receptor IIIa on immune cells such as natural killer (NK) cells [3;10-14]. The different glycosylation
patterns can also lead to differences in pharmacodynamics and pharmacokinetics [3;15-18]. In addition,
some IgG glycan structural elements such as alpha 1-3 bound galactose and N-glycolylneuraminic acid may
be involved in adverse immune reactions.[3;10;19-22]. The alpha 1-3 bound galactose has recently been
described as being related to the Fab glycosylation [23].
Therefore, protein glycosylation analysis and specifically IgG glycosylation analysis is widely performed in
the pharmaceutical industry in process development, media development and clone selection and in cases
where glycosylation is established as a critical quality attribute it is part of release analytics [1;3;24]. There
are several state-of-the-art technologies for the analysis of the glycosylation patterns of therapeutic
antibodies which can be subdivided into three categories [1;25-27]:
1. Analysis of the IgG molecule – either in intact form or after reduction of disulfide bonds – by means of
electrospray ionization mass spectrometry (ESI-MS) and deduction of the overall glycan composition.
2. Enzymatic release of the N-glycans and measurement of the glycans by mass spectrometry, or by CE with
fluorescence detection or HPLC with pulsed amperometric or fluorescence detection.
3. Proteolytic cleavage of the antibody and measurement of the glycopeptides by matrix assisted laser
desorption- mass spectrometry (MALDI-MS) or ESI-MS.
Measurement of the intact glycoprotein mass often allows the quantitation of the main glycoforms, yet data
evaluation is often complicated by other underlying post-translational modifications. In case glycans are
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released from the antibody the information on site specific glycosylation is lost and glycans released from
IgGs that are Fc- and Fab-glycosylated cannot be directly assigned to the Fc and the Fab part. Mass
spectrometric analysis of glycopeptides, on the other hand, allows the in-depth analysis of IgG glycosylation
in a site-specific manner. For process development, media development and clone selection there is a need
for high-throughput glycosylation analysis techniques which yield site-specific information.
On the basis of a recently published protocol [28] we developed a largely automated, high-throughput Fcglycosylation analysis method employing electrospray ionization (ESI) mass spectrometric glycopeptide
measurement and here demonstrate its successful application for process development in the biotech
industry.

Materials and Methods
Materials
Ammonium bicarbonate extra pure, formic acid p.a., glacial acetic acid p.a., isopropanol gradient grade and
propionic acid (for synthesis) were obtained from Merck (Darmstadt, Germany). Sodium dodecyl sulfate
(SDS) was bought from Sigma-Aldrich (Steinheim, Germany). Acetonitrile ultra gradient grade was
purchased from J.T. Baker (Griesheim, Germany). Recombinant trypsin (sequencing grade modified trypsin,
Product code # V511) was obtained from Promega (Mannheim, Germany). Recombinant protein A coupled
to Sepharose (rProtein A-SepharoseTM fast flow, Product code #17-1279-01) and SepharoseTM Cl-4B
beads (SepharoseTM CL-4B, product code #17-0150-01) were obtained from GE Healthcare (Freiburg,
Germany). 10x premixed phosphate buffered saline (PBS) was obtained from Roche Applied Science
(Penzberg, Germany). Ultrapure water was obtained from our in house MilliporeTM facility (Millipore,
Schwalbach, Germany). For the method development we used unpurified IgG1 and IgG4 fermentation
supernatant and purified IgG1 in formulated bulk.
Sample preparation
The starting material was fermentation supernatant of a Chinese Hamster Ovary (CHO) cell line producing
IgG1. The sample preparation method was designed in a 96 well plate allowing full automation. For
automation we used a Hamilton Microlab Star Robot (Hamilton, Bonaduz, Switzerland). The procedure
consists of two steps: First IgG material was purified out of the fermentation supernatant and a tryptic digest
was performed. Then the glycopeptides were purified from the tryptic digest.
The robotic workstation was equipped as follows: 96-channel pipetting head and four single pipetting
channels, which can be operated with 300µl or with 50µl tips or with grippers, for moving labware at the
working table; a 96 wash station dual for rinsing of used tips; 14 cooled (15°C) 96-well plate format
positions for plates and troughs; 24 cooled (15°C) 1.5 – 2.0ml cup-holders; seven 96-well plate positions;
five 96-well filter plate positions; four heated shakers; a vacuum manifold. With the current protocol 8 to
384 samples can be handled in parallel (up to four 96 well plates).
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Sample purification
Sample volumes varied from 10 to 150µl according to the concentration of the antibody in the fermentation
supernatant. Typically, the total amount of IgG applied per analysis was approximately 50µg. The samples
were collected in 96 well plates. (Corning plates). For capturing of IgG 100µl of diluted protein A
Sepharose slurry (5µl of prewashed rProteinA SepharoseTM from GE Healthcare suspended in 95µl of 1x
PBS) was added to each sample. The capturing step was executed at room temperature for at least 1 hour,
with repeated aspiration/dispension every 5min using the 96 channel pipetting head. After the capturing step
the samples including the beads were transferred into 96 well 10µm PE frit plates from Orochem (Lombard,
USA). The liquid was removed by application of vacuum using the integrated vacuum device. The beads
were washed three times by addition 200µl of 1x PBS and three times by addition of 200µl ultrapure water.
After every washing step the liquid was completely removed by applying vacuum. Captured IgGs were then
eluted from the beads by incubating with 40µl 100mM formic acid for 3min. Eluted IgGs were collected
into a round bottom 96 well plate by applying vacuum.
Tryptic digest of purified IgGs
The pH of the eluted IgG solution was adjusted to basic conditions with 15µl 300mM ammonium
bicarbonate 0.025% SDS. For tryptic digestion 0.4 µg of trypsin (5µl trypsin solution in 1mM formic acid)
were added to each sample. The 96 well plate was covered with a robo lid (Corning, NY). Samples were
incubated for at least 6h at 37°C, with a second addition of 0.4 µg trypsin after 3h.
HILIC purification of glycopeptides
For purification and concentration of glycopeptides 5µl of Cl-4B Sepharose was pipetted into 96 well 10µm
PE frit Orochem plates. The samples were washed 3 times with 200µl water and 3 times with 83%
acetonitrile. Tryptic digests were diluted with acetonitrile to a final concentration of 83% acetonitrile. The
digests were then transferred to Orochem plates for incubation on the shaker for at least 10min with shaking
at 300 rpm. After incubation excess liquid was removed by applying vacuum. The beads were washed two
times with 0.1% TFA in 83% acetonitrile and two times with 83% acetonitrile. Retained glycopeptides were
eluted with 3 times 20µl ultrapure water by applying vacuum, and eluates were collected in a 96 well plate.
ESI-MS measurement of purified glycopeptides
10µl of glycopeptide solution were transferred with a multichannel pipette to a 96 well plate (Abgene,
Blenheim, UK) and 2.5µl of TFA-fix solution [29] were added and mixed thoroughly (directly prior to the
measurement). All measurements were performed in positive-ion mode with an Orbitrap Velos instrument
from Thermo Scientific (Bremen, Germany) equipped with a TriVersa NanoMate robot from Advion
(Harlow, UK). Resolution of the MS was set to 60000 and the acquisition time per sample to 1min, preceded
by an acquisition delay of 10s. The delay time was found to be a crucial parameter in order to achieve a
constant spray for MS data acquisition. The NanoMate robot settings were as follows: 1.5kV electrospray
voltage, gas pressure 0.5psi, contact closure 1s. Electrospray current during analysis was found to be optimal
between 50 and 250nA providing good intensities and signal to noise ratios for the measured glycopeptides.
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Data processing
Raw data were acquired by means of the software XCalibur provided by Thermo Scientific. Raw data were
converted into the “spectra format” (SPC) and quantitated with the GRAMS software (Thermo Scientific)
by specific ion chromatograms (SIC) for the expected glycopeptides. All detected charge states and isotope
peaks of a glycopeptide were added and the relative amount of glycoforms were calculated.
Other glycosylation analysis methods used for comparison of results
The methods used for comparison to our newly developed method were as follows (i) HILIC-HPLC of 2AB labeled glycans; briefly, glycans were released with PNGase F, dried in a vacuum centrifuge, labelled
with 2-aminobenzamide, cleaned up with a NanoSep centrifugal device (Pall Life Sciences, Ann Arbor, US)
and separated by HILIC-HPLC with fluorescence detection [30;31]. (ii) Matrix assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF-MS) of released glycans; briefly, glycans were
released by PNGaseF, incubated with formic acid, mixed with 2,5-dihydroxy-benzoic acid (DHB) matrix
and analyzed with a MALDI-TOF mass spectrometer in positive-ion reflector mode [32;33]. (iii) High-pH
anion exchange chromatography-pulsed amperometric detection (HPAEC-PAD) of released glycans;
briefly, the samples were buffer exchanged and concentrated by centrifugal filtration. Glycans were released
by PNGase F and again cleaned-up by centrifugal filtration, followed by HPAEC-PAD analysis [34;35]. (iv)
ESI-MS of Fc portions; briefly, the IgGs were reduced with DTT, buffer exchanged for the electrospray
medium by gel filtration and analyzed by off-line ESI-MS.

Results
The developed method for the evaluation of Fc-glycosylation of antibodies involves capturing of antibodies
directly from fermentation supernatants with protein A beads, tryptic digestion, purification of glycopeptides
by HILIC solid-phase extraction automated electrospray mass spectrometric analysis and data evaluation.
We here describe the optimization and the automation of the sample preparation procedure with robotics and
the optimization and automation of the detection using direct infusion mass spectrometry. As starting point,
we used a recently published method on glycopeptide analysis [28] and adapted it to robotics. The protocol
was changed to avoid (vacuum) centrifugation steps, and ESI-MS was performed instead of the originally
applied MALDI-MS detection. In addition several steps of the procedure were optimized. The workflow is
shown in Figure 1.
Figure 2A shows a typical electrospray ionization-Orbitrap-MS spectrum of IgG Fc glycopeptides obtained
with the present workflow. Glycopeptides were detected in two charge states (z= +2 and +3) the main
species being G0F (no galactose; glycan composition of H3N4F1 with H= hexose, N= N-acetylhexosamine
and F= deoxyhexose), G1F (one galactose; H4N4F1), and G2F (2 galactoses; H5N4F1). Glycopeptide
species were analyzed by CID-MS/MS, and an example of the obtained fragmentation spectra is shown in
Figure 2B. Glycoforms were assigned on the basis of the registered glycopeptide masses and fragmentation
spectra using GlycoWorkbench (www.glycoworkbench.org), together with the results of HILIC-HPLC of
PNGase F-released, 2-AB labeled glycans. With this method retention times were matched with a data base
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and by spiking with commercially available glycans. We also took the existing literature into account for
assigning the glycan structures [2].
Glycopeptide signals were quantitated and the relative intensities were calculated per glycan composition.

3

Fig.1. Schematic overview of the optimized high-throughput sample preparation protocol for glycopeptide
analysis.
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Fig.2. Electrospray-MS(/MS) analysis of IgG Fc glycopeptides. HILIC-purified tryptic IgG1 Fcglycopeptides were analyzed by Orbitrap-MS (A). The G1F (H4N4F1) glycoform was analyzed by CIDMS/MS (B). Glycoforms were assigned using GlycoWorkbench (www.glycoworkbench.org). Yellow circle,
galactose; blue square, N-acetylglucosamine; red triangle, fucose; green circle, mannose.
Optimization and automation of the protein A capturing step
The protein A Sepharose step allows the fast purification of IgG from fermentation supernatants. The initial
protocol involved incubation of protein A Sepharose with the IgG-containing solution on a shaker for 1h at
room temperature [28]. We modified the capturing step by incubating the samples and the slurry of protein
A in the robot for 1h without shaking. Instead, beads were suspended by pipetting three times up and down
every 5min during the 1h incubation time using the 96 channel pipetting head. Beads were washed on the
vacuum manifold, followed by the elution of the captured antibodies with 40µl of formic acid. This
procedure allowed the efficient capturing and purification of IgG from the complex matrix of the
fermentation broth as confirmed by quantifying the protein content photometrically at 280 nm after the
elution step with formic acid. The preparation of the samples for tryptic digestion was changed, skipping the
vacuum centrifugation step which was included in the original protocol [28]. The pH of the eluate (IgG in
40µl of formic acid) was increased by addition of 20µl 300mM ammonium bicarbonate. Using a pH stick it
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was confirmed that the pH was in neutral to slightly basic range known to be suitable for trypsin digestion.
By successfully skipping the vacuum centrifugation step robotization of the procedure became feasible.
Optimization and automation of the tryptic digestion step
The pH of the digestion solution was adjusted with ammonium bicarbonate (see above) and additionally
0.025% SDS was added to improve the digestion efficiency. In order to speed up the proteolytic cleavage,
we used 2x0.4µg freshly prepared trypsin instead of 0.2µg in the starting method [28]. Three hours after the
first trypsin addition to the sample a second aliquot was added. When only a single addition of trypsin was
carried out, this resulted in the observation of incompletely cleaved peptides, glycopeptides and antibody
fragments in the ESI-MS spectra (data not shown) that were not removed in the HILIC purification step. On
the 96 well plate we encountered loss of liquid on the edges caused by a higher evaporation rate, therefore,
after digestion to the outer rows of the well plate 15 to 20µl water was added to maintain a final volume of
40µl. Furthermore, the well plate was removed after the digestion in the robot and transferred to a shaker
that is able to heat the plate from both below and above.
Optimization and automation of the HILIC purification step
The HILIC purification proved to be a crucial step for glycopeptide enrichment: glycopeptides were found
to be retained and most other tryptic peptides were removed. The buffer for washing had to contain TFA.
When the HILIC purification step was performed without TFA hydrophilic peptides that are not
glycopeptides were detected in the mass spectra (data not shown).
Automation and data evaluation of the mass spectrometry step
In order to obtain a better signal to noise ratio in the ESI-MS analyses we added a solution consisting of
75% isopropanol and 25% propionic acid (v/v; “TFA-fix”) to the aqueous glycopeptides samples. This
mixture has been originally introduced to overcome the ionization suppression caused by TFA [29], but was
also found to increase the ionization efficacy in glycopeptide analysis. It is crucial to take the right
concentration for optimization of the application of “TFA-fix”. As shown in Fig. 7A when the sample is
injected in water, significant formation of sodium and potassium adducts can be detected that hamper
quantification. When 10µl of sample and 2.5µl of “TFA-fix” were mixed a spectrum with a good signal-tonoise ratio was obtained with predominantly glycopeptide signals (Fig. 7B). When 10µl sample and 7.5µl
“TFA-fix” (Fig. 7C) were mixed prior to measurement the signal-to-noise ratio got low and there were some
intense peptide signals in the spectrum in addition to the glycopeptide signals. From these results we chose
the addition of 2.5µl of “TFA-fix”to 10µl of sample as preferable conditions. Instead of performing manual
direct infusion automated direct injection was performed with a TriVersa NanoMate system. The system
utilizes a silicon-based integrated nanoelectrospray microchip device allowing automated, high-throughput
and a stable ESI-MS measurement without sample-to-sample carryover.
An external standard was always analyzed in parallel to the samples.
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Repeatability and detection limit of the glycopeptide profiling method
To determine the repeatability of the newly developed method, using formulated therapeutic antibodies, we
performed on three different days 8 experiments of mAb IgG Fc glycosylation profiling with eight parallel
sample purification procedures respectively and one injection into the mass spectrometer. The results are
shown in Figure 3.
The structures of the detected and quantitated Fc glycoforms are shown in Table 1. Next to the dominant
G0F, G1F and G2F structures, also monoantennary and high mannose glycoforms were detected, as well as
sialylated glycoforms. As summarized in Table 1 the results for the three experiments were very similar. In
conclusion the method shows a good repeatibilty and all peaks could be assigned to glycopeptide structures
as they are expected for IgGs produced with CHO cells [2]. For the development of the described test
system, a total amount of 50 µg IgG per analysis was applied. By testing different total IgG amounts
(between 200 µg and 1 µg) a detection and quantification limit of 1 µg total IgG (at a signal to noise of ≥
10:1) was verified for low-abundant glycan structures (data not shown).
Comparison to other glycoanalytical methods
The developed technique was used to analyze IgG glycosylation of the formulated drug substance of a
marketed therapeutic antibody. For comparison four other glycoanalytical methods which are established in
our laboratory and are based on the measurement of the reduced antibody, glycopeptides and released
glycans were applied.
The three main glycoforms detected (see Table 1and Fig. 4) with the glycopeptide analysis method
developed here were H3N4F1 (G0F), H4N4F1 (G1F) and H5N4F1 (G2F) as expected for a therapeutic
antibody produced in CHO cells. Minor glycan species could be detected and quantified as well, with
standard deviations between 0.1% and 0.7% which signify excellent precision and repeatability. The relative
intensities of the minor species were 1.8% for H5N2 (M5), 0.3% for H6N2 (M6), 4.0% for H3N4 (G0
lacking fucose) and 2.9% for H4N4 (G1 lacking fucose). Additionally, two monoantennary structures were
registered with 1.9% for H3N3F1 (truncated, monoantennary structure with 3 mannoses) and 1.2% for
H4N3F1 (monoantennary structure with one galactose). These two structures were found only in the charge
state z=2, while all other glycostructures were found in the charge states z=2 and z=3. Moreover, these
monoantennary structures showed higher relative intensities in the glycopeptide analysis than with most of
the other methods, some of which did not allow to detect these species (Table 1).
A possible explanation may be that during analysis of glycopeptides with mass spectrometry a part of the
H3N3F1 and H4N3F1 is formed due to fragmentation of H3N4F1 (G0F) and H4N4F1 (G1F) during the
ionization and ion-transfer (in-source decay), leading to an overestimation of the abundances of these
structures.
Apart from these minor discrepancies, the relative abundances determined by glycopeptide analysis were
found to be well in accordance with the results obtained with the alternative methods (i to iv) (Table 1). The
glycostructure H6N2 (M6) could only be detected and quantified with our newly developed method, the
H4N3F1 was only found with the new method and by HPAEC-PAD. The H5N4F1S2 (G2F with two sialic

54

49

acids) could also only be detected with the glycopeptide method however in a very low amount (0.1%). This
structure is rarely detected at the glycopeptide level for human IgG from plasma [25]. The MS spectrum
with the different charge states is shown in Figure 5.
To better compare the results of the glycopeptide method with those of the other applied methods we
normalized the intensities to the sum of the major 3 structures (G0F + G1F + G2F = 100% ). The results are
shown in Figure 3. The detected degree of galactosylation was similar for all tested methods. So taken
together we conclude that the here presented high-throughput method is accurate, precise and shows a good
repeatability. The developed method allows a high degree of automation which is hard to achieve for the
other methods tested.
Application of the method
A typical application for the method is to measure the glycosylation state in the course of a fermentation run.
Samples were taken each day and analyzed with our here presented method.
Figure 6 shows a typical fermentation course exhibiting 5 different glycoforms from day 1 to day 15 for two
different monoclonal antibody clones. Samples were analyzed after finalization of the fermentation runs.
With this approach it is possible to deduce the fermentation time for the desired glycosylation or to
investigate the impact of alterations in the fermentation on the glycosylation.

Discussion
In contrast to other methods for glycosylation analysis our newly developed method is highly automated. As
we used ESI-MS on an Orbitrap CID-MS/MS spectra could be easily acquired giving structural information
on the glycan portions. In case very low abundant species are present or when conditions for CID-MS/MS
experiments have to be adjusted with the NanoMate it is possible to spray up to 30min from one sample.
The method is highly automated with minimal hands-on time. The acquisition time per sample is
approximately 1min, hence many samples can be measured per day.
By analyzing glycopeptides, site-specific information on glycosylation is obtained. Therefore the method
should be particularly valuable for the analysis of Fab glycosylated monoclonal IgGs for which information
on the site-specific glycosylation is often required. As the Fab glycosylated glycopeptides will have another
peptide moiety and molecular mass it may be possible to analyze and quantitate the Fc glycosylation and the
Fab glycosylation from a single MS experiment. Obviously the additional measurement of a Fab
glycopeptide will require the optimization of the tryptic cleavage, the HILIC-SPE enrichment step, and the
ESI-MS detection method. Moreover, when the method is used for example with plasma samples it should
be possible to distinguish between the different IgG subtypes [28].
We started our method with fermentation broths which required no pre-cleaning of the samples. However, if
for example glycoengineered antibodies are analyzed (where overexpression of recombinant b1,4-Nacetylglucosaminyltransferase III in production cell lines leads to antibodies enriched in bisected
oligosaccharides [36]) the glycostructures bearing a bisecting N-acetyl glucosamine cannot be distinguished
from other isoforms with the same molecular mass using the current approach. For example it is not possible
to distinguish between G1 (H4N4) and the monoantennary glycostructure with a bisecting GlcNAc and four
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mannoses (H4N4). But also here the method could be helpful in analyzing fermentation courses as
fucosylated and non-fucosylated glycan structures can be discriminated. In this case the RP-HPLC method
after 2-AB labeling is the only method of the methods discussed in this manuscript that can distinguish
between the isomeric glycostructures). However, if there are numerous samples it could be convenient to
analyze the complete sample set with our developed method and to characterize only a few samples with the
2-AB labeling and RP-HPLC method, due to the different throughput of the methods.
It is crucial to have the right concentrations of acetonitrile and TFA in the HILIC purification step. When
applying other affinity materials than protein A (for examples lectins and antibodies) it might be possible to
adapt the method to analyze other glycoproteins such as fetuin, transferrin or erythropoietin (EPO).
Thus the method can be used for clone selection as shown in Figure 5, for media development, glycomic
applications, pharmacokinetic (PK) and pharmacodynamic (PD) studies, process development, process
characterization and even as release method for therapeutic antibodies.

Fig.3. Repeatability of the IgG1 Fc-glycosylation profiling method. The method repeatability and robustness
was verified by eight parallel sample purification applications (average n=24) on three different days
(experiment 1-3).
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Fig.4. Comparison of the relative amounts of agalactosylated, monogalactosylated and digalactosylated
structures determined by high-throughput glycopeptide analysis (nano-ESI MS glycopeptides), HILICHPLC of 2-AB labeled glycans (AB-labeling HILIC); matrix assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-MS), high-pH anion exchange chromatography (HPAEC), and ESIQTOF mass spectrometry of reduced antibody (ESI-MS Fc portions). All experiments were performed
sixfold.

Fig.5. Isotopic distrbibution (n=3) of G2S2F (H5N4F1S2). The spectrum was recorded in the positive ion
mode using an Orbitrap Velos instrument.

52
57

Fig.6. Analysis of the IgG Fc glycosylation changes of a fermentation time course. The fermentation course
exhibited 5 different glycoforms from day 1 to day 15 for two different monoclonal antibody clones (Clone
1 (A) and 2 (B) of the same antibody). Samples were taken daily and analyzed with the high-throughput
glycopeptide analysis method.

Fig.7. Optimization of HILIC purification step. To improve signal-to-noise ratio of glycopeptides different
amounts of “TFA Fix” were added prior to mass spectrometric analysis (A,B,C).
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H4N3F1

G1F-N

H3N3F1

G0F-N

H5N4F1

G2F

H4N4F1

G1F

H3N4F1

G0F

composition

2592.0124

2429.9596

2957.1448

2795.0919

2633.0390

glycopeptides

IgG Fc

mass [Da] of

molecular

[ppm]

1.2

0.8

0.3

0.4

0.9

Mass accuracy

1.2 (0.1)

1.9 (0.1)

9.0 (0.4)

44.0 (0.5)

33.0 (0.7)

glycopeptides

IgG Fc

n.d.

0.5 (0.1)

10.2 (0.5)

45.2 (0,4)

34.7 (0.8)

glycans

AB-labeled

NP-HPLC of

Nano ESI-MS of

Theoretical

Name and

Structure

Relative abundance [%]

Glycan

n.d.

1.1 (0.2)

9.0 (0.2)

43.4 (0.6)

34.8 (0.1)

glycans

released

TOF-MS of

MALDI-

0.5 (0.1)

0.5 (0.0)

9.3 (0.1)

45.8 (0.1)

37.1 (0.1)

glycans

released

PAD of

HPAEC-

n.d

n.d

9.7 (0.2)

47.4 (0.4)

36.4 (0.3)

portions

of Fc

ESI-MS
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Table 1
Structures of IgG glycans and quantitative comparison of high-throughput glycopeptide analysis to other glycosylation analysis methods. Where applicable,
standard deviations are given in parentheses. Six replicates were analyzed side by side
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H5N4F1S2

G2S2F

H5N4F1S1

G2S1F

H4N4F1S1

G1FS

H5N4

G2

H4N4

G1

H3N4

G0

H6N2

M6

H5N2

M5

composition

Name and

Structure

3539.3356

3248.2402

3086.1873

2811.0867

2649.0339

2486.9810

2566.9808

2404.9280

mass [Da]

molecular

Theoretical
[ppm]

1.2

0.7

0.4

0.1

0.6

1.1

0.4

0.6

Mass accuracy

0.1(<0.1)

0.7 (0.1)

0.4 (0.1)

0.6 (0.2)

2.9 (0.1)

4.0 (0.1)

0.3 (0.2)

1.8 (0.1)

glycopeptides

IgG Fc

Nano ESI-MS of

n.d.

n.d.

n.d.

0.3(<0.1)

3.3 (0.2)

4.1 (0.4)

n.d.

2.0 (0.2)

glycans

AB-labeled

NP-HPLC of

n.d.

n.d.

n.d.

0.6 (0.2)

3.9 (0.2)

6.0 (0.3)

n.d.

1.1 (0.1)

TOF-MS

MALDI-

n.d.

n.d.

n.d.

0.4 (0.1)

2.1 (0.1)

3.3 (0.0)

n.d.

0.9 (0.0)

PAD

HPAEC-

n.d

n.d

n.d

n.d

n.d

6.6 (0.2)

n.d

n.d

ESI-MS
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Abbreviations
IgG, immunoglobulin G; Fc, fragment crystallizable; ADCC, antibody-dependent cellular
cytotoxicity; CDC, complement-dependent cytotoxicity; ESI-MS, electrospray ionization mass
spectrometry; mAb, recombinant monoclonal antibodies; Fab, fragment antigen binding; NK cells,
natural killer cells; MALDI-MS, matrix assisted laser desorption ionization - mass spectrometry;
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specific ion chromatograms; HILIC, hydrophilic interaction liquid chromatography; HPLC, high
performance liquid chromatography; HPAEC-PAD, High-pH anion exchange chromatography-pulsed
amperometric detection; CID, collision induced decay.
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