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Abstract

Glycans have numerous functions in various biological processes and participate in the progress of
diseases. Reliable quantitative glycomic profiling techniques could contribute to the understanding
of the biological functions of glycans, and lead to the discovery of potential glycan biomarkers for
diseases. Although LC-MS is a powerful analytical tool for quantitative glycomics, the variation of
ionization efficiency and MS intensity bias are influencing quantitation reliability. Internal
standards can be utilized for glycomic quantitation by MS-based methods to reduce variability. In
this study, we used stable isotope labeled IgG2b monoclonal antibody, iGlycoMab, as an internal
standard to reduce potential for errors and to reduce variabililty due to sample digestion,
derivatization, and fluctuation of nanoESI efficiency in the LC-MS analysis of permethylated N-
glycans released from model glycoproteins, human blood serum, and breast cancer cell line. We
observed an unanticipated degradation of isotope labeled glycans, tracked a source of such
degradation, and optimized a sample preparation protocol to minimize degradation of the internal
standard glycans. All results indicated the effectiveness of using iGlycoMab to minimize errors
originating from sample handling and instruments.

Keywords
Glycomics; iGlycoMAD; LC-MS/MS; Internal Standard; Permethylation

1. Introduction

Glycomics is an important aspect in bioanalysis because glycosylation is a frequent and
biologically relevant post-translation modification (PTM) of proteins. Ongoing research on
the structure and function of protein glycosylation has revealed that glycan presence and
variations in structures influence and modify multiple biological processes, such as protein
folding [1-3], cell-cell and cell-matrix recognition and interaction [4—6], and host-pathogen
interactions[7, 8]. Precise and rapid means to quantify different glycan structures could
accelerate gaining an understanding of biosynthesis, structural variation, and biological
impact of these structures. Separate from gaining a clearer understanding of the underlying
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biology, glycomic analysis can potentially define novel biomarkers for various diseases,
including cancers [9-12].

Many methods have been utilized in glycomic profiling, including, LC-UV/fluorescence,
lectin microarrays [13-15], and mass spectrometry (MS) based approaches. Comprehensive
and sensitive glycomic quantitation can be achieved by MS-based analysis strategies. High-
resolution MS enables precise identification of glycan composition based on molecular
weight. Detailed glycan structure information can also be obtained by tandem MS. MS-
based quantitation methods are inherently more complex than optical detection methods.
The generation of ions for analysis is a complex process, subject to variables that can be
difficult to exactly control. MS signal intensity is directly linked to the ionization efficiency
of the analyte. Matrix-assisted laser desorption ionization (MALDI) and electrospray
ionization (ESI) are the two most commonly used ionization methods for biomolecule MS
analysis. The ion abundance generated by MALDI is significantly influenced by the quality
of sample spot crystal and positions hit by laser beam [16]. Similarly, ESI ionization
efficiency is also influenced by the quality of the electrospray; changes of ESI needle
condition, sheath gas flow, and solvent composition could all result in the fluctuation of the
signal. Moreover, ESI is often utilized in interfacing separation instruments to MS, in which
case the analysis would last from 10 minutes to 2 hours per sample. Extended analysis time
makes it difficult to keep consistent ionization efficiency from sample to sample, batch to
batch. The second aspect is from the change of intensities from the MS detector after
calibrations, which would influence the comparison of sample runs in the extended time
range. Despite all those uncertainties, MS-based analysis strategy is still the most powerful
quantitation method in glycomic profiling. Developing reliable MS-based quantitative
glycomic profiling method is essential to biomarker discovery.

Several efforts have been undertaken to improve the reliability of glycomic quantitation by
MS [17-20]. The most straightforward method is to spike a known internal standard into
samples; this is especially effective in MALDI-MS analysis because all glycans and internal
standards are simultaneously ionized and analyzed. Maltoheptaose and several other
carbohydrates consisting of repeating units of monosaccharides are usually utilized as an
internal standard for glycan quantitation because maltoheptaose has a similar mass to the
average mass of N-linked glycans and close chemical property to glycans [21-24]. Multiplex
analysis using stable-isotope-labeled derivatization reagents is another strategy for reliable
glycomic quantitative analysis. In the MS-based glycomic analysis, glycans are usually
derivatized to improve ionization efficiency in positive ion mode and to stabilize sialic acids
in glycan. Reported methods included isotopic labeling through “heavy” and “light”
permethylation [25-28] and specialized reducing end labeling such as P2GPN, INLIGHT ™
and the like [24, 29-37]. The isotope can also be introduced into glycan through metabolic
incorporation or via water incorporation during the catalytic cycle of PNGase F digestion
[38, 39]. Isobaric tags (TMT [40, 41], iIARTs[42]) were developed to allow quantitative
comparison of glycans from different samples through fragment reporter ion ratios in MS2.
All these methods can contribute to reducing analytical variation due to instrumentation
contributions, including ionization efficiency variance and MS bias.
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Valid glycomic biomarker discovery relies on sufficiently large sample sizes to represent
sample populations (often more than one hundred samples). Large sample numbers also
challenge efficient and reproducible preparation, particularly when data collection can occur
a cross distant sites, or through multiple operators. Although high-throughput methods have
been developed for simultaneous handling of 96 samples, many glycomic sample
preparation protocols split individual samples into batches. Thus, it is important to maintain
consistency among different batches. Meanwhile, quantitation of released N-glycans is also
influenced by PNGase F digestion efficiency [43-45], which may be affected by sample
matrix or other operational variables (time, temperature, protein sequence, etc.). Here, we
are more focusing on the PNGase F digestion efficiency fluctuation results from user’s bias.
Development of an internal standard that could normalize for possible variations due to
enzymatic release, sample preparation and LC-MS is necessary to improve quantitation
accuracy and precision.

In this study, we investigated the ability of iGlycoMab, which is a highly purified murine
1gG2b monoclonal antibody, with attached glycans that are labeled with the stable isotope
(15N), to reduce variations in LC-MS quantitative analysis of permethylated N-glycans. We
observed a potential limitation in formation or recovery of isotope labeled glycan, relative to
quantities of native glycans when improper sample procedures are used. Experiments were
conducted to verify conditions that would avoid loss or conversion of 15N labeled 1gG
glycan to appear as native glycan.

2. Experiment Methods

2.1 Reagents and Instruments

HPLC grade acetonitrile, methanol, acetic acid and water were purchased from Fisher
Scientific (Pittsburgh, PA). Dimethyl sulfoxide (DMSO, >99.9%), sodium hydroxide beads
(20-40 mesh), iodomethane, borane-ammonia complex ribonuclease B and bovine fetuin
were purchased from Sigma-Aldrich (St. Louis, MO), IgG standard was from Waters
(Milford, MA), iGlycoMab was provided by GlycoScientific (Athens, GA), cell line
HTB-131 was purchased from ATCC (Manassas, VA), PNGase F was obtained from New
England Biolabs (Ipswich, MA) and Trypsin MS grade was procured from Promega
(Madison, WI). Empty micro spin column with 5 pm frit was from Harvard Apparatus
(Holliston, MA). Centrifugal filter (10k MWCO) was purchased from Millipore (Billerica,
MA). UltiMate 3000 nanoL.C system and LTQ Orbitrap Velos mass spectrometer (Thermo
Scientific, Sunnyvale, CA) were utilized for LC-MS analysis of glycans. C18 trapping
column (3um particle size, 2 cm length) and Acclaim Pepmap RSLC C18 column (2um
particle size, 75 um i.d., 15 cm length) were used for online purification and reverse phase
nanoL C separation of permethylated glycans.

2.2 Sample Preparation

We spiked 2 g iGlycoMab into a solution of mixed model glycoproteins, which is
composed of 5 pg of ribonuclease B and 5 pg of fetuin. Then mixed glycoproteins with PBS
buffer (pH 7.5) were thermally denatured in 60 °C water bath for 1 hour. After that, about 60
units of PNGase F was added to denatured sample and 18 hours enzymatic digestion was
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conducted in a 37°C water bath. iGlycoMab was also spiked into human blood serum and
denatured and digested with different protocols, including thermal denaturation at 60 °C and
90 °C, purify proteins or tryptic digest proteins prior to PNGase F treatment. All released
glycans were reduced by ammonium borane complex and permethylated using the solid-
phase permethylation method. The permethylation protocol is as following; dried reduced
glycans were resuspended with 1.2 pL of water, 30 uL of DMSO and 20 pL of iodomethane,
and then the mixture was loaded to a spin column freshly packed with sodium hydroxide
beads. Next, the derivatization is allowed to proceed for 45 minutes. An additional 20-pL
aliquot of iodomethane was added in the middle of incubation. The final product was eluted
with 100 pL acetonitrile and dried in a speed vacuum.

2.3 LC-MS/MS Conditions

Derivatized samples were directly subjected to LC-MS analysis. Samples were first online
purified in the C18 trapping column and flushed by loading solution (water with 0.1%
formic acid) for 10 minutes. Analytes were separated on the C18 column with the following
gradient; the percentage of mobile phase B (acetonitrile with 0.1% formic acid) increased
from 38 to 60% in 35 min. Mobile phase B was then elevated to 90% over 3 min and
maintained at that percentage for 5 min. Finally, B was set to 20% to equilibrate the system
for the next run. Full MS resolution was set to 15,000 to ensure a confident precursor glycan
identification within 5 ppm mass accuracy. Four data-dependent acquisition (DDA) MS2
were acquired following full MS event. MS2 spectra were generated by collision-induced
dissociation (CID, settings) and higher energy collisional dissociation (HCD, settings).
Glycan structures can be verified by MS2 spectrum (reference). LC-MS data was analyzed
both manually by calculating the peak areas in extracted ion chromatograms (EIC) and
MultiGlycan [46, 47]. The peak area was used to represent the intensity of the corresponding
glycan.

3. Results and Discussion

Initially, iGlycoMab glycans were analyzed to evaluate the 1°N labeling efficiency. Glycan
F1A2, which contains 4 A-acetylglucosamines, was examined as a representative of
iGlycoMab glycans. The predicted monoisotopic mass should be incremented by 3.9882 Da,
which matches the spectrum exhibiting the major isotopic /7/z peak of fully 15N labeled
F1A2. The incremented mass of 2.9911 is also observed in the spectrum (Figure 1 insert),
which corresponds to 1°N labeling efficiency on each site of 94.8%. During the comparison
between IgG standard and iGlycoMab in RPLC-MS analysis, it can be concluded that

the 1N isotope on N-acetylglucosamines has no influence on the retention time on the C18
column (Figure 1). This can be an advantage, indicating that including iGlycoMab internal
standard would not complicate LC-MS; meanwhile, it can be a disadvantage because 1°N
labeled glycans are overlapped with normal glycans both in LC retention time and MS
spectrum. In this case, the interference of isotopic peak from normal glycans would
possiblly influence the first monotopic peak of iGlycoMab glycans, resulting in errors of
internal standard intensity calculation when analyte glycan intensity is substantially higher
than iGlycoMab glycans. Hence, it is necessary to ensure that adequate iGlycoMab internal
standard is spiked into the sample. Permethylated glycans released from native 1gG standard
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and iGlycoMab were mixed with 2:1, 1:1, 1:2 and 1:4 ratios. The spectrum for [M+2H]%* of
glycan F1A2GL1 is shown in Figure 2 a—d. The ratio of the first monoisotopic peak at
1017.5449 and 1019.5407 precisely matches the synthetic mix ratio. The intensities of
glycans from both sources were determined by EIC peak area. The R-square value for linear
fitting between theoretical mix ratio and experimental intensity ratio is 0.9957 and 0.9983
for glycan F1A2 and F1A2G1, versus 0.9685 and 0.9722 when normalization was not
employed. This test verified the capability of improving quantitation reliability by

spiking 1°N labeled glycans into analytes before LC-MS analysis.

The iGlycoMab was spiked into a model glycoprotein mixture consisting of ribonuclease B
and fetuin, and the protein mixture was processed together through the entire sample
preparation and analysis procedure, with the following steps; denaturation, PNGase F
digestion, purification, reduction, permethylation and LC-MS analysis. This procedure was
perfromed in triplicates to evaluate the variation originating from both sample preparation
and LC-MS analysis. In this case, the introduction of iGlycoMab could normalize the errors
originating from all these analytical steps. The intensity of 5 high mannose glycans from
ribonuclease B and 6 sialylated glycans from fetuin among independent triplicates were
plotted as shown in Figure 3a. The relative standard deviation (RSD) of the high mannose
structures ranged from 23% to 39%, while for sialylated structures, the RSD varied between
30% to 53%. The RSD is affected by the abundance of the glycan. For example, the most
abundant structure in ribonuclease B, Man5, has lowest RSD and the least abundant
structure in fetuin, A3G3S, has the highest RSD. Then the intensity is normalized by the
intensity of 1°N labeled glycans. The absolute value of intensities was divided by intensity
of 15N F1A2G1. After normalization, the RSD of Man5 and Man6 decreased to less than 5%
(Figure 3b). The RSD of sialylated glycans also decreased to half or one-third of the RSD
without normalization. These results indicate that the precision of analysis can be improved
by spiking iGlycoMab from the very first step of sample preparation. A significant reduction
of RSD is noted when the glycan elution time is close to the elution time of 1°N F1A2G1.
This observation suggests that fluctuation of nanoESI could be a source of variation for
glycan analysis.

The utility of iGlycoMab to normalize analyses was further tested with a more complex
sample, human blood serum. 5ug of iGlycoMab was spiked into 1 pL of human blood serum
at the beginning of sample preparation. However, after the same sample handling and
analysis procedure, the 15N labeled glycan peaks cannot be found in the spectrum, as shown
in Figure 4a. We can only see the native F1A2 and F1A2G1 peaks from IgG in human
serum. The first possible explanation for the missing 1°N labeled glycan peaks is that the
abundance of iGlycoMab is much lower than the IgG in human serum, therefor the 15N
labeled glycan signal is masked by 1gG glycan in blood serum. When we mixed separately
prepared 1 pL blood serum and 5 pg iGlycoMab in 1:1 ratio and analyzed by LC-MS,
isotope labeled F1A2 and F1IA2G1 were observed in the spectrum at an intensity
comparable to that of glycans derived from human serum IgG. Hence, the missing 1°N
isotope labeled glycan peak does not result from the insufficient iGlycoMab spiking amount.
A more likely explanation is that the sample digestion and derivatization processes are
prompting the loss of 1°N glycans.
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To examine this possibility, and to establish the step at which the disappearance of 1°N
glycans occurs, human serum and iGlycoMab were mixed together; a) before themal
denaturation and PNGase F digestion; b) before glycan reducing end reduction, and c)
before solid-phase permethylation. From the MS spectral analyses, 1°N glycan from
iGlycoMab is apparent when it is spiked before reduction and permethylation (Figure 4b).
The results indicate that the loss of the isotope label occurs during denaturation and PNGase
F digestion. Compared with the model glycoprotein samples we tested above, human blood
serum is a more sophisticated mixture with complex sample matrix. There is a possibility
that the sample matrix is causing the loss of 1°N glycan. To test this possibility, different
methods to purify the sample matrix before denaturation and PNGase F digestion were
examined. First, ice-cold 90% ethanol was employed to precipitate proteins, the supernatant
was discarded, and precipitated blood serum protein and iGlycoMab were resuspended and
subjected to the same sample preparation protocol described above. The second purification
method utilized involved the use of a 10k MWCO spin filter to recover blood serum
proteins, in this case, impurities smaller than 10k Da are eliminated. However, in both
purification methods isotope labeling were lost (Figure 5a, b). Accordingly it appears that
blood serum proteins are prompting the loss of 1°N glycan, and possibly the result of an
enzymatic process. To test this hypothesis, we used harsher denaturation to ensure that all
proteins in the sample matrix have lost their bioactivity. The high-temperature denaturation
was conducted at 90 °C and lasted for 20 minutes rather than our routine one-hour
denaturation protocol with 60 °C water bath. The expectation is that PNGase F release and
glycan recovery would not vary between the thermal denaturation at 60 °C for 1 hour and
90 °C for 20 minutes. The result shown in Figure 5¢c demonstrates that the glycans from
iGlycoMab are present after the whole preparation and analysis processes. We repeated the
experiments with different denaturation conditions side by side, with the result that 15N
labeled glycans can be consistently detected and EICs reproducibly obtained across many
replicates, when appropriate conditions are employed. For example, the intensity of native
F1A2 in 60 °C denaturation protocol is higher than the native F1A2 in 90 °C denaturation
protocol, and the sum of the intensities of native F1A2 and 1°N F1A2 prepared at 90 °C
denaturation protocol is close to the intensity of native F1A2 at 60 °C denaturation protocol.
This result suggests that 1N glycans are converted to non-isotope labeled glycans when the
denaturation is incomplete. We also tried to reduce, alkylate and tryptic digest human serum
iGlycoMab mixture before PNGase F digestion. In this case, isotope labeled glycans do not
appear to be converted to native glycans (Figure 5d). This further supports that 15N glycan
degradation can be prevented by completely inhibiting the bioactivity of proteins in human
blood serum. The various sample preparation protocols and results are summarized in Table
1.

We additionally tested the use of iGlycoMab in the biological replicates analyses of N-
glycans released form breast cancer cell line HTB-131. 1ug of iGlycoMab was added to 100
ug of extracted cell line protein. Figure 6a exhibits the glycan intensities, or normalized ratio
results (Figure 6b), for three biological triplicates. The normalized results exhibit greatly
decreased variance, with RSDs below 10% most of the released glycans measure in these
cell line proteins. The quantitative glycomic profiling of cell line is much more reliable after
normalization by the iGlycoMab internal standard.
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4. Conclusion

In this study, we applied iGlycoMab in the quantitative LC-MS analysis of permethylated N-
glycans released from model glycoproteins, human blood serum, and breast cancer cell lines.
The results highlighted the advantage of including an internal standard for quantitation, and
the utility of the 15N labeled iGlycoMab to reduce variations originating from sample
preparation and LC-MS analysis. We observed an unanticipated degradation of isotope
labeled glycan when iGlycoMab is denatured and digested with blood serum. The
degradation can be avoided by increasing the denaturation temperature or by tryptic
digesting of samples prior to the addition of iGlycoMab internal standard.
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Extracted ion chromatograms (EIC) and MS spectra of N-glycans released from (a) 1gG
standard and (b) iGlycoMab. Glycowork Bench was used to draw glycan structures.
Symbols: = N-acetylglucosamine (GIcNAc); ©, Galactose (Gal); ¥, Fucose (Fuc); e,
Mannose (Man); ®, Glucose (Glc); ¢, N-acetylneuraminic acid (NeuAc/Sialic Acid).
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MS spectra of mixing native 1gG glycans with isotope labeled IgG glycans in the ratios of &)

2:1,b) 1:1, ¢) 1:2 and d) 1:4. Panel €) illustrates the linearity of theoretical ratios vs.
experimental ratios. Symbols: as in Figure 1.
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Figure 3.
Bar graphs representing intensity variation of biological (n = 3) analyses of N-glycans
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released from model glycoprotein mixtures a) without normalization and b) with
normalization using °N-glycans derived from iGlycoMab. Symbols: as in Figure 1.
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Figure 4.
a) Base peak intensity (BPI) chromatograms and MS spectra for F1A2 and F1A2G1 glycans

subjected to thermal denaturation at 60 °C. b) Combine blood serum glycan with iGlycoMab
glycan after PNGase F digestion. Symbols: as in Figure 1.
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A schematic representative of the different experiments performed, including a) purifying
proteins by filteration, b) purifying proteins by precipitation and c) tryptic digestion before
deglycosylation and d) denature sample mixture at 90 °C. Symbols: as in Figure 1.
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Figure®6.
Bar graph of the relative intensities of the N-glycans released from a HTB-131 cell line

(biological triplicate; n = 3) a) without normalization and b) with normalization using 1°N
glycans derived from iGlycoMab. Error bars are reflective of the standard error of the mean
values (SEM). Symbols: as in Figure 1.
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Table 1

Summary for different sample preparation protocols and whether 15N glycan peaks can be picked.

Mix iGlycoMab with blood serum Pre-treatment Denaturation condition | 15N glycan identified

Before denaturation and PNGase F digestion None 60°C, lhour No
after digestion, before reduction None 60°C, lhour Yes

after reduction, before permethylation None 60°C, lhour Yes
Before denaturation and PNGase F digestion Protein precipitation 60°C, 1hour No
Before denaturation and PNGase F digestion | wash though 10k MWCO filter 60°C, 1hour No
Before denaturation and PNGase F digestion None 90°C, 20 minutes Yes
Before denaturation and PNGase F digestion Tryptic digestion 60°C, 1hour Yes
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