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Abstract

Appropriate glycosylation of recombinant therapeutic glycoproteins has been emphasized in
biopharmaceutical industries because the carbohydrate component can affect safety, efficacy, and
consistency of the glycoproteins. Reliable quantification methods are essential to ensure
consistency of their products with respect to glycosylation, particularly sialylation. Mass
spectrometry (MS) has become a popular tool to analyze glycan profiles and structures, showing
high resolution and sensitivity with structure identification ability. However, quantification of
sialylated glycans using MS is not as reliable because of the different ionization efficiency
between neutral and acidic glycans. We report here that amidation in mild acidic conditions can be
used to neutralize acidic N-glycans still attached to the protein. The resulting amidated N-glycans
can then released from the protein using PNGase F, and labeled with permanent charges on the
reducing end to avoid any modification and the formation of metal adducts during MS analysis.
The N-glycan modification, digestion, and desalting steps were performed using a single-pot
method that can be done in microcentrifuge tubes or 96-well microfilter plates, enabling high
throughput glycan analysis. Using this method we were able to perform quantitative MALDI-TOF
MS of a recombinant human glycoprotein to determine changes in fucosylation and changes in
sialylation that were in very good agreement with a normal phase HPLC oligosaccharide mapping
method.
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Introduction

More than two-thirds of commercialized therapeutic proteins are glycoproteins. Appropriate
glycosylation of recombinant therapeutic glycoproteins has been emphasized in
biopharmaceutical industries because the carbohydrate component can affect safety,
efficacy, and consistency of the product.12 Particularly, the degree of sialylation is quite
important because glycoproteins with desialylated glycans can be cleared rapidly from blood
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circulation.3-® Glycosylation is an important enough issue that determining glycan structure
at the clone screening stage is becoming a common practice.5-° Also, during process
development and optimization, changes in bioreactor operating parameters and downstream
harvesting and purification methods can have a dramatic effect on the N-glycan structures in
the final product.10-14 Storage conditions of process intermediates and even final vialed
product can also affect the glycan profile.115-17 Therefore, it is essential to ensure
consistency of glycosylation, particularly sialylated glycans. Ideally, a method for sialylated
N-glycan analysis should be fast, robust and reliable, amenable to high throughput methods,
provide structural information about the glycans, and yield quantitative information about
what glycan structures are present in the product.

High Performance Liquid Chromatography (HPLC) analysis of fluorescently labeled
glycans is commonly used for oligosaccharide mapping and quantification of glycans.18-22
Glycans can be resolved based on their size, charge, linkages, and overall structures.
However, the heterogeneous and isomeric structures of N-glycans can result in
chromatograms that do not have highly resolved baseline separation, and structures can not
be readily determined without other orthogonal methods.

Mass spectrometry (MS) has become a popular tool to analyze glycan profiles and
structures, showing high resolution and sensitivity with structure identification ability.23-25
Eukaryotic cells glycosylate with high mannose and complex structures, but for many
recombinant proteins, sialylated complex glycans are critical to the target product profile.
Neutral glycans such as high mannose and unsialylated complex glycans can be quantified
with MS methods because the neutral charge state of the molecule does not affect ionization
efficiency.23:26 However, quantification of sialylated glycans using MS is not as reliable
because of the different ionization efficiency between neutral and acidic glycans.26728 |n
addition, the glycosidic bonds of sialic acid easily decompose during ionization process
under MALDI conditions, unless the carboxylic acid group is modified.2? Therefore, several
groups have attempted neutralization of acidic glycans prior to MS quantification methods.
Permethylation is a commonly used modification to neutralize acidic glycans, but
degradation or loss of sialic acid residues under the harsh reaction conditions limits the
reliability for quantification.30-31 Methyl esterification and amidation of the carboxyl group
of sialic acid were also used to neutralize acidic glycans.28-29:32 However, neutralization of
glycans is still not enough for reliable quantitative MS, particularly MALDI-TOF MS, due
to the complicated mix of metal adduct such as [M+K]* and [M+Na]* that originate from
the salts in the sample matrix.

The complicated mix of adduct ions can be simplified by introducing a permanent charge on
the reducing end of neutralized glycans,33-34 showing better sensitivity and improved glycan
quantification reliability in MALDI-TOF MS.26:35 Jang et al. performed the neutralization
of sialylated glycan of recombinant monoclonal antibody using methyl-esterification and the
resulted glycan was labeled with permanent positive charge.3> However, incomplete
neutralization and degradation of sialic acid were observed on glycans containing a2-3
linked sialic acid.28 Toyota et al. reported that amidation of glycan using acetohydrazide
(Ah) under mild acidic condition was free of flaws caused by the incomplete neutralization
and the degradation of sialic acid.28 However, the reducing end of glycan released from
protein is also subject to modification with the amidation reagent. Therefore introduction of
permanent charge on the reducing end cannot be performed after the amidation.

We report here that amidation in mild acidic conditions can be used to neutralize acidic N-
glycans still attached to the protein. The resulting amidated N-glycans can then be released
from the protein using PNGase F, and labeled with permanent charges on the reducing end
to avoid any modification and the formation of metal adducts during MS analysis. The
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amidated and then derivatized N-glycans were analyzed on MALDI-TOF MS and the
resulting relative peak area percentages were compared with those obtained using a normal
phase HPLC method (NP-HPLC). The N-glycan modification, digestion, and desalting steps
were performed using a single-pot method that can be done in microcentrifuge tubes or 96-
well microfilter plates, enabling high throughput glycan analysis. Using this method we
were able to perform quantitative MALDI-TOF MS to determine changes in fucosylation
and changes in sialylation that were in very good agreement with a normal phase HPLC
oligosaccharide mapping method.

Materials and Methods

Materials

Human IgG, 2-aminobenzoic acid, iodoacetamide, and Girard’s T reagent were purchased
from Sigma (St. Louis, MO). Acetohydrazide and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) were obtained from TCI America (Portland, OR) and
Thermo Co (Waltham, MA), respectively. N-glycosidase F (PNGase F) was obtained from
New England Biolabs (Ipswich, MA). Transgenic pig derived human Factor 1X was purified
from pig milk as described in Gil et al 2008.36

Amidation of sialylated glycan

10-100 pg of glycoprotein was added on 96-Well Membrane-Bottom Filter Plate, 10K
molecular weight cutoff (MWCO) (Harvard Apparatus, Holliston, MA) and spun down to
dryness, and then reduced by adding 100 uL of 5mM DTT and incubating at room
temperature (RT) for 1 hr. Then 5 pL of 250 mM iodoacetamide and 20 pL of water were
added to make 10 mM concentration and then incubated at RT in the dark for 30 min. The
glycoprotein was desalted by washing with deionized water (5 x 200 pL with centrifugation
at 5000 rpm). The desalted glycoprotein was reconstituted with 100 ul of 1M
acetohydrazide, 20 pL of 1N HCI, and 20 pL of 2M EDC. The mixture was incubated at RT
for 4 hr. The amidated glycoprotein was desalted by washing with deionized water (5 x 200
pL with centrifugation at 5000 rpm). PNGase F (substrate: enzyme = 250:1 mass ratio) in
deionized water was added and incubated at 37 °C overnight. The released N-glycans were
collected by centrifugation and then dried under speed vac. The dried N-glycan was
reconstituted in 50/50 (v/v) Methanol/water for further modification.

Derivatization with 2-aminobenzoic acid

10 ul of amidated glycans in 50/50 (v/v) Methanol/water were mixed with 100 pL of 2-
aminobenzoic acid solution (2-AA) consisting of 30 mg of 2-AA and 20 mg of sodium
cyanoborohydride in 1 mL of 4% sodium acetate trihydrate (w/v) and 2% boric acid (w/v) in
methanol. The mixture was heated at 80 °C for 40 min. After cooling, the mixture was
diluted with 1 mL of 80 % acetonitrile in water and excess reagent was removed using C18
cartridge (Alltech, Milford, MA). The cartridge was conditioned with 2x1 mL of 95/5 (v/v)
acetonitrile/water. After loading the glycan, excess reagent was removed with 2x1 mL of
95/5 (v/v) acetonitrile/water, and then the derivatized glycan was eluted with 2x0.5 mL of
20/80 (v/v) acetonitrile/water. The eluted glycan was analyzed using MALDI-TOF MS or
NP-HPLC.

Derivatization with Girard’s T reagent

10 pL of N-glycan in 50/50 (v/v) Methanol/water was mixed with 100 puL of Girard’s T
reagent (GT) solution (5 nmol/uL in 1/99 (v/v) acetic acid/methanol). The solution was
incubated at RT for 4 hr. After reaction, the sample was dried under speed vac and then
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dissolved with 50/50 (v/v) methanol/water, and analyzed on MALDI-TOF MS without
further purification steps.

Normal Phase-HPLC analysis

Normal phase HPLC profiling of 2-AA derivatized glycans was performed with an amine
bonded polymeric column (Polymer-NHs, 5 um, 4.6 mm ID x 250 mm L, Astec, Whippany,
NJ) with a CPF10 prefilter (Vydac, Hesperia, CA) according to the method of Anumula.1®
Solvent A was 2% acetic acid and 1% tetrahydrofuran (inhibited) in acetonitrile, and Solvent
B 5% acetic acid, 3% triethylamine and 1% tetrahydrofuran (inhibited) in water. The
gradient program started at 30% B for 2 min, followed by an increase to 50% B over 60 min
and then to 95% B over 55 min. The column was isocratic with 95% B for 25 min and
equilibrated with initial conditions for 15 min prior to next injection. Column temperature
was 50 °C and flow rate constant at 1 mL/min. The HPLC system was a Waters 2695
Separations module and 2475 fluorescent detector (Milford, MA). The detector settings were
360 nm excitation, 425 nm emission, and 20 nm bandwidth. The peak area from a NP-HPLC
profile was obtained using Empower software (Waters, Milford, MA).

MALDI-TOF MS analysis

1 uL (10-50 pmol) of a glycan sample was mixed with 1 pL of 2,5-dihydroxybenzoic acid
(DHB) solution (30 mg/mL in 70/30 % (v/v) acetonitrile/water). Then 0.5 uL of the mixture
was spotted on stainless steel MALDI plate (triplicate) and dried at room temperature. A
Voyager DE Pro (Applied Biosystems, Foster City, CA) MALDI-TOF mass spectrometer
was used to obtain MS spectra. The analysis parameters were as follows: reflectron mode,
detector gain = 3.9, and laser power = 70%. 1000 shots from 20 different spots were scanned
to acquire a MS spectrum. The intensity of each ion was obtained by integrating from 15t to
3" isotopic peak of the ion. Data Explorer software (Applied Biosystems, Foster City, CA)
was used to calculate the peak area. The relative percentage was the ratio of the intensity of
each ion to the summed intensity of the total detected ions.

Results and Discussion

Conventional amidation and methylesterification were tried to neutralize sialylated N-
glycan,37-38 hut these methods were problematic with incomplete modification for a(2-3)
linked sialic acid and their by products.28 A modified amidation method was reported with
complete amidation of both a(2-3) and a(2-6) linked sialic acid and no by-products?® and so
we adopted this method. As described in Fig 1(a), amidation was performed on the carboxyl
group of sialylated N-glycans using acetohydrazide and EDC as a coupling reagent in mild
acidic conditions. Acetohydrazide was selected because it can be easily coupled with
carboxylic acid and there is little steric hindrance for the amidation reaction. However, the
aldehyde of the reducing end of a free glycan is also likely reactive to hydrazide, so a
permanent charge cannot be incorporated after the amidation reaction. To avoid this
problem, we performed the amidation reaction on the sialylated N-glycan while it was still
attached to the protein as shown in Fig 1(b). We note that the mildly acidic conditions may
cause problems with the analysis of glycoproteins having a low pl, as proteins tend to
aggregate and precipitate near their pl. The pl of the tg-FIX that we analyzed is in the range
of 4-6 39, and we did not observe precipitation of our protein samples. The pl range of IgG
from natural sources (such as what we used in this study) can vary widely from 5 to 940-41,
whereas most recombinant monoclonal antibodies have a basic pl.42-43 If aggregation or
precipitation becomes a problem, addition of denaturants or chaotropes may be necessary
and should not interfere, but we did not explore if the reaction scheme we present here
works with precipitating proteins. The resulting neutralized glycan can be labeled with a
permanent charge on the reducing end after releasing it from protein by PNGase F, which
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promotes homogeneous ionization efficiency on MS, particularly in MALDI-TOF MS. In
addition, the amidation reaction and the following desalting steps can be performed in a 96-
well microfilter plate, so that fast and high-throughput glycan sample preparation is possible
and the glycan sample loss can be minimized.

The first step of the process is neutralization of the sialic acids, while still preserving their
presence and the structure of the N-glycan. We used human IgG as a model protein to
demonstrate this. We compared the NP-HPLC profiles of human IgG N-glycan derivatized
with 2-AA before (Fig 2(a)) and after (Fig 2(b)) amidation. After amidation, acidic glycans
were clearly shifted to the neutral glycan region as shown in Fig 2(b), with less than 0.5% of
the total peak area remaining for the sialylated glycan region (50-90 min in Fig 2(b)). These
data showed that neutralization of acidic glycans by amidation was highly efficient. Fig 2(c)
and (d) show the MALDI-TOF MS profiles of amidated human 1gG N-glycan derivatized
with two different reducing-end labels that impart a permanent charge on the released
glycan: GT (positive) and 2-AA (negative). The GT-derivatized glycans were analyzed in
positive mode and the 2-AA derivatized glycans in negative mode MALDI-TOF MS. All
glycans observed on MALDI-TOF MS were the [M] ions for GT-derivatized glycans and
[M-H]™ adducts for 2-AA derivatized glycans. We did not observe any adduct associated
with metal ion, for example [M+Na]* or [M+Na-2H]~ for GT or 2-AA derivatized glycans,
and thus the spectra were simpler and easier to interpret. The relative peak area percentage
of each structure was similar and the relative percentage difference was less than 5%
between GT and 2-AA derivatized glycan from triplicate experiments. However, the MS
spectrum of 2-AA derivatized glycans showed ~1.7 fold higher sensitivity than that of GT-
derivatized glycans (data not shown). Therefore, we used 2-AA labeling to investigate the
N-glycan structural variations of a model of a recombinant glycoprotein to show how
changes in fucosylation and sialylation can be quantitatively monitored by MALDI-TOF
MS. It was noted that the peak heights of large molecules were lower than those of small
molecules, when the same amount of glycan were analyzed on MALDI-TOF MS.26 This is
due to the lower probability for the first isotopic peak among the isotopic distributions for
larger molecules. In order to minimize any bias for quantification due to those different
isotopic distributions, we used the peak area calculated by integrating from the first to the
third isotopic peaks of each ion rather than the first peak height. The relative percentage of
sialoglycans calculated from HPLC profile (15%) was similar with that calculated from
MALDI-TOF MS profile (14%).

We used the MALDI-TOF MS and NP-HPLC quantification methods to analyze the N-
glycans of recombinant human blood coagulation Factor IX produced in the milk of
transgenic animal bioreactors (tg-FI1X).36:3% Tg-FIX purified from a particular daily milk
sample (day of lactation) can be viewed as a model for a different harvest timepoint from a
conventional fed-batch or perfusion bioreactor. Fig 3 (a) shows the NP-HPLC profile of
unamidated and 2-AA derivatized N-glycans of tg-FIX produced at lactation day 5 of animal
K45. Each HPLC peak was collected and its structure was identified using MS/MS
fragmentation by ESI-lonTrap MS as described in Gil et al 2008.36 The MALDI-TOF MS
profile of amidated and 2-AA derivatized N-glycans of the same sample is given in Fig 3
(b). Eleven structures were identified using peaks collected from NP-HPLC, but sixteen
structures including three additional low abundant species (m/z 1742, m/z 2821, and m/z
2967) were identified using MALDI-TOF MS. Fig 3(c) shows the comparison of the relative
peak area percentages of the major glycans (eight most abundant structures) obtained from
NP-HPLC and MALDI-TOF MS from three different tg-FIX samples (lactation day 8 of
animal K82, day 10 of animal K84, and day 5 of animal K45). The R2 values from a linear
fit of the data through the origin were 0.993 for day 8 of pig K82, 0.976 for day 10 of pig
K84, and 0.985 for day 5 of pig K45; the averaged slope of the linear regression for these tg-
FIX samples was 1.04 + 0.02, with individual slopes ranging from 1.02 to 1.06. The relative
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percentage difference between MALDI-TOF and NP-HPLC peak area percentages was less
than 5%, indicating that quantification using NP-HPLC corresponds to the quantification
using one-pot glycan modification and MALDI-TOF MS.

Core fucosylation is common and its effects on biological function of the glycoproteins can
be significant. Previous reports showed that fucosylation on the Fc region of monoclonal
antibodies strongly affected the Fc binding to its receptor.44-46 Monitoring glycan structure
is therefore an activity that starts as early as clone selection with monoclonal antibodies.
47-48 Therefore reliable and high throughput quantification methods would be useful to
monitor fucosylation changes early on in the developmental process, and also during
production. Fig 4(a), (b), and (c) show MALDI-TOF MS N-glycan profiles of tg-FIX where
core fucosylation is changing (lactation day 10, 30, and 50 of animal K45, respectively). The
fucosylated monosialylated and disialylated biantennary structures (indicated by a solid star)
increased, while the corresponding unfucosylated structures (indicated by an open star)
decreased from early to late lactation. This change in fucosylation seen in the MALDI-TOF
MS spectra is mirrored in the NP-HPLC N-glycan profiles seen in Fig 4 (d), (e), and (f). Fig
5 summarizes the relative percentage change of the summed fucosylated N-glycan structures
from four different transgenic animals during lactation, where fucosylated structures
increased as lactation progressed. These profile changes observed by MALDI-TOF MS (Fig
5 (a)) are mirrored by changes observed by NP-HPLC (Fig 5 (b)). The MALDI-TOF MS
method has the ability to discern changes in fucosylation to the same degree as the NP-
HPLC method, while also providing structural information.

Sialylation plays an important role in glycoprotein structure and function, and can affect
protein-protein interaction, pharmacokinetic properties, as well as the physical, chemical and
immunogenic properties. 1:3-5:44 Sjalylation of recombinant glycoproteins can also be
affected by expression of sialidases which commonly exist in host cells and can remove
sialic acid from glycans during bioprocessing.42-51 Bioreactor operating conditions such as
dissolved oxygen, CO,, and nutrient levels also impact the degree of sialylation by altering
the synthesis of CMP-sialic acids and the expression of sialyltransferases.10:12-13,51-53
Therefore, in order to ensure appropriate sialylation throughout the production of
recombinant therapeutic glycoprotiens, good quantification methods for sialylated glycans
are essential. Fig 6 (a) and (b) show the relative percentage of the fully sialylated glycans
obtained from four transgenic animals throughout lactation using MALDI-TOF MS and NP-
HPLC, respectively. Quantitation of full vs. partial sialylated glycans by MALDI-TOF MS
mirrors what is observed with the NP-HPLC method. The maximum relative difference
between the two methods for these samples was 5%. Thus quantitative structural
information is obtained from a one-pot method that is amenable to high throughput analysis.
This method could be useful for monitoring glycoprotein sialylation throughout process
development and manufacturing: the clone selection stage, determination of optimal
bioreactor harvest times, analysis of the effect of hold-steps in purification processing,
analysis of column fractions where sialylation levels are important to fraction pooling
criteria, and analysis of the stability of bulk and formulated product.

Conclusions

Neutralization of sialylated glycans was performed in one-pot mode so that fast and high
throughput glycan quantification was possible. Because the neutralization was performed
while the glycan was attached to the protein, the reducing end of the glycans could be
labeled with a permanent charge after releasing the glycan from protein, thus improving the
sensitivity and reducing the complexity of the mass spectra. Quantification using MALDI-
TOF MS method was compared with NP-HPLC oligosaccharide mapping and other
orthogonal approaches including ESI-lonTrap MS/MS, and serial glycosidase digestion.26:36
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The relative percentages of N-glycans from Human IgG and tg-FIX were similar between
MALDI-TOF MS and NP-HPLC. We applied this MALDI-TOF MS quantification method
to confirm changes in glycan fucosylation and sialylation that were observed by
oligosaccharide mapping. Those data showed that the quantitative MALDI-TOF MS method
can be used for monitoring and ensuring consistency of glycosylation of recombinant
therapeutic glycoproteins during production. In this work, we performed quantification of
the already identified glycan structure using a simple MALDI-TOF MS instrument. Our
method for the neutralization of sialic acid and the purification of the resulted glycan could
also be incorporated with MALDI-TOF instruments with MS" capabilities, which can
provide more structural information for unknown glycans present in glycoproteins.
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Abbreviations

tg-FIX transgenic pig derived Factor 1X
ESI-lon Trap MS electrospray ionization ion trap mass spectrometry
NP-HPLC normal phase high performance liquid chromatography
2-AA 2-aminobenzoic acid
GT Girard’s T reagent
MALDI-TOF MS matrix assisted laser desorption ionization time of flight mass
spectrometry
Ah acetohydrazide
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Fig 2.

HPLC profiles of N-glycan from human 1gG (a) unamidated and derivatized with 2-
aminobenzoic acid (2-AA), and (b) amidated with acetohydrazide (Ah) and derivatized with
2-AA. MALDI-TOF MS spectra of N-glycan from human IgG (c) amidated with Ah and
derivatized,with Girard’s T reagent (GT) and (d) amidated with Ah and derivatized with 2-
AA.
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Fig 3.

(a) HPLC profile of unamidated and 2-AA derivatized N-glycan, and (b) MALDI-TOF MS
spectrum of amidated with Ah and 2-AA-derivatized N-glycan of tg-FIX K45 d5 (4t
lactation stage). (c) Quantification comparison of major N-glycan of tg-FIX using between
HPLC and MALDI-TOF MS.
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MALDI-TOF MS spectra of amidated with Ah and 2-AA derivatized N-glycans from tg-
FIX K45 (a) day10, (b) day 30, and (c) day 50. HPLC profiles of unamidated and 2-AA

derivatized N-glycan from tg-FIX K45 (d) day10, (e) day 30, and (f) day 50. A solid star
indicates fucosylated monosialylated and disialylated biantennary structures and an open
star indicates the corresponding unfucosylated structures.
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Fig 5.

Relative percentage change of fucosylated N-glycan of tg-FIX during lactation. The
summed percentages of fucosylated N-glycans of tg-FIX were obtained from (a) MALDI-
TOF MS and (b) NP-HPLC profiles. The data were triplicate for each sample.
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Relative percentage change of fully sialylated N-glycan of tg-FIX during lactation. The
summed percentages of fully sialylated N-glycan of tg-FIX were obtained from (a) MALDI-

TOF MS and (b) NP-HPLC profiles. The data were triplicate for each sample.
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