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N-glycosylation is a complex post-translational modification with potential effects on the efficacy and safety of
therapeutic proteins and known influence on the effector function of biopharmaceutical monoclonal antibodies (mAbs).
Comprehensive characterization of N-glycosylation is therefore important in biopharmaceutical development. In early
development, e.g. during pool or clone selection, however, only minute protein amounts of multiple samples are
available for analytics. High sensitivity and high throughput methods are thus needed. An approach based on 96-well
plate sample preparation and nanoLC-MS of 2- anthranilic acid or 2-aminobenzoic acid (AA) labeled N-glycans for the
characterization of biopharmaceuticals in early development is reported here. With this approach, 192 samples can be
processed simultaneously from complex matrices (e.g., cell culture supernatant) to purified 2-AA glycans, which are then
analyzed by reversed phase nanoLC-MS. Attomolar sensitivity has been achieved by use of nanoelectrospray ionization,
resulting in detailed glycan maps of mAbs and fusion proteins that are exemplarily shown in this work. Reproducibility,
robustness and linearity of the approach are demonstrated, making use in a routine manner during pool or clone
selection possible. Other potential fields of application, such as glycan biomarker discovery from serum samples, are also
presented.

well as terminal sugar moieties influence complement-dependent
cytotoxicity (CDC) and antibody-dependent cell-mediated
cytotoxicity (ADCC) potency of IgGs and thereby the overall

Introduction

N-glycosylation, a complex post-translational modification
of proteins, is of central importance in the research and
development of therapeutic proteins. Ofall approved recombinant
biopharmaceuticals, e.g., (mAbs),
protein hormones, ~40% are glycoproteins.! Characterization

monoclonal antibodies
of N-glycosylation is important during biopharmaceutical
process development because N-glycosylation may affect the
safety or efficacy of a protein drug.*® For mAbs, these effects
are based on structural properties derived from the CH2 domain
glycosylated at Asn*”. Size and charge of attached N-glycans as

*Correspondence to: Andreas Seidl; Email: andreas.seidl@sandoz.com

efficacy. For example, lack of core fucose increases ADCC by
improving binding to FcyRIIla. Increased ADCC activity
could be correlated with product safety, i.e., serious infections
during TNF-targeted treatment in rheumatoid arthritis patients.”
Moreover, lack of terminal galactose residues and the resulting
terminal GlcNAc residues increase CDC by modulating binding
to Clq.® Therefore, it is crucial to analyze the glycan pattern
of a biopharmaceutical as early as possible during development
to be able to modify the drug candidate, for example by glyco-
engineering. Alterations of IgG N-glycosylation have been linked
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with aging and a variety of diseases, and distinct N-glycans are
regarded as potential biomarkers because the interactions of IgGs
and Fc-receptors influence and modulate immune responses.” ¢

N-glycosylation analysis is sophisticated because of the
numerous N-glycan variants that may be attached to the protein
molecules and the huge differences in their relative amounts. For
example, recombinant human IgG antibodies contain up to 60
different N-glycans with relative amounts of individual N-glycans
ranging from 0.02% for an oligomannose structure to more than
70% for the most abundant N-glycan, reflecting differences that
cover three orders of magnitude.”” Technologies frequently used
for N-glycan analysis are CE, HPAEC-PAD, HPLC, MALDI
and ESI-MS and various combinations of these technologies.”®
LC-MS is an advantageous combination as LC is able to separate
glycan mixtures, after which glycan variants can be individually
identified and quantified by online MS. However, for various
analytical applications, conventional LC-MS is not sufficiently
sensitive, especially for cases where sample amount is strongly
limited. During early biopharmaceutical development (e.g., pool
or clone selection), only minute amounts of recombinant protein
from microtiter plates are usually available for protein and glycan
analysis.

N-glycan biomarker discovery in patients or healthy
individuals is another scenario where sample amount is typically
very limited. In proteomics, similar limitations have been
circumvented by reducing the dimensions of the analytical
system, for example by use of nanoLC-MS. Literature reports
of approaches for N-glycan analysis by use of nanoLC-MS are
rare. Several investigations reported feasibility of nanoESI or
nanoLC for glycan analysis.”# Using a separation-free direct
infusion nanoESI approach, Prien et al. quantified 2-°[C ]-AA
and 2-"*[C ]-AA labeled N-glycans relatively, and demonstrated
the usefulness of nanoESI for 2-AA glycan analysis.?> Wuhrer
et al. miniaturized HILIC-MS to nanoscale for oligosaccharide
analysis, analyzing underivatized N-glycans with femtomolar
sensitivity.”” Avoiding glycan derivatization shortens sample
preparation, but the benefit of improved MS detection due to the
label is lost.””** Kalay et al. have used normal-phase nano scale
HPLC-MS with online fluorescence to analyze 2-AB N-glycans.?’
However, their approach resulted in long and time consuming
gradients to achieve a good chromatographic resolution. Ritamo
et al. recently published on glycoanalysis utilizing nano-reversed
phase chromatography (RPC).» A nanoLC system was used
to separate permethylated N-glycans, achieving separation for
various structural isomers on a nano RP-column. Permethylation
of N-glycans is an orthogonal approach to labeling. But it
requires the use of toxic reagents and also the formation of
side products is rather likely which makes routine utilization
questionable. Gong et al. used multiplex tandem mass tag labeling
for the quantification of neutral IgG N-glycans. They could
demonstrate that their approach is suitable for the quantification
of major N-glycans and highly reproducibly with linearity over
several orders of magnitude.” However, their short PNGaseF
incubation and sample preparation at elevated temperatures
might result in incomplete deglycosylation and the loss of sialic
acids.”? It has been reported previously that RP-LC with online
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MS is broadly applicable for analysis of differently reducing-end
labeled N-glycans.'”?#? For RP- LC-MS, we have demonstrated
that anthranilic acid (2-AA) as label is advantageous for glycan
analysis.”” The tag not only improves ionization by contribution
of an additional charge carrying residue to the N-glycan, it also
improves separation of labeled glycans on RP. The combination
of 2-AA labeling with RP separation offers the additional
advantage that N-glycans are separated according to their glycan
type (high mannose, hybrid and complex), whether they carry
a fucose residue at their core N-acteylglucosamine or not and
according to their charge caused by terminal sialylation.

Based on these findings we report in this manuscript a
new RP nanoLC-MS approach to analyze minute amounts
of glycoproteins with high sensitivity. The presented 96-well
based sample preparation work-flow is simple, offers high
throughput and can be applied during early biopharmaceutical
development as a routine or to discover clinical relevant changes
of N-glycosylation with high sensitivity. The method has high
resolving power and separates many N-glycan structural isomers
including multiple branched and acidic variants. In addition,
2-AA labeled glycans can be identified by MS" of the ion-trap
mass spectrometer. An overall sensitivity for a single N-glycan on
column of ~400 attomol (amol) was observed with the recently
introduced MS source. Furthermore, we demonstrate that the
method is feasible for N-glycan characterization of minute
amounts of mAbs, as well as for N-glycan biomarker discovery.
This is shown by comparing the N-glycosylation of an Fc
containing therapeutic protein from different cell clones and the
method’s broad applicability is demonstrated by glycan analysis
of IgGs from human serum. The approach is versatile and due
to the use of RPC it should be applicable in many analytical
laboratories already working with nanoLC-MS with little effort.

Results

Method development

N-glycosylation analysis of glycoproteins can be performed in
different ways by LC-MS: the intact proteins, proteolytic digests
or released N-glycans can be analyzed. Released glycans can
be derivatized to even the ionization efficiency and thereby to
improve the accuracy of quantification. This approach provides
excellent coverage of the N-glycosylation pattern. We reported
previously a method to identify and quantify 2-AA labeled
N-glycans by ion-trap MS after RPC.” The method is selective
for many N-glycan isomers and its robustness and reproducibility
have been demonstrated. However, the method was developed
to analyze N-glycans of mAbs in advanced development stages,
not for early development when limited sample amounts are
available and higher sensitivity is required. Thus, we have started
to develop a nanoLC-MS method.

Our approach used glycans released from RNase B (Fig. S1
and Table S1), a model protein for N-glycosylation analysis.
RNase B N-glycans were prepared as described in the methods
section, and the labeled and purified N-glycans were analyzed by
nanoLC-MS. The nanoLC was configured in “direct injection
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on a nano column” mode because highly
hydrophilic 2-AA N-glycans like the
high mannose type glycans did not bind
properly to the trapping column, and
were therefore underrepresented in setups
that included a pre-concentration step
with a trapping column. The user defined
injection routine allows injection volumes
from 1 to 4 pl without major gradient
delay. This is achieved by, depending on
the chosen injection volume, switching
the sample loop between 5 to 15 min
into the flow to ensure that the entire
sample leaves the loop before switching it
back to loading position. Because of the
direct injection, samples must be highly
purified to avoid salt plugs entering
the nanospray chamber of the MS,
which may damage the emitter tip and
shorten its lifetime. The chosen acidic
mobile phases resulted in high selectivity
for many glycan isomers on RP and
improved ionization of glycans in the
positive ionization mode. The portion of
formic acid in the mobile phase could be
lowered to 0.5% compared with 1% for

2 0

Protein A/G capture to
purify 1gGs from
complex matrices

96-Well filter plate based
sample preparation using
immobilzed Protein A/G

On-column
enzymatically N-glycan
release by PNGaseF

v
v ne
- ::.-. e S 2
@
. o .'n-:
ue me
E N N
Reductive amination s

Purification

RP nanolLC-MS separated 2-AA
glycans are identified by MS"in the
ion-trap.

Released N-glycans are
derivatized with 2-AA

Figure 1. Schematic work-flow. Up to 2x 96 samples can be handled simultaneously. Immobilized
Protein A or Protein G is used to capture mAbs, Fc-containing fusion proteins or other IgGs with
high specificity. Immobilized target is then highly efficiently deglycosylated with the use of
PNGaseF. Released N-Glyans are labeled with 2-AA via reductive amination after ultrafiltration to
remove remaining proteins. Labeled and purified 2-AA glycans are identified and quantified by RP
nanoLC-MS by use of an ion-trap mass spectrometer.

the LC-MS method, which may be due to

the more efficient ionization in the nano

spray. The 2-AA glycans occurred mostly as double [M+2H]**
charged ions, 2-AA N-glycans smaller than 1500 Da occurred as
single [M+H]'* charged ions. In addition along with protonated
ions, mixed adduct ions with sodium (e.g., [M+H*Na]*) or
potassium (e.g., [M+H*'K]*) were also present. The 2-AA
glycans were identified by MS, MS? and MS.? In addition to
RNase B, the method was tested with multiply branched and
sialylated glycans to cover all types of glycans. Therefore, several
N-glycan standards were labeled with 2-AA and analyzed (Fig.
§2). All types of N-glycans can be identified and quantified with
this new approach, which is in agreement with our previously
reported RP LC-MS approach.” High mannose glycans elute
first, followed by non-fucosylated hybrid and complex variants,
then fucosylated hybrid and complex glycans. The overall
chromatographic resolution is higher for the nanoLC approach
compared with the LC-MS approach.

As described in the introduction, the amount of sample
available can be very limited at various stages of biopharmaceutical
development, especially during early development phases like
pool or clone selection. During clone selection, numerous
samples in complex matrices (cell culture supernatant) must
be analyzed, making affinity purification necessary. Therefore,
sample preparation had to be adapted to increase throughput and
include affinity purification steps. 96-well plate-based sample
preparation is a viable option, the success of which has already
been demonstrated for glycoprotein analytics.'®>% We selected
a centrifugation-based 96-well filter plate sample preparation
because we had observed inhomogeneous flow through the small
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scale columns in the filter plate wells on a vacuum manifold.
Protein A Sepharose, which is commercially available and state-
of-the-art for downstream processing of Fc-part containing
biopharmaceuticals (mAbs and fusion proteins), was used as
affinity resin. The schematic work-flow is illustrated in Figure 1.
Deglycosylation with PNGaseF was performed “on-column.”
After washing of bound mAb, N-glycans were released by
incubation of the Protein A-mAb complex with PNGaseF
at 37 °C followed by elution with H O, which resulted in
higher glycan yields than mAb elution followed by PNGaseF
digestion in solution. PNGaseF was subsequently removed by
ultrafiltration. Glycans were dried by vacuum centrifugation and
2-AA labeling was performed via reductive amination by use of
the non-toxic reductive agent picoline borane.?' Excess label was
removed by small scale gel filtration, which was performed in
custom-made 96-well plates with Sephadex G-10 resin. The last
step is a downscaled procedure based on a previously published
purification approach.””?” This purification is highly efficient
because it separates labeled N-glycans from excess 2-AA in a
single centrifugation step.

Qualification of the approach

Several parameters, e.g., sensitivity, robustness, linearity,
reproducibility, were investigated to qualify the nanoLC-MS
method. Different column batches were tested and the method
was executed on different days and by different operators.
To determine overall sensitivity and linearity of the method
N-glycan standard GOF was labeled with 2-AA as described in
the methods section and serial dilutions were prepared to obtain
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Figure 2. NanoLC-MS glycan map of a monoclonal antibody. 1.6 pmol of 2-AA labeled N-glycans corresponding to ~120 ng antibody were used for
analysis. EICs of the 2-AA labeled N-glycans are depicted. Complete glycan map (A) and magnified view (B) are shown. Peaks are numbered in elution
order. Identified glycans are listed in Table 1, glycan structures are depicted in Figure S6.

concentrations ranging from ~2.2 pmol/pl to 200 amol/pl. One
wl of each dilution was injected. EIC peak areas of 2-AA GOF
were used for data interpretation (Fig. S3A). Example MS spectra
are shown in Figure S4. EICs of the four smallest amounts that
are still in the linear range are shown in magnified view (Fig.
S3B). Peak areas were plotted against glycan amount (Fig. S3C
and D) and linearity was evaluated by linear regression with R?
= 0.9988, indicating good linear correlation between 2.2 pmol
and 800 amol. Injections with 600 and 400 amol 2-AA GOF
were still detected, but were not in the linear range. The 200
amol 2-AA GOF injections were not detected anymore. The
overall detection limit was thus ~400 amol 2-AA GOF glycan
on column, and the lower limit of quantification (LLOQ) was
800 amol. Subsequently, the complete method including sample
preparation was validated. Reproducibility and robustness were
assessed, for example, by comparing results of two different
operators (Table §2). With the determined sensitivity, it is possible
to analyze all N-glycans of an IgG using less than 1 g protein.
Varying ionization efficiencies among different N-glycan types
was reported previously, especially differences between neutral
and sialylated glycans.* In an earlier work we demonstrated that
quantification by fluorescence and MS is identical for neutral
N-glycans.”” To further qualify our quantification by MS for
acidic N-glycans, we compared the quantitative MS data of three
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N-glycans, the neutral G2F structure and the single and double
sialylated glycans SG2F and S2G2F obtained from a fusion
protein with high sialylation to the percentages obtained from
the highly sensitive UV-cell in the same nanoLC-MS run (Fig.
S5). The SG2F glycan has a lower percentage when determined
by MS (MS: 44%; UV: 52%) which might be due to loss of
the sialic acid as a small G2F peak is visible under the SG2F
peak (Fig. S5A). However, for the double sialylated structure
S2G2F, the quantity relative to G2F is identical for MS and UV
quantification. These findings show that relative quantification
by MS is possible and reliable with the developed method,
especially for the intended relative comparison of different pools
or clones with the same method.

Glycan mapping of a monoclonal antibody

We then demonstrated the feasibility of the method
for characterization of therapeutic glycoproteins. The
N-glycosylation pattern of a mAb was analyzed. Sample
preparation was successfully performed with less than 1 g mAb
from a drug product formulation. Approximately 1.6 pmol 2-AA
labeled N-glycans, corresponding to 800 fmol or 120 ng mAb
were finally injected after sample preparation. The resulting EIC
is shown in Figure 2. The most abundant oligosaccharides are
complex type N-glycans, GOF followed by the two GIF isomers
with 1,3 and 1,6 galactosylation, respectively. Minor abundant
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species are shown in magnified view (Fig. 2B). Identified
N-glycans and relative N-glycan composition of the mAb are
listed in Table 1. The absolute N-glycan amounts range from
~640 amol for a M7 isomer to 1.1 pmol for the most abundant
GOF glycan, again showing the huge differences in relative glycan
amounts and the resulting requirements to the method in terms of
linearity and sensitivity. Listed structures in Table 1 are deduced
from their mass and from MS,? as well as from MS? data. For
example, the peaks 13, 14 and 15 have the same mass and are
not distinguishable by MS? or MS.? Peaks 13 and 14 correspond
to GIF with the terminal galactose residue on the 1,3 arm or
1,6 arm, respectively, and the separated peak 15, also named
GI1F, might be a truncated bi-secting or tri-antennary variant
with the same number of sugar moieties, but not a third GIF
isomer. As described above, the elution order of 2-AA glycans is
similar to the pattern obtained by RP LC-MS. More hydrophilic
oligomannose structures elute first, followed by non-fucosylated
complex variants. Hybrid structures elute before complex type
structures as observed for fucosylated glycan structures. Assigned
glycan structures are shown in Figure S6.

Application during early biopharmaceutical development

Central goal of our investigation was a glycan characterization
approach that can be used in a routine manner during clone
selection. In early stages of biopharmaceutical development,
protein producing cells (clones) are cultivated in microtiter
plates in a few hundred microliters of medium and titers around
1 mg/ml. The aim of this procedure is to identify a clone
with appropriate characteristics, for example, distinct protein
and glyco-variants and a high titer. Clones must be analyzed
comprehensively, but characterization is difficult because as
many different aspects of the biopharmaceutical candidate as
possible have to be analyzed, hence only minute amounts can
be used for each analysis. With the presented work-flow, it is
possible to characterize N-glycosylation patterns during clone
selection employing only minute amounts of protein. Different
clones of an Fc-part containing fusion protein from early
development were used to demonstrate the feasibility. Cell culture
supernatants from different clones with concentrations between
0.3 mg/ml and 1.7 mg/ml were analyzed. Sample preparation
was performed with immobilized Protein A as described in the
methods section and shown in Figure 1. Supernatant (5 pl) from
each clone sample containing between 1.5 pg and 8 pg fusion
protein, respectively, was mixed with 45 pl PBS before sample
preparation. Between 0.27 and 1.5 pmol glycans were injected
from each sample, depending on the titer. Detailed glycan maps
of four different clones based on EICs are shown exemplarily in
Figure 3. Small differences between the clones can be observed,
which demonstrates the need for a sensitive, precise and accurate
method to differentiate the clones. Major abundant N-glycans are
presentin all four clone samples. Some minor abundant N-glycans
are absent in some clones and some structures are present only
in one clone sample, e.g., SA3F is exclusively present in clone
4. Relative distribution of N-glycan types is also comparable.
Clone 1 and clone 2 have 2% oligomannose structures and clone
3 and clone 4 have 1% oligomannose structures. Clone 1 has
47.9% terminal galactosylation and 20.6% terminal sialic acids.
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Table 1. 2-AA glycans observed in the glycan map of a monoclonal
antibody

Glycan map - monoclonal antibody
Mass

# Measured Calculated Structure Portion
1 1679.45 1679.59 M7 0.07%
2 1679.46 1679.59 M7 0.12%
3 1517.53 1517.54 Mé 0.84%
4 1679.47 1679.59 M7 0.04%
5 1679.46 1679.59 M7 0.06%
6 1355.46 1355.49 M5 2.13%
7 1599.49 1599.59 G1 0.07%
8 1437.48 1437.54 GO 0.55%
9 1031.34 1031.38 M3 0.23%
10 1907.57 1907.70 G2F 0.95%
1 1948.57 1948.73 A3GTF 0.55%
12 1866.53 1866.68 M5GTF 0.15%
13 1745.52 1745.65 G1F 13.39%
14 1745.61 1745.65 G1F 4.45%
15 1745.56 1745.65 G1F 1.02%
16 1542.50 1542.57 M3G1F 1.02%
17 1380.36 1380.52 M3GOF 241%
18 1583.58 1583.60 GOF 71.52%
19 1786.57 1786.68 GOFB 0.10%
20 1948.59 1948.73 G1FB 0.33%

Glycan structures were identified from their mass and their fragmenta-
tion by MS/MS. Theoretical and by ion-trap MS measured values are given.
Composition of the N-glycans with their respective portion is depicted on
the right.

Clone 2 has 44.8% terminal galactosylation and 21.4% terminal
sialic acids. Clone 3 has slightly less terminal galactosylation and
sialylation with 36.9% and 17.5%, respectively. Clone 4 has the
highest portion of terminal galactosylation (51.7%) and terminal
sialylation (24.1%). These results demonstrate that this robust
nanoLC-MS methodology can be used to characterize N-glycans
in very early biotechnological development. To further qualify
the approach the glycan maps obtained with the newly developed
96-well approach are compared with glycan maps from the
same clones after conventional downstream processing (DSP)
using Protein A columns. Sample preparation including glycan
labeling was performed as described eatlier.”” Figure 4 shows the
correlation plots of glycan maps. The N-glycan pattern are highly
similar to the one obtained using the 96-well-based approach.
The plots show the linear correlation of the two methods. These
findings further demonstrate the potential of the developed
approach in biopharmaceutical development.

Investigation of serum IgG N-glycans

Application of this new approach is not limited to
characterization of biopharmaceutical products and product
candidates. Due to its high reproducibility, application in
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Figure 3. Glycan map of four Fc containing therapeutic proteins derived from clone selection phase determined by nanoLC-MS after small scale sample
preparation. Clones 1-4 are shown exemplarily. (A) Percentages of the different glycoforms are shown. Error bars indicate variability of the method.
Glycosylation pattern of the four clones is similar. (B) Magnified view shows the minor abundant N-glycans.

biomarker discovery investigations is possible. Changes in
N-glycosylation of glycoproteins such as IgGs have been connected
to various diseases and aging in several investigations.'® As
described in the introduction, terminal galactosylation or
fucosylation influence interactions between IgG molecules and
Fc-receptors, which in turn affects immune response. This may
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influence progression, prognosis or outcome of certain diseases.
The presented work-flow can be used to screen large populations
of patients or healthy subjects for significant differences in their
respective N-glycosylation. The high resolving power of the
nanoLC-MS method and the order of 2-AA N-glycan elution
from the RP column according to their glycan type (e.g.,
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oligomannose, hybrid and complex with and without fucosylation
or acidic glycans) allow rapid semi-automatic interpretation of the
nanoLC-MS runs. To demonstrate applicability of the method
for glycan biomarker discovery, human IgG N-glycosylation was
investigated. IgGs were purified from 5 pl of pooled human
serum with an estimated IgG concentration of 10 mg/ml with
immobilized Protein G Sepharose. In contrast to the above
described experiments, the resin was changed from Protein A to
Protein G, which allows selective purification of all IgG subclasses
1, 2, 3 and 4. Protein A has no affinity to IgG3 and variable
affinity to IgA and IgM, and it is therefore of limited use for this
specific study. After Protein G affinity isolation and subsequent
sample preparation, a total amount of -4 pmol 2-AA labeled
glycans was analyzed by nanoLC-MS. Resulting chromatograms
based on the EICs of the 2-AA N-glycans are shown in Figure 5.
A total of 28 different glycoforms were identified and quantified.
Detected glycans, relative glycan composition and the retention
time relative to most abundant GOF glycans are listed in Table
2; appropriate glycan structures are shown in Figure S6.
The majority of detected N-glycans carry a core fucose, and a
small portion carries one to two terminal sialic acids. Complex
biantennary glycans carrying a core fucose are the most abundant
glycans, comprising more than 70%. Double fucosylated glycan
species as G1F2 or G2F2 (Fig. S7) were also found during our
investigations and were identified by MS? by their signature
fragments. These findings correspond to previous reports.*
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With the use of relative retention times and separated 2-AA
N-glycans in groups, rapid screening of the N-glycan type
composition can be done semi-automatically by integration of the
appropriate region of the chromatogram. For example, content
of sialic acid-containing and core fucosylated 2-AA glycans can
be quantified by integration of peaks between 1.09 and 1.26
relative retention times. With the same methodology, e.g., the
degree of fucosylation, which has been associated with certain
types of cancer, can be determined.* The approach is not limited
to IgGs. By adjusting sample preparation, other target proteins
or protein mixtures can be investigated. These results also show
that N-glycan biomarker investigation can be performed with the
presented approach.

Discussion

Starting with RNase B (Fig. S1) and several glycan standards
(Fig. S2), a new methodology that enables sensitive and selective
analysis of less than 1 g glycoprotein with linearity over several
orders of magnitude and high sensitivity for single glycans
in the attomolar range has been developed. Compared with a
previous publication that reported MS detection of underivatized
N-glycans with low femtomolar sensitivity, the presented
approach has improved sensitivity, which is most likely due to
the applied 2-AA labeling.”” In comparison with the HILIC
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Figure 5. Glycan map of human serum IgGs. (A) EICs of the various 2-AA labeled N-glycans are shown. Peak numbering is according to elution order.
Table 2 lists the identified glycans and their relative amount and Figure S6 shows the glycan structures.

nanoLC-MS of Kalay et al., a shorter run time with equal or even
better chromatographic resolving power was achieved with the
RP approach reported here.?

Using our technology, many glycan isomers could be
differentiated and different kinds of samples were successfully
analyzed with minimal sample consumption. The feasibility of
the approach was demonstrated with N-glycan characterization
of 160 ng mAb from a drug product formulation with high
sensitivity. High sample throughput has been achieved with
this 96-well plate sample preparation. A previously published
highly efficient gel filtration step has been successfully
miniaturized.””?” This purification step desalts 2-AA glycans
efficiently and removes excess label in a single step. Robustness
and reproducibility were demonstrated. Requirements for routine
use in early biopharmaceutical development are fulfilled, which is
shown with the glycan mapping results of clone selection samples.
Minor differences in N-glycosylation of a fusion protein from
different clones have been detected, which allows early guidance
for further development with respect to N-glycosylation.
Comparison with glycan maps derived from the same clone
samples after conventional downstream processing demonstrated
highly similar results.

The nanoLC-MS method has been developed to quantify
all types of N-glycans. The formic acid content of the mobile
phase was raised to 0.5%. At this concentration sialic acids of
N-glycans are mainly protonated and therefore behave like
neutral glycans, which enhanced MS intensities in positive
ionization mode. Furthermore the used nanoESI source greatly
improved and equalized ionization of the labeled N-glycans
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which was demonstrated by comparing UV to MS data. This
ability to identify and quantify all different types of N-glycans,
including multiply branched and sialylated variants, facilitates
broad application in different areas of glycobiology. One further
possible application has been shown exemplarily with the serum
IgG glycan biomarker experiment. Results are in good agreement
with a previously published investigation by Flynn et al.?

Compared with other recently published high throughput
glycan analysis approaches that are also based on 96-well plate
sample preparation,** the methodology reported here, which
uses 2-AA instead of 2-AB and RP nanoLC-MS instead of UPLC
or MALDI MS, results in an up to 10-fold higher sensitivity
based on the initial glycoprotein amounts. Higher coverage of the
glycan maps is also achieved due to the ability to reliable quantify
minor abundant N-glycans. To summarize, the presented method
demonstrates the power of RP nanoLC-MS for N-glycosylation
analysis. In combination with the high throughput 96-well plate
sample preparation procedure N-glycan characterization can be
performed in a routine manner during early biopharmaceutical
development. The versatility of the method was demonstrated
with several different possible fields of application.

Material and Methods

PNGaseF (Roche; 11365177001). Acetonitrile (1.00030.2500)
and acetic acid (1.00063.1000) were from Merck. Formic acid
(94318), picolineborane, RNase B (R1153) and DMSO (41647)
were from Sigma. Protein A Sepharose (17-1297-03), Protein
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G Sepharose (17-0618-05) and Sephadex® G-10 96-well plats
(custom made) were from GE Healthcare. AcroPrep™ Advance
Omega™ 10K 96-well filter plates (518-0032) were from
Pall. Human serum was from Lonza. MAbs and cell culture
supernatants were obtained from in-house development at
Sandoz. GOF glycan standard was from Dextra. Complex and
acidic N-glycan standards were from TheraProtein.

Purification of IgGs from human serum or cell culture
supernatant

Protein G and Protein A Sepharose were used to purify
IgG from human pooled serum or cell culture supernatant. A
centrifuge with a rotor for 96-well plates (Eppendorf) was used
to force liquid through the filter-plates. Serum or cell culture
supernatant was applied to a 96-well filter-plate well containing
Protein A or Protein G Sepharose, respectively.

Enzymatic N-glycan release by use of PNGaseF

After intensive washing of immobilized IgGs or fusion proteins
with PBS N-glycans were enzymatically released with use of
PNGaseF and incubation over-night at 37 °C. Released N-glycans
were separated from remaining proteins by ultrafiltration using
10K filter plates. Purified N-glycans were brought to dryness in a
vacuum centrifuge (Christ RVC 2-25).

Fluorescence labeling of released N-glycans or N-glycan
standards

Picolineborane and 2-AA were dissolved in 70% DMSO /
30% acetic acid (v/v) to obtain concentrations of 100 mg/ml and
50 mg/ml, respectively. Labeling solution (15 wl) and deionized
H,O (10 pl) were added to either dried N-glycans or lyophilized
N-glycan standards. The labeling reaction was performed at
37 °C for 17 h. Excess label was subsequently removed by gel
fileration in Sephadex™ G-10 96-well plates. Columns were
equilibrated with H,O (800 ). Samples were filled up to 100 pl
with deionized H,O and the sample was applied to the column.
After washing with 100 wl of H,0, 2-AA labeled N-glycans were
finally eluted with 150 pl of H,O.

NanoLC of labeled N-Glycans

NanoLC (Thermo/Dionex Ultimate 3000) was set-up in
“direct injection onto a nano column” mode according to the
manufacturer manual. Column compartment with a RP-column
(Dionex Acclaim Pepmap 25c¢m; 75pum 1.D.) was held at 40 °C.
Mobile phase A consisted of 0.5% formic acid. Mobile Phase B
consisted of 0.5% formic acid in 50% ACN. The column was
equilibrated with 2% B at a flow rate of 300 nl/min. With a user-
defined injection routine, 1-4 pl sample were stacked between
loading solution (0.1% formic acid, 1% ACN in ultrapure H,O)
in a 20 pl sample loop. Sample loop was switched for 5-15 min,
depending on the injected sample volume, in-line to allow the
sample to enter the flow, after which the sample loop was switched
back to load position to avoid additional gradient delay. Prior to
the next injection sample, the loop was washed with loading
solution. After sample injection, mobile phase B was raised to
30% over 60 min, then to 95% over 5 min. After holding at
95% B for 5 min, the column was finally re-equilibrated with 2%
B for 15 min. Eluting 2-AA N-glycans were detected at 254nm
using the variable wavelength detector (Dionex Ultimate 3000
VWD-3400RS with a 3 nl flow cell).
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Table 2. 2-AA labeled N-glycans identified from human serum IgGs

Glycan Map - Human serum IgGs

# Rel. Ret.Time Structure MS (Mean %)
1 0.85 M5 0.06%
2 0.86 G2 0.52%
3 0.88 G1 0.99%
4 0.89 GO 0.38%
5 0.94 G3F 0.01%
6 0.94 G1B 0.21%
7 0.95 G2F 0.07%
8 0.95 GOB 0.12%
9 0.95 G2F2 0.01%
10 0.96 G1F2 0.01%
11 0.97 G2F 12.69%
12 0.98 G1F 22.29%
13 0.99 GI1F 9.31%
14 0.99 SG2 0.24%
15 1.00 GOF 30.08%
16 1.02 G2FB 0.82%
17 1.03 G1FB 0.43%
18 1.04 G1FB 6.38%
19 1.05 GOFB 8.09%
20 1.09 SG2F 3.39%
21 1.12 SG1F 1.60%
22 1.12 SA3G2F 0.24%
23 1.12 SGTF 0.23%
24 1.12 SM3G1F 0.36%
25 1.14 S2G2 0.36%
26 1.17 SA3GTF 0.11%
27 1.24 S2G2F 0.45%
28 1.26 S2A3G2F 0.55%

Assigned N-glycans identified by MS, MS? and MS? are listed. Relative reten-
tion time to most abundant GOF and the portion is depicted, as well as the
portion for each glycoform.

Mass Spectrometry

The outlet of the nanoLC was directly coupled to an ion trap
ESI-MS (Bruker AmaZon) equipped with a recently marketed
online nano source (Bruker CaptiveSpray NanoBooster™). The
ion trap was operated in Enhanced Resolution Mode with a
capillary voltage of 1.7 kV. Source temperature was set to 200 °C
and a dry gas flow of 3 I/min was used to heat the nano source.
MS? and MS? spectra were generated with the Auto MS? mode,
Auto MS? mode and Collision Induced Dissociation (CID). Ion
charge control was set to a target value of 2 x 105 and a maximal
accumulation time of 200 ms.
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