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Abstract Glycosylation, the enzymatic addition of carbohy-
drates to a protein, is one of the most abundant post-
translational modifications found in nature. There is variability
in the number, location, and identity of glycans attached. As a
result, a glycoprotein consists of a number of glycoforms with
different combinations of glycans, potentially resulting in dif-
ferent stability, toxicity, and activity. This is especially impor-
tant in the biopharmaceutical industry where product
consistency and safety are vital. Glycoprotein analysis
involves numerous mass spectrometry based techniques, each
of which provides various aspects of characterization. The
current paper describes two commonly used analytical techni-
ques for glycoprotein characterization. In one experiment,
nonspecific proteolysis is combined with a two-tiered mass
spectrometry approach (MALDI-TOF and LC-MS/MS) to
gain glycosylation site and glycan identity. In a second
approach, glycans were enzymatically released, labeled with
a fluorescent dye, and analyzed using LC-Fluorescence-MS/
MS to give glycan identification and relative quantification.
The type and degree of information yielded by each method is
assessed in an effort to identify desired reference material
characteristics for improving biopharmaceutical glycoanalysis.
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Introduction

Proteins are complex structures composed of a sequence
of amino acids folded into a three-dimensional structure,
and in many cases, may have multiple associated sub-
units. This complexity is often increased by the addition
of post-translational modifications (PTM) such as the
addition of phosphate or carbohydrate (glycan) chains
to specific sites. One common PTM is the addition of a
glycan to the side chain of an asparagine residue in the
consensus sequence N-X-S/T, where X can be any amino acid
other than proline. These N-linked glycans can be greatly
variable in structure and a given protein may contain one of
many glycans at the same site [1]. Therefore, glycoproteins
exist as a mixture of glycoforms as opposed to a single,
well-defined structure.
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The pharmaceutical industry has developed a number of
structurally complex glycoproteins into drugs [2–4]. Al-
though protein sequence is directed by DNA, glycosylation
can be variable and change with growth conditions, between
batches, and when different cell lines are used [3, 4]. Gly-
cosylation can affect the stability, toxicity, and activity of a
given drug, and therefore must be monitored [2–4]. Analysis
of biopharmaceutical glycosylation is often performed
through the enzymatic release of all N-linked glycans from
a protein population, followed by fluorescent labeling and
high-performance liquid chromatography (HPLC) or elec-
trophoretic analysis [2, 5–8]. Mass spectrometry can also be
used (with or without fluorescent labels) as a detection
method, and glycan sequencing can be performed using
liquid chromatography tandem mass spectrometry (LC-
MS/MS) strategies [8–10].

Protease digestions have also proven useful for glycoa-
nalysis. LC-MSn (multiple sequential stages of fragmenta-
tion) of a trypsin digest can give both glycosylation site and
glycan identity, however, the complexity of this mixture can
lead to ion suppression of the glycopeptides and glycopep-
tide enrichment can often be difficult [9, 11, 12]. An alter-
native method is the use of a protease mixture (e.g., pronase)
capable of cleaving all peptide bonds [11–23]. The result is
a mixture of primarily amino acids; however, steric hin-
drance around the glycosylation site results in a peptide
tag of 1 to 6 amino acids with the glycan attached at its
original site. This digestion procedure allows for simple and
efficient purification of the glycopeptides prior to mass
spectrometry, thereby reducing ionization suppression [14,
16, 17]. The resulting sample can be analyzed using matrix
assisted laser desorption ionization mass spectrometry
(MALDI) and/or LC-MSn [12, 14–18, 21–23]. Software
has recently been developed capable of matching accurate
mass against a theoretical library of glycan compositions
and the known protein sequence to automate compositional
matching [13, 15].

This manuscript describes pronase digestion and analysis
of rituximab (a representative biopharmaceutical) glycosyla-
tion with MALDI-time of flight mass spectrometry (MALDI-
TOF) and LC-MS/MS as well as 2-aminobenzamide (2-AB)
fluorescence labeling and LC-Fluorescence-MS/MS. The
combined methods allow for identification of glycosylation
site, glycan identity, and relative glycan quantification. Spe-
cific attention is devoted to how well-defined reference mate-
rials could benefit these and other glycoanalytical strategies.

Experimental

Reagents Pronase, CNBr-activated sepharose 4B, 2,5-dihy-
droxybenzoic acid (DHB), ethanolamine, PNGase F, 2-
aminobenzamide, GlycoProfile cartridges, and RNase B

were obtained from Sigma (St. Louis, MO). Rituximab
was obtained from RxUSA (Port Washington, NY). Purified
2-AB glycan standards (G0, Man5, G0F, G1F, G2F) and 2-
AB human IgG standard kit were purchased from Prozyme
(Hayward, CA). Burdick and Jackson LC-MS grade water
and acetonitrile (ACN) with and without 0.1% (v/v)
formic acid were obtained from VWR (West Chester, PA).
Carbograph Extract Clean columns were purchased from
Grace (Deerfield, IL). All other chemicals used were reagent
grade or better.

Glycoprotein digestion using pronase Pronase was immo-
bilized onto CNBr-activated sepharose using a previously
published procedure [16]. The overall ratio of reagents used
was 1mg pronase/150 mg CNBr activated beads/1 mg of
glycoprotein and was allowed to digest at 37 °C for 20 h. An
additional digestion step (23 hours at 37 °C) was performed
on rituximab by adding 1 mg dissolved pronase to the
supernatant from the immobilized digestion. Glycopeptides
were purified into three fractions (10%, 20%, and 40% ACN
(v/v) using graphitized carbon SPE according to a previously
published procedure [12].

Glycopeptide MALDI-TOF Each pronase SPE fraction was
reconstituted in approximately 200 μL of water per 1 mg of
glycoprotein digested. Matrix was prepared to contain
0.01 g DHB in 200 μL of 50%/50% (v/v) ACN/water.
Spotting solutions were prepared by mixing equal volumes
of matrix and resuspended sample to result in a final
spotting solution with approximately 25 μg DHB/μL in
25% (v/v) ACN. MALDI-TOF spectra were collected on
an ABI Voyager 4700 mass spectrometer operated in the
positive reflectron mode. The laser intensity was set to
4,500 to 5,000. The spectra were externally calibrated
based on the 4700 calibration mixture from Applied Biosys-
tems (Foster City, CA).

Graphitized carbon LC-MS/MS Following MALDI-TOF
analysis, each fraction that yielded peaks in MALDI-TOF
spectra was combined. This sample was diluted with 0.1%
(v/v) formic acid in water to prepare a solution containing
approximately 5 pmol glycopeptide/μL and 60 μL was
injected in the LC-MS/MS experiment.

LC-MS/MS was performed on a Thermo ESI-LTQ-XL
mass spectrometer using an Agilent 1100 HPLC system for
sample introduction. Injections were made onto a Thermo
Hypercarb column (100×2.1 mm i.d., 5 μm particle diam-
eter) at 0.3 mL/min. The LC run consisted of a binary
gradient of 0.1% (v/v) formic acid in water (solvent A) and
0.1% (v/v) formic acid in acetonitrile (solvent B). The gra-
dient used was (%A/%B, v/v) 97.0%/3.0% at 0 min, 97.0%/
3.0% at 4.6 min, 83.1%/16.9% at 36.5 min, 56.9%/41.3% at
54.7 min, 10.0%/90.0% at 63.8 min, 10.0%/90.0% at
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82.0 min, 97.0%/3.0% at 91.2 min, and 97.0%/3.0% at
127.0 min. The LTQ-XL was set to collect data in a data
dependent MS1/MS2 mode. CID spectra were collected
using an isolation width of 2 Da, collision energy of 25,
an activation Q of 0.25, and an activation time of 30 ms.
Dynamic exclusion was enabled and set to exclude a selected
precursor ion for 5 s after 5 consecutive MS2 had been
collected for that ion.

The ion optics of the mass spectrometer was tuned by
infusing an RNase B pronase digest. The infused solution
was prepared to contain approximately 30 pmol glyco-
peptides/μL dissolved in 0.1% (v/v) formic acid in 25%/
75% (v/v) mixture of ACN/water. This mixture was
infused at 5 μL/min with a 0.3 mL/min LC makeup
flow of 0.1% (v/v) formic acid in 25%/75% (v/v) ACN/water.
The ion optics were autotuned to the 753.3 Da peak, later
shown to be the RN-Man5 glycopeptide. The transfer
capillary temperature was set to 275 °C.

2-AB labeling and purification Glycans were enzymatically
released from purified rituximab using PNGase F in
20 mmol/L ammonium bicarbonate buffer (pH 7.8) for 2 h
at 37 °C. MALDI-TOF analysis of the intact protein before
and after glycan release was used to ensure complete glycan
release. The sample was analyzed as an equal volume mix-
ture with 20 μg sinapinic acid/μL in 50/50 (v/v) ACN/water
containing 0.1% (v/v) TFA matrix. Released glycans were
separated by protein precipitation in 75% ethanol and the
supernatant was dried in a vacuum centrifuge. Glycans were
reconstituted in 10 μL of 30%/70% (v/v) acetic acid/DMSO
containing 60 μg/μL NaCNBH4 and 50 μg/μL 2-AB (65 °C
for 3 h). Labeled glycans were purified using a Glycoprofile
glycan clean-up cartridge according to the manufacturer’s
instructions.

2-AB glycan LC-fluorescence-MS/MS The dried 2-AB gly-
cans were reconstituted by adding 125 μL of water per
250 μg of rituximab starting material. Each of the purified
glycan standards was reconstituted with water to a concen-
tration of 1 pmol/μL. LC-F-MS/MS analysis was performed
on 75, 20, and 80 μL injections of the rituximab, standards,
and human IgG 2-AB labeled glycans, respectively.

Online LC-fluorescence-MS/MS was performed using
the system described previously with a Linear Brand fluo-
rescence detector online between the LC and MS. A slightly
modified procedure from the literature was used [8]. The
samples were injected onto a Zorbax Stable-Bond Rapid
resolution HT C18 column (50×2.1 mm i.d., particle diam-
eter01.8 μm) at 0.333 mL/min and 50 °C. A binary gradient
was used for the analytical separation (Solvent A00.1%
(v/v) acetic acid in water, solvent B05%/95% (v/v) acetonitrile
(ACN)/water with 0.1% acetic acid (v/v). The analytical gra-
dient consisted of (%A/%B, v/v) 70.0%/30.0% at 0 min,

70.0%/30.0% at 2 min, 51.9%/48.1% at 35 min, 41.8%/
58.2% at 42 min, and 41.8%/58.2% at 50 min. A third solvent
(solvent C) consisting of 80%/20% (v/v) ACN/water with
0.1% (v/v) acetic acid was used to rinse the column for
10 min, followed by equilibration for 20 min under the orig-
inal starting conditions prior to the next sample injection.

Fluorescence signal (lexcitation0330 nm and lemission0
420 nm) was recorded using Xcalibur software and an
ss420x A/D converter from Agilent. The mass spectrometer
was set to collect in a data dependent MS1/MS2 mode. MS2

CID spectra were collected using an isolation width of 3 Da,
collision energy of 35, an activation Q of 0.25, and an
activation time of 30 ms. Dynamic exclusion was enabled
and set to exclude a selected precursor ion for 5 seconds
after 10 consecutive MS2 had been collected for that ion.

The ion optics of the mass spectrometer were tuned to a
1-pmol/μL (water) solution of 2-AB G0 glycan obtained
from Prozyme. This solution was infused into the mass
spectrometer at 30 μL/min with an LC makeup flow
of 70%/30% (solvent A/solvent B, v/v) at 0.3 mL/min
using a mixing tee. The ion optics were autotuned to the
[M+2H]2+ ion observed at 719.2 Da. The transfer capillary
was set to 250 °C.

Data analysis See Electronic Supplementary Material for
data analysis procedures using SimGlycan, Glycopeptide
Finder, and Xcalibur Software [24].

Results and discussion

Rituximab pronase digestion

Rituximab MALDI-TOF Glycopeptide peaks were present
in the 20 and 40% fractions and ionized as [M+Na]+ and
[M+2Na-H]+ adducts (Fig. 1). The 40% fraction contained
only peaks that were also in the 20% fraction. A total of 22
potential glycopeptide ions were identified in the spectra,
corresponding to 16 potential glycopeptides. Nearly every
major peak in the MALDI spectrum resulted in a potential
match except for the two at m/z01,668.57 Da and m/z0
1,830.63 Da. These peaks were initially thought to be due to
water loss during the ionization process, however additional
data collected during LC-MS/MS described below indicates
they are modified glycopeptide.

Rituximab LC-MS/MS The overall designation of each chro-
matographic peak after MS2 analysis is provided in
Fig. 2 (a, b), as well as Table 1. Figure 2 (c, d) shows
the representative XIC chromatograms corresponding to
the m/z for N- and NS-glycopeptides with the G1F glycan.
Both of these m/z co-elute with one of the major peaks in the
base peak chromatogram, and seem to show a “double peak”
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elution behavior. The double peak elution behavior represents
resolution of the NS-G1F isomers with galactose attached to
either the 1,3 or 1,6 antennae. Graphitized carbon LC-MS has
recently been shown to be capable of resolving a wide variety
of pronase-derived glycopeptide isomers [25, 26]. Ma et al.
performed exoglycosidase digestion and CE-LIF mobility
shift assays to determine that the dominant G1F isomer pres-
ent in rituximab contains galactose on the 1,6 arm [7]. This
indicates the earlier eluting peak corresponds to the glycopep-
tide isomer with a 1,6 galactosylated antennae.

Although the G1F glycopeptide isomers were resolved,
the attached peptide had little effect on the elution behavior
in this case. This is depicted in Fig. 2 (c, d), where the XIC
chromatograms show the N- and NS- glycopeptides of the
G1F glycan co-elute. In fact, for the G0F, G1F, and G2F
glycans, XIC chromatograms showed the peptide portion
(N, NS, or NST) had little effect on retention. The peptide
does play a significant role in elution of other species such
as the G0-NS and G0-NST glycopeptides. This reiterates the
fact that graphitized carbon can have complex retention
behavior affected by glycan, peptide, or both.

The averaged MS2 spectra for each of the NS-G1F iso-
mers are shown in Fig. 3 (a, b). In both cases, the charac-
teristic oxonium ion is present at m/z0366 Da and a Y-ion
series is present indicative of a NS-G1F glycopeptide. It
should be noted that the loss of a terminal galactose residue
(e.g., −162 Da from 1+ parent ion) is not observed. This
fragmentation has been reported previously for 2-AB
labeled G1F glycan [27]. Preferential cleavage of the
GlcNAc-Man bond likely occurs through attack of the
NAc carbonyl oxygen on its own reducing terminus to form
a 5-membered oxazoline ring, explaining this bond’s labil-
ity. An interesting observation in the MS2 spectra for each of
these peaks was a difference in the relative intensity of the

Y4α and Y4 fragments. Under the conditions shown, all G1F
glycopeptides (N, NS, and NST) showed a similar intensity
profile of the Y4α and Y4 fragments and seem to offer an
additional artifact for isomer identification. Similar CID
experiments and fragment relative intensities have been
used in a number of studies to differentiate galactose
attached to the 1,3 or 1,6 linked branch [28–31].

The XIC chromatograms prepared from the MALDI peak
list and MS2 spectra were used to verify a total of seven
glycopeptides in the MALDI spectrum. These are listed in
Table 1 and account for every peak in the MALDI spectrum
except for two (m/z01,668.57 Da and m/z01,830.63 Da). In
addition, a number of chromatographic peaks remained
unassigned at this point. For this reason, the search for low
abundance species was performed as described in the
Electronic Supplementary Material. An artifact seen
quite often was a base peak greater than 500 Da (Mh)
that would fragment solely into an ion exactly at m/z0
[(Mh−1)/2+1]+. Over the same retention time, there was
typically an ion in the MS1 at this smaller m/z. CID spectra of
this smaller m/z revealed that these were peptides partially
ionizing as dimers and are listed in Fig. 2(b).

The final low abundance peaks were shown to have MS2

spectra with glycosidic fragmentation. To ensure that no
false positive glycopeptides were reported, a low abundance
glycopeptide had to have either (1) a different retention time
than a high abundance glycopeptide or (2) for co-eluting
glycopeptides the low abundance glycan could not have an
m/z corresponding to a terminal monosaccharide residue
loss from the highly abundant species. A total of eight
additional glycopeptides were identified and are listed in
Table 1 as only observed in the LC-MS/MS method.

There were two additional species that eluted between 37
to 39 min and had an MS2 profile indicative of glycan

Fig. 1 Representative MALDI-
TOF spectrum of rituximab
pronase digest (20% fraction).
The “*” represents glycopep-
tide verified later to be −18 Da
product of indicated species.
See text for details
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fragmentation. The mass of these species was calculated to
be exactly 18 Da less than the NS-G0F and NS-G1F species,
but with a much different retention time. Manual interpreta-
tion of the MS2 spectra was consistent with G0F and G1F
fragmentation. It seems that these peaks are due to a degra-
dation product of NS-G0F and NS-G1F and a rearrangement
specific to the NS-peptide was causing their formation. The
MALDI-TOF spectra also indicate the presence of these two
species, as their masses correspond to [M+Na]+ ions that
would form at the previously unidentified m/z of 1,668.57
and 1,830.63 Da.

Pronase digestion results in a mixture whereby glycopep-
tides can be easily purified from sample matrix, remaining
amino acids, and most small peptides as opposed to a
specific protease where many more peptides are expected

to interfere. MALDI-TOF was only able to identify the three
major glycans found in rituximab due to ion suppression
effects; however, these glycans account for the vast majority
of the glycans present on this protein. The high mass accu-
racy of the MALDI data was useful to limit the number of
potential glycopeptides prior to LC-MS/MS analysis.
Graphitized carbon LC-MS/MS of the pronase digest was
used to further characterize rituximab glycosylation site and
glycan identity in this experiment. Seven glycans were
identified on rituximab, each of which were observed as
NST-glycopeptides, an amino acid sequence only present
on the rituximab heavy chain starting at N297. The data
have therefore confirmed the glycosylation site at N297 to
be glycosylated with each of the glycans listed in Table 1.
Pronase digestion and combined MALDI-TOF and LC-MS/

Fig. 2 Chromatograms
obtained for LC-MS/MS of
rituximab including (a) base
peak chromatogram (m/z0500
to 2,000 Da), (b) expanded base
peak chromatogram from 13
to 40 min, and (c) and (d)
extracted ion chromatograms
for m/z0870.4 Da and
m/z0913.8 Da
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MS analysis therefore have served as a useful tool in the
characterization of biopharmaceutical glycosylation site and
glycan type.

Rituximab 2-AB glycan LC-F-MS/MS

2-AB glycan standards Conditions for analysis of 2-AB
labeled glycans were initially optimized using pre-labeled
glycans and a human IgG glycan mixture purchased from a
commercial source (Electronic Supplementary Material).
These materials were found to be sufficient for optimizing
data analysis and chromatographic conditions, however,
residual contaminants corresponding to isomers or similar

glycans were often found. Therefore these materials were
not deemed useful as absolute quantitative standards.

Rituximab 2-AB glycans The fluorescence profile of ritux-
imab 2-AB glycans is shown in Fig. 4. The Man5, G0, G0F,
G1F, and G2F glycans were identified based on matching
parent m/z and MS2 spectra with the glycan standards as
well as a positive match in SimGlycan. Each of these five
species also had HK adduct MS2 spectra that matched with
those collected for the standards. An expanded view of the
fluorescence signal in the range of 0 to 30 min reveals low
abundance detail in the chromatogram (Fig. 4(b)). Mass
spectral content of these peaks revealed there were m/z

Table 1 Summary of glycopeptides observed in MALDI-TOF and LC-MS/MS of rituximab pronase digest

a The m/z listed is for the most abundant adduct observed for the ion. In the MALDI-TOF spectrum, glycopeptides ionized predominantly as singly
charged Na+ ions
b Ions corresponding to the [M+2Na-H]+ (22 Da higher than m/z listed) were also identified in the MALDI-TOF spectrum for these species
c Peaks corresponding to a water loss, thought to be due to cyclization of the peptide backbone were also observed for these species in the respective
experiment
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corresponding to 2-AB labeled glycans. The Man8, Man7,
Man 6 (at 11.1 min), Man5/G1, and G0FBi were matched
via MS1 only (no MS2 spectra were triggered). Despite this,
the parent m/z as well as retention behavior consistent with
that reported previously using this method allows a reasonably
certain identification [8]. All other glycans were identified
based on parent m/z and MS2 matching in SimGlycan. All of
these species fit well with the predicted fragmentation of the
[M+2H]2+ parent ion, giving a Y-ion series indicative of the
assigned structure, as well as some B-type fragmentation.

Figure 4(a) shows only a single G1F peak at 36.5 min,
indicating the G1F positional isomers galactosylated on
different antennae, was not resolved as they were in the
pronase method. However, glycan species that seem to be
low abundance isomers of the forms listed in Electronic
Supplementary Material Table S1 were identified in the
2-AB method (peaks listed with an “i” in Fig. 4(b)). These
peaks often co-eluted with species designated in Fig. 4(a),
but were of larger m/z and could not have been due to in-
source fragmentation. In addition, they had significantly

different retention times from those of the more abundant
form. The isomer peaks eluting at approximately 18 min
were also seen in the standards injections, but those at
26.3 min were not. In both cases, MS2 spectra were collected
for the isomer peaks that looked identical or nearly identical to
the MS2 spectra noted for the higher abundance forms. In the
current case, as well in previous reports using this method, the
mass spectra are not sufficiently different to absolutely iden-
tify linkage of these isomer species [8]. Additional experi-
ments such as permethylation analysis, exoglycosidase
digestion, or NMR would be required for complete branching
analysis. Despite this, the combined use of retention and MS
data revealed the presence of glycan isomers. The current data
also indicates that although retention time can often be
matched to indicate elution of a specific glycan, the MS and
MS2 spectra increase reliability of identifying all glycans
contributing to a given peak.

Relatively good resolution of most species was achieved;
however, co-elution in some cases (e.g., the 26.3 min peak)
makes designation of glycan specific peaks impossible. As

Fig. 3 CID spectra of G1F-NS
isomers from rituximab
resolved during LC-MS/MS
and eluting at (a) 29.0
(galactose on 1,6 antennae)
and (b) 29.5 min (galactose
on 1,3 antennae)
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an alternative, unresolved species were lumped into repre-
sentative “peaks” as depicted by the Px designations in
Fig. 4(a). Each of these peak areas was then integrated and
the quantitative results can be seen in Table 2 for triplicate
analysis. The quantitative results show that although
overlapping peaks were observed, the designations
allowed for relatively good injection reproducibility for
the same preparation and serves as a method for relative
comparison of glycosylation profiles as may be necessary in
comparative studies.

Potential for reference material development

Currently, qualitative and quantitative lot-to-lot variability is
controlled through comparability testing. Each manufacturer
uses a representative lot (reference standard) that is validated
for analytical consistency and stability in order to establish the

comparability of future lots. This has been a successful
practice in ensuring the safety and efficacy of a given
biopharmaceutical product, however it does not allow
method-specific or glycan-specific variables to be assessed
between manufacturers using slightly different techniques.
Current comparability testing and the use of in-house refer-
ence standards would be greatly supplemented by widely
available and commonly used reference materials that could
be used as common benchmarks for assessing biopharmaceut-
ical glycosylation. Although the current report used only a
small cross section of available glycoanalytical techniques,
many desirable features of a glycoanalytical reference material
are apparent from the data as described below.

Applicability and availability MALDI-TOF and LC-MS/
MS of a pronase digest was shown in this work to be
capable of identifying glycosylation site, while LC-F-MS/

Fig. 4 Fluorescence
chromatogram recorded for
2-AB labeled rituximab glycans
over (a) the entire analytical
gradient and (b) expanded
region from 1 to 30 min.
Designations in part (a) were
verified with MS2 data. See text
for designations made in part
(b). Symbols: “+” peak was
designated with high abundance
glycan in part (a), “i” indicates
that these species are thought
to be isomers of the forms
depicted in Electronic
Supplementary Material Table
S1, “Px” refers to the peak
number designation in Table 2

2286 J.E. Schiel et al.



MS of released and fluorescently labeled glycans yielded
relative quantification. Additional methods such as perme-
thylation and MSn could also be used to gain branching
information. Due to the multi-method nature of glycoanal-
ysis, the most representative reference material would be an
intact glycoprotein capable of undergoing both proteolytic
and glycan release methods.

Both the 2-AB and pronase methods produced informa-
tion on glycan identity (Tables 1 and 2); however a combi-
nation of the methods was shown to give the most complete
description of all glycan species. The total quantity of 2-AB
glycan injected was approximately sixfold higher than for
the pronase method, but the MS signal intensity used to
identify glycans was higher for pronase-derived glycopeptides
due to their improved ionization efficiency (e.g., NST-G0F
glycopeptide gave approximately an order of magnitude more
intense MS signal than the 2-AB labeled G0F glycan). It is
therefore somewhat surprising that LC-F-MS/MS of 2-AB
labeled rituximab glycans identified certain low abundance
species that were not observed in the pronase method. A
number of method or glycan-dependent factors other than
injection quantity could have contributed to differences in
glycans observed (e.g., enzyme efficiency, glycan degrada-
tion, sample loss, etc.). Each of these factors highlights the
need for a widely available reference material that would
allow a benchmark comparison of different methods and aid
in identifying sources of variability.

Tables 1 and 2 compare the qualitative identifications
made in the current report with those reported in the literature
using other methodology including LC-MS/MS of tryptic
glycopeptides [9] and negative ion MALDI analysis of frac-
tion collected 2-AA glycans [6]. Differences in glycans iden-
tified are potentially due to slightly different sample
pretreatment procedures, different ionization (MALDI vs.
ESI methods), or different detection modes (negative vs.
positive). For example, various sialylated forms were
observed by Kamoda that were not observed in the current
sample [6]. Negative mode mass spectrometry is a convenient
method to increase detection of sialylated forms; however,
analysis using the rapid resolution 2-AB method of human
IgG (Electronic Supplementary Material) was sufficient to
observe the sialylated G1F and G2F forms. Therefore, they
should have been detected in the 2-AB method had they been
present in the rituximab sample. The fact that these forms were
not detected in the current experiment could have been due to
any number of experimental factors as described above or
simply lot-to-lot variation of the particular samples analyzed
in the literature vs. those assessed in the current report. Awell
characterized, widely available material with known glycosyl-
ation would allow longitudinal comparisons because lot-to-lot
variability would no longer be a factor. This would provide a
means for longitudinal quality control, aid in qualification of
new reference standard lots, and be useful in establishing
method comparability for submission of biosimilars.

Table 2 Summary of rituximab
2-AB glycans observed in
LC-MS/MS

Peak Glycan Percent abundance (±1 S.D.) Observed in Ref. 9 Observed in Ref. 6

P1 Man8 .86 (±0.12) — Y

Man7 — Y

Man6 — Y

P2 Man5 2.05 (±0.17) Y Y

P3 Man6 0.49 (±0.13) — Y

P4 Man5/G1 0.28 (±0.10) — —

P5 G0 0.73 (±0.04) Y Y

P6 G1 0.67 (±0.06) Y —

G0Fi — —

G1Fi — —

P7 G1FBi 0.24 (±0.03) — —

P8 G0F-G1cNAc 1.71 (±0.06) Y Y

G1Fi — —

G2Fi — —

P9 G1F-G1cNAc 1.05 (±0.02) — —

P10 Man5/G1F 0.21 (±0.05) — —

P11 G0F 42.44 (±0.23) Y Y

P12 G1F 41.65 (±0.43) Y Y

P13 G2F 7.60 (±0.06) Y Y

— Man9 — — Y

— Sialylated Forms — — Y

LC-MS/MS biopharmaceutical glycoanalysis 2287



Potential reference material composition The glycans iden-
tified on rituximab represent some of the glycans that are
commonly found on biopharmaceuticals, although the gly-
can identities found on a particular product are dependent on
a number of factors including expression system and con-
ditions, drug identity, etc. A glycoprotein reference material
will not be able to cover all of the expected glycans present
in biopharmaceuticals as a whole. However, IgG-based
therapeutics represents the largest fraction of recombinant
therapeutics, and therefore recombinant IgG-based materials
containing biopharmaceutically relevant glycosylation
would be immediately applicable to the largest number of
QC applications. An attempt is typically made to humanize
glycosylation, therefore the optimum reference material
would contain the broadest coverage of human IgG glycans
possible. This type of reference material would serve as a
realistic sample for quality control of established methods
and assessment of novel methodology. Method qualification
based on the reference material would infer the method’s
usefulness for characterization and comparability of a new
therapeutic. This would provide a common data set by
which regulators could assess submissions from different
manufacturers and dataset for different products.

In addition to containing common glycans, the inevitable
presence of isomers must also be considered during reference
material development. The rituximab MALDI compositional
matching and SimGlycan MS2 spectral interpretation in the
current report used theoretical glycans based on previous
biosynthetic knowledge to infer linkage as well as prepare
theoretical fragmentation patterns for comparison, practices
common in glycoanalysis. In the case of pronase-derived G1F
positional isomers, fragment ion intensities were useful for
identifying antennae positional isomers (Fig. 3), but CID
fragmentation alone was not sufficient to differentiate isomers
in all cases observed in the 2-AB study. The MS/MS data and
biosynthetic filter results alone would have incorrectly desig-
nated many isomers as high abundance forms listed in Elec-
tronic Supplementary Material Table S1. Retention data were
used in the current study to identify these as isomers, and
additional methodology (permethylation analysis, NMR, etc.)
would be useful to completely designate their branching pat-
tern. As analytical technologies improve, the presence of
isomers in glycoproteins is increasingly being reported [24,
26, 32], and the isomeric content of a well-characterized
reference material should be available to the extent possible
with current technology.

Chemoenzymatic synthesis has been used to add a wide
variety of glycans to protein acceptors [33, 34]. The ability
to tailor this glycosylation in vitro to contain specific gly-
cans (e.g., if a given glycan is deemed to be a critical quality
attribute) shows great promise for detailed analysis of
glycan-specific and method-dependent variables. The syn-
thetic nature of homogeneous glycoprotein synthesis could

potentially be used to prepare reference materials with specific
glycan isomers [35]. Preparation of materials with isomeric
purity would be useful to establish retention behavior and/or
fragmentation behavior for these species allowing side-
by-side comparisons to unknown products. A greater
understanding of these variables would allow manufacturers
to better choose analytical methods for their own products
when a specific product or process related glycan variant is
considered to be important.

Quantitative properties In the current study, relative glycan
quantification was achieved through enzymatic release of
glycans, labeling of the reducing terminus, and measure-
ment of the resultant fluorescent signals (Table 2). Each of
these reactions was monitored to have gone to completion
by MALDI of the protein before and after deglycosylation
and assessing the LC-F-MS/MS mass spectra for unlabeled
glycans. In both cases, the reactions were shown to be
quantitative to within the detection limits of the method and
were therefore useful for relative quantification. However, it is
still assumed that sample loss is consistent from one preparation
to the next, and that losses of each glycan type are equivalent.

MS spectral counting was not assessed for quantitative
capabilities in the current study due to the inherent nature of
ion trap instruments. Although quantification in trap instru-
ments is possible when scan trapping times and ion accu-
mulation settings are considered, other instrumentation (e.g.,
QTOF) is more readily suited for this type of quantification
and promising results have been reported for released glycans
(native and derivatized), specific proteolytic peptides, and
nonspecific proteolytic peptides [26, 36–38]. Such methods
have been suggested to offer the advantage of reduced sample
pre-treatment steps; however, each may also suffer from
incomplete proteolysis, ion suppression effects, and differ-
ences in species-specific ionization efficiencies. A number
of MS-based relative quantification schemes have also recent-
ly been developed using isotopically labeled derivatizing
agents or via incorporation during expression [39–41]. To
date, absolute quantification of a given glycan has not been
achieved and represents a difficult challenge due to the inher-
ent complexity of carbohydrates. However, even a small
cohort of reference materials of known glycan concentration
would be useful for establishing a common benchmark for
relative glycoanalytical schemes to be assessed. The ability to
set acceptance criteria for a glycan-related critical quality
attribute in an absolute fashion would allow for establishment
of much more stringent quality control limits and lead to
higher confidence of safety and efficacy. Establishing absolute
quantification of heterogeneous glycoprotein reference mate-
rials such as recombinant IgG will require development of
novel methodology. As an alternative, the semi-synthetic
nature of chemoenzymatically synthesized materials may al-
low a level of quantification through purity validation of
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a homogeneously glycosylated protein with one glyco-
sylation site.

Conclusions

LC-MS/MS of a pronase digest was shown to be capable of
identifying glycosylation site and glycan identity while LC-F-
MS/MS of released and fluorescently labeled glycans yielded
relative quantification and glycan identity. Glycoanalysis of a
given analyte requires a multi-method approach to gain the
most complete characterization, many of which can be com-
plimentary and confirmatory. Assessment of the methods
described herein indicates development of a widely available,
well-characterized reference material with quantitative prop-
erties would greatly supplement current comparability testing.
Recombinant IgG containing biopharmaceutically pertinent
glycans and homogeneous glycoproteins synthesized using
chemoenzymatic methods both show great promise as poten-
tial materials to supplement in-house reference standards.
Glycoanalytical reference material development represents a
future milestone in the advancement of glycoanalysis mea-
surement science that would greatly benefit biopharmaceuti-
cal development.
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