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a b s t r a c t

Glycosylation which plays a crucial role in the pharmacological properties of therapeutic monoclonal
antibodies (MAbs) is influenced by several factors like production systems, selected clonal population
and manufacturing processes. Efficient analytical methods are therefore required in order to characterize
glycosylation at different stages of MAbs discovery and production. Three mass spectrometry (MS)-based
strategies were compared to analyze N-glycosylation of MAbs either expressed in murine myeloma (NS0)
or Chinese Hamster Ovary (CHO) cell lines, the two current main production systems used for therapeu-
tic MAbs. First a top-down approach was used on intact and reduced MAbs by liquid chromatography
coupled to an electrospray ionization-time of flight mass spectrometer (LC–ESI-TOF), which provided
fast and accurate profiles of MAbs glycosylation patterns for routine controls. Secondly, after digestion
of the antibody with the peptide N-glycosidase F (PNGase F) enzyme, released N-linked glycans were
lycopeptides
ass spectrometry

andem mass spectrometry
C–ESI-TOF
P-HPLC

directly analyzed by electrospray ionization–tandem mass spectrometry (ESI–MS/MS) without any prior
derivatization, which gave precise details on the structure of the most abundant glycoforms. Finally, a
bottom-up approach on tryptic glycopeptides using a nanoLC-Chip–MS/MS ion trap (IT) system equipped
with a graphitized carbon column was investigated. Data were compared to those obtained with a more
classical C18 reversed phase column showing that this last method is well suited to detect low abundant
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. Introduction

In the field of therapeutic recombinant proteins, monoclonal
ntibodies (MAbs) have achieved a rising success with at least 24
arket approvals since 1986. This class of human drug is the fastest

rowing family with hundreds of MAbs in pre-clinical development
nd clinical trials [1]. One of their strengths is their higher success
ate from clinical phase I to regulatory approval than for small-

olecule drugs (25–29% versus 11%) [2,3]. Most of these MAbs

elong to the class of immunoglobulin G (IgG), which are large
omodimers of 150 kDa consisting in two light chains (LCs) and
wo heavy chains (HCs) connected by disulfide bonds to form a Y-

∗ Corresponding authors at: Centre d’Immunologie Pierre Fabre, Physico-
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e shot information regarding both the oligosaccharide structure and the
ide moiety.
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haped structure. IgGs are serum proteins involved in the humoral
mmune response by binding specifically to target antigens. This
inding consequently triggers either direct neutralization of the
ntigen, activation of the complement cascade or stimulation of
ffector cells via Fc receptor binding to the Fc region of the antibody.

One of the most important post-translational modification,
ffecting antibodies is by far glycosylation. Indeed mammal IgGs
ontain 2–3% carbohydrate by mass. A large majority of MAbs have
nly one N-linked glycosylation site generally located at Asn-297
n each heavy chain CH2 domain of the Fc portion [4]. N-linked
lycosylation in the hypervariable regions of Fab domains has also
een described, more often in human than murine IgGs (0.8% ver-
us 0.3% in proportion by mass) [5]. Their occurrence and position
re dependant on the presence of the consensus sequence Asn-Xaa-
hr/Ser (Xaa different from Pro).
Most licensed therapeutic MAbs are expressed in Chinese
amster Ovary (CHO) cell lines or in murine myeloma NS0 or
P2/0 cells. In such cell lines, N-linked glycans are core fucosylated
i-antennary structures with more or less terminal galactosyla-
ions [6]. Therefore, recombinant MAbs consist of heterogeneous

http://www.sciencedirect.com/science/journal/15700232
mailto:elsa.wagner@pierre-fabre.com
mailto:alain.beck@pierre-fabre.com
http://www.cipf.com/
dx.doi.org/10.1016/j.jchromb.2008.03.032
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ixtures of G0F (no galactosylation), G1F and G2F (one or two
erminal galactoses, respectively) glycoforms. The proportion of
ach glycoform and the presence of atypical glycosylation types
trongly depends on the producing cell lines and may differ
ignificantly from natural human antibodies [7]. For example,
-galactose and N-glycolylneuraminic acid (NGNA) moieties

inked to the terminal galactose occur only in mouse cell lines
nd not in CHO [8]. In contrast, human IgGs contain oligosaccha-
ides with N-acetylneuraminic acids (NANA). Moreover, bisecting
-acetylglucosamine (GlcNAc) containing oligosaccharides which

epresent up to 10% of the human IgG glycan population are
ncommon in murine and CHO-derived antibodies [9–11]. Com-
arison between N-glycan structures on IgG Fab and Fc showed
hat glycosylation is site specific with higher extents of galac-
osylation and higher incidence of sialylated structures on Fab
ligosaccharides [12].

Glycosylation of MAbs directly impacts on their biological activ-
ty whose mode of action involves effector function [13]. Whereas
ab glycosylation may affect binding affinity of the antigen, Fc
lycosylation influences the structure and function of IgGs. Effec-
or functions as well as immunogenicity and clearance are closely
ependant on the glycosylation profile of MAbs [14,15]. Thus, the
esign of MAbs by glyco-engineering is a promising way to improve
heir clinical potency [16–20]. The process of glycosylation is not
nly influenced by the choice of the IgG production system but
lso by the cell culture conditions and clone selection [21]. Under
on-optimal conditions, CHO, NS0 and SP2/0 cells can produce
bnormally glycosylated products that lack in vivo efficacy or are
otentially immunogenic in human [6]. That is why a careful selec-
ion of single cell clone and optimization of cell culture conditions
re crucial steps to produce high quality recombinant IgGs (r-IgGs).
owever, discrepancies may still occur in the glycosylation pro-
le for single cell clones from the same cell line. Consequently, at
ach step of MAb research, development and production, analyt-
cal controls are required to establish product integrity. It is also
ssential to determine the degree of heterogeneity due to post-
ranslational modifications in order to ensure product consistency
or comparability during process changes and scaling-up.

In the panel of available analytical methods, mass spectrome-
ry (MS) has become a key technique to extensively characterize

Abs before therapeutic use in humans [22,23]. Well-established
trategies for the structural analysis of glycoproteins and N-
inked glycans have been described [24]. Their application to
he detailed characterization of MAb glycosylation are presently
ither single or multi-methodological-based approaches [25–27].
hese approaches can be classified according to two distinct levels,
amely “top-down and bottom-up approaches”. The first strategy

ncludes the analysis of intact or reduced MAbs, resulting in heavy
nd light chains then separable by chromatography. The second
pproach corresponds to the MS analysis of peptides after enzy-
atic digestion of the protein.
As a part of research and pre-clinical development of new

herapeutic antibodies, we report and discuss herein the comple-
entarities of different MS-based approaches for characterization

f MAb glycosylation. According to the previously mentioned classi-
cation, a combination of three level techniques was investigated.
he first one consists of the LC–MS analysis of intact or reduced
Abs using an electrospray-ionization time-of-flight analyzer (ESI-

OF). The second is a glycomics strategy with the structural
haracterization of released N-glycans by ESI–MS/MS. The final

pproach deals with peptide mapping and characterization by
novel nanoLC-Chip–MS/MS approach including glycopeptides

nrichment and separation on a graphitized carbon column. Fol-
owing a previous study [28], humanized MAbs expressed either
n CHO or in NS0 cell lines as well as their murine hybridoma

b
F
t
o
G

atogr. B 872 (2008) 23–37

ounterpart were analyzed. In order to illustrate the utility of each
pproach, the diversity of glycosylation profiles are then compared
nd discussed.

. Experimental

.1. Material

All chemicals and reagents were of analytical grade and pur-
hased from Sigma–Aldrich (Saint-Quentin Fallavier, France) or
WR International (Fontenay-sous-Bois, France). Distilled water
roduced from a Milli-Q Water SystemTM (Millipore, Guyancourt,
rance) was used for the preparation of the sample solutions.

.2. Recombinant humanized and mouse antibodies

The recombinant antibodies analyzed in this study were
xpressed in eukaryotic cell lines at the Centre d’Immunologie
ierre Fabre (Saint Julien-en-Genevois, France) and purified using
tandard manufacturing procedures as previously described [28].
umanized antibodies A2CHM and A3BHM were purified from
HO and NS0 cell supernatants respectively, whereas 7C10 was
urified from a murine hybridoma.

.3. Sample preparation

.3.1. Reduction and alkylation of MAbs
Twenty microgram of MAb was lyophilized and solubilized

n 60 �l Tris–HCl 100 mM, 2 mM EDTA, guanidine HCl 6 M, pH
.0 buffer. Samples were flushed with N2. Disulfide reduction
as performed by incubating the MAb solution with 20 mM DTT

Sigma–Aldrich) for 2 h at 37 ◦C. Alkylation of cysteins was per-
ormed by adding 25 mM iodoacetamide (Sigma–Aldrich), the
eaction occurred in the dark at room temperature within 1 h. The
eaction was quenched by addition of acetic acid and n-propanol
final concentration 10 and 20%, respectively) either before or after
lkylation depending on the experiments.

.3.2. Desalting the mixture of light and heavy chains prior to
ryptic digestion

Reduced and alkylated LC and HC were desalted using a Zorbax
00SB-C8 Rapid Resolution CartridgeTM, 2.1 mm × 30 mm, 3.5 �m
Agilent Technologies, Massy, France) maintained at 60 ◦C. Mobile
hase A consisted of acidified water (0.05% trifluoroacetic acid
TFA)) and solvent B was n-propanol:water, 90:10 containing 0.1%
ormic acid (HCOOH). The flow rate was set at 0.25 ml/min. After a
min desalting step at 100% A, an isocratic elution was performed at
0% B for 5 min. The elution of the fraction of interest was monitored
t 280 nm. The LC and HC mixture was collected and lyophilized.

.3.3. Separation of light and heavy chains by SEC
MAb heavy and light chains were separated on a size-exclusion

olumn and the corresponding fractions were collected and con-
entrated as previously described [28].

.3.4. Tryptic digestion
Either alkylated HC or a mixture of alkylated HC and LC (∼80 �g)

as solubilized with 100 �l Tris–HCl 50 mM, 1 mM CaCl2, pH 7.5

uffer. 10 �l of RapidgestTM (Waters, Saint Quentin-en-Yvelines,
rance) 1% in aqueous solution were added in order to speed up
he enzymatic reaction. Digestion was performed by adding 10 �l
f a trypsin solution (c = 0.5 �g/�l in water) (Trypsin Sequencing
radeTM, Roche Diagnostics, Meylan, France), which corresponds
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o a 1:16 ratio enzyme:substrate. Samples were incubated at 37 ◦C
or 2 h. The reaction was stopped by adding 0.4 �l TFA.

.3.5. Release and purification of N-glycans
Glycans were released from MAbs by incubation with 3 �l of

NGase F (5 × 105 U/ml, New England Biolabs, Hitchin, UK) per
g of glycoproteins in their initial buffer, overnight at 37 ◦C.

or desalting and purification we used CarbographTM cartridges
Alltech, Goussainville, France). N-glycans were eluted from the
artridges within 1 ml of a solution containing acetonitrile:water
70:30) + 0.02% TFA. Before being infused in the ion trap (IT),
he solution was first diluted 10 times with acetonitrile:water
50:50) + 0.1% HCOOH.

.4. LC–ESI-TOF experiments

The high performance liquid chromatography (HPLC) system
sed in this study consisted of a Waters AllianceTM 2695 sepa-
ation module equipped with a column-heating compartment
nd a 996TM photodiode array detector (Waters, Saint-Quentin-
n-Yvelines, France). All LC–MS experiments performed with this
ystem were running at 0.25 ml/min. The flow rate was not split
or MS detection. Mass spectrometric analysis was carried out in W
ositive ion mode on a Waters LCT PremierTM equipped with an ESI
ource (Waters, Saint-Quentin-en-Yvelines, France). The source and
esolvation temperatures were set at 120 and 300 ◦C, respectively.
he nitrogen gas flow rates were set at 50 l/h for the cone and 350 l/h
or desolvation. Calibration was carried out using a 2 �g/�l solution
f cesium iodide (Sigma–Aldrich) for the protein mass measure-
ents. MS data were acquired and processed using MassLynxTM 4.1

Waters). Deconvolution of the protein mass spectra was performed
ith TransformTM (Waters). Standard deviations for mass measure-
ents were those given by treatment of the multiply charged ion

pectrum using Mass LynxTM.

.4.1. LC–MS of intact MAbs
Ten micrograms of intact or deglycosylated antibody were

oaded onto a ZorbaxTM 300SB-C8 Rapid Resolution CartridgeTM,
.1 mm × 30 mm, 3.5 �m (Agilent Technologies, Massy, France)
aintained at 60 ◦C. The protein was first rinsed on the cartridge for

0 min with 90% solvent A (water + 0.02% TFA and 1% HCOOH), 10%
olvent B (water:n-propanol, 10:90 + 0.02% TFA and 1% HCOOH).
lution was then performed using an isocratic step consisting of
0% of B for 10 min followed by a 10 min step washing at 80% B
nd by a final equilibration period of 10 min at 10% B. Capillary
nd cone voltages were optimized for maximum sensitivity at each
xperiment. Ion guide one and Aperture 1 voltages were both set
t 40 V.

.4.2. LC–MS of reduced MAbs
Five micrograms of reduced antibody were loaded onto an

gilent ZorbaxTM 300SB-C8 column, 2.1 mm × 150 mm, 3.5 �m
Agilent Technologies, Massy, France) maintained at 60 ◦C. Proteins
ere eluted from the column using a linear gradient from 20 to 35%

f B in 30 min (solvent A = water + 0.02% TFA and 1% HCOOH; sol-
ent B = water:n-propanol, 10:90 + 0.02% TFA and 1% HCOOH). The
olumn was then flushed with 80% B for 5 min followed by an equi-
ibration step of 10 min at 20% B. Capillary and cone voltages were
ptimized for maximum sensitivity at each experiment. Ion guide
ne and Aperture 1 voltages were set at 20 and 30 V, respectively.
.5. ESI–MS/MS of released N-glycans

MS/MS experiments on N-glycans were performed with an
squire 3000+TM ion trap (Bruker Daltonics, Bremen, Germany)
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m
3
a
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quipped with an electrospray ion source working in positive mode.
he sample solutions were infused at 4 �l/min with a syringe pump.
he voltage applied to the counter electrode was set at 4000 V.
he voltage on the metal glass capillary interface was optimized
t 225 V and the voltage applied to the skimmer was set at 40 V.
or tandem mass experiments, the precursor ions were fragmented
pplying a resonance frequency on the end cap electrodes (peak-
o-peak amplitude 0.8 V) matching to the frequency of the selected
ons. Fragmentation of the precursor ions occurred in the ion trap
ue to collisions with helium gas buffer (pressure 5 mPa). Scan-
ing was performed in standard resolution mode at a scan rate of
3,000 m/z per second. A total of 50 scans were averaged to obtain
mass spectrum. Calibration of the ion trap was performed using

ons from a Tuning MixTM solution (Bruker Daltonics) over mass
ange from m/z 100 to 1800.

.6. NanoLC-Chip–MS/MS experiments

NanoLC–MS/MS analysis of the tryptic digest was performed
sing an Agilent 1100 series HPLC-Chip systemTM (Agilent Tech-
ologies, Palo Alto, USA) coupled to an HCTplusTM ion trap (Bruker
altonics). Chromatographic separations were performed using

hree columns: a 43 mm × 75 �m, 5 �m reversed phase C18 col-
mn, a 150 mm × 75 �m, 5 �m reversed phase C18 column and
43 mm × 75 �m, 5 �m porous graphitized carbon column. The

ame chromatographic conditions were used for the three anal-
sis types with a gradient going from 3 to 20% in 10 min and
rom 20 to 35% of eluant B in 30 min with A: water + 2% acetoni-
rile + 0.1% HCOOH and B: acetonitrile + 2% water + 0.1% HCOOH, at a
ow rate of 300 nl/min. The voltage applied to the capillary cap was
et to 1750 V in order to avoid glycopeptides in-source fragmenta-
ion. No oxonium ions such as [HexNAc + H]+ or [HexHexNAc + H]+

ons at m/z 204 or 366, signature of glycan fragmentations, were
bserved in the MS spectra. The mass spectrometer transmis-
ion parameters were optimized for high m/z set optimal around
300 m/z. Using exclusion lists, MS/MS experiments were selec-
ively performed in ranges of 4 m/z corresponding to the generated
lycopeptide ions. The system was operated with automatic switch-
ng between MS and MS/MS modes. The three most abundant
pecies of each m/z range were selected to be further isolated
nd fragmented. Fragmentation amplitude was set at 1 V. The
S/MS scanning was performed in the ultrascan resolution mode

t a scan rate of 26,000 m/z per second. A total of three scans
ere averaged to obtain a MS/MS spectrum. The complete system
as fully controlled by ChemStationTM (Agilent Technologies) and

squireControlTM (Bruker Daltonics) softwares.

. Results

.1. LC–ESI-TOF of intact and reduced MAbs

Successful optimizations of analytical reversed phase-high per-
ormance liquid chromatography (RP-HPLC) methods have been

ade in the last 3 years in order to improve analysis of high
olecular weight proteins and especially monoclonal antibodies

29,30]. Such approaches were then used as a starting point for
he method development of chromatographic conditions providing
fficient separation of light chain and multiple variants of heavy
hains [31]. In parallel, the wide mass range of a TOF analyzer

ombined with high mass resolution and accuracy enable the fine
tructural characterization of MAbs [22,32,33]. Mass accuracy in
easuring different intact antibodies was shown to reach below

0 ppm (±4 Da) by using a 10,000 instrument resolution with an
ppropriate standard antibody as external calibration agent [34].
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Fig. 1. Positive ion ESI mass spectra of monoclonal antibodies (A) A3BHM, (B) A2CHM either intact (1) or treated with PGNase F (2). Multiply charged ions spectra are shown
at the top whereas the result of deconvolution presenting the molecular mass of the antibody is shown below.
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Table 1
MAbs isoforms mass assignment after LC–ES-TOF analysis (see spectra Fig. 1)

Glycoforms Measured masses (Da) Calculated average mass (Da) �Mass (Da)

Deglycosylated A3BHM – 146,087 ± 3 146,087 0

A3BHM

G0F/G0F 148,974 ± 7 148,975 −1
G0F/G1F 149,133 ± 6 149,137 −4
G1F/G1F 149,299 ± 7 149,300 −1
G0F/G2F
G1F/G2F 149,461 ± 14 149,462 −1

Deglycosylated A2CHM
– 146,086 ± 2 146,087 −1
? 146,242 ± 30 – 156
? 146,346 ± 16 – 260

A2CHM

G0F/G0F 148,977 ± 11 148,975 +2
G0F/G1F 149,138 ± 6 149,137 +1
G1F/G1F 149,297 ± 6 149,300 −3
G0F/G2F
G1F/G2F 149,461 ± 6 149,462 −1
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Another way to address antibody heterogeneity is to consider
mass spectra of both individual heavy and light chains separated by
RP-HPLC. Fig. 3 shows a typical chromatogram of reduced A2CHM
G2F/G2F 149,617 ±
G2F/G2F + Gal 149,786 ±
G2F/G2F + 2Gal 149,948 ±

lso, suitable RP-HPLC methods in conjunction with ESI-TOF–MS
re now methods of choice for efficient analysis of intact or reduced
ntibody with minimal sample preparation [35]. Applicability of
he LC–ESI-TOF approach for MAbs analysis was demonstrated with
fficient characterization of structural variants and degradation
roducts [30,36]. RP-HPLC in combination with mass spectrome-
ry was employed in order to address common modifications of
herapeutic antibodies including formation of N-terminal pyroglu-
amate, C-terminal lysine variants and heterogeneous glycosylation
rofiles [29,35,37,38] as well as for the determination of minor
odifications such, e.g. as tryptophan oxidation [39].

.1.1. Monitoring glycosylation profile of intact MAbs
Fig. 1 shows ESI mass spectra of two humanized monoclonal

ntibodies produced in different cell lines, either intact (Fig. 1A1
nd B1) or treated with PNGase F (Fig. 1A2 and B2). The analysis gave
pectra that consisted of typical series of multiply charged ions with
/z values ranging from 1500 to 4000 m/z. The associated decon-

oluted spectra are shown below. Assignment of the experimental
asses (Table 1) was made by comparison with the calculated
asses from the cDNA-derived amino acid sequence. MAbs theo-

etical masses were calculated assuming 16 disulfide bridges, heavy
hain N-terminal pyroglutamic acids formation (−2 × 17 Da) and
-terminal lysine clipping (−2 × 128 Da) expected for a human-

zed antibody IgG1 [40]. Masses of the most common N-glycans
ssociated with the Fc domain of recombinant IgG1 [41] (see
tructures Fig. 2) were considered as part of post-translational
odifications. In the case of deglycosylation (Fig. 1A2 and B2),
sn297 changed into aspartic acid (Asp) in both heavy chains sub-
equently increasing the mass by 2 Da. Whereas A3BHM spectrum
Fig. 1A2) displays a single peak at 146,087 ± 3 Da after deglycosy-
ation, A2CHM spectrum (Fig. 1B2) exhibits two additional peaks at
bout m/z +156 ± 30 Da and +260 ± 16 Da. The wide shape and low
ntensity of those peaks make their measurement rather inaccu-
ate and hence, their interpretation quite unclear. A first hypothesis
o explain this heterogeneous profile would be the presence of
wo minor variants with addition of non-cleaved lysine (1 and 2 K)
esulting in a theoretical positive mass shift of 2 × 128 Da. Indeed,
he cleavage of the C-terminal lysines which is due to the activity of

arboxypeptidase B [42,42] could be incomplete. Another hypoth-
sis would be the glycation occurring on N-terminus or lysine
esidue (162 Da mass shift). Glycation would result from the cell
ulture conditions and would be caused by the presence of glucose
n cell culture media [43,44]. Mass spectra of the intact antibod-

F
r
g
m
M

149,624 −7
149,786 0
149,948 0

es, without PNGase F treatment, yield clear glycosylation profiles
ontaining combinations of bi-antennary glycans with a variable
umber of galactose residues. Spectrum of A3BHM (Fig. 1A1) shows
n heterogeneity corresponding to additional galactoses on the
-acetylglucosamines of the predominant G0F isoform. G1F and
2F glycoforms are typical of MAb expressed in CHO cell lines,
ithout any terminal extended galactosylation. On the other hand,
2CHM spectrum (Fig. 1B1) exhibits a more complex distribution
f glycoforms with at least seven peaks including minor structures
ossessing extended galactosylation (�1-3 Gal) which are charac-
eristic of MAb produced in NS0 cell lines [45].

.1.2. Monitoring glycosylation profile of the heavy and light
ig. 2. Structures of the three most abundant N-glycans described in this study rep-
esented using the symbol nomenclature outlined by the consortium for functional
lycomics (http://www.functionalglycomics.org/). ( ) N-Acetylglucosamine, ( )
annose, ( ) galactose and ( ) fucose. Main glycosidic fragments observed after
S/MS experiments are annotated.

http://www.functionalglycomics.org/
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Fig. 3. Reversed-phase chromatograms of the reduced forms of the monoclonal anti-
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ody A2CHM showing the separation of light and heavy chains (LCs and HCs) by
C–ES-TOF. (A) UV detection, signal extracted at 280 nm. (B) Corresponding total ion
urrent.

btained in LC–MS. Multiply charged ion spectra and deconvoluted
ass spectra of light and heavy chains for two monoclonal anti-

odies are presented in Fig. 4 for comparison between humanized
A2CHM; Fig. 4A) and murine (7C10; Fig. 4B) antibodies. Whereas
ight chains of both MAbs exhibit a main sharp peak accompa-
ied by small probable salt adductions (Fig. 4A1 and B1), heavy
hain spectra reflect the glycosylation heterogeneity profile of
ach IgG (Fig. 4A2 and B2). As already described for murine and
HO-expressed antibodies, minor glycoforms correspond to over-
alactosylated N-glycans (G2F + �1-3 Gal and G2F + 2 �1-3 Gal, see
able 2). The main difference between these two MAbs remains
n the proportion of each form. As G1F is the most abundant iso-
orm for A2CHM, G0F and G1F are both predominant for the murine
ntibody.

.1.3. Comparison between intact and reduced MAb mass
easurements

Contrary to the direct mass measurement of intact antibody
150 kDa, mass range around 3000 m/z) carrying simultaneously
wo N-glycosylation sites, the analysis of reduced MAb allows to
ecrease the sample complexity linked to single N-glycosylation

hat occurs on both heavy chains of the IgG in an asymmetri-
al manner. Thus, the MAb reduction reduces the mass of the
ragment of interest (heavy chain, 50 kDa, mass range around
500 up to 2000 m/z) to a range where it is possible to get
igher resolution mass spectra and accuracy which allows bet-

i
s
f
[
c

able 2
eavy and light chains mass assignment after LC–ES-TOF analysis (see spectra Fig. 3)

Glycoforms Measured masses (D

ight chain A2CHM – 24,063 ± 1

eavy
hain
2CHM

G0F 50,441 ± 5
G1F 50,603 ± 4
G2F 50,764 ± 4
G2F + Gal 50,928 ± 10
G2F + 2Gal 51,070 ± 21

ight chain 7C10 – 24,165 ± 1

eavy
hain
C10

G0F 50,335 ± 4
G1F 50,498 ± 4
G2F 50,660 ± 6
G2F + Gal 50,804 ± 17
G2F + 2Gal 50,968 ± 20
atogr. B 872 (2008) 23–37

er differentiation of glycoforms with close masses. The precision
f these techniques was assessed by analysis of the calculated
nd measured masses with an average error range for the mass
easurement within 2 ± 10 Da for intact A2CHM, 4 ± 9 Da for its

eavy chain and 0 ± 1 Da for its light chain. Finally, ESI-TOF data
lone were sufficient for structural assignments of three main
lycoforms plus two others related to micro-heterogeneous pro-
les.

.2. Direct analysis of released N-linked glycans by tandem mass
pectrometry

Structural characterization of individual N-glycans is chal-
enging due to their branched and isomeric nature [24]. Mass
pectrometry has been widely used to successfully address this
uestion. As glycans consist of a limited set of oligosaccharide
oieties, a single mass measurement may sometimes be suffi-

ient to deduce the monosaccharide composition. However, more
ophisticated methods are required to determine linear sequences,
ranching and linkages. Additional information can be obtained by
ragmentation analysis of isolated N-glycans by ESI–MS/MS with
igh or low collision-induced dissociation (CID) [46]. For that pur-
ose, the ion trap mass spectrometer (ITMS) with its ability to
erform multiple stages of fragmentation (MSn), is particularly
seful and allows a fine characterization of carbohydrates [47,48].
he hydrophilic character of oligosaccharides is responsible for a
ecrease of their ionization efficiency and thus of a lack of sen-
itivity when analyzed by ESI. To circumvent this problem glycans
an be derivatized or ionized as adducts of alkali metals [49,50]. The
ragmentation pattern of underivatized [M+H]+ ions is less complex
han one obtained with sodium or metal adducts. Whereas [M+H]+

ons produce mainly B and Y-type glycosidic fragments, adducts
f alkali metals give additional fragments like cross-ring cleavages
hich can be informative but also greatly increases the complexity

f spectra.
In the present work, we first released N-linked glycans from

he monoclonal antibody A2CHM with the commercially available
nzyme peptide N-glycosidase F (PNGase F). Glycans were then
urified and desalted from the resulting mixture thanks to graphi-
ized carbon cartridges. Mass spectrometry analysis was performed
y infusion of the oligosaccharides solution into an ESI-ion trap
ithout any prior separation. Parent ions corresponding to the pro-

onated form [M+H]+ of the three main carbohydrate structures
G0F, G1F and G2F) were successively isolated and fragmented by

S2 in the analyzer. The interpretation of mass spectra was facil-

tated by the use of an in-house software which compiles glycan
tructures defined by users in order to calculate all the theoretical
ragments resulting from one or several inter-glycosidic cleavages
51]. The glycan fragments are annotated according to the nomen-
lature of Domon and Costello [52]. Y and B series fragments

a) Calculated average mass (Da) �Mass (Da)

24,063 0
50,441 0
50,603 0
50,765 −1
50,927 +1
51,089 −19
24,165 0
50,334 +1
50,496 +2
50,658 +2
50,820 +16
50,982 +14
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Fig. 4. Positive ion ESI mass spectra of light chains (1) and heavy chains (2) from reduced monoclonal antibody after chromatographic separation. (A) A2CHM and (B) 7C10.
Multiply charge ions spectra are shown at the top whereas the result of deconvolution presenting the molecular mass of the antibody is shown below.
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Fig. 5. Tandem mass spectra of glycans G0F (A), G1F (B) and G2F (C) isolated respectively at m/z 1463.5, 1625.6 and 1787.7 by ES-ion trap. A structural interpretation of the
fragmentation pattern is proposed and illustrated. (C) Both fragments in frames are related to parent ion structures which differ from G2F. The ion at m/z 1219.7 may be
originated from hybrid N-glycans isobaric with G2F. The fragment at 1567.0 is the signature of an �1-3 Gal-G1F isomer.
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orresponding to the potential glycosidic cleavages of the isoforms
0F, G1F and G2F are presented in Fig. 2.

Fig. 5A displays the MS/MS spectrum for the N-glycan G0F.
y collision with helium, the singly charged parent [M+H]+ ion
m/z 1463.5) produces a large variety of ions resulting exclusively
rom glycosidic cleavages. The pattern of ions yields structural
nformation consistent with the expected N-linked oligosaccha-
ide structure. The parent ion and some fragments show a
rimary loss of a molecule of water (−18 Da). The prominent

on at m/z 1260.6 (Y4� or �) is due to the loss of a single GlcNAc
esidue from the non-reducing terminus. The spectrum reflects
wo main fragmentation pathways. Within the first pathway, the

ion series at m/z 1260.6, 1057.5 and 895.4 conserves the core-
ucosyl region intact and results in progressive loss of mannose
rom the non-reducing terminus. The second pathway, which
enerates smaller peaks, first triggers the loss of the fucosyl
esidue together with a GlcNAc (m/z 1114.5). Several ions (m/z
49.4, 690.4 and 528.3) are coincident in mass with multiple
lycosidic cleavages and may be the result of both pathways.
uch ions correspond to the internal fragments (Man)2(GlcNAc)2,
Man)3(GlcNAc)1 and (Man)1(GlcNAc)1, respectively. We were not
ble to see smaller fragments due the low mass cutoff of the ion
rap.

In Fig. 5B is represented the MS/MS spectrum of the N-
lycan G1F. Fragmentation of this oligosaccharide follows the
ame pattern as previously described for G0F. By the main path-
ay, the core-fucosyl moiety is conserved and the non-reducing

esidues are progressively lost. Most of the fragments belong-
ng to this pathway lose water. If compared to the G0F MS2

pectrum, G1F presents more or less the same profile with an addi-
ional characteristic fragment (Y5�), which carries the �1-3 Gal
esidue.

Finally, we performed MS/MS on the ion at m/z 1769.9 (Fig. 5C),
hich is the calculated mass of the protonated N-glycan G2F.
nce again, this experiment triggers fragments, which result from
nly one or several inter-glycosidic cleavages. Surprisingly, we
ound two masses that could not be deduced from the G2F struc-
ure. The first one at m/z 1584.8 corresponds to the lack of one
lcNAc from the precursor ion (−203 Da). This fragment may cor-

espond to a certain proportion of an isomeric form of G2F which
ould be a G1F + �1-3 Gal form. This isobar of G2F triggers to

he Y4� fragment (Gal)2(GlcNAc)3(Man)3(Fuc)1 at m/z 1585. The
econd unexpected fragment ion was measured at m/z 1219.7
nd is interpreted as a loss of two GlcNAc plus one hexose from
he precursor ion. This fragment is still fucosylated, which means
hat its reducing terminus part is intact. By considering possible
ombinations of sugars that could be added to the core heptasac-
haride, two isomeric structures of G2F may theoretically lead
o such a fragmentation (see Fig. 5C in frame) for a small por-
ion of hybrid type N-glycans either tri or tetra-antennary. As
he NS0 cell line used to produce A2CHM does not express the
-acetylglucosaminyltransferase III (GnTIII) that adds a bisecting
lcNAc residue [6], we did not consider this possibility. In sum-
ary, we proposed two hybrid N-glycans forms, which might result

rom an incomplete glycan maturation process in cells. A previ-
us study using MS together with sequential enzymatic digestion
as shown complete characterization of such low-amount N-linked
lycans released from a murine MAb [25]. Also, additional exper-
ments would help to discriminate between the isobaric forms of
2F. For example, the endoglycosidase H (Endo H) would cleave

ithin the core of an hybrid structure but not of a complex

ne. Digestion with this enzyme followed by mass measure-
ent would help to confirm the presence of hybrid N-glycans

nd eventually to determine the relative amount of each form
53].

a
A
t
b

atogr. B 872 (2008) 23–37 31

Consequently, those MS/MS experiments performed on the
hree major released N-glycans of A2CHM, bear evidence of micro-
eterogeneities in the glycosylation profile. Indeed, unexpected

orms isobaric to G2F were deduced from the fragmentation pat-
ern of the corresponding parent ion. Single mass measurement
oes not allow discriminating between these isoforms. A high
esolution technique such as capillary electrophoresis or capil-
ary electrochromatography [54] might be required in order to
eparate and quantify them. Additional information regarding car-
ohydrate linkages would rely on the presence of cross-ring linkage
roducts usually obtained either by fragmentation of methylated
erivates [48] or resulting from high-energetic MS/MS collisions
46].

.3. Tryptic peptide mapping by nanoLC-Chip–MS/MS

The nanoLC-Chip–MS-based approaches have recently been
emonstrated in glycomics. Several reviews describe how minia-
urization became a general trend in LC–MS of glycoconjugates and
lycans [55,56]. Indeed, nanoESI–MS [57], which has been shown as
n effective tool for carbohydrate research, presents several limita-
ions such as lack of reproducibility, low sampling throughput and
arryovers. Microchip systems can be classified into two categories.
irst, out of plane devices with hundreds of nanospray emitters,
re fully automated chip-based nanoESI robot dedicated to high
hroughput analysis [56,58,59]. The second category consists of
hin plane chips made from glass or polymer material well suited
o integration of other analytical processes prior to sample deliv-
ry such as sample preparation, purification and separation [60].
iniaturization of these systems minimizes dead volumes allow-

ng nanoLC-Chip to show better chromatographic performance
reproducibility, peak resolution, peak shape, sensitivity, spray sta-
ility) than classical nanoLC systems using 75 �m inner diameter
olumns. The embedding microsprayers are much easier to use
han glass nanospray tips, and they provide superior robustness
nd stability with improved ionization efficiency and sensitivity.
etention and selectivity of classical reversed phase packing mate-
ials do not allow good separation of glycopeptides. On the contrary,
raphitized carbon chromatography has shown efficient separation
f neutral or anionic oligosaccharides and glycopeptides with great
tability and long life [61]. The use of nanoLC-Chip–MS packed with
raphite material was recently described for separation of oligosac-
harides [62,63]. For these reasons, we have used nanoLC-Chip/MS
acked with porous graphitized carbon for this glycopeptide study.

In a previous article [28], we reported the glycosylation
rofile of A2CHM after peptide mapping by RP-HPLC coupled
o mass spectrometry. Glycopeptides containing the glycosy-
ated Asn297 were generated and analyzed after trypsin (-R/
EQYN297STYR/V-) or endoproteinase Lys-C cleavage (-K/
KPREEQYN297STYRVVSVLTVLHQDWLNGK/E-). Among the peaks
orresponding to glycosylated peptides, the three main ones
ere peptides containing the “G0F”, “G1F” and “G2F” forms. Two

dditional small glycoforms, G2F + �1-3 Gal and G2F + 2 �1-3 Gal,
ere also identified with a 4 and 2% ratio, respectively. For clarity

easons, the tryptic peptide (-R/EEQYN297STYR/V-) of the heavy
hain will be designated as “HT23” in the following sections of this
aper. The associated glycopeptides will thus be called HT23-G0F,
T23-G1F, etc. The nomenclature G0F, G1F and G2F remains used

or the glycans themselves.

In the next part of the work, we have performed nanoLC–MS/MS

nalyses of the peptide mixture resulting from the heavy chain of
2CHM after tryptic digestion using three different nanoLC-Chips:

wo C18 LC-Chips (43 and 150 mm lengths) and a graphitized car-
on LC-Chip (43 mm length).
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Fig. 6. Comparison of the nanoLC–MS analysis performed on a 43 mm graphitized carbon column GCC (A), a 43 mm C18 column (B) and a 150 mm C18 column (C) with
respectively, from the top downwards, the annotated base peak chromatograms (A1, B1 and C1), the extracted ion chromatograms of HT23-G0F, HT23-G1F and HT23-G2F
(2+) (A2, B2 and C2) and the combined mass spectra corresponding to the area of glycopeptides elution (A3, B3 and C3). Minor glycopeptides observed in the combined mass
spectra were labeled by a cross. The same intensity scale has been used for both (A), (B) and (C) conditions in order to be able to compare the results.
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.3.1. Reversed phase column versus graphitized carbon column
In a first step, a series of nanoLC–MS experiments were per-

ormed on the three types of nanoLC-Chips for comparison of
hromatographic performance concerning glycopeptide analysis
Fig. 6A1, B1 and C1). The ion currents corresponding to HT23-
0F, HT23-G1F and HT23-G2F (2+) were extracted showing that
lycopeptides were not fully separated whatever was the column
Fig. 6A2, B2 and C2). Glycopeptides were better retained on the
raphitized carbon column with retention time ranging from 16
o 19 min compared to RP C18 columns with much shorter reten-

ion times (2–8 min). Spectra recorded in the elution time range
f glycopeptides were combined resulting in an average mass
pectrum, which displayed nine glycoforms for each nanoLC-Chip
ype (Fig. 6A3, B3 and C3). Even if those spectra were qualita-
ively identical, the glycopeptide signal was more intense with

a
n

w
p

ig. 7. (A) MS/MS spectrum of the glycopeptide HT23-G0F after nanoLC-Chip ion trap anal
00 to 1350 m/z showing peptide and glycan fragmentation. (C) HT23 peptide fragmenta
ollowing Domon et al.
atogr. B 872 (2008) 23–37 33

he graphitized carbon nanoLC-Chip than with reversed phase
olumns, which would therefore improve significantly the quality
f further MS/MS experiments, especially on minor species. Indeed
ydrophilic species are known to be better retained on graphi-
ized carbon phase. The potential glycopeptide losses during the
nrichment step on the trapping column are thus less critical for
he graphitized carbon LC-Chip than for C18 LC-Chips. Moreover,
lycopeptides retained on the graphitized carbon phase are eluted
ith an higher acetonitrile percentage leading to a better ioniza-

ion. The slight increase in retention time resulting from the use of

150 mm column rather than a 43 mm column C18 LC-Chips did
ot significantly impact on the detection of glycopeptides.

Secondly, the results provided by the three LC-Chip systems
ere also compared from the point of view of non-glycosylated
eptides. Fifteen, 24 and 25 peptides were respectively identified

ysis of the tryptic mixture of A2CHM heavy chain. (B) Zoom on the mass range from
tion following the nomenclature of Biemann et al. and G0F glycan fragmentation
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Table 3
Summary of glycoforms assigned to the doubly protonated ions observed with their
respective ratios calculated from averaged mass spectrum

Ions observed (m/z) Glycoform structures Ratios (%)

1204.02 2.0

1216.54 1.5

1297.59 2.1

1318.09 31.4

1379.08 0.9

1399.14 45.2

1480.17 15.0

1561.17 1.5
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n the graphitized carbon, the 43 mm C18 and the 150 mm C18
C-Chip showing that the reverse phase material was more suit-
ble for the analysis of non-glycosylated species. However, the
on trap mass spectrometer transmission parameters were opti-

ized for the detection of expected glycopeptides, which have
igher m/z values than non-glycosylated peptides. These experi-
ental conditions were therefore significantly different from those
e reported in a previous study [28], in which A2CHM heavy

hain was analyzed with a 2.1 mm × 50 mm C18 column allowing
he detection of 40 tryptic peptides (i.e. 100% sequence cover-
ge).

In conclusion, the use of graphitized carbon LC-Chip versus C18
olumn was shown to clearly improve the detection of glycopep-
ides allowing MS/MS experiments to be undertaken in optimized
onditions. We have therefore used this technique for the following
anoLC-Chip–MS/MS study aiming at the characterization of each
lycoform, including the minor species.

.3.2. MS/MS experiments: glycoforms characterization
For the nanoLC-Chip–MS/MS analysis of A2CHM heavy chain

ryptic peptide mixture, a list of masses was set in order to automat-
cally isolate and fragment the doubly protonated ion of each of the
ine detected glycopeptides. Looking at the tandem mass spectra
f glycopeptides, we observed predominantly fragment ions result-
ng from the fragmentation of glycosidic bonds as already described
64]. Ions corresponding to the fragmentation of the peptide back-
one were much less intense and, for some cases, it was possible to
bserve fragment ions corresponding to y- and b-types ions of the
eptide backbone [65].

As an example, the MS/MS spectrum of HT23-G0F is shown in
ig. 7. The doubly charged molecular ion at m/z 1318.06 displayed a
eries of intense, single protonated ion fragments (Fig. 7A). As previ-
usly mentioned, most of the fragments corresponded to successive
eutral sugar losses. Two fragmentation pathways were observed.
ne consisted of ions, which conserved the core-fucosyl region

ntact and lost successively neutral sugars (m/z 1538.86, 1741.85,
903.90, 2065.95, 2228.05 and 2431.08). The second one consisted
n ions, which lost the core-fucose plus additional monosaccha-
ides (ions at m/z 1392.93, 1596.01, 1758.06, 1919.89, 2082.16,
285.24). The combination of both types of information allowed
s to ascertain the structure of the N-linked glycan. In addition,
e observed in the low m/z range, ions corresponding to Y and
glycan backbone fragments and to internal glycan fragments

ccording to the nomenclature of Domon and Costello [52]. For
xample, ions at m/z 366.16 and 528.26 which were identified
espectively as [Hex + HexNAc + H]+ and [2Hex + HexNAc + H]+ are
ragments typically observed in MS/MS spectra of N-glycans and
ssociated glycopeptides. These ions do not give information about
he glycan structure itself. Nevertheless they are referred to diag-
ostic ions useful to assign glycopeptides in complex mixtures [65].
oreover, the MS/MS spectrum presented a single protonated ion

t m/z 1189.73 corresponding to the mass of peptide HT23 without
lycosylation. A zoom on the low mass range of the MS/MS spec-
rum is presented Fig. 7B. In this area, we observed low intense
-type ions of this peptide at m/z 439.29, 526.32, 640.36, 803.42,
31.48 and 1060.52 (respectively fragments y3 to y8 according to
he nomenclature of Biemann [66]) (Fig. 7C). Finally, the whole

S/MS spectrum provided information at several levels: regarding
he position of the N-glycosylation (ascertained in position Asn297),
he peptide amino acid sequence itself and the structure of the

-linked glycan G0F.

Table 3 summarizes the nine studied glycoforms and their asso-
iated structures. MS/MS spectra of glycopeptides at m/z 1399.14
nd 1480.17 (respectively HT23-G1F and so called HT23-G2F, data
ot shown) presented the same fragmentation pattern as for HT23-

c
b
N
p
o

1642.12 0.4

0F. However, the MS/MS spectrum of the glycopeptide at m/z
480.17, displayed an ion at m/z 2756.36 which could not be
ttributed to a HT23-G2F fragment, but which corresponds to the
ass of HT23-G2F with a GlcNAc loss (mass shift of −203 Da). As

reviously discussed in Section 3.2 (MS/MS spectra of released N-
lycans), it may correspond to an isomeric form to G2F which is a
1F + �1-3 Gal form. On the MS/MS spectra of the less intense gly-
opeptides at m/z 1204.02, 1216.54, 1561.17 and 1642.23 (data not
hown) only ions resulting from the fragmentation of the glycan
ackbone were observed. Whereas, the ion at m/z 1189.73 (HT23)
as detected in every nine MS/MS spectra, associated b and y

eries were probably too weak to be measured. The glycopeptides
t m/z 1561.17 and 1642.12 could be unambiguously interpreted as
2F + �1-3 Gal and G2F + 2 �1-3 Gal glycoforms. Ions at m/z 1204.02
nd 1216.54 were attributed to oligomannose Man5GlcNAc2 and to
lcNAcMan3GlcNAc2Fuc, respectively.

Concerning the glycopeptides at m/z 1297.59 and 1379.08, we

ould precisely identify the core-fucosyl moiety Man3GlcNAc2Fuc
ut we could not completely assess the remaining part of the
-linked glycan. Two structures can be proposed for the glycan
art of the peptide at m/z 1297.59 (GalGlcNAcMan3GlcNAc2Fuc
r GlcNAcMan4GlcNAc2Fuc), however they could not be
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ig. 8. Average mass spectrum in the area of elution of glycopeptides after nanoLC-
lycopeptides corresponding to 12 potential glycoforms of A2CHM were detected a

urther differentiated. Similarly the N-linked glycan corre-
ponding to the glycopeptide at m/z 1379.08 could be either
alGlcNAcMan4GlcNAc2Fuc or GlcNAcMan5GlcNAc2Fuc (see
able 3).

As previously discussed in Section 3.2, 4 out of the 12 proposed
tructures are low abundant hybrid type or oligomannosidic N-
lycans that result from an incomplete glycan maturation process
n cells.

.3.3. Study of glycoforms heterogeneity
A quantification of glycopeptides was performed based on their

elative intensity from the combined mass spectrum presented
n Fig. 8. Indeed as all glycopeptides have a similar structure
each glycan is N-linked to the same HT23 peptide), we assumed
hat their response factors would be very close. We observed the
ve glycoforms previously described by a more classical LC–MS
pproach [28] with the following ratios: HT23-G0F (31.4%), HT23-
1F (45.2%), HT23-G2F (15.0%), HT23-G2F + �1-3 Gal (1.5%) and
T23-G2F + 2 �1-3 Gal (0.4%).

Furthermore, we characterized four additional glycopeptides,
hich were not identified by our previously mentioned approach.

he HT23-GlcNAcMan3GlcNAc2Fuc form (m/z 1216.5) and the
ligomannosidic HT23-Man5GlcNAc2 (m/z 1204.02) were detected
ith a 1.5 and 2.0% ratio, respectively. Species at m/z 1297.59 and

379.08 contributed respectively to 2.1 and 0.9% of the total amount
f glycopeptides.

NanoLC-Chip–MS/MS analyses of glycopeptides using graphi-
ized carbon as stationary phase have shown their significance.
ow glycopeptide loss during the enrichment step, good retention

nd good separation of glycopeptides from other peptides, allowed
mprovement in the detection of minor glycoforms and provided
igh MS/MS quality. We have been able to characterize at least nine
lycoforms reflecting the micro-heterogeneities of the monoclonal
ntibody.

a
u
t
f
b

on trap analysis with a 43 mm length graphitized column (zoom of Fig. 6A3). Nine
ther fragmented by MS/MS.

. Discussion

The top-down MS-approach by LC–ESI-TOF, performed on intact
Abs, allows direct and fast mass measurements without prior

edious sample preparation. The method provides in one-shot
asses of ≈150 kDa weight glycoforms in heterogeneous mixtures
ith accuracy lower than 100 ppm permitting a preliminary global

haracterization of the antibody. Due to the asymmetry of heavy
hain glycosylation, the analysis of intact MAbs results in spectra
howing the highly complex combination of glycoforms on the two
ites without any possible detailed characterization of each site. A
ethod to decrease this complexity is to perform the analysis of

educed MAbs. Then a higher resolution will be obtained allow-
ng a relative quantification of each heavy chain glycoform. Still,
C–ESI-TOF on intact or reduced MAbs remains a rough approach,
nformative about the integrity of the whole antibody, but which
oes not allow detailed structural characterization.

The second approach – ESI–MS/MS direct analysis of released
-linked glycans – has been exhaustively used by many groups
nd was applied in this study for the fine characterization of the
ost abundant carbohydrates reported for MAbs, the so-called
0F, G1F and G2F glycoforms. Using this strategy we confirmed
nambiguously the overall composition and structure of these
ore fucosylated bi-antennary species, faster than using sequential
igestion with selective exoglycosidases followed by normal-
hase-high performance liquid chromatography [68]. Moreover, we
how evidence for isobaric forms of G2F, which correspond in part
o low abundant, hybrid glycans. The limitations of the approach
emain in the lack of information regarding carbohydrate linkages

nd anomery. This was neither displayed by the other methods
sed and could be partially circumvented by an appropriate deriva-
ion of N-glycans. The deglycosylation step can also be limiting
or the identification of some glycoforms. Indeed, PNGaseF cleaves
etween the innermost GlcNac and asparagines residues of high
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annose, hybrid and complex oligosaccharides from N-linked gly-
oproteins but does not cleave N-linked glycans containing core
-1,3 fucose for example [67]. Unlike mammalian expression sys-

ems, which produce only fucose �-1,6, plants usually contain
ucose �-1,3 linked to the first core GlcNac residue of the N-glycans.
ifferent transgenic plants or the use of moss or aquatic plants in
ioreactors have been proposed in the recent years as expression
ystem for therapeutics as been observed in recent years, offering
everal advantages in terms of safety and cost-of-goods [17]. Thus,
more versatile method for characterization of MAb glycosylation
ust exclude an endoglycosidase digestion step in order to avoid

he introduction of a bias during the analysis. Indeed, released N-
lycans mixtures after hydrolysis may not be the exact picture of
he MAb glycosylation profile. Moreover, additional experimental
teps aiming at the separation and purification of N-glycans from
heir protein moieties contribute to the loss of minor sugar species
asily absorbed on surfaces during sample preparation. Therefore,
ack of sensitivity to detect low abundant glycoforms could be a
ottleneck for such an approach.

With the last strategy, we have analyzed by nanoLC-
hip–MS/MS glycopeptides resulting from the heavy chain tryptic
igestion. The approach was shown to be valuable from several
oints of view. First, integration of multiple steps in a single chip
ombined to miniaturization in terms of column dimensions, flow
ates and surface area that glycopeptide samples encounter, signifi-
antly improves the sensitivity for low abundant species detection.
s reported here, we were able to detect more glycoforms than we
id previously with a more conventional LC–MS peptide mapping
trategy [28]. Secondly, results were better than those obtained
ith the two other approaches described in this paper. Very infor-
ative MS/MS spectra were obtained on glycopeptides since they

rovide complete structure of the N-glycans (composition and
inear sequence) plus additional information regarding the gly-
opeptide amino acid sequence. It is seldom possible to obtain
oth types of information within a single MS/MS spectrum. This
ay depend on the nature of the glycopeptides but is interesting

o show that in the present case study, both type of fragmenta-
ion were clearly observed. As expected, the selectivity of carbon
raphite stationary phase appeared well suited to address analysis
f glycopeptides. It provides better retention and sensitivity than
18 material. In a global and complete structural investigation of
Abs the corresponding tryptic mixture could be split in two parts

o be analyzed by reversed phase and carbon graphite chromatog-
aphy. Taking advantage of the short gradient offered by the chip
echnology it would not extend the analysis duration and would
rovide a systematic and complete characterization by MS/MS of
he whole antibody sequence including its potential modifications.

. Conclusion

We have evaluated the efficacy of three level MS-based strate-
ies to characterize MAb glycosylation of a murine and of a
umanized antibody, produced in NS0 and CHO cells, the two
ostly used production system for therapeutic immunoglobu-

ins. Beyond the RP-HPLC-TOF approach, now commonly used to
ssess MAbs modifications with minimal sample preparation, a
ew nanoLC-Chip–MS/MS bottom-up strategy is proposed. As a
roof-of-concept, the methodology was applied to the elucida-
ion of an NS0-produced antibody structure, which exhibits more
lycoforms than CHO-produced MAbs. Interestingly, nine species

f various relative abundances were detected, characterized by
S/MS and interpreted as corresponding to 12 glycoform struc-

ures. This nanoLC-Chip–MS/MS method can be implemented as an
fficient and fast tool to routinely screen monoclonal antibody pro-
uction during discovery and selection of the best clone, and also

[

[

[

atogr. B 872 (2008) 23–37

o screen antibody batch-to-batch consistency, during the pharma-
eutical development and scaling-up.

Furthermore, the method described herein will also be use-
ul to characterize antibodies produced in alternative systems
human cell lines, yeasts, insect cells/baculoviruses, transgenic ani-

als and plants, chicken eggs, moss, etc.) to assess low levels of
mmunogenic carbohydrates as well as for the next-generation
f glyco-engineered antibodies with improved effector functions
ADCC, CDC), plasmatic half life and humanized glycosylation [68].
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