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Abstract

We describe quantitative characterization of a sample preparation platform for rapid and high-throughput analysis of recombinant monoclonal
antibodies (MAbs) and their post-translational modifications. MAb capture, desalting and in situ reduction/alkylation were accomplished by
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equential adsorption of analyte to solid phase beads (protein A, reverse-phase) suspended in microtiter plate wells. Following elutio
ryptic digestion in the presence of acid-labile surfactant (RapiGestTM), peptides were fractionated by stepwise elution from reverse-phase
ips and the fraction containing FcN-glycopeptides isolated. Direct quantitative analysis of the relative abundance of peptide glycofo
ALDI-TOF MS in linear mode closely correlated with normal phase HPLC analysis of fluorophore labeledN-glycans released by PNGaseF.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Molecular heterogeneity of recombinant monoclonal anti-
odies (MAbs) is an important issue for the biopharmaceutical

ndustry; potentially affecting product definition, consistency,
otency and purity. Consequently, rigorous analytical charac-

erization is necessary to satisfy the requirements of regulatory
gencies[1].

MAbs are hetero-tetrameric proteins consisting of two heavy
hains (or gamma chains in the case of IgGs) and two light
kappa or lambda) chains. Heterogeneity may derive from vari-
tion in primary amino acid sequence, stoichiometry of heavy
nd light chains, aggregation of the antibody product or a variety
f post-translational modifications such as proteolytic cleav-
ge, oxidation and/or deamidation reactions and variableN-
lycosylation. The latter is crucial, for example, in the case of
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recombinant MAbs which are designed to harness biolog
activities such as antibody dependent cell cytotoxicity and c
plement mediated lysis in vivo[2,3]. Molecular heterogeneit
may arise from a variety of sources. For example, for MA
produced by mammalian cells in culture, the expression sy
may itself defineN-glycan processing[4,5], and variations in
cell culture conditions can also affect MAb post-translatio
modifications[6–11].

While advances in a variety of techniques now permit v
detailed assessment of recombinant protein primary stru
and post-translational modifications off-line (e.g. MS, LC, C
the inherent structural diversity of recombinant proteins requ
each product to be treated as a unique analytical challenge
development of analytical procedures (as a necessary prer
site for effective bioprocess development) is often a bottlen
to progress.

Monoclonal antibodies (despite subclass specific variat
are a structurally homogeneous group which should be ame
to the development of generic sample processing and anal
approaches. Despite this, there are few examples of integ
strategies for MAb analysis[12,13]. Aside from speeding th
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Table 1
Microplate-based sample processing strategy for high-throughput monoclonal antibody characterization

Process step Cumulative
process
time (h)

Sample input Sample preparation
(separation/process)

Analyte outputa Possible orthogonal analysesb

Analysis Method

1 MAb capture/purification 1 Clarified culture
supernatant

Affinity capture on
rProtein A Sepharose
resin, washing and
elution

Pure MAb in 100 mM
Tris, 45 mM glycine

MAb quantitation Microplate
spectrometry

MAb aggregation GFC[14]
MAb half antibody
(non-disulfide bonded
heavy chain)

NR SDS-PAGE
[15–17]

MAb charge variants IEX[18–20]
CE [21,22]

2 Desalting and/or reduction
and alkylation

2–4 Pure MAb in
100 mM Tris,
45 mM glycine

Immobilization on
reverse phase resin,
desalting and/or
reduction and
alkylation and elution

Pure MAb or reduced
and alkylated MAb in
50% CH3CN/0.1%
TFA

Mass analysis of
whole MAb or
reduced and alkylated
heavy and light chains

MALDI-TOF
MS [12,23,24]

Separation of reduced
and alkylated heavy
and light chains for
separate analysis

RP-HPLC[25]

3 Sample drying and
enzymatic digestion

4–6 Pure MAb or
reduced and
alkylated MAb in
50%
CH3CN/0.1%
TFA

Vacuum assisted
drying and trypsin
digestion in RapiGest

Tryptic peptides in
50 mM ammonium
bicarbonate
containing 0.5%
RapiGest

Peptide mapping
(reduced and
alkylated MAb digest
only)

MALDI-TOF
MS [12,23,24]
RP-HPLC
(MS)
[12,24–30]
CE [31,32]

4 Glycopeptide enrichment 5–8 Tryptic peptides in
50 mM
ammonium
bicarbonate
containing 0.5%
RapiGest

Sequential elution of
digest from C18
ZipTips or ZipPlate

Enriched glycopeptide
fraction in 12%
CH3CN/0.1% TFA

Glycoform
heterogeneity and
abundance

MALDI-TOF
MS [12,33]

RP-HPLC–MS
[27]
CE [32]

a Analyte output serves as sample input for the next process step.
b Analytical procedures that can be performed directly on analyte output without further sample processing. References cite examples of techniques employed for

MAb characterization.Abbreviations: GFC, gel filtration chromatography; NR, non-reducing; IEX, ion-exchange chromatography; CE, capillary electrophoresis;
MALDI-TOF MS, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; RP-HPLC, reverse-phase high performance liquid chromatography.

analytical development process, rapid monitoring of recombi-
nant MAb heterogeneity would enable rational and rapid eval-
uation of bioprocess unit operations for control of product con-
sistency, assessment of the effect of changes in product structure
and pre-screening of producer cells.

In most cases, simple solvent exchange and analyte concen-
tration operations are the most labor-intensive steps, lengthen-
ing analytical process time considerably. Here, we describe a
generic, microplate-based, high-throughput platform for MAb
analyte processing starting from crude cell culture broth. The
sample preparation platform can provide analyte for a number
of critical quality control analyses within in a single working day
(summarized inTable 1). We demonstrate its application to pro-
vide quantitative, site-specific analyses of MAbN-glycosylation
using MALDI-MS.

2. Experimental

All chemicals were of at least analytical quality. All antibody
substrates were experimental recombinant humanized IgG2s
produced by engineered murine myeloma (NS0) cells in cul-
ture supplied by Pfizer Global Biologics, Pfizer Inc.

2.1. Step 1: Affinity purification of rIgG2 MAb using
rProtein A

rProtein A SepharoseTM Fast Flow (20�l bed volume; GE
Healthcare, Amersham, UK) was deposited into each well of
a MultiScreen Resist-R1 filter plate (Millipore, Billerica, MA).
Briefly, rProtein A Sepharose slurry was diluted in an equal
volume of 20% (v/v) ethanol and bed volume estimated after
centrifugation in a graduated centrifuge tube. The slurry was
then diluted to a final concentration of 1:5 in 20% (v/v) ethanol.
Well-mixed slurry (100�l) was then carefully pipetted into each
well. To equilibrate the plate prior to use, matrix in each well
was washed twice with 200�l of PBS, removing the liquid
phase each time by centrifugation of the microplate for 2 min
at 29× g using MultiScreen Centrifuge Align Frames (Milli-
pore) with a polypropylene collection plate in place. Clarified
(22�m filtered) cell culture broth (100�l) was added to each
well and the plate was incubated at 37◦C for 10 min with contin-
uous agitation at 800 rpm using a temperature-controlled orbital
shaker (Thermomixer, Eppendorf AG, Hamburg, Germany). The
plate was then centrifuged as described above to remove media,
and microplate wells rinsed twice with 100�l PBS to remove
unbound contaminants. Adsorbed MAb was eluted directly into
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a half-area 96-well UV-transparent microplate (Corning Aus-
tralia, Sydney, Australia) containing 20�l of 1 M Tris–HCl, pH
8 per well.

Elution was accomplished by addition of two successive
90�l aliquots of 50 mM glycine–HCl, pH 2.5 to each well. The
first elution step included a 5 min incubation with agitation as
described above. rProtein A filterplates were re-equilibrated with
PBS containing 0.05% (w/v) sodium azide for long-term storage
at 4◦C. Optical density (OD) of the combined eluates at 280 nm
was measured with a microplate spectrophotometer (Bio-Tek
Instruments, Winooski, VT); antibody mass in each well was
calculated with reference to an external calibration based on the
OD of equivalent solutions containing defined amounts of puri-
fied MAb. Eluted MAb was then transferred to a polypropylene
collection plate for storage or transferred to the RPC-microplate
(see below) for buffer exchange.

2.2. Step 2: Buffer exchange and in situ
reduction/alkylation of affinity purified rIgG2 MAb by
reverse-phase chromatography

Source 30RPC (reverse-phase) media (20�l bed volume; GE
Healthcare) diluted 1:5 in 20% (v/v) ethanol, was aliquoted
into each well of a 96-well MultiScreen Resist-R1 filterplate
as described above, then centrifuged for 29× g for 2 min to
remove the liquid phase. Plates were stored dry or with the
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2.3. Step 3: Tryptic digestion of purified, desalted rIgG2

Ammonium bicarbonate buffer (50�l; 50 mM, pH 8.1) con-
taining RapiGestTM SF acid-labile surfactant (sodium 4-[(2-
methyl-2-undecyl-1,3-dioxolan-4-yl) methoxyl]-1-propane sul-
fonate; Waters, Milford, MA) and 5�g of sequencing grade
trypsin (Sigma, St. Louis, MO) was added to each well.
Wells were then sealed with a silicone microplate septum and
incubated at 37◦C with agitation at 800 rpm. Digestion was
quenched by addition of 10�l 1% (v/v) TFA to each well.

2.4. Step 4: Fractionation of rIgG2 Fc N-glycopeptides

Peptide fractions enriched inN-glycopeptide content were
prepared from the tryptic digest of either whole rIgG2 or reduced
and alkylated rIgG2 by stepwise elution from C18 ZipTipsTM

(Millipore). ZipTips were equilibrated with two 10�l aliquots of
80% (v/v) acetonitrile containing 0.1% (v/v) TFA, followed by
two 10�l aliquots of 0.1% (v/v) TFA. Tryptic digest (5–10�l)
was drawn through the resin five times to maximize binding.
ZipTips were then washed with 10�l of 0.1% (v/v) TFA fol-
lowed by 10�l of 7.5% (v/v) acetonitrile, 0.1% (v/v) TFA and
eluted directly on to a MALDI target with 1�l of 12% (v/v)
acetonitrile, 0.1% (v/v) TFA.

2.5. MALDI-TOF MS
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MALDI-TOF MS was performed with a VOYAGER-DETM

TR instrument (Applied Biosystems, Foster City, CA) in lin
glycopeptide analysis) or reflectron (peptide mapping) pos
on ([M + H]+) mode with delayed extraction. The instrum
as externally calibrated with a ProteomassTM peptide calibra

ion kit (Sigma). For both analyses, 1�l of matrix (50% (v/v)
cetonitrile/0.1% (v/v) TFA saturated with�-cyano-4-hydroxy
innamic acid (CHCA); Sigma) was mixed with an equal v
me of sample and allowed to dry on stainless steel target p
t RT.

.6. Analysis of free N-glycans released from rIgG2 by
ormal phase HPLC

N-Glycans were released from purified, desalted rI
100�g) by peptide-N-glycosidase F digestion using anN-
lycanaseTM kit (Prozyme, San Leandro, CA). The ma

acturer’s instructions were modified as follows; after a
ion of the denaturation solution, MAb samples were in
ated for 5 min at RT rather than 100◦C, total digestion tim
as 16–24 h. After protein precipitation with ice-cold etha

eleasedN-glycans were recovered in the supernatant and
n a SpeedVacTM centrifugal evaporator. Prior to HPLC analys
-glycans were then labeled at the reducing terminus with
uorophore 2-aminobenzamide (2-AB)[34] using a commer
ially available labeling kit (Prozyme). LabeledN-glycans were
e-constituted in deionized water. 2-AB labeledN-glycans were
eparated according to hydrodynamic volume by normal-p
PLC according to the method of Guile et al.[35] using an Agi-

ent 1100 HPLC system (Agilent Technologies, Palo Alto, C
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equipped with a fluorescence detector (λex 330 nm,λem420 nm)
coupled to a TosoHaas Amide-80 column (4.6 mm× 250 mm,
Tosoh Corporation, Tokyo, Japan).

3. Results and discussion

3.1. Step 1: Affinity purification of rIgG2 MAb using
rProtein A

We designed a single-pass capture step from cell culture
supernatant to be compatible with subsequent direct product
assay over the expected range of recombinant MAb concen-
trations reported for mammalian cell culture[36]. Under the
conditions for Protein A based affinity purification of the model
rIgG2 employed for this study, recovery of product from the
matrix (rProtein A Sepharose Fast Flow beads suspended in
each well of a 96-well filter plate, 20�l bed volume) was essen-
tially complete for product loads in excess of approximately 2�g
(100�l clarified culture supernatant spiked with rIgG2;Fig. 1A).
However, assay of product concentration in eluate by measure-
ment of OD at 280 nm was not reproducible below product loads
of approximately 5�g (Fig. 1B). Above product loads of 25�g,
there was evidence of a slight but progressive decline in product
recovery with increased load, although product recovery did not
d
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m

It would be possible to further extend the dynamic range
of this primary capture/assay step by increasing either affinity
matrix bed volume per well (the absolute MAb binding capac-
ity of the rProtein A Sepharose affinity matrix employed was
in significant excess of applied load; approximately 1 mg MAb
per well; 20�l bed volume at approximately 30 mg/ml abso-
lute binding capacity[37]) or product residence time on the
affinity matrix. Finally, it is essential to ensure efficient mixing
of solid and liquid phases in the microplate format. For exam-
ple, microplate geometry, the relative density of solid and liquid
phases and the diameter and speed of orbital rotation will all
affect mixing within the system[38]. One alternative would be
the use of Protein A/G affinity membranes for MAb capture[39],
however, these materials generally have a much lower absolute
binding capacity.

3.2. Step 2: Buffer exchange and in situ
reduction/alkylation of affinity purified rIgG2 MAb by
reverse-phase chromatography

Purified MAb desorbed from the rProtein A affinity resin in
Gly–HCl buffer and neutralized in Tris was rapidly desalted by
direct adsorption to Source 30RPC reverse-phase beads (mono-
sized 30�m polystyrene/divinyl benzene), again suspended in
96-well filter plates. We utilized this procedure to replace more
c iges-
t
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c nded ants, p
M nsity cate.
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rop below 96% even at a maximum MAb load of 200�g. MAb
urity was confirmed by SDS-PAGE (Fig. 1, inset). We conclud

hat the conditions employed represent an acceptable co
ise between recovery of purified product (96–100%), dyn

ange (0.05–2 g rIgG2 per liter) and assay speed (<1 h) and
ucibility (CV < 10%). In our hands micro-affinity plates we
e-used at least ten times with no observable decline in pe
ance.

ig. 1. Step 1: Affinity purification of rIgG2 MAb using rProtein A. Pur
oncentrations then adsorbed onto rProtein A Sepharose beads suspe
Ab was eluted directly into UV transparent microplates and optical de
Ab recovery (±S.E.) is shown in (A) and the coefficient of variation in M
on-reduced (NR) and reduced (R) rIgG2 MAb (2�g each) visualized with c
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onventional means of buffer exchange prior to protease d
ion such as dialysis[18] or gel filtration chromatography[25]
s immobilization of the analyte enabled relatively rapid sam
rocessing in the microplate format. This sample prepar
tep also allows rapid in situ reduction and alkylation (R
eactions for peptide mapping or other analytical proced
lthough we considered that eluted MAb in 50% (v/v) a

onitrile may be amenable to direct tryptic digestion[40], we

G2 was spiked into conditioned mammalian cell culture supernatant ag
in 96-well filterplates for 10 min. After two washes to remove contaminurified
at 280 nm was determined. Nine experiments were performed in tripliMean
easurement is shown in (B). Inset: MAb purity was confirmed by SDS-P

al Coomassie Blue R250.



M.J. Bailey et al. / J. Chromatogr. B 826 (2005) 177–187 181

Fig. 2. Step 2: Buffer exchange and in situ reduction/alkylation of affinity purified rIgG2 MAb. rIgG2, purified as described inFig. 1 was adsorbed onto Source
30RPC beads suspended in 96-well filterplates for 10 min. After two washes to remove salts, bound rIgG2 was then either eluted by centrifugation directly into
UV transparent microplates with 50% (v/v) acetonitrile, 0.1% (v/v) TFA or reduced and alkylated in situ with DTT and iodoacetamide prior to elution. Recovery
of non-reduced (dark bars) or reduced and alkylated MAb (light bars) is shown in (A) (mean of six replicates±S.D.). Separation of reduced and alkylated rIgG2
polypeptides (50�g) by RP-HPLC (Resource RPC 1 ml bed volume; GE Healthcare) using a water/acetonitrile gradient (dotted line) at 1ml/min is shown in (B).
Inset: non-reducing SDS-PAGE analysis of major peaks demonstrating separation of� (heavy; peaks 2, 3) and� (light; peak 1) chains.

removed volatile organic solvents by centrifugal evaporation to
dryness to eliminate variability in sample volume between wells.
As described below, MAb samples treated in this way were eas-
ily re-dissolved in aqueous tryptic digestion buffer containing
RapiGestTM surfactant (Waters).

Sample processing procedures were essentially the same as
those described above for the rProtein A affinity plate and were
optimized for up to 200�g rIgG2 binding in a single pass over
the adsorbent (we separately determined the absolute binding
capacity of Source 30RPC beads to be above 500�g rIgG2 per
20�l bed volume deposited in each well). As shown inFig. 2A,
direct recovery of desalted MAb eluted in 50% (v/v) acetoni-
trile, 0.1% (v/v) TFA without RA was above 93% across a range
of MAb loads from 12.5 to 200�g. However, RA prior to elu-
tion decreased MAb recovery by approximately 20%, except at
the lowest MAb loading (12.5�g) where RA reduced recov-
ery to approximately 40%. We speculate that the decrease in
MAb recovery after RA is due to decreased binding of MAb
polypeptides in the RA buffer containing the denaturant guani-
dine or, more likely, decreased elution of MAb rendered more
hydrophobic after RA.

As human IgG2 has six inter-chain disulfide bonds, we con-
firmed that the in situ RA procedure yielded free� (heavy) and
� (light) chains that could be resolved for further analysis, as
shown inFig. 2B. RP-LC of in situ RA MAb yielded the expected
single peaks corresponding to� and� chains after non-reducing
S
2 not
s pro-
c MS
a l cys
t ecte
(

3.3. Step 3: Tryptic digestion of purified, desalted rIgG2

We devised a rapid tryptic digestion protocol that could be
employed uniformly across the microplate at varying ratios
of protease:substrate. Vacuum dried rIgG2 was re-dissolved in
50�l of 50 mM ammonium bicarbonate buffer containing 5�g
trypsin, (corresponding to an enzyme:substrate ratio of 1:40 at
200�g MAb) and an acid-labile surfactant, RapiGestTM, known
to promote denaturation and solubilization of substrate proteins
without inhibition of trypsin[41,42]. rIgG2 digestion was mon-
itored by MALDI-TOF MS (Fig. 3A), and was optimized with
respect to RapiGestTM concentration, MAb load and digestion
time. Percent sequence coverage (primary rIgG2 amino acid
sequence assigned by MALDI-TOF peptide mapping, compar-
ing observed and expected peptide masses assuming no missed
cleavages) was used to compare digestion at varying MAb
load (200�g or 25�g) and RapiGestTM concentration (0.2% or
0.5%, w/v). As shown inFig. 3B, tryptic digestion was optimal
at relatively low RapiGestTM and MAb concentration, yield-
ing over 80% sequence coverage after just 30 min. Increasing
RapiGestTM concentration reduced the rate of MAb digestion
efficiency considerably, perhaps mediated by partial denatura-
tion of trypsin. However, at high MAb load (200�g) this trend
was reversed; a higher RapiGestTM concentration promoted
tryptic digestion, presumably by more effective denaturation of
MAb substrate at the higher load. Overall, our data shows that
0 at
3 ads
w over-
a
a hed
M
e elow
DS-PAGE analysis, plus a smaller third peak (Fig. 2B, peak
) which is likely to be non-glycosylated heavy chain (data
hown). To determine the efficiency of the solid-phase RA
edure, we analyzed RA peptides in detail by MALDI-TOF
fter tryptic digestion (as described). Greater than 95% of al

eine residues were derivatized with iodoacetamide as exp
+57.02 Da; data not shown).
-
d

.5% (w/v) RapiGestTM coupled with a 180 min digestion
7◦C is the most suitable condition for the range of MAb lo
e employed. Under these conditions MAb sequence c
ge was consistently greater than 85%, for both� light chain
nd� heavy chains. This is comparable to previously publis
Ab sequence coverage by direct MALDI analysis[23]. How-

ver, as we did not include tryptic peptides with a mass b
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Fig. 3. Step 3: Tryptic digestion of purified, desalted rIgG2. Reduced and alkylated rIgG2 in 50% (v/v) acetonitrile, 0.1% (v/v) TFA derived from in situ buffer
exchange (step 2;Fig. 2was dried in a vacuum centrifuge and re-suspended in 50�l of 50 mM ammonium bicarbonate containing RapiGestTM surfactant (Waters
Corporation, Rydalmere, NSW, Australia) and 5�g trypsin. Proteolysis at 37◦C was monitored by MALDI-TOF MS. A typical mass spectrum of gamma (heavy)
and kappa (light) chain tryptic fragments (deriving from proteolysis of 100�g rIgG2) identified by comparison of observed and expected masses is shown in (A).
As shown in (B), the duration of the digestion process was optimized with respect to rIgG2 load and RapiGestTM concentration. Primary sequence coverage (no
missed cleavages) determined by MALDI-TOF MS analysis at 25�g rIgG2 load (open symbols) and 200�g rIgG2 load (closed symbols) using either 0.2% (w/v)
RapiGestTM (circles) or 0.5% (w/v) RapiGestTM (squares).

500 Da (as MALDI-TOF spectra are obscured by matrix peaks
in this mass range), the percent sequence coverage based only
on peptides >500 Da was 92% (� chain) and 94% (� chain).
We note that further identification of peptides having a mass
below 500 Da could readily be determined by LC–MS as listed
in Table 1.

3.4. Step 4: Fractionation and analysis of rIgG2 Fc
N-glycopeptides

N-Glycosylation of recombinant MAbs in the CH2 domain
represents a major source of molecular heterogeneity highly rel-

evant to product bioactivity, particularly for MAbs that utilize
on Fc effector functions[2]. To monitor this heterogeneity we
developed a rapid procedure for site-specificN-glycan analy-
sis based on MALDI-TOF analysis ofN-glycopeptides derived
from the tryptic digestion of rIgG2 in the previous step. As ion-
ization of glycopeptides during MALDI-TOF MS depends upon
the peptide moiety[43,44], we compared quantitation of individ-
ual glycoforms by this technique with an orthogonal analysis by
normal-phase HPLC of fluorophore-labeledN-glycans released
by PNGaseF.

rIgG2 peptides derived either from tryptic digestion of intact
or reduced and alkylated MAb were fractionated by stepwise

Fig. 4. Step 4: Fractionation and analysis of rIgG2 FcN-glycopeptides. Tryptic peptides derived from digestion of non-reduced rIgG2 (performed as described for
reduced and alkylated rIgG2 inFig. 3 in 50 mM ammonium bicarbonate, 0.5% (w/v) RapiGestTM were concentrated and selectively fractionated by immobilization
on reverse-phase C18 ZipTipsTM followed by stepwise elution in 0.1% (v/v) TFA at increasing acetonitrile concentration. The� (heavy) chain Fc glycopeptide
(EEQFNSTFR, average mass 1157.21 Da) heterogeneously modified withN-glycans at Asn294 was eluted by a step change in acetonitrile concentration from 7.5%
to 12% (v/v). Eluted glycopeptides (1�l) were deposited directly on the MALDI target surface and mixed with CHCA matrix (1�l). Direct analysis of rIgG2 the Fc
glycopeptide by MALDI-TOF MS in linear, positive ion mode ([M + H]+ molecular ions) is shown in (A). To identify discrete glycoforms, the core (singly protonated)
tryptic glycopeptide mass (1158.21 Da) was subtracted from the average mass of observed peptide species to yield potentialN-glycan masses (listed in C). Calculated
N-glycan masses that conformed to a monosaccharide composition and were used to infer anN-glycan structure consistent with mammalian biosynthetic principles
[45]. Monosaccharides are represented as follows: (�) N-acetyl glucosamine, (�) mannose, (�) galactose, (�) fucose. A comparative NP-HPLC analysis of free
N-glycans released from rIgG2 by PNGaseF and derivatized at the reducing terminus with 2-aminobenzamide is shown in (B).N-glycan structures were deduced by
comparison of hydrodynamic volumes[35] and separate MS analyses coupled with exoglycosidase array sequencing (data not shown).
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elution from C18 reverse-phase pipet tips (ZipTipsTM, Mil-
lipore), directly onto a MALDI-TOF MS target for analysis.
Using this approach, rIgG2 FcN-glycopeptides (core peptide
EEQFNSTFR, varying in N-glycan composition at Asn294)
were found to co-elute on a step change in acetonitrile con-
centration from 7.5% to 12% (v/v). Direct MALDI-TOF MS
analysis (Fig. 4A) revealed that this fraction largely com-
prised theN-glycopeptide pool. After subtraction of the core
peptide mass (1157.21 Da) from observed peptides, residual
masses that allowed calculation of a monosaccharide compo-
sition that conformed to known mammalian biosynthetic path-
ways (i.e. presence of a trimannosyl chitobiose core[45]) were
assigned the appropriateN-glycan structure (Fig. 4C). Eight
possibleN-glycan structures accounted for the vast majority
of signal observed within a mass range of 2200–3000 Da (as
[M + H] + ions). These structures were also in accord with pre-
vious analyses of FcN-glycans associated with recombinant
MAbs produced by engineered myeloma cells[5,10,33]. The
major glycoforms were variably galactosylated, core fucosy-
lated biantennary structures (peaks E, G, H inFig. 4A), as well as
smaller proportions of either incompletely processed (e.g. high-
mannose, peak B) orN-glycans having one antenna apparently
truncated to the core trimannosyl�-mannose (peaks A, C, D, F).
We identified one glycoform (peak F) as having a terminal�1–3
Gal residue on one antenna, which is typical of glycoproteins
produced by murine myeloma cells[46,47]. In order to demon-
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was also the case for the incompletely processed high-mannose
N-glycan (MAN5, peak B). However, truncated glycoforms
with a terminal core trimannosyl�-mannose (i.e. lacking one
antenna, peaks A, C, D, F) were generally overestimated by
MALDI-TOF MS (MALDI/NPLC ratio > 1.5) where the abun-
dance of that glycoform estimated by MALDI was relatively low
(<5–9%). This was not the case for non-truncatedN-glycans in
low abundance (e.g. peaks B, H). These data suggest that the
MALDI process itself contributes to the appearance of trun-
cated glycoforms with a free�-mannose by fragmentation of
more abundant ions. As reported by Naven et al., fragment
ions arising by in-source decay of glycosidic bonds may be
observed by MALDI-TOF in linear mode where the MALDI
instrument is fitted with delayed extraction (temporary retention
of ions in the ion source) to improve resolution[48]. Further-
more, preferential loss of the antenna attached to the C-3 of
the core�-mannose via cleavage of the glycosidic bond link-
ing the non-reducing GlcNAc is possible[49,50]. We suggest
therefore that it is highly likely that in-source fragmentation
of abundant glycopeptides (e.g. glycoforms E and G yield-
ing glycoforms C and D) contributes to their overestimation
by MALDI. However, this does not wholly explain the pres-
ence of truncated glycoforms also observable by NP-HPLC that
could not arise biosynthetically. We suggest that another mech-
anism, such as extracellular digestion ofN-glycans in culture
broth by glycosidases released by dead cells is a likely cause
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harides is shown inFig. 4B. The eight glycans detected
ALDI-TOF MS of rIgG2 glycopeptides were also observed
P-HPLC, and their identity separately confirmed by MAL
OF MS and exoglycosidase array sequencing (data
hown).

To validate the use of MALDI-TOF MS as a tool to qu
itate the relative abundance of rIgG2N-glycoforms, we com
ared glycopeptide analysis based on the high-throughpu
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abeledN-glycans. Four discrete rIgG2 MAbs with differe
lycosylation profiles were each analyzed, and example
ALDI-TOF MS glycopeptide spectra are shown inFig. 5A.
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lycoform abundances determined by MALDI-TOF MS w
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Finally, we examined the relationship between glycof

bundance and variability in measurement by MALDI-TOF M
nd specifically the extent to which variability in measurem
f low abundance glycopeptides is related to in-source d
uring glycopeptide analysis by MALDI. As shown inFig. 6,

or measured relative glycoform abundances below 5% (1
easurements), 39% of these (7/18) had coefficients of var

CV) in excess of 10%. Importantly, there was no distinc
etween truncated (Fig. 4, glycoforms A, C, D, F) and non

runcated (glycoforms B, E, G, H) species with respect to
herefore, MALDI-TOF MS of glycopeptides is quantitativ
recise at relative glycopeptide abundances above 5%.
espect to the accuracy of determination of glycopeptide a
ance by MALDI-TOF MS, the mean MALDI/NPLC ratio f
on-truncated glycans (above 5% relative abundance by MA
nalysis) was 0.98 with a standard deviation of 0.18. Th

ore, for non-truncated glycans, MALDI/NPLC ratios grea
han 1.55 (mean± 3 S.D.) occur atp < 0.01. Truncated gly
ans, which tend to be overestimated by MALDI, exceeded
ALDI/NPLC ratio of 1.55 at estimated relative abundance
pproximately 7% or less. We conclude thatN-glycoform anal
sis by MALDI-TOF MS of glycopeptides using this approa
s quantitatively reliable at measured relative glycoform a
ances greater than 5–7%. We note that for these MALDI-
S assays of glycopeptide abundance we took no specific

o control crystal formation on the target surface to red
nalyte-matrix heterogeneity. Sample preparation techn
uch as the fast evaporation method to generate a uniform
rystal layer[52] may result in quantitative MALDI analys
ith improved precision.
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Fig. 5. Comparative quantitation of rIgG2 glycoform abundance by MALDI-TOF MS and NP-HPLC of releasedN-glycans. For four discrete rIgG2 MAbs,N-
glycans at Asn294 were analyzed by both MALDI-TOF MS of glycopeptides using the microplate-based sample processing method described and by NP-HPLC
of 2-aminobenzamide labeledN-glycans released by PNGaseF. Representative MALDI-TOF spectra are shown in (A), with individual glycoforms identified as
described inFig. 4. In each case, [M + H]+ peak heights were employed to determine the relative abundance of individual glycoforms as a percent of total. These
data are shown in (B) for each rIgG2 MAb (each number is mean of four replicate analyses). Each rIgG2 was also analyzed by NP-HPLC. In this case, peak areas
were used to quantitate relative glycoform abundance (data not shown). Corresponding MALDI-TOF MS and NP-HPLC data are expressed as a ratio to compare
quantitation of individualN-glycans by both methods.
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Fig. 6. Variation in measurement of glycoform abundance by MALDI-TOF MS
of glycopeptides. The relationship between glycoform abundance and variabil-
ity in quantitation by MALDI-TOF MS was examined by calculation of the
coefficient of variation (%) in measurement of relative glycoform abundance (as
percent of total). For each of the four discrete rIgG2 proteins, the glycopeptide
analysis by MALDI-TOF MS was repeated four times, each time measuring the
relative abundance of the eight distinct glycoforms (i.e. a total of 32 determina-
tions of CV). Open squares, non-truncated glycoforms (B, E, G, H inFig. 4);
closed squares, truncated glycoforms (A, C, D, F inFig. 4).

4. Conclusion

In this study, we describe a microplate-based sample prepa
ration platform for rapid, high-throughput monoclonal antibody
quantitation and analysis. This strategy effectively bridges the
interface between the analyte processing stream and a varie
of analytical technologies using high-capacity adsorbents to
exchange solvents rapidly whilst maintaining analyte concen
tration. The platform was designed to utilize concentrations of
analyte that are both relevant to volumetric concentrations o
MAb typical of mammalian cell culture (0–2 g/L) and to yield
analyte mass necessary for typical LC or MS-based analyses. W
aimed for as simple and robust a procedure as possible, whe
handling of multiple samples at varying concentration within a
defined range could occur simultaneously.

We believe this sample preparation strategy would find utility
in various aspects of recombinant MAb product development
from cell clone selection to product formulation and long-term
stability studies. As each stage of product development ma
require different analytical outcomes, the platform can be eas
ily adapted. For example, MAb reduction and alkylation may
be omitted to expedite preparation of glycopeptides. Additiona
analyte processing steps may also be added to generate mo
detailed information. For example, detailed structural charac
terization of glycopeptide-associated oligosaccharides can b
carried out relatively rapidly using sequential exoglycosidase
a
e a-
m

ould
i sim
p loye
w nal

groups. This would enable effective phase-separations based on
a simple pipet on/pipet off approach. Moreover, direct interface
of a sample-handling robot with an automated analytical device
(such as a HPLC autosampler) is eminently feasible.
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