
E
h
m

M
D

a

A
R
R
A
A

K
M
O
L
C
H

1

t
a
t
c
f
a
t
s
c
t
d
s
d
p
b

a
d
l

0
d

Journal of Pharmaceutical and Biomedical Analysis 49 (2009) 181–192

Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

journa l homepage: www.e lsev ier .com/ locate / jpba

valuation of oligosaccharide methods for carbohydrate analysis in a fully
uman monoclonal antibody and comparison of the results to the
onosaccharide composition determination by a novel calculation

ichael Adamo, Difei Qiu, Lawrence W. Dick Jr., Ming Zeng, An-Horng Lee, Kuang-Chuan Cheng ∗

epartment: Analytical Development, Medarex, Inc., 519 Route 173 West, Bloomsbury, NJ 08804, United States

r t i c l e i n f o

rticle history:
eceived 25 July 2008
eceived in revised form 6 October 2008
ccepted 14 October 2008
vailable online 22 October 2008

a b s t r a c t

Carbohydrates can change a drug’s properties including solubility, affinity towards antigen, pharma-
cokinetics and pharmacodynamics. Due to this importance, carbohydrate composition is utilized as a
parameter to evaluate a drug candidate’s quality. In this study, the compositional monosaccharides of a
drug candidate are measured by HPAEC-PAD, while the oligosaccharides are studied by HPAEC-PAD, CE-
eywords:
onosaccharides
ligosaccharides
C–MS
E-LIF

LIF and LC–MS. The advantages and limitations of these various approaches for oligosaccharide analysis
are reviewed in this work. While the methods used for oligosaccharide analysis are well established we
have devised a new and novel calculation for determining monosaccharide content using the relative
percentages of the N-glycans. This calculation was used to evaluate the accuracy of the oligosaccharide
determination methods by comparison of the N-glycan data to the experimental monosaccharide data.
The results obtained from this novel calculation demonstrate that the relative abundance of carbohydrates
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PAEC-PAD as determined from these

. Introduction

Monoclonal antibodies are playing an increasing role as
herapeutics in clinics across the world, with 21 currently
pproved for treatment in the United States and hundreds in
he clinical pipeline of many pharmaceutical and biotechnology
ompanies [1]. Monoclonal antibodies elicit two major effector
unctions: antibody-dependent-cell mediated cytotoxicity (ADCC)
nd complement-dependent cytotoxicity (CDC) [2–4]. It is known
hat recombinant proteins including monoclonal antibodies are
ubject to post-translational modifications such as proteolytic
leavage, modification of one or more amino acids and glycosyla-
ion during biological process or production [5,6]. Among the many
ifferent post-translational modifications, glycosylation is exten-
ively studied to obtain structural and compositional information
ue to its important role in pharmacokinetics (ADCC and CDC),
harmacodynamics (antigen binding), secretion, antigenicity, sta-
ility, folding, and clearance of glycoproteins [7–12].
Immunoglobulin G (IgG) is the predominant antibody in serum
nd its presence is associated with immunity for many infectious
iseases. The IgG protein is composed of two heavy chains and two

ight chains that are covalently linked by disulfide bridges. In gen-
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us approaches are consistent.
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ral, IgG has one N-linked glycosylation site in the CH2 domain of
he Fc region with a second possible glycosylation site in Fab region
13,14]. The increasing interest in the development of antibodies
or therapeutic purposes has created a high demand for methods
o characterize the sugar moieties bound to IgG.

More than 20 years ago, high-performance anion exchange
hromatography coupled with pulsed amperometric detection
HPAEC-PAD) was developed [15]. One of the advantages of this

ethod was that it offered direct analysis of the carbohydrate
pecies without the need for derivatization. Recently, capillary elec-
rophoresis (CE) has emerged as a powerful tool in carbohydrate
nalysis with its enhanced separation efficiencies [16]. By coupling
E with laser-induced fluorescence detection a method (CE-LIF)
hat is highly sensitive for the analysis of carbohydrates was devel-
ped [17–19].

Although these methods are suitable for lot-to-lot testing of
lycoproteins, the lack of key structural information has led to
he use of off-line mass spectrometry techniques, such as matrix-
ssisted laser desorption/ionization time of flight (MALDI-TOF). The
ajor drawback of MALDI-TOF is its ability to detect low abun-

ance glycans and to quantitate sialylated glycans. Furthermore,

ost samples must be desalted before analysis and because of

he hydrophilic behavior of carbohydrates their recovery is lim-
ted during the desalting process. With the improvement of mass
pectrometric methods, on-line Liquid chromatography coupled to
ass spectrometry (LC–MS) and quadrapole time-of-flight (Q-TOF)

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:kcheng@medarex.com
dx.doi.org/10.1016/j.jpba.2008.10.008
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was transferred into a 2-ml glass vial. The sample was placed into
82 M. Adamo et al. / Journal of Pharmaceutic

ave been employed to determine the heterogeneity of carbohy-
rates and glycoproteins [20–22]. In the current work, LC–MS was
mployed to determine the overall relative percentage of each N-
lycan after a PNGase F digestion of the antibody. The relative
ercentage of each N-glycan at different glycosylation sites was also
etermined through trypsin digestion followed by LC–MS. The car-
ohydrates and glycopeptides were identified by their single and/or
ouble charge and the structures were confirmed by tandem mass
pectrometry.

In this paper, the accuracy of the different methods used for
he determination of carbohydrates, which included HPAEC-PAD,
E-LIF and HPLC–MS, are evaluated and compared to the method

or determination of monosaccharide content. A new and novel
pproach to calculating the monosaccharide relative abundance
rom the oligosaccharide methods results is reported. By using this
ovel calculation, we have demonstrated that the N-glycan exper-

mental data from the various analytical methods is comparable to
he monosaccharide assay results.

. Experimental

.1. Apparatus

Determination of monosaccharide and oligosaccharide content
n the glycoprotein were performed using a Dionex BioLC, DX-
00 system (Dionex Corp, Sunnyvale, CA) consisting of an AS50
utosampler and thermal compartment, an ED50 Electrochemi-
al Detector with a non-disposable gold working electrode and a
P40 Gradient Pump. The sample temperature was set to 4.0 ◦C
nd the column temperature was 30.0 ◦C. The flow rate was set to
mL/min using Waveform A for detection [23]. The monosaccha-

ides were separated by isocratic elution on a Dionex CarboPac PA10
olumn and a Dionex AminoTrap guard column with 18 mM NaOH
or 18 min. The oligosaccharides were separated by gradient elution
ith 5–225 mM sodium acetate in 100 mM sodium hydroxide over

0 min on a Dionex CarboPac PA100 column and CarboPac PA100
uard column [24].

Characterization of the antennary N-linked oligosaccharide pro-
le by capillary electrophoresis was performed on a P/ACE MDQ
apillary Electrophoresis System (Beckman Coulter, Fullerton, CA)
quipped with a LIF 488 Laser Module using a 50.0 cm (40.0 cm
o the window) eCAP N-CHO coated capillary. Direct laser-induced
uorescence detection was employed with an excitation of 488 nm
nd emission at 520 nm. Separation was performed by voltage in
everse polarity mode at 500 V/cm for 20 min with a 0.17 min ramp.
he capillary temperature was set at 20.0 ◦C. The sample storage
emperature was set at 4.0 ◦C.

Characterization of antennary N-linked oligosaccharide profile
y high-performance liquid chromatography-electrospray ioniza-
ion mass spectrometry (HPLC–ESMS) was performed using a
ydac 218TP52 C18 column with a Vydac 218GD52 C18 High Per-

ormance Guard Column (Grace, Deerfield, IL) on an Agilent 1100
PLC system on-line with a LCQ DECAXP mass spectrometer from
hermo Scientific (Waltham, MA). For oligosaccharide analysis, the
obile phases consisted of 0.15% formic acid in H2O (buffer A) and

.12% formic acid in ACN (buffer B). Samples were separated by
radient elution at the following conditions: 0–2 min 100% buffer
, 2–10 min gradient 100–85% buffer A, hold for 4 min, 14–15 min
radient 85–100% buffer A and 15–30 min re-equilibrate with 100%

uffer A. The flow rate was 0.20 mL/min. The sheath gas flow rate
sed was 77 (arb) units. The spray voltage was set to 5 kV. The cap-

llary temperature was 200 ◦C and the column temperature was
0 ◦C. The mass range setting was 400–2000 Da. The ionization
ode was positive electrospray ionization. For the glycopeptide
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nalysis, the HPLC and mass spectrometry conditions can be found
lsewhere [25].

.2. Materials

For monosaccharide analysis and characterization of antennary
-linked oligosaccharide profile by HPAEC-PAD, the monosaccha-

ide standard for analysis was purchased from Dionex Corporation
Sunnyvale, CA). Certified sodium hydroxide 50% (w/w) was pur-
hased from Sigma–Aldrich (Saint Louis, MO). Trifluoroacetic acid
TFA) was from Pierce Chemical (Rockford, IL). Biomax 10kD
ltrafree 0.5 mL centrifuge filters were purchased from Milli-
ore (Billerica, MA). High purity deionized water purified by
Millipore Milli-Q system (Billerica, MA) with a resistivity of

8.2 M� cm was used for buffer and sample preparation. PNGase
and 10X G7 reaction buffer were from New England Biolabs

Ipswich, MA).
For characterization of antennary N-linked oligosaccharide pro-

le by capillary electrophoresis, 1 M sodium cyanoborohydrate in
HF was purchased from Sigma–Aldrich (Saint Louis, MO). 200
roof, anhydrous ethyl alcohol was obtained from Fisher Scientific
Waltham, MA). High purity deionized water purified by a Millipore

illi-Q system (Billerica, MA) with a resistivity of 18.2 M� cm was
sed for buffer and sample preparation. The eCAP Carbohydrate
abeling and Analysis Kit containing the carbohydrate separation
el buffer, APTS-labeling dye (L6), labeling dye solvent (L3), glu-
ose ladder standard (G20) and the eCAP N-CHO coated capillary
as purchased from Beckman Coulter. The PNGase F (N-glycanase)
it was obtained from New England Bio Lab. Biomax 10kD Ultrafree
.5 mL centrifuge filters were purchased from Millipore (Billerica,
A).
For characterization of antennary N-linked oligosaccharide pro-

le by HPLC–ESMS, myoglobin, guanidine HCl, tris base, sodium
odoacetate, formic acid and ammonium bicarbonate were pur-
hased from Sigma–Aldrich (Saint Louis, MO). TFA was purchased
rom Pierce Chemical (Rockford, IL). Dithiothreitol (DTT) was
btained from Bio-Rad (Hercules, CA). Sequencing grade modified
rypsin was from Promega (Madison, WI). HPLC grade water was
urchased from Honeywell Burdick & Jackson (Morristown, NJ). 1N
ydrochloric acid, 1N NaOH, acetonitrile and 6.0–8.0 pH paper were
btained from Fisher Scientific (Waltham, MA).

.3. Methods

.3.1. Standard and sample preparation for monosaccharide
nalysis by HPAEC-PAD

The Dionex monosaccharide standard was diluted with Milli-Q
ater to yield a 400 �M stock solution. The 400 �M stock solu-

ion was then further diluted to 150, 75, 60, 25, 12.5 and 3.5 �M
or construction of the standard curve. A system suitability sam-
le was prepared from an aliquot of the 25 �M standard which
as hydrolyzed following the same procedure as the antibody sam-
le. Six replicate injections of the system suitability sample were
erformed.

The fully human monoclonal antibody (IgG1) sample was
esalted using a pre-rinsed centrifuge filter unit. The protein con-
entration of the washed antibody sample was determined at a
avelength of 280 nm and a volume equal to 1.125 mg of protein
speedvac and dried at 45 ◦C. The sample was then hydrolyzed in
M TFA for 2 h at 100 ◦C in a standard heatblock. After hydrolysis

he sample was placed into a speedvac and dried at 45 ◦C. The sam-
le was reconstituted with Milli-Q water. Triplicate injections were
erformed for each sample and standard.
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.3.2. Antibody sample preparation for characterization of
ntennary N-linked oligosaccharide profile by HPAEC-PAD

The fully human monoclonal antibody (IgG1) sample was
esalted using a pre-rinsed centrifuge filter unit. The sample was
ransferred to an Eppendorf tube and 10× reaction buffer, PNGase F
nd Milli-Q water were added. The sample was incubated overnight
t 37 ◦C. Following incubation the antibody sample was filtered
y a centrifuge filter unit. The filtrate was collected for analysis.
riplicate injections were performed for each sample.

.3.3. Glucose ladder and sample preparation for characterization
f antennary N-linked oligosaccharide profile by capillary
lectrophoresis

The sample preparation procedure was adapted from the Beck-
an Coulter ProteomeLab Carbohydrate Labeling and Analysis
uide. The fully human monoclonal antibody (IgG1) sample was
esalted using a pre-rinsed centrifuge filter unit. The washed anti-
ody sample remaining in the upper chamber of the filter unit was
ransferred to an Eppendorf tube. 10× releasing buffer (G7) and
NGase F were then added. The sample was incubated overnight in
37 ◦C incubator. At the end of the incubation cold ethanol (−20 ◦C)
as added to the sample and the sample was put on ice for 10 min.

he sample was centrifuged and the supernatant was transferred
o another Eppendorf tube which was dried down in an Eppendorf
acufuge at 45 ◦C.

To prepare the glucose ladder, 5 mg of the G20 glucose ladder
tandard was diluted with 80 �L of HPLC grade water. The sample
as divided into 2 �L aliquots and dried down in an Eppendorf

acufuge at 45 ◦C.
Labeling dye (L6) was added to the dried test sample and glucose

adder standard. 1 M sodium cyanoborohydride in THF was then
dded to all samples in a fume hood. All samples were incubated
vernight in a 37 ◦C incubator. After incubation HPLC grade water
as added to all samples to stop the reaction.

.3.4. Trypsin enzyme digestion of test samples for
haracterization of antennary N-linked oligosaccharide profile by
PLC-ESMS

As previously described [25], the antibody samples were trans-
erred into 15 mL polypropylene centrifuge tubes. 8 M guanidine
Cl and 2.5 M Tris base were added to each tube. All samples were

ncubated at 37 ◦C for 30 min. After incubation 1 N HCl was added to
ach tube and the pH was checked to ensure it was in the 8–9 range.
TT was added to each tube and the tubes were then saturated
ith nitrogen, mixed and incubated at 37 ◦C for 2 h. After incuba-

ion sodium iodoacetate was added to each tube and the sample pH
as measured again to confirm it was between 8 and 9. The samples
ere saturated with nitrogen and incubated in the dark at ambient

emperature for 15 min. The samples were rinsed with 0.1 M ammo-
ium bicarbonate by centrifugation in a centrifuge filter unit. The
upernatant from the samples was transferred to separate glass vial
ith screw caps and reconstituted in 0.1 M ammonium bicarbon-

te. The samples were treated with 1 �g/�L trypsin at a ratio of 50:1
w/w) of protein to trypsin and incubated for 3 h at 37 ◦C. LC–MS
nalysis was performed on the samples.

.4. Assay performance

The accuracy of the monosaccharide analysis by HPAEC-PAD
ethod was assessed by comparing the relative abundance of each
riterion monosaccharide in two antibody samples to the relative
bundance of the corresponding monosaccharide in an antibody
eference material. The accuracy is expressed as a % of determined
eplicate mean value of each criterion monosaccharide in the sam-
le to the mean value found in the reference sample. Linearity of
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he standard curve for each monosaccharide from 4 to 150 �M by
riplicate injections was determined by analysis of the correlation
oefficient (r2). Recovery of each monosaccharide was evaluated
sing the ratio of the observed concentration to the expected
oncentration by repeat analysis of the system suitability sample
n = 6). Precision was evaluated using the %R.S.D. of the observed

onosaccharide concentration from triplicate injections of three
oncentrations of the reference sample.

Intermediate precision of the oligosaccharide analysis by
PAEC-PAD assay was determined using six independent prepa-

ations of a reference sample on three separate days. Intermediate
recision of the oligosaccharide analysis by CE-LIF assay was deter-
ined using three independent preparations of a reference sample

n three separate days. Intermediate precision of the characteriza-
ion of antennary N-linked oligosaccharide profile by HPLC-ESMS
ssay was determined using two independent preparations of a
eference sample on four separate days.

. Results and discussion

.1. Monosaccharide analysis by HPAEC-PAD

The HPAEC-PAD method is a classic procedure used for the anal-
sis of monosaccharides released from a glycoprotein. With high
electivity and specificity it permits direct quantitation of non-
erivatized monosaccharides. Currently, the concentration (in �M)
f each monosaccharide present in the antibody samples is deter-
ined by extrapolation off a standard curve for each individual
onosaccharide. The standard curves and their respective corre-

ation coefficients are depicted in Fig. 1. Monosaccharides in the
amples are identified by comparison to the retention times of the
onosaccharide peaks in the standard. A representative HPAEC-

AD chromatogram of the monosaccharides of an IgG1 sample is
hown in Fig. 2. The percent relative abundance of each monosac-
haride was determined by dividing the amount of the individual
onosaccharide by the total amount of all the monosaccharides as

hown in Table 1. Galactosamine and glucose were excluded since
alactosamine was not present in the sample and the determined
lucose concentration in the sample was below the quantitation
imits of the assay. This method has proven to be successful for
egular monosaccharide analysis. However, the assay is limited to
pecialized equipment since the monosaccharides are detected by
ulsed amperometric detection and the sodium hydroxide should
ot be run through a typical HPLC with stainless steel lines.

.2. Oligosaccharide analysis

.2.1. Oligosaccharide analysis by HPAEC-PAD
The HPAEC-PAD method for determination of carbohydrate

opulations is successful for glycoproteins that do not contain a
omplicated glycan profile. Fig. 3 contains the HPAEC-PAD results
or oligosaccharides from an antibody with one glycosylation site
Fig. 3b) and an antibody with two glycosylation sites (Fig. 3a).
he multi-component peak in Fig. 3a contains more than one type
f N-glycan, which could not be resolved by this method. Peaks
ere identified by comparison of their retention time to injec-

ions of glycan standards. The limited separation power of this
on exchange method makes accurate quantitation for those car-
ohydrates difficult for complex products. Further analysis of the

ntibody sample with two glycosylation sites by CE-LIF showed six
ifferent oligosaccharides and two unknown peaks (Fig. 4). Another
ifficulty is that the PNGase digestion step employed in the sample
reparation for the HPAEC-PAD analysis is not specific for individ-
al glycosylation sites. Therefore, if two different glycosylation sites
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Fig. 1. Results for individual monosaccharide standard curves from HPAEC-PAD analysi
are fucose, galactosamine and glucosamine. Bottom row from left to right the standard
concentration levels.

Fig. 2. A typical HPAEC-PAD chromatographic profile of the monosaccharides from
acid hydrolysis of the IgG1 antibody sample. Monosaccharides were released by
incubation of the sample with 2M TFA for 2 h.
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Table 1
HPAEC-PAD monosaccharide experimental data in six IgG1 samples.

Sample ID Determined average concentration in �M (n = 3)a

Fucose Glucosamine Galactose Man

Sample 1 69.37 ± 0.02 292.39 ± 0.01 30.03 ± 0.01 144
Sample 2 62.23 ± 0.01 298.99 ± 0.00 24.79 ± 0.01 167
Sample 3 51.83 ± 0.02 280.26 ± 0.03 21.17 ± 0.01 148
Sample 4 65.27 ± 0.01 282.24 ± 0.07 28.34 ± 0.00 155
Sample 5 45.68 ± 0.02 180.70 ± 0.04 14.52 ± 0.01 168
Sample 6 48.72 ± 0.03 185.59 ± 0.10 21.29 ± 0.02 159

a Average values from three injections ± S.D.
s of the IgG1 antibody sample. Upper row from left to right the standard curves
curves are galactose, glucose and mannose. Analysis was done in triplicate at six

xist, only the total glycan profile can be obtained and a different
ethod must be used to determine the carbohydrate population at

ach possible site.

.2.2. Capillary electrophoresis method
Although the HPAEC-PAD method is successful, more infor-

ation about the carbohydrate populations can be obtained by
sing capillary electrophoresis with laser-induced fluorescence
etection. CE-LIF can resolve certain oligosaccharide species bet-
er than HPAEC-PAD. For example, by using CE-LIF, two peaks are

btained for G1F due to the linkage of the galactose on the 1–6
r 1–3 arm. Fig. 4 shows the electropherogram of an antibody
ample with two glycosylation sites (same sample analyzed by
PAEC-PAD in Fig. 3a). The glycans were identified by compari-

on of their migration time to injections of glycan standards. The

Calculated percent relative abundance

nose Fucose Glucosamine Galactose Mannose

.03 ± 0.01 12.95 54.57 5.60 26.88
.15 ± 0.01 11.25 54.05 4.48 30.22
.73 ± 0.02 10.32 55.83 4.22 29.63
.45 ± 0.05 12.28 53.12 5.33 29.26
.63 ± 0.03 11.15 44.12 3.55 41.18
.15 ± 0.12 11.75 44.75 5.13 38.37
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ig. 3. (a) HPAEC-PAD oligosaccharide profile from analysis of the IgG1 antibody sa
nalysis of the IgG1 antibody sample with a single glycosylation site.
ligosaccharide profile from CE-LIF analysis exhibits eight resolved
eaks. The drawbacks of this CE-LIF method are the time consum-

ng labeling, the lack of direct structural confirmation, and the
ack of commercial standards for all possible glycans. Furthermore,

t
f
t
p

ig. 4. CE-LIF electropherogram of the oligosaccharides released from digestion of the Ig
lycans were identified: (a) S2G2; (b) S2G2F; (c) S1G2; (d) S1G2F; (e) G0F; (f) G1F(1,6); (g
with multiple glycosylation sites and (b) HPAEC-PAD oligosaccharide profile from
he PNGase digestion step employed in the sample preparation
or CE-LIF analysis cannot determine the oligosaccharide popula-
ion at individual glycosylation sites within the same recombinant
roduct.

G1 antibody sample with PNGase F and oligosaccharide standards. The following
) G1F(1,3); and (h) G2F.
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ig. 5. (a) The extracted ion chromatogram (XIC) of the glycans released by PNGas
eleased by PNGase F digestion of the IgG1 antibody sample.

.2.3. Liquid chromatography coupled to mass spectrometry
HPAEC-PAD and CE are good tools to analyze oligosaccharides

nd to determine the relative percentages of each individual gly-
oform. However, it is difficult to determine when new peaks
hould be included or excluded in the calculation because their
dentification may not be possible due to the lack of commer-
ially available standards. Therefore, mass spectrometry is a great
ool to provide direct structural information about the glycan pop-
lation. However, the mobile phase from HPAEC-PAD cannot be
irectly introduced into the mass spectrometer because the high
alt concentration of the eluent will interfere with the sample iden-
ification and overall sensitivity. Ideally, off-line mass spectrometry,
uch as MALDI-TOF, could be used to identify peaks of interest in
PAEC-PAD after collecting the fractions and desalting the sam-
le. Although, hydrophilic oligosaccharides will not be retained by
he column if hydrophobic filters are used. Additionally, due to the
ow recovery of glycans from size exclusion filters; minor glycan
omponents are hard to identify. One way to directly analyze the
PAEC-PAD eluent by mass spectrometry would be with the use
f an in-line membrane-desalting device. This would eliminate the
eed for collecting the fractions and desalting the sample. In this
tudy, a reverse phase HPLC coupled to a mass spectrometer was
sed to identify carbohydrates by two different schemes. Fig. 5
epicts the chromatograms and spectrum of the glycans released
y PNGase F and separated on a C18 column. The three primary
-glycans G0F, G1F and G2F exhibited two isomer peaks with each
f the species being identified by mass spectrometry. The nature of
hese two peaks in G0F, G1F and G2F is not clear and further inves-

igation is needed. Extracted ion chromatograms (XIC) were used
or the relative abundance determination.

This LC–MS method was used to directly analyze the glycans
eleased from the same antibody product, expressed in two differ-
nt cell types, B cell hybridoma and CHO cell transfectoma. Fig. 6

(
e
L
c
c

estion of the IgG1 antibody sample and (b) the mass spectrum data of the glycans

ontains the mass spectrometric results obtained from the antibody
roduced by B cell hybridoma (Fig. 6a) and CHO cell transfectoma
Fig. 6b). The carbohydrate species from the antibody produced by
he B cell hybridoma line are more complicated. The three major
lycans, G0F, G1F, and G2F were found along with more complex
tructures. A reasonable hypothesis for the glycosylation differ-
nces between the cell lines is that the different cell lines contain
ifferent types and amounts of glycanases which lead to the gen-
ration of more or less carbohydrate species.

LC–MS of tryptic glycopeptides provides an alternative way
or identifying N-glycan structures and measuring their relative
ercentages. Fig. 7 shows the extracted ion chromatogram with

ntegrated peak areas corresponding to G0F, G1F and G2F contain-
ng peptides and the mass spectrum for these glycopeptides. The
arbohydrate structures can be confirmed by their respective mass
pectra and were also further verified by their tandem mass spec-
ra as shown in Fig. 8a–c. In addition to all fragments identified
n Fig. 8a, unique fragments at m/z 1223.9, 1297.1 and 1325.6 cor-
esponding the G1F glycopeptide were identified in Fig. 8b. Two
nique fragments at m/z 1399.2 and 1406.7 relating to the G2F gly-
opeptide were also identified in Fig. 8c. From these tandem mass
pectra one can clearly identify and confirm the structure of each
f the distinct glycoforms for this particular glycopeptide. Further-
ore, because trypsin digestion does not break the carbohydrate

o protein linkage, a calculation of the relative population of the
ifferent carbohydrates at different glycosylation sites in the same
ethod is possible.
Utilizing theoretical glycosylation site prediction software
Bioworks, Thermo Fisher) it was determined that two propri-
tary antibodies may contain two possible glycosylation sites. The
C–MS method to measure and sequence glycans based on the gly-
opeptides released by trypsin was employed and allowed for the
onclusion that one of the antibodies contained two glycosylation



M. Adamo et al. / Journal of Pharmaceutical and Biomedical Analysis 49 (2009) 181–192 187

Fig. 6. (a) The mass spectrum results of the glycans released by PNGase F digestion of an IgG1 antibody sample produced by B cell hybridoma and (b) the mass spectrum
results of the glycans released by PNGase F digestion of an IgG1 antibody sample produced by CHO cell transfectoma.

Fig. 7. (a) The extracted ion chromatogram (XIC) of the tryptic glycopeptides released by trypsin digestion of the IgG1 antibody sample and (b) the mass spectrum data of
the tryptic glycopeptides released by trypsin digestion of the IgG1 antibody sample.
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Fig. 8. (a) The tandem mass spectra of the G0F tryptic glycopeptide (� = EEQYNSTYR) released by trypsin digestion of the IgG1 antibody sample, (b) the tandem mass spectra
of the G1F tryptic glycopeptide (� = EEQYNSTYR) released by trypsin digestion of the IgG1 antibody sample, and (c) the tandem mass spectra of the G2F tryptic glycopeptide
(� = EEQYNSTYR) released by trypsin digestion of the IgG1 antibody sample. Monosaccharide symbols as follows: ♦= galactose, �= N-acetylglucosamine, © = mannose and
�= fucose.
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Fig. 8.

ites while the other antibody only contained one despite the pre-
iction (Table 2). The other methods for oligosaccharide analysis
ould not have been able to determine if one possible site was
evoid of carbohydrate. Furthermore, with one trypsin digestion
f the same sample, N-terminal sequencing of the heavy and light
hains, peptide mapping, and determination of relative percent-
ge the carbohydrate populations can be obtained in one LC–MS
un. This makes the LC–MS method for determination of glycosyla-
ion pattern and structure a more attractive option due to the time
avings and amount of information gained.

.3. Calculations of monosaccharides from oligosaccharide

ethods

Monosaccharide and oligosaccharide analyses are usually run
t the same time by different methods, yet the results are usually

able 2
he relative percentages of tryptic glycopeptides released by trypsin digestion of
wo IgG1 antibody samples.

ntibody 1 Antibody 2

ab site Fab site

lycan Relative % Glycan Relative %

ot glycosylated S2G2F 59
S1G2F 33
S1G1F 8

c site Fc site

lycan Relative % Glycan Relative %

0F 66 G0F 75
1F 30 G1F 22
2F 4 G2F 3

s
a
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a
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w
m
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F
a
s
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nued ).

ot directly compared. A new and novel approach to calculat-
ng the monosaccharide relative % abundance from the intact
-glycan experimental data was derived. By using the calculated
onosaccharide values it was demonstrated that the oligosac-

haride methods results are accurate and comparable to the
onosaccharide assay. As shown in Fig. 9 and Table 3, there

re four identified N-glycans in the IgG1 sample as determined
y the oligosaccharide methods. These are asialo-, agalacto-,
iantennary, core-substituted with fucose (G0F), asialo, mono-
alactosylated, biantennary core-substituted with fucose (G1F),
sialo-, galactosylated biantennary, core-substituted with fucose
G2F) and mono-sialylated-, galactosylated biantennary, core-
ubstituted with fucose (S1G2F). The oligosaccharide relative
bundance for the LC–MS and HPAEC-PAD analysis is based on
eak areas and does not take into account any response differences
etween the oligosaccharides.

A calculation was performed to obtain the monosaccharide rel-
tive abundance by first computing the relative abundance of each

onosaccharide in one molecule of a specific N-glycan. This value
as calculated by dividing the number of residues of the individual
onosaccharide by the total number of monosaccharide residues

resent in the specific N-glycan. The relative abundance of each

ig. 9. The major oligosaccharides identified in the IgG1 sample. These are asialo-,
galacto-, biantennary, core-substituted with fucose (G0F), asialo, monogalacto-
ylated, biantennary core-substituted with fucose (G1F), asialo-, galactosylated
iantennary, core-substituted with fucose (G2F) and mono-sialylated-, galactosy-

ated biantennary, core-substituted with fucose (S1G2F).
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Table 3
HPAEC-PAD, LC–MS and CE-LIF oligosaccharide percent relative abundance in six IgG1 samples.

Sample ID Oligosaccharide percent relative abundance

G0F G1F G2F S1G2F

Sample 1 by HPAEC-PADa 63.80 ± 0.10 32.30 ± 0.08 2.30 ± 0.05 1.60 ± 0.05
Sample 1 by LC–MSb 64.40 29.30 3.50 2.80
Sample 1 by CE-LIFc 57.90 ± 0.24 32.60 ± 0.20 4.00 ± 0.02 5.50 ± 0.03

Sample 2 by HPAEC-PAD 66.10 ± 0.09 30.50 ± 0.13 1.80 ± 0.04 1.60 ± 0.15
Sample 2 by LC–MS 63.40 29.90 4.70 2.00
Sample 2 by CE-LIF 60.70 ± 0.14 31.20 ± 0.16 3.30 ± 0.03 4.80 ± 0.06

Sample 3 by HPAEC-PAD 66.00 ± 0.16 30.80 ± 0.08 1.90 ± 0.07 1.30 ± 0.01
Sample 3 by LC–MS 61.30 33.60 3.70 1.60
Sample 3 by CE-LIF 60.50 ± 0.13 31.20 ± 0.14 3.40 ± 0.01 4.90 ± 0.03

Sample 4 by HPAEC-PAD 64.30 ± 0.09 32.00 ± 0.05 2.10 ± 0.01 1.60 ± 0.10
Sample 4 by LC–MS 58.90 35.20 4.10 1.90
Sample 4 by CE-LIF 57.00 ± 0.03 33.50 ± 0.13 3.90 ± 0.06 5.60 ± 0.14

Sample 5 by HPAEC-PAD 66.67 ± 0.33 29.12 ± 0.18 2.87 ± 0.34 1.34 ± 0.46
Sample 5 by LC–MS 66.79 30.20 3.01 0.00
Sample 5 by CE-LIF 67.01 ± 0.06 30.08 ± 0.10 2.91 ± 0.04 0.00

Sample 6 by HPAEC-PAD 62.25 ± 0.52 32.85 ± 0.19 2.96 ± 0.56 1.95 ± 0.34
Sample 6 by LC–MS 60.08 35.42 4.50 0.00
Sample 6 by CE-LIF 60.66 ± 0.13 34.59 ± 0.13 4.74 ± 0.00 0.00
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a Average values from three injections ± S.D.
b Values obtained from a single injection.
c Average values from three injections ± S.D.

onosaccharide was then multiplied by the relative percent abun-
ance of the specific N-glycan in the IgG1 sample as determined
rom each set of data. This gives a monosaccharide relative percent
bundance based on the relative abundance of the specific N-glycan
n the IgG1 sample as measured by a specific method. In the N-
lycan species, one molecule of N-acetylglucosamine is considered

o be equivalent to one molecule of glucosamine because during the
FA hydrolysis of the sample N-acetylglucosamine is hydrolyzed to
lucosamine. These values were summed up for each individual
onosaccharide for all N-glycans to yield the theoretical monosac-

L
r
i
t

able 4
xample of the theoretical monosaccharide relative percent abundance calculation from

-glycan species Monosaccharide
content of the
N-glycan species

Monosaccharide
residue/N-glycan
molecule

Monosaccharide re
abundance per N-g
molecule

0F

Galactose 0 0.0000
Mannose 3 0.3750
Fucose 1 0.1250
Glucosamine 4 0.5000
Total 8

1F

Galactose 1 0.1111
Mannose 3 0.3333
Fucose 1 0.1111
Glucosamine 4 0.4444
Total 9

2F

Galactose 2 0.2000
Mannose 3 0.3000
Fucose 1 0.1000
Glucosamine 4 0.4000
Total 10

1G2F

Galactose 2 0.2000
Mannose 3 0.3000
Fucose 1 0.1000
Glucosamine 4 0.4000
Total 10

heoretical monosaccharide relative percent abundance in IgG1 sample
haride relative % abundance in the IgG1 sample. An example of
he calculation used to determine the theoretical monosaccharide
elative percent abundance is shown in Table 4.

As shown in Table 5, comparisons of the experimentally
etermined monosaccharide relative percent abundances to the
heoretical values determined from LC–MS, HPAEC-PAD and CE-

IF N-glycan analysis proved to be consistent by analysis of the �
ange between the experimental and theoretical data. The � range
s calculated by taking the highest and lowest absolute value for the
heoretical relative % abundance of each monosaccharide from the

N-glycan experimental data.

lative
lycan

Relative % abundance
N-glycan in IgG1 sample
from experimental data

Monosaccharide relative % abundance for
N-glycan species adjusted for relative %
abundance N-glycan in IgG1 sample

64.4

0.00
24.15
8.05
32.20

29.3

3.26
9.77
3.26
13.02

3.5

0.70
1.05
0.35
1.40

2.8

0.56
0.84
0.28
1.12

Galactose 4.52
Mannose 35.81
Fucose 11.94
Glucosamine 47.74
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Table 5
LC–MS, HPAEC-PAD and CE-LIF theoretical calculation for monosaccharide relative percent abundance versus HPAEC-PAD experimental results for monosaccharide relative
percent abundance.

Sample ID Assay Relative % abundance

Galactose Mannose Fucose Glucosamine

Sample 1 Monosaccharidea 5.60 ± 0.15 26.88 ± 0.43 12.95 ± 0.31 54.57 ± 0.75
LC–MS N-glycanb 4.52 35.81 11.94 47.74
HPAEC-PAD N-glycanc 4.37 ± 0.01 35.86 ± 0.00 11.95 ± 0.00 47.82 ± 0.01
CE-LIF N-glycand 5.52 ± 0.03 35.43 ± 0.01 11.81 ± 0.00 47.24 ± 0.02
� rangee 0.08–1.23 8.55–8.98 1.00–1.14 6.75–7.33

Sample 2 Monosaccharide 4.48 ± 0.13 30.22 ± 0.39 11.25 ± 0.13 54.05 ± 0.30
LC–MS N-glycan 4.66 35.75 11.92 47.67
HPAEC-PAD N-glycan 4.07 ± 0.02 35.97 ± 0.01 11.99 ± 0.00 47.97 ± 0.01
CE-LIF N-glycan 5.09 ± 0.01 35.59 ± 0.00 11.86 ± 0.00 47.46 ± 0.01
� range 0.18–0.61 5.37–5.75 0.61–0.74 6.08–6.59

Sample 3 Monosaccharide 4.22 ± 0.22 29.63 ± 0.67 10.32 ± 0.48 55.83 ± 0.22
LC–MS N-glycan 4.79 35.78 11.93 47.70
HPAEC-PAD N-glycan 4.06 ± 0.02 35.98 ± 0.01 11.99 ± 0.00 47.97 ± 0.01
CE-LIF N-glycan 5.13 ± 0.01 35.58 ± 0.01 11.86 ± 0.00 47.44 ± 0.01
� range 0.16–0.91 5.95–6.35 1.54–1.67 7.86–8.39

Sample 4 Monosaccharide 5.33 ± 0.53 29.26 ± 0.97 12.28 ± 0.99 53.12 ± 0.59
LC–MS N-glycan 5.11 35.62 11.87 47.49
HPAEC-PAD N-glycan 4.30 ± 0.02 35.89 ± 0.01 11.96 ± 0.00 47.85 ± 0.01
CE-LIF N-glycan 5.62 ± 0.01 35.39 ± 0.00 11.80 ± 0.00 47.19 ± 0.00
� range 0.22–1.03 6.13–6.63 0.32–0.48 5.27–5.93

Sample 5 Monosaccharide 3.55 ± 0.21 41.18 ± 0.34 11.15 ± 0.28 44.12 ± 0.27
LC–MS N-glycan 3.96 36.02 12.01 48.02
HPAEC-PAD N-glycan 4.08 ± 0.06 35.97 ± 0.02 11.99 ± 0.01 47.96 ± 0.03
CE-LIF N-glycan 3.92 ± 0.01 36.03 ± 0.00 12.01 ± 0.00 48.04 ± 0.00
� range 0.37–0.53 5.10–5.21 0.84–0.86 3.84–3.92

Sample 6 Monosaccharide 5.13 ± 0.19 38.37 ± 0.70 11.75 ± 0.36 44.75 ± 0.50
LC–MS N-glycan 4.84 35.69 11.90 47.58
HPAEC-PAD N-glycan 4.63 ± 0.10 35.77 ± 0.04 11.92 ± 0.01 47.69 ± 0.05
CE-LIF N-glycan 4.79 ± 0.01 35.70 ± 0.01 11.90 ± 0.00 47.60 ± 0.01
� range 0.29–0.50 2.60–2.68 0.15–0.17 2.83–2.94

Overall � range 0.08–1.23 2.60–8.98 0.15–1.67 2.83–3.89

a Average values from three injections ± S.D.
b Values from a single injection.
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c Average values from three injections ± S.D.
d Average values from three injections ± S.D.
e The � range is calculated by taking the highest and lowest absolute value for th

xperimental results from the monosaccharide analysis.

hree assays less the experimental results from the monosaccharide
nalysis. The theoretical values for galactose and fucose were close
o the experimental value while the values for mannose and glu-
osamine were more varied. In Table 6, the monosaccharide data

as also compared to the glycoprotein as a secondary confirma-

ion of the results using methods previously described by Mechref
t al. [26]. The results of the monosaccharide analysis in nmoles
ere compared to the amount of glycoprotein in nmoles. These val-
es were then normalized to three mannose residues by dividing

a
N
p
T
a

able 6
omparison of the average monosaccharide content in six IgG1 samples as analyzed by H

onosaccharide Monosaccharide amount
experimentally determined (nmole)a

Glycoprotein
amount (nmole)

R
a

ucose 0.57 ± 0.1 0.127 4
lucosamine 2.53 ± 0.5 1
alactose 0.23 ± 0.1 1
annose 1.57 ± 0.1 1

otal mass of monosaccharides (ng)
glycans in glycoprotein

a Average values ± S.D. determined from six samples in Table 1.
b The molecular weight of the glycoprotein is 147,992 Da.
c The ratios of monosaccharide to antibody were divided by a factor of 4.12 to normaliz
d The amount ± S.D. determined from six samples was calculated by multiplying the exp

haride.
retical relative % abundance of each monosaccharide from the three assays less the

he ratio of monosaccharide to antibody values by a factor of 4.12.
he values were normalized to three mannose residues since there
re three mannose in the core glycan structures. As expected, for
core-fucosylated biantennary structure, there is approximately

3:1 ratio of mannose to fucose and a 3:4 ratio of mannose to
-acetylglucosamine. A 3:0.5 ratio of mannose to galactose sup-
orts the findings that the glycoprotein is comprised of mainly G0F.
hese results further confirm the accuracy of the monosaccharide
nalysis.

PAEC-PAD.

atio of monosaccharide to
ntibody (nmole/nmole)b

Ratio normalized to three
mannose residuesc

Monosaccharide
Amount (ng)d

.50 1.10 93.90 ± 16.0
9.95 4.88 546.35 ± 118.2
.84 0.45 42.08 ± 10.1
2.38 3.00 283.19 ± 17.7

965.52 ± 132.0
5.15 ± 0.7

e the ratios to three mannose residues.
erimentally determined amount (nmole) by the formula weight for each monosac-
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.4. Assay performance

.4.1. Monosaccharide analysis by HPAEC-PAD
Precision (repeatability) as determined by the percent rela-

ive standard deviation (%R.S.D.) for the concentration of each
riteria monosaccharide in the reference sample by repeat
nalysis was ≤4.4% (n = 9). Accuracy expressed as a % of deter-
ined replicate mean value of each criterion monosaccharide

n the samples to the mean value found in the reference
ample ranged from 93.3 to 107.6%. Linearity of the standard
urve based on the correlation coefficient (r2) was greater than
.992. Recovery of each monosaccharide as evaluated using
he observed concentration to the expected concentration by
epeat analysis of the system suitability sample (n = 6) was
9.8% for fucose, 95.9% for galactosamine, 93.0% for glucosamine,
0.1% for galactose, 93.4% for glucose and 96.8% for man-
ose.

.4.2. Oligosaccharide analysis by HPAEC-PAD
Intermediate precision was determined using six independent

reparations of a reference sample on three separate days. Inter-
ediate precision expressed as % relative standard deviation of

he relative retention times and relative abundance of the crite-
ia peaks was less than 1% R.S.D. for relative retention times for all
-glycans, less than 3% R.S.D. for relative abundance of high abun-
ance N-glycans and less than 16% R.S.D. for relative abundance of

ow abundance N-glycans.

.4.3. Oligosaccharide analysis by CE-LIF
Intermediate precision was determined using three inde-

endent preparations of a reference sample on three separate
ays. Intermediate precision expressed as % relative standard
eviation of the relative retention times and relative abun-
ance of the criteria peaks was less than 0.2% R.S.D. for
elative retention times for all N-glycans, less than 2% R.S.D.
or relative abundance of high abundance N-glycans and less
han 11% R.S.D. for relative abundance of low abundance N-
lycans.

.4.4. Characterization of antennary N-linked oligosaccharide
rofile by HPLC-ESMS

Intermediate precision was determined using two independent

reparations of a reference sample on four separate days. Interme-
iate precision expressed as % relative standard deviation of the
elative abundance of the criteria peaks was less than 7% R.S.D. for
igh abundance N-glycans and less than 16% R.S.D. for low abun-
ance N-glycans.

[

[

[
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. Conclusion

In this work, three different analytical methods for oligosaccha-
ide detection and their relative percentage determination in an
gG1 antibody were discussed and compared. It was demonstrated
hat all methods lead to comparable results but LC–MS after trypsin
igestion is the only method that can offer glycosylation site-
ependent information. The calculation presented here provided
new and novel way to assess the accuracy of the oligosaccharide
nalytical methods. By utilizing the calculation, cross-confirmation
f the accuracy of the oligosaccharide composition determination
n an IgG1 antibody by the various methods has been established.

cknowledgement

The authors would like to acknowledge Joe Chiarappa for critical
eview.

eferences

[1] J.M. Reichert, C.J. Rosensweig, L.B. Faden, M.C. Dewitz, Nat. Biotechnol. 23
(2005) 1073–1078.

[2] D.L. Ludwig, D.S. Pereira, Z. Zhu, D.J. Hicklin, P. Bohlen, Oncogene 22 (2003)
9097–9106.

[3] I. Zafir-Lavie, Y. Michaeli, Y. Reiter, Oncogene 26 (2007) 3714–3733.
[4] X. Liu, L.M. Pop, E.S. Vitetta, Immunol. Rev. 22 (2008) 9–27.
[5] M. Mann, O.N. Jensen, Nat. Biotechnol. 21 (2003) 255–261.
[6] G. Walsh, R. Jefferis, Nat. Biotechnol. 24 (2006) 1241–1252.
[7] R. Ghirlando, J. Lund, M. Goodall, R. Jefferis, Immunol. Lett. 68 (1999) 47–52.
[8] S. Radaev, S. Motyka, W.H. Fridman, C. Sautes-Fridman, P.D. Sun, J. Biol. Chem.

276 (2001) 16469–16477.
[9] E.J. Wawrzynczak, A.J. Cumber, G.D. Parnell, P.T. Jones, G. Winter, Mol. Immunol.

29 (1992) 213–220.
10] A. Wright, S.L. Morrison, J. Exp. Med. (1994) 1087–1096.
11] A. Wright, S.L. Morrison, J. Immunol. 160 (1998) 3393–3402.
12] A. Wright, Y. Sato, T. Okada, K.H. Chang, T. Endo, S.L. Morrison, Glycobiology 10

(2000) 1347–1355.
13] A. Wright, M.H. Tao, E.A. Kabat, S.L. Morrison, EMBO J. 10 (1991) 2717–2723.
14] T. Endo, A. Wright, S.L. Morrison, A. Kobata, Mol. Immunol. 32 (1995) 931–940.
15] R.R. Townsend, M.R. Hardy, Glycobiology 1 (1991) 139–147.
16] P.J. Oefner, C. Chiesa, Glycobiology 4 (1994) 397–412.
17] T.S. Raju, Anal. Biochem. 283 (2000) 125–132.
18] S. Kamoda, R. Ishikawa, K. Kakehi, J. Chromatogr. A 1133 (2006) 332–339.
19] S. Kamoda, K. Kakehi, Electrophoresis 27 (2006) 2495–2504.
20] E. Rogatsky, D. Stein, J. Chromatogr. A 1073 (2005) 11–16.
21] N. Kawasaki, M. Ohta, S. Hyuga, O. Hashimoto, T. Hayakawa, Anal. Biochem. 269

(1999) 297–303.
22] J. Qian, T. Liu, L. Yang, A. Daus, R. Crowley, Q. Zhou, Anal. Biochem. 364 (2007)

8–18.

23] Dionex Technical Note 21, Optimal Settings for Pulsed Amperometric Detection

of Carbohydrates Using the Dionex ED40 Electrochemical Detector.
24] Dionex Technical Note 42, Glycoprotein Oligosaccharide Analysis Using High-

Performance Anion-Exchange Chromatography.
25] L.W. Dick, C. Kim, D. Qiu, K.C. Cheng, Biotechnol. Bioeng. 97 (2007) 544–553.
26] Y. Mechref, J. Muzikar, M.V. Novotny, Electrophoresis 26 (2005) 2034–2046.


	Evaluation of oligosaccharide methods for carbohydrate analysis in a fully human monoclonal antibody and comparison of the results to the monosaccharide composition determination by a novel calculation
	Introduction
	Experimental
	Apparatus
	Materials
	Methods
	Standard and sample preparation for monosaccharide analysis by HPAEC-PAD
	Antibody sample preparation for characterization of antennary N-linked oligosaccharide profile by HPAEC-PAD
	Glucose ladder and sample preparation for characterization of antennary N-linked oligosaccharide profile by capillary electrophoresis
	Trypsin enzyme digestion of test samples for characterization of antennary N-linked oligosaccharide profile by HPLC-ESMS

	Assay performance

	Results and discussion
	Monosaccharide analysis by HPAEC-PAD
	Oligosaccharide analysis
	Oligosaccharide analysis by HPAEC-PAD
	Capillary electrophoresis method
	Liquid chromatography coupled to mass spectrometry

	Calculations of monosaccharides from oligosaccharide methods
	Assay performance
	Monosaccharide analysis by HPAEC-PAD
	Oligosaccharide analysis by HPAEC-PAD
	Oligosaccharide analysis by CE-LIF
	Characterization of antennary N-linked oligosaccharide profile by HPLC-ESMS


	Conclusion
	Acknowledgement
	References


