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Abstract

We have previously demensiraled that liquid chromatography/mass spectrometry equipped with a graphitized carbon column (GCC-
LC/MS) is useful for the structural analysis of carbohydrates in a plycoprotein. Here, we studied the monosaccharide composition analysis
and quantitative oligosaccharide profiling by GCC-LC/MS. Monosaccharides were labeled with 2-aminopyridine and then separated and
monitored by GCC-LC/MS in the selective ion mode. The use of tetradenterium-labeled pyridylamino (d,-PA) monosaccharides s internal
standards, which were prepared by the tagging of standard monosaccharides with hexadeuterium-labeled 2-aminopyridine (dg-AP), afforded
8 good linearity and reproducibility in ESTMS analysis. This method was successfully applied to the monosaccharide composition analysis of
mode] glycoproteins, fetuin, and erythropoietin. For guantitative oligosaccharide profiling, oligosaccharides released from an analyte and &
standard glycoprotein were tagged with dg- and ds-AP, respectively, and an equal amount of dy- and di-PA oligosaccharides were coinjected
into GCC-LC/MS. In this procedure, the oligosaccharides that existed in either analyte or a standard glycoprotein appeared as single ions,
and the oligosaccharides that existed in both analyte ang a standard glycoprotein were detected as paired ions. The relative amount of analyle
oligosaccharides could be determined on the basis of 1he anatyte/internal standard jon-pair intensity ratio. The quantitative oligosaccharide
profiling enabled us to make a quantitative and qualitative comparison of glycosylation between the analyte and standard glycoproteins. The

jsotope tag method can be applicable for quality control and comparab

glycan alteration in some diseases.
© 2004 Elsevier B.V. All rights reserved.

Keynwords: Monosaccharides; Oligosaccharides; Pyridylamination; Isotope tag

ility assessment of glycoprotein products as well as the analysis of

1. Introduction

A variety of recombinant glycoproteins and modified gly-
coproteins are developed as medical agents, and most of them
exist in heterogeneous forms because of the various com-
binations of oligosaccharides. Alteration of glycosylation is

Abbreviations: AP, 2-aminopyridine; dp, non-deuvterium-labeled; da,
tetradeuterium-labeled; dg, hexadeuterivm-labeled; Fuc, fucose; Gal, galac-
tose; GalN, galaciosamine; GalNAc, N-acetylgalactosamine; GCC, graphi-
tized cerbon column; Gle, glucose; GleN, glucosamine; GlcNAe, N-
acetylglucosamine; Man, mannose; PA, pyridylamino; R.S.D., relative stan-
dard deviation; SIM, selected ion mode; TFA, trifluoroacetic acid; TIC, total
ion chromatogram
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1 present address: Chendu Institute of Biological Products, 610063,
Chengdu Wai Dong Bao Jiang Qiao, Sichuin Province, China,

0021-9673/5 — see front matier € 2004 Eisevier B.V. All rights reserved.
doi:10.10164.chrom2.2004.11.070

known to affect the biological activity, mobilization, and bio-
physical properties of glycoproteins [1}, so assessments of
their carbohydrate structure and heterogeneity are essential
in many stages of development and quality control of gly-
coprotein products. Since glycosylation varies in response
to changes in the manufacturing condition, monosaccharide
composition analysis and/or oligosaccharide profiling are
needed for the characterization and as a test for constancy
and comparability assessments of glycosylation [2]. Several
analytica! procedures using HPLC have been reported for
oligosaccharide profiling and structural analysis of carbo-
hydrates [3-5). The oligosaccharide profiling using liquid
chromatography/mass spectrometry (LC/MS) is especially
known to provide structural information from their chro-
matographic behavior and molecular mass [6-8]. We have
developed mass spectrometric oligosaccharide profiling us-
ing a graphitized carbon columm (GCC), which can separate
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oligosaccharides based on subtle differences in branch, posi-
tion, and linkage with volatile solution [9,10}. This method
enables us to distinguish the glycosylation among some gly-
coprotein products produced in different cells [11].

A use of internal standards is known to improve the preci-
sion and linearity in quantitative analyses. Isotopic analogs of
the znalytes are currently the preferred internal standards for
quantification by mass spectrometry (MS) procedures. For
instance, Gygi et al. [12] demonstrated the approach for the
accurate quantification of the proteins within complex mix-
ture using isotope-coded affinity tags (ICATs). The use of the
isotope-labeled carbohydrales as internal standards can make
it possible to quantify the carbohydrates by LC/MS. Reduc-
tive pyridylamination is frequently used for the tagging of
carbohydrates in HPLC analysis [13,}4]. This derivatization
is known to afford higher sensitivity in MS analysis [15], and
PA oligosaccharides were reported to be separated by GCC
[16]. Here, we study quantitative analysis of carbohydrates
using tetradeuterium-labeled pyridylamino (ds-PA) carbohy-
drates as internal standards, First, we study the monosaccha-
tide composition analysis by using d4-PA monosaccharides
as internal standards. Next, the isotope tag method is used for
the quantitative oligosaccharide profiling using recombinant
human chorionic gonadotropin (fhCG) and human chorienic
gonadotropin (hCG) as an analyte and standard glycopro-
leins, respectively.

2. Materials and methods
2.1. Materials

All monosaccharide standards were purchased from
Seikagaku-kogyo (Tokyo, Japan). The pyridylamination
apparatus (PALSTATION), reagents for the pyridylami-
nation reaction, and PA monosaccharide standards were
available from TaKaRa Biomedicals (Otsu, Japan). The
hexadeuterium-labeled 2-aminopyridine (dg-AP) was pur-
chased from Wako (Osaka, Japan). Human chorionic go-
nadotropin (hCG) and recombinant hCG (rhCG) were bought
from Sigma (St. Louis, MO, USA). N-glycosidase F was pur-
chased from Roche Diagnostics. All other chemicals and
reagents were of analytical grade and were commercially
avajlable,

2.2. Pyridplamination of menosaceharides

For the pyridylamination of amino sugars, free amino
groups of monosaccharides (GleN, GalN, 1-1000
pmol) were acetylated by incubation in 50ul of
methanol/pyridine/distilled water (30/15/10, v/vAv) with2 1]
of acetic anhydride for 30min at room temperature. The
mixture was dried using a vacuum centrifuge evaporator
without heating. Acetic acid (50ul), methanol (60ul),
and 10l of coupling reagent prepared by ntixing 100mg
of AP was added to monosaccharides (Fuc, Gal, Gle,
Man, GlcNAc, GalNAe, 1-1000 pmol), The mixture was
heated at 90°C for 20min by PALSTATION, and the
excess reagents were removed by evaporation under a
stream of nitrogen gas at 60 °C for 20 min. Then 10 ul of a
reducing reagent, prepared just before use by mixing 6mg
of borane-dimethylamine complex end 3100wl of acetic
acid, was added, and the mixture was heated at 90°C for
35 min. The reaction mixture was dried three times under a
stream of nitrogen gas at 50 °C for 10 min. The residue was
disselved in water for LC/MS analysis. For the preparation
of isotope analogs, the tetradeuterium-labeled PA (ds-PA)
monosaccharide, dg-AP was just replaced by dg-AP (Fig. 1).

2.3. Monosaccharide composition analysis of a
ghycaprotein

A glyceprotein (25 pmol) was placed in a hydrolysis tube
fitted with a Teflon-lined serew cap. Fifty microliters of 2M
HCI-2M trifluoroacetic acid (TFA) was added to the sample,
which was then heated at 100°C for 6 h. Simultaneously, a
set of monosaccharide standards, 100 pmo! of Gal, Man, Gle,
Fuc, GlcN, and GalN, was treated identically as the analytes.
The solution obtained was freeze-dried. The monosaccha-
rides obtained from the analyle glycoproteins and standard
moenosaccharides were tagged with non-dewterium-labeled 2-
aminopyridine (dg-AP) and dg-AP, respectively. Each tagged
oligosaccharide mixture was dissolved into purified water,
and a mixture of dg- and dy-PA monosaccharides was in-
jected inlo the GCC-LC/MS.

2.4. Preparation of N-linked oligosaccharides

N-linked oligosaccharides were released from hCG as de-
scribed previously [17]. Briefly, hCG and rhCG (100 sg)

D
D = 0
CH,OH | CHOoH O AP
o DN N Lon o
OH H, OH o OH E N D
(CHa),NHBH;
HO NHAG 32 d HO Nhiac
d,-PA-sugar

Fig. 1. Synthesis of d;-PA monosacecharide internal standard,



J, Yuarr er al. £ J. Chromatopr. A 1067 (2005) 145-152

were dissolved in 360l of 0.5M Tris-HCI buffer {pH
8.6), contzining 8M guanidine hydrochloride and 5mM
ethylenediaminetetra-acetic acid (EDTA). After an addition
of 2.6 pl of 2-mercaptethanol, the mixture was allowed to
stand at room temperature for 2 h. To this solution, 7.56 mg
of monoiodoacetic acid was added, and the resulting mix-
ture was incubated at room temperature for 2h in the dark.
The reaction mixture was applied to a PD-10 column (Amer-
shambioscience, Uppsala, Sweden) to remove the reagents,
and the eluate was lyophilized.

Carboxymethylated hCG and thCG were disselved in
100 ) of 0.1 M sodium phosphate buffer, pH 7.2, and in-
cubated with 5 units of PNGase F at 37 °C for 2 days. Protein
was precipitated with 340 ! of cold ethano!, and the super-
patant was dried.

2.5. Pyridylamination of oligosaccharides from hCG

To the lyophilized oligosaccharides released from rhCG
we added 10l of coupling reagent prepared by mixing
300mg of do-AP, and 100 ) of acetic acid, and the reac-
tion mixture was heated at 90°C for 60 min. Then, 10l
of a reducing reagent, prepared just before use by mix-
ing 20mg of borane-dimethylamine complex and 100 pd
of acetic acid, was added, and the mixture was heated at
80 °C for 60 min. The reaction mixture was dried three times
under a stream of nitrogen gas at 60 °C for 10min. The
residue was dissolved in water for LC/MS analysis. For the
preparation of the tetradeuterium-labeled (d4)-PA oligosac-
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charide isotope analogs, do-AP was just replaced by dg-2-
aminopyridine.

2.6. LC/MS analysis

LC was camried out using a Magic 2002 HPLC system
(Michrom BioResources Inc., Aubum, CA, USA}) using a
Hyperearb column (0.2 mm x 150 mm, Thermoelectron, San
Jose, CA, USA). The flow rate was set at 2-3 limin through
a splitter system. The mobile phases were 5mM ammonium
acetate (pH 8.5) with 2% of acetonitrile (pump A) and 80%of
acetonitrile (pump B). A gradient of 10-3 5% of B in 60 min
was used for the monosaccharide analysis. For oligosaccha-
ride profiling, we used a gradient of 5-20% of B in 20 min,
20-70% of B in 15min, and 70-95% of B in Smun. The
mass spectrometer used was a TSQ 7000 (Thermoelectron)
equipped with a nanoelectrospray jon source (AMR Inc.,
Tokyo, Japan). The ESI voltage was set to 2000V (positive
jon mode) or 1500V (negative jon meode), and the capillary
temperature was 175 °C.

3. Results

3.1. Monosaccharide composition analysis using the
isotope tag method

First, we examined the possibility of the isolope-fag
method for the monosaccharide composition analysis of gly-
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Fig. 2. (A) Extracted jon chromatogram (set miz
(B) Extracted jon chromatogram (set mi/z values,

Fuc, Rham, GlcNAc and GalNAc). (C) Muss spectra of peaks a (C), b(D},c(E),

s

values, 243, 259, and 30C) of do-PA monosacchanides (1 pmol Gal, Man, Gle, Fuc, GlcNAc, and GalNAc).
243, 247, 259, 263, 300, and 304) of a mixture of dp-
¢ (F), ¢ (G}, and f (H).

and dq-PA monosaccharides (1 pmol Gal, Man, Gle,
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coproteins. An equal molar of each do-PA maonosaccha-
ride (Gal, Man, Glc, Fue, GlcNAc, and GalNAc, 1 pmol
each) was analyzed by GCC-LC/MS in the positive jon
mode. The ions monitored were m/z 259 (for do-PA-Gal,
dg-PA-Man, and dg-PA-Gle), miz 243 (do-PA-Fuc), and m/z
300 (do-PA-GlcNAc and dg-PA-GalNAc). Fig. 2A shows
the mass chromatogram of the dg-PA monosaccharides. All
six dg-PA monosaccharides were retained and separated by
GCC. The detection limit at a signal-to-noise ratio of 3 was
45 fmol.

The da-PA monosaccharides were prepared as internal
standards by tagging of standard monosaccharides with dg-
AP and combined with dg-PA monosaccharides. Fig. 2B
shows the chromatogram of a mixture of dg-, d4-PA monosac-
charides and PA-labeled Rhamnose, which is frequently used
2s an internal standard in the monosaccharide composition
analysis. Paired ions with a difference of m/z 4 were detected
in the mass spectra of peaks a—f (Fig. 2C-H). When 0.5 pmol
dg-PA monosaccharides were determined in the presence of
d4-PA monosaccharides or Rhamnose by GCC-LC/MS, the
relative standard deviation (n=5)was 1.8-4.8%or 5.6-8.3%,
respectively.

To assess the linearity and reproducibility of the whole
procedure, including reacetylation, pyridylamination, the re-
moval of excess derivatization reagents, and GCC-LC/MS,
we tagged different amounts of monosaccharides {Gal, Man,
Gle, Fuc, GicN, and GalN, 1-1000 pmol) with do-AP, and
d4-PA monosaccharides (4 or 20 pmol) were added to the
do-PA monosaccharides (I-10pmo} or 10-1000pmol, re-
spectively). The whole process of the isotope tag method
was found to be linear for all six monosaccharides over the
tested range of 1-1000 pmol (Fig. 3). The accuracy of this
method was approximately 80-100% (Fig. 3), and the rela-
tive standard deviations (%R.S.D.) were less than 7.2% for all
monosaccharides (based on the peak area ratio of monosac-
charides from five samples).

3
o 4
2 /"f% Oinl
A0 A Sham
£ 1 *Gie
= o *Puc
= " . i om 2GIcNa
£ 2 N niNa
: pmi
: 30
£
20
10
o®
i 200 JdiH (i) Bt 100N 1200

D,-PA monosaceharides {pimal)

Fig. 3. Lincarity on the isolope-tag mcthod for monosacchatide quantifica-
tion. For the internal standards, 1000 pmel monosaccharides were deriva-
tized to d4-PA monosaccharides, Different amounts of monosaccharides
were derivatized 1o dg-PA monosaccharides and co-injected with 4 pinol
{A) or 20 pmo) (B} intern) standards into GCC-LC/MS.

We used this method for the monosaccharide composi-
tion analysis of fetvin and erythropoietin. Accuracy in the
monosaccharide composition analysis of a glycoprotein re-
lies on the condition of hydrolysis. Fan et al. [18] studied the
hydrolysis of N-linked oligosaccharides and recommended
41 with 2 M TFA at 100 °C for neutral sugars, and 6 b with
4M HCI at 100°C for amino sugars. While these hydrol-
ysis conditions result in the complete release of neutral and
amino sugars with no degradation, it takes two hydrolyses for
a single sample. To quantify both neutral and amino sugars
in glycoproteins in the same run, fetuin and erythropoietin
(25 pmol) were heated in 2M HCI-2M TFA at 100°C foréh
[19], and a set of monosaccharide standards, 100 pmol of Gal,
Man, Gle, Fuc, GlcN, and GalN, was treated identically as
the analyte glycoproteins. After hydrolysis, the analyte and
standard monosaccharides were tagged with do- and dg-AF,
respectively. Fig. 4A and E show the mass chromatogram
of monosaccharides prepared from fetuin and erythropoi-
etin in the presence of d4-PA monosaccharides, respectively.
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Fig. 4. Monosaccharide composition unalysis of glycoproieins, Extracted
jon chromatograms of dp-PA monosaccharides from fetuin and dq-PA stan-
dard monosaccharides {sel m/z values, 243, 247, 259, 263, 300, and 304){A),
da-P'A Fuc from fetuin and da-PA stundard Fue (set mi/z values, 243and 247)
(B), dp-PA Hex from fetuin and ds-PA standard Hex (setmi/z values, 259 and
263) (C), and dp-PA HexNAc from fetvin and d4-PA standard HexNAc and
{set miz values, 300 and 304) (D). Extracted jon chromatograms of do-PA
ntonosaccharides from erythropoietin and dq-PA standard monosaccharides
and (set mfz values, 243, 247, 259, 263, 300, and 304) (E), dy-PA Fuc frem
erythropoietin and da-PA standard Fuc (set miz values, 243 and 247) (F),
dg-PA Hex from erythropoietin and da-PA standard Hex (set m/z values, 259
and 263} (G), and dy-PA HexNAc from erythropoietin and dg -PA standard
HexNAc (set miz values, 300 and 304) (H).
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Table |

Monosaccharide composition analysis by isotope-lag method

Glycoprotein Monesaccharide mol/imol® mol/motl

Fetuin Fuc 0.3 0{20]
Gal 10.4 12
Man 1.6 b
GleNAe 14.7 13
GalNAc 14 3

Erythropoictin Fue 34 4.1121)
Gal 12.8 13.8
Maon 8.1 8.7
GlicNAe 15.6 7.2
GalNAc 1.5 0.9

& Values were expressed as mol detected in 1 mol glycoprotein,

Fig. 4B, and F show the mass chromatograms of dg-, and d4-
PA fucose, Fig. 4C and G indicate those of do-, da-PA hexose,
and Fig. 4D and H show those of dg-, d4-PA HexNAc. The
monosaccharide compositions of fetuin and erythropoietin
calculated from the peak area ratios (do-PA/d4-PA monosac-
charides) were in good agreement with the reported values
(Table 1) {20,21]. By heating the standard monosaccharides
simultaneously the decomposition of monosacchrides during
hydrolysis can be corrected, and a use of isotope analogs as
the internal standards can reduce deviation in ESIMS analy-
sis.

3.2, Quantitative oligosaccharide profiling using the
isotope tag method

Next, we explored the capability of the isotope-tag method
for the quantitative oligosaccharide profiling. When do-PA
oligosaccharides prepared from an analyte glycoprotein are
analyzed with an equal part of ds-PA oligosaccharides pre-
pared from a standard glycoprotein, oligosaccharides which
link to both the analyte and the standard glycoproteins are
expected to appear as paired jons with 2 difference of 4 Da,
and the individual oligosaccharides in the analyte glycopro-
tein can be quantified based on the analyte/interal standard
jon-pair intensity ratio. On the other hand, any oligosaccha-
rides that link to either the analyte or the standard glycopro-
tein ought to be detected as single ions. Qligosaccharides re-
teased from thCG and hCG were tagged with do- and dg-AP,
respectively, and the tagged oligosaccharides were analyzed
by GCC-LC/MS in both positive and negative jon modes.

Fig. 5A and B show the mass spectra of the peak which was
detected at 21.5 min in the positive and the negative ion mode,
respectively. In the positive jon mode, jons at m/z §63.0,
1359.4 and 1197.2 were detected (Fig. 5A), and they can be
assignedtods-PA [Hex]s [HexNAc)4%* (an asialobiantennary
oligosaccharide), d4-PA[Hex]3[HexNAcls” (a fragment of
the asialobiantennary form) and ds-PA[Hex]s[HexNAc)s™ (a
fragment of the asialobiantennary form), respectively. In con-
trast, only an ion at m/z 860.9 (dq-PA[Hex]s[HexNAc]f‘,
asialobiantennary oligosaccharide) was detected in the nega-
tive ion mode (Fig. 5B). This result suggests that mass spectra
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Fig. 5. Mass spectra of di-PA oligosaccharide. Dy-PA oligosnecharide
eluted at 21.5 min from GCC was analyzed by ESIMS in the positive jon
made (A) and negative ion mode (B).

of PA oligosaccharides become complicated dueto fragmen-
tation in the positive jon mode, while only molecular jons can
be detected in the negative ion mode. Therefore, ESI analysis
in the negative ion mode was chosen for the PA oli gosacche-

_ ride profiling.

Fig. 6A and B show the TIC of a mixture of equal parts
of do-PA oligosaccharides prepared from rhCG and d4-PA
oligosaccharides from hCG, and its two-dimensional display
(retention time versus m/z), respectively. The carbohydrate
structures, which can be deduced from m/z values, are indi-
cated in Table 2. Paired ions at miz 757.5, 759.5 were observed
in the mass spectrum of peak al. Based on carbohydrate com-
position [Hex]s[HexNAc]s, it can be assignedto a hybrid type
oligosaccharide. Likewise, peak 13, 12, 14,15, p), p2, and p4
consisted of paired ions and can be assigned to monosia-
Iylated (11, 12, 14, 15) and disialylated (p1, p2) biantennary
oligosaccharide without Fuc. Fig. 7 shows TIC of dg-, da-PA
oligosaccharides (A), extracted ion chromatograms of dg-
PA (B), ds-PA (C), and do-, ds-PA monosialylated bianten-
nary form (D). The mass spectra of peaks 11-15 are shown
in Fig. 7E-1. Peak 13 was not observed in Fig. 7D and only
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Table 2
Suucrural assigmment of peaks in Fig. 6B
Peak nos.  Carbohydraie composition® Deduted structure®  Theoretical mass Observed miz lon-pair intensity
{dy-PA-sugar) S PATNCG  daPAHCG ratio dofdy
M= M M-
al [Hex)s[HexNAc]a Hybrid (1) 1517.5 757.5 7545  0.27
bl [Hex)s [HexNAcla[NeuNAc): Bi+NA; 23031 768.2
cl [Fuc]j[Rex)s[HexNAc);[NeuNAc];  FBi+NAj 24493 8167
d] [Hex]q[HexNAe]s[NeuNAc), Mono+NA 1646.6 §24.3
d2 [Hex]a[HexNAc)a[NeuNAc) Mono +NA 1646.6 824.0
el [Hex]g[MexNAc]s Hybrid (2) 1679.6 838.6
e2 [Hex)a[HexNAc): Hybrid (2) 1679.6 840.6
fl [Hex]s[HexNAc)q Bi 1720.7 8589
2 [Hex]s[HexNAc)a Bi 1720.7 8612
gl [Bex]s[HexNAc) {NeuNAc); Hybrid (1} +NA 1807.7 902.9
g2 [Hex}s[HexNAc]a[NeuNAc)) Hybrid (1}+NA 1808.7 905.0
I {Fuc] [Hex]s[HexNAc)s FBi 1866.8 934.0
il [HexJg[HexNAcl4 Hybrid (3) 1882.8 940.2
jl [Hex)s[HexNAc)s Bi+GN 1924.9 962.7
k1 [Hex)s[HexNAc]a[NeuNAc]) Hybrid (2)+ NA 1970.8 986.8
k2 [Hex]e[HexNAc)a[NeuNAc), Hybrid (2) + NA 1970.8 986.2
1 [Hex]s[HexNAc) [NeuNAc) Bi+NA 2011.9 1004.7 10067  0.77
12 [Hex]s[HexNAc) [NeuNAc) Bi+NA 2011.9 1004.6 1007.3  0.56
13 [Hex}s{HexNAc]s[NeuNAchH Bi+NA 2011.9 1004.6
)4 [Hex)s[HexNAcls[NeuNAc], Bi+NA 2011.9 1004.6 1006.5  0.67
15 [Hexls[HexNAcla[NeuNAc)) BitNA 2011.9 1004.6 10064  0.49
ml [Hex]7[HexNAcly Hybrid (4) 2044.9 1021.4
nl [Fuc]) [Hex])s[HexNAc}s[NeuNAc], FBi+NA 2]58.0 1079.8
n2 [Fuc]) [Hex)s[HexNAcl[NeuNAc],  FBi+NA 2158.0 1079.8
n3 [Fucyj [Hex)s[HexNAc]4[NeuNAc];  FBi+NA 2158.0 1079.8
al [Hex]g[HexNAC) [NeuNAe], Rybrid (3)+ NA 2174.0 1085.6
02 [Hex]s[HexNAc)a[NevNAc), Hybrid (3) + NA 2174.0 1085.7
pl [Hex]s[HexNAc) [NewNAc): Bi+NA; 2303,1 1150.3 11521 5.76
p2 [Hex]s[HexNAc):[NeuNAcl; Bi+NA; 2303.1 1150.2 11522 592
p3 [Hex]s[HexNAc)s[NeuNAc): Bi+NA, 23031 1150.]
p4 [Hex])s[HexNAc)s[NeuNAcl: Bi+NAj 23031 1150.3 11524 0.45

o Hex, hexsose; HexNAg, N-acetyl hexsosamine; NeuNAc, N-acety! neuraminic acid; Fue, fucose.
b Abbreviations and structures, The structures are based on the previous reports,

1ybrid(1) Man—nan

Gal— GleNAc—Mnn

Hybrid(3) Man—Min
Gal—GlcNAc

Gﬂ"—GICT\AL) o

>4:m-—-G]cNAc ==GleNACOH

>/Iun—GlcNAc —GlcNAeOI

Hybrid(2)

Gal—GleNAe—Maon

Hybrid(d)

Gat—GleNAC -
Bi Ga— GlcNAv:>h

Man

M >.4,.,,—cumu—mmmou

Mnn

Mnn an
n—CGlkeNAe — GlcNACDH

>V1nu—-—('= leNAe —GlNAcOH

Mono Man
e >4nn—GlcNAc-—GlcNAc0H Gal—GlcNAc—Man
Ginl=——GlcNAc—M;
'" fan Gal—GleNAc—Man
Fue
FBi Gal—GkMNAc—han

\dm:—-GlLNAc —GlcNALOH
Gal—GlcNAG—Man~”

single ion was detected in Fig. 7G. These results suggest that
one of monosialylated binantenary oligosaccharides isomers
links to only 1hCG.

We determined relative amounts of some oligosaccharides
in thCG on the basis of ion-pair intensity ratios (Table 2). The
amount of monosialylated biantennary forms (11, 12, 14, and
15) linked to rhCG were 50-70% of those to hCG. The amount
of disialylated biantennary forms {pl and p2) linked to thCG

was five-fold of those to hCG, and the linkage of p4 to thCG
was one-half of that of hCG. The isotope tag method clearly
shows the difference in distribution of isomers betweenthCG
and hCG.

In this procedure, oligosaccharides linked to either thCG
or hCG were detected as single ions, As shown in Table 2,
nine oligosaccharides were detected as single jons in thCG,
and they are reduced to hybrid type and complex type.
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Fourteen oligosaccharides were defected only in hCG, and
most of them were fucosylated complex type. These results
show the differences in glycosylation between thCG and hCG
and suggest that many hybrid type oligosaccharides linked
to thCG, while fucosylated oligosaccharides attach to hCG.

4. Discussion

Alteration of glycosylation is known to cause many
changes in the biological activity as well as the physical
properties of proteins. Several procedures of oligosaccha-
ride profiling have been reported for the assessment of al-
teration of glycosylation, however, most of them can be used
for only either qualitative or quantitative analysis. Although
mass spectrometric oligosaccharide profiling is useful forthe
qualitative analysis, it has a problem on precision, and some
jsomers are still indistinguishable if their retention times are
closed to others. In this study, we demonstrated that the use of
isotope-tagged internal standards and GCC-LC/MS made it
possible to do both quantitative and qualitative carbohydrate
analysis.

First, we demonstrated the monosaccharide composition
analysis using the isotope tag method. The use of internal
standards that were heated under the same hydrolysis condi-
tion as an analyte glycoprotein resulted in good precision and
accuracy in the monosaccharide composition analysis. Sev-
eral HPLC methods for determination of monosaccharides
have been reported. High-performance anion-exchange chro-
matography with pulsed amperometric detection (HPAEC-
PAD) has been widely used for monosaccharide composition
znalysis [20,22-25). Although HPAEC-PAD gives highreso-
lutian of all common monosaccharides and has the advantage
of not requiring derivatization, this method is also known to
have a disadvantage of limited selectivity [26]. The isotope
tag method with SIM mode is equal to the HPAEC-PAD in
sensitivity and is better than it in selectivity.

Next, we demonstrated the potentiality of the isotope tag
method for quantitative oligosaccharide profiling using thCG
and hCG as mode} glycoproteins. hCG consists of an a sub-
unit (MW 14.7kDa) and a  subunit (MW 23.0kDa), and
oligosaccharides link to Asn52, and 78 in the a subunit and
Asn]3 and 30 in the B subunit. It has been reported that the
majority of N-linked oligosaccharides in thCG and hCG are
fucosylated or non-fucosylated di-, tri-, and tetra-antennary
forms with a various level of sialylation [27-30). We prepared
do-PA oligosaccharides and dq-PA oligosaccharides from
thCG and hCG, respectively, and an equal part of do-PA and
ds-PA oligosaccharides was injected into LC/MS. We demon-
strated that the oligosaccharides existing in one side profein
were detected as single ions, whereas common oligosaccha-
rides were detected as paired ions. We could easily realize that
monosialo-, and disizlobiantennary oligosaccharides linked
to both hCG and CG, while fucosylated oligosaccharides
and some hybrid type oligosaccharides linked to only hCG
and 1hCG, respectively. Inaddition, we demonstrated the pos-
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sibility of the quantitative comparison the oligosaccharides
between two quite similar glycoproteins. This quantitative
oligosaccharide profiling is expected to be a powerful tool
in various stages, including quality control and comparabil-
ity assessment of glycoprotein products, and elucidation of
glycan alteration in some diseases.
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Abstract

Background: The allergenic potential of chicken egg
white ovomucoid (OVM) is thought to depend on its sta-
bility to heat treatment and digestion. Pepsin-digested
fragments have been speculated to continue to exert an
allergenic potenttal. OVM was digested in simulated gas-
tric fluid (SGF) to examine the reactivity of the resulting
fragments to IgE in sera from allergic patients. Methods:
OVM was digested in SGF and subjected to SDS-PAGE.
The detected fragments were then subjected to N-termi-
nal sequencing and liquid chromatography/mass spec-
trometry/mass spectrometry analysis to confirm the
cleavage sites and partial amino acid sequences. The
reactivity of the fragments to IgE antibodies in serum
samples from patients allergic to egg white was then
determined using Western blotting {n = 24). Resufts: The
rate of OVM digestion depended on the pepsin/OVM
ratio in the SGF. OVM was first cleaved near the end of
the first domain, and the resulting fragments were then
further digested into smaller fragments. In the Western
blot analysis, 93% of the OVM-reactive sera also bound
to the 23.5- to 28.5-kDa fragments, and 21% reacted with

the smaller 7- and 4.56-kDa fragments. Conclusion: When
the digestion of OVM in SGF was kinetically analyzed,
21% of the examined patients retained their IgE-binding
capacity to the small 4.5-kDa fragment. Patients with a
positive reaction to this small peptide fragment were
thought to be unlikely to outgrow their egg white allergy.
The combination of SGF-digestibility studies and human
IgE-binding experiments seems to be useful for the eluci-

dation and diagnosis of the allergenic potential of OVM.
Copyright@® 2005 5. Karger AG, Basel

Introduction

Chicken egg white is one of the strongest and most fre-
quent causes of food allergies among young children [1-
5]. Egg white contains several allergens, including ovalbu-
min, ovotransferrin, lysozyme and ovomucoid (Gal d 1,
OVM). OVM accounts for about 11% of all egg white pro-
teins [6] and has a molecular weight of 28 kDa, containing
a carbohydrate content of 20-25% [7]. OVM is known to
be stable to digestion and heat, and cooked eggs can cause
allergic reactions in OVM-specific allergic patients [8-
I11]. One possible reason for this is that OVM contains
linear epitopes that are only slightly affected by conforma-
tional changes induced by heat denaturation.
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OVM consists of 186 amino acids divided into three
domains of about 60 amino acids each; the third domain
has been reported to be the most important domain with
regard to allergenicity [12]. In a previous report, N-gly-
cans in the third domain were suggested to be essential for
allergenicity [13}; however, a recent report found that the
deletion of the N-glycans did not affect the allergic reac-
tivity.

We previously reported the digestibility of 10 kinds of
food proteins in simulated gastric fluid (SGF) [8, 14].
OVM was digested relatively rapidly, but several frag-
ments were detected by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) followed by Coo-
massie blue (CBB}) staining. The reactivity of these frag-
ments with IgE antibodies from the sera of patients with
egg white allergy is very important to understanding the
mechanism of OVM allergy.

A few previous reports have described the reactivity of
IgE in sera from patients with egg white allergies with
OVM-derived fragments. Kovacs-Nolan et al. [15] sepa-
rated pepsin-digested fragments of OVM using high-per-
formance liquid chromatography (HPLC) and examined
the IgE-binding activities of each fragment using an
enzyme-linked immunosorbent assay (ELISA). Besler et
al. [16] investigated the reactivity of pepsin-digested frag-
ments with patient IgE using Western blotting and
showed that the fragments retain their binding capacity to
human IgE in some serum samples from OVM-allergic
patients. However, little attention has been paid to the
digestive conditions, and the number of serum samples
has been somewhat small in these studies. Urisu et al. [17]
reported that the sera of subjects that tested positive or
negative during an oral egg white challenge exhibited a
significant difference in their reactivity with pepsin frag-
ments.

In the present report, kinetic data for different genera-
tions of SGF-stable OVM fragments were obtained, and
the reactivity of the fragments with serum IgE from
patients with egg white allergies was investigated using
Western blotting.

Materials and Methods

Pepsin (catalog number P6887) and chicken egg white OVM
(T2011, Trypsin Inhibitor, Type III-O) were purchased from Sigma
Chemical Co. (St. Louis, Mo., USA). The concentration of the OVM
test solution was § me/ml of water. The gels and reagents used for the
SDS-PAGE analysis were purchased from Invitrogen (Carlsbad, Cal-
if., USA),

24 Int Arch Allergy Immunol 2005;136:23-32

Serum Specimens

Sera from 24 patients with egg white allergies and a healthy vol-
unteer were used after obtaining informed consent from the patients
and ethical approval by the Institutional Review Board of the
National Institute of Health Sciences. Twenty-two of the patients had
been diagnosed as having an egg white allergy at hospitals in Japan,
based on their clinical histories and positive IgE responses to egg
white proteins by radioallergosorbent test {RAST), while the remain-
ing 2 allergen-specific sera were purchased from Plasma Lab Interna-
tional (Everett, Wash., USA); the commercial sera originated from
adult Caucasians who had been diagnosed as having several food
allergies, including egg white, based on their clinical history and skin
tests. The commercial sera also showed positive IE responses to egg
white proteins when examined using RAST.

Preparation of SGF

Pepsin (3.8 mg; approximately 13,148 units of activity) was dis-
solved in 5 ml of gastric control solution (G-con; 2 mg/ml NaCl, pH
adjusted to 2.0 with distilled HC), and the activity of each newly
prepared SGF sclution was defined as the production of a AA280 of
0.001/min at pH 2.0 and 37°C, measured as the production of tri-
chloroacetic acid-soluble products using hemoglobin as a substrate.
The original SGF was prepared at a pepsin/OVM concentration of 10
unit/pg, and this solution was diluted with G-con for the experiments
performed at pepsin/OVM concentrations of 1 and 0.1 unit/ug. The
SGF solutions were used within the same day.

Digestion in SGF

SGF (1,520 pb) was incubated at 37°C for 2 min before the addi-
tion of 80 pul of OVM solution (5 mg/ml). The digestion was started
by the addition of OVM. At each scheduled time point (0.5, 2, 5,10,
20, 30, and 60 min), 200 ul of the reaction mixture was transferred to
a sampling tube containing 70 ul of 5 x Laemmli buffer (40% glycer-
ol, 5% 2-mercaptoethanol, 10% SDS, 0.33 M Tris, 0.05% bromophe-
nol blue, pH 6.8) and 70 pl of 200 mAf Na;CO;. For the zero-point
samples, the OVM solution (10 pl) was added to neutralized SGE
{190 pl of SGF, 70 pl of 5 x Laemmli buffer, and 70 pl of 200 mAf
NayCO3). All neutralized samples were then boiled at 100°C for
3 min and subjected to SDS-PAGE.

SDS-PAGE Analysis and Staining Procedure

Samples (15 pl/lane) were loaded onto a 10-20% polyacrylamide
Tris/Tricine gel (Invitrogen, Carlsbad, Calif,, USA) and separated
electrophoretically. The gels were fixed for 5 min in 5% trichloroace-
tic acid, washed for 2 h with SDS Wash (45.5% methanol, 9% acetic
acid}, stained for 10 min with CBB solution (0.1% Coomassie Bril-
liant blue R, 15% methanol, 10% acetic acid), and destained with
25% methanol and 7.5% acetic acid. The stained gel images were
then analyzed using Image Gauge V3.1 (Fuji Film, Tokyo, Japan),
and the density of each band was quantified. Periodic acid-Schiff
(PAS) staining [18] was used to detect the plycosylated fragments.

N-Terminal Sequence Analysis

OVM (1.5 mg) was digested in SGF containing 1 unit/ml pepsin,
concentrated by centrifugation using Centriprep YM-3 (Millipore
Corperation, Bedford, Mass., USA) and subjected to SDS-PAGE fol-
lowed by electrical transblotting to a 0.2-um polyvinylidene difluo-
ride membrane (Bio-Rad, Richmond, Calif,, USA) and CBB stain-
ing. The detected fragment bands were then cut out and sequenced
using a Procise 494HT Protein Sequencing System (Applied Biosys-
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